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Abstract.

Background: Retinal neurodegeneration is evident in early diabetic retinopathy (DR) which may be associated with other
neurodegenerative diseases like Alzheimer’s disease (AD).

Objective: To investigate diabetes and DR as a risk marker of present and incident AD.

Methods: A register-based cohort study was performed. We included 134,327 persons with diabetes above 60 years of age,
who had attended DR screening, and 651,936 age- and gender-matched persons without diabetes.

*Correspondence to: Frederik Ngrregaard Pedersen, MD,
Department of Ophthalmology, Odense University Hospital,
Klgvervaenget 5, Entrance 132, 1. Floor, 5000 Odense C, Den-
mark. Tel.: +45 3134 1503; Fax: +45 6541 3004; E-mail: frederik.
norregaard.pedersen @rsyd.dk.
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Results: At baseline, the prevalence of AD was 0.7% and 1.3% among patients with and without diabetes, respectively. In
a multivariable regression model, patients with diabetes were less likely to have AD at baseline (adjusted OR 0.63, 95% CI
0.59-0.68). During follow-up, incident AD was registered for 1473 (0.35%) and 6,899 (0.34%) persons with and without
diabetes, respectively. Compared to persons without diabetes, persons with diabetes and no DR had a lower risk to develop
AD (adjusted HR 0.87, 95% CI 0.81-0.93), while persons with diabetes and DR had higher risk of AD (adjusted HR 1.24,
95% CI 1.08-1.43). When persons with diabetes and no DR were used as references, a higher risk of incident AD was
observed in persons with DR (adjusted HR 1.34, 95% CI 1.18-1.53).

Conclusion: Individuals with diabetes without DR were less likely to develop AD compared to persons without diabetes.
However, individuals with DR had a 34% higher risk of incident AD, which raise the question whether screening for cognitive

impairment should be done among individuals with DR.

Keywords: Alzheimer’s disease, cognitive impairment, diabetes mellitus, diabetic retinopathy

INTRODUCTION

Diabetes is a world-wide health concern with a
global prevalence of 463 million, which is projected
to increase to 700 million by year 2040 [1]. People
with diabetes have an elevated risk to develop various
micro- and macrovascular complications, of which
diabetic retinopathy (DR) is the most common [2].

DR has classically been described as a progres-
sive microvascular angiopathy, leading to retinal
ischemia, inner blood-barrier alteration, neovascular-
ization, and macular edema [3]. However, in recent
years, retinal neurodegeneration has been observed
as an early event in DR, which may even precede
microvascular changes [4, 5]. As the eye and brain
share common anatomical and physiological proper-
ties, a connection between DR and neurodegenerative
diseases has also been suggested [6].

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disease, which is characterized by
cognitive and functional impairments [7]. AD is a
subtype of dementia, accounting for 60-70% of over-
all dementia cases [8]. Currently, 47 million people
live with dementia worldwide, which is predicted to
increase to 132 million by year 2050 [8]. AD pathol-
ogy is primarily associated with amyloid plaques and
neurofibrillary tangles, leading to cerebral neurode-
generation [7].

In a recent meta-analysis comprised of 17 cohort
studies, Zhang et al. [9] demonstrated an increased
risk of AD in persons with diabetes (relative risk:
1.53,95% CI 1.42—-1.63). Studies have also reported
DR in association with an increased risk of cogni-
tive impairment [10, 11], along with an increased
risk of overall dementia [12] and increased risk
of AD; however, the association between DR and
AD has been inconsistent [12—14]. Several possi-
ble common features have been described, including

chronic inflammation, oxidative stress, insulin resis-
tance, adiponectin deficiency, plasma cholinesterase
activity, and vascular damage [15, 16].

The previous studies that have examined the asso-
ciation between DR and AD have overall been limited
by small samples sizes. Given that DR and AD may
both be viewed as progressive neurovascular disor-
ders, we hypothesized that DR may act as a risk factor
for AD. With the present study, we aimed to exam-
ine diabetes and DR as a risk marker of present and
incident AD in a national cohort study including all
individuals screened for DR in Denmark compared
with age- and gender-matched persons without dia-
betes.

