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Optical coherence tomography angiography (OCT-A) allows the detection of retinal vessel density
(VD) loss, which is a reflection of brain vascular pathology. We aimed to investigate differences in
macular VD in the superficial plexus in a large cohort of individuals cognitively unimpaired (CU),
with mild cognitive impairment due to Alzheimer’s disease (MCI-AD), MCl due to cerebrovascular
pathology (MCI-Va), probable Alzheimer’s disease dementia (ADD) and Vascular Dementia (VaD).
Clinical, demographical, ophthalmological and OCT-A data from the Neuro-ophthalmology Research
at Fundacio ACE (NORFACE) project were analyzed. Differences of macular VD in four quadrants
(superior, nasal, inferior and temporal) among the five diagnostic groups were assessed in a
multivariate regression model, adjusted by age, sex, education, hypertension, diabetes mellitus,
heart disease and stroke. The study cohort comprised 672 participants: 128 CU, 120 MCI-AD, 111
MCl-Va, 257 ADD and 56 VaD. Regression analysis showed a significantly higher VD in the temporal
quadrant in MCI-AD compared to CU participants (49.05 +4.91 vs 47.27 +4.17, p=0.02, d =0.40), and
asignificantly lower VD in the inferior quadrant in MCI-Va compared to CU participants (48.70+6.57
vs 51.27 +6.39, p=0.02, d=0.40). Individuals with heart disease presented significantly lower VD

in the inferior quadrant than those without (p=0.01). The interaction of sex and diagnosis had no
effect in differentiating VD. Mini-Mental State Examination (MMSE) scores were not correlated to
VD (allr<0.16; p>0.07). In conclusion, our study showed that the MCI-AD and MCI-Va groups had
significant differences in macular VD in opposite directions in the temporal and inferior quadrants,
respectively, compared to CU participants, suggesting that macular VD might be able to differentiate
two pathogenic pathways (AD- and cerebrovascular-related) in early stages of cognitive decline.

Neuropathological studies suggest that “mixed dementia”, which involves the coexistence of Alzheimer s disease
(AD) pathology and brain vascular damage, is the most common underlying cause of cognitive impairment
among the elderly'. In fact, cerebral small vessel disease and silent infarcts are present in up to 80% of dementia
cases®®. Epidemiological studies are possibly underestimating the contribution of brain vascular damage in
dementias, due to the wrong classification of cases with vascular or mixed dementia as AD, especially in those
studies without neuroimaging or neuropathology confirmation*.
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Both neurodegeneration and brain vascular changes originate decades before the onset of cognitive symptoms
and can be detected in vivo in the brains of cognitively normal individuals using different biomarkers such as
brain magnetic resonance imaging (MRI)’, positron emission tomography (PET) with tracers against amyloid
and tau®, and quantification of tau and amyloid levels in the cerebrospinal fluid (CSF)’. As these techniques are
either quite expensive, invasive or not readily available, one of the main goals in the dementia research field is
to develop novel inexpensive and non-invasive biomarkers. Currently, candidate markers are being evaluated in
different fields such as genomics, plasma analytes and neuro-ophthalmology.

The retina is a projection of the central nervous system (CNS) through the optic nerve and thus is consid-
ered a “window to the brain”®. The retina is an attractive potential source of brain biomarkers, as it shares with
the brain embryological, immunological and chemical features®. Unless the rest of the CNS, the retina can be
directly visualized in vivo using Optical Coherence Tomography (OCT), an affordable, reliable, widely acces-
sible and non-invasive imaging technique that obtains high-resolution tomographic micrometric images of the
retina through the pupil®.

Structural OCT has been used for over three decades in the field of Ophthalmology to diagnose and mon-
itor common ocular pathologies such as open-angle glaucoma, diabetic retinopathy or age-related macular
degeneration'’. OCT has also allowed the detection of thickness changes in different layers of the retina in neu-
rological disorders such as optical neuritis, multiple sclerosis, Parkinson disease and AD''. OCT angiography
(OCT-A) is a novel technique that allows the visualization of small retinal vessels and their blood flow without
the need of intravenous contrast injection'2 It obtains high resolution images of the retinal vasculature in 3D,
in most cases approaching histological resolution’. Quantitative measures of retinal vascular features, such
as vessel density (VD) assessed by OCT-A may detect areas of vascular loss that are not yet visible on fundus
photographs!*.

Several studies support the idea that retinal microvasculature damage reflects brain microvascular
alterations'”. The use of retinal vascular imaging such as OCT-A can provide critical information about the early
pathophysiology of AD (and in particular, about its microvascular etiology) and the pathological mechanisms
of brain vascular damage and its role as predictors of cognitive decline. So far, previous literature investigating
OCT-A in cognitive disorders has shown discrepant results, with some small studies demonstrating differences
in several vascular retinal measures across diagnostic groups'®!”, while other did not's.

In this study we aimed to analyze the differences of vessel density (VD) in the macular superficial plexus as
quantified by OCT-A in a large and well-characterized single-site cohort of individuals cognitively unimpaired
(CU), with Mild Cognitive Impairment (MCI), probable Alzheimer’s disease dementia (ADD) and Vascular
dementia (VaD) who were evaluated in a Memory Clinic, along with the effects of sex and the correlation of
macular VD with cognitive measures.

Results
Demographic and clinical characteristics of the cohort. Data from 1481 individuals with availa-
ble clinical information and OCT-A obtained between January 2018 and March 2019 were initially reviewed.
Several exclusion criteria were applied: age <50yo (n=8), lack of finalized clinical diagnosis (n=51), lack of a
clinical evaluation within 6 months from the OCT-A (n=124), not fulfilling the diagnostic group criteria (CU,
MCI-AD, MCI-Va, ADD, VaD) (n=538), and finally, ophthalmological conditions that could interfere with the
OCT-A measurements (n=88; n=4 due to retinal surgery, n=19 due to retinopathy, n=12 due to open angle
glaucoma, n=16 due to IOP >24 mmHg, n=16 due to myopia magna, n=21 due to other reasons) (see the par-
ticipants’ algorithm selection in Fig. 1).

The final sample consisted of 672 individuals with the following diagnosis: 128 CU, 120 MCI-AD, 111 MCI-
Va, 257 ADD and 56 VaD. Demographic characteristics and past medical history of the cohort are displayed in
Table 1.

Multinomial regression analysis of demographic, clinical and structural OCT variables among
diagnostic groups. The first multinomial regression analysis exploring the distribution of age, sex and edu-
cation among the diagnostic groups showed that these three demographical variables had a significant effect, at
least in one contrast, so they were all included as adjusting factors in the final analysis (Supplementary Table S1).

The second multinomial regression analysis exploring several cardiovascular conditions among diagnostic
groups showed that hypertension, diabetes mellitus, heart disease and stroke were the only factors with at least
a significant discrepancy in one contrast among the diagnostic groups, so those were also included as adjusting
factors in the final analysis. (Supplementary Table S2).

Multivariate regression analysis of macular VD differences among diagnostic groups. Table 2
depicts the contribution of each adjusting factor and diagnosis to macular VD variance. Regression models
revealed a significant effect of diagnosis on VD values. On one hand, MCI-AD participants showed a signifi-
cantly higher macular VD in the temporal quadrant compared to CU individuals (49.05+4.91 vs 47.27 +4.17,
p=0.02, d=0.40) (Fig. 2a). Additionally, MCI-Va participants showed a significantly lower macular VD in the
inferior quadrant compared to CU individuals (48.70+6.57 vs 51.27 +6.39, p=0.02, d=0.40) (Fig. 2b). On the
other hand, no significant differences in macular VD nasal (Fig. 2c) and VD superior (Fig. 2d) quadrant meas-
urements were detected among diagnostic groups. Lastly, the presence of heart disease showed a significant
inverse relationship with VD also in the inferior quadrant (p=0.01), so that participants with heart disease had
significantly lower VD in the inferior quadrant compared to those without this condition. In contrast, age, sex,
education, hypertension, diabetes mellitus and stroke presented no significant contribution to VD variability.
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Figure 1. Participants’ selection algorithm. CU = cognitively unimpaired; ADD = probable Alzheimer s disease
dementia; IOP =intraocular pressure: MCI-AD =mild cognitive impairment due to Alzheimer s disease;
MCI-Va=mild cognitive impairment due to cerebrovascular pathology; OCT-A =optical coherence tomography
angiography; VaD =vascular dementia.

