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PURPOSE. To evaluate color vision changes and retinal processing of chromatic and lumi-
nance pathways in subjects with Alzheimer disease (AD) and mild cognitive impairment
(MCI) compared with a matched control group and whether such changes are associated
with impaired brain glucose metabolism and β-amyloid deposition in the brain.

METHODS.We evaluated 13 patients with AD (72.4 ± 7.7 years), 23 patients with MCI (72.5
± 5.5 years), and 18 controls of comparable age (P = 0.44) using Cambridge color test
and the heterochromatic flicker ERG (HF-ERG). The Cambridge color test was performed
using the trivector protocol to estimate the protan, deutan and tritan color confusion axes.
HF-ERG responses were measured at a frequency of 12 Hz, which ERGs reflect chromatic
activity, and at 36 Hz, reflecting luminance pathway. A study subsample was performed
using neuropsychological assessments and positron emission tomography.

RESULTS. Patients with AD presented higher mean values indicating poorer color discrim-
ination for protan (P = 0.04) and deutan (P = 0.001) axes compared with the controls.
Along the tritan axis, both patients with AD and patients with MCI showed decreased
color vision (P = 0.001 and P = 0.001) compared with controls. The analyses from
the HF-ERG protocol revealed no differences between the groups (P = 0.31 and P =
0.41). Diffuse color vision loss was found in individuals with signs of neurodegeneration
(protan P = 0.002, deutan P = 0.003 and tritan P = 0.01), but not in individuals with
signs of β-amyloid deposition only (protan P = 0.39, deutan P = 0.48, tritan P = 0.63),
regardless of their clinical classification.

CONCLUSIONS. Here, patients with AD and patients with MCI present acquired color vision
deficiency that may be linked with impaired brain metabolism.

Keywords: Alzheimer disease, mild cognitive impairment, color vision, electroretinogram,
positron emission tomography

A lzheimer disease (AD) is the most common cause
of dementia.1 Diagnosing the disease early could

improve standards of care and decrease the overall burden
of disease.1 Therefore, identifying reliable and sensitive
biomarkers is particularly important, because neurodegen-

erative processes begin years before the onset of symptoms.2

Nonetheless, current biological markers mostly involve
brain imaging and neuropsychological evaluations that are
either expensive or not readily available in public health
system in low- and middle-income countries, impacting the

Copyright 2022 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

mailto:kallenesummer@gmail.com
https://doi.org/10.1167/iovs.63.5.20
http://creativecommons.org/licenses/by-nc-nd/4.0/


Color Vision and Brain Neurodegeneration IOVS | May 2022 | Vol. 63 | No. 5 | Article 20 | 2

early diagnosis particularly those at risk for developing
dementia.3–5

Therefore, alternative screening tools should be explored
further. In this context, visual deficits are previously
reported in AD and, correspondingly, several visual func-
tion changes have been described in such patients, including
visual field loss in the inferior hemifield, decreased visual
contrast sensitivity, impaired pupillary light reflexes, and
ocular motor dysfunction.2 Furthermore, retinal fiber layer
alterations6,7 and ERG changes have also been observed.8–10

Psychophysical methods to measure specific visual func-
tions, such as color vision, are also useful for visual screen-
ing. Color vision changes have been reported in patients
with AD2; most of the studies used arrangement tests, which
may be time consuming and less sensitive than threshold
tests.11

In the ERGs studies, changes such as amplitude reduc-
tions and delays of the P50 component of the pattern ERG
have been reported in patients with AD.2,12,13 These physi-
ological changes are in accordance with of retinal ganglion
cells losses, particularly large retinal ganglion cells, puta-
tively belonging to magnocellular retinogeniculate path-
way, observed in post-mortem studies.14,15 However, pattern
ERGs have limitations because they rely on good ocular fixa-
tion and good optical quality of the eye media.16 Therefore,
it is crucial to develop alternative ERG protocols that are
more robust.2 A possible alternative may be heterochromatic
flicker ERGs (HF-ERG) because it is designed to empha-
size the activity of the chromatic or the luminance path-
ways, expanding the scope of the technique to processing
in retinogeniculate pathways.17,18

