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Abstract
Background: Diagnostic performance of optical coherence tomography (OCT) to detect Alzheimer’s disease (AD)
and mild cognitive impairment (MCI) remains limited. We assessed whether compensating the circumpapillary retinal
nerve fiber layer (cpRNFL) thickness for multiple demographic and anatomical factors as well as the combination of
macular layers improves the detection of MCI and AD.
Methods: This cross-sectional study of 62 AD (n = 92 eyes), 108 MCI (n = 158 eyes), and 55 cognitively normal control
(n = 86 eyes) participants. Macular ganglion cell complex (mGCC) thickness was extracted. Circumpapillary retinal
nerve fiber layer (cpRNFL) measurement was compensated for several ocular factors. Thickness measurements and
their corresponding areas under the receiver operating characteristic curves (AUCs) were compared between the
groups. The main outcome measure was OCT thickness measurements.
Results: Participants with MCI/AD showed significantly thinner measured and compensated cpRNFL, mGCC, and
altered retinal vessel density (p < 0.05). Compensated RNFL outperformed measured RNFL for discrimination of MCI/
AD (AUC = 0.74 vs 0.69; p = 0.026). Combining macular and compensated cpRNFL parameters provided the best
detection of MCI/AD (AUC = 0.80 vs 0.69; p < 0.001).
Conclusions and relevance: Accounting for interindividual variations of ocular anatomical features in cpRNFL meas‑
urements and incorporating macular information may improve the identification of high-risk individuals with early
cognitive impairment.
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Introduction
Alzheimer’s disease (AD) and other causes of dementia
are set to rise worldwide and negatively affect patients as
well as their families [1]. Given the similarities between
the cortex and the retina, as well as a body of work
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supporting the connection between retinal and cerebral
changes in AD [2, 3], there has been active investigation
into use of the optical coherence tomography (OCT) to
distinguish between symptomatic AD and/or mild cognitive impairment (MCI) and cognitively normal older
adults [4].
Several studies have explored the relationship between
OCT parameters in patients with MCI and AD. A recent
meta-analysis reported that patients with AD have a thinner circumpapillary retinal nerve fiber layer (cpRNFL)
and ganglion cell–inner plexiform layer (GC-IPL) compared to controls [2]. However, inconsistencies exist for
cpRNFL thickness, where some studies have shown a
reduction in cpRNFL thickness in AD patients [5–13],
while others have not found a significant difference
between AD patients and controls [14–19]. The high
inter-individual variability of the cpRNFL thickness may
partly explain the discordant results. The cpRNFL thickness measurement is influenced by several individual
specific factors, such as age [20, 21], ethnicity [22, 23],
and ocular anatomical features (e.g., retinal vessel profile
[24–26]).
We recently developed a regression-based model
(multi-regression) from normal individuals to compensate cpRNFL thickness for numerous factors [21, 27].
Our newly compensated cpRNFL thickness demonstrated a smaller standard deviation (SD) in comparison to conventional analysis of cpRNFL [21, 27]. This
increases precision when comparing data to the normative database, while accounting for individual differences.
We now extend this work to determine the discriminative ability of cpRNFL thickness to detect MCI and AD
after compensating for ocular anatomical features. We
hypothesize that the compensated RNFL thickness can
lower the variability, leading to improvement in sensitivity and specificity.
While OCT parameters have been studied individually [2], none has attempted to combine these parameters to differentiate persons with cognitive impairment
from those with no cognitive impairment. The secondary
aim of the present study was to assess whether combining cpRNFL thickness and macular layers could further
improve the differentiation of those with MCI and AD
from healthy controls.

Methods
Study participants

This is a cross-sectional study, comprising participants
aged 50 years and above, enrolled from a memory clinic,
from January 2010 to February 2020 [28]. Dementia was
diagnosed clinically following the Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV criteria. The
etiological diagnosis of AD was made using the National
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Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) [29]. MCI participants were defined as following the Peterson’s criteria
and did not have impairment in activities of daily living.
Cognitively normal controls attended the same clinic but
were not impaired in any of the tested domains. Participants were excluded from this study if they were hypoxic,
anoxic, hypotensive, hypertensive, uremic or hepatic
encephalopathy, had traumatic, nutritional or toxic disorder affecting the central nervous system (CNS), any
current or past substance abuse disorder that has affected
the CNS, had intracerebral hemorrhage, cranial arteritis, CNS inflammatory vasculitis, moyamoya disease,
CNS infection, space occupying intracranial mass lesion,
obstructive or normal pressure hydrocephalus, difficulty
in controlling epilepsy, medical illness requiring concomitant corticosteroid or immunosuppressant therapy,
moribund state, and significant aphasia or dysarthria that
will significantly impede cognitive assessment [30]. We
excluded participants with glaucoma, vascular or nonvascular retinopathies, and age-related macular degeneration (AMD) from fundus photographs. AMD was defined
according to the Age-Related Eye Disease Study grading
system as the presence of drusen or/and pigment changes
within the macula center [31].
All participants underwent detailed clinical assessment
including administration of the clinical dementia rating
(CDR) scale and neuropsychological assessments [29].
Trained research psychologists administered brief cognitive tests: the Mini-Mental State Examination (MMSE)
and the Montreal Cognitive Assessment (MoCA) and a
formal detailed neuropsychological test battery that has
been locally validated in Singapore. This battery assesses
seven domains, five of which are non-memory domains.
The non-memory domains tested were as follows: Executive function: Frontal Assessment Battery and Maze Task;
Attention: Digit Span, Visual Memory Span, and Auditory Detection; Language: 15-item Boston Naming Test
and Verbal Fluency; Visuomotor speed: Symbol Digit
Modality Test, Digit Cancellation; and Visuoconstruction: Wechsler Memory Scale-Revised (WMS-R) Visual
Reproduction Copy task, Clock Drawing, and Weschler
Adult Intelligence Scale-Revised (WAIS-R) subtest of
Block Design. The memory domains tested were as follows: Verbal memory: Word List Recall and Story Recall;
and Visual memory: Picture Recall and WMS-R Visual
Reproduction [32].
Medical histories (e.g., for diabetes and hypertension)
were collected, and seated blood pressure (BP) measurements were taken using an automated device during their
clinical visits. This study was approved by the National
Healthcare Group Domain Specific Review Board and
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the conduct of the study adhered to the Declaration of
Helsinki. All participants or their primary caregivers gave
written informed consent.
Ocular examinations

