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ABSTRACT
Objective: Previous studies have demonstrated
associations between higher normal fasting plasma
glucose levels (NFG) (<6.1 mmol/L), type 2 diabetes
(T2D) and hippocampal atrophy and other cerebral
abnormalities. Little is known about the association
between plasma glucose and the striatum despite
sensorimotor deficits being implicated in T2D. This
study aimed to investigate the relationship between
plasma glucose levels and striatal and hippocampal
morphology using vertex-based shape analysis.
Design: A population-based, cross-sectional study.
Setting: Canberra and Queanbeyan, Australia.
Participants: 287 cognitively healthy individuals
(mean age 63 years, 132 female, 273 Caucasian) with
(n=261) or without T2D (n=26), selected from 2551
participants taking part in the Personality & Total
Health (PATH) Through Life study by availability of
glucose data, MRI scan, and absence of gross brain
abnormalities and cognitive impairment.
Outcome measures: Fasting plasma glucose was
measured at first assessment, and MRI images were
collected 8 years later. Shape differences indicating
outward and inward deformation at the hippocampus
and the striatum were examined with FMRIB Software
Library-Integrated Registration and Segmentation
Toolbox (FSL-FIRST) after controlling for
sociodemographic and health variables.
Results: Higher plasma glucose was associated with
shape differences indicating inward deformation,
particularly at the caudate and putamen, among
participants with NFG after controlling for age, sex,
body mass index (BMI), hypertension, smoking and
depressive symptoms. Those with T2D showed shape
differences indicating inward deformation at the right
hippocampus and bilateral striatum, but outward
deformation at the left hippocampus, compared with
participants with NFG.
Conclusions: These findings further emphasize the
importance of early monitoring and management of
plasma glucose levels, even within the normal range,
as a risk factor for cerebral atrophy.

INTRODUCTION
Type 2 diabetes is a complex metabolic dis-
order which has been associated with ‘accel-
erated brain ageing’, cerebral atrophy,
vascular lesions, cognitive impairment and

dementia.1–3 Recent studies have demon-
strated associations between higher plasma
glucose levels and neuroinflammation,4

abnormal coagulation function5 6 and
chronic stress associated with increased hypo-
thalamic–pituitary–adrenal (HPA) axis activa-
tion.7 These factors are thought to
contribute to the association between plasma
glucose levels and cerebral structural
changes. For example, recent studies have
shown that higher plasma glucose within the
normal range (<6.1 mmol/L) is associated
with smaller brain volumes,8 and hippocam-
pal and amygdalar atrophy.9 Importantly, dia-
betes and higher plasma glucose levels
within the normal range (<6.1 mmol/L)
have been shown to be associated with cogni-
tive decline.10–12 However, whether higher
plasma glucose levels are related to changes
in subcortical structures other than the
hippocampus and amygdala has not been
investigated in detail. A structure of particu-
lar interest in this context is the striatum, as
known complications of type 2 diabetes
involve abnormal motor control and deficits
in fine motor skills.13

Impairment of corpus striatum (including
caudate, putamen, globus pallidus; hereafter,
striatum) is involved in several neurodegen-
erative conditions such as Huntington’s
disease, progressive supranuclear palsy and
Parkinson’s disease, which exhibit striatal
functional and structural abnormalities.14 Of

Key messages

▪ Higher normal plasma glucose levels and dia-
betes are associated with striatal shape differ-
ences that predict smaller striatum 4 years later.

▪ Higher plasma glucose levels affect striatal
morphology not only in type 2 diabetes but also
within the normal range in non-diabetics.

