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Coronary artery calcification reflects
cognitive and cerebrovascular alterations
in cognitively unimpaired adults
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Coronary artery calcification (CAC) entails arterial wall hardening and lipid-rich plaque accumulation and
may contribute to early cognitive decline. Its association with cognition, brain structure and function,
Alzheimer’s disease, neurodegeneration, and inflammatory and lipid biomarkers remains unclear. We
conducted a cross-sectional study of 278 cognitively unimpaired adults aged > 50 years with absent
(score =0; n=151) or high CAC (score > 300; n = 127). Participants underwent cognitive testing, serum
assays (AB42/40, pTau181, NfL, GFAP, inflammatory and lipid markers), and multimodal MRI (structural,
resting-state and vessel encoded arterial spin labeling). High CAC was associated with lower general
cognition, increased white matter hyperintensities, altered hippocampal and sensorimotor connectivity, and
reduced perfusion in the inferior frontal gyrus pars opercularis. No group differences emerged in the serum
biomarkers. These results reveal that high CAC is associated with cognitive and cerebrovascular changes
independent of Alzheimer’s disease biomarker increase, suggesting vascular pathways in early brain aging.

Coronary artery calcification is characterized by arterial wall hardening and
accumulation of lipid-rich plaques, beginning as early as the second or third
decade of life'. It can negatively impact brain health through pathways
involving cerebrovascular structural and functional disruption™ and is
associated with increased risk of cardiovascular events', mortality™*, and
dementia®”. It is measurable via non-invasive coronary artery calcium
scoring from cardiac computed tomography'’, with a score higher than 300
being indicative of more extensive disease''. Coronary artery calcification
may be a relevant measure to indicate vulnerability for cognitive decline,
although a comprehensive assessment of how it affects measures related to
cognitive decline is lacking.

The impact of coronary calcification on cognition remains poorly
understood, and evidence on its relationship with specific cognitive domains

is inconsistent. Some studies report links to executive function and pro-
cessing speed'*", others to memory'*", while some observe no significant
associations'. Several biological mechanisms may underlie the connection
between coronary calcification and cognitive decline, including reduced
cardiac output due to coronary artery narrowing, impaired autoregulation
of cerebral blood flow, increased pulsatility damaging small vessels, and
systemic inflammation contributing to neurovascular dysfunction™’.
Whether these mechanisms linked to coronary calcification lead to
brain changes can be explored with neuroimaging. Regarding structural
brain changes, previous studies have reported associations between cor-
onary calcification and cortical thinning'® as well as a marker of small vessel
disease'”"®, though most rely on categorical imaging ratings rather than
quantitative assessments'>”’. Concerning functional brain changes, the
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Table 1 | Sample characteristics

Characteristic Total CAC=0 CAC =300 p-value
n=278 n=151 n=127
Sex (Female) 114 (41%) 82 (54%) 32 (25%) <0.001
Education (Years) 13.6 (3.8) 13.8 (3.7) 13.4 (3.9) 0.20
Age (Years) 68 (9) 67 (8) 70 (9) 0.02
Self-reported ancestry 0.90
Northern/Western European 277 (100%) 150 (99%) 127 (100%)
Middle Eastern/North African 1(0.4%) 1(0.7%) 0 (0%)
Current smoking (Yes) 20 (7.2%) 6 (4.0%) 14 (11%) 0.02"
Glasses of alcohol per week 2(1) 2(1) 2(1) 0.08
Years Memolife-Imalife® 2.59 (1.14) 2.56 (1.15) 2.62(1.13) 0.50
Missing 2 0 2
MMSE total 29 (1) 29 (1) 29 (1) 0.30
CAC score 395 (619) 0(0) 864 (658) <0.001"

CAC coronary artery calcium, MMSE mini mental state examination.
*p-value < 0.05.
‘indicates the years between the CT scan and the neuropsychological and blood assessments.

relationship between coronary calcification and brain functional con-
nectivity and cerebral blood flow is still unexplored. Although functional
brain connectivity, which captures synchronized neural activity across brain
regions, was found to be disrupted in individuals with coronary artery
disease”™” and in those with elevated cardiovascular risk despite preserved
cognition®.

In parallel, it is unclear whether coronary calcification is associated
with neurodegeneration or Alzheimer’s-specific pathology. Biomarkers of
amyloid, tau, and neurodegeneration (ATN) begin to change decades before
the onset of clinical symptoms™. In cognitively unimpaired individuals,
ATN biomarkers can identify individuals at heightened risk of future
decline™”*. Recently developed blood-based biomarkers, including plasma
phosphorylated tau isoforms, amyloid-B42/40 ratio, glial fibrillary acidic
protein (GFAP), and neurofilament light chain (NfL), offer practical and
scalable alternatives to cerebrospinal fluid and PET imaging, with high
diagnostic validity”**.

Additionally, at the basis of coronary calcification are atherosclerotic
processes, which are largely driven by inflammation™. In atherosclerosis,
inflammatory cytokines are critical to disease initiation and plaque pro-
gression. Similarly, the inflammatory hypothesis of Alzheimer’s disease
posits that neuroinflammation is a pathogenic factor in the early stages and
progression of the disease, rather than a mere consequence of
neurodegeneration””’. Findings on the associations between systemic
markers of inflammation and coronary calcification are conflicting, with
some finding associations’** and others showing only weak or inconsistent
results™".

To investigate whether coronary calcification is associated with mea-
sures of cognitive decline, we investigated whether cognitively unimpaired
adults with absent or high levels of coronary calcification differed cross-
sectionally in cognitive performance, structural brain volumes, brain
functional connectivity, cerebral blood flow, blood-based Alzheimer’s dis-
ease, neurodegeneration, inflammatory, and lipid biomarkers. We hypo-
thesized that, in a cross-sectional comparison, individuals with high
coronary calcification would demonstrate poorer outcomes relative to those
without calcification. Our aim is ultimately to elucidate the early vascular
and cerebrovascular mechanisms that may contribute to cognitive decline in
aging individuals.

Results

Sample characteristics

Of the 397 participants contacted through the Imalife study, 285 gave
informed consent to participate in this study. 278 cognitively unimpaired

older adults were finally included in the study: 151 with a coronary artery
calcium (CAC) score of 0 (absent CAC; 67 + 8 years old; 54% females) and
127 with a CAC score 2300 (high CAC; 70 £ 9 years old; 25% females).
Individuals in the high CAC group were older, more often male, and more
likely to be current smokers compared to those with absent CAC (Table 1).

Cognitive measures and manual dexterity

General cognition was significantly lower in participants with high CAC
compared to those with absent CAC (adjusted mean difference = 0.28; 95%
CI: —0.48 to —0.08), after correction for multiple comparisons and demo-
graphic covariates. No significant between-group differences were observed
in memory, executive function, information processing, or manual dexterity
after correction for multiple comparisons and demographic covariates
(Table 2).

Serum biomarkers and brain volumes

All serum biomarker concentrations were well above the limits of quanti-
fication for the respective assays, ensuring measurement validity. No group
differences were observed in serum Alzheimer’s disease biomarkers (Ap42/
AP40 ratio, pTaul81, GFAP, NfL), inflammatory markers (CRP, IL-1p, IL-
6, TNF-a), or lipid measures (HDL, LDL, triglycerides, glucose) following
multiple comparison correction between absent and high CAC groups.