Representative VD images from the superficial vascular plexus at the macular region for each diagnostic
group are depicted in Fig. 3.

Raw and adjusted sector-specific macular VD measures across diagnostic groups are displayed in Table 3.

The above regression models showed similar results without including cardiovascular conditions as adjusting
factors (Supplementary Table S3).

Additionally, we rerun the multivariate regression analysis for every macular VD quadrant without including
the outliers cases (defined as+ 3 standard deviations of the VD mean). The number of outlier cases detected per
macular VD quadrant was the following: VD Nasal: n=12 (8 upper limit, 4 lower limit), VD Superior: n=14
(5 upper limit, 9 lower limit), VD Temporal: n=11 (9 upper limit, 2 lower limit) and VD Inferior: n=13 (8
upper limit, 5 lower limit). Without including outliers cases, the multivariate regression analysis showed similar
significant results of the comparison of CU vs MCI-AD groups in the VD temporal quadrant (p=0.02), CU vs
MCI-Va groups in the VD inferior quadrant (p =0.03), and presence vs absence of heart disease in the VD inferior
quadrant (p <0.01). Additionally, now the ADD group showed higher VD in the temporal quadrant compared to
the CU individuals (p=0.05), and age showed an inverse association with VD in the nasal and inferior quadrants
(p=0.05 and p=0.04, respectively).

Lastly, pairwise comparisons were executed using Tukey correction under an exploratory aim for each VD
measure separately, comparing every diagnostic group with the rest of categories. None of the contrasts presented
a significant effect (Supplementary Table S4).

Sex effect in macular VD across diagnostic groups.  The interaction of sex and diagnosis had no effect
in differentiating VD measurements, adjusted by age, education, hypertension, diabetes mellitus, heart disease
and stroke (Supplementary Table S5). Thus, differences in macular VD among diagnostic groups were not sig-
nificantly influenced by sex.

Macular VD association with Mini-Mental Scale Examination (MMSE) scores. MMSE scores did
not show significant correlations with any of the four macular VD measurements analyzed, either in the whole
sample or in any of the five diagnostic groups separately, adjusted by age, sex, years of education, hypertension,
diabetes mellitus, heart disease and stroke (all r <0.16; p>0.07) (see Table 4).

Discussion

In this study we investigated differences of macular VD in the superficial plexus assessed by OCT-A within a
large cohort of individuals with different degrees of cognitive impairment (CU, MCI-AD, MCI-Va, ADD and
VaD) who were evaluated in a Memory Unit. Our results highlighted that the two MCI groups (MCI-AD and
MCI-Va) showed significant differences in opposite directions in macular VD in the temporal and inferior
quadrants, respectively, compared to CU participants, suggesting that VD might be able to differentiate two
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Diagnostic group | Mean |SD | Intergroup significance
CU (n=128) | 65.44 7.23
MCI-AD (n=120) | 7598 |7.05
MCI-Va(n=111) |77.08 7.34
Age (years) <0.001*
ADD (n=257) | 80.39 7.29
VaD (n=56) |80.52 |8.11

Total (n=672) | 76.05 | 9.46

U (n=128) [69.5% |n/a
MCI-AD (n=120) |46.7% | n/a
MCI-Va (n=111) |52.3% |n/a
Sex (% women) <0.001°
ADD (n=257) | 70.4% |n/a
VaD (n=56) | 62.5% |n/a

Total (n=672) | 64.3% |n/a

U (n=128) | 11.91 4.37
MCI-AD (n=120) |8.00 4.50
MCI-Va(n=111) | 741 | 3.80
Education (years) <0.001*
ADD (n=257) |6.35 3.99
VaD (n=56) | 6.27 4.00
Total (n=672) | 7.96 4.75
U (n=128) |29.13 |0.92
MCI-AD (n=120) |24.73 3.09
MCI-Va(n=111) |26.13 2.64
MMSE (score) <0.001?
ADD (n=257) | 19.06 |4.61
VaD (n=56) |21.91 |5.95

Total (n=672) |22.86 5.65

U (n=128) | 352% |n/a
MCI-AD (n=120) |53.3% |n/a
MCI-Va(n=111) |67.6% |n/a
Hypertension <0.001°
ADD (n=257) |63.0% |n/a
VaD (n=56) | 83.9% |n/a
Total (n=672) | 56.7% | n/a

U (n=128) |7.8% n/a
MCI-AD (n=120) | 12.5% |n/a
MCI-Va (n=111) |26.1% |n/a
Diabetes mellitus <0.001°
ADD (n=257) | 13.6% |n/a
VaD (n=56) |41.1% |n/a
Total (n=672) |14.8% |n/a

U (n=128) | 40.6% |n/a
MCI-AD (n=120) |53.3% |n/a
MCI-Va (n=111) |50.5% |n/a
Dyslipidemia 0.19°
ADD (n=257) | 49.4% |n/a
VaD (n=56) | 57.1% |n/a

Total (n=672) |49.0% |n/a

U (n=128) [10.9% |n/a
MCI-AD (n=120) |26.7% |n/a
MCI-Va (n=111) |29.7% |n/a
Heart disease <0.001°
ADD (n=257) |257% |n/a
VaD (n=56) | 44.6% |n/a
Total (n=672) |24.4% |n/a

U (n=128) | 7.8% n/a
MCI-AD (n=120) | 9.2% n/a
MCI-Va(n=112) |15.3% |n/a
COPD 0.18°
ADD (n=257) | 8.2% n/a
VaD (n=56) | 143% |n/a
Total (n=672) | 8.9% n/a

Continued
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Diagnostic group | Mean |SD | Intergroup significance
CU (n=128) |3.1% n/a
MCI-AD (n=120) | 5% n/a
MCI-Va(n=111) |19.8% |n/a
Stroke <0.001°
ADD (n=257) |5.8% n/a
VaD (n=56) | 25% n/a
Total (n=672) | 7% n/a

CU (n=128) | 7.8% n/a
MCI-AD (n=120) |2.5% |n/a
MCI-Va (n=111) | 9% n/a
Smoking 0.23°
ADD (n=257) |4.7% n/a
VaD (n=56) |7.1% n/a

Total (n=672) | 5.2% n/a

Table 1. Demographic and clinical characteristics of the cohort. Demographic and medical conditions

among groups are summarized. *1-factor ANOVA PPearson’s Chi2 test. ADD = probable Alzheimer s disease
dementia; COPD = chronic obstructive pulmonary disease; CU = cognitively unimpaired; MCI-AD = mild
cognitive impairment due to Alzheimer s disease; MCI-Va=mild cognitive impairment due to cerebrovascular
pathology; MMSE = Mini Mental State Examination; n/a=not available; SD = standard deviation;

VaD =vascular dementia. Significance was set up at p <0.05.

pathogenic pathways (AD- and cerebrovascular-related) in early stages of cognitive decline. No significant effect
of the interaction of sex and diagnosis in predicting macular VD was detected and lastly, macular VD did not
correlate with MMSE scores.

