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Glucose indices are associated with
cognitive and structural brain measures in
young adults

ABSTRACT

Objective: To evaluate the possible early consequences of impaired glucose metabolism on the
brain by assessing the relationship of diabetes, fasting blood glucose (FBG) levels, and insulin
resistance with cognitive performance and brain integrity in healthy young and middle-aged
adults.

Methods: The sample included dementia-free participants (mean age 40 6 9 years; 53%women)
of the Framingham Heart Study third-generation cohort with cognitive testing of memory,
abstract reasoning, visual perception, attention, and executive function (n 5 2,126). In addition,
brain MRI examination (n 5 1,597) was used to determine white matter, gray matter, and white
matter hyperintensity (WMH) volumes and fractional anisotropy measures. We used linear regres-
sion models to assess relationships between diabetes, FBG, and insulin resistance with cognition,
lobar gray matter, and WMH volumes as well as voxel-based microstructural white matter integ-
rity and gray matter density, adjusting for potential confounders. Mediating effect of brain lesions
on the association of diabetes with cognitive performance was also tested.

Results: Diabetes was associated with worse memory, visual perception, and attention perfor-
mance; increased WMH; and decreased total cerebral brain and occipital lobar gray matter vol-
umes. The link of diabetes with attention and memory was mediated through occipital and
frontal atrophy, and the latter also through hippocampal atrophy. Both diabetes and increased
FBG were associated with large areas of reductions in gray matter density and fractional anisot-
ropy on voxel-based analyses.

Conclusions: We found that hyperglycemia is associated with subtle brain injury and impaired
attention and memory even in young adults, indicating that brain injury is an early manifestation
of impaired glucose metabolism. Neurology® 2015;84:2329–2337

GLOSSARY
BA 5 Brodmann area; BMI 5 body mass index; CERAD-WL 5 Consortium to Establish a Registry for Alzheimer’s Disease
Word List Memory Task; CI 5 confidence interval; DSB 5 digit span backward; DSF 5 forward; DTI 5 diffusion tensor
imaging; FA 5 fractional anisotropy; FBG 5 fasting blood glucose; FLAIR 5 fluid-attenuated inversion recovery; HOMA-
IR 5 Homeostatic Model Assessment–Insulin Resistance; HVOT 5 Hooper visual organization test; SIM 5 similarities test;
TrA 5 Trails A; VR-d 5 delayed recall component of the Visual Reproductions test; WMH 5 white matter hyperintensity.

Type 2 diabetes has been consistently associated with an increased risk of incident dementia,1,e1

as well as with cognitive deficits2,3,e2,e3 and increased brain atrophy, even in individuals without
dementia.3–5,e4–e6 Similarly, hyperglycemia and insulin resistance without clinically diagnosed
diabetes have been related to poorer cognitive and brain measures, particularly atrophy of the
hippocampus.6,e7,e8

It is clear that dementia risk factors impose their effect from the earliest stages of life,7 and
indeed, midlife exposure to diabetes and to other dementia risk factors is more strongly predictive
of dementia than late-life exposure.8,e9 Nevertheless, data on early implications of impaired glucose
metabolism on cognitive function and structural brain aging in young adults are scarce.9,10

The third generation of the Framingham Heart Study was recruited when the participants
were 40 years of age on average.11 In spite of the relatively young age of the participants, high
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systolic blood pressure was shown to be asso-
ciated with subtle vascular brain injury in this
sample, suggesting that newer imaging techni-
ques may be able to identify structural brain
differences in association with vascular risk
factors years before symptomatic disease
expression.12 Accordingly, we sought to assess
the relationship of diabetes, fasting blood glu-
cose (FBG), and insulin resistance with early
cognitive and structural brain measures in this
cohort, and to examine whether specific brain
injuries mediate the association of diabetes
with cognition. Our findings may emphasize
the need for early and optimal control of glu-
cose metabolism indices in order to prevent
brain injury and thus possibly late-life
dementia.

