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Abstract

Introduction: We performed a systematic review and meta-analysis of the association
between retinal imaging parameters and Alzheimer’s disease (AD).

Methods: PubMed, EMBASE, and Scopus were systematically searched for prospec-
tive and observational studies. Included studies had AD case definition based on brain
amyloid beta (AB) status. Study quality assessment was performed. Random-effects
meta-analyses of standardized mean difference, correlation, and diagnostic accuracy
were conducted.

Results: Thirty-eight studies were included. There was weak evidence of peripapillary
retinal nerve fiber layer thinning on optical coherence tomography (OCT) (p =0.14, 11
studies, n = 828), increased foveal avascular zone area on OCT-angiography (p = 0.18,
four studies, n = 207), and reduced arteriole and venule vessel fractal dimension on
fundus photography (p < 0.001 and p = 0.08, respectively, three studies, n = 297)
among AD cases.

Discussion: Retinal imaging parameters appear to be associated with AD. Small
study sizes and heterogeneity in imaging methods and reporting make it difficult to

determine utility of these changes as AD biomarkers.

KEYWORDS

Alzheimer’s disease, amyloid, biomarkers, dementia, early detection, fundus photography, hyper-
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Highlights
» We performed a systematic review on retinal imaging and Alzheimer’s disease (AD).
* We only included studies in which cases were based on brain amyloid beta status.

 Several retinal biomarkers were associated with AD but clinical utility is uncertain.
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» Studies should focus on biomarker-defined AD and use standardized imaging

methods.

1 | INTRODUCTION

The neuropathological changes of Alzheimer’s disease (AD) have
been shown to commence decades before the onset of symptoms.t
Accordingly, the ability to non-invasively detect these changes may
present opportunities for early diagnosis and intervention. Key hall-
marks of AD include the accumulation of amyloid beta (AB) plaques
and neurofibrillary tangles of phosphorylated tau protein.2 These
changes lead to progressive neuronal death, characterized clinically
by the impairment of cognitive functions. Neuropsychological tests
are often utilized to reach a presumptive diagnosis of AD; however,
the clinical presentation of AD often has significant overlap with other

neurodegenerative diseases,’

meaning that discrepancies between
clinical and neuropathological diagnoses of AD are common.*~8

Although definitive diagnosis of AD can only be made post mortem,
in 2018 the National Institute on Aging and the Alzheimer’s Asso-
ciation (NIA-AA) published a gold standard for the in vivo diagnosis
of AD in research studies. This includes the AT(N) biomarker group-
ing which encompasses amyloid (A) and tau (T) pathology, identified
either through cerebrospinal fluid (CSF) assays or positron emission
tomography (PET), and neuronal injury (N) evidenced by magnetic res-
onance imaging (MRI), PET, or CSF.? Although lumbar puncture for
CSF analysis and PET neuroimaging constitute the reference standards
for ante mortem diagnosis of AD, these investigations are invasive,
expensive, time consuming, and are not widely available. Consequently,
there are typically long delays between the onset of cognitive impair-
ment and the diagnosis of AD.1%! Thus, there is a great need for
convenient biomarkers to identify individuals with, or at risk of, AD,
which can be assessed in a non-invasive, inexpensive, and timely
manner.

Retinal imaging presents a window of opportunity to assess neu-
rodegenerative diseases, such as AD, through the eye. As the retina and
forebrain have common embryological origins, they have anatomical
and functional similarities as well as shared disease manifestations.!2
However, in contrast to the brain, the retina is unique in that it can be
visualized in vivo using optical imaging methods, such as fundus pho-
tography (FP), optical coherence tomography (OCT), OCT-angiography
(OCT-A), fluorescence lifetime imaging ophthalmoscopy (FLIO), and
hyperspectral imaging (HSI).

Numerous studies have examined the association between retinal
imaging findings and AD.12 The most widely studied of these biomark-
ers is a reduction in inner retinal thickness measured by OCT. Other
neuronal and vascular imaging parameters have been associated with
AD.1% However, the value of these retinal biomarkers in AD is still
under debate as many studies have contrasting results.’*"22 This may
be explained in part by differences in case definition. While most stud-
ies have utilized clinical criteria for AD status determination, some

have used the AT(N) biomarker framework. We sought to add clarity to
the current status of retinal imaging biomarkers by performing a sys-
tematic review and meta-analysis of studies in which brain Ag status,
as determined by PET or CSF analysis, was used to identify individuals

on the AD continuum.?

2 | METHODS

The review was performed in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA
2020) guidelines?® and the protocol was registered with PROSPERO
(CRD42021285853) and can be accessed at www.crd.york.ac.uk/
prospero/display_record.php?RecordID = 285853.

2.1 | Eligibility

Studies were deemed eligible if participants were defined as cases on
the basis of having PET or CSF biomarkers consistent with brain Ag
pathology. Thresholds for elevated AfS levels were established by the
investigators of each study and were not appraised in this review. Cases
included people with either Alzheimer’s pathologic change (AS pathol-
ogy identified by PET or CSF) or AD (both amyloid and tau pathology
identified by PET or CSF) as described in the 2018 NIA-AA AT(N)
research framework.? Papers were deemed eligible if the criteria for
AD diagnosis described in the study methods broadly aligned with
the 2018 NIA-AA AT(N) research framework. Few studies explicitly
indicated adherence to the framework.

Studies were excluded if analyses of participants with other neu-
rodegenerative disorders (such as Parkinson’s disease) could not be
isolated from people with AD. Participants of all ages were included.
Only studies that evaluated non-invasive retinal imaging methods,
such as OCT, OCT-A, FP, HSI, and autofluorescence were eligible for
inclusion.

Randomized and non-randomized clinical studies, observational
studies, and diagnostic accuracy studies were eligible for inclusion.
Only those papers published in full text were included. Reviews, case
reports, letters to the editor, conference abstracts, animal studies, and

post mortem studies were excluded.

2.2 | Search strategy

A literature search was conducted via the databases PubMed,
EMBASE, and Scopus from database inception to 11th September 2021
and was not repeated.
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RESEARCH IN CONTEXT

1. Systematic Review: We performed a systematic review
of PubMed, EMBASE and Scopus databases to assess
the association between retinal imaging biomarkers and
Alzheimer’s disease (AD). Our review is the first to include
only those studies in which AD case definition was based
on brain amyloid beta (AB), as opposed to clinical criteria
alone.

