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Abstract
Aims/hypothesis There is evidence that type 2 diabetes
mellitus is associated with cognitive impairment. Most
studies investigating this association have evaluated elderly
individuals, after many years of diabetes, who generally
have poor glycaemic control and significant vascular
disease. The aim of the current study was to investigate
the early cognitive consequences and associated brain
correlates of type 2 diabetes.
Materials and methods With regard to cognition and brain
measures, we compared 23 age-, sex- and education-
matched control subjects with 23 mostly middle-aged
individuals with relatively well-controlled diabetes of less
than 10 years from the time of diagnosis.
Results We found deficits in hippocampal-based memory
performance and preservation of other cognitive domains.
Relative to control subjects, individuals with diabetes had
reductions in brain volumes that were restricted to the
hippocampus. There was an inverse relationship between
glycaemic control and hippocampal volume; in multivariate

regression analysis, HbA1c was the only significant predic-
tor of hippocampal volume, accounting for 33% of the
observed variance. Other variables commonly associated
with type 2 diabetes, such as elevated BMI, hypertension or
dyslipidaemia, did not independently contribute to the
variance in hippocampal volume.
Conclusions/interpretation These results suggest that the
medial temporal lobe may be the first brain site affected by
type 2 diabetes and that individuals in poorer metabolic
control may be affected to a greater extent.
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Abbreviations
CSF cerebrospinal fluid
FOV field of view
ICV intracranial vault volume
MIDAS Multimodal Image Data Analysis System
MRI magnetic resonance imaging
NCEP National Cholesterol Education Program
ROI regions of interest
VBM voxel-based morphometry
WMH white matter hyperintensity
WMS–R Wechsler Memory Scale–Revised

Introduction

The number of Americans with type 2 diabetes has been
rising in parallel with the increasing prevalence of obesity
[1]. There is accumulating evidence that diabetes, in
addition to increasing the risk of cardiovascular disease,
stroke and kidney failure, may also adversely affect brain
function independently from atherosclerotic disease. To
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date, numerous studies have demonstrated that type 2
diabetes is associated with cognitive deficits (for example
[2–5]).

In line with the growing literature demonstrating
cognitive impairments, evidence suggests that type 2
diabetes is associated with damage to the brain. A few
studies employing in vivo brain imaging have reported
‘accelerated brain ageing’ in patients with diabetes (for
example [4, 6]). In addition, among individuals with type
2 diabetes, reductions in cognitive functioning have been
reported to be associated with white matter lesions,
atrophy and the presence of infarcts [4]. However, it
should be noted that these researchers used qualitative
ratings. Investigators studying cases from a large epide-
miological sample have shown that, relative to non-
diabetic control subjects, elderly (average age 77.8 years)
individuals with type 2 diabetes exhibit reductions in
hippocampal and amygdalar volumes [7]; however, no
neuropsychological data were reported in this sample. A
moderately elevated risk of hippocampal atrophy (odds
ratio 1.7, 95% CI 0.9–2.9) has been demonstrated among
very old men with type 2 diabetes [8], but it should be
noted that this study included individuals with dementia,
Alzheimer’s disease, strokes, lacunes and high rates of
white matter disease.

Cognitive problems associated with the disease have
traditionally been assumed to be due to atherosclerosis [9,
10], since type 2 diabetes is often linked to peripheral
vascular disease (for example [11]) and dyslipidaemia (for
example [12–14]). These diabetes-associated factors appear
to influence the brain even in healthy individuals. For
example, obesity has been related to cognitive problems
[15] and age-associated brain atrophy [16]. Similarly,
hypertension has been associated with global or frontal
atrophy [17] and cognitive dysfunction [18].

Diabetes itself may directly affect the brain. For
example, improvements in diabetes control have been
associated with improvements in cognitive functioning
[19, 20]. In addition, deficits in learning and memory have
also been described among non-diabetic individuals with
insulin resistance (for example [21, 22]), even after
accounting for the possible effects of atherosclerosis [23].

The aim of the present study was to examine individ-
uals who, as a group, had been diagnosed with diabetes
fewer than 10 years previously, and had fairly good
glycaemic control. Subjects in this sample were free of
obvious vascular disease and were, on average, 60 years
of age, and had therefore not yet entered the years of
increased risk for cognitive impairment from sporadic
Alzheimer’s disease. We investigated the impact of type 2
diabetes and overall glycaemic control (HbA1c levels) on
the brain, and assessed whether obesity, dyslipidaemia and
hypertension modify these associations.

