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Abstract
Aims/hypothesis Diabetes has been related to Alzheimer’s
disease with inconsistent findings. We aimed to clarify the
association of diabetes with different dementing disorders
taking into account glycaemic control, and to explore the
link between glucose dysregulation and neurodegeneration.
Methods A dementia-free cohort (n=1,248) aged ≥75 years
was longitudinally examined to detect dementia, Alzheimer’s
disease and vascular dementia (VaD) cases (Diagnostic and
Statistical Manual of Mental Disorders, revised third edition
[DSM-III-R] criteria). The Alzheimer’s disease diagnoses
were subdivided into Alzheimer’s disease with stroke and
Alzheimer’s disease without hypertension, heart disease and
stroke. Diabetes was ascertained based on medical history, or
hypoglycaemic medication use, or a random blood glucose
level ≥11.0 mmol/l, which included undiagnosed diabetes
when neither a history of diabetes nor hypoglycaemic drugs
use was present. Uncontrolled diabetes was classified as a
random blood glucose level ≥11.0 mmol/l in diabetic
patients. Borderline diabetes was defined as a random blood
glucose level of 7.8–11.0 mmol/l in diabetes-free individuals.
Cox models were used to estimate HRs.
Results During the 9 year follow-up, 420 individuals devel-
oped dementia, including 47 with VaD and 320 with
Alzheimer’s disease (of the 320 Alzheimer’s disease cases,
78 had previous, temporally unrelated stroke, and 137 had no
major vascular comorbidities). Overall diabetes was only

related to VaD (HR 3.21, 95% CI 1.20–8.63). Undiagnosed
diabetes led to an HR of 3.29 (95% CI 1.20–9.01) for
Alzheimer’s disease. Diabetic patients with random blood
glucose levels <7.8 mmol/l showed no increased dementia risk.
Uncontrolled and borderline diabetes were further associated
with Alzheimer’s disease without vascular comorbidities.
Conclusions/interpretation Uncontrolled diabetes increases
the risk of Alzheimer’s disease and VaD. Our findings
suggest a direct link between glucose dysregulation and
neurodegeneration.
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Introduction

Type 2 diabetes currently affects 250 million people
worldwide [1], and about 300 million people with border-
line diabetes are at increased risk of type 2 diabetes [2]. The
global prevalent dementia cases are approximately 29
million, with 4.6 million new cases every year [3].
Population-based longitudinal studies have consistently
reported that diabetes is associated with an increased risk
of dementia, although the relationship between diabetes and
Alzheimer-type dementia is less clear [4–16]. Some of
these studies found that the association is due to an
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increased incidence of vascular dementia (VaD) [6, 8, 16]
or of Alzheimer’s disease [4, 14], and only one study
reported an increased incidence of both VaD and Alz-
heimer’s disease [7]. Neuroimaging data have suggested
that the increased risk of cognitive decline and dementia in
patients with diabetes may be due to dual pathological
processes involving both cerebrovascular damages and
neurodegenerative changes [17].

There is convincing evidence that effective glycaemic
control lowers the risk of several diabetes-related compli-
cations including stroke and neuropathy. A few studies
have reported that diabetes-related cognitive deterioration
may be attenuated by effective glycaemic control [18, 19],
but none studied how the relationship between diabetes and
dementia may be modulated by blood glucose levels.
Diabetes is a known risk factor for vascular disorders,
which, in turn, increase the risk of dementia [20]. Some
studies suggested the mediating role of vascular diseases in
the association of diabetes with impaired cognition or
dementia [21, 22], and other reports showed a synergistic
effect of diabetes and vascular disease on dementia risk
[23–25]. Alternatively, there are mechanisms that may link
diabetes with dementia. However, studies that addressed the
relationship of diabetes with dementia focused on statistical
independence of vascular comorbidities, rather than the
causality of the association, which, from the point of view of
mechanism, is more relevant. We have previously reported the
association of diabetes with an increased risk of VaD [15]. In
the present study, we sought to clarify the relationship of
diabetes with different dementing disorders taking into
account glycaemic control in diabetic patients, and to explore
the possible link between glucose dysregulation and neuro-
degenerative dementia using 9 year follow-up data from the
Kungsholmen project.