All participants underwent standardized eye examinations, including auto-refraction-keratometry (Canon
RK-5 Autorefractor Keratometer; Canon Inc., Tokyo,
Japan) [33], intraocular pressure measurement (IOP), retinal photography with a nonmydriatic digital camera, and
OCT imaging (see later section). Spherical equivalent
(SE) was calculated as the spherical value plus half of the
negative cylinder value. Two retinal fundus photographs
with one centered at the optic disc and another centered
at the macula were obtained to document the absence of
eye diseases.
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volume by delimiting the macular retinal nerve fiber
layer (mRNFL), macular ganglion cell layer (mGCL), and
macular inner plexiform layer (mIPL). We also computed
the macular ganglion cell complex (mGCC; combining
mRNFL, mGCL, and mIPL) and the mGCL plus mIPL
(mGC-IPL). We extracted the retinal layer thickness
measurements from the 9 areas as defined by the Early
Treatment Diabetic Retinopathy Study (ETDRS) protocol
[37]. All B-scans were checked for alignment and segmentation errors to confirm the accuracy of retinal thickness measurements [38].
Automated extraction of ocular parameters

OCT scans were performed using the Cirrus spectral domain-OCT (Carl Zeiss Meditec, Inc., Dublin,
CA, USA). Two different scan protocols were acquired,
one centered on the macula and the other centered on
the optic disc (200 A-scans × 200 B-scans; 6 × 6 mm;
Fig. 1A–D) [21]. One trained grader, masked to the participant’s characteristics, reviewed the quality of all OCT
datasets. Eyes with poor quality images (signal strength
less than 6 and/or excessive movement artifacts and/or
inconsistent signal intensity across the scan and/or segmentation failure) and missing variables were excluded
from the analysis. Both eyes of each participant were
included in this study according to the eligibility criteria
described.

We automatically extracted several parameters using
MATLAB (MathWorks Inc., R2018b, Natick, MA) and
segmented the retinal vessel map from the OCT volumetric data (Fig. 1F, G) [27]. We integrated all the vessels
within a band of diameter around the center of the optic
disc, extending from 3.28–3.64 mm into a 256-sector retinal vessel density [39]. Optic disc parameters including
its area, orientation (angle between the horizontal axis
and the major axis of the optic disc), and ratio (quotient
between major and minor axis) were extracted from the
spectral-domain-OCT. From the stitched optic disc and
macular image and considering fovea center as automatically determined in SD-OCT, we obtained two fovea
parameters: first, the fovea distance, which corresponds
to the distance between optic disc and fovea centers;
second, the fovea angle, which corresponds to the angle
between a line connecting fovea and optic disc centers and a horizontal line passing through the optic disc
center (Fig. 1H).

Automated analysis of retinal thickness

Compensation model

The circumpapillary retinal nerve fiber layer (cpRNFL)
thickness measurements were extracted from the Cirrus
Review Software (software version 11.0.0.29946; Fig. 1D).
The cpRNFL thickness measurement was obtained over
four quadrants (superior, inferior, nasal, and temporal)
that formed a 3.4-mm ring around the optic disc center,
as well as the overall global thickness. Mean retinal thickness values of 10 retinal layers of the macular scan were
extracted using the automatic OCT layer segmentation
algorithm (Retinal Image Analysis Lab, Iowa Institute
for Biomedical Imaging, Iowa City, IA; Fig. 1C, E) [34–
36]. This software automatically segmented the OCT

We previously generated compensated cpRNFL thickness based on the optic disc (ratio, orientation, and area),
fovea (distance and angle), retinal vessel density, refractive error, and age (Fig. 1I, J) [21]. Retinal vessel density
correlated weakly with measured cpRNFL thickness
(r = 0.21, p < 0.001), which highlights the contribution
that retinal blood vessels have on measured RNFL thickness (Additional file 1: Fig. S1). The relationship between
retinal vessel density and compensated cpRNFL thickness was non-significant, which shows the effectivity
of our compensation model (r = -0.08, p = 0.139; Additional file 1: Fig. S1). For the current study, we added 2

Optical coherence tomography imaging

(See figure on next page.)
Fig. 1 Steps to account for ocular factors from circumpapillary retinal nerve fiber layer (cpRNFL) measurement. A, B Capture the optical coherence
tomography (OCT) scan protocols using Cirrus (Zeiss) system, one centered in the macula and the other centered in the optic disc. C–E Extract the
cpRNFL measurements using Cirrus Review software and the individual macular layers using Iowa Reference Algorithms version 3.8.0 of the OCT
layer segmentation program. F Register and stitch the macular and optic disc images. G Segment the retinal vessels to obtain the vessel tree. H
Extract the optic disc and fovea features. I Calculate the cpRNFL retinal thickness, using a multi-regression compensation model. J Finally, the ideal
model would reduce the variability of cpRNFL thickness measurements and/or improve disease detection
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Fig. 2 Comparison of thickness measurements of A measured circumpapillary retinal nerve fiber layer (cpRNFL), B compensated cpRNFL, C retinal
vessel density, D, F macular layers in retinal nerve fiber layer (mRNFL), ganglion cell layer (mGCL), and inner plexiform layer (mIPL) in cognitively
normal controls, mild cognitive impairment (MCI) cases, and Alzheimer’s disease (AD) cases. The data are adjusted for diabetes status, refractive error
and represent mean ± standard deviation thickness in micrometers. Statistically significant results are indicated by an asterisk when compared to
controls

new parameters: ethnicity and signal strength since these
are important determinants of cpRNFL thickness measurements [37, 40]. Model selection was performed by
minimizing the Akaike Information Criteria (AIC), which
gives a tradeoff between data fitting and model complexity, by estimating the expected loss in information in
choosing a model [41]. After obtaining the best model in
each sector, we retrieved the regression coefficients of the
multivariate linear regression of that model.
Statistical analyses