METHODS Study sample. The Framingham Heart Study is

a single-site, longitudinal community-based cohort study which

was initiated in 1948. Since its inception, 3 generations of

participants have been enrolled, and participants from the

third-generation cohort are included in the current study

(figure e-1 on the Neurology® Web site at Neurology.org). Of

6,553 participants eligible for enrollment, 4,095 participants

attended the first examination between 2002 and 2005 (53.3%

women; mean age 40 6 9 years; age range 19–72 years).11

Information on prevalent diabetes, levels of FBG and fasting

insulin, as well as the covariates used in the current study have

been ascertained from the first examination. Participants who also

attended examination 2 (n 5 3,411, between 2008 and 2011)

underwent a cognitive screening that included the Consortium to

Establish a Registry for Alzheimer’s Disease Word List Memory

Task (CERAD-WL) and the Victoria Stroop test. Forty-nine

participants were excluded and the rest were re-invited to

participate in a detailed cognitive evaluation (n 5 2,126) as

well as MRI examination (n 5 1,597). The reasons for lower

number of participants with MRI data were refusals and

contraindications.

Standard protocol approvals, registrations, and patient
consents. Data were obtained under a protocol approved by the

institutional review board of the Boston University Medical Cen-

ter, and written informed consent was obtained from all

participants.

Independent variables and covariate assessment. FBG and

insulin were measured in fasting morning blood samples. Diabetes

mellitus was defined as blood glucose $200 mg/dL or

FBG $126 mg/dL or use of an antidiabetic therapy; FBG ,100

mg/dL and 100–126 mg/dL were defined as normoglycemia and

prediabetes, respectively; Homeostatic Model Assessment–Insulin

Resistance (HOMA-IR) was calculated as (FBG 3 fasting insu-

lin)/22.5. Body mass index (BMI) was defined as weight (kg)

divided by the square of height (m). Hypertension was defined as

systolic blood pressure$140 mmHg, diastolic blood pressure$90

mm Hg, or use of antihypertensive medications. Educational

achievement was defined as a 3-class variable (no high school

degree, high school degree only, or at least a college degree).

Methodology for cognitive evaluation. Participants were

administered a cognitive test battery using standard administra-

tion protocols and trained examiners. The CERAD-WL (total,

recall, and retention scores)13 and the Victoria Stroop test

(interference score) were included as part of a screening

evaluation performed between 2008 and 2011. A more detailed

neuropsychological battery was obtained at or near the time of

MRI and consisted of the following: the delayed recall

component of the Visual Reproductions test (VR-d),

similarities (SIM), Hooper visual organization test (HVOT),

Trails A (TrA), and digit span forward (DSF) and backwards

(DSB). These tests asses cognitive performance in logical and

visual memory, abstract reasoning, visual perception, attention,

and executive function.

Methodology for brain MRI evaluation. Participants were
evaluated with a 1.5-T Siemens Avanto scanner. Three

sequences were used: 3D T1-weighted coronal spoiled gradient-

recalled echo acquisition, fluid-attenuated inversion recovery

(FLAIR) sequence, and diffusion tensor imaging (DTI).

Methods for segmentation and quantification of total cerebral

brain, hippocampal, white matter hyperintensities (WMH), and

gray matter have been described previously.14,e10–e13 Total

cranial volume based on FLAIR was used to correct for

differences in head size, total cerebral brain, and WMH volumes.

Fractional anisotropy (FA) was calculated from DTI.12,15 FA

and gray matter density maps were coregistered to a minimum

deformation template.15,16 In these coregistered images, each

voxel corresponds to the same location in the brain across all

individuals, enabling the association of both FA and gray matter

density measures to various independent variables. FA values

range between 0 and 1.

Statistical analyses. We used linear regression models to relate

each vascular risk factor to measures of cognitive performance and

brain structure. Cognitive scores were standardized to allow compar-

isons between performances in different cognitive tests.17 FBG and

HOMA-IR were inversely transformed to account for skewness.

