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Abstract

Aim: Estimated pulse wave velocity (ePWV) is a validated measure of arterial stiffness.
While linked to cardiovascular disease, its longitudinal relationship with domain-specific
cognitive decline in the general ageing population remains to be fully established.

Methods: We studied 5,080 participants (median age 64.0 years) from the English
Longitudinal Study of Ageing (waves 2-9, 2004-2019). Baseline ePWV was calculated
from age and mean blood pressure. Cognitive function (global, memory, executive,
orientation) was assessed biennially. We used multivariable-adjusted linear mixed models
to examine associations between baseline ePWV (natural log-transformed) and the rate of
cognitive decline across a median follow-up duration of 10.1 years.

Results: In cross-sectional analysis, higher baseline ePWYV was linked to poorer cognitive
scores across all domains (all P < 0.001). Longitudinally, each unit increase in log-ePWV
was linked to an accelerated annual decline in global cognitive score (-0.024 points/year;
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95% confidence interval (Cl) -0.026 to -0.021), memory (-0.022; -0.024 to 0.019), executive function (-0.019;
-0.022 to -0.016), and orientation (-0.017; -0.021 to -0.013). A distinct dose-response pattern was evident:
compared to the lowest quartile, participants in the highest ePWYV quartile experienced the fastest decline in global
cognition (-0.128 points/year), memory (-0.118/year), and executive function (-0.102/year) (P for trend < 0.001).

Conclusion: Higher arterial stiffness, as measured by ePWYV, is independently linked to accelerated long-term decline
across diverse cognitive domains in community-dwelling older adults. ePWV may be a useful vascular
biomarker linked to increased cognitive decline risk, requiring confirmation in prospective studies.

INTRODUCTION

Arterial stiffness is a recognized indicator of vascular aging and has gained recognition as an early,
modifiable risk factor for cardiovascular diseases and mortality in the elderly"!. Pulse wave velocity (PWV),
particularly carotid-femoral PWV (cfPWV), is considered as the most reliable non-invasive method for
evaluating arterial stiffness and is strongly predictive of adverse vascular outcomes™. In recent years, an
estimated pulse wave velocity (ePWV) has been developed and validated as a practical alternative to
carotid-femoral pulse wave velocity (cfPWV). This estimation is derived from easily accessible clinical
parameters, including age and blood pressure, making it particularly suitable for large-scale epidemiological
studies"*. This study employs ePWV given its strong validation against cfPWV, feasibility in large cohorts
where direct measurement is impractical, its established prognostic value for clinical outcomes, and its
potential as a scalable clinical biomarker. ePWV demonstrates a strong correlation with the measured
cfPWV and is further linked to elevated risks of cardiovascular events and all-cause mortality”’. In addition
to its established impact on cardiovascular health, arterial stiffness is increasingly recognized as a potential
contributor to cognitive decline and dementia. This perspective aligns with a growing understanding of the
vascular factors involved in neurodegenerative processes'®”. This vascular-cognitive link is especially relevant
in aging societies, where the burden of cognitive impairment is rising and modifiable risk factors are urgently
sought for prevention.

Although numerous studies have explored the connection between traditional vascular risk factors - such as
hypertension, diabetes, and dyslipidemia - and cognitive dysfunction, the independent role of arterial
stiffness has only recently come into focus®”. Mechanistically, elevated arterial stiffness results in diminished
damping of pulsatile flow, thereby subjecting the cerebral microcirculation to heightened pressure and flow
fluctuations. This can result in microvascular damage, white matter hyperintensities, reduced cerebral
perfusion, and ultimately structural brain changes that underlie cognitive decline"”. Current findings from
cross-sectional and short-term longitudinal research indicate that PWV may be linked to reduced
performance in memory and executive function"'. However, these studies have notable limitations: many
rely on single-timepoint cognitive measures, limited sample sizes, or do not account for key confounders
such as depressive symptoms, inflammation, or comorbidities'">"*.. More importantly, few studies have
leveraged the ePWV metric specifically in long-term follow-up cohorts to assess domain-specific cognitive
trajectories'”. As a result, it remains unclear whether higher ePWV can independently predict cognitive
decline over extended periods in community-dwelling older adults.

To fill this gap, this study examined the longitudinal link between baseline ePWV and 14-year cognitive
decline using data from the English Longitudinal Study of Ageing (ELSA), a nationally representative cohort
of adults aged 50+ in England. By utilizing repeated, standardized cognitive assessments across memory,
orientation, and executive function domains, and a validated equation to compute ePWV from age and
mean blood pressure (MBP), our analysis offers a robust framework to examine the potential of ePWV as a
non-invasive vascular biomarker for cognitive aging. Furthermore, we comprehensively adjust for a wide
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array of sociodemographic, behavioral, and clinical covariates to isolate the independent effect of ePWV. By
employing this methodology, we seek to enhance comprehension of the role of vascular factors in cognitive
decline and to assess the clinical applicability of ePWV for the early detection of individuals at increased risk
of cognitive impairment. This approach provides valuable perspectives for developing preventive measures
in aging populations.

