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BACKGROUND: To assess the association between optical coherence tomography angiography (OCTA) retinal measurements and
Alzheimer’s disease (AD).
METHODS: We searched MEDLINE and EMBASE from inception up to October 28th, 2020 for studies assessing the association
between OCTA retinal measurements and AD. Estimates from eligible studies were meta-analysed and pooled standardized mean
differences (SMDs) between AD patients and healthy participants with corresponding 95% confidence intervals (95% CI) were
calculated, using the Hartung–Knapp/Sidik–Jonkman random-effects method. In addition, we quantified the minimum strength on
the risk ratio scale (E value) required for an unmeasured confounder to nullify these associations.
RESULTS: Ten eligible studies for our systematic review were identified through our search strategy. The pooled SMD between the
retinal vessel density of AD patients and healthy participants in the whole superficial vascular plexus (SVP), parafoveal SVP and
foveal avascular zone (FAZ) was −0.41 (95% CI: −0.69 to −0.13, p value= 0.01, I2= 15%, seven studies), −0.51 (95% CI: −0.84 to
−0.18, p value= 0.01, I2= 40%, six studies), and 0.87 (95% CI: −0.03 to 1.76, p value= 0.05, I2= 91%, seven studies), respectively.
An unmeasured confounder would need to be associated with a 2.26-, 2.56- and 3.82-fold increase in the risk of AD and OCTA
retinal measurements, in order for the pooled SMD estimate of vessel density in whole SVP, parafoveal SVP and FAZ, respectively, to
be nullified.
CONCLUSIONS: In our study, whole and parafoveal SVP vessel density were inversely associated with AD. However, prospective
longitudinal studies with larger sample sizes are needed to furtherly assess these associations.
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INTRODUCTION
Alzheimer’s disease (AD) is the most common subtype of
dementia [1] as well as the most common cause of dependence
and disability [2, 3]. According to population-based estimates, one
in three individuals born in developed countries will develop AD
at some point during their life [4].
AD is characterized by a progressive, irreversible impairment of

cognitive function due to apoptosis of nerve cells and brain
atrophy. Cerebral neuronal loss and small-vessel cerebrovascular
changes, which are most strongly associated with cognitive
impairments, are difficult to detect with existing brain imaging
technologies. In contrast, the retinal tissue and microvascular
network can be imaged directly and may provide a unique window
to study cerebral pathologic features [5], because the retinal and
cerebral microvasculature share similar embryologic origins as well
as anatomic and physiologic properties [6, 7]. The retina is
considered to be part of the CNS, connected to the CNS through
the optic nerve [8]. It is a developmental extension of the brain and
is the only part of the central nervous system that can be imaged
non-invasively at sub-cellular resolutions. As a result, retina and the
optic nerve are affected by neurodegenerative changes in patients
with AD [9]. Previous studies have shown that retinal measure-
ments of optical coherence tomography (OCT) e.g. ganglion cell-

inner plexiform layer, ganglion cell complex and retinal nerve fibre
layer, are associated with AD, highlighting the potential usefulness
of OCT measurements as biomarkers of AD [10].
Recent technological advances in OCT provide refined mea-

surements of the microvascular pathology which by extension,
may also provide us with sensitive biomarkers reflecting under-
lying cerebral processes. The recently developed functional
extension of OCT-termed OCT angiography (OCTA) enables a
detailed angiographic view of the retinal vascular network, by
measuring the size, shape and blood flow of retinal capillaries in a
living human eye without injecting any contrast agents or dye
[11]. As AD is a disease that is also characterized by vascular
changes, OCTA may reflect such vascular changes in the retina,
making it of interest as a potential new and possibly early
biomarker for AD [12]. In the last 2 years, a few studies have
already illustrated that specific OCTA biomarkers are associated
with AD [13–15].
Therefore, in this study, we performed a systematic review and

