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BACKGROUND Atherosclerosis has been linked to cognitive decline in late life; however, the impact of cardiovascular

risk factors (CVRFs) and subclinical atherosclerosis on brain metabolism at earlier stages remains unexplored.

OBJECTIVES This study sought to determine the association between brain metabolism, subclinical atherosclerosis,

and CVRFs in middle-aged asymptomatic individuals.

METHODS This study included 547 asymptomatic middle-aged participants (50 � 4 years, 82% men) from the PESA

(Progression of Early Subclinical Atherosclerosis) study with evidence of subclinical atherosclerosis. Participants under-

went 18F-fluorodeoxyglucose (FDG)-positron emission tomography. Global brain FDG uptake and voxel-wise analyses

were used to evaluate the associations of cerebral metabolism with CVRFs and atherosclerotic plaque burden in carotids

and femorals assessed by 3-dimensional vascular ultrasound.

RESULTS Global FDG uptake showed an inverse correlation with 30-year Framingham Risk Score (FRS) (b ¼ �0.15,

p < 0.001). This association was mainly driven by the presence of hypertension (d ¼ 0.36, p < 0.001). Carotid plaque

burden was inversely associated with global brain FDG uptake (b ¼ �0.16, p < 0.001), even after adjusting for 30-year

FRS. Voxel-wise approaches revealed that the brain areas most strongly affected by hypometabolism in association with

30-year FRS, hypertension, and carotid plaque burden were parietotemporal regions (angular, supramarginal, and infe-

rior/middle temporal gyri) and the cingulate gyrus.

CONCLUSIONS In asymptomatic middle-aged individuals, cardiovascular risk is associated with brain hypometabolism,

with hypertension being the modifiable CVRF showing the strongest association. Subclinical carotid plaque burden is also

linked to reduced brain metabolism independently of CVRFs. Cerebral areas showing hypometabolism include those known

to be affected in dementia. These data reinforce the need to control CVRFs early in life in order to potentially reduce the

brain’s midlife vulnerability to future cognitive dysfunction. (J Am Coll Cardiol 2021;77:888–98)

© 2021 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. 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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AB BR E V I A T I O N S

AND ACRONYM S

AD = Alzheimer’s disease

CVD = cardiovascular disease

CVRF = cardiovascular risk

factor

FRS = Framingham Risk Score

FDG = fluorodeoxyglucose

PCA = principal component

analysis

PET = positron emission

tomography
A therosclerosis, the underlying cause of most
cardiovascular diseases (CVDs) and the lead-
ing cause of death and morbidity worldwide

(1), is a long-lasting process beginning in the early de-
cades of life. The identification of atherosclerosis in
its subclinical stages is an emerging strategy for
improved primary prevention (2–4), and current clin-
ical practice guidelines recommend screening for sub-
clinical atherosclerosis in different vascular
territories and its inclusion as a risk modifier with im-
plications for intervention (5,6).

Dementia is among the top causes of disability and
death worldwide and is one of the global challenges
of the century (7). Dementia is characterized by a
progressive deterioration of cognitive ability and in-
cludes a number of different disorders, with Alz-
heimer’s disease (AD) being the most common
followed by vascular dementia. Fifty million people
live with dementia worldwide, and, due to population
aging, this figure is predicted to reach 150 million
people by 2050 if there is no progress in prevention,
intervention, and care (7).

The presence of atherosclerosis has been linked
to cognitive impairment at advanced stages (8,9).
Intracranial atherosclerotic disease in elderly per-
sons is associated with an increased prevalence of
mild cognitive impairment and dementia (10), and
cerebral atherosclerosis and arteriolosclerosis are
linked to lower scores in most cognitive domains
and to higher odds of AD in the very old (11). The
link between atherosclerosis and cognitive decline
extends to extracranial vessels, with the presence of
carotid and femoral atherosclerosis showing an as-
sociation with vascular dementia and AD in the
elderly population (12,13). Shared risk factors for
atherosclerosis and dementia include hypertension,
diabetes, cholesterol levels, sedentary lifestyle, and
smoking (14). Previous studies reported that elderly
individuals with some of these cardiovascular risk
factors (CVRFs) show decreased brain glucose up-
take (15–17). Despite this evidence, little is known
about how atherosclerosis and cognitive decline
influence each other and whether they share a
common trajectory during their long asymptomatic
stages (18,19). Understanding the extent to which
CVRFs influence the brain’s vulnerability early in
the course of atherosclerosis (during midlife) may
help to refine preventive strategies and reduce the
incidence of dementia in late life.