▪ Results suggest that shape analysis is an inform-
ative measure to detect brain morphological dif-
ferences associated with plasma glucose along
with traditional volumetric measures.
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note, previous studies on type 2 diabetes demonstrated
motor symptoms such as hemiballism–hemichorea due
to striatal abnormalities, which can be termed ‘diabetic
striatopathy’ as a late-stage complication.15 Furthermore,
MRI studies demonstrated hyperintense lesions in the
striatum among patients with type 2 diabetes,15–17 while
postmortem histological studies observed neuroinflam-
mation and vascular proliferation in these structures.15

How such striatal abnormalities develop is not com-
pletely understood. However, early structural changes
leading to late-stage clinical cases of diabetic striatal dis-
orders may occur well before clinical type 2 diabetes
develops. Importantly, at least one study showed that
type 2 diabetes was associated with impairment in fine
motor skills in community-living individuals in their
60s.13 It is unclear whether such deficits in fine motor
skills are due to the effects of advanced diabetic neur-
opathy or whether progressive striatal neurodegenera-
tion linked to high glucose levels, which may be
developing among participants with and without dia-
betes, is to blame. It would therefore be of great interest
to better understand the association between striatal
structure and plasma glucose levels in participants
without type 2 diabetes and to contrast it with that
found in type 2 diabetes. In addition, earlier studies on
brain structural changes associated with high plasma
glucose levels and/or type 2 diabetes focused mainly on
volumetric changes, while patterns of shape differences
showing local outward and inward deformation, thought
to indicate more localized structural differences, have
not been investigated. Striatal shape changes have been
identified in several neurodegenerative diseases and
potentially indicate functional changes associated with
local neurons interconnecting cortical areas, the stri-
atum and the thalamus.18 Thus, it is hypothesized that
structural deformation may be useful as a distinct bio-
marker of different neurological conditions that affect
the same structure, and may assist in demonstrating an
association between local morphological changes and
corresponding variation in function.
This study aimed to explore the relationship between

plasma glucose levels and striatal and hippocampal
shape differences as well as volumetric differences in
cognitively healthy individuals living in the community
with or without type 2 diabetes. The study also investi-
gated structural differences between participants with
normal fasting glucose levels and participants with
diabetes.

METHODS
Study population
Participants of the Personality & Total Health (PATH)
Through Life study were randomly recruited from
senior residents (aged 60–64 years) of the cities of
Canberra and Queanbeyan, Australia, through the elect-
oral roll. Voting is compulsory for Australian citizens. Of
those individuals invited to take part, 2551 participants

accepted and were included at baseline (2001) repre-
senting a 58.3% response rate and 2076 agreed to be
contacted regarding MRI assessment. A subsample of
622 randomly selected participants was offered a brain
scan, and 479 completed a structural MRI scan; however,
scans from 2 participants were lost. Of these, 312 partici-
pants (198 men; age range 69–74) were rescanned at
the follow-up assessment 8 years later. Twenty five (8%)
were excluded from the present analyses due to gross
brain abnormalities (eg, tumors, hydrocephalus; n=9),
Parkinson’s disease (n=3) or stroke (n=6), a blood
glucose level below 3.0 mmol/L (n=1), or a Mini-Mental
State Examination (MMSE) score below 27 (n=5). Thus,
a total of 287 participants were available for analysis.
The study was approved by the Australian National
University Ethics Committee, and all participants pro-
vided written informed consent.

Sociodemographic and health measures
Sociodemographic and health data for this study were
collected at wave 1. Total years of education, stroke,
depression and smoking were assessed by self-report.
Blood pressure was measured twice while seated after a
rest of at least 5 min. Participants were classified as
hypertensive if their systolic or diastolic blood pressure
measures averaged over two readings were higher than
140 and 90 mm Hg, respectively, or if they took antihy-
pertensive medication. Depression levels were assessed
with the Goldberg Depression Scale (GDS).19 Body mass
index (BMI) was computed with the formula weight
(kg)/height (m2) based on self-reports of weight and
height.

