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ARTICLE INFO ABSTRACT

Keywords: Background: : Uncertainties persist about the associations of diabetes with risk of cognitive impairment and
Dementia dementia. We aimed to illuminate these associations from various aspects.

Cognitive impairment Methods: : We identified relevant prospective studies by searching PubMed up to Jun 2019. Summary relative
Diabetes risks (RR) were estimated using random-effects models. Credibility of each meta-analysis was assessed. Meta-
?;:lﬁ?;e regression and subgroup analyses were conducted.

Results: : Of 28,082 identified literatures, 144 were eligible for inclusion in the systematic review, among which
122 were included in the meta-analysis. Diabetes conferred a 1.25- to 1.91-fold excess risk for cognitive dis-
orders (cognitive impairment and dementia). Subjects with prediabetes also had higher risk for dementia. As for
diabetes-related biochemical indicators, fasting plasma glucose (FPG) was non-linearly related to cognitive
disorders; the elevated levels of 2 -h postload glucose (2h-PG), glycosylated hemoglobin (HbAlc), low and high
levels of fasting plasma insulin (FPI) were associated with an increased risk of dementia. Encouragingly, the use
of pioglitazone exhibited a 47% reduced risk of dementia in diabetic population.

Conclusions: : Diabetes, even prediabetes and changes of diabetes-related biochemical indicators, predicted in-
creased incidence of cognitive impairment and dementia. The protective effects of pioglitazone warrant further

Meta-Analysis

investigation in randomized trials.

1. Introduction

With a global ageing population, dementia has become one of the
most common, disabling and costly condition in modern societies.
According to the World Alzheimer Report 2015, there was an estimated
46.8 million incident cases worldwide in 2015, with numbers nearly
doubling every 20 years to 75.6 million in 2030 and 135.5 million in
2050. The worldwide economic costs due to dementia have been esti-
mated at 818 billion in 2015, and the threshold of 1 trillion will be
crossed by 2018 (Wimo et al., 2017). Dementia accounted for 10.0
million Disability Adjusted Life Years (DALYs) in older people in 2010,
which was forecast to an increase by 86% by 2030 (Prince et al., 2015).
However, no effective strategies are currently available for treating
dementia or delaying the cognitive decline. Thus far, the population
trends for dementia are very similar to those observed in diabetes
mellitus (Biessels and Despa, 2018) and established evidences suggest
considerable overlap in the risk factors and putative pathophysiological

mechanisms for the diabetes and cognitive impairment and dementia
(Arnold et al., 2018). Determining the relationship between diabetes
and its related factors and cognitive disorders may help identify in-
dividuals who are at risk of developing cognitive decline and inform
preventive strategies.

A growing body of meta-analyses now demonstrates the adverse
effects of diabetes on cognition (Cheng et al., 2012; Sadanand et al.,
2016; Zhang et al., 2017). However, since the conclusion comes mainly
from observational studies that are vulnerable to various biases (in-
cluded selection bias, information bias, and confounding bias), the
credibility of current evidence urgently needs to be assessed. Large
differences have been observed in the size of the risk estimates ranging
from 0.7 to 2.6 among the published studies, thus detailed meta-re-
gression analyses and subgroup analyses are necessary to clarify whe-
ther the strength of the association differ by study characteristics (e.g.
the age of the participants, geographic location, study quality of the
studies, etc.). In addition, much more prospective observational studies
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on diabetes and risk of dementia and cognitive impairment have since
been published, so we could have much more statistical power and
consequently higher precision in the summary estimates, and therefore
we could conduct meaningful subgroup and sensitivity analyses and
make a detailed analysis of diabetes mellitus and the damage of dif-
ferent cognitive domains. Some studies also investigated the association
between prediabetes and cognitive disorders, with some reporting a
positive association (Marseglia et al., 2018; Rawlings et al., 2014) and
others finding no association (Geijselaers et al., 2017; Tuligenga et al.,
2014; Zheng et al., 2018). With regard to studies on diabetes-related
biochemical indicators (such as FPG, 2h-PG, HbAlc, and fasting plasma
insulin (FPI)) and cognitive disorders, the results are also inconsistent.
To our knowledge, there has been no pervious meta-analysis on pre-
diabetes or glucose and insulin levels and the risk of dementia, and the
dose-response relationship between blood glucose and risk of cognitive
disorders has not been established. Furthermore, diabetes is strongly
recommended as a target for intervention to prevent cognitive disorders
(Xu et al., 2015), and several studies have suggested that anti-diabetic
drugs could potentially modulate disease progression and cognitive
decline. Some studies, however, reported different conclusions (Biessels
etal., 2014). In view of the mixed results, the effect of glucose-lowering
drugs on cognition remains to be further explored. Therefore, we per-
formed a systematic review and meta-analysis with rigorous quality
evaluation of each meta-analysis to ascertain the association of dia-
betes, prediabetes, diabetes-related biochemical indicators, and glu-
cose-lowering drugs with risk of cognitive impairment and dementia
and to investigate sources of heterogeneity by conducting sensitivity
and meta-regression analyses.

2. Methods
2.1. Search strategy and selection criteria

We systematically searched PubMed till June 20, 2019, using the

” « ” o«

terms “diabetes”, “glucose”, “fasting”, “fasting glucose”, “2 -h post-load
glucose”, “impaired fasting glucose”, “IFG”, “impaired glucose toler-
ance”, “IGT”, “insulin”, “fasting insulin”, “hemoglobin Alc”, “HbAlc”,
“dementia”, “Alzheimer”, “Alzheimer’s”, “cognition”, and “cognitive”.
Bibliographies of relevant articles and reviews were hand-searched for
supplement. The literature screening was done by MX, WX and YNO.
Studies would be included if they: a. were prospective studies (co-
hort, case-cohort, and nested case-control studies); b. investigated the
relationship of diabetes (mixed diabetes and type 2 diabetes) or related
metabolic factors with cognitive disorders (cognitive impairment and
dementia); c. were published in English. Considering duplicates, we
included the most recent publication or the one with the longest follow-

up period.
2.2. Data extraction

Data were systematically extracted by two independent researchers,
including study characteristics (name of the first author, publication
year, project name, study design), sample characteristics at baseline
(e.g. age, gender, race, and education level), definition and measure-
ment of exposure, definition and measurement of outcome, follow-up
duration, follow-up rate, sample size, case number for analysis, statis-
tical models, measures of effect size, and confounders adjusted for. Any
disagreement was resolved by discussion. MX extracted the data, and it
was checked for accuracy by YNO.

