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Abstract

Color vision impairment emerges at early stages of diabetes mellitus type 2 (DM2) and may precede
diabetic retinopathy or the appearance of vascular alterations in the retina. The aim of the present
study was to compare the evaluation of the color vision with two different tests — the Lanthony
desaturated D-15d test (a traditional color arrangement test), and the Cambridge Colour Test (CCT)
(a computerized color discrimination test) — in patients diagnosed with DM2 without clinical signs of
diabetic retinopathy (DR), and in sex- and age-matched control groups. Both color tests revealed
statistically significant differences between the controls and the worst eyes of the DM2 patients. In
addition, the degree of color vision impairment diagnosed by both tests correlated with the disease
duration. The D-15d outcomes indicated solely tritan losses. In comparison, CCT outcomes revealed
diffuse losses in color discrimination: 13.3% for best eyes and 29% for worst eyes. In addition,
elevation of tritan thresholds in the DM2 patients, as detected by the Trivector subtest of the CCT,
was found to correlate with the level of glycated hemoglobin. Outcomes of both tests confirm that
subclinical losses of color vision are present in DM2 patients at an early stage of the disease, prior to
signs of retinopathy. Considering the advantages of the CCT test compared to the D-15d test, further
studies should attempt to verify and/or improve the efficiency of the CCT test.
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Introduction

Color vision has been assessed in many studies of
diabetes mellitus (DM) since the 1970s. Some studies
focused predominantly on juvenile diabetes, or DM type
1 (e.g. Bronte-Stewart et al., 1970; Muntoni et al., 1982;
Roy et al., 1984; Hardy et al., 1992). In several studies,
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color vision in both types of diabetes, type 1 (DM1) and
type 2 (DM2), was examined (Bresnick et al., 1985;
Trick et al., 1988; Greenstein et al., 1990; Doucet et al.,
1991; Fong et al., 1999; Barton et al., 2004). In some
studies the type of diabetes was not reported; however,
from subject characteristics it can be inferred that
patients with both types of diabetes were investigated
(Lakowski et al., 1972; Aspinall et al., 1983; Tregear
et al., 1997). Notably, very few studies have assessed
color vision exclusively in DM2 (Ismail and Whitaker,
1998; Ventura et al., 2003b; Feitosa-Santana et al.,
20006).

Assessment of color vision in DM of both types has
demonstrated that color vision impairment emerges in
the early stages of the disease and may precede diabetic
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retinopathy (DR), i.e., vascular alterations in the retina
(Kurtenbach ez al., 1994, 1999; Ismail and Whitaker,
1998; Ventura et al., 2003b; Feitosa-Santana ef al.,
2006). Further, when DR was present, color vision
defects were shown to correlate with the duration of the
disease and the severity of macular edema (Bresnick
et al., 1985; Ismail and Whitaker, 1998).

In patients with DM2 in particular, early losses in
blue-yellow (tritan) discrimination were predominantly
found when the Farnsworth-Munsell 100-Hue Test was
employed (Ismail and Whitaker, 1998). More recently,
however, Ventura and colleagues (Ventura et al., 2003b;
Feitosa-Santana et al., 2006) reported diffuse loss in
DM2 patients, i.e., red—green in addition to blue—yellow
losses. It is notable that the diffuse losses were detected
using different diagnostic instruments and psychophys-
ical methods: Ventura et al. (2003b) employed the
Cambridge Colour Test (CCT) and examined a small
sample (n = 13) of DM2 patients; Feitosa-Santana
et al. (2006) studied a representative DM2 group
(n = 32) using a composite assortment of 15 caps from
the D-15 and D-15d and applied a triadic procedure for
judgment of color dissimilarities.

In the present study, color vision of DM2 patients was
assessed using the D-15d test and the CCT, and was
compared to controls. The D-15d, a traditional color
arrangement test, has been extensively used for the
diagnosis of subclinical forms of acquired color vision
deficiencies (e.g., Geller, 2001; Feitosa-Santana et al.,
2006; Barboni et al., 2009). The CCT, a recently
developed computerized color discrimination test (Mol-
lon and Reffin, 1989, 2000) has been proven to be
sensitive for detection and classification of color vision
deficiencies (Regan et al., 1994, 1998; Ventura et al.,
2003a,b; Costa et al., 2007; Feitosa-Santana et al., 2008;
Moura et al., 2008).