Diabetes and plasma glucose
Fasting plasma glucose was collected and measured at
wave 1. Venous blood was collected following an over-
night fast of at least 10 hours. Plasma and serum aliquots
were frozen at −80°C. Plasma glucose was measured on
a Beckman LX20 Analyzer by an oxygen rate method
(Fullerton, California, USA). Participants were consid-
ered to have diabetes if they reported their diagnosis,
were treated by medication for type 2 diabetes or if their
fasting glucose plasma level was ≥7.0 mmol/L. For parti-
cipants without diabetes, a cut-off of 6.1 mmol/L
(110 mg/dL) was used to identify participants with
normal fasting plasma glucose levels (NFG) as per WHO
guidelines. Those with fasting plasma glucose levels
between 6.1 and 6.9 mmol/L were considered to have
impaired fasting glucose (IFG), in accordance with the
WHO threshold.

MRI scan acquisition
MRI scans used in this study were taken at wave 3,
8 years after wave 1. Participants were scanned on a
Siemens 1.5T Avanto scanner (Siemens Medical
Solutions) for T1-weighted three-dimensional structural
MRI. The T1-weighted MRI was acquired in sagittal
orientation using the following parameters: repetition
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time (TR)/echo time (TE)=1.16/0.8 ms; flip angle=15°;
matrix size=512×512; slice thickness=1.0 mm, resulting in
a final voxel size of 1×0.5×0.5 mm.

Image processing
For all participants, images were first preprocessed with
the FreeSurfer software package, V.5.3.0,20 including
removal of non-brain tissue and intensity correction.
Segmentation of regions of interest (ROIs) including
the globus pallidus, putamen, caudate nucleus and
hippocampus was conducted with FMRIB Software
Library (FSL)-Integrated Registration and Segmentation
Toolbox (FSL-FIRST 5.0) software (http://www.fmrib.
ox.ac.uk/fsl/first/index.html). Affine registration to the
MNI152 1 mm template was applied to T1-weighted
images prior to undergoing automated segmentation of
ROIs with FSL’s default parameters and with boundary
correction to produce mesh models and volumetric esti-
mates.21 All segmentations were manually checked and
reprocessed where necessary. Volumetric data were
extracted using an FSL script (fslstat).

Statistical analysis
Associations between plasma glucose levels at wave 1 and
vertex changes of ROIs at wave 3 MRI scans were investi-
gated in all participants, in participants without diabetes
with NFG (3–6.1 mmol/L) and in participants with dia-
betes. Further analyses were conducted to contrast
groups with diabetes and groups with NFG. Covariates in
these analyses included age (years), gender and intracra-
nial volume (ICV; mm3) in a first model and age,
gender, hypertension, BMI (kg/m2), smoking, GDS and
ICV in a second model (and diagnosis of diabetes in
analyses including all participants). Correlation and
group analyses were conducted using general linear
models (GLMs) with FSL-FIRST by assessing association
between vertex displacement from the average ROI
surface and plasma glucose or group variable, and sig-
nificance was assessed through permutation testing in
the FSL statistical engine ‘Randomise’ using 10 000

permutations.21 22 A statistical threshold of t>1.96
(p<0.05) was applied to check for shape differences
indicating outward deformation, that is, vertex locations
outside the average surface reflecting larger local
volume, and t<−1.96 (p<0.05) for shape differences
indicating inward deformation, that is, vertex locations
inside the average surface reflecting smaller local
volume. Non-FSL analyses were conducted with IBM
SPSS 21 to test associations and group differences in
health and demographic characteristics, and volumetric
estimates. Data were tested for normal distribution
before implementing parametric tests. Descriptive ana-
lyses were conducted using χ2 tests for categorical data
and t-tests to test associations and compare groups on
continuous variables. α Was set at p<0.05.

RESULTS
Health and demographic characteristics
Table 1 presents the participants’ demographic and
health measures. Fasting plasma glucose ranged from
3.20 to 14.20 mmol/L (mean 5.19, SD=1.12) across all
participants (n=287) and from 3.20 to 6.00 mmol/L
(mean 4.92, SD=0.56) among participants without dia-
betes with NFG (n=249; not including 12 participants
with IFG) and from 4.30 to 14.20 mmol/L (mean 7.17,
SD=2.41) among participants with diabetes (n=26).

