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1 In theory, the midpoint of the Rayleigh match depends both on the

spectral separation and on the absolute peak sensitivities of the

observer’s long and medium wavelength sensitive cones [48,77]. For

example, an observer could theoretically have a spectral separation

typical of anomalous observers of, say, 6nm, yet make a normal match

if the two cone types have peak spectral sensitivities on either side of

545 nm (see Figure 1 in [48]). However, variation in the L and M opsin

genes groups them two types, L-class and M-class [6�], meaning that the

peak spectral sensitivities also tend to fall into two clusters, and thus,

observers with spectral separations typical of anomalous observers but

with normal Rayleigh midpoints, if they exist at all, are rare.
2 Although the midpoint of the Rayleigh match may depend both on

the peak spectral sensitivities and the spectral separation of the long and

medium wavelength sensitive opsins, it is true to say that if an observer

has at least one photopigment with a peak sensitivity close to that of the

normal L cone or at least one photopigment with a peak sensitivity close

to that of the normal M cone, then abnormally reduced spectral separa-

tion between the two available long and medium wavelength sensitive

cone types is sufficient to confer anomalous trichromacy. Because of the

clustering of the long and medium wavelength sensitive cone types into

two classes, this is the case in most, if not all, instances of anomalous

trichromacy.
Anomalous trichromacy is the most common minority color

vision phenotype, yet the category label obscures a large range

of individual differences both in the underlying genetics and in

color perception. This review explores both, particularly

considering possible reasons for the smaller than expected

observed relationship between the spectral sensitivities of

anomalous cones and color discrimination. Also considered is

the putative process of postreceptoral compensation, where

anomalous trichromats may amplify the reduced color signals

they receive from their cones to relatively normalize their color

vision postreceptorally.
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Anomalous trichromacy is defined by an abnormal Ray-

leigh match: deuteranomals require more green in a red/

green mixture than normal to match an amber primary,

while protanomals require more red [1]. Anomalous tri-

chromacy is the most common form of color vision defi-

ciency (CVD), so called because color discrimination is

usually (though not always) impaired from normal. Rates

of CVD vary somewhat in different populations [2�], but

anomalous trichromacy is always more common than

dichromacy. In European Caucasians, for example, deu-

teranomaly affects about 5% of men and protanomaly 1%

of men, while deuteranopia and protanopia each affect

about 1% of men [3–5].

The discrete labels of deuteranomaly and protanomaly

obscure the plethora of individual variation among obser-

vers that are defined under each label. In fact, it is helpful

to think of deuteranomaly and protanomaly as color vision

categories. Starting with the genetic underpinnings of

anomalous trichromacy, there is extensive individual

variation. Trichromacy occurs when the first two genes

in the ‘opsin’ array at Xq28 differ at one or more of at least
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seven genomic positions which contribute to variation in

the spectral tuning of the L and M opsins [6�]. Normal

trichromacy results when the cumulative spectral separa-

tion conferred by the spectrally-active polymorphisms

exceeds some threshold, probably about 15 nm [7], which

is enough to produce a normal Rayleigh match.1 Anoma-

lous trichromacy results when the spectral separation

between the pigments produced by the first two genes

in the opsin array is about 12 nm or smaller.2

The literature contains many references to ‘hybrid’

genes, which, by unequal recombination, contain

concatenated sections from both M and L opsin genes

[8�–11]. On the other hand, there are also many genetic

polymorphisms which confer spectral differences

between the opsins, but underlie variation in the spectral

tuning of the L and M opsins in normal trichromacy

[6�,9,12–14]. This difference in language between hybrid

genes in anomalous trichromacy and polymorphic genes

in normal trichromacy reflects a long-held difference of

opinion surrounding the (at the time putative) genetic

basis of anomalous color vision [15�]. The protanolabe/

deuteranolabe hypothesis [16] proposed that anomalous

trichromacy is caused by the presence of hybrid photo-

pigment genes particular to anomalous trichromats which

are not part of the opsin gene pool expressed in normal

color vision. A competing hypothesis by Alpern and

Moeller [17] proposed that anomalous trichromats

express two polymorphic versions of ‘normal’ opsin genes.

