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Abstract Introduction: We compared peripapillary retinal nerve fiber layer and macular thickness measure-
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ments in patients with mild cognitive impairment (MCI) and control subjects using swept-source op-
tical coherence tomography (SS-OCT). We also assessed the relationship between SS-OCT
measurements and the severity of cognitive impairment.
Methods: Peripapillary retinal nerve fiber layer and macular thickness were measured in 23 patients
and 24 control subjects using SS-OCT. Cognitive status was assessed using the Mini-Mental State
Examination, the Montreal Cognitive Assessment, and the Pfeffer Questionnaire.
Results: Most inner retinal layer thickness parameters were significantly smaller in patients with
MCI, especially macular ganglion cell complex thickness measurements. Mini-Mental State Exam-
ination and Montreal Cognitive Assessment findings were significantly correlated with most macular
thickness parameters.
Discussion: The SS-OCT–measured inner retinal layers of patients with MCI displayed thinning,
especially in the central macular area. SS-OCT technology can provide useful information on ocular
involvement patterns and holds promise as an ocular biomarker in this patient population.
� 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
Keywords: Mild cognitive impairment; Dementia; Alzheimer’s disease; Optical coherence tomography; Swept-source; Mac-
ula; Retina; Optic nerve; Retinal nerve fiber layer; Ganglion cell layer
1. Introduction

Mild cognitive impairment (MCI) is a cognitive decline
more accentuated than expected for the age, but not enough
to compromise daily life activities [1]. One of the main con-
cerns for patients with MCI is the potential risk of conver-
sion to Alzheimer’s disease (AD), especially the amnestic
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form of MCI (aMCI). The rate of conversion to dementia
is 1% to 2% per year in the general population, 5% to 10%
in subjects with MCI [2], and up to 50% in 30 months for
aMCI [3]. Yet, many patients with MCI remain stable and
do not develop dementia. Although the mechanisms respon-
sible for the onset and progression of MCI have been subject
of many studies, questions remain, especially about the tran-
sition from MCI to AD and predicting conversion.

In this scenario, the development of new biomarkers for the
diagnosis and follow-up of patientswithMCI is crucial. Optical
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coherence tomography (OCT) is a noninvasive technology,
which can acquire high-resolution, in vivo cross-sectional im-
ages and quantitative and reproducible measurements of both
the optic disc and the macula. As such, it has become an
extremely useful diagnostic tool in many ocular conditions
[4,5]. Moreover, OCT parameters have been proposed as
biomarkers in certain neurodegenerative diseases [6–8].

Over the last two decades, OCT technology has been used
to evaluate changes in peripapillary retinal nerve fiber layer
(pRNFL) and macular thickness parameters in AD [9–21].
Advances in OCT technology, especially the advent of
Fourier-domain OCT (FD-OCT) and, more recently, swept-
source OCT (SS-OCT), have increased the acquisition speed
and resolution of retinal images, making accurate quantitative
segmented retinal layer analyses possible [22]. In fact, several
authors have concluded that the inner retinal layers, especially
the ganglion cell/inner plexiform layer (GC-IPL), are affected
in patients with AD [8,23–28]. In view of these observations,
OCTassessments of peripapillary and macular parameters are
likely helpful in the monitoring disease course progression in
patients with AD.

If MCI represents an early stage of AD, then one would
expect AD-related optic disc and retinal changes on OCT
to be present in patients with MCI to a lesser extent, but
the literature is inconsistent on this point. Many authors
have found pRNFL thickness to be reduced in MCI
[12,13,21,26,29], whereas other groups have reported
macular thinning in patients with MCI mostly based on
full macular thickness measurements [12,13,17,21,29–31].
Some authors have demonstrated thinning of the GC-IPL
in patients with MCI [26,27,32], whereas others have
failed to detect any significant difference in pRNFL, full
macular, and GC-IPL thickness parameters [33,34].

The recent introduction of SS-OCT technology promises
to shed new light on retinal abnormalities in subjects with
MCI. SS-OCT scanners use an optimized long wavelength
scanning light (1050 nm) and have shorter acquisition time
(100,000 A-scans/second) and higher axial resolution (2
mc) than do FD-OCT scanners. This facilitates visualization
and retinal layer segmentation, with potential impact on the
assessment of retinal integrity in patients with MCI.

It is also important to determine what is the role of OCT
data in clinical practice and to define whether such measure-
ments correlate with the cognitive impairment in patients
with MCI. The Mini-Mental State Examination (MMSE)
is the test used in most studies assessing the correlation be-
tween OCT parameters and cognitive status in AD
[10,14,35]. Few authors have conducted similar studies on
MCI, and their results have been inconsistent; some
authors have found significant correlations between
cognitive status and OCT parameters [8,36], whereas
others have not [15,17,30]. However, the use of other
cognitive tests might clarify the relationship between OCT
and cognitive parameters in patients with MCI. Although
MMSE is the most commonly used cognitive test in
dementia, the Montreal Cognitive Assessment (MoCA)
seems to be more sensitive than MMSE, especially in the
early stages of AD or in patients with MCI.

