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Abstract

Background: Alzheimer’s disease (AD) is a heterogeneous and multifactorial disorder with an 

insidious onset and slowly progressive disease course. To date, there are no effective treatments, 

but biomarkers for early diagnosis and monitoring of disease progression offer a promising first 

step in developing and testing potential interventions. Cerebral vascular imaging biomarkers to 

assess the contributions of vascular dysfunction to AD are strongly recommended to be integrated 

into the current amyloid-β (Aβ) [A], tau [T], and neurodegeneration [(N)] - the “AT(N)” 

biomarker system for clinical research. However, the methodology is expensive and often requires 

invasive procedures to document cerebral vascular dysfunction. The retina has been used as a 

surrogate to study cerebral vascular changes. There is growing interest in the identification of 

retinal microvascular changes as a safe, easily accessible, low cost, and time-efficient approach to 

enhancing our understanding of the vascular pathogenesis associated with AD.

Evidence Acquisition: A systemic review of the literature was performed regarding retinal 

vascular changes in AD and its prodromal stages, focusing on functional and structural changes of 
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large retinal vessels (vessels visible on fundus photos) and microvasculature (pre-capillary 

arterioles, capillary, and post-capillary venules) that are invisible on fundus photos.

Results: Static and dynamic retinal microvascular alterations such as retinal arterial wall motion, 

blood flow rate, and microvascular network density were reported in AD, mild cognitive 

impairment (MCI), and even in the preclinical stages of the disease. The data are somewhat 

controversial and inconsistent among the articles reviewed and were obtained based on cross-

sectional studies that used different patient cohorts, equipment, techniques, and analysis methods.

Conclusions: Retinal microvascular alterations exist across the AD spectrum. Further large 

scale, within-subject longitudinal studies using standardized imaging and analytical methods may 

advance our knowledge concerning vascular contributions to the pathogenesis of AD.
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Late-onset sporadic Alzheimer’s disease (AD), an insidious onset, and slowly progressing 

neurodegenerative disorder, is the leading cause of disability in older people worldwide. Due 

to the aging population, dramatically increasing global prevalence of AD poses huge 

epidemiological burden on society and healthcare system in all countries in the world. There 

are currently about 35 million AD patients worldwide and 7 million new cases yearly (1). As 

a major public health concern, it is critical to effectively prevent and treat AD to slow down 

the growth of the disease. The cerebral neuronal dysfunction usually manifests decades 

before the appearance of the cognitive function decline, stressing the importance of sensitive 

and easy accessible biomarkers for early diagnosis and monitoring of disease progression 

(2). However, existing biomarkers are inefficient for diagnosis, prognosis and tracking, since 

they are often costly, require special equipment and facilities (MRI), invasive (bloodborne 

markers) and often inconclusive (3,4).

AD is considered to be a heterogeneous disease with multifactorial causes (4–6). The 

pathogenesis of AD is unclear. Although amyloid-β (Aβ) [A], tau [T], and 

neurodegeneration [(N)] - the AT(N)” biomarker system (7,8) has been recommended for 

AD diagnosis in clinical research, no causal relationship has been established between the A 

and T biomarkers and clinical symptoms (4). Accumulating evidence indicates vascular 

abnormalities are inextricably linked to the pathogenesis of AD (9,10). Patients with AD 

commonly have multiple vascular risk factors, and the control of these vascular risk factors 

helps to improve their cognitive function (11). Evidently, cerebral microvascular alterations, 

especially at the capillary level (12–15), are among the major pathogenic contributors to 

cognitive impairment and dementia (16). The decreased cerebral perfusion is reported before 

the development of cognitive function decline (17), as well as in patients with AD (18–20). 

Hence, the incorporation of cerebral vascular dysfunction biomarkers into the “AT(N)” 

biomarker system is needed (4). However, it is difficult to monitor the cerebral 

microvascular changes in vivo (21).

