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risks of mortality, stroke, ESRD, and DR. In the GDES group, the lowest GCS ter-
tile exhibited 1.4—2.2-fold bigher risk of developing referable DR and a twofold
Jfaster decline in renal function and retinal capillary density compared with the
bigbhest tertile. Restricting data analysis to individuals aged less than 65 years
produced consistent results. Conclusion: Cognitive decline significantly elevates
the risk of diabetic vascular complications and is correlated with retinal and
renal microcirculation damage. Cognitive screening tests are strongly recom-
mended as routine tools for management of diabetes. (Am J Geriatr Psychiatry

2023; 31:570—582)

Highlights

® What is the main finding of this study?

¢ What is the meaning of the finding?

cular complications in the diabetic population.

e What is the primary question addressed by this study?
Is cognitive signature related to diabetic complications and mortality?

Cognitive signatures from magnetic resonance imaging and tests are significantly associated with increased
risks of mortality and vascular complications in both middle- and older-aged people with diabetes.

A faster decline in retinal microcirculation was found in diabetic patients with poorer cognitive function,
reflecting the corresponding worse systemic circulation.

Questionnaire or brain-imaging-based cognition serves as a potential indicator of mortality and systemic vas-

INTRODUCTION

C ognitive impairment and dementia are the lead-
ing causes of disability and death during old
age. Recent reports from the Lancet Commission and
the World Health Organization have called for timely
intervention to address these concerns.'”” Globally, a
quarter of people aged 65 years or older suffer from
diabetes, and 60% of people with type 2 diabetes mel-
litus (T2DM) have mild cognitive impairment.” In
addition, early onset type 2 diabetes (< 40 years old)
has become increasing common, in subjects who have
had longer exposure time to hyperglycemia.” The
management of hyperglycemia has transferred from a
glucose-control centered to a prognosis-focused
approach, in line with the consensus of the American
Diabetes Association (ADA) and the European Asso-
ciation for the Study of Diabetes (EASD).”*

Vascular events in the heart, brain, kidney, and ret-
ina have been found to be risk factors for cognitive
impairment or dementia among people with diabe-
tes.””” Cognitive impairment also poses a challenge
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for T2DM patients in achieving their glucose, blood
pressure, and lipid goals. In addition, cognitive
decline hinders patients from performing complex
self-care tasks, such as glucose monitoring and adjust-
ing insulin doses, as well as the ability to adhere to
appropriate meal times and meal recipes.”® However,
the Action to Control Cardiovascular Risk in Diabe-
tes-Memory in Diabetes (ACCORD-MIND) study
and the Diabetes Control and Complications Trial
showed no correlation between strictly controlling
glucose levels and brain structure or cognitive
function.'”!'! To date, few studies have examined the
effects of cognition on the risk of vascular outcomes
among people with diabetes.

The ADA guidelines recommend screening for
cognitive impairment or dementia among diabetic
patients aged 65 years or older.'” Apart from cogni-
tive tests, brain magnetic resonance imaging (MRI)
has revealed an increased presence of lacunes and
lower volume in the total brain, white matter, and
gray matter among people with diabetes.'”'* How-
ever, whether these brain signatures have prognostic
value for vascular health remains unclear. To help fill
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this knowledge gap, this study aimed to prospec-
tively assess the association of cognition with the risks
of vascular complications and mortality among peo-
ple with diabetes based on two large cohorts from the
UK and China.

METHODS
Study Design and Population

Figure 1 shows the study design and analytic
workflow. To enhance the robustness of the findings
and clarify the relationship between cognitive decline
and vascular events from both macroscopic and
microscopic perspectives, the study utilized multieth-
nic populations and cohorts. The data was accessed
from the UK Biobank (UKB), with a median follow-
up of 12 years, and the Guangzhou Diabetic Eye
Study (GDES) cohort in China, with a median follow-
up of 2.2 years. The UKB Research Ethics Committee

approved the UKB study (Research ID 62443), while
the Ethics Committee of Zhongshan Ophthalmic Cen-
ter approved the GDES study (Ref. No.
2017KYPJ094).

