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Abstract
Objective
To study longitudinal relationships between type 2 diabetes mellitus (T2DM), cortical
thickness, and cognitive function in older people with normal cognition, mild cognitive im-
pairment, and Alzheimer disease (AD).

Methods
The sample was derived from the Alzheimer’s Disease Neuroimaging Initiative cohort who
underwent brain MRI and cognitive tests annually for 5 years. Presence of T2DMwas based on
fasting blood glucose ≥7.0mml/L or the use of glucose-lowering agents. We used latent growth
curve modeling to explore longitudinal relationships between T2DM, cortical thickness, and
cognitive function, adjusting for relevant covariates and testing for interactions.

Results
There were 124 people with T2DM (mean age 75.5 years, SD 6.2) and 693 without T2DM
(mean age 75.1 years, SD 6.9) with at least 1 MRI available. AD and lower cortical thickness at
study entry was associated with a lower chance of having a MRI available at each follow-up
phase (all p < 0.001). T2DM was associated with lower baseline cortical thickness (p = 0.01).
We found no direct effect of T2DM on decline in cortical thickness or cognitive function, but
there was an indirect pathway linking T2DM and cognitive decline via baseline cortical
thickness (β = −0.17, p = 0.022). There was an interaction between T2DM and education
whereby the negative effect of T2DM on baseline cortical thickness was reduced in those with
greater education (β = 0.34, p = 0.037). These associations changed minimally when adjusted
for baseline cognitive diagnosis.

Conclusions
In an older cohort with low cerebrovascular disease burden, T2DM contributes to cognitive
decline via neurodegeneration. Prior brain and cognitive reserve may protect against this effect.
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Type 2 diabetes mellitus (T2DM) is associated with as much
as twofold increased risk of dementia and Alzheimer disease
(AD) dementia,1–3 and may present an important modifiable
risk factor for reducing the population burden of dementia.4

There is limited understanding about mechanisms underlying
this association, which likely involve both cerebrovascular dis-
ease and neurodegeneration.2 Most published studies,5,6 in-
cluding ours,7,8 have demonstrated cross-sectional associations
of T2DM with poorer cognitive function or lower brain vol-
umes. T2DMhas also been shown to be associated with greater
cognitive decline9 and in a few studies with greater brain
atrophy.10–12 However, there are no published studies ex-
amining brain atrophy and cognitive decline together in T2DM,
and it is unknown if brain atrophy mediates the relationship
between T2DM and cognitive decline.13

There are no data exploring the influence of T2DM on the
trajectories of brain atrophy in the presence of mild cognitive
impairment (MCI) or AD dementia, where one would expect
to see acceleration of brain atrophy. In the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) sample, which was
selected to exclude those with significant cerebrovascular dis-
ease, we demonstrated lower cortical thickness in those with
T2DM.7 In that analysis, although cortical thickness itself
was lower in MCI and AD dementia compared with those
with normal cognition, the association of T2DM with cor-
tical thickness was independent of cognitive diagnosis.7 We
aimed to build upon this work and study whether the pres-
ence of T2DM was associated with acceleration of cortical
thinning and consequent cognitive decline in the ADNI sample.

Methods
The data used for this analysis were obtained from the ADNI
database (ida.loni.usc.edu).14 ADNI was launched in 2003
with the primary aim of identifying MRI, PET, CSF, bio-
chemical, clinical, and neuropsychological biomarkers of
progression ofMCI to AD dementia.14 ADNI aimed to recruit
800 adults between the ages of 55 and 90 years with 400
people with MCI, 200 people with early probable AD de-
mentia, and 200 normal controls. These cognitive diagnoses
were based on the National Institute of Neurologic and
Communicative Disorders and Stroke/Alzheimer’s Disease
and Related Disorders Association.15 Those with MCI had
memory complaints16 but no significant functional impair-
ment based on Clinical Dementia Rating.17 Participants were
excluded if they were at high risk of cerebrovascular disease

contributing to cognitive impairment defined by Hachinski
ischemic score18 >4, were unable to undergo MRI, had other
neurologic disorders, active depression, history of psychiatric
diagnosis, or alcohol or substance dependence in the last 2
years, had less than 6 years of education, or were not fluent in
English or Spanish.