We did a post hoc power calculation to evaluate the statistical power of current existing study (n = 170 MCI/AD
cases vs 55 controls) using the means and standard deviations derived from the current study. For cpRNFL thickness (69 ± 12 μm vs 74 ± 15 μm), using an alpha error of
5%, we would have a post-hoc power of 66.4%. For the
mGCIPL, using 33 ± 4 μm vs 36 ± 5 μm, derived from
Fig. 2, we would have a post-hoc power of 98.2% (https://
clincalc.com/stats/Power.aspx) [42].
To compare the characteristics of participants among
groups, a one-way analysis of variance (ANOVA) was
performed for continuous variables and chi-square
tests were performed for categorical variables. Variables
were included in a multivariable binary logistic regression model comparing MCI and AD versus healthy controls, MCI versus healthy controls, and lastly AD versus
healthy controls. The diagnostic accuracy of the measured cpRNFL thickness (reference group), compensated
cpRNFL thickness, and individual macular retinal layer
measurements in differentiating cognitively normal

controls between MCI and AD, or MCI, or AD were compared using the area under the receiver operating characteristics (ROC) curve (AUC). Clustered bootstrapping
was used for inference to account for correlation among
observations (eyes) for the same individual. The curves
show the values at different levels of sensitivity (true positive rate) on the y-axis and 1-specificity (false-positive
rate) on the x-axis for each parameter. The AUC summarizes the global value of the parameter, where values
closer to 1 represent higher diagnostic discriminant ability. The sensitivity at 80% specificity was also calculated.
The ROC curves and corresponding AUCs for retinal
thickness were compared using the DeLong test for the
difference between AUCs [43]. P value < 0.05 was considered statistically significant. All analyses were 2-tailed.
Data were analyzed with statistical software (STATA,
version 16; StataCorp LLC, College Station, USA).

Results
Additional file 2: Fig. S2 detailed the inclusion and exclusion criteria of the study participants. Of the 466 enrolled
participants, we excluded participants with poor quality
scans (n = 91), presence of eye diseases (n = 125), and
poor retinal segmentations (n = 24), leaving 55 healthy
controls (n = 86 eyes), 108 MCI (n = 158 eyes), and 62 AD
(n = 92 eyes) participants with good quality OCT who
were free from eye diseases for analysis.
There was no significant difference in age and gender
among the groups (Table 1). The mean age of participants was 72.8 ± 6.8 years and 57% were females. Compared with cognitively normal controls, persons with
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Table 1 Demographics and ocular characteristics of mild cognitive impairment (MCI) cases, Alzheimer’s disease (AD) cases, and
cognitively normal controls
Characteristics
Age
Gender, female

Controls (n = 55)

MCI (n = 108)

71.0 ± 4.7

73.4 ± 6.3

31 (56)

58 (54)

AD (n = 62)
73.3 ± 8.7

39 (63)

p value
0.078
0.505

Diabetes, yes

8 (15)

35 (32)

21 (34)

0.031

Hypertension, yes

31 (56)

61 (57)

44 (72)

0.111

Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Global CDR Score
Signal strength, optic disc
Signal strength, macular
Optic disc area, mm2
Optic disc ratio
Optic disc orientation, degrees
Fovea distance, μm
Fovea angle, degrees
Spherical equivalent refractive error, dioptres

137 ± 16

142 ± 16

73 ± 9

74 ± 10

0.11 ± 0.21

0.32 ± 0.24

7.56 ± 1.05

7.64 ± 1.13

142 ± 19

71 ± 11

1.17 ± 0.41

7.92 ± 1.02

0.113
0.304
< 0.001
0.053

7.81 ± 1.00

7.89 ± 1.15

7.97 ± 1.05

0.644

1.13 ± 0.09

1.14 ± 0.08

1.13 ± 0.07

0.661

1.86 ± 0.39

1.97 ± 0.39

95.85 ± 33.15

97.23 ± 31.15

4.52 ± 0.29

4.53 ± 0.29

− 8.06 ± 3.95

− 7.74 ± 4.20

− 1.11 ± 2.76

0.03 ± 1.88

1.98 ± 0.35

99.51 ± 32.77

4.53 ± 0.28

− 7.83 ± 4.34

− 0.06 ± 1.67

0.083
0.741
0.935
0.846
< 0.001

AD Alzheimer’s disease, MCI mild cognitive impairment, CDR Clinical Dementia Rating scale
Data presented are mean (SD) or number (%), as appropriate
*p value was obtained with ANOVA for the continuous variables and with chi-square tests for categorical variables