In the present study, we address whether, for DM2
patients, the outcomes of the D-15d and CCT would
converge in the diagnosis of early subclinical forms of
color vision impairment.

Method

Subjects

Color vision was assessed in 31 patients with DM2 (16
males), of 30 to 76 years of age (mean = 52.8 + 10.7
years), with no clinical signs of DR. Diabetes duration
ranged from 1 to 27 years (mean = 9.0 £+ 8.6 years)
estimated from the date of the diagnosis. The patients
were referred to the present study by the Ophthalmology
Unit of the University Hospital of the University of Sao
Paulo (Sao Paulo, Brazil).

Two control groups were formed. One was tested
using the D-15d test (n = 31, 17 males; mean age

50.5 £ 11.5 years). The other was tested using the CCT
(n = 36, 22 males; mean age 51.4 £ 12.5 years). Con-
trols were selected from staff and students of the
University of Sao Paulo or patients’ spouses. Both
control groups were matched to the DM2 patients by
sex, age and education level.

Clinical history of both DM2 patients and controls
was collected before the testing, to ensure no history of
heavy metal exposure, alcoholism, or smoking, and
absence of systemic diseases that could have affected the
visual system.

For the screening of congenital color vision deficien-
cies, the D-15 test (Farnsworth, 1943) was applied, with
quantitative and qualitative analyses of the color cap
arrangement used to verify the color vision status.
Subjects diagnosed with congenital color vision defi-
ciency were not included.

All DM2 patients and controls underwent an ophthal-
mological examination, with the following inclusion
criteria: best visual acuity of 0.2 log MAR; no ocular
disease or surgery; a maximum of grade 1 of cortical
opacity (C1), nuclear color (NC1), and nuclear opales-
cence (NO1) according to the Lens Opacity Classification
System III, LOCS III (Chylack et al., 1993); no clinical
signs of DR on fundus examination by indirect ophthal-
moscopy, i.e., no hard exudates, microaneurysm, hemor-
rhage, or increased retinal thickness; no macular edema
according to the ETDRS criteria (Fong et al., 1999;
Barton et al.,2004). Fundus photography and fluorescein
angiography were conducted in 62% of the patients (19/
31). The interval between the ophthalmological examina-
tion and the color vision testing did not exceed 1 month.

Informed consent was obtained from all patients and
controls, before the tests were performed. Testing
procedures complied with the tenets of the Declaration
of Helsinki and were approved by the Ethics Committees
of the University of Sao Paulo.

Color vision tests, testing protocols, and raw data analysis

The D-15d is an arrangement color vision test (Luneau,
Prunay-le-Gillon, France), consisting of 16 desaturated
color caps (1.2 cm in diameter), each contained in a
circular black plastic support. Their chromatic charac-
teristics are defined by the Munsell System: varying only
in hue, the color caps have the same lightness
(Value = 5) and saturation (Chroma = 4).

For testing, the caps were placed on a desktop
covered with a black cloth, under an illuminant source
of 500 lux provided by two fluorescent lamps (Sylvania
Octron 6500 K FO32W/65K Day-Light; Munich,
Germany) in an otherwise dark room (cf. Lanthony,
1978).

Since many subjects, especially elderly individuals,
had difficulty arranging these desaturated caps, the
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D-15d test was repeated up to three times, and the best
result was considered: this aimed to avoid false positives
and separate the color vision outcome from a practice
effect (Lanthony, 1995).

Errors in the D-15d tests were quantified in terms of
the Total Color Distance Score, TCDS (Lanthony,
1986; Vingrys and King-Smith, 1988). The minimum
TCDS value is equal to 56.4 and occurs when all the
caps are in consecutive order (Geller, 2001). Values
higher than this imply decrease in color discrimination.

The CCT was performed using the CCT version 2.0
software (Cambridge Research Systems Ltd., Rochester,
Kent, UK). It was run on a microcomputer XTC-600
(Dell Dimension, Winston-Salem, NC, USA), equipped
with a VSGS5 graphics card (Cambridge Research
Systems). A Trinitron color monitor GDMF500T9
(Sony Electronics Inc., Tokyo, Japan) had 100 Hz
temporal resolution and 800 x 600 spatial resolution.
Monitor luminance and chromatic calibrations were
performed with a CS1000 photometer (Konica Minolta
Sensing Inc., Osaka, Japan).