MATERIALS AND METHODS
The Danish Health Registries

In Denmark, all citizens diagnosed with dia-
betes are offered tax-funded DR screening. The
Danish Registry of Diabetic Retinopathy (DiaBase)
has since 2013 collected data on all DR screen-
ing results of persons with diabetes above the age
of 18 years, including the level of DR, corrected
visual acuity, presence/absence of macular edema,
prior eye surgery, and planned time interval to next
eye screening. DR screening is performed by prac-
ticing ophthalmologists or at selected hospitals, and
it is mandatory for the screening physician to report
findings to DiaBase. The screening procedure is pri-
marily based on retinal fundus images, according to
national guidelines [17]. DR level is graded accord-
ing to the International Clinical Retinopathy Disease
Severity Scale [18], which consist of five steps: level
0 (no DR), level 1-3 (mild, moderate, and severe non-
proliferative DR), and level 4 (proliferative diabetic
retinopathy or prior panretinal photocoagulation).
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The Danish National Patient Registry (DNPR) was
established in 1977 and holds, on an individualized
basis, information of all hospital contacts including
hospitalization and outpatient visits, e.g., admission
date and medical diagnosis, as given by the Interna-
tional Classification of Diseases (ICD) 10 revision
codes [19]. Regarding AD diagnosis, DNPR has pre-
viously been validated and found suitable for use in
register-based studies [20].

The Danish National Prescription Registry [21]
contains all dispensed prescriptions issued by general
practitioners or specialists since 1995 in accordance
with the Anatomical Therapeutic Chemical Classifi-
cation (ATC) system [22].

Each Danish citizen is registered in The Dan-
ish Civil Registration System by a unique personal
identifier, the Central Personal Registration number,
which was used to link data between the registries
mentioned above. Furthermore, this registry holds
information on age, gender as well as marital and
vital status.

Study population

A matched register-based cohort design was
employed, comprising both cross-sectional and
prospective analyses. Data was collected between
January 2,2013 and December 28, 2018. We included
persons registered in DiaBase aged 60 years or above
as exposed. Index date was defined by the first occur-
rence of a screening registered in the DiaBase. Each
person with diabetes was assigned a single level of
DR defined by the most severely affected eye at the
index date. For each person in DiaBase, five random
individuals (unexposed), matched by gender and year
of birth, who were not registered in DiaBase, were
selected from the Danish Civil Registration System.
Unexposed persons were assigned the index date of
their matched exposed persons with diabetes. In order
to determine the type of diabetes among those reg-
istered in DiaBase, we combined ICD-10 codes for
diabetes and ATC codes of redeemed prescription of
insulin (A10A*), and glucose lowering drugs excl.
insulin (A10B*) given before 12 months after the
index date (Supplementary Table 1). Duration of dia-
betes was given by the difference between the index
date and the first date of ICD-10 codes for diabetes or
date of redeemed prescription of insulin or glucose-
lowering drugs excl. insulin, whichever came first.
Unexposed persons were excluded if they had been
given an ICD-10 code for diabetes or ATC codes of
redeemed prescription of insulin or glucose-lowering

drugs excl. insulin given before 12 months after the
assigned index date.

Outcome

We used the ICD-10 diagnose codes FOO* (Demen-
tia in Alzheimer’s disease) and G30* (Alzheimer’s
disease) to assess the outcome. Diagnoses were only
regarded as valid if they had been given by depart-
ments specialized in dementia diagnosis, which in
Denmark includes departments in neurology, psychi-
atry, and geriatrics.

In the cross-sectional study, we assessed the pres-
ence of AD at the index date. In the prospective study,
persons with and without diabetes with comorbid AD
before the index date were excluded, and incident AD
was registered. Follow-up duration was calculated as
the time between index date and date of registration
of AD, death, migration or censoring at December
28, 2018, whichever came first.

Covariates

Comorbidity were assessed by the Charlson
comorbidity index score and was calculated from
ICD-10 codes as described by Quan et al. [23]. Mar-
ital status was categorized in never married, married,
and widowed or divorced. Depression was defined by
ICD-10 codes F32 (depressive episode), F33 (recur-
rent depressive disorder), and F34.1 (dysthymia).

Use of medication was assessed by ATC-codes for
insulin (A10A*), glucose lowering drugs excl. insulin
(A10B*), antihypertensive treatment (C02*, CO7*,
C08*, C09*), or lipid lowering therapy (C10*), as
given one year prior or after the index date.