meta-analysis of the literature up to date and summarized eligible
studies on the differences of OCTA retinal measurements within
the macula in AD patients and healthy individuals. In addition, we
performed bias analysis to assess the robustness of the association
estimates to unobserved confounding.
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MATERIALS
Eligibility criteria
We conducted this systemic review and meta-analysis of the
published literature on the differences of OCTA measurements in
AD and controls, following the Meta-analysis of Observational
Studies in Epidemiology guidelines (Supplementary Table 1) [16].
The literature search was created to answer the question: ‘Is there
an association between OCTA retinal measurements within the
macula and AD?’. Studies included in the meta-analysis fulfilled
the following criteria: (1) cross-sectional, case-control or prospec-
tive design; (2) data of OCTA measurements within the macula
were reported; (3) data from retinal measurements was reported
as mean or mean difference and standard deviation between AD
patients and healthy participants. Studies where the mean
difference could be calculated indirectly from data provided in
the study were considered eligible for inclusion in our meta-
analysis; (4) the diagnosis of AD in participants was based on
established diagnostic systems (e.g. International Classification of
Diseases, Diagnostic and Statistical Manual of Mental Disorders,
National Institute of Neurological and Communicative Diseases
and Stroke/Alzheimer’s Disease and Related Disorders Associa-
tion); (5) AD patients were recruited in addition to controls; (6)
sample size of the study was >10. We excluded conference
abstracts, letters to the editor, case-report studies, systematic
reviews, meta-analyses, non-human studies, non-English studies
and low-quality studies using the Newcastle–Ottawa Scale (NOS)
[17].

Literature search
Two authors (AK, JK) independently performed a literature search
via the databases MEDLINE and EMBASE (OvidSP) from database
inception up to October 28th, 2020, for studies assessing the
association between OCTA measurements and AD. We tailored the
search strategy to the research question and the relevant inclusion
and exclusion criteria of our review. We used terms from the
hierarchically organized terminology for indexing and cataloguing
and synonyms of these keywords. We also used free-text words in
order to retrieve ‘in process’ and ‘publisher-supplied citations’ as
they are not indexed with structured terminology. Finally, in order
not to miss relevant articles, we manually searched the reference
lists of all the studies, which met the inclusion criteria, in order to
retrieve additional articles relevant to our research question
(‘snowball’ procedure). The exact combination of search terms that
was put in the search query of the OvidSP databases is provided in
the Supplementary Table 2. In addition, we searched other sources
of grey literature, notably Google Scholar and suggested citations.

Study selection and study quality assessment
After removing duplicate articles, we identified the eligible studies
using a two-step selection process. In the first phase, two authors
(AK, JK) independently screened the titles and abstracts of the
studies yielded from the computerized literature search, while in
the second phase, they assessed the full texts of the remaining
studies to identify potentially relevant articles. We excluded any
study that did not meet the prespecified eligibility criteria and any
discrepancies were resolved by consensus.
The methodologic quality of included studies was assessed by

same two investigators through a modified version of NOS for
cross-sectional studies, which has been described previously [18].
They independently reviewed and graded the eligible articles
obtained from the literature search to assess their quality. The
main domains assessed with the modified NOS are representa-
tiveness of the sample, whether the sample size is justified and
satisfactory, description of respondents and non-respondents,
characteristics and response rate, ascertainment of the exposure,
comparability of the subjects in different outcome groups,
assessment of the outcome and adequacy of statistical analysis.
In the ‘selection’ section of the NOS, studies including individuals

diagnosed with AD according to established diagnostic systems
would be considered representative of the average exposed
cohort in the target population and were allotted a star. Age was
set as the most important factor for controlling confounding in the
‘comparability’ section, which can be awarded a maximum of two
stars. Similarly, the ‘ascertainment of the exposure’ and ‘assess-
ment of the outcome’ sections can be awarded a maximum of two
starts each, while each of the remaining sections can be awarded
a maximum of one star. The maximum score of 10 can be given to
a study. Studies with scores of <6 were considered of low-quality
and excluded from this meta-analysis, while studies with scores of
6 or more were considered of moderate-to-high quality.

Data extraction
Two authors (AK, JK) independently checked the data of the
eligible studies and entered them in a customized extraction form.
The extracted information from each of the eligible study
included: first author’s name, publication year, country in which
the study was conducted, sample size, number of male and female
participants, mean age, mean score of the Mini-Mental State
Examination (MMSE), OCTA machine type used, the OCTA
parameters that each study assessed on each outcome group
and control covariates. All reported data were extracted from
published articles and we also contacted the authors for
additional information.

Statistical analysis
We used means and standard deviations from each outcome
group to calculate standardized mean differences (SMDs) of each
OCTA measurement between different outcome groups, with
corresponding 95% confidence intervals (95% CI). In cases where
values of OCTA measurements outcomes were not directly
available, we calculated them indirectly by combining means
and standard deviations. We adopted the Hartung–Knapp/
Sidik–Jonkman random-effects method to combine study-
specific SMDs in pooled effect estimates with respective 95%
confidence intervals and calculate the between-study variance
(τ2). The advantages of the Hartung–Knapp/Sidik–Jonkman
method have been described previously [19, 20] and they are
evident especially when there is high heterogeneity among the
studies and the number of studies in the meta-analysis is small.
We calculated the percentage of total variation due to hetero-
geneity (I2) and used the Cochran Q to test for between-study
heterogeneity. We performed meta-analysis on the association
between OCTA retinal measurements and AD, when five or more
studies were eligible for a specific OCTA parameter.
Moreover, we conducted sensitivity analyses to assess unmea-