A more rigorous psychophysical test used to evaluate
color vision is the Cambridge color test (CCT),19 which is
a computerized psychophysical test in the isoluminant u’v’
space, which allows quantitative estimates of color thresh-
olds. It is based on the same principle as the Ishihara
plates, using a mosaic of circles of different diameters and
luminances as background and a set of this mosaic as the
target, with a different chromaticity. The idea behind this
design is to eliminate luminance and contour or border
cues that might affect the discrimination, the same princi-
ple used in the traditional Ishihara plates.19,20 It has been
found that color vision defects may be detected with the CCT
in association with several pathologic conditions: mercury
intoxication,21,22 diabetes,23,24 Duchenne muscular dystro-
phy,25 Leber’s hereditary optic neuropathy,26 multiple sclero-
sis,27 autism spectrum disorders,28 and glaucoma.29,30 Other
computerized color vision tests are also available, such as the
CAD test from the City University London which has been
extensively used and is approved for testing19,31 of aviation
pilots and other tests as ColorDx CCT HD32 and Rabin cone
contrast test.33

Although the CCT and the HF-ERG have shown promis-
ing results in assessing visual deficits, they have not yet been
reported in patients with neurodegenerative disorders such
as AD or mild cognitive impairment (MCI). Moreover, few
studies on color vision changes in AD have been corre-
lated with standard biological markers of neurodegenera-
tion, such as impaired neuropsychological tests and alter-
ations in positron emission tomography (PET) images.34

Thus, the primary aim of the present study was to eval-
uate color vision using the CCT and HF-ERG in patients
with early AD and MCI, compared with age-matched control
subjects. As a secondary aim, we evaluated whether the
outcomes of these visual tests were associated with cognitive

performance measured by neuropsychological tests. Finally,
we investigated whether CCT and HF-ERG changes were
observed according to the results of PET scans using Pitts-
burgh compound-B ([11C]PiB-PET) to detect cortical Aβ-
deposition and [18F] fluorodeoxyglucose ([18F]FDG-PET) to
assess brain glucose metabolism (and used as a sensi-
tive probe for neurodegeneration), following the biomarker-
based definition of AD.35

METHODS

Study Design

This study used an observational, case control design.

Subjects

All subjects who participated in the study gave their
informed consent after an explanation of the nature and
possible consequences of the study. The study adhered to
the tenets of the Declaration of Helsinki and was approved
by the Institutional Review Board of the Clinics Hospi-
tal (CAAE:10338213.4.1001.0068) and Psychology Institute
(CAAE:2.065.527) at the University of São Paulo.

The patients and part of the control subjects were referred
from the Hospital das Clínicas, Faculdade de Medicina,
Universidade de São Paulo (HC-FMUSP). The controls were
also referred from the Ophthalmology Clinic of Prevent
Senior Private Health Operator, in São Paulo, Brazil.

All patients underwent complete clinical and neuropsy-
chological assessments by trained, board-certified psychia-
trists and neuropsychologists. Early AD and MCI were diag-
nosed according to the criteria described by McKhann et
al. (2011).36 Briefly, patients with AD had to present symp-
toms compatible with dementia, with an onset of gradual
cognitive decline, which may include language, visuospatial,
and executive deficits, and memory decline in the amnes-
tic form. In addition, they neither presented clinical crite-
ria of dementia with Lewy body or frontotemporal lobar
degeneration, nor significant concomitant cerebrovascular
diseases, aphasia, or other neurological diseases. They were
not using any medication that could affect cognition. Also,
systemic diseases that affect the retina, such as diabetes,
were excluded.

The diagnosis of amnestic MCI was based on a worsening
of recent cognitive performance, as informed by the patient,
a relative, or a clinician; deficits in one or more cognitive
domains (with a performance worse than expected for age
and education); a decrease in independence for performing
daily activities; and the absence of dementia and of vascular,
traumatic, or medical conditions.

