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Abstract

Purpose—We investigate how type 2 diabetes (T2DM) and diabetic retinopathy (DR) affect 

color vision (CV) and mfERG implicit time (IT), whether CV and IT are correlated, and whether 

CV and IT abnormality classifications agree.

Methods—Adams desaturated D-15 color test, mfERG, and fundus photographs were examined 

in 37 controls, 22 T2DM patients without DR (NoRet group), and 25 T2DM patients with DR (Ret 

group). Color confusion score (CCS) was calculated. ITs were averaged within the central 7 

hexagons (central IT; ≥4.5°) and outside this area (peripheral IT; ≤4.5°). DR was within (DRIN) 

or outside (DROUT) of the central 7 hexagons. Group differences, percentages of abnormalities, 

correlations, and agreement were determined.

Results—CCS was greater in the NoRet (P = 0.002) and Ret (P < 0.0001) groups than in control 

group. CCS was abnormal in 3, 41, and 48 % of eyes in the control, NoRet, and Ret groups, 

respectively. Ret group CV abnormalities were more frequent in DRIN than in DROUT subgroups 

(71 vs. 18 %, respectively; P < 0.0001). CCS and IT were correlated only in the Ret group, in both 
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retinal zones (P ≥ 0.028). Only in the Ret group did CCS and peripheral IT abnormality 

classifications agree (72 %; P < 0.05).

Conclusion—CV is affected in patients with T2DM, even without DR. Central DR increases the 

likelihood of a CV deficit compared with non-central DR. mfERG IT averaged across central or 

peripheral retinal locations is less frequently abnormal than CV in the absence of DR, and these 

two measures are correlated only when DR is present.
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Introduction

In the USA, 25.8 million people (8.3 % of the total population) have diabetes and another 79 

million are prediabetic [1]. Diabetic retinopathy is the leading cause of blindness in the 

working-age population, with 4.4 %of those with diabetes having vision-threatening 

retinopathy [2]. The financial cost in the USA is significant as well; $245 billion in total 

medical expenses in 2012 [3]. With such high costs to health and finances, there is value in 

learning further how to detect diabetes-related vision changes early in the disease process. 

This could allow for therapeutic trials to target the disease at earlier stages before vision is 

altered or threatened [4, 5].

Diabetic retinopathy (DR—see Table 1 for a list of most abbreviations used) is no longer 

considered to have only a vascular cause detected through fundoscopy, but also a neurologic 

etiology. Reduced trophic factor signaling, altered glutamate excitation, oxidative stress, and 

neuroinflammation are likely causes of both vascular and neural cell death [5–7]. Neural 

changes in the retina begin before clinically visible vascular changes; these can be detected 

by sensitive structural and functional tests. Changes in corneal nerve fibers prior to diabetic 

retinopathy onset have also been described [8–10]. In terms of vision function, previous 

studies have shown that contrast sensitivity, color vision, multifocal visually evoked 

potential (mfVEP), and multifocal electroretinogram (mfERG) are affected by diabetes, both 

with and without DR [11–27]. mfERG implicit time (IT) delays in patients without DR have 

been shown to be highly predictive of nonproliferative diabetic retinopathy (NPDR) [12, 28–

30]. Also, IT delays in combination with mfERG amplitude have been shown to be 

predictive of the development of diabetic macular edema (DME) in patients with NPDR 

[31]. The mfERG has significant value because of these capabilities.

In clinical practice, it would be more convenient to have a vision test that is equally or more 

sensitive, more efficient, less costly, and simpler to administer than the mfERG. Early 

research on color vision testing in diabetes performed from the 1950s through the 1970s by 

several investigators including Zanen, Verriest, Kinnear, Lakowski, and Barca revealed 

alterations in color vision in diabetes [21, 23–27]. Many of these studies did not specify the 

type of diabetes. Diabetics with and without retinopathy had elevated FM 100-hue error 

scores [21, 24]. Verriest showed that diabetics tend to have blue–yellow defects, a finding 

that has been replicated many times [25]. In the 1980s, Bresnick showed that macular edema 

exacerbates these color vision defects and that the magnitude of the color defect increased 
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with edema severity and proximity to the fovea [32]. To our knowledge, the dependence of 

color vision on retinopathic signs within or near the fovea, versus signs located more 

peripherally, has not been examined.

The Adams desaturated D-15, a desaturated version of the Farnsworth D-15 dichotomous 

color vision test, has been shown to be useful in detecting color vision abnormalities in a 

range of ocular conditions, including glaucoma and diabetes (with and without DR) [11, 20, 

33–35]. It is different from the standard D-15 by the reduction of the Munsell chroma of 

each color cap by 2 units. This makes the test more difficult to pass and more sensitive for 

the detection of subtle color vision abnormalities [33].

