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Abstract

Introduction: Fasting glucose increases with age and is linked to modifiable

Alzheimer’s disease risk factors such as cardiovascular disease and Type 2 diabetes

(T2D).

Methods:We leveraged available biospecimens and neuroimagingmeasures collected

during the Alzheimer’s Prevention Through Exercise (APEx) trial (n= 105) to examine

the longitudinal relationship between change in blood glucosemetabolism and change

in regional cerebral amyloid deposition and gray and white matter (WM) neurodegen-

eration in older adults over 1 year of follow-up.

Results: Individuals with improving fasting glucose (n= 61) exhibited less atrophy and

regional amyloid accumulation compared to those whose fasting glucose worsened

over 1 year (n = 44). Specifically, while individuals with increasing fasting glucose did

not yet show cognitive decline, they did have regional atrophy in the hippocampus and

inferior parietal cortex, and increased amyloid accumulation in the precuneus cortex.

Signs of early dementia pathology occurred in the absence of significant group differ-

ences in insulin or body composition, and was not modified by apolipoprotein E ε4 car-
rier status.

Discussion: Dysregulation of glucose in late life may signal preclinical brain change

prior to clinically relevant cognitive decline. Additional work is needed to determine

whether treatments specifically targeting fasting glucose levels may impact change in

brain structure or cerebral amyloid in older adults.
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1 INTRODUCTION

Approximately 50 million individuals worldwide suffer from dementia,

the most common type being Alzheimer’s disease (AD). Fasting glu-

cose increases with age1 and is linked to potentially modifiable AD

risk factors such as cardiovascular disease and Type 2 diabetes (T2D).2

Both prediabetic fasting glucose levels and history of dietary sugar

intake track positively with increased regional cerebral amyloid cross

sectionally,3,4 and higher fasting glucose has been causally associated

with increased AD risk.5 Preclinically, blood glucose tracks positively

with interstitial amyloid,6 and in tissues, elevated glucose is associated

with increased amyloid beta (Aβ).7 This suggests that change in fasting
glucose may be a window into early metabolic decline related to AD.

However, longitudinal multi-modal brain imaging studies of fasting glu-

cose in cognitively healthy older adults are lacking.

Amulti-faceted neuroimaging approach is necessary to comprehen-

sively quantify the relationship of glucose metabolism with measures

of brain health. Here, we present a secondary analysis of data from the

Alzheimer’s Prevention Through Exercise trial (APEx; NCT02000583),

which found that a 1-year exercise intervention improved fitness but

did not significantly affect cerebral amyloid or hippocampal volume.8

Fasting glucose is often taken during clinical visits and when acquired

over time, can index metabolic changes either associated with or pre-

ceding dementia. We hypothesized that positive change in fasting glu-

cose levels over 1 year would be associated with decreased limbic

gray matter (GM) volume, decreased white matter (WM) integrity,

and increased cerebral amyloid deposition in highly metabolic regions,

indicative of early stages of dementia-related pathology.

2 METHODS

2.1 Standard protocol approvals, registrations,
and patient consents

APEx was registered in ClinicalTrials.gov (NCT02000583) and was

approved by the Institutional ReviewBoard at theUniversity of Kansas

Medical Center. All participants provided written informed consent.

2.2 Participants

Participants were at least 65 years old, sedentary or underactive,9 and

on stable medications for at least 30 days. Participants were excluded

if they had insulin-dependent diabetes, uncontrolled hypertension, or

cognitive impairment.10,11 Participants either completed 150 minutes

per week of moderate intensity (AEx) or standard of care education

only (Control) in a 2:1 ratio. Additional APEx inclusion and exclu-

sion criteria can be found in the primary publication.8 Our analyses

included individuals with both pre- and post-intervention blood glu-

cose and amyloid positron emission tomography (PET; n = 105). We

classified individuals whose fasting glucose decreased over the longi-

tudinal follow-up into a “glucose improves” (GI) group (n = 61). Indi-

RESEARCH INCONTEXT

1. Systematic Review: The literature was reviewed for glu-

cose/metabolism, anatomical brain imaging/diffusion ten-

sor imaging (DTI)/white matter hyperintensities (WMH),

and Alzheimer’s disease (AD), mainly in PubMed, and all

studies are appropriately cited.

2. Interpretation: Change in fasting glucose over 1 year was

related to multi-modal brain imaging biomarkers associ-

ated with dementia. Our findings indicate that the group

of individuals with improving fasting glucose exhibited

less atrophy and regional amyloid accumulation com-

pared to the group whose fasting glucose worsened over

1 year.

3. Future Directions: Identifying individuals at risk of AD

is essential for early prevention. Targeting systemic glu-

cose metabolism for intervention may modulate these

outcomes in cognitively healthy older adults at risk for

AD.

viduals whose fasting glucose increased were included in the “glucose

worsens” (GW) group (n= 44).

