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Abstract.

Background: Alzheimer’s disease (AD) is a neurodegenerative disorder with emerging evidence that it is associated with retinal
ganglion cell loss; however, few data exist to establish this association.

Objective: To determine whether macular ganglion cell-inner plexiform layer (GC-IPL) and retinal nerve fiber layer (RNFL),
as quantitatively measured by non-invasive in vivo spectral-domain optical coherence tomography (SD-OCT), are altered in
patients with AD and mild cognitive impairment (MCI).

Methods: Patients with AD and MCI were recruited from dementia/memory clinics, and cognitively normal controls were
selected from the Singapore Epidemiology of Eye Disease program. SD-OCT (Cirrus HD-OCT, software version 6.0.2, Carl
Zeiss Meditec Inc, Dublin, CA) was used to measure the GC-IPL and RNFL thicknesses.

Results: Compared with cognitively normal controls (n=123), patients with AD (n=100) had significantly reduced GC-IPL
thicknesses in all six (superior, superonasal, inferonasal, inferior, inferotemporal, and superotemporal) sectors (mean differences
from —3.42 to —4.99 wm, all p <0.05) and reduced RNFL thickness in superior quadrant (—6.04 pm, p =0.039). Patients with
MCI (n=41) also had significantly reduced GC-IPL thicknesses compared with controls (mean differences from —3.62 to
—5.83 pm, all p <0.05). Area under receiver operating characteristic curves of GC-IPL were generally higher than that of RNFL
to discriminate AD and MCI from the controls.

Conclusions: Our data strengthens the link between retinal ganglion cell neuronal and optic nerve axonal loss with AD, and
suggest that assessment of macular GC-IPL can be a test to detect neuronal injury in early AD and MCIL.
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INTRODUCTION

Alzheimer’s disease (AD), the most common form
of dementia, is associated with a specific pattern of
pathological changes in the brain that result in neu-
rodegeneration and the progressive development of
dementia [1]. The hippocampus and entorhinal cortex
have consistently demonstrated early neuronal dam-
age in AD, but the detection of early changes in vivo
in these areas is problematic [2, 3].

The retina develops as an extension of the cen-
tral nervous system and shares similar embryological,
anatomical, and physiological properties with the cere-
bral neurons, offering a possible “window” to study
neurodegenerative disorder in vivo [4, 5]. Previous
histological studies have demonstrated that patients
with AD have loss of retinal ganglion cells (RGCs)
and optic nerve axons [6-8]. Moreover, a few clini-
cal studies have reported changes in optic nerve head
(e.g., increased cup-to-disc ratio), observed clinically
or using retinal photography, among AD patients [9,
10]. However, the clinical usefulness of optic nerve
head evaluation is limited, due to high inter-observer
variability in such assessment particularly the subtle
changes of the optic nerve [9].

Optical coherence tomography (OCT) is a nonin-
vasive in vivo optical biopsy and cellular-resolution
imaging technology based on the principle of low-
coherence interferometry, and has made remarkable
advances in assessing optic nerve axons quantitatively
in the last two decades, particularly for the diagnosis
of glaucoma [11, 12]. Several studies have used OCT
to assess peripapillary retinal nerve fiber layer (RNFL)
thickness in AD and reported RNFL reduction in AD
patients compared with normal controls [13-19].

Importantly, improved spatial resolution of spectral-
domain OCT (SD-OCT) now allows measurement of
the RGC layer composed of cell bodies; and the inner
plexiform layer containing the RGC dendrites, and
hence more detailed assessment of RGCs in the macu-
larregion [20, 21]. Since the macula contains more than
50% of total RGCs and that RGC cell body size is 10
to 20 times the diameter of their axons, we hypothesize
that changes in the ganglion cell-inner plexiform layer
(GC-IPL) thickness at the macula will be more sensi-
tive than RNFL axonal reduction to neurodegenerative
processes. In this study, we examined the associa-
tions of macular GC-IPL and RNFL thicknesses, as
measured by SD-OCT, with AD and mild cognitive
impairment (MCI).