The present study addresses three questions: (1) To what extent do diabetes and diabetic 

retinopathy impact color vision as compared to mfERG IT? (2) Are color vision and mfERG 

IT correlated? (3) Is there agreement between classification of abnormalities on the two 

tests? No previous study has examined how results of simple color vision tests compare to 

those of the mfERG IT. These are clinically relevant questions because the Adams 

desaturated D-15 is clinically practical—inexpensive and rapid to administer— whereas the 

multifocal electroretinogram, though it has excellent local sensitivity to diabetes-related 

functional changes, requires expensive equipment, pupil dilation, and greater test duration, 

making it less suitable for use in routine eye care.

Materials and methods

Subjects

Three subject groups were included: 37 visually normal adults (control group); 22 patients 

with type 2 diabetes without DR (NoRet group); and 25 type 2 diabetic patients with DR 

(Ret group). The mean age of the control group was 42.2 ± 12.6 years. The NoRet group had 

a mean age of 53.7 ± 9.5 years and a mean duration of diabetes of 9.6 ± 5.7 years. The Ret 

group’s mean age was 55.2 ± 9.3 years with a mean duration of 12.6 ± 7.4 years. See Table 

2. Inclusion factors were the following: age between 25 and 65 years; refractive error 

between ± 6 diopters; no ocular disease (aside from DR for the Ret group); no systemic 

disease (aside from diabetes and hypertension for the Ret and NoRet groups); no visually 

compromising lenticular opacification; no pseudophakia, visual acuity of 20/25 (log MAR 

0.1) or better; no congenital color vision defects by self report; and no neurologic diseases or 

medications known to affect color vision or mfERG. mfERG data from two of the 84 

subjects have been included in a previous publication [31]. None of the color vision data 

have been previously published. Also, no comparison of the performance of the mfERG and 

Adams desaturated D-15 test has been previously presented.

Fundus photographs covering the central 50° (Carl Zeiss Meditec, Dublin, CA) were graded 

by a retina specialist to determine retinopathy status. The ophthalmologist was masked to all 

other findings. Fourteen eyes of the Ret group had retinopathy signs within (and outside in 

some cases) the region corresponding to the central 7 elements of the mfERG stimulus 

(DRIN subgroup). In the other 11 eyes of the Ret group, retinopathy was confined to regions 

outside the central 7 mfERG stimulus elements (DROUT subgroup). The severity of 

retinopathy for both DRIN and DROUT groups is shown in Table 3.
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The nature of the study and any potential consequences of study participation were 

explained to the subjects, and written informed consent was obtained from all subjects 

before data collection. Procedures complied with the tenets of the Declaration of Helsinki, 

and the University of California Committee for Protection of Human Subjects approved the 

study protocol.

Color vision

The Adams desaturated D-15 test was administered under standard illuminant C with a 

MacBeth easel lamp [35]. Patients performed the test monocularly with full near correction. 

For each cap, patients were instructed to “Find the color among the remaining caps most like 

the last one in the box.” Patients were instructed to work through the color panel as 

efficiently as possible and take a final look at the end to make sure they were satisfied with 

their cap ordering, i.e., that the caps made a gradual progression in color. The order of the 

caps was recorded.

mfERG

mfERG testing followed color vision testing. Subjects’ pupils were dilated with 1.0 % 

tropicamide and 2.5 % phenylephrine. To anesthetize the eye for placement of a Burian-

Allen bipolar contact lens electrode (LKC Technologies, Gaithersburg, MD), 0.5 

%proparacaine was used. The non-tested eye was occluded, and a ground electrode was 

placed on the patient’s right ear lobe. mfERG was recorded with a commercial system 

(VERIS 5.2; EDI Redwood City, CA). The stimulus consisted of 103 scaled hexagonal 

elements covering a 45° field on the retina. A small fixation target in the center of the 

stimulus was used during the 8-min recording session, broken into 16 30-s segments. Each 

hexagon alternated between black and white throughout a 215–1 binary m-sequence. Room 

lighting provided an average luminance equal to that of the mean luminance of the stimulus 

(100 cd/m2). Bandpass filtering of 10–100 Hz with 100 K gain was used. Quality was 

monitored in real time through infrared fixation monitoring and waveform stability. 

Contaminated recording segments were discarded and repeated. See Ng et al. [30] for further 

details on this procedure.