Standard protocol approvals, registrations,
and patient consents
Written informed consent was obtained from all participants.
Full details of ethics approval, study design, participant re-
cruitment, and clinical testing have been published previously
and are available at adni-info.org.

Clinical and genetic data
Data on demographic information, medical history, APOE e4
(APOE4) genotype, baseline cognitive diagnosis (AD, MCI, or
cognitively normal), fasting venous blood glucose levels, and
medication use were downloaded from the ADNI clinical data
database in August 2013. We assigned diabetes status based on
fasting blood glucose ≥7.0 mml/L as per American Diabetes
Association guidelines19 or the use of glucose-lowering agents.
APOE4 genotyping was performed on venous blood-derived
DNA at the ADNI Biomarker Core Laboratory (University of
Pennsylvania) and participants deemed APOE4 positive if they
carried at least one APOE4 allele.

MRI scans and image processing
The process for MRI acquisition has been described previously
in ADNI publications.20,21 In brief, all ADNI participants had
a 1.5T MRI performed at either screening or baseline visits
between August 2005 and October 2007. The ADNI project
offers scans that have been preprocessed (gradient warping,
scaling, B1 correction, and N3 inhomogeneity correction) to
correct for different scanners across sites.22 In our imaging
laboratory, we used the FreeSurfer v5.3 (surfer.nmr.mgh.har-
vard.edu/) longitudinal processing pipeline to estimate mean
cortical thickness, supratentorial brain volume, ventricular
volume, and total intracranial volume. Participants with only
baseline MRI were processed using the single time point
template creation option (surfer.nmr.mgh.harvard.edu/fswiki/
LongitudinalProcessing), ensuring that all scans received the
same processing steps.

Neuropsychological assessment
The neuropsychological assessment procedures have been de-
scribed in previous ADNI publications.23 In brief, the following
cognitive assessments were used in our analysis: American

Glossary
AD = Alzheimer disease;ADNI = Alzheimer’s Disease Neuroimaging Initiative; APOE4 = APOE e4;CFA = confirmatory factor
analysis; CFI = comparative fit index; LGCM = latent growth curve model;MAR = missing at random;MCI = mild cognitive
impairment; MI = multiple imputation; MLR = maximum likelihood estimation with robust standard errors; RMSEA = root
mean square error of approximation; SRMR = standardized root mean square residual;T2DM = type 2 diabetes mellitus;TLI =
Tucker-Lewis index; WAIS-R = Wechsler Adult Intelligence Scale–Revised.
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National Reading Test (premorbid intelligence), Rey Au-
ditory Verbal Learning Test (short-term memory), Boston
Naming Test (word retrieval), category fluency (verbal flu-
ency), ClockDrawing Test (visuospatial function), Alzheimer’s
Disease Assessment Scale–cognitive subscale, Construction
Praxis Test (conceptual and motor spatial function), Digit
Span forwards (attention) and backwards (working mem-
ory) tasks, Trail-Making Test A & B (motor speed and atten-
tion), Wechsler Adult Intelligence Scale–Revised (WAIS-R)
symbol substitution test, andWechsler Memory Scale–Revised
(memory).24

Data analysis
Student t test and χ2 tests were applied to compare baseline
demographic, clinical, and cognitive variables between T2DM
and non-T2DM groups.

Confirmatory factor analysis (CFA)
CFA was conducted using the baseline cognitive data to re-
duce the large number of cognitive tests to a single latent
variable for each timepoint. Maximum likelihood estimation
with robust standard errors (MLR) was used that is robust to
non-normally distributed data. The CFA model was evalu-
ated using a set of fit indices, including χ2 statistics, its ac-
companying significance tests and scaling correction factor
for MLR, root mean square error of approximation (RMSEA)
with its 90% confidence interval, standardized root mean
square residual (SRMR), Tucker-Lewis index (TLI), and com-
parative fit index (CFI).25 Adequate model fit was considered
likely with χ2 probability p > 0.05 or scaling correction factor
for MLR > 0.05, RMSEA < 0.05, SRMR < 0.05, TLI > 0.95,
and CFI > 0.95.