METHODS

Study subjects

This study employed data from Wave 2 (2004-2005) to Wave 9 (2018-2019) of the ELSA, a nationally
representative, prospective cohort study designed to investigate the health, economic, social, and
psychological conditions of individuals aged 50 years and above living in England. ELSA adopts a stratified
probability sampling approach to guarantee the representativeness of the English population within this
specific age cohort. Comprehensive data on participants are gathered biennially through a combination of
in-person interviews, nurse-administered assessments, and self-administered questionnaires. The study’s
multidisciplinary approach allows for comprehensive assessment of ageing-related changes, including
cognitive performance, cardiovascular health, and biochemical markers"*. For the present analysis, we
included participants from Wave 2 (2004-2005) through Wave 9 (2018-2019) who had complete data on
ePWYV and cognitive assessments. Of the 9,432 participants interviewed at Wave 2, we excluded those who
did not undergo nurse visits (n = 1,766), those who missed baseline ePWV results (n = 104), those who
reported a diagnosis of dementia or Alzheimer’s disease at baseline (n = 42), those who did not complete all
baseline cognitive tests (n = 23), and those who missed laboratory results (n = 1,838). Additionally, we
excluded 579 individuals lost to follow-up across Waves 3-9. The final analytical sample comprised 5,080
participants (2,280 men and 2,800 women) with valid baseline ePWV measurements and at least one
follow-up cognitive assessment [Supplementary Figure 1]. The ELSA investigation received ethical approval
from the London Multicentre Research Ethics Committee (reference MREC/01/2/91), and written informed
consent was secured from every participant.

Definition of ePWV

ePWYV was determined using a validated equation that incorporates age and MBP, as described in previous
methodological and clinical studies'. The calculation was performed using the following formula: ePWV =
9.587 - 0.402 * age + 4.560 * 10-3 * age2 - 2.621 * 10-5 * age2 * MBP + 3.176 * 10-3 * age * MBP - 1.832 * 10-2
* MBP, where ePWYV is expressed in meters per second (m/s), age in years, and MBP in mmHg. MBP is
calculated as: MBP = diastolic blood pressure + 0.4 x (systolic blood pressure - diastolic blood pressure), with
both systolic and diastolic blood pressures (SBP and DBP) measured in mmHg. This equation, developed by
Greve et al. and validated against directly measured cfPWV, was selected because it is the most widely used
ePWYV formula in large epidemiological studies, has demonstrated strong predictive value for cardiovascular
outcomes, and enables direct comparability with prior research on ePWV and cognitive aging”*. In the
present study, SBP and DBP measurements were obtained during the nurse visit at wave 2. Following a
standardized protocol, three consecutive readings were taken from the seated participant’s right arm using an
Omron HEM-907 digital monitor, and the mean of the second and third measurements was employed to
derive systolic and diastolic values for the computation of MBP and subsequent ePWV.

Cognitive assessments

Cognitive function was evaluated at baseline (wave 2) and at each subsequent two-year follow-up interval
(waves 3-9). The assessment protocol comprised established tasks designed to measure multiple cognitive
domains. All cognitive evaluations were conducted by trained interviewers following standardized protocols
to ensure consistency across different survey waves. The repeated, multi-domain design allows for the
examination of both cross-sectional cognitive performance and longitudinal trajectories of decline: (1)
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Memory performance was evaluated through a 10-word recall task. In this task, individuals were provided
with a list of 10 unrelated words and instructed to recall them immediately (immediate recall), followed by a
second recall attempt after a brief interval occupied by non-memory activities (delayed recall). Each recall
trial was evaluated on a scale from 0 to 10. A composite memory score, ranging from 0 to 20, was calculated
by adding the scores from both the immediate and delayed recall trials. Higher scores on this composite
measure reflect superior performance in verbal episodic memory. The theoretical range is 0 to 20, where each
point corresponds to one correctly recalled word. A 1-point decline represents a reduction in immediate or
delayed verbal recall by one word, which is considered clinically meaningful in ageing populations. This task
has demonstrated good reliability and validity in ageing populations and is sensitive to age-related cognitive
decline"); (2) Executive function was assessed using a semantic verbal fluency task. Participants were
instructed to generate as many distinct animal names as possible within a 60-s timeframe. The final score was
determined by the total count of correct and unique animal names produced. The score range is theoretically
unbounded, but in practice, scores typically fall between 0 and 40 in this cohort. A decline of 2-3 points is
often regarded as a clinically noticeable change in verbal fluency and cognitive flexibility. This task engages
cognitive processes such as strategic retrieval, cognitive flexibility, and processing speed, and has been
extensively employed as a reliable measure of executive function in large-scale aging research!*; (3)
Orientation was assessed using four items that inquired about the present date, specifically the day of the
month, month, year, and day of the week. Each item was scored as correct (1 point) or incorrect (0 points),
resulting in an orientation score with a possible range from 0 to 4"”\. A score of 4 indicates full orientation;
scores < 3 suggest possible temporal disorientation, which is often associated with mild cognitive impairment
or early dementia; (4) A comprehensive global cognitive score was derived by aggregating the standardized
scores from assessments of memory, executive function, and orientation. This composite measure has a
mean of 0 and a standard deviation of 1 at baseline. Positive scores indicate above-average performance,
while negative scores indicate below-average performance relative to the baseline population. A decline of
0.2-0.3 standard deviations is generally considered a small but clinically detectable change in global
cognition. This composite metric serves as a comprehensive indicator of overall cognitive performance,
where elevated scores correspond to superior global cognitive functioning"®.

