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Abstract
Aims/hypothesis—Central nervous system abnormalities, including cognitive and brain
impairments, have been documented in adults with type 2 diabetes who also have multiple co-
morbid disorders that could contribute to these observations. Assessing adolescents with type 2
diabetes will allow the evaluation of whether diabetes per se may adversely affect brain function
and structure years before clinically significant vascular disease develops.

Methods—Eighteen obese adolescents with type 2 diabetes and 18 obese controls without
evidence of marked insulin resistance, matched on age, sex, school grade, ethnicity,
socioeconomic status, body mass index and waist circumference, completed MRI and
neuropsychological evaluations.

Results—Adolescents with type 2 diabetes performed consistently worse in all cognitive
domains assessed, with the difference reaching statistical significance for estimated intellectual
functioning, verbal memory and psychomotor efficiency. There were statistical trends for
executive function, reading and spelling. MRI-based automated brain structural analyses revealed
both reduced white matter volume and enlarged cerebrospinal fluid space in the whole brain and
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the frontal lobe in particular, but there was no obvious grey matter volume reduction. In addition,
assessments using diffusion tensor imaging revealed reduced white and grey matter
microstructural integrity.

Conclusions/interpretation—This is the first report documenting possible brain abnormalities
among obese adolescents with type 2 diabetes relative to obese adolescent controls. These
abnormalities are not likely to result from education or socioeconomic bias and may result from a
combination of subtle vascular changes, glucose and lipid metabolism abnormalities and subtle
differences in adiposity in the absence of clinically significant vascular disease. Future efforts are
needed to elucidate the underlying pathophysiological mechanisms.
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Introduction
Obesity is a major risk factor for the development of type 2 diabetes in adults and children.
With the growing prevalence of childhood obesity, the incidence of type 2 diabetes in
children and adolescents is increasing at an alarming rate [1]. Type 2 diabetes may become
the most common form of paediatric diabetes within the next decade. Older adults with type
2 diabetes are at increased risk for developing micro- and macrovascular complications (e.g.
retinopathy, neuropathy, nephropathy and cardiovascular disease) [2]. They also show
significant cognitive slowing as well as learning and memory deficits [3, 4]. Structural brain
abnormalities are also commonly associated with type 2 diabetes among older adults [5-7]
but for the most part, those abnormalities tend to reflect non-specific pathology such as
increased atrophy, overt white matter pathology or stroke [3, 8], and their magnitude tends
to be modest. However, more recent studies have demonstrated significantly reduced
hippocampal volumes among middle-aged and elderly individuals with type 2 diabetes [9,
10].

There have been only a few brain studies in children and young adults with type 1 diabetes,
and the findings are so far inconsistent, with one study showing reduced brain volume
relative to matched non-diabetic controls [11] but another showing no differences [12].
Young people with type 2 diabetes, despite shorter disease duration and better glucose
control, have higher rates of complications (micro-albuminuria and hypertension) than their
peers with type 1 diabetes [13]. Therefore, we predict that their brains may also be more
affected. However, no studies have evaluated cognition or the brain in children or
adolescents with type 2 diabetes. Although adolescents with type 2 diabetes do not yet have
clinically significant vascular disease, there is evidence that they may have increased carotid
artery intima-media thickness and stiffness [14], which has also been reported among
children and adolescents with type 1 diabetes [15].

Microstructural integrity of cerebral white and grey matter (WM and GM) has been
associated with intact cognitive performance in both adults and children [16, 17]. Although
not anticipating finding gross WM disease among obese adolescents with type 2 diabetes,
we were interested in exploring whether there are WM microstructural alterations that could
adversely affect cognitive functioning in these still-developing brains. Consequently, we
used sensitive and unbiased magnetic resonance imaging (MRI) techniques, such as
diffusion tensor imaging (DTI) and statistical parametric mapping (SPM)-based
segmentation and volumetric analysis, to determine the presence of subtle cerebral
alterations among our participants.
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The goal of this study was to ascertain, for the first time, whether relative to
demographically similar non-diabetic obese adolescents with no evidence of marked insulin
resistance, obese adolescents with type 2 diabetes have diminished cognitive performance
and subtle abnormalities in brain integrity. Given that obesity is one of the major risk factors
for sleep apnoea in children [18] and that obstructive sleep apnoea is known to affect both
cognition [19] and the brain [20], the groups were also matched on self-ratings of sleep
apnoea. We hypothesised that adolescents with type 2 diabetes would show reductions on
measures of overall intellectual function, declarative memory, executive function and
psychomotor efficiency. In addition, we predicted that they would have diffuse alterations in
cerebral WM and GM integrity, particularly in the frontal and medial temporal regions.