Vertex-based shape analysis
Group differences and associations between glucose
levels and regional shape differences (p<0.05) are
shown in figure 1. While both shape differences showing
outward and inward deformation were detected, in all
but few exceptions, the number, size and significance of
clusters were greater for shape differences indicating
inward deformation (see also table 2 and online supple-
mentary figure 1 for summary of clusters representing
shape differences and online supplementary table S1 for
detailed data). Analyses with all participants (n=287),
including those with type 2 diabetes and IFG, showed

Table 1 Participants’ demographic and health characteristics

Demographic variables All (n=287)

Participants

with NFG (n=249)

Participants with

diabetes (n=26)

Female, n (%) 132 (46.0) 118 (47.4) 9 (34.6)

Age*, years (SD) 63.0 (1.4) 63.0 (1.4) 63.2 (1.2)

Education*, years (SD) 14.2 (2.5) 14.3 (2.5) 13.3 (2.6)†

Caucasian (%) 273 (95.1) 238 (95.6) 25 (96.2)

Hypertension, n* (%) 183 (63.8) 160 (64.3) 18 (69.2)

BMI* (SD) 26.6 (4.1) 26.1 (4.4) 27.1 (4.8)†

Plasma glucose*, mmol/L (SD) 5.2 (1.1) 4.9 (0.6) 7.2 (2.4)‡

Goldberg Depression Scale* (SD) 1.5 (1.8) 1.4 (1.7) 2.0 (2.5)

Smoking* (%) 120 (41.8) 146 (58.6) 10 (38.5)

*At wave 1.
†p<0.05 compared to NFG.
‡p<0.01 compared to NFG.
BMI, body mass index; NFG, normal fasting plasma glucose levels.
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mostly shape differences indicating inward deformation
particularly in the hippocampus. When participants with
NFG (n=249) were considered alone, regional shape dif-
ferences indicating inward deformation were also mostly
associated with higher plasma glucose levels but to a
lesser degree, and more so in the putamen and caudate
nuclei. Weaker associations were observed in the
hippocampus.
To further compare how participants with type 2 dia-

betes (n=26) differed in striatal and hippocampal

structure from participants with NFG, analyses comparing
shape differences between the two groups of participants
were conducted. Results demonstrated that participants
with diabetes generally exhibited shape differences indi-
cating inward deformation at the right hippocampus,
caudate, putamen and globus pallidus, while more shape
differences indicating outward deformation were
observed in the left hippocampus, compared with partici-
pants with NFG. This was in contrast with results of ana-
lyses including only participants with diabetes, which

Figure 1 Three-dimensional summary images of results from shape analysis of hippocampus, caudate, putamen and globus

pallidus from superior and inferior views, showing association between plasma glucose levels and shape differences among

participants with normal fasting plasma glucose levels (NFG) (top rows) and with type 2 diabetes (T2D) (middle rows). Bottom

rows show shape differences between participants with T2D and participants with NFG (diabetes vs NFG). The color bar

indicates the t statistic values presented on the surface maps. Results are statistically significant (p<0.05) at t<−1.96 for inward

deformation and t>1.96 for outward deformation associated with plasma glucose levels or classification of T2D. Results were

adjusted for all covariates. Structures with significant (p<0.05) volumetric differences indicating smaller volume are marked with

blue squares, while those with volumetric differences indicating greater volume are marked with red squares.

4 BMJ Open Diabetes Research and Care 2016;4:e000175. doi:10.1136/bmjdrc-2015-000175

Epidemiology/health services research

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2015-000175 on 26 M

ay 2016. D
ow

nloaded from
 

http://drc.bmj.com/


demonstrated more shape differences showing inward
deformation in the left hippocampus, but more showing
outward deformation at bilateral caudate and putamen
associated with glucose levels. Results from additional
analyses controlling only for age, gender and ICV were
consistent with those including all covariates.
In addition, to assess the relative sensitivity of the

shape analyses used in the present study compared with
more typical measures of global structure, we conducted
volumetric analyses using similar models to determine
how striatal and hippocampal volumes correlate with
glucose levels and differ between groups. Results showed
some significant volumetric differences consistent with
localized shape differences, but only in a small subset of
analyses showing significant shape differences (see
table 3 for result summary and online supplementary
table S2 for detailed data).

