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Vascular risk factors such as hyperglycemia and platelet hyperactivation play a significant role in type 2
diabetes (T2D), a risk factor for AD. We investigated the relationships between glycemia levels, platelet
indices (platelet count; mean platelet volume (MPV)) and AD neuroimaging markers in 105 cognitively
unimpaired adults, including 21 amyloid-negative older adults (AB-neg controls), and 45 amyloid-positive
patients with mild cognitive impairment or dementia (AB-pos patients). We assessed between-group dif-
ferences on the two T2D-related vascular risk factors, then the association between blood parameters
and multimodal neuroimaging (structural MRI, 8F-fluorodeoxyglucose, and '8F-florbetapir-PET) in cogni-
tively unimpaired adults and AB-pos patients using multiple regressions. Compared to AB-neg controls,
AB-pos patients showed lower platelet count and higher MPV. In cognitively unimpaired adults, increased
glycemia levels were associated with atrophy and hypometabolism in AD-sensitive regions. In AB-pos pa-
tients, increased MPV was associated with entorhinal and perirhinal cortex atrophy. Subclinical but high
glycemia levels in healthy individuals and MPV in AD patients are associated with neurodegeneration in
AD-sensitive brain regions but not with amyloid deposition.
© 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

The risk of developing Alzheimer’s disease (AD)! appears to
be increased by vascular risk factors, including cardiovascular dis-
eases, hypertension or Type 2 diabetes (T2D) (Lee et al., 2020). T2D
is characterized mainly by a chronic increase in blood glucose, that

* Corresponding author at: INSERM Unité U1237, GIP CYCERON, Bd Henri Bec-

querel - BP 5229, Caen Cedex 14074, France.
E-mail address: poisnel@cyceron.fr (G. Poisnel).

1 AB-pos/neg, beta-amyloid positive/negative; AD, Alzheimer’s disease; APOE,
apolipoprotein E; BMI, body mass index; FDG, '8F-fluorodeoxyglucose; MCI, mild
cognitive impairment; MPV, mean platelet volume; MRI, magnetic resonance imag-
ing; PCC, posterior cingulate cortex; T2D, type 2 diabetes; PET, positron emission
tomography.

is hyperglycemia, and is more prevalent with aging. This metabolic
condition is considered as a risk factor for brain aging, cognitive
decline and dementia (Biessels et al.,, 2006; Callisaya et al., 2019;
Chen et al., 2019; Diniz Pereira et al., 2021). More specifically,
T2D increases the risk of (1) developing mild cognitive impair-
ment (MCI) (Ciudin, 2016), an intermediate stage between normal
cognition and dementia; and (2) conversion from MCI to demen-
tia (Alagiakrishnan & Sclater, 2012). Ongoing research aims at bet-
ter understanding the link between AD and T2D. Notably, platelets
have been proposed as a potential factor influencing the associa-
tion between these 2 disorders as their function is altered in both
pathologies (Laske et al., 2012; Randriamboavonjy et al., 2014).
However, it is still not clear whether mild or “subclinical” increases
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Table 1
Participant characteristics and between-group differences.

Variables Cognitively unimpaired adults AB-pos Group comparisons between
Al AB-neg patients AB-pos patients and AB-neg
controls
controls subgroup
N 105 21 45
Female % (N) 46.7(49) 52.4(11) 33.3(15) p = 0.3336
Age (years; mean =+ SD) 49.2 + 20.1 66.4 + 9.6 70.8 + 8.6 p = 0.081
Education (years; mean + SD) 13.0 £ 3.3 129+ 3.5 11.6 + 3.9 p = 0.209
BMI (kg/m?; mean + SD) 236 +£ 2.9 24.7 +£ 3.5 244 £+ 3.0 p = 0.697
APOE4 %(N) 32.4(34) 28.6(6) 62.2(28) p = 0.022
Glycemia levels (mmol/L; mean + SD) 53+.7 55+ .5 55+ .5 p = 0.853; n* = .001
Platelet count (G/L; mean + SD) 245.6 + 59.3 266.7 + 62.3 222.2 + 53.1 p = 0.004; n> = .128
MPV (fL; mean + SD) 104 £ .8 101 £.7 10.7 £ 1.1 P = 0.021; > = .079

Abbreviations: AB-pos/neg, amyloid positive/negative; BMI, body mass index; MPV, mean platelet volume; 1>, effect size; NS, not significant; SD, standard deviation.

in glycemia levels and platelet indices are associated with poorer
brain health.

In non-diabetic and diabetic cognitively unimpaired older
adults (> 60 years old), a direct association was found be-
tween the higher glycemia levels and the higher risk of de-
mentia (Crane et al., 2013). Moreover, in non-diabetic cognitively
unimpaired older adults, subclinical but high glycemia levels have
been associated with (1) higher atrophy in structures sensitive
to aging and neurodegenerative processes, such as the hippocam-
pus and amygdala (Cherbuin et al., 2012; Kerti et al., 2013);
and (2) decreased cerebral glucose metabolism in the precuneus
(PrC), posterior cingulate cortex (PCC) and parietal regions, also
affected in aging and AD (Burns et al., 2013; Ishibashi et al.,
2015).

Several studies have shown that increased glycemia levels con-
tribute to increased platelet activity in non-diabetic and dia-
betic individuals (Kaur et al., 2018; Keating et al., 2003; Shilpi
& Potekar, 2018; Zaccardi et al.,, 2017). Increased platelet activity
in diabetic individuals is involved in the development of vascu-
lar complications and higher cardiovascular risk (Chen et al., 2017;
Demirtunc et al., 2009). This increased platelet activity has been
also largely described as an important vascular risk factor involved
in AD progression (Liang et al., 2014; Wang et al., 2013; Wu et al.,,
2021; Yesil et al., 2012). Platelet indices — platelet count, mean
platelet volume (MPV) — are derived from the whole blood count
(Bancroft et al., 2000). In aging, platelet count decreases, while
platelet activity increases (Montenont et al., 2019). MPV, represent-
ing the averaged size and the activity of platelets, is significantly
higher in patients with T2D (Chen et al., 2017; Papanas et al., 2004;
Sansanayudh et al., 2016) and in the presence of vascular risk
(Renga & Scavizzi, 2017). Moreover, the high platelet indices, often
evidenced in the presence of T2D or early T2D, were also found
in patients with AD (Shilpi & Potekar, 2018). More specifically, the
recent evidence suggests that platelet activation observed in T2D
may contribute to AD development and may be potentially respon-
sible for the link between AD and T2D (Randriamboavonjy et al.,
2014). In AD, both increases (Chen et al., 2017; Yesil et al., 2012)
and decreases of MPV (Liang et al., 2014; Wang et al., 2013) have
been reported. These contradictory findings might be associated
with the variability in samples characteristics (eligibility criteria) or
methodological choices (covariates and delay between blood sam-
pling and analysis) in previous studies, which are summarized in
supplementary Table 1.

To date, no study used multimodal neuroimaging to investi-
gate the brain changes associated with subclinical but the high
glycemia levels and platelet indices (platelet count and MPV), both
in cognitively unimpaired adults and in amyloid-positive (AB-pos)
MCI and AD patients. Therefore, our main objective was to of-
fer a comprehensive assessment of the links between these T2D-

related vascular risk factors (i.e. glycemia levels and platelet in-
dices) on one side and brain structural, functional integrity and
cerebral amyloid deposition on the other side, in healthy indi-
viduals and patients with cognitive impairment, along the AD
continuum.

2. Methods
2.1. Participants

All participants were included in the “Imagerie Multimodale de
la maladie d’Alzheimer a un stade Précoce” (IMAP+) study (Caen,
France), for which the inclusion and the exclusion criteria have
been fully detailed elsewhere (La Joie et al., 2013; Tomadesso et al.,
2018). Briefly, participants were excluded if they presented a his-
tory or clinical evidence of diabetes (type 1 or 2), neurological or
psychiatric disorders, alcohol use disorder or drug abuse, or ab-
normal somatic examination. In addition, 2 cognitively unimpaired
adults were excluded from the present study as their glycemia
levels (7.8 and 9.5 mmol/L, respectively) were above the normal
range (normal range: 3.6-5.5mmol/L; cut-off for T2D diagnosis: >
7mmol/L).

One-hundred-and-five cognitively unimpaired adults aged from
18 to 85 years were recruited from the community. For subjects
aged over 60 years, they had no memory complaint, never referred
to a memory clinic, and performed in the normal range for their
age and educational level (i.e. within 1.65 standard deviation [SD]
of the norms for all neuropsychological test; see the flow diagram
in Fig. 1). A group of 21 AB-neg older participants (> 55 years;
see 2.3.2 PET data acquisition and pre-processing for details) was
extracted from the 105 cognitively unimpaired adults and were
matched for sex, years of education and body mass index (BMI)
to the group AB-pos patients (see below). This sub-group will be
referred to as “AB-neg controls.”