2.3. Statistical analyses

We calculated summary RRs and 95% CI of diabetes mellitus and
related metabolic disorders and risk of dementia (all-cause dementia,
AD, and VD) and cognitive impairment (MCI and deficits of memory,
executive function, processing function, language, attention, visuo-

Ageing Research Reviews 55 (2019) 100944

spatial ability and reasoning). Hazard ratio (HR) was directly con-
sidered as RR. Odds ratio (OR) and P with Standard Error (SE) or 95%
CI were converted to RR (Ronksley et al., 2011). The RRs and 95%Cls
were synthesized using a random effects model (Dersimonian-Laird
model), which incorporated between-study heterogeneity into the
measurement (Thompson et al., 2010). I? value was used to assess
heterogeneity, and I* < 40% was considered to be possibly low hetero-
geneity. For potential heterogeneity, sensitivity analysis excluding one
study at a time was conducted to examine if any individual study has a
significant impact on the pooled RR. When the meta-analysis included
at least 10 studies, we conducted the meta-regression analyses to in-
vestigate potential moderators (publication year, age, sex, education
years, geographical region, follow-up duration, quality score of studies,
attrition, different diagnostic subgroups (mixed diabetes or type 2
diabetes), studies controlling CVD (cerebrovascular or cardiovascular
diseases) as a confounder in the model or not, and studies controlling
depression as a confounder in the model or not). If meta-analyses found
significant mediators, further subgroup analyses would be carried out.
Publication bias was examined via the Begg’s test and the Egger’s test.
The contour-enhanced funnel plot and trim-and-fill method were em-
ployed to distinguish whether the asymmetry was due to publication
bias (Peters et al., 2008). “Meta”, “metagene”, “dosresmeta”, and “rms”
packages of R software (version 3.5.1.) were used to perform all the
above analyses. MX, WX and MST conducted the statistical analyses.

Studies with at least three categories of exposure and with sufficient
data for the distribution of cases and person-time across different ca-
tegories were included in the dose-response analysis. We depicted the
dose-response curve of fasting glucose level (FPG) versus risk of de-
mentia using a two-stage generalized least squares regression (Orsini
et al., 2012). We performed a sensitivity analysis utilizing percentiles
10, 50, and 90% of the distribution as knots. The midpoint between the
upper and lower boundaries of each category was assigned to the cor-
responding risk estimate. For open-ended categories, lower boundary
was divided by 1.25, while upper boundary was multiplied by 1.25 (Xu
et al., 2016).

2.4. Assessment of study quality and credibility of meta-analyses

Newcastle-Ottawa Quality Assessment Scale (Stang, 2010) con-
taining eight items (categorized into three dimensions including selec-
tion, comparability, and outcome) was employed to evaluate the
quality of studies included in the meta-analysis (Supplementary file 1).
The NOS total score was regarded as a proxy for measuring the overall
risk of bias for each single study. The score for each item was used to
assess the risk of bias from different sources. MX and YNO in-
dependently evaluated the included studies, and discrepancies were
resolved through discussion.

The credibility of each meta-analysis result was categorized into
four levels: good (G), acceptable (A), suspicious (S) and poor (P) based
on three domains: risk of bias, inconsistency, and imprecision. The risk
of bias is based on the weighted quality score; The rating for incon-
sistency is according to the heterogeneity (estimated by calculating the
1), variability of point estimates, and overlapping of confidence in-
terval; The rating for imprecision is majorly based on 95% CI
(Supplementary file 2). “G” level, “A” level, and “S/P” level were re-
garded as evidence of high, moderate, and low credibility, respectively.

3. Results

Of 28,082 identified literatures, 144 were eligible for inclusion in
the systematic review (Supplementary file 3-4), among which 122 were
included in the meta-analysis (Fig.1). Other relevant studies that have
been retrieved were presented in the figure of systematic review
(Supplementary file 3). Data available for the meta-analysis were col-
lected from 9,359,005 individuals (49.9% women). The mean age of
participants ranged from 40.4 to 87.8 years, and the mean duration of
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28,082 records identified through
PubMed search
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A 4
27,171 records screened by title
and abstract

v

911 duplicate records removed

A 4

529 records for full text review

A4

26,642 irrelevant records excluded

393 excluded :
85 reviews and meta-analyses
71 studies on special populations
58 potential mechanisms
55 case-control studies
. 53 cross-sectional studies

v

136 studies eligible for inclusion

22 studies for mortality of
dementia
17 letters and commentaries
21 retrospective studies
5 case reports
6 not English-written articles

8 studies identified through hand-
searching references of included

v

144 studies included

articles and existing reviews and
meta-analyses

Fig. 1. Flowchart for identifying eligible studies.

follow-up ranged from 1.5 to 32 years (Supplementary file 5). The mean
quality score of the studies included in the meta-analysis was
7.75 * 1.0 (Supplementary file 6). Forest plots of each meta-analysis
and the funnel plots were showed in supplementary file 8. Definitions
and methods of measurement of diabetes variables and neuropsycho-
logical tests assessing cognitive domains were presented in supple-
mentary file 9 and 10.

3.1. Diabetes

3.1.1. Diabetes and risk of cognitive impairment

Low-moderate quality evidence showed that individuals with dia-
betes had increased risk of cognitive decline compared to those without
diabetes. For twenty studies that reported on diabetes and global cog-
nitive decline the pooled multi-adjusted RR was 1.25 (95%
CI:1.12-1.39, 12 = 31%). Ten studies were included in analysis of dia-
betes in relation to executive function decline and the pooled multi-
adjusted RR was 1.44 (95% CI:1.23-1.69, I? = 38%). Ten studies were
included in the analysis of diabetes and memory function impairment
and the pooled multi-adjusted RR was 1.27 (95% CI:1.16-1.39,
12 = 0%). The meta-regression analyses did not find any valid mod-
erators and there was no evidence of publication bias. Positive asso-
ciations were also observed between diabetes and lower performance in
processing function, language, and attention/reasoning. (Fig.2)

