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Type 2 diabetes mellitus is associated with
brain atrophy and hypometabolism in the
ADNI cohort

ABSTRACT

Objective: We investigated type 2 diabetes mellitus (T2DM) as a risk factor for brain atrophy and
glucose hypometabolism in older adults with or at risk of cognitive impairment.

Methods: Participants with the T2DMwere identified from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI-1/GO/2 cohorts). Analysis of covariance models were used to compare partici-
pants with and without T2DM, controlling for potential confounding factors.

Results: Whole brain volume and whole brain [18F]-fluorodeoxyglucose (FDG) uptake were signif-
icantly different as a function of T2DM status, independent of baseline clinical diagnosis. On post
hoc analysis, a lower whole brain volume was seen in participants with both mild cognitive impair-
ment (MCI) and T2DM (n5 76) compared with participants who had MCI but not T2DM (n5 747;
p5 0.009). Similarly, mean FDG uptake in gray matter and white matter was lower in participants
with both MCI and T2DM (n 5 72) than in participants with MCI without T2DM (n 5 719; p 5

0.04). Subsequent regional analysis revealed that the decreased FDG uptake in participants with
both MCI and T2DMwas mainly manifested in 3 brain regions: frontal lobe, sensory motor cortex,
and striatum.

Conclusions: T2DM may accelerate cognition deterioration in patients with MCI by affecting glu-
cose metabolism and brain volume. Neurology® 2016;87:595–600

GLOSSARY
AD 5 Alzheimer disease; ADNI 5 Alzheimer’s Disease Neuroimaging Initiative; CI 5 confidence interval; FDG 5 [18F]-fluo-
rodeoxyglucose; HC 5 healthy control; MCI 5 mild cognitive impairment; SUVR 5 standardized uptake value ratio; SVD 5
small vessel disease; T2DM 5 type 2 diabetes mellitus.

Type 2 diabetes mellitus (T2DM) is a risk factor for cognitive impairment,1 as more than 30%
of patients with T2DM have mild cognitive impairment (MCI).2,3 T2DM not only is asso-
ciated with a high MCI prevalence but may also shorten the conversion time from normal
cognition to MCI.4,5 In 1997, a population-based cohort study reported that T2DM could
significantly increase Alzheimer disease (AD) risk.6 In 1999, the Rotterdam Study reported
that T2DM could almost double the AD risk.7 However, no direct link has been found
between T2DM and AD from the pathophysiologic perspective.8 In addition, it is not clear
how T2DM interacts with existing cognitive impairment in the form of MCI or AD. Thus,
the goal of this study was to evaluate how T2DM affects brain structure and glucose metab-
olism in participants with normal cognition, MCI, or AD. Specifically, the effects of T2DM
were examined in a secondary data analysis of the structural brain atrophy and glucose
metabolism measures from older adults with normal cognition, MCI, or AD, who were
enrolled in the Alzheimer’s Disease Neuroimaging Initiative (ADNI). The findings may pro-
vide important insight into the biological mechanisms by which T2DM increases the risk of
cognitive impairment.
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METHODS Alzheimer’s Disease Neuroimaging Initiative.
Demographic and imaging data were downloaded from the AD-

NI database (adni.loni.usc.edu). As an ongoing project, ADNI

was launched in 2003 and has been sponsored by the following

agencies: National Institute on Aging, National Institute of

Biomedical Imaging and Bioengineering, Food and Drug

Administration, private pharmaceutical companies, and

nonprofit organizations. The primary goal of ADNI has been

to test whether serial MRI, PET, biological markers, and

clinical and neuropsychological assessment can be combined to

measure the progression of MCI and early AD. In 3 phases (1,

GO, and 2) and from more than 50 sites across the United States

and Canada, ADNI has recruited more than 1,600 adult

participants. The participants are older people (aged 55–90

years) with normal cognition, MCI, or mild AD. Further

information can be found at http://www.adni-info.org/ and in

previous reports.9–14

Selection of T2DM participants. The following search terms

were used to screen ADNI participants’ medical history data-

base: diabetes, diabetic, insulin, insulin-dependent diabetes

mellitus (IDDM), and non-insulin dependent diabetes

mellitus (NIDDM). Demographic information from 1,666

included participants is shown in table 1. Based on the medical

history information (age at onset of diabetes, clinical diagnosis

and/or use of diabetic medications), 159 participants from the

ADNI were found to have T2DM at the screening visit of whom

76.73% (122/159) were being treated with antidiabetic

medications. These diabetic participants had an average fasting

glucose level between 110 and 120 mg/dL at the baseline and 12-,

24-, and 36-month follow-ups, indicating generally good control

of their glucose levels. However, the average baseline fasting

glucose level was 118.74 6 35.69 mg/dL (n 5 91) in those

participants using antidiabetic medications; this level was

significantly higher than the same measure of 106.79 6 18.70

mg/dL (n 5 24) in those who did not use any medications

for control of their diabetes. One explanation is that those

who received antidiabetic medications had more severe

hyperglycemic conditions than those who did not have

antidiabetic treatments. However, some participants with

T2DM did not have their baseline fasting glucose data

available for comparison.