A total of 56 patients with cognitive impairment, along the AD
continuum, were selected from the local memory clinics. They pre-
sented no major comorbidities, and had available blood parame-
ters and neuroimaging data. Among the 56 patients, only AB-pos
patients were included (see 2.3.2 for positivity/negativity classifi-
cation) to ensure that they were on the AD continuum. Among the
45 AB-pos patients, 27 met clinical criteria for single or multiple
domain amnestic MCI (Petersen & Morris, 2005), with predomi-
nant episodic memory deficits (-1.5 SD from age- and education-
matched norms) and 18 patients fulfilled NINCDS-ADRDA criteria
for probable AD, including (1) abnormal global cognitive function-
ing and (2) deficits in at least 2 cognitive domains. The MCI and
AD groups were merged and only differ regarding the degree of
functional deficits, therefore representing a relatively homogeneous
population ranging on a continuum from mildly to moderately cog-
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Public advertising in the
community
135 healthy volunteers

Memory clinic consultation
79 patients with MCl or AD

1. No major comarbidities
Availability of blood indices
3. Valid neuroimaging data

N

105 cognitively unimpaired

56 patients with MCl or AD.
adults

Classification of subjects as Florbetapir positive or negative
Threshold amyloid positive > 1,20

| l

45 AB-pos patients

21 AB-neg controls

Fig. 1. Flow diagram of participants’ selection and classification.
Abbreviations: Af-neg, negative amyloid status; AB-pos, positive amyloid status; AD,
Alzheimer’s disease; MCI, mild cognitive impairment.

nitively impaired. We were mainly interested in comparing the role
of subclinical high glycemia levels and platelet indices in healthy
individuals and AB-pos patients without specific interest on the
clinic stage. Demographic data and biological parameters per group
are reported in Table 1.

The IMAP+ study, sponsored by the Caen University Hospi-
tal, was approved by the local ethics committee (Comité de Pro-
tection des Personnes Nord-Ouest IIl, Caen, France; trial registra-
tion number: IDRCB: 2011-A01-493-38; clinicaltrials.gov identifier:
NCT01638949). All participants gave their written informed con-
sent prior to examinations.

2.2. Blood sampling and covariates assessment

Blood samples were collected in all individuals in the morn-
ing after an overnight fast. Blood samples were collected in fluori-
nated tubes and measured by spectrophotometry for glycemia lev-
els (mmol/L) and in K3 salt of ethylenediominetetraacetic (EDTA)-
containing tubes for platelet indices (platelet count in G/L; MPV
in femtoliter, fL). All samples were processed within 6 hours af-
ter blood collection. All blood parameters were within the normal
range (i.e. subclinical levels) (see previous section for exclusion de-
tails). APOE genotype was also obtained from blood samples and
individuals were classified as APOE4 non-carriers (participants with
no copies of the epsilon 4 allele) or APOE4 carriers (individuals
with at least one copy of the epsilon 4 allele). Body mass index
(BMI) was computed with the formula [weight (kg)/height (m)?]
and obtained from participants’ self-reported weight and height.

2.3. Neuroimaging assessment

Participants underwent T1-weighted magnetic resonance imag-
ing (MRI), 18F-fluorodeoxyglucose (FDG)- and '8F-florbetapir (AV45,
Amyvid)- positron emission tomography (PET) scans, to measure
gray matter (GM) volume, brain glucose metabolism, and amyloid
burden, respectively. MRI and PET scans were performed in all par-
ticipants at the Cyceron Center (Caen, France) on a Philips Achieva
3.0 T scanner and a Discovery RX VCT 64 PET-CT device (General
Electric Health-care), respectively.

2.3.1. MRI data acquisition and pre-processing

High-resolution T1-weighted anatomical volumes were acquired
using a 3D fast-field echo sequence (3D-T1- FFE sagittal; repetition
time = 20 ms; echo time = 4.6 ms; flip angle = 10°; 180 slices
with no gap; slice thickness = 1 mm; field of view = 256 x 256
mm?; in-plane resolution = 1 x 1 mm?2).

Neuroimaging data pre-processing was performed using the
Statistical Parametric Mapping version 12 software (SPM12; Well-
come Trust Centre for Neuroimaging, London, UK). T1-weighted
images were segmented using multimodal segmentation (T1-
weighted MRI and FLAIR) and spatially normalized to the Mon-
treal Neurological Institute (MNI) space. Then, normalized GM seg-
ments were modulated to correct for non-linear warping effects,
and the resultant images were smoothed using an 8-mm full-width
half-maximum (FWHM) Gaussian kernel. MRI images were finally
masked to exclude non-GM voxels as well as the cerebellum from
the analyses (La Joie et al., 2012; Villain et al., 2008).

2.3.2. PET data acquisition and pre-processing

Both FDG- and florbetapir-PET scans were acquired with a res-
olution of 3.76 x 3.76 x 4.9 mm?3 (field of view = 157 mm). Forty-
seven planes were obtained with a voxel size of 1.95 x 1.95 x 3.2
mm?3. A transmission scan was performed for attenuation correc-
tion before the PET acquisition. For FDG-PET, participants were
fasted for at least 6 hours before scanning. After a 30-minute rest-
ing period in a quiet and dark environment, ~180MBq of FDG were
intravenously injected as a bolus. A 10-minute PET scan was ac-
quired 50 minutes after the injection. For florbetapir-PET, each par-
ticipant underwent a 20-minute PET scan, beginning 50 minutes
after the intravenous injection of ~ 4MBq/kg of florbetapir.

PET data were coregistered onto their corresponding MRI, and
normalized using the deformation parameters obtained from the
MRI procedure. Resultant images were quantitatively normalized
using cerebellar GM as a reference region. PET images were then
smoothed using a 10-mm FWHM Gaussian kernel (La Joie et al.,
2012; Villain et al., 2008) and finally masked to exclude non-GM
voxels as well as the cerebellum from the analyses. The standard-
ized uptake value ratio (SUVr) was used to classify subject as AS-
pos or AB-neg, using a threshold derived from 45 healthy individu-
als (aged 21-39 years) from the IMAP cohort, who are all included
in the present study (André et al.,, 2019; Besson et al., 2015). The
positivity threshold was calculated as the 95th percentile of the
distribution among 45 healthy controls, corresponding to a SUVr
of 1.20. Individuals with values above this threshold were consid-
ered as AB-pos and those below this threshold were considered as
AfB-neg.

2.4. Statistical analyses

Normality was assessed using the Shapiro-Wilk test. Non-
normally distributed variables were Box-Cox- and log-transformed
for glycemia levels and platelet count, respectively. All analyses
were done both with the raw (Supplementary Tables 2, 3) and the
transformed data. As results remained similar, only transformed
data are presented here. To investigate potential underlying mech-
anisms, all analyses were replicated adjusting for blood pressure
(BP) and medications (statins, beta-blockers, anti-hypertensive...),
and mediation analyses were performed in both cognitively unim-
paired adults and AB-pos patients. As results remained unchanged
(Supplementary Table 4, 5) and no mediation was found (data not
shown), only results without these covariates are presented here.

Between-group comparisons for demographics were assessed
using Student’s t-test for continuous variables and chi-square tests
for categorical variables, with statistical significance set at p <
0.05.
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2.4.1. Association between age, glycemia levels, and platelet indices in
cognitively unimpaired adults

To assess the effect of age on glycemia levels and the platelet
indices, multiple regression analyses were performed between age
and each blood parameters separately (i.e. glycemia levels and
platelet indices) within the whole group of cognitively unimpaired
adults. Sex, years of education, BMI, and APOE4 status were in-
cluded as covariates in the regression models, and results were
considered significant at p < 0.05. To assess the robustness of the
results, analyses were replicated after removing the AB-pos cogni-
tively unimpaired adults (n = 36).

2.4.2. Differences in glycemia levels and platelet indices between
ApB-neg controls and AB-pos patients

To assess the differences between AB-pos patients and AS-neg
controls on each blood parameters, we performed ANCOVAs, cor-
recting for age, sex, years of education, BMI, and APOE4 status. We
also tested multiple regressions between each blood parameter to
investigate the potential relationships in AB-pos patients.

