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Longitudinal interplay between subclinical atherosclerosis,
cardiovascular risk factors, and cerebral glucose metabolism
in midlife: results from the PESA prospective cohort study

Catarina Tristdo-Pereira, Valentin Fuster, Belen Oliva, Andrea Moreno-Arciniegas, Ines Garcia-Lunar, Cristina Perez-Herreras, Michael Schall,
Marc Sudrez-Calvet, Maria Angeles Moro, Ana Garcia-Alvarez, Antonio Fernandez-Ortiz, Javier Sanchez-Gonzalez, Henrik Zetterberg,
Kaj Blennow, Borja Ibanez, Juan D Gispert*, Marta Cortes-Canteli*

Summary

Background Cardiovascular disease and dementia often coexist at advanced stages. Yet, longitudinal studies examining
the interplay between atherosclerosis and its risk factors on brain health in midlife are scarce. We aimed to characterise
the longitudinal associations between cerebral glucose metabolism, subclinical atherosclerosis, and cardiovascular
risk factors in middle-aged asymptomatic individuals.

Methods The Progression of Early Subclinical Atherosclerosis (PESA) study is a Spanish longitudinal observational
cohort study of 4184 asymptomatic individuals aged 40-54 years (NCT01410318). Participants with subclinical
atherosclerosis underwent longitudinal cerebral [18F[fluorodeoxyglucose ([18F]FDG)-PET, and annual percentage
change in [18F|FDG uptake was assessed (primary outcome). Cardiovascular risk was quantified with SCORE2 and
subclinical atherosclerosis with three-dimensional vascular ultrasound (exposures). Multivariate regression and
linear mixed effects models were used to assess associations between outcomes and exposures. Additionally, blood-
based biomarkers of neuropathology were quantified and mediation analyses were performed. Secondary analyses
were corrected for multiple comparisons using the false discovery rate (FDR) approach.

Findings This longitudinal study included a PESA subcohort of 370 participants (median age at baseline 49-8 years
[IQR 46-1-52-2]; 309 [84%] men, 61 [16%] women; median follow-up 4-7 years [IQR 4-2-5-2]). Baseline scans took
place between March 6, 2013, and Jan 21, 2015, and follow-up scans between Nov 24, 2017, and Aug 7, 2019. Persistent
high risk of cardiovascular disease was associated with an accelerated decline of cortical [18F]JFDG uptake compared
with low risk (B=-0-008 [95% CI -0-013 to —0-002]; p,,,=0-040), with plasma neurofilament light chain, a marker of
neurodegeneration, mediating this association by 20% ($=0-198 [0-008 to 0-740]; p;,,;=0-050). Moreover, progression
of subclinical carotid atherosclerosis was associated with an additional decline in [18F]FDG uptake in Alzheimer’s
disease brain regions, not explained by cardiovascular risk (f=—0-269 [95% CI -0-509 to —0-027]; p=0-029).

Interpretation Middle-aged asymptomatic individuals with persistent high risk of cardiovascular disease and
subclinical carotid atherosclerosis already present brain metabolic decline, suggesting that maintenance of
cardiovascular health during midlife could contribute to reductions in neurodegenerative disease burden later in life.
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Foundation, BrightFocus Foundation, BBVA Foundation, “la Caixa” Foundation.
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Introduction

Atherosclerosis—the gradual build-up of cholesterol,
cellular waste products, inflammatory cells, fibrin, and
calcium into atheroma plaques in the arterial wall—is
the main underlying cause of cardiovascular disease.’
However, clinical manifestation of atherosclerosis does
not occur until decades later when there is narrowing of
the arteries or disruption of the atheroma.' Therefore,
early identification of subclinical atherosclerosis is
increasingly recommended by cardiovascular disease
primary prevention strategies.” The Progression of Early
Subclinical Atherosclerosis (PESA) study is an ongoing
longitudinal  prospective cohort study of over
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4000 asymptomatic middle-aged (40-54 years) individuals
exhaustively evaluated for cardiovascular risk and
thoroughly imaged for multiterritorial subclinical
atherosclerosis.** Over 60% of these asymptomatic
individuals presented subclinical atherosclerosis at the
baseline visit, which include around 40% of those
classified as having low long-term cardiovascular risk.’
Epidemiological studies suggest that about one-third of
all cases of Alzheimer’s disease, the most common form
of dementia,® could be attributable to potentially
modifiable cardiovascular risk factors, such as midlife
hypertension, obesity, physical inactivity, smoking, and
diabetes.” Moreover, the presence of intracranial or
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Research in context

Evidence before this study

Previous work on cross-sectional and longitudinal
[**F]fluorodeoxyglucose ([**F]FDG)-PET studies in midlife with a
focus on cardiovascular risk factors and atherosclerosis was
thoroughly reviewed before undertaking this study. We searched
PubMed from inception to March 16, 2023, with the terms
“cerebral FDG-PET” or “cerebral glucose metabolism” in
combination with “subclinical atherosclerosis”, “midlife”, and
“longitudinal”. No filters related to dates or languages were
applied. Only two studies came up but were discarded because no
[**F]FDG-PET analyses were done. When the terms “subclinical”,
“midlife”, or “longitudinal” were removed from the search, the
number of retrieved studies increased to six, eight, and ten,
respectively. However, those studies were either cross-sectional or
analysed participants older than 72 years. Additional searches
were done with the term “cardiovascular risk factors” instead of
“subclinical atherosclerosis”. In this case, 19 studies were
retrieved, but mostly referred to brain MRI findings in middle-age
to late-age adults (aged 30-89 years). When the terms “midlife”
or “longitudinal” were removed from the search, the number of
studies increased to 31 and 363, respectively. None of the studies
found used plasma biomarkers to assess neuropathology related
to decreased cerebral glucose metabolism in midlife.