Magnetic resonance imaging. Preprocessed MRI scans are

available from the LONI ADNI site (http://adni.loni.usc.edu).

Before being downloaded, the scans were corrected as previously

described.15,16 FreeSurfer (version 5.1) was then used to extract

MRI data for volumetric and cortical thickness measurements.

Since MRI scanner types and acquisition protocols varied for the

3 ADNI phases (ADNI-1 5 1.5 tesla; ADNI-GO/2 5 3 tesla),

MRI field strength was included as a covariate for the MRI data

analyses along with age, sex, intracranial volume, and APOE e4
carrier status.

[18F]-Fluorodeoxyglucose–PET. Preprocessed [18F]-fluoro-

deoxyglucose (FDG)-PET scans were downloaded from the LO-

NI ADNI site (http://adni.loni.usc.edu). Images were

preprocessed by the ADNI PET core and at the Indiana

University School of Medicine, as previously described.10,17

Briefly, before the download, the raw dynamic frames (6 3

5 minute frames from 30 to 60 minutes postinjection) were

averaged to create a single average image, which was then

aligned with a standard space, resampled to a standard image

and voxel size, normalized in terms of intensity, and smoothed

to a uniform resolution. Downloaded scans were normalized to

MNI (Montreal Neurologic Institute) space using the same time

point MRI, and the image was intensity normalized to the mean

pons signal to create FDG standardized uptake value ratio

(SUVR) images. Mean SUVR values were extracted from the

following brain regions: whole brain, frontal lobe, parietal lobe,

temporal lobe, limbic lobe, and occipital lobe using regions of

interest from the automated anatomical labeling atlas.18

Statistical analysis. SPSS (version 22.0; IBM Corp., Armonk,

NY) was used for all statistical analyses. Two-way analysis of

covariance models were used to evaluate the effect of T2DM

on whole brain volume and cerebral glucose metabolism in the

context of diagnostic group (cognitively healthy control [HC],

MCI, AD). Based on this 2-way analysis of covariance model

including both baseline cognition diagnosis and T2DM status,

participants were divided into 6 groups: HC with no T2DM

(HC; n 5 398), MCI with no T2DM (MCI; n 5 935), AD

with no T2DM (AD; n 5 189), HC with T2DM (HC 1

T2DM; n 5 31), MCI with T2DM (MCI 1 T2DM; n 5

99), and AD with T2DM (AD 1 T2DM; n 5 14) (table 1).

Then the neuroimaging data were compared among the 6 groups

by controlling appropriate confounding factors. Specifically, for

whole brain volume, data were analyzed by controlling age, sex,

APOE e4 carrier status, intracranial volume, and MRI field

strength. FDG-PET data were assessed controlling for age, sex,

and APOE e4 carrier status. Data are shown in the form of mean

6 SD, and p, 0.05 was considered as significant for all statistical

analyses. Figures were created using SigmaPlot (version 10.0).

Standard protocol approvals, registrations, and patient
consents. Written informed consent was obtained from all indi-

viduals (or guardians of participants) participating in the study ac-

cording to the Declaration of Helsinki (consent for research).

RESULTS A significant effect of T2DM status on
whole brain volume (p 5 0.009) and whole brain
FDG SUVR (p 5 0.004) was observed, with

Table 1 Participant demographics

HC HC 1 T2DM MCI MCI 1 T2DM AD AD 1 T2DM

No. 398 31 935 99 189 14

Age, y 74.27 6 0.36 74.81 6 1.30 72.81 6 0.24 71.84 6 0.72 74.65 6 0.52 78.00 6 1.93

Sex, M/F 191/207 22/9 537/398 68/31 98/91 9/5

APOE e4, 1/2 108/276 6/25 478/424 48/46 121/68 11/3

Education, y 16.16 6 0.14 16.42 6 0.51 15.96 6 0.09 15.30 6 0.28 14.84 6 0.20 13.21 6 0.75

Abbreviations: AD 5 Alzheimer disease; HC 5 healthy controls; MCI 5 mild cognitive impairment; T2DM 5 type 2 diabetes mellitus.
Both age and education are shown in the format of mean 6 SD.
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participants with T2DM showing lower volume and
metabolism than nondiabetic participants. An ex-
pected significant main effect of diagnosis was also
observed, but no interaction between baseline diag-
nosis and T2DM status was seen for either outcome.