For the control group referred from the HC-FMUSP, six
age-matched elderly subjects without a history of cogni-
tive deficits, and neurological, psychiatric, or other medical
conditions that could interfere with the study results were
selected. Twelve control subjects referred from the Prevent
Senior Institute were selected using the same criteria, but did
not perform neuroimaging and neuropsychological tests.

All subjects underwent a complete ophthalmologi-
cal examination, including measurements of refraction,
best-corrected visual acuity, slit-lamp biomicroscopy, IOP
measurements, gonioscopy, and dilated funduscopic exami-
nation. Exclusion criteria were a best-corrected visual acuity
of less than 20/30, a spherical refractive error of more than
5 diopters (D) and/or a cylindrical error of more than 3 D,
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lens opacity of greater than 0.5 according to the Lens Opacity
Classification System III groups,37 previous ophthalmologi-
cal surgery including cataract surgery, and the presence of
ophthalmological diseases. Also, individuals with congenital
color vision deficiencies were excluded. The visual evalu-
ations including psychophysical tests and ERGs measure-
ments were performed at the Vision Laboratory, Institute
of Psychology (USP). Because some subjects were not able
or willing to complete all experiments, the test order was
randomized. If both eyes met the inclusion criteria, the eye
with the best-corrected visual acuity was selected as the
study eye.

Visual Evaluation Procedures

Psychophysical Test (CCT). Color vision was eval-
uated using the CCT. Stimuli were presented on a View-
sonic G90fB 190 CRT monitor controlled by a Visual Stimu-
lus Generator 2/5 (Cambridge Research Systems, Rochester,
UK). The test used stimuli in which the background was
presented at a given chromaticity (CIE 1976 chromaticity
diagram u´v´: 0.1977; 0.4689), and the target, a ‘‘Landolt
C”, was presented with a different chromaticity. Both back-
ground and target were composed of circular patches that
varied in size (between 5.7 and 22.8 arcmin) and luminance
(between 7 and 15 cd/m2). The target was presented in one
of four orientations with the Landolt C gap at the right, left,
up, or down. The subject’s task was to report the position of
the gap verbally to the experimenter (four-alternative forced
choice). Only one eye was tested; the other eye was covered
by an eyepatch.

The subjects were seated in a dark room 3 m from the
monitor. The outer and inner diameters of the Landolt C
subtended 4.4° and 2.3° of visual angle, respectively, and
the gap subtended 0.8° of visual angle, (corresponding to
the detail subtended by a 20/960 letter size; logMAR = 1.7).

The chromaticity of the stimuli was varied along the
protan and deutan and tritan color confusion axes in color
space (trivector test) in random order. After each correct
response, the stimulus chromaticity was altered in the direc-
tion of the background and after each incorrect response,
it was changed away from the background chromaticity in
color space. The thresholds for each axis were calculated by
averaging the values at six response reversals from correct
to incorrect and vice versa.19

The test allowed a 10-second interval for the subject’s
response, moving on to the next presentation in the absence
of a response and recording a wrong response in that case.
This time was longer than the usual response time of the
test (5 seconds). All subjects were given a demonstration
trial (the first 2 minutes of the trivector test) to check if
the instructions were understood. We only performed the
entire trivector test for subjects who could complete the trial
demonstration. The subject’s task in the CCT is a simple task
that involves reporting the detection of the target orienta-
tion. Subjects who failed to perform the demonstration test
were excluded from the sample.

HF-ERGs. HF-ERGs were recorded from the same eye
tested for color vision. The other eye was occluded with
an eyepatch during the recordings. The pupil was dilated
with a drop of 0.5% tropicamide (Pharma Stulln GmbH,
Stulln, Germany) prior to recording. A DTL fiber electrode
was placed over the lower conjunctiva and served as the
active electrode. Two gold cup electrodes filled with elec-
trode paste (Weaver and Company, Aurora, CO), one placed

at the forehead and one at the ipsilateral temple, served as
ground and reference electrodes, respectively. The forehead
and ipsilateral temple were cleaned using NuPrep Gel abra-
sive gel before placing the electrode. The impedance of the
active and reference electrode was less than 5 kΩ.