Given that much of the variation in opsin genes has been

produced by unequal crossing over [6�,11,18], most
www.sciencedirect.com
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polymorphic variants of M or L opsin genes could be

considered hybrid because they contain sections from

ancestral M and L opsin genes. Both the protanolabe/

deuteranolabe hypothesis and the Alpern and Moeller

hypothesis turned out to be true, because L and M opsin

variants can be considered both polymorphic (differing at

locations that confer spectral differences) and hybrid

(containing DNA sections from both ancestral M and

ancestral L opsin genes). Instead of continuing to talk

about hybrids which seems to set the opsin genes of

anomalous trichromats apart from those of normal trichro-

mats, it may be more helpful to adopt the language of

Neitz, Neitz et al. [6�,10] who categorize opsins into two

classes (L-class or M-class) depending on the codons

present at positions 277 and 285 of exon 5 in the 6-exon

opsin gene, because variation at these locations confers

20 nm of the spectral separation between the M and L

cones. Certain polymorphisms in exons 2, 3 and 4, which

also shift the spectral tuning of the opsins but by a lesser

degree, are considered within-class variants.

Under this view, deuteranomaly occurs when the

expressed M-class gene is replaced by a second L-class

gene, while protanomaly occurs when the expressed L-

class gene is replaced by a second M-class gene. Accord-

ingly, the opsin genes found in anomalous trichromacy

overlap with those found in normal trichromacy [7,19,20],

though it is possible that the frequencies of some geno-

types are raised in anomalous trichromacy [6�]. It is also

possible that there are certain opsin genes that are exclu-

sive to anomalous trichromats: If the expressed opsin’s

spectral sensitivity is mid-way between that of the normal

M and that of the normal L cones it may confer anomalous

trichromacy whether it occurs with a normal M opsin gene

or with a normal L opsin gene. However, an opsin gene

that confers only a small spectral separation with, say, the

average peak sensitivity of the normal L opsin, confers

deuteranomaly if the other expressed gene in the opsin

array is L-class, but confers normal trichromacy (and

would be considered a normal polymorphism) if inherited

with an M-class opsin gene [for such cases see Ref. 19].

Setting aside this somewhat semantic issue of whether

anomalous genes are best considered ‘hybrids’, over the

last three decades, we have gained quite a good under-

standing of the genetic variations commonly underlying

anomalous trichromacy. The genetic cause of anomalous

trichromacy remains unaccounted for in only a small

number of cases, for example, in rare reports of pheno-

typic anomalous trichromacy in the presence of normal

opsin genes [e.g. Refs. 21,22]. In most cases, the link

between variations in genotype and variations in absorp-

tion spectra of the opsins has been established by expres-

sing cDNAs in vitro and measuring absorption spectra

before and after photobleaching [8�,14]. An in vivo model

of resulting sensitivity functions can created by including

corrections for optical density, lens and macular pigment
www.sciencedirect.com 
(e.g. see Appendix in Ref. [23]). A selection of modelled

cone sensitivity functions for known anomalous geno-

types [8�] is shown in Figure 1(a), for comparison with

template protanomalous and deuteranomalous cone sen-

sitivity functions by DeMarco et al. [24�].

