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OBJECTIVE

Type 2 diabetes is associated with increased risks of cognitive dysfunction and brain
abnormalities. The extent to which risk factor modification can mitigate these risks is
unclear. We investigated the associations between incident dementia, cognitive perfor-
mance, and brain abnormalities among individuals with type 2 diabetes, according to
the number of risk factors on target, compared with control subjects without diabetes.

RESEARCH DESIGN AND METHODS

Prospective data were from UK Biobank of 87,856 individuals (n = 10,663 diabetes,
n = 77,193 control subjects; baseline 2006-2010), with dementia follow-up until Feb-
ruary 2018. Individuals with diabetes were categorized according to the number of
seven selected risk factors within the guideline-recommended target range (nonsmok-
ing; guideline-recommended levels of glycated hemoglobin, blood pressure, BMI,
albuminuria, physical activity, and diet). Outcomes were incident dementia, domain-
specific cognitive performance, white matter hyperintensities, and total brain volume.

RESULTS

After a mean follow-up of 9.0 years, 147 individuals (1.4%) with diabetes and 412 con-
trol subjects (0.5%) had incident dementia. Among individuals with diabetes, excess
dementia risk decreased stepwise for a higher number of risk factors on target. Com-
pared with control subjects (incidence rate per 1,000 person-years 0.62 [95% Cl 0.56;
0.68]), individuals with diabetes who had five to seven risk factors on target had no
significant excess dementia risk (absolute rate difference per 1,000 person-years 0.20
[—0.11; 0.52]; hazard ratio 1.32 [0.89; 1.95]). Similarly, differences in processing speed,
executive function, and brain volumes were progressively smaller for a higher number
of risk factors on target. These results were replicated in the Maastricht Study.

CONCLUSIONS
Among individuals with diabetes, excess dementia risk, lower cognitive perfor-
mance, and brain abnormalities decreased stepwise for a higher number of risk
factors on target.
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Cognitive dysfunction is increasingly rec-
ognized as a clinically important compli-
cation of type 2 diabetes. The risk of
dementia in type 2 diabetes is 1.5- to 2-
times higher than in the general popula-
tion (1). In addition, diabetes is associ-
ated with an increased risk of structural
brain abnormalities, including higher
white matter hyperintensity volume,
lower total brain parenchyma volume,
and lacunar infarcts (1). These structural
brain abnormalities are important risk
factors of dementia (2).

Current treatment of type 2 diabetes
consists of continuous medical care with
comprehensive, multifactorial strategies
for reducing adverse outcomes. Recent
observational studies (3-5) have shown
that individuals with type 2 diabetes
who had various risk factors within the
recommended target range (e.g., non-
smoking; and guideline-recommended
levels of glycated hemoglobin, choles-
terol, blood pressure, BMI, albuminuria,
physical activity, and diet) had little or
no excess risk of death or cardiovascular
disease compared with the general pop-
ulation. As reviewed previously (2,6),
some observational studies, but not all,
have shown that individual risk factors in
type 2 diabetes (i.e., elevated glycated
hemoglobin, high blood pressure, physi-
cal inactivity, and albuminuria), longer
diabetes duration, and presence of dia-
betic complications (microvascular or
macrovascular) are associated with inci-
dent dementia, worse cognitive perfor-
mance, or structural brain abnormalities.
However, the extent to which excess risk
of dementia, worse cognitive perfor-
mance, and higher prevalence of struc-
tural brain abnormalities associated with
type 2 diabetes may be mitigated by
multifactorial risk factor modification is
unclear.

Using data from UK Biobank, we eval-
uated the association between dementia
risk, domain-specific cognitive perfor-
mance (processing speed, memory, and
executive function), and prevalence of
MRI-determined structural brain abnor-
malities (white matter hyperintensity
volume, total brain parenchyma volume,
and lacunar infarcts) among individuals
with type 2 diabetes, according to the
number of risk factors within target
range, compared with control subjects
without diabetes. To test the validity of
the findings, we replicated the analyses

in the Maastricht Study, a population-
based cohort study with oversampling of
individuals with type 2 diabetes.