The PESA (Progression of Early Subclinical
Atherosclerosis; NCT01410318) study is a prospective
cohort study of more than 4,000 asymptomatic
middle-aged participants exhaustively evaluated for
the presence and extent of subclinical atherosclerosis
(20,21). A subcohort of the PESA population
underwent whole-body 18F-fluorodeox-
yglucose (FDG)-positron emission tomogra-
phy (PET) imaging to study metabolic activity
associated with arterial atherosclerosis (22).
Using images from this analysis, which
included brain imaging, we studied the as-
sociation of cerebral metabolism (FDG up-
take) with CVRFs and atherosclerotic plaque
burden.
METHODS
STUDY DESIGN AND POPULATION. PESA is a pro-
spective cohort study of 4,184 asymptomaticmiddle-aged
(40 to 54 years) employees at the Banco Santander head-
quarters in Madrid, Spain, that investigates the preva-
lence, progression, and determinants of subclinical
atherosclerosis. The study design and atherosclerosis
prevalence at baseline have been reported previously
(20,21). The study excluded individuals with previous
CVD, cancer, or any other disease expected to shorten life
span or influence protocol adherence. Baseline CVRF data
and subclinical atherosclerosis measurements (2-
dimensional/3-dimensional [3D] vascular ultrasound and
noncontrast computed tomography for coronary artery
calcification assessment) were performed from June
2010 to March 2014. CVRFs were determined from
interview questionnaires and blood samples as follows:
diabetes mellitus as fasting plasma glucose $126 mg/dl
or treatment with insulin or oral hypoglycemic
medication; arterial hypertension as systolic blood
pressure $140 mm Hg, diastolic blood pressure
$90 mm Hg, or use of antihypertensive medication;
dyslipidemia as total cholesterol$240mg/dl, low-density
lipoprotein cholesterol$160 mg/dl, high-density lipopro-
tein cholesterol<40mg/dl, or use of lipid-lowering drugs;
and smoking as current smoking status and a lifetime
consumption of >100 cigarettes. Cardiovascular risk was
estimated as the Framingham Heart Study CVD risk at 30
years (30-year Framingham risk score [FRS]) (21,23).
Atherosclerotic plaque volume was quantified using the
standardized6-cmacquisitionperformedwith3Dvascular
ultrasound (24,25). Carotid and femoral plaque
burden were defined as the sum of plaque volumes in
the right/left carotid and right/left femoral arteries,
respectively, and the total plaque burden as the sum of
carotid and femoral plaque burden.

A subcohort of PESA participants (N ¼ 946)
showing evidence of atherosclerosis in baseline ex-
aminations underwent vascular FDG-PET (22). The
inclusion criteria were the presence of coronary ar-
tery calcification (score $ 1) or being in the highest
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FIGURE 1 The Study Flow

946 PESA participants with documented subclinical
atherosclerosis underwent FDG-PET

97 PET studies with correction errors
12 PET studies missing

290 PET studies excluded for
incomplete brain coverage

547 valid brain FDG-PET studies

837 upper-body FDG-PET

A total of 946 PESA (Progression of Early Subclinical Atherosclerosis) participants with documented subclinical atherosclerosis underwent

full-body 18F-fluorodeoxyglucose (FDG)-positron emission tomography (PET). Of these, missing studies and those with errors were removed,

leaving a total of 837 upper-body FDG-PET studies available for analysis. After image processing and careful examination, 290 cases were

excluded for incomplete brain coverage, yielding 547 valid FDG-PET brain studies for analysis.
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plaque thickness tertile. FDG-PET image acquisition
was performed from February 2013 to January 2015.

The PESA study was approved by the ethics com-
mittee of the Instituto de Salud Carlos III in Madrid,
and all participants provided informed consent for all
clinical evaluations before enrollment.