TrA, DSF, and DSB scores are time to completion; however, they

are presented such that lower score indicates poorer performance in

order to be consistent with the other measures. Adjustments were

made for age, sex, and time between exposure and outcome

measurements, and additionally for hypertension and BMI in a

subsequent model. Models that included cognitive measures as the

dependent variable were also adjusted for education.

Linear regression models were also used to test for signifi-

cance (p , 0.05) of the associations between FA and gray

matter density at each voxel with the 3 independent variables

(FBG, diabetes, and HOMA-IR) adjusting for covariates. Re-

sulting T-maps were evaluated for statistical significance using

threshold free cluster enhancement at the p , 0.05 level and

corrected for multiple comparison using permutation-based

correction (n5 1,000).18 Corrected T-maps were then overlaid

with The Johns Hopkins University probabilistic fiber map19

and the Brodmann area (BA) atlases, warped to the minimum

deformation template space, to provide a post hoc description of

white matter tracts or gray matter regions to which the signif-

icant voxels likely belonged.

A post hoc mediation analysis was conducted in order to

assess whether the association between diabetes and cognitive out-

comes in the current study was mediated through certain struc-

tural brain measures. We have run mediation analysis using

linear regression models adjusting for age, sex, and time between

measurements only for cognitive outcomes for which diabetes was

significantly related to directly (without mediation). A standard
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path analytic approach was followed to assess the relationship

between diabetes and the mediator, the mediator and the depen-

dent variable while controlling for the independent variable, and

finally, the direct effect of diabetes on the dependent variable,

controlling for the mediator. We have generated bias-corrected

estimate of the indirect effects from 2,000 bootstrap iterations,

a method that is recommended since it does not assume normality

distribution of the indirect effect.20

We generated a composite measure of brain integrity by using

a principal component analysis on FA and gray matter density

measures from regions in which these measures were significantly

associated with FBG.21 We examined the relationship of the first

principal component with age and FBG categories (normoglyce-

mia, prediabetes, and diabetes) adjusting for sex, hypertension,

and BMI. The goodness of fit of the model, as assessed by the

likelihood ratio test, was better when we entered both linear and

quadratic terms rather than the linear effect of age alone (p 5

0.021), and thus we included the age-squared term in this regres-

sion model. Since a statistically significant interaction between

age and FBG categories was not observed, we removed the inter-

action term from the model. This model enables the estimation of

number of years necessary to achieve the same loss of brain integ-

rity (years of brain aging) comparing one FBG category to

another, for a specific age.

RESULTS At the first assessment of the third gener-
ation (n 5 4,095; between 2002 and 2005), 53.3%
were women and their mean age was 40 6 9 years
(range 19–72 years). The characteristics of the study
samples at examination 1 and a comparison between
those who did and did not attend cognitive screening
and MRI are presented in table 1. The mean time

durations between examination 1 and cognitive and
brain MRI assessments were 6.1 6 0.6 and 7.4 6

0.7 years, respectively.

Cognition. After adjustment for potential confound-
ers, diabetes was significantly associated with poorer
performance on CERAD-WL, VR-d, SIM, HVOT,
TrA, and DSF (table 2). All associations except that
of diabetes with HVOT were still significant after
exclusion of individuals aged 55 years and over
(data not tabulated). The most pronounced
association was of diabetes with attention deficit as
assessed by the TrA test. We did not observe
statistically significant associations between either
FBG or HOMA-IR and cognitive measures in the
fully adjusted models (table 2).

MRI measures. After adjusting for potential con-
founders, diabetes was significantly associated with
lower total cerebral brain and occipital gray matter
volumes and with larger WMH volume, although
the latter was not significant when only people
younger than 55 years were included. Increased
FBG levels were associated with smaller occipital
gray matter volume (table 2). Insulin resistance
was related to larger WMH volume, but only in
the model that includes additional adjustment for
hypertension and BMI (table 2).