2. Interpretation: Meta-analysis of 38 articles demon-
strated significant differences in several retinal biomark-
ers between cases and controls, measured by multiple
imaging modalities including optical coherence tomogra-
phy (OCT), OCT-angiography, and fundus photography.

3. Future Directions: While several retinal imaging
biomarkers appear to be associated with AD, limita-
tions of small sample sizes and lack of standardization in
imaging methods mean that it is unclear which of these
biomarkers may have clinical utility. We propose future
studies should be adequately powered and adhere to the
National Institute on Aging and Alzheimer’s Association
biomarker framework for AD diagnosis.

Search results had at least one term relating to retinal imaging and
one term relating to AD and its diagnosis. Terms relating to retinal
imaging included retina, retinal imaging, optical coherence tomogra-
phy, optical coherence tomography angiography, hyperspectral imag-
ing, fundus photography, and autofluorescence. Terms relating to AD
included Alzheimer’s disease, dementia, amyloid, tau, cerebrospinal
fluid, and positron emission tomography. Searches were restricted to
studies published in English. Full search details are shown in Appendix
A.

Citation chaining was performed to identify additional papers suit-
able for inclusion in this analysis by reviewing the bibliographies of

included studies for eligible papers.

2.3 | Study selection

Two independent reviewers (G.A. and M.K.) screened studies initially
based on title and abstract. The full text reports of potentially eligible
studies were then appraised with respect to the inclusion and exclusion
criteria. Conflicts were resolved through discussion and consensus.

In cases where a research group published more than one study
assessing the same parameter, authors were contacted to identify if
there was an overlap between study patient cohorts. If there was over-
lap between patient cohorts, estimates were extracted from the study

with the larger patient cohort for assessment of that parameter.

Disease Monitoring

2.4 | Data extraction

Three independent reviewers (G.A,, M.K,, and C.O.) extracted and
cross-checked data using a standardized electronic form in Covidence
systematic review software (Veritas Health Innovation, Melbourne).
These data included title, author, year of publication, country, study
design, sample size, AD biomarkers and diagnostic criteria, inclusion
and exclusion criteria, participant characteristics (age and sex), reti-
nal imaging modality, retinal biomarkers, and data relating to risk of
bias items (detailed below). The mean and standard deviation of retinal
parameters were extracted from studies that compared distribution
according to AD status. Area under the receiver operating curve (AUC),
sensitivity, and specificity were extracted from studies that reported
on diagnostic accuracy for AD. While it is acknowledged that a formal
neuropathological diagnosis can only be made post mortem, the term
diagnostic accuracy is used in this review to refer to biomarker-aided
(reference standard) diagnosis of AD compared to retinal imaging
(index test). Pearson’s and/or Spearman’s correlation coefficient were
extracted from studies that reported on the correlation between con-
tinuous retinal and neurological parameters. Confidence intervals and
p-values (if available, adjusted p-value) were extracted for each statistic
when available. When one paper reported results from both train-
ing and validation data sets, the results from the validation set were
chosen. Conflicts were resolved through discussion and consensus.
Corresponding authors were contacted to obtain missing data, when
necessary.

2.5 | Quality assessment

The Joanna Briggs Institute (JBI) Critical Appraisal tools for case-
control?* (10 items) and cohort studies?> (eight items) were utilized to
assess the quality of studies that aimed to estimate the mean differ-
ence in retinal biomarker values between cases and controls, as well
as for studies that assessed correlation between AD biomarker values
and retinal biomarker values. The QUADAS-2 tool was used to appraise
studies that were included in the meta-analyses of diagnostic accu-
racy parameters.2® Each item was assessed as adequately performed

or inadequately performed by two reviewers (G.A. and M.K.).

2.6 | Evidence synthesis

Analyses are presented according to the research questions addressed,
namely mean difference in retinal biomarkers between cases and
controls, correlation between continuous biomarkers, or diagnostic
accuracy.

Studies were further categorized according to the method of case
and control participant definition used. Category 1 studies were those
inwhich the presence and absence of A3 pathology, identified by PET or
CSF, was used as the basis for case and control definition, respectively.?
Category 2 studies were those in which case group participants had A
pathology, identified by PET or CSF, whereas controls were selected
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on the basis of normal cognitive tests, without AD biomarker assess-
ment. Category 3 studies did not clearly state whether all cases met
biomarker criteria for AD but assessed associations between amyloid
or tau biomarker levels and retinal parameters.

Meta-analysis was planned for retinal biomarkers reported in >2
studies per imaging modality where the same statistics of interest (i.e.,
mean difference, correlation, or diagnostic accuracy parameter) were
used. Notably, correlation and diagnostic accuracy were not reported
in more than one study for any retinal biomarker. Retinal biomarkers
assessed in only a single study were presented in a narrative synthesis.

Cohen’s d standardized mean difference (SMD) was used to esti-
mate the difference in continuous retinal biomarkers between cases
and controls for each study that reported mean and standard deviation
according to AD status. Random-effects restricted maximum likeli-
hood meta-analysis was used to pool estimates of SMD for each retinal
parameter with more than two studies.

The 12 statistic was used to assess between-study heterogeneity for
parameters with >2 studies. An insufficient number of studies were
included for each individual retinal biomarker to meaningfully investi-
gate sources of heterogeneity via meta-regression. Small study effects
were investigated via funnel plots for meta-analyses that contained at
least 10 studies.

Statistical analyses were performed using Stata/BE v17 (Stata

Corporation, College Station, Texas).

3 | RESULTS

3.1 | Study selection

The initial literature search identified 8457 studies, 888 of which were
duplicates. After screening the titles and abstracts of 7569 studies,
7353 studies were deemed to be irrelevant. The full text reports of 216
studies were assessed. Of these, 38 studies (17.6%) were eligible and
included in the review (see Figure 1). Twenty-seven of the 38 studies
(71.1%) were included in the meta-analysis.