RESEARCH DESIGN AND METHODS

Data Source

Primary analysis is based on data from
the UK Biobank Study (7), a population-
based cohort of >500,000 participants
who were recruited from across the
U.K. between 2006 and 2010, aged 40
to 69 years. Participants are continu-
ously followed-up for incident demen-
tia. An average of 8.7 (SD 1.7) years
after initial recruitment, a subsample of
participants also underwent brain MRI.
Secondary analysis is based on cross-
sectional data from UK Biobank and the
Maastricht Study (8). The Maastricht
Study is an ongoing cohort study among
~9,000 individuals from the southern
part of the Netherlands, aged 40 to 75
years. Individuals are recruited from the
general population with an oversam-
pling of individuals with type 2 diabetes
(8). For this analysis, cross-sectional
data were available from participants
who were recruited between 2010 and
2017 (n = 7,689). After 2013, a sub-
sample of participants of the Maastricht
Study also underwent brain MRI.

UK Biobank received ethical approval
from the Research Ethics Committee (ref-
erence 11/NW/03820), and the Maas-
tricht Study received ethical approval
from Institutional Medical Ethical Com-
mittee (reference NL31329.068.10) and
from the Ministry of Health, Welfare, and
Sports of the Netherlands (Permit 131088-
105234-PG). The present analyses were
conducted under UK Biobank and the
Maastricht Study application numbers
60842 and 351, respectively. All partici-
pants gave written informed consent.

Type 2 Diabetes and Control Subjects
In both studies, we selected individuals
with type 2 diabetes without baseline
dementia and compared them to all
individuals without diabetes or predia-
betes and without dementia (control
subjects). A priori, we excluded individu-
als with prediabetes from the control
group in the main analysis, because pre-
diabetes is associated with a higher risk
of dementia, cognitive dysfunction, and
structural brain abnormalities in most
studies (2,9), but not all (10). In UK Bio-
bank, fasting plasma glucose was used
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to classify participants as having no dia-
betes, prediabetes (i.e., impaired fasting
glucose), or diabetes (11). Participants
were also considered to have type 2
diabetes if they used glucose-lowering
medication or self-reported diabetes. In
the Maastricht Study, a 2-h oral glucose
tolerance test (8) was used to classify
participants as having normal glucose
metabolism, prediabetes (i.e., impaired
fasting glucose or impaired glucose tol-
erance), or diabetes based on the World
Health Organization 2006 diagnostic cri-
teria (11). Participants were also consid-
ered to have type 2 diabetes if they
used glucose-lowering medication with-
out a prior diagnosis of type 1 diabetes.

Risk Factors

Seven risk factors were selected based
on recommendations in current clinical
guidelines (12—14) and were defined as
being within target range based on
guideline-recommended target levels:
glycated hemoglobin level (cutoff value,
<53 mmol/mol [<7%]), blood pressure
(cutoff value, <130 mmHg for systolic and
<80 mmHg for diastolic blood pressure),
BMI (cutoff value, =20 and <25 kg/m?),
smoking (nonsmoker), albuminuria (absence
of micro- or macroalbuminuria), physical
activity (cutoff value, =150 min/week of
moderate-to-vigorous physical activity),
and diet (optimal as defined by the
American Heart Association healthy diet
score) (Supplementary Table 1). A pri-
ori, we did not consider cholesterol as
a risk factor, because the association
between cholesterol levels and cogni-
tive dysfunction and structural brain
abnormalities is inconsistent (1,15,16).
In a previous report of the UK Bio-
bank (15), hypercholesterolemia was
not associated with structural brain
abnormalities.

Incident All-Cause Dementia

(UK Biobank Only)

Incident all-cause dementia was ascer-
tained as described previously (17) from
ICD-9 and ICD-10 (International Classifi-
cation of Diseases, 9th and 10th revi-
sions) codes of hospital inpatient records
containing data on admissions and diag-
noses obtained from the Hospital Epi-
sode Statistics for England, Scottish
Morbidity Record data for Scotland, and
from ICD-10 codes of the Patient Episode
Database for Wales, and death registries.
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Dementia diagnosis has been validated
in English hospital records (sensitivity,
78%; specificity, 92%) (18) and in Scottish
routine data (positive predictive value,
83%) (17). Follow-up for dementia was
until 14 February 2018.

Domain-Specific Cognitive
Performance (UK Biobank and the
Maastricht Study)

Three cognitive domains were evalu-
ated: processing speed and memory in
both cohorts, and executive function in
the Maastricht Study only, as described
previously (8,19). Processing speed was
evaluated with the Reaction Time Test
in UK Biobank and with the Stroop
Color and Word Test Part | and Il, Con-
cept Shifting Test Part A and B, and Let-
ter Digit Substitution Test in the
Maastricht Study. Memory was evalu-
ated with the Pairs Memory Test in UK
Biobank and with the Verbal Learning
Test in the Maastricht Study. In the
Maastricht Study, executive function
was evaluated with the Stroop Color
and Word Test Part Il and Concept
Shifting Test Part C. For conceptual clar-
ity, raw test scores were standardized,
and if necessary, inverted so that higher
scores indicated better cognitive perfor-
mance. In the Maastricht Study, domain
scores were calculated as the average
of all tests for the domain.