Methods

Study population The study population was derived from
the Kungsholmen project, which is a population-based
prospective study on ageing and dementia as fully
described elsewhere [26, 27]. In brief, all registered
inhabitants who were living in the Kungsholmen district
of Stockholm, Sweden, and were aged ≥75 years on
1 October 1987 were initially invited to participate in the
project. At baseline (1987–1989), a two-phase survey
consisting of a screening phase and a clinical phase was
implemented. The screening phase included a health
interview and administration of the Mini-Mental State
Examination (MMSE) for 1,810 (76.4%) participants. In
the clinical phase, all participants who screened positive
(MMSE ≤23) and an age- and sex-stratified random sample
of participants who screened negative (MMSE>23) were

invited to undertake a comprehensive physical, neurologi-
cal and psychiatric examination. During the clinical phase,
110 participants refused and 225 were diagnosed as having
prevalent dementia according to the Diagnostic and
Statistical Manual of Mental Disorders, revised third
edition (DSM-III-R) criteria [28]. Thus, 1,475 participants
were included in the dementia-free cohort. Of them, two
had mental disorders and 172 refused to participate in the
first follow-up examination (1991–1993) or had moved,
and an additional 53 participants had missing baseline
blood glucose data, leaving 1,248 participants for the
current study.

During the first follow-up, 290 people died and 958
underwent clinical assessment. Of the 768 non-demented
participants identified at first follow-up examination, 174
died during the second follow-up, 42 refused to participate
and 552 were further assessed (1994–1996) leading to the
identification of 445 still non-demented individuals. At the
third follow-up examination (1997–1998), of these 445
participants, 103 had died, 311 received a dementia assess-
ment and 31 dropped out due to refusal or moving (Fig. 1).
Medical records and death certificates were available for all
participants who died during the three follow-up periods.

Informed consent was received from all participants or
from informants when the person was cognitively impaired.
The Ethics Committee at the Karolinska Institutet approved
all phases of the Kungsholmen project.

Baseline data collection Data on age, sex and education
were collected from participants at baseline following
standardised protocols [26, 27]. Education was measured
by the maximum years of formal schooling, and was
dichotomised (≥8 vs <8 years) according to our previous
study [29]. Global cognitive functioning was assessed with
the MMSE. Weight and height were measured with a
standard scale in light clothing and with no shoes. BMI was
calculated as weight (kg) divided by height (m) squared.
Arterial BP (i.e. systolic Korotkoff phase I and diastolic
phase V) was measured on the right arm by nurses with the
participant in a sitting position after at least a 5 min rest.
Information on medical history was taken for all partic-
ipants from the inpatient register system, which encom-
passed all hospitals in Stockholm from 1969 onward [30].
The register system recorded up to six disorders that had
been diagnosed during each hospitalisation. The Interna-
tional Classification of Disease, 8th Revision (ICD-8) had
been used by the register system until 1986; since 1987 the
ICD-9th Revision (ICD-9) has been employed (see www.
wolfbane.com/icd/index.html, accessed 23 February 2009).
Medical conditions derived from the inpatient register
database included ischaemic heart disease (ICD-8, -9 codes
410–414), heart failure or left ventricular failure or other
myocardial insufficiency (ICD-8 codes 427 and 428; ICD-9
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code 428.x), atria fibrillation (ICD-8 code 427.9; ICD-9
code 427), stroke (ICD-8, -9 codes 430–438), hypertension
(ICD-8 codes 400–404; ICD-9 codes 401–405) and
diabetes (ICD-8, -9 code 250). Information on medical
drug use for the 2 weeks prior to the baseline interview was
collected from the participants. Medical drugs were coded
according to the Anatomical Therapeutic Chemical (ATC)
classification system [31]. Hypoglycaemic drugs included
hypoglycaemic medications or insulin injection (ATC code
A10). Antihypertensive drugs were defined as all medicines
potentially used for lowering BP (ATC codes C02, C03 and
C07). Genomic DNA was prepared from peripheral blood
samples that were taken at baseline, and apolipoprotein E
gene (APOE) allelic status was determined following a
standard procedure.