The signals were amplified 100,000 times, band-pass
filtered between 1 and 300 Hz, and sampled at 1024 Hz.
The ERG responses were averages from 24 (36 Hz stimuli)
or 48 sweeps (12 Hz stimuli), each lasting 1 second. The first
2 seconds of recording time after the stimulus started were
disregarded to avoid onset artifacts.

The heterochromatic stimuli were generated in a
Ganzfeld bowl (Q450SC, Roland Consult, Brandenburg,
Germany) controlled by the RETIport system (Roland
Consult) by modulating the outputs of red (with contrast
R) and green (with contrast G) light-emitting diodes sinu-
soidally in counterphase around a mean luminance of 100
cd/m2 each. The different stimulus conditions were gener-
ated by varying R while keeping the total contrast (R + G)
constant at 100%. The stimulus conditions were quantified
by the red contrast fraction (FR = R/[R + G]). At a temporal
frequency of 12 Hz the stimuli elicit ERGs whose fundamen-
tal components reflect the activity of the parvocellular L-M
cone opponent channel, whereas at 36 Hz the ERGs reflect
activity of the magnocellular luminance channel.17,18

ERG responses were measured to three different stimuli
with FR 0, 0.5 and 1. At an FR of 0, the G was 100% contrast
and R was 0% (i.e., the output of the red diode was not
modulated). At an FR of 0.5, R and G were both 50% Michel-
son contrast. At an FR of 1, the G was 0% whereas the R
was 100%. This is a short protocol version from those in
previous studies.18 The short version was applied in a previ-
ous disease-related study from our group with patients with
glaucoma.38

The HF-ERG responses were Fourier analyzed using a
self-written MATLAB program (MATLAB, The Math Works,
Natick, MA). The ERG amplitudes and phases of the first
harmonic (fundamental) components were extracted from
the responses to the 12-Hz and 36-Hz stimuli. From the
responses to 12-Hz stimuli, the second harmonic compo-
nents (i.e., at 24 Hz) were also obtained.

Neuropsychological and Neuroimaging
Assessment

All patients and controls referred from HC-FMUSP were
submitted to neuropsychological tests and neuroimag-
ing evaluation at Laboratory of Psychiatric Neuroimaging
(LIM21-IPq USP).

Neuropsychological Tests

Two cognitive performance measures were used: the Rey
Auditory-Verbal Learning Test (RAVLT)39,40 and the Mini-
Mental State Examination (MMSE).41 For more details about
these tests, see previous studies cited by Squarzoni et al.42

Neuroimaging

Most of the patients with MCI (21 of 23) and patients with
AD (11 of 12) and 6 of 18 controls underwent neuroimaging
tests using 11C-Pittsburgh Compound-B (PiB) and [18F]FDG
PET with computed tomography. These assessments were
used to classify the individuals with a modified “AT(N)”
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staging based on the 2019 NIA-AA Research Framework,35

aiming to detect the presence of β-amyloid plaques (used as
a proxy for A+/A– staging), and to evaluate the reduction
of regional brain glucose metabolism indicating neurode-
generation (a proxy for N+/N– staging). A complementary
analysis combining amyloid PET and [18F]FDG-PET to gener-
ate an “A(N)” staging was also performed and is disclosed
as supplementary material. Details regarding radiochemical
production, data acquisition, and the PET-based “A(N)” clas-
sification were described previously.43–46 Our group previ-
ously described the whole rationale of this staging in a
larger subset of individuals.44 It is important to note that this
biomarker-based classification does not consider the individ-
uals’ clinical status, thus grouping them according to indirect
signs of brain pathology, regardless of their clinical status
(e.g., cognitively healthy, MCI, or dementia).

Statistical Analysis

We used SPSS v. 20.0 (SPSS Inc., Armon, NY) and Stata
v. 12.0 (StataCorp, College Station, TX) for the statistical
analyses. A Komolgorov–Smirnov test was used to evaluate
the distribution of the dependent variables. Mean and stan-
dard deviation were used to describe normally distributed
variables and median and percentiles for non-normally
distributed variables. For descriptive data, clinical and demo-
graphic variables were compared across groups using one-
way ANOVA, χ2 tests, or Fisher’s exact tests, as appropriate.