What is the relationship between divergent anomalous

genotypes and color vision phenotypes? ‘Red/green’ color

distinctions are made by comparing the activities of the

long and medium wavelength sensitive cones. Any

genetic mutation that reduces the spectral separation

between these two cone types from the normal

�30 nm would be expected to reduce the size of the

comparison signal and adversely affect color discrimina-

tion. The MacLeod-Boynton [28] chromaticity diagram is

a useful way of representing the basic color comparisons

that the early visual system makes. Signals from the

‘ancient’ color subsystem [30] which compares the activ-

ity of the S cones to that of the other cone classes is

plotted up the ordinate, and signals from the more

recently evolved subsystem that compares the activities

of the medium and long wavelength sensitive cones is

plotted along the abscissa. In this chromaticity diagram,

the deuteranopic and protanopic confusion lines emanate

from the points x = y = 0 and x = 1, y = 0, respectively

[28]. Figure 1(b) and (c) show the results of a model

(described in the figure legend) that predicts anomalous

color vision based on the different anomalous cone types

(with the ‘normal’ cone type fixed in its spectral sensitiv-

ity). Figure 1(b) shows the anomalous equivalents of

L/(L + M) color variation through a white point plotted

in the normal color space (for a particular set of RGB

primaries, note that observer metamerism makes this

impossible for arbitrary spectra e.g. Ref. [27]). As the

spectral separation between the two medium and long

wavelength photopigments reduces, this locus tends away

from the horizontal normal L/(L + M) axis towards the

deuteranopic confusion lines. Figure 1(c) shows the pre-

dicted effect of anomalous cone photopigments on the

L/(L + M) color signal that presumably underlies ‘red/

green’ color discrimination: As the spectral separation

between the two cone types reduces, roughly exponen-

tially larger color differences are necessary to achieve the

same color difference signals, and sensitivity is inversely

proportional to these color differences. If color discrimi-

nation were perfectly predictable in this way from cone

sensitivity functions, then there ought to be a high

correlation (moderated by the absolute peak spectral

sensitivities depending on the particular spectra) in

anomalous trichromacy between the spectral separation

of the two medium or long wavelength sensitive opsins

predicted from genotype, and color discrimination

phenotype.

Empirical color discrimination data shows high individual

variability amongst anomalous trichromats, from perfor-

mance indistinguishable to that of normal trichromats, to
Current Opinion in Behavioral Sciences 2019, 30:228–237
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Figure 1
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(a) The colored lines show simulated cone sensitivity functions based on the peak sensitivities of expressed ‘anomalous’ opsins in vitro [8�].
The fundamentals are constructed by using a template by Lamb [25], with corrections for optical density, lens and macular pigment. For a more

detailed explanation see the appendix to Jordan et al. [23]. For comparison, the dotted and dot dash lines show the tabulated anomalous cone

sensitivity functions of DeMarco et al. [24�], which are modified normal cone sensitivity functions with corrections for optical media (note that these

are labelled oppositely than in the DeMarco et al. paper to reflect the spectral proximity of each anomalous cone type to the nearest normal cone

type, for example, L0 is more similar to L than M). Standard observer L and M cone sensitivity functions given by Smith and Pokorny [26] are

shown by the solid black lines. The DeMarco et al. [24�] and Smith and Pokorny [26] fundamentals are scaled for comparison with the simulated

fundamentals. (b) L/(L + M) axes for colors displayed on a HP Dreamcolor LCD monitor for anomalous observers with the simulated cone

fundamentals shown in (a). Although it is not possible (because of observer metamerism) to transform arbitrary anomalous cone activities to

normal cone activities [e.g. Ref. 27], it is possible to show in the MacLeod-Boynton chromaticity diagram for normal trichromats [28] RGB values

(for a given display) that occur at particular positions in an equivalent anomalous chromaticity diagram. The protan and deutan confusion lines are

indicated by the labelled dashed lines, and the horizontal normal axis of L/(L + M) variation is shown for comparison. The line from unique blue at

476 nm to unique yellow at 576 [29] nm is shown by the dotted line. As might be expected, as spectral separation decreases in anomalous

trichromacy the line of L/(L + M) variation moves away from the line of normal L/(L + M) variation towards the deuteranopic confusion lines. The

variation in slope of the L/(L + M) axis for different deuteranomalous observers indicates that any pseudoisochromatic test for CVD may not be

effective for anomalous observers whose L/(L + M) axes differ from the confusion lines. However, the difference in slopes between the different

L/(L + M) axes and the deuteranopic confusion lines reduces almost to zero when the stimuli to be discriminated elicit little or no S-cone activity.