PET ACQUISITION. The acquisition protocol has been
described previously (22). Briefly, all participants
received a target dose of 270 to 300 MBq FDG and
underwent a carotid PET scan 120 min after radio-
tracer injection. The associated radiation exposure
was calculated according to International Commis-
sion on Radiological Protection Task Group on Radi-
ation Dose criteria. Upper-body craniocaudal PET
scans in 5 bed positions (3 min/bed) were acquired
with a hybrid PET/magnetic resonance Philips In-
genuity system (Philips Healthcare, Cleveland, Ohio)
(22). Data were reconstructed in 3D mode using a
blob-based, list-mode iterative algorithm with time-
of-flight information and were corrected for attenu-
ation using magnetic resonance imaging attenuation
maps. Reconstructed images had a transverse field of
view of 576 mm and a voxel size of 4 � 4 � 4 mm3. All
images were reviewed by expert technologists, radi-
ologists, or nuclear medicine specialists.
CEREBRAL FDG-PET ANALYSIS. Complete upper-
body FDG-PET scan data were available from 837
baseline studies. Images were cropped to retain brain
regions in the field of view and were spatially
normalized to a sample-specific template in the
standard space of the Montreal Neurological Institute
(26) using the algorithm in the SPM12 package.
Normalized image quality was assessed with the
CAT12 toolbox for SPM12. Images not achieving a
sample homogeneity of r > 0.95 were discarded, and
the procedure was iterated until all images survived
this quality indicator. Finally, all images were
inspected visually. At the end of this process, 547
valid brain FDG-PET studies were available for sub-
sequent image quantification.

FDG uptake in the scans was normalized to that of
the cerebellar vermis, which has been identified as
the most suitable reference region because of its low
intraindividual metabolic glucose rate variability (27).
The resulting parametric standard uptake value ratio
images were smoothed with a Gaussian kernel of
8 mm full width at half maximum.

STATISTICAL ANALYSIS. Two main analyses were
performed: a hypothesis-driven global whole-brain
analysis and an unbiased voxel-wise approach. The



TABLE 1 Demographics and Clinical Characteristics of the

Study Sample (N ¼ 547)

Age, yrs 50.3 � 4.4

Men 451 (82.5)

Smoking 146 (27.1)

Hypertension 108 (19.7)

Diabetes 25 (4.6)

Systolic blood pressure, mm Hg 121.6 � 12.3

Diastolic blood pressure, mm Hg 75.8 � 8.7

Body mass index, kg/m2 27.3 � 3.5

Total cholesterol, mg/dl 209.0 � 34.3

High-density lipoprotein cholesterol, mg/dl 45.5 � 11.4

Dyslipidemia 328 (60.0)

Total plaque burden, mm3 79.6 (13.7–183.0)

Carotid plaque burden, mm3 3.7 (0–35.6)

Femoral plaque burden, mm3 46.2 (0–143.2)

30-yr Framingham Risk Score, % 24.2 (16.3–33.0)

Values are mean � SD, n (%), or median (interquartile range). All values
are calculated with data from all 547 study participants, except for smoking
and plaque burden, where data were available for 538 and 505 participants,
respectively.
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aim of the whole-brain analysis was to determine
whether global cerebral metabolism was influenced by
30-year FRS, individual CVRFs, or the presence of 3D
vascular ultrasound-quantified subclinical athero-
sclerosis. For this analysis, we calculated the volume-
weighted mean FDG uptake in the gray matter
(excluding the cerebellum). The voxel-wise approach
compared FDG uptake in all brain images voxel by
voxel andwas aimed at identifying regional patterns of
cerebral glucose consumption associated with 30-year
FRS, the presence of individual CVRFs, or 3D vascular
ultrasound-quantified subclinical atherosclerosis.