For the primary outcome, the significance level adopted
was P < 0.05. As the data from the CCT and ERG recordings
tests were normally distributed; we used one-way ANOVA
with subsequent multiple comparisons using Tukey post hoc
corrections.

For our secondary outcome, we reclassified the groups
according to their PiB-PET (A+ or A–) and [18F]FDG-PET
(N+ or N–) results. For [18F]FDG-PET, the data from protan
and deutan were not normally distributed; therefore, we
used a nonparametric Mann–Whitney test. Because the tritan
had a normal distribution, a t-test was used for this analy-
sis. For PiB-PET, we used ANOVA followed by the Tukey
post hoc test, because the data were normally distributed.
Multivariate linear regression models were conducted to
further examine associations between primary outcomes

and scores from the MMSE and the RAVLT, adjusting for
possible confounding factors, including age and education.

RESULTS

Of the 89 subjects evaluated, 53 (18 controls, 23 MCI, and
12 AD) were included in the final sample study (Table). We
excluded 36 subjects owing to glaucoma, eye surgery, AMD,
and diabetic retinopathy.

Primary Outcomes

CCT. There were significant differences in CCT scores of
AD and patients with MCI compared with normal subjects
for protan, F = 3.42, P = 0.40; deutan, F = 8.63, P = 0.001;
and tritan, F = 10.87, P < 0.001.

Patients with AD (n = 12) showed worse color vision,
expressed by longer vector length between the threshold
and the background chromaticities in the protan (83.25 ±
19.53 u’v’ × 10−4; P = 0.04) and deutan (106.42 ± 54.21 u’v’
× 10−4; P = 0.001) axes compared with the control group;
59.88 ± 8.48 u’v’× 10−4 and 60.33 ± 9.25 u’v’× 10−4, respec-
tively (n = 18). Along the tritan axis, both AD and MCI (n
= 23) patients showed reduced color vision (respectively,
170.08 ± 55.22 u’v’ × 10−4; P = 0.001 and 155.30 ± 56.88
u’v’ × 10−4; P = 0.001) compared with controls (93.33 ±
38.81 u’v’ × 10−4) (Fig. 1).

HF-ERG. Figure 2 shows the results for the HF-ERG
recordings from controls (n = 13), patients with MCI (n =
16), and patients with AD (n = 10) for the first and second
harmonics at 12 Hz (upper and middle rows) and for the
first harmonic at 36 Hz (lower row). No amplitude or phase
differences were found for either harmonic at 12 Hz. At 36
Hz, we found amplitude differences in the FR = 1 condition,
between patients with MCI (7.65 ± 1.45) and patients with
AD (4.91 ± 2.84; P = 0.03). However, the differences were
not statistically different from the control group (6.27 ± 3.20;
P = 0.31 and P = 0.41, respectively).

Secondary Outcomes

CCT. In multivariate linear regressions, after adjustment
for age and education, thresholds along the deutan axis were

TABLE. Demographic and Clinical Data for Control, MCI, and AD Groups

Control MCI AD P Value

Total subjects enrolled 18 23 12
Age (years)* 70.2 ± 5.6 72.5 ± 5.5 72.4 ± 7.7 0.44
Sex female† 8 (44) 5 (22) 5 (22) 0.18

Visual acuity†

20/20 7 (39) 12 (52) 5 (38) 0.20
20/25 7 (39) 4 (17) 1 (8)
20/30 4 (22) 7 (30) 7 (54)

Subjects with neuropsychological and neuroimaging evaluation 6 21 11
MMSE* 29.0 ± 1.3 26.6 ± 2.3 21.9 ± 3.5 <0.001
RAVLT total* 10.7 ± 2.9 7.4 ± 2.8 1.6 ± 1.8 <0.001
PiB-PET SUVr* 0.99 ± 0.56 1.23 ± 0.23 1.38 ± 0.40 0.11
A+† 1 (16) 8 (38) 5 (45) 0.51
N+† 0 (0) 3 (14) 6 (54) 0.01
Education (years)* 15.5 ± 4.4 10.2 ± 4.7 6.9 ± 4.5 0.003

