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Adaptive optics retinal imaging reveals S-cone
dystrophy in tritan color-vision deficiency
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Tritan color-vision deficiency is an autosomal dominant disorder associated with mutations in the short-
wavelength-sensitive- (S-) cone-pigment gene. An unexplained feature of the disorder is that individuals with
the same mutation manifest different degrees of deficiency. To date, it has not been possible to examine
whether any loss of S-cone function is accompanied by physical disruption in the cone mosaic. Two related
tritan subjects with the same novel mutation in their S-cone-opsin gene, but different degrees of deficiency,
were examined. Adaptive optics was used to obtain high-resolution retinal images, which revealed distinctly
different S-cone mosaics consistent with their discrepant phenotypes. In addition, a significant disruption in
the regularity of the overall cone mosaic was observed in the subject completely lacking S-cone function. These
results taken together with other recent findings from molecular genetics indicate that, with rare exceptions,
tritan deficiency is progressive in nature. © 2007 Optical Society of America
OCIS codes: 330.1720, 330.5310, 100.0100, 330.4300.
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. INTRODUCTION
ritan color-vision deficiency is an inherited autosomal
ominant abnormality of short-wavelength-sensitive- (S-)
one function.1,2 The disorder exhibits incomplete pen-
trance, meaning that individuals with the same under-
ying mutation manifest different degrees of color-vision
mpairment, even within a sibship.1,3–8 Mutations in the
-cone-opsin gene, which encodes the protein component
f the S-cone photopigment, have been identified, and
hey give rise to four different single amino acid substitu-
ions that have been found only in affected individuals
nd not in unaffected control subjects.9–11 Each substitu-
ion occurs at an amino acid position that lies in one of the
ransmembrane alpha helices and is predicted to interfere
ith folding, processing, or stability of the encoded opsin.
or example, one of the mutations identified by Weitz et
l.10 corresponds to an amino acid position at which a
1084-7529/07/051438-10/$15.00 © 2
ubstitution in the rod pigment rhodopsin causes autoso-
al dominant retinal degeneration.12,13

A fundamental property differentiating S cones from
ong-wavelength sensitive (L) and medium-wavelength-
ensitive (M) cones is the potential for dominant negative
nteractions between normal and mutant opsins. This is
ecause each S cone expresses both autosomal copies of
he S-opsin gene, whereas L and M cones each express
nly one opsin gene from the X chromosome. Rod photo-
eceptors also express a rhodopsin gene from two auto-
omes, and for rhodopsin mutations underlying autoso-
al dominant retinitis pigmentosa (adRP), dominant
egative interactions lead to the death of the photorecep-
ors and ultimately to the degeneration of the retina. Tri-
an color-vision deficiencies have not been reported to
ause progressive retinal degeneration, possibly because
he proportion of S cones in the retina is much smaller
007 Optical Society of America
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han that of rods.10 It thus remains a clear possibility that
cones degenerate in autosomal dominant tritan-

ssociated mutations of the S opsin.
Here, results are reported from experiments using

daptive optics to image the cones of tritan subjects
hose molecular defect is known. These images have, for

he first time, provided insight into the physical status of
cones in tritan color-vision deficiencies associated with

-opsin mutations. The results suggest that the color-
ision deficiency is associated with a progressive S-cone
ystrophy and accompanied by a disruption in the regu-
arity of the cone mosaic.

. METHODS
. Subjects
wo tritan subjects, aged 57 and 34 years, took part in the
xperiments: one male (M04) and his daughter (M505).
he father’s tritan son (M503, aged 36 yr) was also in-
luded in the first part of the experiment on color-vision
esting and genetics. A complete ophthalmic examination
as carried out on the father and the daughter. The ex-
eriments were conducted in accordance with principles
mbodied in the Declaration of Helsinki (Code of Ethics of
he World Medical Association) and were approved by the
esearch Ethics Committee of the University of Manches-

er (genetics and color-vision testing) and the institu-
ional research board at the Medical College of Wisconsin
genetics) and the University of Rochester (adaptive op-
ics imaging). Six normal trichromats [2 male, 4 female;
ean age, 26 yr; standard deviation (SD), 3.7 yr] served

s controls for the retinal-imaging experiments.