For both approaches, similar statistical models
were constructed, with the dependent variables
being FDG uptake in the whole brain or at the voxel
level. Covariates in both approaches were age, sex,
and blood glucose levels at the time of the PET
scan. Variables of interest such as plaque burden
(mm3) and 30-year FRS were included in indepen-
dent models. Because of their non-normal distribu-
tion, plaque burden variables were log transformed.
Moreover, an independent model was constructed
including all CVRFs in the 30-year FRS as variables
of interest (with glucose levels at the time of the
PET as the only covariate). Because the CVRFs
included in the 30-year FRS are highly correlated,
we performed a principal component analysis (PCA)
to decipher the independent association of each
CVRF with FDG uptake. Thus, the PCA allowed us
to avoid problems of collinearity, which could lead
to misinterpretation (Supplemental Figure 1). The
PCA was performed with the varimax rotation
function in the Statistical Package for the Social
Sciences v24 (SPSS Inc., Chicago, Illinois). We opted
for a model with 7 output variables because total
cholesterol and high-density lipoprotein cholesterol
values were so highly correlated that it was
impossible to disentangle them. Therefore, the final
model included the principal components of age,
sex, systolic blood pressure, smoking, hypertension,
diabetes, and dyslipidemia (total and high-density
lipoprotein cholesterol as a single variable). For
the multiple regression analysis of whole-brain
models, p values are accompanied by the stan-
dardized regression coefficient (b) for continuous
variables and by Cohen’s d for categoric variables.
Voxel-wise analyses were conducted in SPM12.
Brain regions showing significant effects were
identified using the threshold-free cluster-enhance-
ment method (28) implemented in SPM12. A family-
wise error approach (p < 0.05) was used to correct
for multiple comparisons.

RESULTS

DEMOGRAPHIC DATA FOR THE BRAIN FDG-PET

PESA SUBPOPULATION. A total of 946 FDG-PET
studies were acquired in the PESA population at
baseline. Because of technical difficulties, 109 cases
had to be discarded, thus leaving 837 FDG-PET
studies available for analysis. Although cerebral
FDG-PET was not a primary objective of the PESA
study, full brain coverage was obtained in 547 FDG-
PET studies, which formed the final sample
(Figure 1). Within this participant sample, the mean
age at the time of FDG-PET acquisition was 50.3 � 4.4
years, 451 (82.5%) were men, and all were Caucasians
and professionally active. The most prevalent risk
factor was dyslipidemia (60%) followed by smoking
(27.1%), hypertension (19.7%), and diabetes (4.6%).
The median 30-year FRS was 24.2% (interquartile
range: 16.3 to 33.0). The total plaque burden (carotids
plus femorals) was 79.6 mm3 (interquartile range: 13.7
to 183.0 mm3). Carotid plaque burden was 3.7 mm3

(interquartile range: 0 to 35.6 mm3), and the femoral
plaque burden was 46.2 mm3 (interquartile range:
0 to 143.2 mm3) (Table 1).

CVRFs AND BRAIN METABOLISM. We first analyzed
whether there was an association between CVRFs and
global cerebral FDG uptake by using validated risk
equations. Because the PESA population has a low
cardiovascular risk, mainly because of its relatively
young age, we assessed cardiovascular risk using the
30-year FRS scale (23). Global brain FDG uptake was
inversely associated with the 30-year FRS (b ¼ �0.15,
p < 0.001) (Figure 2A). Next, we used a hypothesis-
free voxel-wise approach to identify which specific
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FIGURE 2 CVRFs Are Associated With Decreased Brain FDG Uptake in Middle-Aged Asymptomatic Individuals

−0.2

L

0.05 0.0001
pFWE-corr

R L

0.05 0.0001
pFWE-corr

R

20 40
30y-FRS

60

−0.1

0.0

0.1

W
ho

le
-B

ra
in

 A
dj

us
te

d
FD

G-
PE

T 
SU

Vr

Gl
ob

al
 A

na
ly

si
s

Vo
xe

l-W
is

e 
An

al
ys

is

30y-FRSA C

B D

Hypertension

0.2

��= −0.15
p < 0.001

d�= 0.36
p < 0.001

0.3

−0.2

No
Hypertension

Yes

−0.1

0.0

0.1

W
ho

le
-B

ra
in

 A
dj

us
te

d
FD

G-
PE

T 
SU

Vr

0.2

0.3

(A) A scatterplot showing the correlation between whole-brain adjusted FDG-PET standard uptake value ratio (SUVr) and 30-year Framingham Risk Score