Thus, the purpose of this study was to evaluate the diag-
nostic ability of SS-OCT–measured pRNFL, total macular,
and inner retinal layer thickness parameters to differentiate
patients with aMCI from normal age-matched control sub-
jects, and to evaluate the correlation between SS-OCT pa-
rameters and the level of cognitive impairment in patients
with aMCI, as determined by the MMSE, the MoCA, and
the Pfeffer Daily Functional Life Activities Questionnaire.
2. Methods

2.1. Study design

In this cross-sectional study, patients with aMCI and
normal age-matched control subjects were recruited be-
tween February and September 2017. The study protocol
followed the principles of the Declaration of Helsinki and
was approved by the Research Ethics Committee of the Fed-
eral University of Juiz de Fora, Minas Gerais, Brazil (proto-
col no. 1.950.667). All participants gave their written
informed consent.

2.2. Participants

All patients were submitted to a complete physical exam-
ination and cognitive tests using MMSE and MoCA [37]. To
be eligible, patients had to be diagnosed with MCI by a
neurologist, according to previously described criteria
[38]. Illiterate patients and those with,4 years of schooling
were excluded. Functionality was evaluated with a daily life
functional activities questionnaire administered to the pa-
tient’s companion [39].

Patients underwent a complete ophthalmologic examina-
tion, performed by two experienced ophthalmologists
(L.P.C. and L.V.F.C.C.). The inclusion criteria were (1) pre-
vious computed tomography or magnetic resonance imaging
of the brain ruling out other causes of cognitive impairment,
(2) age between 55 and 85 years, (3) best-corrected visual
acuity of 20/20 in the included eye, (4) refractive error
smaller than 5 spherical diopters and 3 cylindrical diopters,
(5) intraocular pressure,22 mmHg, (6) absence of ophthal-
moscopic signs of diabetic retinopathy, vascular retinal oc-
clusions, and macular disease, (7) absence of
ophthalmoscopic signs of glaucomatous optic neuropathy,
(8) absence of optical opacities, (9) history of ophthalmo-
logic surgery, except for uncomplicated cataract surgery,
performed at least 6 months previously, and (10) good
collaboration with the OCT scan. The exclusion criteria
were (1) insufficient collaboration to perform the OCT
scan, (2) evidence of simultaneous noncompensated organic
or metabolic brain injury, (3) history of acute myocardial
infarction, stroke, or renal failure, (4) heart failure or severe
cardiac arrhythmia, and (5) history of continuous use of ben-
zodiazepines or abusive consumption of illicit drugs and
alcohol.
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The control group, normal individuals were recruited
from the staff members of the Juiz de Fora Eye Hospital.
All control subjects underwent a complete ophthalmologic
examination. The inclusion criteria were (1) age match
with study subject (65 years), (2) best-corrected visual acu-
ity of 20/20 and refraction within 5 spherical diopters and 3
cylindrical diopters, (3) intraocular pressure ,22 mm Hg,
(4) optic disc and macula with normal appearance, (5) no
history of eye disease, and (6) absence of systemic diseases.
Also, for the control group, the included participants should
have no clinical signs of AD or MCI.
2.3. SS-OCT imaging

After pupil dilation with two drops of 1% tropicamide,
the optic nerve head and the macula of all participants
were scanned using an SS-OCT device (DRI OCT Triton
Topcon Corp, Tokyo, Japan). Using a three-dimensional pro-
tocol, high-resolution (512 ! 256 A-scans) images of the
optic disc (6! 6 mm) and the macula (7! 7 mm) were ac-
quired. The examiner reviewed the objective and subjective
quality, rejecting images with a quality index less than 60.
Images with abrupt eye movements causing image artifacts
or black lines because of eye blinking were excluded. The
SS-OCT images were automatically segmented and the
pRNFL, full macula, and segmented inner retinal layer
thickness in both eyes was automatically calculated.

pRNFL parameters were analyzed with the three-
dimensional optic disc report protocol, based on a 3.4-
mm-diameter circle around the optic disc. Thickness values
were automatically calculated and divided into four quad-
rants (temporal, superior, inferior, and nasal).

Full-thickness retinal measurements were automatically
calculated for the macula, according to the Early Treatment
Diabetic Retinopathy Study (ETDRS) map and for the
following nine sectors: fovea, temporal inner, superior inner,
nasal inner, inferior inner, temporal outer, superior outer,
nasal outer, and inferior outer. Global average macular thick-
ness was calculated as the weighted average of sector mac-
ular thickness measurements, as described elsewhere [40].