SUVr, standardized uptake value ratio of the PiB-PET examinations, using the cerebellum as the reference region.
Values are mean ± standard deviation or number (%).
Significance levels are based on * One-way ANOVA and † χ2.
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FIGURE 1. CCT results. Means and standard deviations of vector
lengths corresponding to protan, deutan and tritan thresholds from
controls (black), AD (blue), and MCI (red) groups. Statistically signif-
icant comparisons are marked with asterisks. One-way ANOVA *P
< 0.05, **P = 0.001.

associated with neurophysiological tests: RAVLT (slope [β) ]
−3.33; 95% CI, −5.7 to −0.97; P = 0.007) and MMSE (β
= −3.70; 95% CI, −6.60 to −6.59; P = 0.01). The tritan
axis thresholds were associated only to RAVLT (β = −6.30;
95% CI, −11.39 to −1.21; P = 0.01). For each unit in
RAVLT and MMSE scores, there was a loss of 3.33 u’v’ ×
10−4 and 3.70 u’v’ × 10−4, respectively, along the deutan
axis threshold. The discrimination loss along the tritan axis
corresponded with 6.30 u’v’ × 10−4 for each RAVLT unit
score.

When groups were divided according to their PiB-PET
status (A+ or A–), there was no difference between the A+
(n = 14) and A– groups (n = 25) for the protan (F = 0.74; P
= 0.39), deutan (F = 0.49; P = 0.48), or tritan (F = 0.22; P
= 0.63) axes discrimination thresholds (Fig. 3, bottom left).
When the groups were reclassified according [18F]FDG-PET
status (N+ or N–), a significant difference was observed: The
N+ group (n = 9) had elevated color discrimination thresh-
olds along the protan (Z = −2.98; P = 0.003), deutan (Z
= −3.03; P = 0.002), and tritan (F = 7.45; P = 0.01) axes,
compared with the N– group (n = 30) (Fig. 3, right plot).
Negative results are described in Table in the Supplemen-
tary Material.

A further analysis using a rationale of the “AT(N)” staging
suggested by the 2018 NIA-AA Research Framework (NIA-
AA RF) classification was performed. This analysis showed
that the neurodegeneration (N– and N+) was a better predic-
tor of worse color discrimination than cortical deposition
of β-amyloid plaques (A+ or A–). Neurodegeneration (N+)
indicated worse color discrimination for the protan and
deutan axes thresholds, but not for tritan. However, when
the P value is adjusted for multiple comparisons, only the
comparisons between A–N+ and A+N– remain significant
for the deutan axis (Tables S2 and S3 in the Supplementary
Material).

HF-ERG. No significant associations were found
between HF-ERG parameters and neuropsychological tests.
There was also no difference between groups according to
PiB and [18F]FDG- PET scans.

DISCUSSION

The present study investigated color vision and retinal
processing alterations using, respectively, psychophysical
and ERG methods in AD and patients with MCI, compared
with controls. The primary finding was a diffuse color sensi-
tivity loss affecting the protan, deutan, and tritan color confu-
sion axes in patients with AD and a color vision loss along
the tritan axis in patients with MCI relative to age-matched
control subjects. The ERG showed reduced responses for the
AD group compared with the MCI group in the luminance
response. Interestingly, no differences between patients and
controls were observed. The alterations in the tritan thresh-
olds were related to worse scores in the MMSE test, whereas
the worse scores in the RAVLT test were related to deutan
and tritan deficiencies. Diffuse color vision loss, that is,
impairment along all three-color confusion axes, was also
found in individuals with signs of neurodegeneration (N+),
irrespective of their clinical classification (MCI or AD), but
not in individuals with signs of amyloid deposition (A+)
only, also regardless of their clinical classification.