Compared to previously obtained NfL reference ranges for controls
(accessible at: https://mybiomarkers.shinyapps.io/Neurofilament/), the
values found in our study seem to overall be higher, specifically belonging to
the control 75th-90th percentile (see Supplementary Tables 1 and 2).
Trends toward elevated non fasting glucose and IL-6 levels in the high CAC
group were shown (Table 3).

Participants with high CAC exhibited lower total brain volume
(adjusted mean difference =6.79; 95% CI: 1.06 to 12.52; p=0.02) and
greater white matter hyperintensity volume (z = -2.64, p = 0.01). Both dif-
ferences remained significant after multiple comparison correction
(Table 3).

Functional connectivity differences

Among 217 participants included in the rs-fMRI analyses, group ICA
identified 20 large-scale functional brain networks (Supplementary Fig.
3a-d; spatial correlation overlap map Supplementary Fig. 4). Compared to
those with absent CAC (n=121), individuals with high CAC (n=96)
showed increased functional connectivity in the right hippocampus and
parahippocampal gyrus (k =388 voxels, peak coordinates +24, -14, -26,
F=221, p-FDRcorr = 0.0037, age-adjusted; Fig. 1A). When additionally
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Table 2 | Group differences in cognitive outcomes

Outcome measure Total CAC=0 CAC >300 p-value p-value
n=278 n =151 n=127 FDR corr

Memory domain 0.02 (0.94) 0.21(0.91) —0.19 (0.93) 0.30 0.30
Missing 1 1 0

Executive domain 0.03 (0.77) 0.21(0.73) —0.18 (0.77) 0.03 0.06
Missing 6 2 4

Information processing 0.04 (0.77) 0.17 (0.76) —0.12 (0.76) 0.16 0.20
Missing 4 1 3

Manual dexterity® 0.22 (1.19) 0.38 (0.96) —0.06 (1.05) 0.04" 0.06
Missing 2 0 2

G-Factor 0.02 (1.00) 0.29 (0.91) —0.32 (1.00) 0.01" 0.04"
Missing 8 2 6

CAC coronary artery calcium, FDR corr false discovery rate correction, G-factor general cognition composite.
“Median (interquartile range) of z-scored variable, significance test run on log-transformed and z-scored variables; mean (standard deviation) otherwise.

*p-value < 0.05.

adjusting for sex, a significant cluster emerged in the left precentral and
postcentral gyri (k=244 voxels, peak -48, -14, +34, F=188, p-
FDRcorr = 0.0038; Fig. 1B); adding sex as a covariate uncovered a hidden
effect in the sensorimotor cortex that was previously masked by the strong
imbalance of males in the high CAC group. These differences remained after
further controlling for white matter hyperintensities, although the cluster
size was reduced (k = 116 voxels, same peak, F = 1.88, p-FDRcorr = 0.013;
Fig. 1C).

Seed-to-voxel analyses revealed greater connectivity in the high CAC
group between the hippocampal/parahippocampal cortex and both the
bilateral temporal poles (h* = 1.14, age-adjusted) and the right insular cortex
(h*=0.57, age-adjusted). The right putamen also showed stronger con-
nectivity with the salience network (h* = 0.35, age-adjusted) and the visual
network (h* = 0.38, age-adjusted). In contrast, individuals with absent CAC
exhibited greater connectivity between the right putamen and the dorsal
attention network (h*=-0.31, age-adjusted). Connectivity effect sizes are
reported in Supplementary Fig. 5-7. After adjusting for age, sex, and white
matter hyperintensities, participants with high CAC showed greater con-
nectivity between the left precentral/postcentral cortex and the frontopar-
ietal (h* =0.09), language (h*> =0.17), visual (h*=0.04), and sensorimotor
networks (h*=1.45).

Post hoc ROI-to-ROI analyses revealed significant group differences in
functional connectivity involving the right putamen and right hippo-
campus/parahippocampal region. As shown in Fig. 2, participants with high
CAC exhibited hypoconnectivity between the right putamen and several
left-hemisphere networks, including the salience (RPFC, T'=-2.51, p-
FDRcorr = 0.013), frontoparietal (PPC, T=-2.54, p-FDR =0.012), lan-
guage (pSTG, T = -2.06, p-FDRcorr = 0.041), and dorsal attention networks
(IPS, T=-2.24, p-FDRcorr = 0.026), as well as a second salience region
(SMG, T =-1.99, p-FDRcorr = 0.048). In contrast, hyperconnectivity was
observed between the right putamen and the right hippocampus (T = 2.59,
p-FDRcorr = 0.01). Figure 3 depicts additional hypoconnectivity between
the right hippocampus/parahippocampal cortex and left-hemisphere
regions, including the language network (pSTG, T'=-2.23, p-FDR=
0.027), the dorsal attention network (IPS, T'=-2.10, p-FDRcorr = 0.037),
and both anterior and posterior divisions of the parahippocampal gyrus
with the left frontoparietal network (LPFC: T = -2.29, p-FDRcorr = 0.023;
PPC: T=-2.04, p-FDRcorr = 0.043). These findings underscore distinct
network-level alterations in individuals with high CAC, particularly
affecting cortico-limbic and attentional circuits.

Cerebral blood flow
Among 194 participants with arterial spin labeling data, only the inferior
frontal gyrus pars opercularis showed significantly reduced perfusion in the

high CAC group compared to the absent group (adjusted mean
difference = -3.33; 95% CI: -6.54 to -0.12; p = 0.042), in models adjusting
for age and sex. Models not adjusted for age and sex indicated lower per-
fusion in the precuneus (adjusted mean difference = -3.90; 95% CI: -7.32 to
-0.48; p = 0.049), cuneal cortex (adjusted mean difference = -5.59; 95% CI:
-9.75 to -1.44; p =0.010), temporal fusiform and temporal-occipital fusi-
form cortex (adjusted mean difference =-3.16; 95% CI: -6.33 to 0.02;
p=0.035 and adjusted mean difference = -3.80; 95% CI: -7.06 to -0.54;
p=0.006 respectively), occipital gyri (adjusted mean difference = -3.93;
95% CI: -7.67 to —0.19; p = 0.033), and bilateral thalami (R: adjusted mean
difference = -3.97; 95% CI: -7.05 to -0.90; p=0.019; L: adjusted mean
difference = -3.64; 95% CI: -6.68 to -0.60; p = 0.016). Results are presented
in Table 4, and group-averaged perfusion maps are shown in Fig. 4. Effect
sizes of all significant results are reported in Supplementary Table 5.

Smoking as covariate

We conducted sensitivity analyses adjusting for current smoking status in all
primary models. Results were unchanged: the g-factor difference remained
significant (p = 0.004), as did total brain volume (p = 0.030), white matter
hyperintensity volume (p=0.010), and hippocampal connectivity
(p-FDR=0.004). The left sensorimotor cortex connectivity cluster
remained significant but with further reduced spatial extent (k = 98 voxels;
p-FDR =0.02). Given that smoking is likely part of the causal pathway
linking CAC to brain outcomes (rather than a pure confounder), we decided
not to include it as a mandatory covariate in primary models to avoid
overadjustment bias. Results are reported in Supplementary Table 6.

Discussion

The main findings were: (1) cognitively unimpaired adults with high cor-
onary artery calcification (CAC) showed lower general cognitive perfor-
mance, although no group differences emerged in domain-specific cognitive
performance indicating that the relation with cognitive performance is not
strong; (2) significant alternations were observed in brain structure and
functional organization, and only in one region for cerebral blood flow; (3)
no group differences were found in serum biomarkers related to Alzheimer’s
disease, neurodegeneration and astrocyte activation, systemic inflamma-
tion, or lipids profiles. These results suggest that coronary calcification may
contribute to early cognitive and cerebrovascular changes independent of
Alzheimer’s disease when measured through Alzheimer’s disease-related
blood biomarkers.