Structural Brain Abnormalities (UK
Biobank and the Maastricht Study)
Brain MRI was performed on a 3T MRI
scanner in both UK Biobank (Siemens
Skyra, Erlangen, Germany) and the Maas-
tricht Study (Siemens Magnetom Prismaf™
Syngo MR D13D, Erlangen, Germany). We
evaluated three MRI-defined structural
brain abnormalities: white matter hyperin-
tensity volume and total brain paren-
chyma volume in both cohorts, and
presence of lacunar infarcts (yes/no) in
the Maastricht Study only. Image acquisi-
tion and analysis were described previ-
ously (9,20). In both cohorts, the MRI
protocol consisted of a three-dimensional
Tl-weighted sequence, a T2-weighted
fluid-attenuated inversion recovery (FLAIR)
sequence, and a susceptibility-weighted
imaging sequence. In both cohorts, brain
volumes were determined by semiauto-
mated methods. In the Maastricht Study,
lacunar infarcts were rated manually.

Statistical Analysis

We evaluated the association between
incident dementia (primary outcome)
and domain-specific cognitive performance
and structural brain abnormalities (second-
ary outcomes) among individuals with type
2 diabetes, according to the number of risk
factors within target range, compared with
control subjects. Among individuals with
type 2 diabetes, the following categories
were retained in the analysis to include
groups that were sufficiently large: 1) no
to two risk factors within target range; 2)
three risk factors within target range; 3)
four risk factors within target range; and 4)
five to seven risk factors within target
range.

We used Cox regression to estimate
hazard ratios (HRs) and 95% Cls for the
association with incident dementia
with time-in-study as the time scale.
Follow-up time was calculated from the
UK Biobank baseline examination (2006—
2010) to incidence of dementia, death,
or 14 February 2018, whichever came
first. The proportional hazard assump-
tion was assessed by visual inspection of
the Kaplan-Meier curves. Incidence rates
for dementia were calculated according
to the number of risk factors within
target range. In addition, we used lin-
ear and logistic regression to estimate
regression coefficients (B) or odds ratios
(ORs) for the associations with domain-
specific cognitive performance (process-
ing speed, memory, and executive func-
tion) and structural brain abnormalities
(white matter hyperintensity volume,
total brain parenchyma volume, and
presence of lacunar infarcts). White
matter hyperintensity volume was log-
transformed to normalize its skewed
distribution.

All analyses were adjusted for baseline
age, sex, and education (low or high in
UK Biobank; low, intermediate, or high in
the Maastricht Study). Analyses with
structural brain abnormalities as the out-
come were additionally adjusted for time
between baseline examination and MRI
examination, and analyses with brain vol-
umes as the outcome were additionally
adjusted for intracranial volume.

We tested interaction terms with age
and sex to examine whether the associa-
tions investigated differed by age and sex.

We did several additional analy-
ses. First, analyses were repeated
using different cutoff values for gly-
cated hemoglobin (=42 and <53
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mmol/mol [=6 and <7%]), blood
pressure (systolic blood pressure
<140 mmHg and diastolic blood
pressure <90 mmHg), and BMI (=20
and =30 kg/m?). In addition, we
used 24-h ambulatory blood pres-
sure instead of office blood pressure
to define recommended levels of
blood pressure (cutoff value, systolic
blood pressure <130 mmHg and dia-
stolic blood pressure <80 mmHg;
data available in the Maastricht
Study only). Second, we additionally
adjusted for diabetes duration, use
of renin-angiotensin-aldosterone sys-
tem inhibitors, and estimated glo-
merular filtration rate. Adjustment
for diabetes duration was done by
centralizing duration of diabetes
around the grand mean (the mean
duration among all individuals) for
individuals with type 2 diabetes and
setting diabetes duration to 0 years
for control subjects. Third, analyses
were repeated considering LDL choles-
terol levels as an additional risk factor
(cutoff value, <2.5 mmol/L). Fourth, anal-
yses were repeated defining control sub-
jects as individuals without diabetes or
prediabetes who had four risk factors
within target range (median number of
risk factors within target range among all
control subjects), and defining control
subjects as individuals without diabetes,
including individuals with prediabetes in
the control group. Fifth, analyses were
repeated after excluding glycated hemo-
globin, BMI, or physical activity as risk fac-
tors. Sixth, the analysis on incident
dementia was repeated accounting for
death as a competing risk using Fine and
Gray proportional subdistribution hazard
regression. Seventh, given that risk factor
levels might be affected by the preclinical
phase of dementia (21), we repeated the
analysis on incident dementia with con-
secutive exclusion of the first 5 years of
follow-up. Eighth, among individuals with
type 2 diabetes, we evaluated the associa-
tions of the individual risk factors with each
outcome and the association between the
number of risk factors within target range
on a continuous scale with each outcome.