Ethics committee approval

The present study was part of the Ocular And Sys-
temic complications In diabetic retinopathy Study
(OASIS), emerging from the Danish Excellence
Centre in Ophthalmic Epidemiology (DECODE-
EYE) [24]. The study was performed according to
the tenets of the Helsinki Declaration, and rele-
vant permissions were obtained from the Region
of Southern Denmark’s record of data processing
activities (Journal nr. 18/61231) and the Danish Clini-
cal Registries (DIABASE-2018-12-11). In Denmark,
informed consent and permissions from the Danish
National Committee on Health Research Ethics are
not required for register-based studies.
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Statistical analyses

Continuous variables are presented with mean and
standard deviation and categorical variables with
frequencies and percentages. We applied Cuzick’s
extension of the Wilcoxon rank-sum test for trend
for several groups and Pearson Chi-squared test (x?)
to test differences between groups. DR levels were
pooled to obtain greater statistical power. In the cross-
sectional study (Table 2 and Supplementary Table 3),
we calculated odds ratios (ORs) with 95% confi-
dence intervals (CIs) for AD in crude, age and gender
adjusted, and multivariable logistic regression mod-
els. In the prospective study (Tables 3 and 4), we
calculated hazards ratios (HRs) for AD in crude, age,
and gender adjusted and multivariable Cox regres-
sion models including age, gender, marital status,
depression, use of antihypertensive and lipid lowering
drugs, and an adapted Charlson Comorbidity index.
While diabetes are part of Charlson Comorbidity
index, we were not able to include the full index score
but adjusted for the rest of the disease from Charl-
son Comorbidity index in the multivariable model.
For reference, we used persons without diabetes in
Tables 2 and 3, and persons with diabetes without
DR in Table 4 and Supplementary Table 3. While
persons with diabetes are associated with increased
mortality, death before AD may be a competing risk
factor. To account for this aspect, a competing risk
analysis was performed with death as a competing
cause to AD. p-values below 0.05 and CI that did not
include 1.0 were considered statistically significant.
All statistics were performed using STATA version
16.1 (StataCorp LLC, College Station, TX, USA).

RESULTS

At baseline, the total cohort comprised 786,263
individuals, including 134,327 persons with diabetes,
who had attended the screening program for DR, and
651,936 individuals without diabetes (Fig. 1). A total
of 115,106 (85.7%) had no DR and the prevalence of
DR was 9.2% (n=12,300), 2.7% (n=3,652), 0.3%
(n=463), and 2.1% (n=2,806) for DR levels 1-4,
respectively (Supplementary Table 2 and Supplemen-
tary Figure 1). Prevalence of AD at baseline was 0.7%
(n=1,007) and 1.3% (n=28460) among persons with
and without diabetes respectively (Table 1). In both
groups, persons with AD were older, more likely to
be female and diagnosed with depression, and had a
higher Charlson comorbidity index score (Table 1).

When evaluating AD among persons with diabetes,
individuals with AD were more often prescribed
insulin, but less often prescribed glucose-lowering
drugs excl. insulin, antihypertensive and lipid lower-
ing drug medications (Table 1).

Compared to persons without diabetes, multivari-
able adjusted model for age, gender, marital status,
use of hypertension and lipid lowering medication,
depression, and an adjusted Charlson comorbidity
index, showed a lower presence of AD in persons with
diabetes for the entire group (multivariable adjusted
OR 0.63, 95% CI 0.59-0.68), in persons with dia-
betes without DR (multivariable adjusted OR 0.62,
95% CI 0.58-0.67) as well as in persons with dia-
betes and DR (multivariable adjusted OR 0.69, 95%
CI10.57-0.82) (Table 2). When persons with diabetes
without DR was defined as reference group, there was
no difference (multivariable adjusted OR 1.16, 95%
CI 0.98-1.38) of presence of AD in individuals with
diabetes and DR (Supplementary Table 3).