Previous studies have reported differences in specific cognitive
domains among cognitively unimpaired individuals with varying CAC
scores'” ™%, although our results did not reveal such differences after cor-
recting for multiple comparisons. These discrepancies likely reflect
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Table 3 | Group differences in serum and brain volumetric
outcomes

Outcome Total CAC=0 CAC =300 p- p-value
measure n=278 n=151 n=127 value FDR
corr
AB42/AB40* 0.06 (0.02) 0.06 (0.01) 0.06 (0.01) 0.08 0.24
Missing 5 2 3
pTaul81? 24.26 23.1(14.1) 25.6(12.7) 0.59 0.89
(13.9)
Missing 8 4 4
GFAP? 100.99 103.7 99.4 (72.0) 0.01" 0.06
(68.3) (65.8)
Missing 4 2 2
NfL® 18.51 17.7(10.5) 19.7 (11.3) 0.92 0.92
(11.1)
Missing 4 2 2
Cholesterol® 5.4 (1.40) 5.50(1.49) 5.34(1.21) 0.91 0.91
Missing 8 3 5
HDL® 1.40 (0.50) 1.48(0.60) 1.40(0.43) 0.02" 0.06
Missing 8 3 5
LDL 3.29(0.93) 3.33(0.94) 3.24(0.91) 0.45 0.68
Missing 8 3 5
Triglyceride® 1.55(0.81) 1.51(0.87) 1.57(0.75) 0.87 0.91
Missing 9 4 5
Non fasting 5.70(0.90) 5.60(0.93) 5.80(1.00) 0.01" 0.06
glucose®
Missing 9 7 2
IL6° 1.64(1.35) 1.55(1.10) 2.04 (1.46) 0.02° 0.06
Missing 17 9 8
CRP® 1.10(1.47) 1.20(1.50) 1.10(1.40) 0.77 0.91
Missing 11 6 5
TNFa® 0.60(2.88) 0.58(0.34) 0.65 (0.41) 0.15 0.27
Missing 1 1 0
IL1B®? 0.05(0.03) 0.04(0.03) 0.05 (0.06) 0.09 0.20
Missing 3 3 0
n=222 n=124 n=98 p- p-value
value FDR
corr
Total brain (ml)  1119.15 1120.81 1117.03 0.02° 0.02
(20.94) (21.36) (20.32)
Total 2.11(3.40) 1.61(2.73) 2.58 (4.58) 0.01" 0.02"
WMH?(ml)

“Median (interquartile range) and ANCOVA run on log-transformed and z-scored variables; mean
(standard deviation) otherwise.

"Median (interquartile range) and Mann-Whitney.

‘p-value < 0.05.

AB amyloid-beta, CAC coronary artery calcium, CRP C-Reactive Protein, FDR corr false discovery
rate correction, GFAP glial fibrillary acid protein, HDL high-density lipoprotein, IL-18 interleukin-1
beta, IL-6 interleukin-6, LDL low-density lipoprotein, NfL neurofilament light, pTau phosphorylated
Tau, TNF-a tumor necrosis factor-alpha, WMH white matter hyperintensity.

methodological differences, including CAC group definitions and sample
characteristics such as age. For example, Suemoto et al. found only weak
associations between CAC and executive function, with no observed rela-
tionships for global cognition, delayed memory, or verbal fluency"”. Their
sample included participants with a mean age of 50 in the low CAC group
and 60 in the high CAC group, whereas ours was 67 and 70 years, respec-
tively. Moreover, they defined low CAC as <100, while we compared
individuals with absent calcification (score = 0) to those with high calcifi-
cation (score = 300). We specifically chose this grouping since scores above
300 have been associated with significantly increased cardiovascular risk'".

Using this threshold aligns our findings more closely with clinical work-
flows. Similarly, Reis et al. studied a sample aged 43-55 years, illustrating
how demographic differences might influence results".

The observation of lower general cognitive performance (g-factor) in
the high CAC group, in the absence of domain-specific deficits and with
preserved MMSE scores, warrants careful interpretation. This pattern is
consistent with early, subtle cognitive inefficiency rather than frank
impairment. The g-factor, by aggregating data across multiple tests, may
capture variance related to processing robustness, attentional consistency,
or cognitive reserve that individual domain scores, each with lower relia-
bility and higher task-specific variance, fail to detect. In contrast, MMSE is a
brief screening tool designed to detect dementia-range impairment and is
insensitive to the mild differences observed here. Importantly, our findings
do not indicate clinical cognitive impairment; rather, they suggest statisti-
cally lower cognitive performance in individuals with high CAC. Whether
this difference represents an early marker of accelerated cognitive aging, a
stable individual difference, or residual confounding requires longitudinal
replication. The absence of domain-specific deficits does not contradict the
g-factor finding, as such effects may not yet be detectable in cognitively
unimpaired individuals. Increasing evidence suggests that traditional cog-
nitive assessment tools may lack sensitivity to detect these early changes,
highlighting the potential value of more sensitive approaches such as digital
cognitive assessment (see Polk et al. for a review)™.

Our findings suggest that high CAC is associated with measurable
brain changes in the absence of elevated Alzheimer’s disease biomarkers,
supporting a vascular pathway to early cognitive vulnerability. Specifically,
we found increased white matter hyperintensities and reduced brain volume
in individuals with high CAC compared to those with absent CAC, con-
sistent with structural changes linked to vascular burden'”. Functional
neuroimaging further revealed altered connectivity, including increased
connectivity between the right hippocampal/parahippocampal cortex and
sensorimotor regions, reduced connectivity between subcortical regions and
key cognitive networks (frontoparietal, salience, language, and dorsal
attention networks), and increased connectivity between limbic and sub-
cortical regions.

The resting state functional neuroimaging results varied depending on
the covariates used in the models. The emergence of the left sensorimotor
cortex cluster only after adjusting for sex (Fig. 1B, C) illustrates a classical
suppression effect. Males were substantially overrepresented in the high
CAC group (75% vs. 46% in the absent CAC group). Because male sex is
independently associated with both higher CAC and, in this sample, lower
sensorimotor connectivity, the unadjusted model contained opposing
effects: the positive association between CAC and connectivity was partially
masked by the negative association between male sex and connectivity.
Adding sex as a covariate removed this “noise” and revealed the CAC-
connectivity relationship. This statistical pattern, rather than indicating
confounding, suggests that the true effect of CAC on sensorimotor con-
nectivity is even stronger than apparent in raw comparisons. Notably, the
sensorimotor hyperconnectivity observed here aligns with prior work
demonstrating altered sensorimotor network organization in individuals
with elevated vascular risk™. More broadly, regional hyperconnectivity,
affecting both sensorimotor and limbic circuits, has been observed across
multiple studies of individuals with vascular burden who remain cognitively
intact, with hippocampal hyperconnectivity specifically linked to white
matter hyperintensity burden in preclinical populations”. That this rela-
tionship emerged only after accounting for sex underscores the importance
of considering demographic factors when investigating the compensatory or
maladaptive plasticity that may accompany early-stage vascular burden. In
this context, increased connectivity, particularly within sensorimotor cir-
cuits, has been proposed as a potential mechanism to maintain behavioral
performance despite subtle vascular compromise, reflecting network-level
cognitive reserve”. The co-occurrence of reduced CBF in frontal regions
alongside sensorimotor hyperconnectivity in the same individuals further
supports the interpretation that these phenomena represent parallel pro-
cesses, wherein some networks upregulate synchrony to compensate for
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Fig. 1 | Regions with greater connectivity in high versus absent CAC. Second-
level seed-to-voxel analyses comparing participants with high versus absent
coronary artery calcification (CAC), controlling for age (A), age and sex (B), and
age, sex, and white matter hyperintensity volume (C). Each panel displays
clusters showing significantly increased connectivity strength in the high CAC
group, overlaid on a surface-rendered brain and corresponding glass-brain
projection. Statistical thresholds were set at voxel-level p <0.001 (uncorrected)