. Color-Vision Testing
ubjects were classified with a variety of clinical color-
ision tests: the Farnsworth–Munsell 100-Hue test (FM
00-Hue); Ishihara pseudoisochromatic plates (24-plate
dition, 1964); and Rayleigh and Moreland anomaloscopy
nd luminance matching (Interzeag Color Vision meter
12, Schlieren, Switzerland). The father and daughter
ere also tested on the HRR pseudoisochromatic plates

4th edition, 2002); the Lanthony’s desaturated D15; the
arnsworth D15; and the Medmont C100; the father was
dditionally tested on the Cambridge Color Test.14

. DNA Isolation and Genetic Analyses
hole blood was obtained from each subject, and genomic
NA was extracted using the PureGene kit (Gentra Sys-

ems, Minneapolis). The five exons that comprise the
mino acid coding region of the S-opsin gene were ampli-
ed in the polymerase chain reaction (PCR) and were se-
uenced following previously described methods.9 Se-
uencing reactions were analyzed on an ABI Prism
100xl genetic analyzer (Applied Biosystems, Foster City,
alifornia). Twenty-nine nontritan subjects served as a
ontrol population on the genetic analysis, and their
-opsin genes were also sequenced.

. Imaging
igh-resolution retinal imaging was carried out with the
ochester Second Generation Adaptive Optics System,
hich has been described in detail elsewhere.15 The sub-
ect’s head was stabilized with a dental-impression bite
ar. The subject’s right or left eye was dilated, and accom-
odation was suspended with a combination of phenyle-

hrine hydrochloride (2.5%) and tropicamide (1%). Mea-
urements of the eye’s monochromatic aberrations were
aken over a 6.8-mm pupil with a Shack–Hartmann
avefront sensor and corrected with a 97-channel deform-
ble mirror (Xin�tics, Inc., Devins, Massachusetts) in a
ontinuous closed-loop fashion until the root-mean-square
avefront error fell below 0.1 �m or 800 ms had elapsed,
hichever happened first. For further details on wave-

ront measurements and compensation, see Refs. 15–17.
nce a wavefront correction was obtained, a retinal im-
ge was acquired by illuminating the retina with a
-deg-diameter, 4-ms flash at 550 nm with 25-nm band-
idth (full width at half-maximum) from a krypton-arc
ash lamp. The short duration of the flash helped to mini-
ize the effects of motion blur on the accompanying reti-
al image. Images were taken with a cooled charge-
oupled-device camera (Roper Scientific, Inc., Trenton,
ew Jersey). To avoid possible edge artifacts from the de-

ormable mirror, imaging was done over a 6-mm pupil. A
ircular fixation target was used to record the relative
etinal location of each image (i.e., nasal, temporal, supe-
ior, or inferior as well as eccentricity). Images were av-
raged using a MATLAB-based image-registration algo-
ithm (MathWorks, Inc., Natick, Massachusetts).

In vivo retinal densitometry was combined with this
igh-resolution retinal-imaging paradigm to identify S
ones. Details on the procedure to classify individual
ones as S, M, or L have been published,18,19 and only a
rief outline is given here. Individual cones in the retinal
osaic were classified by comparing images taken under
fully bleached state [550-nm light of approximately 25
106 troland-seconds] with images taken after 5 min of

ark adaptation. The absorptance of the cones in the
atch of retina imaged was calculated as 1 minus the ra-
io of the dark-adapted image to the corresponding fully
leached image. Since the L and M cones absorb strongly
t 550 nm, they appear bright in the absorptance image,
hereas the S cones appear dark owing to their low ab-

orptance at 550 nm.

. Image Analysis
freely available image-processing program (ImageJ,

ational Institutes of Health, Bethesda, Maryland) was
sed to manually identify the cones in each subject’s reti-
al image. To estimate cone density, the number of cones
as divided by the area of retina sampled. The Cartesian

x ,y� coordinates of the cones were stored in a text array
nd used for additional analyses.
To assess the spatial organization of the cone mosaics,

he average and SD of nearest-neighbor distances were
xamined, as well as the Voronoi domains associated with
he cones in each mosaic. Voronoi domains were con-
tructed for each cell by defining points in the plane that
ere closer to that cell than to any other cell in the mo-