DISCUSSION
This study is, to our knowledge, the first to apply vertex-
based shape analysis to investigate associations between

higher plasma glucose levels in normal and clinical range
and striatal and hippocampal structures of participants
without diabetes with NFG as well as in participants with
type 2 diabetes. The main findings of this study were that
higher glucose levels were associated mostly with shape
differences indicating inward deformation, which are
suggestive of smaller regional volumes, in the hippocam-
pus and the striatum. These associations held in partici-
pants without diabetes and across the whole sample
including participants with abnormal glucose levels, pro-
viding further evidence of negative impact of higher
plasma glucose levels across the normal and clinical
range. Moreover, to investigate whether these effects were
specifically attributable to glucose levels or to other indi-
vidual characteristics and particularly health status, we
conducted analyses including and excluding important
covariates in addition to age and sex, which have known
impact on type 2 diabetes occurrence and brain
atrophy.23 24 Findings were very similar across these ana-
lyses, thus strengthening the case for glucose levels as the
main factor underlying these effects.

Table 2 Summary of results from vertex-based shape analysis*

Structures

Hipp,L Hipp,R Caud,L Caud,R Puta,L Puta,R Pall,L Pall,R

All participants

Positive

Number of clusters 1 0 0 0 1 2 0 0

Total voxels 79 0 0 0 21 56 0 0

Negative

Number of clusters 3 3 0 0 0 0 0 0

Total voxels 675 189 0 0 0 0 0 0

Participants with NFG

Positive

Number of clusters 0 1 1 1 0 1 0 0

Total voxels 0 21 29 65 0 30 0 0

Negative

Number of clusters 2 0 3 1 2 1 0 0

Total voxels 55 0 337 108 265 33 0 0

Participants with diabetes

Positive

Number of clusters 1 0 0 2 5 2 0 0

Total voxels 34 0 0 76 457 139 0 0

Negative

Number of clusters 3 0 0 0 0 0 0 0

Total voxels 284 0 0 0 0 0 0 0

Participants with NFG vs diabetes

Positive

Number of clusters 3 1 1 0 0 0 0 0

Total voxels 206 60 25 0 0 0 0 0

Negative

Number of clusters 1 4 5 3 1 1 3 2

Total voxels 34 437 447 530 908 1058 360 506

*Summary of results from vertex-based shape analysis of left (L) and right (R) hippocampus (Hipp), caudate (Caud), putamen (Puta) and
globus pallidus (Pall), correlating plasma glucose levels with changes of vertex location among all participants, participants with normal
fasting plasma glucose levels (NFG) and participants with diabetes, as well as comparing participants with NFG with participants with
diabetes. Data were summarized from output of statistically significant clusters at t<−1.96 for negative association and t>1.96 for positive
association (p<0.05). Results were adjusted for all covariates (including type 2 diabetes (T2D) diagnosis for groups including all participants).
Clusters with size >20 voxels are included in this table.
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Important differences were detected when partici-
pants without diabetes were investigated separately.
Interestingly, shape differences indicating inward
deformation associated with higher glucose levels
appeared to be more pronounced in the hippocampus
bilaterally when all participants were included for ana-
lysis. Since clinical diabetes appears to be more promin-
ently associated with positive left hippocampal shape
differences, while glucose levels among participants with
diabetes are associated with shape differences showing
inward deformation (as seen in figure 1 when compar-
ing participants without diabetes with NFG with partici-
pants with diabetes, and when testing association
between glucose levels and shape differences in partici-
pants with diabetes), together this pattern of results
might suggest that, in the hippocampus, poor glucose
level regulation may be to blame. Furthermore, appar-
ent shape differences indicating inward deformation at
the striatum were present in participants with diabetes
compared with participants without diabetes. Yet, higher
glucose levels are more associated with differences indi-
cating outward deformation at the striatum among these
participants with diabetes. These findings further
suggest that while shape differences associated with type
2 diabetes may have developed from long-term higher
glucose levels, they may not be consistently associated
with the measured glucose levels because participants
with type 2 diabetes may receive medical intervention
for better glucose regulation. The presence of shape dif-
ferences indicating outward deformation in type 2 dia-
betes and suggestive of larger regional volume is
nevertheless surprising. Possible explanations for these
findings are that inflammatory processes, which are