2.4.3. Voxelwise regression analyses between blood parameters and
neuroimaging in cognitively unimpaired adults and AB-pos patients
separately

Within the group of cognitively unimpaired adults and AB-pos
patients separately, voxelwise multiple regression analyses were
performed between each blood parameter and each neuroimag-
ing modality (MRI, FDG-PET and florbetapir-PET) in SMP12, con-
trolling for age, sex, years of education, BMI, APOE4 status, and
the other blood parameters (i.e. analyses on platelet indices were
controlled for glycemia levels, and reversely). To highlight the spa-
tial overlap between the results from these voxelwise multiple re-
gression analyses and AD-related neurodegeneration, two-sample
t-tests (AB-neg controls vs. AB-pos patients) were conducted on
GM volume and FDG-PET to derive atrophy and hypometabolism
patterns in patients. For all neuroimaging analyses, results were
considered significant at p < 0.005 (uncorrected) at the voxel level,
and a threshold of p < 0.05 (corrected) at the cluster level, de-
termined by Monte-Carlo simulation using the AlphaSim program
(AFNI).

3. Results

3.1. Association between age, glycemia levels, and platelet indices in
cognitively unimpaired adults

When adjusting for sex, years of education, BMI, and APOE4 sta-
tus, the age was positively associated with glycemia levels (Fig. 2),
but not with platelet indices (r = .009, p = 0.931 and r = -.101,
p = 0.363 for platelet count and MPV; respectively). The associa-
tion between the age and the glycemia levels remained significant
without controlling for sex, years of education, BMI, and APOE4
status. This association remained also significant when removing
the AB-pos cognitively unimpaired adults (n = 36) (Supplemen-
tary Table 6).

3.2. Differences in glycemia levels and platelet indices between
ApB-neg controls and AB-pos patients

There was no group difference in demographics between AB-
neg controls and AB-pos patients, except for the APOE4 status ra-
tio, with AB-pos patients showing a higher proportion of APOE4
carriers (Table 1). AB-pos patients presented lower platelet count
(Fig. 3a) and higher MPV (Fig. 3b) than AB-neg controls. The
between-group difference in platelet count and MPV remained sig-
nificant without controlling for APOE4 status (Supplementary Ta-
bles 4, 5). By splitting the group of AB-pos patients into AB-pos

r=.392
<.001
7 p
-
=
£
€6
£
®
£
g 5
G}
4
20 40 60 80

Age in years

Fig. 2. Association between age and glycemia levels in cognitively unimpaired
adults. Partial correlation coefficient and p-value adjusted for sex, education, BMI
and APOE4 status are indicated on the graph.

MCI and AB-pos AD patients, higher MPV and lower platelet count
were found in MCI, but not in AD patients (Supplementary Table
7). There was no difference in terms of glycemia levels between
AB-neg controls and AB-pos patients (Table 1). Finally, no associ-
ation was found between the glycemia levels and the platelet in-
dices (r = .214, p = 0.268 and r = -.078, p = 0.905 for platelet
count and MPV; respectively).

3.3. Association between blood parameters and neuroimaging in
cognitively unimpaired adults

Glycemia levels negatively correlated with GM volume in
the PCC and the right hippocampus, and with brain glucose
metabolism in the PrC, cuneus, PCC, angular corteX, and medial
temporal gyrus in cognitively unimpaired adults (Fig. 4A). Inter-
estingly, these regions overlapped with the pattern of neurodegen-
eration in AD patients, including both the hippocampus for atro-
phy, and the PrC, cuneus, PCC, angular cortex, and medial temporal
gyrus for hypometabolism (Fig. 3B). Amyloid burden was not asso-
ciated with glycemia. We did not find any significant association
between platelet indices (platelet count or MPV) and neuroimag-
ing in cognitively unimpaired adults.

3.4. Association between glycemia levels and platelet indices and
neuroimaging in AB-pos patients

In AB-pos patients, MPV negatively correlated with GM volume
in the entorhinal and perirhinal cortices (Fig. 5A), whereas no as-
sociation was found with the brain glucose metabolism or amyloid
burden. The cerebral correlates of MPV in AB-pos patients over-
lapped with the pattern of atrophy evidenced in AD patients in
the entorhinal cortex (Fig. 5B). Glycemia and platelet count were
not associated with neuroimaging in AB-pos patients.

3.5. Complementary analyses

To further investigate the association between T2D-related vas-
cular risk factors with MCI and AD patients, analyses were assessed
between glycemia levels, platelet indices, and memory using the
16-word delayed recall from Grober & Buschke (Dion et al., 2014)
in cognitively unimpaired adults and AB-pos patients (Supplemen-
tary Table 8). No significant association was found, suggesting that
these blood parameters are not associated with memory decline.

To ensure that covariates (i.e. sex, years of education, BMI,
APOE4 status) had no impact on age-effect results, interaction anal-
yses were carried out between each T2D-related vascular risk fac-
tors and each covariates in cognitively unimpaired adults (Supple-
mentary Figure 1). Interaction analyses were also performed with
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Fig. 3. Comparison of platelet count (a) and MPV (b) between AB-pos patients and AB-neg controls.
Abbreviations: AB-pos, amyloid positive; AB-neg, amyloid negative; AD, Alzheimer’s disease; MCI, mild cognitive impairment; MPV, mean platelet volume.

Florbetapir
-PET

Fig. 4. Voxelwise associations between glycemia and neuroimaging in cognitively unimpaired adults (A) and their overlap with AD-related alterations (B) for structural MRI
(upper row), FDG-PET (middle row), and florbetapir-PET (lower row), controlling for age, sex, education, BMI and APOE4 status. Areas in yellow indicate regions that are
negatively correlated with glycemia at p < 0.005 uncorrected at the voxel level and p < 0.05 corrected at the cluster level (see Methods for details). Areas in red represent
atrophy and hypometabolism patterns of alteration in MCI/AD patients. Orange areas represent the overlap between glycemia-related and AD-related brain changes.
Abbreviations: AB-pos, amyloid positive; APOE, apolipoprotein E; BMI, body mass index; MRI, magnetic resonance imaging; FDG-PET, fluorodeoxyglucose- positron emission tomog-
raphy; NS, not significant.

FDG
-PET

Florbetapir
-PET

Fig. 5. Voxelwise associations between MPV and neuroimaging in AB-pos patients (A) and their overlap with AD-related alterations (B) for both structural MRI (upper row),
FDG-PET (middle row), and florbetapir-PET (lower row), controlling for age, sex, level of education, BMI and APOE4 status. Areas in yellow indicate regions that are negatively
correlated with MPV at p < 0.005 uncorrected at the voxel level and p < 0.05 corrected at the cluster level (see Methods for details). Area in red indicate patients’ pattern
of atrophy. Orange regions correspond to the overlap of MPV-related and AD-related alterations.

Abbreviations: AB-pos, amyloid positive; APOE, apolipoprotein E; BMI, body mass index; MPV, mean platelet volume; MRI, magnetic resonance imaging; FDG-PET, fluorodeoxyglucose-
positron emission tomography; NS, no significant.
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APOE4 and sex for voxelwise analyses (data not shown) to inves-
tigate potential modifying effect on the relationships between the
blood parameters and the neurodegeneration in cognitively unim-
paired adults and AB-pos patients. No significant interaction was
found, suggesting that these associations are not impacted by sex,
years of education, BMI or APOEA4.

4. Discussion

The main goal of the present study was to provide a com-
prehensive understanding of the cerebral changes associated with
T2D-related vascular risk factors, namely subclinical but the high
glycemia and the platelet activity levels, in healthy individuals and
AD-dementia.

As shown in previous studies, we found that glycemia lev-
els increase with age (O’Sullivan, 1974) but not platelet indices
(Sansanayudh et al, 2016). The covariates used in the present
study (i.e. sex, APOE4 status, years of education and BMI) did not
seem to play a role in these associations as they did not moderate
the relation between the age and the blood parameters (Supple-
mentary Figure 1).

In our study, glycemia levels were not associated with platelet
indices and did not differ between AB-pos patients and AB-neg
controls. Evidence suggests a link between the glycemia levels and
the platelet activity and, more specifically, that glycemia levels
contribute to increased platelet activity in non-diabetic and di-
abetic individuals (Kaur et al., 2018; Keating et al., 2003; Shilpi
& Potekar, 2018; Zaccardi et al.,, 2017). Moreover, several studies
showed that glycemia levels and activated platelets are involved
in both T2D and AD pathological mechanisms (Burns et al., 2018;
Horstman et al., 2010; Wang et al,, 2013). Both, T2D and high
glycemia levels have been associated with the higher incidence of
dementia and cognitive decline (Biessels et al., 2006; Crane et al.,
2013). In our study, we did not find any association between high
glycemia levels or MPV and memory either in cognitively unim-
paired adults or AB-pos patients (Supplementary Table 8). How-
ever, both glycemia levels and platelet indices were in the normal
range, that is subclinical, even if glycemia levels were in the upper
part of the normal range (glycemia normal range: 3.6-5.5 mmol/L;
cut-off for T2D > 7 mmol/L; mean: 5.5 mmol/L; platelet count
normal range: 150-450 G/L; mean 222 G/L; MPV normal range:
7.5-12.0 fL; mean: 10.7 fL). The absence of association with cogni-
tion or of difference between AB-pos patients and AB-neg controls
could be attributed to the fact that our cohort is non-diabetic, with
subclinical glycemia levels.