posterior - anterior

and cluster-level p-FDR < 0.05. A shows a significant cluster centered in the right
hippocampal/parahippocampal cortex. B, C reveal overlapping clusters in the
left precentral and postcentral gyri, with reduced spatial extent in panel C fol-
lowing adjustment for white matter hyperintensity (WMH). Accompanying
radar plots show the functional connectivity profile of each cluster across
canonical networks defined in the CONN toolbox (e.g., sensorimotor, salience,
visual, frontoparietal).

vascular insult while others show overt hypoperfusion. Whether this sen-
sorimotor hyperconnectivity ultimately proves protective (slowing cogni-
tive decline) or pathological (predicting future network failure) will require
longitudinal investigation.

These network alterations may suggest a shift in brain functional
organization that may precede hemodynamic changes, as our arterial spin
labeling findings showed only trends toward reduced CBF in individuals
with high CAC, with the most robust effect in the inferior frontal gyrus pars
opercularis (after adjusting for age and sex). Although temporal claims

should be taken cautiously, since this was a cross-sectional study. After
covariate adjustment and multiple comparison correction, only a single
region, the inferior frontal gyrus pars opercularis, showed significantly
reduced perfusion in the high CAC group, despite widespread differences
before multiple comparison correction. Several non-mutually exclusive
explanations may account for this pattern. First, cerebral autoregulation
maintains stable CBF across a wide range of perfusion pressures; this
homeostatic mechanism may effectively buffer against moderate, chronic
reductions in cardiac output associated with subclinical coronary
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Fig. 2 | ROI-to-ROI connectivity differences from the right putamen (high
CAC > absent CAC). Post hoc ROI-to-ROI analysis using the right putamen—
identified via seed-to-voxel analysis—as the seed region. A Cluster location visua-
lized on a glass-brain rendering. B Circular connectogram showing significant
between-group connectivity differences. Blue edges represent hypoconnectivity
(reduced connectivity in the high CAC group); red edges indicate hyperconnectivity
(increased connectivity). C, D 3D cortical surface renderings of the spatial
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distribution of significant ROI-to-ROI connections. High CAC was associated with
reduced connectivity between the right putamen and left-hemisphere ROIs in the
salience (RPFC, SMG), frontoparietal (PPC), dorsal attention (IPS), and language
(pSTG) networks, and increased connectivity with the right hippocampus. All
results reflect second-level GLM contrasts, FDR-corrected at the connection level
(p-FDR < 0.05).

atherosclerosis. The focal vulnerability of the inferior frontal gyrus pars
opercularis could reflect regionally specific hemodynamic properties, such
as its location at distal arterial border zones (watershed areas) that are
particularly sensitive to hypoperfusion. Second, the cross-sectional design
captures a single time point; individuals with high CAC may have exhibited
more widespread CBF reductions earlier in the disease process, but com-
pensatory vascular remodeling (e.g., collateralization) could have partially
restored perfusion by the time of assessment. Third, statistical power for
detecting regional CBF differences is constrained by the combination of
moderate sample size and ASL signal-to-noise limitations. Longitudinal
ASL studies are needed to elucidate CBF trajectories in this sample.

To determine whether findings reflected Alzheimer’s disease-related
mechanisms, we examined serum biomarkers of amyloid, tau, and neuro-
degeneration, as well as peripheral inflammatory and lipid markers. No
group differences were observed, supporting a vascular rather than Alz-
heimer’s-specific pathway; however, systemic markers may fail to capture
localized cerebrovascular changes and other markers may need to be used as
outlined below.

Our findings offer translational recommendations with potential
implications for risk stratification, clinical monitoring, and design of
future intervention trials. Results collectively show subtle cognitive
differences, structural brain changes (increased white matter hyper-
intensities, reduced brain volume), functional network alterations, and
focal hypoperfusion, painting a picture of early vascular brain changes.
This pattern suggests that subclinical coronary atherosclerosis is not a
silent bystander but an active contributor to brain vulnerability,
offering a critical window for intervention before the onset of sig-
nificant cognitive decline.

Our results indicate that a CAC score of 300 or greater, a threshold
already used clinically to denote severe coronary atherosclerosis and high
cardiovascular disease risk, may also serve as a practical “red flag” for early
brain changes in cognitively normal adults. This is an important finding
since CAC scoring is a non-invasive, widely available, and standardized test.
Leveraging this existing clinical metric could provide a cost-effective strategy
to identify a subset of the population at heightened risk for vascular brain
injury, even in the absence of overt cognitive symptoms. We therefore
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Fig. 3 | ROI-to-ROI connectivity differences from the right hippocampal/para-
hippocampal cortex (high CAC > absent CAC). Post hoc ROI-to-ROI analysis
using the right hippocampal/parahippocampal cortex, identified via seed-to-voxel
analysis, as the seed region. A Cluster location visualized on a glass-brain rendering.
B Circular connectogram showing significant between-group connectivity differ-
ences. Blue edges represent hypoconnectivity (reduced connectivity in the high CAC
group); red edges indicate hyperconnectivity (increased connectivity). C, D 3D
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cortical surface renderings of the spatial distribution of significant ROI-to-ROI
connections. High CAC was associated with reduced connectivity between the right
hippocampal/parahippocampal cortex and left-hemisphere ROISs in the frontopar-
ietal (LPFC, PPC), language (pSTG), and dorsal attention (IPS) networks, and
increased connectivity with the right putamen. All results reflect second-level GLM
contrasts, FDR-corrected at the connection level (p-FDR < 0.05).

propose that a CAC score of 300 or greater should prompt clinicians to
broaden their risk assessment from a focus solely on myocardial infarction
and stroke to include the brain as a key target organ for vascular damage.

This subgroup may be an ideal population for targeted cognitive
baseline assessment, using either sensitive, validated neuropsychological
instruments or emerging digital assessments that offer greater ecological
validity and sensitivity to subtle variation, as well as serial monitoring of
vascular risk factors. A high CAC score signals a need for optimized man-
agement of all modifiable risk factors (e.g., hypertension, dyslipidemia,
diabetes, smoking), a focus that could serve as a powerful motivator for both
patients and clinicians to adhere to preventive strategies. Finally, while not
yet a clinical recommendation, this population may be a suitable candidate
for research studies utilizing advanced cerebrovascular imaging (e.g.
intracranjal vessel wall imaging, cerebrovascular reactivity testing) to
directly assess whether peripheral coronary calcification parallels cerebral
vessel involvement.