All APEx participants underwent a baseline 18F-AV45PET scan and

were adjudicated to have either “elevated” cerebral amyloid or lev-

els that fell into the “subthreshold” range, as previously described.8,12

Briefly, all images were interpreted independently by three experi-

enced clinicians,without reference toany clinical information, todeter-

mine amyloid status. During this evaluation, raters combined both

visual and quantitative information to determine status as “elevated”

versus “non-elevated,” with final status determined by majority of the

raters8,13,14 The MIMneuro Amyloid Workflow (version 6.8.7, MIM

Software Inc.) was used to view and analyze images with florbetapir

templates as the target for a two-phase registration: first rigid registra-

tion, then deformable registration to a common template space. First,

raters reviewed raw PET images visually. Then raters examined the

cerebellum-normalized standardized uptake value ratios (SUVRs) in six

regions of interest (ROIs; anterior cingulate, posterior cingulate, pre-

cuneus, inferior medial frontal, lateral temporal, and superior parietal

cortex) and projection maps comparing SUVRs to an atlas of amyloid-

negative scans.46 Participants were eligible for the study if they had

an elevated scan or were in the subthreshold range. We defined sub-

threshold as a mean cortical SUVR for the six ROIs >1.0, which repre-

sented the upper half of non-elevated scans (mean cortical SUVR for

non-elevated scans [n= 166] 0.99 [0.06 standard deviation (SD)]).

2.3 Apolipoprotein E genotyping and blood
glucose measures

Individuals reported to the University of Kansas Clinical and Trans-

lational Science Unit for metabolic analyses. Two blood pressure
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measures were taken after 5 minutes of seated rest, and averaged

to determine the mean systolic and diastolic values. Fasting whole

blood was collected for all individuals at baseline and 1-year follow-

up in acid citrate dextrose (ACD) tubes, from which plasma was sub-

sequently generated. Plasma samples were stored at –80 ◦C until

analysis. We used a Taqman single nucleotide polymorphism allelic

discrimination assay (ThermoFisher) to determine apolipoprotein E

(APOE) ε4 carrier status (carrier vs. noncarrier).APOE genotyping failed
on one individual. Fasting plasma glucose was measured using a YSI

2300Glucose and Lactate analyzer (Yellow Springs Instruments). Fast-

ing plasma insulin was measured using enzyme-linked immunosorbent

assay (ALPCO). We also calculated homeostasis model assessment of

insulin resistance (HOMA-IR).15

2.4 Anthropometric measures

Participants donned standardized gowns and were asked to void. Total

body mass was measured using a digital scale accurate to 0.1 kg

(Seca Platform Scale, model 707). Body composition was estimated

using dual energy x-ray absorptiometry (DEXA; Lunar Prodigy, version

11.2068) to determine leanmass, fat mass, and bonemineral density.

2.5 Cognitive outcomes

Participants were characterized with nine cognitive tests that are part

of the Uniform Data Set version 2.0 (UDS 2.0),16 and z-scores for

these tests were calculated using a normative calculator as previously

described.17 Test tests included the Mini Mental State Examination,

Logical Memory (Immediate and Delayed), Category Fluency (Animals

and Vegetables), Trail Making Test Parts A and B, Boston Naming Test,

andDigit Symbol Substitution. The z-scores for each individual test are

given in Table S1 in supporting information, and were averaged to gen-

erate a “global” normed score. All UDS tests were administered except

Digit Span tests due to time constraints for the study visit.

2.6 Magnetic resonance imaging

Anatomic brain imaging (magnetization prepared rapid gradient echo

[MP-RAGE]) and diffusion tensor imaging (DTI) magnetic resonance

imaging (MRI) were also performed at both baseline and 1-year time-

points using a Siemens 3.0 Tesla Skyra scanner. Full sequence details

are described in a previous publication.8 Both high-resolution T1 (MP-

RAGE; 1 × 1 × 1.2 mm voxels; TR = 2300 milliseconds, TE = 2.98 mil-

liseconds, TI= 900milliseconds, FOV 256× 256mm, 9◦ flip angle) and

DTI (TR = 10,000 milliseconds; TE = 90 milliseconds; 75 slices; voxel

size, 2.3 × 2.3 × 2.0 mm2 in plane; slice thickness = 2.0 mm; FOV =

300 mm; 64 gradient directions, b-value, 1000 s/mm2) were acquired

for detailed anatomical assessment.

Every MP-RAGE was checked for image and motion artifacts and

gross anatomical abnormalities, resulting in the further removal of

three qualifying subjects with either poor structural image quality

at one timepoint, leaving a longitudinal MP-RAGE imaging sample of

102 subjects. T1-weighted images were evaluated using voxel-based

morphometry (VBM). Images were analyzed and pre-processed with

the Computational Anatomical Toolbox 12 (CAT12 Version 12.6, C.