sured confounding, since random-effect meta-analyses can
produce biased estimates when the included studies are subject
to unmeasured confounding [21]. Specifically, we calculated the
minimum magnitude of unmeasured confounding on the risk
ratio scale that is needed to nullify the SDM between the outcome
groups. This approach is a meta-analytic extension of the E value
metric [22] that measures the confounding bias capable of
bringing the effect estimate, of single studies, to a specific
threshold. Due to the relatively low number of eligible studies, we
did not conduct tests for assessment of publication bias nor meta-
regression to identify sources of heterogeneity [23]. P values < 0.05
were considered as statistically significant, and all statistical tests
were two-sided. The statistical software R (version 3.5.1, Founda-
tion for Statistical Computing, Vienna, Austria; package) [24] was
used for all the analyses.

RESULTS
Systematic review
Figure 1 summarizes the screening process and the identification
of eligible studies. We identified 600 articles in total through our
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literature search. After removal of duplicates, 452 articles were
selected for title and abstract screening and 441 of them were
excluded. The remaining 11 articles were eligible for full-text
review. We excluded one article since it did not include any OCTA
retinal measurements [25]. Thus, ten articles [13–15, 26–32] were
included in our systematic review and were eligible for meta-
analysis. All eligible studies were of moderate or high quality and
the NOS score ranged from 7/10 to 9/10 with a median score of 9/
10 (Supplementary Table 3).
Tables 1 and 2 summarize the main characteristics of the

eligible studies. Among the ten included articles, four were
conducted in Europe [26–29], four in Asia [13, 30–32] and two in
the U.S.A. [14, 26]. All studies were cross-sectional and the
summarized number of participants was 610 (248 AD patients and
362 healthy participants), ranging from 33 to 172 participants in
individual studies. Regarding the mean age of participants, it
ranged from 63.38 to 74.23 years and from 60.6 to 74.26 years for
AD patients and healthy participants, respectively. The mean
MMSE score of AD patients was reported from all eligible studies
and ranged from 16.92 to 24.9, while seven studies [13–15, 28–31]
reported the mean MMSE score of healthy participants, ranging
from 26.81 to 29.84. The AngioVue software of Optovue spectral
domain OCT [33] was utilized in four studies [13, 26, 28, 31] to
assess the retinal microvasculature, while the remaining six
[14, 15, 27, 29, 30, 32] used the AngioPlex software of Carl Zeiss
spectral domain OCT [34].
The way that the eyes of participants were selected varied

among studies; in three studies [13, 27, 30, 32] one eye from each
participant was randomly selected, in two [14, 29] studies values
from both eyes of every participant were averaged, unless only
one suitable image was present, in two studies [15, 31] both eyes
of every participant were selected, unless only one eye was
eligible for inclusion the analyses, in one [28] study, the eye with
the highest signal quality score was selected for each participant
and in one study [26], one eye of each participant was included

in the analysis without reporting the reasoning behind the
selection.

Meta-analysis
Since several OCTA parameters, which assess the vessel density of
retinal microvasculature exist and these parameters may differ
among different OCTA machines (Table 2), the SMD was used as a
summary statistic in out meta-analyses. This method is particularly
useful when studies assess the same outcome but measure it in
various ways [35]. OCTA data on the vessel density of the whole
superficial vascular plexus (SVP), parafoveal SVP and foveal
avascular zone (FAZ), were obtained in more than five studies
and thus, these were the OCTA metrics that were meta-analysed.
Regarding the whole SVP, estimates were obtained from seven
studies; in four studies [13, 15, 27, 28] the effect estimates were
obtained directly from the data provided by each study, while in
the remaining three studies, the estimates were indirectly
calculated. More specifically, in these two studies [29–31], we
calculated the estimates for the whole SVP by combining the
means and standard deviations of parafoveal and perifoveal SVP
of each outcome group [36]. The meta-analysed estimates of the
parafoveal SVP vessel density and FAZ were directly obtained
from six [13, 15, 26, 28–30] and seven studies [13–15, 28–31],
respectively. One study was excluded from our meta-analyses
because of inadequate information on OCTA retinal measure-
ments in order to calculate SMD [32]. Last, although one study [14]
provided eligible estimates of retinal vessel density, these
estimates were not in the group of selected OCTA parameters
to be meta-analysed, namely whole SVP, parafoveal SVP and FAZ,
and, thus, we excluded it from our meta-analyses. When a study
provided more than one metrics of retinal vessel density, we
selected for the meta-analyses the one that was used by most of
the remaining studies.
The pooled SMD between the retinal vessel density of AD