The anatomic boundaries of the inner retinal layers were
automatically defined by the built-in software. An experi-
enced examiner (L.P.C) evaluated each scan and, if errors
in the automatic segmentation were observed, repeated the
acquisition process, avoiding manual correction. The
following three parameters were analyzed: (1) meanmacular
retinal nerve fiber layer (mRNFL) thickness, (2) mean GC-
IPL thickness, and (3) mean ganglion cell complex (GCC;
GC-IPL plus mRNFL) thickness. The boundaries of the in-
ner retinal layers were automatically identified by the soft-
ware. mRNFL thickness was measured from the internal
limiting membrane to the inner boundary of the ganglion
cell layer (GCL). GC-IPL thickness was measured from
the inner boundary of the GCL to the outer boundary of
the IPL. GCC thickness was measured from the internal
limiting membrane to the outer boundary of the IPL.
After segmentation, the mean mRNFL, GC-IPL, and
GCC values were automatically calculated for three patterns
of macular analysis (Fig. 1). Global macular thickness is the
mean value of these three parameters within a scanning area
of 6 ! 6 mm. We also analyzed the mean values of these
three inner retinal layers divided into nine sectors according
to the ETDRS map (Fig. 1). The third form of analysis was
based on a 6-mm-diameter map centered on the fovea and
divided into six sectors, each measuring 60�: upper, upper
temporal, upper nasal, lower, lower temporal, and lower
nasal (Fig. 1). The fovea was excluded from the analysis
of inner retinal layer thickness divided into six or nine sec-
tors.
2.4. Cognitive assessment

Cognitive performance was assessed with three different
tests: patients with MCI were submitted to the MMSE and
the MoCA, whereas their companions answered the Pfeffer
Daily Functional Life Activities Questionnaire. All cogni-
tive measurements were performed by a clinical neuropsy-
chologist (A.L.M.A.).
2.5. Statistical methods

Findings were expressed as the mean values 6 standard
deviation (6SD) for normally distributed parameters and
as median and quartiles for non-normally distributed param-
eters. Normality was assessed by histogram analysis and the
Shapiro-Wilk test. OCT parameters from the two groups
were compared using generalized estimating equation
models to account for intereye dependencies. Receiver oper-
ating characteristic curves were used to describe the ability
of OCT parameters to discriminate patients with MCI
from age-matched eyes. For each parameter, sensitivities
at fixed specificities of 80% and 95% were calculated. The
ability of OCT parameters to differentiate MCI eyes from
normal was represented by the area under the receiver oper-
ating characteristic curve. Differences between correlations
of nominal variables were evaluated with the c2 test. Pear-
son’s correlation analysis was used to evaluate the correla-
tion between cognitive tests and OCT parameters. P values
, .05 were considered statistically significant. All statistical
analyses were performed with the software IBM Statistical
Package for the Social Sciences Statistics v. 24.0.
3. Results

Forty-six eyes of 23 patients with MCI and 48 eyes of 24
control subjects were included. The mean age 6 SD was
67.43 6 7.07 years for patients with MCI and
64.58 6 9.48 years for control subjects (P 5 .103). There
were 19 and 16 females in MCI and control groups, respec-
tively (P 5 .525, c2 test). The mean time of diagnosis was
4.33 6 3.42 years and patients’ mean level of schooling
was 7.22 6 3.82 years. The mean cognitive scores 6 SD



Table 1

SS-OCT–measuredmean (6SD) pRNFL and full macular thickness values (in mc) of patients withMCI and control subjects, divided into nine sectors according

to the ETDRS map, and their respective AUC (6SD) values

Parameters MCI (n 5 46) Control subjects (n 5 48) P AUC

Sensitivity/specificity

Specificity � 95% Specificity � 80%

pRNFL

Average thickness 103.50 (2.42) 103.77 (2.00) .93 0.53 10/96 25/80

Superior 125.52 (3.10) 128.02 (3.38) .59 0.54 13/96 33/80

Temporal 68.02 (2.26) 72.54 (2.20) .15 0.60 6/96 35/83

Inferior 135.48 (4.29) 134.37 (2.83) .83 0.58 6/96 13/80

Nasal 85.39 (2.45) 80.15 (2.42) .13 0.62 4/96 10/80

Full macular thickness

Average thickness 268.95 (3.08) 275.73 (2.26) .08 0.62 13/96 31/80

Superior inner 301.13 (3.77) 309.37 (2.44) .07 0.67 0/96 33/80

Temporal inner 288.83 (3.33) 297.73 (2.35) .03 0.69 10/96 38/80

Inferior inner 298.33 (3.69) 307.69 (2.39) .03 0.67 2/96 33/80

Nasal inner 301.35 (3.72) 309.00 (2.63) .09 0.66 0/96 21/80

Superior outer 264.00 (3.00) 270.08 (2.70) .13 0.61 17/96 33/83

Temporal outer 248.52 (2.81) 254.83 (2.76) .11 0.61 15/94 35/83

Inferior outer 252.61 (3.17) 259.29 (2.20) .08 0.60 4/98 33/80

Nasal outer 276.96 (3.69) 282.94 (2.37) .17 0.58 6/96 17/83

Fovea 228.54 (4.52) 234.58 (3.35) .28 0.61 0/96 31/80

NOTE. Statistically significant values (P , .05) are in bold.

Abbreviations: AUC, area under the receiver operating characteristic curve; ETDRS, Early Treatment Diabetic Retinopathy Study; MCI, mild cognitive

impairment; P, generalized estimating equations; pRNFL, peripapillary retinal nerve fiber layer; SD, standard deviation; SS-OCT, swept-source optical coher-

ence tomography.