Statistical analyses were performed
with Stata 14.1 software.

RESULTS

The study population of UK Biobank
included 10,663 individuals with type 2
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diabetes and 77,193 control subjects
(i.e., without diabetes or prediabetes),
who had complete data on all seven
risk factors and were free of dementia
at baseline (Supplementary Fig. 1). Their
mean age was 57.1 (SD 8.2) years, and
49.4% were women (Table 1). Median
number of risk factors within target
range among individuals with type 2
diabetes was 4 (interquartile range 3; 5)
and among control subjects was 4
(4;5).

UK Biobank: Incident Dementia

After a mean follow-up of 9.0 (SD 0.9)
years, 147 individuals (1.4%) with type
2 diabetes and 412 control subjects
(0.5%) had incident all-cause dementia.
Figure 1 and Supplementary Table 2
show the incidence rates, absolute rate
differences, and adjusted HRs for inci-
dent dementia for individuals with type
2 diabetes compared with control sub-
jects and according to the number of
risk factors within target range. Com-
pared with control subjects, individuals
with type 2 diabetes had a higher inci-
dence of dementia (HR 1.88 [95% CI
1.55; 2.27]). The risk of dementia was
progressively lower in individuals with
type 2 diabetes who had a higher num-
ber of risk factors within target range
compared with control subjects. Among
individuals with type 2 diabetes who
had five to seven risk factors within tar-
get range, the risk of dementia was not
statistically significantly different from
that in control subjects (HR 1.32 [0.89;
1.95]).

UK Biobank: Domain-Specific
Cognitive Performance and
Structural Brain Abnormalities
Individuals with type 2 diabetes, com-
pared with control subjects, had worse
scores on processing speed (B per SD:
—0.11 [95% Cl —0.13; —0.09]), but not
on memory (B per SD: 0.03 [0.01;
0.05]), and higher white matter hyperin-
tensity volume (B: 0.16 [0.09; 0.22] log-
transformed mL) and lower total brain
parenchyma volume (B: —5 [-7; —3]
mL). The difference in processing speed,
white matter hyperintensity volume,
and total brain parenchyma volume was
progressively smaller for a higher num-
ber of risk factors within target range
among individuals with type 2 diabetes
compared with control subjects (Fig. 2).
Among individuals with type 2 diabetes

who had five to seven risk factors
within target range, compared with con-
trol subjects, the B for processing speed
(per SD) was —0.08 (95% ClI —0.11;
—0.04), and there was no statistically
significantly higher prevalence of struc-
tural brain abnormalities (Fig. 2).

The Maastricht Study: Domain-
Specific Cognitive Performance and
Structural Brain Abnormalities

The study population of the Maastricht
Study included 1,327 individuals with
type 2 diabetes and 3,732 control sub-
jects (Supplementary Fig. 1). Their mean
age was 59.3 (SD 8.6) years, and 51.2%
were women (Supplementary Table 3).
Individuals with type 2 diabetes had
worse scores than control subjects on
processing speed (B per SD: —0.16 [95%
Cl —0.21; —0.12]), executive function (B
per SD: —0.15 [-0.19; —0.10]), and
memory (B per SD: —0.17 [-0.22;
—0.11]), and higher white matter hyper-
intensity volume (B: 0.40 [0.29; 0.51]
log-transformed mL), lower total brain
parenchyma volume (B: —13 [—16;
—11] mL), and a higher prevalence of
lacunar infarcts (OR 1.73 [1.18; 2.46]).
As in UK Biobank, differences in process-
ing speed and executive function, but
not memory, and structural brain abnor-
malities were progressively smaller for a
higher number of risk factors within tar-
get range among individuals with type 2
diabetes compared with control subjects

(Fig. 3).

