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ABSTRACT

Introduction: Despite growing evidence that
type 2 diabetes is associated with dementia, the
question of whether intensive glucose control
can prevent or arrest cognitive decline remains
unanswered. In the analysis reported here, we
explored the effect of intensive glucose control
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versus standard care on brain health, including
structural abnormalities of the brain (atrophy,
white matter hyperintensities, lacunar infarc-
tion, and cerebral microbleeds), cognitive dys-
function, and risk of dementia.

Methods: We searched the PubMed and
Embase databases, the Web of Science website,
and the Clinicaltrial.gov registry for studies
published in English prior to July 2020. Only
studies with a randomized controlled trial (RCT)
design were considered. We analyzed structural
abnormalities of the brain (atrophy, white
matter hyperintensities, lacunar infarction, and
cerebral microbleeds), cognitive function (cog-
nitive impairment, executive function, mem-
ory, attention, and information-processing
speed), and dementia (Alzheimer’s disease, vas-
cular dementia, and mixed dementia).

Results: Six studies (5 different RCTs) with
16,584 participants were included in this meta-
analysis. One study that compared structural
changes between groups receiving intensive
versus conventional glucose control measures
reported non-significant results. The results of
the five studies, comprising four cohorts, indi-
cated a significantly poorer decline in cognitive
function in the intensive glucose control group
(B — 0.03, 95% confidence interval [CI] — 0.05
to — 0.02) than in the conventional glucose
control group. Further subgroup analysis
showed a significant difference in the change in
cognitive performance in composite cognitive
function (f — 0.03, 95% CI — 0.05 to — 0.01)
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and memory (f — 0.13, 95% CI — 0.25 to
— 0.02). One trial evaluated the prevalence of
cognitive impairment and dementia between
groups receiving intensive and conventional
glucose control, respectively, and the differ-
ences were insignificant.

Conclusion: This meta-analysis suggests that
intensive glucose control in patients with type 2
diabetes can slow down cognitive decline,
especially the decline in composite cognition
and memory function. However, further studies
are necessary to confirm the impact of strict
glucose control on structural abnormalities in
the brain and the risk of dementia.

Keywords: Brain health; Diabetes; Intensive
glucose control

Key Summary Points

Why carry out this study?

Despite growing evidence that type 2
diabetes is associated with dementia,
whether intensive glucose control can
prevent or arrest the cognitive decline
remains unknown.

This analysis was carried out with the aim to
further explore the impact of intensive
versus conventional glucose control on
brain health.

What was learned from the study?

The results suggest that intensive glucose
control in patients with type 2 diabetes can
slow down cognitive decline, especially the
decline in composite cognition and memory
function.

However, further studies are necessary to
confirm the impact of strict glucose control
on structural abnormalities in the brain and
the risk of dementia.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13614653.

INTRODUCTION

Type 2 diabetes is a significant health challenge
worldwide, and the prevalence of diabetes in
adults is predicted to increase to 10.4% by 2040
[1]. Dementia and diabetes frequently coexist
[2], with the prevalence of dementia being
approximately 14% among people with diabetes
aged more than 80 years [3]. Moreover, diabetes
is a risk factor for cognitive dysfunction that can
range from subtle diabetes-associated cognitive
decline to pre-dementia and dementia [4]. The
potential mechanisms of type 2 diabetes
impacting brain health might be related to
dysfunction of the inflammatory system [5],
oxidative stress [6], and endothelial dysfunction
[7], all of which are induced by both insulin
resistance and elevated blood glucose levels.
Previously published results show that fluctua-
tions in blood glucose level have an effect on
vascular complications [8, 9], which also
impacts brain health. Thus, appropriate blood
glucose control is vital for preserving brain
health in patients with diabetes.