known to be upregulated in type 2 diabetes,25 lead to
increases in regional volume. Alternatively, it is possible
that factors such as diabetic medication use or other
factors specific to participants with type 2 diabetes, such
as complications and comorbidities, may underlie these
findings. Unfortunately, cell sizes and statistical models
did not allow for such hypotheses to be tested in the
present investigation but should be followed up in
future research. For instance, comorbidities of type 2
diabetes cannot be totally disambiguated from the
effects of diabetes. For instance, although we controlled
for hypertension at wave 1 in our model, hypertension is
often comorbid with diabetes and its development over
the follow-up may partly explain effects observed. To dis-
ambiguate the effects of hypertension and other poten-
tial comorbidities, investigating hypertension in a
longitudinal design using multilevel models is required.
When interpreting structural differences related to

glucose levels, it is important to consider their possible
functional implications. The present findings suggest that
the inward deformation at the striatum begins at the
rostral and caudal ends of the putamen, and dorsal
caudate head and ventromedial caudate body among par-
ticipants with NFG. The affected rostral areas are known
to have connections with the medial prefrontal cortex
and orbitofrontal cortex; therefore, impaired structure in
these regions could be expected to impact executive
function and emotional control. In contrast, the caudal
areas have connections with the premotor and motor cor-
tices; hence, structural differences in this region may
potentially lead to motor function deficits.26–28

In comparison, shape differences indicating inward
deformation associated with participants with diabetes

Table 3 Summary of results from volumetric analysis*

Structures

Hipp,L Hipp,R Caud,L Caud,R Puta,L Puta,R Pall,L Pall,R

All participants

Estimate −80.48 −52.16 −6.922 0.500 −4.980 −6.423 4.521 −19.44
SE 27.30 24.61 21.92 23.62 31.10 27.09 16.47 14.12

Significance 0.038 0.035 0.752 0.983 0.873 0.813 0.784 0.170

Participants with NFG

Estimate −50.22 −26.41 −35.38 −7.746 −66.37 −23.73 −5.678 −11.71
SE 53.26 46.88 43.38 46.94 61.70 53.06 32.80 27.48

Significance 0.347 0.574 0.416 0.869 0.283 0.655 0.863 0.670

Participants with diabetes

Estimate −64.67 −47.98 40.16 20.59 88.00 78.59 18.47 −3.663
SE 40.63 50.73 24.64 28.61 36.51 41.98 23.38 19.76

Significance 0.130 0.357 0.122 0.481 0.028 0.079 0.440 0.855

Participants with NFG vs diabetes

Estimate −64.46 −198.4 −86.65 −127.6 −298.0 −312.6 −88.00 −112.3
SE 97.53 86.72 77.88 83.55 110.7 96.75 58.86 49.20