In the dementia field it is essential to investigate novel biomarkers linked to early AD pathology and concomi-
tant microvascular changes, in order to develop better diagnostic and therapeutic options. The early identification
of cerebrovascular pathology is very relevant, as asymptomatic brain vascular changes in middle-aged adults are
associated with a higher risk of future cognitive decline and disability". The NORFACE study was set up at Ace
Alzheimer Center Barcelona back in 2014 in order to search for retinal biomarkers related to cognitive decline by
using OCT. Our previous works analyzing peripapillary and macular thickness and volumes in a large cohort of
patients from our Memory Unit did not detect significant differences among CU, MCI and ADD individuals**?'.
Further, in a group of 129 participants with subjective cognitive decline (SCD) from the FACEHBI cohort, we
found that thickening of the inner nasal macular region was associated with higher brain amyloid deposition
measured by 18F-Florbetaben-PET but not with progression to MCI after a 2-year follow-up**. After these initial
studies focused on retinal structural measurements, we moved to explore the vascular component as a potential
biomarker of cognitive decline. In order to do that, we used the OCT-A technique, which is a non-expensive and
non-invasive method of assessing retinal vascular characteristics. OCT-A can pinpoint the 3D vasculature of
different retinal layers, calculate the area of the foveal avascular zone (FAZ) and measure the density of the capil-
lary plexuses, thus allowing quantitative evaluation of retinal microvascular perfusion and retinal morphology"’.

In the present study we were able to detect early changes of macular VD in the MCI-AD and MCI-Va groups
compared to CU individuals, but in opposite directions and different locations. First, the MCI-AD participants
showed significantly higher macular VD in the temporal quadrant compared to CU individuals, after controlling
for age, sex, education, hypertension, diabetes mellitus, heart disease and stroke. The two dementia groups (ADD
and VaD) also exhibited higher VD in the temporal quadrant than CU individuals, although interestingly, these
differences did not reach statistical significance. Several concomitant phenomena occurring during the progres-
sion of cognitive impairment (from MCI to dementia) could be playing a part in this, such as the onset of new
medications or the appearance of other systemic and brain pathologies. Additionally, VD measures in the nasal
quadrant also showed a similar trend of higher VD in the MCI-AD group compared to CU participants. Similar
to our data, two publications demonstrated increase in different retinal vascular parameters in individuals with
early stages of AD-related cognitive impairment compared to controls, but with smaller samples. First, van de
Kreeke et al. reported a significantly higher VD in both peripapillary and macular regions in 13 Ap + compared
to 111 AB- cognitively healthy twins, but no differences in the FAZ size*’. Biscetti et al. showed higher measures
of fractal dimension in a group of 24 MCI with a CSF AD-profile compared to a group of 13 controls®.

Although it is well known that brain vascular damage and neurodegeneration develop in parallel, the earliest
brain microvascular changes that predict future development of dementia are still elusive, as well as the specific
patterns of retinal vascular changes that develop in parallel in different vascular and neurodegenerative condi-
tions. One potential explanation for the finding of a higher VD in MCI-AD compared to CU individuals detected
in our study is the recruitment of new retinal vessels and increased blood flow related to the neuroinflammation
phenomena, that occurs as a compensatory mechanism in response to early vascular dysregulation (amyloid
angiopathy, hypoxia, non-productive angiogenesis) taking place in the initial stages of AD (MCI)*-%%. These
newly recruited retinal vessels become visible and cause a stronger vascular signal (higher VD) in OCT-A in
MCI-AD participants, compared to that detected in CU individuals. Then, as neuroinflammation and amyloid
accumulation further develop through the dementia stage, damage of retinal vasculature is established, with a
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Covariates Dependent variables | Coefficient |t Significance | Beta
VD nasal 0.03 0.06 |0.96 0.01
s VD superior 0.10 0.16 |0.88 0.01
ex
VD temporal 0.56 1.25 |0.21 0.05
VD inferior 0.70 112 027 0.05
VD nasal -0.05 -1.37 |0.17 -0.07
A VD superior -0.06 -1.46 |0.15 -0.07
e
§ VD temporal -0.05 -1.82 |0.07 -0.09
VD inferior -0.02 -0.40 |0.70 -0.02
VD nasal -0.11 -1.78 |0.08 -0.08
VD superior 0.01 0.14 |0.89 0.01
Education
VD temporal -0.05 -1.00 |0.32 -0.05
VD inferior -0.06 -0.89 |0.38 -0.04
VD nasal -0.25 -0.47 |0.64 -0.02
VD superior 0.12 0.20 |0.84 0.01
Hypertension
VD temporal 0.15 0.34 10.73 0.01
VD inferior 0.59 0.93 ]0.35 0.04
VD nasal -0.38 -0.56 |0.58 -0.02
VD superior 0.88 1.15 [0.25 0.05
Diabetes mellitus
VD temporal 0.33 0.57 |0.57 0.02
VD inferior 1.57 1.95 |0.05 0.08
VD nasal -0.64 -1.09 |0.27 -0.04
VD superior 0.33 0.51 |0.61 0.02
Heart disease
VD temporal 0.44 0.88 |0.38 0.04
VD inferior -2.11 -3.06 |0.01* -0.13
VD nasal 0.19 0.21 |0.83 0.01
VD superior -1.32 -136 |0.18 -0.06
Stroke
VD temporal —-0.46 -0.63 |0.53 -0.03
VD inferior 0.99 0.96 |0.34 0.04
VD nasal 0.87 0.98 |0.33 0.05
VD superior 0.64 0.65 |0.52 0.04
Diagnostic groups: CU vs MCI-AD
VD temporal 1.77 2.36 | 0.02* 0.13
VD inferior -1.59 -1.52 |0.13 -0.08
VD nasal 0.07 0.07 |0.94 0.01
VD superior -0.22 -0.21 |0.84 -0.01
Diagnostic groups: CU vs MCI-Va
VD temporal 0.50 0.64 |0.52 0.04
VD inferior -2.58 -2.34 |0.02* -0.13
VD nasal 0.27 0.31 |0.76 0.02
VD superior 0.57 0.59 |0.55 0.04
Diagnostic groups: CU vs ADD
VD temporal 1.23 1.68 |0.09 0.11
VD inferior -1.04 -1.03 |0.31 -0.07
VD nasal 0.85 0.73 10.47 0.04
VD superior 1.40 1.07 |0.29 0.06
Diagnostic groups: CU vs VaD
VD temporal 1.29 1.30 |0.19 0.07
VD inferior 0.09 0.07 |0.95 0.01

Table 2. Multivariate regression analysis of macular VD measurements. The multivariate regression analysis

included the following adjusting factors: age, sex, years of education, hypertension, diabetes mellitus,
heart disease and stroke. ADD = probable Alzheimer s disease dementia; CU = cognitively unimpaired;

MCI-AD =mild cognitive impairment due to Alzheimer s disease; MCI-Va=mild cognitive impairment due to
cerebrovascular pathology; VaD = vascular dementia; VD =vessel density. Significance was set up at p <0.05.

subsequent reduction of VD detectable on OCT-A. In our cohort, the two dementia groups (ADD and VaD)
showed non-significant lower VD compared to MCI-AD participants in the temporal quadrant, but these VD
values were still higher than that in CU individuals. It is important to note that although in our study the MCI-
AD group lacked biomarker confirmation for AD, we selected only MCI individuals with a “probable amnestic”
profile, which is the clinical phenotype more strongly associated to AD?. New studies comparing VD to AD-

related biomarker data such as CSF and PET are necessary to disentangle this point.
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Figure 2. Adjusted macular VD measurements by diagnostic group. Macular VD differences among diagnostic
groups in (a) temporal, (b) inferior, (c) nasal and (d) superior quadrants. Macular VD measurements are
adjusted by age, sex, education, hypertension, diabetes mellitus, heart disease and stroke. CU = cognitively
unimpaired; ADD =probable Alzheimer s disease dementia; MCI-AD =mild cognitive impairment due to
Alzheimer s disease; MCI-Va=mild cognitive impairment due to cerebrovascular pathology; n.s.=non-
significant.; VaD =vascular dementia; VD =vessel density. Statistical significance was set-up at p <0.05.