Multiple imputation (MI)
We used MI to accommodate for the common issue of par-
ticipant attrition in longitudinal studies. MI is increasingly
becoming the preferred approach to handle missing values as
it allows more accurate estimates, increases the statistical
power to detect associations, and improves the generaliz-
ability of results.26 We performed the MI using a 2-stage se-
quence.27 First, missing data in the repeated measures of
cortical thickness and cognitive function were imputed based
on the characteristics of the nonmissing data at each time
point and the covariates T2DM, sex, education, age, APOE4
status, and cognition. This was done 5 times to create 5 dif-
ferent plausible imputed datasets28 using Bayesian estimation.
Second, the model was fitted separately to each of the 5 com-
plete datasets (incorporating observed and imputed values).
The results were combined using the MI combining rules29 to
give parameter estimates and standard errors that account for
the uncertainty due to the missing data.

We used a parallel process latent growth curve model
(LGCM)30 to examine the relationships between covariates
(i.e., T2DM, sex, education, age, APOE4), cortical thickness,
and cognitive function. These associations were identified in
previous work.9–12 The use of such specified models appears

to be more accurate than any of the unrestricted model
imputations.31

An assumption of MI is that data are missing at random
(MAR). Although MAR is empirically unverifiable,28 we
carried out sensitivity analyses using Diggle-Kenward selec-
tion models to explore whether missing data were ignorable.32

All analyses were conducted via statistical programs of SPSS
2533 and Mplus 8.1.34

The data used in this study are available via Laboratory of
Neuroimaging Image &Data Archive on application adni.loni.
usc.edu/data-samples/access-data/

Results
There were 817 people with at least 1 brain MRI scan avail-
able. Table 1 describes the characteristics of the study par-
ticipants at study commencement. There were 124 people
with T2DM (mean age 75.5 years [SD 6.2]) and 693 people
without T2DM (mean age 75.1 years [SD 6.9]). Those with
T2DM were more likely to be male (69%) compared with
those without T2DM (male 56%). As expected, those with
T2DM had greater fasting blood glucose levels and body mass
index than those without T2DM. A total of 75 participants
used oral hypoglycemic agents to control their T2DM and 10
used insulin (5 of whom were also on oral agents). The
numbers and proportions of T2DM in each cognitive di-
agnostic group were 38/228 (17%) among cognitively normal
controls, 59/398 (15%) among those with MCI, and 27/191
(14%) among those with AD dementia.

Data were available for 620 participants at 12 months follow
up, 487 at 24 months, 302 at 36 months, 198 at 48 months,
and 56 at 60 months. The mean follow-up time was 30 (SD
20.5) months. Table 2 summarizes the numbers and charac-
teristics of people who did and did not have MRI scans
available at each time point. The number of people with brain
MRI available at each time point decreased over time, more so
among those with T2DM than those without T2DM (p =
0.001). There were no differences in age between those who
did or did not have MRI scans available. However, the pres-
ence of AD and lower cortical thickness at study entry was
associated with a greater chance of not having a brain MRI
available at each follow-up phase (all p < 0.001).

CFA of cognitive measures
Factor analysis generated a single factor to summarize global
cognitive function represented by 5 test scores: 30 minutes
recall Auditory Verbal Reading Test, Boston Naming task,
WAIS-R symbol substitution score, and category fluency. The
model fitted the baseline data well, χ2 (5) = 32.14, p = 0.00,
with a scaling correction factor for MLR of 0.93, SRMR =
0.02, CFI = 0.98, TLI = 0.96, RMSEA = 0.08 (0.06–0.11). All
standardized factor loadings were above 0.60.
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T2DM, cognition, and cortical thickness
The figure shows the standardized regression coefficients of
the LGCM with the covariates T2DM, age, sex, education,
and APOE4 status in explaining interindividual differences in
baseline values and trajectories of cognitive function and
cortical thickness. Lower baseline cortical thickness and
greater loss of cortical thickness over time were associated
with greater cognitive decline (p < 0.001). Greater baseline
age was associated with lower baseline cortical thickness and
greater loss of cortical thickness over time (p < 0.001). T2DM
was associated with lower cortical thickness at baseline (p =
0.008), and there was an interaction between T2DM and
education whereby the negative effect of T2DM on baseline
cortical thickness was reduced in those with greater education
(interaction β = 0.34, p = 0.037). There was no direct effect of
T2DMon the slope of cortical thickness or cognitive function.