The UKB group comprised 502,493 participants
aged 37—73 years, who were recruited from 22 centers
across the UK between 2007 and 2010." This study
included individuals with diabetes and cognition
assessments (brain MRI and cognitive tests). The asso-
ciation between brain volume and the risk of diabetic
events was assessed for the participants who had
undergone brain MRI (Module-I). The effects of cog-
nitive function impairment on the risk of future vas-
cular complications were also analyzed (Module-II).
For the GDES, individuals with diabetes were
recruited from Guangzhou communities for cognitive
function and comprehensive examinations between
November 2017 and December 2018."° This study
included diabetic participants without diabetic reti-
nopathy (DR) or with mild non-proliferative DR
(NPDR). Participants with a history of ophthalmic

FIGURE 1. Overall structure of the whole study.
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treatment or diabetic macular edema (DME) were
excluded. The associations between cognitive func-
tion scores and the risks of DR progression, incident
DME, and referable DR were analyzed (Module-III).
Optical coherence tomography angiography (OCTA)
was used to assess the association of cognitive scores
with the longitudinal rates of retinal capillary density
loss (Module-1V).

Brain MRI Measures and Cognitive Function Tests

A subset of the UKB participants underwent brain
imaging using a standard Siemens Skyra 3T MRI
scanner with a standard 32-channel radio frequency
receiver head coil. The neuroimaging data were
already processed using a wide variety of tools and
was made available for the study. T1- and T2-
weighted scans were analyzed with the Functional
MRI of the Brain Software Library. Adequate auto-
matic quality control was developed and concen-
trated for the T1 images. The volumes of the total
brain, gray matter, white matter, and hippocampus
were assessed. The total brain volume was calculated
by adding the gray matter and white matter volumes
(excluding the cerebrospinal fluid). The brain vol-
umes were normalized for head size based on the
external surface of the skull using the ratio-corrected
method."”

For UKB participants, cognitive function tests
included prospective memory and reaction time. Dur-
ing the games, prospective memory was considered
impaired if the participant forgot the instructions,
skipped the question, or answered incorrectly after
two attempts. The participant was considered to have
reaction impairment if he/she had a mean reaction
time greater than 770 ms (Supplementary method).

For GDES participants, the interview-based cogni-
tive assessments were performed according to the
China Health and Retirement Longitudinal Study,
including measures of orientation to time and atten-
tion, episodic memory, and visuospatial abilities,
through a word recall test (0—10 points), a telephone
interview cognitive status test (0—10 points), and a
pentagon drawing test (0—1 point).'® The total score
was defined as the global cognitive score (GCS), with
a higher GCS representing better cognitive function.
The participants were evenly divided into three
groups according to their GCS tertiles: highest, mid-
dle, and lowest GCS.
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Outcome Assessments

The outcomes of the UKB participants included
incident all-cause and cardiovascular (CVD)-cause
mortality, macrovascular events of myocardial infarc-
tion and stroke, and microvascular events of end-
stage renal disease (ESRD) and DR among the dia-
betic participants during follow-up. The ICD-10 and
OPCS4 codes for each outcome are listed in eTable 1
in the Supplement.

Each participant in the GDES cohort underwent a
fundus examination. After pupil dilation, seven stan-
dardized 45° fundus photographs (Canon CX-1,
Tokyo, Japan) were taken of each eye, and DR grading
performed according to the Early Treatment Diabetic
Retinopathy Study (ETDRS) scale.'” Only the eye with
the higher DR grade was included. A swept-source SS-
OCTA device (DRI OCT Triton, Topcon, Tokyo, Japan)
was used for the 3D visualization and quantification of
the peripapillary microvasculature. Angio Disc
6 x 6 mm” scan modes were used to obtain optical
nerve head-centered blood flow images and vessel
density in the radial parapapillary capillary (RPC) was
measured. The outcomes of the GDES participants
include retinopathy events, estimated glomerular fil-
tration rate (eGFR) decline, and OCTA-derived retinal
capillary loss. Retinal events included 1) DR progres-
sion, 2) incident DME, and 3) incident referable dia-
betic retinopathy (RDR). DR progression refers to DR
presence at baseline that increased by at least two
steps; DME refers to central retinal thickness greater
than or equal to 290 um in females or greater than or
equal to 305 um in males; and RDR includes moderate
NPDR, moderate PDR, or clinically significant DME.
All eGFR and OCTA indicators were measured by the
longitudinal rate, with years as the time unit.