Definition of borderline diabetes and diabetes Blood
samples were taken at both the screening and the clinical
phase during the baseline survey, and each follow-up
examination. Random blood glucose was measured using

a glucose oxidase procedure at baseline and first follow-up
examination, and HbA1c assays (normal range 3.0–4.3%)
were carried out using a Mono S HPLC method (Pharmacia,
Uppsala, Sweden) at the second and third follow-up
examinations. Diabetes was identified as being recorded in
the inpatient register system, or use of hypoglycaemic
drugs, or a random blood glucose level ≥11.0 mmol/l at
baseline (or HbA1c level ≥6.4% at second and third follow-
up examination) [15, 32]. The last criterion included all
cases of ‘undiagnosed diabetes’ when neither history of
diabetes nor hypoglycaemic drugs use was present [33].
Overall diabetes was stratified as three subgroups according
to random blood glucose levels of <7.8, 7.8–11.0 and
≥11.0 mmol/l in data analyses. Borderline diabetes was
considered to be present if random blood glucose levels
were 7.8–11.0 mmol/l (or HbA1c levels of 4.3–6.4% at second
and third follow-up) in diabetes-free participants [32, 34].

Diagnosis of incident dementia, Alzheimer’s disease and
VaD At each follow-up, all participants underwent a

1,810 participants (phase I) aged ≥75 years in October 1987

172 dropouts; 53 missing blood glucose value

1,248 dementia-free participants at baseline survey

42 subjects refused or moved

726 dementia-free subjects at the first follow-up 

1,473 non-demented participants identified (phase II)

110 refused 
225 prevalent dementias; 2 mental disorders 

958 examined: 190 dementia  

(150 Alzheimer’s disease)
290 deceased: 22 dementia  

(7 Alzheimer’s disease)  

552 examined: 107 dementia

(82 Alzheimer’s disease)

174 deceased: 17 dementia 

(13 Alzheimer’s disease)

31 subjects refused or moved 

414 dementia-free subjects at the second follow-up 

311 examined: 70 dementia 

(60 Alzheimer’s disease)   

103 deceased: 14 dementia  

(8 Alzheimer’s disease) 

Baseline survey

1987–1989

First follow-up

1991–1993

Third follow-up

1997–1998

Second follow-up

1994–1996 

Fig. 1 Flowchart of the study population in the Kungsholmen Project
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comprehensive clinical examination and cognitive tests.
Cognitive functions were tested by asking for facts of
general knowledge and past personal information (semantic
and episodic memory); by object naming and comprehen-
sion of commands and sentences (language); by problem
solving and interpretation of proverbs (abstract thinking);
by copying figures (visuospatial ability); and by calculation
and solving mathematical problems (calculation). Dementia
was diagnosed on the basis of clinical judgement following
the DSM-III-R criteria, in which a validated three-step
diagnostic procedure was used as previously reported [27].
In brief, two examining physicians independently made a
preliminary diagnosis, and in the case of disagreement, a
third opinion was sought to reach a concordant diagnosis.
The cases fulfilling the DSM-III-R criteria were denomi-
nated ‘clinically definite dementia’, in contrast with a
category of ‘questionable dementia’, which was used when
there was evident memory impairment and dysfunction of a
second cognitive ability was questionable. In this analysis,
we treated both groups as dementia. The diagnosis of
Alzheimer’s disease required gradual onset, progressive
deterioration and lack of any other specific causes of
dementia. The diagnosis of VaD required abrupt onset,
stepwise deterioration, or history of stroke or focal deficits.
Hachinski’s scale was also used to support the differential
diagnosis between Alzheimer’s disease and VaD [35]. Our
diagnostic criteria for Alzheimer’s disease and VaD were
equivalent to probable Alzheimer’s disease according to the
National Institute of Neurological and Communicative
Disorders and Stroke–Alzheimer’s Disease and Related
Disorders Association criteria [36], and to the National
Institute of Neurological Disorders and Stroke-Association
Internationale pour la Recherche et l’Enseignement en
Neurosciences criteria [37]. For the deceased participants,
the diagnosis of dementia and its subtypes was made by
two physicians through reviewing the medical records and
death certificates.