Data analysis

The results obtained from the right eyes of the study participants were analyzed. Color 

confusion score (CCS), which is the percentage of color space traveled beyond that of a 

perfect arrangement, was calculated [11, 36]. A perfect arrangement yields a CCS of 0. For 

those with abnormal CCS, the type of color vision defect (blue–yellow, red–green, or non-

selective), i.e., the angle (axis) of the cap order, was also determined.

Local first-order kernel mfERG IT was measured using a template-scaling method [37]. 

Response templates at each test location were constructed from the average local waveforms 

of 50 normal eyes from previous recordings. IT was measured as the time from focal flash 

onset to the first positive peak (P1).

In each eye, ITs were averaged within the central 7 hexagons (central IT), approximately 

0°–4.5° eccentricity. ITs were also averaged outside of the central 7 hexagons (peripheral 
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IT) from approximately 4.5°– 23° eccentricity. Our laboratory has not previously analyzed 

the mfERG in this way.

Abnormalities were defined as values exceeding the average of the two greatest (worst) 

control CCS and mfERG IT values, both corresponding to a specificity of 97.3 %. The 

criteria for abnormality were determined to be >20.5 for CCS, >32.6 ms for central IT, and 

>32.7 ms for peripheral IT. The CCS criterion of 20.5 reflects multiple single-place errors or 

2 or more crossings in color space. This criterion improves repeatability of testing over more 

strict criteria [34]. Differences in the rate of abnormalities were examined using binomial 

probabilities.

In addition to analyses based on abnormalities, differences between subject groups were 

examined, first using the Kruskal–Wallis test followed by the Mann–Whitney U test. For all 

comparisons, the Kruskal–Wallis test showed a P value < 0.0001, indicating that the three 

groups differed. Therefore, only the Mann–Whitney U test results will be presented in the 

results section. Agreement between CCS and mfERG IT in classifying eyes as either normal 

or abnormal was assessed using the Fisher exact test. Correlations between CCS and mfERG 

IT were determined by calculating Spearman rank-order correlation coefficients. This 

nonparametric test was used because the color vision data have a non-normal distribution, 

and we wanted to determine the “relative” (rank-order) correlations between CCS and 

mfERG IT rather than “absolute value” correlations between the two measures. In other 

words, we wanted to determine whether CCS and mfERG IT order their relative deficits in 

significantly similar ways.

Results

Color vision

The medians and ranges of the CCS results are reported in column 2 of Table 4. Also in 

Table 4 are the significance levels of comparisons between pairs of groups. Significant 

differences in CCS were observed between the control and NoRet groups (P = 0.0002), and 

between the control and Ret groups (P < 0.0001). The NoRet and Ret groups did not 

significantly differ, however (P = 0.08). The DRIN and DROUT subgroups of the Ret group 

were marginally significantly different in CCS (P = 0.049), with the DRIN group having 

higher CCS.

The percentage of eyes with abnormal CCS results were set at 2.7 % for controls and found 

to be 40.9 and 48.0 % for the NoRet and Ret groups, respectively (Fig. 1). The rates of 

abnormality were significantly different between control and NoRet groups, and also 

between the control and Ret groups (both P < 0.0001). The abnormality rates of the NoRet 

and Ret groups did not differ, however (P = 0.30). The color vision defects were 

predominantly blue–yellow in nature. For the NoRet and Ret Groups, 67 and 85 %, 

respectively, were blue–yellow, while the rest were non-selective.

In the DRIN subgroup, 71 % had CCS abnormalities, while 18 % of the DROUT subgroup 

had abnormalities (Fig. 2). Thus, retinopathy near the fovea resulted in color vision defects 

Wolff et al. Page 5

Doc Ophthalmol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more often than retinopathy restricted to more peripheral locations. The difference in these 

frequencies of color vision abnormality was significant (P < 0.0001).

mfERG

The mean and standard deviations of the central and peripheral mfERG IT are reported in 

Table 4, as are the comparisons between subject groups. Significant differences in central IT 

were observed between the control and Ret groups, and also between the NoRet and Ret 

groups (both P < 0.0002), with the Ret group having the greatest mean IT. However, the 

central IT in the control and NoRet groups did not differ (P = 0.35). In contrast, all groups 

were significantly different with respect to peripheral IT (P < 0.002), with the Ret group 

again having the longest IT. Unlike the CCS results, neither central IT nor peripheral IT 

differed significantly between the DRIN and DROUT subgroups (P > 0.20).