Fig. 1. Maps used in the analysis of the inner retinal layers. Top panel: maps with inner retinal layer thickness values (mm) divided into nine sectors according to

the ETDRS map: mRNFL (left), GC-IPL (center), and GCC (right). Bottom panel: maps with inner retinal layer thickness values (mm) divided into six sectors:

mRNFL (left), GC-IPL (center), and GCC (right). Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; GCC, ganglion cell complex; GC-IPL,

ganglion cell/inner plexiform layer; mRNFL, macular retinal nerve fiber layers.
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were 27.86 6 1.98 (MMSE), 21.43 6 5.72 (MoCA), and
2.13 6 1.89 (Pfeffer).

Patients and control subjects did not differ significantly
with regard to pRNFL thickness (Table 1). Full macular
thickness was significantly smaller in patients only in the
temporal and inferior inner sectors (P 5 .03 for both)
(Table 1). Global macular thickness was smaller in patients
with MCI, with significant differences observed for mRNFL
(P5 .04) and GCC (P5 .03) (Table 2). The three inner mac-
ular thickness parameters, divided into nine sectors, were
also analyzed (Table 2). Mean mRNFL thickness was signif-
icantly smaller in patients with MCI in the superior inner
sector (P 5 .03) and the inferior outer sector (P 5 .01).
Mean GC-IPL thickness was significantly smaller in patients
with MCI in the superior inner sector (P 5 .02), the inferior
inner sector (P 5 .01), and the nasal inner sector (P 5 .03).
Table 2

SS-OCT–measured mean (6SD) global macular thickness (in mc) and inner retin

(MCI) and control subjects, divided into nine sectors according to the ETDRS ma

Inner retinal layer parameters MCI (n 5 46) Control subjects (n 5 48

Global macula

RNFL 36.80 (1.01) 39.33 (0.64)

GC-IPL 62.78 (0.95) 64.67 (0.83)

GCC 99.65 (1.63) 104.00 (1.19)

mRNFL 9 ETDRS sectors

Average thickness 34.21 (0.92) 35.51 (0.50)

Superior inner 26.83 (0.40) 28.00 (0.36)

Temporal inner 19.24 (0.43) 19.19 (0.41)

Inferior inner 27.67 (0.45) 28.72 (0.40)

Nasal inner 22.76 (0.39) 23.06 (0.41)

Superior outer 39.13 (1.08) 40.50 (0.92)

Temporal outer 21.33 (0.59) 21.92 (0.36)

Inferior outer 38.56 (1.02) 41.75 (0.70)

Nasal outer 46.89 (1.40) 49.83 (1.04)

GC-IPL 9 ETDRS sectors

Average thickness 68.54 (1.06) 70.56 (0.89)

Superior inner 86.30 (1.59) 90.87 (1.24)

Temporal inner 83.43 (1.44) 87.00 (1.39)

Inferior inner 85.87 (1.60) 90.83 (1.12)

Nasal inner 87.00 (1.57) 91.46 (1.28)

Superior outer 61.59 (1.05) 63.27 (1.10)

Temporal outer 66.13 (1.08) 69.19 (1.20)

Inferior outer 59.49 (1.04) 60.58 (1.06)

Nasal outer 66.67 (1.26) 67.73 (1.13)

GCC 9 ETDRS sectors

Average thickness 102.22 (1.56) 106.35 (1.20)

Superior inner 113.13 (1.84) 119.62 (1.22)

Temporal inner 102.50 (1.60) 107.25 (1.08)

Inferior inner 114.09 (1.96) 119.39 (1.30)

Nasal inner 109.85 (1.79) 114.48 (1.50)

Superior outer 100.61 (1.69) 104.04 (1.62)

Temporal outer 87.46 (1.37) 90.56 (1.22)

Inferior outer 97.96 (1.71) 102.39 (1.34)

Nasal outer 113.76 (2.09) 117.94 (1.50)

NOTE. Statistically significant values (P , .05) are in bold.

Abbreviations: AUC, area under the receiver operating characteristic curve; ETD

plex; GC-IPL, ganglion cell layer plus inner plexiform layer; mRNFL, macular r

deviation; SS-OCT, swept-source optical coherence tomography.
The macular GCC thickness was significantly smaller in pa-
tients with MCI in all sectors, except for the superior, tempo-
ral, and nasal outer sectors (Table 2).

The mRNFL, GC-IPL, and GCC were also divided into
six sectors and analyzed (Table 3). mRNFL thickness was
significantly smaller in patients with MCI in the inferior
(P 5 .02) and nasal inferior (P 5 .04) sectors, whereas
GC-IPL thickness was significantly smaller in the temporal
superior (P 5 .04) and inferior (P 5 .03) sectors, and GCC
thickness was significantly smaller in the inferior
(P 5 .03) and the nasal inferior (P 5 .04) sectors.