However, there was an indirect pathway linking T2DM with
greater cognitive decline via its association with lower baseline
cortical thickness (β = −0.176, p = 0.022). There was a weak
indirect pathway linking the T2DM × education interaction
with cognitive decline via its association with lower baseline
cortical thickness, not reaching statistical significance (β =
0.136, p = 0.06). Additional adjustment for baseline cognitive
diagnosis did not show appreciable change these results (data
not shown). There was no interaction between T2DM and
baseline cognitive diagnosis with any of the outcome variables.

In the Diggle-Kenward sensitivity analyses, examining whether
data were missing at random, there were nonsignificant asso-
ciations between baseline measurement and corresponding
time-point outcomes where that outcome was missing: 30
minutes recall Auditory Verbal Reading Test, p = 0.27; cat-
egory (animal), p = 0.60; category (vegetable), p = 0.96;
WAIS-R symbol substitution score, p = 0.15; and cortical
thickness, p = 0.23.

Data availability
The data used for this analysis are available on request from
the ADNI database (ida.loni.usc.edu).

Discussion
In the ADNI sample selected for risk of progression to AD
and relatively free of cerebrovascular disease, we did not find
a direct effect of T2DM on the rate of decline in cortical
thickness or cognitive function. However, T2DM was in-
directly related to greater cognitive decline via its association
with lower cortical thickness at baseline. This effect, together
with the moderating effect of education on the T2DM–
baseline cortical thickness association, suggests that the neg-
ative effect of T2DM on the brain may be dependent on brain
and cognitive reserve.

To date, there have been only 3 reports of longitudinal studies
describing the link between T2DM and brain structure,10–12

with variable results. In a sample of people with a similar
baseline age (;75 years) as ours, people with T2DM (n = 89)
had greater brain atrophy over 3 years than those without
T2DM,10 whereas in a slightly older cohort, (mean age ;78
years) no association was found (n = 58).12 In a younger
sample (mean age;65 years), the presence of T2DM (n = 55)
was associated with a greater rate of lateral ventricular volume
expansion, but not whole brain volume loss, over a 4-year
period.11 We confirmed the finding in prior longitudinal
studies10–12 of an association of T2DM with lower baseline
brain volumes, raising the possibility that the effect of T2DM
on neurodegeneration may commence at an earlier age (e.g.,
midlife) and result in the reduction of brain reserve. Accord-
ingly, we have previously demonstrated substantial differences
in functional brain activation in twin pairs discordant for
T2DM around age 60,35 which may be early signs of T2DM-
related neurodegeneration. In addition, the moderating effect
of education on the association between T2DM and baseline

Table 1 Baseline sample characteristics

T2DM
(n = 124),
mean (SD)
or n (%)

No T2DM
(n = 693),
mean (SD)
or n (%) p Value

Age, y 75.5 (6.2) 75.1 (6.9) 0.59

Female 39 (31) 303 (44) 0.01

Formal education, y 15.1 (3.5) 15.6 (3.0) 0.07

Fasting glucose, mmol/L 7.34 (2.33) 5.30 (0.73) <0.001

Average SBP, mm Hg 137 (17) 135 (18) 0.24

Average DBP, mm Hg 74 (10) 75 (10) 0.85

Weight, kg 80.7 (16.6) 74.0 (14.0) <0.001

Body mass index 28.0 (4.8) 26.3 (4.2) <0.001

MRI infarct 11 (9) 55 (8) 0.73

Smoker 42 (34) 281 (41) 0.16

MMSE score 26.2 (3.4) 26.2 (3.6) 0.98

ADAS-cog score 11.7 (6.5) 11.7 (6.4) 0.95

Oral diabetes medications 75 (60)

Insulin use 10 (8)

Insulin and oral agent 5 (4)