Gaser, Structural Brain Mapping Group, Jena University Hospital;

http://dbm.neuro.uni-jena.de/cat/) through Statistical Parametric

Mapping version 12 (SPM12; Wellcome Trust Centre for Neuroimag-

ing; http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) that operate

under Matlab (R2019b) (The Mathworks) on a Mac. As part of the lon-

gitudinal pipeline in CAT12, T1-weighted images from both timepoints

were registered using intra-subject coregistration, which were then

realigned across subjects and bias-corrected with reference to the

mean images computed from each subject’s pre- and post-intervention

images. Next, images from both timepoints as well as subject’s mean

images were segmented into GM, WM, cerebrospinal fluid (CSF), and

white matter hyperintensities (WMH). Detection of WMH volume is

both outputted as a volumetric measure and also accounted for during

the spatial normalization step. Baseline and 1-year images were spa-

tially normalized using the high-dimensional DARTEL algorithm into

Montreal Neurological Institute (MNI) space.18 We calculated total

intracranial volume (TICV) using total GM, WM, and CSF volumes.

The amount of volume changes were scaled to retain the original

local volumes (modulating the segmentations).19 The modulated GM

segmentations were smoothed using a 10 × 10 × 10 mm full-width at

half-maximumGaussian kernel prior to group level analysis. After pre-

processing, a sample homogeneity checkwas performed in accordance

with the CAT12manual.

2.7 Florbetapir PET

We performed 18F-AV45 PET scanning at baseline and 1-year follow-

up on all individuals to measure amyloid neuropathology. Approxi-

mately 50minutes after intravenous Florbetapir 18F-AV45 (370MBq)

injection, PET scanning was performed on a GE Discovery ST-16

PET/CT scanner. Two PET brain frames of 5 minutes in duration were

acquired continuously, summed, and attenuation corrected as previ-

ously described.8 Briefly, we analyzed scans using MIMneuro Amyloid

Workflow (version 6.8.7, MIM Software Inc.), registering each image

to a template, then calculating the cortical-to-cerebellar SUVR across

the image.We calculated average SUVRs in six regions (frontal, tempo-

ral, superior parietal, anterior cingulate, posterior cingulate, and pre-

cuneus) from an establishedMIM atlas.13 We also calculated a “global”

mean SUVR of these regions.

In addition to mean amyloid values for atlas-based regional anal-

ysis, we also normalized the cerebellar-standardized (using a proba-

bility threshold of 50% for GM specificity), co-registered PET images

into MNI space as well as smoothed them using an 8 × 8 × 8 mm

full-width at half-maximum Gaussian kernel for use in longitudinal

voxel-based analysis, which was done to verify the SUVR statisti-

cal results in imaging space, as well as provide a visual of regions

tested.

http://dbm.neuro.uni-jena.de/cat/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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2.8 DTI

DTI data were processed using FMRIB’s Software Library (FSL) ver-

sion 6.0.3.20 FSL’s workflow (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/

UserGuide) for tract-based spatial statistics (TBSS21) was used to

extract fractional anisotropy (FA) values from atlas-based WM path-

ways for statistical analysis in SPSS. Reconstructed directional and B0

scans were checked for motion artifact and image quality before pro-

cessing. For DTI analyses, one additional subject was excluded due to

motion artifacts in the baseline diffusion scan. Standard TBSS prepro-

cessing included correction for eddy currents and head motion (ECC),

extraction of brain tissue from the skull using brain extraction tool

(BET), followed by fitting a tensor model to the data using DTIFIT to

generate spatial maps of FA values for each subject at each timepoint.

We focusedonFAvaluesover other diffusionmeasures of integrity due

to it being the predominant DTI abnormality in prediabetic patients.22

We used an a priori tract-of-interest method tomeasureWM integrity

in tracts associated with early decline in AD: the cingulum (two sec-

tions, themiddle cingulateportionand thehippocampal extension), and

the uncinate fasciculus (UF). After the initial steps of the TBSS process-

ing pipeline, individual FA maps were non-linearly registered, aligned,

and transformed into a common1×1×1mmstandardMNI space tem-

plate (FMRIB58), followed by skeletonization.21 During skeletoniza-

tion, all subjects’ FA data were thinned to create a mean FA skeleton

that represents the center of all the tracts common to the group. Each

subject’s diffusivity metrics were projected into the groupmean skele-

ton and thresholded to include only voxels with FA values higher than

0.3. The accuracy of the registration was visually checked for each par-

ticipant.