Further, the Alzheimer’s disease diagnoses were subdi-
vided in two groups of Alzheimer’s disease cases with history
of stroke (but not temporally related to dementia onset), and
Alzheimer’s disease cases in the absence of any current or past
vascular diseases (hypertension, cerebrovascular disease,
ischaemic heart diseases, heart failure and atrial fibrillation)
and diagnosed diabetes. Details of the reclassification proce-
dure have been reported elsewhere [38].

Statistical analysis The baseline characteristics of partic-
ipants with borderline diabetes, patients with diabetes, and
participants without either of the conditions were compared
using χ2 tests for categorical variables and one-way
ANOVA for continuous variables. The incidence rates were
calculated as the number of events occurring during the
entire follow-up period divided by person-years of follow-

up. Cox proportional-hazards models were used to estimate
the HRs and 95% CIs of dementia, Alzheimer’s disease and
VaD. For non-demented participants, the follow-up time
was calculated from the date of baseline interview to the
date of the last follow-up examination or death. For the
demented participants, the follow-up time was estimated as
the full time during which the participants were free of
dementia plus half of the follow-up time during which
dementia developed. The proportional-hazards assumption
was confirmed by graphs and tests based on Schoenfeld
residuals. Age, sex, education, baseline MMSE score, BMI,
APOE genotype and vascular disorders (i.e. heart disease,
stroke, antihypertensive drug use and BP) were considered
as potential confounders. As borderline diabetes and
diabetes are related to an elevated mortality, we also
adjusted for survival status at follow-up [34]. All dementia,
VaD, Alzheimer’s disease, Alzheimer’s disease with stroke
and Alzheimer’s disease without major vascular comorbid-
ities and death were used as separate outcomes in the Cox
regression analyses. In secondary analyses we modelled
diabetes as a time-dependent covariate. The statistical
analyses were performed using Stata SE 10 for Windows
(Stata-Corp, College Station, TX, USA).

Results

At baseline, 75 (6.2%) and 47 (4.0%) of the 1,248
dementia-free participants were identified as having diabe-
tes and borderline diabetes, respectively. The prevalence of
diabetes in this population was comparable with the
prevalence in a elderly Swedish population in 1987 [39].
Demographic and baseline characteristics of participants
with borderline diabetes or diabetes and participants
without these conditions are compared in Table 1. Of the
75 patients with diabetes, 64 (85.3%) were registered as
having diabetes in the inpatient registry or reported use of
hypoglycaemic drugs and 11 (14.7%) were detected as
having undiagnosed diabetes. Among the 64 participants
with diagnosed diabetes, 42 (65.6%) had blood glucose
levels ≥11.0 mmol/l. The modality of detection, treatment
and blood glucose levels in participants with diabetes and
borderline diabetes are reported in Table 2.