Added value of this study
To our knowledge, our study presents the first longitudinal
evidence of the association of subclinical atherosclerosis

extracranial atherosclerosis is linked to dementia at
advanced stages® Even in cognitively unimpaired
individuals, midlife carotid atherosclerosis has been
associated with worse cognitive performance, smaller
brain volumes, and reduced cerebral blood flow.”"
Additionally, we recently showed that cardiovascular risk
and subclinical carotid atherosclerosis in asymptomatic
middle-aged PESA individuals were linked to brain
hypometabolism." Brain glucose metabolism, as
measured by [18F]fluorodeoxyglucose ([18F]FDG)-PET,
has long been regarded as a proxy of brain health.” Even
though it is commonly used as a marker of
neurodegeneration,®  [8F]JFDG-PET  is  relatively
unspecific because it is strongly coupled to cerebral
perfusion and sensitive to cerebrovascular injury” and
neuroinflammation.* Regional patterns of cerebral
hypometabolism convey some degree of specificity that is
useful to differentiate among dementias.” For instance,
in our previous cross-sectional study, reduced glucose
consumption was detected in parietotemporal regions,
which are typically affected in Alzheimer’s disease."
Nevertheless, additional biomarkers can be used in
combination with cerebral [18F]FDG-PET to gain insights
into the specific pathophysiological mechanisms at work.
In this regard, recently developed blood-based brain
biomarkers are a promising tool for routine clinical

progression and its associated cardiovascular risk factors with
glucose hypometabolism in brain regions typically involved in
Alzheimer’s disease, in midlife, decades before its typical age
of onset. This work included longitudinal evaluation of blood-
based biomarkers, providing valuable data on potential
neuropathological changes happening in midlife. We present
precise quantification of subclinical atherosclerosis by three-
dimensional vascular ultrasound, and the study is further
strengthened by its longitudinal design, the age of the
individuals assessed, and the thorough characterisation of
subclinical atherosclerosis.

Implications of all the available evidence

Our study builds upon existing evidence characterising the
effect of the cardiovascular profile on brain health, but goes
one step further by pointing to a prolonged exposure to
modifiable cardiovascular risk factors during midlife as a
cause for neurodegeneration that might affect the brain’s
ability to cope with future pathology. Also, in light of our
results, screening for carotid disease holds a strong potential
to identify people vulnerable to brain alterations and future
cognitive impairment. This work might have important
implications for clinical practice because it supports the
implementation of primary cardiovascular prevention
strategies early in life as a valuable approach for healthy
cerebral longevity.

diagnosis of different neurological conditions” and
include, among others, neurofilament light chain (NfL)
and glial fibrillary acidic protein (GFAP) as markers of
neurodegeneration and reactive astrogliosis, respectively,
and plasma biomarkers of Alzheimer’s pathology
(ie, amyloid B and phosphorylated tau 181, 217, or 231).”
A precise understanding of the potential mechanisms
underlying decreased cerebral glucose consumption is
relevant because, although reduced cerebral blood flow
can be reverted, neurodegeneration itself is generally
irreversible.

Longitudinal studies provide a unique understanding
of disease progression,” yet studies of the effect of
midlife atherosclerosis and cardiovascular risk factors on
brain metabolic decline are scarce. In this study, we
assessed whether longitudinal changes of subclinical
atherosclerosis and cardiovascular risk factors in middle-
aged asymptomatic PESA participants are linked to
declines in brain glucose metabolism as measured by
[18F]FDG-PET, and the extent to which these links are
mediated by blood-based biomarkers of neuropathology.
In view of our previous work,” we hypothesised that
steeper longitudinal reductions of cerebral glucose
metabolism in Alzheimer’s disease regions will be linked
to high risk of cardiovascular disease, sustained
hypertension, and increments in subclinical carotid
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atherosclerosis, even after accounting for cardiovascular
risk factors.

Methods

Study design and participants

The PESA study (NCT01410318) is an observational,
prospective cohort study that recruited 4184 asymptomatic
White individuals aged 40-54 years in 2010 in Madrid,
Spain, who have been exhaustively screened for subclinical
atherosclerosis and cardiovascular risk factors every
3 years.’ Exclusion criteria at baseline included cardio-
vascular disease, cancer, or any disease expected to shorten
lifespan or influence protocol adherence. Expanded infor-
mation regarding the study design’ can be found in
appendix 2 (p 2) and at the PESA study website. The PESA
study was approved by the ethics committee of the
Instituto de Salud Carlos III (Madrid, Spain). All
participants provided written informed consent.

A PESA subcohort of individuals with subclinical
atherosclerosis at baseline (ie, in the highest tertile of
plaque thickness or with a coronary artery calcification
score =1)"" underwent [18F]FDG-PET scans at the
baseline and the 6-year follow-up visits.