MCI/AD were more likely to have higher CDR scores
(p < 0.001), higher prevalence of diabetes (p = 0.031),
and more hyperopic refractive error (p < 0.001). There
was no significant difference in the hypertension status
(p = 0.111), systolic (p = 0.113), and diastolic (p = 0.304)
blood pressure levels between groups. Ocular factors
such as optic disc (p = 0.053) and macular (p = 0.644)
scan qualities, optic disc area (p = 0.083), optic disc ratio
(p = 0.661), optic disc orientation (p = 0.741), fovea distance (p = 0.935), and fovea angle (p = 0.846) did not differ between groups.
After adjusting for diabetes and refractive error,
measured cpRNFL thickness in the temporal quadrant was significantly thinner in the MCI (69 ± 13 μm)
and AD (69 ± 12 μm) groups than the normal controls
(74 ± 15 μm; p = 0.048; Fig. 2A). Compensated cpRNFL
thickness in the temporal quadrant was also significantly thinner in the MCI/AD participants than controls (p = 0.035; Fig. 2B). In the MCI group, retinal
vessels around the optic disc were sparser in the temporal quadrant (1.79 ± 0.82 vs 2.05 ± 0.88; p = 0.030),
and in the AD group, retinal vessels around the optic
disc were denser in the inferior quadrant (5.07 ± 1.22
vs 4.59 ± 1.01; p = 0.031), as compared to controls
(Fig. 2C).
For macular layers, mRNFL was significantly thinner in the MCI (inner and outer sectors except the
temporal; p = 0.001) and AD (in all the sectors studied
except the outer temporal; p = 0.002; Fig. 2D). mGCL

was significantly thinner in the MCI (fovea and inner
nasal; p = 0.010) and AD (fovea and all the inner sectors except the superior sector; p = 0.0106; Fig. 2E).
mIPL was significantly thinner in the inner nasal
region in both the MCI (34 ± 4 μm; p = 0.030) and AD
(33 ± 4 μm; p = 0.012) groups compared to the normal
controls (36 ± 5 μm; Fig. 2F). There were no statistical
differences in the remaining layers between the group
(Additional file 3: Fig. S3). As expected, total retina
thickness was significantly thinner in both AD/MCI
groups globally (Additional file 3: Fig. S3). Global total
retinal thicknesses in AD (275 ± 15 μm; p = 0.027) and
MCI (277 ± 17 μm; p = 0.042) groups were significantly lower than normal controls (282 ± 19 μm; p for
trend = 0.030).
We next examined the diagnostic performance of the
cpRNFL, retinal vessel density, and the macular layers
(mRNFL, mGCL, and mIPL) to differentiate MCI/AD
from controls (Table 2). There was no statistical significance between AUCs for measured cpRNFL thickness,
retinal vessel density, and macular layers measurement
for MCI/AD (p = 0.080). Compensated RNFL outperformed measured RNFL for discrimination of MCI
(AUC = 0.74 vs 0.68; p = 0.020) and AD (AUC = 0.79
vs 0.71; p = 0.025; Fig. 3). mGCC outperformed mGCIPL for discrimination of MCI (AUC = 0.71 vs 0.66;
p = 0.038) whereas they were statistically insignificant
for AD (AUC = 0.76 vs 0.75; p = 0.116). We selected
mGCC as the macular parameter to be incorporated in
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Table 2 Diagnostic performance for discriminating mild cognitive impairment (MCI) and Alzheimer’s disease (AD), MCI, and AD from
cognitively normal controls
No.

Parameter

Area under the receiver operating
characteristic curve (95% confidence
interval)

Sensitivity at
80% specificity

p value

A) MCI and AD vs control
1

Measured cpRNFL thickness

0.69 (0.62–0.75)

42.7

Ref

2

Retinal vessel density

0.61 (0.55–0.68)

35.9

0.080

3

Macular layers (mRNFL, mGCL and mIPL)

0.73 (0.68–0.79)

51.5

0.189

4

Compensated cpRNFL thickness and multiple ocular factors

0.74 (0.68–0.80)

56.3

0.026

5

Combined (#3 and #4)

0.80 (0.75–0.86)

68.0

< 0.001

B) MCI vs control
1

Measured cpRNFL thickness

0.68 (0.61–0.74)

42.7

Ref

2

Retinal vessel density

0.60 (0.53–0.67)

34.0

0.092

3

Macular layers (mRNFL, mGCL and mIPL)

0.71 (0.65–0.78)

45.6

0.393

4

Compensated cpRNFL thickness and multiple ocular factors

0.74 (0.67–0.80)

59.2

0.020

5

Combined (#3 and #4)

0.79 (0.73–0.85)

67.0

< 0.001

C) AD vs control
1

Measured cpRNFL thickness

0.71 (0.63–0.78)

36.9

Ref

2

Retinal vessel density

0.64 (0.56–0.72)

30.1

0.225

3

Macular layers (mRNFL, mGCL and mIPL)

0.76 (0.70–0.83)

56.3

0.086

4

Compensated cpRNFL thickness and multiple ocular factors

0.79 (0.72–0.85)

56.3

0.025

5

Combined (#3 and #4)

0.87 (0.82–0.92)

74.8

< 0.001

D) MCI vs AD
1

Measured cpRNFL thickness

0.58 (0.51–0.66)

26.9

Ref

2

Retinal vessel density

0.59 (0.51–0.67)

36.3

0.916

3

Macular layers (mRNFL, mGCL and mIPL)

0.66 (0.58–0.74)

37.2

0.129

4

Compensated cpRNFL thickness and multiple ocular factors

0.64 (0.56–0.71)

35.9

0.112

5

Combined (#3 and #4)

0.72 (0.65–0.79)

42.1

0.003

Results for sensitivity is expressed as percentages. P value indicates the paired comparisons with the best parameter (reference group)
cpRNFL circumpapillary retinal nerve fiber layer, mRNFL macular retinal nerve fiber layer, mGCL macular ganglion cell layer, mIPL macular inner plexiform layer

the combined model with compensated cpRNFL, where
it further improved the detection of MCI (AUC = 0.79 vs
0.68; p < 0.001) and AD (AUC = 0.87 vs 0.71; p < 0.001;
Fig. 3).
We further calculated the model performance for
distinguishing MCI from AD. There was no statistical
significance between AUCs for measured cpRNFL thickness, retinal vessel density, macular layers measurement,
and compensated RNFL in distinguishing MCI from AD
(p = 0.112). Combining mGCC with either compensated
(AUC = 0.72; p = 0.003; Table 2) or measured RNFL
(AUC = 0.68; p = 0.023) significantly improved the detection of MCI from AD as compared to using measured
cpRNFL thickness (AUC = 0.58) alone.