During a 9 year follow-up (6,328 person-years; mean per
person=5.1 years; maximum=10.5 years) period, 420
participants were diagnosed with dementia, including 320
with Alzheimer’s disease and 47 with VaD. Among the 320
Alzheimer’s disease cases, 78 had previous, temporally
unrelated stroke, and 137 had no major vascular comorbid-
ities. Using either the standard or the time-dependent Cox
models, we found that overall diabetes was associated with
an increased risk of VaD, and borderline diabetes was
related to increased risk of dementia and Alzheimer’s
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disease after controlling for possible confounders and
vascular disease (Table 3). We further performed stratified
analysis by subgrouping patients with diabetes according to
levels of random blood glucose and diagnostic status.
Compared with the reference group, patients with undiag-
nosed diabetes had a substantially increased risk of
dementia, Alzheimer’s disease and VaD after controlling
for vascular disorders and other confounders. However,
diabetic patients with random blood glucose levels
<7.8 mmol/l showed no increased risk of developing
dementia, Alzheimer’s disease and VaD.

Table 4 shows the basic-adjusted and the multi-adjusted
HRs of Alzheimer’s disease with stroke and Alzheimer’s
disease without major vascular comorbidities in relation to

borderline diabetes and undiagnosed diabetes. Borderline
and undiagnosed diabetes were further related to an
increased incidence of Alzheimer’s disease without vascu-
lar comorbidities.

During the 9 year follow-up, 71 (58.2%) participants
with either borderline diabetes or diabetes died. Cox
regression analysis showed that borderline diabetes and
diabetes were associated with elevated mortality (HR 1.50,
95% CI 1.07–2.14). In the supplementary analyses, similar
results were obtained when we used only the second
follow-up data (i.e. the dementia-free cohort that was
identified at the first follow-up examination, n=726, 124
dementia cases, 94 Alzheimer’s disease cases), and when
we repeated the analyses among participants who survived

Table 1 Baseline characteristics of the study population (n=1,248) by borderline diabetes and diabetes

Characteristics Participants p value

Normal (n=1,126) Borderline diabetes (n=47) Diabetes (n=75)

Age (years) 81.4 (4.9) 82.2 (5.2) 81.6 (5.2) 0.549

Women, n (%) 844 (75.0) 37 (78.7) 51 (68.0) 0.329

Educational level ≥8 years, n (%) 471 (41.8) 19 (40.4) 22 (29.3) 0.103

MMSEa score 26.7 (2.7) 25.9 (2.3) 26.1 (2.8) 0.024

Heart disease, n (%) 171 (15.2) 6 (12.8) 31 (41.3) <0.001

Stroke, n (%) 134 (11.9) 2 (4.3) 11 (14.7) 0.204

SBP (mmHg) 155.5 (21.2) 152.0 (18.6) 160.7 (25.9) 0.065

DBP (mmHg) 81.4 (10.8) 76.3 (9.6) 79.4 (9.1) 0.003

Antihypertensive drug use, n (%) 488 (43.3) 20 (42.6) 47 (62.7) 0.005

Blood glucose (mmol/l) 5.1 (9.4) 8.7 (8.1) 11.7 (4.6) <0.001

Any APOE ε4 allele, n (%)

No 615 (54.6) 26 (55.3) 45 (60.0)

Yes 257 (22.8) 6 (12.8) 10 (13.3)

Missing 254 (22.6) 15 (31.9) 20 (26.7) 0.123

BMI (kg/m2), n (%)

<25 664 (59.0) 29 (61.7) 37 (49.3)

25–29.99 272 (24.2) 11 (23.4) 23 (28.0)

≥30 52 (4.6) 2 (4.3) 5 (6.7)

Missing 138 (12.3) 5 (10.6) 12 (16) 0.782

Values are means (SD) unless indicated otherwise
a The MMSE score ranged from 0 (worst) to 30 (best)

DBP, diastolic BP; SBP, systolic BP

Modality of treatment No. of patients Blood glucose levels (mmol/l), n (%)

<7.8 7.8–11.0 ≥11.0

Oral hypoglycaemic drugs 41 6 (14.6) 13 (31.7) 22 (53.7)

Insulin with or without oral drugs 4 – – 4 (100.0)

No treatment 19 9 (47.4) 5 (26.3) 5 (26.3)

Undiagnosed diabetes 11 – – 11 (100.0)

Table 2 Patients with diabetes
(n=75) by modality of treatment
and random blood glucose
levels (mmol/l)
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until the time when dementia status was determined
(n=680, 367 dementia, 292 Alzheimer’s disease and 36
VaD cases). Further, we performed the analyses by leaving
out the 289 participants with missing values of APOE
genotype or BMI, which produced results that were much
the same as those from the initial analysis. Finally, exclusion
of those with ‘questionable dementia’ from the analysis did
not substantially alter the initial results (data not shown).