Whole brain volume and glucose metabolism were
then compared among the 6 groups (HC, HC 1

T2DM, MCI, MCI 1 T2DM, AD, and AD 1

T2DM). A significant difference between the MCI
1 T2DM group and the MCI group was observed,
with the MCI 1 T2DM group showing a whole
brain volume of 997.966 6.39 cm3 (95% confidence
interval [CI]: 985.43–1,010.49 cm3; n 5 76), which
was lower than the whole brain volume for the MCI
group (mean whole brain volume: 1,022.77 6 2.05
cm3 [95% CI: 1,018.75–1,026.79 cm3; n 5 747;
p 5 0.003]) (figure 1, table 2).

Mean whole brain FDG SUVR was also signifi-
cantly different between the MCI 1 T2DM group
and the MCI group. Specifically, the MCI1 T2DM
group showed a mean whole brain FDG of 1.237 6

0.014 (95% CI: 1.209–1.264; n 5 72), which was

lower than the MCI group (1.2816 0.004 [95% CI:
1.272–1.289; n 5 719; p 5 0.04]) (figure 2).

Subsequently, glucose metabolism from multiple
brain regions was examined. The MCI 1 T2DM
group had a lower FDG SUVR than the MCI group
in the frontal lobe, sensory motor cortex, and stria-
tum (p , 0.05; table 3). The effects of T2DM did
not reach the level of significance within the other 2
baseline cognition diagnosis groups for any compari-
son (HC or AD).

DISCUSSION A lower whole brain volume, as well as
whole brain hypometabolism, was seen in partici-
pants with both MCI and T2DM than in those with
MCI only. In addition, participants with MCI 1

T2DM showed reduced glucose metabolism in the
frontal lobe, sensory motor cortex, and striatum rel-
ative to MCI without T2DM. T2DM showed no
effects within either HC or AD groups. The findings
suggest that deterioration caused by T2DM affected
patients with MCI more than patients with AD or
healthy older adults.

The majority of studies have found that patients
with T2DM have a lower whole brain volume than
patients with normoglycemia19–22 except one.23 Find-
ings from the current study showed that T2DM had
effects on the whole brain volume primarily in pa-
tients with MCI. In addition, no volume change was
detected in any subregion of the brain, so the effects
of T2DM were only observed when considering the
whole brain volume. The MCI-specific effects of
T2DM suggest that the atrophic changes seen in
the prodromal stages of dementia may be accelerated
by T2DM. In addition, the MCI-specific effects of
T2DM may explain the inconsistent reports on the
whole brain volume measures in patients with
T2DM.

In a previous study, hippocampal atrophy was
associated with cerebral small vessel disease (SVD)
in patients with T2DM, but no association was found
between vascular risk factors and cortical atrophy.24

T2DM was associated with a higher count of cerebral
infarcts and a lower total brain volume.25 Although
SVD was reported to be associated with cognitive

Table 2 Whole brain volumes between diagnostic and T2DM status groups

HC HC 1 T2DM MCI MCI 1 T2DM AD AD 1 T2DM

No. 423 35 747 76 143 9

Volume, cm3 1,049.67 6 2.77 1,034.69 6 9.37 1,022.77 6 2.05a 997.97 6 6.39b 981.45 6 4.91 977.24 6 18.56a

95% CI, cm3 1,044.23–1,055.11 1,016.31–1,053.08 1,018.75–1,026.79 985.43–1,010.49 971.81–991.08 940.79–1,013.70

Abbreviations: AD 5 Alzheimer disease; CI 5 confidence interval; HC 5 healthy controls; MCI 5 mild cognitive impairment; T2DM 5 type 2 diabetes
mellitus.
a The MCI group had a lower whole brain volume than the HC group; the AD group had a lower whole brain volume than the MCI group (p , 0.05).
b The MCI 1 T2DM group had a lower whole brain volume than the MCI group (p , 0.05).

Figure 1 Whole brain volumes were compared among the 6 groups

Whole brain volumes were different among the 6 groups based on T2DM status (p5 0.009),
but the effects of T2DM were only seen in participants with MCI. The whole brain volume in
the MCI 1 T2DM group was lower than that in the MCI group (p 5 0.003). AD 5 Alzheimer
disease; HC 5 healthy controls; MCI 5 mild cognitive impairment; T2DM 5 type 2 diabetes
mellitus.
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decline in patients with T2DM,26 the presence of
silent brain infarct and white matter lesions was not
assessed in this study. Thus, the role of SVD in brain
atrophy in patients with T2DM deserves further
investigations.27,28

A previous study found that the odds ratio for hy-
pometabolism in AD signature regions was doubled
in individuals with T2DM in comparison to nondia-
betic individuals.29 Several frontotemporal brain regions
in patients with T2DM were shown to have a reduced
cerebral glucose metabolism, even after various vascular
risk factors were controlled.30 In another report,
a reduced glucose metabolism was found in the frontal
lobe in adults with T2DM.31 In this study, we demon-
strated an association between T2DM and a lower hy-
pometabolism in the whole brain in participants with
MCI. On regional analysis, reduced glucose metabo-
lism was mainly manifested in the frontal lobe, the
sensory motor cortex, and the striatum in participants
with T2DM andMCI relative to those with MCI only.