MATERIALS AND METHODS
Study population

Patients

We conducted a case-control study of AD and
MCI patients compared with controls selected from a
population-based study of eye disease in Singapore.
AD and MCI patients were enrolled consecutively
from July 2009 to May 2013 from three study sites
(dementia/memory clinics from the National Univer-
sity Hospital, Khoo Teck Puat Hospital, and Singapore
General Hospital, Singapore). All patients underwent
clinical and neuropsychiatric assessment. Computed
tomography or MRI was reviewed as part of the
diagnostic process. AD patients fulfilled Diagnos-
tic and Statistical Manual of Mental Disorders, 4th
edition (DSM-IV) criteria for dementia syndrome
(Alzheimer’s type) [22] and National Institute of Neu-
rological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders
Association (NINDS-ADRDA) criteria for probable or
possible AD [23]. Diagnosis of MCI was in accordance
to Petersen et al.’s criteria [24]. We excluded patients
with a history of glaucoma and presence of glau-
comatous characteristics from fundus photographs.
Presence of cataract, diabetic retinopathy, and mac-
ulopathy were not part of exclusion criteria, unless the
pathologies affected the SD-OCT image quality (signal
strength less than 5) or there was presence of GC-IPL
or RNFL algorithm segmentation failure.

Controls

Cognitively normal controls were selected from a
population-based study, the Singapore Chinese Eye
Study (SCES). The methodology and objectives of
the study population are reported in detail elsewhere
[25, 26]. SCES participants aged 60 years or above
were administered the Abbreviated Mental Test (AMT)
for assessment of cognitive function. The AMT is a
10-question cognitive screening instrument (with min-
imum score of 0 and maximum score of 10), which
has been modified for the local Singapore context and
validated [27]. All the selected controls had normal
AMT results, no history of stroke ascertained from
self-report, no glaucomatous characteristics from fun-
dus examination, and had a reliable and normal visual
field (without a visual field defect).

Written, informed consent was obtained from
each participant; the study conducted adhered to the
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Declaration of Helsinki. Ethical approval was obtained
from the Singapore Eye Research Institute Institutional
Review Board and National Healthcare Group Pte Ltd
Domain Specific Review Board.

SD-OCT imaging

The Cirrus HD-OCT (Carl Zeiss Meditec, Inc.,
Dublin, CA) is a commercially available SD-OCT
device with a scan speed of 27,000 axial scans per sec-
ond and an axial resolution of 5 wm [28]. Fig. 1 shows
detailed retinal layers of a cross-sectional SD-OCT
image centered at the macula from a human subject.
After pupil dilation using tropicamide 1% and phenyle-
phrine hydrochloride 2.5%, Cirrus HD-OCT was used
to acquire one macular scan and one optic disc scan
using the macular cube 200 x 200 and optic nerve head
cube 200 x 200 scan protocols respectively in each
eye. Re-scanning was performed if a motion artefact
(indicated by blood vessels discontinuity) or saccades
were detected. All the OCT scans included in the study
had signal strength of at least 5. All scans were visu-
ally inspected by a trained grader masked to subject
characteristics for quality check before inclusion into
the study. OCT scans were excluded in the presence of
motion artefacts, or GC-IPL or RNFL algorithm seg-
mentation failure due to any retinal pathology (e.g.,
age-related macular degeneration, diabetic retinopa-
thy, epiretinal membrane, macular hole). Patients with
at least one type of scan with gradable quality were
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included for analysis. Of the cases, 20 patients were
excluded. Among these 20 patients, 8 were excluded
due to macular pathology affecting GC-IPL and RNFL
segmentation algorithm (four epiretinal membrane,
one age-related macular degeneration, two myopic
pathology, one diabetic macular edema). The remain-
ing 12 were excluded due to poor image quality
(primarily motion artefacts due to poor fixation) on
both macular and optic disc scans. Details of the Cir-
rus HD-OCT macular and optic disc scan protocols
have been described in detail elsewhere [20, 25].
With the latest software version (Cirrus HD-OCT,
software version 6.0.2, Carl Zeiss Meditec, Dublin,
CA), a series of GC-IPL parameters (average, supe-
rior, superonasal, inferonasal, inferior, inferotemporal,
superotemporal sectors) from macular cube are derived
automatically. The software detects and measures the
GC-IPL thicknesses automatically within a 14.13 mm?
elliptical annulus area centered on the fovea from
3-dimensionals. The annulus has an inner vertical
diameter of 1 mm and an outer diameter of 4 mm,
and an inner horizontal diameter of 1.2mm and an
outer diameter of 4.8 mm. The size of the inner ring
was chosen so as to exclude the area wherein the
macular GC-IPL is very thin and difficult to detect
accurately, whereas the dimensions of the outer ring
were selected so as to include the area wherein the
macular GC-IPL is thickest in a normal eye. The gan-
glion cell analysis algorithm detects the outer boundary
of the RNFL as well as the outer boundaries yields
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Fig. 1. Detailed retinal layers of a cross-sectional spectral-domain optical coherence topography image centered at the macula from a human