Discussion

In this long-term prospective study of a community-based
cohort of elderly adults, we found that: (1) overall diabetes
in general increased the risk of VaD only when glycaemic
control was not taken into account in diabetic patients;

(2) uncontrolled diabetes was associated with an increased
risk of both vascular and degenerative dementia; and
(3) borderline diabetes was associated with Alzheimer’s
disease, and further with the subgroup of Alzheimer’s
disease without major vascular comorbidities. These findings
suggest that the detrimental effect of diabetes on dementia
might be alleviated by effective control of blood glucose, and
that glucose dysregulation may be involved in neurodegen-
erative processes.

The main strengths of our study are the community-
based cohort, the long-term prospective study design, the
comprehensive procedure for dementia diagnosis, the
assessment of diabetes at baseline and each follow-up
examination, the evaluation of the effect of diabetes on
dementia risk taking into account glycaemic control in
patients with diabetes, and the identification of Alzheimer’s

Table 3 Risk of dementia, Alzheimer’s disease and VaD related to borderline diabetes and diabetes by blood glucose levels

Exposure status All dementias (n=420) Alzheimer’s disease (n=320) VaD (n=47)

Model 1a Model 2b Model 1a Model 2b Model 1a Model 2b

Normal 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

Borderline diabetes 1.46 (1.01–1.93) 1.77 (1.10–2.84) 1.29 (1.03–1.88) 1.87 (1.11–3.14) – –

Time-dependent 1.41(1.03–1.93) 1.81 (1.06–3.03) 1.65 (1.06–3.87) 1.92 (1.05–3.46) – –

Diabetes 1.37 (0.92–2.06) 1.37 (0.88–2.12) 1.04 (0.61–1.79) 1.19 (0.68–2.12) 2.64 (1.12–6.26) 3.21 (1.20–8.63)

<7.8 mmol/l 0.83 (0.26–2.16) 0.68 (0.22–2.16) 0.41 (0.06–2.94) 0.34 (0.05–2.43) – –

7.8–11.0 mmol/l 1.18 (0.51–2.71) 0.87 (0.54–2.66) 1.26 (0.45–3.52) 1.26 (0.46–3.62) 1.50 (0.35–23.50) 2.88 (0.35–23.50)

≥11.0 mmol/l

Diagnosed 1.52 (0.68–2.85) 1.43 (0.70–2.94) 1.06 (0.53–2.15) 1.08 (0.40–2.95) 3.03 (1.03–9.83) 3.61 (1.02–12.89)

Undiagnosed 2.82 (1.25–6.33) 3.37 (1.48–7.68) 2.86 (1.06–7.71) 3.29 (1.20–9.01) 8.08 (1.93–13.83) 10.21 (3.33–14.85)

Time-dependent 1.19 (0.88–2.33) 1.22 (0.81–2.43) 1.06 (0.67–1.88) 1.07 (0.59–2.33) 3.02 (1.09–7.89) 2.99 (1.11–8.90)

Values are HR (95% CI)
a Adjusted for age, sex and education

Ref., reference
b Adjusted for age, sex, education, baseline MMSE score, APOE genotype, follow-up survival status, BMI, heart disease, stroke, systolic BP,
diastolic BP and antihypertensive drug use

Table 4 Risk of Alzheimer’s disease with stroke, and Alzheimer’s disease without hypertension, heart disease and stroke by borderline diabetes
and undiagnosed diabetes