3.2 | Study characteristics

The main characteristics of included studies are displayed in Table 1.
The total number of participants in the 38 included studies was
2404. Additional information on the study methodology is provided
in Appendix B. Twenty-six (68.4%) case-control and 12 (31.6%) cohort
studies were published from 2013-2021. Twenty-eight (68.4%) stud-
ies assessed the difference in retinal biomarker parameters between
cases and controls, 13 (34.2%) studies assessed the diagnostic accu-
racy of retinal biomarkers, and 15 (39.5%) studies assessed correla-
tion between retinal biomarkers and AD biomarkers. There were 18
(47.4%), 13 (34.2%), and 7 (18.4%) studies in AD case definition cate-
gories 1, 2, and 3, respectively. CSF was used for case definition in 10
studies, PET was used in 21 studies and a further 7 studies used both
CSF and PET.

Twenty-two (57.9%) studies were conducted in Europe, 7 (18.4%) in
North America, six (15.8%) in Asia, and 3 (7.9%) in Oceania. The num-
ber of participants in each study ranged from 14 to 165, with between
5 and 80 cases and between zero and 147 controls. For studies that
provided mean age for cases and controls separately, mean age ranged
from 62.2 to 82.4 years for cases and 60.6 to 79.0 for controls, with
mean age higher among cases than controls on average.

Twenty-four (63.2%) studies performed bilateral retinal imaging
where possible, 4 (10.5%) studies performed unilateral retinal imaging
and the remaining 10 (26.3%) studies did not report whether unilat-
eral or bilateral imaging was undertaken. Of the studies that performed
bilateral retinal imaging, 10 (41.7%) studies used the average values of
both eyes for each patient, 5 (20.8%) studies used the measurements
from each eye as independent values, 5 (20.8%) studies were unclear in
which eye they used for analysis, and 4 (16.7%) selected one of the two
imaged eyes. The details of the imaging methods used in each study is
provided in Appendix B.

OCT was used in 30 studies, 11 studies used OCT-A and 5 stud-
ies used FP. Other less commonly used retinal imaging modalities
included HSI and FLIO in two studies each and dynamic vessel ana-
lyzer (DVA), blue-peak autofluorescence (BAF) imaging, and vascular
dilatory response (VDR) to flicker induced light in one study each.

Corresponding authors of nine papers were contacted to obtain

further information, and pertinent details were included in the
review,28,31,36,46-47,55,59,63-64

3.3 | Quality appraisal

All JBI domains were considered acceptable for 8/26 (30.8%) case-
controland 7/12 (58.3%) cohort studies; 9/26 (34.6%) case-control and
5/12 (41.7%) cohort studies did not report whether retinal imaging was
performed in a standard, valid, or reliable way with predefined proto-
cols or scan quality thresholds. All studies measured retinal parameters
in the same manner for case and control groups. In addition, every
study identified confounding factors, such as other ophthalmic dis-
eases, and explained strategies to deal with these. The full JBI critical
appraisal of each study is included as Appendix C.

There was a low level of concern about the applicability of each of
the four QUADS-2 domains to the 13 diagnostic accuracy studies. The
risk of bias for selection of patients could not be clearly assessed in
6/13 studies (46.2%) due to insufficient information regarding patient
recruitment methods. In most studies (10/13, 76.9%) it was unclear
whether the conduct or interpretation of the index tests introduced
bias, as these studies did not clearly report on whether investiga-
tors performing imaging or interpreting and analyzing images were
masked to disease status. It was unclear in most studies (11/13,
84.6%) whether time intervals between AD biomarker testing and
retinal imaging introduced bias, as intervals were not clearly stated.
The full QUADAS-2 critical appraisal of each study is included as
Appendix C.

Five of the 24 studies that performed bilateral imaging used

measurements from each eye as independent values in their
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216 full text studies sought for retrieval — 0 studies not retrieved
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0 studies identified through citation chaining
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§ 38 studies included
% 2404 participants
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FIGURE 1 Study selection.

analysis.#6-475256=57  This is a significant source of potential

heterogeneity and bias.®®

3.4 | Standardized mean difference between cases
and controls

341 | OCT

The SMD between cases and controls was provided for 64 OCT
parameters from 20 studies (forest plots for each parameter pro-
vided in Appendix D). The number of studies reporting on each OCT
biomarker varied considerably: 28 OCT parameters were each ana-
lyzed in a single study only, while peripapillary retinal nerve fiber
layer (pbRNFL) was evaluated in 11 studies (see Figure 2A,B). The sam-
ple size for each parameter ranged from 30 to 828. For parameters
assessed by more than one study, there was evidence of a difference
between cases and controls for two parameters: temporal macular reti-
nal nerve fiber layer (MRNFL) thickness (two studies, SMD = —0.46,
p < 0.001, 12 = < 0.1%) and outer ring mRNFL thickness (two studies,
SMD = —0.31, p =0.03, 12 = 0.0%) (Figure 2A,B). Negative SMD values

indicate thinner measurements among cases.

\4

89 studies did not report participant amyloid
beta status
84 reviews, editorials, and conference abstracts
4 non-retinal imaging

There was weak evidence that pRNFL was thinner on average
among cases compared to controls (11 studies, SMD = —0.20,p = 0.14,
12 = 63.5%). Examination of the funnel plot for this parameter showed
symmetrical distribution of studies and no evidence of small study
effects (see Appendix E).

12 ranged from 0.0% to 87.5% in analyses that contained more than
one study (n = 32). In general, parameters relating to mRNFL had low
statistical heterogeneity whereas parameters relating to pRNFL had
high heterogeneity, possibly as more studies examined pRNFL.