Subjects and methods

Subjects

The participants represent a sample of convenience,
consisting of consecutive cases evaluated as part of a
federally sponsored study. Individuals with diabetes were
referred by endocrinologists or responded to advertise-
ments on the internet or in local periodicals. Control
subjects were selected from our ongoing normal ageing
studies. Participants were between 45 and 70 years of age,
and had completed a minimum of 12 years of education.
Study subjects underwent medical, endocrine, neurologi-
cal, psychiatric, neuropsychological and brain magnetic
resonance imaging evaluations. All participants gave
informed written consent, and the study was approved by
the local institutional board of research associates.

Participants with type 2 diabetes mellitus We evaluated 23
consecutive individuals with one of the following: a
fasting blood glucose level >6.94 mmol/l; a 2 h glucose
level >11.1 mmol/l during an OGTT; or a prior diagnosis
of type 2 diabetes. To avoid the possible confounding
effects of hypoglycaemic episodes, we excluded individ-
uals treated with insulin or insulin secretagogues. In
addition, given that microvascular insufficiency can be
present in type 2 diabetes, we assessed postural colour
changes in the lower extremities as part of our clinical
screening. None of our study participants had clinical
findings consistent with gross microvascular insufficiency.
However, patients were not tested for the presence of
subclinical diabetic retinopathy.

Control subjects Twenty-three healthy control subjects
were selected who matched the participants with type 2
diabetes in terms of age, education and sex. Selection of
subjects was made blind with regard to their cognitive and
MRI evaluations. Individuals were selected as control
subjects if their fasting glucose and fasting insulin values
were <5.55 mmol/l and <104.18 pmol/l, respectively. It was
not possible to identify control subjects who matched our
diabetic subjects with regard to BMI and who did not have
elevated fasting insulin levels, thus providing evidence of
insulin resistance.

Neuropsychological and psychiatric assessment

Recent memory was assessed with the California Verbal
Learning Test (short and long delay scores) [24]. The whole
Wechsler Memory Scale–Revised (WMS–R) [25] was
administered, from which the general and delayed indices
were used. Because of their learning component, we also
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administered the Immediate and Delayed Paragraph Recall
subtests from the Guild Memory Test [26].

Working memory was tested using the Digit Span
Backward subtest from the WMS–R. Attention was
assessed with the Perceptual Speed Test (a cancellation
task) and the Digit Symbol Substitution Test (DSST). The
ability to monitor and inhibit responses (one aspect of
executive function) was measured using the interference
score of the Stroop task [27]. A measure of general
intellectual functioning was assessed using the Shipley
Institute of Living Scale [28]; scores on this scale were used
to estimate IQ scores [29].

Exclusion criteria

All participants completed the National Institute of Mental
Health Quick Diagnostic Interview Schedule screening
version [30]. Evidence of neurological, medical (other than
diabetes, dyslipidaemia or hypertension), or psychiatric
(including alcohol or other substance abuse or depression)
signs and symptoms that allowed for a diagnosis to be
made excluded individuals from participation in the study.
Depression was further evaluated using the Hamilton
Depression Scale [31].

All subjects were screened using the Rosen modification
of the Hachinski ischaemia scale [32]. The scale includes
items such as history of hypertension, history of stroke,
focal neurological symptoms and focal neurological signs.
The maximum score is 12, and we excluded any subject
with a total score of >3. Another exclusion criterion was the
presence of silent strokes on the MRI.

Measurement of BP, fasting glucose and HbA1c

Sitting BP was measured during one of the visits to our
facility. The BP reading was performed at 08.30 h, some
30 min after the subject arrived. We assessed fasting
glucose and HbA1c plasma levels only once during the
study; we had no access to longitudinal HbA1c levels.
Plasma glucose was measured using a glucose oxidase
method (VITROS 950 AT; Amersham, Bucks, UK) and
HbA1c using an automated HPLC method (Tosoh Corpo-
ration, Kanagawa, Japan) certified by the National Glyco-
hemoglobin Standardization Program.

Magnetic resonance imaging data acquisition and analyses

All cases were blinded for the MRI analyses; raters were
unaware of subject identity or group membership. We
conducted three types of MRI analyses: white matter
pathology was rated; hypotheses-driven volumetric analyses
were performed; and, to ensure that we did not miss any
potential group differences that we had not hypothesised, a

complete brain group comparison was performed using
voxel-based morphometry (VBM) analyses (see below for
details).