Covariates

The analyses incorporated the following covariates to control for potential confounding factors that are
either established or hypothesized to be linked with arterial stiffness and cognitive trajectory.
Socio-demographic and lifestyle factors comprised gender (male/female), and educational attainment.
Education was categorized into “higher” (holding A-level qualifications, a university degree, or equivalent)
and “lower” (qualifications below A-level or no formal qualifications). Living status was dichotomized as
living alone versus living with others (spouse, family, or partners). Smoking status was defined as current
smoker versus non-smoker (including former and never smokers). Alcohol consumption was classified as
regular drinker (consuming alcohol at least once a week) versus non-regular drinker. Clinical parameters and
cardiovascular risk factors encompassed body mass index (BMI), which was derived from measured height
and weight. Hypertension was defined as SBP 2 140 mmHg, DBP 2 90 mmHg, or current use of
antihypertensive medication. This threshold aligns with the UK NICE and ESC/ESH guidelines that were
clinically applicable during the study period and ensures consistency with prior ELSA-based research.
Diabetes mellitus was defined as a glycated hemoglobin (HbA1c) level 2 6.5%, a fasting plasma glucose 2 7.0
mmol/L, or reported use of antidiabetic medication. Blood biomarkers included total cholesterol (TC),
triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and high-sensitivity C-reactive protein
(hs-CRP), all measured from fasting blood samples using standard laboratory assays at the Royal Victoria
Infirmary"*. Depressive symptoms were assessed using the 8-item version of the Center for Epidemiologic
Studies Depression Scale (CES-D)"". A score of = 4 was used to indicate the presence of clinically relevant
depressive symptoms, consistent with established cut-offs in ageing populations. Prevalent chronic diseases
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were determined based on self-reported, physician-diagnosed conditions. These comprised coronary heart
disease (including angina or myocardial infarction), stroke, chronic lung disease, and asthma. All covariates
were assessed at baseline (wave 2) unless otherwise indicated. Their inclusion in statistical models was based
on existing evidence linking them to vascular health, systemic inflammation, and cognitive ageing™’.

Statistical analysis

All statistical analyses were conducted using R software (version 4.4.2). Continuous variables are expressed as
mean (+ standard deviation) for normally distributed data or as median [Q1, Q3] for non-normally
distributed data; categorical variables are reported as frequencies (percentages). The exposure variable,
ePWYV, was natural log-transformed [In(ePWV)] to address positive skewness and improve model fit. This
conversion enables interpretation on a relative scale, with coefficients indicating the change in cognitive
score associated with each proportional increase in ePWV 21,

Cross-sectional analyses at baseline (Wave 2) employed multivariable linear regression to assess associations
between In(ePWV) and four cognitive domains: global, memory, executive function, and orientation scores.
A sequential adjustment strategy was used: Model 1 adjusted for depressive symptoms; Model 2 added
sociodemographic/lifestyle factors (gender, education, living status, smoking, alcohol); Model 3 further
added biological/clinical covariates (TC, TG, HDL-C, BMI, hs-CRP, diabetes, coronary heart disease, stroke,
chronic lung disease, asthma)"*. Given that ePWV is derived from age and MBP, these variables were not
included in the multivariable models to avoid multicollinearity and to focus on the integrated measure of
arterial stiffness. Standardized coefficients (B) with 95% confidence intervals were computed to facilitate
effect size comparisons across domains.

Longitudinal analyses used linear mixed-effects models with subject-specific random intercepts and random
slopes for time to evaluate associations between baseline In(ePWV) and cognitive change over Waves 2-9"%.
Cognitive scores were standardized within each domain using baseline (Wave 2) means and standard
deviations. We employed two complementary approaches: (1) continuous analysis with standardized
In(ePWV) as predictor; (2) quartile-based analysis (Q1-Q4, Q1 reference). ePWV quartiles were defined
using the sample-specific distribution of baseline ePWV (25th, 50th, and 75th percentiles). In sensitivity
analyses, quartiles were recalculated within the relevant subsample. Both approaches included time, the
time-by-ePWYV interaction (primary term of interest), and all Model 3 covariates as fixed effects. For quartile
analyses, linear trend was tested by treating quartiles as an ordinal variable. Models used restricted maximum
likelihood estimation, included all available data, and were compared via Akaike Information Criterion
(AIC).

Sensitivity analyses included: (1) exclusion of participants with baseline cardiovascular disease; (2) multiple
imputation (20 datasets, predictive mean matching) for missing cognitive data. Cognitive trajectories were
visualized by plotting mean scores with 95% confidence intervals at Waves 2 and 9 for each quartile; (3) All
p-values were two-sided (a = 0.05). For the quartile-based analyses, we also report p-values for trend tests,
which examine whether cognitive decline increases linearly across ePWV quartiles.