At the voxel-based level, diabetes and greater FBG
were each independently associated with lower FA

Table 1 Baseline characteristics of study participants

Study sample with
cognitive screening
(n 5 3,362)

Rest of
third-generation
participants
(n 5 733) p Value

Study sample
with MRI
(n 5 1,597)

Study sample
without MRI
(n 5 1,765) p Value

Age at
examination 1, y

40.4 6 8.7 39.1 6 9.2 ,0.001a 40.3 6 8.5 40.5 6 8.9 0.359

Age at cognitive evaluation, y 47.0 6 8.7 — 46.8 6 8.5 47.2 6 8.9 0.180

Women 1,782 (53.0) 401 (54.7) 0.403 877 (54.9) 905 (51.3) 0.035

College degree 1,787 (53.2) 361 (50.4) 0.172 866 (54.2) 921 (52.2) 0.235

Diabetes 91 (2.7) 33 (4.5) 0.010a 33 (2.1) 58 (3.3) 0.029a

Fasting blood
glucose, mg/dL

92 (87, 99) 93 (98, 99) 0.085 92 (87, 98) 93 (88, 99) 0.004a

HOMA-IR 2.6 (2.1, 3.3) 2.7 (2.2, 3.5) ,0.001a 2.5 (2.1, 3.2) 2.6 (2.2, 3.3) 0.036a

Hypertension treatment 338 (10.1) 96 (13.1) 0.015a 158 (9.9) 180 (10.2) 0.769

Current smoking 473 (14.1) 162 (22.1) ,0.001a 187 (11.7) 286 (16.2) ,0.001a

Prevalent cardiovascular disease 49 (1.5) 17 (2.3) 0.093 17 (1.1) 32 (1.8) 0.071

Prevalent strokes 7 (0.2) 4 (0.6) 0.110 3 (0.2) 4 (0.2) 0.805

BMI, m2/kg 25.9 (22.9, 29.5) 26.4 (23.1, 30.0) 0.046a 25.9 (23.0, 29.2) 25.9 (22.7, 29.8) 0.421

Total cholesterol, mg/dL 189.0 6 35.6 188.3 6 35.6 0.604 188.8 6 35.4 189.2 6 35.8 0.748

HDL, mg/dL 53 (43, 64) 51 (42, 63) 0.030a 53 (43, 65) 52 (42, 63) 0.019a

Abbreviations: BMI 5 body mass index; HDL 5 high-density lipoprotein; HOMA-IR 5 Homeostatic Model Assessment–Insulin Resistance.
Values are n (%), mean 6 SD, or median (interquartile range).
ap , 0.05.
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Table 2 Associations of diabetes, fasting blood glucose, and insulin resistance with cognitive and brain MRI measures

Diabetes Fasting glucose,a mg/dL HOMA-IRa

Model 1, b 6 SE (p) Model 2, b 6 SE (p) Model 1, b 6 SE (p) Model 2, b 6 SE (p) Model 1, b 6 SE (p) Model 2, b 6 SE (p)

Cognitive measures

Stroop dot 20.17 6 0.11 (0.122) 20.165 6 0.11 (0.150) 0.01 6 0.02 (0.534) 0.01 6 0.02 (0.732) 0.02 6 0.02 (0.329) 0.02 6 0.02 (0.429)

Stroop interference 0.07 6 0.10 (0.484) 0.06 6 0.11 (0.541) 20.02 6 0.02 (0.188) 20.02 6 0.02 (0.342) 20.02 6 0.02 (0.372) 20.01 6 0.02 (0.759)

CERAD-WL total 20.25 6 0.10 (0.013)b 20.23 6 0.10 (0.024)b 0.02 6 0.02 (0.199) 0.02 6 0.02 (0.420) 0.03 6 0.02 (0.171) 0.01 6 0.02 (0.595)

CERAD-WL recall 20.21 6 0.10 (0.047)b 20.18 6 0.11 (0.094) 0.01 6 0.02 (0.624) 20.01 6 0.02 (0.770) 0.02 6 0.02 (0.219) 20.01 6 0.02 (0.824)