Rating of white matter hyperintensities Fast fluid-attenuat-
ed inversion recovery images (TR 9,000 ms, TE 110 ms, TI
2,500 ms, acquisition matrix 154×256, field of view [FOV]
160×210 mm, 20 slices, slice thickness 5 mm, no gaps,
NEX 1, acquisition time 2 min 15 s) were used to rule out
primary neurological disease and to quantify white matter
disease. We carried out a semiquantitative assessment of
white matter hyperintensities (WMHs) using the modified
Fazekas scale [33, 34], which assigns scores ranging from
0 to 3 for periventricular hyperintensities and deep
WMHs. No fluid-attenuated inversion recovery (FLAIR)
scans were available for one subject with diabetes and
three control subjects.

Volumetric analysis of the MRI data For the brain measure-
ments, a three-dimensional coronal T1-weighted spoiled
gradient recalled sequence (TR 30 ms, TE 2 ms, 124
slices, slice thickness 1.5 mm, no gap, FOV 250×250 mm,
matrix 256×128, flip angle 60°) was obtained. This was
used to create reformatted images with adequate grey–
white matter contrast in order to accurately determine the
regional volumes and conduct the voxel-based morphom-
etry analyses (see below).

Regions of interest (ROI) were drawn on reformatted
coronal images in the pathological angle using the locally
developed Multimodal Image Data Analysis System
(MIDAS) software. We outlined individual temporal and
frontal lobe structures using our published highly reliable
(all inter-rater intra-class correlation coefficients >0.94)
parcellation methods [35, 36], briefly outlined below.

1. Hippocampal volume. The hippocampal volume was
measured using standardised boundaries [37]. We have
validated the hippocampal volumes so derived using
post-mortem MRI evaluations [38], and the volumes
we obtain are similar to those reported by other
investigators [39]. Our image analysis software,
MIDAS, allows the simultaneous display of orthogo-
nal views, which makes it easier to identify hippo-
campus-amygdalar boundaries.

2. Superior temporal gyrus. As a medial border, the
superior temporal gyrus has a line joining a reference
point in the middle of the temporal horn to the most
medial and inferior extension of the Sylvian fissure [35].
The superior margin of this gyrus is the Sylvian fissure.
The inferior border is the superior temporal sulcus.

3. Prefrontal region. We used our frontal lobe parcellation
method [36] to delineate the prefrontal region. The
prefrontal region is bounded anteriorly by the cingulate
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sulcus and posteriorly by the anterior margin of the
supplementary motor cortex. By applying a thresh-
olding procedure to the cerebrospinal fluid (CSF)
portion of this frontal intracranial volume, we estimated
the degree of frontal atrophy.

4. Cerebral vault size. To adjust for individual differences
in ‘premorbid’ brain size and to obtain a measure of
overall (global) atrophy, we obtained an intracranial
vault volume (ICV) of the supratentorial compartment
by following the margins of the dura and tentorium. This
estimate of ‘premorbid’ brain size is used to account for
the variability in overall brain size, which may in turn
impact on the size of the brain structures of interest. We
used a thresholding procedure to estimate the CSF
portion of this intracranial vault volume, which was
then used as a measure of global atrophy.

5. ‘Premorbid’ brain size correction. Several methods
have been used to adjust for individual differences in
‘premorbid’ brain size, including the computation of
ratios or the use of regression to obtain residualised
volumes. A recent review [40] reports that the use of
ratios can lead to spurious correlations. Consequently,
to adjust for individual differences in ‘premorbid’
brain size, we residualised all brain volumes to the
ICV using regression analyses and then used the
residualised volumes in the subsequent statistical
analyses. Similarly, the measure of global atrophy,
the CSF volume within the intracranial vault, was also
residualised to ICV. The prefrontal atrophy measure
was obtained by residualising prefrontal CSF to
prefrontal intracranial volume. For ease of reference
and to allow the comparison of our results to those of
other published studies, we also report raw values for
all the brain measures in the results section.