After individuals with AD at baseline were
excluded among persons with and without diabetes,
persons in these groups were followed for overall
416,009 and 2,011,062 person-years, respectively.
Incidence of AD was 0.34%, 0.45%, and 0.47% for
DR levels 0-2 and 0.38% for DR levels 3—4 com-
bined. While the overall incidence of AD did not
vary between persons with (n=1,473, 0.35%) and
without diabetes (n=6,899, 0.34%), persons with
diabetes without DR had a lower risk of devel-
oping AD (multivariable adjusted HR 0.87, 95%
CI 0.81-0.93) in contrast to persons with diabetes
and DR (multivariable adjusted HR 1.24, 95% CI
1.08-1.43) (Table 3). The competing risk analysis
resulted in estimates consistent with the main analysis
(multivariable adjusted HR 0.91, 95% CI 0.85-0.97
data not shown). When persons with diabetes with-
out DR were used as references, an increased risk of
incident AD was identified (multivariable adjusted
HR 1.34,95% CI 1.18-1.53) (Table 4).

DISCUSSION

In a nationwide registry-based cohort study of
almost 800,000 persons, the risk of incident AD was
13% lower in persons without DR. However, indi-
viduals with DR had a 24% higher risk of developing
AD within five years compared to an age- and gender-
matched population without diabetes.

In our study, the presence of AD was significantly
lower at baseline for persons with diabetes compared
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DiaBase
n = 207,137
Excluded:
L _ age < 60 years
" | DR assesment not possible
n=72,810
Y
Matched Control
Cases at baseline g,?&f;ﬁ gye
n = 134,327 gender 21049
n =671,635 f Excluded: )
Categorized as having
diabetes by ICD and ATC
codes
n=19,699
Cohort at
baseline Cross-sectional analysis
n=786,263
Excluded
L _ | AD by ICD 10 codes G30* or
o FOO* at baseline
n = 9,467
Y
(" )
Cohort at index
date Prospective analysis
n=776,796
Events with no AD Events with AD
during follow-up during follow-up
n=768,424 n=28,372

Fig. 1. Flowchart showing population progression in the study. Diabase: Danish Registry of Diabetic Retinopathy. DR, diabetic retinopathy;
AD, Alzheimer’s disease; CPR, The Danish Civil Registration System; ICD, International Classification of Disease; ATC, Anatomical
Therapeutic Chemical Classification System.
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Table 1
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Characteristics of persons with diabetes (exposed) and persons without diabetes (unexposed) with and without Alzheimer’s disease (AD) at
the time of the first registration in the Danish Registry of Diabetic Retinopathy for persons with diabetes

Exposed P unexposed P
Alzheimer’s disease Yes No Yes No
Number of persons, n (%) 1,007 (0.7) 133,320 (99.3) 8,460 (1.3) 643,476 (98.7)
Gender, (%) male (48.5) (56.3) <0.001 (44.3) (56.2) <0.001
Age, y (IQR) 81.0 (76.1;85.3) 70.7 (66.0;76.4) <0.001 81.1(76.1;85.3) 70.7 (66.0;76.3) <0.001
Type of diabetes, n (%) <0.001 N/A
Type 1 diabetes 20 (2.0) 3,444 (2.6) N/A N/A
Type 2 diabetes 743 (73.8) 107,022 (80.3) N/A N/A
Unknown 244 (24.2) 22,854 (17.1) N/A N/A
Duration of diabetes, y (IQR)? <0.001 N/A
Type 1 diabetes 19.4 (14.8;22.2) 19.8 (13.3;21.5) N/A N/A
Type 2 diabetes 7.5 (3.5;13.0) 6.2 (2.7;10.7) N/A N/A
Unknown 17.8 (12.8;20.4)  15.0 (9.8;19.5) N/A N/A
Marital status, n (%) <0.001 <0.001
Never married 40 (4.0) 9,897 (7.4) 361 (4.3) 46,055 (7.2)
Married 510 (50.6) 79,362 (59.5) 3,895 (46.0) 403,758 (62.7)
Widowed or divorced 457 (45.4) 44,061 (33.0) 4,204 (49.7) 193,663 (30.1)
Charlson Comorbidity Index score, n (%) <0.001 <0.001
0 (low) 240 (23.8) 92,089 (69.1) 2,541 (30.0) 529,751 (82.3)
1 (moderate low) 41 (4.1) 17,923 (13.4) 147 (1.7) 37,555 (5.8)
2 (Moderate high) 430 (42.7) 14,385 (10.8) 4,610 (54.5) 56,720 (8.8)
>3 (high) 296 (29.4) 8,923 (6.7) 1,162 (13.7) 19,450 (3.0)
Use of medication, n (%)
Insulin 356 (35.4) 36,510 (27.4) <0.001 N/A N/A N/A
Glucose lowering treatment, excl. insulins 741 (73.6) 106,023 (79.5) <0.001 N/A N/A N/A
Antihypertensive drugs 829 (82.3) 113,209 (84.9)  0.022 4,283 (50.6) 316,400 (49.2)  0.008
Lipid lowering drugs 766 (76.1) 106,921 (80.2)  0.001 2,712 (32.1) 201,595 (31.3)  0.152
Level of DR, n (%) 0.330
0 845 (83.9) 114,261 (85.7) N/A N/A
1 107 (10.6) 12,193 (9.1) N/A N/A
2 33(3.3) 3,619 (2.7) N/A N/A
3 220 (2.2) 461 (0.3) N/A N/A
4 2,786 (2.1) N/A N/A
Depression, n (%) 150 (14.9) 5,741 (4.3) <0.001 1,202 (14.2) 22,193 (3.4) <0.001