[**F]FDG-PET image acquisition and processing

The acquisition protocol has been previously described.™"”
Briefly, upper-body craniocaudal PET scans were
acquired in five bed positions (3 min per bed position)
on a hybrid PET-MRI Philips Ingenuity system
(Philips Healthcare, Cleveland, OH, USA) at 120 min
after radiotracer intravenous injection (mean target dose
294 MBq (SD 10) of [18F]FDG). Data were reconstructed
and processed as detailed in appendix 2 (p 2). Briefly,
scans were pairwise-realigned and normalised to the
Montreal Neurological Institute standard space. Cerebral
[18F]FDG uptake was normalised to the pons, rendering
parametric standard uptake value ratio (SUVR) maps.
Follow-up and baseline SUVR maps were subtracted,
normalised by baseline SUVR, and divided by follow-up
time, yielding outcome images of SUVR annual
percentage change. All processing steps were carried out
with SPM12. Volume-weighted mean SUVR annual
percentage change was calculated in the whole cortex
and in a meta-region of interest (ROI) including the
cingulate, angular, and temporal gyri that define the
hypometabolic signature of Alzheimer’s disease.”

Determination of cardiovascular risk and atherosclerosis
Cardiovascular risk factors were recorded from medical
interviews, body measurements, and blood samples, as
previously described.**" Cardiovascular risk was
assessed with the 10-year risk scale SCORE2, which uses
the following variables: age, sex, smoking status, blood
pressure, and total and HDL cholesterol.” Annual
change was calculated by subtracting follow-up and
baseline SCORE2 and dividing the result by follow-up
time. Analyses stratifying individuals into SCORE2 risk
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groups were also done. Because Spain is a region of low
cardiovascular disease risk according to SCORE2,” we
used the following thresholds for cardiovascular risk
stratification to confer a more restricted classification:
low risk (SCORE2 <2-5%), moderate risk
(SCORE2 2-5-5%), and high risk (SCORE2 >5%).
Groups were defined on the basis of the classification at
each visit, and participants were classified into stable,
decreased, and increased risk groups.

Arterial hypertension was defined as systolic blood
pressure of 140 mm Hg or higher, diastolic blood
pressure of 90 mm Hg or higher, or use of anti-
hypertensive medication. Hypertension progression was
defined as being stable normotensive or hypertensive, or
as a change to normotensive or hypertensive status.
SCORE2 and hypertension progression groups with
small sample size (n=10) were excluded from analyses.

A three-dimensional vascular wultrasound with
standardised 6 cm acquisition was used to quantify
atheroma plaque volume in the carotid and femoral
arteries® (ie, sum of plaque volumes in right and left
arteries of each territory). Annual change in atheroma
volume was calculated by subtracting follow-up and
baseline volumes and dividing the result by follow-up
time.

Plasma biomarkers

Blood samples were collected in fasting conditions
(minimum of 6 h) at baseline and follow-up PESA visits
and plasma was extracted and stored at —80°C. Plasma
aliquots were processed for blood-based biomarker
investigation at the Clinical Neurochemistry Laboratory,
Sahlgrenska University Hospital, Mélndal, Sweden. The
concentrations of NfL, GFAP, and amyloid 3 42 and 40 in
plasma were quantified with the Simoa Neurology
4-Plex E Advantage kit, and the concentration of
phosphorylated tau 181 was quantified with the
p-Taul81 V2 Advantage kit (both from Quanterix
Corporation, Billerica, MA, USA). Measurements were
performed in one round of analysis by board-certified
laboratory technicians who were masked to clinical data,
and with a single batch of reagents. Intra-assay
coefficients of variation, monitored via internal quality
control samples, were below 10%. Samples below the
assays’ lower detection limit were discarded. The amyloid
[342/40 ratio was calculated as a more accurate estimation
of the amyloid accumulation process, compared with
peptides alone. Due to the left-skewed data, outliers were
removed based on the IQR rule.

Outcomes

The primary outcome of this study was [8F]JFDG-PET
SUVR annual percentage change as a measure of the
longitudinal evolution of brain glucose metabolism.
Additional outcomes included cross-sectional baseline and
follow-up [18F]FDG-PET SUVR and plasma biomarkers.
The outcomes were assessed individually in relation to the

See Online for appendix 2

For the PESA study website see
http://www.pesastudy.org/

For SPM12 see https://www.fil.
ion.ucl.ac.uk/spm/software/

spm12/
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progression of cardiovascular risk, hypertension, and
subclinical atheroma plaque volume (exposures).

Statistical analysis

Descriptive summaries of study demographics and
measurements were calculated. The study’s primary
hypothesis is that a greater decline in SUVR would be
associated with higher cardiovascular risk, persistent
hypertension over time, and increased carotid plaque
volume when adjusting for cardiovascular risk factors in
Alzheimer’s disease brain regions (primary endpoint).
All remaining analyses are exploratory secondary
endpoints.

All statistical models were adjusted for age, sex,
education, and APOE genotype (divided into four groups:
€2/€3; €3 /e4 or e4/e4; €3 /€3; and €2/e4), and, in the case of
SUVR models, by plasma glucose concentrations at the
time of scans as well. Linear regression models were
used to individually test the association of SUVR annual
change with SCORE2 annual change and carotid or
femoral plaque volume annual change. Plaque volume
data were not normally distributed and were consequently
log-transformed (log+1). Two additional models of plaque
burden were computed, including as additional
covariates the carotid or femoral plaque volume at
baseline (plaque model) or annual change and baseline
SCORE2 estimates (SCORE2 model). SUVR annual
change across hypertension progression groups was
compared with ANOVA.