Voxel-based morphometry To ensure that our hypothesis-
driven manual tracing approach did not miss important
group differences in unexpected brain regions, we also ran
an automated VBM survey of the brain. VBM analysis was
performed with Statistical Parametric Mapping 2 (SPM2)
software (Wellcome Department of Imaging Neuroscience,
London, UK) on a Windows-based computer. The proce-
dure developed by Good et al. [41] was employed using the
default settings.

Statistical analyses

Two-tailed, independent Student’s t tests were used to test
for between-group differences in demographic variables
and other group descriptors. The χ2 test or Fisher’s exact
tests were used for nominal variables, as appropriate.

Group differences in cognitive functions were assessed
using univariate ANCOVAs with diabetes (yes/no) as a

fixed factor and IQ as a covariate. This allowed us to test for
cognitive differences independent of overall intelligence.

We tested for group differences in white matter pathol-
ogy using χ2 tests for the modified Fazekas scale scores.
We examined group differences in regional brain volumes
using univariate ANOVAs. As described above, residual-
ised brain measures were used for all the statistical analyses
involving brain variables.

To investigate the contribution of abnormalities in
metabolic parameters typically associated with diabetes
(HbA1c, BMI, BP and lipid profiles) on the hypothesised
brain differences, we used a multiple regression approach,
entering all predictors in a single step. As expected, some
subjects in the study were taking medication for the
treatment of hypertension or dyslipidaemia. Therefore,
we computed dichotomised variables based on the recom-
mendations from the National Cholesterol Education
Program (NCEP) guidelines [42]. A subject was thus
categorised as hypertensive if he/she received anti-
hypertensive treatment (see Table 1) or had a BP above
the NCEP cut-off value (systolic BP ≥130 mmHg or
diastolic BP ≥85 mmHg). Similarly, a participant was
considered dyslipidaemic if he/she was receiving statin
treatment or had lipid levels above the NCEP cut-off
values (HDL-cholesterol ≤1.04 mmol/l for men,
≤1.30 mmol/l for women, or triacylglycerol ≥1.7 mmol/
l). BMI, HbA1c, dyslipidemia (yes/no) and hypertension
(yes/no) were then simultaneously entered into a regres-
sion model.

The data were analysed using the Statistical Program
for Social Sciences (SPSS) version 13.0 (SPSS, Chicago,
IL, USA). A p value of less than 0.05 was considered
significant. All values are given as means ± standard
deviation (SD).

Results

Subject groups were well matched in terms of age, sex and
education, as illustrated in Table 1. As expected, subjects
with diabetes had significantly higher fasting glucose and
insulin, HbA1c and BMI, and higher rates of dyslipidaemia
and treatment for hypertension. Hamilton depression scores
(out of a possible maximum score of 63) were very low
(average diabetic patient 3.5±2.8; average control subject
2.3±2.5, both of which are well below the clinical cut-off
value of 12). Furthermore, Hamilton scores did not
correlate with either brain measures or cognition.

Neuropsychological measures

Although both groups had overall intellectual functioning
within the average normal range (Table 1), we found
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significant differences in terms of estimated IQ. IQ can
affect other cognitive performance, therefore, for complete-
ness, we analysed group differences in the cognitive
domains of interest while controlling for IQ. Prior to
controlling for IQ, patients with type 2 diabetes had
significantly lower scores on all measures of recent
(declarative) memory relative to control subjects. The
cognitive differences between groups were restricted to
recent memory. After IQ adjustment, most of those
significant differences remained (Table 2). Groups did not
differ (before or after IQ adjustment) on measures of
working memory (Digit Span Backward subtest from the
WMS–R), executive function (Stroop interference task) or
attention (Perceptual Speed, DSST or WMS–R Attention
Index).

There were no significant associations between diabetes-
related variables, such as HbA1c, and the cognitive
variables when the diabetic and control groups were
analysed separately.

Brain volumes: between-group analyses

Ratings of WMHs showed infrequent abnormalities overall
and no significant group differences for periventricular
WMHs (diabetic subjects: score 0, n=3; score 1: n=17,
score 2: n=1, score 3: n=1; control subjects: score 0: n=4,
score 1: n=15, score 2: n=1, score 3: n=0; χ2=1.2,
p=0.76) or deep WMHs (diabetic subjects: score 0: n=9,
score 1: n=9, score 2: n=4, score 3: n=0; control subjects:
score 0: n=9, score 1: n=7, score 2: n=4, score 3: n=0;
χ2=0.2, p=0.93).