Data from other studies analyzing the relationship between retinal vascular pathology and cognitive decline,
mostly using much smaller samples than ours and focusing on data from the deep retinal vascular plexus, largely
point to retinal vascular loss in MCI and dementia patients compared to healthy controls, contrary to our cur-
rent findings in the MCI-AD group. Wu et al. analyzed several retinal microvascular parameters in 21 healthy
controls, 21 MCI patients and 18 ADD patients, showing that both the ADD and MCI groups had retinal micro-
vascular loss compared to the control group, in particular reduced VD especially in the deep capillary plexus and
enlargement of the FAZ'®. This study also demonstrated that early changes in the inner annular zone of the deep
retinal capillary plexus were already present in the MCI stage, while more widespread changes appeared later in
ADD'S. Zabel et al. compared OCT-A findings in a cohort of 27 mild and moderate ADD patients, 27 open-angle
glaucoma and 27 cognitively healthy controls, showing different retinal regional patterns of microcirculatory
impairment in ADD and open-angle glaucoma®. The study highlighted that ADD patients had reduced VD in
the deep vascular plexus and enlarged FAZ compared to glaucoma patients and controls, while glaucoma patients
had reduced VD in radial peripapillary capillaries and superficial vascular plexus compared to ADD patients and
controls®. Jiang et al. showed similar results in a cohort of 12 ADD patients, 19 MCI patients and 21 controls'”.
Biscetti et al. showed a significant reduction in both vascular perfusion density and vessel length density in a
group of 24 MCI with a CSF AD-profile compared to a group of 13 controls**. Querques et al. used dynamic
vessel analyzer in a cohort of ADD, MCI and controls, and showed that the retinal neurovascular coupling was
significantly impaired in ADD and MCI compared to controls'®. In particular, the arterial dilation in response to
flicker light was decreased in the ADD group compared to controls, while the reaction amplitude was decreased
in both ADD and MCI groups compared to controls. Moreover, CSF A levels were directly correlated with both
the arterial dilation and reaction amplitude. Finally, no OCT-A variables (perfusion density) differed among
groups. Zhang et al. pointed that patients with amnestic MCI/early ADD presented decreased parafoveal VD
and flow compared to cognitively normal controls®'. Grewal et al. described OCT-A features of a pair of 96-year
old female monozygotic twins, showing that the twin with advanced ADD had a significantly reduced VD and
larger FAZ in the superficial capillary plexus as well as a thinner choroid compared to the cognitively normal
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Figure 3. Representative VD images from the superficial vascular plexus at the macular region for each
diagnostic group: CU (a), MCI-AD (b), MCI-Va (c), ADD (d) and VaD (e). CU = cognitively unimpaired;
ADD =probable Alzheimer s disease dementia; MCI-AD =mild cognitive impairment due to Alzheimer’s
disease; MCI-Va=mild cognitive impairment due to cerebrovascular pathology; VaD =vascular dementia;
VD =vessel density.

twin’®2. Two other studies showed that a lower retinal VD was associated with AD, suggesting that these retinal
changes were reflecting similar ones occurring in the brain microvasculature®**,

Our data also highlighted specific regional VD changes in the inferior quadrant associated to cerebrovascu-
lar pathology and risk factors. First, the MCI-Va group showed significantly lower macular VD in the inferior
quadrant compared to CU individuals. In fact, the MCI-Va group showed the lowest VD measures in all macular
quadrants, but these differences only reached significance in the inferior quadrant. Interestingly, the VaD group
did not show significant VD changes in this region compared to CU participants. Additionally, individuals with
heart disease displayed a significant lower VD only in the inferior quadrant compared to those without this
condition. Few studies have incorporated patients with cerebrovascular cognitive impairment when studying
retinal vascular changes using OCT-A. The AGES- Reykjavik Study concluded that retinopathy was associated
with VaD but not with ADD, and that the risk of developing dementia was increased in those individuals with
retinopathy and brain microinfarcts, suggesting that a high burden of vascular damage in both retina and brain
was related to more severe cognitive consequences®. The relationship between retinal vascular damage and
VaD could not be established in the Cardiovascular Health Study neither in the Rotterdam Study, due to the low
number of cases evaluated®®’.

Regarding the relationship between retinal vascular parameters and cognitive performance, in our large
cohort, none of the four macular VD measurements were significantly associated with MMSE scores across the
whole sample or in any of the diagnostic groups separately. Several other studies have also analyzed this subject,
using much smaller samples, most of them showing significant associations between retinal vascular changes
and cognition, contrary to our results. Zhang et al. showed that in a cohort of 32 individuals with MCI, early
ADD and normal cognition, lower MoCA scores were correlated with lower capillary density in the macular
and optic nerve regions across groups®'. Similarly, Bulut et al. reported positive correlations between vascular
density and MMSE in a cohort of 52 ADD and cognitively normal participants®®. Jiang et al. reported a posi-
tive correlation between MMSE scores and VD in a group of 19 MCI patients, but not in a group of 12 ADD
patients'’. Ashimatey et al. analyzed the association of capillary perfusion (vessel skeleton density) with cogni-
tive scores and MRI-derived cerebrovascular perfusion in a cohort of 61 elderly latinx subjects at high risk for
vascular cognitive impairment®. In this study, lower capillary perfusion was associated with higher CDR-SOB
and lower visuospatial/executive MoCA scores, along with lower cerebrovascular reactivity and middle cerebral
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Group (n) Mean SD Mean* SEM*
VD nasal

CU (n=128) 49.18 5.52 48.94 0.68
MCI-AD (n=120) 49.81 6.14 49.81 0.57
MCI-Va (n=111) 48.95 7.16 49.01 0.60
ADD (n=257) 49.17 5.87 49.21 0.41
VaD (n=56) 49.51 6.67 49.78 0.87
VD superior

CU (n=128) 51.10 5.04 50.52 0.76
MCI-AD (n=120) 51.18 6.09 51.16 0.64
MCI-Va (n=111) 50.21 6.93 50.30 0.67
ADD (n=257) 50.88 7.63 51.09 0.46
VaD (n=56) 51.76 8.32 51.92 0.97
VD temporal

CU (n=128) 47.58 4.17 47.27 0.58
MCI-AD (n=120) 48.97 491 49.05 0.48
MCI-Va (n=111) 47.71 4.98 47.78 0.51
ADD (n=257) 48.42 5.53 48.50 0.35
VaD (n=56) 48.55 6.80 48.56 0.73
VD inferior

CU (n=128) 51.20 6.39 51.27 0.80
MCI-AD (n=120) 49.41 6.95 49.68 0.67
MCI-Va (n=111) 48.86 6.57 48.70 0.71
ADD (n=257) 50.25 8.10 50.23 0.49
VaD (n=56) 51.69 7.60 51.37 1.02

Table 3. Raw and adjusted macular VD differences across diagnostic groups. Raw and adjusted macular

VD means, standard deviation (SD) and standard error of the mean (SEM) are shown. Dispersion is shown

as SEM. * =after adjustment for the following factors: age, sex, years of education, hypertension, diabetes
mellitus, heart disease and stroke, using multivariate regression analysis. ADD = probable Alzheimer s

disease dementia; CU = cognitively unimpaired; MCI-AD =mild cognitive impairment due to Alzheimer’s
disease; MCI-Va=mild cognitive impairment due to cerebrovascular pathology; SD = standard deviation;

SEM = standard error of the mean; VaD =vascular dementia; VD = vessel density. Statistical significance was set
up at p<0.05.

artery perforator perfusion®. On the contrary, Zabel et al. did no detect any association between MMSE scores
and retinal VD in a cohort of 27 patients with ADD.