aic. Both metrics are widely used to assess the regularity
f cellular mosaics in the retina; see Refs. 20–23.
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. RESULTS
. Color-Vision Testing and Ophthalmic Examination
he father’s behavior on all color-vision tests was that of
tritanope. He made tritan errors on the HRR pseudoiso-

hromatic plates, the Lanthony’s desaturated D15, and
he Farnsworth D15, and his error score on the FM 100-
ue was 206 with midpoint at cap 46 [Fig. 1(a)] [normal

rror score for an individual aged 50–59 yr is 0–130 (95%
I); see Ref. 24], with a significant blue–yellow axis (dif-

ig. 1. Results of the Farnsworth–Munsell 100-Hue test for
ubjects (a) M04 (father), (b) M505 (daughter), (c) M503 (son).
erence score between the blue–yellow and the red–green
xes was +4.3).25 Results from Moreland anomaloscopy
nd luminance matching showed that he was a tritan
ith midmatch point (MMP) 14.8 and matching range

MR) 26.9 [normal values (and SD) for the same instru-
ent are MMP 55.1 (5.9), MR 12.0 (1.1)].26,27 His scores

n the Cambridge Colour Test (CCT) were 75, 128, and
100 on the protan (P), deutan (D), and tritan (T) axes of
he Trivector test, respectively; the ellipse length was
3.1, and the axis ratio was 551.8 along the tritan axis
angle 99.4 deg) on field 1 of the Ellipse test14 [reported

aximum normal values on the Trivector test are 69.3,
2.4, and 113.4 for the P, D, and T axes, respectively, and
or field 1 on the Ellipse test are 209.3 for ellipse length
nd 2.4 for axis ratio28]. He made no errors on the Ishi-
ara pseudoisochromatic plates, nor on the Medmont
100, and his Rayleigh anomaloscopy and luminance
atching were normal with MMP 45.4 and MR 1.9 [nor-
al values (and SD) for the same instrument are MMP

9.6 (3.2), MR 5.5 (1.7)].26,27 He reported that he could not
emember having any problems with color vision when he
as younger, and it was only in recent years that he has
xperienced difficulties with discriminating between some
olors such as orange–yellow and pink.

The daughter’s behavior was as a normal trichromat on
he Ishihara pseudoisochromatic plates (no errors), the
arnsworth D15, and Rayleigh and Moreland anomalos-
opy and luminance matching (MMP 49.1, MR 1.8; and
MP 50.8, MR 4.2, respectively). She made mild tritan

rrors on the HRR pseudoisochromatic plates, the Lan-
hony’s desaturated D15, and the FM 100-Hue. Her error
core on the FM 100-Hue was 56 with midpoint at cap 44
Fig. 1(b)] [normal error score for an individual aged
0–39 yr is 0–80 (95% CI)];24 the difference score between
he blue–yellow and the red–green axis was not signifi-
ant (0.4).25 She reported never having experienced prob-
ems with discriminating colors.

The son’s behavior was also that of a normal trichromat
n the Ishihara pseudoisochromatic plates (no errors) and
n the Rayleigh and Moreland anomaloscopy and lumi-
ance matching (MMP 56.7, MR 1.9; and MMP 56.3, MR
.2, respectively). His error score on the FM 100-Hue was
6 with midpoint at cap 46 [Fig. 1(c)]; the difference score
etween the blue–yellow and the red–green axes was not
ignificant (0.8).25

Ophthalmic examinations were normal on both father
nd daughter, and corrected visual acuities were 6/5
log MAR−0.1� for both.

. Genetics
he father (M04) and both children (M505 and M503)
ere heterozygous for a nucleotide change that substi-

uted the polar, neutral amino acid glutamine (Q) in place
f the positively charged amino acid arginine (R) that is
ormally present at amino acid position 283 of the
-opsin gene (Fig. 2; see Ref. 29). All 29 control subjects
ere homozygous for arginine.