APOE4 status 57 (46) 343 (49) 0.74

Cognitive diagnoses

Normal control (n = 228) 38 190

Mild cognitive
impairment
(n = 398)

59 339 0.74

Alzheimer dementia
(n = 191)

27 164

Abbreviations: ADAS-cog score = Alzheimer’s Disease Assessment Scale–
cognitive subscale; DBP = diastolic blood pressure; MMSE = Mini-Mental
State Examination; SBP = systolic blood pressure; T2DM = type 2 diabetes
mellitus.
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cortical thickness in the present study is also supportive of
a role for cognitive reserve36 in protecting against the adverse
effect of T2DM on neuronal health.

Surprisingly, in the present study, in spite of studying a sample
of people at a high risk of dementia, we did not find a direct
effect of T2DM on decline in cortical thickness or cognitive
decline. Our sample was clearly at low cerebrovascular risk
compared with previous studies10,11 (lower stroke prevalence
and lower blood pressure), and this relative lack of vascular
disease may have masked direct effects of T2DMon decline in
cortical thickness and cognitive function. Supporting the
importance of cerebrovascular disease in T2DM-related de-
mentia, investigators of a recent large autopsy study (n =
2,365, mean age 89 years) reported that diabetes was associ-
ated with a greater burden of brain infarcts, and that the
combination of diabetes and infarcts was associated with
lower cognitive scores at the end of life than either infarcts or
diabetes alone.37 It is thus possible that the combination of
T2DM and cerebrovascular disease may be required to cause
greater brain atrophy during old age even in those at high risk
of AD dementia. Apart from the potential contribution of
cerebrovascular disease, an interesting question that is often
raised is whether the T2DM–dementia relationship is influ-
enced by amyloid pathology, as usually seen in AD dementia.
Consistent with a non-AD process, we found no interaction
between T2DM and APOE4 genotype in predicting decline in
cortical thickness or cognitive function. Accordingly, we7 and
others38–40 have previously not found associations between
T2DM and brain or CSF amyloid levels. Thus, T2DM may
contribute to neuronal loss by its additive effects on age-
related neurodegeneration (e.g., suspected non-Alzheimer
pathophysiology or primary age-related tauopathy), by
mechanisms including neuroinflammation, glycation, or in-
sulin-signaling.41 An additional possibility is that the re-
lationship betweenmetabolic health and brain aging may even
exist before the onset (formal diagnosis) of T2DM, the latter
being a constellation of features (hyperglycemia, insulin re-
sistance, hypertension, adiposity), each of which can have
individual contributions to brain health. We could not address

Table 2 Characteristics of participants with and without
MRI scans available at each time point

Variablea

Imaging
available,
mean (SD)
or n (%)

Imaging
unavailable,
mean (SD)
or n (%) p

12 months, n 620 197

Age, y 75.0 (6.7) 75.6 (7.2) 0.83

T2DM 87 (14) 37 (19) 0.11

Cognitively normal 187 (30) 41 (21)

Mild cognitive
impairment

308 (50) 90 (46) <0.001

Alzheimer disease 125 (20) 66 (34)

Baseline cortical
thickness

2.24 (0.14) 2.13 (0.14) <0.001

24 months, n 487 330

Age, y 75.2 (6.5) 75.2 (7.4) 0.53

T2DM 60 (12) 64 (19) 0.06

Cognitively normal 161 (33) 67 (20)

Mild cognitive
impairment

229 (47) 169 (51) <0.001

Alzheimer disease 97 (20) 94 (28)

Baseline cortical
thickness

2.24 (0.13) 2.17 (0.15) <0.001

36 months, n 302 515

Age, y 75.0 (6.3) 75.3 (7.2) 0.64

T2DM 43 (14) 81 (16) 0.57

Cognitively normal 138 (46) 90 (17)

Mild cognitive
impairment

163 (54) 235 (46) <0.001

Alzheimer disease 1 (0.3) 190 (37)

Baseline cortical
thickness

2.27 (0.11) 2.18 (0.15) <0.001

48 months, n 198 619

Age, y 74.9 (5.9) 75.3 (74.7) 0.52

T2DM 24 (12) 100 (16) 0.17

Cognitively normal 94 (47) 134 (22)