Additional Analyses

Additional analyses were done in both UK
Biobank and the Maastricht Study. There
were no consistent interactions with age
or sex over the outcomes and across both
studies (Supplementary Table 4). Analysis
with different cutoff values for glycated
hemoglobin, office blood pressure, and
BMI, and with 24-h ambulatory blood
pressure instead of office blood pressure
provided results that were consistent with
the main analysis (Supplementary Tables
5-7). After additional adjustment for dia-
betes duration, use of renin-angioten-
sin-aldosterone system inhibitors, and
estimated glomerular filtration rate,
after considering LDL cholesterol as an
additional risk factor and after excluding
glycated hemoglobin, BMI, or physical
activity as risk factors, results were quali-
tatively similar (Supplementary Tables
5-7). Results were similar with control

subjects defined as individuals without
diabetes and prediabetes who had four
risk factors within target range and with
control subjects defined as individuals
without diabetes, including individuals
with prediabetes in the control group
(Supplementary Tables 5-7). Results on
incident dementia did not change after
accounting for death as a competing
risk (Supplementary Table 5) or after
the consecutive exclusion of the first 5
years of follow-up (Supplementary Fig.
2). Of the individual risk factors among
individuals with type 2 diabetes, a low
glycated hemoglobin, being a non-
smoker, and absence of albuminuria
were most strongly associated with
most of the outcomes in both cohorts
(Supplementary Table 8). In UK Biobank,
among individuals with type 2 diabetes,
a higher number of risk factors within
target range was associated with a
lower risk of dementia (HR per addi-
tional risk factor within target range
0.80 [95% CI 0.70; 0.91]), higher scores
on processing speed (B: 0.03 [0.01;
0.05] SD per additional risk factor within
target range), lower white matter hyperin-
tensity volume (B: —0.09 [—0.14; —0.04]
log-transformed mL per additional risk fac-
tor within target range), and higher total
brain parenchyma volume (B: 2 [0; 3] mL
per additional risk factor within target
range) (Supplementary Table 9). Similar
associations were found in the Maastricht
Study (Supplementary Table 9).

CONCLUSIONS

In this analysis based on 87,856 individ-
uals from UK Biobank, the excess risk of
dementia was progressively lower in
individuals with type 2 diabetes who
had a higher number of risk factors
within target range compared with con-
trol subjects without diabetes. In addi-
tion, differences in domain-specific
cognitive performance and prevalence
of structural brain abnormalities were
progressively smaller for a higher num-
ber of risk factors within target range
among individuals with type 2 diabetes
compared with control subjects without
diabetes. Results on domain-specific
cognitive performance and structural
brain abnormalities were replicated
among 5,059 individuals from the Maas-
tricht Study. We did not observe consis-
tent interactions with age and sex over
the outcomes and across both studies.
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Table 1—Continued

Individuals with type 2 diabetes with complete data on all risk factors

Risk factors within target range

S5to7

Overall Oto2

Control subjects*

Structural brain abnormalities|

3.6 (1.9; 8.4)
1,136 (104)

4.7 (2.5; 8.3)

5.2 (2.8; 10.0)
1,146 (111)

4.6 (2.5; 8.5) 4.9 (3.0; 9.9)

3.0 (1.6; 6.2)
1,169 (113)

White matter hyperintensity volume, mL
Total brain parenchyma volume, mL

1,167 (107)

1,146 (103)

1,150 (107)

Data are means (SD) or median (interquartile range), unless indicated otherwise. P < 0.05 for all comparisons between control subjects and individuals with type 2 diabetes according to the number of
risk factors within target range. *Control subjects were defined as individuals without diabetes or prediabetes. tEducation level was classified into low (no college or university degree level education)

or high (college or university degree education). $Dietary habits at optimal level was defined as a score =3 on a four-item healthy diet score as defined by the American Heart Association (30), with 1
point given for the following items: 1) =2 servings of fruit or vegetables per day; 2) =2 servings of fish per week; 3) =15 slices of bread or bowls of cereal per week; and 4) never, rarely, or sometimes

adding salt to food. §Data available in a subsample of 87,075 individuals. |Data available in a subsample of 6,004 individuals.