Regarding the comparison of data from different studies, it is worth mentioning that OCT-A measurements of
VD, perfusion density and FAZ dimensions are not interchangeable across different OCT-A platforms*’. Moreo-
ver, it is suspected that the reproducibility of measurements could be lower in eyes with retinal microvasculature
abnormalities and are also impacted by the OCT-A scan size*"*.

We acknowledge that our study has several limitations. First of all, the VaD group had a relatively small
size compared to the rest of diagnostic groups. Second, our results were cross-sectional, not being able to show
changes over time in macular VD measures or the predictive value of baseline macular VD in cognitive changes.
Third, our VD measurements were limited to the macular region and the superficial vascular plexus, and we
lacked information about FAZ changes and VD in the deep plexus, which other studies have found to be associ-
ated to cognitive decline'®!#324>44 Forth, no MRI measures of brain vascular pathology were available to compare
with those of retinal vascular pathology. Fifth, we lacked information about cardiovascular-related drugs taken
by the study participants, which could potentially affect VD. Also, we lacked information about the quality of
the OCT-A images and its potential differences across the diagnostic groups. Lastly, we did not have AD-related
biomarker data to confirm the clinical diagnosis and correlate with VD measures.

We also consider that our study has several strengths compared to previous works. First, our cohort consisted
of a large and single-site sample of consecutive individuals who consulted to a Memory Unit due to cognitive
concerns. Importantly, we performed the same comprehensive cognitive evaluation and standardized protocol
to all participants, including CU individuals. This differentiates our study from others, which used much simpler
tests for the diagnosis or were not well detailed, especially for those participants labeled as healthy controls'®.
We limited our analysis to data from the right eye, while others groups used both eyes from the same individual
as separate data'®!®#, Our study included MCI-Va and VaD groups, while most of OCT-A publications lacked
those. Our participants’ age range was quite large (50-99), allowing us to potentially detect macular VD changes
in early and late ages. Notably, we used age, sex, education, hypertension, diabetes mellitus, heart disease and
stroke as covariates in all our analyses and investigated the effect of sex in our results. Lastly, the neurologist and
optometrist were blinded of each other’s diagnosis.
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Diagnostic groups Variable r Significance

VD nasal 0.01 |0.97
VD superior 0.04 |0.27
VD temporal | —0.03 | 0.39
VD inferior -0.01 |0.83

Whole sample (n=672)

VD nasal 0.03 |0.71
VD superior 0.05 |0.62

CU (n=128)
VD temporal 0.04 |0.67
VD inferior -0.07 | 043
VD nasal -0.17 |0.07

VD superior 0.10 |0.31
VD temporal | —0.09 | 0.92
VD inferior 0.16 |0.09
VD nasal 0.10 |0.33
VD superior 0.14 |0.15
VD temporal | —0.12 | 0.23

MCI-AD (n=120)

MCI-Va (n=111)

VD inferior -0.13 |0.20
VD nasal —-0.06 |0.35
VD superior 0.07 |0.27
ADD (n=257)
VD temporal 0.03 | 0.66
VD inferior -0.04 |0.52
VD nasal -0.06 | 0.69
VD superior | -0.01 |0.99
VaD (n=56)

VD temporal 0.06 |0.68
VD inferior 0.11 |0.46

Table 4. Partial correlation of macular VD measurements with MMSE scores. The model included

the following adjusting factors: age, sex, years of education, hypertension, diabetes mellitus and stroke.
ADD =probable Alzheimer s disease dementia; CU = cognitively unimpaired; MCI-AD =mild cognitive
impairment due to Alzheimer s disease; MCI-Va=mild cognitive impairment due to cerebrovascular
pathology; VaD = vascular dementia; VD = vessel density. Significance was set up at p <0.05.

In summary, our study detected significant changes of macular VD at the superficial plexus in opposite direc-
tions in the MCI-AD and MCI-Va groups compared to CU participants in the temporal and inferior quadrants,
respectively. These results indicate that VD assessed by OCT-A might be a biomarker able to differentiate two
pathogenic pathways (AD- and cerebrovascular-related) in early stages of cognitive decline (MCI), while these
differences disappear during the progression of the disease (ADD and VaD) as pathologies overlap and evolve
in different ways. Additionally, our study detected a lack of correlation between macular VD measurements and
MMSE scores and no effect of the interaction of sex and diagnostic group in differentiating VD measurements.
Further studies are needed to investigate the usefulness of OCT-A to assess retinal vascular changes in large
cohorts of individuals with different degrees of cognitive decline in the AD spectrum and VaD. It is also relevant
to compare OCT-A measures with brain MRI changes and AD-related biomarkers (CSF and PET), which we
plan to investigate in the near future using additional data from the NORFACE project and related studies at Ace
Alzheimer Center Barcelona. We believe that the validation of OCT-A as a biomarker of brain microvascular
damage in AD could have important implications for the treatment and prevention of this devastating disease,
as microvascular retinal changes could be used as non-invasive outcome measures of the response to novel
therapies against brain microvascular pathology.

Methods

Study subjects. The present study derives from the Neuro-Ophthalmology Research At Fundacié ACE
(NORFACE) cohort, which was founded in 2014 to investigate retinal biomarkers of AD and examine the rela-
tionship between retinal changes and different types of neurodegenerative disorders®. Consecutive patients
evaluated due to cognitive decline at Ace Alzheimer Center Barcelona between January 2018 and March 2019
were enrolled in the present study. Participants were recruited from four different sources: (1) the Memory
Clinic, an outpatient diagnostic unit for individuals with cognitive decline that has an agreement with the Cata-
lan Public Health System, (2) Fundacié ACE’s Open House Initiative*, a social program that assesses for free
the cognitive status of individuals from the community without the need of a physician’s referral, (3) Fundacié
ACE Healthy Brain Initiative (FACEHBI)*, a research study with the goal of identifying biomarkers of preclini-
cal AD in individuals with SCD and (4) the BIOFACE project**%, a research study of novel biomarkers in early
onset MCI. Inclusion criteria were: age > 50-year old, presence of a consensus-based clinical diagnosis about the
participants’ cognitive status, ability to complete the full ophthalmological exam and OCT scan (excluding those
patients with severe dementia stages, equivalent to a Global Deteriorating Scale [GDS]* score > 6).
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Clinical diagnostic groups. Study participants completed neurological, neuropsychological and social
evaluations at Ace Alzheimer Center Barcelona. For each individual, a consensus-based diagnosis about the
cognitive status was reached at the time of the study recruitment by a multidisciplinary team of profession-
als that included neurologists, neuropsychologists and social workers*. Cognitive assessment consisted of the
Spanish version of the Mini-Mental State Examination (MMSE)*"*?, the memory part of the Spanish version of
the 7 Minutes test®?, the Spanish version of the Neuropsychiatric Inventory Questionnaire (NPI-Q)*, the GDS*,
the Clinical Dementia Rating Score (CDR), the Blessed Dementia Scale®® and a comprehensive neuropsycho-
logical battery of Fundacié ACE (NBACE)>"*%. Demographical information collected included age, gender and
years of formal education. Past medical history collected included smoking habit, hypertension, diabetes mel-
litus, dyslipidemia, heart disease, stroke and chronic obstructive pulmonary disease (COPD). ADD was defined
according to the NIA-AA criteria®®. VaD was defined according to the NINDS-AIREN International Workshop
Criteria®. MCI was defined using Petersen’s®! and the Cardiovascular health and cognition study criteria®. In
particular, the MCI-AD group was characterized by memory impairment and absence of other comorbidities
that could explain the cognitive decline (probable amnestic MCI*’) with suspected underlying Alzheimer s dis-
ease, while the MCI-Va group was defined as having a suspected underlying cerebrovascular etiology. The CU
group included healthy controls and individuals with SCD. SCD refers to the perception of memory or other
cognitive problems without impairment on standardized cognitive tests®*. All individuals in the CU group had
a CDR® of 0, a preserved performance (score>27) on the MMSE®*"*? and a strictly normal performance in the
NBACE®"%,