In our study, MPV, a marker of platelet activation, was found
to be higher in AB-pos patients than in Af-neg controls. This
result aligns with prior studies showing that MPV is increased
in AD (Chen et al., 2017; Yesil et al., 2012) and T2D patients
(X. Chen et al., 2017). In our study, this finding could have re-
flected the fact that the proportion of APOE4 carriers was higher
in AB-pos patients compared to AB-neg controls, as this allele is
known to be strongly associated with greater risk for the pres-
ence of brain amyloid pathology (Wisniewski & Drummond, 2020).
Therefore, we have repeated our analysis controlling for this fac-
tor, and we showed that APOE4 status did not impact the differ-
ence in MPV between AB-pos patients and AB-neg controls (Sup-
plementary Tables 4, 5). Other studies reported a MPV decrease
in AD patients (Liang et al., 2014; Wang et al., 2013). These con-
flicting findings might be the result of methodological differences
between studies (Supplementary Table 1 for details). Briefly, the
amount of EDTA, the most commonly used in vitro anticoagulant,
in sample tubes could increase the platelet size just as the time be-
tween the blood collection and the sample analysis (Bowles et al.,
2005). In our study, all samples were analysed within a 6-hour

delay after blood sampling; consequently, we are expecting no or
limited impact on platelet size. Secondly, eligibility criteria and co-
variates differ across studies. Among them, hypertension was re-
ported as a strong predictor of high MPV (Ntaios et al., 2011;
Sansanayudh et al, 2016), while drugs such as statins or an-
tiplatelet agents were previously associated with decreased MPV
levels (Coban & Afacan, 2008; Jagroop et al., 2004). Our results re-
mained unchanged after adjusting for BP and medications (Sup-
plementary Tables 4, 5) and BP was not found to be a significant
moderator of the relationships between glycemia, MPV levels and
brain integrity (data not shown). Although the influence of other
factors, and especially vascular risk factors, could be further ex-
plored in future studies, these additional analyses suggest that our
findings were not biased by medication or BP.

Here, we found that both higher glycemia levels and MPV, even
at a subclinical level, were associated with atrophy and/or cere-
bral glucose hypometabolism in regions known to be sensitive to
AD. More specifically, in AB-pos patients, higher MPV was as-
sociated with atrophy in the entorhinal and the perirhinal cor-
tices, bilaterally (Fig. 5). Interestingly, it is well established that
temporal structures (hippocampus, amygdala, and entorhinal cor-
tex) are atrophied in patients with MCI or AD (Chételat, 2011;
Chetelat & Baron, 2003). Therefore, for the first time, our find-
ings highlight an association between higher MPV and atrophy
in regions particularly affected by AD, in AB-pos patients. More-
over, in cognitively unimpaired adults, glycemia levels were associ-
ated with (1) atrophy in the hippocampus and PCC; and (2) hy-
pometabolism in the angular gyrus, medial temporal gyrus, PrC,
cuneus and PCC. Interestingly, regions associated with glycemia
levels in cognitively unimpaired adults overlapped with regions
particularly sensitive to atrophy/hypometabolism in AD patients
(Fig. 3). Previous human and animal studies have also reported
an association between glycemia levels and atrophy in the hip-
pocampus and PCC (Cherbuin et al., 2012; Honea et al., 2022;
Shaw et al., 2017). Moreover, our findings are consistent with pre-
vious studies describing an association between increased glycemia
levels and hypometabolism of the PrC, PCC, and parieto-temporal
cortex (Ishibashi et al.,, 2016, 2017; Viglianti et al., 2017). Sim-
ilarly, in older adults with a first-degree family history of AD,
higher glycemia levels were associated with lower regional cere-
bral metabolic rate for glucose in brain regions preferentially af-
fected by AD (Burns et al., 2013) and remained significant when as-
sessed longitudinally (Burns et al., 2018). Therefore, the increased
vulnerability of these structures with increased glycemia levels in
healthy individuals could be one of the key mechanisms underly-
ing the association between the glycemia and the AD.

While the pathological processes underlying the association be-
tween the high glycemia levels and the hypometabolism in AD-
sensitive regions are not well understood, several hypotheses have
been proposed (Kuehn, 2020). For instance, changes in glucose
transporters function and expression or dysfunction in glycolysis
(conversion of glucose to energy) could affect brain glucose home-
ostasis (Hipkiss, 2019; Szablewski, 2016) and thus affect cerebral
metabolism. In addition, the genetic variants APOE2 and APOEA4,
which have been shown to respectively increase and decrease gly-
colysis, could have an indirect impact on brain glucose metabolism
(Wu et al.,, 2018). Moreover, previous studies found that sex could
affect the association between glycemia levels and CSF biomarkers
of AD (Ou et al., 2020). Yet, we did not find any interaction with
either APOE4 or sex on the association between glycemia levels
or MPV and neurodegeneration (i.e. atrophy and hypometabolism)
in cognitively unimpaired adults and AB-pos patients (data not
shown).

Above the processes linking specifically glycemia levels to hy-
pometabolism, the mechanisms underlying the association be-
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tween glycemia, platelet activity and changes in brain integrity
more generally are not fully understood. Increasing evidence sug-
gests that the high glycemia levels and the activated platelets
play an important role in inflammation and neuroinflammation
(Horstman et al., 2010; Rawish et al., 2020). While the ac-
tive contribution of platelet in inflammatory processes is well-
acknowledged (Randriamboavonjy et al., 2014; Rawish et al,,
2020), the involvement of glycemia levels in inflammation remains
scarcely documented. However, a previous study showed an asso-
ciation between experimentally increased glycemia levels and in-
creased cytokine levels in healthy control subjects and in individ-
uals with impaired glucose tolerance (Esposito et al., 2002). Inter-
estingly, the overlap between MPV-related and AD-related atrophy
aligns with previous human and animal studies investigating in-
flammation in temporal lobe, and particularly in the hippocampal
and entorhinal cortices (Hauss-Wegrzyniak et al., 1998, 2002; Sala-
Llonch et al., 2017). Thus, it is reasonable to hypothesize that these
2 blood parameters could be associated with neurodegeneration
through increased inflammation, both mechanisms being impli-
cated in the development and progression of AD (Sala-Llonch et al.,
2017). Vascular factors (e.g. hypertension or vascular diseases)
also play an important role in the development of inflammation
(Willerson & Ridker, 2004). In our study, individuals with vascular
diseases were excluded and as previously mentioned, we did not
find an impact of BP on the results (Supplementary Tables 4, 5).

We found no association between glycemia levels, platelet
indices, and amyloid load. Previous studies assessing the links
between the high glycemia or diabetes and the brain amyloid-PET
positivity showed inconsistent findings. Some studies found an
association between the glycemia levels and the cerebral amyloid
burden in older adults (Honea et al., 2022; Morris et al., 2016;
Taylor et al.,, 2017) consolidating the hypothesis that diabetes
contributed to increased amyloid deposition (Chui et al., 2006).
However, our results, in line with other studies, suggest that
diabetes or related parameters were not associated with amyloid
deposition (Arvanitakis et al., 2006; Thambisetty et al., 2013). To
our knowledge, our study is the first to examine the association
between platelet parameters and PET-based markers in cogni-
tively unimpaired adults and AB-pos patients. The lack of link
in our study is in line with the inconsistency in literature and
could reflect the weak association between these parameters and
amyloid load. It could also reflect the low variability of amyloid
deposition in AB-pos patients, difference between our samples (i.e.
cognitively unimpaired adults and AB-pos patients) and the study
populations and lastly blood parameters thresholds (i.e. subclinical
but high glycemia and platelet indices levels). Alternatively, it
might indicate that subclinical but high glycemia and MPV levels
are related to AD independently from amyloid accumulation.
Interestingly, previous studies demonstrates a link between tau
and hyperglycemia and platelets (Kim et al., 2013; Neumann et al.,
2011), suggesting that tau might be a potential factor relating
these T2D-related vascular risk factors to AD. Further examina-
tion of these potential mechanisms linking subclinical glycemia
levels, platelet activity and dementia, including the role of tau
accumulation, is needed.