547 participants with valid [**F]JFDG-PET brain scan
at the baseline PESA visit

143 did not undergo second scan
65 unreachable
21 unable to tolerate scan due to
claustrophobia
11 recently exposed to radiation
5 living far away
3 passed away
38 uninterested for other reasons

A 4

404 participants underwent second scan at the
6-year follow-up PESA visit

34 scans did not pass quality control
P 11 incomplete brain coverage
23 missing data

A 4

370 PESA participants with 2 sets of valid
[**F]FDG-PET brain scans at baseline and
follow-up (740 scans in total)

Figure 1: Study flow

PESA participants with documented subclinical atherosclerosis at baseline
underwent two [**F]JFDG-PET scans over a 4-7-year period. Of the

547 participants with a valid brain [**F]FDG-PET scan at baseline,*

404 underwent a second scan and, of those, 370 participants were included in
the longitudinal analysis. [**F]FDG=[**F]fluorodeoxyglucose.

Linear mixed effects models were used to study change
in SUVR over time of SCORE2 risk and hypertension
progression groups, including an interaction term
between follow-up time and the variable of interest and
with repeated measurements as random effect. A post-hoc
analysis was done to further study the individual
contribution of each modifiable cardiovascular risk factor
that is part of SCORE2 on longitudinal cerebral glucose
metabolism (appendix 2 p 3). These statistical analyses
were also conducted with blood-based biomarkers as
dependent variables, additionally adjusting for BMI and
creatinine.” Mediation analyses were done with plasma
biomarkers as mediators of SUVR annual changes, partial
mediation being achieved when both total and indirect
effects were statistically significant (p<0-05).

All models were computed either at the ROI level (in
the whole cortex and in the meta-ROI of Alzheimer’s
disease) with R version 4.2.0 and at the voxelwise level
with SPM12. In ROI analyses, statistical significance was
set at p<0-05 and exploratory secondary endpoints were
corrected for multiple comparisons with the false
discovery rate (FDR) method.” In voxelwise analyses,
brain regions showing significant effects (p<0-05) were
identified by means of the threshold-free cluster-
enhancement method, as in the cross-sectional study,"
and FDR correction. All cases with missing data were
excluded from the respective analyses.

A post-hoc power analysis was performed to determine
the statistical power attainable with our sample size
(appendix 2 p 3).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

This study included a final subcohort of 370 PESA
participants with two sets of valid [18F]JFDG-PET brain
images for the longitudinal analysis (figure 1). Baseline
scans occurred from March 6, 2013, to Jan 21, 2015, and
follow-up scans from Nov 24, 2017, to Aug 7, 2019. Median
age at the baseline PET scan was 49-8 years
(IQR 46-1-52-2) and the median follow-up time was
4.7 years (IQR 4-2-5-2). 61 (16%) participants were
women and 309 (84%) were men; 73 (20%) participants
were APOE €4 carriers (table). On average, SUVR
decreased by 0-61% (95% CI 0-51 to 0-70) per year in the
whole cortex and by 0-77% (0-68 to 0-87) per year in the
hypometabolic Alzheimer’s disease signature.

To test whether the progression of cardiovascular risk
(measured by SCORE2) was associated with brain
glucose metabolism decline, we used linear regression
and linear mixed effects models. The decrease observed
in [18F]FDG uptake change was not linearly associated
with the annual change in SCORE2 in the cortex
(B=-0-182[95% CI -0- 585 t0 0- 221]; p,e=0- 63; figure 2A)
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Study population (n=370, except
where otherwise indicated)

Study population (n=370, except
where otherwise indicated)

Age, years
At baseline
At follow-up
Follow-up time, years
Sex
Women
Men
Race
White
APOE genotype
€2/€3
€3/e3
€3/e4
ed/e4
€2/e4
SCORE2 risk score, % (n=325)
At baseline

At follow-up

Stable low risk
Stable moderate risk

Stable high risk

At baseline

At follow-up

At baseline

At follow-up

At baseline

At follow-up

Stable normotensive
Change to hypertensive
Stable hypertensive
Total cholesterol, mg/dL (n=369)
At baseline
At follow-up
HDL cholesterol, mg/dL (n=369)
At baseline
At follow-up
Smokers (n=362)
At baseline
At follow-up
BMI, kg/m* (n=368)
At baseline

At follow-up

Change from low to moderate risk

0
Change from moderate to highrisk 5

49-8 (461-52:2)
54.3 (50-6-57-0)
47 (42-52)

61 (16%)
309 (84%)

370 (100%)

28 (8%)
269 (72%)
65 (18%)
3(1%)
5 (1%)

31% (2-4-4-1)
4-0% (2-8-50)

SCORE?2 risk status change between baseline and follow-up (n=325)

50 (15%)
127 (39%)
30 (9%)
47 (14%)

1(16%)

Systolic blood pressure, mm Hg (n=368)

120-0 (113-0-129.0)
120-0 (112:0-132:0)

Diastolic blood pressure, mm Hg (n=368)

750 (70-0-82:0)
750 (69:0-81.0)

Participants with hypertension (n=369)

73 (20%)
109 (30%)

Hypertension status change between baseline and follow-up (n=369)

251 (69%)
45 (12%)
64 (17%)

2083 (184:7-2285)
203-4 (176-9-227)

43-5(37:3-507)
48.9 (41.9-57-0)

87 (24%)
70 (19%)

27-2(24-9-29-4)
269 (25-1-29-4)

(Table continues in next column)
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(Continued from previous column)

Serum creatinine, mg/dL (n=369)

At baseline 0-8(0-8-0-9)

At follow-up 0-9 (0-8-0-9)
Carotid plaque volume, mm?® (n=365)

At baseline 3-4(0-36-1)

At follow-up 14-8 (0-58-4)