. Imaging
one density for M505 at 1.25-deg temporal from fixation
as 48,916 cones/mm2, and cone density for M04 was
9,747 cones/mm2 at 1.0-deg temporal,
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Table 1. Statistics of the Spatial Arrangement of the Cone Mosaic

Cone
Densitya

Mean
Voronoi
Areab

SD
Voronoi
Areab

Mean #
Voronoi
Sides

SD #
Voronoi
Sides

Observed
Mean
NND

Expected
Mean
NNDc Ratiod

.0 deg
R039 44,122 23.216 3.583 5.983 0.663 4.172 4.430 0.942
R027 66,849 14.852 2.107 5.966 0.510 3.414 3.616 0.944
R010 75,994 12.953 1.685 5.952 0.581 3.181 3.376 0.942
R008 53,178 18.967 2.487 5.986 0.504 3.836 4.036 0.950
M04 59,747 16.969 2.725 5.962 0.763 3.452 3.807 0.907

.12 deg
M04 55,575 18.266 3.200 5.964 0.737 3.578 3.948 0.906

.25 deg
R044 51,669 19.847 2.306 5.994 0.580 4.005 4.094 0.978
M505 48,916 21.235 2.894 5.970 0.607 4.026 4.208 0.957
R039 36,399 28.872 3.933 5.997 0.683 4.585 4.878 0.940
R031 61,612 16.862 2.270 5.978 0.557 3.639 3.768 0.966
R027 43,679 23.235 2.993 5.978 0.648 4.200 4.453 0.943
M04 45,010 23.24 3.796 5.964 0.810 3.980 4.386 0.907

aDensity in cones/mm2.
bArea of Voronoi polygons in �m2.
cComputed assuming a perfectly triangular lattice of cones with a density equal to that observed for a given subject.
dQuotient of observed mean NND �nearest-neighbor distance� by expected mean NND; lower values indicate a larger departure from a perfectly triangular arrangement of the

one mosaic.
ig. 2. Model of the S-opsin gene. Circles represent amino acids. The light gray circle indicates the location of the R283Q substitution
n the family in this study, who had differing degrees of tritan color-vision deficiency. The other four reported mutations causing tritan
olor-vision deficiency are indicated by black filled circles: G79R, S214P, P264S, L56P. The figure is modified from Ref. 29 with
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5,575 cones/mm2 at 1.12-deg temporal, and
5,010 cones/mm2 at 1.25-deg temporal (Table 1). Normal
alues from adaptive optics images are
4,859 �SD 8205� cones/mm2 at 1.0 deg �n=14� and
4,330 �SD 4724� cones/mm2 at 1.25 deg �n=10� (data
rom normal controls combined with data from Refs. 30
nd 31).
Figure 3 shows the full bleached, dark-adapted, and ab-

orptance images for M505 (a) and M04 (b). No evidence
or S cones was observed in M04 [Fig. 3(b)]. In M505
bout 4.9% of the cones at 1.25 deg were low absorbing
Fig. 3(a)]. Since S cones absorb negligibly at the imaging
nd bleaching wavelength of 550 nm, these cones were
eemed S cones. Normalized to M505’s overall cone den-
ity, the density of S cones at this location was
224 S cones/mm2. In comparison, the average S-cone
ensity in normal trichromatic subjects when measured
ith adaptive optics at 1.25-deg eccentricity is
863 �SD 1033� S cones/mm2.30

. Arrangement of the Cone Mosaic
igure 4 shows the results of the Voronoi analysis for the
ritanope (M04) and two normal trichromats. Figures
(a)–4(c) illustrate how the Voronoi polygons are derived

ig. 3. Retinal images of two tritan subjects. (a) Images from th
ones or empty cones are visible as dark regions in the absorptanc
umber of candidate S cones is consistent with normal S-cone den
ifferent retinal locations at 1.25-deg eccentricity. (b) Images fro
ence for S cones. There appears to be some increased irregulari
rom the image of the cone mosaic. The control subjects
Figs. 4(d) and 4(e)] were chosen because their cone den-
ities were the closest to M04’s cone density at 1.0-deg ec-
entricity. Seventy percent of cones in the normal mosaics
ad six neighbors, indicating a regularly packed, triangu-

ar mosaic. In contrast, only 55% of the cones in M04’s
osaic had six neighbors [Fig. 4(f)]. Qualitatively, it ap-

ears that there are more disruptions in M04’s mosaic. In
act, the mean SD in the number of sides on the Voronoi
olygons for the control subjects was 0.593 with a SD of
.064, whereas M04’s SD in the number of sides on the
oronoi polygons for his mosaics was 0.763, 0.737, and
.810 at the three locations tested (Table 1). These values
re 2.5 SDs from the mean, indicating that his mosaic
as significantly more variable than normal �p=0.0067�.
o further quantify the features of M04’s cone mosaic, the
ean area of the Voronoi domains in each mosaic was