To determine AD-related a priori tracts, we used each subject’s

skeleton and ran FSLMATHS to extract the FA value in a given

region using binary WM masks from the Johns Hopkins University

(JHU) probabilistic atlas.23,24 The intersection of each subject’s skele-

tonized FA values and binary mask for each WM tract of inter-

est were used to calculate an average diffusivity value and percent

change in FA over 1 year and compared between glucose groups using

age, sex, treatment group, elevated status, and APOE ε4 status as

covariates.

2.9 Statistical analyses

For all analyses performed outside of imaging space, we used multi-

ple regression to determine the relationship between continuous vari-

ables. Covariates included age, sex, treatment group (aerobic exercise

vs. education only) and cerebral amyloid status (elevated vs. subthresh-

old). We used analysis of covariance to determine group differences

in our continuous outcome measures, again including age, sex, treat-

ment group, and cerebral amyloid status as covariates. Further correc-

tion for APOE ε4 carrier status did not affect the significance of our

findings. Relationships between categorical outcomes were assessed

using Chi-square analyses. Findings were considered significant

at P< .05.

2.9.1 Neuroimaging statistics

To determine brain regions that reflected greater changes in GM vol-

ume over time between glucose change groups, we performed a 2 ×

2 mixed analysis of variance (ANOVA) on the normalized GM images

using the “flexible factorial” module in CAT12. The two factors were

Session (baseline and 1 year; within-subjects) and Group (GI or GW;

between-subjects; determined using the elevated/subthreshold cut-

point). A follow-up one-tailed t-test was used to determine the direc-

tionality of the effect. We included the following covariates: age, sex,

baseline amyloid elevated status, treatment, and TICV.We did an addi-

tional analysis adding APOE ε4 as a covariate. For all analyses, voxels

are reported with reference to theMNI standard space within SPM12.

To avoid possible edge effects at the border between GM andWMand

to include only relatively homogeneous voxels, we used an absolute

threshold masking of 0.10 for each analysis. Results for F-tests and t-

tests were considered significant at P < .05 after correction for mul-

tiple comparisons (family-wise error [FWE]), and results at P < .001

(uncorrected) for t-tests are shown in supplemental data with a mini-

mum cluster size of 100 voxels (k>100).

After whole brain analysis, we used a small volume correction

(SVC) to test for differences between glucose-change group status and

change in GM volume over 1 year in the medial temporal cortex and

inferior parietal/precuneus cortex, where we have previously shown

associations with baseline insulin sensitivity.25,26 The SVC’s included

left and right hippocampus, and also the left and right inferior parietal

cortex and precuneus from the integrated automatic anatomic labeling

(AAL) tool.27 Significant clusterswere extracted from thehippocampus

(mean voxel value of the cluster) and used to calculate the percentage

of change of GM over 1 year for purposes of plotting the results visu-

ally.

For amyloid PET analyses, we calculated mean cerebral amyloid

values from the cortical-to-cerebellar SUVRs in a priori determined

regions, including the frontal, temporal, superior parietal, anterior cin-

gulate, posterior cingulate, and precuneus,whichwere used for region-

specific analyses. To verify the cluster size and location of the PET

SUVR statistical analysis and to visualize brain regions that reflected

differences in amyloid deposition over time between glucose change

groups, we performed a 2 × 2 mixed ANOVA on the normalized,

smoothed cerebellar standardizedPET imagesusing the “flexible facto-

rial” model in CAT12. We used the same model as on VBM above with

age, sex, baseline amyloid elevated status, original exercise interven-

tion status, and TICV.We used a SVCusing the left and right precuneus

and cuneus from the integrated AAL tool27 in each glucose change

group to create the statistical map of amyloid change.

3 RESULTS

3.1 Baseline group characteristics

Age, sex, education, treatment group (aerobic exercise vs. education

only), baseline cerebral amyloid status (not elevated vs. elevated),

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide
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TABLE 1 Baseline characteristics of groups