Prior findings on color vision in patients with AD have
been inconsistent. Some studies reported an impairment
along the tritan axis,47,48 whereas others showed a diffusely
affected color vision34,49 or absence of impairment.50–52

Recently, Polo et al.53 showed a protanomaly defect in
patients with AD. A possible explanation for these incon-
sistent results could be methodological differences between
the studies. No previous studies examined AD in the light of
their neuroimaging biomarker status. They used clinical clas-
sification based on cognitive stages to identify patients with
AD, which can increase the selection bias, including patients
with non-AD, especially in the early stages. Moreover, some
studies have reported that color vison impairment is more
prevalent in dementia with Lewy body than AD54 and can
help in the differential diagnosis between dementia with
Lewy body and AD.55 Thus, the present work emphasizes
the application of a sensitive and reliable color vision test,
such as the CCT, to compare the results from different stud-
ies.21

Previous studies reporting color vision impairment in
patients with AD showed no correlations between color
vision changes and cognitive performance, suggesting that
color vision losses in AD are not fully related to global
cognitive decline.48,49 However, Salamone et al.34 (2009)
showed that the color vision performance in patients with
AD, assessed with the Farnsworth–Munsell 100 hue test, was
inversely correlated with MMSE scores. We found similar
results with multivariate linear regression adjusted for age
and education. RAVLT scores were inversely related to red–
green and blue–yellow thresholds, whereas the MMSE was
related only to blue–yellow thresholds. Although an expla-
nation for this finding could be related to patient difficul-
ties in performing or understanding the tests, we believe
that this has not occurred in our study, because the CCT
requires the understanding of a simple task and the protocol
was adapted to the elderly population by allowing a longer
response time, as described in the Methods. In addition, we
evaluated patients with MCI and mild AD; therefore, patients
with higher cognitive declines were excluded.

In the MCI group, only the thresholds along the tritan axis
were affected. MCI is associated with a 5% to 10% increased
risk per year of developing dementia and AD.56 Thus, the
fact that a milder color vision loss was found in the MCI
compared with the AD group agrees with the morphologi-



Color Vision and Brain Neurodegeneration IOVS | May 2022 | Vol. 63 | No. 5 | Article 20 | 6

FIGURE 2. HF-ERG results. Group averages ± standard deviations from 12 Hz first and (top), 12 Hz second harmonics (middle) and 36 Hz
first harmonic (bottom) amplitudes (right) and phases (left). The only statistically significant difference was between the MCI and AD at FR
= 1 (marked with an asterisk), however neither patient group differed from control. One-way ANOVA *P < 0.05.
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FIGURE 3. CCT results × PET. Box plots for the protan, deutan, and tritan mean thresholds. No statically significant differences were found
for PiB-PET groups (A). Significant differences were found for [18F]FDG groups. The [18F]FDG-positive group had worse color discrimination
along the three-color confusion axes (B). The number of subjects statistically significant comparisons are marked with asterisks (P < 0.05
Mann–Whitney* t-test**). A+ or –, positivity or not for the presence of β-amyloid plaques in the cerebral cortex detected with PiB PET; N+
or −, presence or not of neurodegeneration detected with an [18F] PET scan.

cal observation that the RNFL thicknesses in patients with
MCI is intermediate between those of normal subjects and
patients with AD.57,58 This finding can be explained by the
intrinsically heterogenous nature of MCI, including individ-
uals with variable proportions of amyloid deposition and
signs of neurodegeneration (Table). In addition to neural
factors, tritan defects may be caused by optical changes,
owing to aging of increasing lens density and lens yellow-
ing.59,60 However, to avoid lens yellowing as a confounding
factor, the groups were age matched and the Lens Opacity
Classification System II was used to classify lens opacity.37

One major finding in this study was that global wors-
ening of the color vision was observed for N+ patients,
but not for the A+ group. Previous studies used a clinical
classification based on cognitive stages to identify patients
with AD and patients with MCI. The typical neuroimaging
findings indicative of AD include the presence of β-amyloid
and tau pathology as assessed with PET, which occur earlier
over the course of the disease.32 Later on, there is decreased
regional brain glucose metabolism in the posterior cingu-
late and temporoparietal cortices as assessed by [18F]FDG-
PET as an indication of neurodegenerative changes.35,43,61