omputed (Table 1). As expected, there is a close relation-
hip between the density of cones in the mosaic and the
ize of the corresponding Voronoi domains, with more
ense mosaics having, on average, smaller Voronoi do-
ains. The mosaic variability (expressed as the SD

mong the Voronoi areas) is also related to the cone den-
ity, with more dense mosaics having less variability

t eye of the daughter (M505). Numerous cones that are either S
e. Given M505’s behavioral measurements, and the fact that the

t is probable that they are S cones. The analysis was done at two
eye of the father (M04) at 1.25-deg eccentricity. There is no evi-
he mosaic, which may be a signature of cone death.
e righ
e imag
sity, i

m left
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Fig. 5(a)]. Just as there was more variability in the num-
er of sides to the Voronoi polygons in his mosaic, the
ariability in the area of the Voronoi domains in his mo-
aic was higher than expected, given his cone density. As
een in Fig. 5(a), both of his data points lie outside the
5% confidence interval derived from the normal controls.
Also highly correlated with cone density is the mean

earest-neighbor distance (NND). As shown in Fig. 5(b),
ore dense mosaics have cones that are on average more

losely spaced. M04’s mean NND (Table 1) is significantly
ower than what would be expected based on his cone den-
ity. Another way to look at the NND data is to compare
he observed mean NND for each subject with that ex-
ected from a perfectly triangular mosaic of density iden-
ical to that observed for this subject. These values are
iven in Table 1 and were derived from equations pub-
ished by Coletta and Williams.32,33 By dividing the ob-
erved mean NND by the expected mean NND, it is re-
ealed that all control subjects were about 5% below what
as expected. This is probably due to the fact that in the

omputation of the expected mean NND, uniform density
as assumed, although in reality, cone density varies over

he area of retina analyzed. Small asymmetries derived
rom intersubject differences in preferred retinal location
or fixation34 will affect this ratio as well. Nevertheless,

04’s mosaic was significantly different from the con-
rols, as his mean NND was only 90% of that expected
ased on his density.
Besides indicating a departure from regularity, the ra-

io of observed NND to expected NND can be used to infer
omething about the degree of cone loss in the mosaic. A

ig. 4. Analysis of mosaic regularity. (a) Retinal image from a
ocations from (a). (c) Voronoi domain associated with each cone
icates the number of sides on each Voronoi polygon (magenta=4
ided polygons indicate a regular triangular lattice, whereas othe
osaic. (e) Color-coded Voronoi diagram from a normal trichrom

ubject (M04, 1.0 deg). The normal subjects were chosen for com
ew NND can be calculated for M04 from the expected
ean NND for a mosaic of density identical to that for
04, incorporating the �95% reduction in mean NND ob-

erved in the controls. New NND values for M04 would
hen be 3.62 and 3.75 for his 1.0- and 1.25-deg mosaics,
espectively. From the relationship between observed
ean NND and cone density [Fig. 5(b)], his extrapolated

one density should then have been 61,510 and
7,670 cones/mm2 for his 1.0- and 1.25-deg mosaics, re-
pectively. This is 1763 and 2095 cones/mm2 below his ob-
erved cone density, respectively and this establishes an
stimate that he has lost about 1929 cones/mm2, which is
onsistent with the mean S-cone density in normal
richromats of 2723 �SD 734� cones/mm2, n=9 (from Ref.
0) for combined data from 1.0- and 1.25-deg eccentricity,
espectively.

It should be noted that in both graphs in Fig. 5, M04’s
aughter (M505) was included with the normal controls
n order to derive the associated regression lines. This
as done because normal numbers of S cones were ob-

erved in her mosaic and there were no visible disrup-
ions in the regularity of her mosaic. The inclusion of her
ata with the normal controls is supported by the fact
hat her data points lie exactly on the regression line in
oth graphs.

