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See the editorial comment for this article ‘Allostatic-interoceptive brain network: a bridge between cardiovascular burden and dementias’, by 
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Aims Cardiovascular risk factors, such diabetes, hypertension, blood pressure, obesity, and smoking, are linked with allostatic-interoception— 
the continuous monitoring of internal bodily states in anticipation of environmental demands. These risk factors are associated with 
dementia risk. How these factors affect brain networks vulnerable to neurodegeneration and involved in allostatic-interoception,  
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such as the Allostatic-Interoceptive Network (AIN), is unknown. We investigated the relationship between cardiovascular risk and AIN 
structure and function in frontotemporal lobar degeneration (FTLD) and Alzheimer’s disease (AD).

Methods 
and results

We recruited 1501 participants (304 with FTLD, 512 with AD, and 685 healthy controls) from the Multi-Partner Consortium to 
Expand Dementia Research in Latin America (ReDLat). A cardiovascular risk score was calculated based on: age, sex, diabetes, 
hypertension, systolic blood pressure, body mass index, and smoking status. Cardiovascular risk was associated with grey matter 
integrity and functional connectivity in age- and sex-matched patient-control groups focusing on predefined regions of interest 
within the AIN. Higher cardiovascular risk was associated with reduced structural integrity and functional connectivity within 
the AIN in both FTLD and AD. FTLD patients showed more extensive structural and functional connectivity disruptions through
out the AIN. In AD patients, structural reductions in the AIN were prominent, with functional connectivity restricted to the hippo
campus, parahippocampal gyrus, and orbitofrontal regions.

Conclusion Cardiovascular risk factors appear to adversely impact the AIN structure and function, with disease-specific patterns of vulnerabil
ity. Results underscore the importance of integrating cardiovascular health into models of neurodegenerative disease and managing 
cardiovascular health to support brain integrity in dementia. 
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Keywords Cardiovascular health • Aging • Dementia • Neurodegeneration • Cardiovascular risk • Brain atrophy • Functional 

connectivity

1. Introduction
Cardiovascular risk factors, including diabetes, hypertension, blood pres
sure, obesity, and smoking, are strongly associated with an increased risk 
of developing dementia1 contributing to neurodegeneration through 
heightened vascular burden.2 Emerging synergistic approaches to brain 
health and disease call for the integration of comorbidities such as cardio
vascular risk factors in understanding dementia.3,4 Indeed, population- 
based studies indicate that individuals with cardiovascular comorbidities 
are five times more likely to develop all-cause dementia, with this risk being 
independent of Alzheimer’s disease (AD)-related genetic predispositions.5

However, the specific impact of cardiovascular risk factors on brain net
works vulnerable to dementia remains poorly understood.

The predictive coding theory of allostatic interoception6,7 states that the 
brain anticipates and processes internal bodily signals to adapt to environ
mental demands.6–13 Allostatic overload arises when the body’s adaptive 
capacity is depleted over time due to chronic stress or environmental pres
sures.6,7,11 Cardiovascular function and allostatic-interoception are deeply 
interdependent.14–16 Higher allostatic load as measured by a composite 
score of cardiometabolic factors—such as blood pressure, body compos
ition, cholesterol levels, and cortisol—has been linked to adverse aging out
comes.17 Despite the connection between cardiovascular risk and 
allostatic-interoception, no study has examined how cardiovascular risk 
factors influence brain networks particularly vulnerable to dementia.

Emerging evidence has shown that dysfunction in allostatic-interocep
tion, encompassing behavioral, peripheral, and neural measures, are ob
served in frontotemporal lobar degeneration (FTLD) syndromes,13,18–27

particularly in behavioral variant frontotemporal dementia (bvFTD). 
While evidence for interoceptive impairment in AD is mixed (18, 19, but 
see 22), altered allostatic markers have been consistently reported.26,28–31

Allostatic-interoception is supported by the allostatic-interoceptive net
work (AIN), a large-scale brain network that includes cortical and 
subcortical structures (e.g. insula, anterior cingulate cortex, orbitofrontal 
cortex, amygdala, hippocampus, parahippocampus, and thalamus).6,7,18

Disruptions in the structural and functional integrity of the AIN have 
been documented in both FTLD and AD.18 However, the relationship be
tween cardiovascular risk factors and changes in the AIN in dementia re
mains largely unexplored.

Taken together, this evidence suggests a hypothesis: cardiovascular risk 
factors may influence the AIN in dementia.6–8,32,33 Majority of studies to 
date, however, have predominantly focused on total grey matter vol
ume,32–34 which does not provide a measure of specific brain structures 
associated with cardiovascular risk. Whilst some studies have focused on 

a limited subset of brain regions (e.g. hippocampus), these have been con
ducted in healthy adults or aging populations32,33,35,36 limiting their applica
tion to dementia populations. Critically, no study has investigated how 
cardiovascular risk factors may influence both structural and functional 
changes in the brain within AIN, a key network that we propose is related 
to cardiovascular risk. Further, no study has examined how cardiovascular 
risk factors contribute to neurodegeneration in dementia syndromes such 
as FTLD and AD, where allostatic-interoception dysfunction has been re
ported.18–22,27 Further, to our knowledge, this association has not been in
vestigated in Latin America, where cardiovascular risk factors are increased 
in the general population.37–39 Understanding how cardiovascular risk fac
tors may relate to underlying neural mechanisms in dementia syndromes 
will further refine our understanding of these diseases and may bolster fu
ture precision medicine approaches by reducing comorbid risk factors.

In the current study, we recruited a Latin American and US cohort (N =  
1501) from the Multi-Partner Consortium to Expand Dementia Research 
in Latin America (ReDLat).31,32 We investigated cardiovascular risk factors 
(e.g. diabetes, hypertension, systolic blood pressure, body mass index 
(BMI), and current smoking status) using the non-laboratory-based 
Framingham’s Risk Score (FRS).40 We investigated the FRS alongside 
both structural and functional brain connectivity measures. Despite differ
ences in allostatic-interoception and cardiovascular risk profiles in each de
mentia syndrome, we hypothesized that reduced structural and functional 
connectivity within the AIN would be associated with greater cardiovascu
lar risk factors in both dementia syndromes, as evidence of an underlying 
neurobiological mechanism contributing to both processes.

2. Methods
2.1 Participants
The experimental workflow is shown in Figure 1. We recruited 1501 par
ticipants, including 304 FTLD patients, 512 AD patients, and 685 healthy 
controls (CN) from both Latin America and the United States (see 
Supplementary material online, Tables S1 and S2 for subtype-specific infor
mation). All participants were recruited through ReDLat’s ongoing multi
center protocols41,42 involving clinical examination, neuropsychological 
testing, and magnetic resonance imaging (MRI). Patients were diagnosed 
with FTLD syndromes based on the current sets of diagnostic criteria, in
cluding prominent changes to behavior, personality and/or language,43,44

and motor features.45–47 AD syndrome was diagnosed based on current 
sets of diagnostic criteria, including typical AD with an amnestic profile48

and atypical variants based on language features,43 visual features,49 and 
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behavior.50 All CNs scored >24 on the Mini Mental State Examination 
(MMSE).51,52 Exclusion criteria included presence of major primary cardio
vascular compromise (i.e. cardiovascular disease), history of other neuro
logical disorders, psychiatric conditions, or substance abuse. CNs were 
demographically matched (i.e. age and sex matched) to each patient group 
(FTLD or AD) using R MatchIt to create disease-control groups for com
parison,53 due to demographic differences between patient groups and 
controls in the full dataset. Approximately 10% of AD cases were also re
moved during the matching process due to older age (>85 years of age). All 
participants or their caregivers provided informed consent in line with the 
Declaration of Helsinki. The study was approved by the Ethics Committees 
of the involved institutions.

2.2 Measures
2.2.1 Cognition
The MMSE was used to measure cognitive performance based on mea
sures of attention, memory, language, and visuospatial abilities.52 Total 
MMSE scores are out of 30, with higher scores representing better 
performance.

2.2.2 Disease severity
Two measures of disease severity were calculated: (i) The Clinical Dementia 
Rating (CDR) in AD, and (ii) the CDR scale—FTLD (CDR-FTLD) in FTLD. 
In brief, both measures assess functionality using a semi-structured interview 
with patients and their informants and cover six domains including memory, 
orientation, problem solving/judgment, community affairs, home and 

hobbies, and personal care.54 In addition, the CDR-FTLD includes measures 
of behavior relevant for FTLD patients.55 The CDR-SOB (Sum of Boxes) is 
calculated by summing each of the domain scores. Higher CDR-SOB scores 
represent greater functional impairment.