subject.
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Fig. 2. An output of the Cirrus HD-OCT ganglion cell analysis (GCA) algorithm (Carl Zeiss Meditec, Dublin, CA) in a MCI subject. The
GC-IPL thickness map uses a false color coding with warm colors representing high and cool colors representing low GC-IPL thickness values.
The GC-IPL thickness map has a central circular black area expressing the lack of RGCs in the fovea. In MCI, RGC loss and, thus, GC-IPL
reduction is expressed by the fading of warm colors and the appearance of more light blue areas. The software further compares the measured
thickness to the device’s internal normative age-matched database, generating a deviation map and a significance map color-coded to match
GC-IPL thickness, with values within the normal range in green (p =5%-95%), borderline values in yellow (1% <p <5%), and values outside
the normal range in red (p < 1%). A super-pixel is shown in red or yellow in the deviation map if the GC-IPL thickness value falls outside the
99% or within 95%-99% centile range, respectively. Numeric values in sectors represent average GC-IPL thickness in the corresponding sector.

the combined thickness of the GCL and the IPL [29]. GC-IPL reduction was observed from deviation and
Fig. 2 shows an output of the Cirrus HD-OCT ganglion thickness maps, compared with the built-in normative
cell analysis algorithm in a MCI subject. Significant database.
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Fig. 3. An output of the Cirrus HD-OCT optic nerve head (ONH) algorithm (Carl Zeiss Meditec, Dublin, CA) in an AD subject. The RNFL
thickness map uses a false color coding with warm colors representing high and cool colors representing low RNFL thickness values. In AD,
RNFL loss and, thus, RNFL reduction is expressed by the fading of warm colors and the appearance of more light blue areas. The software further
compares the measured thickness to the device’s internal normative age-matched database, generating a deviation map, and a significance map
color-coded to match RNFL thickness, with values within the normal range in green (p = 5%-95%), borderline values in yellow (1% <p <5%),
and values outside the normal range in red (p <1%). A super-pixel is shown in red or yellow in the deviation map if the RNFL thickness value
falls outside the 99% or within 95%—-99% centile range, respectively. Numeric values outside sectors represent average RNFL thickness in the

corresponding sector.

A series of peripapillary RNFL thicknesses (e.g.,
average, superior quadrant, nasal quadrant, inferior
quadrant, and temporal quadrant) was derived auto-
matically from optic nerve head cube. The built-in
algorithm automatically detected the optic disc cen-

ter and positioned a calculation circle of diameter
3.46 mm around the optic disc on the RNFL thick-
ness map. Clock hour, quadrant, and average RNFL
thicknesses were derived from the calculation circle
and displayed in the analysis printout. Fig. 3 shows an
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output of the Cirrus HD-OCT optic nerve head analysis
algorithm in an AD patient. Significant RNFL reduc-
tion was observed from deviation and thickness maps,
compared with the built-in normative database.

Other variables

AD and MCI patients were categorized into three
groups based on Clinical Dementia Rating global
scores at admission into the study. Years since first
cognitive symptom to date of admission into study
were also calculated. Self-reported history of sys-
temic diseases (hypertension, hypercholesterolemia,
diabetes mellitus) and medication use were elicited
from the patient and their primary caregiver at the
study interview. Smoking was defined as those cur-
rently smoking any number of cigarettes (i.e., current
versus past/never). Previous myocardial infarction was
ascertained from self-report.