Voxel-based morphometry (VBM) analysis showed no
significant group differences in brain areas outside the

hypothesised regions (p>0.05 for all regions, corrected for
multiple comparisons). Because of the smoothing used by
VBM, we had not anticipated to be able to detect subtle
group differences in small brain areas such as the
hippocampus with this method. However, using the
hypothesis-driven and sensitive manual tracing approach,
we detected that patients with type 2 diabetes had
significantly smaller hippocampal volumes than the
control group (Table 3). No significant differences were
observed in global atrophy or volumes of frontal or other
temporal regions.

While all correlations of hippocampal volumes and
memory tests were positive, none of them reached statisti-
cal significance; the Immediate Paragraph score of the
Guild Memory Test (r=0.25, p=0.089) and the WMS–R
Delayed Index (r=0.28, p=0.058) showed trends.

Associations of hippocampal atrophy and diabetes-related
variables

To determine if the observed differences in hippocampal
volume were due to non-specific risk factors such as
hypertension, dyslipidaemia or obesity, we employed a
multiple regression approach.

The regression analysis yielded a significant model
(R=0.63, adjusted R2=0.33, F=6.4, p<0.001) accounting
for 33% of variance in hippocampal volume. The only
significant predictor in this model was HbA1c (standardised
β=−0.49, t=−2.9, p<0.01) while BMI (standardised β=
−0.18, t=−1.0, p=0.33), hypertension (standardised β=
−0.03, t=−0.19, p=0.85), and dyslipidaemia (standardised
β=0.01, t=0.05, p=0.96) did not significantly contribute to
the explained variance. The inverse bivariate association

Table 1 Descriptive character-
istics of individuals with type 2
diabetes and control subjects

NA Not applicable
a Individuals with diabetes
were more likely to be treated
for high cholesterol and/or
hypertension (HTN)

Type 2 diabetic subjects
(n=23)

Control subjects
(n=23)

p value

Age (years) 59.2±8.4 59.9±8.6 0.68
Education (years) 15.6±2.3 15.9±1.9 0.87
Sex (male/female) 11/12 11/12 0.99
Estimated IQ 107.5±10.8 114.7±5.7 0.01
BMI (km/m2) 31.8±5.8 24.3±2.9 0.001
Systolic BP (mmHg)a 126.6±34.3 109.7±40.5 0.13
Diastolic BP (mmHg)a 74.0±21.5 68.1±26.2 0.40
HTN treatment (yes/no) 14/9 3/20 0.002
Cholesterol (mmol/l)a 4.48±0.80 4.90±0.87 0.10
LDL-cholesterol (mmol/l)a 2.59±0.79 2.97±0.86 0.13
HDL-cholesterol (mmol/l)a 1.12±0.27 1.47±0.36 0.001
Statin treatment (yes/no) 11/12 4/19 0.06
Triacylglycerol (mmol/l) 1.34±0.36 0.88±0.09 0.006
HbA1c (%) 6.9±0.8 5.1±0.4 0.001
Fasting glucose (mmol/l) 6.74±1.84 4.45±0.45 0.001
Fasting insulin (pmol/l) 82.65±51.39 34.73±8.33 0.001
Time from diagnosis of diabetes (years) 6.0±6.3 N/A N/A
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between hippocampal volume and HbA1c is illustrated in
Fig. 1. The association between hippocampal volume and
HbA1c was also significant within the diabetic group when
considered alone (r=−0.44, p=0.04; data not shown).

Discussion

Our data show that middle-aged individuals with well-
controlled type 2 diabetes have clear deficits in hippocam-
pal-based (recent or declarative) memory and selective
MRI-based atrophy of the hippocampus relative to matched
control subjects. Using MRI images of post-mortem brains
prior to histological section, we validated our hippocampal
volumes by demonstrating that MRI-based hippocampal
volumes were equivalent to histological volumes and that
the volumes reflected actual neuronal counts [38]. There-
fore, the reductions in hippocampal volume we report here
among individuals with well-controlled type 2 diabetes may
represent neuronal losses in this structure.