Femoral plaque volume, mm?®(n=344)

At baseline 422 (0-137-2)

At follow-up 70-0 (0-186-6)
NfL, pg/mL (n=355)

At baseline 81 (6:6-10-1)

At follow-up 9-6 (7-6-12-1)
GFAP, pg/mL (n=359)

At baseline 61-2 (47-6-78-6)

At follow-up 722 (55:6-92-4)
Amyloid B 42/40 ratio (n=363)

At baseline 0-07 (0-06-0-07)

At follow-up 0-07 (0-06-0-07)
Phosphorylated tau 181, pg/mL (n=361)

At baseline 1.3 (1-0-1.5)

At follow-up 14 (11-17)

Data are median (IQR) or n (%). SCORE2 and hypertension groups were defined on
the basis of classification of each individual at baseline and follow-up. SCORE2 and
hypertension progression groups with small sample size (n<10) were excluded
from analysis. NfL=neurofilament light chain. GFAP=glial fibrillary acidic protein.

Table: Demographics of the studied PESA subcohort

nor in the Alzheimer's disease signature
(B=—0-221 [-0-586 to 0-144]; p=0-24; figure 2B). When
grouping the participants according to SCORE2
categories to stratify them by low, moderate, or high
cardiovascular disease risk at each visit (table), individuals
at stable low risk over the 4-7-year period had a smaller
decline in cortical [18F]JFDG wuptake (1-48%
[95% CI 0-42 to 2-5]) compared with those at sustained
high risk, who had the greatest decline over time among
the five groups (4-34% [2-83 to 5-86]). A significant

difference in cortical SUVR decline between the
stable low and  high risk groups  was
observed (group x time interaction; [=-0-008

[95% CI —0-013 to —0-002]; Pue=0-040; figure 2C;
appendix 2 p 4). Cortical SUVR decline was 3-12%
(95% CI 2-41 to 3-83) in individuals who remained at
moderate risk over time, 1-44% (-0-27 to 2-60) in those
who increased from low to moderate risk, and 2-51%
(1-22 to 3-80) in those who increased from moderate to
high risk. Significant interactions were also found
between the stable low-risk and the stable moderate-risk
groups, and between individuals whose risk increased
from low to moderate and those in stable moderate-risk
and stable high-risk groups (figure 2C; appendix 2 p 4).
Similar trajectories were found in the Alzheimer’s
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disease meta-ROI, but these did not reach significance
(figure 2D; appendix 2 p 4).

Next, we longitudinally measured plasma concentrations
of NfL, GFAP, and phosphorylated tau 181, as well as the
amyloid 3 42/40 ratio, to identify potential mechanisms
behind the observed cortical [18F]FDG-PET differences
among SCORE2 groups. Plasma NfL increased in all
groups over time (stable low risk: 16-34%
[95% CI 9-70 to 22-99]; stable moderate risk: 20-42%
[15-70 to 25-14]; stable high risk: 20-98% [11-80 to 30-15];
change from low to moderate risk: 15-48% [8- 60 to 22-36];
change from moderate to high risk: 17-67% [9-53 to 25-82]
NfL increase). Stable low-risk individuals presented

significantly lower concentrations compared with
the  stable  high-risk  group  (main  effect;
B=—3.074 [95% CI —0-428 to —5-743]; Pue=0-050;

figure 2E). Mediation analyses showed a significant
indirect (mediating) effect of NfL on the difference in brain
metabolism decline between the stable high-risk and the
stable low-risk groups ($=0-198 [95% CI 0-008 to 0-740];
Prox=0-050; figure 2F). No other significant mediation
effects were found with NfL or other blood-based
biomarkers (appendix 2 p 8). Of note, voxelwise analysis
comparing stable low-risk versus stable high-risk groups
showed that the main effect was predominant in
parietotemporal regions (figure 2G; appendix 2 pp 5-6),
whereas the interaction effect occurred in brain areas
including the frontal, orbital, and anterior cingulate gyri,
and the precuneus (figure 2H; appendix 2 pp 5-6).

Next, we aimed to evaluate which cardiovascular risk
factor had the strongest association with the cerebral

Figure 2: Association between persistent high cardiovascular risk over time
and decline in brain glucose metabolism, and its mediation by NfL

(A, B) Scatter plots showing the association between annual change in SCORE2
and the percentage annual change in [**F]FDG-PET SUVR in the cortex (A) and in
the Alzheimer’s disease meta-ROI (B) with a linear regression model. The line
shows the regression fitting and the shading shows 95% CI. (C, D) Mean plots
showing the trajectory of [**F]FDG-PET SUVR over time in each SCORE2
progression group in the cortex (C) and in the Alzheimer’s disease meta-ROI (D).
(E) Mean plot showing the trajectory of plasma NfL over time in each of the
SCORE2 progression groups. SUVR and NfL in mean plots were normalised to that
of the stable low-risk group at baseline. Group and slope effects were tested with a
linear mixed effects model and bars show the 95% Cl. (F) Schematic of the
mediation analysis output showing that brain metabolism decline was 19-8%
(indirect effect) mediated by NfL in the stable high-risk group. B corresponds to
the regression coefficients of each model in the direction of the arrow and describe
average direct effects. B corresponds to the average causal mediation effects. The
B coefficients of the indirect effects correspond to the proportion of the SUVR
variance mediated by the mediator, NfL. Bold font refers to statistically significant
results. (G, H) Statistical voxelwise maps showing the spatial distribution of the
main effect (G) and the interaction effect between time and SCORE2 progression
groups on [**F]FDG uptake (H), including stable high and stable low. Coloured bars
represent the magnitude of the voxel significance corrected for multiple
comparisons (p,,,<0-05). All models were adjusted for age, sex, education, and
APOE genotype; in the case of SUVR models, by basal glucose concentrations as
well; and in the case of NfL models, by BMI and creatinine as well. [**F]FDG=[**F]
fluorodeoxyglucose. FDR=false discovery rate. NfL=neurofilament light chain.
ROl=region of interest. SUVR=standard uptake value ratio. *py,,<0-05 (interaction
effect). Tp,;<0-05 (main effect).