Data are given as numbers (with percentages), medians with interquartile ranges (IQR) or percentages. *Duration of diabetes was only
calculated for persons with at least one International Classification of Diseases version 10 code for diabetes or one Anatomical Therapeutic
Chemical Classification codes for treatment of diabetes. DR, diabetic retinopathy; N/A, not applicable. PDR level 3 and DR level 4 were
pooled because of small samples.

Table 2
Odds ratio with 95% confidence interval for Alzheimer’s disease for persons screened for diabetic retinopathy (exposed) compared to age-
and gender-matched persons without diabetes (unexposed) according to the level of DR at the time of the first registration in the Danish
Registry of Diabetic Retinopathy for persons with diabetes

Exposed Unexposed Crude model Model adjusted Multivariable
for sex and age model*
Level of DR Persons Persons Persons Persons OR (95% CI) OR (95% CI) OR (95% CI)
with AD without AD with AD without AD
Overall 1,007 133,320 8,460 643,476 0.57 (0.54-0.61) 0.57 (0.53-0.60) 0.63 (0.59-0.68)
Level 0 845 114,261 7,204 551,696 0.57 (0.53-0.61) 0.56 (0.52-0.60) 0.62 (0.58-0.67)
Level 1-4 162 19,059 1,256 91,780 0.62 (0.53-0.73) 0.61 (0.52-0.72) 0.69 (0.57-0.82)

Multivariable logistic regression model adjusted for age, sex, marital status, use of antihypertensive and lipid lowering drugs, depression,
and Charlson comorbidity index: myocardial infarct, congestive heart failure, cerebrovascular disease, chronic pulmonary disease, connective
tissue disease and rheumatologic disease, ulcer disease, renal disease, hemiplegia or hemiplegia or paraplegia, any malignancy (including
leukemia and lymphoma), mild or moderate-severe liver disease, and acquired immunodeficiency syndrome. OR, odds ratio; CI, confidence
interval; AD, Alzheimer’s disease; DR, diabetic retinopathy.
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Table 3
Hazard Ratio with 95% confidence interval for incident Alzheimer’s disease after the index date® for persons screened for diabetic retinopathy
(Exposed) and age- and gender-matched persons without diabetes (unexposed) according to the level of DR for persons with diabetes

Exposed Unexposed Crude model Model adjusted Multivariable
for sex and age model®
Level of DR Events of ADP?  Years of risk  Events of AD?  Years of risk HR (95% CI) HR (95% CI) HR (95% CI)
Overall 1,473 416,009 6,899 2,011,062 1.03 (0.98;1.09) 1.01(0.95;1.07) 0.92(0.87;0.98)
Level 0 1,178 348,937 5,805 1,675,556 0.97(0.92;1.04) 0.95(0.89; 1.01) 0.87 (0.81; 0.93)
Level 1-4 295 67,072 1,094 335,506 1.35(1.19; 1.54)  1.34(1.18;1.52)  1.24 (1.08; 1.43)