Exposure status With stroke (n=78) Without vascular comorbidities (n=137)

Model 1a Model 2b Model 1a Model 2b

Normal 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)

Borderline diabetes 1.30 (0.41–4.13) 1.93 (0.59–6.28) 2.94 (1.35–6.39) 2.85 (1.29–6.30)

Undiagnosed diabetes 3.67 (0.51–26.71) 3.75 (0.48–4.55) 2.92 (1.09–13.41) 4.74 (1.08–18.46)

Values are HR (95% CI)
a Adjusted for age, sex and education
b Adjusted for age, sex, education, baseline MMSE score, APOE genotype, follow-up survival status, BMI, systolic BP and diastolic BP

Ref., reference
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disease without vascular disease. However, some limita-
tions need to be pointed out. First, we used random blood
glucose at baseline and first follow-up examination. As the
receiver operating curve is 0.75 (0.49–0.80) for detecting
undiagnosed diabetes using random blood glucose [27],
patients with impaired glucose tolerance might have been
misclassified as non-diabetes and non-borderline diabetes
groups, which would bias the results of our overall and
subgroup analyses towards the null hypothesis. Second, the
statistical power was limited for these stratified analyses
due to the small number of diabetic patients in each
subgroup. Even so, we found a significant association
between undiagnosed diabetes and Alzheimer’s disease. In
this regard, the statistical power may not be a problem.
Third, the Kungsholmen project is based on a community-
based cohort of very old ages (mean age was 82 years at
baseline). The dropouts from screening phase to third
follow-up examination were mainly due to death, refusal
and moving from the area. In fact, after excluding those
who died, the rate of participation at each phase varied
between 85% and 94% [40]. However, both diabetes and
dementia are associated with an elevated mortality, which
would probably lead to an underestimation of the strength
of the diabetes–dementia association due to selective
survival. Therefore, caution is required when generalising
our findings to younger populations. Fourth, we were
unable to examine the role of insulin resistance in the
association of diabetes with dementia due to absence of
blood insulin measurements in our study. Finally, the
diagnoses of Alzheimer’s disease and VaD were made on
a clinical basis. However, the clinical assessment for
dementia was comprehensive and precise in our study,
and the proportion of Alzheimer’s disease without major
vascular comorbidities in all Alzheimer’s disease cases in
our study is similar to the reports from a pathological study
[41]. Even if neuroimaging is available, these data may help
to detect vascular lesions in the brain, but cannot determine
the significance of these lesions, as coexistence of
Alzheimer’s disease pathological change and vascular
lesions in the brain is fairly common in the elderly [42].

Over the last decade, many population-based studies
have reported a relationship between diabetes and dementia
with some inconsistent findings. In fact, some longitudinal
studies reported an association between diabetes and
Alzheimer’s disease [4, 7, 11, 25, 43] or observed such an
association only in specific subgroups [12, 13, 15], but
others did not [5, 6, 8]. We found that well-controlled
diabetes (diabetes with random blood glucose <7.8 mmol/l)
was not significantly related to dementia risk. However,
uncontrolled diabetes did not predispose to any type of
dementia and was associated with increased risk of both
Alzheimer’s disease and VaD. Our findings may contribute
to explain the controversial results among previous studies

that addressed the association between diabetes and
dementia without taking into account blood glucose control
and diagnostic status in diabetic patients.