3.1.2. Diabetes and risk of MCI

Nine studies were identified on diabetes and risk of MCI and pro-
vided moderate quality evidence. Compared with non-diabetes, dia-
betes was associated with 49% increased risk of MCI (RR:1.49, 95%
CI:1.26-1.77, 12 = 30, grade A+). Three studies provided separate in-
formation of RR for amnestic MCI (aMCI) and nonamnestic MCI
(naMCI). The meta-analysis yielded a pooled effect size of 1.50 (95% CI:

1.17-1.92; 12 = 0, grade G) for aMCI and a pooled effect size of 1.34
(95% CI:1.04-1.73; I = 0, grade G) for naMCI. Furthermore, the meta-
analysis of nine studies providing moderate quality evidence indicated
that diabetes was associated with nearly a doubled risk of progression
from MCI to dementia (RR: 1.91, 95%CI:1.54-2.36; I2 = 11%). (Fig.2)

3.1.3. Diabetes and risk of dementia

The meta-analysis of thirty-one studies showed a significant asso-
ciation between diabetes and increased risk of all-cause dementia
(RR:1.43, 95%Cl:1.33-1.53, I = 79%, grade A +). Sensitivity analyses
which reduced the heterogeneity or limited the review to the studies
with high-quality (score =8) had no appreciable effect on the pooled
RR. The funnel plot showed the existence of publication bias. After
correcting the potential publication bias with the trim-and-fill method,
the pooled analysis continued to show a statistically significant asso-
ciation between diabetes and all-cause dementia (RR:1.25, 95%
CI:1.17-1.34). The meta-regression analyses revealed that whether
controlling CVD as a confounder in the model was a significant mod-
erator (p = 0.011). The pooled RR of studies not controlling CVD in the
model was significantly higher (RR1.66, 95% CI:1.53-1.80, I2 = 0%)
than that in studies controlling CVD (RR1.28, 95% CI:1.20-1.36,
I = 66%). (Fig.2)

Twenty-four studies reported data for diabetes and the risk of AD.
Grade A + evidence implied that diabetes could increase the risk of AD
(RR:1.43, 95% CI:1.25-1.62, I = 81%). Sensitivity analyses which re-
duced the heterogeneity or limited the review to the studies with high-
quality (score =8) had no appreciable effect on the pooled RR. There
was no evidence of publication bias. The meta-regression showed that
whether controlling CVD as a confounder in the model was a significant
moderator (p = 0.039). The pooled RR of studies not controlling CVD
in the model was significantly higher (RR1.61, 95% CI:1.39-1.85,
I? = 9%) than that in studies controlling CVD (RR1.30, 95% CI:1.11-
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Fig. 2. Meta-analyses of the association of
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1.53, I = 86%). (Fig.2)

Seventeen studies were included in the meta-analysis of diabetes
and VD risk. The multiple-adjusted pooled RR indicated that diabetes
approximately doubled the risk of VD (RR:1.91, 95% CL:1.61-2.25,
12 = 33%, grade A+). Sensitivity analyses limited the review to the
studies with high-quality (score =8) had no appreciable effect on the
pooled RR. There was no evidence of publication bias. The meta-re-
gression analyses indicated the impact of studies controlling CVD or
depression as a confounder in the model or not (p cyp = 0.033, p ge.
pression = 0.001) on the pooled RR. The pooled RR of studies not controlling CVD in the
model was significantly higher (RR2.32, 95% CI:1.89-2.85, 12 = 00/0) than that in
studies controlling CVD (RR1.58, 95% CI:1.48-1.69, 2 = 0%).
Similarly, the pooled RR of studies not controlling depression in the
model was significantly higher (RR2.19, 95% CI:1.88-2.56, I = 0%)
than that in studies controlling CVD (RR1.54, 95% CI:1.44-1.66,
12 = 0%). (Fig.2)

3.2. Prediabetes

Nine studies assessed the risk of all-cause dementia in prediabetes.
Grade G evidence indicated that prediabetes was associated with an
increased risk of dementia overall (RR:1.18, 95% CI:1.02-1.36,
12 = 22%). The risks were also significant when prediabetes was de-
fined as an IFG 5.6-6.9 mmol/1 (RR: 1.27, 95% CI:1.08-1.49, I? = 0%)
and IGT (RR:1.40, 95% CI:1.03-1.91). Five studies were included in the
analysis of prediabetes and AD, whereas three studies were included in
the analysis of prediabetes and VD. Prediabetes was related to a higher
risk of AD (RR: 1.36, 95% CI:1.09-1.70, 1> = 14%, grade G) and a
higher risk of VD (RR: 1.47, 95% CI:1.01-2.15, I? = 0%, grade A+).
Five studies were identified on prediabetes and risk of cognitive im-
pairment and found no association (RR:0.96, 95% CI:0.85-1.09,
12 = 0%, grade S-). (Fig.2)

T e e T L T
6 8 10 12 14 16 18 20 22 24 26 28 30 32

3.3. Diabetes-related biochemical indicators

3.3.1. FPG and 2h-PG

Ten population-based cohort studies were included in the meta-
analysis of high fasting plasma glucose and the risk of all cause de-
mentia. The pooled RR was 1.20 (95% CI:1.10-1.31, 12 = 36%, grade
A+). There was no evidence of publication bias. In subgroup analysis,
the risks were also significant when FPG > 5.6 mmol/L versus FPG <
5.6 mmol/L (RR: 1.22, 95% CI[:1.06-1.41, I?> = 16%), FPG > 6.1 mmol/L
versus FPG < 6.1 mmol/L (RR: 1.49, 95% CI:1.10-2.03, I2 = 0%), FPG >
7.0 mmol/L versus FPG<7.0 mmol/L (RR: 1.21, 95% CI:1.06-1.37,
I? = 0%). Eight studies were included in the analysis of fasting plasma
glucose and AD and the pooled RR was 1.13 (95% CI:1.09-1.17,
I? = 0%, grade G). Also, eight studies were included in the analysis of
fasting plasma glucose and VD and the pooled RR was 1.11 (95%
C:1.03-1.21, I? = 0%, grade G). Additionally, high FPG was a risk
factor for cognitive impairment (RR: 1.23, 95% CI:1.04-1.45, I? = 37%,
grade A+). When we considered FPG as a continuous variable, we
found no association of FPG with the risk of dementia (RR: 1.06, 95%
CI:0.97-1.16, I? = 0%, grade A+). Moderate quality evidence showed
that high 2h-PG level was associated with a 59% increased risk of de-
mentia. Furthermore, six studies reported the association between hy-
poglycemia and dementia and the pooled RR was 1.69 (95% CI:1.48-
1.93, I = 47%, grade A-). (Fig.3)

Four studies were included in the dose-response analysis exploring
the relationship between FPG and risk of cognitive disorders (Fig.4).
There was evidence of a non-linear dose-response association (p for
model = 0.0063, p for heterogeneity = 0.0116, p for non-linear
trend = 0.0063); the risk of cognitive disorders increased by 20% with
FPG above 7.75 mmol/L.