2.2.3 Cardiovascular risk
The Framingham’s Risk Score (FRS) was calculated based on non- 
laboratory to measure cardiovascular risk.40 This score is previously vali
dated,40 and measures cardiovascular risk based on age, biological sex (as
signed male or female at birth), BMI, systolic blood pressure, hypertension 
status (anti-hypertensive medication use and/or clinical report), diabetes 
status (diabetic medication and/or clinical report), and current smoking sta
tus40(see Supplementary material online, Table S3). High agreement be
tween the non-laboratory-based and laboratory-based versions of the 
FRS has been reported.56–59 In brief, each measure is scored following pre
viously validated guidelines, taking into account biological sex differences in 
cardiovascular risk.40 Higher FRS scores represent greater cardiovascular 
risk. Missing data were present in <10% of each variable necessary to cal
culate the FRS and were evenly distributed across groups. To handle miss
ing data, we employed multiple imputation using the MICE (Multivariate 
Imputation by Chained Equations) package in R.60

2.3 Neuroimaging acquisition
Whole-brain structural MRI and resting-state functional MRI data were ob
tained, and standard pre-processing steps were followed as recommended 
by the Organization for Human Mapping.61,62 Each center followed 

Figure 1 Experimental workflow. A) Sample characterization per country. Colour bars indicate the number of participants. Circle plots represent the pro
portion of participants in each group. B) Assessment protocol. All participants underwent a clinical examination and had an MRI scan. The Framingham Risk 
Score (FRS) was calculated based on established non-laboratory measures, considering Age, Sex, Presence of Diabetes, Presence of Hypertension, Systolic 
blood pressure, BMI, and current smoking status. MRI measures included structural T1 MRI and resting state functional MRI (rsFMRI). C ). AIN regions inves
tigated in the neuroimaging analyses. D) Brain-cardiovascular associations using the FRS were investigated in the AIN using structural VBM and functional con
nectivity analyses.
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standard protocols (see Supplementary material online, Tables S4 and S5
scanner details and acquisitions).

2.4 Statistical analyses
2.4.1 Demographics
Demographic, neuropsychological, and cardiovascular risk variables were 
compared via t-tests (i.e. age, education, cognition, cardiovascular risk), 
or chi-square tests (i.e. biological sex). All behavioral analyses were con
ducted using Python (v.3.10.12) with Pandas package (v.2.0.3)63 and 
Statsmodel package (v.0.14.2).64

2.4.2 Voxel-based morphometry
Voxel-based morphometry (VBM) was performed using the 
Computational Anatomy Toolbox (CAT12, https://neuro-jena.github.io/ 
cat/) in MATLAB R2022a. Standard pre-processing steps were followed, 
including bias-field correction, noise reduction, skull stripping, segmenta
tion, and normalization to the Montreal Neurological Institute (MNI) space 
with a resolution of 1.5 isotropic, using default parameters. Sample homo
geneity and orthogonality checks were performed. Regions of interest 
(ROI) masks were created using the MarsBar toolbox65 for the AIN (insula, 
anterior cingulate cortex, mid-cingulate cortex, orbitofrontal cortex, 
amygdala, hippocampus, parahippocampus, and thalamus)7,8,18 using the 
Automated Anatomical Labeling (AAL-2) atlas.66 Pearson correlations 
were conducted between TIV-corrected GM volume and cardiovascular 
risk. Within the AIN, regression analyses were conducted with the FRS 
score, controlling for group (FTLD vs. CN; AD vs. CN), scanner, and total 
intracranial volume. To directly compare our AD and FTLD groups, we 
transformed our pre-processed data by transforming the normalized and 
smoothed outputs to w-scored images.67–70 Here, w-scores (Mean = 0, 
Standard deviation = 1) show how different the observed GM volume in 
each voxel is (e.g. positive or negative w-score) than expected, based on 
an individual’s global composite score adjusted for specific covariates 
(e.g. age, sex, diagnosis, total intracranial volume, and scanner type). This 
approach has been previously used in neurodegenerative studies to ac
count for demographic differences and scanner effects without losing in
formation regarding diagnostic effects.67–70 The resulting w-score maps 
of each individual were used for the direct comparison between AD and 
FTLD. Here, regression analyses were conducted with the FRS score 
and the interaction between FRS score and diagnosis (AD vs. FTLD) was 
entered into the model. All clusters are reported using threshold-free clus
ter enhancement, at FDR-corrected, P < 0.05 with a contiguous threshold 
of 50 voxels.

2.4.3 Resting-state functional connectivity
All data were pre-processed following a standard pipeline in CONN 
(22.a)60,61 using SPM (v.12)71(see Supplementary methods). In brief, pre- 
processing steps involved spatial convolution smoothing with a Gaussian 
kernel of 6 mm full width half maximum (FWHM). Next, functional data 
were denoised using a standardized denoising pipeline in CONN.72 We fo
cused our analyses on ROI-to-ROI functional connectivity between regions 
within the AIN,7,8,18 mirroring the masks outlined in our structural analyses 
for comparison (see Supplementary material for further details). 
Group-level analyses were performed using a General Linear Model 
(GLM).72 For each individual connection a separate GLM was estimated, 
with first-level connectivity measures at this connection as dependent vari
ables, and FRS as independent variable, with scanner and group as a covari
ate. Connection-level hypotheses were evaluated using multivariate 
parametric statistics with random-effects across subjects and sample co
variance estimation across multiple measurements. Inferences were per
formed at the level of individual clusters (groups of similar connections). 
Cluster-level inferences were based on parametric statistics within- and 
between- each pair of networks (Functional Network Connectivity),73

with networks identified using a complete-linkage hierarchical clustering 
procedure based on ROI-to-ROI anatomical proximity and functional simi
larity metrics.72 Results were reported using familywise corrected P-FDR  

< 0.05 connection- and cluster-level threshold.74 To directly compare the 
effects of the association between the FRS and functional connectivity be
tween AD and FTLD, we applied a subsampling framework75,76 to the sub
set of connections that were statistically significant in either AD or FTLD 
models (n = 15). We conducted 1000 iterations of stratified random sub
sampling for each connection without replacement. In each iteration, we 
fitted an ordinary least squares (OLS) regression model predicting func
tioning connectivity from FRS scores, while adjusting for age, sex, and scan
ner type. The t-value associated with the RS coefficient was extracted from 
each model and stored, yielding empirical distributions of t-values for AD 
and FTLD, representing the variability of the FRS-functional connectivity 
associations across groups. Next, we performed independent sample 
t-tests to compare the distribution of t-values, allowing us to test the dif
ferential impact of FRS on functional connectivity between AD and FTLD.

2.5 Data availability statement
Anonymized data that support the study findings are drawn from the 
BrainLat project,41 a large open access multimodal neuroimaging database 
that can be found here: https://www.synapse.org/Synapse:syn51549340/ 
wiki/624187.77

3. Results
3.1 Demographics, cognitive performance 
and cardiovascular risk
No significant differences were observed between age and sex between 
FTLD and CN or AD and CN following matching (Table 1, 
Supplementary material online, Tables S1 and S2 for subtype analyses). In 
both tandems (FTLD-CN, and AD-CN), patients had worse cognitive 
scores than the controls (both p’s < 0.001). FTLD and AD were in 
mild-to-moderate disease stages, on average. Cardiovascular risk scores 
did not differ between patients with dementia syndromes and CN tandems 
(both p’s > 05).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Demographic and neuropsychological assessment between 
patients and control tandems

CN FTLD Statistic P
(n = 304) (n = 304)

Age 64.77 ± 8.60 65.44 ± 7.86 −0.99 0.320

Sex (M:F) 166:138 166:138 0.00 1.000

Education 14.56 ± 5.46 14.21 ± 4.15 0.85 0.395
MMSE 28.14 ± 3.00 21.52 ± 6.47 15.97 <0.001

CDR-FTLD SoB - 8.64 ± 3.97 - -

FRS 13.67 ± 3.99 13.80 ± 3.84 −0.40 0.687

CN AD Statistic P
(n = 432) (n = 429)

Age 67.68 ± 7.25 68.33 ± 7.54 1.29 0.195

Sex (M:F) 145:287 151:278 0.19 0.665

Education 13.27 ± 5.92 12.92 ± 4.92 −0.96 0.335
MMSE 27.50 ± 3.36 19.92 ± 4.92 −23.40 <0.001

CDR SoB - 5.82 ± 2.98 - -

FRS 14.54 ± 3.90 15.01 ± 4.14 1.70 0.090

AD, Alzheimer’s disease; CDR-SoB, Clinical Dementia Rating Sum of Boxes; CN, controls; 
FRS, Framingham’s Risk Score; FTLD, frontotemporal lobar degeneration; MMSE, Mini 
Mental State Examination
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3.2 Increased cardiovascular risk is 
associated with reduced structural integrity 
of the AIN in dementia
Expected patterns of atrophy were observed in each clinical syndrome 
compared with CNs (see Supplementary material online, Figures S1 and 
S2; Tables S6–S16).