Covariates

The covariates of age, sex, ethnicity, educational
attainment, income, smoking status, physical activity,
and medication history were obtained from the ques-
tionnaires. Height, weight, blood pressure (BP), and
levels of glycosylated hemoglobin (HbAlc) and
serum lipids from fasting venous blood samples were
measured. The dementia gene ApoEe4 (carrier/non-
carrier) and visual impairment status (yes/no) were
also included. ApoEe4 carriage was detected using an
Applied Biosystems (Waltham, MA) UK BiLEVE
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Axiom array by Affymetrix (Santa Clara, CA) and an
Applied Biosystems UKB Axiom Array. Visual
impairment was defined as visual acuity below
0.3 logMAR units (Snellen 20/40) in the eye with bet-

ter vision.”"

Statistical Analysis

The demographic and clinical characteristics of the
included participants were compared by chi-square
test among the participants by the cognition perfor-
mance in the UKB; or by ANOVA test among the par-
ticipants by tertiles of the cognition performance in
the GDES. Cox models were used to assess the associ-
ations between cognitive signatures and outcomes,
with hazard ratios (HRs) and their 95% confidence
intervals (95% Cls) used for quantifying the degree of
risk.

For the UKB participants, two Cox models were
constructed to analyze the brain imaging phenotypes
and risks of outcome events: Model 1 was adjusted
for age, sex, and ethnicity, while Model 2 was further
adjusted for: educational attainment; income; smok-
ing status; physical activity; body mass index (BMI);
levels of systolic BP, HbAlc, total cholesterol, and
serum creatinine; use of antihypertensive, lipid-low-
ering, and hypoglycemic medications; ApoEe4 car-
riers; and visual impairment status. Similar Cox
models were also utilized to explore the association of
the simple tests-based memory and reaction
impairment with the risks of incident vascular events.
Since there is no specific guideline pertaining to the
necessity of cognition assessment for individuals with
diabetes younger than 65 years, it was explored
whether cognitive impairment is associated with a
higher risk of incident outcome events specifically tar-
geted at participants younger than 65 years. Further-
more, a subgroup analysis by sex (female/male) and
a further sensitivity analysis, after excluding partici-
pants with baseline diseases that could impair cogni-
tive function or outcome factors, were performed.

For the GDES participants, four Cox models were
constructed to assess the effect of GCS levels on reti-
nopathy events: Model 1 was unadjusted; Model 2
was adjusted for age and sex; Model 3 was further
corrected for systolic BP, MAP, HbAlc, and diabetes
duration; and Model 4 was additionally corrected
for baseline DR. In addition, subgroups by sex
(female/male) and age (<65 years/>65 years) were
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analyzed. Mixed effect model was used to analyze
the association between cognition status and the
annual changes rates in eGFR and retinal microvas-
cular density. The annual rate of eGFR decline
according to the GCS tertile was adjusted for sex,
systolic BP, HbAlc, and baseline eGFR. The annual
rate of retinal capillary density loss among the GCS
groups was compared with a crude model (Model
1), with a model adjusted for age, sex, and educa-
tional attainment (Model 2), and with a model fur-
ther adjusted for BMI, HbAlc, and diabetes duration
(Model 3). All statistical analyses were performed
using Stata software (version 17.0, StataCorp, Col-
lege Station, TX). A 2-tailed test with p <0.05 was
considered statistically significant.

RESULTS

Table 1 summarizes the baseline characteristics of
the participants. The UKB group included 27,773 par-
ticipants with diabetes, with a mean age of 59.3 years
and comprising 11,246 (40.5%) females. Among these
participants, 1168 had undergone a brain MRI, and
10,481 and 27,641 had completed prospective mem-
ory and reaction time tests, respectively (eTable 2—3
in the Supplement). The GDES group included 1,307
participants with diabetes, with a mean age of
64.5 years, of whom 755 (57.8%) were females (eTable
4 in the Supplement). The UKB participants suffered
4081 (14.7%) mortalities, which were attributable to
cardiovascular mortality (1,529, 5.5%), myocardial
infarction (2430, 8.8%), stroke (856, 3.1%), and ESRD
(411, 1.5%), and 2508 (9.0%) cases of DR during a
median follow-up period of 12 years (eTable 5 in the
Supplement). During the median of 2.2-year follow-
up, 288 (22.0%) GDES participants experienced DR
progression, 69 (5.3%) developed new-onset DME,
and 169 (12.9%) developed RDR.