Discussion
This case control study found that compensated cpRNFL
thickness measurements were superior to conventional
cpRNFL thickness analysis for distinguishing between

normal and AD/MCI participants. Of note, the combination of mGCC and compensated cpRNFL showed the
highest diagnostic capability to distinguish controls from
MCI/AD. Our study adds further to a rapidly emerging field in using OCT as a retinal biomarker for AD by
demonstrating that accounting for the cpRNFL thickness measurements for ocular anatomical variations as
well as integrating information from inner retinal macular layers may allow for the improved identification of
high-risk individuals with early cognitive impairment and
dementia.
Current commercial OCT systems provide an objective
quantification of the subject’s cpRNFL thickness measurements which is subsequently compared to their population-wide norm (also known as normative databases)
[44]. For comparison, the inbuilt OCT software accounts
the cpRNFL thickness measurements for age but not for
ocular factors such as optic disc (size and area), discfovea angle, and retinal vessel position [24–26]. Our
compensation model comprises precise alignment of the

Chua et al. Alzheimer’s Research & Therapy

(2022) 14:41

Page 8 of 11

Fig. 3 Receiver operating characteristic (ROC) curves and corresponding areas under the ROC curve (AUC) of measured cpRNFL thickness
(measurement extracted directly from Cirrus), compensated cpRNFL thickness and multiple factors, and combined (compensated cpRNFL
thickness, factors and inner macular layers) to discriminate A mild cognitive impairment (MCI) and Alzheimer’s disease (AD), B MCI, and C AD.
Circumpapillary retinal nerve fiber layer (cpRNFL), inner macular layers represent RNFL (mRNFL), ganglion cell layer (mGCL), and inner plexiform
layer (mIPL)

scans, adjust vessel profile, and input of patient’s anatomical features to OCT scans before analysis (Fig. 1).
The subject’s compensated RNFL thickness would then
be accounted for the influence of these ocular anatomical features, reducing measurement variability, and thus
allowing the detection of smaller changes related to
dementia when compared to the normative database.
As demonstrated, our proposed compensation model
resulted in an improvement in the diagnostic separation
of controls from MCI/AD.
Is there a need to apply the compensation model to
cpRNFL thickness measurements when using OCT
in longitudinal monitoring of eye-brain functional
changes? Retinal microcirculation is stated to decrease
during normal aging, mainly in the narrowing of retinal arteriolar diameters [45]. Of note, we reported previously that the age-dependent thinning of cpRNFL
thickness was largely related to the narrowing of retinal vessels rather than the loss of retinal ganglion cell
axons [21]. Since the current OCT system is not able
to differentiate retinal vessels from neuronal axons,
the cpRNFL thickness measurement will include retinal vessels (Additional file 1: Fig. S1). We previously
showed an altered retinal microvascular dysfunction
in the eyes of patients with MCI/AD [28, 46]. Hence,
the age-related narrowing of retinal vessels should be
accounted for when using multiple cpRNFL thickness
measures over time.
The topographic region-based analysis of the RNFL
revealed thinning in the temporal zone of cpRNFL (in
subjects with both MCI and AD). At the level of the macula, the nerve fiber layer is thinner in the nasal region,
which is closer to the optic disc (Additional file 3: Fig.
S3). For the remaining ganglion cell parameters, differences were found in the inner nasal region. Another

study performed macular intra-retinal layer thicknessbased analysis and found thinning as well as a thickening in almost all retinal layers in a small cohort of 18 AD
individuals and 24 healthy controls [47]. However, they
did not adjust for potential confounders such as diabetes.
Considering our results, we speculate the first detectable
changes of AD may occur at the level of the RNFL containing the ganglion cell axons, whereas modifications in
the layer containing ganglion cell bodies (GCL) and dendrites (IPL) may take place at a later stage. This rationale
is in support of compelling evidence that indicates that
axonal degeneration occurs before cell body death in AD
[48].
Additionally, the sector with greater damage (in subjects with both MCI and AD) is the temporal cpRNFL
quadrant and the nasal mRNFL region, which coincide
with the papillomacular bundle. Our results are consistent with authors who have found a thinner nasal macular
region in patients with AD compared to controls [49, 50].
Melanopsin retinal ganglion cells are more concentrated
in the parafoveal region, which generates the papillomacular bundle [51]. These melanopsin retinal ganglion cells
are affected in postmortem eyes of AD cases [11].
Previous studies reported a higher diagnostic value
of the macular retinal nerve fiber layer (mRNFL) than
the circumpapillary RNFL (cpRNFL) region in AD neurodegeneration [52]. This is counterintuitive since the
macular region reflects ~ 50% of the retinal nerve ganglion cells (RGCs) in the scanned area in comparison
with the complete representation of the RGCs axons
sampled by the cpRNFL scan [53]. One likely explanation is the high inter-individual variation of the cpRNFL
thickness. After accounting for multiple factors, the
compensated cpRNFL thickness demonstrated a higher

Chua et al. Alzheimer’s Research & Therapy

(2022) 14:41

Page 9 of 11

diagnostic value in MCI/AD than combined macular layers (although not statistically significant).

(SERI-NTU Advanced Ocular Engineering (STANCE) Program), the Duke-NUS
Medical School (Duke-NUS-KP (Coll)/2018/0009A), and the SERI-Lee Founda‑
tion (LF1019-1) Singapore.

Strengths and limitations

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding authors on reasonable request.

Strengths of this study include a well-phenotyped cohort
of AD and MCI individuals who were diagnosed according to internationally accepted criteria and a standardized study methodology. Also, we considered potential
confounders of retinal thickness measurements such
as age, gender, diabetes, blood pressure levels, signal
strength, and refractive error. Our study has several limitations. First, our relatively small sample size was due to
the exclusion of participants with ocular diseases, which
expectedly increases with age. Second, cpRNFL thinning
can be associated with pre-perimetric glaucoma. Nevertheless, we excluded all participants with glaucomatous
optic disc pathology via fundus photography. Finally, this
study was restricted to Asians; therefore, the generalizability of our results to persons of non-Asian ethnicities
may be limited.