3.3.2. HbAlc

The positive relation of high HbAlc value with dementia was
proved by the meta-analysis of five studies (RR: 1.27, 95%CI:1.03-1.58,
I? = 26%, grade G). For three studies that reported on HbAlc and
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Fig. 3. Meta-analyses of the association of
glucose and insulin levels with different cog-
nitive outcomes. Moderate to high quality evi-
dence indicated that elevated FPG, 2h-PG,
HbA1c value and hypoglycemia were related to
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Fig. 4. Dose-response relation between FPG and cognitive disorders. There was
a non-linear relationship between FPG and the risk of cognitive disorders. When
FPG exceeds 7.75 mmol/L, the risk of cognitive disorders may increase by more
than 20%.

MCI, the pooled RR was 1.95 (95%CI:1.38-2.76; I? = 31%, grade A-
). When we considered HbAlc as a continuous variable, we found no
association of HbAlc with the risk of cognitive disorders (RR: 1.51,
95% CI:1.09-2.11, I> = 61%, grade S+). (Fig.3)

3.3.3. FPI

Four studies were identified on prediabetes and risk of hyper-
insulinemia and dementia. Moderate quality evidence indicated that
higher levels of FPI were directly associated with dementia (RR:1.64,
95% CI:1.33-2.02, I? = 4%). Besides, low levels of FPI are also asso-
ciated with an increased risk of developing dementia (RR:1.82, 95%
CL:1.17-2.15, I? = 64%, grade S+). When FPI considered as a con-
tinuous variable, there was no association of FPI with the risk of cog-
nitive disorders. (Fig.3)

3.4. Glucose-lowering drugs

3.4.1. Insulin

Eight population-based studies were included in the meta-analysis
of infused insulin and the risk of dementia. Low quality evidence in-
dicated that infused insulin in diabetic patients was associated with
1.44 greater likelihood of dementia (RR:1.44, 95% CI:1.16-1.79,
12 = 95%). In the subgroup meta-analysis of different reference groups,
the incidence rate of dementia was increased among diabetics with
infused insulin both when compared to non-diabetics (RR:1.83, 95%
CI:1.00-3.35, I = 66%) and to diabetic patients without insulin use
(RR:1.36, 95% CI:1.00-1.84, 12 = 96%). Two studies reported data for
infused insulin and risk of cognitive impairment and the pooled RR was
3.54 (95%CI:1.75-7.18; I> = 0%, grade A+). (Fig.5)

3.4.2. Oral antidiabetic drugs

The meta-analysis of five studies showed that the risk of dementia in
diabetic patients treated with oral antidiabetic drugs was higher than
that in non-diabetic patients (RR:1.49, 95% CI:1.16-1.92, I? = 91%).
The sensitivity analysis excluding a study with low quality score
showed a more significant association (RR:1.63, 95% CI:1.44-1.85,
I? = 6%). Three studies reported data for metformin and risk of de-
mentia. No association was identified between the risk of incident de-
mentia and metformin when referenced to non-diabetics (RR:1.42, 95%
CI:0.96-2.11, I> = 90%, grade S-) or to diabetic patients without met-
formin use (RR:0.89, 95% CI:0.75-1.06, I2 = 44%, grade S-). (Fig.5)

Furthermore, the meta-analysis of two studies that provided high
quality evidence demonstrated a possible effect of pioglitazone on the
prevention of dementia in diabetic population. Compared with dia-
betics without pioglitazone treatment, use of pioglitazone reduced the
dementia risk by 47% (RR:0.53, 95% CI:0.39-0.73, I? = 0%). In addi-
tion, the pooled RR of four studies for the incidence of dementia was
0.82 (95% CI: 0.57-1.18, I* = 83%, grade S+) in diabetics with
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i == Number of studies for analysis
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Number of studies in the meta-analysis
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thiazolidinediones, and the pooled RR of two studies for the incidence
of dementia was 0.88 (95% CIL:0.72-1.07, I2 = 0%, grade G) in diabetics
with rosiglitazone. (Fig.5)

4. Discussion

To our knowledge, we are the first to comprehensively investigate
the association of diabetes mellitus, prediabetes, diabetes-related bio-
chemical indicators, and glucose-lowering drugs with the risk of cog-
nitive impairment and dementia. We conducted detailed assessments of
each meta-analysis to determine the credibility of the evidence and
conducted meaningful sensitivity and meta-regression analyses to in-
vestigate sources of heterogeneity.

4.1. Diabetes and cognitive disorders

Meta-analyses provided low-moderate quality evidence that dia-
betes leads to deficits in all measured cognitive abilities. This finding is
in line with previous meta-analyses of both cross-sectional studies and
prospective studies (Monette et al., 2014; Palta et al., 2014). However,
our analyses only included prospective studies with higher level of
evidence, so we had more explanatory power and consequently higher
credibility. Earlier studies indicate that diabetes affect cognitive sub-
domains served by the fronto-temporal lobe, resulting in a decline in
memory, executive and processing abilities, but the reasons for the
susceptibility of these regions to other regions of the brain needs further
work (Zhou et al., 2010).

In non-demented population, moderate quality evidence indicated
that diabetes conferred a 1.43- to 1.91- fold excess risk for dementia
(including all-cause dementia, AD and VD), and the relative risk of
developing MCI was 1.49. The positive association of diabetes with
various types of dementia and MCI presented here is compatible with a
previous meta-analysis (Cheng et al., 2012). However, in that meta-

analysis, the authors found relatively few longitudinal studies, and re-
commended that additional studies needed to be conducted. Since
2012, several large prospective cohort studies have been reported.
Therefore, much more high-quality studies were included in the present
study, and our results consequently have more statistical power and
higher accuracy.