Statistical analysis

All statistical analyses were performed using SPSS
statistics version 21.0 and R version 3.1.1 (The R
foundation for statistical computing). We selected one
eye from each participant randomly for final analy-
sis. Analyses of variance (ANOVA), chi-squared test,
and Wilcoxon rank-sum test were used to compare
the characteristics among the groups (AD, MCI, and
controls) in the study. We then used analyses of covari-
ance (ANCOVA) to estimate mean GC-IPL and RNFL
thicknesses in the groups adjusted for age, gender,
ethnicity, SD-OCT signal strength (Model 1) and addi-
tionally adjusted for optic disc areas (only for the
models of RNFL), hypertension, diabetes and, his-
tory of myocardial infarction (Model 2). Area under
receiver operating characteristic curves (AUCs) was
used to assess the ability of GC-IPL and RNFL thick-
nesses to discriminate AD, MCI, and AD/MCI from
cognitively normal controls adjusting for age and
gender.

RESULTS

We included 100 AD patients, 41 MCI patients, and
123 cognitively normal subjects in the final analysis.
Table 1 shows the characteristics of the AD, MCI, and
control groups. AD and MCI patients were older, more
likely to be female, hypertensive, diabetic, and had
history of myocardial infarction, but had lower blood
pressure measures, compared with the cognitively nor-
mal control subjects.

Table 2 shows the relationship of GC-IPL thick-
nesses with AD, MCI, and cognitively normal
control groups. GC-IPL thickness showed significant
reduction across all groups in all the sectors (all
p-values < 0.016). Compared with the cognitively nor-
mal controls, AD patients had significantly reduced
GC-IPL thicknesses in all the sectors after adjusting for
age, gender, ethnicity, SD-OCT signal strength, hyper-
tension, diabetes, and history of myocardial infarction
(both Models 1 & 2). MCI patients also had signif-
icantly reduced GC-IPL thicknesses in the majority
of sectors compared with cognitively normal con-
trols (except in superotemporal sector in Model 1).
The associations of MCI in superior and inferionasal
sectors were attenuated after additional adjustment
for hypertension, diabetes, and history of myocardial
infarction (Model 2). There were no significant dif-
ferences in GC-IPL thickness between AD and MCI.
Additional adjustment with age? or restricting analy-
sis to only Chinese cases and controls yielded similar
results.

Table 3 shows the relationship of RNFL thicknesses
between the AD, MCI, and cognitively normal control
groups. RNFL thickness showed significant reduction
across the groups in average, superior, and inferior
quadrants in Model 1, but this was only statistically sig-
nificant in the superior quadrant in Model 2. Compared
with the cognitively normal controls, the AD patients
had significantly reduced average, superior, and infe-
rior RNFL thicknesses, but the associations were
attenuated in average and inferior quadrant in Model 2.
There were no significant differences in RNFL thick-
ness between MCI and controls, and AD and MCI.
Results for both RNFL and GC-IPL remained largely
similar when persons with diabetes were excluded.

Table 4 shows the AUCs of GC-IPL and RNFL
thicknesses to discriminate AD, MCI, and AD/MCI
from cognitively normal controls, adjusted for age and
gender. Among the GC-IPL parameters, the AUC of
inferior sector had highest value to discriminate AD
and AD/MCI from cognitively normal controls, while
the AUC of inferotemporal sector had highest value to
discriminate MCI from cognitively normal controls.