Our findings also have implications for clinical trial design, sug-
gesting that cognitively normal individuals with a CAC score of 300 or
greater should be prioritized for recruitment into vascular risk

reduction trials aimed at preserving cognitive function. This group
represents a high-value target since they exhibit measurable brain
changes consistent with a vascular etiology, enriching the sample for the
target pathology and increasing the likelihood of detecting a treatment
effect. At the same time, this group would offer a defined mechanistic
pathway where the primary driver of brain change is likely vascular,
allowing for the testing of targeted interventions (such as intensive
lipid-lowering, anti-hypertensive regimens, or novel agents that
improve endothelial function) with a clear mechanistic rationale. Fur-
thermore, the feasibility of enrollment is high because CAC scoring is a
common clinical tool, making this population practical to identify and
recruit. Trials in this group could leverage a combination of outcomes,
including primary endpoints like change in a sensitive measure of
general cognitive ability or performance on digital cognitive assess-
ments, as well as surrogate endpoints such as progression of white
matter hyperintensities on MRI, changes in cerebral blood flow mea-
sured with ASL, or normalization of functional network connectivity.
These imaging biomarkers could provide evidence for a drug’s efficacy
in a shorter, smaller trial before moving to large-scale cognitive
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Table 4 | Cerebral blood flow differences

Region of interest Total CAC=0 CAC >300 p-value p-value®
n=194 n=113 n=81
Total brain 37 (8) 38 (7) 36 (8) 0.050 0.549
Inferior frontal gyrus pars opercularis 51 (11) 53 (10) 49 (12) 0.004* 0.042*
Middle temporal gyrus temporooccipital part 48 (13) 50 (12) 46 (14) 0.068 0.319
Postcentral gyrus 43 (10) 44 (9) 42 (12) 0.200 0.941
Superior parietal lobule 35(12) 36 (11) 33(13) 0.082 0.763
Missing 4 2 2
Angular gyrus 51 (11) 52 (11) 50 (12) 0.400 0.888
Cingulate gyrus posterior division 53 (13) 55 (11) 52 (15) 0.100 0.688
Precuneus cortex 45 (12) 47 (12) 43 (12) 0.049* 0.469
Cuneal cortex 44 (15) 46 (14) 40 (15) 0.010 0.148
Temporal fusiform cortex posterior division 32 (11) 33(12) 30 (10) 0.035* 0.361
Temporal occipital fusiform cortex 41 (11) 43 (10) 39 (13) 0.006* 0.165
Occipital fusiform gyrus 44 (13) 45(12) 41 (14) 0.033* 0.288
Left thalamus 37 (11) 38 (10) 35 (11) 0.016* 0.327
Left hippocampus 39 (9) 40 (8) 39 (10) 0.400 0.727
Left amygdala 37 (8) 38(8) 36 (8) 0.110 0.248
Right thalamus 37 (11) 38 (11) 34 (10) 0.019* 0.370
Missing 1 1 0

Right hippocampus 39 (10) 40 (9) 38 (10) 0.200 0.961
Right amygdala 35 (8) 35 (9) 34 (8) 0.400 0.584

“Analyses corrected for age and sex. Means (standard deviations) are reported.
*p-value <0.05. CBF in mL/100 g/min.

endpoint studies. Also, adding cerebral perfusion outcomes in trials has
been shown to increase the understanding of intervention’s effects®,
which may be particularly relevant in this sample.

Several future directions can be identified for each methodology. First,
longitudinal imaging studies are needed to determine whether the con-
nectivity alterations we observed predict cognitive decline over time. Second,
vascular-specific biomarkers, such as placental growth factor (PIGF) and
vascular endothelial growth factor (VEGF), may outperform generic
inflammatory markers in capturing the mechanistic pathways linking CAC
to early neurovascular changes, as they have shown predictive value for
Alzheimer’s disease progression in cognitively unimpaired individuals (i.e.,
over 12 years of follow-up)”. Third, digital cognitive assessments with
greater ecological validity could enhance the detection of subtle domain-
specific variation in this population. Fourth, high-resolution cerebrovascular
imaging to directly examine intracranial atherosclerotic burden would
clarify whether peripheral calcification parallels cerebral vessel involvement.

This study has limitations. Women were underrepresented in the high
CAC group, and we did not assess carotid or intracranial atherosclerosis,
which may also contribute to brain changes. The imaging and CAC
assessments were separated by an average of 2.6 years, though CAC is a
stable marker over time, and analyses were corrected for the time interval
between assessments. While plasma is the most commonly used matrix in
the literature for these biomarkers, this study used serum due to sample
availability. Nevertheless, previous work has demonstrated that serum
measurements for these markers are reliable and clinically meaningful®. We
verified that all serum biomarker concentrations were well above the limits
of quantification for the respective assays, ensuring measurement validity. A
limitation of arterial spin labeling includes its inherent susceptibility to
noise, motion, and partial volume effects, particularly in small or deep gray
matter regions, which may reduce the sensitivity for detecting subtle per-
fusion changes. Furthermore, cerebral autoregulatory mechanisms may
buffer against early perfusion alterations associated with CAC reduction,
potentially masking early cerebrovascular impacts. Also, we did not include

emerging biomarkers such as p-tau2l7 or those specific to vascular
dementia*”’. Nonetheless, the great strength of the study is the assessment of
several, multi-modal markers in a population with defined coronary artery
calcification scores.

Taken together, our findings suggest that high coronary artery calci-
fication may signal early cerebrovascular dysfunction and reduced cognitive
reserve in cognitively unimpaired adults. The integration of advanced
neuroimaging and cardiovascular screening may enhance early detection of
individuals at risk for cognitive decline through non-Alzheimer’s pathways.

Methods

Participants

A total of 285 cognitively unimpaired adults aged 50 years or older were
recruited from the Lifelines cohort, a large population-based study con-
ducted in the Netherlands. All participants had previously undergone non-
contrast cardiac computed tomography (CT) as part of the Imalife sub-
study”’ between September 2017 and March 2022. Individuals were invited
to the current Memolife study if they met the following inclusion criteria: (i)
no history of vascular, neurological, or psychiatric disorders within the prior
two years, (i) no contraindications for MRI, and (iii) a Mini-Mental State
Examination (MMSE) score > 25. Ethical approval was granted by the
Medical Ethics Review Board of the University Medical Center Groningen
(approval NL70343.042.20, 26-11-2020), and all participants provided
written informed consent. An overview of the Memolife study procedures
and variables is displayed in Supplementary Fig. 1, and participants'
inclusion flow in Supplementary Fig. 2.

Study design and procedures

Eligible participants completed neuropsychological testing and blood
sampling during a single on-site visit at the University Medical Center
Groningen between February 2021 and November 2022. MRI scanning was
performed on a separate day (between March 2022 and November 2023).
The mean interval between CT and MRI assessments was 2.6 + 1.1 years.
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Fig. 4 | Group-mean CBF maps in MNI152 2 mm
space for participants with absent (top) and high
(bottom) coronary artery calcification (CAC).
Representative cerebral blood flow (CBF) maps in
standard space derived from vessel-encoded pseu-
docontinuous arterial spin labeling (VEPCASL).
Scale bar on the right represents perfusion values in
mL/100 g/min. Visual comparison suggests region-
ally lower CBF in the high CAC group, particularly
in posterior cortical and subcortical regions. Each
subject’s calibrated CBF map was nonlinearly
registered to MNI152 2 mm space and averaged
within group for visualization. Quantitative analyses
(see Table 4) revealed that, after adjusting for age
and sex, only the inferior frontal gyrus pars oper-
cularis showed significantly reduced perfusion in the
high CAC group (p = 0.042). Several additional
regions, including the precuneus, cuneal cortex,
temporal and occipital fusiform gyri, and bilateral
thalami, showed reduced perfusion only when not
correcting for age and sex.
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Coronary artery calcification

Coronary artery calcium (CAC) was assessed using non-enhanced third-
generation dual-source CT (Somatom Force, Siemens Healthineers). The
Agatston score was computed to quantify CAC burden*. Further infor-
mation on these procedures has been published elsewhere’*. Participants
were stratified into two groups following previously reported
recommendations'": those with no detectable CAC (score = 0) and those
with high CAC (score = 300).