Module-I: Brain Volume and Diabetic
Complications in the UK Biobank

Individuals with cognition impairment on mem-
ory and reaction showed decrease in brain volume,
compared to those without cognition impairment
(eTable 6 in the Supplement). Besides, a decrease in
brain volume revealed by MRI scans was associated
with a higher risk of incident vascular events, but
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TABLE 1. Characteristics of the Participants Included in the UKB and GDES Cohorts

Cohort in UK Cohort in China
Characteristics UKB (n = 27,773) GDES (n =1,307)
Age, years 59.3+73 64.5+7.6
Female 11246 (40.5%) 755 (57.8%)
Ethnicity White (86.9%) Chinese (100%)
Current smoker 3190 (11.5%) 179 (13.7%)
Systolic blood pressure, mm Hg 1415+ 17.7 133.4 +18.5
Diastolic blood pressure, mm Hg 82.1 £10.0 70.5 £10.3
Mean arterial pressure, mm Hg 101.9 £ 11.1 91.5+11.4
Body mass index, kg/m?* 314459 24.6+32
Waist to hip ratio 09+0.1 09+0.1
Current drinker 23,372 (84.2%) 115 (8.8%)
Below college/university 21,093 (76.0%) 990 (75.7%)
HbAlc, (%) 70+1.3 6.9+13
Total cholesterol, mmol/L 474+1.1 48+1.1
Triglycerides, mmol/L 22+13 24+17
High density lipoprotein, mmol/L 1.2+03 1.3+04
Low density lipoprotein, mmol/L 28+0.9 3.0£1.0
Serum creatinine, mg/DI 0.8+0.2 1.1+0.2
Microalbuminuria, mg/dL 1.6 (1.0-3.4) 0.9 (0.3-2.5)
C-reactive protein, mg/L 2.0 (0.9—4.1) 1.50.7-2.7)
Spherical equivalent, diopter NA 0.6(-0.4t0 1.5)
Axial length, mm NA 236+13
Intraocular pressure, mm Hg NA 16.2+2.7
Presence of diabetic retinopathy 0 (0%) 78 (6.0%)
eGFR, mL/min/1.73 m* 90.1 £16.0 97.7 £188
Diabetes duration, years NA 7.0 (3.0—12.0)
Follow-up, years 12.0(11.1-12.8) 282.1-3.D)
ApoEe4 carrier 5,939 (22.0%) NA
Moderate to severe visual impairment 262 (1.0%) 0 (0%)
Anti-hypertension medications 6,101 (22.0%) 459 (35.1%)
Lipidlowering medications 18,581 (66.9%) 384 (29.4%)

Use of insulin

Data are presented as mean =+ SD, No. (%), or median (IQR).

1,923 (6.9%) 246 (18.8%)

UKB: United Kingdom Biobank; GDES: Guangzhou Diabetic Eye Study; NA: not available; BMI: body mass index; SBP: systolic blood pressure;
MAP: mean arterial pressure; HbAlc: hemoglobin Alc; eGFR: estimated glomerular filtration rate.

not of mortality, among people with diabetes
(Table 2). Increased risk of developing myocardial
infarction was associated with a decrease in the
brain volume of the gray matter (HR, 1.63, 95% CI,
1.13, 2.36) and the hippocampus (HR, 1.57, 95% CI,
1.12, 2.21). For microvascular complications, more
than fourfold higher risks of new-onset ESRD were
found per 1-SD decrease in both total brain volume
(HR, 4.45, 95% CI, 1.07, 18.53) and gray matter (HR,
4.21, 95% CI, 1.34, 13.02). Approximately 1.5-fold
greater risks were demonstrated for incident DR per
1-SD decrease in total brain volume (HR, 1.58, 95%
Cl, 1.13, 2.22), gray matter (HR, 1.51, 95% CI, 1.11,
2.06), and white matter (HR, 1.51, 95% CI, 1.06,
2.12). Brain atrophy in MRI scans was significantly
associated with a higher risk of diabetic complica-
tions, even in those younger than 65 years (eTable 7
in the Supplement).