As an extension of the central nervous system, retinal structural and vascular alterations 

reflect the cerebral AD-related pathologic changes (22). Indeed, significant thinning of 
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retinal nerve fiber layer (RNFL) and/or the combined ganglion and plexiform layer (GCIPL) 

that correlate with MRI brain volume decline are reported in patients with AD (23,24), and 

those patients with MCI who converted to AD (25). Hence, retinal structural changes have 

been suggested to be the markers in staging disease progression (25). Furthermore, clinic- 

and population-based studies using fundus photography have demonstrated less complex 

retinal vasculature, retinal arteriolar narrowing, retinal venular widening, and smaller, more 

tortuous retinal vessels in patients with AD, compared to cognitively normal controls (CN) 

(26–30). The present review summarizes the multiple retinal vascular imaging methods used 

to evaluate the human retinal vascular function with a special focus on the microvasculature 

that is invisible on fundus photos in patients with AD spectrum. The correlations between 

retina, brain, and AT[N] system were examined.

METHODS

PubMed and Google Scholar were searched using the keywords “retinal blood flow,” 

“retinal vasculature,” “Alzheimer’s disease,” “mild cognitive impairment,” and “preclinical 

AD.” All published articles regarding functional changes of large retinal vessels (vessel 

visible on fundus photo) and microvasculature (pre-capillary arterioles, capillary, and post-

capillary venules) that are invisible on fundus photos are reviewed and included. The studies 

solely based on fundus photo images and retinal structural changes were excluded.

RESULTS

Static retinal microvascular structural alterations in the AD spectrum

As cerebral capillary dysfunction is related to AD-mediated neurodegeneration (31), it is 

crucial to study the retinal capillary network alterations. However, the resolution of fundus 

photography is not high enough to visualize the microvascular network (32). The 

introduction of optical coherence tomography angiography (OCTA), a non-invasive imaging 

modality, greatly facilitates visualization of retinal microvasculature (pre-capillary arterioles, 

capillary, post-capillary venules) that would otherwise be invisible with fundus photography 

(33). Therefore, OCTA greatly simplifies the study of the retinal microvasculature in AD. 

Two layers of the retinal microvascular network are often defined and studied by OCTA. 

These microvascular layers include the superficial vascular plexus (SVP) and deep vascular 

plexus (DVP). SVP sits in the RNFL and GCIPL, and DVP positions in the inner nuclear 

(INL) and outer plexiform (OPL) layers (Figs.1 and 2) (34). A summary of OCTA findings 

of retinal microvascular changes across the AD spectrum is provided in Table 1.

Allowing for the differences in patient cohorts, equipment and techniques, several groups 

reported significantly reduced densities of SVP in patients with late-onset and sporadic AD, 

compared to CN (10,35–40). The loss of retinal microvasculature is not only restricted to the 

macular area but also at radial peripapillary capillaries (RPC), indicating the widespread 

existence of this loss (10). The reduced density of DVP in AD (35,41) and MCI were also 

reported (35), and associated with GCIPL thinning (35). Furthermore, more profound loss of 

DVP in AD compared to MCI indicated that retinal vascular abnormalities might contribute 

to the potential conversion from MCI to AD (35). More interestingly, the SVP density was 

found to be highly correlated with the Fazekas scale (42) of brain white matter (10), and 

Jiang et al. Page 3

J Neuroophthalmol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



negatively associated with the expansion of inferolateral ventricle volume (ILV) (37). The 

Fazekas scale is used to quantify the amount of white matter T2 hyperintense lesions. IVL is 

known to strongly correlate with cognitive function decline in patients with MCI and AD 

(38,43). The reduction in retinal vessel density echoes the cerebral hypoperfusion measured 

by brain MRI in patients with both AD and MCI (18–20). The diminished retinal vascular 

density could be attributed to aging and vascular risk factors such as diabetes and 

hypertension. In addition, Aβ is also known to accumulate in small vessel walls and 

contributes to the degeneration of the vascular smooth muscle cells and loss of vessel wall 

integrity (44–46), resulting in cerebral amyloidal angiopathy (47,48).