342 | OCT-A

A total of 31 OCT-A parameters were assessed in eight studies (indi-
vidual forest plots in Appendix D). Estimates for all parameters were
taken from single studies, apart from that for the foveal avascular
zone, which was derived from four studies. Pools of between 15 and
207 participants contributed to each of the estimates (Figure 3). Val-
ues tended, on average, to be lower among cases than controls for
most OCT-A biomarkers (Figure 3). However, because only one study
reported on each of these biomarkers, there is insufficient evidence to

support the generalizability of these findings. There was weak evidence
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Number of Number of Cohen's d
Retinal parameter studies  participants with 95% CI 1% (%)
Macular RNFL
mRNFL inferior-temporal thickness 1 126 —— -0.56 [ -0.92, -0.21]
mRNFL superior-temporal thickness 1 126 —— -0.51[-0.86, -0.15]
mRNFL temporal thickness 2 182 —— -0.46 [ -0.76, -0.15] 0
mRNFL inferior-nasal thickness 1 126 —l— -0.35[-0.70, 0.00] ;
mRNFL outer ring thickness 2 307 —— -0.31[-0.59, -0.03] 0
mRNFL fovea thickness 1 30 —_——— -0.25[-0.97, 0.47]
mRNFL superior-nasal thickness 1 126 —i— -0.25[-0.60, 0.10]
mRNFL inner ring thickness 2 307 — — -0.17[-0.44, 0.11] 0
mRNFL superior thickness 1 56 —a— -0.13[-0.72, 0.47]
mRNFL nasal thickness 2 182 —.— -0.07 [-0.37, 0.23]
mRNFL mean thickness 4 302 + 0.01[-0.26, 0.28]
mRNFL inferior thickness 1 56 —— 0.08 [-0.51, 0.68]
Peripapillary RNFL
pRNFL inferior-temporal thickness 2 225 —_— . -0.54[-1.22, 0.13] 71.5
pRNFL superior-temporal thickness 2 225 —_—a— -0.30[-1.02, 0.42] 75.2
pRNFL superior thickness 5 290 —a— -0.25[-0.79, 0.29] 69.1
pRNFL inferior thickness 5 290 —a— -0.24[-0.75, 0.27] 65.6
pRNFL nasal thickness 5 290 — -0.24 [-0.52, 0.05] 0
pRNFL temporal thickness 5 290 —— -0.22[-0.67, 0.23] 56.8
pRNFL mean thickness 1 828 — -0.20 [ -0.47, 0.07] 63.5
pRNFL superior-nasal thickness 2 225 —a— -0.11[-0.61, 0.38] 48.2
pRNFL inferior-nasal thickness 2 225 -0.08 [-1.14, 0.98] 88.6
Lower in cases | Higher in cases

Optical coherence tomography (OCT) - Retinal nerve fiber layer (RNFL)

FIGURE 2

T T
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Standardised mean difference

(A) OCT RNFL parameters. 12 only available for estimates derived from >1 study. Vertical line indicates standard mean difference of

0 (i.e., no effect), horizontal lines indicate the 95% confidence interval for each parameter and the square indicates point of estimate of true value
for each parameter. (B) OCT parameters other than RNFL. 12 only available for estimates derived from > 1 study. Vertical line indicates standard
mean difference of O (i.e., no effect), horizontal lines indicate the 95% confidence interval for each parameter and the square indicates point of
estimate of the true value for each parameter. RNFL, retinal nerve fiber layer; OCT, optical coherence tomography.

that the foveal avascular zone was larger on average among cases
than controls (four studies, 207 participants, SMD = 0.53, p = 0.18,
12 = 84.8%). However, there was heterogeneity in OCT-A scanning
parameters and image analysis methods between studies. For exam-
ple, it is recognized that segmentation of the peripapillary vasculature
is particularly challenging and meticulous review and correction of

automated segmentation should be undertaken to ensure accuracy.®®

3.4.3 | Fundus photography

A total of 17 FP parameters were assessed in four studies (forest

plots in Appendix B). The number of studies that reported on each

FP parameter varied: 11 FP parameters were analyzed in a single
study only, and 4 FP parameters were each reported on by three
studies (see Figure 4). The sample size for each parameter ranged from
14 to 297 participants. There was evidence that fractal dimension
of the arteriolar network (FDa) was lower on average among cases
than controls (n = 3 studies, SMD = —0.46, p < 0.001, 12 = 0.0). 12
ranged from 0.0% to 79.1% in analyses that contained more than one
study (n = 5). Low statistical heterogeneity was found for the studies
that reported on arteriolar network fractal dimension and venular
curvature tortuosity, while moderate heterogeneity was found for
arteriole curvature tortuosity and central retinal artery equivalent,
and a high level of heterogeneity was observed for venular network

fractal dimension and central retinal vein equivalent.
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Number of Number of Cohen's d
Retinal parameter studies  participants with 95% CI 1% (%)
Superficial layer
Superficial capillary plexus vessel length density 1 37 —— -0.90 [ -1.61, -0.20]
Superficial capillary plexus vessel perfusion density 1 37 —— -0.81[-1.51, -0.11]
Superficial capillary plexus vessel density (%) 1 77 —— -0.70 [ -1.16, -0.24]
Fovea superficial retinal vascular vessel density (%) 1 62 —— -0.66 [ -1.17, -0.14]
Perifovea superficial retinal vascular vessel density (%) 1 62 —— -0.58 [ -1.09, -0.07]
Whole superficial retinal vascular plexus vessel density (%) 1 62 —— -0.51[-1.02, -0.01]
Parafovea superficial retinal vascular vessel density (%) 1 62 — = -0.48 [-0.99, 0.02]
Superficial vascular denisty 1 15 ——&— 072[-0.33, 1.77]
Intermediate layer
Intermediate capillary plexus vessel length density 1 37 —— -1.08 [ -1.80, -0.36]
Intermediate capillary plexus vessel perfusion density 1 37 —— -0.86 [ -1.57, -0.16]
Deep layer
Deep capillary plexus vessel length density 1 37 —— -0.92 [ -1.63, -0.22]
Deep capillary plexus vessel perfusion density 1 37 —— -0.86 [ -1.57, -0.16]
Perifovea deep retinal vascular vessel density (%) 1 62 —— -0.86 [ -1.38, -0.34]
Fovea deep retinal vascular vessel density (%) 1 62 —— -0.81 [ -1.33, -0.30]
Whole deep retinal vascular plexus vessel density (%) 1 62 —— -0.71[-1.23, -0.20]
Deep vascular denisty 1 15 —— -0.54 [ -1.57, 0.49]
Parafovea deep retinal vascular vessel density (%) 1 62 — -0.43[-0.93, 0.08]
Deep capillary plexus vessel denisty (%) 1 77 —— -0.05[-0.50, 0.39]
Foveal avascular zone
Superficial capillary plexus foveal avascular zone (mm2) 1 77 — 0.40[-0.05, 0.85]
Foveal avascular zone (mm2) 4 207 —— 0.53[-0.24, 1.30] 84.8
Deep capillary plexus foveal avascular zone (mm2) 1 77 — = 0.68[ 0.22, 1.14]
Choriocapillaris
Choriocapillaris plexus vessel length density 1 37 —— -1.24 [ -1.97, -0.50]
Choriocapillaris plexus vessel perfusion density 1 37 —— -0.41[-1.09, 0.27)
Choriocapillary vascular density 1 15 —— -0.32[-1.34, 0.70]
Peripapillary capillary network
Temporal radial peripapillary capillary network density (%) 1 42 —— -0.38[-1.02, 0.27]
Nasal radial peripapillary capillary network density (%) 1 42 -0.15[-0.79, 0.49]
Superior radial peripapillary capillary network density (%) 1 42 i 0.16 [ -0.49, 0.80]
Radial peripapillary capillary network vessel density (%) 1 54 —— 0.38[-0.16, 0.91]
Whole peripapillary capillary network vessel density (%) 1 54 —;— 0.46 [ -0.08, 1.00]
Inferior radial peripapillary capillary network density (%) 1 42 —— 0.50[-0.15, 1.15]
Other
Outer ring vessel density (%) 1 86 —- -0.33[-0.76, 0.10]
Inner ring vessel density (%) 1 86 —— -0.07 [-0.50, 0.35]
Fractal dimension 1 37 —— 0.58[-0.11, 1.27]
Lower in cases | Higher in cases
2 4 0 1 2
Standardised mean difference