Methods
Participants

We studied 18 obese adolescents with type 2 diabetes consecutively referred by local area
paediatric endocrinologists. Eighteen obese adolescents without type 2 diabetes or marked
insulin resistance comparable in age, sex, school grade, ethnicity, socioeconomic status
(SES) (AB Hollingshead, Department of Sociology, Yale University, unpublished data),
BMI and waist circumference were recruited as controls among relatives of other study
participants or via internet advertisements. This study was approved by the local Internal
Review Board. Informed consent was obtained from parents and assent obtained from each
child. The data acquisition for this study was completed in 2009.

All participants underwent medical, endocrine, psychiatric, neuropsychological and brain
MRI assessments during a comprehensive 6–7 h evaluation completed over two visits. We
excluded individuals with significant medical conditions (other than type 2 diabetes, lipid
abnormalities, polycystic ovary disease or hypertension). As we do not anticipate that
adolescents with type 2 diabetes or obese controls will have sufficient ischaemic
microvessel disease to result in extensive WM hyperintensities on MRI, any occurrence of
significant WM hyperintensities in this age group is likely to be indicative of a
demyelinating condition such as multiple sclerosis, and this clearly warrants exclusion. We
therefore excluded individuals with extensive WM pathology. Also excluded were
adolescents with: sexual development Tanner stage less than 4; a psychiatric diagnosis such
as depression; current use of psychoactive medications; mental retardation; or significant
learning disability.

Standard diagnostic criteria for type 2 diabetes were used and all were beta cell antibody
negative. Fasting glucose and insulin values were used to compute HOMA-insulin resistance
(HOMA-IR) [21], which has been demonstrated to be a reasonable screening measure of
insulin resistance relative to the hyperinsulinaemic–euglycaemic clamp assessment [22].
Control participants had a HOMA-IR≤2.50, which indicated that they were not likely to
have marked insulin resistance. Participants were classified as hypertensive if they received
anti-hypertensive treatment or had a sitting blood pressure above the National Cholesterol
Education Program cut-off (a systolic BP≥130 mmHg or a diastolic BP≥85 mmHg) [23].
The sleep-related behaviour questionnaire consists of 20 items to be answered ‘yes’, ‘no’,or
‘don’t know’ [24]. The self-rating of sleep apnoea depends on the proportion of questions
answered yes.

Neuropsychological evaluations
The assessment was conducted in a standardised manner in the postprandial state, split over
two sessions each lasting about 1.5 h. We used commonly used normed tests that have been
described in detail by Lezak et al. [25]. Overall intellectual functioning was estimated from

Yau et al. Page 3

Diabetologia. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the Vocabulary and Matrix Reasoning subtests from the Wechsler Abbreviated Scale of
Intelligence (WASI). Academic achievement was estimated from the Reading, Spelling and
Arithmetic subtests from the Wide Range Achievement Test (WRAT). Verbal, visual and
working memory skills were assessed with the Wide Range Assessment of Memory and
Learning (WRAML). Attention was measured with the accuracy score from the Digit
Vigilance Test and the Attention/Concentration Index Score from the WRAML. Executive
function was evaluated with the Wisconsin Card Sorting Test (WCST), the Tower of
London Test, and the Controlled Oral Word Association Test (COWAT). Psychomotor
efficiency was assessed with the Digit Symbol Substitution Test (DSST). Raw scores are
reported, with the exception of the WASI, WRAT and WRAML, which provide aged-
corrected standard scores.