Pseudoisochromatic tests may therefore be effective for more individual observers if constructed around yellow (low S-cone activity) rather than

around a neutral grey (higher S-cone activity). (c) Predicted discrimination thresholds (relative to a normal threshold of 1) as a function of peak

spectral separation between the two medium and long-wavelength sensitive photopigments, for colors varying along the normal L/(L + M) line in

Figure 1(b). For the model shown in (b) and (c) the M cone (in vitro) peak sensitivity is held constant at 529.7 nm and the L cone peak sensitivity is

held constant at 556.7 nm, while the peak sensitivity for the simulated anomalous fundamental varies.
near-dichromatic performance. However, despite a theo-

retical expectation for a strong relationship between

spectral separation and color discrimination, only a small

proportion of the variance in empirical data can be

accounted for in this way. Table 1 collates reported

correlation coefficients for various measures of red/green

color sensitivity. The pooled Pearson’s r using the

Hunter-Schmidt method [36] weighted by n is �0.39,

explaining 15.2% of the variability in the data (weighted

average Spearman’s r = �0.42, explaining 17.7% of the

variability in ranks). The relationship between the spec-

tral separation of the peak sensitivities of the opsins and

color discrimination therefore turns out to be unexpect-

edly weak, but there are several different factors that may

dilute the relationship. First, there is a general absence in

the literature of consideration of the reliabilities of the

phenotypic measures, meaning that an unknown amount

of variance in color discrimination may be attributed to
Current Opinion in Behavioral Sciences 2019, 30:228–237 
measurement error. Second, there may be specific limita-

tions of the Rayleigh matching range as a measure of color

discrimination. Third, there may be biological differences

between individuals that could contribute to color dis-

crimination performance independent of the difference

between the spectral peaks of the opsin sensitivity func-

tions. I will discuss each of these contentions below.

Measurement error. As for any correlation, the ceiling

correlation coefficient for the relationship between opsin

genotype and color sensitivity is limited by the test-retest

reliabilities of both measures [e.g. Ref. 37]. Though we

might assume that (despite the difficulties of genotyping

regions with high homology) genotype is highly reliable,

we cannot make the same assumption for the phenotypic

measures of color sensitivity. What are the reliabilities of

the measures of color discrimination listed in Table 1?

Evaluation of tests for CVD prioritises sensitivity and
www.sciencedirect.com
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Table 1

Correlation between spectral separation and sensitivity to red-green color differences [31�,32–35].

N.B. Participants who are genetically or phenotypically dichromatic were excluded.
specificity for assigning diagnostic categories (in many

cases as basic as CVD versus normal) rather than measur-

ing within-category individual differences, and I have

identified only two studies that have assessed the test-

retest reliability of matching range. Anderson and John-

ston [38] reported a test-retest reliability of r = 0.7

(r = 0.49, from their Figure 1d) in 32 normal trichromats.

For 7 deuteranomals, data from Geri and Neri [39] show a

test-retest reliability of only r = 0.26 (r = 0.14), though

this is for the solid state Kintz anomalscope rather than for

more conventional models (e.g. Nagel). Though the

available data are scant, because the measures of color

discrimination typically used are not designed to discrim-

inate within-category individual differences, we may

reasonably assume that test-retest reliabilities for this

purpose are relatively low. Low reliabilities will place a

corresponding low ceiling on the expected relationship

between genotype and color discrimination.