Optical coherence tomography angiography (OCT-A)

FIGURE 3 OCTA parameters. 12 only available for estimates derived from >1 study. Vertical line indicates standard mean difference of O (i.e.,
no effect), horizontal lines indicate the 95% confidence interval for each parameter and the square indicates point of estimate of true value for

each parameter. OCTA, optical coherence tomography angiography.
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Number of Number of Cohen's d

Retinal paramater studies  participants with 95% CI 1? (%)
Arteriole
Number of first branching arterioles 1 148 —— -0.60 [ -1.03, -0.16] :
Arteriole network fractal dimension 3 297 E B -0.46 [ -0.72, -0.20] 0
Central retinal artery equivalent 3 297 —- -0.24 [-0.61, 0.14] 51.9
Arteriole curvature tortuosity 2 149 —— -0.17 [-0.57, 0.24] 356
Arteriolar branching angle 1 63 — 0.35[-0.15, 0.85]
Arteriole asymmetry factor 1 148 —— 0.54[ 0.11, 0.97)
Arteriole length diameter ratio 1 148 —— 0.57 [ 0.14, 1.01)

-0.01[-0.37, 0.34]
Other
Total fractal dimension 1 63 —— -0.56 [ -1.07, -0.06)
Arteriole-to-venule ratio 1 86 —— 0.37[-0.06, 0.80]
Soft drusen area 1 14 —&— 1.56[ 0.32, 2.79]

0.34[-0.77, 1.45]
Venule
Number of first branching venules 1 148 —— -0.62 [ -1.05, -0.18] .
Venular network fractal dimension 3 297 —— -0.42[-0.88, 0.05] 67.8
Central retinal vein equivalent 3 297 —— -0.41[-0.93, 0.11] 74.2
Venular curvature tortuosity 2 149 —.— 0.04[-0.28, 0.37] 0
Venular branching angle 1 63 —i— 0.30[-0.20, 0.79]
Venule asymmetry factor 1 148 —— 0.49[ 0.05, 0.92]
Venule branching coefficient 1 148 — - 0.52[ 0.09, 0.96]

-0.01[-0.35, 0.34]

Lower in cases | Higher in cases
-1 0 1 2 3
Standardised mean difference

Fundus photography

FIGURE 4 Fundus photography parameters. I2 only available for estimates derived from >1 study. Vertical line indicates standard mean
difference of O (i.e., no effect), horizontal lines indicate the 95% confidence interval for each parameter and the square indicates point of estimate

of true value for each parameter.

3.4.4 | Hyperspectral imaging

Two studies reported retinal parameters measured by HSI; however, as
different retinal parameters were reported in each study, there are no
pooled estimates of SMD between cases and controls.

Hadoux et al.3?

assessed hyperspectral images using a spectral
model across various retinal locations to calculate a hyperspectral
score for each location, for each participant. They found that hyper-
spectral scores were increased in cases compared to controls across
multiple retinal locations (see Appendix D). Sharafi et al.”>> found
that cases had higher mean retinal venule and arteriolar tortuosity,
increased mean arteriolar diameter in two zones in the posterior pole
of the retina and a difference in hyperspectral measurements adjacent
to retinal blood vessels. The combination of these imaging features
was more strongly associated with A3 burden than each parameter

individually (see Appendix D).

3.4.5 | Other retinal imaging modalities
Golzan et al.38 assessed retinal vascular pulsation with a dynamic ves-
sel analyzer (DVA) and found that retinal arterial pulsations (RAP)
were significantly smaller in controls (4.0 + 1.2 um) than in cases
(5.2 + 1.2 um) (n = 73 participants, p = 0.01) and retinal venous pul-
sations (RVP) were significantly greater in controls (5.8 + 1 um) than
in cases (5.2 + 1 um) (n = 73 participants, p = 0.03). Furthermore,
they reported a reduction in flicker-induced retinal arterial and venous
dilation in cases compared to controls; however, this was not statisti-
cally significant. Forest plots for each of these retinal parameters are
included in Appendix D.

Snyder et al.>® performed blue-peak autofluorescence (BAF) imag-
ing and identified hyper-autofluorescent spots, designated as inclusion
bodies and postulated to contain fibrillar AS, which were found to have

larger surface areain AD cases than in controls (see Appendix D). While
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the difference between AD cases and controls did not reach statistical
significance, inclusion body surface area was found to be predictive of
AB burden (PET standardized volume uptake ratio) (see Appendix F).

3.5 | Association between retinal and quantitative
AD biomarkers

Fifteen studies investigated the association between retinal and quan-
titative measures of AD biomarkers, both assessed as continuous
variables (see Appendix F). None of the analyses were performed in >1
study and therefore no pooled estimates were derived. Due to this lack
of standardization in methods between studies, there was no scope for
synthesis in this review.