DISCUSSION

In this study, we demonstrate that macular GC-IPL
and peripapillary RNFL reduction, as assessed by SD-
OCT, is strongly related to AD, strengthening the link
between RGC neuronal and optic nerve axonal loss
with neurodegenerative disorders such as AD.
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Table 1

51

Characteristics of Alzheimer’s disease (AD) cases, mild cognitive impairment (MCI) cases, and cognitively normal controls in the study

AD (n=100) MCI (n=41) Controls (n=123) p-value
Gender (Male/Female) 43/57 13/28 67/56 0.027
Race (Chinese/Malay/Indian) 79/15/6 29/3/9 123/0/0 <0.001
Clinical Dementia Rating global score 0-0.5/1/2-3 0/77/22 41/0/0 - <0.001

Mean (SD) Mean (SD) Mean (SD)
Years since first cognitive symptom 3.1(2.4) 2.2(1.4) - 0.033
Age, years 73.5(6.23) 70.4 (10.2) 65.7 (3.77) <0.001
Systolic blood pressure, mmHg 133.0 (19.3) 136.5 (20.9) 139.9 (17.2) 0.027
Diastolic blood pressure, mmHg 70.0 (10.8) 71.2 (10.3) 77.4 (9.14) <0.001
%o % %

Smoking (current versus past/never) 9.0 9.8 114 0.838
Hypertension 82.0 58.5 40.7 <0.001
Diabetes 47.0 17.1 13.0 <0.001
Hypercholesterolemia 63.0 63.4 52.8 0.240
History of myocardial infarction 13.0 9.8 24 0.010

p values were calculated by ANOVA for continuous, chi-square for categorical data, and Wilcoxon rank-sum test for years since onset.

RGCs, the neurons located in the GCL in the retina,
become myelinated when they leave the eyes, forming
the optic nerve and providing the connection between
the eye and the central nervous system [30]. With rapid
advancements in OCT technology, more detailed and
precise quantitative assessment of retinal neuronal and
axonal neurodegenerative pathologies can now be per-
formed using SD-OCT. We now show that patients with
AD have macular GC-IPL and peripapillary RNFL
reduction, as measured by SD-OCT. This is consis-
tent with previous histological studies [6—8] and animal
studies [31, 32], supporting the hypothesis that changes
in RGCs and optic nerve axons reflect neurodegenera-
tive pathology in AD. Our findings were also consistent
with previous clinical studies showing that reduced
RNFL thickness, particularly in the superior quad-
rant, measured by less sensitive time-domain OCT, is
observed in AD patients [13-18].

Second, we found that macular GC-IPL neuronal
loss is more strongly related to MCI, compared with
RNFL axonal loss, suggesting that RGC neuronal loss
might begin in the macula because of the dense pop-
ulation of RGCs in this region. Macular GC-IPL, a
new SD-OCT parameter that reflects the thickness of
RGC bodies and dendrites in the retina, is based on
a sampling of approximately 50% of the RGC pop-
ulation whose bodies are more than 10 to 20 times
the diameter of their axons [33]. Blanks et al. previ-
ously demonstrated substantial loss of RGCs in the
foveal/parafoveal region in AD in a postmortem study
[34]. Furthermore, RGC dendrites are confined to the
IPL of the retina. There is increasing evidence that
in neurodegenerative conditions, morphological alter-
ations of dendrites (e.g., reduction in dendritic length
and branches) occurs both in the retina and in the cen-

tral nervous system [30]. In addition, Williams et al.
recently reported that RGC dendritic changes precede
cell loss in a mouse model of AD, suggesting that the
IPL may be a useful marker for the early detection
of AD-related neurodegeneration [35]. Therefore, it
is reasonable to speculate that GC-IPL thickness is a
more sensitive marker than RNFL thickness for assess-
ing neurodegeneration pathology in MCI or early AD.

To our knowledge, there is only one other study
which has analyzed the association between GCL,
measured by SD-OCT, in AD patients. Marziani et
al. reported significant reductions in combined RNFL
and GCL thickness (RNFL+GCL) in macular region
assessed by another SD-OCT (Spectralis SD-OCT,
Heidelberg Engineering, Heidelberg, Germany) in 21
AD patients compared with healthy controls [36]. Nev-
ertheless, RGCs structure differs less in a normal
population than RNFL, hence including the RNFL
in the ganglion cell analysis in the macular region
may affect the sensitivity for detecting ganglion cell
abnormalities [29]. Our study importantly measured
the GC-IPL without including the RNFL using the lat-
est SD-OCT ganglion cell analysis algorithm, which is
less influenced by RNFL thickness variation than mac-
ular ganglion cell complex thickness (includes RNFL,
GCL, and IPL) [29].