Diabetes is closely associated with vascular diseases,
which may act as confounders or mediators in the association
between diabetes and dementia. It is indeed likely that
vascular disease can serve as both an independent risk factor
and as a mediator in the association between diabetes and
dementia. We previously reported that diabetes is associated
with an increased risk of dementia and VaD [15], and
borderline diabetes increased the risk of Alzheimer’s disease,
independently of vascular disease [34]. In the present study,
to further examine the role of vascular comorbidities in the
association between diabetes and Alzheimer’s disease, a
subgroup having Alzheimer’s disease without major vascular
comorbidities was identified after exclusion of Alzheimer’s
disease cases with comorbid vascular disorder. We found that
borderline diabetes and undiagnosed diabetes were associat-
ed with an increased incidence of Alzheimer’s disease
without major vascular comorbidities, suggesting a direct
link between glucose dysregulation and neurodegeneration.
However, the relationship of diabetic patients with blood
glucose levels of 7.8–11.0 mmol/l and dementia risk was not
statistically significant and seemed to be less strong than the
association of borderline diabetes with dementia. The
possible explanations might be that: (1) the statistical power
was limited to the stratified analyses due to the small number
of diabetic patients in this subgroup (n=18); (2) diabetic
patients were aware of the disease situation and might have
modified their lifestyle, but participants with borderline
diabetes were not; and (3) insulin resistance in people with
borderline diabetes might be stronger than in diabetic
patients. Clinical and epidemiological studies have revealed
that hyperinsulinaemia or insulin resistance is one of the
suggested mechanisms to explain the increased risk of
Alzheimer’s disease in diabetic patients [44].

Neuroimaging studies have demonstrated the relation-
ship of diabetes with cerebral atrophy, including cortical
and subcortical atrophy, and to medial temporal lobe
atrophy specifically [17]. Several possible mechanisms
can explain the effect of glucose deregulation on neuro-
degeneration. First, hyperglycaemia has toxic effect as it
can lead to slowly progressive functional and structural
abnormalities in the brain [45]. Chronic hyperglycaemia
could be one of the determinants of cognitive changes due
to the accumulation of AGE, oxidative stress and cerebral
microvascular and macrovascular atherosclerotic disease
[46]. The glucose-mediated effects on cognition and brain
structure might accelerate brain ageing. In addition,
neurotoxic AGE caused by hyperglycaemia may contribute
to the formation of neurofibrillary tangles and neuritic
plaques [47]. Second, insulin resistance, especially in early-
stage diabetes, is associated with compensatory hyperinsuli-
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naemia. Alteration in insulin could affect amyloid metabolism
by changes of insulin in the brain and its receptor. Insulin
appears to stimulate beta-amyloid peptide secretion and
inhibit the extracellular degradation of beta-amyloid by
competition for insulin-degrading enzyme (IDE) [48]. Insulin
signalling defects may increase hyperphosphorylation of tau
protein, which can lead to neurofibrillary tangles [47]. Third,
inflammatory markers, including C-reactive protein, IL-6
and TNF-α1 are associated with diabetes and also contribute
to the development of Alzheimer’s disease [49]. Finally,
several genetic studies have shown that chromosome 10
contains the genes for IDE and potentially the genes for both
late-onset Alzheimer’s disease and type 2 diabetes [44]. IDE
has been demonstrated to degrade insulin and beta-amyloid,
and to inhibit formation and cytotoxicity of islet amyloid
polypeptide oligomer, a protein coexpressed and secreted
with insulin by beta cells. There may be shared predisposi-
tion for developing islet amyloid in patients with diabetes
and brain amyloid in those with Alzheimer’s disease. A
population-based clinicopathological study has shown the
possible link between neurodegenerative processes that lead
to loss of cortical brain cells in Alzheimer’s disease and the
loss of beta cells in type 2 diabetes [50].

In conclusion, our results show that uncontrolled diabetes
is associated with increased risk of dementia including
vascular and degenerative dementia. The detrimental effect
of diabetes on dementia might be alleviated by effective
control of blood glucose. The findings that borderline and
undiagnosed diabetes are further related to Alzheimer’s
disease without vascular comorbidities suggest a direct link
between glucose dysregulation and neurodegeneration.
Further large, population-based cohort studies that include
detailed assessment of cognition, preferably in combination
with neuroimaging, and diabetes-related factors (such as
diabetes duration, the effect of diabetes treatment on blood
glucose level and the measurement of blood insulin) as well
as comorbid conditions are required.
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