CERAD-WL PCT 20.21 6 0.11 (0.047)b 20.19 6 0.11 (0.081) 0.004 6 0.02 (0.826) 20.01 6 0.02 (0.649) 0.01 6 0.02 (0.602) 20.02 6 0.02 (0.464)

VR-d 20.37 6 0.14 (0.006)b 20.33 6 0.14 (0.016)b 0.05 6 0.02 (0.039)b 0.04 6 0.02 (0.126) 0.04 6 0.02 (0.100) 0.03 6 0.03 (0.338)

SIM 20.28 6 0.14 (0.037)b 20.27 6 0.14 (0.054) 0.04 6 0.02 (0.110) 0.03 6 0.03 (0.236) 0.04 6 0.02 (0.061) 0.04 6 0.03 (0.205)

HVOT 20.25 6 0.14 (0.080) 20.30 6 0.14 (0.037)b 20.02 6 0.02 (0.421) 20.001 6 0.03 (0.985) 20.04 6 0.02 (0.086) 20.02 6 0.03 (0.471)

TrA 20.50 6 0.14 (,0.001)b 20.48 6 0.14 (,0.001)b 0.05 6 0.02 (0.035)b 0.04 6 0.03 (0.104) 0.03 6 0.02 (0.132) 0.02 6 0.03 (0.439)

DSF 20.37 6 0.14 (0.009)b 20.29 6 0.14 (0.040)b 0.07 6 0.02 (0.004)b 0.05 6 0.03 (0.074) 0.05 6 0.02 (0.029)b 0.01 6 0.03 (0.649)

DSB 20.17 6 0.14 (0.239) 20.13 6 0.14 (0.377) 0.03 6 0.02 (0.255) 0.02 6 0.03 (0.480) 0.05 6 0.02 (0.033)b 0.05 6 0.03 (0.075)

MRI measures

Total cerebral brain volume 21.40 6 0.46 (0.002)b 21.31 6 0.47 (0.005)b 0.06 6 0.08 (0.417) 0.05 6 0.08 (0.525) 20.03 6 0.07 (0.666) 20.07 6 0.09 (0.434)

Hippocampal volume 20.02 6 0.01 (0.054) 20.02 6 0.01 (0.108) 0.001 6 0.002 (0.536) 20.0002 6 0.002 (0.926) 0.001 6 0.002 (0.693) 20.002 6 0.002 (0.378)

White matter hyperintensity volumec 0.22 6 0.09 (0.015)b 0.19 6 0.09 (0.036)b 20.003 6 0.015 (0.824) 0.008 6 0.016 (0.603) 0.01 6 0.01 (0.417) 20.04 6 0.02 (0.033)b

Frontal gray 20.26 6 0.14 (0.070) 20.22 6 0.14 (0.129) 0.04 6 0.02 (0.066) 0.03 6 0.03 (0.170) 0.005 6 0.02 (0.837) 20.02 6 0.03 (0.378)

Temporal gray 20.20 6 0.10 (0.040)b 20.16 6 0.10 (0.104) 0.01 6 0.02 (0.424) 0.002 6 0.017 (0.903) 0.03 6 0.02 (0.027)b 0.02 6 0.02 (0.233)

Occipital gray 20.18 6 0.08 (0.024)b 20.19 6 0.08 (0.017)b 0.03 6 0.01 (0.028)b 0.03 6 0.01 (0.014)b 0.01 6 0.01 (0.255) 0.02 6 0.01 (0.176)

Parietal gray 20.11 6 0.09 (0.198) 20.07 6 0.09 (0.411) 0.02 6 0.01 (0.271) 0.004 6 0.02 (0.784) 0.02 6 0.01 (0.114) 0.01 6 0.02 (0.741)