In FTLD, higher cardiovascular risk was associated with reduced struc
tural integrity of the bilateral insula, thalamus, anterior cingulate cortex, 
and paracingulate cortex, and right amygdala, hippocampus, parahippo
campus, temporal pole, and superior temporal gyrus. (Figure 2A, 
Supplementary material online, Table S16). Similar results were observed 
when controlling for FTD subtype (see Supplementary material online, 
Table S17).

In AD, higher cardiovascular risk scores were associated with reduced 
structural integrity of the bilateral amygdala, hippocampus, parahippocam
pal gyrus, superior temporal gyrus, temporal pole, insula, thalamus, 
anterior cingulate cortex, and paracingulate cortex (Figure 2B, 
Supplementary material online, Table S18). Similar results were observed 
when controlling for AD subtype (see Supplementary material online, 
Table S19).

Direct comparisons between AD and FTLD after accounting for age and 
sex revealed that increased cardiovascular risk was associated with re
duced grey matter integrity in key AIN regions (e.g. bilateral ACC, right in
sula) in FTLD compared with AD (Figure 3A, Supplementary material 
online, Table S20). No clusters were observed where increased cardiovas
cular risk was associated with reduced grey matter integrity in AD com
pared with FTLD (Figure 3B).

3.3 Increased cardiovascular risk is 
associated with reduced AIN connectivity in 
dementia
In FTLD, higher cardiovascular risk was associated with reduced resting- 
state functional connectivity in six clusters in FTLD (Figure 4A, 
Supplementary material online, Table S20), including the bilateral insula 
(cluster 1), bilateral thalamus (cluster 2), bilateral parahippocampal gyrus, 
orbitofrontal cortex (medial part), and bilateral hippocampus (cluster 3), 
bilateral parahippocampal gyrus and orbitofrontal cortex (inferior, super
ior, and middle parts) (cluster 4), bilateral middle cingulate cortex and bi
lateral posterior cingulate cortex (cluster 5) and bilateral orbitofrontal 
cortex (medial part) (cluster 6).

In AD, higher cardiovascular risk was associated with reduced resting- 
state functional connectivity in two clusters, involving bilateral parahippo
campal gyrus, orbitofrontal cortex (medial part) and hippocampus (cluster 
1), and the bilateral parahippocampal gyrus and orbitofrontal cortex (mid
dle and superior) (cluster 2) (Figure 4B, Supplementary material online, 
Table S21).

Finally, we compared functional connectivity in FTLD and AD directly, 
based on the significant connections observed in each group separate 
(n = 15 connections). Here, a stronger effect was observed for higher car
diovascular risk in FTLD than in AD for 14/15 of the connections (Table 2), 
including reduced connectivity between the bilateral orbitofrontal cortex, 
hippocampus, parahippocampus, insula, and the left middle and posterior 
cingulate cortex. The reverse pattern was observed for one connection, 
where a stronger effect for higher cardiovascular risk was observed in 
AD than in FTLD in the right orbitofrontal cortex and left parahippocampal 

Figure 2 Brain volume of the allostatic interoceptive network and cardiovascular risk in dementia. Reduced structural integrity associated with increased 
cardiovascular risk in A) FTLD syndromes and B) in AD syndromes. Whole brain plots display VBM results with TFCE values shown within predefined regions, 
with FDR P < 0.05. Scatterplots show GM volumes within predefined regions associated with cardiovascular risk scores. Spider plots display Pearson r-values 
for correlations between each ROI and FRS score. AD, Alzheimer’s disease; AMYG, Amygdala; CING, Cingulate; FTLD, Frontotemporal Lobar Degeneration; 
HIPP, Hippocampus; INS, Insula; ORB, Orbitofrontal cortex; THAL, Thalamus. 
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Figure 3 Reduced grey matter integrity associated with increased cardiovascular risk in A) FTLD vs. AD, and B) AD vs. FTLD. Whole brain plots display VBM 
results with TFCE values shown in predefined regions, with FDR P < 0.05 using a 50 contiguous voxel threshold.

Figure 4 Allostatic interoceptive network functionality and cardiovascular risk in dementia. Reduced functional connectivity associated with increased car
diovascular risk in A) FTLD syndromes; and B) AD syndromes. In each panel, ROI-to-ROI connectivity maps are shown. Connectome rings show the strength of 
connectivity between each ROI, with colour bars representing the connectivity strength using t-values. Radial plots show the number of connections of each 
ROI to different regions, with colour bars representing the maximum number of ROI connections. CINGmid, Middle cingulate cortex; CINGpost, Posterior 
cingulate cortex; HIPP, Hippocampus; INS, Insula; ORBinf, Orbitofrontal cortex (inferior); ORBmed, Orbitofrontal cortex (medial); ORBmid, Orbitofrontal 
cortex (middle); ORBsup, Orbitofrontal cortex (superior); ParaHIPP, Parahippocampal gyrus; THAL, Thalamus.
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gyrus. These results largely mirror the pattern of results observed in the 
groups separately.

4. Discussion
Our study provides the first evidence that cardiovascular risk factors are 
associated with substantial structural and functional features within the 
AIN in both FTLD and AD. While higher cardiovascular risk correlated 
with reduced structural integrity in similar brain regions of the AIN in 
both FTLD and AD, differences were observed in functional connectivity 
metrics, highlighting disease-specific network vulnerabilities. In FTLD, 
widespread reduced functional connectivity associated with greater car
diovascular risk was observed in the bilateral insula, cingulate cortex, orbi
tofrontal cortex, thalamus, and hippocampus, mirroring structural 
correlates. In AD, reduced connectivity was circumscribed within the 
hippocampus, parahippocampus, and orbitofrontal cortices. Further, direct 
comparisons between disease phenotypes revealed a stronger effect asso
ciated with cardiovascular risk in FTLD than in AD in both structural and 
functional analyses, when accounting for demographic differences. Our 
findings highlight similar structural burdens associated with cardiovascular 
risk, but the observed disease-specific functional alterations suggest that 
distinct pathways and network vulnerabilities are involved in cardiovascular 
risk in FTLD and AD. In the following paragraphs, we will consider the the
oretical and clinical implications of this work, as well as the relevance for 
public policy and health initiatives to promote dementia prevention and im
prove dementia care.

Both structural and functional alterations within the AIN were asso
ciated with cardiovascular risk factors in FTLD and AD, which remained 
significant when considering disease subtypes within each syndrome. In 
FTLD, widespread structural and functional connectivity alterations were 
associated with cardiovascular risk in the AIN. This finding fits with emer
ging evidence of multimodal allostatic-interoceptive disruptions spanning 
behavioral, peripheral, and neural measures occurring within this syn
drome, particularly within bvFTD.13,18–25,27 Taken together, this evidence 
suggests that allostatic overload likely influences and exacerbates disease 
mechanisms in FTLD syndromes, based on observed damage within the 
AIN.6,7,18 Somewhat surprisingly, in AD increased cardiovascular risk was 
also associated with widespread structural volume reductions in the 

AIN, whereas functional neuroimaging analyses in AD revealed a more tar
geted pattern of connectivity disruptions in select AIN regions, such as the 
hippocampus, parahippocampus, and orbitofrontal cortex. Prior studies 
have reported altered allostatic markers in AD,26,28–31 noting that cardio
metabolic burden may have a more substantial impact on AD risk than gen
etic factors.5 Therefore, a plausible mechanism underlying this disruption in 
AD is impaired insulin signaling in the brain.29 Impaired insulin signaling has 
a bidirectional relationship with allostatic load and has been proposed to 
exacerbate AD pathophysiology,29 particularly within the hippocampus78

and in more vulnerable populations29 similar to our patient cohort. In 
sum, our findings support the predictive coding theory of allostatic intero
ception,6–11 by showing that cardiovascular stress potentially disrupts the 
brain’s adaptive mechanisms likely via prolonged allostatic overload in 
both FTLD and AD. Further, reduced AIN connectivity and structural at
rophy in FTLD and AD suggest that cardiovascular risks may hasten neu
rodegeneration by impairing interoceptive and emotional processing 
pathways6,7,13,18

The current work has several strengths. First, cardiovascular health was 
associated with brain structure and function in two distinct dementia syn
dromes within the AIN, even in the absence of major cardiovascular com
promise (i.e. no differences were observed in cardiovascular risk between 
controls and patients). This study extends on previous literature focusing 
on cardiovascular risk and hippocampal volume in healthy aging32,33 and 
highlights how cardiovascular burden manifests in disruptions in AIN struc
ture and function in dementia. Further, our results support synergistic em
bodied health approaches that consider whole-body health in brain 
health.3,4 Routine cardiovascular assessments in clinical settings could be 
a valuable and actionable addition to dementia care and prognosis.79

