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4. Rationale:  
 
According to the amyloid cascade hypothesis, β-amyloid (Aβ) pathology accumulation is a key 

feature in the brain triggering the pathogenesis of Alzheimer’s disease (AD) 1. Florbetapir PET, a 

ligand with high affinity and specificity to Aβ, has provided the opportunity to detect Aβ in 

subjects with preclinical AD years before the onset of clinical symptoms 2. However, the usage of 

PET in detecting Aβ pathology in the general ageing population is limited due to high cost, 

technical complexity, and invasiveness. Furthermore, amyloid accumulation may be preceded, 

likely by years, by other alterations in vascular regulation 3.  Thus, more accessible measures of 

these earliest alterations, such as retinal measures, may be helpful to identify persons at risk for 

preclinical AD, better understand AD's pathogenesis, and allow developing and testing new 

preventive therapies in future clinical trials.  

 

Previous studies showed that vascular risk factors and markers of cerebral vascular disease were 

associated with Aβ accumulation in AD 4, 5, 6. These findings are in line with the 2-hit vascular 

hypothesis of AD stating that damage to the blood vessels is attributed to effects of genetic 

predispositions, vascular risk factors, diabetes, or hyperlipidemia as the initial insult resulting in 

blood-brain barrier (BBB) dysfunction and degraded brain perfusion subsequently causing 

neuronal injury and Aβ accumulation in the brain 7, 8. Unfortunately, it has so far been very 

challenging to directly image the brain’s small vessels in vivo to determine the cerebral 

microvascular contributions to the AD pathology.  

 

One way to image in vivo microvascular changes in the eyes is to employ retinal fundus 

photography. The retinal microvasculature is both anatomically and physiologically similar to the 

small vessels in the brain, and retinal microvascular markers have been associated with 

cerebrovascular changes, incident clinical stroke and radiological markers of cerebral small vessel 

disease 9, 10, 11 12. The clinical significance of retinal vascular signs has also been demonstrated in 

the ARIC study showing that microaneurysms and retinal hemorrhages were independently 

associated with 20-year cognitive decline and dementia conversion 13, 14. Differences in retinal 

microvascular network alterations have also been observed in case-control studies with AD 

patients. Patients with AD had narrower arteriolar and venular calibers, smaller total and arteriolar 
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fractal dimensions and more tortuous arterioles and venules than their healthy counterparts 15. 

Individuals with lower venular fractal dimension and arteriolar tortuosity were also more likely to 

be diagnosed with AD after accounting for confounders such as demographic factors, smoking, 

hypercholesterolemia, diabetes mellitus and history of cardiovascular disease and cerebrovascular 

disease 15 . 

 

Only a few studies with small sample sizes have so far examined the association between retinal 

microvascular measures and Aβ pathology in preclinical AD participants. In the Australian 

Imaging, Biomarkers and Lifestyle (AIBL) study of ageing, participants with high neocortical Aβ 

burden had larger venular branching asymmetry factor (AFv) and arteriolar length-to-diameter 

ratio (LDRa). When combined with age and APOE E4 carrier status, AFv and LDRa predicted 

high Aβ burden with a high classification performance (82.8% AUC) 16. Significant differences 

between preclinical AD and healthy controls were also found using optical coherence tomography 

angiography (OCT-A) measures. Patients with PET and CSF amyloid positive status had larger 

foveal avascular zone (FAZ) area compared to individuals with biomarker-negative findings. FAZ 

also predicted amyloid positive status with a high classification rate (AUC= 0.801) 17. More cross-

sectional and longitudinal studies with larger sample sizes are needed to test whether consistent 

associations between retinal microvascular signs and amyloid pathology exist in the population.  

 

In this study, we propose testing the association between retinal microvasculature signs in midlife 

and amyloid accumulation in late life.  Evidence of a significant association would potentially 

allow for a low cost, non-invasive method for identifying persons at risk for brain amyloid 

deposition in the general population. We furthermore propose to test the cross-sectional association 

between retinal microvascular signs and amyloid accumulation in late life. This would be the first 

study with a large sample size to determine the retinal microvascular associations with amyloid in 

late life and would allow us to evaluate if retinal health in midlife is associated with late life 

amyloid more strongly than is late-life retinal health, as is the case with other vascular risk factors. 