Significance 0.509 0.023 0.267 0.128 0.008 0.001 0.136 0.023

*Summary of results from volumetric analysis of left (L) and right (R) hippocampus (Hipp), caudate (Caud), putamen (Puta) and globus
pallidus (Pall), correlating plasma glucose levels with volumetric differences (mm3/mmol/L) among all participants, participants with normal
fasting plasma glucose levels (NFG) and participants with diabetes, as well as comparing participants with NFG with participants with
diabetes (mm3). Statistically significant values (p<0.05) are marked bold.
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when compared with participants without diabetes seem
to extend along the striatum and particularly on the
ventral and dorsal putamen as well as across the whole
globus pallidus. These differences could affect frontos-
triatal connections projecting to the dorsolateral pre-
frontal and anterior cingulate cortex, which could in
turn affect related functions such as motivated behavior.
The pattern of results could suggest that shape differ-
ences indicating inward deformation at the striatum
might develop in a progressive manner since partici-
pants with diabetes exhibit more shape differences
showing inward deformation than participants with
NFG. Beyond the striatum, shape differences were
mainly observed in the CA1 and subiculum subregions
of the hippocampus. A possible implication of these
findings is that hippocampal output via CA1 and subicu-
lum to other cortical and subcortical structures may be
more impaired in participants with diabetes. As a whole,
and in light of the animal literature, these findings
appear consistent with the view that high glucose levels
may lead to structural changes that may differ in their
magnitude and localization during type 2 diabetes
disease progression. The functional implications of
shape differences are not completely clear and further
studies investigating the association between striatal
functions and shape changes are needed.
These results are also consistent with previous findings

showing that higher plasma glucose levels within the
normal range are associated with greater hippocampal
atrophy in the same cohort but at earlier assessments9

and with regional volumetric differences in cortical gray
matter and white matter,8 and that type 2 diabetes is
associated with global brain atrophy.2 12 However, unlike
the present study, these earlier investigations did not
specifically address the localization of shape differences
within the striatum and hippocampus. This method pro-
vides important information about the brain networks
and functions that may be affected by these differences,
and it is also more sensitive to subtle structural varia-
tions. Indeed, to investigate this point, we conducted
volumetric analyses using similar statistical models and
found that, whereas significant localized differences
were identified for most structures and most compari-
sons using shape analyses, a very small number of volu-
metric tests reached significance. Although it is also
possible that local inward shape deformation may be
counterbalanced by as much outward shape deform-
ation across the surface resulting in little or no volumet-
ric difference, our findings showed more clusters
indicating inward deformation in structures where no
volumetric difference was detected. These findings
support an alternative explanation that shape analysis is
more sensitive to earlier morphological differences
which cannot yet be detected with volumetric measures.
This study has a number of limitations. While the sub-

sample of participants under investigation has been ran-
domly sampled from a larger cohort, which was randomly
sampled from the community, it is not completely

representative of the population at large. Participants
were mainly Caucasian, limiting the representativeness of
results in a broader population. The cross-sectional
design used in the present study can only demonstrate
associations and not a causal link between higher glucose
levels and striatal shape differences. Fasting plasma
glucose was collected at wave 1 when participants were in
their early 60s; further studies using data from younger
adults and elderly participants are needed. In addition,
longitudinal analyses could have provided further bene-
fits over the cross-sectional design used here. However,
the present study used a relatively new automated vertex-
based shape analysis for which robust longitudinal pipe-
lines have not yet been implemented. The smaller
sample size in the group with diabetes provides reduced
statistical power, which in turn may have influenced the
results and somewhat reduced their representativeness in
this clinical population. Finally, glucose metabolism and
diabetic status were assessed based on self-report of type
2 diabetes and fasting plasma glucose levels, which may
have been less precise than diagnostic assessments based
on glycosylated hemoglobin (HbA1c) and full clinical
interviews. However, this community-based study was con-
ducted in a large sample which makes it more representa-
tive than studies elsewhere which are often composed of
self-selected volunteers or patients. Importantly, analyses
were controlled for a number of relevant covariates, and
individuals with and without type 2 diabetes were care-
fully compared.
In conclusion, this study provides further evidence

linking high blood glucose levels and cerebral morph-
ology, particularly in type 2 diabetes but also within the
normal range in non-diabetics, and suggesting that the
adverse effects of higher glucose levels might start devel-
oping relatively early in the disease process. Therefore,
there is a pressing need to identify the early risk factors
and predictors of increasing glucose levels in midlife
and before as well as for the development of preventa-
tive and risk reduction strategies at the population level.
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