Mild cognitive
impairment

104 (53) 294 (64) <0.001

Alzheimer disease 0 (0) 191 (31)

Baseline cortical
thickness

2.28 (0.11) 2.19 (0.15) <0.001

60 months, n 56 761

Age, y 74.9 (5.4) 75.2 (6.9) 0.60

T2DM 8 (14) 116 (15) 0.85

Cognitively normal 31 (55) 197 (26)

Table 2 Characteristics of participants with and without
MRI scans available at each time point (continued)

Variablea

Imaging
available,
mean (SD)
or n (%)

Imaging
unavailable,
mean (SD)
or n (%) p

Mild cognitive
impairment

25 (45) 373 (49) <0.001

Alzheimer disease 0 (0) 191 (25)

Baseline cortical
thickness

2.29 (0.12) 2.21 (0.14) <0.001

Abbreviation: T2DM = type 2 diabetes mellitus.
a Refers to characteristics at Alzheimer’s Disease Neuroimaging Initiative
baseline.
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the contributions of these factors to cognitive decline in this
study. Finally, it is also possible that those at genetic risk for
T2DM are somehow primed to also develop accelerated brain
aging, a scenario of shared risk rather than direct causality.
Such questions could be addressed in specially designed
cohorts beginning at birth or young age.

There are limitations to our study apart from the low cere-
brovascular load in our sample. Sample attrition may explain
some of our findings. At each time point, cognitively normal
participants were more likely to have an MRI performed than
those with cognitive impairment. Such attrition of the most
impaired participants in longitudinal studies is well-recog-
nized42 and this bias may have reduced the ability to detect
a direct effect of T2DM on the rate of cortical thickness or
cognitive decline. Hence our results do not conclusively rule
out a direct contribution of T2DM to a decline in cortical
thickness or cognitive function. The number of participants
with T2DM was not high to begin with, and declined over
time, potentially reducing study power to detect differences.
To reduce the effect of attrition, we used a robust multiple
imputation technique that took into account the greater risk
of missing data in people with diabetes, cognitive impairment,
and lower cortical thickness and performed sensitivity analy-
ses that while not definitive, suggest that our assumption that
data were missing at random was valid.43 Because of declining
numbers, and the even smaller proportion of people who may
have undergone CSF assays, we were unable to link changes in
CSF amyloid or tau with T2DM and our other measures of
interest. As the primary objectives of ADNI were not related

to the study of T2DM, information regarding duration of
T2DM and glucose control were unavailable, and these would
have provided extra information in exploring whether di-
abetes management affected the reported relationships. It is
also possible that people with T2DM in our study had other
unmeasured factors that reduced their risk of cerebrovascular
disease and as such, limit the generalizability of our results.
Our study also has a number of important strengths. We used
a well-characterized sample with objectively defined T2DM,
and adopted established approaches to imaging analysis
blinded to T2DM status. With our LGCM approach, we were
able to provide a simultaneous estimate of effects of several
exposures, and generate standardized coefficients to provide
a comparative picture of the magnitude of contributions for
each relevant exposure. For example, as shown in the figure,
the strength of the association between T2DM and baseline
cortical thickness was larger than that of the APOE4 genotype
and baseline cortical thickness.

Our results suggest that T2DM may contribute to cognitive
decline indirectly via its association with lower baseline cor-
tical thickness, potentially because of reduction in brain re-
serve. Greater education, a proxy of cognitive reserve, may
protect against the expression of T2DM-related cognitive
decline. Finally, the expression of T2DM-related cognitive
decline during old age may be more evident in people with
a higher risk or load of cerebrovascular disease. Thus, en-
hancing reserve and preventing cerebrovascular disease may
be worthwhile avenues to prevent future cognitive decline in
people with T2DM.

Figure Change in cognitive function

Statistically significant cross-sectional and longitudinal associations between covariables, cortical thickness, and cognitive function. β = standardized β
coefficient; SE = standard error; ns = not statistically significant, i.e., p > 0.05, *p < 0.05, **p < 0.01.
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