(30y-FRS) (b ¼ �0.15, p < 0.001), indicating a significant association between global cerebral hypometabolism and high 30y-FRS. (B) Three-dimensional

brain statistical parametric maps highlighting the areas in which high 30y-FRS is associated with reduced FDG uptake. The correlation analysis for A and B

included age, sex, and baseline plasma glucose. (C) A boxplot showing significantly lower global brain FDG uptake in the hypertensive subpopulation than

in individuals without hypertension (d ¼ 0.36, p < 0.001). (D) Three-dimensional brain statistical parametric maps with principal component analysis

(PCA) indicating an association between the presence of hypertension and hypometabolism in different brain areas, independent of other cardiovascular

risk factors. The correlation analysis for C and D included baseline plasma glucose as a covariate together with the following PCA factors: age, sex, systolic

blood pressure, total cholesterol, high-density lipoprotein cholesterol, smoking, hypertension, and diabetes. The line in A represents the regression line,

and the shading around it corresponds to the 95% confidence interval. The horizontal line within the boxes in C represents the median, and the top and

bottom edges of the boxes correspond to the 75th (P75) and 25th (P25) percentiles, respectively. The vertical lines that extend from the top and bottom

of the boxes indicate the maximum (P75 þ 1.5 * interquartile range [IQR]) and the minimum (P25 � 1.5 * IQR) values, respectively. Color bars in B and D

represent the magnitude of the voxel significance corrected for multiple comparisons (PFWE-corr). L ¼ left; R ¼ right; other abbreviations as in Figure 1.
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cerebral regions showed decreased FDG uptake.
Family-wise error–corrected statistical parametric
maps showed that a high 30-year FRS correlated with
reduced FDG uptake predominantly in areas of the
parietotemporal region, specifically the angular and
middle/inferior temporal gyri (Figure 2B, Table 2,
Supplemental Figure 2).

We next conducted a PCA to decipher which of the
CVRFs included in the 30-year FRS was indepen-
dently associated with brain FDG uptake. The

https://doi.org/10.1016/j.jacc.2020.12.027


TABLE 2 Hypometabolic Brain Regions Associated With High 30y-FRS, the Presence of Hypertension, and Carotid Plaque Burden

Brain Region

High 30y-FRS Hypertension
High Carotid Plaque

Burden

High Carotid Plaque
Burden Adjusted for
Total Plaque Burden

High Carotid Plaque
Burden Adjusted for

30y-FRS

x; y; z pFWE x; y; z pFWE x; y; z pFWE x; y; z pFWE x; y; z pFWE

R angular gyrus 36; �68; 48 <0.001 40; �70; 46 <0.001 56; �56; 46 0.003 40; �72; 44 <0.001

L angular gyrus �52; �70; 24 <0.001 �26; �72; 38 0.001

R anterior cingulate gyrus 0; 38; �6 0.001

L anterior cingulate gyrus �2; 36; �10 0.001

R middle cingulate gyrus 6; �20; 40 0.001

R posterior cingulate gyrus 8; �30; 38 0.001 12; �34; 46 0.001

L posterior cingulate gyrus 0; �32; 46 0.001 �2; �38; 46 <0.001 �2; �38; 46 <0.001

R supramarginal gyrus 56; �42; 50 <0.001 56; �44; 50 0.002 56; �42; 50 <0.001

R superior parietal lobule 38; �40; 48 <0.001 38; �40; 44 0.003 40; �56; 60 <0.001

R postcentral gyrus 48; �26; 64 <0.001

R precuneus 4; �60; 68 0.001

R inferior temporal gyrus 62; �60; �12 <0.001

L inferior temporal gyrus �58; �56; �16 <0.001

R middle temporal gyrus 64; �54; �2 <0.001 54; �66; 12 0.003

R cuneus 14; �68; 26 0.001

L cuneus �10; �78; 30 0.003

The table lists some of the most significant hypometabolic brain regions in each of the voxel-wise analyses shown in Figures 2 and 3. Hypometabolic locations within the indicated brain regions are given as
anatomic atlas Montreal Neurological Institute coordinates (x; y; z, mm).