5. Strengths, limitations, and perspectives

The present study has several strengths, including the use
of multimodal neuroimaging combined with the measurement of
complementary vascular risk factors, allowing to reach a compre-
hensive understanding of the associations between T2D-related pa-
rameters and brain alterations. Moreover, these associations were
evaluated throughout the lifespan and in AB-pos patients, provid-

ing a more comprehensive picture of their role from healthy indi-
viduals to AD.

Our study has also some limitations. First, we used BMI as an
indicator of obesity because it is easy to collect and widely used
in previous studies and medical practice (Cherbuin et al., 2012;
Yesil et al., 2012). In our study, its impact on the results when
included as a covariate remains moderate. However, some argue
that BMI is not a sensitive index, especially in older ages, when
higher BMI would be protective (Woolley et al., 2019). Secondly,
our study is limited by the small sample size of our groups and
requires replication in larger samples. Finally, the cross-sectional
and observational design of our study prevents the inference of any
causal relationship between brain changes and T2D-related vas-
cular risk factors. Previous longitudinal and interventional stud-
ies have investigated various modifiable risk factors, notably vascu-
lar risk factors, via several lifestyle interventions in non-demented
older adults (MAPT (NCT00672685), FINGER (NCT01041989) tri-
als...). Yet, clinical trials using conjointly multimodal neuroimag-
ing modality, blood sampling and lifestyle interventions designed
to protect against T2D or improving cardiovascular health are still
needed to further our understanding of the impact of vascular risk
factors related to T2D on dementia progression.

6. Conclusion

Overall, our study showed that subclinical but high glycemia
levels were associated with neurodegeneration in AD-sensitive
brain regions in healthy individuals. In addition, subclinical but
high MPV was associated with decreased structural integrity in
AD-sensitive brain regions in AB-pos MCI/AD patients. Thus, these
2 T2D-related vascular risk factors were associated with higher
vulnerability in brain regions affected in AD in a non-diabetic
population. By contrast, neither glycemia levels nor MPV levels
were associated with amyloid burden, suggesting a possible re-
lation with AD pathology through other mechanisms than amy-
loid accumulation. Overall, it would be interesting to further ex-
amine glycemia and platelet levels with other hallmark of AD to
better understand the pathophysiological mechanisms underlying
neurodegenerative processes of AD. Our findings highlight the im-
portance of monitoring T2D-related vascular risk factors, easy to
measure in a single blood sample, and consider them as potential
vascular risk factors for AD.

Credit author statement

GC, GP conceived and designed the study. ]G, EK, FM, BL, AC,
AQ, SE, MD, VDLS collected the data, which were analyzed by CP,
FF and interpreted by CP, GC, GP. CP wrote the article, which was
critically reviewed by all authors.

Funding

This work was supported by the Programme Hospitalier de
Recherche Clinique (PHRCN 2011-A01493-38 and PHRCN 2012 12-
006-0347), the Agence Nationale de la Recherche (ANR LONGVIE
2007), Fondation Plan Alzheimer (Alzheimer Plan 2008-2012), As-
sociation France Alzheimer et maladies apparentées AAP 2013, the
Région Normandie and the Institut National de la Santé et de la
Recherche Médicale (INSERM). Funding sources were not involved
in the study design, data acquisition, data analysis, or article writ-
ing.Authors declare that data contained in the manuscript being
submitted have not been previously published, have not been sub-
mitted elsewhere and will not be submitted elsewhere while un-
der consideration at Neurobiology of Aging. All authors have re-



32 C. Palix, F. Felisatti, ]. Gonneaud et al./Neurobiology of Aging 118 (2022) 25-33

viewed the contents of the manuscript being submitted, approve
of its contents and validate the accuracy of the data.

Disclosure statement

The authors have no actual or potential conflicts of interest.

Acknowledgements

Authors are grateful to the patients and healthy volunteers who
participated in this study. Thanks also to A. Abbas, C. Andre, T. An-
quetil, E. Arenaza-Urquijo, L. Barre, JC. Baron, A. Cognet, ]. Dayan,
R. De Flores, M. Delarue, B Desgranges, S. Egret, F. Eustache, M.
Fouquet, M. Gaubert, D. Guilloteau, R. La Joie, M. Leblond, A. Man-
rique, 0. Martinaud, K. Mevel, ]. Mutlu, V. Ourry, L. Paly, A. Pé-
lerin, A. Perrotin, G. Rauchs, C. Schupp, C. Tomadesso, F. Viader,
N. Villain for their help with recruitment, cognitive testing and
imaging examinations, and the Cyceron MRI-PET staff members for
their help with imaging acquisition. This work was supported by
the Programme Hospitalier de Recherche Clinique (PHRCN 2011-
A01493-38 and PHRCN 2012 12-006-0347), the Agence Nationale
de la Recherche (ANR LONGVIE 2007), Fondation Plan Alzheimer
(Alzheimer Plan 2008-2012), Association France Alzheimer et mal-
adies apparentées AAP 2013, the Région Normandie and the Insti-
tut National de la Santé et de la Recherche Médicale (INSERM).
Funding sources were not involved in the study design, data ac-
quisition, data analysis, or article writing. The first author had full
access to the data and takes responsibility for the integrity of data
analysis. The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be constructed as a potential conflict of interest.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.neurobiolaging.2022.
06.004.

References

Alagiakrishnan, K., Sclater, A., 2012. Psychiatric disorders presenting in the elderly
with type 2 diabetes mellitus. Am. J. Geriatr. Psychiat 20 (8), 645-652. doi:10.
1097/JGP.0b013e31823038db.

André, C., Tomadesso, C., Flores, R., Branger, P, Rehel, S., Mézenge, F., Landeau, B.,
Sayette, V., Eustache, F, Chételat, G., Rauchs, G., 2019. Brain and cognitive cor-
relates of sleep fragmentation in elderly subjects with and without cognitive
deficits. Alzheimer's & Dementia: Diagn. Assess. & Disease Monit 11 (1), 142-
150. doi:10.1016/j.dadm.2018.12.009.

Arvanitakis, Z., Schneider, J.A., Wilson, RS., Li, Y, Arnold, S.E., Wang, Z., Ben-
nett, D.A., 2006. Diabetes is related to cerebral infarction but not to AD
pathology in older persons. Neuro 67 (11), 1960-1965. doi:10.1212/01.wnl.
0000247053.45483 4e.

Bancroft, J., Abel, EW., McLaren, M.A., 2000. Mean platelet volume is a useful pa-
rameter: a reproducible routine method using a modified Coulter Thrombocy-
tometer. Platelets 11 (7), 379-387. doi:10.1080/09537100020008311.

Besson, FL., La Joie, R, Doeuvre, L., Gaubert, M., Mezenge, F., Egret, S., Landeau, B.,
Barre, L., Abbas, A., Ibazizene, M., de La Sayette, V., Desgranges, B., Eustache, F.,
Chetelat, G., 2015. Cognitive and brain profiles associated with current neu-
roimaging biomarkers of preclinical Alzheimer’s disease. ]. Neurosci 35 (29),
10402-10411. doi:10.1523/JNEUROSCI.0150-15.2015.

Biessels, G.J., Staekenborg, S., Brunner, E., Brayne, C., Scheltens, P., 2006. Risk of de-
mentia in diabetes mellitus: a systematic review. Lancet. Neurol 5 (1), 64-74.
doi:10.1016/S1474-4422(05)70284-2.

Bowles, K.M., Cook, LJ., Richards, E.M., Baglin, T.P., 2005. Platelet size has diagnostic
predictive value in patients with thrombocytopenia. Clin. Lab. Haematol 27 (6),
370-373. doi:10.1111/j.1365-2257.2005.00726.x.

Burns, C.M, Chen, K., Kaszniak, AW., Lee, W., Alexander, G.E., Bandy, D.,
Fleisher, A.S., Caselli, RJ., Reiman, E.M., 2013. Higher serum glucose levels are
associated with cerebral hypometabolism in Alzheimer regions. Neuro 80 (17),
1557-1564. doi:10.1212/WNL.0b013e31828f17de.

Burns, C.M., Kaszniak, A.W., Chen, K., Lee, W.,, Bandy, D.J., Caselli, RJ., Reiman, E.M.,
2018. Longitudinal changes in serum glucose levels are associated with
metabolic changes in Alzheimer’s disease related brain regions. J. Alzheimer’s
Dis 62 (2), 833-840. doi:10.3233/JAD-170767.

Callisaya, M.L., Beare, R., Moran, C., Phan, T., Wang, W., Srikanth, V.K., 2019. Type 2
diabetes mellitus, brain atrophy and cognitive decline in older people: a lon-
gitudinal study. Diabetologia 62 (3), 448-458. doi:10.1007/s00125-018-4778-
9.