Am J Geriatr Psychiatry 31:8, August 2023

Module-II: Cognitive Tests and Diabetic
Complications in the UK Biobank

Impairments in both prospective memory and reac-
tion were associated with an increased risk of mortality
and vascular complications (Fig. 2). After fully adjust-
ing for other factors, prospective memory impairment
was associated with 18% (95% CI: 1.02, 1.37), 37%
(1.07, 1.77), and 73% (1.11, 2.70) increased risks of all-
cause mortality, cardiovascular mortality, and ESRD,
respectively. Similarly, impairment in reaction speed
was associated with 43% (1.25, 1.64), 38% (1.11, 1.73),
73% (1.11, 2.71), 40% (1.04, 2.41), and 31% (1.11, 1.57)
higher risks of all-cause mortality, cardiovascular mor-
tality, stroke, ESRD, and DR, respectively. The sub-
group analysis by sex and age, and the sensitivity
analysis obtained consistent results with the primary
analyses (eFigs. 1—4 in the Supplement).
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TABLE 2. Hazard Ratios (95% Confidence Intervals) of Incident Diabetic Complications With per 1-SD Decrease in Brain Volume in

Grey Matter (mL)

White Matter (mL) Hippocampus (1L)

the UKB
Total Brain Volume (mL)
All-cause mortality
Model 1* 1.32 (0.80, 2.20)
Model 2 ° 1.26 (0.67, 2.36)
CVD mortality
Model 1* 1.46 (0.35, 6.07)
Model 2 ” 1.26 (0.24, 6.64)

Myocardial infarction

1.44 (0.90, 2.31)
1.27 (0.72, 2.24)

1.29 (0.33, 5.01)
1.157 (0.22, 6.01)

1.56 (1.11, 2.18)°
1.63 (1.13, 2.36)°

1.13 (0.69, 1.85)
1.16 (0.62, 2.18)

1.53 (0.37, 6.30)
1.30 (0.25, 6.68)

0.99 (0.71, 1.39)
0.96 (0.67, 1.38)

1.21(0.79, 1.85)
1.29 (0.74, 2.24)

0.87 (0.25, 3.05)
0.76 (0.17,3.31)

1.43 (1.05, 1.94)°
1.57 (1.12, 2.21)°

Model 1 * 1.27 (0.89, 1.81)

Model 2° 1.27 (0.87, 1.86)
Stroke

Model 1* 0.77 (0.37, 1.56)

Model 2 ° 0.55 (0.23, 1.30)
End-stage renal disease

Model 1* 3.17 (1.00, 10.01)°

Model 2” 4.45 (1.07,18.53) ¢
Diabetic retinopathy

Model 1 * 1.47 (1.09, 1.97)°

Model 2 1.58 (1.13, 2.22)°

0.92 (0.47, 1.81)
0.74 (0.36, 1.53)

3.79 (1.31, 10.96)°
4.20 (1.35, 13.02)°

1.49 (1.13, 1.96)°
1.51(1.11, 2.06)°

0.69 (0.34, 1.37)
0.44(0.17,1.13)

0.60 (0.33, 1.06)
0.56 (0.29, 1.08)

2.03 (0.66, 6.26)
2.92(0.61, 13.87)

2.02(0.75, 5.42)
2.41(0.73,7.97)

1.32(0.99, 1.77)
1.51 (1.06, 2.12)°

0.98 (0.76, 1.26)
1.13 (0.85, 1.51)

*Model 1: adjusted for age, sex (female/male), and ethnicity (White/non-White).

> Model 2: further adjusted (from Model 1) for educational attainment (college/university or above, below college/university), income, smoking
status (never/former or current smoker), physical activity (low/moderate/high), body mass index, systolic blood pressure, hemoglobin Alc, total
cholesterol, serum creatinine, use of antihypertensive, lipid-lowering, and glucose-lowering medications (yes/no), ApoEe4 status (carrier/non-car-

rier), and visual impairment (yes/no).
©Bold indicates statistical significance.