RESULTS

Baseline characteristics and sample size

The final analytical sample comprised 5,080 participants (57.6% women) with a median age of 64.0 years
[interquartile range (IQR): 58.0-72.0]. ePWV values ranged from 2.8 to 14.2, with a median of 6.8 and an
interquartile range of 5.9-8.1. The distribution of ePWV was positively skewed in this population
[Supplementary Figure 2]. As presented in Table 1, multiple baseline characteristics exhibited a linear
relationship across increasing quartiles of ePWV. These included age, TC, hs-CRP, attainment of higher
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Table 1. Characteristics of the study participants at baseline (wave 2), according to baseline ePWYV quartiles

Characteristic Baseline characteristics by ePWV quartiles (m/s) P for trend*
Q1(n=1,348):<5.9 g;_(g; 1366): Q3(n=1,261):6.8-8.1 Q4 (n=1,105): > 8.1
Age (years) 57.0[54.0,60.0] 61.0 [57.0,65.0] 68.0[64.0,72.0] 78.0[74.0,82.0] <0.001
Female (%) 777 (57.6) 726 (53.1) 659 (52.3) 638 (57.7) 0.755
TC (mmol/L) 591[5.2,6.7] 6.0 [5.2,6.8] 5.9[5.1,6.7] 5.8[4.9,6.7] 0.005
TG (mmol/L) 1.5[1.0,2.2] 1.5[1.1,2.2] 1.6[1.1,2.2] 1.5[1.1,2.2] 0.229
HDL-C (mmol/L) 15[1.2,1.8] 1.5[1.3,1.8] 1.5[1.21.7] 1.5[1.3,1.8] 0.850
hs-CRP (mg/L) 1.6[0.7,3.4] 1.8[0.9,3.9] 21[1.1,4.3] 2.411.2,4.8] <0.001
BMI (kg/m"2) 26.7 [24.0,30.0] 27.4124.9,30.7] 27.5[25.1,30.8] 26.9[24.6,30.2] 0.125
i >
E;)”;at'on 2NVQ3/GCEAlevel - o050 (531 793 (58.1) 616 (48.9) 401(36.3) <0.001
Living alone (%) 194 (14.4) 230 (16.8) 302 (23.9) 498 (45.1) <0.001
Depressive symptoms (%) 168 (12.5) 177 (13.0) 172 (13.6) 174 (15.7) 0.019
Current smoking (%) 248 (18.4) 190 (13.9) 168 (13.3) 93(8.4) <0.001
s

gl/ffh""c drink 2 once per week g9 73 5 890 (71.0) 815 (70.4) 584 (61.7) <0.001
Diabetes (%) 109 (8.1) 103 (7.5) 113 (9.0) 94 (8.5) 0.433
Coronary heart disease (%) 158 (11.7) 168 (12.3) 188 (14.9) 241(21.8) <0.001
Stroke (%) 21(.6) 29 (2.1 36 (2.9) 59 (5.3) <0.001
Chronic lung disease (%) 64 (4.7) 67 (4.9) 78 (6.2) 80 (7.2) 0.003
Asthma (%) 167 (12.4) 177 (13.0) 141 (11.2) 132 (11.9) 0.438
Global cognitive scores 37.0[32.0,42.0] 36.0 [31.0,41.0] 34.0[29.0,39.0] 30.0[25.0,35.0] <0.001
Memory scores 12.0 [10.0,14.0] 11.0[9.0,13.0] 10.0[8.0,12.0] 9.0[6.0,11.0] <0.001
Executive function scores 22.0[18.0,26.0] 21.0[17.0,25.0] 20.0[16.0,24.0] 18.0 [14.0,22.0] <0.001
Orientation scores 4.0[4.0,4.0] 4.0[4.0,4.0] 4.0[4.0,4.0] 4.0[3.0,4.0] <0.001

The results are presented as median [Q1,Q3], or n (%). *Calculated by using a linear regression analysis or y? test for trend. ePWV: Estimated
pulse-wave velocity; TC: total cholesterol; TG: triglycerides; HDL-C: high-density lipoprotein cholesterol; hs-CRP: high-sensitivity C-reactive protein;
BMI: body mass index; NVQ3: National Vocational Qualification Level 3; GCE A level: General Certificate of Education Advanced Level.

education, living alone, presence of depressive symptoms, current smoking, regular alcohol consumption,
and history of coronary heart disease, stroke, and chronic lung disease. Cognitive performance at baseline, as
reflected in global, memory, executive function, and orientation scores, also varied systematically with ePWV
quartiles. Cognitive function was assessed at baseline (Wave 2) and subsequently every two years through
Wave 9. Participant retention across waves was as follows: 5080 (Wave 2), 4868 (Wave 3), 4300 (Wave 4),
3983 (Wave 5), 3679 (Wave 6), 3233 (Wave 7), 2818 (Wave 8), and 2455 (Wave 9). The mean duration of
follow-up was 10.1 (+ 4.5) years, and participants completed an average of 4.2 (+ 1.8) cognitive assessments
during the study period.

Baseline ePWV levels and cognitive scores (cross-sectional analyses)

Table 2 presents the cross-sectional associations between baseline In(ePWV) and cognitive function at Wave
2. In the fully adjusted model (Model 3), each unit increase in In(ePWV) was associated with lower global
cognitive score [B (B is the regression coefficient, representing the average change in the outcome for each
one-unit increase in the predictor) = -0.221, 95% CI: -0.249 to -0.193], poorer memory (f = -0.241, 95% CI:
-0.270 to -0.212), reduced executive function (p = -0.152, 95% CI: -0.182 to -0.123), and worse orientation (B
=-0.116, 95% CI: -0.147 to -0.085) (all P < 0.001). While the strength of the association (B coefficient)
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attenuated slightly from Model 1 to Model 3 for global, memory, and executive function scores, the
proportion of variance explained (R*) by the models increased, indicating the contribution of the added
covariates.