Two studies assessed FLIO; however, both were classified as cate-
gory three studies as they did not clearly state whether cases were
defined according to biomarker criteria for AD. Nevertheless, both
studies assessed associations between amyloid or tau levels and FLIO
parameters as continuous variables (see Appendix F).>240 Jentsch
et al.*0 found significant associations between FLIO parameters (rela-
tive contribution Q, and amplitude a, in channel 2) and CSF tau levels.
On the other hand, Jentsch et al.*° and Sadda et al.>2 found no signifi-
cant association between mean fluorescence lifetime and CSF tau and
ABlevels.

3.6 | Diagnostic accuracy of retinal parameters in
identifying Alzheimer’s biomarkers

Those studies with case definition categories 1 and 2 that assessed the
diagnostic accuracy of retinal imaging parameters for AD are displayed
in Appendix G. Five studies investigated OCT parameters, three studies
investigated OCTA parameters, two studies investigated FP parame-
ters and two studies assessed HSI parameters. Each study assessed a
different retinal parameter. The only parameter that was assessed in
more than one study was the foveal avascular zone area as imaged
using OCT-A. O’Bryhim et al.*? reported an area under the receiver
operating characteristic curve (AUC) of 0.80 (95% Cl 0.66-0.94) for
foveal avascular zone as a predictor of PET/CSF A status and Zabel,
2019b%° reported an AUC of 0.84 (95% Cl 0.74-0.95) for the foveal

avascular zone area as a predictor of PET Ag status.

4 | DISCUSSION

This systematic review and meta-analysis is focused on retinal imag-
ing biomarker studies of AD in which brain Ag status, as determined
by PET or CSF analysis, was used for case definition. This criterion
was selected to align with the 2018 NIA-AA AT(N) biomarker frame-
work for AD. Accordingly, in eligible studies, participants defined as
cases had either AD or Alzheimer’s pathological change. The objec-
tive of this review was to ascertain whether variations in reported

associations between retinal imaging biomarkers and AD may relate

to differing case definitions. This review found differences between
cases and controls in retinal imaging parameters for several imaging
modalities, including OCT, OCT-A, FP, HSI, FLIO, DVA, and BAF. Several
retinal parameters, such as retinal nerve fiber layer thickness, vessel
density and vessel branching patterns, appear to be associated with
neuroimaging and CSF AD biomarkers; however, further research is
required before these can be applied in clinical practice.

There have been several systematic reviews exploring reti-
nal biomarkers in AD¥22 ;however, most have only explored a

single imaging modality,15-1820-22

with few exploring multiple
modalities.’*1? The most commonly assessed imaging modalities were
OCT16:20-22 and OCT-A.1517.18 The most frequently assessed OCT
parameter was mean pRNFL thickness, with most reviews reporting a
statistically significant thinning in AD cases compared to controls.20-22
Although our review also found weak evidence for mean pRNFL thin-
ning in AD, this was not statistically significant. The most frequently
assessed OCT-A parameters were superficial macular vessel density,
with most reviews finding a statistically significant decrease in AD
cases compared to controls, and FAZ area, with most reviews reporting
an increase in cases compared to controls.1>17:18 These findings were
similar to those in our review. The main limitation of these previous
reviews is the inclusion of studies in which AD case definition was
based on clinical criteria alone. This may result in confounding due to
the inclusion of participants with non-AD pathology in the AD case
group.

Jin et al. undertook a review of studies that utilized A3 biomarker
findings for AD case definition; however, this review was limited to
OCT-A."> The review reported a decrease in superficial and deep mac-
ular vessel density. While Ge et al. reviewed studies of multiple retinal
imaging modalities, including studies that employed clinical AD case
definition, they also performed a subgroup analysis of participants
with biomarker-defined AD.!“ Differences in a number of OCT retinal
parameters were no longer statistically significant when the analysis
was limited to the biomarker-defined participant subgroup.

The mechanisms of retinal neurodegeneration in AD are incom-
pletely understood. Evidence from preclinical models and post mortem
studies indicate that retrograde neurodegeneration may have a role to
play in RGC cell death and axonal loss.%7-¢8 More recent studies have
suggested that A3 may directly impact retinal ganglion cells (RGC). AB
and hyperphosphorylated tau contribute to cerebral neurodegenera-
tion in AD; therefore, it has been hypothesized that their accumulation
in the retina may contribute to RGC degeneration in AD. The result of
this accumulation is thought to include synaptic dysfunction and even-
tually neuronal cell death.®” Multiple studies have found elevated A8
levels in the retina of various transgenic mouse models of AD.”%-77
Dutescu et al. reported A accumulation in the GCL and inner nuclear
layer but found that A3 accumulation was much more pronounced in
the brain.”®

Koronyo-Hamaoui et al. identified A in human post mortem reti-
nas of people with histopathologically-confirmed AD using curcumin, a
fluorescent compound which binds to AB.”°. These findings were cor-
roborated using a range of other histological methods including AB

immunohistochemistry and scanning electron microscopy analysis.”?
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Koronyo et al. reported the use of curcumin for in vivo imaging
of retinal AB deposits with the aid of a modified scanning laser
ophthalmoscope.”? The investigators reported an increase in retinal
amyloid scores in individuals with clinically defined AD relative to con-
trols. The latter study was not eligible for inclusion in this systematic

review as it utilized clinical criteria alone for AD case definition.

4.1 | Retinal nerve fiber layer changes

The thickness of the RNFL, comprised mainly of RGC axons, was
the OCT parameter most extensively explored in retinal imaging
studies of AD. Numerous studies have reported both increased and
decreased RNFL thickness in people with AD. It has been postulated
that retinal thickening may be due to inflammation in earlier dis-
ease stages and thinning may be observed in advanced stages due to
neurodegeneration.?? Studies included in this review assessed mean
pRNFL and mRNFL, as well as changes in individual retinal quadrants.
Overall, this review found a decrease in most RNFL parameters mea-
sured by OCT in cases compared to controls. In particular, it found
that peripapillary and macular RNFL thinning was more pronounced
in the superior quadrant (SMD = —0.25 [n = 5 studies, p = 0.37] and
SMD = —0.13 [n = 1 study, p = 0.35] respectively) than in the infe-
rior quadrant (SMD = —0.24 [n = 5 studies, p = 0.35] and SMD = 0.08
[n = 1 study, p = 0.60] respectively) in cases relative to controls. A
histopathological study assessing cortical damage in specific regions of
the primary visual cortex in patients with AD demonstrated a greater
density of neurofibrillary tangles and senile plagues in the cuneal gyrus
compared with the lingual gyrus.8! Axons from RGCs in the superior
retina ultimately project to the cuneal gyrus, whereas those from the
inferior retina project to the lingual gyrus.82 The extent to which these
cortical projections explain the slight preponderance of superior RNFL
thinning in AD is still to be determined.