We are not aware of any study that has assessed both
cognitive functioning and regional brain volumes in
individuals with type 2 diabetes. To relate cognition with
general brain MRI abnormalities, investigators recently

assessed brain atrophy in type 2 diabetic individuals [4,
43]. These studies found attention, executive functions,
abstract reasoning and memory impairments to be associ-
ated with brain atrophy. However, these studies used
semiquantitative estimates of cortical and subcortical atro-
phy and did not measure regional volumes. Furthermore,
these studies evaluated elderly type 2 diabetic subjects with
long durations of illness. In contrast, we included individuals
who, on average, had been diagnosed with type 2 diabetes
for only 6 years and who were in good glycaemic control. In
addition, we used a broad imaging approach incorporating
automated (VBM), qualitative white matter assessment, as
well as volumetric manual tracing procedures. This allowed
us to ascertain whether there were group differences in
WMHs, grey or white matter density, or global atrophy. Most
importantly, our ROI-based volumetric method allowed
specific hypothesis testing by use of the sensitive assessment
of regional brain volumes of interest such as the hippo-
campus and prefrontal cortex.

This is the first study to show clear evidence of
hippocampal damage (volume losses and impairments in
memory and learning) in type 2 diabetes, and may provide
a window into very early manifestations of brain compli-
cations in type 2 diabetes. The hippocampus is more

Table 3 Brain volumes of individuals with type 2 diabetes and control subjects

Brain volume (cm3) p value

Type 2 diabetic subjects Control subjects

Hippocampus 5.41±0.50 6.24±0.70 0.001
Superior temporal gyrus 31.37±5.26 32.27±4.76 0.659
Frontal lobe 207.25±29.62 210.66±31.85 0.881
Frontal atrophy 18.49±8.44 16.91±6.69 0.394
Global atrophy 96.87±35.47 107.36±90.00 0.713

Raw (not residualised) brain volumes (means ± SD) are given in the table to allow comparability with other studies. Significance values shown are
derived from an ANCOVA with residualised brain volumes (see Subjects and methods), having controlled for age

Table 2 Cognitive test results
of individuals with type 2
diabetes and control subjects

The p values presented are
from ANCOVA (controlling
for estimated IQ). Note that all
recent memory measures were
significant prior to controlling
for estimated IQ
CVLT California Verbal
Learning Test
a Raw scores consisting of
number of correct items
b Age-corrected scaled scores
derived fromweighted raw score
sums of individual subtests
c Age-corrected raw score

Type 2 diabetic subjects Control subjects p value

Recent memory and learning
WMS–R General Indexb 117±12 128±9 0.05
WMS–R Delayed Indexb 118±15 128±13 0.21
Guild Paragraph Recall—Immediatea 5.8±2.5 7.7±2.3 0.10
Guild Paragraph Recall—Delayeda 7.2±2.8 9.8±3.3 0.04
CVLT Short Delay Recalla 10.8±4.1 13.6±2.0 0.04
CVLT Long Delay Recalla 11.4±3.9 13.9±1.6 0.02
Working memory
Digit Span Backwardsa 8.0±2.3 7.2±2.5 0.68
Executive function
Stroop Interference scorec 0.07±8.2 2.8±9.9 0.63
Attention
Digit Symbol Substitution Testa 52.6±10.0 53.5±10.2 0.98
Perceptual Speed Correcta 55.3±38.1 49.2±40.6 0.81
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susceptible than other brain regions to damage by all sorts
of insults, including severe hypoglycaemia and hypoxia
[44, 45]; thus, it is plausible that the hippocampus is the first
region to be affected by type 2 diabetes, as our data appear to
imply. We propose that, as the disease progresses and other
risk factors associated with cardiovascular disease and the
metabolic syndrome accumulate, more resilient brain areas
are then also affected, as perhaps reflected by the occurrence
of global atrophy and white matter pathology. As a result,
cognitive impairments may then spread beyond recent
memory.

We provide evidence that HbA1c, which reflects how well
diabetes has been controlled over the previous 2–3 months,
is specifically associated with the hippocampal volume
losses in the population studied. Other variables commonly
associated with type 2 diabetes, such as elevated BMI,
hypertension or dyslipidaemia, did not offer an independent
contribution to explaining variance in hippocampal volume;
their contributions were subsumed by HbA1c. Furthermore,
our results are not confounded by gross white matter
abnormalities, increased global atrophy or age.

These findings imply that the insulin resistance and
accompanying poor glucose control, which are at the core of
type 2 diabetes, may be responsible for the associated early
hippocampal volume reductions. Moreover, these findings
argue for the specificity of the associations between type 2
diabetes and the brain and cognitive abnormalities seen,
beyond the possible non-specific contributions of the various
indices of the metabolic syndrome.