A number of cohort studies have focused on
the differential impact of intensive and con-
ventional blood glucose control on brain
health, including structural abnormalities in
the brain [10], cognitive dysfunction, and
dementia [11]. Authors have suggested that
cognitive functioning in patients with type 2
diabetes might benefit from several months of
improved glycemic control [12, 13]. A recent
meta-analysis indicated that people with type 2
diabetes performed better in processing speed
and executive function but more poorly in
memory and attention when on intensive glu-
cose control regimes [14]. However, this analy-
sis assessed the performance of the participants
only at the end of the study.
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The aim of the meta-analysis reported here
was to further explore the impact of intensive
versus conventional glucose control on brain
health. Based on the previous studies, we
focused not only on cognitive performance at
the end of the study but also on cognitive
change during the follow-up years, structural
abnormalities of the brain, and the risk of
dementia, as reported in randomized controlled
studies.

METHODS

Study Inclusion

The PubMed and Embase databases, the Web of
Science website, and the Clinicaltrial.gov reg-
istry were searched for relevant studies pub-
lished up to July 2020. Search terms used were
“diabetes mellitus,” “hypoglycemic therapy”
(including antidiabetic drugs, physical activity,
and diet therapy), “brain structural abnormali-
ties” (including brain atrophy, white matter
hyperintensities, lacunar infarction, and cere-
bral microbleeds), “cognitive function” (in-
cluding cognitive impairment, executive
function, memory, attention, and information-
processing speed), and “dementia” (including
Alzheimer’s disease, vascular dementia, and
mixed dementia), used alone and in combina-
tion. Further pertinent articles were supple-
mented by inspecting the references of the
selected articles.

This report was conducted according to the
Meta-analysis Of Observational Studies in Epi-
demiology [15] and the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis
[16]. This article is based on previously con-
ducted studies and does not contain any new
studies with human participants or animals
performed by any of the authors.

Inclusion and Exclusion Criteria

We included studies that met the following
criteria: (1) original articles based on random-
ized controlled trials (RCTs) published in Eng-
lish; (2) study population comprised patients

with type 2 diabetes; (3) at least one group of
patients received intensive therapy and the
other received conventional therapy to control
blood glucose levels; (4) clear and consistent
definitions of glucose level, brain structure
abnormalities, and/or cognitive function or any
type of dementia; and (5) data available on
comparisons of brain health between the study
groups receiving intensive and conventional
glucose control therapy with more than a 1-year
follow-up. Exclusion criteria were: (1) reviews,
case reports, animal studies, or letter to the
editor; (2) articles that did not clearly define
clinical outcomes; (3) the author could not
provide valid data when contacted; and (4)
duplicated data.

The definition of “intensive therapy” was
achieving glycated hemoglobin (HbAlc) of <
7% or a fasting glucose level of < 130 mg/dL.
The format and content of the interventions
could vary. For the current analysis, if articles
provided data from the same cohort, we selec-
ted the cohort with the longest follow-up, lar-
gest sample size, and most comprehensive
results. We analyzed the differences in brain
structural abnormalities, cognitive dysfunction,
and prevalence of dementia between the group
receiving conventional glucose control and the
one receiving intensive glucose control.

Data Extraction and Quality Assessment

The literature search was performed in July
2020. Two investigators (XYT, JBZ) indepen-
dently extracted the data from the included
studies, following identical standards on the
study cohort, follow-up years, population
characteristics, and outcomes. The risk of bias in
selecting the included studies was assessed
using the Newcastle-Ottawa Quality Assess-
ment Scale (NOS) criteria [17]. Following the
NOS guidelines, we rated the quality of the
studies on the basis of selection, comparability,
and outcome. In case of disagreement, the two
investigators discussed the study with the other
authors to arrive at a consensus.

Composite cognitive function was defined
using the scores of the Mini-Mental State
Examination (MMSE) [18] or the
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Comprehensive Assessment and Referral Evalu-
ation-Diagnostic Scale [19]; memory was asses-
sed using digit span scores [20] or Rey Auditory
Verbal Learning Test scores [21]; attention and
executive function were assessed using the
scores of the Trail Making Test [22] or Stroop
Test [23]; and information-processing speed was
assessed using the Digit symbol substitution test
scores [24]. Cognitive impairment was defined
as a decline in cognitive function (decrease in
the MMSE score by at least 3 points, compared
to the baseline score) [11].