Cognitive assessment

Neuropsychological testing was conducted using standardized protocols
and included the following assessments: Mini Mental State Examination
(MMSE)*, Auditory Verbal Learning Test (AVLT, immediate and delayed
recall)’*”, Trail Making Test A and B (TMT A and TMT B)*, Purdue
Pegboard Test™, Letter Digit Substitution Test (LDST)*", Visual Association
Test (VAT)*, Digit Span Forward and Backward™, Stroop Color-Word
Test™, and Animal Verbal Fluency“. Z-scores were calculated for each test.
From these, domain composite scores for memory, executive function,
information processing, and motor function were created by averaging
z-scored individual test scores within each domain, following a method
previously used™. Lower scores reflect poorer performance. The memory
domain comprised AVLT immediate and delayed recall. Executive function
included the Stroop Color-Word Test interference score, Animal Verbal
Fluency, and the LDST (weighted half). Information processing speed
included the LDST (weighted half) and the Stroop Color-Word Test Parts I
and II. For time-based measures where higher values indicated poorer
performance (Stroop interference and Stroop Parts I and II), scores were

multiplied by —1 so that higher z-scores consistently reflected better per-
formance across all measures. Manual dexterity was assessed using the
Purdue Pegboard Test (sum of right-hand and left-hand trials).

Additionally, a general cognitive composite (g-factor) was derived
using principal component analysis, extracting the first unrotated compo-
nent, which explained 50.3% of the total variance and showed positive
loadings (>0.40) across tests. The g-factor provides a summary measure of
shared variance across cognitive domains, thereby increasing sensitivity to
subtle differences in overall cognitive function. The MMSE was not included
in the derivation of the g-factor due to restricted range and ceiling effects in
this cohort (all participants > 25; 80% scored 29-30) and is therefore
reported separately for descriptive purposes. Detailed domain score calcu-
lations and g-factor derivation code are provided in the Supplementary
Materials.

Blood biomarker analysis
Blood was collected under non-fasting condition. A 4 mL serum
sample was taken, centrifuged at 1800 x g for 5min at room tem-
perature (21 °C), and conserved in aliquots of 2 mL at —80 °C at the
University Medical Centre Groningen laboratory. Inflammatory
markers, namely Interleukin-1 beta (IL-1B), Interleukin-6 (IL-6),
Tumor Necrosis Factor-alpha (TNF-a), C-Reactive Protein (CRP),
and lipid markers, namely, High-Density Lipoprotein (HDL), Low-
Density Lipoprotein (LDL), triglycerides, non-fasting blood glucose,
were analyzed in the same laboratory.

Determination of the Alzheimer’s biomarker was conducted at the
Amsterdam University Medical Centers, Department of Laboratory
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Medicine, Neurochemistry Laboratory. The following biomarkers were
assessed: Amyloid beta 40 (Ap40), Amyloid beta 42 (AP42), phosphorylated
Tau 181 (pTaul8l), Neurofilament Light Chain (NfL), and Glial Fibrillary
Acidic Protein (GFAP). For analyses, the Ap42/AB40 ratio was used instead
of the single values. All measurements were performed on a single molecule
array (Simoa) HD-x analyzer platform, with the Neurology 4-plex E kit
(Quanterix, USA) in monoplo and the P-taul81 V2.1 kit (Quanterix) in
duplo, according to the manufacturer’s instructions and predefined
laboratory quality control procedures. Prior to measurement, samples were
briefly thawed at room temperature and centrifuged for 10 min at
10,000 x g.

Alzheimer’s disease biomarker samples were excluded if they did not
meet prespecified assay validity criteria established by the laboratory. Spe-
cifically, excluded samples comprised: pTaul81 concentrations below the
functional lower limit of quantification (LLOQ) combined with a coefficient
of variation (CV) >20% (n =2); pTaul81 concentrations below the func-
tional LLOQ without additional CV violation (1 = 1); AB42 concentrations
below the functional LLOQ (n = 1); samples flagged due to Simoa technical
error (n = 1); samples with insufficient sample volume (n = 2; including one
sample additionally flagged for technical error); and empty vials without
caps (n=2). These thresholds and exclusion criteria were determined a
priori by the performing laboratory as part of assay validation. No additional
post hoc outlier removal was performed.

As expected for serum biomarkers, distributions were right-skewed;
therefore, log-transformation was applied prior to statistical analyses to
improve distributional assumptions. In the results tables, the median and
interquartile range were reported. ANCOVA models were run on the log-
transformed and z-scored variables. Distributions pre and post-log-
transformations are provided below and in Supplementary Fig. 8.

For contextual interpretation, we compared our sample’s NfL and
GFAP concentrations to established reference ranges from the Amsterdam
Dementia Cohort (accessible at: https://mybiomarkers.shinyapps.io/
Neurofilament/; https://mybiomarkers.shinyapps.io/GFAP/). As noted in
Results, our participants’ values fell predominantly within the 75th-90th
percentile of cognitively unimpaired reference populations, consistent with
the age range of our sample (mean 68 years).

Structural MRI acquisition and processing

MRI scans were acquired on a 3.0 T MAGNETOM Prisma scanner (Sie-
mens) with a 64-channel head coil. Sequences included T1-weighted
MPRAGE, T2-FLAIR, resting-state functional MRI (rs-fMRI), and vessel-
encoded pseudocontinuous arterial spin labeling (VEPCASL)*. Structural
imaging parameters were the following: T1-weighted MPRAGE: TR
2300 ms, TE 2.26 ms, TT 900 ms, FA 8 degrees, FOV (read) 256 mm, voxel
size 1.0 x 1.0 x 1.0 mm, Bandwidth 200 Hz/pixel, acquisition time 5 min
20 s. T2-FLAIR: TR 5000 ms, TE 392 ms, TT 1800 ms, FOV (read) 256 mm,
voxel size 1.0 x 1.0 x 1.0 mm Bandwidth 592 Hz/Px, TA 5:12. Structural
images were processed using the cNeuro platform (Combinostics, Tampere,
Finland) for automated segmentation (133 brain regions segmented via a
multi-atlas approach based on 79 manual atlases). Total brain volume and
white matter hyperintensities were extracted and adjusted for intracranial
volume, therefore, normalized (corrected) values were used. White matter
hyperintensity segmentation was conducted on FLAIR images using a
multi-stage method based on the Expectation-Maximization algorithm™.
Results are reported according to the OHBM Committee on Best Practice in
Data Analysis and Sharing (COBIDAS) on MRI guidelines. A schematic
overview of the processing and analytical workflow of the MRI data is
presented in Supplementary Fig. 9.

All T1-weighted and FLAIR segmentations were visually inspected by a
trained rater (J.D.M.), blinded to CAC status. Scans with motion artifacts,
incomplete brain coverage, or failed segmentation (n =7) were excluded.
For white matter hyperintensity segmentation, automatic outputs were
overlaid on native FLAIR images and verified for anatomical plausibility;
manual corrections were applied where necessary (n=12) following
established guidelines™.