Abbreviations: CERAD-WL 5 The Consortium to Establish a Registry for Alzheimer’s Disease Word List; DFB 5 digit span backwards; DSF 5 digit span forward; HOMA-IR 5 Homeostatic Model Assessment–Insulin
Resistance; HVOT 5 Hooper visual organization test; SE 5 standard error; SIM 5 similarities test; TrA 5 Trails A; VR-d 5 delayed recall component of the Visual Reproductions test.
Model 1: Adjusted for age, sex, and time between examination 1 and MRI; analyses of cognitive measures are also adjusted for education. Model 2: Model 1 1 hypertension and body mass index.
ab represents the effect of an increment in invFBG/invHOMA-IR, which corresponds to a decrement in FBG/HOMA-IR.
bp , 0.05.
cVariable is log-transformed.
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within white matter tracts that covered 124 cm3 and
46.8 cm3, respectively (figures 1 and e-2; table e-1).
Tracts mostly implicated in those associations were
the short association fibers, the inferior longitudinal
fasciculus, the thalamic radiations, and the corpus
callosum (figure e-2, A and B; table e-1).

Diabetes and increasing FBG also were associated
with lower gray matter density within voxels that
covered 114.0 cm3 and 42.9 cm3, respectively. The
strongest associations with FBG were found in the
occipital and temporal regions and included BA 37,
19, and 20. The strongest associations between gray
matter density and diabetes were similarly found in
the occipital and temporal regions but not within
the frontal and parietal regions (figure e-2, C and
D; table e-1).

The relationship between diabetes and poorer
attention performance (TrA) was mediated through
smaller total cerebral brain, frontal lobe, and occipital
gray volumes. The association of diabetes with deficit
in visual memory was mediated through the same

brain measures and also by hippocampal atrophy.
Although abstract reasoning performance was also
poorer in people with diabetes, neither total nor
regional brain volume measures assessed in this study
mediated this association.

Brain integrity was associated with younger age
(b 5 28.7 3 1024, 95% confidence interval [CI]
21.4 3 1023 to 23.2 3 1024; p 5 0.0021). More-
over, there was a dose-dependent relationship
between brain integrity and categories of FBG levels,
such that people with normal levels had higher mea-
sure of brain integrity, followed by people with pre-
diabetes (b520.23, 95% CI20.35 to20.11; p5
0.00028) and those with diabetes (b 5 20.54, 95%
CI 20.67 to 20.41; p , 0.0001). There was no
interaction between FBG categories and brain integ-
rity in relation to age (figure 2; p 5 0.83), suggesting
an increasing but only additive effect within this rel-
atively young age group of participants.

No significant associations of HOMA-IR with FA
or gray matter density were found.

Figure 1 3D view of cerebral regions in which increased fasting blood glucose and diabetes are associated
with decreased fractional anisotropy and gray matter density

(A–D) The voxel-based regression included fractional anisotropy or gray matter density as the dependent variable and blood
glucose or diabetes as independent variables. Age, sex, time between examination 1 and MRI, hypertension, and body mass
index were covariates.

Neurology 84 June 9, 2015 2333

ª 2015 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



Voxel-based analysis results excluding individuals
aged 55 years and over did not significantly affect
the findings (data not tabulated).

DISCUSSION Our findings suggest that young adults
and middle-aged persons with diabetes perform worse
on tasks of verbal and visual memory, visual
perception, and attention, and have greater brain
atrophy (total and regional), WMH, and injury to
white matter microstructure compared to persons
without diabetes. Diabetes was related to attention
deficit through the mediation of neurodegeneration
of the total brain as well as the frontal and occipital
brain, and the deficit in memory also by
hippocampal atrophy. FBG and insulin resistance
were not associated with cognitive performance in
this young sample; however, gray matter atrophy and
reduced white matter integrity were already observed
in people with higher FBG levels in similar regions,
albeit to a lesser extent compared to diabetic people.
Finally, we found a graded association between FBG
in the normal, prediabetic, and diabetic ranges and a
summary measure of brain integrity.