Indeed, mid-life cardiovascular risk factors are among the strongest predic
tors of later life dementia.1 Additionally, we assessed a large cohort includ
ing both Latin American and US participants using the FRS, a well-validated, 
widely used, and easily implementable measure of cardiovascular risk.40

The FRS is particularly suitable for studies in Latin American populations 
where harmonization across diverse sites is essential. Its inclusion of age, 
blood pressure, cholesterol, smoking, and diabetes aligns closely with 
known contributors to allostatic load and interoceptive dysfunction.14–17

Moreover, FRS has been applied across multiple global and LMIC set
tings,56–59 facilitating comparability and enabling integration with existing 
epidemiological data. This makes it a pragmatic and theoretically grounded 
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Table 2 Functional connectivity comparisons between FTLD and AD using 1000 subsampling models per group

Connection FTLD 
M ± SD

AD 
M ± SD

t P

Frontal Med Orb R & Hippocampus L −1.64 ± 0.80 −0.18 ± 0.82 −40.48 <0.0.000001

Frontal Med Orb L & Hippocampus L −1.34 ± 0.80 0.08 ± 0.81 −39.35 <0.0.000001

Cingulum Mid L & Cingulum Post L −2.09 ± 0.76 −0.64 ± 0.89 −39.09 <0.0.000001
Thalamus L & Thalamus R −1.48 ± 0.79 −0.41 ± 0.89 −28.29 <0.0.000001

Frontal Med Orb R & Parahippocampal L −1.99 ± 0.75 −1.01 ± 0.85 −27.15 <0.0.000001

Frontal Sup Orb R & Parahippocampal L −1.42 ± 0.69 −0.68 ± 0.79 −22.51 <0.0.000001
Cingulum Mid L & Cingulum Post R −1.50 ± 0.77 −0.69 ± 0.84 −22.46 <0.0.000001

Frontal Med Orb L & Parahippocampal L −1.67 ± 0.84 −0.95 ± 0.84 −19.16 <0.0.000001

Insula L & Insula R −1.34 ± 0.75 −0.64 ± 0.98 −17.95 <0.0.000001
Frontal Med Orb L & Hippocampus R −1.12 ± 0.77 −0.50 ± 0.85 −17.18 <0.0.000001

Frontal Med Orb R & Parahippocampal R −1.56 ± 0.75 −0.93 ± 0.91 −16.99 <0.0.000001

Frontal Sup Orb R & Parahippocampal R −0.64 ± 0.70 −0.11 ± 0.73 −16.57 <0.0.000001
Frontal Inf Orb R & Parahippocampal L −0.87 ± 0.80 −0.41 ± 0.85 −12.38 <0.0.000001

Frontal Med Orb R & Hippocampus R −1.00 ± 0.76 −0.83 ± 0.82 −4.77 0.000002

Frontal Mid Orb R & Parahippocampal L −0.72 ± 0.71 −1.00 ± 0.80 8.12 <0.0.000001

Subsampling for each group N = 1000, degrees of freedom (df) for each comparison = 1000.
AD, Alzheimer’s Disease; FTLD, Frontotemporal Dementia; M, Mean; SD, Standard deviation.
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tool for examining how cardiovascular burden affects the 
allostatic-interoceptive brain network in underserved populations. This 
cross-cultural approach provides much needed insights into underrepre
sented populations in dementia research. Recent evidence has highlighted 
greater structural inequalities as well as accelerated brain aging in dementia 
in Latin America compared with other parts of the world,68,80,81 combined 
with increased cardiovascular risk in this region.37–39 Although speculative, 
this work suggests that increased prevalence of cardiovascular risk factors 
and increased prevalence of dementia in Latin America37–39,82 may be dri
ven by allostatic overload and may converge within the AIN. Finally, our 
multimodal neuroimaging approach allowed for a thorough examination 
of grey matter volume and functional connectivity of the AIN in dementia 
syndromes, offering a novel perspective on whole-body health in 
neurodegeneration.

The current study has some limitations that call for further research. 
First, our cross-sectional design limits any direct causal interpretations be
tween cardiovascular risk factors and neurodegenerative processes. 
Longitudinal studies are necessary to confirm causality between cardiovas
cular risk and structural and functional disruptions within the AIN. In add
ition, whether addressing cardiovascular risk factors in routine clinical 
practice in people with dementia has an impact on dementia prognosis 
warrants attention. Next, the cardiovascular measure we used, namely 
the FRS, was limited to non-laboratory measures as laboratory measures 
were not available across research centers. Although previous evidence 
suggest non-laboratory measures these are comparable with laboratory 
measures in measuring cardiovascular risk,56–59 other biomarkers asso
ciated with cardiometabolic risk and/or allostatic load (e.g. cholesterol, cor
tisol), and other relevant physical measures such as waist-to-hip ratio, or 
key lifestyle factors, such as physical inactivity, nutrition, life-time cigarette 
burden, and alcohol consumption measures were not measured. Future 
research is needed to determine how these factors may influence neuro
degeneration, potentially via epigenetic mechanisms.83–85 In addition, 
demographic differences precluded comparisons between AD and 
FTLD, and a small portion of AD cases were excluded due to older age. 
Therefore, it is currently unknown whether differences in cardiovascular 
risk profiles between these dementia syndromes exist, as well as during dif
ferent stages of dementia, and warrants further consideration. Finally, we 
did not measure genetic mutations in this study. Over two-thirds FTLD 
cases are considered to be ‘sporadic’, with no currently known genetic 
cause86 and research suggests that cardiovascular risk factors predict the 
likelihood of AD beyond genetic factors alone.5 A recent study also re
ported greater prevalence of cardiovascular disease in sporadic than gen
etic FTD.87 The contribution of cardiovascular risk factors could be 
more pronounced in ‘sporadic’ FTLD and AD due to prolonged allostatic 
overload.6,7,13,18 Future research comparing genetic vs. sporadic cohorts 
will be useful to shed light on this topic.

In conclusion, the current study evidenced substantial associations be
tween cardiovascular health and AIN integrity in dementia. This work aligns 
with predictive coding theories,6–13 highlighting the role of cumulative car
diovascular stress on allostatic interoception networks vulnerable to de
mentia pathology. The management of cardiovascular risk factors could 
represent a key intervention strategy for dementia syndromes, potentially 
by reducing allostatic load on the AIN. Future work is needed to uncover 
longitudinal effects of cardiovascular risk on dementia and to determine if 
cardiovascular risk factors exacerbate neurodegenerative processes, to
gether with clinical consideration of cardiovascular health in dementia diag
nosis to minimize disease burden and improve patient outcomes.

Supplementary material
Supplementary material is available at Cardiovascular Research online.

Authors’ contributions
All authors read and approved the final version of this manuscript. J.L.H., 
J.M., and A.I. accessed and verified the underlying data supporting the 

findings in this manuscript. J.L.H.: Conceptualization; Investigation; 
Methodology; Formal analysis; Writing—Original Draft, Visualization; 
J.M.: Conceptualization; Methodology; Formal analysis; Visualization; 
R.G.-G.: Data Curation; Methodology, Formal analysis; Writing—review 
and editing; F.A.: Software, Writing—review and editing; C.D.-A.: 
Writing—review and editing; O.W.: Visualization; Writing—review and 
editing; D.S.G.R.: Data Curation; Writing—review and editing; P.B.: Data 
Curation; Writing—review and editing; V.M.: Writing—review and editing; 
C.G.C.: Writing—review and editing; A.M.C.-L.: Writing—review and edit
ing; H.H.: Software, Writing—review and editing; O.C.: Writing—review 
and editing; K.H.: Writing—review and editing; P.L.: Writing—review and 
editing; M.I.B.: Writing—review and editing; M.A.B.: Writing—review and 
editing; J.F.C.: Writing—review and editing; N.C.: Writing—review and 
editing; H.S.-G.: Writing—review and editing; A.M.G.: Writing—review 
and editing; M.E.G.: Writing—review and editing; J.A.A.-F.: Writing—re
view and editing; M.M.: Data curation, Writing—review and editing; 
D.L.M.: Writing—review and editing; B.M.: Writing—review and editing; 
M.O.d.O.: Writing—review and editing; S.D.P.-E.: Writing—review and 
editing; K.L.P.: Writing—review and editing; E.d.P.F.R.: Writing—review 
and editing; P.R.: Writing—review and editing; A.S.: Writing—review and 
editing; A.L.S.: Writing—review and editing; L.T.T.: Writing—review and 
editing; V.M.: Writing—review and editing; J.S.Y.: Writing—review and 
editing; A.I.: Conceptualization; Methodology; Resources; Project adminis
tration; Funding acquisition; Writing—Original Draft.