The CCT was performed in a dark room with
illumination provided only by the monitor used to
present visual stimuli. The visual stimuli consisted of a
Landolt ‘C’ target, composed of small circles of a
given chromaticity with variable size (0.5-2 cm in
diameter, or 0.05-0.38° of visual angle) and variable
luminance (six equal steps between 8 and 18 cd.m™),
presented on a background of similar circles that
differed in chromaticity. The design of the CCT
stimuli is analogous to that of the Ishihara Pseudo-
isochromatic Plates (for details, see Mollon and Reffin,
1989, 2000).

The subject was positioned 2.6 m away from the
monitor, providing 1 deg visual angle for the gap in the
Landolt ‘C’. The gap appeared randomly in one of four
orientations (up, down, left, or right), and the subject’s
task was to indicate its position by pressing a corre-
sponding button on a response box.

The testing procedure started with a presentation of
the Landolt ‘C’ target at a saturated chromaticity on a
certain background and proceeded to a chromaticity
closer to that of the background each time a subject
responded correctly. Conversely, an incorrect response
or no response was followed by the presentation of the
target at a greater chromatic distance from the back-
ground, along the same vector. The response time limit
was 6 s for each trial. After eleven reversals, the staircase
was terminated, and a color discrimination threshold
was computed as the mean of the last seven reversals.

The CCT offers two testing conditions: the Trivector
and the Ellipses subtests. The Trivector measures color
discrimination thresholds relative to the default
background chromaticity (CIE 1976: v’ = 0.1977, v’
= 0.4698) as excursions in #’v’ units along the protan,

deutan, and tritan confusion axes. The Ellipses subtest
measures color discrimination thresholds along a num-
ber of color space vectors (between 8 and 20) for three
ellipses, whose centers vary to allow capturing discrimi-
nation in the protan, deutan, and tritan chromatic
systems. In the present study, the Ellipse 1 parameters
were determined with the background CIE center
coordinates as in the Trivector subtest, and using the
eight vector protocol. The software compiled the
responses, plotted the mean threshold for each vector,
and fitted an ellipse through the thresholds centered on
the given chromaticity. For further statistical analysis,
two parameters were used: the ellipse area and the ratio
of the major to minor ellipse axes (Mollon and Reffin,
1989, 2000; Regan et al., 1994, 1998; Ventura et al.,
2003a).

In the DM2 patients, both eyes were tested monoc-
ularly. Scores obtained from the D-15d test, the Trivec-
tor and Ellipse 1 subtests of the CCT were used to
determine the patients’ best and worst eyes. In the
controls, only one eye per subject was randomly tested.

Statistical analysis

The Statistica version 6.0 (StatSoft, Tulsa, OK, USA)
was used for the analysis; the level of significance was set
at p < 0.05. Since the data were not normally distrib-
uted, non-parametric tests were used: Mann—Whitney U
test and Wilcoxon matched-pair test. For the DM?2
patients’ data, in addition, Spearman correlation was
conducted to assess the relationship between the out-
comes of the color vision tests and physiological
indicators: diabetes duration, levels of glycated hemo-
globin (HbAlc), fasting blood glucose, microalbumin-
uria, and total cholesterol.

Results

D-15d test

For the DM2 patients, the TCDS for the worst eyes was
found to be significantly higher than that for the best
eyes (Wilcoxon matched-pair test, p < 0.001). Also, the
patients’ worst-eye scores were significantly higher than
those of the controls (Mann—Whitney U test, p < 0.01),
but the patients’ best-eye scores were not significantly
different (p > 0.05) from those of the controls.