www.thelancet.com/healthy-longevity Vol 4 September 2023



Articles

metabolic decline observed over time. We first analysed
the longitudinal effect of the presence of hypertension on
brain metabolism, because hypertension was the
cardiovascular risk factor with the strongest association
with brain hypometabolism at baseline." No significant
differences in SUVR annual percentage change
(figure 3A, B), or in the interaction effect of group x time
on [18F]FDG uptake (figure 3C-E) were found either in
the cortex or in Alzheimer’s disease-associated brain
regions across hypertension progression groups.
However, individuals who remained hypertensive
showed significantly lower [18F]JFDG uptake in the
Alzheimer’s disease signature than those who
remained normotensive (main effect; (=0-030
[95% CI 0-010 to 0-050]; pyp=0-042; figure 3D, E). In
this case, no associations were found between any of the
plasma biomarkers measured and hypertension
progression (data not shown).

Linear mixed effects models were used to study the
individual effect of each of the modifiable SCORE2
components in individuals who remained at persistent
high or low risk at both visits. Because the four SCORE2
components were dichotomised, B coefficients are
comparable and represent the magnitude of the weight
on [18F]FDG uptake (appendix 2 p 7). Although not
significant, the highest 8 coefficient corresponded to
HDL cholesterol, both as main and interaction effects,
suggesting this was the cardiovascular risk factor with
the largest weight on reduced [18F]FDG brain uptake and
on decline of brain metabolism over time.

Lastly, we studied the association between longitudinal
brain metabolism and subclinical atherosclerosis
trajectories. Although no significant association was
found between annual change in subclinical carotid
atherosclerosis and annual change in SUVR in the
cortical ROI (figure 4A), a significant negative association

Figure 3: Association between continuous presence of hypertension and
decline in brain glucose metabolism

(A, B) Boxplots showing the association between the progression of
hypertension and the annual percentage change in [**F]JFDG-PET SUVR in the
cortex (A) and in the Alzheimer’s disease meta-ROI (B). Group differences were
tested with ANOVA. The horizontal line within the boxes shows the median and
the upper and lower edges of the boxes show the 75th and 25th percentiles.

(C, D) Mean plots showing the trajectory of [**F]FDG-PET SUVR over time in each
hypertension progression group in the cortex (C) and in the Alzheimer’s disease
meta-ROI (D). SUVR was normalised to that of the stable normotensive group at
baseline. Group and slope effects were tested with a linear mixed effects model
and bars show the 95% Cl. The stable hypertensive, change to hypertensive, and
stable normotensive groups had a mean cortical SUVR decrease of 2-85%

(95% C11:79-3-90), 3-28% (2-08-4-48), and 2:78% (2-25-3-31), respectively.

(E) Summary table with regression coefficients () and p;,, values derived from
linear regression and LME models testing the effect of hypertension progression
on brain glucose metabolism progression in the cortex and in the Alzheimer’s
disease meta-ROI. Bold font refers to statistically significant results. All models
were adjusted for age, sex, education, APOE genotype, and basal glucose
concentrations. [**F]FDG=["*F]fluorodeoxyglucose. FDR=false discovery rate.
LME=linear mixed effects. ROI=region of interest. SUVR=standard uptake value
ratio. *p,,,<0-05 (main effect). tThis p value was not FDR-corrected (only
secondary analyses were FDR-corrected).

www.thelancet.com/healthy-longevity Vol 4 September 2023

was detected in the Alzheimer’s disease hypometabolic
signature (B=—0-309 [95% CI -0-536 to —0-082];
Pror=0-038; figure 4B). As occurred in the cross-sectional
study," no significant associations were observed with
subclinical femoral atherosclerosis (figure 4C-E).
Voxelwise analysis showed that the brain regions where
progression of carotid atherosclerosis was significantly
linked to glucose metabolism decline included the
temporal gyrus, hippocampus, occipital lobe, pre-
cuneus, and angular gyrus (base model; figure 4F;
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Figure 4: Association between progression of subclinical carotid plaque volume and decline in brain glucose metabolism

(A-D) Scatter plots showing the association of annual percentage change in [**FJFDG-PET SUVR in the cortex (A, C) and in the Alzheimer’s disease meta-ROI (B, D)
with annual change in carotid plaque volume (n=261) and with annual change in femoral plaque volume (n=261), respectively. The line shows the regression fittings
and the shading shows the 95% Cl. (E) Summary table with regression coefficients () and p,, values derived from linear regression models testing the effect of
carotid and femoral plaque volume progression on brain glucose metabolism progression in both ROIs. Bold font refers to statistically significant results.