AD, the most common cause of dementia, is a major
public health problem [37, 38], hence there is a press-
ing need to develop sensitive markers that may serve
as adjuncts to current clinical and neuropsychological
tests for early recognition of AD and for facilitating
early-intervention studies to prevent or slow disease
progression. We proposed that RGCs loss may be a
biomarker of neuronal degeneration in AD and assess-
ment of RGCs neuronal and axonal degeneration (GC-



Table 2

Relationship of ganglion cell-inner plexiform layer (GC-IPL) thickness with Alzheimer’s disease (AD) and mild cognitive impairment (MCI)

GC-IPL thickness AD (n=99) MCI (n=41) Controls (n=123) AD versus Controls MCI versus Controls AD versus MCI
Mean Mean Mean *p-value Mean *p-value Mean *p-value Mean *p-value
thickness (SE)  thickness (SE) thickness (SE) difference (SE) difference (SE) difference (SE)

Model 1

Average, pm 72.73 (1.09) 73.73 (1.35) 77.79 (1.31) <0.001 —5.06 (1.27) <0.001 —4.06 (1.55) 0.009 —1.00 (1.50) 0.505
Superior sector, pm 72.66 (1.43) 73.48 (1.76) 77.65 (1.71) 0.003 —4.99 (1.66) 0.003 —4.17 (2.03) 0.042 —0.82 (1.96) 0.675
Superonasal sector, pm 75.85 (1.28) 76.86 (1.58) 80.93 (1.53) 0.001 —5.07 (1.49) 0.001 —4.07 (1.82) 0.026 —1.01 (1.75) 0.565
Inferonasal sector, pm 73.65 (1.27) 75.04 (1.57) 78.80 (1.52) 0.001 —5.15(1.48) 0.001 —3.76 (1.81) 0.039 —1.38 (1.74) 0.428
Inferior sector, pm 70.61 (1.42) 70.87 (1.75) 76.83 (1.70) <0.001 —6.21 (1.65) <0.001 —5.95(2.02) 0.004 —0.26 (1.95) 0.894
Inferotemporal sector, wm 72.25 (1.27) 72.89 (1.57) 77.51 (1.53) <0.001 —5.26 (1.48) <0.001 —4.62 (1.81) 0.011 —0.64 (1.75) 0.716
Superotemporal sector, pm 71.51 (1.28) 73.10 (1.58) 75.11 (1.53) 0.016 —3.59(1.49) 0.016 —2.01 (1.82) 0.271 —1.58 (1.75) 0.367
Model 2

Average, pm 71.69 (1.27) 72.44 (1.58) 76.21 (1.54) 0.001 —4.52 (1.35) 0.001 —3.78 (1.56) 0.016 —0.75 (1.56) 0.632
Superior sector, pm 70.88 (1.66) 71.89 (2.06) 75.68 (2.02) 0.007 —4.80 (1.76) 0.007 —3.79 (2.03) 0.064 —1.01 (2.03) 0.621
Superonasal sector, pm 75.38 (1.49) 76.75 (1.85) 80.36 (1.81) 0.002 —4.99 (1.58) 0.002 —3.62 (1.83) 0.049 —1.37 (1.83) 0.454
Inferonasal sector, pm 74.06 (1.49) 75.10 (1.85) 78.68 (1.81) 0.004 —4.63 (1.58) 0.004 —3.58 (1.83) 0.051 —1.04 (1.83) 0.569
Inferior sector, wm 68.90 (1.65) 68.01 (2.04) 73.83 (2.00) 0.005 —4.93 (1.75) 0.005 —5.83 (2.02) 0.004 0.89 (2.02) 0.659
Inferotemporal sector, pm 71.02 (1.48) 70.82 (1.83) 75.17 (1.80) 0.009 —4.16 (1.57) 0.009 —4.35 (1.81) 0.017 0.20 (1.81) 0.914
Superotemporal sector, pm 69.94 (1.49) 71.68 (1.84) 73.36 (1.80) 0.031 —3.42(1.58) 0.031 —1.67 (1.82) 0.359 —1.75(1.82) 0.338