Chen, S.H. Bu, X-L, Jin, W.-S.,, Shen, L.-L., Wang, J., Zhuang, Z.-Q., Zhang, T.,
Zeng, F, Yao, X.-Q., Zhou, H.-D., Wang, Y.-]., 2017. Altered peripheral profile
of blood cells in Alzheimer disease. Medicine 96 (21), e6843. doi:10.1097/MD.
0000000000006843.

Chen, X., Fang, L, Lin, H., Shen, P, Zhang, T, Li, H., Li, X,, Yu, M., Xu, C,, Zhang, ].,
Lu, F, DU, X,, Hu, R, Zhong, ]., 2017. The relationship between type 2 diabetes
and platelet indicators. Iran. J. Public Health 46 (9), 1211-1216. Available at
http://www.ncbi.nlm.nih.gov/pubmed/29026786 .

Chen, Y, Yu, Q. Gong, C.-X., 2019. Molecular Connection Between Diabetes and De-
mentia. pp. 103-131. https://doi.org/10.1007/978-981-13-3540-2_6

Cherbuin, N., Sachdev, P,, Anstey, KJ., 2012. Higher normal fasting plasma glucose
is associated with hippocampal atrophy: The PATH Study. Neuro 79 (10), 1019-
1026. doi:10.1212/WNL.0b013e31826846de.

Chételat, G., 2011. La neuro-imagerie au service de la maladie d * Alzheimer. Méd.
Sci 27 (3), 193-198.

Chetelat, G., Baron, ].-C., 2003. Early diagnosis of alzheimer’s disease: contri-
bution of structural neuroimaging. Neurolmage 18 (2), 525-541. doi:10.1016/
$1053-8119(02)00026-5.

Chui, H.C,, Zarow, C., Mack, WJ]., Ellis, W.G., Zheng, L., Jagust, WJ., Mungas, D.,
Reed, B.R., Kramer, J.H., DeCarli, C.C., Weiner, M.W,, Vinters, H.V., 2006. Cog-
nitive impact of subcortical vascular and Alzheimer’s disease pathology. Ann.
Neurol 60 (6), 677-687. doi:10.1002/ana.21009.

Ciudin, A., 2016. Diabetes mellitus and Alzheimer’s disease: an unforgettable
relation. Endocrinol. y Nutr 63 (5), 191-193. doi:10.1016/j.endonu.2015.12.
004.

Coban, E. Afacan, B., 2008. The effect of rosuvastatin treatment on the
mean platelet volume in patients with uncontrolled primary dyslipidemia
with hypolipidemic diet treatment. Platelets 19 (2), 111-114. doi:10.1080/
09537100701230444.

Crane, PK., Walker, R., Hubbard, RA., Li, G., Nathan, D.M., Zheng, H., Haneuse, S.,
Craft, S., Montine, TJ., Kahn, S.E., McCormick, W., McCurry, S.M., Bowen, ].D.,
Larson, E.B., 2013. Glucose levels and risk of dementia. NEJM 369 (6), 540-548.
doi:10.1056/NE]Moa1215740.

Demirtunc, R., Duman, D., Basar, M., Bilgi, M., Teomete, M., Garip, T., 2009. The rela-
tionship between glycemic control and platelet activity in type 2 diabetes mel-
litus. JDC 23 (2), 89-94. doi:10.1016/j.jdiacomp.2008.01.006.

Diniz Pereira, J., Gomes Fraga, V. Morais Santos, A.L, Carvalho, M.das, G.,
Caramelli, P, Braga Gomes, K., 2021. Alzheimer’s disease and type 2 diabetes
mellitus: a systematic review of proteomic studies. ]. Neurochem 156 (6), 753-
776. doi:10.1111/jnc.15166.

Dion, M., Potvin, O., Belleville, S., Ferland, G., Renaud, M., Bherer, L., Joubert, S., Val-
let, G.T., Simard, M., Rouleau, I, Lecomte, S., Macoir, J., Hudon, C., 2014. Norma-
tive Data for the Rappel libre/Rappel indicé a 16 items (16-item Free and Cued
Recall) in the Elderly Quebec-French Population. Clin. Neuropsychol 28 (sup1),
1-19. doi:10.1080/13854046.2014.915058.

Esposito, K., Nappo, F, Marfella, R, Giugliano, G., Giugliano, F, Ciotola, M.,
Quagliaro, L., Ceriello, A., Giugliano, D., 2002. Inflammatory cytokine concen-
trations are acutely increased by hyperglycemia in humans: Role of oxidative
stress. Circulation 106 (16), 2067-2072. doi:10.1161/01.CIR.0000034509.14906.
AE.

Hauss-Wegrzyniak, B., Dobrzanski, P, Stoehr, J.D., Wenk, G.L., 1998. Chronic neuroin-
flammation in rats reproduces components of the neurobiology of Alzheimer’s
disease. Brain Res 780 (2), 294-303. doi:10.1016/S0006-8993(97)01215-8.

Hauss-Wegrzyniak, B., Lynch, M.A., Vraniak, P.D., Wenk, G.L., 2002. Chronic brain
inflammation results in cell loss in the Entorhinal Cortex and impaired LTP in
Perforant Path-Granule Cell synapses. Exp. Neurol 176 (2), 336-341. doi:10.1006/
exnr.2002.7966.

Hipkiss, A.R., 2019. Aging, Alzheimer’s disease and dysfunctional glycolysis; similar
effects of too much and too little. Aging. Dis 10 (6), 1328. doi:10.14336/AD.2019.
0611.

Honea, RA, John, CS., Green, ZD., Kueck, PJ., Taylor, MK, Lepping, RJ., Town-
ley, R, Vidoni, E.D., Burns, J.M., Morris, ].K., 2022. Relationship of fasting glucose
and longitudinal Alzheimer’s disease imaging markers. Alzheimer's & Dementia:
Transl Res Clin Interv 8 (1), 1-11. doi:10.1002/trc2.12239.

Horstman, LL., Jy, W,, Ahn, Y.S., Zivadinov, R., Maghzi, A.H., Etemadifar, M., Steven
Alexander, J., Minagar, A., 2010. Role of platelets in neuroinflammation: a wide-
angle perspective. J. Neuroinflammation 7 (1), 10. doi:10.1186/1742-2094-7-10.

Ishibashi, K., Onishi, A., Fujiwara, Y., Ishiwata, K., Ishii, K., 2015. Relationship be-
tween Alzheimer disease - Like pattern of 18F-FDG and fasting plasma glu-
cose levels in cognitively normal volunteers. J. Nucl. Medi 56 (2), 229-233.
doi:10.2967/jnumed.114.150045.

Ishibashi, K., Onishi, A., Fujiwara, Y., Ishiwata, K., Ishii, K., 2017. Effects of glucose,
insulin, and insulin resistance on cerebral 18F-FDG distribution in cognitively
normal older subjects. PLoS ONE 12 (7), 1-12. doi:10.1371/journal.pone.0181400.

Ishibashi, K., Wagatsuma, K., Ishiwata, K., Ishii, K., 2016. Alteration of the regional
cerebral glucose metabolism in healthy subjects by glucose loading. Hum. Brain
Mapp 37 (8), 2823-2832. doi:10.1002/hbm.23210.


https://doi.org/10.1016/j.neurobiolaging.2022.06.004
https://doi.org/10.1097/JGP.0b013e31823038db
https://doi.org/10.1016/j.dadm.2018.12.009
https://doi.org/10.1212/01.wnl.0000247053.45483.4e
https://doi.org/10.1080/09537100020008311
https://doi.org/10.1523/JNEUROSCI.0150-15.2015
https://doi.org/10.1016/S1474-4422(05)70284-2
https://doi.org/10.1111/j.1365-2257.2005.00726.x
https://doi.org/10.1212/WNL.0b013e31828f17de
https://doi.org/10.3233/JAD-170767
https://doi.org/10.1007/s00125-018-4778-9
https://doi.org/10.1097/MD.0000000000006843
http://www.ncbi.nlm.nih.gov/pubmed/29026786
https://doi.org/10.1212/WNL.0b013e31826846de
http://refhub.elsevier.com/S0197-4580(22)00136-1/sbref0015
http://refhub.elsevier.com/S0197-4580(22)00136-1/sbref0015
https://doi.org/10.1016/S1053-8119(02)00026-5
https://doi.org/10.1002/ana.21009
https://doi.org/10.1016/j.endonu.2015.12.004
https://doi.org/10.1080/09537100701230444
https://doi.org/10.1056/NEJMoa1215740
https://doi.org/10.1016/j.jdiacomp.2008.01.006
https://doi.org/10.1111/jnc.15166
https://doi.org/10.1080/13854046.2014.915058
https://doi.org/10.1161/01.CIR.0000034509.14906.AE
https://doi.org/10.1016/S0006-8993(97)01215-8
https://doi.org/10.1006/exnr.2002.7966
https://doi.org/10.14336/AD.2019.0611
https://doi.org/10.1002/trc2.12239
https://doi.org/10.1186/1742-2094-7-10
https://doi.org/10.2967/jnumed.114.150045
https://doi.org/10.1371/journal.pone.0181400
https://doi.org/10.1002/hbm.23210

C. Palix, F. Felisatti, ]. Gonneaud et al./Neurobiology of Aging 118 (2022) 25-33 33

Jagroop, LA., Matsagas, M.L, Geroulakos, G., Mikhailidis, D.P., 2004. The effect of
clopidogrel, aspirin and both antiplatelet drugs on platelet function in pa-
tients with peripheral arterial disease. Platelets 15 (2), 117-125. doi:10.1080/
09537105310001645960.