Acknowledgements
We would like to thank the participants and their families for their time and 
dedication to our research.

Conflict of interest:  The authors declare no conflicts of interest related 
to this work. RedLat is a multicenter Latin American research consortium 
supported by public and nonprofit funding agencies, and national research 
councils across participating countries. None of the authors have any finan
cial or personal relationships that could inappropriately influence or bias 
the content of this study.

Funding
J.L.H. and J.M. are supported by postdoctoral fellowships granted by the 
multi-partner consortium to expand dementia research in Latin America 
(ReDLat). J.M. is supported by a GBHI fellowship 2024. O.C. is supported 
by grants from ISCIII: CP21/00097, P20/00012, PI24/00326, GBHI fellow
ship 2024. C.D.-A. is supported by ANID/FONDECYT Regular 1210622, 
ANID/PIA/ANILLOS ACT210096, Alzheimer’s Association (AARGD-24- 
1310017) and ANID/FOVI240065. A.I. is supported by grants 
from CONICET; ANID/FONDECYT Regular (1250091, 1210176, 
1220995); ANID/FONDAP/15150012; ANID/PIA/ANILLOS 
ACT210096; FONDEF ID20I10152, ID22I10029; ANID/FONDAP 
15150012; Takeda CW2680521 and the MULTI-PARTNER 
CONSORTIUM TO EXPAND DEMENTIA RESEARCH IN LATIN 
AMERICA [ReDLat, supported by Fogarty International Center (FIC), 
National Institutes of Health, National Institutes of Aging (R01 
AG057234, R01 AG075775, R01 AG021051, R01 AG083799, 
CARDS-NIH), Alzheimer’s Association (SG-20–725707), Rainwater 
Charitable Foundation—The Bluefield project to cure FTD, and Global 
Brain Health Institute]. The contents of this publication are solely the 
author’s responsibility and do not represent the official views of these 
institutions.

Data availability
The data supporting the findings of this ReDLat study contain sensitive clin
ical information and cannot be made publicly available due to ethical and 
legal restrictions across participating Latin American sites. De-identified 
data and associated metadata are available upon reasonable request to 
the ReDLat Data Access Committee (contact: redlat.coordinacion@g
mail.com) for researchers who meet the criteria for access to confidential 
data. All shared data will comply with institutional and national regulations, 

Cardiovascular risk and allostatic-interoception in dementia                                                                                                                                      2229

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf185#supplementary-data


and accompanying documentation and analysis code are available to enable 
reproducibility.

References
1. Livingston G, Huntley J, Liu KY, Costafreda SG, Selbæk G, Alladi S, Ames D, Banerjee S, Burns 

A, Brayne C, Fox NC, Ferri CP, Gitlin LN, Howard R, Kales HC, Kivimäki M, Larson EB, 
Nakasujja N, Rockwood K, Samus Q, Shirai K, Singh-Manoux A, Schneider LS, Walsh S, 
Yao Y, Sommerlad A, Mukadam N. Dementia prevention, intervention, and care: 2024 re
port of the lancet standing commission. The Lancet 2024;404:572–628.

2. Hu HY, Ou YN, Shen XN, Qu Y, Ma YH, Wang ZT, Dong Q, Tan L, Yu JT. White matter 
hyperintensities and risks of cognitive impairment and dementia: a systematic review and 
meta-analysis of 36 prospective studies. Neurosci Biobehav Rev 2021;120:16–27.

3. Ibanez A, Zimmer ER. Time to synergize mental health with brain health. Nat Ment Health 
2023;1:441–443.

4. Ibanez A, Kringelbach ML, Deco G. A synergetic turn in cognitive neuroscience of brain dis
eases. Trends Cogn Sci 2024;28:319–338.

5. Tai XY, Veldsman M, Lyall DM, Littlejohns TJ, Langa KM, Husain M, Ranson J, Llewellyn DJ. 
Cardiometabolic multimorbidity, genetic risk, and dementia: a prospective cohort study. 
Lancet Healthy Longev 2022;3:e428–e436.

6. Ibanez A, Northoff G. Intrinsic timescales and predictive allostatic interoception in brain 
health and disease. Neurosci Biobehav Rev 2023;157:105510.

7. Migeot JA, Duran-Aniotz CA, Signorelli CM, Piguet O, Ibáñez A. A predictive coding frame
work of allostatic–interoceptive overload in frontotemporal dementia. Trends Neurosci 
2022;45:838–853.

8. Kleckner IR, Zhang J, Touroutoglou A, Chanes L, Xia C, Simmons WK, Quigley KS, 
Dickerson BC, Barrett LF. Evidence for a large-scale brain system supporting allostasis 
and interoception in humans. Nat Hum Behav 2017;1:0069.

9. Chen WG, Schloesser D, Arensdorf AM, Simmons JM, Cui C, Valentino R, Gnadt JW, 
Nielsen L, Hillaire-Clarke CS, Spruance V, Horowitz TS, Vallejo YF, Langevin HM. The emer
ging science of interoception: sensing, integrating, interpreting, and regulating signals within 
the self. Trends Neurosci 2021;44:3–16.

10. Berntson GG, Khalsa SS. Neural circuits of interoception. Trends Neurosci 2021;44:17–28.
11. Sterling P. Allostasis: a model of predictive regulation. Physiol Behav 2012;106:5–15.
12. Hazelton JL, Ibanez A, Kumfor F. Interoception in health and disease: theoretical and meth

odological considerations (eds.), Handbook of the Behavior and Psychology of Disease. Cham, 
Switzerland: Springer; 2025. p. 1–18.

13. Franco-O’Byrne D, Santamaría-García H, Migeot J, Ibáñez A. Emerging Theories of 
Allostatic-Interoceptive Overload in Neurodegeneration. Heidelberg, Germany: Springer; 2024.

14. Bonaz B, Lane RD, Oshinsky ML, Kenny PJ, Sinha R, Mayer EA, Critchley HD. Diseases, dis
orders, and comorbidities of interoception. Trends Neurosci 2021;44:39–51.

15. McEwen BS. Allostasis and allostatic load: implications for neuropsychopharmacology. 
Neuropsychopharmacology 2013;22:108–124.

16. Guidi J, Lucente M, Sonino N, Fava GA. Allostatic load and its impact on health: a systematic 
review. Psychother Psychosom 2021;90:11–27.

17. Seeman TE, Singer BH, Rowe JW, Horwitz RI, McEwen BS. Price of adaptation—allostatic 
load and its health consequences: MacArthur studies of successful aging. Arch Intern Med 
1997;157:2259–2268.

18. Hazelton JL, Carneiro F, Maito M, Richter F, Legaz A, Altschuler F, Cubillos-Pinilla L, Chen Y, 
Doherty CP, Baez S, Ibáñez A. Neuroimaging meta-analyses reveal convergence of intero
ception, emotion, and social cognition across neurodegenerative diseases. Biol Psychiatry 
2024;97:1079–1090.

19. Hazelton JL, Fittipaldi S, Fraile-Vazquez M, Sourty M, Legaz A, Hudson AL, Cordero IG, 
Salamone PC, Yoris A, Ibañez A, Piguet O, Kumfor F. Thinking versus feeling: how interocep
tion and cognition influence emotion recognition in behavioural-variant frontotemporal de
mentia, Alzheimer’s disease, and Parkinson’s disease. Cortex 2023;163:66–79.

20. Hazelton JL, Devenney E, Ahmed R, Burrell J, Hwang Y, Piguet O, Kumfor F. Hemispheric 
contributions toward interoception and emotion recognition in left-vs right-semantic de
mentia. Neuropsychologia 2023;188:108628.

21. Birba A, Santamaría-García H, Prado P, Cruzat J, Ballesteros AS, Legaz A, Fittipaldi S, 
Duran-Aniotz C, Slachevsky A, Santibañez R, Sigman M, García AM, Whelan R, Moguilner 
S, Ibáñez A. Allostatic interoceptive overload in frontotemporal dementia. Biol Psychiatry 
2022;92:54–67.

22. García-Cordero I, Sedeño L, de la Fuente L, Slachevsky A, Forno G, Klein F, Lillo P, Ferrari J, 
Rodriguez C, Bustin J, Torralva T, Baez S, Yoris A, Esteves S, Melloni M, Salamone P, Huepe 
D, Manes F, García AM, Ibañez A. Feeling, learning from and being aware of inner states: in
teroceptive dimensions in neurodegeneration and stroke. Philos Trans R Soc B: Biol Sci 2016; 
371:20160006.