(F) Statistical voxelwise maps showing the brain regions where there is a negative correlation between annual in carotid plaque volume and annual percentage
change in [**F]FDG-PET SUVR for the different models. Coloured bars show the magnitude of the voxel significance corrected for multiple comparisons (p;,;<0-05).
Plots and statistics represent part of the dataset, excluding those participants without atherosclerotic burden. All models were adjusted for age, sex, education, APOE
genotype and basal glucose levels (base model). [**F]FDG=[**F]fluorodeoxyglucose. FDR=false discovery rate. ROl=region of interest. SUVR=standard uptake value
ratio. *This p value was not FDR-corrected (only secondary analyses were FDR-corrected).
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appendix 2 pp 5-6). When adjusted for baseline carotid
plaque volume, this association presented a reduced
effect size in the Alzheimer’s disease ROI (plaque
model; =—0-304 [95% CI —0-619 to 0-011]; pp=0-073;
figure 4E), but remained significant in most brain
regions identified in the voxelwise analyses (plaque
model; figure 4F; appendix 2 pp 5-6). Even after
adjustment for annual change in SCORE2 and baseline
SCORE2, the association remained significant in
Alzheimer’s disease regions, indicating that this link
was not fully explained by the presence or progression of
cardiovascular risk factors (SCORE2 model; f=—0-269
[95% CI -0-509 to —0-027]; p=0-029; figure 4E, F;
appendix 2 pp 5-6). When participants without plaque
burden at both visits were included in these analyses,
the results remained similar (appendix 2 p 9). No
associations were noted between plasma biomarkers
and annual change in carotid or femoral plaque burden
(data not shown).

Discussion
Our results shows that asymptomatic middle-aged
individuals at high risk of cardiovascular disease over a
5-year period have a steeper decline in cerebral glucose
metabolism compared with individuals at low risk. In
those at sustained high risk, 20% of the observed decline
can be attributed to neurodegeneration and therefore
might be irreversible. We also report, for the first time to
our knowledge, that the progression of subclinical carotid
atherosclerosis during midlife is associated with a greater
decline in metabolism in Alzheimer’s brain regions,
additionally to that attributed to the presence and
progression of classical cardiovascular risk factors.
These data confirm and expand on the results from
a previous study on a small middle-aged cohort,” and on
our cross-sectional findings in the same PESA cohort in
which higher cardiovascular risk was associated with
lower cerebral glucose metabolism." They are also in line
with reports from older longitudinal cohorts of
cognitively intact individuals,* but go one step further by
showing that the decline in cerebral glucose consumption
starts earlier, during midlife. We found that middle-aged
individuals at sustained moderate and high cardiovascular
risk over 5 years had a greater decline in cerebral glucose
consumption than those who remained at low risk. This
association was not found when analysing the continuous
SCORE2 changes, suggesting a threshold effect only
captured when comparing opposite cardiovascular risk
groups. We observed a 1-5%, 3-1%, and 4-3% global
decline in cerebral metabolism in the low-risk, moderate-
risk, and high-risk groups, respectively, indicating that
middle-aged individuals at persistent high cardiovascular
risk have an average drop in brain metabolism that is
almost three times higher than that of individuals at low
risk. This 4-3% drop over 4-7 years of follow-up means
that middle-aged individuals at persistent high cardio-
vascular risk have a decline in cerebral metabolism of

www.thelancet.com/healthy-longevity Vol 4 September 2023

0-9% per year. This is particularly relevant when
compared with the reductions in global cortical glucose
metabolism of 1-2% and 2-6% per year reported for
patients with mild cognitive impairment and Alzheimer’s
disease, respectively.” Hence, the observed reductions in
cerebral glucose metabolism might affect the brain’s
ability to cope with neurodegenerative or cerebrovascular
disease later in life.

We also observed a 16%, 20%, and 21% increase in NfL
plasma concentrations in the low-risk, moderate-risk,
and high-risk groups, respectively, suggesting that
middle-aged individuals at persistent high risk of
cardiovascular disease over 5 years have an average
increase in NfL concentrations, a marker of axonal injury,
1-3 times higher than individuals at low risk. Moreover,
these high concentrations of NfL in plasma over 5 years
partially (20%) mediated the steeper decline in cerebral
glucose metabolism detected in individuals who
remained at high cardiovascular risk. Plasma NfL is
a well established biomarker of neurodegeneration” and
has been reported to increase in older participants at risk
of cardiovascular disease.” We did not observe differences
between cardiovascular risk groups in amyloid $, tau, or
astrocytic blood biomarkers, nor did they mediate
associations with [18F]FDG wuptake changes. Taken
together, our results suggest that the observed decline in
glucose metabolism in middle-aged asymptomatic
individuals at sustained high risk of cardiovascular
disease has a neurodegenerative component that is
independent of Alzheimer’s pathology. These findings
are consistent with reductions in brain volume observed
in middle-aged individuals with high Cardiovascular
Risk Factors, Aging and Dementia scores,” and are
highly relevant because neurodegeneration is generally
irreversible. Voxelwise analyses show that individuals
with stable high risk of cardiovascular disease had lower
cerebral glucose metabolism in Alzheimer’s disease-
vulnerable regions and greater metabolism declines in
lateral and medial frontal areas, compared with the low-
risk group. Hypometabolism in the frontal lobe is
characteristic of cerebrovascular disease,” although it is
not infrequently found in patients with mild cognitive
impairment and Alzheimer’s disease,” suggesting that
the hypometabolism detected here might have
a cerebrovascular component. In addition, we could
not detect significant changes in cerebral glucose
consumption in participants whose risk of cardiovascular
disease increase from low to moderate over the 5 years of
follow-up in this study, suggesting that a longer period
with a sustained higher cardiovascular risk profile might
be needed to produce the brain changes observed in the
groups with persistently moderate and high risk.