Resting-state functional MRI
Resting-state fMRI data were preprocessed using CONN (v22.2)* and
SPM12 (release 12.7771). The current preprocessing pipeline is described
elsewhere™ and summarized below. Functional and anatomical scans were
coregistered, motion- and slice-time corrected, normalized to MNI space,
segmented into grey matter, white matter, and CSF, and smoothed with an
8 mm FWHM Gaussian kernel. Outlier scans were identified using ART
(framewise displacement >2 mm or global BOLD signal >9 SD). Denoising
included regression of white matter and CSF signals (5 CompCor compo-
nents each), motion parameters and their derivatives (12 total), outliers,
session effects, and linear trends. BOLD signals were bandpass filtered
(0.01-0.1 Hz), resulting in 273.6-524.2 effective degrees of freedom.
Group ICA identified 20 networks using subject-level singular value
decomposition, group-level singular value decomposition, fast-ICA, and
GICA3 back-projection. Group-level voxel-wise GLMs tested between-
group connectivity differences, with significance based on cluster-level
inference (voxel p<0.001; p-FDR <0.05). Post hoc ROI-to-ROI con-
nectivity was assessed using Fisher-transformed correlations, with hier-
archical clustering and FDR correction at connection and cluster levels.
Seed-to-voxel and ROI-to-ROI analyses compared connectivity between
CAC groups, controlling sequentially for age, sex, and white matter
hyperintensity volume.

Resting-state functional MRI and T1-weighted imaging
preprocessing

Functional and anatomical data underwent several preprocessing steps: first,
scans were coregistered to a reference image using a 6-parameter rigid body
transformation and resampled to correct for motion and susceptibility
interactions. Second, temporal misalignment between slices was corrected
using sinc temporal interpolation. Third, outlier scans were identified with
framewise displacement above 2 mm or global blood-oxygenated-level-
dependent (BOLD) signal changes above 9 standard deviations using ART.
Visual inspection of all T1 and FLAIR segmentations was performed, and
manual correction of white matter hyperintensity maps was applied where
needed. Fourth, data were normalized to MNI space, segmented into grey
matter, white matter, and CSF, and resampled to 2 mm isotropic voxels
using the SPM unified segmentation and normalization algorithm. Finally,
spatial smoothing was applied using a Gaussian kernel of 8 mm full-width
half-maximum (FWHM).

Quality assessment and denoising

Quality assessment was done during the denoising step using automated
quality assessment graphs provided by CONN and verified through carpet
plots. Motion exclusion criteria were explicitly applied, with framewise
displacement >2 mm leading to scan censoring. Functional data were
denoised using a pipeline that included regression of potential confounding
effects such as white matter timeseries (5 CompCor noise components), CSF
timeseries (5 CompCor noise components), motion parameters and their
first-order derivatives (12 factors), outlier scans (below 53 factors), session
effects and their first-order derivatives (2 factors), and linear trends (2
factors) within each functional run. This was followed by bandpass fre-
quency filtering of the BOLD timeseries between 0.01 Hz and 0.1 Hz.
CompCor noise components were estimated by computing the average
BOLD signal and the largest principal components orthogonal to the BOLD
average, motion parameters, and outlier scans within each subject’s eroded
segmentation masks. The effective degrees of freedom of the BOLD signal
after denoising ranged from 273.6 to 524.2, with an average of 522.2 across
all subjects.

First-level analysis

Group-level independent component analyses (group-ICA) identified 20
large-scale functional networks from the combined rs-fMRI data of all
subjects. This process involved several steps: first, BOLD signals from every
time point and voxel across subjects and conditions were concatenated
along the temporal dimension. Next, a subject-specific singular value

npj Dementia| (2026)2:42

10


https://mybiomarkers.shinyapps.io/Neurofilament/
https://mybiomarkers.shinyapps.io/Neurofilament/
https://mybiomarkers.shinyapps.io/GFAP/
www.nature.com/npjdementia

https://doi.org/10.1038/s44400-026-00093-9

Article

decomposition with 64 components for each subject was used for initial
dimensionality reduction, followed by a group-level singular value
decomposition with 20 components for the concatenated data. Then, a fast-
ICA fixed-point algorithm with a hyperbolic tangent (G1) contrast function
was applied to identify spatially independent group-level networks from the
reduced components. Finally, GICA3 back-projection was used to compute
ICA maps for these networks separately for each subject.

All 20 components were retained and visually inspected for corre-
spondence to canonical resting-state networks (Supplementary Fig. 3a-d).
Components clearly corresponding to artifactual patterns (e.g., edge effects,
white matter/CSF signal) were excluded from further analysis (n=3),
leaving 17 networks for statistical testing. The remaining 17 components
were identified and labeled based on their spatial correlation with estab-
lished resting-state network templates, with selection criteria involving
maximization of Dice similarity coefficients with canonical network maps.

Group-level analyses
Between-group comparisons were performed for each of the 17 networks
using second-level voxel-wise General Linear Models (GLMs), with first-
level connectivity measures as dependent variables and groups or subject-
level identifiers as independent variables. Voxel-level hypotheses were
evaluated using multivariate parametric statistics with random-effects
across subjects and sample covariance estimation across multiple
measurements.

To correct for multiple comparisons across all tested networks, we used
a two-stage approach: (1) an initial voxel-level threshold of p <0.001
(uncorrected), followed by (2) a cluster-level false discovery rate (FDR)
correction at p<0.05. This method controls for false positives while
maintaining sensitivity in exploratory whole-brain analyses. Cluster-level
inference was based on Gaussian Random Field theory. The rationale for
seed selection in seed-to-voxel analyses is as follows: seeds were defined a
priori as 6 mm spheres centered at the peak coordinates emerging from the
ICA findings.

Seed-to-voxel analyses

Seed-to-voxel analyses were conducted as hypothesis-driven follow-ups to
the group ICA results. Seeds were defined as 6 mm radius spheres centered
at the peak coordinates of clusters showing significant between-group dif-
ferences in the ICA-derived network-level comparisons: (1) right hippo-
campus/parahippocampal gyrus (MNIL: 424, —14, —26), and (2) left
precentral/postcentral gyri (MNI: —48, —14, +34). For each seed, voxel-
wise connectivity maps were computed as Fisher-transformed bivariate
correlation coefficients between the seed’s BOLD time series and the time
series of every other voxel in the brain. These whole-brain maps served as the
target voxel-wise connectivity space. The resulting maps were then entered
into second-level GLMs to compare connectivity strength between CAC
groups, using the same covariate sets (age, sex, and, where applicable, white
matter hyperintensity volumes) and correction procedures described for the
ICA analyses. Results were visualized as statistical parametric maps thre-
sholded at voxel-level p<0.001 (uncorrected) and cluster-level p-
FDR < 0.05.

To examine connectivity at the network level, we extracted timeseries
from each of the 17 ICA-derived networks. For each participant, we then
computed functional network connectivity as Fisher-transformed Pearson
correlations between every pair of network timeseries, resultingina 17 x 17
connectivity matrix. Finally, we tested for between-group differences in
network-to-network connectivity using general linear models, with false
discovery rate correction applied across all network pairs to account for
multiple comparisons.

Post-hoc region-of-interest analyses

For hypothesis-driven interrogation of specific circuits, regions of interest
(ROIs) were defined as: (a) the peak clusters from ICA analyses, and (b)
nodes of canonical resting-state networks from the CONN toolbox atlas,
including sensorimotor, salience, frontoparietal, language, dorsal attention,

visual, and default mode networks. In addition, we included ROIs from the
Harvard-Oxford atlas and 36 HPC-ICA networks to ensure comprehensive
coverage.