MR image acquisition and image analysis
Structural images—All participants were studied on the same 1.5 T Siemens Avanto
MRI System (Berlin, Germany). Spin–lattice relaxation time (T1)-weighted magnetisation-
prepared rapid acquisition gradient echo (MPRAGE; repetition time [TR] 1,300 ms; echo
time [TE] 4.38 ms; inversion time [TI] 800 ms; field of view [FOV] 250×250; slice
thickness 1.2 mm; number of averages [NEX] 1; flip angle 15°; matrix size 256×256; 192
coronal slices) and spin–spin relaxation time (T2)-weighted (TR 9,000 ms; TE 94 ms; TI
2,000 ms; FOV 210×210; slice thickness 3 mm; matrix size 256×256; 50 axial slices)
sequences were used as anatomical guides for the DTI analysis. To rule out primary
neurological disease and to quantify WM disease, the fast fluid-attenuated inversion
recovery (FLAIR; TR 9,000 ms; TE 97 ms; FOV 210×210; one average and two
concatenations; flip angle 145°; slice thickness 3 mm; matrix size 256×256; 50 axial slices)
image was used with the MPRAGE. The modified Fazekas scale [26] was used to rate WM
hyperintensities, with scores >1 leading to study exclusion. To measure brain
microstructural integrity a DTI echo planar sequence (TR 6,100 ms; TE 75 ms; delay in
TR=0 ms; b values 0, 1,000 s/mm2; six directions; FOV 210×210; four averages and one
concatenation; slice thickness 3 mm; matrix size 128×128; 50 axial slices) was acquired. To
optimise image co-registration, the DTI, T2-weighted and FLAIR images were all obtained
in the same axial plane, using the same slice thickness and number.

Diffusion tensor imaging assessment of brain tissue—DTI uses the differential
water diffusion properties of brain tissues to measure cerebral microstructural integrity and
organisation. The more constraint to the movement of water, the more anisotropic the
diffusion and the more intact the microstructural integrity of the tissue is likely to be. The
most commonly used DTI index for assessing WM integrity is fractional anisotropy (FA),
ranging in value from 0 (fully isotropic diffusion) to 1 (fully anisotropic diffusion) [27].
Another useful measure is the apparent diffusion coefficient (ADC), which represents the
mean magnitude of water diffusivity, thus providing an assessment of tissue density. ADC
elevations may represent increased extracellular space, a possible indication of neuronal
damage [28], which makes it useful in GM regions.

WM/GM volumetric analysis—Spatial normalisation and segmentation of MPRAGE
images used automated procedures as described in Good et al. [29] in the statistical
parametric mapping software version 2 (SPM2). MPRAGE images were first corrected for
signal non-uniformities and spatially normalised to the standard T1 Montreal Neurological
Institute template. Using the tissue classification algorithm in SPM2, we segmented the
normalised MPRAGE images into their GM, WM and cerebrospinal fluid (CSF) partitions
(see Fig. 1), which are maps representing the probability for each voxel being classified as
GM, WM and CSF, respectively. These segmented partitions were subsequently normalised
to their respective standard templates.
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In addition to performing whole-brain assessment, and given that during adolescence frontal
lobe myelination is still ongoing [30], we also specifically assessed frontal lobes by using
our published reliable frontal lobe parcellation method [31]. We quantified the proportions
of WM, GM and CSF volumes in the whole brain and frontal regions at the case level by
first mapping the region to each segmented partition and then averaging the values across
participants for each of the two groups.

DTI image processing—To create the group maps for voxelwise group comparisons a
three-step approach was used to correct the images for echo planar acquisition distortions
after optimising registration between the T2 and MPRAGE images [32]. The FA and ADC
values were computed and maps were generated from the native DTI sequence. Finally, to
reduce interpolation errors, all transformations were combined into a single step, which was
applied to the FA and ADC maps generated from the native DTI data. Refer to Yau et al. for
a detailed description of these methods [33].