For further TCDS analysis, data of DM2 patients
whose scores exceeded the normal range were consid-
ered. The latter was determined as the 95% boundary
for the controls’ scores, resulting in the TCDS = 67.32.
This led to inclusion of data for 4/30 (13.3%) best eyes
and 9/31 (29%) worst eyes. Importantly, the D-15d
outcomes for all DM2 patients revealed tritan losses,
except for one patient with diffuse losses in both eyes.
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For the DM2 patients, the Trivector subtest revealed that
there were significant differences in discrimination
thresholds between the worst eyes and the best eyes along
the protan (p < 0.05) and tritan (p < 0.001) axes.
Compared to the controls, the worst-eye thresholds were
elevated, but only the tritan thresholds were significantly
different (p = 0.007). None of the best-eye thresholds
were significantly different (p > 0.05) from those of the
controls (Figure 1I).

The Ellipse 1 subtest revealed significant differences
between the two eyes of the DM?2 patients with respect to
the ellipse area (p < 0.001), its major axis (p < 0.001),
and the major-to-minor axis ratio (p < 0.01). Compared
to the controls, the DM2 patients’ ellipses differed
significantly for the worst eyes (but not for the best eyes):
the ellipse area (p < 0.001), major axis (p < 0.001),
minor axis (p < 0.05), and axis ratio (p < 0.001).

The normal ranges of the CCT thresholds (in #’v’ units)
were determined as the 95% boundary for the controls.
In the Trivector subtest, the normal upper limits corre-
sponded to the vector lengths of 108, 95, and 167 (in «'v’
units) for protan, deutan, and tritan thresholds, respec-
tively. For the Ellipse 1 subtest, the normal range for the
ellipse area was 0.0018 and for the major axis was 0.0394.
Data of the DM2 patients, exceeding these normal
ranges, were considered as evidence of color vision
impairment: 20% of the best eyes (6/30 eyes: 2/30 tritan
and 4/30 diffuse) and 35.5% of the worst eyes (11/31 eyes:
2/31 tritan and 9/31 diffuse).

Despite the fact that congenital color vision deficien-
cies were screened only with the D-15 test which is not
able to detect mild congenital deficiencies, the pattern of
color vision impairment detected in the present study
had no similarity with the pattern typical of color
discrimination impairment associated with congenital
protan or deutan abnormalities (cf. Regan et al., 1994).

Comparing the results of the D-15d test and the CCT

The diagnostic outcomes of the two tests converged for

four DM2 patients:

e One patient who had diffuse losses in both eyes in the
D-15d also displayed the same losses in the CCT;

e Three eyes (from different patients) were classified by
both tests as indicating tritan losses.

In several cases, the CCT appeared to better classify the

type of impairment:

e Five eyes (from different patients), classified as tritan
in the D-15d, showed diffuse losses in the CCT;

e Two eyes (from different patients), classified as
normal in the D-15d, manifested tritan losses in the
CCT;

e Five eyes (from three patients), classified as normal in
the D-15d, revealed diffuse losses in the CCT.
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Figure 1. Chromatic thresholds (in u’v’ units x 10%) measured by
the CCT Trivector subtest. Individual data are presented for the
controls, as well as the best and worst eyes of the DM2 patients.
Asterisks indicate statistically significant differences.
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Conversely, the D-15d test detected tritan losses in
four eyes (from two patients) that displayed normal
color vision on the CCT.

In summary, in 8.2% of the eyes (5/61) of the DM2
patients both D-15d and CCT revealed the same type of
color vision loss; 19.7% eyes (12/61) were classified
by the CCT with a more severe color vision loss;
conversely, in 6.5% eyes (4/61) a more severe loss was
revealed by the D-15d.

Correlations of color-vision test outcomes with diabetes
clinical indices

Significant correlations were found between the out-
comes of both tests for both eyes, and the duration of
the disease (see Table I). Further, significant positive
correlation was found between the worst-eye tritan
thresholds (Trivector subtest) and the level of glycated
hemoglobin (R = 0.45, p < 0.05). No significant cor-
relations were found between either the D-15d or the
CCT outcomes, and the DM2 patients’ clinical indices,
such as fasting blood glucose, microalbuminuria, or
total cholesterol.

Discussion

While the D15-d showed a predominance of tritan losses
in the DM2 patients (except for one patient with diffuse
losses in both eyes), the CCT revealed mostly diffuse
color vision losses. Previously, diffuse losses have been
reported at later DR stages of diabetes (Trick ef al.,
1988). More recently, however, diffuse losses were found
at initial stages of DM2 without retinopathy, when
either the CCT was applied (Ventura et al., 2003b) or a
composite assortment of caps from the D-15 and D-15d
was employed in combination with the triad procedure
of color dissimilarity judgments (Feitosa-Santana et al.,
20006).