Baseline ePWV levels and cognitive decline (longitudinal analyses)

Longitudinal analyses based on linear mixed-effects models demonstrated a significant association between
higher baseline arterial stiffness, measured by In(ePWV), and an accelerated rate of decline in cognitive
function over the follow-up period [Table 3]. For global cognition, a significant negative interaction was
found between time and baseline In(ePWV) (B = -0.024, 95% CI: -0.026 to -0.021). This indicates that a
higher baseline arterial stiffness level was associated with a steeper decline in global cognitive scores over
time. This pattern was consistent across specific cognitive domains: higher baseline In(ePWV) predicted a
faster rate of decline in both memory [In(ePWV) x time interaction: f = -0.022, 95% CI: -0.024 to -0.019] and
executive function [In(ePWV) x time interaction: p = -0.019, 95% CI: -0.022 to -0.016]. A significant
interaction was also observed for orientation scores [In(ePWV) x time: f = -0.017, 95% CI: -0.021 to -0.013].
Furthermore, the main effect of baseline In(ePWV) was significantly and negatively associated with scores in
all cognitive domains at baseline, confirming its cross-sectional link to poorer cognitive performance.

Figure 1 shows the trajectories of cognitive scores by baseline ePWV quartiles from waves 2 to 9. A clear
graded association was observed between higher baseline ePWV quartiles and faster cognitive decline in the
fully adjusted model [Table 4]. Compared to the lowest quartile (Q1), the annual rate of global cognitive
decline was progressively faster across Q2 (mean difference: -0.030 points/year), Q3 (-0.068), and Q4 (-0.128)
(P for trend < 0.001). Significant dose-response trends were also present for memory and executive function
(both P for trend < 0.001). The decline associated with the highest ePWV quartile (Q4) was -0.118
points/year for memory and -0.102 points/year for executive function, relative to Q1. For orientation, while
the overall trend was significant (P for trend < 0.001), the association was not strictly monotonic. Only Q3
and Q4 showed a statistically significant acceleration in decline compared to Q1.

Attrition and missing data analyses

A total of 3,773 participants (40%) were excluded from the analysis because they had incomplete baseline
information or a confirmed diagnosis of dementia and/or Alzheimer’s disease. An additional 579 individuals
(6%) were lost during follow-up. Overall, when compared to the participants who were included in the study,
those who were excluded tended to be older, had a higher occurrence of cardiovascular risk factors, lower
levels of education, and performed worse on baseline cognitive assessments across all measured domains
[Supplementary Tables 1 and 2]. This may indicate a selection bias toward a healthier population, which
should be taken into account when extending the conclusions to broader populations.

Sensitivity analyses

We conducted sensitivity analyses to assess the robustness of our primary results. After removing
participants who had cardiovascular disease at baseline (n = 4,234), the relationship between ePWV and
cognitive decline continued to be statistically significant and largely aligned with the findings from the main
analysis [Supplementary Tables 3 and 4]. Furthermore, to address missing cognitive assessment data during
follow-up, we conducted multiple imputation using chained equations (n = 5,080), generating 20 imputed
datasets. The imputation model included all cognitive scores at each follow-up wave, and all covariates used
in the main analyses (sociodemographic, lifestyle, and clinical variables). The results continued to show a
stable longitudinal association between ePWV and cognitive decline, with no substantial changes observed
[Supplementary Tables 5 and 6]. These analyses suggest that our main conclusions are not markedly
influenced by baseline cardiovascular disease status or missing cognitive data.
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Table 2. Linear associations between baseline ePWV (natural log-transformed) and cognitive scores: cross-sectional analyses using multiple linear regressions

Baseline cognitive scores Model 1 Model 2° Model 3¢

B (95% CI) P value R? B (95% CI) P value R? B (95% CI) P value R?
Global cognitive scores -0.320 (-0.346 t0 -0.294) <0.001 0.116 -0.225 (-0.253 to -0.197) <0.001 0.197 -0.221(-0.249 t0 -0.193) <0.001 0.198
Memory scores -0.325 (-0.351t0 -0.299) <0.001 0m2 -0.244 (-0.272 t0 -0.216) <0.001 0.176 -0.241(-0.270 to -0.212) <0.001 0.176
Executive function scores -0.238 (-0.265 to -0.211) <0.001 0.069 -0.156 (-0.185 to -0.127) <0.001 0.132 -0.152 (-0.182 t0 -0.123) <0.001 0.133
Orientation scores -0.153 (-0.181to -0.126) <0.001 0.025 -0.116 (-0.147 to -0.086) <0.001 0.029 -0.116 (-0.147 to -0.085) <0.001 0.034

2Adjusted for baseline depressive symptoms; PAdjusted for baseline depressive symptoms, sex, education, living status, current smoking, and alcoholic drink; <Further adjusted for baseline total cholesterol, high-density
lipoprotein cholesterol, triglycerides, body mass index, high-sensitivity C-reactive protein, diabetes, coronary heart disease, stroke, chronic lung disease, and asthma. ePWV: Estimated pulse-wave velocity; Cl: confidence interval.