We studied the effects of antidiabetic treatments
or other features of diabetes on the outcomes of either
whole brain volume or glucose metabolism in the
brain as well. The concurrent antidiabetic treatment
showed no effects on either outcome. By contrast,
other characteristics of diabetes, such as fasting glu-
cose level and duration of T2DM, have previously
been shown to be associated either with brain struc-
ture or glucose metabolism changes in the brain.27

In this study, participants with T2DM showed stable
fasting glucose levels and, thus, relatively controlled
disease.

Previous studies have shown an association
between T2DM and accelerated cognitive decline.5,19

For example, T2DM at baseline was found to accel-
erate the conversion from normal cognition to MCI
by 7 years.5 The decreased total brain volume and the
lowered glucose metabolism in regions of frontal lobe,
sensory motor cortex, and striatum in the present
study may provide some biological evidence for sup-
porting T2DM’s role in impairing cognition
functions.25,26,32

This study was limited by its cross-sectional
design. A longitudinal follow-up study is warranted
to investigate how T2DM correlates with an acceler-
ated cognitive deterioration over time. Furthermore,
future fluid biomarker studies may shed more light
on the underlying mechanism of T2DM-associated
cognitive decline. Another limitation is that the par-
ticipants with T2DM were ascertained based on their
self-reported medical history, which may not be com-
plete or accurate. Future studies using digital medical
history would be warranted to confirm the findings in
the present study.

In summary, the findings from this study provide
biological evidence regarding the influence of the
T2DM that may help explain previously reported as-
sociations of T2DM with cognition decline, espe-
cially in patients with MCI. T2DM appears to have
additive effects with AD pathology in patients with
MCI to reduce the whole brain volume and glucose
metabolism in multiple brain regions. Although it is
difficult to delineate the specific contributions of

Figure 2 Whole brain FDG SUVR was compared among the 6 groups

Whole brain FDG SUVR was different among the 6 groups when T2DM status was used as
the independent variable (p5 0.001). However, the effects of T2DM on the whole brain FDG
SUVR were only seen in participants with MCI. The MCI 1 T2DM group had a lower whole
brain FDG SUVR than the MCI group (p 5 0.04). AD 5 Alzheimer disease; FDG 5 [18F]-
fluorodeoxyglucose; HC5 healthy controls; MCI5 mild cognitive impairment; SUVR 5 stan-
dardized uptake value ratio; T2DM 5 type 2 diabetes mellitus.

Table 3 Mean FDG SUVR

HC HC 1 T2DM MCI MCI 1 T2DM AD AD 1 T2DM

No. 349 31 719 72 98 9

Frontal lobe 1.317 6 0.006 1.266 6 0.021 1.294 6 0.004 1.247 6 0.014a 1.231 6 0.012b 1.21 6 0.039

Sensory motor cortex 1.331 6 0.007 1.275 6 0.024 1.315 6 0.005 1.264 6 0.016a 1.264 6 0.014b 1.22 6 0.045

Striatum 1.451 6 0.007 1.402 6 0.024 1.425 6 0.005 1.374 6 0.016a 1.385 6 0.014b 1.345 6 0.045

Abbreviation: AD 5 Alzheimer disease; FDG 5 [18F]-fluorodeoxyglucose; HC 5 healthy controls; MCI 5 mild cognitive impairment; SUVR 5 standardized
uptake value ratio; T2DM 5 type 2 diabetes mellitus.
a The MCI 1 T2DM group had a lower FDG SUVR than the MCI group (p , 0.05).
b The AD group had a lower FDG SUVR than the HC group (p , 0.05).

598 Neurology 87 August 9, 2016

ª 2016 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



atrophic brain structural changes relative to changes
in function represented by impaired glucose metabo-
lism, both processes may be involved in cognitive
decline in patients with T2DM and MCI.
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published journal page. Accompanying description should be 100 words or less; the title should be a
maximum of 96 characters including spaces and punctuation.

Learn more at www.aan.com/view/Visions, or upload a Visions submission at submit.neurology.org.

Subspecialty Alerts by E-mail!
Customize your online journal experience by signing up for e-mail alerts related to your subspecialty or
area of interest. Access this free service by visiting Neurology.org/site/subscriptions/etoc.xhtml or click
on the “E-mail Alerts” link on the home page. An extensive list of subspecialties, methods, and study
design choices will be available for you to choose from—allowing you priority alerts to cutting-edge
research in your field!
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