Multiple midlife cardiovascular risk factors, such
as insulin resistance or high serum cholesterol
concentrations, have been independently linked to brain
[18F]FDG uptake changes,”** but high blood pressure
stands out with an important role in reduced brain
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metabolism, starting in midlife,"* and with downstream
sequelae in cognition.” In concordance with such reports
and with our previous cross-sectional findings," we
herein found that participants who remained
hypertensive had lower brain glucose metabolism.
However, all progression groups presented similar rates
of decline, indicating that the continuous presence of
hypertension alone does not explain the steeper decline
in brain glucose metabolism observed in individuals
with high risk of cardiovascular disease. A synergistic
effect of different cardiovascular risk factors contributing
to poor general cardiovascular health, rather than an
individual risk factor, could have a broader negative
impact on brain health.

We also observed that changes in subclinical carotid
atherosclerosis over 5 years were associated with
a longitudinal decline in cerebral glucose metabolism
in parietotemporal brain regions of asymptomatic
individuals, matching the Alzheimer’s disease hypo-
metabolic signature, decades before the typical age of
onset. This effect was not mediated by plasma bio-
markers of neurodegeneration, neuroinflammation, or
Alzheimer’s disease, and, thus, cannot be interpreted as
a preclinical manifestation of neurodegeneration or
Alzheimer’s pathology. However, irrespective of its cause,
a decline in cerebral glucose metabolism in cognitively
unimpaired middle-aged individuals is a strong predictor
of subsequent cognitive decline.* Hence, lower cerebral
glucose metabolism in Alzheimer’s disease-sensitive
brain areas could decrease the brain’s resilience (ie, its
ability to cope with Alzheimer’s pathology later in life).”

The association between subclinical carotid athero-
sclerosis and changes in cerebral glucose metabolism
remained significant in Alzheimer’s disease-vulnerable
regions after correcting for cardiovascular risk, suggesting
that the effect of carotid atherosclerosis on cerebral
glucose consumption is additive to that of cardiovascular
risk factors. At very early stages of atherosclerosis and in
low-risk populations, risk equations are not always able to
accurately grasp cardiovascular risk, making the
quantification of subclinical atherosclerosis through
imaging crucial. Here, carotid atherosclerosis seems to
explain some effects in brain glucose metabolism that
traditional cardiovascular risk factors cannot. Indeed, this
association was only found with carotid plaque burden,
not with femoral plaque burden, further strengthening
the specificity of the effects of subclinical carotid
atherosclerosis on the brain. Moreover, voxelwise analyses
showed that associations in parietotemporal regions,
particularly in the hypometabolic Alzheimer’s disease
signature, remained significant even after correction for
baseline plaque burden, suggesting that the decline in
glucose metabolism was mainly driven by changes in
plaque volume. Although PESA participants do not
present flow-limiting plaques, our results indicate that
subclinical carotid atherosclerosis might reflect a specific
vulnerability of the carotid cerebral territory, and could be

a surrogate for certain cerebral alterations, such as
intracranial atherosclerosis or cerebral small vessel
disease, which could directly affect cerebral circulation
and metabolism.* Hence, carotid plaque volume and its
associated impact on cerebral metabolism might be
modifiable, to some extent, through lifestyle interventions.
Notably, multidomain interventions could improve or
maintain cognitive functioning in at-risk older people.”

Our study has several limitations. First, the lack of
longitudinal cognitive testing precludes us from assessing
the extent to which the observed declines in cerebral
glucose metabolism have any effect on cognition.
However, PESA participants are asymptomatic, middle-
aged, active workers, and hence we do not expect this
population to have major cognitive deficits. Another
limitation is that we cannot fully establish the cause of the
observed changes in [18F]FDG uptake beyond those results
partially attributable to neurodegeneration; other
physiological changes (ie, cerebral hypoperfusion) could
explain the observed effects. Also, the relatively short
period of follow-up time (4-7 years) and the low number of
women included in this subcohort might limit the
generalisability of the conclusions. The PESA study has
been extended to run until 2029, and to include additional
brain assessments, such as brain MRI and cognitive
testing,* which will allow some of these limitations to be
addressed in the future. Extrapolation of these findings to
the general population should be done cautiously because
the PESA subcohort included in this analysis was enriched
to have a higher prevalence of atherosclerosis.
Nevertheless, this enrichment might have allowed us to
attain enough statistical power to detect these effects,
which are anticipated to be relatively small in an
asymptomatic middle-aged population.

Strengths of this study include the large sample of
longitudinal [8F]FDG-PET scans in middle-aged
asymptomatic individuals, which allowed us to capture
early changes in cerebral glucose metabolism, and the
thorough characterisation of atherosclerosis in the PESA
cohort, using cutting-edge imaging technology to measure
longitudinal changes of atherosclerosis during subclinical
phases.” To the best of our knowledge, such measurements
are not available in other longitudinal [18F]FDG-PET
studies in middle-aged asymptomatic individuals, and
hence our findings cannot be replicated in an independent
cohort at the moment. The evaluation of longitudinal
blood-based biomarkers of neuropathology, which allowed
further insights to be gained on the nature and significance
of the brain [18F]FDG uptake changes, is another key
strength of our study. Further studies are necessary to
investigate whether  midlife  subclinical ~ carotid
atherosclerosis and associated cardiovascular risk factors
are causally associated with later cognitive decline and
with the development of dementia.
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