We are not aware of other observa-
tional studies that have investigated the
association between multiple risk factors
and the risk of cognitive dysfunction or
structural brain abnormalities in type 2
diabetes. Additionally, randomized trials
investigating the effect of multifactorial
risk factor intervention in individuals with
diabetes with cognitive decline or struc-
tural brain abnormalities as outcomes are
scarce. In accordance with our study
findings, the 2-year Finnish Geriatric
Intervention Study to Prevent Cognitive
Impairment and Disability (FINGER) mul-
tidomain lifestyle intervention (diet,
exercise, cognition, and vascular risk
management) trial that included 1,260
individuals, 12.7% of whom had diabetes,
demonstrated beneficial effects on cog-
nitive function with consistent results
among individuals with and without
high baseline fasting glucose levels (22).
Additionally, the Look Action for Health
in Diabetes (Look AHEAD) trial was a
multisite randomized clinical trial done
in the U.S. that included 5,145 individu-
als with type 2 diabetes (23). An inten-
sive lifestyle intervention of weight loss
and exercise compared with the control
intervention (regular diabetes support
and education) had beneficial effects on
white matter hyperintensities (24) and
ventricle volume (a measure of total brain
atrophy) (24), although no effect was
found on cognitive function (25). Another
trial that included 183 individuals with
type 2 diabetes identified no effect of an
intensive multifactorial intervention (diet,
physical activity, smoking, and strict regu-
lation of glycated hemoglobin, blood pres-
sure, and cholesterol) compared with the
control intervention on cognitive function
(26). Other trials evaluated the effect of
targeting isolated risk factors in type 2
diabetes such as glycated hemoglobin
and blood pressure. These studies have
shown beneficial effects on some struc-
tural brain abnormalities, including white
matter hyperintensity volume (27) or
total brain parenchyma volume (28,29),
but mostly no effects on cognitive func-
tion (30-34).

Our findings are biologically plausible.
The pathophysiology of type 2 diabetes-
related dementia is likely determined by
multiple etiologies, including large-vessel
disease, microvascular dysfunction, and
neurodegeneration. Given the multifacto-
rial nature of dementia in diabetes, it has
been suggested (35) that interventions

Diabetes Care Volume 44, November 2021

targeting several risk factors and mecha-
nisms simultaneously may be required for
optimal preventive effects. The seven
selected risk factors (smoking, elevated
levels of glycated hemoglobin, hyperten-
sion, obesity, albuminuria, physical inactiv-
ity, and unhealthy diet) have each been
associated with one or more of these eti-
ologies (36).

A part of the worse scores on
domain-specific cognitive performance
and the higher prevalence of structural
brain abnormalities associated with dia-
betes remained unexplained after taking
into account the number of risk factors
within target range in UK Biobank and
the Maastricht Study. This remaining
association may potentially be due to
risk factors that we did not take into
account (e.g., diabetes-related neuropsy-
chiatric symptoms [37] and atrial fibrilla-
tion [37]). In addition, the effect of risk
factor control in diabetes early in life
(prior to midlife before inception of
the present cohort studies) may impact
the risk of dementia.

Results in our study were consistent
for all outcomes, except memory. In UK
Biobank, individuals with type 2 diabe-
tes did not have worse scores on mem-
ory compared with control subjects. In
the Maastricht Study, individuals with
type 2 diabetes had worse scores on
memory compared with control sub-
jects, but lower scores were not related
to the number of risk factors within tar-
get range. The interpretation of memory
tests is complex. The cognitive domain
memory includes various subdomains
(e.g., verbal and nonverbal, short- and
long-term, and declarative and nonde-
clarative memory), and the effect of dia-
betes might differ according to which
subdomain is tested. UK Biobank and
the Maastricht Study both had a single
memory test, and these tests evaluated
different subdomains (i.e., visuospatial
working memory in UK Biobank and
long-term verbal-declarative memory in
the Maastricht Study, respectively). This
makes it difficult to compare the results
of both cohorts. Previous studies that
evaluated the association between dia-
betes and the selected risk factors on
memory also used different tests and
showed inconsistent results (38). Fur-
ther study with more extensive batter-
ies of neuropsychological tests is
needed to better understand the effect
of diabetes on memory.
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Incident dementia in relation to risk factor control

Events/n
No to 2 risk factors on target 30/1,875 : . - | 2.42(1.67;3.52)
3 risk factors on target 48/2,868 : 2.33 (1.73; 3.15)
’ : e . .73; 3.
4 risk factors on target 42/3,251 i —e— 1.70 (1.23; 2.33)
5 to 7 risk factors on target 27/2,669 — L | 1.32 (0.89; 1.95)
Controls* 412/77,193 é Reference
v : L] L] L
0.6 1.0 2.0 3.0 4.0

Hazard ratio (95% confidence interval)

Figure 1—UK Biobank: adjusted HRs for incident dementia according to the number of risk factors within target range among individuals with type
2 diabetes compared with control subjects. The following seven risk factors were considered with cutoff values based on recommendations in cur-
rent clinical guidelines: glycated hemoglobin level (cutoff value, <53 mmol/mol [<7%)]), systolic and diastolic blood pressure (cutoff value, <130
mmHg for systolic blood pressure and <80 mmHg for diastolic blood pressure), BMI (cutoff value, =20 and <25 kg/m?), smoking (being a non-
smoker), albuminuria (absence of micro- or macroalbuminuria), physical activity (cutoff value, =150 min/week moderate-to-vigorous physical
activity), and dietary habits (optimal as defined by the five-item healthy diet score of the American Heart Association [13]). All analyses adjusted
for age, sex, and education. *Control subjects were defined as individuals without diabetes or prediabetes.