Many studies suggest that an association between
diabetes and cognition is present only in older adults
(.60 years of age) and hypothesize that substantial
exposure to diabetes is necessary to cause impair-
ment.22,23,e9 To our knowledge, we are the first study
to suggest a possible role of glucose metabolism

impairment on brain integrity and cognition in peo-
ple in their third to early fifth decades of life. Other
attempts to explore the early consequences of diabetes
were done by demonstrating an effect of diabetes on
cognition among elderly individuals with newly diag-
nosed diabetes9,24 or by showing that cognitive per-
formance in persons with incident diabetes is worse
compared to those without but better than those with
prevalent diabetes.2,e14 These studies, as well as a pre-
vious study among obese adolescents,10 suggest that
memory may be the first domain affected by diabetes.
We expand these findings by showing that in addition
to memory, deficits in attention and visual perception
may also occur early.

In line with our findings, associations with smaller
brain volume in various regions as well as with
increased WMH have been frequently reported
among older people.25,26,e15–e18 Although consistent
data suggest that hippocampal atrophy is evident early
in diabetes9 and is even present in older people with
prediabetes,6,e7 our study did not find a robust asso-
ciation between diabetes or FBG and hippocampus
volume. This can be explained by the relatively short
exposure in young participants. It is also possible that
subtle changes such as subregional hippocampal atro-
phy,27 or early neuronal or synaptic loss,28,e19 occur
independently of total hippocampal volume changes,
and could not be detected using the current methods.
Alternatively, injury to white matter tracts seen in our

Figure 2 Regression curves

Regression curves relating brain integrity as expressed by the first principal component as a function of fasting blood glu-
cose category and age of the individual (A) and the difference in brain aging increase between glucose categories according
to age (B). Red dotted lines indicate brain integrity of a 40-year-old patient by glucose level category. Brain integrity of a 40-
year-old prediabetic individual corresponds to that of a normoglycemic individual 6.1 years older, and this difference is 23.2
years when comparing the brain integrity of 40-year-old diabetic and normoglycemic individuals. Brain integrity is calcu-
lated from brain regions in which fractional anisotropy and gray matter density are significantly associated with fasting
blood glucose. aNormoglycemia (fasting blood glucose ,100 mg/dL). bPrediabetes (fasting blood glucose between 100
and 126 mg/dL). cDiabetes (fasting blood glucose .126 mg/dL).
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participants may have also impaired information
transfer from frontal to hippocampal systems, thereby
impairing recall.29,e20

Nevertheless, hippocampal volume in the current
sample did act as a mediator, linking diabetes to
memory deficit, but not to attention and visual
perception.

Although several endocrine, metabolic, and vascu-
lar abnormalities have been inferred to underlie the
structural changes in diabetic brains, the causal path-
way remains unknown. The fact that no association
between insulin resistance and cognitive or structural
measures was demonstrated in the current study is
supported by recent findings in which measures of
glucose and insulin homeostasis were not associated
with Alzheimer disease pathology at autopsy.30 Nev-
ertheless, since insulin resistance in the brain does not
necessarily reflect its peripheral correlate,31 this mech-
anism, as well as the possible contribution of insulin
itself, its transport, or degradation to cerebral atrophy
and neurodegeneration, cannot be excluded.32 The
apparent increase in WMH in people with increased
FBG and diabetes may reflect ischemic cerebrovascu-
lar disease, which in turn may cause neuronal apopto-
sis and brain atrophy through impaired blood flow to
the neurovascular unit. This is consistent with post-
mortem studies that suggest that cognitive decline
associated with diabetes is due to vascular brain
injury.33,e21 Hyperglycemia may also increase the for-
mation of advanced glycation end products, which
promote oxidative stress, cross-linking of amyloid fibrils,
modification of cytoskeletal tau proteins, and inflamma-
tion.34,35 Likewise, inflammatory cytokines associated
with diabetes such as interleukin-6, C-reactive protein,
and homocysteine have been shown to be associated
with cerebral atrophy.35

Our findings suggest the strongest associations of
diabetes and FBG with reduced FA and gray matter
density diffusely in white matter, but more specific
to temporal, parietal, and occipital cortex gray matter.
As expected, the associations in these brain regions are
stronger in diabetes as compared to FBG levels.
Reduced FA in these brain regions (particularly the
corpus callosum) has been reported among elderly
people with Alzheimer disease,36,e22 and thus may
explain the poor cognitive performance among dia-
betic participants in the current study. The impact of
diabetes on reduced posterior cingulate gray matter
(figure e-2, C and D) may have similar effects.