In contrast, Querques et al. did not find a significant difference in retinal microvascular 

density using OCTA in patients with AD, compared to CN. Of note, type 2 diabetes mellitus 

(T2DM) was an exclusion criterion in this study (49), whereas T2DM is a major risk factor 

for AD (50,51). Similar results were reported by den Haan et al. (52), when studying a group 

of AD patients who were relatively young: from 57.3 to 73.5 years (mean ± standard 

deviation: 65.4 ± 8.1). It is known that vascular dysfunction may not contribute significantly 

in early-onset AD (53), which might be one of the underlying reasons that no significant 

difference in retinal microvascular density was found in their study.

The size of the fovea avascular zone (FAZ) is correlated to the area with no capillary 

perfusion, and the enlarged FAZ indicates the loss of the retinal micro-vessels (Fig.3) 

(54,55). The enlarged FAZ was found in preclinical AD (cognitively normal individuals with 

positive AD biomarkers) (56), similarly as in AD (36,40,41). The enlarged FAZ is correlated 

with inner foveal thinning (49,56), sustained that retinal microvascular and neuronal 

alterations could happen very early before the patients have any cognitive function decline. 

Interestingly, no difference of FAZ size, but significantly higher retinal microvessel density 

in both macular and optic nerve head in preclinical AD was reported by van de Kreeke et al 

(57). The findings were thought to be due to the inflammation and increased blood flow that 

related to amyloid accumulation in the early stage, mirroring the CNS changes (58).

Given the thinning of RNFL and GCIPL evidently coexists with the vascular dysfunction 

through the disease course of AD (35,38,39). Simultaneous analysis of both the 

microvasculature and the neural structure by measuring the volumetric vascular density 

(Fig.1) (34,59) may reveal the more precise information of retinal vascular changes in AD 

spectrum and could be potentially used in the future retinal vascular study.

Functional retinal vascular alterations in the AD spectrum

In addition to the static microvascular structural alterations, impaired cerebral vasomotion 

(the spontaneous rhythmic modulation of arterial diameter) and related blood flow 

alterations are known to contribute to the pathogenesis of AD (60,61). Dysregulation of 

cerebral blood flow such as reduced blood flow when resting and responding to neuronal 

stimulation in AD is evident (62,63). To explore the retinal vascular dysfunction in AD, 

various types of equipment have been used to study the retinal blood flow and vessel 

reactions. A dynamic vessel analyzer (DVA; Imedos Systems UG, Jena, Germany) measures 

the retinal vessel responses to diffuse luminance flicker (64–67). The changes of retinal 

arterial and venous diameter visible on the fundus photos were measured at baseline, during 
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and after a flickering-light stimulation (64–67). Significantly reduced retinal arterial dilation 

response to flicker light impulse was found in patients with AD and MCI, compared to NC, 

and these were correlated with CSF Aβ level (49). In contrast, Golzan et al. (68) reported 

increased arterial pulsation that was positively associated with neocortical Aβ scores in older 

adults with subjective memory loss and AD. Their analysis was performed after adjusting 

for comorbidities such as hypertension, diabetes, and smoking. Similarly, increased but 

delayed arterial vasodilatation in patients with AD compared to NC and MCI were found by 

Kotliar et al. (69), whereas decreased arterial dilation was found in MCI compared to NC 

(69). The reasons behind these conflicting reports may be due to different patient cohorts, 

dissimilar techniques, or other ophthalmologic and systemic conditions such as diabetes that 

are known to impact retinal vascular functions (66,67). However, the observed abnormal 

arterial wall movement indicated possible neurovascular coupling impairment secondary to 

arterial endothelial dysfunction (70) or vessel rigidity (71). Chronic hypoperfusion in the 

brain and thickened basal membrane of cerebral vessels are reported in patients with AD 

(72). Furthermore, the alteration of vascular response in subjects with MCI and subjective 

memory loss implies the vascular dysfunction presented early in the disease course (49,69).