Because of the large number of studies now published, we were able
to conduct meaningful meta-regression and subgroup analyses. In our
meta-regression analyses, publication year, the age, sex and education
years of participants, geographical region, follow-up duration, quality
score of studies, attrition, and different diagnostic subgroups (mixed
diabetes or type 2 diabetes) were not significant predictors of estimated
effect size. A recent study points out that there are bidirectional nature
and neurological similarities with respect to diabetes and depression.
The combination of diabetes and depression results in synergistic effects
on cognition. Individuals with both diabetes and depression may ex-
perience greater deficits in cognitive functioning (Black et al., 2018).
Therefore, we presented further meta-regression analyses to explore the
potential effects of depression on the relationship between diabetes and
cognitive impairment and dementia. In meta-analysis of diabetes and
risk of VD, the result showed that the pooled RR of studies not adjusted
for depression was higher compared with those adjusted for depression.
In addition, diabetes is closely related to the cerebrovascular or cardi-
ovascular disease, which is also a risk factor of dementia or cognitive
impairment (Haroon et al., 2015). We explored the influence of whe-
ther controlling CVD as a confounder in the model by meta-regression
and subgroup analysis. We found that when studies not controlling CVD
as a confounder in the model, diabetes had a stronger effect on all-cause
dementia, AD, and VD, which indicated that CVD as potential factors
contributing to the diabetes-dementia associations might make us
overestimate the association between the two.

The mechanism by which diabetes modifies the risk of developing
dementia possibly involves Alzheimer’s type pathology and vascular
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type pathology against a background of ageing-related brain changes
(Supplementary file 7). Alzheimer’s type pathology is the accumulation
of abnormally folded amyloid-f peptides (AB) and tau proteins in
amyloid plaques and neuronal tangles (Scheltens et al., 2016), and
vascular type pathology is caused by various forms of vascular damage,
such as large vessel atherosclerosis, small vessel arteriosclerosis and
other vascular diseases (i.e. cerebral amyloid angiopathy) (O’Brien and
Thomas, 2015). With regard to Alzheimer’s type pathology, diabetes
has been reported to be positively associated with the CSF AB1-42 but
negatively associated with cortical AP (Li et al., 2018) and associated
with greater CSF total tau and phosphorylated tau (Moran et al., 2015).
With regard to vascular type pathology, diabetes is a risk factor for
atherosclerotic changes (Beckman et al., 2002) and is associated with
an increased risk of stroke (Luitse et al., 2012).

4.2. Prediabetes and cognitive disorders

We summarized previous studies on prediabetes and cognitive dis-
orders, involving different definitions of prediabetes: an HbAlc level of
5.7%-6.4% (American Diabetes Association, 2017); an FPG level of 5.6
or 6.1mmol/l to 7.0mmol/l, a 2h-PG level of 7.8 mmol/l to
11.1 mmol/1 (Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus, 1997, 2003); or a random glucose level of 7.8 mmol/1
to 11.1 mmol/1 (Xu et al., 2010). High quality evidence disclosed that
prediabetes was a risk factor for all-cause dementia, AD and VD,
however, no association was found between diabetes and risk of cog-
nitive impairment. The review by Biessels et al. suggested that different
markers of prediabetes increased incidence of dementia (Biessels et al.,
2014). A previous systematic review also highlighted the need to clarify
the relationship between prediabetes and cognitive disorders (Li et al.,
2014). Four studies included in their analysis have demonstrated the
presence of mild cognitive deficits in people with prediabetes, and the
data at the time were insufficient to investigate the effect of prediabetes
on the risk of dementia and its major subtypes. A recent prospective
cohort study confirmed that prediabetes was associated with ac-
celerated cognitive decline independent of diabetes and prediabetes
was related to smaller global brain volume, especially lower white
matter volume (Marseglia et al., 2019). Our meta analyses included
relatively fewer studies, so further studies with larger sample sizes are
needed to validate the relationship between prediabetes and cognitive
disorders. Additionally, in view of a positive association between pre-
diabetes and dementia, interventions aimed at early diagnosis and
treatment of abnormal glucose metabolism are necessary for the pre-
vention of cognitive disorders.

4.3. Diabetes-related biochemical indicators and cognitive disorders

Moderate-to-high quality evidence implied that elevated levels of
FPG, 2h-PG, HbAlc and hypoglycemia were closely associated with
increased risk of dementia. Dose-response curves illustrated a nonlinear
positive relationship between FPG and the risk of cognitive disorders.
Our results are consistent with a previous review, indicating that high
glycosylated hemoglobin concentration and glucose variability are ne-
gatively correlated with cognitive function (Geijselaers et al., 2015). As
far as we know, we are the first to conduct meta-analysis of glycemia
and cognitive function, as well as the first to establish the dose-response
relationship. Mechanisms underlying the relationship between gly-
cemia and cognitive function might involve glucose-related increased
oxidative stress and toxic effect of accumulation of advanced glycation
end-products, leading to diverse microvascular and macrovascular
pathologies, resulting in clinical and subclinical strokes and subsequent
cerebral volume loss (Brownlee, 2001; Kerti et al., 2013). Additionally,
as previous studies reported, higher average glucose levels might be a
risk factor for dementia, even among people without diabetes (Crane
et al., 2013); elevated glucose fluctuation evaluated through a con-
tinuous glucose monitoring system (CGMS) was significantly related to
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cognitive impairment, independent of FPG, 2h-PG, and HbAlc (Rizzo
et al., 2010; Zhong et al., 2012).

Moderate quality evidence suggested that both low and high levels
of FPI levels were associated with a higher risk of dementia.
Mechanisms underlying hyperinsulinemia/hypoinsulinemia on the de-
velopment of dementia are not fully elucidated. Insulin can cross the
blood brain barrier and insulin receptors are found in several areas of
the brain, including the hippocampus. Therefore, abnormal insulin le-
vels might directly affect cognitive function (Biessels et al., 2014).
Moreover, hyperinsulinemia usually corresponds to insulin resistance.
Insulin resistance could result in a reduction of insulin sensitivity at the
cellular level and a modification of insulin transport into the brain.
Thus, it is possible that both hypoinsulinemia and hyperinsulinemia
lead to reduced insulinization in the brain, affecting the function of
cells associated with cognition (Peila et al., 2004). Insulin also can play
a part in the amyloid metabolism. AP is decomposed by insulin de-
grading enzyme and the increased concentrations of insulin compete for
this enzyme, thereby reducing the degradation of AP (Banks et al.,
2012; Biessels et al., 2014).