Table 4 shows the correlations observed between OCT
parameters and cognitive test scores. Significant coefficients
were found between average pRNFL thickness and MMSE
scores (r 5 0.32, P 5 .03) or MoCA scores (r 5 0.34,
P 5 .02), between temporal and nasal sector thickness and
al layer thickness (6 ! 6 mm) of patients with mild cognitive impairment

p, and their respective AUC (6SD) values

) P AUC

Sensitivity/specificity

Specificity � 95% Specificity � 80%

.04 0.70 4/96 52/80

.14 0.61 17/96 27/80

.03 0.66 19/96 27/80

.22 0.66 10/93 44/80

.03 0.66 6/96 38/74

.93 0.51 2/93 17/80

.08 0.66 4/98 32/80

.60 0.57 4/98 19/76

.34 0.61 17/96 33/80

.39 0.54 2/96 25/85

.01 0.68 17/93 25/85

.09 0.63 2/96 35/82

.14 0.61 17/96 23/80

.02 0.70 2/96 33/80

.08 0.71 2/96 25/83

.01 0.69 0/96 21/83

.03 0.68 6/96 25/80

.27 0.57 15/96 29/85

.06 0.64 10/98 23/83

.46 0.56 6/96 21/83

.53 0.55 4/96 23/80

.04 0.66 8/96 27/80

,.01 0.72 0/96 29/80

.01 0.70 13/96 35/83

.02 0.69 0/96 25/80

.05 0.67 4/98 38/83

.14 0.61 6/96 29/83

.09 0.62 10/03 17/85

.04 0.63 10/96 17/80

.11 0.61 6/96 33/80

RS, Early Treatment Diabetic Retinopathy Study; GCC, ganglion cell com-

etinal nerve fiber layers; P, generalized estimating equations; SD, standard



Table 3

SS-OCT–measured mean thickness6 SD (in mc) of the inner retinal layers divided into six sectors, and the corresponding AUC values6 SD of patients with

MCI and control subjects

Inner retinal layer parameters MCI (n 5 46) Control subjects (n 5 48) P AUC

Sensitivity/Specificity

Specificity � 95% Specificity � 80%

mRNFL 6 sectors

Superior 36.74 (0.93) 38.27 (0.69) .18 0.62 13/96 33/78

Temporal superior 22.02 (0.55) 22.25 (0.39) .73 0.53 0/96 19/78

Nasal superior 41.28 (1.06) 43.58 (0.80) .08 0.65 11/96 28/85

Inferior 36.17 (0.87) 38.69 (0.57) .02 0.67 4/93 23/85

Temporal inferior 23.35 (0.54) 23.98 (0.32) .32 0.54 2/100 11/87

Nasal inferior 42.24 (1.29) 45.52 (0.89) .04 0.67 4/93 36/85

GC-IPL 6 sectors

Superior 62.02 (1.08) 69.58 (1.01) .08 0.62 23/96 28/83

Temporal superior 68.87 (1.09) 71.89 (0.95) .04 0.65 13/96 28/83

Nasal superior 70.85 (1.21) 72.73 (1.05) .24 0.58 17/93 25/80

Inferior 65.00 (1.13) 66.67 (0.95) .26 0.59 4/96 25/80

Temporal inferior 69.56 (1.10) 72.69 (0.96) .03 0.67 15/98 30/84

Nasal inferior 69.96 (1.25) 71.67 (1.06) .30 0.58 4/96 19/83

GCC 6 sectors

Superior 103.69 (1.69) 107.83 (1.49) .07 0.65 11/96 28/83

Temporal superior 90.96 (1.30) 94.23 (1.14) .06 0.64 8/96 21/80

Nasal superior 112.19 (1.83) 116.21 (1.41) .08 0.63 4/96 25/85

Inferior 101.13 (1.69) 105.35 (1.06) .03 0.64 13/96 19/83

Temporal inferior 93.39 (1.47) 96.56 (1.04) .08 0.63 8/96 19/83

Nasal inferior 111.91 (2.07) 117.14 (1.41) .04 0.65 8/93 34/80

NOTE. Statistically significant values (P , .05) are in bold.

Abbreviations: AUC, area under the receiver operating characteristic curve; GCC, ganglion cell complex; GC-IPL, ganglion cell layer plus inner plexiform

layer; MCI, mild cognitive impairment; mRNFL,macular retinal nerve fiber layer; P, generalized estimating equations; SD, standard deviation; SS-OCT, swept-

source optical coherence tomography.
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MMSE scores (r 5 0.32, P 5 .03), and between superior
sector thickness and MoCA scores (r 5 0.30, P 5 .04). All
four inner macular thickness sectors were significantly
correlated with MMSE scores (r values ranging from 0.32
to 0.38, P , .05). Correlations between full macular thick-
ness and MoCA scores were all significant (r values ranging
from 0.38 to 0.49, P � .01), except for the temporal outer
sector. No significant correlations were found between
OCT parameters and Pfeffer scores (Table 4).

Significant correlations were observed between global
and inner macular thickness and cognitive status (MMSE
and MoCA) (Table 4). Among the nine mRNFL sectors,
the temporal inner sector was positively and significantly
correlated with MMSE (r 5 0.37, P 5 .01) and MoCA
(r 5 0.33, P 5 .03). The same sector was negatively and
significantly correlated with Pfeffer (r 5 20.35, P 5 .02).
Most GC-IPL and GCC parameters correlated significantly
with MMSE and MoCA scores (Table 4). The strongest cor-
relation was that between MMSE scores and the inner sec-
tors of both GC-IPL and GCC (Table 4).