23. Salamone PC, Legaz A, Sedeño L, Moguilner S, Fraile-Vazquez M, Campo CG, Fittipaldi S, 
Yoris A, Miranda M, Birba A, Galiani A, Abrevaya S, Neely A, Caro MM, Alifano F, Villagra 
R, Anunziata F, Okada de Oliveira M, Pautassi RM, Slachevsky A, Serrano C, García AM, 
Ibañez A. Interoception primes emotional processing: multimodal evidence from neurode
generation. J Neurosci 2021;41:4276–4292.

24. Woolley JD, Gorno-Tempini ML, Seeley WW, Rankin K, Lee SS, Matthews BR, Miller BL. 
Binge eating is associated with right orbitofrontal-insular-striatal atrophy in frontotemporal 
dementia. Neurology 2007;69:1424–1433.

25. Ahmed RM, Irish M, Henning E, Dermody N, Bartley L, Kiernan MC, Piguet O, Farooqi S, 
Hodges JR. Assessment of eating behavior disturbance and associated neural networks in 
frontotemporal dementia. JAMA Neurol 2016;73:282–290.

26. Wang P, Zhang H, Wang Y, Zhang M, Zhou Y. Plasma cholesterol in Alzheimer’s disease and 
frontotemporal dementia. Transl Neurosci 2020;11:116–123.

27. Hazelton JL, Della Bella G, Barttfeld P, Dottori M, Gonzalez-Gomez R, Migeot J, Moguilner S, 
Legaz A, Hernandez H, Prado P, Cuadros J, Maito M, Fraile-Vazquez M, González Gadea ML, 
Çatal Y, Miller B, Piguet O, Northoff G, Ibáñez A. Altered spatiotemporal brain dynamics of 
interoception in behavioural-variant frontotemporal dementia. EBioMedicine 2025;113: 
105614.

28. Udeh-Momoh CT, Su B, Evans S, Zheng B, Sindi S, Tzoulaki I, Perneczky R, Middleton LT; 
Alzheimer’s Disease Neuroimaging Initiative. Cortisol, amyloid-β, and reserve predicts 
Alzheimer’s disease progression for cognitively normal older adults. J Alzheimers Dis 2019; 
70:553–562.

29. De Felice FG, Gonçalves RA, Ferreira ST. Impaired insulin signalling and allostatic load in 
Alzheimer disease. Nat Rev Neurosci 2022;23:215–230.

30. Adedeji DO, Holleman J, Juster RP, Udeh-Momoh CT, Kåreholt I, Hagman G, Aspö M, 
Adagunodo S, Håkansson K, Kivipelto M, Solomon A, Sindi S. Longitudinal study of 
Alzheimer’s disease biomarkers, allostatic load, and cognition among memory clinic patients. 
Brain Behav Immun Health 2023;28:100592.

31. Butterfield DA, Halliwell B. Oxidative stress, dysfunctional glucose metabolism and 
Alzheimer disease. Nat Rev Neurosci 2019;20:148–160.

32. Boots EA, Zhan L, Dion C, Karstens AJ, Peven JC, Ajilore O, Lamar M. Cardiovascular disease 
risk factors, tract-based structural connectomics, and cognition in older adults. Neuroimage 
2019;196:152–160.

33. Song R, Xu H, Dintica CS, Pan KY, Qi X, Buchman AS, Bennett DA, Xu W. Associations be
tween cardiovascular risk, structural brain changes, and cognitive decline. J Am Coll Cardiol 
2020;75:2525–2534.

34. Vriend EMC, de Sitter A, Bouwmeester TA, Franco OH, Galenkamp H, van Charante EPM, 
Collard D, Nederveen AJ, van den Born BH. Cardiovascular risk factors impact brain volume 
and white matter hyperintensities: a multiethnic cohort study. J Neuroimaging 2025;35: 
e70057.

35. Srinivasa RN, Rossetti HC, Gupta MK, Rosenberg RN, Weiner MF, Peshock RM, McColl 
RW, Hynan LS, Lucarelli RT, King KS. Cardiovascular risk factors associated with smaller 
brain volumes in regions identified as early predictors of cognitive decline. Radiology 2016; 
278:198–204.

36. Wang R, Fratiglioni L, Laveskog A, Kalpouzos G, Ehrenkrona CH, Zhang Y, Bronge L, 
Wahlund LO, Bäckman L, Qiu C. Do cardiovascular risk factors explain the link between 
white matter hyperintensities and brain volumes in old age? A population-based study. 
Eur J Neurol 2014;21:1076–1082.

37. Urina-Jassir M, Jaimes-Reyes MA, Martinez-Vernaza S, Urina-Triana M. The Need for Creating 
a Unified Knowledge of Cardiovascular Diseases in Latin America. São Paulo, Brazil: SciELO 
Brasil; 2022. p. I–II.

38. Shaw PM, Chandra V, Escobar GA, Robbins N, Rowe V, Macsata R. Controversies and evi
dence for cardiovascular disease in the diverse Hispanic population. J Vasc Surg 2018;67: 
960–969.

39. Gomez S, Blumer V, Rodriguez F. Unique cardiovascular disease risk factors in hispanic in
dividuals. Curr Cardiovasc Risk Rep 2022;16:53–61.

40. D’Agostino RB Sr, Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, Kannel WB. 
General cardiovascular risk profile for use in primary care: the Framingham heart study. 
Circulation 2008;117:743–753.

41. Prado P, Medel V, Gonzalez-Gomez R, Sainz-Ballesteros A, Vidal V, Santamaría-García H, 
Moguilner S, Mejia J, Slachevsky A, Behrens MI, Aguillon D, Lopera F, Parra MA, Matallana 
D, Maito MA, Garcia AM, Custodio N, Funes AÁ, Piña-Escudero S, Birba A, Fittipaldi S, 
Legaz A, Ibañez A. The BrainLat project, a multimodal neuroimaging dataset of neurodegen
eration from underrepresented backgrounds. Sci Data 2023;10:889.

42. Ibanez A, Yokoyama JS, Possin KL, Matallana D, Lopera F, Nitrini R, Takada LT, Custodio N, 
Sosa Ortiz AL, Avila-Funes JA, Behrens MI, Slachevsky A, Myers RM, Cochran JN, Brusco LI, 
Bruno MA, Brucki SMD, Pina-Escudero SD, Okada de Oliveira M, Donnelly Kehoe P, Garcia 
AM, Cardona JF, Santamaria-Garcia H, Moguilner S, Duran-Aniotz C, Tagliazucchi E, Maito 
M, Longoria Ibarrola EM, Pintado-Caipa M, Godoy ME, Bakman V, Javandel S, Kosik KS, 
Valcour V, Miller BL. The multi-partner consortium to expand dementia research in Latin 
America (ReDLat): driving multicentric research and implementation science. Front Neurol 
2021;12:631722.

43. Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF, Ogar JM, 
Rohrer JD, Black S, Boeve BF, Manes F, Dronkers NF, Vandenberghe R, Rascovsky K, 
Patterson K, Miller BL, Knopman DS, Hodges JR, Mesulam MM, Grossman M. 
Classification of primary progressive aphasia and its variants. Neurology 2011;76:1006–1014.

44. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus J, van Swieten JC, 
Seelaar H, Dopper EG, Onyike CU, Hillis AE, Josephs KA, Boeve BF, Kertesz A, Seeley WW, 
Rankin KP, Johnson JK, Gorno-Tempini ML, Rosen H, Prioleau-Latham CE, Lee A, Kipps CM, 
Lillo P, Piguet O, Rohrer JD, Rossor MN, Warren JD, Fox NC, Galasko D, Salmon DP, Black 
SE, Mesulam M, Weintraub S, Dickerson BC, Diehl-Schmid J, Pasquier F, Deramecourt V, 
Lebert F, Pijnenburg Y, Chow TW, Manes F, Grafman J, Cappa SF, Freedman M, 
Grossman M, Miller BL. Sensitivity of revised diagnostic criteria for the behavioural variant 
of frontotemporal dementia. Brain 2011;134:2456–2477.

45. Armstrong MJ, Litvan I, Lang AE, Bak TH, Bhatia KP, Borroni B, Boxer AL, Dickson DW, 
Grossman M, Hallett M, Josephs KA, Kertesz A, Lee SE, Miller BL, Reich SG, Riley DE, 

2230                                                                                                                                                                                                J.L. Hazelton et al.



Tolosa E, Tröster AI, Vidailhet M, Weiner WJ. Criteria for the diagnosis of corticobasal de
generation. Neurology 2013;80:496–503.

46. Strong MJ, Abrahams S, Goldstein LH, Woolley S, Mclaughlin P, Snowden J, Mioshi E, 
Roberts-South A, Benatar M, HortobáGyi T, Rosenfeld J, Silani V, Ince PG, Turner MR. 
Amyotrophic lateral sclerosis-frontotemporal spectrum disorder (ALS-FTSD): revised diag
nostic criteria. Amyotroph Lateral Scler Frontotemporal Degener 2017;18:153–174.