Statistical Analysis

Heterogeneity between the studies was evaluated
using the I? metric, and the variance between
studies was evaluated using the Tau-squared
(Tau?) metric. Random-effects models were
selected if I? > 50%, and fixed-effects models
were chosen if I* < 0%. Data were obtained
directly from the studies. Pooled differences in
cognitive change during follow-up between the
groups receiving intensive glucose control and
those receiving conventional glucose control
were performed using the  metric and the 95%
confidence interval (CI). For the Stroop Test, a
positive change in the value represents a wors-
ening score; hence, we used the opposite number
of the results. To identify additional potential
factors impacting the bias, we also conducted a
subgroup and sensitivity analysis. Sensitivity
analyses were conducted to assess the influence
of a single result on the pooled estimate. Egger’s
asymmetry test was used to evaluate potential
publication bias [25]. p values were two-tailed,
and p < 0.05 was considered to be statistically
significant. The statistical analyses were per-
formed using STATA version 12.0 (Stata Corp.,
College Station, TX, USA).

RESULTS

Literature Search Outcomes and Validity
Assessment

The search strategy identified 8852 potentially
relevant reports, of which 3220 were excluded

due to duplication. The remaining 5632 articles
were subjected to title and abstract screening,
resulting in a further 5185 publications being
excluded as they were reviews, letters or con-
ference abstracts, and case reports. The
remaining 447 articles were eligible for full-text
review and data assessment. Of these, 441 arti-
cles were excluded for lack of relevant infor-
mation or because they were based on animal
studies. Ultimately, a total of six studies
[10, 11, 26-29] with 16,584 participants met the
inclusion criteria. The mean follow-up duration
ranged from 3.5 to 10 years. The mean age of
participants in the studies included in the cur-
rent meta-analysis was 65.6 years at the initia-
tion of the studies, and the proportion of
women was 40.8% (Fig. 1). Table 1 shows the
characteristics of the six included studies.

Quality Assessment

The NOS evaluation tool was used to assess the
quality of the included studies. All quality
assessment scores fell in the range of 8 or 9,
indicating high quality (Table 2).

Structural Changes in the Brain Between
Groups Receiving Intensive
and Conventional Glucose Control

Only one cohort [10] study compared structural
changes in the brain between groups receiving
intensive and conventional glucose control,
respectively. The Action to Control Cardiovas-
cular Risk in Diabetes Memory in Diabetes
(ACCORD MIND) trial, a sub-cohort of the
ACCORD trial, comprised 614 patients with
brain outcomes assessed by magnetic resonance
imaging during 80 months of follow-up. The
results showed that both the intensive and
conventional glucose control groups had a
decrease in total brain volume and an increase
in abnormal white matter volume. Compared to
the conventional glucose control group, the
intensive glucose control group had a signifi-
cantly slower decrease in total brain volume
(4.6 cm? 95% CI 2.0-7.3, p=0.0006) at
40 months; however, there was no significant
difference in the decrease in total brain volume
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Fig. 1 PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram summarizing the

screening process

between the groups at 80 months (0.2 cm?; 95%
CI — 3.4-3.8, p=0.91). The increase in log-
transformed abnormal white matter volume at
40 months was significantly quicker in the
intensive glucose control groups than that in
the conventional glucose control groups (0.10;
95% CI 0.02-0.18, p =0.014). However, at
80 months, there was no significant difference
between the groups (0.05; 95% CI — 0.07 to
0.17, p = 0.41).

Change in Cognitive Function
in the Intensive and Conventional
Glucose Control Groups

Five studies [10, 26-29] comprising four
cohorts, including the Informatics in Diabetes
Education and Telemedicine Study, the Anglo-
Danish-Dutch Study of Intensive Treatment in
People with Screen-Detected Diabetes in Pri-
mary Care, the Veterans Affairs Diabetes Trial
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Table 1 continued

Intensive glucose goal

Female

Age, mean Follow-
(SD)

Sample (»)

Trial® Duration of
diabetes

Year Country

First

author of

(years)lb

study

HbAlc: < 6.5%

5 years Intensive:

Intensive: 66

2018 20 countries ADVANCE Intensive: 7.9  Total: 11,140

Kirkman

42.6%

Intensive: (6) years

(63)

(11]

Conventional:
42.3%

Conventional:

5571

Conventional:

Conventional: 66 (6) years

8.0 (6.4)

5569

SD Standard deviation

* ACCORD MIND Action to Control Cardiovascular Risk in Diabetes Memory in Diabetes, IDEATe/ the Informatics in Diabetes Education and Telemedicine

Study, ADDITION the Anglo-Danish-Dutch Study of Intensive Treatment in People with Screen-Detected Diabetes in Primary Care, ¥VADT the Veterans Affairs
Diabetes Trial, ADVANCE the Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation

b . : . .
Values are presented as the mean with the range in parentheses or as the mean with the SD in parentheses

(VADT), and the ACCORD MIND trial, descri-
bed the difference in the change in cognitive
function between the groups receiving inten-
sive glucose control and those receiving con-
ventional glucose control. Since the cohorts in
two studies were identical (ACCORDION MIND;
[10, 26]), we selected the study with the longer
follow-up period [10]. A total of 2751 patients
who received intensive glucose control treat-
ment and 2693 patients who received conven-
tional glucose control treatment were included
in this analysis. With the conventional glucose
control group as a reference, the pooled results
indicated a statistically significant slower
decline in cognitive function in the intensive
glucose control group (f — 0.03, 95% CI — 0.05
to — 0.02). Further subgroup analysis showed a
significantly slower decline in the cognitive
performance composite (f — 0.03, 95% CI
— 0.05 to — 0.01) and memory (f — 0.13, 95%
CI — 0.25 to — 0.02) in the intensive glucose
control group; however, no difference in infor-
mation-processing speed ($ 0.09, 95% CI — 0.06
to 0.25) or attention and executive function (f
— 0.14, 95% CI — 0.30-0.03) was seen between
the groups (Fig. 2).

The results of the meta-regression analyses
suggested that differences in cognitive change
between the two groups were not associated
with sample size, number of follow-up years,
mean age, and NOS scores (p > 0.05). After
excluding studies one by one, the outcomes of
the sensitivity analysis indicated that the results
were stable. In the analysis of publication bias,
the p value of the Egger test was > 0.05
(p = 0.74) for the difference in cognitive change
between the intensive and conventional glu-
cose control groups. The funnel figure of these
studies showed no publication bias, having an
asymmetrical inverted distribution, which is
consistent with the results of the Egger test.

(Fig. 3).

Difference in the Risk of Dementia
Between the Intensive and Conventional
Glucose Control Groups

Only one cohort [11], the Action in Diabetes
and Vascular Disease: Preterax and Diamicron
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Study %
ID B (95% ClI) Weight
total :
Koekkoek (2012) -07 -0.12 (-0.24,0.01) 2.33
Murray (2017) —— -0.03 (-0.24,0.17) 0.87
Luchsinger (2011) * -0.03 (-0.05, -0.01) 91.07
Subtotal (I-squared = 0.0%, p = 0.379) [ -0.03 (-0.05, -0.01) 94.27
I
I
memory '
Koekkoek (2012) — -0.22 (-0.38, -0.05) 1.34
Zimering (2016) —1— -0.03 (-0.33, 0.27) 0.40
Murray (2017) —— -0.06 (-0.25,0.13) 1.01
Subtotal (I-squared = 5.8%, p = 0.346) < -0.13 (-0.25, -0.02) 2.75
I
information-processing speed :
Koekkoek (2012) — 0.09 (-0.09, 0.26) 1.19
Zimering (2016) — 0.07 (-0.27,0.40) 0.32
Murray (2017) . 0.32 (-0.52, 1.15) 0.05
Subtotal (I-squared = 0.0%, p = 0.857) f:> 0.09 (-0.06, 0.25) 1.57
attention and executive function :
Koekkoek (2012) — -0.21 (-0.41, -0.02) 0.96
Zimering (2016) —r 0.00 (-0.29, 0.29) 0.44
Murray (2017) " \g 0.59 (-0.94, 2.12) 0.02
Subtotal (I-squared = 13.2%, p = 0.316) <>. -0.14 (-0.30, 0.03) 1.41
I
Heterogeneity between groups: p = 0.070 :
Overall (I-squared = 19.9%, p = 0.249) [ -0.03 (-0.05, -0.02) 100.00
I
| ' T
-2.12 0 212