No significant correlations were found between mRNFL
thickness divided into six sectors and cognitive scores,
regardless of the test used (Table 4). On the other hand,
GC-IPL and GCC thickness divided into six sectors was
significantly correlated with MMSE (r ranging from 0.31
to 0.51), except for the temporal inferior sector. Likewise,
GC-IPL thickness was significantly correlated with MoCA
scores, except for the temporal inferior sector, whereas
GCC thickness was significantly correlated with MoCA
scores in three of the six sectors (temporal superior, inferior,
and nasal inferior). No SS-OCT parameter was correlated
with any Pfeffer score.

The scatterplot in Fig. 2 shows the results of the linear
regression analysis of the best-performing SS-OCT parame-
ters and MMSE scores.
4. Discussion

In this study, patients with aMCI and age-matched control
subjects did not differ significantly with regard to SS-OCT–
measured pRNFL thickness. This sheds new light on the
pattern of axonal damage and neuronal loss affecting pa-
tients with MCI. Several authors have reported reductions
in pRNFL thickness in patients with MCI, which, although
significant, were not as severe as in AD
[12,13,17,21,29,30,41,42]. If we consider MCI a stage in
the transition from normal cognition to dementia, then a
reduction in pRNFL thickness would be expected. Thus,
when Paquet et al. [12] evaluated patients with MCI and
AD of different levels of severity, they found pRNFL thick-
ness to be reduced in all patients, with a significant differ-
ence between MCI and moderate-to-severe AD, but no
significant difference between MCI and mild AD, suggest-
ing a continuum of axonal damage from MCI to AD. Choi



Table 4

Correlations between cognitive scores of patients with MCI and SS-OCT–

measured pRNFL, full macular thickness divided into nine sectors, global

macular thickness and inner retinal layer thickness (mc) divided into nine

and six sectors

Parameters MMSE P MoCA P Pfeffer P

pRNFL

Average thickness 0.32 .03 0.34 .02 20.11 .45

Superior 0.11 .47 0.30 .04 20.01 .92

Temporal 0.32 .03 0.14 .37 20.28 .06

Inferior 0.24 .10 0.29 .05 20.03 .87

Full macular

thickness—9 sectors

Average thickness 0.24 .10 0.44 ,.01 20.15 .32

Superior inner 0.32 .03 0.44 ,.01 20.17 .27

Temporal inner 0.33 .03 0.49 ,.01 20.21 .17

Inferior inner 0.38 .01 0.48 ,.01 20.12 .43

Nasal inner 0.37 .01 0.47 ,.01 20.17 .27

Superior outer 0.24 .11 0.42 ,.01 20.13 .37

Temporal outer 0.08 .58 0.28 .06 20.03 .86

Inferior outer 0.14 .34 0.38 .01 20.08 .61

Nasal outer 0.27 .08 0.48 ,.01 20.26 .08

Fovea 0.08 .58 0.38 .01 20.07 .67

Global macular

mRNFL 0.15 .34 0.17 .26 0.08 .62

GC-IPL 0.40 .01 0.41 .01 20.11 .46

GCC 0.31 .03 0.33 .03 20.02 .91

mRNFL 9 sectors

Average thickness 0.23 .12 0.24 .11 0.03 .86

Superior inner 0.19 .21 0.12 .44 0.07 .66

Temporal inner 0.37 .01 0.33 .03 20.35 .02

Inferior inner 0.24 .11 0.24 .12 20.10 .51

Nasal inner 20.02 .90 20.02 .91 20.06 .68

Superior outer 0.17 .27 0.12 .45 0.08 .60

Temporal outer 0.15 .32 0.12 .42 20.01 .95

Inferior outer 0.13 .41 0.13 .40 0.14 .37

Nasal outer 0.07 .64 0.15 .33 0.01 .96

GC-IPL 9 sectors

Average thickness 0.41 ,.01 0.38 .01 20.13 .41

Superior inner 0.43 ,.01 0.28 .06 20.17 .26

Temporal inner 0.50 ,.01 0.42 ,.01 20.17 .25

Inferior inner 0.42 ,.01 0.32 .03 20.20 .19

Nasal inner 0.49 ,.01 0.25 .09 20.24 .10

Superior outer 0.44 ,.01 0.37 .01 20.10 .50

Temporal outer 0.11 .49 0.19 .20 0.18 .23

Inferior outer 0.27 .07 0.34 .02 20.10 .53

Nasal outer 0.40 .01 0.38 .01 20.24 .11

GCC 9 sectors

Average thickness 0.36 .02 0.34 .02 20.06 .70

Superior inner 0.41 ,.01 0.27 .07 20.13 .41

Temporal inner 0.53 ,.01 0.44 ,.01 20.26 .09

Inferior inner 0.51 ,.01 0.42 ,.01 20.21 .17

Nasal inner 0.45 ,.01 0.24 .12 20.23 .13

Superior outer 0.36 .01 0.29 .05 20.01 .36

Temporal outer 0.15 .31 0.20 .19 0.14 .37

Inferior outer 0.23 .13 0.27 .07 0.04 .82

Nasal outer 0.31 .04 0.36 .02 20.14 .36

mRNFL 6 sectors

Superior 0.16 .30 0.12 .41 0.09 .57

Temporal superior 0.13 .41 0.14 .36 20.03 .86

Nasal superior 0.08 .62 0.03 .87 0.08 .61

Inferior 0.17 .27 0.14 .34 0.15 .33

Temporal inferior 0.19 .22 0.12 .44 20.02 .88

Nasal inferior 0.08 .61 0.25 .10 0.02 .92

(Continued )