Measure FG improves (n= 61) FGworsens (n= 44) P-value

Demographics Age (years) 71.6 [4.9] 71.7 [5.6] .889

Sex (#, %male) 21 [34] 14 [32] .780

Elevated (#, %) 46 [75] 27 [61] .123

AEx group (#, %) 44 [72] 28 [64] .355

Education (years) 15.9 [2.3] 16.5 [2.2] .180

APOE ε4 (#,% carrier) 32 [53] 16 [36] .086

Metabolic/vascular Glucose (bl; mg/dL) 100.3 [11.3] 97.4 [14.1] .377

Bodymass index 28.3 [5.4] 28.4 [7.1] .972

VO2 peak (mL/kg/min) 22.2 [4.6] 22.4 [5.9] .552

Systolic BP (mmHg) 127.4 [11.8] 132.8 [17.1] .026*

Diastolic BP (mmHg) 75.5 [8.9] 75.2 [9.8] .955

Whitematter hyperintensities 3.59 [3.3] 2.90 [2.6] .303

Resting HR (bpm) 69.6 [10.3] 66.8 [9.5] .147

Comorbidities Type 2 diabetes (%) 6 [9.8] 9 [20.5] .125

Hyperlipidemia (#, %) 28 [45.9] 25 [56.8] .270

Hypertension (#, %) 28 [45.9] 11 [25] .029*

Atrial fibrillation (#,%) 2 [3.3] 2 [6.8] .401

Angina 1 [1.7] 0 [0] .396

Myocardial infarction 3 [4.9] 2 [4.5] .930

Hyposomnia 7 [11.7] 5 [11.4] .962

Abbreviations: AEx, aerobic exercise; APOE, apolipoprotein E; BP, blood pressure; mmHg, millimeters of mercury; bpm, beats perminute; FG, fasting glucose;

SD, standard deviation.

Notes: Overall baseline characteristics for individuals included in the study. APOE ε4 genotype information was unavailable for one individual in the FG

improves group. Indvidudals whose FGworsened had higher baseline systolic blood pressure than those whose FG improved, although a diagnosis of hyper-

tension wasmore common in those whose FG improved. Values are given asmeans [SD] or number [percent].

No additional significant differences in baseline characteristics existed between groups.

*P< .05.

Covariates included age, sex, elevated status, and treatment group.

APOE ε4 carrier status, and baseline fasting glucose levels were not dif-
ferent between individuals whose fasting glucose improved (GI) lon-

gitudinally compared to those whose fasting glucose worsened (GW;

Table 1). Individuals whose glucose worsened tended to have higher

systolic blood pressure compared to those whose glucose improved,

despite higher frequency of diagnosed hypertension in those whose

glucose improved. Approximately equal numbers of individuals with

other comorbiditites, including T2D, were represented in each group

(Table 1).

3.2 Metabolic, anthropometric, and cognitive
outcomes

Glucose levels declined by ≈7% in the GI group compared to an

increase of>6% in theGWgroup (P< .001). Insulin resistance (HOMA-

IR)was significantly decreased in theGI group compared to an increase

to the GW (P = .007). This was an effect driven primarily by glucose,

as insulin levels were not significantly different between the groups

(Table 2). Change in body composition over the course of the study

was quite similar between groups, including measures of regional fat

mass, leanmass, andbonemineral density. Further, therewasno signifi-

cant difference in change inbloodpressureover1year betweengroups

(Table 2). Change in cognitive performance outcomes also did not differ

significantly between groups over 1 year (Table S1).

3.3 Fasting glucose groups differ in longitudinal
hippocampal brain volume change

Whole brain voxel-based analysis of the main effect of time on change

in GM volume showed significant atrophy across all subjects in the

bilateral caudate, putamen, hippocampus, inferior frontal gyrus, and

posterior temporal cortex at P <.001 FWE voxel-level corrected

(Table 3). Interaction analysis on the overall effect of time and group

on GM volume showed a significant effect on volume of the right hip-

pocampus (P = .031, FWE voxel-level corrected, k = 299), and t-test

directional analysis revealed that decreases in hippocampal volume

were driven by the GW group. Moreover, significance remained within

the ROI analysis on this directional t-test (P = .035, FWE voxel-level
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TABLE 2 Percent change inmetabolic, anthropometric, and brain
markers over 1 year

Measure

FG improves

(n= 61)

FGworsens

(n= 44) P-value

Glucose −7.4 [5.4] 6.3 [5.6] .000

Insulin −3.0 [53.9] 17.2 [66.9] .144

HOMA-IR −9.3 [52.9] 25.8 [77.4] .014

VO2 7.43 [10.7] 6.83 [24.2] .921

Leanmass −0.50 [2.9] −0.04 [2.3] .342

Fat mass −3.7 [7.3] −2.9 [7.8] .629

Android −5.5 [12.3] −3.9 [10.7] .550

Gynoid −3.7 [7.7] −3.3 [7.8] .687

BMD −0.28 [1.7] −0.14 [1.6] .733

BMC −0.66 [1.9] −0.67 [1.5] .890

Systolic BP 1.75 [0.10] 1.94 [0.11] .934

Diastolic BP 1.35 [12.1] 1.33 [10.7] .829

WMH −0.68 [1.3] −0.46 [1.2] .358

Abbreviations: BMC, bone mineral composition; BMD, bone mineral den-

sity; BP, blood pressure; FG, fasting glucose; HOMA-IR, homeostasis model

assessment of insulin resistance; SD, standard deviation; VO2, peak volume

of oxygen consumption during a graded exercise test; WMH, white matter

hyperintensities.

Notes: Percent change in metabolic, anthropometric, and brain markers

in individuals whose glucose improves compared to those whose glucose

worsens.

Values are given asmeans [SD].

*P< .05.