47. Höglinger GU, Respondek G, Stamelou M, Kurz C, Josephs KA, Lang AE, Mollenhauer B, 
Müller U, Nilsson C, Whitwell JL, Arzberger T, Englund E, Gelpi E, Giese A, Irwin DJ, 
Meissner WG, Pantelyat A, Rajput A, van Swieten JC, Troakes C, Antonini A, Bhatia KP, 
Bordelon Y, Compta Y, Corvol JC, Colosimo C, Dickson DW, Dodel R, Ferguson L, 
Grossman M, Kassubek J, Krismer F, Levin J, Lorenzl S, Morris HR, Nestor P, Oertel WH, 
Poewe W, Rabinovici G, Rowe JB, Schellenberg GD, Seppi K, van Eimeren T, Wenning 
GK, Boxer AL, Golbe LI, Litvan I; Movement Disorder Society-endorsed PSP Study 
Group. Clinical diagnosis of progressive supranuclear palsy: the movement disorder society 
criteria. Mov Disord 2017;32:853–864.

48. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH, Klunk WE, 
Koroshetz WJ, Manly JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Scheltens P, Carrillo 
MC, Thies B, Weintraub S, Phelps CH. The diagnosis of dementia due to Alzheimer’s disease: 
recommendations from the National Institute on Aging-Alzheimer’s Association work
groups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s & dementia 2011;7: 
263–269.

49. Crutch SJ, Schott JM, Rabinovici GD, Murray M, Snowden JS, van der Flier WM, Dickerson 
BC, Vandenberghe R, Ahmed S, Bak TH, Boeve BF, Butler C, Cappa SF, Ceccaldi M, de Souza 
LC, Dubois B, Felician O, Galasko D, Graff-Radford J, Graff-Radford NR, Hof PR, 
Krolak-Salmon P, Lehmann M, Magnin E, Mendez MF, Nestor PJ, Onyike CU, Pelak VS, 
Pijnenburg Y, Primativo S, Rossor MN, Ryan NS, Scheltens P, Shakespeare TJ, Suárez 
González A, Tang-Wai DF, Yong KXX, Carrillo M, Fox NC; Alzheimer’s Association 
ISTAART Atypical Alzheimer’s Disease and Associated Syndromes Professional Interest 
Area. Consensus classification of posterior cortical atrophy. Alzheimer’s & Dementia 2017; 
13:870–884.

50. Blennerhassett R, Lillo P, Halliday GM, Hodges JR, Kril JJ. Distribution of pathology in frontal 
variant Alzheimer’s disease. J Alzheimers Dis 2014;39:63–70.

51. Gonzalez-Gomez R, Legaz A, Moguilner S, Cruzat J, Hernández H, Baez S, Cocchi R, 
Coronel-Olivero C, Medel V, Tagliazuchi E, Migeot J, Ochoa-Rosales C, Maito MA, Reyes 
P, Santamaria Garcia H, Godoy ME, Javandel S, García AM, Matallana DL, Avila-Funes JA, 
Slachevsky A, Behrens MI, Custodio N, Cardona JF, Brusco IL, Bruno MA, Sosa Ortiz AL, 
Pina-Escudero SD, Takada LT, Resende EPF, Valcour V, Possin KL, Okada de Oliveira M, 
Lopera F, Lawlor B, Hu K, Miller B, Yokoyama JS, Gonzalez Campo C, Ibañez A. 
Educational disparities in brain health and dementia across Latin America and the United 
States. Alzheimer’s & Dementia 2024;20:5912–5925.

52. Tombaugh TN, McIntyre NJ. The mini-mental state examination: a comprehensive review. J 
Am Geriatr Soc 1992;40:922–935.

53. Stuart EA, King G, Imai K, Ho D. Matchit: nonparametric preprocessing for parametric causal 
inference. J Stat Softw 2011;42:1–28.

54. Morris JC. The clinical dementia rating (CDR) current version and scoring rules. Neurology 
1993;43:2412.

55. Mioshi E, Flanagan E, Knopman D. Detecting clinical change with the CDR-FTLD: differences 
between FTLD and AD dementia. Int J Geriatr Psychiatry 2017;32:977–982.

56. Alemu YM, Alemu SM, Bagheri N, Wangdi K, Chateau D. Discrimination and calibration per
formances of non-laboratory-based and laboratory-based cardiovascular risk predictions: a 
systematic review. Open Heart 2025;12:e003147.

57. Dehghan A, Ahmadnia Motlagh S, Khezri R, Rezaei F, Aune D. A comparison of laboratory- 
based and office-based Framingham risk scores to predict 10-year risk of cardiovascular dis
eases: a population-based study. J Transl Med 2023;21:687.

58. Pandya A, Weinstein MC, Gaziano TA. A comparative assessment of non-laboratory-based 
versus commonly used laboratory-based cardiovascular disease risk scores in the NHANES 
III population. PLoS One 2011;6:e20416.

59. Rezaei F, Seif M, Gandomkar A, Fattahi MR, Hasanzadeh J. Agreement between laboratory- 
based and non-laboratory-based Framingham risk score in Southern Iran. Sci Rep 2021;11: 
10767.

60. Van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate imputation by chained equations 
in R. J Stat Softw 2011;45:1–67.

61. Nichols TE, Das S, Eickhoff SB, Evans AC, Glatard T, Hanke M, Kriegeskorte N, Milham MP, 
Poldrack RA, Poline JB, Proal E, Thirion B, Van Essen DC, White T, Yeo BT. Best practices in 
data analysis and sharing in neuroimaging using MRI. Nat Neurosci 2017;20:299–303.

62. Poldrack RA, Baker CI, Durnez J, Gorgolewski KJ, Matthews PM, Munafò MR, Nichols TE, 
Poline JB, Vul E, Yarkoni T. Scanning the horizon: towards transparent and reproducible neu
roimaging research. Nat Rev Neurosci 2017;18:115–126.

63. McKinney W, van der Walt S, Millman J. In van der Walt S, Millman J (eds), Proceedings of the 
9th Python in Science Conference (SciPy 2010). Austin, Texas, USA: SciPy.org. pp. 51–6.

64. Seabold S, Perktold J. Statsmodels: econometric and statistical modeling with python. SciPy 
2010;7:1.

65. Brett M, Anton J-L, Valabregue R, Poline J-B. Region of interest analysis using the MarsBar 
toolbox for SPM 99. Neuroimage 2002;16:S497.

66. Rolls ET, Joliot M, Tzourio-Mazoyer N. Implementation of a new parcellation of the orbito
frontal cortex in the automated anatomical labeling atlas. NeuroImage 2015;122:1–5.

67. Donnelly-Kehoe PA, Pascariello GO, García AM, Hodges JR, Miller B, Rosen H, Manes F, 
Landin-Romero R, Matallana D, Serrano C, Herrera E, Reyes P, Santamaria-Garcia H, 

Kumfor F, Piguet O, Ibanez A, Sedeño L. Robust automated computational approach for 
classifying frontotemporal neurodegeneration: multimodal/multicenter neuroimaging. 
Alzheimer’s Dement (Amst) 2019;11:588–598.

68. Legaz A, Altschuler F, Gonzalez-Gomez R, Hernández H, Baez S, Migeot J, Fittipaldi S, Medel 
V, Maito MA, Godoy ME, Moguilner S, Cruzat J, Coronel-Oliveros C, Tagliazuchi E, 
Santamaria Garcia H, Farina FR, Reyes P, Javandel S, García AM, Deleglise Á, Matallana 
DL, Avila-Funes JA, Slachevsky A, Behrens MI, Custodio N, Trujillo-Llano C, Cardona JF, 
Barttfeld P, Brusco IL, Bruno MA, Sosa Ortiz AL, Pina-Escudero SD, Takada LT, França 
Resende EP, Possin KL, Okada de Oliveira M, Hu K, Lopera F, Lawlor B, Valcour V, 
Yokoyama JS, Miller B, Ibañez A. Structural inequality linked to brain volume and network 
dynamics in aging and dementia across the Americas. Nat Aging 2025;5:259–274.

69. Legaz A, Abrevaya S, Dottori M, González Campo C, Birba A, Martorell Caro M, Aguirre J, 
Slachevsky A, Aranguiz R, Serrano C, Gillan CM, Leroi I, García AM, Fittipaldi S, Ibañez A. 
Multimodal mechanisms of human socially reinforced learning across neurodegenerative dis
eases. Brain 2022;145:1052–1068.

70. Fittipaldi S, Legaz A, Maito M, Hernandez H, Altschuler F, Canziani V, Moguilner S, Gillan CM, 
Castillo J, Lillo P, Custodio N. Heterogeneous factors influence social cognition across di
verse settings in brain health and age-related diseases. Nat Ment Health 2024;2:63–75.