30y-FRS ¼ 30-year Framingham Risk Score; pFWE ¼ p values obtained after family-wise error correction.
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modifiable CVRF showing the strongest association
with global cerebral hypometabolism was the pres-
ence of hypertension, with a moderate but highly
significant effect size (d ¼ 0.36, p < 0.001) (Figure 2C,
Supplemental Table 1). Statistical parametric map-
ping showed that the most affected regions were the
cingulate gyri within the limbic system, together with
specific areas of the parietal lobe (angular gyrus) and
occipital lobe (cuneus) (Figure 2D, Table 2,
Supplemental Figure 3). As expected, the voxel-wise
analysis also highlighted hypometabolic brain re-
gions in older participants (Supplemental Figures 4A
and 4B, Supplemental Table 2) and men
(Supplemental Figures 4C and 4D, Supplemental
Table 2). Furthermore, systolic blood pressure was
also identified as a contributing factor to reduced
brain FDG uptake, with a different spatial distribution
including regions such as the parahippocampal and
inferior temporal gyri (Supplemental Figures 4E and
4F, Supplemental Table 2).
SUBCLINICAL ATHEROSCLEROSIS BURDEN AND

BRAIN METABOLISM. We next analyzed the associa-
tion between the burden of subclinical atheroscle-
rosis and brain metabolism. Global brain FDG uptake
showed no significant association with total atheroma
plaque burden (b ¼ �0.04, p ¼ 0.318) (Supplemental
Figure 5). However, the voxel-wise analysis high-
lighted specific hypometabolic brain regions signifi-
cantly associated with total plaque burden
(Supplemental Figure 6). Because the total plaque
burden in this study includes plaque volume in the
femoral and carotid arteries, we next evaluated the
separate influence of each of these territories on brain
metabolism. The femoral plaque burden showed no
correlation with brain FDG uptake in our cohort
(b ¼ �0.05, p ¼ 0.293) (Supplemental Figure 7). On the
other hand, carotid plaque burden showed a signifi-
cant inverse correlation with global brain metabolism
(b ¼ �0.16, p < 0.001, Figure 3A). The regional anal-
ysis revealed that some of the most significantly
hypometabolic regions associated with carotid plaque
were the posterior cingulate gyrus and parietal re-
gions such as the angular and supramarginal gyri
(Figure 3B, Table 2, Supplemental Figure 8). The as-
sociation between a high carotid plaque burden and
reduced brain FDG uptake remained significant after
adjusting for the total plaque burden, indicating that
the association was independent of the presence of
atherosclerosis in the femoral arteries (Figures 3C and
3D). Moreover, the inverse association between ca-
rotid plaque burden and cerebral FDG uptake also
remained significant after adjusting for 30-year FRS,
both when analyzing the brain globally (b ¼ �0.13,
p ¼ 0.002, Figure 3E) and when using the voxel-wise
approach (Figure 3F, Table 2, Supplemental Figure 9).

DISCUSSION

The main findings of this study are that in middle-
aged asymptomatic individuals: 1) the CVD risk
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FIGURE 3 Subclinical Carotid Plaque Burden Is Associated With Reduced Brain FDG Uptake in Middle-Aged Asymptomatic Individuals
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(A, C, and E) Scatterplots showing inverse correlations between whole-brain adjusted FDG-PET SUVr and carotid plaque burden, carotid plaque adjusted for total

plaque burden, and carotid plaque burden adjusted for 30y-FRS. (B) Three-dimensional brain statistical parametric maps highlighting the hypometabolic brain areas

with subclinical disease burden in the carotid arteries. This correlation is maintained after adjusting for (D) log-transformed total plaque volume or (F) 30y-FRS. All

correlation analyses included age, sex, and baseline plasma glucose as covariates. The correlation analysis for C, D, E, and F additionally included log-transformed total

plaque burden and 30y-FRS as covariates, respectively. The line in A, C, and E represents the regression line and the shading around it corresponds to the 95%

confidence interval. Color bars in B, D, and F represent the magnitude of the voxel significance corrected for multiple comparisons (PFWE-corr). L ¼ left; R ¼ right; other