Validity of the Rayleigh matching range as a measure of color
discrimination. A high correlation between opsin genotype
www.sciencedirect.com 
and color sensitivity also relies on the validity of the color

sensitivity measure. Because the tests listed in Table 1

are designed to diagnose color vision phenotype, they do

not necessarily also constitute valid tests for within-cate-

gory individual differences in color sensitivity. Evidently

they have some capacity for the latter purpose, since there

is a relationship between matching range and genotype,

both in anomalous trichromats (Table 1) and normal

trichromats [13�]. Nonetheless, there is good reason to

doubt the validity of matching range in particular as a

measure of within-group color sensitivity. Several authors

have pointed out that matching range, as a yes-no task, is

prone to criterion biases (both among observers and

among experimenters) which can have a large impact

on results [38,40�–42], and adaptation to the test field

is known to contribute to variability in matching range via

individual differences in rates of adaptation to the test

field and by variation in test field presentation time [43].

When the method of administering the anomaloscope is

altered into a forced-choice psychophysical procedure,

matching ranges tend to reduce substantially [41]. It is
Current Opinion in Behavioral Sciences 2019, 30:228–237
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notable that the two measures of color sensitivity other

than matching range listed in Table 1 show strong corre-

lations with genotype, explaining an average of 86% of the

variation — perhaps this is because they are more valid

and/or reliable measures of color discrimination than

matching range.

Individual variations independent of the spectral separation
of the opsins. One factor which will somewhat dilute the

relationship between spectral separation and color dis-

crimination is the absolute peak sensitivities of the

photopigments, yet in most published predictions of

anomalous color discrimination, the peak sensitivity of

one of the two cone fundamentals tends to be fixed [e.g.

Refs. [44�–46�]. Though the influence of the absolute

peak sensitivities of all three photopigments is specific

to the particular stimulus spectra, and small compared

to the influence of spectral separation, it is worth

including as an additional variable in predictions of

anomalous color discrimination. Other than the spectral

sensitivities of the photopigments, the individual dif-

ference most commonly proposed to affect color dis-

crimination in anomalous trichromacy is variation in

optical density [15�,44�,45,47�,48]. Increasing optical

density tends to broaden a cone’s spectral sensitivity

function. Therefore, if the two medium or long wave-

length-sensitive photopigments expressed in the retina

of an anomalous trichromat differ in optical density,

color vision tends to be enhanced because the overall

spectral overlap between the two cone sensitivity func-

tions tends (depending on the particular peak sensitivi-

ties) to be reduced [44�,45,47�]. Though this idea

remains largely a theoretical possibility, it has been

rendered more likely by the presence, correlated with

genetic variation in exon 2 of the M and L opsin gene,

of anomalous trichromacy without genes for two spec-

trally distinct opsins [22,49], and by an up to 3 nm

variation in peak spectral sensitivity measured psycho-

physically in dichromats with shared genotypes [50].

Other than optical density there are further uninvesti-

gated variations that could confer differences in color

discrimination among anomalous trichromats. For

instance, Broackes [51�] has proposed that individuals

with CVD may be able to make use of dynamic color

signals provided by changing illumination, or dynamic

signals caused by eye movements as colored light passes

through different densities of macular pigment. There

may be varying input to chromatic channels from rods

[52–54] or IPRGs [55]. Chromatic aberration may pro-

vide a color signal [56]. All of these possible sources of

color information may be better utilised by some indi-

viduals than by others. Finally, there may be individual

differences in the degree of postreceptoral compensation
[57�,58] for the reduced color comparison signals

encoded by the retinae of anomalous trichromats (see

below for an elaborated discussion of this possibility). If

postreceptoral compensation occurs upstream of the
Current Opinion in Behavioral Sciences 2019, 30:228–237 
performance limiting source of noise then it would be

expected to impact color discrimination.

Since Rayleigh match midpoint, matching range and peak

spectral separation of the long and medium wave cone

fundamentals all depend on differences in genotype,

relationships are also expected between peak spectral

separation and match midpoint (positive for deuterano-

mals and negative for protanomals), and between mid-

point and matching range (negative for deuteranomals

and positive for protanomals). However, the observed

relationships are even weaker than the observed relation-

ships between spectral separation and color discrimina-

tion recorded in Table 1. For midpoint and spectral

separation, the weighted average correlation for deuter-

anomals from a number of studies listed in Table 2 is

r = �0.13 (r = �0.24). For midpoint and range the

weighted average correlation is r = 0.13 (r = 0.06) for

deuteranomals and r = �0.30 (r = �0.31) for protanomals.