4.2 | Macular changes

The ganglion cells and their axons contribute to 30%-35% of the total
retinal thickness in the macular area.?® Parvocellular RGCs are the
predominant subtype of RGCs in the macula and the parvocellular
pathway has been suggested to be preferentially impacted by AD.6%:84
Accordingly, attention has focused on macular ganglion cell layer (GCL)
thickness in AD. This review found varying results for GCL thickness
measured by OCT. Seven studies assessed mean GCL thickness with
four studies reporting increased GCL thickness among cases, whereas
three studies reported a decrease in GCL thickness.>¢:3827,30.41.48,54
Meta-analysis of these studies did not demonstrate statistical signif-
icance, with an SMD of 0.10 (p = 0.51). Every study to assess GCL
thickness in macular sub-regions, such as the inner-ring, outer-ring,
and fovea, reported reduced thickness measurements in cases com-
pared to controls.>?3532 Post mortem histopathological studies®>8¢ are
generally in keeping with these OCT findings, demonstrating signifi-

cant decreases in macular RGC numbers in those with AD. One study

Disease Monitoring

demonstrated an overall decrease in the total number of neurons in the
GCL at the central retina of 25%.8¢

Measurements of both the GC-IPL and RNFL provide information
about the integrity of RGC structure. While the RNFL is primarily
comprised of RGC axons, the GC-IPL is composed of RGC bodies and
dendrites. As it has been suggested that RGC dendritic atrophy occurs
prior to RGC loss,®” measurements of the GC-IPL may serve as a
more sensitive indicator of AD-associated pathology. Meta-analysis of
two studies that examined GC-IPL mean thickness showed that there
was weak evidence for lower thickness values in cases than in con-
trol participants (SMD = —0.44, p = 0.06). This meta-analysis did not
find an effect for difference in mean mRNFL thickness between cases
and controls (SMD = 0.01, p = 0.92); however, it indicated a trend
toward decreased thickness in all mRNFL areas aside from the infe-
rior sub-region. It has been suggested that the macula may be the
first area of the retina to be affected by neurodegeneration in AD8%;
however, an alternative explanation for these findings may be that as
RGC density is greatest in the macula changes may be evident first in
this area.

Several studies of macular thinning have indicated that the fovea
may be most affected.®8 This finding is supported by histological stud-
ies which have shown that neuronal density reductions are most
pronounced in the fovea.®¢ Only one of the studies included in this sys-
tematic review assessed foveal thickness, reporting a SMD of —0.25
(p=0.50) in AD cases relative to controls.>3 Further research is needed
to better characterize these regional differences in retinal neurode-

generation and to define the underlying pathological mechanisms.

4.3 | Retinal circulation changes
Meta-analysis of vessel density (VD) measured by OCT-A in various
retinal locations revealed an overall decrease in VD in cases compared
to controls in the deep, intermediate and superficial layers. In con-
trast, increased VD was found in four out of six locations evaluated
in the peripapillary capillary network. Importantly, each study in this
review assessed VD in a distinct anatomical area, meaning that each
area was only assessed in one study only. The pathophysiology of VD
changes in AD is not clearly defined. It has been hypothesized reduced
VD is caused by Ag deposition in and around retinal vessels, leading
to pericyte apoptosis and impaired retinal blood flow.2”8? Further-
more, it has also been proposed that vascular endothelial growth factor
(VEGF), which is produced in response to hypoxia, is sequestered in A8
plaques and is thus not available to mediate angiogenesis and vascu-
lar homeostasis.”® Heterogeneity in OCT-A metrics and computational
algorithms may make comparison between studies challenging. Har-
monization of imaging methods and metrics may thus be a precondition
to the clinical application of this and other retinal imaging technologies
in AD.

This review found weak evidence from four studies to support an
increase in FAZ area in cases compared to controls (SMD = 0.50,
p = 0.18),31645034 |ncreased FAZ area is likely due to attenua-

tion of the capillary network in the fovea. Shin et al. was the only
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study to assess FAZ area separately for the superficial and deep
capillary plexuses and reported an increased FAZ in both vascular beds
(SMD = 0.40 [p = 0.17] and SMD = 0.68 [p = 0.01], respectively).>®
These findings may be associated with A accumulation via VEGF
sequestration and direct effects on vascular endothelial cells and
pericytes.8? Other studies have suggested that vascular changes
may occur prior to AS accumulation, either through impairment in
neurovascular coupling or chronic retinal hypoperfusion resulting in
endothelial dysfunction.”1>1

Numerous studies of people with AD have demonstrated abnormal-
ities in the retinal circulation beyond the fovea.?2 This review reported
changes in various arteriolar and venular parameters that were identi-
fied using fundus photography. Notably, meta-analysis of three studies
assessing central retinal arteriolar and venular equivalents (CRAE and
CRVE) found weak evidence for a reduction in both parameters in
patients with AD (SMD = —0.24, p = 0.22 and SMD = -0.41,p = 0.12,
respectively).3442.37

As the choroid is one of the most vascular tissues of the body,
choroidal thinning in AD may be associated with hypoperfusion and
atrophy,”2 compounding changes ordinarily associated with aging.”?
Furthermore, several studies have demonstrated abnormal choliner-
gic innervation of cerebral blood vessels in AD resulting in arterial
hypercontractility and increased vascular resistance.” In this review,
vascular density, vessel length density, and vessel perfusion density of
the choriocapillaris were found to be decreased in cases compared to
controls; however, each of these was only assessed by a single study.
It is important to stress that OCT-A choriocapillaris measurements,
such as vessel length density, are not standardized, which may preclude
meaningful comparisons between studies. Efforts to standardize these
measurements have been reported.””