Table 4

Correlations between cognitive scores of patients with MCI and SS-OCT–

measured pRNFL, full macular thickness divided into nine sectors, global

macular thickness and inner retinal layer thickness (mc) divided into nine

and six sectors (Continued )

Parameters MMSE P MoCA P Pfeffer P

GC-IPL 6 sectors

Superior 0.43 ,.01 0.34 .02 20.13 .40

Temporal superior 0.31 .04 0.30 .05 20.03 .83

Nasal superior 0.51 ,.01 0.41 .01 20.27 .07

Inferior 0.36 .01 0.41 .01 20.15 .32

Temporal inferior 0.21 .15 0.27 .07 0.15 .32

Nasal inferior 0.44 ,.01 0.39 .01 0.22 .15

GCC 6 sectors

Superior 0.40 .01 0.29 .05 20.03 .83

Temporal superior 0.35 .02 0.33 .03 20.04 .80

Nasal superior 0.37 .01 0.28 .06 20.14 .37

Inferior 0.31 .04 0.33 .02 20.03 .87

Temporal inferior 0.17 .25 0.24 .10 0.02 .88

Nasal inferior 0.35 .02 0.37 .01 20.11 .49

NOTE. N5 48. Pearson’s correlation coefficients; statistically significant

values (P , .05) are in bold.

Abbreviations: GCC, ganglion cell complex; GC-IPL, ganglion cell layer

plus inner plexiform layer; MCI, mild cognitive impairment; MMSE, Mini-

Mental State Examination; MoCA, Montreal Cognitive Assessment;

mRNFL, macular retinal nerve fiber layer; pRNFL, peripapillary retinal

nerve fiber layer; SS-OCT, swept-source optical coherence tomography.
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et al. [26] conducted a prospective study on patients with AD
and MCI, which showed reductions in pRNFL and GC-IPL
thickness to be greater in patients with MCI progressing to-
wards patients with AD than in patients with MCI who did
not convert. Likewise, other authors observed no significant
differences in pRNFL thickness or, at most, small focal re-
ductions, between patients with MCI and healthy control
subjects [30,32]. These discrepancies may in part be
ascribed to differences in sample size, the severity of
cognitive impairment, and the OCT technology used.

The pRNFL is known to become thinner with aging
[43,44]. The mean age in our sample was 67.43 years.
This is lower than the mean age of the patients studied by
the Paquet group [12] (78.7 years), Kesler et al [17]
(71.0 years), Ascaso et al. [13] (72.1 years), and Gao et al.
[30] (73.42 years). The severity of cognitive impairment
should also be taken into account. In our study, the reduction
in MMSE scores was slight when compared with the control
subjects. The mean score observed was 27.86, matching the
scores reported by Paquet et al. [12] (28.8) and Kesler et al.
[17] (28.1), but higher than the scores observed by Gao et al.
[30] (25.77) and Ascaso et al. [13] (19.3).

Moreover, mean pRNFL and macular thickness also de-
pends on the type of OCT device used [45]. The SS-OCT de-
vice used in this study is different from spectral-
domain OCT as far as light source, acquisition speed, and
resolution. The latter was used in the vast majority of earlier
studies on patients with MCI. In other words, OCT thickness
measurements from different studies should be compared
with caution. Moreover, if MCI represents a transition to-
wards dementia, reductions in pRNFL and macular



Fig. 2. MMSE scores plotted against SS-OCT–measured GCC thickness (in mc) of the four inner macular segments divided into nine sectors. Abbreviations:

GCC, ganglion cell complex; MMSE, Mini-Mental State Examination; SS-OCT, swept-source optical coherence tomography.
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thickness, if any, are likely subtle, perhaps even within the
normal range, when compared with healthy age-matched
control subjects.

In the present study, full-thicknessmacular measurements
were reduced in all ETDRS sectors of patients with MCI,
although only the superior and inferior inner sectors were
significantly thinner. Using spectral-domain-OCT, other au-
thors have found reductions in full macular thickness in pa-
tients with MCI [30,46], but we believe the segmented
inner retinal layers provide more reliable measurements.
Both clinical and histopathologic studies have documented
a preference for GCL impairment in AD [26,32,47,48].
Thus, segmented inner retinal layer analysis is likely to
reveal similar impairment patterns in MCI and AD.