A B

Domain-specific cognitive performance in relation to risk factor control Structural brain abnormalities in relation to risk-factor control

1. White matter hyperintenisty volume (log-transformed mL)

1. Processing speed (SD)

n
n B No to 2 risk factors on target 62 —_—— 0.35(0.19; 0.51)

No to 2 risk factors on target 1,846 e -0.18 (-0.23;-0.14)

: 3 risk factors on target 88 — 0.23 (0.10; 0.37)
3 risk factors on target 2,817 —— : -0.12 (-0.15; -0.08)

B 4 risk factors on target 157 —— 0.14 (0.04; 0.24)
4 risk factors on target 3,201 —— : -0.10(-0.13; -0.06)

: i 30 e .
510 7 risk factors on target 2,639 —— 0,08 (-0.11;-0.04) °'©7 riskfactors onfarget 1 — 0.04 (-0.08; 0.15)
Controls* 76572 i Reference Controls* 5,567 Reference

-0-2 00 02 04 06 08
B (95% confidence interval)
2. Memory (SD) 2. Total brain parenchyma volume (ml)
n : n

No to 2 risk factors on target 1,846 p—o—c 0.04 (0.00; 0.09) No to 2 risk factors on target 62 —_—— -6 (-11; -2)
3 risk factors on target 2,817 D —e—i 0.06 (0.02; 0.10) 3 risk factors on target 8 — -10(-13; -6)
4 risk factors on target 3,201 o 0.02 (-0.01; 0.06) 4 risk factors on target 157 —— -4(-7;-2)
5to 7 risk factors on target 2,639 e 0.01 (-0.03; 0.04) 5107 risk factors on target 130  2es)
Controls* 76,572 B Reference

Controls* 5,567 Reference

04 02 00 02 20 16 42 ) -4 00 2
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Figure 2—UK Biobank: adjusted regression coefficients for domain-specific cognitive performance (A) and structural brain abnormalities (B) accord-
ing to the number of risk factors within target range among individuals with type 2 diabetes compared with control subjects. The following seven
risk factors were considered with cutoff values based on recommendations in current clinical guidelines: glycated hemoglobin level (cutoff value,
<53 mmol/mol [<7%]), systolic and diastolic blood pressure (cutoff value, <130 mmHg for systolic blood pressure and <80 mmHg for diastolic
blood pressure), BMI (cutoff value, =20 and <25 kg/m?), smoking (being a nonsmoker), albuminuria (absence of micro- or macroalbuminuria),
physical activity (cutoff value, =150 min/week moderate-to-vigorous physical activity), and dietary habits (optimal as defined by the five-item
healthy diet score of the American Heart Association [13]). All analyses adjusted for age, sex, and education. Analyses with structural brain abnor-
malities as the outcome were additionally adjusted for time between baseline examination and MRI examination and intracranial volume. *Control
subjects were defined as individuals without diabetes or prediabetes.
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Domain-specific cognitive performance in relation to risk factor control

1. Processing speed (SD)
n

No to 2 risk factors on target 282
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Structural brain abnormalities in relation to risk-factor control

1. White matter hyperintenisty volume (log-transformed mL)

-0.28 (-0.35; -0.20) No to 2 risk factors on target
3 risk factors on target 416 —— -0.15 (-0.21; -0.08)
4 risk factors on target 428 i 0.1 (:0.17; -0.05) 3 risk factors on target
5 to 7 risk factors on target 201 [ — -0.17 (-0.25; -0.08)
Controls* 3,732 Reference 4 risk factors on target
2. Memory (SD) 5107 risk factors on target
n
Controls*
No to 2 risk factors on target 282 ——— -0.22 (-0.32; -0.12)
3 risk factors on target 416 ———i -0.12 (-0.20; -0.04)
4 risk factors on target 428 e -0.14 (-0.22; -0.06)
5 to 7 risk factors on target 201 i -0.26 (-0.37; -0.15)
Controls 3,732 Reference Noto 2 risk factors on target
3. Executive function (SD)
N 3risk factors on target
No to 2 risk factors on target 282 —— -0.28 (-0.37;-0.12)
3 risk factors on target 416 —— -0.12(-0.19; -0.05) 4 sk factors on target
4 risk factors on target 428 —— -0.12(-0.19; -0.05)
5 to 7 risk factors on target 201 — 4 -0.09 (-0.19; 0.01) 5to7 risk factors on target
Controls* 3732 Reference ¢
’ ontrols*
T T J
-0-4 -0-2 0-0 0-2

B (95%confidence interval)

or prediabetes.