4.4. Glucose-lowering drugs and cognitive disorders

Moderate quality evidence confirmed that infused insulin in dia-
betic patients was associated with greater risk of cognitive disorders.
Since patients with insulin treatment may have more severe diabetes or
a longer history, this higher risk for the insulin-treated patients might
be interpreted like a mark of the length or severity of diabetes (Areosa
and Grimley, 2002). Besides, insulin exerts its effect on increasing the
risk of dementia either directly or indirectly via causing hypoglycaemia
(Lin and Sheu, 2013). High quality evidence suggested that pioglita-
zone might provide protection against incident dementia. Pioglitazone,
an agonist of the nuclear receptor peroxisome proliferator-activated
receptor gamma (PPARY), may reduce the risk of dementia by lowering
peripheral insulin and enhancing insulin sensitivity. In addition, PPARy
agonists have been shown to reduce amyloid-f accumulation and in-
flammatory reactants and confer neuroprotective effects (Landreth,
2007). The study by Lu et al. demonstrated that pioglitazone might
exert a better protective effect on reducing dementia risk compared
with other second-line glucose-lowering drugs when added to met-
formin (Lu et al.,, 2017). Additionally, the pilot trials provide pre-
liminary support that glucose-lowering drugs (including intranasal in-
sulin, metformin, pioglitazone, rosiglitazone, and liraglutide) may be a
novel strategy for the treatment of cognitive disorders (Craft et al.,
2012; Gejl et al., 2016; Hanyu et al., 2009; Luchsinger et al., 2016;
Watson et al., 2005).

4.5. Limitations

The study has several limitations. First, we did not attempt to
identify unpublished studies and we only included studies in PubMed,
which were published in English. Therefore, some studies may have
been missed. Second, in view of the small numbers of studies in some
analyses, we cannot rule out the publication bias that may exist. Third,
not all the included studies attempted to control for various known
confounding factors. Even if these known confounding factors are
controlled, the possibility of residual or unmeasured confounding
cannot be ruled out. Fourth, the analysis with low quality evidence
should be interpreted with great caution. Fifth, the data available are
not sufficient to assess the relationship of diabetes duration and glucose
control with the risk of cognitive disorders.

5. Conclusion
In summary, moderate to high quality evidence demonstrated that

diabetes and prediabetes were associated with increased risk of de-
mentia, suggesting that early glycemic control, perhaps in the
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prediabetic stage, may be promising therapeutic targets for the pre-
vention of cognitive decrements. Dose-response curves illustrated a
nonlinear positive relationship between FPG and the risk of cognitive
disorders. As data from the epidemiological studies included in the
dose-response analysis was inadequate, the relation between FPG and
cognitive disorders needs to be further clarified. Moderate to high
quality evidence indicated that abnormal FPG, 2h-PG, HbAlc and FPI
levels were related to a higher risk of cognitive disorders. Further stu-
dies with detailed assessment of cognition as well as detailed assess-
ment of additional markers of dysglycaemia and insulin resistance, are
expected to be carried out. High quality evidence showed that the ap-
plication of pioglitazone might prevent dementia in the diabetic po-
pulation. Good-quality randomized controlled trials with large samples
should be conducted to confirm this conclusion and provide more in-
formation for prevention strategies.

Contributors

JTY and LT conceptualized and designed the study. MX, WX and
YNO conducted the study. YNO, WX and MX, and MST analyzed and
extracted data. MX, WX and JTY wrote the first draft of the manuscript.
All authors reviewed the manuscript.

Declaration of Competing Interest
None authors have financial disclosures and conflicts of interest.
Acknowledgments

This study was supported by grants from the National Key R&D
Program of China (2018YFC1314700), Shanghai Municipal Science and
Technology Major Project (No.2018SHZDZX01) and ZHANGJIANG
LAB, Tiangiao and Chrissy Chen Institute, and the State Key Laboratory
of Neurobiology and Frontiers Center for Brain Science of Ministry of
Education, Fudan University.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.arr.2019.100944.

References

American Diabetes Association, 2017. Standards of medical care in Diabetes-2017
abridged for primary care providers. Clin. Diabetes 35, 5-26.

Areosa, S.A., Grimley, E.V., 2002. Effect of the Treatment of Type II Diabetes Mellitus on
the Development of Cognitive Impairment and Dementia. The Cochrane database of
systematic reviews CD003804.

Arnold, S.E., Arvanitakis, Z., Macauley-Rambach, S.L., Koenig, A.M., Wang, H.Y., Ahima,
R.S., Craft, S., Gandy, S., Buettner, C., Stoeckel, L.E., Holtzman, D.M., Nathan, D.M.,
2018. Brain insulin resistance in type 2 diabetes and Alzheimer disease: concepts and
conundrums. Nat. Rev. Neurol.

Banks, W.A., Owen, J.B., Erickson, M.A., 2012. Insulin in the brain: there and back again.
Pharmacol. Ther. 136, 82-93.

Beckman, J.A., Creager, M.A., Libby, P., 2002. Diabetes and atherosclerosis: epide-
miology, pathophysiology, and management. Jama 287, 2570-2581.

Biessels, G.J., Despa, F., 2018. Cognitive decline and dementia in diabetes mellitus:
mechanisms and clinical implications. Nat. Rev. Endocrinol. 14, 591-604.

Biessels, G.J., Strachan, M.W., Visseren, F.L., Kappelle, L.J., Whitmer, R.A., 2014.
Dementia and cognitive decline in type 2 diabetes and prediabetic stages: towards
targeted interventions. Lancet Diabetes Endocrinol. 2, 246-255.

Black, S., Kraemer, K., Shah, A., Simpson, G., Scogin, F., Smith, A., 2018. Diabetes, de-
pression, and cognition: a recursive cycle of cognitive dysfunction and glycemic
dysregulation. Curr. Diab. Rep. 18, 118.

Brownlee, M., 2001. Biochemistry and molecular cell biology of diabetic complications.
Nature 414, 813-820.

Cheng, G., Huang, C., Deng, H., Wang, H., 2012. Diabetes as a risk factor for dementia and
mild cognitive impairment: a meta-analysis of longitudinal studies. Intern. Med. J.
42, 484-491.