Covariates included age, sex, elevated status, and treatment group.

corrected). There was also a significant interaction of group and time

showing increased atrophy in the GW group in the precuneus/inferior

parietal region of interest (P = .003, FWE voxel-level corrected).

Hippocampal (Figure 1A-C) and parietal (Figure 1D-F) results were

extracted and percent change was calculated and plotted against per-

cent change in glucose to visually showdirectionality of results. Results

remained significant in the t-test in the ROIs when APOE ε4 was added
as a covariate.

3.4 Fasting glucose groups differ in cerebral
amyloid accumulation

Wenext characterized differences in regional and global cerebral amy-

loid change. We found that the GW group accumulated more global

cerebral amyloid over 1 year (P = .036), a change that was driven by

increases in precuneus (P = .003) and superior parietal regions (P =

.029, Table 4). Figure 2 shows a visual comparison of amyloid change in

the precuneusROI,which is of particular interest due to highmetabolic

rate and early accumulation of amyloid, in those whose GI (A) versus

worsens (B).

3.5 Fasting glucose groups do not differ regarding
change in limbic WM integrity

We did not observe significant differences in FA between groups,

although trends for group differences (decreased FA in the GI group)

were observed in the right cingulum bundle and right cingulum hip-

pocampus (P = .068 and P = .089, respectively) when controlling for

age, sex, and treatment group. Significance was not affected when

APOE ε4was added as a covariate.

3.6 Fasting glucose change tracks with change in
cerebral amyloid

For the cerebral amyloid PET neuroimaging measure, we analyzed six

a priori designated ROIs. Thus, for this measure, we also assessed glu-

cose and cerebral amyloid change as continuous variables, in addition

to the categorical analysis of “GI versus GW” as detailed in section 4.4.

Across all individuals, thepercent change in fasting glucosewas linearly

associated with percent change in cerebral amyloid in both the pre-

cuneus and posterior cingulate regions, as well as globally (Table S2).

4 DISCUSSION

We sought to test whether change in fasting glucose over 1 year was

related tomulti-modal brain imagingmeasures of early neuropatholog-

ical changes in the brain associated with dementia. Here, we present

evidence that in cognitively healthy older adults, increasing fasting

glucose over 1 year is associated with decreased limbic GM volume,

decreased parietal cortex volume, and regional increases in brain amy-

loid. These initial signs of cerebral AD neuropathology across multiple

modalities occurred in the absence of significant differences in insulin,

body weight, body composition, cognitive change, or APOE ε4 carrier

status.

There is accumulating evidence that abnormal cellular bioenerget-

ics increases AD risk. A recent large-scale analysis (>100,000 individ-

uals) used Mendelian randomization to test whether measures of glu-

cosemetabolismwere associatedwith increased risk forAD, and found

that higher fasting glucose was causally associated with substantially

increased AD risk.5 Prior work suggests that higher blood glucose and

markers of insulin resistance may be detrimental to brain structure

and function.25,26,28,29 As such, glucose regulation across the lifespan

appears important for brain health; even variability in visit-to-visit fast-

ing glucose during young adulthood (which may play a role in vascu-

lar complications30) is associated with lower hippocampal volume and

WM integrity atmidlife31 and cognitive function atmidlife.32 Recently,

Ekblad et al. showed that insulin resistance in midlife was associated

with greater amyloid burden regardless of APOE ε4 status.33 In our

analysis of older adults, significant differences in GM atrophy between

fasting glucose change groups were seen in the right hippocampus and

right parietal cortex, regions known to decline early in AD. Consistent

with these findings, we also observed a weak trend for a decline in FA
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TABLE 3 Voxel-basedmorphometry analysis of effect of time and glucose groups on graymatter volume

Peak p

(FWE-corr)

Peak T

or F Z

cluster

(k)

Peak p

(unc) x,y,z (mm) Regions

F-test main effect of time F

Whole brain 0.000 127.26 Inf 16353 0.000 −8 9 4 Left caudate

0.000 83.32 7.63 5794 0.000 48 20 −9 Right inferior frontal gyrus (BA 47)

0.000 67.41 7.03 8846 0.000 −46 18 −10 Left inferior frontal gyrus (BA 47)

0.000 66.22 6.98 382 0.000 −26 −16 −16 Left parahippocampal gyrus

0.000 63.7 6.87 373 0.000 15 24 −9 Right caudate

0.000 58.29 6.63 668 0.000 52 15 30 Right middle frontal gyrus (BA 9)

0.000 57.01 6.57 3506 0.000 57 −24 50 Right postcentral gyrus (BA 2)