Kaur, R, Kaur, M., Singh, J., 2018. Endothelial dysfunction and platelet hyperactiv-
ity in type 2 diabetes mellitus: molecular insights and therapeutic strategies.
Cardiovasc Diabetol 17 (1), 121. doi:10.1186/s12933-018-0763-3.

Keating, FK., Sobel, B.E., Schneider, D.J., 2003. Effects of increased concentrations of
glucose on platelet reactivity in healthy subjects and in patients with and with-
out diabetes mellitus. Am. J. Card 92 (11), 1362-1365. doi:10.1016/j.amjcard.
2003.08.033.

Kerti, L., Witte, A.V., Winkler, A., Grittner, U., Rujescu, D., Floel, A., 2013. Higher
glucose levels associated with lower memory and reduced hippocampal mi-
crostructure. Neurol 81 (20), 1746-1752. doi:10.1212/01.wnl.0000435561.00234.
ee.

Kim, B., Backus, C., Oh, S., Feldman, E.L., 2013. Hyperglycemia-Induced Tau Cleavage
in vitro and in vivo: a possible link between diabetes and Alzheimer’s disease.
J. Alzheimer’s Disease 34 (3), 727-739. doi:10.3233/JAD-121669.

Kuehn, B.M., 2020. Alzheimer research, glucose metabolism Moves to center stage.
JAMA 323 (4), 297. do0i:10.1001/jama.2019.20939.

La Joie, R, Perrotin, A., Barre, L, Hommet, C., Mezenge, F, Ibazizene, M. Ca-
mus, V., Abbas, A., Landeau, B., Guilloteau, D., de La Sayette, V., Eustache, F.,
Desgranges, B., Chetelat, G, 2012. Region-Specific Hierarchy between Atrophy,
Hypometabolism, and B-Amyloid (AB) Load in Alzheimer’s Disease Dementia. ].
Neurosci 32 (46), 16265-16273. doi:10.1523/JNEUROSCI.2170-12.2012.

La Joie, R, Perrotin, A. de La Sayette, V., Egret, S., Doeuvre, L., Belliard, S., Eu-
stache, F, Desgranges, B., Chételat, G, 2013. Hippocampal subfield volumetry in
mild cognitive impairment, Alzheimer’s disease and semantic dementia. Neu-
rolmage: Clin 3, 155-162. doi:10.1016/j.nicl.2013.08.007.

Laske, C., Sopova, K., Stellos, K., 2012. Platelet activation in Alzheimer’s disease: from
pathophysiology to clinical value. Curr. Vasc. Pharmacol 10 (5), 626-630. doi:10.
2174/157016112801784657.

Lee, H., Kim, K, Lee, Y.C, Kim, S., Won, H.-H., Yu, TY., Lee, E.-M., Kang, J.M.,,
Lewis, M., Kim, D.K.,, Myung, W., 2020. Associations between vascular risk fac-
tors and subsequent Alzheimer’s disease in older adults. Alzheimer’s Res. Ther
12 (1), 117. doi:10.1186/s13195-020-00690-7.

Liang, Q.-C, Jin, D., Li, Y., Wang, R.-T., 2014. Mean platelet volume and platelet dis-
tribution width in vascular dementia and Alzheimer’s disease. Platelets 25 (6),
433-438. doi:10.3109/09537104.2013.831064.

Montenont, E., Rondina, M.T., Campbell, R.A., 2019. Altered functions of platelets
during aging. Curr. Opin. Hematol 26 (5), 336-342. doi:10.1097/MOH.
0000000000000526.

Morris, ]J.K., Vidoni, E.D., Wilkins, H.M., Archer, A.E., Burns, N.C., Karcher, RT,
Graves, R.S., Swerdlow, R.H., Thyfault, ].P,, Burns, ].M., 2016. Impaired fasting glu-
cose is associated with increased regional cerebral amyloid. Neurobiol. Aging 44
(3), 138-142. doi:10.1016/j.neurobiolaging.2016.04.017.

Neumann, K. Farias, G., Slachevsky, A. Perez, P, Maccioni, R.B., 2011. Hu-
man Platelets Tau: A Potential Peripheral Marker for Alzheimer’s Disease. ].
Alzheimer's Disease 25 (1), 103-109. doi:10.3233/JAD-2011-101641.

Ntaios, G., Gurer, O., Faouzi, M., Aubert, C., Michel, P, 2011. Hypertension is an in-
dependent predictor of mean platelet volume in patients with acute ischaemic
stroke. Intern. Med. ] 41 (9), 691-695. doi:10.1111/j.1445-5994.2009.02162.x.

O’Sullivan, J.B., 1974. Age gradient in blood glucose levels: magnitude and clinical
implications. Diabetes 23 (8), 713-715. doi:10.2337/diab.23.8.713.

Ouy, Y.-N,, Shen, X.-N., Hu, H.-Y,, Hu, H., Wang, Z.-T., Xu, W., Dong, Q., Tan, L., Yu, J.-T,,
2020. Fasting blood glucose and cerebrospinal fluid Alzheimer’s biomarkers in
non-diabetic cognitively normal elders: the CABLE study. Aging 12 (6), 4945-
4952. doi:10.18632/aging.102921.

Papanas, N., Symeonidis, G., Maltezos, E., Mavridis, G., Karavageli, E., Vosnakidis, T,
Lakasas, G., 2004. Mean platelet volume in patients with type 2 diabetes melli-
tus. Platelets 15 (8), 475-478. doi:10.1080/0953710042000267707.

Petersen, R.C., Morris, J.C., 2005. Mild cognitive impairment as a clinical entity and
treatment target. Arch. Neurol 62 (7), 1160. doi:10.1001/archneur.62.7.1160.
Randriamboavonjy, V., Sopova, K., Stellos, K., Laske, C., 2014. Platelets as potential
link between diabetes and Alzheimer’s disease. Curr. Alzheimer Res 11 (9), 862-

868. d0i:10.2174/156720501109141013115258.

Rawish, E., Nording, H., Miinte, T., Langer, H.E, 2020. Platelets as mediators of neu-
roinflammation and thrombosis. Front. Immunol 11, 1-16. doi:10.3389/fimmu.
2020.548631.

Renga, B., Scavizzi, F,, 2017. Platelets and cardiovascular risk. Acta Cardiol. 72 (1),
2-8. doi:10.1080/00015385.2017.1281560.

Sala-Llonch, R, Idland, A.-V., Borza, T., Watne, L.O., Wyller, T.B., Brekhus, A., Zetter-
berg, H., Blennow, K., Walhovd, K.B., Fjell, A.M., 2017. Inflammation, Amyloid,
and Atrophy in the aging brain: relationships with longitudinal changes in cog-
nition. J. Alzheimer’s Dis 58 (3), 829-840. doi:10.3233/JAD-161146.

Sansanayudh, N., Muntham, D., Yamwong, S., Sritara, P,, Akrawichien, T., Thakkins-
tian, A., 2016. The association between mean platelet volume and cardiovascular
risk factors. Eur. J. Intern. Med 30, 37-42. doi:10.1016/j.ejim.2015.11.028.

Shaw, M.E., Nettersheim, ]., Sachdev, PS., Anstey, KJ., Cherbuin, N., 2017. Higher
fasting plasma glucose is associated with increased cortical thinning over 12
years: the PATH through life study. Brain Topogr. 30 (3), 408-416. doi:10.1007/
s10548-017-0544-4.

Shilpi, K., Potekar, R.M., 2018. A study of platelet indices in type 2 diabetes mel-
litus patients. Indian J. Hematol. Blood Transfus 34 (1), 115-120. doi:10.1007/
$12288-017-0825-9.