Fig. 2 Difference in cognitive function change between
groups receiving intensive glucose control and those
receiving conventional glucose control. CI Confidence
interval. I-squared is the variation in effect estimates
attributable to heterogeneity, Overall refers to the pooled
fixed effect estimate of all studies, and Subtotal is the fixed

Modified Release Controlled Evaluation
(ADVANCE) trial, measured the cognitive
decline and risk of dementia between intensive
and conventional glucose control groups. The
trial included 5571 patients in the intensive
control group and 5569 in the conventional
control group with 8 years of follow-up. How-
ever, there was no significant difference in the
cognitive impairment (risk ratio [RR] 0.98, 95%
CI 0.90-1.07) and risk of dementia (RR 1.27,

random effects estimate of the subgroup analysis studies.
Weights are from the fixed-effects analysis, and %Weight is
the weight assigned to each study, based on the inverse of
the within- and between-study variance. The size of the
gray boxes around the point estimates reflects the weight
assigned to each study

95% CI 0.87-1.85) between the two groups.
Further analysis of relative risk reduction also
showed non-significant outcomes between the
two groups in terms of cognitive impairment
(2%; 95% CI — 7-11%) and risk of dementia
(— 27%; 95% CI — 86-13%).
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Fig. 3 Funnel plot of differences in impact of intensive and conventional glucose control on cognitive function change. SE

Standard error

DISCUSSION

A total of six studies involving five cohorts were
included in our meta-analysis. We compared
the impact of intensive and conventional glu-
cose control on brain health, including brain
structural abnormalities, cognitive change, and
the risk of dementia. According to the pooled
results, intensive glucose control can slow down
the cognitive function—which declines with
age—in terms of composite performance and
memory, but not in terms of information-pro-
cessing speed or attention and executive func-
tion. Although the impact of intensive glucose
control on composite performance showed sta-
tistical significance, the rate of decline was
minimal; hence, the results should be inter-
preted with caution. Therefore, more rigorous
randomized controlled studies on the impact of
intensive versus conventional glucose control

on brain structural abnormalities and risk of
dementia are needed.

A recent meta-analysis that included only
three studies on type 2 diabetes compared the
difference in the impact of intensive and con-
ventional glucose control on cognitive perfor-
mance among patients with diabetes [14]. The
pooled analysis of these three studies, including
3200 individuals with type 2 diabetes, showed
the benefits of intensive glucose control therapy
on information-processing speed and executive
functions, but no difference was observed on
attention and memory. However, the sample
size was small, and the analysis focused only on
cognitive performance at the end of the follow-
up period. The current meta-analysis had a lar-
ger sample size and analyzed the difference in
impact between intensive and conventional
glucose control on cognitive change during the
follow-up period, brain structural
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abnormalities, and risk of dementia. We found
that only one RCT reported a difference in total
brain volume decline and an increase in
abnormal white matter volume between the
two groups; another study mentioned the risk
of dementia.

There is evidence that in comparison to
conventional glucose control, intensive glucose
treatment measures increase the risk of severe
hypoglycemia [30]. Overall mortality in the
ACCORD and VADT studies was higher in the
intensive glucose control group than in the
conventional glucose control group, while in
the ADVANCE study, the overall mortality was
lower in the intensive than in the conventional
treatment group [30]. Severe hypoglycemia is
considered a risk factor for cognitive impair-
ment [31] and mortality [32]. Nevertheless, the
current analysis showed that intensive glucose
control slowed the cognitive decline and might
have more obvious benefits on cognitive
performance.