Conclusions
In summary, our study shows that by combining macular ganglion cell complex with compensated cpRNFL
thickness measurements for the variations of ocular
anatomical features, the clinical utility of OCT to distinguish controls from MCI/AD is enhanced. The significant
improvements in the diagnostic accuracy of MCI/AD
resulting from these strategies are particularly important
to improve the potential application of OCT on screening for cognitive impairment and dementia.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13195-022-00982-0.
Additional file 1.
Additional file 2.
Additional file 3.
Acknowledgements
Ms. Qinglan Hu, Hexuan Tang, and Bhavani Kulantayan made substantial
contributions to the data quality assessment of the optical coherence tomog‑
raphy angiographic scans, macular layer segmentation, and detection of eye
diseases from fundus photographs, respectively.
Authors’ contributions
JC, CLHC, TYW, and LS conceived and designed the study. JC, CL, FS, CLHC,
TYW, and LS analyzed and interpreted the data. JC and LS wrote the main
manuscript text. All authors reviewed the manuscript. The authors read and
approved the final manuscript.
Funding
This work was funded by grants from the National Medical Research Council
(CG/C010A/2017; OFIRG/0048/2017; OFLCG/004c/2018; and TA/MOH-00024900/2018), National Research Foundation Singapore, A*STAR (A20H4b0141),
the Singapore Eye Research Institute & Nanyang Technological University

Declarations
Ethics approval and consent to participate
The institutional review boards at all participating centers approved this study,
and informed consent was obtained from the patients and caregivers.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Singapore Eye Research Institute, Singapore National Eye Centre, 20 College
Road, The Academia, Level 6, Discovery Tower, Singapore 169856, Singapore.
2
Ophthalmology and Visual Sciences Academic Clinical Program, Duke‑NUS
Medical School, National University of Singapore, Singapore, Singapore. 3 SERINTU Advanced Ocular Engineering (STANCE), Singapore, Singapore. 4 School
of Chemical and Biological Engineering, Nanyang Technological University,
Singapore, Singapore. 5 Center for Medical Statistics Informatics and Intelligent
Systems, Section for Medical Information Management, Medical University
Vienna, Vienna, Austria. 6 Department of Clinical Pharmacology, Medical
University Vienna, Vienna, Austria. 7 Department of Ophthalmology, National
University Hospital, Singapore, Singapore. 8 Memory Aging and Cognition
Centre, Departments of Pharmacology and Psychological Medicine, Yong
Loo Lin School of Medicine, National University of Singapore, Singapore,
Singapore. 9 Saw Swee Hock School of Public Health, National University of Sin‑
gapore, Singapore, Singapore. 10 Raffles Neuroscience Centre, Raffles Hospital,
Singapore, Singapore. 11 Department of Ophthalmology and Visual Sciences,
The Chinese University of Hong Kong, Sha Tin, Hong Kong. 12 Department
of Ophthalmology and Optometry, Medical University Vienna, Vienna, Austria.
13
Center for Medical Physics and Biomedical Engineering, Medical University
Vienna, Vienna, Austria. 14 Institute of Molecular and Clinical Ophthalmology,
Basel, Switzerland.
Received: 18 May 2021 Accepted: 23 February 2022

References
1. Collaborators GBDD. Global, regional, and national burden of Alzheimer’s
disease and other dementias, 1990-2016: a systematic analysis for the
Global Burden of Disease Study 2016. Lancet Neurol. 2019;18:88–106.
2. Chan VTT, Sun Z, Tang S, Chen LJ, Wong A, Tham CC, et al. Spectraldomain OCT measurements in Alzheimer’s disease: a systematic review
and meta-analysis. Ophthalmology. 2019;126(4):497–510. https://doi.org/
10.1016/j.ophtha.2018.08.009.
3. den Haan J, Verbraak FD, Visser PJ, Bouwman FH. Retinal thickness in
Alzheimer’s disease: a systematic review and meta-analysis. Alzheimers
Dement (Amst). 2017;6:162–70.
4. Alber J, Goldfarb D, Thompson LI, Arthur E, Hernandez K, Cheng D, et al.
Developing retinal biomarkers for the earliest stages of Alzheimer’s
disease: what we know, what we don’t, and how to move forward. Alzhei‑
mers Dement. 2020;16:229–43.
5. Cunha JP, Proenca R, Dias-Santos A, Almeida R, Aguas H, Alves M, et al.
OCT in Alzheimer’s disease: thinning of the RNFL and superior hemiret‑
ina. Graefes Arch Clin Exp Ophthalmol. 2017;255:1827–35.
6. Kwon JY, Yang JH, Han JS, Kim DG. Analysis of the retinal nerve fiber layer
thickness in alzheimer disease and mild cognitive impairment. Korean J
Ophthalmol. 2017;31:548–56.

Chua et al. Alzheimer’s Research & Therapy

7.
8.
9.
10.
11.
12.
13.

14.
15.

16.

17.

18.

19.

20.
21.

22.

23.

24.
25.
26.