The percentages of eyes with abnormal central IT were set at 2.7 % for controls and found to 

be 13.6 and 52.0 % for the NoRet and Ret groups, respectively (Fig. 1). The percentages of 

eyes with abnormal peripheral IT were also set at 2.7 % for controls and found to be 0 and 

36 % for the NoRet and Ret groups, respectively (Fig. 1). The IT abnormality rates of all of 

these groups differed significantly (P < 0.0001) except the control and NoRet groups which 

did not differ significantly for mean central or peripheral IT. Interestingly, the rate of 

abnormality of both NoRet central and peripheral IT groups were significantly lower than 

the 40.9 % found for CCS in the NoRet eyes.

Central IT abnormalities are slightly, but not significantly, more common in eyes with DRIN 

than DROUT (Fig. 2). Peripheral IT abnormalities are also slightly, but not significantly, 

more common in DRIN than DROUT.

Associations and agreement

CCS and mfERG IT were not significantly correlated except in eyes with retinopathy. CCS 

in the Ret group was correlated with both central IT (P < 0.02) and peripheral IT (P < 0.03) 

(Fig. 3). However, as Table 5 shows, classification of abnormal eyes in the two patient 

groups by CCS and mfERG IT did not show significant agreement, except for CCS versus 

peripheral IT in the Ret group (72.0 % agreement; P < 0.041).

Discussion

This study is in agreement with previous reports that the Adams desaturated D-15 is often 

abnormal in diabetes patients without and with retinopathy [11, 20, 34]. In eyes without 

retinopathy, CCS was more often abnormal than either central or peripheral mfERG IT. This 

difference in rate of abnormality is statistically significant, showing that color vision 

measurement with a desaturated test may detect diabetes-related retinal changes more 

frequently than mfERG IT obtained from a central location of a retinopathy-free retina. 

While this may represent greater sensitivity of CCS to retinal changes, it is also possible that 

this greater percentage of abnormalities may be present because color vision, unlike the 

mfERG, is potentially influenced not only by diabetes-related changes within the retina, but 

also at other locations along the visual pathway. More likely, the apparent greater sensitivity 

of CV is attributable to the averaging of mfERG ITs across fairly large regions, which 

Wolff et al. Page 6

Doc Ophthalmol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



would wash out any local abnormalities. We have previously shown that IT abnormalities 

are present in eyes without retinopathy [38]. A potential limitation of using color vision 

testing that our results suggest is that patients without retinopathy behave like patients with 

retinopathy, making CCS less useful for alerting clinicians of the likely the presence of 

diabetic retinopathy.

Not surprisingly, the rates of color vision abnormality depend on the location of retinopathy. 

When retinopathy was present within the central 4.5°, the rate of CCS abnormality was 71 

%, compared with 18 % when retinopathy was only present outside of the central 4.5°. It is 

possible that, in our study, color vision appeared more affected by central than peripheral 

retinopathy not only because the retinopathy location coincided more closely on the retina 

with the area used for color vision testing, but also because the severity of retinopathy was 

somewhat greater in DRIN eyes.

Color vision and mfERG IT were correlated only when retinopathy was present. This is not 

surprising, given that the rate of abnormalities on the two measures were only similar in the 

Ret groups. This appears similar to Han and colleagues’ finding of correlation of mfERG IT 

with short-wavelength automated perimetry (SWAP) only when retinopathy was present 

[39]. SWAP tests the function of the S-cone pathway, whereas the mfERG primarily tests 

the L- and M-cone pathway prior to the ganglion cell layer. As those authors suggested, 

once retinopathy is present, all cone pathways might be affected such that a correlation 

exists between the presence of predominantly blue–yellow color defects and mfERG IT 

[39]. Even with all cone pathways affected when retinopathy is present, as indicated by the 

mfERG, red–green color defects were not found in this and previous studies, and non-

selective defects, which may reflect the presence of both red–green and blue–yellow 

abnormalities, were seen in only 15 % of eyes with retinopathy. Thus, color vision testing 

may be less sensitive to L- and M-cone-driven retinal dysfunction than the mfERG.

A significant rank-order correlation with CCS exists in the Ret group for both central and 

peripheral IT. This implies that, in eyes with retinopathy, when centrally tested color vision 

shows a reduction, mfERG IT will show increased delay regardless of test location. 

However, a categorical agreement of abnormality was only found with the peripheral IT, and 

only in the Ret group.

Hardy et al. [40] also explored the relative sensitivities of and association between color 

vision testing, using the FM 100-hue test and the oscillatory potentials (OP) of the full-field 

ERG in eyes of patients with type 1 diabetes without retinopathy. They also reported 

superior sensitivity of the color vision test over the electrophysiological measures. No 

correlation was seen between OP latency and performance on the 100 hue. Our study 

provides new information with regard to a simpler color vision test, the Adams D-15, in 

comparison with an electrophysiology measure that can better localize abnormalities, the 

mfERG, in type 2 diabetes.