0.000 54.26 6.44 372 0.000 −12 22 −9 Left hippocampus

0.000 53.86 6.42 886 0.000 −40 −40 −36 Left cerebellum

0.000 49.93 6.22 181 0.000 −15 9 −22 Left orbitofrontal gyrus

0.000 47.55 6.09 435 0.000 44 −26 −33 Right fusiform gyrus

0.000 44.73 5.93 373 0.000 44 −45 −28 Right fusiform gyrus

0.000 39.75 5.63 229 0.000 28 −15 −18 Right hippocampus

0.000 39.7 5.63 675 0.000 −52 −34 52 Left postcentral gyrus

0.001 37.33 5.48 307 0.000 −39 −14 −45 Left inferior temporal gyrus

0.001 37.08 5.46 271 0.000 −14 −16 78 Left precentral gyrus

0.001 36.08 5.4 244 0.000 −33 −51 48 Left inferior parietal cortex

F-test interaction of time and glucose group F

Whole brain n.s

Hippocampus 0.031 11.11 3.03 81 0.000 33,−10,−26 Right hippocampus

Precuneus/inferior

parietal cortex

n.s.

T-test

Negative interaction between time and glucose

group

T

Whole brain n.s.

Hippocampus n.s.

Precuneus/inferior

parietal

n.s.

Positive interaction between time and glucose

group

T

Whole brain 0.577 3.98 3.82 156 0.000 44,−44, 42 Right parietal lobe (BA 40)

0.990 3.36 3.26 135 0.000 62,−24, −2 Right superior temporal gyrus

Hippocampus 0.035 3.33 3.23 133 0.000 33,−10,−26 Right hippocampus

Precuneus/inferior

parietal cortex

0.003 3.98 3.82 358 0.000 44,−42, 42 Right inferior parietal cortex

Abbreviations: BA, Brodmann’s area; FWE-corr, family-wise error corrected P-value; n.s., not significant; p (unc), uncorrected P value; x,y,z, coordinates from
Talairach and Tournoux.

Notes: Voxel-based longitudinal graymatter results in individuals whose glucose improves compared to those whose glucose worsens over 1 year.

Regions are listed by descending cluster size.

in the hippocampal cingulum bundle, a key component of the limbic

system involved in communication with the hippocampus. Post mortem

studies have shown increased tau burden early in the hippocampal

entorhinal cortex in aging and AD, which may play a key role in lim-

bic region neurodegeneration.34,35 The association between impaired

systemic metabolism and limbic atrophy suggests that increases in

brain neuropathologywere occurring concomitantlywithGMandWM

structural changes in individuals whose glucose worsened over time.

As mentioned, fasting glucose tracks with amyloid cross-

sectionally3 and longitudinally in individuals considered elevated
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F IGURE 1 Graymatter atrophy over 1 year occurs in individuals whose fasting glucose worsens. A, Longitudinal voxel-based results from
significant cluster (at 33, –10, –26) from region of interest analysis overlaid on three-dimensional surface demonstrating right hippocampal
atrophy. B, Mean graymatter volume loss was extracted from the cluster showingmaximal statistical difference at P< .05 family-wise error (FWE)
corrected and transformed to percent change value to plot against fasting glucose change (B) and group (C) for visual purposes. D, Longitudinal
voxel-based results from region of interest analysis demonstrating right parietal cortex atrophy from significant cluster (44, –42, 42), and is
presented as a plot against glucose change (E) and group (F) to show the visual relationship. Covariates included age, sex, elevated status,
treatment group, and total intracranial volume (TICV)

TABLE 4 Regional and global cerebral amyloid increases occur in individuals whose glucose regulation worsens

Region of interest FG improves (n= 61) FGworsens (n= 44) P-value

Precuneus 0.472 [4.6] 2.81 [4.3] .003*

Superior parietal −0.392 [4.9] 1.67 [5.6] .029*

Anterior cingulate −0.698 [5.4] 0.701 [4.8] .087

Inferior medial frontal 0.102 [5.3] 1.08 [4.9] .132

Posterior cingulate −0.347 [5.5] 0.253 [6.1] .390

Lateral temporal 0.896 [5.4] 1.32 [4.5] .306

Global cerebral SUVR (6 ROI) 0.010 [4.4] 1.32 [4.1] .040*

Abbreviations: FG, fasting glucose; ROI, region of interest; SD, standard deviation; SUVR, standardized uptake value ratio.

Notes: Percent change in regional and global cerebral amyloid SUVR values in glucose in glucose change groups. Global SUVRwas calculated as the mean of

the six regions of interest.

Values are given asmeans [SD].

*P< .05.

for amyloid at baseline.36 Preclinical and biochemical evidence sug-

gests a bidirectional link between glucose and amyloid processing.