patients and healthy participants in the whole SVP, parafoveal SVP

Fig. 1 Flow chart on the selection strategy of eligible studies. We adopted a two-step screening process in order to identify eligible articles
for our stystematic review and meta-analysis.
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and FAZ was −0.41 (95% CI: −0.69 to −0.13, p value = 0.01, I2=
15%, seven studies), −0.51 (95% CI: −0.84 to −0.18, p value=
0.01, I2= 40%, six studies) and 0.87 (95% CI: −0.03 to 1.76, p value
= 0.05, I2= 91%, seven studies), respectively (Fig. 2). High
heterogeneity (I2= 91%, Cochran’s Q p value < 0.01) was observed
among the seven studies examining the association between FAZ
and AD. In order for the pooled SMD estimate of vessel density in
whole SVP, parafoveal SVP and FAZ to be nullified, an unmeasured
confounder would have to be associated with a risk ratio of 2.26,
2.56 and 3.82, respectively, with the risk of AD and the
corresponding OCTA metrics.

DISCUSSION
To the best of our knowledge, this is the largest to-date systematic
review and meta-analysis to quantify the associations between
OCTA retinal measurements and AD. In our study, we found
statistically significant inverse associations of whole and parafo-
veal SVP vessel density with AD, and a marginally nonsignificant
positive association between FAZ and AD.
Extracellular deposition of amyloid-β plaques and intracellular

neurofibrillary tangles are the characteristic neuropathological
findings in AD, which lead to progressive, irreversible impairment
of cognitive function due to apoptosis of nerve cells and brain
atrophy [37]. In addition, vascular changes have been identified by
numerous studies [38, 39]. These pathological changes can be
found not only in brain but also in retina due to their similar
embryological origin. The pathophysiological mechanism of
reduced retinal vessel density in AD remains unknown. However,
it has been postulated that the deposition of beta-amyloid
plaques in retina apply compressive forces to retinal cells and
blood vessels, reducing blood flow to retina, which is one of the
most energy consuming tissues [40]. The vascular endothelia
growth factors that are produced in response to retinal hypoxia
cannot bind to their corresponding endothelial receptors and
restore retinal blood supply to normal levels, since they are
mechanically blocked by the diffuse accumulation of amyloid-β
plaques [41]. This postulated that pathophysiological mechanism

can explain to a certain degree the reduced retinal vessel density
found to AD patients compared to healthy individuals.
One of the most important concern of our meta-analyses is the

variation in how vessel density is assessed among different OCTA
machines. Moreover, a specific OCTA machine can utilize various
OCTA metrics to quantify retinal vessel density. In a recent
systematic review [42], investigating the use of OCTA in cerebral
small-vessel disease SVD, stroke and dementia, this was one of the
main reasons for not performing a meta-analysis of the included
studies. We addressed this concern by using SMD as the summary
statistic in our meta-analyses, giving us the possibility to
summarize OCTA metrics that assess the same outcome (vessel
density) on a different scale. In most of our included studies, vessel
density was defined either as the percentage of perfused retinal
area (unit of measurement was %) or as the ratio of total retinal
vessels’ length per unit area in the region of measurement (unit of
measurement was /mm). Two studies [14, 32] that they were not
included in the meta-analyses, assessed vessel density through
fractal analysis using the box counting method (unit of measure-
ment was Dbox). Moreover, our systematic review and meta-
analysis included two additional studies [30, 32], which were
identified from searching the grey literature, compared to the
most recent systematic review [42].
Our findings have important clinical implications with regards

to AD screening and diagnosis. Current diagnostic methods for AD
e.g. magnetic resonance imaging, positron emission tomography,
cerebral spinal fluid examination, genetic markers and serum
amyloid, can be characterized as costly, time-consuming, invasive,
with suboptimal specificity and sensitivity, as well as limited
access to specialists [43]. For example, although positron emission
tomography scanning has brough upon a breakthrough in
visualization of amyloid-β plagues presence in vivo in cognitively
healthy individuals, it is currently not suitable for large-scale
screening, since It is a costly diagnostic procedure that is only
available in larger hospitals. Most of the methods mentioned
above are not presently scalable for population screening of
individuals at risk of AD. Faster, more reliable, more accessible and
less invasive diagnostic techniques comprise a large unmet need

Table 2. OCTA machine and parameters of included studiesa.