Finally, we propose to test whether the association between changes in retinal microvasculature 

between midlife and late life is associated with amyloid pathology. Significant associations may 

have clinical implications as repeated sampling of the retinal measures between mid and late life 

could identify individuals at risk for the amyloid progression in late life.  
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5. Main Hypothesis/Study Questions: 
 
Main hypothesis:  
Microvascular retinal signs measured in midlife are associated with elevated global cortical brain 
amyloid by PET in late life in the ARIC-PET cohort.  
 
Secondary hypothesis: 
Microvascular retinal signs in late life are associated with elevated global cortical brain amyloid 
by PET in late life in the ARIC-PET cohort.  
 
Explorative hypothesis: 
Change in microvascular retinal signs between midlife and late life are associated with brain 
amyloid by PET in late life in the ARIC-PET cohort. 
 
 
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present). 
 
Design: cross-sectional & longitudinal 
 
Participant inclusion: All ARIC-PET participants without dementia will be eligible for inclusion. 

1 ARIC-PET participant was recruited who ultimately was given a research diagnosis of dementia. 

This participant will be excluded from the analysis. 

 

Outcome: Florbetapir PET global cortical SUVR. SUVR will be treated continuous and 

dichotomized at the study median of 1.2 as is standard in ARIC-PET analyses.  

 

Exposures: Retinal photographs collected for the first time in ARIC at Visit 3 (1993-95) and at 

Visit 5 will be used in this study. 4 most observed microvascular retinal signs by photography will 

be included in the analysis: retinopathy (and its components, including hemorrhages and 

microaneurysms), focal arteriolar narrowing, arteriovenous (AV) nicking, and generalized 

arteriolar narrowing (CRAE).   

 

Covariates: Demographic variables such as age and vascular risk factors such as smoking status, 

drinking status, BMI, prevalent coronary heart disease, prevalent stroke, diabetes, and 



J:\ARIC\Operations\Committees\Publications 
 

hypertension will be used as covariates from visit 3 and 5. The time-invariant variables educational 

status and APOE4 gene status will also be included as covariates.  

 

Classification variable: Participants’ cognitive status was classified by an adjudication committee 

as cognitively normal, mild cognitive impairment or dementia based on a comprehensive battery 

of neurocognitive examinations. 

 

Data analysis: The association between retinal microvascular signs and global SUVR will be 

tested using a logistic and linear regression model both in the cross-sectional and longitudinal 

analysis. The statistical assumptions underlying the regression models will be met. In case that the 

statistical assumptions are violated for the linear regression model, a robust linear regression model 

with bootstrapping or permutation will be employed. In the longitudinal analysis, a sensitivity 

analysis will also be employed restricting to those without diabetes in midlife and adjusting for 

diabetes in late life. This will test whether the associations between midlife retinal microvascular 

markers and amyloid accumulation in late life are not explained by diabetes.  

 

We will use a two-step model building process for adjustment. Covariates in model 1 will include 

demographic variables, ApoE4, as well as race variable. In model 2 risk factors such as smoking 

status, drinking status, BMI, prevalent coronary heart disease, prevalent stroke, diabetes and 

hypertension will be entered as additional covariates. To test whether a model containing 

microvascular retinal measures and traditional vascular risk factors (model 2) significantly better 

captures the data than a model with traditional vascular risk factors only, a likelihood ratio test 

(LRT) will be employed. The areas under the curve (AUCs) showing the accuracy of the models’ 

prediction will also be computed.  

 

To determine the accuracy of prediction when only using the mid- vs. late-life retinal measures, 

receiver operating curves (ROC) will be computed and the models’ AUCs will be compared.  

Using random forest models, the relative importance of the 4 retinal microvascular measures 

predicting amyloid accumulation will be determined.  
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A subgroup analysis will additionally be conducted testing the association between retinal 

microvascular measures and amyloid accumulation in those individuals with normal cognitive 

status at visit 3. 