Module-III: Cognitive Score and Microvascular
Events in the GDES Cohort

A lower GCS was associated with higher risks of
developing DR and a faster eGFR decline (eTables 8
—9 in the Supplement). The participants in the lowest
GCS tertile were 1.44 (1.06, 1.96) times more likely to
experience DR progression, 2.25 (1.17, 4.37) times
more likely to develop DME, and 1.78 (1.19, 2.68)
times more likely to develop RDR than those in the
highest GCS tertile (eTable 8 in the Supplement). The
rate of eGFR decline was 1.63-fold faster in the middle
GCS tertile (—2.54, —0.72) and almost twice as fast as
in the lowest GCS tertile (8 = —1.99, 95% CI, —3.13,
—0.85) than those in the highest GCS tertile (eTable 9
in the Supplement). Subgroup analysis by age,
whether older than or younger than 65 years, showed
similar findings (eTable 10 in the Supplement).

Module-IV: Cognitive Score and Rate of Retinal
Capillary Loss in the GDES Cohort

Figure 3 shows that the lowest GCS was associated
with a faster decline of capillary loss in the optic nerve
head obtained by OCTA (all p <0.05). After being
fully adjusted, the highest GCS tertile presented a
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lower damage rate in the entire image (8 = 0.09, 95%
CI, 0.00, 0.18) and in the inner circles (8 = 0.14, 95%
CI, 0.00, 0.27) compared with the lowest GCS tertile
(eTable 11 in the Supplement).

DISCUSSION

This study demonstrated that cognitive signatures
were significantly associated with risks of mortality
and vascular outcomes among people with diabetes.
The diabetic patients younger than 65 years exhibited
a greater probability of suffering from diabetic com-
plications if they presented cognitive impairment. In
addition, more rapid damage to retinal microcircula-
tion was observed in diabetic participants with poorer
cognitive function, which may reflect the correspond-
ing poorer systemic circulation. These results indicate
that cognition may be a potential indicator of mortal-
ity and systemic vascular complications in the dia-
betic population.

This study provides the first evidence of the rela-
tionship between MRI signs of cognition and diabetic
vascular complications. Decreased volume in the
gray matter and hippocampus was found to be asso-
ciated with cognitive impairment or dementia, and

Am J Geriatr Psychiatry 31:8, August 2023
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FIGURE 2. Hazard ratios (95% confidence intervals) of mortality and vascular events with baseline cognitive impairment in the

UKB.
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CVD: cardiovascular disease. Model 1: unadjusted; Model 2: adjusted for age, sex (female/male), and ethnicity (White/non-White); Model 3:
further adjusted (from Model 2) for educational attainment (college/university or above, below college/university), income, smoking status
(never/former or current smoker), physical activity (low/moderate/high), body mass index, systolic blood pressure, hemoglobin A1c, total cho-
lesterol, serum creatinine, use of antihypertensive, lipid-lowering, and glucose-lowering medications (yes/no); Model 4: further adjusted (from
Model 3) for ApoEe4 status (carrier/non-carrier) and visual impairment (yes/no). Cognitive test normal was considered as reference in all the

analyses.

medial temporal decline was commonly associated
with memory impairment both in people with cogni-
tive decline and diabetes.”"”” Most studies have
found cardiovascular, cerebrovascular, renal, and ret-
inal vessel disease to be risks for brain structure
changes and damage.”””**** However, the effects of
brain volume on systemic vascular disease have not
been fully explored. The current study has indicated
that atrophies in the total brain, white matter, gray
matter, and hippocampus, were associated with
higher risks of myocardial infarction, ESRD, and DR
among people with diabetes. However, brain MRI
may not be a feasible and simple method for routine
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cognition assessment in diabetic patients. The limita-
tions of time and low cost-effectiveness may hinder
the patients” willingness to participate, leading to fail-
ure in the early detection of cognitive impairment.”
Cognitive function tests may serve as a simple and
convenient replacement to assess cognition in the rou-
tine screening for diabetic patients." Cognitive screen-
ing tests are well-established and have been used in
many studies, such as CVD-related research, as a tool
to evaluate cognition status.”® In addition, cognitive
tests based on cognitive impairment have been
strongly proposed as a marker for a high risk of devel-
oping cardiovascular events. A 20-year follow-up