Neuro-ophthalmological evaluation. Study participants underwent a complete neuro-ophthalmolog-
ical evaluation in parallel to the neurological assessment. The visit was performed by an optometrist and lasted
about 20 min. Subjects had to be able to cooperate, obey simple instructions and sit still for a few minutes. The
evaluation comprised: (1) review of past ophthalmological diseases, treatments and surgeries, (2) monocular
visual acuity assessment with the participants wearing their habitual correction for refractive error using a pin-
hole occluder and the Early Treatment of Diabetic Retinopathy Study (ETDRS) chart®€, (3) intraocular pres-
sure (IOP) measurement by Icare tonometry®, and (4) swept source (SS) OCT scan. The visual acuity assessment
was done the same way for all participants, regardless of their cognitive status and level of cooperation. Reduced
visual acuity was defined as a standard LogMAR fraction scale <20/50 at 20 ft (equivalent to a fraction scale of
6/15 at 6 m and a decimal scale of 0.4) according to the Snellen scale®”, which is in line with the North American
guidelines of visual loss®. High IOP was defined as >24 mmHg using Icare Tonometry®. All assessments were
carried out by a single optometrist and reviewed by a single ophthalmologist. Before beginning the study, the
ophthalmologist trained the optometrist in the evaluation of OCT images, with the goal to differentiate normal
images from abnormal findings. The ophthalmologist reviewed the ophthalmological history, ocular exam find-
ings and OCT images from those cases in which OCT images were considered abnormal by the optometrist and
came up with a diagnosis if appropriate. The ophthalmologist and neurologists were blind to each other’s diag-
nosis. Only OCT data from the right eye were analyzed. OCT-related exclusion criteria were the following: lack
of collaboration in the neuro-ophthalmological exam or OCT scan, OCT data obtained only from the left eye,
presence of OCT artefacts and diseases that could affect retinal measurements (e.g. open-angle glaucoma and
other neuropathies maculopathies, prior retinal surgery, intraocular pressure [IOP]>24 mmHg, high myopia
[<—6Dp] or hyperopia [>+6Dp] and optic nerve congenital abnormalities).

Optical coherence tomography — angiography. Participants were imaged with a DRI OCT Triton—
Swept Source (SS) OCT (Topcon Co. Tokyo, Japan). The OCT exam was completed in about 5-10 min. Both eyes
were scanned separately. No pupil dilation was required. Data were analyzed with the OCT Angiography Ratio
Analysis (OCTARA) processing software. An automatic segmentation method was employed to obtain the limits
of the superficial vascular plexus (Fig. 4a), and the quantification of VD, expressed as the % of the macular area
occupied by blood vessels. VD measures were obtained in a 6 x 6 mm area centered in the fovea (Fig. 4b, c). The
central area (1 mm circle) was excluded from the analysis. The parafoveal area, defined by two concentric rings
measuring 1 and 3 mm diameter, respectively, was subdivided into four quadrants: nasal, superior temporal and
inferior (Fig. 4d). Only VD measures from the right eye were used for the analysis, as in previous manuscripts
from our group*-2.,

Statistical analysis. Data processing and analysis were conducted using STATA v.15. All data were exam-
ined for normality, skew and restriction of range. All quantitative variables were normally distributed. Frequency
analysis and measures of central tendency and dispersion were used to describe the demographic (age, sex, edu-
cation) and clinical (hypertension, diabetes mellitus, dyslipidemia, heart disease, chronic obstructive pulmonary
disease, stroke and smoking) variables among the five diagnostic groups. To summarize the distribution of these
demographic and clinical variables among the five diagnostic groups, bivariate Analysis of Variance (ANOVA)
and Pearson’s Chi2 tests were executed.

To identify demographic and clinical variables to be included as adjusting factors in a final multivariate model,
two multinomial regression analysis were executed to determine their differential distribution among the five
diagnostic groups. First, an analysis was performed for the demographics variables (age, sex and education), and
then a second analysis was performed for the clinical variables (hypertension, diabetes mellitus, dyslipidemia,
heart disease, chronic obstructive pulmonary disease, stroke, and smoking). In both analyses, the CU diagnostic
group was considered the reference category.

The main analyses consisted of four multivariate regression analyses, one for every macular VD measure
(nasal, superior, temporal and inferior quadrants), including the five diagnostic groups (CU, MCI-AD, MCI-Va,
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Figure 4. OCT-A imaging protocol. Limits of the superficial vascular plexus at the macular region (a). Grid
on the macular region of the right eye (b). Vessels from the superficial vascular plexus at the macular region
(c). The four macular quadrants analyzed (N, S, T and I) are depicted (d). C=center, N=nasal, S=superior,
T =temporal and I =inferior.

ADD and VaD) as discriminant factors and adjusting their effect by those factors that showed any significant
effect in the two former multinomial regression analysis. The CU group was considered the reference category.
Regression coefficients (the mean change in the outcome variable for one unit of change in the predictor vari-
able while holding other predictors in the model constant), betas (the degree of change in the outcome variable
for every 1-unit of change in the predictor variable) and t (assessing whether the beta coefficient is significantly
different from zero) were reported.

As cardiovascular conditions are more strongly associated to cerebrovascular-related cognitive impairment
(MCI-Va and VaD participants) than to the other diagnostic groups, regression models were rerun without those
as adjusting factors, in order to avoid a potential collider bias effect.

We additionally performed sensitivity analysis to check the the effect of outlier cases (defined as+ 3 standard
deviations of the VD mean for each macular quadrant) in the four multivariate regression analysis, using the
CU group as the reference category.

To investigate whether a differential effect could be detected when considering sex, the previous four multi-
variate regression analyses were executed again, including now the interaction of diagnostic group x sex as the
main factor of interest and the same covariates.

The association between MMSE scores and each of the four macular VD measurements was explored using
a partial correlation, including the same covariates, for the whole sample and for each of the diagnostic groups
separately.

Alpha level was set at 0.05.

Ethical considerations. This study and its informed consent were approved by the ethics committee of the
Hospital Clinic i Provincial de Barcelona in accordance with Spanish biomedical laws (Law 14/2007, July 3rd,
about biomedical research; Royal Decree 1716/2011, November 18th) and followed the recommendations of the
Declaration of Helsinki. All participants signed an informed consent (for those with moderate dementia stages,
the informed consent was signed by their legal representative or family member).

Scientific Reports |

(2022) 12:16938 | https://doi.org/10.1038/s41598-022-21558-w nature portfolio



www.nature.com/scientificreports/

Received: 2 March 2022; Accepted: 28 September 2022
Published online: 08 October 2022

References

1.

Schneider, J. A., Arvanitakis, Z., Bang, W. & Bennett, D. A. Mixed brain pathologies account for most dementia cases in community-
dwelling older persons. Neurology 69, 2197-2204 (2007).

2. Toledo, J. B. et al. Contribution of cerebrovascular disease in autopsy confirmed neurodegenerative disease cases in the National
Alzheimer’s Coordinating Centre. A J. Neurol. https://doi.org/10.1093/brain/awt188.

3. Norton, S., Matthews, E. E., Barnes, D. E., Yaffe, K. & Brayne, C. Potential for primary prevention of Alzheimer’s disease: An analysis
of population-based data. Lancet Neurol. 13, 788-794 (2014).

4. Smith, E. E. Clinical presentations and epidemiology of vascular dementia. Clin. Sci. 131, 1059-1068 (2017).

5. Long, X., Chen, L., Jiang, C. & Zhang, L. Prediction and classification of Alzheimer disease based on quantification of MRI defor-
mation. PLoS One 12, (2017).

6. Villemagne, V. L. et al. AB-amyloid and Tau Imaging in Dementia. Semin. Nucl. Med. 47, 75-88 (2017).

7. Molinuevo, J. L. et al. Current state of Alzheimer’s fluid biomarkers. Acta Neuropathol. 136, (2018).

8. London, A., Benhar, I. & Schwartz, M. The retina as a window to the brain - From eye research to CNS disorders. Nat. Rev. Neurol.
9,44-53 (2013).