The strengths of this study are the large,
population-based setting with quantitative and sensi-
tive measurements of white and gray matter volumes.
Original features are the younger age of the study
sample compared with previous publications and
simultaneous measurements of cognitive and struc-
tural brain indices, which enabled a post hoc

mediation analysis. Because of the participants’ young
age, however, only a relatively small number of per-
sons with diabetes were included in the sample, lead-
ing to possible overestimation of diabetes effect on
brain and cognition. This is less likely given that a
similar although less strong effect was found when
examining FBG as a continuous measure. Moreover,
the cross-sectional design did not permit exploration
of the association between duration of diabetes or
hyperglycemia, cognitive, and brain MRI measures.
In addition, people who underwent cognitive and
MRI evaluations were slightly healthier than the rest
of the third-generation participants. This, however,
suggests that these findings likely underestimate the
effect of impaired glucose metabolism on brain struc-
ture and cognition within the general population.
Finally, a substantial number of associations between
diabetes and cognitive performance were made with-
out correction for multiple comparisons. It is likely
that a small fraction of the associations are falsely
positive, but the number of significant associations
was much more than could be expected by chance
and the veracity of these associations was supported
by similar significant findings when fasting glucose
levels were considered as a continuous variable. Given
the relatively young age of this cohort, we believe
these findings are real; however, longitudinal cogni-
tive assessment of these individuals would help to
confirm them.

The current results, in combination with our prior
report on the effects of hypertension on brain struc-
ture,12 highlight the importance of controlling vascu-
lar risk factors among younger individuals with the
aim to preventing accelerated brain aging and cogni-
tive impairment. In studies among elderly individu-
als, improvements in diabetes control have been
associated with mixed results.37–39 For example, in
the ACCORD Memory in Diabetes study, 2,977
individuals with type 2 diabetes (mean age 62.3 years)
were randomized either to an intensive glycemic ther-
apeutic strategy targeting (HbA1c to ,6%) or to a
standard strategy targeting (HbA1c between 7% and
7.9%). Intensive glycemic control was associated with
increased mortality and therefore discontinued. Over
a follow-up of 40 months, however, there was no
evidence that intensive glycemic control improved
cognitive ability, although a small difference in brain
volume atrophy was observed in favor of the intensive
therapy arm.37 These results suggest that late-life
treatment of chronic disease may not be nearly as
effective as preventive strategies aimed at treatment
of individuals, either earlier in the course of the illness
or at a younger age. The long-term effects of preven-
tion of vascular risk factors on later life cognition are
not certain, but accruing evidence suggests that early
prevention of brain injury and reduced cognitive
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performance are likely to reduce later-life impair-
ments. These results reaffirm the notion that the
brain is an important end-organ of vascular disease.40
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Expanding the Discussion on Sports Concussion
The American Academy of Neurology is expanding upon its hugely successful 2014 conference
on sports concussion to make the 2015 Sports Concussion Conference even better! Brought to
you by the world’s leading experts on concussion, this premier three-day event will take place
July 24 through 26, 2015, at the Colorado Convention Center in Denver. Early registration
deadline savings end June 29, 2015. Visit AAN.com/view/ConcussionConference to learn more
and register.

Save These Dates for AAN CME Opportunities!
Mark these dates on your calendar for exciting continuing education conferences by the American
Academy of Neurology. Learn more at AAN.com/conferences.

2015 Sports Concussion Conference

• July 24–26, 2015, Denver, Colorado, Colorado Convention Center

AAN Fall Conference

• October 16–18, 2015, Las Vegas, NV, The Cosmopolitan of Las Vegas

AAN Annual Meeting

• April 15–21, 2016, Vancouver, BC, Canada, Vancouver Convention Center
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