Craft, S., Baker, L.D., Montine, T.J., Minoshima, S., Watson, G.S., Claxton, A., Arbuckle,
M., Callaghan, M., Tsai, E., Plymate, S.R., Green, P.S., Leverenz, J., Cross, D., Gerton,
B., 2012. Intranasal insulin therapy for Alzheimer disease and amnestic mild

Ageing Research Reviews 55 (2019) 100944

cognitive impairment: a pilot clinical trial. Arch. Neurol. 69, 29-38.

Crane, P.K., Walker, R., Hubbard, R.A., Li, G., Nathan, D.M., Zheng, H., Haneuse, S., Craft,
S., Montine, T.J., Kahn, S.E., McCormick, W., McCurry, S.M., Bowen, J.D., Larson,
E.B., 2013. Glucose levels and risk of dementia. N. Engl. J. Med. 369, 540-548.

Expert Committee on the Diagnosis and Classification of Diabetes Mellitus, 1997. Report
of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.
Diabetes Care 20, 1183-1197.

Expert Committee on the Diagnosis and Classification of Diabetes Mellitus, 2003. Report
of the expert committee on the diagnosis and classification of diabetes mellitus.
Diabetes Care 26 (Suppl 1), S5-20.

Geijselaers, S.L.C., Sep, S.J.S., Claessens, D., Schram, M.T., van Boxtel, M.P.J., Henry,
R.M.A,, Verhey, F.R.J., Kroon, A.A., Dagnelie, P.C., Schalkwijk, C.G., van der Kallen,
C.J.H., Biessels, G.J., Stehouwer, C.D.A., 2017. The role of hyperglycemia, insulin
resistance, and blood pressure in diabetes-associated differences in cognitive per-
formance-the maastricht study. Diabetes Care.

Geijselaers, S.L.C., Sep, S.J.S., Stehouwer, C.D.A., Biessels, G.J., 2015. Glucose regulation,
cognition, and brain MRI in type 2 diabetes: a systematic review. Lancet Diabetes
Endocrinol. 3, 75-89.

Gejl, M., Gjedde, A., Egefjord, L., Moller, A., Hansen, S.B., Vang, K., Rodell, A.,
Braendgaard, H., Gottrup, H., Schacht, A., Moller, N., Brock, B., Rungby, J., 2016. In
alzheimer’s disease, 6-Month treatment with GLP-1 analog prevents decline of brain
glucose metabolism: randomized, placebo-controlled, double-blind clinical trial.
Front. Aging Neurosci. 8, 108.

Hanyu, H., Sato, T., Kiuchi, A., Sakurai, H., Iwamoto, T., 2009. Pioglitazone improved
cognition in a pilot study on patients with Alzheimer’s disease and mild cognitive
impairment with diabetes mellitus. J. Am. Geriatr. Soc. 57, 177-179.

Haroon, N.N., Austin, P.C., Shah, B.R., Wu, J., Gill, S.S., Booth, G.L., 2015. Risk of de-
mentia in seniors with newly diagnosed diabetes: a population-based study. Diabetes
Care 38, 1868-1875.

Kerti, L., Witte, A.V., Winkler, A., Grittner, U., Rujescu, D., Floel, A., 2013. Higher glucose
levels associated with lower memory and reduced hippocampal microstructure.
Neurology 81, 1746-1752.

Landreth, G., 2007. Therapeutic use of agonists of the nuclear receptor PPARgamma in
Alzheimer’s disease. Curr. Alzheimer Res. 4, 159-164.

Li, J., Shao, Y.H., Gong, Y.P., Lu, Y.H., Liu, Y., Li, C.L., 2014. Diabetes mellitus and
dementia - a systematic review and meta-analysis. Eur. Rev. Med. Pharmacol. Sci. 18,
1778-1789.

Li, W., Risacher, S.L., Gao, S., Boehm 2nd, S.L., Elmendorf, J.S., Saykin, A.J., 2018. Type 2
diabetes mellitus and cerebrospinal fluid Alzheimer’s disease biomarker amyloid
betal-42 in Alzheimer’s Disease neuroimaging Initiative participants. Alzheimers
Dement. Amst. (Amst) 10, 94-98.

Lin, C.H., Sheu, W.H., 2013. Hypoglycaemic episodes and risk of dementia in diabetes
mellitus: 7-year follow-up study. J. Intern. Med. 273, 102-110.

Lu, C.H,, Yang, C.Y., Li, C.Y., Hsieh, C.Y., Ou, H.T., 2017. Lower risk of dementia with
pioglitazone, compared with other second-line treatments, in metformin-based dual
therapy: a population-based longitudinal study. Diabetologia.

Luchsinger, J.A., Perez, T., Chang, H., Mehta, P., Steffener, J., Pradabhan, G., Ichise, M.,
Manly, J., Devanand, D.P., Bagiella, E., 2016. Metformin in amnestic mild cognitive
impairment: results of a pilot randomized placebo controlled clinical trial. J.
Alzheimers Dis. 51, 501-514.

Luitse, M.J., Biessels, G.J., Rutten, G.E., Kappelle, L.J., 2012. Diabetes, hyperglycaemia,
and acute ischaemic stroke. Lancet Neurol. 11, 261-271.

Marseglia, A., Dahl Aslan, A.K., Fratiglioni, L., Santoni, G., Pedersen, N.L., Xu, W., 2018.
Cognitive trajectories of older adults with prediabetes and diabetes: a population-
based cohort study. J. Gerontol. A Biol. Sci. Med. Sci. 73, 400-406.

Marseglia, A., Fratiglioni, L., Kalpouzos, G., Wang, R., Backman, L., Xu, W., 2019.
Prediabetes and diabetes accelerate cognitive decline and predict microvascular le-
sions: a population-based cohort study. Alzheimers Dement. 15, 25-33.

Monette, M.C., Baird, A., Jackson, D.L., 2014. A meta-analysis of cognitive functioning in
nondemented adults with type 2 diabetes mellitus. Can. J. Diabetes 38, 401-408.

Moran, C., Beare, R., Phan, T.G., Bruce, D.G., Callisaya, M.L., Srikanth, V., 2015. Type 2
diabetes mellitus and biomarkers of neurodegeneration. Neurology 85, 1123-1130.

O’Brien, J.T., Thomas, A., 2015. Vascular dementia. Lancet 386, 1698-1706.