(2022) 14:41

Kirbas S, Turkyilmaz K, Anlar O, Tufekci A, Durmus M. Retinal nerve fiber
layer thickness in patients with Alzheimer disease. J Neuroophthalmol.
2013;33:58–61.
Shi Z, Wu Y, Wang M, Cao J, Feng W, Cheng Y, et al. Greater attenuation
of retinal nerve fiber layer thickness in Alzheimer’s disease patients. J
Alzheimers Dis. 2014;40:277–83.
Ngoo QZ, Wan Hitam WH, Ab Razak A. Evaluation of retinal nerve fiber
layer thickness, electroretinogram and visual evoked potential in patients
with Alzheimer’s disease. J Ophthalmol. 2019;2019:6248185.
Kromer R, Serbecic N, Hausner L, Froelich L, Aboul-Enein F, Beutelspacher
SC. Detection of retinal nerve fiber layer defects in Alzheimer’s disease
using SD-OCT. Front Psychiatry. 2014;5:22.
La Morgia C, Ross-Cisneros FN, Koronyo Y, Hannibal J, Gallassi R, Canta‑
lupo G, et al. Melanopsin retinal ganglion cell loss in Alzheimer disease.
Ann Neurol. 2016;79:90–109.
Berisha F, Feke GT, Trempe CL, McMeel JW, Schepens CL. Retinal
abnormalities in early Alzheimer’s disease. Invest Ophthalmol Vis Sci.
2007;48:2285–9.
Cheung CY, Ong YT, Hilal S, Ikram MK, Low S, Ong YL, et al. Retinal gan‑
glion cell analysis using high-definition optical coherence tomography
in patients with mild cognitive impairment and Alzheimer’s disease. J
Alzheimers Dis. 2015;45:45–56.
den Haan J, Csinscik L, Parker T, Paterson RW, Slattery CF, Foulkes A, et al.
Retinal thickness as potential biomarker in posterior cortical atrophy and
typical Alzheimer’s disease. Alzheimers Res Ther. 2019;11:62.
den Haan J, Janssen SF, van de Kreeke JA, Scheltens P, Verbraak FD,
Bouwman FH. Retinal thickness correlates with parietal cortical atrophy in
early-onset Alzheimer’s disease and controls. Alzheimers Dement (Amst).
2018;10:49–55.
Lad EM, Mukherjee D, Stinnett SS, Cousins SW, Potter GG, Burke
JR, et al. Evaluation of inner retinal layers as biomarkers in mild
cognitive impairment to moderate Alzheimer’s disease. PLoS One.
2018;13:e0192646.
Sanchez D, Castilla-Marti M, Rodriguez-Gomez O, Valero S, Piferrer A,
Martinez G, et al. Usefulness of peripapillary nerve fiber layer thickness
assessed by optical coherence tomography as a biomarker for Alzhei‑
mer’s disease. Sci Rep. 2018;8:16345.
Gharbiya M, Trebbastoni A, Parisi F, Manganiello S, Cruciani F, D’Antonio
F, et al. Choroidal thinning as a new finding in Alzheimer’s disease: evi‑
dence from enhanced depth imaging spectral domain optical coherence
tomography. J Alzheimers Dis. 2014;40:907–17.
Pillai JA, Bermel R, Bonner-Jackson A, Rae-Grant A, Fernandez H, Bena
J, et al. Retinal nerve fiber layer thinning in Alzheimer’s disease: a
case-control study in comparison to normal aging, parkinson’s disease,
and non-Alzheimer’s dementia. Am J Alzheimers Dis Other Demen.
2016;31:430–6.
Leung CK, Yu M, Weinreb RN, Ye C, Liu S, Lai G, et al. Retinal nerve fiber
layer imaging with spectral-domain optical coherence tomography: a
prospective analysis of age-related loss. Ophthalmology. 2012;119:731–7.
Chua J, Schwarzhans F, Nguyen DQ, Tham YC, Sia JT, Lim C, et al. Com‑
pensation of retinal nerve fibre layer thickness as assessed using optical
coherence tomography based on anatomical confounders. Br J Ophthal‑
mol. 2020;104:282–90.
Alasil T, Wang K, Keane PA, Lee H, Baniasadi N, de Boer JF, et al. Analysis
of normal retinal nerve fiber layer thickness by age, sex, and race
using spectral domain optical coherence tomography. J Glaucoma.
2013;22:532–41.
Ho H, Tham YC, Chee ML, Shi Y, Tan NYQ, Wong KH, et al. Retinal nerve
fiber layer thickness in a multi-ethnic normal asian population: the
Singapore Epidemiology of Eye Diseases (SEED) study. Ophthalmology.
2019;126(5):702–11. https://doi.org/10.1016/j.ophtha.2018.11.031.
Choi JA, Kim JS, Park HY, Park H, Park CK. The foveal position relative to
the optic disc and the retinal nerve fiber layer thickness profile in myopia.
Invest Ophthalmol Vis Sci. 2014;55:1419–26.
Resch H, Pereira I, Hienert J, Weber S, Holzer S, Kiss B, et al. Influence of
disc-fovea angle and retinal blood vessels on interindividual variability of
circumpapillary retinal nerve fibre layer. Br J Ophthalmol. 2016;100:531–6.
Hood DC, Fortune B, Arthur SN, Xing D, Salant JA, Ritch R, et al. Blood ves‑
sel contributions to retinal nerve fiber layer thickness profiles measured
with optical coherence tomography. J Glaucoma. 2008;17:519–28.