DISCUSSION

Comparison with existing research results

Our study offers robust longitudinal evidence demonstrating that increased ePWV, a surrogate marker of arterial stiffness calculated from age and MBP, is
independently linked to accelerated cognitive decline in a large, nationally representative cohort of older adults in England over a 14-year follow-up period. This
association persisted as significant following adjustment for a comprehensive set of demographic, lifestyle, and clinical confounding factors. These results add to the
accumulating evidence underscoring the role of vascular factors in cognitive aging, and further corroborate and extend previous research findings. Multiple
cross-sectional and short-term longitudinal studies have reported inverse associations between ePWV and cognitive function across diverse populations. For instance,
Heffernan et al. (2022) using National Health and Nutrition Examination Survey (NHANES) data found significant inverse associations between ePWV and
performance on the Digit Symbol Substitution Test among older non-Hispanic Black and White adults™!. Our research builds on these results by showing comparable
links across a wider spectrum of cognitive domains - including memory (assessed by 10-word immediate and delayed recall), executive function, and orientation - and,
importantly, over an extended follow-up period, reinforcing the temporality and potential causal relevance of the relationship. Furthermore, our findings are consistent
with post-hoc analyses from the SPRINT-MIND trial (Hao et al.,2024), which demonstrated that higher ePW'V tertiles were associated with significantly increased risk
of mild cognitive impairment and probable dementia®*!. However, while SPRINT-MIND focused on clinical diagnoses as endpoints, our study evaluated
domain-specific cognitive trajectories over time, offering amore granular view of cognitive aging and detecting subclinical changes that may precede overt impairment.

The Northern Manhattan Study (Aimagambetova et al.,2024) further highlighted the relevance of arterial stiffness across racial and ethnic lines, demonstrating that
higher ePWV predicted worse performance and greater cognitive decline across multiple domains in a multiethnic cohort"?. Our results support these observations in
a predominantly White English population, suggesting that the adverse cognitive consequences of vascular aging may be generalizable across populations, albeit with
potential ethnic and sex-specific modifiers. Interestingly, our study parallels and extends findings from the Health and Retirement Study (Heffernan et al., 2024), which
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Table 3. Association between baseline ePWV (natural log-transformed) and rate of change in cognitive scores (points/year):
longitudinal analyses using linear mixed models

Model terms for cognitive scores B (95% CI)* P value

Global cognitive scores. Model fit, AIC = 49,519.9

Time -0.030 (-0.033 t0 -0.028) <0.001
Ln (ePWV) -0.193 (-0.216 to -0.169) <0.001
Ln (ePWV) x time -0.024 (-0.026 to -0.021) <0.001

Memory scores. Model fit, AIC = 60,198.0

Time -0.038 (-0.040 to -0.036) <0.001
Ln (ePWV) -0.215(-0.238 t0 -0.192) <0.001
Ln (ePWV) x time -0.022 (-0.024 to -0.019) <0.001

Executive function scores. Model fit, AIC = 54,875.0

Time -0.020 (-0.022 to -0.017) <0.001
Ln (ePWV) -0.140 (-0.164 to -0.115) <0.001
Ln (ePWV) x time -0.019 (-0.022 to -0.016) <0.001

Orientation scores. Model fit, AIC = 71,436.0

Time -0.024 (-0.027 to -0.020) <0.001
Ln (ePWV) -0.080 (-0.099 to -0.061) <0.001
Ln (ePWV) x time -0.017 (-0.021to0 -0.013) <0.001

2Adjusted for baseline depressive symptoms, sex, education, living status, current smoking, alcoholic drink, total cholesterol, high-density
lipoprotein cholesterol, triglycerides, body mass index, high-sensitivity C-reactive protein, diabetes, coronary heart disease, stroke, chronic lung
disease, asthma, and duration of follow-up. ePWV: Estimated pulse-wave velocity; AIC: Akaike Information Criterion; Cl: confidence interval.

reported that elevated ePWV was associated with increased odds of dementia even after controlling for a
wide array of confounders™. However, our focus on longitudinal change in specific cognitive domains,
rather than categorical diagnostic outcomes, allows for earlier detection of at-risk individuals and a more
nuanced understanding of how vascular aging translates into cognitive decline. Notably, our study also
identifies a nonlinear association between ePWV and orientation decline, with significant effects only
emerging in higher quartiles. This pattern was similarly echoed in the rural Chinese cohort study (Li et al.,
2024), where a nonlinear spline relationship was observed between baseline ePWV and Mini-Mental
State Examination (MMSE) score trajectories”?!. These findings suggest the existence of a vascular
threshold beyond which cognitive vulnerability sharply increases, possibly due to an accumulation of
microvascular damage or autoregulatory failure. From a neuropsychological standpoint, temporal
orientation is often preserved until relatively advanced stages of cognitive decline, likely because it
relies on highly rehearsed, schema-based knowledge and distributed neural networks that confer
resilience against early vascular insults®?. Consequently, a measurable decline in orientation may
only emerge after the accumulation of microvascular damage surpasses a critical threshold,
disrupting these compensatory mechanisms. Additionally, orientation performance is closely linked
to the functional integrity of medial temporal and hippocampal regions, which may be less susceptible to
mild pulsatile hemodynamic stress compared to frontal-subcortical circuits that support memory and
executive functions””. This regional heterogeneity in vascular vulnerability directly aligns with our
observation that memory and executive function declined linearly across ePWV quartiles, whereas
orientation decline became apparent only at higher ePWV levels - consistent with a threshold-like effect
and with recent reports of nonlinear associations between arterial stiffness and orientation.
Nevertheless, we acknowledge that the 4-point orientation scale used in ELSA exhibits a pronounced ceiling
effect, with the majority of participants scoring the maximum at baseline. This measurement property
inherently limits sensitivity to early decline and may contribute to the apparent nonlinear trajectory. Our
data cannot definitively distinguish between a genuine biological threshold and an artefact of scale
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Figure 1. The trajectories of cognitive scores by baseline ePWYV quartiles from Wave 2 to Wave 9. Error bars represent 95% confidence
intervals. ePWV: Estimated pulse-wave velocity; Cl: confidence interval.