It is becoming clear that diabetes, whether it is type 1 or
type 2, has a negative impact on both cognition and brain.

However, the resultant adverse effects may vary according
to the type of diabetes. Whereas most studies on type 1
diabetes report deficits in processing speed, intelligence and
attention, those on type 2 diabetes mostly show impair-
ments in verbal memory and processing speed, with relative
preservation of visual and spatial function and attention.
Even a study that evaluated MRI volumes and cognition in
the same set of relatively young type 1 diabetic subjects
(30–50 years of age with disease durations of >20 years)
[46], failed to demonstrate differences in memory or
hippocampus volume relative to control subjects. Instead,
they found increased cerebral atrophy and deficits in
attention and psychomotor speed. While both type 1 and
type 2 diabetes share hyperglycaemia as a manifestation of
the illness, type 2 diabetes is characterised by insulin
resistance even during the preclinical stages (prediabetes).
Perhaps it is this key difference between type 1 and type 2
diabetes that contributes to the differential brain conse-
quences of these two disorders. This position is, in part,
supported by our prior data showing associations between
insulin resistance and lower memory performance and
hippocampal volumes among non-diabetic individuals [22].

To date, little is known about the mechanisms that
contribute to regionally specific brain tissue loss in type
2 diabetes. Some investigators have proposed that the
tissue damage in diabetes may be the consequence of
increased oxidative stress resulting from increased avail-
ability of metabolic substrate [47]. We have postulated an
alternative mechanism based on the endothelial dysfunction
known to accompany insulin resistance (and type 2
diabetes). Investigators have demonstrated that there are
specific interstitial decreases in glucose levels in those brain
areas activated [48]. Given that the glucose transporter at
the blood–brain barrier is saturated at physiological glucose
levels, to bring more glucose to the activated region acutely,
new glucose transporters need to be exposed to the blood.
Therefore, intact endothelial function is likely needed to
recruit new capillaries to carry additional glucose to the
activated sites, and its dysfunction could result in functional
hypoglycaemia during periods of increased demand. This
relative functional hypoglycaemia, when coupled with the
elevations in cortisol levels that are often present in
diabetes, may result in tissue damage, particularly in those
brain regions more vulnerable to damage, such as the
hippocampus [45].

Some limitations of this study should be taken into
consideration when interpreting our results. First, our
sample was relatively small, which affects the general-
isability as well as the power of the study. However, the
sample size was sufficient to detect significant differences
in memory, as well as hippocampal volumes, illustrating the
strength of these associations with type 2 diabetes. Second,
the sample was heterogeneous because of the inclusion of
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Fig. 1 Bivariate correlations of HbA1c with hippocampal volume
(residualised for cerebral vault size). The line shows the line of best fit
for the entire study population. Open triangles, control subjects; filled
squares, type 2 diabetic subjects. Descriptive characteristics of
individuals with type 2 diabetes and control subjects are given in
Table 1
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participants who were receiving BP or lipid-lowering
therapies. We accounted for this potentially masking effect
of treatment by using dichotomous variables for hyperten-
sion and dyslipidaemia. Since high BP and dyslipidaemia are
common in type 2 diabetes, we believe that our approach
actually increases the generalisability of our findings.
However, in our sample we were not able to take into
account the degree of success of these pharmacological
interventions. This should be addressed in future studies.
Last, our sample only showed weak positive associations
between hippocampal volumes and memory test perfor-
mance. This is in line with a recent meta-analysis [40], which
found little evidence for a strong direct correlation.

Future longitudinal studies should focus on enrolling
subjects before they meet diagnostic criteria for type 2
diabetes (in the prediabetic stage), and follow them during
their transition into diabetes, which may provide further
insight into the pathological brain mechanisms at work.
Furthermore, future research should include more compre-
hensive longitudinal evaluation of endocrine status (glu-
cose regulation as well as hypothalamic–pituitary–adrenal
axis), as well as other possible aetiological or modifying
variables, both damaging (e.g. hypertension, lipid profiles
and pro-inflammatory markers) and protective (e.g. brain-
derived neurotrophic factor). Furthermore, future human
studies could directly assess brain energetics through the
use of MRI-based spectroscopy or glucose positron emis-
sion tomography. This comprehensive approach will add to
our understanding of the mechanisms that may contribute to
the damage present in insulin resistance and type 2 diabetes.
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