Decreased beta secretase 1 (BACE1), which regulates amyloid pre-

cursor protein processing are associated with improved glucose

disposal and insulin sensitivity in animal models and cell lines.37

Consistent with these findings, inhibition of BACE1 increases glu-

cose uptake and basal oxygen consumption in cells.38 In mouse

hippocampal neurons, high glucose increases BACE1 expression

and Aβ production,39 and in adipocytes glucose increases Aβ
secretion.40 Finally, biochemical work suggests that the presence

of glucose favors Aβ42 oligomer formation, which occurs rapidly and

spontaneously.41
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F IGURE 2 Longitudinal voxel-based positron emission tomography (PET) standardized uptake value ratio (SUVR) shows increases in amyloid
over 1 year in the precuneus/cuneus in the groupwhose glucose improves (A; PET amyloid increases are visible in blue) and in the groupwhose
glucose worsens (B; PET amyloid increases are visible in yellow). Percent change in regional (precuneus) mean cerebellar standardized SUVR are
also plotted percent change in glucose (C) and group (D). Covariates included age, sex, elevated status, and treatment group

Taken together, this evidence provides molecular rationale for the

relationship of fasting glucose and cerebral amyloid. However, while

meta-analyses of human studies support T2D diagnosis as a risk fac-

tor for AD,42 most autopsy data suggests no relationship43 or a nega-

tive relationship44,45 between T2D diagnosis and traditional AD neu-

ropathology. Yet, exacerbated neuropathology has been observed in

APOE ε4 carrierswith T2D.46,47 It is likely that in a disease state such as
T2D, additional factors such as medication use, genetics, disease dura-

tion, and survival bias may also affect these relationships.

Interestingly, the changes in glucose regulation observed between

our groups occurred independently of significant changes in body

weight or body composition. This is important, as others have shown

changes in glucose regulation can occur through changes in light physi-

cal activity or breaking up sitting time,48 lifestyle changes thatmay not

be large enough to trigger significant changes in body weight or body

composition. Although insulin resistance as measured by HOMA-IR

was different between groups, this was primarily driven by glucose dif-

ferences, with fasting insulin not different between the groups.We did

observehigher systolic bloodpressure levels at baseline in thosewhose

glucose worsened over time, and these individuals were less likely to

have a diagnosis of hypertension, suggesting potential differences in

diagnosis and treatment between groups. However, the groups were

similar in terms of hypertensivemedication use, and had similar change

in blood pressure over the 1-year follow-up. We also did not observe

longitudinal differences in cognitive performance, suggesting that the

neuropathological changes occur early prior to clinically detectable

cognitive change. Importantly, we did not quantify changes in tau neu-

ropathology in this study. Others have recently shown that increasing

tau neuropathology (measured by PET) tracks with memory decline in

cognitively healthy older adults,49 and tau neuropathology may be of

particular importance in individuals with impaired glucose metabolism

and diabetes.50,51 Future work is needed to elucidate the relationship

between change in glucose and tau neuropathology in older adults at

risk for AD.

There are limitations to consider in our study. We included individ-

uals with elevated amyloid and those who fell in what is considered

the “subthreshold” range. While this is of importance because these

individuals may be at greatest risk for developing AD, individuals with

varying cerebral amyloid at baseline may accumulate amyloid longitu-

dinally at varying rates. Our inclusion of sedentary individuals with rel-

atively high quantitative levels of amyloidmay limit the generalizability

of the study to more active individuals or populations with lower cere-

bral amyloid levels. Additionally, this is a longitudinal study over 1 year,

and studies of greater duration areneeded todeterminewhether these

patterns are consistent and associated with eventual cognitive decline

or AD diagnosis. Additional studies are also needed to investigate the

relationship between glucose change and tau brain neuropathology,

which was not assessed in our study. Finally, APEx was a clinical trial of

exercise. Although there were no differences in fasting glucose change

between exercise groups (data not shown), and we included “exercise

group” as a covariate, this is a limitation.

Overall, thiswork suggests that cognitively healthy older adultswho

have worsening glucose regulation over time are potentially at risk for

worsening neuropathological and structural brain outcomes. A shift in

fasting glucose from normal to impaired, which could occur with the

magnitude of change we observed in the current study, has been asso-

ciated with all-cause mortality,52 and increased rates of fasting glu-

cose over time are linked to cardiovascular markers such as increased

arterial stiffness53 and cerebrovascular disease incidence.54 However,

there are more clinically relevant outcomes of glycemic control than

fasting glucose, such as HbA1c. Future studies of longitudinal change

in brain structure and neuropathology with additional clinically mean-

ingful outcomes of glycemic control are also needed. Nonetheless, our

findings suggest that changes in fasting glucose, controlling for age,
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sex, exercise treatment group, and baseline cerebral amyloid level,

associate positively with longitudinal amyloid accumulation in highly

metabolic regions. Additional work to explore the effects of targeting

systemic glucosemetabolism as a potential way tomodulate these out-

comes in cognitively healthy older adults at risk for AD is warranted.
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