compression. Future studies employing more sensitive and continuous measures of temporal orientation - or
composite cognitive batteries with greater dynamic range - are needed to clarify this question.

Mechanistically, the link between arterial stiffness and cognitive decline is thought to involve several
interrelated pathways. Increased arterial stiffness leads to augmented pulsatile flow and hemodynamic stress
in cerebral microvessels, resulting in blood-brain barrier disruption, microbleeds, and white matter
hyperintensities - all of which have been independently associated with cognitive impairment™ .. A recent
study by Heffernan et al. (2025) using neuroimaging data from the MIDUS project confirmed that elevated
ePWV in midlife predicts deterioration in white matter microstructural integrity over a decade later,
highlighting a potential long-latency pathophysiological process through which vascular dysfunction affects
brain aging®'. Critically, the prefrontal cortex and hippocampus - regions essential for executive function
and episodic memory - exhibit high metabolic demand and limited collateral flow, making them particularly
vulnerable to neurovascular uncoupling caused by arterial stiffness. Recent longitudinal studies confirm that
elevated ePWV predicts microstructural damage in these areas, which in turn mediates domain-specific
cognitive decline®??. Moreover, emerging evidence from mediation analyses (Jin et al., 2025) suggests that
while blood pressure partially explains the association between ePWV and cognition, arterial stiffness exerts
effects beyond those of static blood pressure levels””. Indeed, the nonlinear interaction between ePWV and
blood pressure range in relation to cognitive outcomes emphasizes the complexity of vascular-cognitive
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Table 4. Mean difference in rate of change in cognitive scores (points/year) comparing quartiles of baseline ePWV: longitudinal
analyses using linear mixed models

Model terms for cognitive

scores Mean difference (95% CI) in rate of change by ePWYV quartiles (m/s) P for trend

Q(n=1348) () (1=1366):59-6.8 Q3(n=1,261:6.8-81 Q4 (n=1,105):>8.1

<5.9

Global cognitive scores

Model 1%, AIC = 56,936.7 0.000 (ref) :8:8127%('0'039 o :8:822)('0'079 o -0.125 (-0.139 to -0.111)  <0.001
Model 2¢, AIC = 51,235.8 0.000 (ref) :8:81279)('0'040 o ooeLceorte e onTe <0.001
Model 3¢, AIC = 49,595.2 0.000 (ref) :8:8?5)('0'042 o :8:822;’0'080 o -0.128 (-0.143 to -0.13)  <0.001
Memory scores

Model 17, AIC = 68985.6 0.000 (ref) :8:812(;('0'038 o :8:822)('0'077 o -0.114 (-0.128 to -0.101)  <0.001
Model 2°, AIC = 62195.6 0.000 (ref) :8:812(;('0'039 to :8:823)('0'076 to :8:101;’9()'0'128 o <0.001
Model 3¢, AIC = 60274.3 0.000 (ref) :8:81289;'0'040 o :8:822)('0'078 o -0.118 (-0.132 t0 -0.103)  <0.001
Executive function scores

Model T+, AIC = 624139 0000 (refy 002003610 oayooeste oazoe <0.001
Model 2, AIC = 56648.6 0000(eny o 02RO ooayoverte pooa ot <0.001
Model 3:, AIC = 54928.8 0000(ref) 0027 (0030 :8:8455)('0'068 o :8:2)%26§'0'”8 to <0.001
Orientation scores

Model 1-, AIC = 82376.7 0000(ehy 0000210 st g foeste <0.001
Model 2°, AIC = 73761.4 0.000 (ref)  -0.011(-0.027 to 0.005) :8:823;'0'056 to :8:822;'0'109 o <0.001
Model 3¢, AIC = 71199.7 0.000 (ref) 6%(833;'0'029 to :8:8;‘2)('0'057 to :8:8%5'0'”1 to <0.001

2Adjusted for baseline depressive symptoms; *Adjusted for baseline depressive symptoms, sex, education, living status, current smoking, and
alcoholic drink; <Further adjusted for baseline high-density lipoprotein cholesterol, triglycerides, body mass index, high-sensitivity C-reactive
protein, diabetes, coronary heart disease, stroke, chronic lung disease, asthma, and duration of follow-up. ePWV: Estimated pulse-wave velocity;
AIC: Akaike Information Criterion; Cl: confidence interval.

coupling and the potential need for individualized management targets based on arterial compliance profiles.