577



Brain and Cognition Signature Fingerprinting

FIGURE 3. Baseline cognition status and longitudinal rate (% per year) of retinal capillary density in the Guangzhou Diabetic Eye

Study (GDES) cohort.
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GCS: global cognition score; VD; vessel density. Participants with diabetes in the lower GCS group exhibited accelerated decline in capillary

density compared to higher GCS group.

study of 2,000 middle- and older-aged participants
found that cognitive impairment was associated with
a twofold to fourfold higher risk of all-cause and CVD
mortality and a 34%—56% increase in risks of all-cause
and CVD mortality for each five-point decrease in the
mini-mental state examination (MMSE) score.”” Simi-
larly, a retrospective analysis of more than 2 million
adolescents used general intelligence tests as indicators
of cognitive function, demonstrating a strong relation-
ship between cognitive decline in youth with 1-3 times
higher risks of future all-cause and CVD-related mor-
tality.” These studies confirmed the credibility of cog-
nitive tests as a tool to assess cognition status, as well
as the adverse effects of cognitive impairment on sys-
temic vascular diseases. However, most of these stud-
ies were based on a single center or ethnicity and only
a few have focused specifically on the population with
diabetes. Based on a large population and multiple eth-
nicities, the current study has demonstrated that cogni-
tive impairment in memory, reaction, orientation, and
visuospatial abilities was associated with higher risks
of mortality and vascular complications among dia-
betic patients.
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Cognitive impairment has been identified as a key
indicator of covert CVD in individuals with diabetes.
In the Medalists cohort, elderly type-1 diabetics with
CVD and proliferative DR demonstrated cognitive
decline in executive function and psychomotor speed,
respectively.” Similarly, in the ONTARGET and
TRANSCEND trials, which included a large sample
of high-risk CVD patients (aged >55 years with estab-
lished CVD or diabetes mellitus with end-organ dam-
age), individuals with lower MMSE scores (score of
27-29, 2426, and <24) were found to have a graded
increased risk of major CVD events such as CVD mor-
tality, stroke, and myocardial infarction.”” Addition-
ally, the ADVANCE trial, which focused on diabetic
patients, also revealed a similar association between
cognitive decline and CVD events, with severe cogni-
tive dysfunction increasing the risk of severe hypo-
glycemia.” Our findings further supported the utility
of simple cognitive screening tests for identifying
patients at risk for CVD and CVD mortality. Conse-
quently, individuals with impaired cognitive test
results should receive aggressive vascular risk factor
modification.
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The ADA guidelines for the prevention and manage-
ment of ASCVD and heart failure recommend that all
patients with diabetes should be evaluated, at least
annually, for cardiovascular risk factors, including obe-
sity/overweight, hypertension, dyslipidemia, smoking,
family history of premature coronary heart disease,
chronic kidney disease, and albuminuria.” Risk score-
based prediction models and other cardiovascular bio-
markers have also been developed for secondary pre-
vention for those already at high risk for ASCVD.”*
However, neither cognitive scores nor brain MRI
parameters have been incorporated into the manage-
ment strategy or prediction models. The current study
suggests that screening tests covering memory, reaction,
attention, recall, and executive ability are well-estab-
lished, convenient, and simple methods to assess an
individual’s cognitive status and should be included in
the screening and diagnosis of people with diabetes to
detect and manage cognitive decline.”’ The ADA guide-
lines recommend that diabetic patients aged 65 or older
should receive cognition screening (REF). However, the
present study indicates that cognition screening should
be expanded to all age groups, because of the significant
associations between cognition/brain volumes and vas-
cular events, even in patients younger than 65 years.