It should be noted that the control group (mean age 42.2 years) was younger than the NoRet 

and Ret groups by averages of 11.5 and 13 years, respectively, raising the possibility that the 

age difference contributed to the poorer color vision and the presence of blue–yellow defects 
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in the diabetic groups. However, Arden and Wolf [41] reported only an insignificant (r2 = 

0.1) association between tritan contrast thresholds and age in normal, healthy subjects. 

Measuring color contrast thresholds, Arden and colleagues report that there was no 

correlation between age and central color vision thresholds across ages from 6 to 71 years 

[42]. Further, Roy et al. [43] report no change in error score of the L′Anthony desaturated 

D-15 test (a test similar to the Adams test) and age between 40 and 55 in normal observers 

with no lens changes. Much of the decline in performance and increase in frequency of 

blue–yellow defects with age is attributable to changes in the color and clarity of the ocular 

media, and in particular, the lens of the eye [44]. It has been demonstrated that older 

pseudophakic patients’ color vision resembles that of younger observers [44]. Though our 

subjects were not pseudophakic, all clinically significant cataracts were an exclusion 

criterion for our study for all subject groups. We see no association between color vision 

performance and age among our control group. Therefore, it is unlikely that the differences 

in age underlie the observed differences in color vision performance between those with 

diabetes and the normal control group.

In conclusion, as has been previously reported, color vision measured with the Adams 

desaturated D-15 is affected by type 2 diabetes, even in the absence of retinopathy. The 

presence of retinopathy did not significantly increase the severity of color defects in this 

sample, which showed predominantly mild or moderate retinopathy. Not surprisingly, the 

presence of a color vision defect depended significantly on the location of retinopathy; eyes 

with centrally located retinopathy have color defects significantly more often than eyes with 

peripheral retinopathy. Furthermore, in this study, color vision was significantly more 

frequently abnormal than mfERG IT, averaged across retinal locations, in eyes of patients 

without retinopathy. Finally, we found results from color vision assessment (CCS) and 

mfERG IT were correlated only when retinopathy was present. Color vision testing appears 

to be of value as a test to detect early visual dysfunction in patients with diabetes during 

routine eye care. Further studies are needed to assess whether color vision abnormalities in 

eyes without retinopathy can predict future retinopathy, as has been demonstrated with 

mfERG IT.
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Fig. 1. 
CCS, central, and peripheral IT ≥ 20.51, 32.56, and 32.74 ms, respectively, are considered 

abnormal
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Fig. 2. 
Comparison of percentages of abnormalities in eyes with central retinopathy (DRIN) versus 

eyes with peripheral retinopathy (DROUT)
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Fig. 3. 
Spearman rank-order correlation coefficients. A significant association between both central 

and peripheral mfERG IT with CCS is found in diabetics with retinopathy
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Table 1

Abbreviations

CV Color vision

CCS Color confusion score

mfERG Multifocal electroretinogram

IT Implicit time

Central IT Central 7 mfERG hexagons average IT

Peripheral IT Outer 96 mfERG hexagons average IT

T2DM Type 2 diabetes mellitus

DR Diabetic retinopathy

DRIN Diabetic retinopathy within the central 7 hexagons

DROUT Diabetic retinopathy outside of the central 7 hexagons
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Table 2

Subject characteristics (mean ± SD)

Subject group (N) Age (years) Gender (M/F) Diabetes duration (years) HbA1c (%)

Control (37) 42.2 ± 12.6 10/27 N/A 5.3 ± 0.3

NoRet (22) 53.7 ± 9.5 9/13 9.6 ± 5.7 7.4 ± 1.7

Ret (25) 55.2 ± 9.3 16/9 12.6 ± 7.4 8.0 ± 1.2

DRIN (14) 55.8 ± 8.5 10/4 12.9 ± 7.5 8.1 ± 1.2

DROUT (11) 54.4 ± 10.5 6/5 12.2 ± 7.6 7.9 ± 1.3
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Table 3

Retinopathy type, location, and frequency

Retinopathy level DRIN DROUT

Mild NPDR 3 6

Moderate NPDR 9 5

Severe NPDR 1 0

PDR 1 0

CSME (from above eyes) 6 0
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Table 5

Agreement of normal/abnormal categorization

Group CCS versus central IT CCS versus peripheral IT

Agreement (%) P value Agreement (%) P value

NoRet 72.7 0.055 59.1 1.000

Ret 64 0.238 72 0.041
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