Strengths and limitations

One of the major strengths of this study lies in the use of data from the ELSA, a large, well-characterized, and
nationally representative cohort of older adults. The longitudinal design, combined with repeated cognitive
assessments over several waves, allows for the evaluation of within-individual changes in cognitive function
over time. This enhances the temporal validity of the observed associations between ePWV and cognitive
decline, strengthening causal inferences beyond cross-sectional findings. Another strength is the use of
ePWYV, a non-invasive and easily obtainable measure derived from age and blood pressure, which offers
a scalable alternative to direct measures of arterial stiffness such as cfPWV. Although it is a surrogate
marker, ePWV has demonstrated strong correlations with direct measurements and can be readily
implemented in large population studies. Additionally, the study applied a robust cognitive assessment
framework covering multiple domains, including memory, executive function, and verbal fluency,
which provides a more comprehensive picture of cognitive trajectories in aging.
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However, the study has several limitations. The use of ePWV instead of direct arterial stiffness measures may
introduce estimation errors and reduce the accuracy of individual-level assessments; consequently, while
ePWYV demonstrates robust associations at the population level, its utility for precise individual risk
stratification may be limited without complementary validation. Moreover, although extensive covariate
adjustment was applied, residual confounding from unmeasured variables - such as physical activity, diet
quality, sleep disorders, genetic risk factors, inflammation, or subclinical neurovascular disease - cannot be
ruled out. We also acknowledge that ePWV derived from single baseline blood pressure does not capture
long-term variability or antihypertensive treatment effects; both factors would attenuate our estimates,
rendering the findings conservative. Because ePWV is calculated from age and blood pressure, we did not
adjust for these components in the same model to prevent collinearity; this approach aligns with the study’s
aim to evaluate arterial stiffness as a composite vascular measure. We further acknowledge that age is a major
component of the ePWV equation and is itself a strong predictor of cognitive decline; however, our aim was
to evaluate the integrated vascular aging construct rather than to isolate age-independent effects, and the
strong correlation between ePWV and age precludes their simultaneous inclusion in regression models. We
acknowledge that this precludes formal statistical separation of the individual effects of age and MBP.
However, our objective was to assess the prognostic utility of the integrated ePWV construct as a clinically
scalable biomarker, rather than to decompose its physiological determinants. Future studies with repeated
cfPWYV measurements or interventional designs are needed to isolate the specific contribution of arterial
stiffness independent of blood pressure. Selection bias may also have occurred due to the exclusion of ~ 40%
of the Wave 2 sample with incomplete data or prevalent dementia; these individuals were older and had
poorer cardiovascular and cognitive profiles, introducing a healthy participant bias that would attenuate the
observed associations. Individuals with worse cardiovascular or cognitive profiles may also have been more
likely to drop out or die during follow-up, further contributing to an underestimation of the true
associations. Notably, sensitivity analyses using multiple imputation for missing cognitive data yielded
consistent effect estimates, suggesting that our findings are robust to attrition under plausible missing-data
assumptions. Nevertheless, sensitivity analyses excluding participants with baseline cardiovascular disease
and using multiple imputation for missing cognitive data yielded consistent results, confirming the
robustness of our main findings despite this potential bias. Additionally, although baseline ePWV has
demonstrated prognostic value for long-term outcomes in multiple cohorts, we acknowledge that changes in
arterial stiffness over time may also influence cognitive trajectories. Repeated ePWV measurements were not
available, and including time-updated ePWV would introduce near-perfect collinearity with follow-up time,
precluding such analysis. Future studies with serial ePWV or direct cfPWV assessments are needed to
examine the impact of progressive vascular aging. Lastly, the findings may not be generalizable to
non-English populations or institutionalized older adults, as the ELSA cohort's scope limits its direct
integration into routine cardiovascular risk assessments in primary care or geriatric settings.

Implications for practice and research

In conclusion, this study provides robust evidence that higher ePWV - a surrogate marker of arterial stiffness
- is significantly associated with accelerated cognitive decline in older adults. These findings underscore the
key role of vascular health in preserving cognitive function and suggest ePWV as a potential biomarker for
neurocognitive risk deserving further investigation. If confirmed, early identification of arterial stiffness
could offer a window for interventions - such as antihypertensive therapy and lifestyle modifications - that
may simultaneously reduce cardiovascular risk and delay neurodegeneration. Antihypertensive agents
modulating the renin-angiotensin system reduce arterial stiffness beyond blood pressure lowering, and
observational studies link them to slower cognitive decline. Aerobic exercise, sodium restriction, and the
Mediterranean diet also improve arterial compliance and are associated with better cognitive outcomes. We
propose evaluating ePWV in primary care as part of routine cardiovascular risk assessment to identify
individuals at higher risk of cognitive decline. Future research should prioritize randomized trials testing
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whether reducing ePWYV slows cognitive impairment, alongside mechanistic neuroimaging studies. Should
consistent evidence emerge, integrating ePWV into geriatric assessments could facilitate early identification
and proactive strategies to combat the growing dementia burden in aging populations.
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