Page 10 of 11

27. Pereira I, Resch H, Schwarzhans F, Wu J, Holzer S, Kiss B, et al. Multivariate
model of the intersubject variability of the retinal nerve fiber layer thick‑
ness in healthy subjects. Invest Ophthalmol Vis Sci. 2015;56:5290–8.
28. Chua J, Hu Q, Ke M, Tan B, Hong J, Yao X, et al. Retinal microvasculature
dysfunction is associated with Alzheimer’s disease and mild cognitive
impairment. Alzheimers Res Ther. 2020;12:161.
29. Gyanwali B, Shaik MA, Venketasubramanian N, Chen C, Hilal S. Mixedlocation cerebral microbleeds: an imaging biomarker for cerebrovascular
pathology in cognitive impairment and dementia in a memory clinic
population. J Alzheimers Dis. 2019;71:1309–20.
30. Liu S, Ong YT, Hilal S, Loke YM, Wong TY, Chen CL, et al. The associa‑
tion between retinal neuronal layer and brain structure is disrupted in
patients with cognitive impairment and Alzheimer’s disease. J Alzheimers
Dis. 2016;54:585–95.
31. Ferris FL, Davis MD, Clemons TE, Lee LY, Chew EY, Lindblad AS, et al. AgeRelated Eye Disease Study Research G: A simplified severity scale for agerelated macular degeneration: AREDS Report No. 18. Arch Ophthalmol.
2005;123:1570–4.
32. Hilal S, Mutsaerts H, Ferro DA, Petr J, Kuijf HJ, Biessels GJ, et al. The effects
of intracranial stenosis on cerebral perfusion and cognitive performance.
J Alzheimers Dis. 2021;79:1369–80.
33. Chua J, Tham YC, Liao J, Zheng Y, Aung T, Wong TY, et al. Ethnic dif‑
ferences of intraocular pressure and central corneal thickness: the
Singapore Epidemiology of Eye Diseases study. Ophthalmology.
2014;121:2013–22.
34. Abramoff MD, Garvin MK, Sonka M. Retinal imaging and image analysis.
IEEE Rev Biomed Eng. 2010;3:169–208.
35. Li K, Wu X, Chen DZ, Sonka M. Optimal surface segmentation in volumet‑
ric images--a graph-theoretic approach. IEEE Trans Pattern Anal Mach
Intell. 2006;28:119–34.
36. Zhang L, Buitendijk GH, Lee K, Sonka M, Springelkamp H, Hofman A, et al.
Validity of automated choroidal segmentation in SS-OCT and SD-OCT.
Invest Ophthalmol Vis Sci. 2015;56:3202–11.
37. Chua J, Tham YC, Tan B, Devarajan K, Schwarzhans F, Gan ATL, et al. Agerelated changes of individual macular retinal layers among Asians. Sci
Rep. 2019;9(1):20352. https://doi.org/10.1038/s41598-019-56996-6.
38. Chua J, Tan B, Ke M, Schwarzhans F, Vass C, Wong D, et al. Diagnostic
ability of individual macular layers by spectral-domain OCT in different
stages of glaucoma. Ophthalmol Glaucoma. 2020;3:314–26.
39. Pereira I, Weber S, Holzer S, Resch H, Kiss B, Fischer G, et al. Correlation
between retinal vessel density profile and circumpapillary RNFL thickness
measured with Fourier-domain optical coherence tomography. Br J
Ophthalmol. 2014;98:538–43.
40. Wu Z, Huang J, Dustin L, Sadda SR. Signal strength is an important deter‑
minant of accuracy of nerve fiber layer thickness measurement by optical
coherence tomography. J Glaucoma. 2009;18:213–6.
41. Akaike H. A new look at the statistical model identification. IEEE Trans
Automatic Control. 1974;19:716–23.
42. ClinCalc LLC: Post-hoc power calculator. https://clincalc.com/stats/Power.
aspx; Accessed on 11 Feb.
43. Hanley JA, McNeil BJ. A method of comparing the areas under receiver
operating characteristic curves derived from the same cases. Radiology.
1983;148:839–43.
44. Chen TC, Hoguet A, Junk AK, Nouri-Mahdavi K, Radhakrishnan S, Takusa‑
gawa HL, et al. Spectral-domain OCT: helping the clinician diagnose
glaucoma: a report by the American Academy of Ophthalmology.
Ophthalmology. 2018;125:1817–27.
45. Wong TY, Klein R, Klein BE, Meuer SM, Hubbard LD. Retinal vessel
diameters and their associations with age and blood pressure. Invest
Ophthalmol Vis Sci. 2003;44:4644–50.
46. Szegedi S, Dal-Bianco P, Stögmann E, Traub-Weidinger T, Rainer M, Masch‑
ing A, et al. Anatomical and functional changes in the retina in patients
with Alzheimer’s disease and mild cognitive impairment. Acta Ophthal‑
mol. 2020;98:e914–21.
47. Janez-Escalada L, Janez-Garcia L, Salobrar-Garcia E, Santos-Mayo A, de
Hoz R, Yubero R, et al. Spatial analysis of thickness changes in ten retinal
layers of Alzheimer’s disease patients based on optical coherence tomog‑
raphy. Sci Rep. 2019;9:13000.
48. Salvadores N, Sanhueza M, Manque P, Court FA. Axonal degeneration
during aging and its functional role in neurodegenerative disorders. Front
Neurosci. 2017;11:451.

Chua et al. Alzheimer’s Research & Therapy

(2022) 14:41

Page 11 of 11

49. Larrosa JM, Garcia-Martin E, Bambo MP, Pinilla J, Polo V, Otin S, et al.
Potential new diagnostic tool for Alzheimer’s disease using a linear
discriminant function for Fourier domain optical coherence tomography.
Invest Ophthalmol Vis Sci. 2014;55:3043–51.
50. Garcia-Martin E, Bambo MP, Marques ML, Satue M, Otin S, Larrosa JM,
et al. Ganglion cell layer measurements correlate with disease severity in
patients with Alzheimer’s disease. Acta Ophthalmol. 2016;94:e454–9.
51. La Morgia C, Ross-Cisneros FN, Sadun AA, Hannibal J, Munarini A, Manto‑
vani V, et al. Melanopsin retinal ganglion cells are resistant to neurode‑
generation in mitochondrial optic neuropathies. Brain. 2010;133:2426–38.
52. Garcia-Martin ES, Rojas B, Ramirez AI, de Hoz R, Salazar JJ, Yubero R, et al.
Macular thickness as a potential biomarker of mild Alzheimer’s disease.
Ophthalmology. 2014;121:1149–1151 e1143.
53. Na JH, Sung KR, Baek S, Sun JH, Lee Y. Macular and retinal nerve fiber layer
thickness: which is more helpful in the diagnosis of glaucoma? Invest
Ophthalmol Vis Sci. 2011;52:8094–101.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