Laser Doppler retinal blood flowmetry (CLBF 100, Canon, Tokyo, Japan) was used to 

measure retinal blood flow rate (BFR) based on the blood column diameter and the 

centerline blood velocity in the central retinal artery and vein (73). The measurement is not 

synchronized with the cardiac cycle. Significantly reduced venous BFR in patients with AD, 

compared to CN and MCI, and in patients with MCI compared to CN were reported (74,75). 

Compared to CLBF, which measure central retinal arterial and venular function, the RFI 

system (Optical Imaging Ltd., Rehovot, Israel) assesses the blood flow rate in pre-capillary 

arterioles and post-capillary venules (76,77). The fundus camera-based device uses the 

motion of red blood cell clusters as the intrinsic motion contrast to non-invasively measure 

the blood flow velocity and blood flow rate (RBF) in the pre-capillary arterioles and post-

capillary venules, while synchronizing with the cardiac cycle to ensure the measurement at 

the same time point of the cardiac rhythm (Fig. 4) (76,77). Significantly lower RBFs in both 

arterioles and venules of patients with AD and MCI compared to NC were reported (78). 

There was no significant difference in age, gender, heart rate, blood pressure, or vascular 

risk factors among these three groups (78). More interestingly, the retinal tissue perfusion 

(RTP) measured based on the BFV and tissue volume in which the blood supply perfuse, 

was significantly lower in patients with AD compared to NC (79). The RTP was also found 

to be correlated with GCIPL thickness in these patients with AD (Fig.4) (79). These findings 

appeared to echo cerebral hypoperfusion (18–20), and the reduced central retinal arterial 

dilation obtained by the DVA test (49). A summary of retinal vascular findings as possible 

image biomarkers within the AD spectrum is provided in Table 2.

CONCLUSIONS

In summary, there is a growing body of evidence showing important vascular contributions 

associated with AD. Both static and dynamic retinal vascular changes have been reported in 

patients with AD, MCI, and even in preclinical stages, supporting the strong vascular 

contribution to the pathogenesis of AD. The current literature on retinal vascular changes in 

AD, however, is inconsistent and likely due to different equipment and analysis methods as 
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well as different patients’ characteristics with respect to age range, disease stage, 

comorbidities, diagnostic criteria, and differing types of neurocognitive assessments. 

Furthermore, almost all the studies are cross-sectional comparisons of patients with AD 

versus CN, although some of them involved MCI and preclinical AD patients. To understand 

the possible causal link between vascular dysfunction and AD, it will be important to study 

biomarkers associated with disease onset and progression using a large-scale prospective 

within-subject design, following retinal vasculature among individuals in the early 

preclinical stages to (subjective memory complaints) to symptomatic AD.

Adults over 50 usually have reduced vision due to presbyopia and require routine eye care 

with follow-up. Retinal imaging is usually necessary and convenient to perform during their 

regular eye exam. Non-invasive, cost-effective, and easily accessible retinal imaging, such as 

OCTA, can become a universally available screening tool to identify persons at high risk of 

AD based on retinal vascular changes. Once developed, these retinal vascular biomarkers, 

especially at the capillary level, may also be used to monitor disease progression and 

therapeutic efficacy. To better understand the link between the eye and brain vasculature and 

other neural structures, future studies with simultaneous imaging of the eye and the brain in 

patients with AD, MCI, and its preclinical stages are also warranted to further validate the 

applications of the retinal imaging in AD.
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Fig.1. OCTA for Quantitative Analysis of Microvascular Network in Intra-retinal Layer
(A) Intraretinal layers were imaged using UHR-OCT and segmented using the Orion 

software. RNFL: retinal nerve fiber layer; GCIPL: combined ganglion cell and inner 

plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer. (B) The SVP 

(superior vascular plexus) of a scan of 3 × 3 mm imaged using OCTA with the analyzed area 

of a 2.5-mm disc (red circle). (C) The thickness map of the RNFL + GCIPL in a circular 

area (ϕ 2.5 mm). The VVD (volumetric vascular density) of the SVP (VVDs) was the vessel 

density of the SVP (analyzed as fractal dimension Dbox) divided by the tissue volume of the 