4Index date defined as the date of the first registration in the Danish Registry of Diabetic Retinopathy for persons with diabetes (exposed).
YEvents of AD given as the number of persons with new registration of Alzheimer’s disease after the index date. °Cox regression model adjusted
for sex, age, depression, marital status, use of antihypertensive drugs, lipid lowering drugs, and Charlson comorbidity index: myocardial
infarction, congestive heart failure, cerebrovascular disease, chronic pulmonary disease, connective tissue disease and rheumatologic disease,
ulcer disease, mild or moderate-severe liver disease, renal disease, hemiplegia or paraplegia, any malignancies (including leukemia and
lymphoma), and acquired immunodeficiency syndrome. HR, hazard ratio; CI, confidence interval; AD, Alzheimer’s disease; DR, diabetic
retinopathy.

Table 4
Hazard ratio with 95% confidence interval for incident Alzheimer’s disease after index date® for persons screened for diabetic retinopathy
according to the level of DR (level 0 used as reference)

Crude model Model adjusted Multivariable
for age and sex model®
Level of DR Events of AD® Years of risk HR (95% CI) HR (95% CI) HR (95% CI)
Level 1-4 295 67,072 1.27 (1.12-1.45) 1.34 (1.18-1.52) 1.34 (1.18-1.53)
Level 0 1,178 348,937 1 (reference) 1 (reference) 1 (reference)

Index date defined as the date of the first registration in the Danish Registry of Diabetic Retinopathy for persons with diabetes. "Events of
AD given as the number of persons with new registration of AD after the index date. “Cox regression model adjusted for sex, age, depression,
marital status, use of antihypertensive drugs, lipid lowering drugs, and Charlson comorbidity index: myocardial infarction, congestive heart
failure, cerebrovascular disease, chronic pulmonary disease, connective tissue disease and rheumatologic disease, ulcer disease, mild or
moderate-severe liver disease, renal disease, hemiplegia or paraplegia, any malignancies (including leukemia and lymphoma), and acquired

immunodeficiency syndrome. HR, hazard ratio; CI, confidence interval; AD, Alzheimer’s disease; DR, diabetic retinopathy.

with individuals without diabetes. Selection bias may
have occurred as persons with higher levels of comor-
bidity or those with mental illness may be more prone
to refrain from attending screening programs [25].
Previous prospective studies have investigated the
association between DR and cognitive impairment
[10, 26, 27] and overall dementia [12, 28, 29]. Still to
our knowledge, the association between DR and AD
has only been examined by Lee et al. [13], Hwang
et al. [14], and Schrijvers et al. [29]. In a prospec-
tive study, Lee et al. [13] included 3,877 participants
without dementia at baseline with 31,142 person-
years follow-up, and reported an increased risk of AD
in persons with DR (HR 1.50, p-value =0.03) after
adjusting for age, gender, education, Apolipoprotein
E genotype, and smoking. Lee et al. also investigated
AD risk in persons with diabetes with DR and with-
out DR and reported that only persons with DR had
an elevated risk of AD (HR 1.46, 95% CI 1.09-1.97
versus HR 1.01, 95% CI 0.78-1.31). In a prospective
study Schrijvers et al. [29] included 5,640 partici-
pants of whom 438 individuals had retinopathy with
amean follow-up of 11.4 years. That study reported a

tendency to increased risk of AD in individuals with
DR (HR 1.15, 95% CI 0.86-1.55) after adjusting for
age, gender, blood pressure, education, Apolipopro-
tein E genotype, current cigarette smoking, diabetes,
total cholesterol, C-reactive protein, and coronary
heart disease. However Schrijvers et al. [29] only
used the central field for retinopathy grading, which
may have led to underestimation of retinopathy. Fur-
thermore, the study included both persons with and
without diabetes which may have clouded the nature
of the retinopathy. In a recent study, Hwang et al.
[14] reported no association between DR and AD
(HR 0.46, 95% CI 0.06-3.33); however, the study
was limited by a small sample size. In a cross sec-
tional study, the AGES-Reykjavik Study [30] did not
find a statistically significant risk of retinopathy and
AD; however, the study investigated retinopathy and
not solely retinopathy caused by diabetes. The results
of our much larger, national population-based study,
including more than two million years of observa-
tion time are in line with the results of Lee et al.
[13] and Schrijvers et al. [29] However, the 13%
decreased 5-year risk of AD in persons attending eye
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screening without DR is quite interestingly, while
a recent meta-analysis of 17 studies involving
1,746,777 persons report diabetes as a risk factor for
AD (relative risk: 1.53, 95% CI 1.42-1.63) [9]. The
discrepancies between these results may be due to dif-
ferences in study population while the meta-analysis
included individuals with diabetes without evaluat-
ing the presence of DR. The decreased risk of AD in
persons with diabetes without DR compared to per-
sons without diabetes may also be due to improved
diabetic treatment. Individuals with diabetes attend
a physician at least two times a year where modifi-
able risks factors of AD are evaluated and treated,
which includes mid-life hypertension, overweight,
and smoking.