SE, standard error *p-value represents the main effect by treating the three groups as a continuous variable; *p-value represents the pair-wise comparison between two groups Model 1: adjusted
for age, gender, ethnicity and SD-OCT signal strength; Model 2: adjusted for age, gender, ethnicity, SD-OCT signal strength, hypertension, diabetes and history of myocardial infarction.
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Table 3

Relationship of retinal nerve fiber layer (RNFL) thickness with Alzheimer’s disease (AD) and mild cognitive impairment (MCI)
RNFL AD (n=92) MCI (n=40) Controls (n=123) AD versus Controls MCT versus Controls AD versus MCI

Mean Mean Mean *p-value Mean *p-value Mean *p-value Mean *p-value

thickness (SE)  thickness (SE) thickness (SE) difference (SE) difference (SE) difference (SE)

Model 1
Average, pm 86.83 (1.44) 89.21 (1.76) 90.37 (1.71) 0.038 —3.53 (1.70) 0.038 —1.15(2.03) 0.57 —2.38 (1.98) 0.231
Superior quadrant, pm 105.7 (2.34) 110.9 (2.86) 113.5 (2.77) 0.005 —7.81 (2.75) 0.005 —2.64 (3.29) 0.423 —5.17 (3.21) 0.108
Nasal quadrant, pm 68.54 (1.60) 68.93 (1.96) 68.10 (1.90) 0.815 0.44 (1.88) 0.815 0.82 (2.25) 0.715 —0.39 (2.19) 0.861
Inferior quadrant, pm 108.2 (2.59) 112.2 (3.17) 114.3 (3.07) 0.046 —6.11 (3.05) 0.046 —2.07 (3.65) 0.57 —4.03 (3.55) 0.257
Temporal quadrant, pm 64.89 (1.89) 65.10 (2.30) 65.25 (2.23) 0.873 —0.36 (2.22) 0.873 —0.15 (2.65) 0.955 —0.21 (2.59) 0.936
Model 2
Average, pm 85.89 (1.64) 87.00 (2.02) 87.51 (2.00) 0.365 —1.62 (1.78) 0.365 —0.50 (2.00) 0.801 —1.11 (2.02) 0.581
Superior quadrant, pm 105.1 (2.69) 109.1 (3.31) 111.1 (3.26) 0.039 —6.04 (2.92) 0.039 —2.06 (3.27) 0.529 —3.98 (3.30) 0.229
Nasal quadrant, pm 68.01 (1.83) 66.89 (2.26) 65.33 (2.22) 0.179 2.68 (1.99) 0.179 1.56 (2.23) 0.484 1.12 (2.25) 0.619
Inferior quadrant, pm 107.1 (2.96) 108.8 (3.65) 109.6 (3.60) 0.434 —2.52(3.21) 0.430 —0.76 (3.60) 0.83 —1.76 (3.64) 0.630
Temporal quadrant, um 63.23 (2.21) 63.29 (2.73) 63.54 (2.69) 0.896 —0.31 (2.40) 0.900 —0.25 (2.69) 0.93 —0.06 (2.72) 0.980

SE, standard error *p-value represents the main effect by treating the three groups as a continuous ordinal variable; *p-value represents the pair-wise comparison between two groups Model

1: adjusted for age, gender, ethnicity and SD-OCT signal strength; Model 2: adjusted for age, gender, ethnicity, SD-OCT signal strength, optic disc size, hypertension, diabetes and history of

myocardial infarction.
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Table 4
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The area under the receiver operating characteristic curves (AUCs) of ganglion cell-inner plexiform layer (GC-IPL) and retinal nerve fiber
layer (RNFL) thicknesses to discriminate Alzheimer’s disease (AD), mild cognitive impairment (MCI), and AD/MCI from cognitively normal
controls, adjusting for age and gender