RNFL and GCIPL in the disc (ϕ 2.5 mm). (D) The RVN: retinal vascular network. (E) The 

thickness map of the inner retina, including RNFL, GCIPL, INL, and OPL. The VVDr was 

the vessel density of the RVN (analyzed as fractal dimension Dbox) divided by the tissue 

volume of the inner retina. (F) The DVP: deep vascular plexus (G) The thickness map of the 

INL and OPL in a disc (ϕ 2.5 mm). The VVDd was the vessel density of the DVP (analyzed 

as fractal dimension Dbox) divided by the tissue volume of the INL and OPL (cited from 

Lin et al.(34) under open-access license)
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Fig. 2. Representative images of the retinal microvascular networks imaged using optical 
coherence tomography angiography (OCTA)
Patients with Alzheimer’s disease (AD) (A, B, and C) and mild cognitive impairment (MCI) 

(D, E, and F), as well as a control subject (G, H, and I), were imaged. Compared to the 

normal control (G and I), the large vessels in AD and MCI patients had similar densities in 

the superficial vascular plexus (A and D) and retinal vascular network (C and F) but showed 

some degrees of tortuosity. The microvessels in the deep vascular plexus in AD (B) and MCI 

(E) patients appeared to be less dense compared to the normal control (H). Note: the deep 

vascular plexus images are raw images, showing the graphic projection artifact of the large 

vessels. Bar = 0.5 mm. (Reproduced and used with permission obtained through RightsLink)
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Fig. 3. Foveal Avascular Zone (FAZ) and perfusion map
The enface angiography vessel image was obtained using optical coherence tomography 

(OCT)angiography (Avanti OptoVue; OptoVue). The FAZ is located in the center (the dark 

area) of the macula in the enface angiography of the retina (A). To visualize capillary 

perfusion, a Gaussian density filter (4 × 4 pixels) was used to process the skeletonized 

vascular images and the capillary density was color coded to create a capillary perfusion 

map (B), which shows the non-perfusion in the center of the fovea. The bar denotes to 

percent regional perfusion rate.
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Fig.4. Retinal blood flow and tissue volume of the inner retina
a. A representative image of the retina from an AD patient was imaged using the RFI with a 

FOV of 4.3 × 4.3 mm (20-degrees setting) centered on the fovea, corresponding to the dark 

area in the center. The blood flow velocities (mm/s) were overlaid with the vessels. The 

arterioles marked in red have negative velocity values, indicating that blood is flowing away 

from the heart (flow moving towards the fovea). The venules marked in purple have positive 

velocity values, indicating that blood is flowing towards the heart. To analyze the blood flow 

in the macula, a 2.5 mm circle (blue) centered on the fovea was outlined. Vessel diameters of 

the vessels crossing the circle were measured at the locations marked as yellow and green 

dots. The arteriolar blood flow of these arterioles was calculated using the velocity and 

diameter (yellow dot). The venular blood flow of these venules was also calculated using 

velocity and diameter (green dot). All the flow measurements in the arterioles (all yellow 

dots) were summed to obtain the total arteriolar flow of the macula. Similarly, all the flow 

measurements in the venules (all green dots) were summed to obtain the total venular flow 

of the macula. b. To measure the tissue volume, the same eye was imaged using a custom 

UHR-OCT with a raster scan of 6 × 6 mm. To calculate the tissue-dependent blood 

perfusion, the volumetric tissue volume of the inner retina, including RFNL, GCIPL, INL, 

and OPL, was measured using segmentation software (Orion, Voxeleron) in the round area 
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with a diameter of 2.5 mm centered on the fovea. RNFL: retinal nerve fiber layer; GCIPL: 

ganglion cell-inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; 

ONL: outer nuclear layer; and PR: retinal photoreceptor (cited from Gameiro et al.(79) 

under open-access license).
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