abbreviations as in Figures 1 and 2.
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profile is associated with global brain hypo-
metabolism; 2) this association is mainly driven by
the presence of hypertension; 3) carotid atheroscle-
rotic plaque burden is associated with global brain
hypometabolism even after adjustment for CVD risk;
and 4) hypometabolic brain regions associated with
CVD risk and subclinical atherosclerosis in midlife
include areas known to be affected in dementia
(Central Illustration). To the best of our knowledge,
this is the first study showing an association between
hypometabolism in dementia-relevant brain regions,
especially of the AD type, with CVD risk and athero-
sclerosis in a cohort of young asymptomatic in-
dividuals. These data are of the highest relevance
because they suggest that strategies for early inter-
vention may contribute to the prevention of demen-
tia, decreasing its burden.
The association between CVRFs and cognitive
decline is well established (8,29–31). A high FRS is
linked to a faster decline in the perceptual speed and
episodic and working memory of cognitively unim-
paired older adults (32). Interestingly, intensive blood
pressure control (33) and ideal cardiovascular health
during midlife (34) have been linked to a reduced risk
of dementia later in life. Indeed, stroke and dementia
share common modifiable risk factors (35), and life-
style intervention strategies have a beneficial effect
on cognition (36), further suggesting that CVRFs may
be causally associated with the development of de-
mentia, at least partially. The prevailing notion has
been that cognitive decline is a late effect of long-
term CVRF exposure. However, our study shows
that the presence of CVRFs is associated with brain
hypometabolism long before clinical symptoms are
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PESA (Progression of Early Subclinical Atherosclerosis) participants with evidence of subclinical atherosclerosis underwent 18F-fluorodeox-

yglucose (FDG)-positron emission tomography (n ¼ 547, 50 � 4 years, 82% men). Cerebral FDG uptake showed an inverse correlation with

30-year Framingham Risk Score (FRS), with the presence of hypertension, and with carotid plaque burden, even after adjusting for 30-year

FRS. The brain areas most strongly affected by hypometabolism were dementia-relevant brain regions, especially of the Alzheimer’s disease

type, such as parietotemporal areas (angular, supramarginal, and temporal gyri) and the cingulate gyrus. The color in the tridimensional

brain images represents the actual magnitude of the association, with yellow areas indicating the lowest p values.
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present. Remarkably, this hypometabolism is present
in parietotemporal areas critical for spatial and se-
mantic memory, language and visual processing, and
learning and memory retrieval; most of these regions
form part of a specific hypometabolic AD signature
predictive of future cognitive deterioration (37–39).
Therefore, in middle-aged individuals, hypo-
metabolism in these brain areas may be interpreted as
a marker of increased vulnerability to future cogni-
tive decline due to AD (40). We also found that hy-
pertension was the modifiable CVRF with the
strongest link to brain hypometabolism. This associ-
ation had an effect size considered medium, repre-
senting 150% the effect size of age in this study (b
¼ �0.24, p < 0.001 for a mean age of 50.3 � 4.4 years,
Supplemental Table 1), a factor widely and long
known to impact glucose tolerance (41). Curiously,
this hypometabolism was mainly present in the
cingulate gyri, a limbic structure involved in response
to emotion, decision making, and memory storage,
among other important features of cognition. Pres-
ervation of this region’s metabolism has been linked
to sustained cognition in healthy adults older than 80
years and is part of the FDG-PET cognitive resilience
signature (42). Our data suggest that brain meta-
bolism may be affected from the earliest stages of
exposure to CVRFs.

Atherosclerosis and dementia often co-occur at
advanced stages of both processes (8,10–12,43), and
the key to future clinical management is to move to-
ward analyzing these pathological conditions much
earlier in their evolution. A recent study linked the
presence of carotid atherosclerosis in midlife to
vascular dementia 20 years later (13). Our results
show that brain changes associated with atheroscle-
rosis are already happening during midlife. These
changes include brain hypometabolism in areas of the
limbic system and the parietal lobe, regions inti-
mately involved in neurocognitive function and that
form part of the hypometabolic signature of AD