In addition to previous studies that
showed multifactorial risk factor modifi-
cation might reduce the excess risk of
dementia in the general population
(39,40), the current study suggests that
such an approach also might potentially
reduce the excess risk of dementia in
type 2 diabetes. This provides important
evidence to promote current multifac-
tor risk factor treatment strategies in
diabetes and to encourage adoption of
healthy habits. Our findings suggest
that treatment-recommended levels of
glycated hemoglobin, being a non-
smoker, and absence of albuminuria are
particularly important targets of the

No'to 2 risk factors on target

3isk factors on target
4risk factors on target
5107 risk factors on target

Controls*

selected risk profile to prevent cognitive
decline.

Key strengths of this study include the
large sample size, which enabled study
of the combination of risk factors among
individuals with type 2 diabetes com-
pared with control subjects. Furthermore,
data were included on domain-cognitive
specific performance and MRI-defined
structural brain abnormalities, findings
were replicated in an independent
cohort, and multiple sensitivity analyses
were done to evaluate potential bias.

This study has several limitations.
First, the observational design precludes
causal conclusions and a complete

n

154

265

287

147

2,854

3. Prescence of lacunes

0.56 (0.34; 0.79)

0.33(0.15; 0.50)

0.44(0:27; 061)

0.30(0.07; 0.53)

Reference

-0-2 00 02 04 06 08

B (95% confidence interval)

2. Total brain parenchyma volume

n
154 —_— -22(-27;-17)
5 e 14 (-17;-10)
27 e 10 (-14; -6)
147 —_— 9(-14;4)
2854 Reference
T T T T T 1
28 24 2018 A2 8 4 00 2
B (95% confidence interval)
n
154 —_— 84 (1.56; 5.20)
265 —_— e 1,59 (0.91; 2.80)
287 —_— . 157 (0.92; 2.68)
147 150 (0.70; 3.20)
2,854 Reference
06 10 20 30 60

Odds ratio (95% confidence interval)

Figure 3—The Maastricht Study: adjusted effect estimates for domain-specific cognitive performance (A) and structural brain abnormalities (B)
according to the number of risk factors within target range among individuals with type 2 diabetes compared with control subjects. The following
seven risk factors were considered with cutoff values based on recommendations in current clinical guidelines: glycated hemoglobin level (cutoff
value, <53 mmol/mol (<7%)), systolic and diastolic blood pressure (cutoff value, <130 mmHg for systolic blood pressure and <80 mmHg for dia-
stolic blood pressure), body mass index (cutoff value, =20 and <25 kg/m?), smoking (being a nonsmoker), albuminuria (absence of micro- or mac-
roalbuminuria), physical activity (cutoff value, =150 min/week moderate-to-vigorous physical activity), and dietary habits (optimal as defined by
the five-item healthy diet score of the American Heart Association [13]). All analyses adjusted for age, sex, and education. Analyses with structural
brain abnormalities as the outcome were additionally adjusted for time between baseline examination and MRI examination, and analyses with
brain volumes as the outcome were additionally adjusted for intracranial volume. *Control subjects were defined as individuals without diabetes

comparison of the effect of treating risk
factors, because some individuals may
have had a risk factor within target
range without treatment. Second, the
analyses on domain-specific cognitive
performance and structural brain abnor-
malities were based on cross-sectional
data. Third, not all individual categories
of the number of risk factors within tar-
get range could be examined due to low
numbers in some categories. Fourth,
given the long preclinical phase of
dementia, our mean follow-up time of
9.0 years is still relatively short. Never-
theless, our results were unaffected by
excluding the first 5 years of follow-up.
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Fifth, both study populations consisted
mostly of middle-aged, Caucasian indi-
viduals. The results may therefore not
apply to other age- or ethnic groups.

In conclusion, the current study shows
that excess risk of dementia was progres-
sively lower in individuals with type 2
diabetes who had a higher number of
risk factors within target range compared
with control subjects without diabetes.
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