Statistical analysis
We conducted two-tailed independent sample t tests examining group differences in
demographics, endocrine data, cognitive data and brain volumes. Variables that were not
normally distributed were also tested using the Kolmogorov–Smirnov test. The χ2 test
examined group difference in SES. For the imaging data two-tailed voxelwise analysis of
covariance (VANCOVA) analyses were performed to examine group differences in whole-
brain WM FA and GM ADC, with age as a covariate. WM and GM masks, created from the
average MPRAGE image of all participants, were used to confine FA and ADC analyses
within those regions. To minimise the chance of type I errors, we restricted the accepted
cluster size to those having at least 100 contiguous voxels (each voxel is 1 mm3, thus, the
minimum cluster size is 0.1 ml in volume) and by then choosing a false discovery rate
(FDR) less than 0.01. We chose a p value threshold of 0.005 to ensure that the FDR would
be kept below 0.01 [34].

Results
Demographic and endocrine data

There were no group differences in age, sex, school grade, SES, BMI, waist circumference,
waist–height ratio or ratings of sleep apnoea. Groups were also comparable in ethnicity. As
expected, relative to obese controls, adolescents with type 2 diabetes had significantly
higher fasting glucose and insulin levels, HOMA-IR, HbA1c and triacylglycerols, and
significantly lower HDL cholesterol levels (p<0.05; Table 1). The groups did not differ in
total cholesterol, LDL cholesterol, or high-sensitivity C-reactive protein (CRP). Five
adolescents with type 2 diabetes and four obese controls had elevated blood pressure, but
only one adolescent with diabetes was receiving pharmacological treatment for it. Diabetic
participants had been diagnosed with type 2 diabetes for 2.61±1.90 years (range 5 months
−7.50 years). The groups did not differ on self-ratings of obstructive sleep apnoea.

Neuropsychological results
Adolescents with type 2 diabetes consistently scored lower than obese controls on all
cognitive tests administered (Table 2). They had significantly lower overall intellectual
functioning, lower verbal memory scores, lower psychomotor efficiency (all with p<0.05),
and tended to have more perseverative errors on the WCST (p=0.06). Note that all of these
measures showed medium-large to large effect sizes. Despite no group differences in school
grade or SES, diabetic participants also performed worse on the WRAT achievement tests,
reading (p=0.09) and spelling (p=0.07), both trending toward significance and with medium
effect sizes. The three cognitive tests (i.e. the WASI, the Digit Vigilance Test and the
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WCST) that were not normally distributed in one or both of the groups were also analysed
using non-parametric statistics (Kolmogorov–Smirnov) and the results were identical;
therefore, for ease of presentation in Table 2 we show only the results from the t tests.
Additionally, we confirmed that ratings of sleep apnoea were not associated with any of the
cognitive measures that differentiated the groups.

MRI results
Two control participants had missing MRI scans. Of the 34 participants with MRI scans,
only one adolescent with type 2 diabetes had periventricular punctate hyperintensities (rated
1 on the modified Fazekas scale). This very subtle level of abnormality is not considered
clinically significant and was not mentioned in this individual’s neuroradiological reports.

Volumetric analysis of the segmented partitions revealed that there were no GM volume
reductions, but obese adolescents with type 2 diabetes had significantly smaller WM
volumes and enlarged CSF space for the whole brain and frontal lobe (p≤0.005; all with
large effect sizes). These differences remained significant after adjusting for age (Table 3).

DTI VANCOVA revealed both WM and GM microstructural abnormalities among diabetic
participants, independent of age (Table 4). When we contrasted the two groups, we found
that among obese adolescents with type 2 diabetes there was a total of five clusters of WM
FA reductions (p<0.005) with a total volume of 725 voxels or 0.725 ml. The type 2 diabetes
group only had one small cluster demonstrating significant WM FA elevation. In addition,
there were 27 clusters showing GM ADC elevations (p<0.005) among adolescents with type
2 diabetes, 20 of which were in the cerebrum. The cerebral clusters had a total volume of
4,012 voxels or 4.01 ml. In exploratory analyses with a less conservative p value threshold
of 0.01, we identified a total of 67 FA or ADC significant clusters, only five of which
showed higher FA or lower ADC values in type 2 diabetes.