The results of the present study, that employed the
CCT and examined a representative sample of DM?2
patients, provide convincing evidence that at early stages

of the disease, without clinical signs of DR, subclinical
diffuse losses of color vision are emerging.

In the D-15d, color discrimination defects in DM?2
patients were 67% more frequent among the worst eyes
than the best eyes. In comparison, the CCT showed only
10% more frequent defects in the worst eyes, because
color vision impairment was revealed also in the best eyes.

One possible explanation of the higher sensitivity of
the CCT is that the test is composed of two subtests,
which together contribute to detection of a minor
deficiency in the best eye not revealed by the D-15d
test. This explanation is supported by the present finding
that both tests showed significant differences between
the worst eyes of the DM2 patients and the controls’
eyes, but not between the DM2 patients’ best eyes and
control eyes, suggesting that color discrimination defects
detected by the CCT were minor.

Complementary reasons can be put forward to
explain why the CCT revealed more losses (19.7%)
compared to the D-15d (6.5%). One is related to the
difference in what the two tests capture: the D-15d
arrangement test registers errors in placement of equally
saturated colors around the center of the CIE diagram,
with the number of placement errors indicating the
degree of color system malfunction. In comparison, the
CCT estimates color discrimination thresholds, yielding
a more precise measure of the performance of the
system. Thus, one could consider that the two tests
measure functioning at different levels of the color
vision system, i.e., chromatic discrimination thresholds
measured in the CCT may reflect a sensation-level
function, whereas color arrangement in the D-15d test
implies involvement, in addition, of a cognitive level.

In the present study, for DM2 patients without
retinopathy, multiple correlations were found between
the outcomes of both tests and the duration of diabetes.
This finding extends those in previous studies for DM2
patients with DR, where color vision impairment was
also shown to correlate with the duration of the disease
and also with the severity of macular oedema (Bresnick
et al., 1985; Ismail and Whitaker, 1998).

Table 1. Spearman correlation coefficients between the DM2 patients’ disease duration and the outcomes of the color vision tests. The following
color vision outcomes were used as entries: TCDS (D-15d test; leftmost column); protan, deutan, and tritan threshold estimates (Trivector Test of
the CCT); ellipse area and major-to-minor axis ratio (Ellipses 1 Test of the CCT)

CCT test

Trivector test

Ellipses 1 test

D-15d test Protan Deutan Tritan Area Axis Ratio
Best Eye

0.42 (<0.05) 0.36 (p < 0.05) 0.36 (p < 0.05) 0.57 (p < 0.01) >0.50 (p < 0.01)
Worst Eye

0.47 (<0.01) 0.40 (p < 0.05) 0.55 (p < 0.01) 0.50 (p < 0.01) >0.45 (p < 0.05)
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Since the majority of the examined subjects were aged
50+ years old, an aging effect could have contributed to
the outcome. The aging effect, as has been reported in
numerous studies, predominantly affects the tritan
system (e.g., Smith ef al., 1985; Regan et al., 1998). In
this respect it is worth noting that for the DM?2 patients,
the tritan thresholds measured by the Trivector subtest
were found to positively correlate with the diabetes
duration, but not with the patients’ age, this suggests
that the detected tritan deficiency was related to the
disease.

Except for a significant correlation for one parameter
of the CCT test, between the tritan thresholds and the
glycated hemoglobin level (R = 0.45, p < 0.05), no
other correlations were found between the color vision
test outcomes and metabolic parameters of DMZ
patients. Future studies should scrutinize a possible
association between metabolic control in DM2 patients
and their color vision performance, to investigate the
possibility of using sensitive color-vision tests for
monitoring diabetes dynamics.

Conclusion

The present study provides evidence that in DM?2
patients at carly stages of the disease, and without
clinical signs of DR, subclinical diffuse losses of color
vision are present. Considering the advantages of the
CCT test compared to the D-15d test, further studies
should attempt to verify and/or improve the efficiency of
CCT test.
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