Orsini, N., Li, R., Wolk, A., Khudyakov, P., Spiegelman, D., 2012. Meta-analysis for linear
and nonlinear dose-response relations: examples, an evaluation of approximations,
and software. Am. J. Epidemiol. 175, 66-73.

Palta, P., Schneider, A.L., Biessels, G.J., Touradji, P., Hill-Briggs, F., 2014. Magnitude of
cognitive dysfunction in adults with type 2 diabetes: a meta-analysis of six cognitive
domains and the most frequently reported neuropsychological tests within domains.
Journal of the International Neuropsychological Society: JINS 20, 278-291.

Peila, R., Rodriguez, B.L., White, L.R., Launer, L.J., 2004. Fasting insulin and incident
dementia in an elderly population of Japanese-American men. Neurology 63,
228-233.

Peters, J.L., Sutton, A.J., Jones, D.R., Abrams, K.R., Rushton, L., 2008. Contour-enhanced
meta-analysis funnel plots help distinguish publication bias from other causes of
asymmetry. J. Clin. Epidemiol. 61, 991-996.

Prince, M.J., Wu, F., Guo, Y., Gutierrez Robledo, L.M., O’Donnell, M., Sullivan, R., Yusuf,
S., 2015. The burden of disease in older people and implications for health policy and
practice. Lancet 385, 549-562.

Rawlings, A.M., Sharrett, A.R., Schneider, A.L., Coresh, J., Albert, M., Couper, D.,
Griswold, M., Gottesman, R.F., Wagenknecht, L.E., Windham, B.G., Selvin, E., 2014.
Diabetes in midlife and cognitive change over 20 years: a cohort study. Ann. Intern.
Med. 161, 785-793.

Rizzo, M.R., Marfella, R., Barbieri, M., Boccardi, V., Vestini, F., Lettieri, B., Canonico, S.,
Paolisso, G., 2010. Relationships between daily acute glucose fluctuations and cog-
nitive performance among aged type 2 diabetic patients. Diabetes Care 33,



M. Xue, et al.

2169-2174.

Ronksley, P.E., Brien, S.E., Turner, B.J., Mukamal, K.J., Ghali, W.A., 2011. Association of
alcohol consumption with selected cardiovascular disease outcomes: a systematic
review and meta-analysis. BMJ 342, d671.

Sadanand, S., Balachandar, R., Bharath, S., 2016. Memory and executive functions in
persons with type 2 diabetes: a meta-analysis. Diabetes Metab. Res. Rev. 32,
132-142.

Scheltens, P., Blennow, K., Breteler, M.M., de Strooper, B., Frisoni, G.B., Salloway, S., Van
der Flier, W.M., 2016. Alzheimer’s disease. Lancet 388, 505-517.

Stang, A., 2010. Critical evaluation of the Newcastle-Ottawa scale for the assessment of
the quality of nonrandomized studies in meta-analyses. Eur. J. Epidemiol. 25,
603-605.

Thompson, S., Kaptoge, S., White, 1., Wood, A., Perry, P., Danesh, J., 2010. Statistical
methods for the time-to-event analysis of individual participant data from multiple
epidemiological studies. Int. J. Epidemiol. 39, 1345-1359.

Tuligenga, R.H., Dugravot, A., Tabak, A.G., Elbaz, A., Brunner, E.J., Kivimaki, M., Singh-
Manoux, A., 2014. Midlife type 2 diabetes and poor glycaemic control as risk factors
for cognitive decline in early old age: a post-hoc analysis of the Whitehall II cohort
study. Lancet Diabetes Endocrinol. 2, 228-235.

Watson, G.S., Cholerton, B.A., Reger, M.A., Baker, L.D., Plymate, S.R., Asthana, S., Fishel,
M.A., Kulstad, J.J., Green, P.S., Cook, D.G., Kahn, S.E., Keeling, M.L., Craft, S., 2005.
Preserved cognition in patients with early Alzheimer disease and amnestic mild
cognitive impairment during treatment with rosiglitazone: a preliminary study. Am.
J. Geriatr. Psychiatry 13, 950-958.

Ageing Research Reviews 55 (2019) 100944

Wimo, A., Guerchet, M., Ali, G.C., Wu, Y.T., Prina, A.M., Winblad, B., Jonsson, L., Liu, Z.,
Prince, M., 2017. The worldwide costs of dementia 2015 and comparisons with 2010.
Alzheimers Dement. 13, 1-7.

Xu, W., Caracciolo, B., Wang, H.X., Winblad, B., Backman, L., Qiu, C., Fratiglioni, L.,
2010. Accelerated progression from mild cognitive impairment to dementia in people
with diabetes. Diabetes 59, 2928-2935.

Xu, W., Tan, L., Wang, H.F., Jiang, T., Tan, M.S., Tan, L., Zhao, Q.F., Li, J.Q., Wang, J., Yu,
J.T., 2015. Meta-analysis of modifiable risk factors for Alzheimer’s disease. J. Neurol.
Neurosurg. Psychiatr. 86, 1299-1306.

Xu, W,, Tan, L., Wang, H.F., Tan, M.S., Tan, L., Li, J.Q., Zhao, Q.F., Yu, J.T., 2016.
Education and risk of dementia: dose-response meta-analysis of prospective cohort
studies. Mol. Neurobiol. 53, 3113-3123.

Zhang, J., Chen, C., Hua, S., Liao, H., Wang, M., Xiong, Y., Cao, F., 2017. An updated
meta-analysis of cohort studies: diabetes and risk of Alzheimer’s disease. Diabetes
Res. Clin. Pract. 124, 41-47.

Zheng, F., Yan, L., Yang, Z., Zhong, B., Xie, W., 2018. HbAlc, diabetes and cognitive
decline: the English Longitudinal Study of Ageing. Diabetologia.

Zhong, Y., Zhang, X.Y., Miao, Y., Zhu, J.H., Yan, H., Wang, B.Y., Jin, J., Hu, T.J,, Jia,
W.P., 2012. The relationship between glucose excursion and cognitive function in
aged type 2 diabetes patients. Biomed. Environ. Sci. 25, 1-7.

Zhou, H., Lu, W., Shi, Y., Bai, F., Chang, J., Yuan, Y., Teng, G., Zhang, Z., 2010.
Impairments in cognition and resting-state connectivity of the hippocampus in el-
derly subjects with type 2 diabetes. Neurosci. Lett. 473, 5-10.