To compensate for transient magnetization effects at the beginning of
each run, individual scans were weighted by a step function convolved with
an SPM canonical hemodynamic response function and rectified. For each
participant, we then computed bivariate correlations between the BOLD
timeseries of all ROI pairs. These correlation coefficients were Fisher-
transformed to improve normality and entered second-level analyses. This
approach provided finer spatial resolution than network-level analysis while
maintaining interpretability within established functional systems.

At the group level, we estimated separate general linear models for each
connection, with first-level connectivity measures as dependent variables
and groups or subject-level identifiers as independent variables.
Connection-level hypotheses were evaluated using multivariate parametric
statistics with random effects across subjects and sample covariance esti-
matjon across multiple measurements.

To identify broader patterns of network interaction, we performed
functional network connectivity analyses using a complete-linkage hier-
archical clustering procedure based on ROI-to-ROI anatomical proximity
and functional similarity metrics. Inferences were made at the cluster level
using parametric statistics within and between pairs of networks. Results
were thresholded using a combination of a p<0.05 connection-level
threshold and a familywise corrected p-FDR < 0.05 cluster-level threshold.

Functional connectivity analysis

ICA component labeling was performed as follows: Each independent
component was labeled based on maximum spatial correlation with a set of
canonical resting-state network templates (CONN toolbox networks).
Components with correlation > 0.35 to multiple template networks (e.g.,
IC5 correlated with both salience and frontoparietal networks) were
assigned the label of the highest correlation but are noted as “overlapping” in
Supplementary Fig. 4. Components with identical labels (e.g., two compo-
nents both matching the visual network) were not combined; they were
retained as separate components representing potentially distinct functional
subdivisions (e.g., medial vs. lateral visual cortex). All labeled components
were visually confirmed by two independent raters (S.M., ].D.M.) with >90%
agreement; discrepancies were resolved by consensus.

Arterial spin labeling

Multi-post-labeling delay (PLD) vessel-encoded pseudo-continuous arterial
spin labeling (VEPCASL) was performed to quantify cerebral blood flow
(CBF) and enable vessel-territory resolution (left/right internal carotid and
vertebrobasilar contributions). For the primary analyses, we report the
combined CBF, defined as the sum across all decoded vessel territories.
Imaging parameters were as follows: TR 4600 ms, TE 14 ms, flip angle 90°,
field of view (read) 200 mm, voxel size 3.1 x 3.1 x 5.0 mm, bandwidth 2004
Hz/Px, and PLDs of 250, 500, 750, 1000, 1250, and 1500 ms (TA 6:18).
Because of sequential slice acquisition, the effective PLD for a given slice
equals the nominal PLD plus the slice-timing offset; for the central slice this
adds ~0.54 s (12 x 45.2 ms), giving central-slice effective PLDs of approxi-
mately 0.79, 1.04, 1.29, 1.54, 1.79, and 2.04s. Slice-timing was explicitly
modeled during quantification, so voxelwise fitting used the appropriate
effective PLD for each slice. Preprocessing used FSL (v6) and OXASL/BASIL
and included reorientation, motion correction using MCFLIRT, tissue
segmentation using FSL_ANAT, voxelwise calibration against the calibra-
tion image (MO0) with standard assumptions (blood-brain partition coeffi-
cient 1 = 0.9 mL/g and T1, blood = 1.65 s), and Bayesian multi-PLD fitting
in BASIL to derive quantitative CBF (mL/100 g/min). The OXASL pipeline
generated CBF maps for the four major brain-supplying arteries™.

Each VEPCASL run underwent automated motion assessment using
MCFLIRT; runs with estimated motion >2 mm translation or >1° rotation
were excluded (n = 3). Calibration (MO0) images were inspected for artifacts.
Voxel-wise CBF maps were visually screened for coverage failures, sus-
ceptibility artifacts, and incomplete vessel encoding (n=6 excluded).
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Whole-brain mean CBF values were additionally examined for outliers;
values < 20 or >80 mL/100 g/min triggered manual review of raw data and
quantification parameters (n =2 corrected, n = 1 excluded).

Arterial spin labeling processing

Three-dimensional time-of-flight angiography was used to localize the right
and left internal carotid arteries and the right and left vertebral arteries,
which were tagged separately using an eight-cycle paired encoding scheme.
Structural preprocessing was performed using fsl_anat on the T1-weighted
image (bias-field correction, brain extraction, and tissue segmentation),
generating the structural-to-Montreal Neurological Institute (MNI) non-
linear transformation used for subsequent registration steps. VEPCASL data
were processed using OXASL (Python) v0.2.2 with the vessel-encoded
plugin oxasl_ve v0.3.1, which performs vessel decoding prior to kinetic
modeling. ASL images were registered using outputs from fsl_anat,
perfusion-weighted images were generated, and voxel-wise perfusion was
computed using the supplied M0 image with the Bayesian Inference for
Arterial Spin Labeling (BASIL) toolbox®. Perfusion modeling incorporated
six PLDs (0.25-1.50's), a fixed bolus duration (r=1.4s), and a per-slice
acquisition time At_slice = 45.2 ms with slice timing accounted for in the
model fit. CBF was estimated using a BASIL two-compartment model,
including tissue and explicit macrovascular compartments with arterial
transit time inferred; no dispersion model was applied. BASIL options
included partial-volume correction, adaptive spatial smoothing of perfusion
images, and motion correction using MCFLIRT. Voxelwise calibration used
the MO image with an inversion efficiency of 0.85 and TI,
blood =1.65s at 3T.

Region-based statistics were generated using Harvard-Oxford
atlas regions transformed from MNI to each participant’s native ASL
space using fsl_anat warps. Only voxels with > 50% gray matter
probability were retained, and a minimum threshold of 10 contiguous
voxels was required to ensure reliable regional estimates. Regions not
meeting this criterion were coded as missing; this predominantly
affected small subcortical structures (e.g., amygdala, thalamic sub-
regions, accumbens) due to the relatively coarse ASL resolution and
partial volume effects. Missingness was balanced between CAC groups
and was not associated with age, sex, or CAC score (all p >0.20),
suggesting no systematic bias. ROIs were masked using “pure” gray-
and white-matter masks. Alzheimer’s disease-related regions, includ-
ing the posterior cingulate, precuneus, and temporo-limbic cortices,
were selected for their discriminatory value in mild Alzheimer’s disease
(Supplementary Tables 3 and 4)°'. Sample processing code can be
requested from the authors.

Statistical analysis

Analyses were performed using R version 4.3.2. Group differences in
cognitive, serum, and brain volumes outcomes were assessed using
ANCOVA, adjusting for age, sex, education, and time between CT-
MRI assessments. Blood flow analyses were corrected for age and sex.
Non-normally distributed variables were log-transformed or analyzed
using Mann-Whitney U tests. P-values were corrected for multiple
comparisons using the Benjamini-Hochberg procedure (p-FDR <
0.05). Functional connectivity analyses used GLMs, with voxel-wise
corrections applied via random field theory (p-FDR < 0.05). Effect sizes
are reported as eta-squared (h?), reflecting the magnitude of the seed-
to-voxel functional connectivity between-group difference. Post hoc
ROI-to-ROI functional connectivity was assessed via F-tests for
connections.

Data availability

The datasets generated and analyzed during the current study are not
publicly available due to ethical and privacy restrictions associated with
human participant data, but are available from the corresponding author on
reasonable request and subject to institutional and Lifelines data access
policies.
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