But why are the observed relationships weak and statisti-

cally non-significant? One obvious reason is the direct

dependence of midpoint on range. Since midpoint is

simply the center of the matching range, there is no

guarantee that it constitutes the ‘best’ (i.e. average) match

[42]. Midpoint is also as prone to observer and experi-

menter criterion biases as matching range. If the Rayleigh

match were administered as a performance-based psy-

chophysical task [23,40�,41] and the ‘midpoint’ redefined

as the point of minimum ability to discriminate the

mixture from reference fields, then ‘midpoint’ would

be a more meaningful measure, and its relationships with

spectral separation and color sensitivity would likely be

stronger. Additionally, the same multitude of factors

(discussed above) that weaken the relationship between

sensitivity and peak spectral separation will also weaken

the relationship between midpoint and range.

Potentially separate from the impact of anomalous tri-

chromacy on color sensitivity is its impact on color

appearance. Though many studies lack the necessary

(anomaloscope) data to confidently classify participants

with CVD into anomalous trichromats and dichromats,

three studies which did isolate anomalous trichromacy

found increased errors in color naming tasks for basic color

categories [63–65], indicating an impact on color appear-

ance. Color appearance in anomalous trichromacy has also

been addressed psychophysically, by asking participants

to assign ratings of color dissimilarities among a set of

stimuli and then using multidimensional scaling to recon-

struct estimates of the perceptual color spaces used by

participants to assign the ratings [66]. Results typically

show a relative contraction in the representation of color

differences that rely on signals from the medium and long

wavelength sensitive cones [67,68�,69], though in some

cases there can be a relative expansion in perceptual color

space if particular stimuli are chosen that are predicted to

be close to metameric for a normal trichromatic observer
www.sciencedirect.com
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Table 2

Correlation between spectral separation and Rayleigh match midpoint and between midpoint and range [59,60�,61,62].

N.B. A positive correlation between mid-point and range is expected for protans, but a negative one for deutans.

*Extreme anomalous trichromats removed from the original sample.

www.sciencedirect.com Current Opinion in Behavioral Sciences 2019, 30:228–237
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Figure 2

529.7nm; 556.7 nm: normal trichromacy 544.8nm; 556.7 nm: deuteranomaly 548.8nm; 556.7 nm: deuteranomaly

555nm; 556.7 nm: deuteranomaly 556.7 nm: deuteranopia552.4; 556.7 nm: deuteranomaly
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Simulation of color appearance in deuteranomaly based on signals sent by anomalous cones of different spectral sensitivities, with most

genotypes from Merbs and Nathans [8�]. On each panel are the in vitro peak spectral sensitivities of the long and medium wavelength sensitive

opsins used for each simulation.
[70�]. There have not been any systematic studies of the

relationship between genotype and color appearance in

anomalous trichromacy, though several authors have

noticed that the degree of difference from normal is

related to the degree of CVD. It is possible to model

the expected effect of genotype on color appearance (e.g.

Refs. [71,72] and Figure 2), but there are good reasons to

expect such models may be a poor fit to reality. As well as

the individual variations that might affect color discrimi-

nation discussed above, there are two ways in which color

appearance for anomalous trichromats may be less differ-

ent to normal than models based on the activities of the

cones predict. First, anomalous trichromats may escape

some of the compressive nonlinearity in the normal

encoding of color saturation postreceptorally [73]. Sec-

ond, postreceptoral compensation, or the posreceptoral

amplification of reduced color signals encoded by the

retina might relatively normalise color appearance. One

recent model of color appearance in anomalous trichro-

macy [74] applies postreceptoral compensation (adapta-

tion) to the reduced color contrasts predicted in anoma-

lous trichromacy. The result is almost indistinguishable

from normal color appearance. But how plausible an idea

is postreceptoral compensation?