 

Changes in the continuous retinal microvascular variables will be determined and participants’ 

slopes will be estimated using growth models. If the statistical assumptions of the growth model 

are not satisfied, the difference in retinal measures between visit 3 and visit 5 will be computed. 

The association between change in retinal microvascular signs and global SUVR will be tested 

using a logistic regression and a linear regression model adjusted by the covariates at visit 3. Again, 

if the statistical assumptions of the linear regression model are violated, a robust linear regression 

model with bootstrapping or permutation will be employed here. 

 
 
7.a. Will the data be used for non-ARIC analysis or by a for-profit organization in this 
manuscript? ____ Yes    _x__ No 
 
 b. If Yes, is the author aware that the current derived consent file ICTDER05 must be 

used to exclude persons with a value RES_OTH and/or RES_DNA = “ARIC only”  
and/or “Not for Profit” ? ____ Yes    ____ No 
(The file ICTDER has been distributed to ARIC PIs, and contains  
the responses to consent updates related to stored sample use for research.) 

 
8.a. Will the DNA data be used in this manuscript? ___x_ Yes    ___ No 
 
8.b. If yes, is the author aware that either DNA data distributed by the Coordinating 

Center must be used, or the current derived consent file ICTDER05 must be used to 
exclude those with value RES_DNA = “No use/storage DNA”? __x__ Yes    ____ No 

 
9. The lead author of this manuscript proposal has reviewed the list of existing ARIC 

Study manuscript proposals and has found no overlap between this proposal and 
previously approved manuscript proposals either published or still in active status.  
ARIC Investigators have access to the publications lists under the Study Members Area of 
the web site at:  http://www.cscc.unc.edu/aricproposals/dtSearch.html  

 
___x___ Yes     ______ No 

 
10. What are the most related manuscript proposals in ARIC (authors are encouraged to 

contact lead authors of these proposals for comments on the new proposal or 
collaboration)? 

 



J:\ARIC\Operations\Committees\Publications 
 

MP # 2822. Gottesman et al., Subclinical cerebrovascular disease and brain amyloid 
deposition: The ARIC-PET study 
 
MP #2169 Deal et al. Association of retinal microvascular abnormalities with 23-year 
cognitive decline: The Atherosclerosis Risk in Communities Study 
 
MP #2797 Deal et al. Retinal signs and incident dementia in the Atherosclerosis Risk in 
Communities Neurocognitive Study (ARIC NCS) 
 
MP #3068 Lee et al. Association of Retinal Microvascular Abnormalities and Cognitive 
Status: The Atherosclerosis Risk in Communities Neurocognitive Study 
 
MP #2565 Retinal Microvascular Abnormalities and Subsequent MRI Cerebrovascular and 
Neurodegenerative Signs: the Atherosclerosis Risk in Communities Neurocognitive Study 
(ARIC NCS) 

 
 
11.a. Is this manuscript proposal associated with any ARIC ancillary studies or use any 
ancillary study data? __x__ Yes    ___ No 
 
11.b. If yes, is the proposal  

_x__  A. primarily the result of an ancillary study (list number* __2009.29______) 
___  B. primarily based on ARIC data with ancillary data playing a minor role 
(usually control variables; list number(s)* __________  __________ __________) 

 
*ancillary studies are listed by number https://sites.cscc.unc.edu/aric/approved-ancillary-studies 
 
12a. Manuscript preparation is expected to be completed in one to three years.  If a 
manuscript is not submitted for ARIC review at the end of the 3-years from the date of the 
approval, the manuscript proposal will expire. 
 
12b. The NIH instituted a Public Access Policy in April, 2008 which ensures that the public 
has access to the published results of NIH funded research.  It is your responsibility to upload 
manuscripts to PubMed Central whenever the journal does not and be in compliance with this 
policy.  Four files about the public access policy from http://publicaccess.nih.gov/ are posted in 
http://www.cscc.unc.edu/aric/index.php, under Publications, Policies & Forms. 
http://publicaccess.nih.gov/submit_process_journals.htm shows you which journals 
automatically upload articles to PubMed central. 
 