Given the extensive number of clusters of abnormality, we chose to only itemise in Table 4
the largest clusters using the more conservative p value threshold of less than 0.005. These
same sets of selected clusters are displayed on an average brain structural image in Figs 2a
(FA) and 2b (ADC).

Discussion
This is the first report of brain and cognitive abnormalities among obese adolescents with
type 2 diabetes. We demonstrate that, in the absence of clinically significant vascular
disease, there may be clear brain complications among adolescents with type 2 diabetes.
These present predominantly as whole-brain and frontal WM volume reductions and diffuse
WM and GM microstructural abnormalities. In addition, we find that relative to matched
obese controls, general intellectual ability, verbal memory, executive function, psychomotor
efficiency and measures of academic achievement—particularly reading and spelling skills
—are lower among adolescents with type 2 diabetes. The intellectual capacity and verbal
memory impairments are consistent with those reported among middle-aged adults with
well-controlled type 2 diabetes [9], but unlike adults with type 2 diabetes, the reductions in
cognitive performance were not restricted to those two domains.

Our DTI analyses demonstrated that, compared with relatively insulin-sensitive obese
controls, obese adolescents with type 2 diabetes showed FA reductions in WM tracts in the
temporal stem, cingulate, frontal lobe, occipital lobe and cerebral peduncles. During
adolescence, the brain continues to undergo the morphological and functional changes
associated with continued WM maturation [35], and because of this the observed WM
volume and FA reductions may represent delayed WM maturation or axonal damage. In
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youths with type 1 diabetes, hyperglycaemia has been shown to be associated with smaller
grey and white matter volumes despite no volume reduction relative to age-matched controls
[12]. Hyperglycaemia-associated oxidative stress may also induce selective oligodendrocyte
death, resulting in demyelination [36]. Although hypertension-related ischaemic damage
remains a possible mechanism for WM damage [37], our voxelwise DTI results remained
largely unchanged even after controlling for hypertension. In the absence of group
differences in whole-brain or frontal GM volumes, our findings of diffuse ADC elevations
in GM among diabetic individuals suggest reductions in GM density. The exact nature or
degree of GM alterations remains to be better characterised with more direct assessments
using techniques such as spectroscopy or assessment of tissue properties such as T1
relaxation.

We did not assess whether our participants had significant occlusive vascular disease as
there is no clear rationale for anticipating clinically significant vascular abnormalities in
adolescents. We propose that the negative impact of type 2 diabetes on the adolescent brain
may result from a combination of functional vascular changes and glucose and lipid
metabolism abnormalities in the absence of overt vascular disease. Type 2 diabetes is known
to lead to an altered vascular physiology, such as reductions in endothelial dependent
vasodilatation and deficits in cerebral vascular reactivity to CO2 [38]. During brain
activation, such as occurs when performing a cognitive task, there is an increase in synaptic
activity in the brain region involved. In the normal brain this results in regional vasodilation
and thus an increase in glucose availability to that region to support the increased cognitive
demand [39]. Therefore, vascular reactivity, which is integral to well-regulated cerebral
blood flow, is key for maintaining an optimal neuronal environment during brain activation
[40]. Although the underlying mechanisms remain elusive, we propose that impairments in
vascular reactivity, which have been shown to be present among individuals with insulin
resistance or type 2 diabetes [41, 42], may contribute to the reductions in cognitive
performance present among obese adolescents with type 2 diabetes. Other diabetes-
associated complications, such as subclinical large vessel and microvascular abnormalities,
are among possible contributing factors [14, 43].

Although we did not uncover CRP differences between groups—most likely because our
control group was also obese—we did not evaluate inflammation in a comprehensive
manner, and inflammation remains a potentially important mechanism mediating some of
the adverse effects of type 2 diabetes on brain integrity [44]. Future studies should also
assess body composition in more detail, as more subtle differences in adiposity may also
contribute to the effects observed.