9. Al, E J. et. Principles of optical coherence tomography. in Optical Coherence Tomography of Ocular Diseases (2004).

10. Jaffe, G.]. & Caprioli, J. Optical coherence tomography to detect and manage retinal disease and glaucoma. Am. J. Ophthalmol.
137, 156-169 (2004).

11. Simao, L. M. The contribution of optical coherence tomography in neurodegenerative diseases. Curr. Opin. Ophthalmol. 24, 521-527
(2013).

12. Ferrara, D., Waheed, N. K. & Duker, J. S. Investigating the choriocapillaris and choroidal vasculature with new optical coherence
tomography technologies. Prog. Retin. Eye Res. 52, 130-155 (2016).

13. Kashani, A. H. et al. Optical coherence tomography angiography: A comprehensive review of current methods and clinical applica-
tions. Prog. Retin. Eye Res. 60, 66-100 (2017).

14. de Carlo, T. E., Romano, A., Waheed, N. K. & Duker, J. S. A review of optical coherence tomography angiography (OCTA). Int. J.
Retina Vitreous 1 (2015).

15. Ding, J. et al. Association of retinal arteriolar dilatation with lower verbal memory: The Edinburgh Type 2 Diabetes Study. Diabe-
tologia 54, 1653-1662 (2011).

16. Wu, J. et al. Retinal microvascular attenuation in mental cognitive impairment and Alzheimer’s disease by optical coherence
tomography angiography. Acta Ophthalmol. 98, ¢781-¢787 (2020).

17. Jiang, H. et al. Altered macular microvasculature in mild cognitive impairment and Alzheimer disease. J. Neuro-Ophthalmol. 38,
292-298 (2018).

18. Querques, G. et al. Functional and morphological changes of the retinal vessels in Alzheimer’s disease and mild cognitive impair-
ment. Sci. Rep. 9, (2019).

19. Lin, C.-H., Cheng, H.-M., Chuang, S.-Y. & Chen, C.-H. Vascular aging and cognitive dysfunction: Silent midlife crisis in the brain.
Pulse 5,127-132 (2017).

20. Sanchez, D. et al. Usefulness of peripapillary nerve fiber layer thickness assessed by optical coherence tomography as a biomarker
for Alzheimer’s disease. Sci. Rep. 8, (2018).

21. Sanchez, D. et al. Evaluation of macular thickness and volume tested by optical coherence tomography as biomarkers for Alzhei-
mer’s disease in a memory clinic. Sci. Rep. 10, (2020).

22. Marquié, M. et al. Association between retinal thickness and -amyloid brain accumulation in individuals with subjective cognitive
decline: Fundacié ACE Healthy Brain Initiative. Alzheimer’s Res. Ther. 12, (2020).

23. Van De Kreeke, J. A. et al. Optical coherence tomography angiography in preclinical Alzheimer’s disease. Br. J. Ophthalmol. 104,
(2019).

24. Biscetti, L. et al. Novel non-invasive biomarkers of prodromal Alzheimer’s disease: The role of optical coherence tomography
(OCT) and OCT-angiography (OCT-A). Eur. . Neurol. https://doi.org/10.1111/ene.14871 (2021).

25. Sousa, D. C. et al. Hypoxia challenge test and retinal circulation changes - a study using ocular coherence tomography angiography.
Acta Ophthalmol. 96, e315-e319 (2018).

26. Serrano-Pozo, A., Frosch, M. P,, Masliah, E. & Hyman, B. T. Neuropathological alterations in Alzheimer disease. Cold Spring Harb.
Perspect. Med. 1, (2011).

27. Tturria-Medina, Y. et al. Early role of vascular dysregulation on late-onset Alzheimer’s disease based on multifactorial data-driven
analysis. Nat. Commun. 7, (2016).

28. Alvarez-Vergara, M. L. et al. Non-productive angiogenesis disassembles A3 plaque-associated blood vessels. Nat. Commun. 12,
1-16 (2021).

29. Espinosa, A. et al. A longitudinal follow-up of 550 mild cognitive impairment patients: Evidence for large conversion to dementia
rates and detection of major risk factors involved. J. Alzheimer’s Dis. 34, 769-780 (2013).

30. Zabel, P. et al. Comparison of retinal microvasculature in patients with Alzheimer’s disease and primary open-angle glaucoma by
optical coherence tomography angiography. Investig. Ophthalmol. Vis. Sci. 60, 3447-3455 (2019).

31. Zhang, Y. S. et al. Parafoveal vessel loss and correlation between peripapillary vessel density and cognitive performance in amnestic
mild cognitive impairment and early Alzheimer’s Disease on optical coherence tomography angiography. PLoS ONE 14, 0214685
(2019).

32. Grewal, D. S,, Polascik, B. W., Hoffmeyer, G. C. & Fekrat, S. Assessment of differences in retinal microvasculature using OCT
angiography in Alzheimer’s disease: A twin discordance report. Ophthalmic Surg. Lasers Imaging Retin. 49, 440-444 (2018).

33. Cheung, C. Y. L. et al. Microvascular network alterations in the retina of patients with Alzheimer’s disease. Alzheimer’s Dement.
10, 135-142 (2014).

34. Frost, S. et al. Retinal vascular biomarkers for early detection and monitoring of Alzheimer’s disease. Transl. Psychiatry 3, (2013).

35. Qiu, C. et al. Cerebral microbleeds, retinopathy, and dementia: The AGES-Reykjavik Study. Neurology 75, 2221-2228 (2010).

36. Baker, M. L. et al. Retinal microvascular signs, cognitive function, and dementia in older person: The Cardiovascular Health Study.
Stroke 38, 2041-2047 (2007).

37. De Jong, E.J. et al. Retinal vascular caliber and risk of dementia: The Rotterdam Study. Neurology 76, 816-821 (2011).

38. Bulut, M. et al. Evaluation of optical coherence tomography angiographic findings in Alzheimer’s type dementia. Br. J. Ophthalmol.
102, 233-237 (2018).

39. Ashimatey, B. S. et al. Lower retinal capillary density in minimal cognitive impairment among older Latinx adults. Alzheimer’s
Dement. Diagnosis, Assess. Dis. Monit. 12, (2020).

40. Munk, M. R. et al. OCT-angiography: A qualitative and quantitative comparison. PLoS One 12, (2017).

41. Rabiolo, A. et al. Macular perfusion parameters in different angiocube sizes: Does the size matter in quantitative optical coherence
tomography angiography?. Investig. Ophthalmol. Vis. Sci. 59, 231-237 (2018).

Scientific Reports|  (2022)12:16938 | https://doi.org/10.1038/s41598-022-21558-w nature portfolio


https://doi.org/10.1093/brain/awt188
https://doi.org/10.1111/ene.14871

www.nature.com/scientificreports/

42. Dong, . et al. Interchangeability and reliability of macular perfusion parameter measurements using optical coherence tomography
angiography. Br. J. Ophthalmol. 101, 1542-1549 (2017).

43. O’Bryhim, B. E., Apte, R. S., Kung, N., Coble, D. & Van Stavern, G. P. Association of preclinical Alzheimer disease with optical
coherence tomographic angiography findings. JAMA Ophthalmol. 136, 1242-1248 (2018).

44. Lee,]. Y. et al. Optical coherence tomography angiography as a potential screening tool for cerebral small vessel diseases. Alzheimers.
Res. Ther. 12, 73 (2020).

45. Rodriguez-Goémez, O., Abdelnour, C., Jessen, E, Valero, S. & Boada, M. Influence of sampling and recruitment methods in studies
of subjective cognitive decline. J. Alzheimer’s Dis. 48, $99-S107 (2015).