A study in this review identified choroidal thinning on OCT in AD
cases relative to controls (SMD = —0.06, p = 0.59).3 Animal stud-
ies have suggested that choroidal thinning may be related to a series
of pathologic events triggered by AB deposition in the retina and
choroidal vasculature.”*”7 AB accumulation?® may induce an inflam-
matory cascade that leads to retinal neurodegeneration as well as
choroidal vasoregression.”2 However, since choroidal thinning is asso-
ciated with increasing age,”® the evaluation of choroidal thickness in
relation to AD should account for confounding due to age. Further-
more, as choroidal thinning is a feature of other diseases, such as
age-related macular degeneration (AMD), the utility of choroidal thick-
ness as a potential biomarker in AD may be limited in patients with
comorbidities such as AMD.?2

As vascular changes are not unique to AD pathophysiology and
often accompany aging, the specificity of retinal vascular biomarkers
remains in question. Accordingly, putative retinal vascular biomarkers
of AD should be evaluated in people with a wide range of vascu-
lar comorbidities. Importantly, as vascular changes in the brain are
increasingly recognized to contribute to AD pathogenesis and clinical
trajectories, and as retinal vascular changes have been associated with
cerebrovascular disease, retinal vascular biomarkers may be useful
adjuncts to the AT(N) biomarkers.”

4.4 | Hyperspectral imaging changes

AB has a wavelength-dependent effect on light scatter?’; therefore,
Hadoux et al. investigated retinal hyperspectral imaging in A+ cases
and AB- controls. HS scores were significantly different between cases
and controls at multiple retinal locations.3? Sharafi et al. also assessed
hyperspectral images and reported higher mean retinal venule and
arteriolar tortuosity as well as increased mean arteriolar diameter in
AD cases compared to controls.>®> However, as both studies explored
separate retinal parameters, it was not possible to compare findings

between the two studies.

4.5 | Diagnostic accuracy
Although multiple studies assessed the diagnostic accuracy of retinal
biomarkers, each study assessed a unique parameter, making it dif-
ficult to make comparisons between parameters. Individually, there
were indications that OCT, OCT-A, and HSI biomarkers may enable
differentiation between AD cases and control participants. However,
it is apparent that larger validation studies are required before any
one of these biomarkers may be translated to the clinic. Adequately
powered and properly designed multimodal retinal imaging studies will
enable comparison between biomarkers and potentially identify the
biomarker, or combination of biomarkers, that is optimal for AD. Stud-
ies of biomarkers to screenfor risk of AD, to predict clinical trajectories,
and to monitor treatment responses will require distinct study designs.
When assessing diagnostic accuracy, it is important to acknowl-
edge that increasing AD burden may impact retinal parameter findings;
therefore, in order to gain a greater understanding of retinal changes
over time, it is important to assess retinal parameters in the context of
AD burden as measured by PET or CSF. Arecent review by Alber et al.13
explored the association of retinal structural and vascular changes,
particularly focusing on the earliest stages of AD pathogenesis. They
encouraged a systems biology approach to understanding AD retinal
pathophysiology and advocated for future longitudinal studies with
gold-standard biomarker diagnosis.

4.6 | Strengths and limitations

The inclusion of only those studies that defined case and control status
on the basis of brain Ag levels is a strength of this systematic review.
Future retinal imaging studies of AD should include an assessment
of tauopathy and neurodegeneration in alignment with the NIA-AA
AT(N) biomarker framework. Consensus regarding biomarker cut-off
values within the framework will facilitate comparison between stud-
ies. In addition, wide variations in retinal imaging protocols and analysis
methods pose significant barriers to comparison between studies. Just
over one-third of the case-control studies and almost half of the cohort
studies included in this review did not report on whether retinal imag-

ing was performed in a standard, valid or reliable way with predefined
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protocols or scan quality thresholds. The APOSTEL recommendations
for reporting quantitative OCT studies serves as an example of a stan-
dardized approach to retinal imaging.”® Furthermore, although similar
retinal parameters were assessed in different studies, few studies
assessed these parameters in the same manner. For example, while
multiple studies assessed pRNFL thickness in quadrants, quadrant defi-
nitions varied between studies—some studies assessed superior, nasal,
inferior, and temporal quadrants, whereas, others assessed super-
otemporal, superonasal, inferotemporal, and inferonasal quadrants -
making comparisons between studies difficult. Similarly, heterogene-
ity in OCT-A image acquisition parameters, such as scan density, may in
part account for different study findings.*

An additional barrier to comparison between studies stems from the
use of different imaging devices (technologies, models, and calibration
standards) and analysis methods.® Given the small number of stud-
ies assessing each retinal parameter, a subset analysis by device type
or analysis method was not performed in this review. Other studies of
retinal imaging have investigated the effects of different device types
on given retinal biomarker measurements. For example, Ge et al. found
that the pooled estimate of the same biomarker varied among differ-
ent imaging modalities and attributed this to the difference accuracy
of each modality.2* Furthermore, even within the same modality, inter-
device and device inter-session variability and reproducibility should

be considered.”?

5 | CONCLUSION

This systematic review found significant differences in various reti-
nal biomarkers between AD cases and controls. However, the field of
retinal imaging biomarkers for AD is nascent, with the majority of stud-
ies included in this review being published in the last 5 years. Several
of the reported retinal imaging changes appear to be associated with
AD. However, the combined limitations of small sample sizes and vari-
ations in imaging protocols, retinal parameters, and analysis methods
mean that it is not yet clear which, if any, of these biomarkers may
have clinical utility. Longitudinal studies will inform the extent to which
biomarkers change with disease progression. Studies of biomarker
reproducibility are also necessary. A recent consensus paper called
for harmonization, standardization, and replication of imaging meth-
ods to ensure comparability of findings between studies.'%® Efforts
should also be made to ensure that biomarkers can be integrated
into existing clinical practice patterns and various contexts of use.%°
We propose future studies should: (1) adhere to the NIA-AA AT(N)
biomarker framework for AD case and control definitions and explic-
itly state this, (2) be adequately powered, and (3) include a diversity
of participants for age, gender, ethnicity, disease stage, and relevant

age-related disease comorbidities.
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