The effect sizes for the cognitive differences were larger than those reported in studies of
adolescents with type 1 diabetes and adults with type 2 diabetes. Though alarming, our
results are consistent with the higher complication rate in peripheral tissues in those with
type 2 diabetes relative to their adolescent peers with type 1 diabetes, despite shorter disease
duration [13]. Also supporting these larger effect sizes in the degree of abnormality,
adolescents with type 2 diabetes have a markedly reduced life expectancy accompanied by a
dramatic increase in medical complications [45]. Our diabetic participants had a mean
HbA1c of 8.3%, indicating intermediate glycaemic control. Given adult data demonstrating
cognitive impairments during prediabetic stages of insulin resistance [46], it is possible that
subtle alterations begin during the preclinical stages, thus increasing the time of adverse
exposure for these young brains. The lack of associations between ratings of obstructive
sleep apnoea and cognitive performance may be explained by the fact that obesity is closely
associated with sleep apnoea in children [18] and our groups were matched on both BMI and
waist circumference. Future studies should measure sleep apnoea more comprehensively.
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This study has two major strengths: our groups comprised adolescents with similar
demographic and socioeconomic backgrounds as well as comparable BMI and waist
circumference. A second strength is that our automated brain analysis methods provide
unbiased, sensitive and comprehensive assessments of both gross and microstructural brain
structure. This study is, however, limited by its relatively small sample size and the fact that
we carried out 13 univariate comparisons for the cognitive data and six comparisons for the
brain volumes, and did not correct for multiple comparisons. However, all cognitive
variables were descriptively lower in the diabetic group with 6/13 showing at least a
statistical trend. In addition, 4/6 brain-volume variables differed significantly in the
predicted direction. If we use the very conservative Bonferroni correction, the overall
intellectual capacity difference and all the brain volume differences remain significant.
Consequently, we consider it justified that, in this first report of brain and cognitive
complications in adolescents with type 2 diabetes, we have not controlled for multiple
comparisons.

This study demonstrates both brain and cognitive abnormalities among obese adolescents
with type 2 diabetes. To better understand the underlying pathological mechanisms, future
work should include assessments of vascular function, dynamic insulin function, lipid
metabolism and inflammatory markers, as well as their interactions. Furthermore, future
work should be longitudinal, thus tracking pathological changes from the preclinical stages
of insulin resistance to type 2 diabetes. Given that some of our obese control participants are
likely to have subtle levels of insulin resistance, it is possible that the group differences we
uncovered would be even larger relative to lean adolescents. It will be essential to ascertain
whether these brain abnormalities are reversible with improvements in diabetic control.
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ADC Apparent diffusion coefficient

COWAT Controlled Oral Word Association Test

CRP C-reactive protein

CSF Cerebrospinal fluid

DSST Digit Symbol Substitution Test

DTI Diffusion tensor imaging

FA Fractional anisotropy

FDR False discovery rate

FLAIR Fast fluid-attenuated inversion recovery

FOV Field of view

GM Grey matter

HOMA-IR HOMA-insulin resistance

MPRAGE Magnetisation-prepared rapid acquisition gradient echo

Yau et al. Page 8

Diabetologia. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MRI Magnetic resonance imaging

NEX Number of averages

SES Socioeconomic status

SPM Statistical parametric mapping

SPM2 Statistical parametric mapping software version 2

T1 Spin–lattice relaxation time

T2 Spin–spin relaxation time

TE Echo time

TI Inversion time

TR Repetition time

VANCOVA Voxelwise analysis of covariance

WASI Wechsler Abbreviated Scale of Intelligence

WCST Wisconsin Card Sorting Test

WM White matter

WRAML Wide Range Assessment of Memory and Learning

WRAT Wide Range Achievement Test
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Fig. 1.
MPRAGE image segmentation. Individual MPRAGE images are registered to standard
space before segmentation is accomplished. a Normalised MPRAGE image. b Segmented
image: grey matter (red), white matter (green) and CSF (white) partitions are overlaid on top
of the normalised MPRAGE image
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Fig. 2.
Sampling of significant FA and ADC clusters. The three rows of images, each showing an
orthogonal orientation (axial, coronal, and sagittal), display the clusters with the axes going
through the centroid (coordinates in Table 4). (a) WM FA reductions (blue) and (b) GM
ADC elevations (yellow/orange) in the type 2 diabetes group
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