46. Rodriguez-Gomez, O. et al. FACEHBI: A prospective study of risk factors, biomarkers and cognition in a cohort of individuals
with subjective cognitive decline. Study rationale and research protocols. . Prev. Alzheimer’s Dis. 4, 100-108 (2017).

47. Esteban-De Antonio, E. et al. BIOFACE: A prospective study of risk factors, cognition, and biomarkers in a cohort of individuals
with early-onset mild cognitive impairment. Study rationale and research protocols. J. Alzheimers. Dis. https://doi.org/10.3233/
JAD-210254 (2021).

48. Alegret, M. et al. A computerized version of the short form of the face-name associative memory exam (FACEmemory®) for the
early detection of Alzheimer’s disease. Alzheimer’s Res. Ther. 12, (2020).

49. Reisberg, B., Ferris, S. H., De Leon, M. J. & Crook, T. The global deterioration scale for assessment of primary degenerative demen-
tia. Am. J. Psychiatry 139, 1136-1139 (1982).

50. Boada, M. et al. Design of a comprehensive Alzheimer’s disease clinic and research center in Spain to meet critical patient and
family needs. Alzheimer’s Dement. 10, 409-415 (2014).

51. Folstein, M. F, Folstein, S. E. & McHugh, P. R. ‘Mini-mental state’ A practical method for grading the cognitive state of patients
for the clinician. J. Psychiatr. Res. 12, 189-198 (1975).

52. Blesa, R. et al. Clinical validity of the ‘mini-mental state’ for Spanish speaking communities. Neuropsychologia 39, 1150-1157
(2001).

53. delSerQuijano, T. et al. [Spanish version of the 7 Minute screening neurocognitive battery. Normative data of an elderly population
sample over 70]. Neurologia 19, 344-58 (2004).

54. Boada, M., Tarraga, L., Modinos, G., Lépez, O. L. & Cummings, J. L. Neuropsychiatric inventory-nursing home version (NPI-NH):
Spanish validation. Neurologia 20, 665-673 (2005).

55. Morris, J. C. The clinical dementia rating (cdr): Current version and scoring rules. Neurology 43, 2412-2414 (1993).

56. Blessed, G., Tomlinson, B. E. & Roth, M. The association between quantitative measures of dementia and of senile change in the
cerebral grey matter of elderly subjects. Br. J. Psychiatry 114, 797-811 (1968).

57. Alegret, M. et al. Cut-off scores of a brief neuropsychological battery (NBACE) for Spanish individual adults older than 44 years
old. PLoS ONE 8, e76436 (2013).

58. Alegret, M. et al. Normative data of a brief neuropsychological battery for Spanish individuals older than 49. J. Clin. Exp. Neu-
ropsychol. 34,209-219 (2012).

59. McKhann, G. M. et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 7, 263-269
(2011).

60. Roman, G. C. et al. Vascular dementia: diagnostic criteria for research studies. Report of the NINDS-AIREN International Work-
shop. Neurology 43, 250-260 (1993).

61. Petersen, R. C. Mild cognitive impairment as a diagnostic entity. J. Internal Med. 256, 183-194 (2004).

62. Lopez, O. L. et al. Prevalence and classification of mild cognitive impairment in the cardiovascular health study cognition study.
Arch. Neurol. 60, 1385-1389 (2003).

63. Jessen, E. et al. A conceptual framework for research on subjective cognitive decline in preclinical Alzheimer’s disease. Alzheimer’s
Dement. 10, 844-852 (2014).

64. Bokinni, Y., Shah, N., Maguire, O. & Laidlaw, D. A. H. Performance of a computerised visual acuity measurement device in subjects
with age-related macular degeneration: Comparison with gold standard ETDRS chart measurements. Eye 29, 1085-1091 (2015).

65. Chew, E. Y, Lindblad, A. S. & Clemons, T. Summary results and recommendations from the age-related eye disease study. Arch.
Ophthalmol. 127, 1678-1679 (2009).

66. Pakrou, N., Gray, T., Mills, R., Landers, J. & Craig, J. Clinical comparison of the Icare tonometer and goldmann applanation
tonometry. J. Glaucoma 17, 43-47 (2008).

67. Tsou, B. C. & Bressler, N. M. Visual acuity reporting in clinical research publications. JAMA Ophthalmol. 135, 651-653 (2017).

68. Maberley, D. A. L. et al. The prevalence of low vision and blindness in Canada. Eye 20, 341-346 (2006).

Acknowledgements

The authors thank the patient s and their families for their collaboration, and Topcon for its reliability as tech-
nological partnership. This project has received funding from the Instituto de Salud Carlos III (ISCIII) Accién
Estratégica en Salud, integrated in the Spanish National RCDCI Plan and financed by ISCIII-Subdireccién
General de Evaluacion and the Fondo Europeo de Desarrollo Regional (FEDER—Una manera de hacer Europa)
Grant P119/00335 awarded to MM, Grant P117/01474 awarded to MB, and Grants AC17/00100 and P119/01301
awarded to AR, and by the European Union Joint Programme — Neurodegenerative Disease Research (JPND)
Multinational research projects on Personalised Medicine for Neurodegenerative Diseases/Instituto de Salud
Carlos III Grant AC19/00097 awarded to AR.

Author contributions

M.M,, S.V,, AR, L.T., M.B. designed and conducted the study. M.M., A.G.-S., S.V,, M.C.-M., L.C.-M.: analyzed
the data. M.M. wrote the manuscript. M.M., A.G.-S., S.V. performed the statistical analysis. E.A.-M., A.G.-S.:
prepared the databases. M.M., ] M., LH., M.R.-R,, L.V, J.P.T,, E.E.-d.A., UB.,, VP, LN, M.A, G.O,, AE., AP-C,
A.S,N.L, N.M.: acquired the data. All authors interpreted the study findings, performed a critical review of the
manuscript, approved the final manuscript and agreed to be accountable for all aspects of the work.

Competing interests

MB has consulted for Araclon, Avid, Grifols, Lilly, Nutricia, Roche, Eisai and Servier. She received fees from
lectures and funds for research from Araclon, Biogen, Grifols, Nutricia, Roche and Servier. She reports grants/
research funding from Abbvie, Araclon, Biogen Research Limited, Bioiberica, Grifols, Lilly, S.A, Merck Sharp &
Dohme, Kyowa Hakko Kirin, Laboratorios Servier, Nutricia SRL, Oryzon Genomics, Piramal Imaging Limited,

Scientific Reports |

(2022) 12:16938 | https://doi.org/10.1038/s41598-022-21558-w nature portfolio


https://doi.org/10.3233/JAD-210254
https://doi.org/10.3233/JAD-210254

www.nature.com/scientificreports/

Roche Pharma SA, and Schwabe Farma Iberica SLU, all outside the submitted work. She has not received per-
sonal compensations from these organizations. The rest of authors declare that they have no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-21558-w.

Correspondence and requests for materials should be addressed to M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:16938 | https://doi.org/10.1038/s41598-022-21558-w nature portfolio


https://doi.org/10.1038/s41598-022-21558-w
https://doi.org/10.1038/s41598-022-21558-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Differences in macular vessel density in the superficial plexus across cognitive impairment: the NORFACE cohort
	Results
	Demographic and clinical characteristics of the cohort. 
	Multinomial regression analysis of demographic, clinical and structural OCT variables among diagnostic groups. 
	Multivariate regression analysis of macular VD differences among diagnostic groups. 
	Sex effect in macular VD across diagnostic groups. 
	Macular VD association with Mini-Mental Scale Examination (MMSE) scores. 

	Discussion
	Methods
	Study subjects. 
	Clinical diagnostic groups. 
	Neuro-ophthalmological evaluation. 
	Optical coherence tomography – angiography. 
	Statistical analysis. 
	Ethical considerations. 

	References
	Acknowledgements