71. Penny WD, Friston KJ, Ashburner JT, Kiebel SJ, Nichols TE. Statistical Parametric Mapping: 
The Analysis of Functional Brain Images. London, UK: Elsevier; 2011.

72. Nieto-Castanon A. Handbook of Functional Connectivity Magnetic Resonance Imaging Methods 
in CONN: Hilbert Press; 2020.

73. Jafri MJ, Pearlson GD, Stevens M, Calhoun VD. A method for functional network connect
ivity among spatially independent resting-state components in schizophrenia. Neuroimage 
2008;39:1666–1681.

74. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful ap
proach to multiple testing. J R Stat Soc: Ser B (Methodol) 1995;57:289–300.

75. Abrol A, Fu Z, Salman M, Silva R, Du Y, Plis S, Calhoun V. Deep learning encodes robust dis
criminative neuroimaging representations to outperform standard machine learning. Nat 
Commun 2021;12:353.

76. Koten JW, Manner H, Pernet C, Schüppen A, Szücs D, Wood G, Ioannidis JPA. When most 
fMRI connectivity cannot be detected: insights from time course reliability. PLoS One 2024; 
19:e0299753.

77. Prado P, Medel V, Ibanez A. (2023). BrainLat_dataset [dataset]. Synapse. syn51549340. 
Retrieved from https://www.synapse.org/Synapse:syn51549340/wiki/624187.

78. Biessels GJ, Reagan LP. Hippocampal insulin resistance and cognitive dysfunction. Nat Rev 
Neurosci 2015;16:660–671.

79. Nijskens C, Henstra M, Rhodius-Meester H, Yasar S, van Poelgeest E, Peters M, Muller M. 
Cardiovascular risk management in persons with dementia. J Alzheimers Dis 2023;93: 
879–889.

80. Moguilner S, Baez S, Hernandez H, Migeot J, Legaz A, Gonzalez-Gomez R, Farina FR, Prado P, 
Cuadros J, Tagliazucchi E, Altschuler F, Maito MA, Godoy ME, Cruzat J, Valdes-Sosa PA, 
Lopera F, Ochoa-Gómez JF, Hernandez AG, Bonilla-Santos J, Gonzalez-Montealegre RA, 
Anghinah R, d’Almeida Manfrinati LE, Fittipaldi S, Medel V, Olivares D, Yener GG, 
Escudero J, Babiloni C, Whelan R, Güntekin B, Yırıkoğulları H, Santamaria-Garcia H, Lucas 
AF, Huepe D, Di Caterina G, Soto-Añari M, Birba A, Sainz-Ballesteros A, 
Coronel-Oliveros C, Yigezu A, Herrera E, Abasolo D, Kilborn K, Rubido N, Clark RA, 
Herzog R, Yerlikaya D, Hu K, Parra MA, Reyes P, García AM, Matallana DL, Avila-Funes 
JA, Slachevsky A, Behrens MI, Custodio N, Cardona JF, Barttfeld P, Brusco IL, Bruno MA, 
Sosa Ortiz AL, Pina-Escudero SD, Takada LT, Resende E, Possin KL, de Oliveira MO, 
Lopez-Valdes A, Lawlor B, Robertson IH, Kosik KS, Duran-Aniotz C, Valcour V, 
Yokoyama JS, Miller B, Ibanez A. Brain clocks capture diversity and disparities in aging and 
dementia across geographically diverse populations. Nat Med 2024;30:3646–3657.

81. Baez S, Hernandez H, Moguilner S, Cuadros J, Santamaria-Garcia H, Medel V, Migeot J, 
Cruzat J, Valdes-Sosa PA, Lopera F, González-Hernández A, Bonilla-Santos J, 
Gonzalez-Montealegre RA, Aktürk T, Legaz A, Altschuler F, Fittipaldi S, Yener GG, 
Escudero J, Babiloni C, Lopez S, Whelan R, Lucas AAF, Huepe D, Soto-Añari M, 
Coronel-Oliveros C, Herrera E, Abasolo D, Clark RA, Güntekin B, Duran-Aniotz C, 
Parra MA, Lawlor B, Tagliazucchi E, Prado P, Ibanez A. Structural inequality and temporal 
brain dynamics across diverse samples. Clin Transl Med 2024;14:e70032.

82. Parra MA, Baez S, Allegri R, Nitrini R, Lopera F, Slachevsky A, Custodio N, Lira D, Piguet O, 
Kumfor F, Huepe D, Cogram P, Bak T, Manes F, Ibanez A. Dementia in Latin America: asses
sing the present and envisioning the future. Neurology 2018;90:222–231.

83. Koulouri A, Zannas AS. Epigenetics as a link between environmental factors and dementia 
risk. J Alzheimers Dis Rep 2024;8:957–965.

84. Bui H, Keshawarz A, Wang M, Lee M, Ratliff SM, Lin L, Birditt KS, Faul JD, Peters A, Gieger C, 
Delerue T, Kardia SLR, Zhao W, Guo X, Yao J, Rotter JI, Li Y, Liu X, Liu D, Tavares JF, 
Pehlivan G, Breteler MMB, Karabegovic I, Ochoa-Rosales C, Voortman T, Ghanbari M, 
van Meurs JBJ, Nasr MK, Dörr M, Grabe HJ, London SJ, Teumer A, Waldenberger M, 
Weir DR, Smith JA, Levy D, Ma J, Liu C. Association analysis between an epigenetic alcohol 
risk score and blood pressure. Clin Epigenetics 2024;16:149.

85. Tripathi A, Pandey VK, Sharma G, Sharma AR, Taufeeq A, Jha AK, Kim JC. Genomic insights 
into dementia: precision medicine and the impact of gene-environment interaction. Aging Dis 
2024;15:2113.

86. Heuer HW, Wang P, Rascovsky K, Wolf A, Appleby B, Bove J, Bordelon Y, Brannelly P, 
Brushaber DE, Caso C, Coppola G, Dickerson B, Dickinson S, Domoto-Reilly K, Faber K, 
Ferrall J, Fields J, Fishman A, Fong J, Foroud T, Forsberg LK, Gearhart D, Ghazanfari B, 
Ghoshal N, Goldman J, Graff-Radford J, Graff-Radford N, Grant I, Grossman M, Haley D, 

Cardiovascular risk and allostatic-interoception in dementia                                                                                                                                      2231

https://www.synapse.org/Synapse:syn51549340/wiki/624187


Hsiung GY, Huey E, Irwin D, Jones D, Kantarci K, Karydas A, Kaufer D, Kerwin D, Knopman 
D, Kornak J, Kramer JH, Kraft R, Kremers WK, Kukull W, Litvan I, Ljubenkov P, Mackenzie IR, 
Maldonado M, Manoochehri M, McGinnis S, McKinley E, Mendez MF, Miller BL, Onyike C, 
Pantelyat A, Pearlman R, Petrucelli L, Potter M, Rademakers R, Ramos EM, Rankin KP, 
Roberson ED, Rogalski E, Sengdy P, Shaw L, Syrjanen J, Tartaglia MC, Tatton N, Taylor J, 
Toga A, Trojanowski J, Weintraub S, Wong B, Wszolek Z, Boeve BF, Rosen HJ, Boxer 

AL; ARTFL and LEFFTDS consortia. Comparison of sporadic and familial behavioral variant 
frontotemporal dementia (FTD) in a North American cohort. Alzheimer’s & Dementia 2020; 
16:60–70.

87. Soppela H, Katisko K, Gadola Y, Krüger J, Hartikainen P, Alberici A, Benussi A, Koivisto A, 
Haapasalo A, Remes AM, Borroni B, Solje E. Modifiable potential risk factors in familial 
and sporadic frontotemporal dementia. Ann Clin Transl Neurol 2022;9:1195–1120.

2232                                                                                                                                                                                                J.L. Hazelton et al.


	Cardiovascular risk factors and the allostatic interoceptive network in dementia
	1. Introduction
	2. Methods
	2.1 Participants
	2.2 Measures
	2.2.1 Cognition
	2.2.2 Disease severity
	2.2.3 Cardiovascular risk

	2.3 Neuroimaging acquisition
	2.4 Statistical analyses
	2.4.1 Demographics
	2.4.2 Voxel-based morphometry
	2.4.3 Resting-state functional connectivity

	2.5 Data availability statement

	3. Results
	3.1 Demographics, cognitive performance and cardiovascular risk
	3.2 Increased cardiovascular risk is associated with reduced structural integrity of the AIN in dementia
	3.3 Increased cardiovascular risk is associated with reduced AIN connectivity in dementia

	4. Discussion
	Supplementary material
	Authors’ contributions
	Acknowledgements
	Funding
	Data availability
	References