AD versus control

MCI versus controls

AD/MCI versus control

AUC 95% CI AUC 95% CI AUC 95% CI

GC-IPL thickness

Average 0.658 (0.531-0.784) 0.661 (0.529-0.793) 0.659 (0.540-0.777)
Superior sector 0.602 (0.475-0.728) 0.642 (0.510-0.775) 0.614 (0.498-0.729)
Superonasal sector 0.589 (0.468-0.711) 0.623 (0.485-0.759) 0.599 (0.485-0.713)
Inferonasal sector 0.647 (0.515-0.780) 0.666 (0.539-0.793) 0.653 (0.536-0.769)
Inferior sector 0.722 (0.592-0.850) 0.674 (0.542-0.805) 0.707 (0.592-0.822)
Inferotemporal sector 0.685 (0.515-0.822) 0.688 (0.558-0.818) 0.686 (0.560-0.811)
Superotemporal sector 0.625 (0.508-0.741) 0.608 (0.475-0.742) 0.62 (0.507-0.732)
RNFL

Average 0.601 (0.478-0.724) 0.608 (0.475-0.742) 0.597 (0.491-0.702)
Superior quadrant 0.596 (0.464-0.728) 0.556 (0.424-0.688) 0.584 (0.467-0.701)
Nasal quadrant 0.48 (0.352-0.607) 0.468 (0.341-0.595) 0.476 (0.363-0.590)
Inferior quadrant 0.64 (0.521-0.760) 0.609 (0.480-0.738) 0.631 (0.519-0.743)
Temporal quadrant 0.504 (0.385-0.622) 0.534 (0.410-0.659) 0.513 (0.406-0.620)

AUC, area under the receiver operating characteristic curve.

IPL and RNFL reduction), and using SD-OCT not only
may help to improve the diagnostic accuracy for AD
in the earliest stages, but also potentially track disease
progression and detect neuroprotective effects of novel
therapeutic agents in clinical trials. Recent reports have
also used SD-OCT to assess RGC neuronal abnor-
malities in other neurodegenerative diseases such as
multiple sclerosis and Parkinson’s disease [39, 40].
Nevertheless, it is noted that SD-OCT can only assess
a small part of the central nervous system, specifically
that corresponding to the RGCs, even though neurode-
generative diseases tends to affect the central nervous
system in a diffuse manner. Moreover, it is noteworthy
that there is age-related reduction in RGCs and RGC
axons in the normal retina [41, 42]. Thus, assessment
of the RGC neuronal and axonal loss in AD should take
into account the normal age-related loss of RGCs (age-
related loss of GC-IPL is about —0.3 wm/year) [41,
42]. Future studies including replication by different
groups and more analyses using longitudinal data will
be important to clarify the role of SD-OCT imaging in
reflecting pathological neuronal loss in AD and MCL.

The strengths of this study include a large sample
size of uniformly diagnosed AD and MCI patients, and
comprehensive and objective assessment of RGC neu-
ronal and optic nerve axonal loss using a commercial
available SD-OCT modality. Our study has a number
of limitations. First, due to the cross-sectional nature of
our data, the causal and temporal relationships between
GC-IPL and RNFL with MCI, AD cannot be examined.
Second, cases and controls were selected from differ-
ent study populations (hospital outpatient cases and

population-based controls). Although both consisted
of elderly Singaporeans, the control population was
relatively younger and had only Chinese participants,
which may have resulted in sampling bias and resid-
ual confounding. Nevertheless, the mean difference (4
to 5 wm) is larger than the expected age-related loss
(age-related loss of GC-IPL is about —0.3 wm/year)
[41, 42]. Third, there may be residual confounding
factors (e.g., depressive symptoms) that we have not
controlled for that could bias or modify the associations
observed in our sample. Fourth, presence of macu-
lopathy (e.g., epiretinal membrane, diabetic macular
edema, and age-related macular degeneration) might
affect the measurement of retinal thickness. Neverthe-
less, we have examined all intra-retinal segmentation
to confirm the accuracy of macular GC-IPL measure-
ment.

In summary, reduction of macular GC-IPL is accom-
panied by reduction of perpapillary RNFL in AD, and
is more strongly related to MCI. Retinal SD-OCT may
provide a new noninvasive paradigm for quantitative
evaluation of RGC neuronal and optic nerve axonal
loss for assessing neurodegenerative disorders in AD
and MCI, providing a potential new tool for identify-
ing neuronal degeneration which may facilitate earlier
intervention in AD and ultimately, the prevention of
dementia.
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