The possibility of postreceptoral compensation in anom-

alous trichromacy was first made explicit by Regan and

Mollon [57�] (though was implied much earlier in [75]),
Current Opinion in Behavioral Sciences 2019, 30:228–237 
who proposed that the signals sent by the ‘residual’

middle-long wavelength sensitive color channel might

‘expand to fill the neural space available’, matching the

range of color variation to the available dynamic range of

visual neurons. They tested this idea by measuring the

relative saliences of the signals from the two cardinal color

mechanisms. Although they found that for most anoma-

lous trichromats the relative salience of differences in

L/(L + M) compared to differences in S/(L + M) was

reduced (from normal) by a factor of 3–5, there were

two individual anomalous trichromats for whom this

relative salience seemed normal. Boehm et al. [46�] com-

pared, in the same anomalous trichromats, color discrimi-

nation at threshold, with a suprathreshold measure of

color perception constructed using multidimensional

scaling. In 9 deuteranomals, color discrimination thresh-

olds were raised from normal by an average factor of 2.6,

which was broadly in line with (though somewhat better

than) a prediction based on reduced spectral separations

between the M and L photopigments. However, supra-

threshold, the range of perceived color differences along

the L/(L + M) axis in the reconstructed color spaces was

contracted by a factor of only 1.16 from normal, much less

than predicted from the model. The results of both

studies are compatible with the idea of postreceptoral

compensation, though Boehm et al.’s results indicate that

it is the norm, rather than being isolated to a minority of

anomalous trichromats. The difference between Boehm
www.sciencedirect.com
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et al.’s results at threshold and suprathreshold imply that

most of the postreceptoral compensation occurs down-

stream of the source of noise that limits color discrimina-

tion performance. However, a difference between pre-

dicted and observed thresholds leaves open the

possibility of some level of compensation upstream of

the noise that limits color discrimination, if the difference

is not explained by other factors like optical density

discussed above. For postreceptoral compensation that

is specific to suprathreshold color differences, it is, how-

ever, difficult in behavioural experiments to rule out a

strategy of ‘cognitive compensation’, where reduced color

differences are cognitively relabelled, rather than lower-

level perceptual compensation. The next step in research

into postreceptoral compensation must look at direct

measures of brain activity to try to isolate the process

to visual regions of the brain. Such studies are currently

being attempted: Initial fMRI measurements in anoma-

lous trichromats viewing L/(L + M) gratings show evi-

dence of postreceptoral compensation in early visual

areas, with the degree of compensation varying between

individuals [76�].

In conclusion, although the genetic bases of individual

differences in the ability to discriminate medium and

long wavelength light are relatively well understood

compared to those of other individual differences in

visual perception, there remain a number of unsolved

mysteries. Color discrimination in anomalous trichromats

shows wide individual variation, ranging from as good as

that of normal trichromats to near deuteranopic. Only a

small proportion of the individual variation has so far been

attributed to differences in genotype (though the propor-

tion might rise with more reliable and valid measures of

color discrimination), and suggestions for additional indi-

vidual differences that might explain variation in color

discrimination are interesting but have not been empiri-

cally verified. Color differences for anomalous trichromats

are reduced from normal along the L/(L + M) axis in the

MacLeod-Boynton [28] chromaticity diagram, but the

difference in suprathreshold color appearance from nor-

mal seems to be much less than is predicted from the

increased spectral overlap of the medium and long wave-

length sensitive cones. Postreceptoral compensation, pre-

dominantly downstream of the principal source of noise

that limits color discrimination, seems the best explana-

tion for the limited available data, though its mechanisms

are as yet poorly understood.
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Anomaloskop fü r die Diagnose der eizelnen Typen der
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