Our results point to a preferential involvement of the in-
ner retinal layers, especially GCC, in patients with MCI.
As expected, in our sample full macular and pRNFL thick-
ness displayed much smaller changes than the inner retinal
layers. In patients with MCI, the macular GCC appears to
yield more useful readings than the same layers when
analyzed in separate. Indeed, when analyzing mRNFL,
GC-IPL and GCC divided into nine sectors, thickness was
significantly smaller in two of eight sectors (mRNFL), three
of eight sectors (GC-IPL), and six of eight sectors (GCC).
The relatively poor ability of mRNFL to detect axonal loss
in patients with MCI was in part expected: the thinness of
this layer can compromise OCT segmentation and poten-
tially resulting in estimation errors.

Our study innovates by analyzing the inner retinal layers
in three different ways: a global measure and divided into six
or nine sectors. To our knowledge, no other study has com-
bined these three approaches and, interestingly, diagnostic
performance was different for each approach. Our results
suggest a preferential involvement of the inner sectors
around the fovea (3 mm) in the nine ETDRS sectors, espe-
cially for GCC, probably because of the higher concentra-
tion of ganglion cells in the 3-mm area around the fovea in
healthy humans. The latter is supported by a histologic study
of six retinas from healthy young adults showing a greater
density of ganglion cells in the area between 0.4 and 2 mm
from the center of the fovea [49]. It may be argued that
this anatomic fact makes neuronal loss in MCI and AD
easier to detect with OCT. Matching our findings, Lad
et al. [36] found a reduction in GC-IPL thickness in the inner
sector of patients with MCI. In a previous study on patients
with AD conducted by our group [25], full macular thickness
was preferentially affected in a 3-mm circle around the
fovea, suggesting that MCI and AD have similar patterns
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of ganglion cell impairment and, consequently, supporting
the notion that MCI and AD are part of the same spectrum
of neurodegeneration.

Another relevant contribution of the present study is the
analysis of the correlations between SS-OCT parameters
and cognitive test values in patientswithMCI. No other study
has to our knowledge performed this kind of analysis using
three different cognitive tests. Kesler et al. [17] correlated
pRNFL thickness obtained by time-domain OCT with
MMSE scores in a sample of 24 patients with MCI but found
no significant associations. Gao et al. [30] found no associa-
tions either when correlating FD-OCT–measured pRNFL
thickness with MMSE scores. In contrast, others have re-
ported significant correlations between pRNFL thickness
and MMSE scores in this patient population [13,29]. Our
own results suggest that macular parameters, especially
GCC, allow for more meaningful correlations between
OCT parameters and cognitive scores, mainly because
these parameters were more efficient at discriminating eyes
with MCI from control subjects. Although no correlation
was found between OCT parameters and Pfeffer scores,
both MMSE and MoCA scores yielded significant
correlations with OCT measurements (both GC-IPL and
GCCdivided into nine ETDRS sectors), suggesting that these
parameters do reflect the severity of cognitive impairment in
patients withMCI. In support of our findings, Choi et al. [26]
found a significant correlation between FD-OCT–measured
GC-IPL and cognitive deficit in patients with MCI.

Our study has some limitations. The sample was rela-
tively small, in part because of the strict sampling criteria.
Many elderly patients were excluded because of concomi-
tant diseases, such as macular disease and glaucomatous op-
tic neuropathy, which are more prevalent in this age range.
We also excluded patients with systemic diseases and history
of acute myocardial infarction and stroke, all of which are
prevalent in elderly patients. However, these criteria were
adopted to minimize the interference of systemic and ocular
diseases in pRNFL and macular thickness measurements.
Other limitation is the absence of an analysis of the outer
retinal layers. Currently, the SS-OCT software does not
allow to perform segmentation and quantitative analysis of
the outer retinal layers, but this feature is expected to be
introduced in the not so distant future.

In conclusion, our results show that SS-OCT scanning
may be useful in the clinical evaluation of patients with
aMCI. The inner retinal layers, mainly around the fovea,
were affected in patients with MCI, and many of the corre-
sponding SS-OCT parameters were significantly correlated
with cognitive test scores. In other words, SS-OCT–
measured inner retinal layer thickness appears to hold prom-
ise as an ocular biomarker in patients with MCI.
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RESEARCH IN CONTEXT

1. Systematic review: We have compared peripapillary
retinal nerve fiber layer and macular thickness mea-
surements in patients with mild cognitive impairment
and normal control subjects using swept-source opti-
cal coherence tomography and assessed the relation-
ship between such measurements and the severity of
cognitive impairment, assessed with cognitive tests
(Mini-Mental State Examination and the Montreal
Cognitive Assessment) and the Pfeffer Daily Func-
tional Life Activities Questionnaire.

2. Interpretation: Macular thickness parameters were
assessed as global average and sectoral measure-
ments and were evaluated both as full-thickness
and segmented measurements of the inner retina.

3. Future directions: Although no reduction was found
in peripapillary retinal nerve fiber layer thickness
measurements when compared with control subjects,
they presented reduced measurements in several
macular parameters, particularly the macular gan-
glion cell layer in sectors around the fovea. Further-
more, the Mini-Mental State Examination and
Montreal Cognitive Assessment results were signif-
icantly correlated with most macular thickness pa-
rameters. We believe that swept-source optical
coherence tomography holds promise as an ocular
biomarker of the disease in patients with mild
cognitive impairment.
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