The development and progression of cardiovascular
diseases and stroke had a unifying feature, i.e altera-
tions in the microvessel (lumen diameter <300 wm),
which can be evaluated in vivo by eye eamination.’’
Retinal imaging is a unique tool for the early detection
of microvascular alterations and the identification of
high-risk patients.””* The past decades have witnessed
impressive achievements in retinal imaging technology,
among which the advent of OCTA has unprecedently
revolutionized ocular imaging.* It combines structural
imaging and functional imaging at the capillary level to
assess the details of the retinal and choroidal microvas-
cular system and serves as a potent alternative for
microvascular perfusion, providing added value for
the current risk stratification algorithm of CVD.
Reduced retinal vascular density has been noted in
individuals with CVD. Emerging evidence has also
demonstrated that retinal capillary perfusion can pre-
dict the risks of hypertension, renal impairment, coro-
nary heart disease, cerebrovascular disease, and
diabetes mellitus.”>”® The current study revealed that
cognitive function significantly influenced the OCTA-
derived perfusion metrics, implying that a decline in
cognitive function had significantly impaired vascular
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health before the appearance of macrovascular pathol-
ogy. Considering that sight is ranked as the most
important sense, simultaneous evaluation of cognition
performance and non-invasive OCTA to assess sys-
temic vascular health is necessary and significant for
public vascular health.*

This study also has public health implications for DR
screening. National population-based DR screening
programs have been implemented in Iceland, the UK,
and Ireland. Annual large-scale, population-based DR
screening has also progressed substantially in parts of
Africa (especially Botswana) and Asia (especially
China, Singapore, Indonesia, and Bangladesh).”” Given
that the retina is embryologically a brain-derived tissue,
the eye can provide an effective window into the brain,
supporting easy, non-invasive studies of neurodegener-
ative similarities between the retina and the brain.”
The current study suggests that cognitive function can
be determined at the time of DR screening at the popu-
lation level, which helps enhance the implementation
of self-care and adjustment of clinical decision-making.
This opens up new perspectives on DR screening strat-
egies for those over 60 years of age, as DR screening
may not be limited to the prevention of visual
impairment, but also provides an excellent screening
setting for identifying individuals at risk of cognitive
decompensation. According to the ADA guidelines,
early diagnosis of cognitive impairment allows physi-
cians to consider a more individualized approach to
treatment. During DR screening, simultaneously help-
ing patients determine whether they are at risk for car-
diovascular disease and cognitive impairment may
change attitudes to DR screening, with benefits beyond
the prevention of vision loss.”

This study has several strengths. First, the large
sample size and long-term follow-up allowed for test-
ing the correlation between cognitive impairment and
the risk of diabetic complications with powerful sta-
tistical validity. Data from two different large-scale
populations allowed for high generalizability and
credibility. Second, standardized brain MRI imaging
was used as a complementary method to study the
pathophysiology of cognitive impairment. Third,
alterations in microvascular indicators (OCTA-based
retinal capillary density and eGFR), connecting mac-
roscopic cognitive impairment with microvascular
dysfunction were evaluated, which fostered a better
understanding of the association between cognitive
impairment and diabetic complications. Fourth, the
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relationship between cognitive function and multiple
complications were comprehensively explored, all of
which were found to be significantly correlated.
These findings underscore the robustness of cognitive
function as a potential screening indicator.

However, the study has some limitations. First, only a
small percentage of participants underwent brain MRIs,
meaning that the effects of brain volume on diabetic
events should be interpreted cautiously. Second, data on
diet and treatment adherence were not collected. Poor
adherence caused by cognitive impairment may be asso-
ciated with misuse of medications and impaired quality
of life, both of which are risk factors for diabetic compli-
cations. Third, dynamic data of cognition assessment
were unavailable, which may limit further exploration
of the relationship between the changes in cognitive sta-
tus and the risk of diabetic complications.

CONCLUSIONS

Based on the findings from two large cohort studies
in the UK and China, cognitive impairment is signifi-
cantly associated with an increased risk of mortality
and vascular complications in people with diabetes,
both in individuals older than or younger than 65 years.
Cognitive impairment may be a potential indicator of
mortality and systemic vascular complications in the
population with diabetes. Cognition assessments, espe-
cially brief cognitive screening tests, are strongly rec-
ommended for routine use by endocrinologists and
diabetologists, as they would facilitate early detection
of and timely intervention for cognitive impairment
and may improve the quality of life of diabetic patients.
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