. DISCUSSION
major step in understanding the mechanism of inher-

ted tritan color-vision deficiencies was afforded by the
andmark work of Weitz and colleagues in identifying

al trichromat (R008, 1.0 deg). (b) Two-dimensional plot of cone
eceptor in (a). (d) Color-coded version of (c), where the color in-
=5, green=6, yellow=7, red=8, purple=9). Large regions of six-
mark points of disruption in the hexagonal packing of the foveal

31, 1.25 deg). (f) Color-coded Voronoi diagram from a tritanopic
because they had cone densities close to that of M04.
norm
photor
, blue

r colors
at (R0
parison
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-opsin gene mutations in affected individuals.10,11 The
ork reported here provides the first anatomical evidence

hat tritan phenotypes associated with S-opsin mutations
re associated with the loss of S cones. This suggests a
echanism in which the mutations produce their effects

y reducing the viability of the S cones and that heterozy-
otes who express both the normal and mutant S opsins
ill exhibit trichromatic color vision that can be indistin-
uishable from normal until the S cones succumb to the
oxicity of the mutant opsin.

It is evident from this study of an affected father and
aughter that there is a correlation between behavioral
oss of S-cone function and physical disruption in the cone

osaic. S cones are sparse in the normal retina, compris-
ng about 5% of the photoreceptors, with their highest

ig. 5. Correlation of cone density with (a) SD of Voronoi area
nd (b) mean NND. Filled circles are from normal controls, open
quares are from subject M04 (1.0 and 1.25 deg). Solid line is
est-fitting linear regression, and dashed lines are 95% confi-
ence intervals.
ensity ��2000 cones/mm2� at about 10-deg
ccentricity,35 but with large variations between
ndividuals.36 The difference between father and daugh-
er in this study, however, is too large to be considered as
ithin-normal intersubject variability: The daughter

howed near-normal S-cone density and the father a com-
lete loss at the eccentricity where peak S-cone density
ormally occurs.34 The expectation is that the number of
cones in the daughter’s mosaic would be further re-

uced if she were imaged later in life. The fact that the
ather’s total cone density was still within the normal
ange even if he had lost all his S cones is not surprising,
s the normal variation in total cone density exceeds
%.18,36,37

One limitation of the present study is the absence of
ge-matched controls for the analysis of the spatial topog-
aphy of the tritanope mosaic of the father. It might be ar-
ued that, as part of the normal aging process, a signifi-
ant number of foveal cones are lost, thereby disrupting
osaic regularity. In fact, while maximum cone density

aries between individuals, the number of foveal cones re-
ains relatively constant throughout adulthood in the ab-

ence of retinal disease.38,39 Since disruption of the mo-
aic is unlikely to be part of the normal aging process, it
ollows that it is the loss of S cones that is responsible for
osaic irregularity in the tritanope. In support of this

onclusion, Hoang et al.40 detected no disturbance of the
osaic in their analysis of histological data from a

8-year-old retina at the same retinal location as that
tudied here (data not shown).

The Voronoi and nearest-neighbor analyses suggest
hat some reorganization of the cone mosaic took place af-
er the S cones had died: The L and M cones seem to have
t least partially filled in the gaps that previously were
aken up by S cones, making the father’s mosaic look ir-
egular in comparison with the triangular packing seen in
hat of the daughter and normal trichromatic
ubjects18,19,35; see also Fig. 4. This irregularity suggests
hat the S cones had completely degenerated after foveal
igration was complete.41–43 Mosaic regularity is pre-

erved in early cone loss where foveal migration has acted
o repack the cones31 or in other cases where normal
oveal migration has occurred but a functional opsin is not
xpressed in the cones.44 The disruption in mosaic regu-
arity, together with the absence of S cones, is the only
isible change in the retina. Thus, despite normal cone
ensity, there are other signatures in the retinal images
hat can be used. In fact, given how variable cone density
s among normal controls, measures of regularity may be

ore sensitive to the very early stages of cone loss in
ther photoreceptor degenerations.