  
 
 



J:\ARIC\Operations\Committees\Publications 
 

 
 

Bibliography 
 

1. J. HJSD. The Amyloid Hypothesis of Alzheimer’s Disease: 
Progress and Problems on the Road to Therapeutics. Science 2002;297:353 - 365. 
2. Clark CM, Schneider JA, Bedell BJ, et al. Use of florbetapir-PET for imaging beta-amyloid pathology. 
JAMA 2011;305:275-283. 
3. Iturria-Medina Y, Sotero RC, Toussaint PJ, Mateos-Perez JM, Evans AC, Alzheimer's Disease 
Neuroimaging I. Early role of vascular dysregulation on late-onset Alzheimer's disease based on multifactorial data-
driven analysis. Nat Commun 2016;7:11934. 
4. Gottesman RF, Schneider AL, Zhou Y, et al. Association Between Midlife Vascular Risk Factors and 
Estimated Brain Amyloid Deposition. JAMA 2017;317:1443-1450. 
5. A.; Kurz A. GTFMAFAPFrHHGPRSCYBHD. White matter hyperintensities predict amyloid increase in 
Alzheimer’s disease. Neurobiology of Aging 2012;33:2766-2773. 
6. Liu W, Wong A, Law AC, Mok VC. Cerebrovascular disease, amyloid plaques, and dementia. Stroke 
2015;46:1402-1407. 
7. Sweeney MD, Kisler K, Montagne A, Toga AW, Zlokovic BV. The role of brain vasculature in 
neurodegenerative disorders. Nat Neurosci 2018;21:1318-1331. 
8. Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer's disease and other disorders. 
Nat Rev Neurosci 2011;12:723-738. 
9. Patton N.; Aslam T.; MacGillivray T.; Pattie A.; Deary I.J. DB. Retinal vascular image analysis as a 
potential screening tool for cerebrovascular disease: a rationale based on homology between cerebral and retinal 
microvasculatures. Anatomical Society of Great Britain and Ireland 2005;206:319–348. 
10. Wong TY, Klein R, Couper DJ, et al. Retinal microvascular abnormalities and incident stroke: the 
Atherosclerosis Risk in Communities Study. The Lancet 2001;358:1134-1140. 
11. Hanff TC, Sharrett AR, Mosley TH, et al. Retinal microvascular abnormalities predict progression of brain 
microvascular disease: an atherosclerosis risk in communities magnetic resonance imaging study. Stroke 
2014;45:1012-1017. 
12. Biffi E, Turple Z, Chung J, Biffi A. Retinal biomarkers of Cerebral Small Vessel Disease: A systematic 
review. PLoS One 2022;17:e0266974. 
13. Deal JA, Sharrett AR, Albert M, et al. Retinal signs and risk of incident dementia in the Atherosclerosis 
Risk in Communities study. Alzheimers Dement 2019;15:477-486. 
14. Deal JA, Sharrett AR, Rawlings AM, et al. Retinal signs and 20-year cognitive decline in the 
Atherosclerosis Risk in Communities Study. Neurology 2018;90:e1158-e1166. 
15. Williams MA, McGowan AJ, Cardwell CR, et al. Retinal microvascular network attenuation in Alzheimer's 
disease. Alzheimers Dement (Amst) 2015;1:229-235. 
16. Frost S, Kanagasingam Y, Sohrabi H, et al. Retinal vascular biomarkers for early detection and monitoring 
of Alzheimer's disease. Transl Psychiatry 2013;3:e233. 
17. O'Bryhim BE, Apte RS, Kung N, Coble D, Van Stavern GP. Association of Preclinical Alzheimer Disease 
With Optical Coherence Tomographic Angiography Findings. JAMA Ophthalmol 2018;136:1242-1248. 
 


	SC Reviewed: _________  Status: _____   Priority: ____
	First author:   Marco Egle