Potential Mechanisms

Various mechanisms may have the potential to
contribute to the association between elevated
blood glucose levels, glucose variability, and
brain health. Diabetes causes insulin resistance,
imbalance in brain energy metabolism, changes
in the regional cerebral blood flow, and osmotic
effects on neurons, all of which damage brain
health [33]. Insulin is one of the molecules that
provides neuroprotection by regulating tau
protein phosphorylation in the neurons and is
crucial for the health of neuronal networks [34].
Insulin resistance may cause tau binding to
microtubules, thus triggering the pathogenesis
of cognitive decline and eventually leading to
dementia [35]. Intensive glucose control can
preserve insulin secretion and functional roles,
which, in turn, improve neuronal functions.
Another possible mechanism is that poor blood
glucose control might lead to neuronal mito-
chondrial dysfunction and stress, DNA damage,
and oxidative stress in endothelial cells [36, 37].
Thus, stricter management of blood glucose
levels might decrease these risk factors, espe-
cially in those diagnosed with type 2 diabetes.

However, a higher mortality and frequency of
hypoglycemic events, both of which are threats
to brain health, have been reported in patients
treated with intensive glucose control measures
[38]. Evidence has shown that insulin resistance
might damage the brain structure, even in those
without clinical diabetes [39], indicating that
abnormal functioning of insulin signaling
rather than blood glucose levels affect the cog-
nitive impairment in patients with type 2 dia-
betes. Furthermore, the Diabetes Heart Study
Mind provided neuroimaging data and revealed
that the presence or absence of type 2 dia-
betes—but not HbAlc level—was indepen-
dently associated with reduced white matter
volume and reduced gray and white matter
fractional anisotropy [40]. Thus, the influence
of tighter glucose control on brain health (brain
structural abnormalities, cognitive decline, and
dementia prevalence) should be considered
more cautiously.

Public Health Impact

With the rapid increase in aging populations
worldwide, diabetes [41] and dementia [42]
have become an increasing burden for society.
Prevention and management of cognitive dys-
function and dementia are essential, especially
in those diagnosed with diabetes. The benefits
of intensive glucose control in preventing
microvascular complications, such as diabetic
retinopathy and diabetic kidney diseases, have
been proven during a long-term follow-up study
[43]. The results of the current meta-analysis
indicate that intensive glucose control among
patients with type 2 diabetes patients might
slow down cognitive decline in composite and
memory function. Better glucose control effec-
tively prevents deterioration in brain health,
which can help to avoid tremendous economic
costs. However, hypoglycemia unawareness,
significant comorbidities (risk factors of brain
health), and mortality [44] caused by intensive
glucose control treatment [45] suggest that
more caution is necessary for prioritizing
intensive glucose control as a general rule, par-
ticularly in elderly subjects. Therefore, an
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individualized approach seems the most rea-
sonable strategy.

Strengths and Limitations of the Study

Although our meta-analysis considered the
entire spectrum from pre-dementia to dementia
and extracted valuable information regarding
associations between intensive and conven-
tional glucose control with brain health among
patients with diabetes, its essential strengths
and limitations merit mention. The strengths
include choosing the strictest study design
(RCT), developing a comprehensive search
strategy, and conducting a comprehensive
search. Some limitations warrant mention. The
first is that only a few studies focused on the
relationship between intensive and conven-
tional glucose control with brain structural
abnormalities and the risk of dementia. Second,
the lack of information on the adverse effects of
intensive glucose control, such as severe hypo-
glycemia, limited further analysis [46]. Third,
some antidiabetic drugs had a different impact
on cognitive impairment and dementia [47]; for
example, glucagon-like peptide 1 analogs and
sodium-dependent glucose transporter 2 inhi-
bitors showed a protective effect [48, 49], while
thiazolidinediones might have a negative
impact [50]. However, the current analysis on
this aspect was limited due to the lack of data.
Fourth, the heterogeneity of the results; these
might be due to differences in race, methods,
and goals of intensive glucose control.

CONCLUSIONS

The current study suggests that intensive glu-
cose control in persons with type 2 diabetes can
slow down cognitive decline, especially the
decline in composite and memory function.
The impact of intensive glucose control on the
brain structural abnormalities and risk of
dementia needs further rigorously designed
studies to validate our findings. Also, replicating
and validating these findings is warranted.
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