Until now, the effects of amino acid substitutions on S
ones were unknown, but the absence of S cones coupled
ith the decreased density and abnormal packing ar-

angement of the cones in a tritan subject (M04) suggests
hat heterozygosity for the R283Q mutation ultimately
esults in the death of S cones. S-opsin mutations that
ause autosomal dominant tritan color-vision deficiencies
re analogous to rhodopsin mutations that cause autoso-
al dominant retinitis pigmentosa, in which dominant
egative interactions between normal and mutant pig-
ents expressed in the same photoreceptor lead to the
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eath of the affected photoreceptor.45,46 The molecular ge-
etic and imaging results reported here along with previ-
us molecular genetic data support the hypothesis that
he phenotypic difference between the father and the
aughter with the same mutation can be attributed to
heir being at different stages in the progression in which
ominant negative interactions have compromised the
unction and viability of S cones. The observation of Went
nd Pronk8 that error scores on color-vision tests tend to
e higher with older tritan subjects than with younger
nes also supports this hypothesis. Further, the imaging
esults are consistent with the loss of S-cone function be-
ng due directly to the physical loss of S cones as a result
f the mutant S-opsin pathology rather than to the nor-
al aging process.47

Some studies4,48 have attempted to classify tritan defi-
iencies into dichromatic and anomalous trichromatic
orms by analogy with red–green color-vision deficiencies,
nd a third form, incomplete tritanopia, has also been
roposed,3,6 but the phenotype is not clearly different
rom tritanomaly.3 A rationale for a tritan phenotype that
s analogous to red–green anomalous trichromacy is diffi-
ult to justify. Recall that the red–green anomalous
richromacies are caused by the combination of the loss of
ne class of photoreceptor, L or M, and the addition of a
econd subtype of the remaining class such that color vi-
ion in the red–green region of the spectrum is mediated
y two cone types whose spectral sensitivities overlap
uch more than in normal trichromacy.49 In contrast to

he 20–30 nm that separate L from M pigments in nor-
al color vision,50,51 the spectral separation between the
-cone subtypes or M-cone subtypes in anomalous trichro-
acy ranges from about 1 to about 12 nm and, as ex-

ected, the degree to which color discrimination is im-
aired is directly related to the magnitude of the spectral
eparation.14,52,53 Spectral-tuning studies of mammalian
hort-wavelength-sensitive pigments that are evolution-
rily closely related to the human S-cone photopigment
ave identified amino acid substitutions that are capable
f shifting the spectrum over the range from about
59 to 423 nm.54,55 But the human S-cone photopigment
eaks at 415–419 nm,56,57 and no amino acid substitu-
ions that affect the S-cone spectrum have been identified
n human subjects. Indeed, a shift of about 100 nm in
-cone sensitivity to long wavelengths would be required
o produce a degree of overlap between the S- and the
-cone sensitivity that is equivalent to the overlap be-

ween M- or L-cone subtypes in red–green
eficiencies.52,53 Such a large shift would not be accom-
lished with a single amino acid substitution,55 and the
nomalous trichromatic tritan phenotype has instead
een attributed to the involvement of rods in the color
atch made by tritan subjects.7

Historically, the existence of congenital tritan color-
ision deficiencies has been controversial.58,59 The incom-
lete penetrance and general trend of worsening color-
ision test scores with increasing age among tritan
ubjects8 suggests that, at least in some affected individu-
ls, inherited tritan color-vision deficiency is not congeni-
al (i.e., present at birth). The color-vision deficiency asso-
iated with mutation in the S-cone opsins is expected to
e present from birth in individuals homozygous for a mu-
ation, but not necessarily for heterozygous individuals.
his is because the potential for dominant negative inter-
ctions between normal and mutant pigments is absent in
omozygotes. By the same reasoning, homozygous
-opsin mutations would not necessarily be expected to
roduce a progressive degeneration, but instead a station-
ry disorder of the S cones. Although homozygous indi-
iduals are thought to be exceptionally rare, tritan indi-
iduals from two of the five pedigrees that have been
tudied in detail contain individuals who are homozygous
or an S-opsin mutation, but there are also individuals
ithin these two pedigrees who are heterozygous.10

ithin the same pedigree, it would be expected that a
ounger subject who is homozygous would perform more
oorly than an older subject who is heterozygous. Recruit-
ent tactics for identifying tritan subjects for experimen-

al analysis tend to select for rare events such as homozy-
otes. Most individuals with inherited tritan deficiencies
re heterozygous and, according to the hypothesis sup-
orted by the experimental data presented here, they
eed not exhibit complete dichromacy until the disorder
as progressed to a stage when a critical number of S
ones have lost viability. Variability in phenotype prob-
bly derives primarily from differences in the degree to
hich S-cone function is diminished.
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