https://doi.org/10.1016/j.jacc.2020.12.027
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(37,44). Interestingly, the association between carotid
plaque burden and brain hypometabolism remained
after correcting for 30-year FRS, suggesting that these
outcomes (carotid plaque and brain hypometabolism)
are not just epiphenomena associated with CVRFs but
might be causally linked. Carotid stenosis is linked to
increased cognitive decline (45) and the ongoing
CREST (Carotid Revascularization and Medical Man-
agement for Asymptomatic Carotid Stenosis Study)
trial will unravel whether this decline is reversible
after revascularization (46). Although PESA study
participants do not present carotid stenosis, we
cannot discard that carotid plaque burden may be
contributing to small changes in cerebral flow hemo-
dynamics impacting brain metabolism. Also, although
the ultrasound analysis in the PESA study only as-
sesses extracranial carotid territories, it is plausible
that intracranial segments were similarly diseased.
Moreover, cerebral small vessel disease and other
structural brain changes have been linked to midlife
atherosclerosis (13), blood pressure variations (47),
high FRS (32), other CVRFs (48), and even cognitive
decline later in life (32,48). Our previous analysis of
the PESA cohort revealed high interindividual dif-
ferences in the vulnerability to atherosclerosis
development, with some individuals with a high FRS
not developing atherosclerosis, whereas others with a
lower CVRF burden had extensive disease (21). Simi-
larly, clinical CVD patients show interindividual dif-
ferences in their vulnerability to dementia (9).
Continued follow-up of our cohort will be key to un-
derstand whether midlife subclinical atherosclerosis
may impact the brain’s resilience to develop late-life
cognitive deterioration.

The similar spatial pattern of brain hypo-
metabolism to that seen in AD is intriguing. Brain
metabolism is reduced in individuals with cerebro-
vascular deficiency (29) and early stages of neuro-
degeneration (49). Hence, midlife CVRFs and
subclinical atherosclerosis might result in a more
vulnerable and less resilient brain in the event of
having to cope with the pathological burden associ-
ated with AD later in life. There is evidence linking
CVRFs in midlife to the presence of amyloid-b pla-
ques and tau tangles in the brain in late life (50), the
key pathological hallmarks of AD (49). Interestingly,
impaired amyloid-b clearance is a suggested link be-
tween atherosclerosis with AD (43), and amyloid-b
accumulation (51) and tau deposition (52) are thought
to start in areas matching the hypometabolic brain
regions found in our analysis. Further research will be
needed to define the precise mechanism linking
CVRFs to the development of AD.
STUDY STRENGTHS AND LIMITATIONS. Our study
has 2 main strengths. The first is the large population
size; to our knowledge, no previous reports have
analyzed such a large number of cerebral FDG-PET
scans of asymptomatic middle-aged individuals. The
second is that participants’ subclinical atherosclerosis
burden was extremely well characterized by 3D
vascular ultrasound, which provides information on
the plaque presence, number, and volume, giving
precise information about individual vulnerability
(25). Some limitations also need to be acknowledged.
First, the lack of information about the cognitive
status of the participants and the cross-sectional na-
ture of our study limit the clinical implications
because we cannot conclude at this moment that
there is a cause-and-effect relationship between
subclinical atherosclerosis, neurodegeneration (i.e.,
brain hypometabolism), and cognitive status. Despite
not expecting significant clinical deterioration of our
participants because of their young age, the longitu-
dinal studies of this cohort, including cognitive
measures, are warranted to provide information
about the cues leading to the symptomatic stages of
both disorders. In line with this, the consideration
that brain hypometabolism is a predictor of cogni-
tive decline or dementia, particularly in middle-aged
individuals, should be interpreted with caution
given the relatively small effect sizes observed in
our study. Nevertheless, the important clinical sig-
nificance of such small effect sizes in middle-aged
asymptomatic participants is evidenced when
compared with effect sizes (i.e., �0.54 � 0.21) ob-
tained when analyzing the well-established associa-
tion between FDG uptake and cognitive function in
elderly individuals with mild cognitive impairment
(37). Second, given that an inclusion criterion to
enter in this PET imaging study was the evidence of
subclinical atherosclerosis, the generalization of the
association between risk factors and brain hypo-
metabolism should be done with caution for sub-
jects without the former. In addition, our cohort is
100% Caucasian; thus, we cannot assume that
these associations will be present in other races.
Validation of our findings in other cohorts is
thus required.

CONCLUSIONS

The findings presented here suggest that the interplay
between CVRFs, atherosclerosis, and altered brain
metabolism starts early in life. The potential ability of a
modifiable disorder (CVD) to drive the evolution of a
non-treatable condition (dementia) further supports
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the critical value of implementing primary CVD pre-
vention strategies early in midlife as a valuable ther-
apeutic approach to delay or even stop downstream
brain alterations, eventually leading to cognitive
decline.
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