In the present study, individuals with DR were at
significant higher risk of developing AD, even after
we adjusted for possible vascular factors including
myocardial infarct, cerebrovascular disease, use of
antihypertensive and lipid-lowering medication. This
may indicate that non-vascular factors play an impor-
tant role in the relationship between DR and AD. The
higher risk of AD in persons with DR found in this
study may be caused by shared risk factors between
retinal and cerebral neurodegeneration. At the same
time, previous findings demonstrate an association
between decreased retinal nerve fiber layer in AD
[31] and early DR [4]. Neural apoptosis and reactive
gliosis (response to injury in glial cells) are thought
to play a significant role in retinal neurodegenera-
tion [32]. Although glial cells are responsible for
neural regeneration, the release of pro-inflammatory
cytokines may induce neural death. In addition, the
retinal circulation has no autonomic innervation and
relies on local neurovascular interaction [33]. Muller
cells is one of several types of retinal glial cells,
which is part of the neurovascular interaction and
produces factors to modulate blood flow, vascular
permeability, and cell survival. When Miiller cells are
injured, the neurovascular unit is impaired, and vas-
cular changes occur, leading to the progression of DR
through various downstream pathways [34]. Itis well
described that retinal and cerebral microvasculature
share many common properties, including vascular
regulatory properties [33]. Changes in the retinal vas-
culature may mirror similar changes in the cerebral
vasculature while autopsy studies have reported that
diabetes is associated with cerebral vascular pathol-
ogy but not AD pathology [35]. Therefore, AD may
be caused by mixed pathophysiological mechanisms,
which includes both vascular and non-vascular com-
ponents, where changes that occur in DR may mirror

the same pathophysiological processes seen in the
development of AD and therefore be detectable in an
early stage by non-invasive eye examinations. In sum-
mary, both DR and AD may be viewed as progressive
neurovascular disorders.

Currently, no treatment is available to stop progres-
sion in an individual suffering from AD. However,
detection of groups with higher risk or early detection
of AD enable medical care takers to treat adjustable
risk factors of AD [36] or provide those who already
have AD with the necessary aids.

Strengths of this study include our sizeable
national cohort of persons attending eye screen-
ing and our design, including a cross-sectional and
prospective analysis of more than two million years
of risk. Each person who attended eye screening were
matched with a person without diabetes of the same
age and gender, and we were able to adjust for mul-
tiple systemic comorbidities as well as the use of
various medications.

On the other hand, limitations should be acknowl-
edged. The registers do not hold information
regarding race and lifestyle factors such as smoking,
blood glucose, or blood pressure values, and therefore
made it impossible for us to adjust for these possible
confounders. Diagnosis of AD in the DNPR has pre-
viously been evaluated to have high validity, although
overall, 30% of AD diagnosis were misclassified as
unspecific dementia [20] To compensate for this, we
only included persons with AD if the diagnosis was
made at a specialized department.

This study reports DR as a major risk factor for
incidence of AD. Already known techniques to mea-
sure retinal neural health may provide the necessary
information in order to construct a non-invasive risk
assessment tool to detect individuals at a higher risk
of progressive neurodegenerative diseases which may
be implemented in DR screening programs.

Future studies should evaluate retinal and cerebral
neurodegeneration in a prospective clinical manner
in order to determine which and how these changes
occur. Currently, a European multicentre collabora-
tion, RECOGNISED (ClinicalTrials.gov registration
no. NCT04281186) is launched which aims to assess
whether retinal sensitivity to light can detect cogni-
tive decline.
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