The decrease in glucose metabolism is associated with a
poorer AD course.62–64 Our results show a possible link
between color vision loss and brain neurodegeneration, but
not with brain amyloid deposition alone. In the other words,
the color vision impairment may be associated with non-
AD neurodegeneration. According to the previously cited
2019 NIA-AA Research Framework “AT(N)” classification,35

amyloid positivity (A+) is biological necessary to include an
individual in the AD continuum. Further stages of the disease
are AD pathologic changes without signs of neurodegen-
eration (A+T+[N–]) or with signs of neurodegeneration
(A+T+[N+]). In our study, individuals classified as A–N+
had color vision impairment at a higher rate than A+N–
(Supplementary Material). So, probably individuals out of
the AD continuum with non–AD-related neurodegeneration
are at a higher risk for color vision impairment than indi-
viduals in the AD continuum in earlier stages of the disease,
thus without overt neurodegeneration (A+N–).35 This find-

ing also suggests that the results of the present study may
be at least driven by individuals with non-AD pathology.

The HF-ERG protocol was insensitive to detect color
vison alterations in AD and MCI as the psychophysical test.
A possible but nonsignificant alteration in the luminance
reflecting ERGs could be detected in the AD group. We have
argued previously that the HF-ERGs probably originate in
the outer retina.18,65 The present data, therefore, provide
evidence that the outer retina is not involved in AD and
MCI. This finding in agreement with the notion that AD-
related color vision impairments occur mainly at the cortical
level.34,47–49,66 Future clinical protocols using VEP record-
ings combined with HF stimuli,67 visual tests, and PET with
computed tomography scans that evaluate the visual path-
ways in the same subjects at retinal and visual cortex levels
could give more detail about the involvement of visual path-
ways in AD and MCI.

The main limitation of our study is the high variability in
the control group, probably owing to differences from popu-
lations that came from different referral sites. One recruit-
ment site was based in an ophthalmology clinic and the
other was based in the Institute of Psychiatry. Even though
all participants met the eligibility criteria for participating
in the study, this issue might have increased the variabil-
ity of the data, thus decreasing the power to identify differ-
ences between the AD and control groups. It should also
be noted that the proportion of dementia patients classified
as A+ was lower than the rates reported in the literature
and in our previous investigation on an larger sample of
elderly subjects.44 This finding may be partially explained
because we used a conservative A+ threshold, decreasing
the proportion of dementia cases.44,46 Moreover, the selec-
tion of dementia subjects based solely on clinical criteria is
known to lead to the inclusion of a non-negligible minority
of individuals who have no signs of amyloid deposition.44

One of the strengths in our study was the use of the
CCT to evaluate the color vision in AD and patients with
MCI, since its results are not biased by learning or fatigue
effects,68 and its fast protocol, the trivector protocol, can
be easily and rapidly performed by patients with dementia.
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Also, we increase the response time from 5 to 10 seconds
and we adopted verbal response instead the input device
normally used to indicate the Landolt C gap position. A
second strength was the use of amyloid and neurodegen-
eration biomarkers measured with PET.

Finally, prospective studies following patients with MCI
with blue–yellow alterations and A+N+ individuals clas-
sified with PiB and [18F]FDG-PET scans are warranted to
explore whether these alterations could be a tool to iden-
tify susceptibility for AD development.

CONCLUSIONS

In our study, we observed that patients clinically classified as
have elevated color sensitivity thresholds along the protan,
deutan, and tritan axes, whereas patients with MCI displayed
larger thresholds along the tritan axis. The three-color confu-
sion axes are affected in groups with signs of neurodegener-
ation (N+), but not with cortical amyloid deposition alone.
Also, alterations along the deutan and tritan axes were asso-
ciated with worse performance in neuropsychological tests.
HF-ERG, which mainly evaluates responses from outer and
middle retina (cones and cone bipolar cells), was preserved
in patients with AD and patients with MCI for both the lumi-
nance and the cone-opponent channels. The CCT is a nonin-
vasive tool that may be considered for progression monitor-
ing of AD and MCI. The color vision changes are associated
with neurodegeneration despite the clinical classification in
MCI and AD.
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