Szablewski, L., 2016. Glucose transporters in brain: in health and in Alzheimer’s dis-
ease. J. Alzheimer’s Dis 55 (4), 1307-1320. doi:10.3233/JAD-160841.

Taylor, M.K,, Sullivan, D.K., Swerdlow, R.H., Vidoni, E.D., Morris, ].K., Mahnken, ].D.,
Burns, .M., 2017. A high-glycemic diet is associated with cerebral amyloid bur-
den in cognitively normal older adults. Am. J. Clin. Nutr 106 (6), 1463-1470.
doi:10.3945/ajcn. 117.162263.

Thambisetty, M., Metter, EJ., Yang, A., Dolan, H., Marano, C., Zonderman, A.B., Tron-
coso, ].C,, Zhou, Y., Wong, D.F, Ferrucci, L., Egan, ]., Resnick, S.M., O'Brien, R],
2013. Glucose intolerance, insulin resistance, and pathological features of
Alzheimer disease in the Baltimore Longitudinal Study of Aging. JAMA Neurol
70 (9), 1167. doi:10.1001/jamaneurol.2013.284.

Tomadesso, C., La Sayette, V., Flores, R., Bourgeat, P, Villemagne, V.L, Egret, S.,
Eustache, F, Chételat, G., 2018. Neuropsychology and neuroimaging profiles
of amyloid-positive versus amyloid-negative amnestic mild cognitive impair-
ment patients. Alzheimer’s Dement.: Diagn. Assess. Dis Monit 10 (1), 269-277.
doi:10.1016/j.dadm.2018.02.008.

Viglianti, B.L, Wong, KK, Wimer, S.M., Parameswaran, A. Nan, B. Ky, C,
Townsend, D.M., Rubello, D., Frey, K.A., Gross, M.D., 2017. Effect of hyper-
glycemia on brain and liver 18 F-FDG standardized uptake value (FDG SUV)
measured by quantitative positron emission tomography (PET) imaging. Biomed.
Pharmacother 88 (3), 1038-1045. doi:10.1016/j.biopha.2017.01.166.

Villain, N., Desgranges, B., Viader, F, De La Sayette, V., Mézenge, F,, Landeau, B.,
Baron, J.C., Eustache, F, Chételat, G., 2008. Relationships between hippocam-
pal atrophy, white matter disruption, and gray matter hypometabolism in
Alzheimer’s disease. J. Neurosci 28 (24), 6174-6181. doi:10.1523/JNEUROSCI.
1392-08.2008.

Wang, R.tao, Jin, D, Li, Y., Liang, Q.cheng, 2013. Decreased mean platelet volume and
platelet distribution width are associated with mild cognitive impairment and
Alzheimer’s disease. ]. Psychiatr Res 47 (5), 644-649. doi:10.1016/j.jpsychires.
2013.01.014.

Willerson, ].T., Ridker, P.M., 2004. Inflammation as a cardiovascular risk factor. Cir-
culation 109, 2-11. doi:10.1161/01.CIR.0000129535.04194.38.

Wisniewski, T., Drummond, E., 2020. APOE-amyloid interaction: therapeutic targets.
Neurobiol. Dis 138. doi:10.1016/j.nbd.2020.104784.

Woolley, C., Thompson, C., Hakendorf, P., Horwood, C., 2019. The effect of age upon
the interrelationship of BMI and inpatient health outcomes. ]J. Nutr. Health Ag-
ing, 23 (6), 558-563. doi:10.1007/s12603-019-1206-x.

Wu, L, Zhang, X. Zhao, L, 2018. Human ApoE Isoforms Differentially Modulate
Brain Glucose and Ketone Body Metabolism: Implications for Alzheimer’s Dis-
ease Risk Reduction and Early Intervention. ]J. Neurosci 38 (30), 6665-6681.
doi:10.1523/JNEUROSCI.2262-17.2018.

Wu, T., Chen, L., Zhou, L., Xu, ., Guo, K., 2021. Platelets transport S-amyloid from the
peripheral blood into the brain by destroying the blood-brain barrier to accel-
erate the process of Alzheimer’s disease in mouse models. Aging 13 (5), 7644-
7659. doi:10.18632/aging.202662.

Yesil, Y., Kuyumcu, M.E., Cankurtaran, M., Uz, B., Kara, A., Kilic, M.K.,, Halil, M., Ul-
ger, Z., Yavuz, B.B., Haznedaroglu, 1.C., Ariogul, S., 2012. Increased mean platelet
volume (MPV) indicating the vascular risk in Alzheimer's disease (AD). Arch.
Gerontol. Geriatr 55 (2), 257-260. doi:10.1016/j.archger.2011.09.016.

Zaccardi, F, Rocca, B, Rizzi, A., Ciminello, A., Teofili, L., Ghirlanda, G., De Stefano, V.,
Pitocco, D., 2017. Platelet indices and glucose control in type 1 and type 2 di-
abetes mellitus: a case-control study. Nutr. Metab. Cardiovas. Dis 27 (10), 902-
909. doi:10.1016/j.numecd.2017.06.016.


https://doi.org/10.1080/09537105310001645960
https://doi.org/10.1186/s12933-018-0763-3
https://doi.org/10.1016/j.amjcard.2003.08.033
https://doi.org/10.1212/01.wnl.0000435561.00234.ee
https://doi.org/10.3233/JAD-121669
https://doi.org/10.1001/jama.2019.20939
https://doi.org/10.1523/JNEUROSCI.2170-12.2012
https://doi.org/10.1016/j.nicl.2013.08.007
https://doi.org/10.2174/157016112801784657
https://doi.org/10.1186/s13195-020-00690-7
https://doi.org/10.3109/09537104.2013.831064
https://doi.org/10.1097/MOH.0000000000000526
https://doi.org/10.1016/j.neurobiolaging.2016.04.017
https://doi.org/10.3233/JAD-2011-101641
https://doi.org/10.1111/j.1445-5994.2009.02162.x
https://doi.org/10.2337/diab.23.8.713
https://doi.org/10.18632/aging.102921
https://doi.org/10.1080/0953710042000267707
https://doi.org/10.1001/archneur.62.7.1160
https://doi.org/10.2174/156720501109141013115258
https://doi.org/10.3389/fimmu.2020.548631
https://doi.org/10.1080/00015385.2017.1281560
https://doi.org/10.3233/JAD-161146
https://doi.org/10.1016/j.ejim.2015.11.028
https://doi.org/10.1007/s10548-017-0544-4
https://doi.org/10.1007/s12288-017-0825-9
https://doi.org/10.3233/JAD-160841
https://doi.org/10.3945/ajcn.117.162263
https://doi.org/10.1001/jamaneurol.2013.284
https://doi.org/10.1016/j.dadm.2018.02.008
https://doi.org/10.1016/j.biopha.2017.01.166
https://doi.org/10.1523/JNEUROSCI.1392-08.2008
https://doi.org/10.1016/j.jpsychires.2013.01.014
https://doi.org/10.1161/01.CIR.0000129535.04194.38
https://doi.org/10.1016/j.nbd.2020.104784
https://doi.org/10.1007/s12603-019-1206-x
https://doi.org/10.1523/JNEUROSCI.2262-17.2018
https://doi.org/10.18632/aging.202662
https://doi.org/10.1016/j.archger.2011.09.016
https://doi.org/10.1016/j.numecd.2017.06.016

	Relationships between diabetes-related vascular risk factors and neurodegeneration biomarkers in healthy aging and Alzheimer’s disease
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Blood sampling and covariates assessment
	2.3 Neuroimaging assessment
	2.3.1 MRI data acquisition and pre-processing
	2.3.2 PET data acquisition and pre-processing

	2.4 Statistical analyses
	2.4.1 Association between age, glycemia levels, and platelet indices in cognitively unimpaired adults
	2.4.2 Differences in glycemia levels and platelet indices between Ab-neg controls and Ab-pos patients
	2.4.3 Voxelwise regression analyses between blood parameters and neuroimaging in cognitively unimpaired adults and Ab-pos patients separately


	3 Results
	3.1 Association between age, glycemia levels, and platelet indices in cognitively unimpaired adults
	3.2 Differences in glycemia levels and platelet indices between Ab-neg controls and Ab-pos patients
	3.3 Association between blood parameters and neuroimaging in cognitively unimpaired adults
	3.4 Association between glycemia levels and platelet indices and neuroimaging in Ab-pos patients
	3.5 Complementary analyses

	4 Discussion
	5 Strengths, limitations, and perspectives
	6 Conclusion
	Credit author statement
	Funding
	Disclosure statement
	Acknowledgements
	Supplementary materials
	References