Author, country, year OCTA
machine

OCTA parameters assessed within macula Macular scan
diameter (mm)

Bulut et al., Turkey, 2017 Optovue Vessel density (%) of SVP (whole, fovea and parafovea), choroidal
flow rate, outer retina flow rate and FAZ

6

Jiang et al., USA, 2018 Zeiss Vessel density (Dbox) of SVP and DVP (Ø 0.6–2.5 mm and six annular
zones) and FAZ

3

Lahme et al., Germany, 2018 Optovue Vessel density (%) of SVP and DVP (whole [2.5-mm diameter circle],
fovea [1-mm diameter circle] and parafovea [Ø 1–2.5 mm])

3

Querques et al., Italy, 2019 Zeiss Perfusion density (%) of SVP, DVP, choriocapillaris and choroid (3
and 6-mm diameter circle with masked FAZ)

6 and 3

Yoon et al., USA, 2019 Zeiss Perfusion density (%) and vessel density (/mm) of SVP (3 and 6-mm
diameter circle and Ø 1–3mm) and FAZ

6 and 3

Zabel et al., Poland, 2019 Optovue Vessel density (%) of SVP and DVP (whole [6-mm diameter circle],
fovea [1-mm diameter circle], parafovea [Ø 1–3mm] and perifovea
[Ø 3–6mm]) and FAZ

6

Haan et al.,
Netherlands, 2019

Zeiss Vessel density of SVP (/mm) (parafovea [Ø 1–3mm] and perifovea
[Ø 3–6mm]) and FAZ

6

Li et al., China, 2019 Zeiss Vessel density (/mm) of SVP (fovea [1-mm diameter circle],
parafovea [Ø 1–3mm] and perifovea [Ø 3–6mm]) and FAZ

6 and 3

Wu et al., China, 2020 Optovue Vessel density (%) of SVP and DVP (parafovea [Ø 0.6–3mm] and
perifovea [Ø 3–6mm]) and FAZ

6

Chua et al., Singapore, 2020 Zeiss Perfusion density (%), vessel density (/mm) and fractal dimension
(Dbox) of SVP and DVP (Ø 1–2.5 mm) and FAZ

3

aDVP deep vascular plexus, FAZ foveal avascular zone (mm2), SVP superficial vascular plexus, Ø ring around fovea.
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for efficient screening of those at risk. In this context, quantitative
OCTA metrics may constitute promising biomarkers for monitor-
ing progression of pathological neural degeneration associated
with AD. These biomarkers can meet the urgent scientific and
clinical need for a patient-friendly, early, inexpensive AD
biomarker, that preferably detects AD pathology before severe
neurodegeneration.
Despite including only studies with moderate-to-high quality

according to NOS score in our meta-analyses, our results should
be considered in the context of several potential limitations. First,
the methodological heterogeneity among studies regarding the
OCTA machine and metrics that were used, the way that the eyes
of participants were selected and the covariates included in
analysis, may have affected the pooled estimates of our meta-
analyses. Second, the cognitive status of AD patients varied
among the studies, with the mean MMSE score ranging from 16.92
to 24.9. As a result, the variability in disease severity in individual
studies, could have led to over- or under-estimation of the true
effect sizes. Third, although most of the studies have controlled in
the analysis for the age of participants as a strong potential
confounder on the association estimates, other potential con-
founding variables like chronic diseases, were not taken into

account. This may also be a result of the small sample size of most
studies, which limits the number of covariates in the analysis and
comprises an additional limitation of our meta-analysis. Last, since
all meta-analysed studies are cross-sectional, we cannot establish
temporal ordering of the OCTA metrics and AD.
In conclusion, this systematic review and meta-analysis provides

evidence on inverse associations of whole and parafoveal SVP
vessel density with AD. These results have important clinical
implications, since OCTA metrics may have the potential to be
utilized as biomarkers of AD. Due to several limitations, causal
associations cannot be established and thus, future longitudinal
studies, with larger sample sizes, more potential confounders
controlled in their analysis and more homogenous assessments of
retinal microvasculature are warranted to support our results.

SUMMARY

What was known before

● Retinal measurements of OCT have been found to be
associated with AD.
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Fig. 2 Forest plots of the pooled standardized mean differences (SMDs) on patients with Alzheimer disease (AD) and healthy
participants. Association estimates between AD and (a) the whole superficial vascular plexus, (b) the parafoveal superficial vascular plexus
and (c) the foveal avascular zone.
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What this study adds

● This study highlights the potential usefulness of OCTA
measurements as biomarkers of AD.
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