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Abstract

Background Hypertension, a major concern for older adults, contributes to morbidity and mortality by increasing the risk of
cardiovascular disease, stroke, kidney dysfunction, and cognitive decline. A healthy diet plays a vital role in limiting chronic
disease progression in aging populations.

Aim This study investigated the association between diet quality and healthy aging, focusing on blood pressure measure-
ments (BPMs), using the Canadian Longitudinal Study on Aging (CLSA).

Methods Participants aged 45-85 years at baseline were followed for up to nine years. Mediterranean diet score (MDS) was
determined based on the validated short diet questionnaire (SDQ). BP and mean arterial pressure (MAP) were measured at
baseline (2010), follow-up 1 (2015), and follow-up 2 (2018). Linear regression models (LRMSs), linear mixed-effects models
(LMMs), and latent change score models (LCSMs) examined the associations and longitudinal effect between MDS and
BPM:s, adjusted for potential confounders. Individuals who participated in all three waves (n=25,377) were included.
Results Fully adjusted LRMs showed significant (p<0.001) inverse associations between MDS and all BPMs across all time
points, e.g., 1 unit increase in the MDS (min0-max50) was associated with a 0.058 mmHg decrease of diastolic BP (DBP)
(B=-0.058), 0.052 mmHg systolic BP (SBP) (f=-0.052), and 0.056 mmHg MAP ($=-0.056). LCSMs indicated that a 1-unit
higher baseline MDS was significantly associated with 0.090 mmHg reductions in DBP at follow-up 2 ($=-0.090,p<0.001),
0.078 mmHg for SBP ($=-0.078,p=0.002) and 0.076 mmHg for MAP (=-0.076,p=0.003). Changes in MDS during follow-
ups showed no consistent significant associations with BPMs at follow-up 1 or 2.

Discussion and conclusion Higher MDS was associated with lower BPMs over time. This study highlights the role of diet
quality in healthy aging and mitigating cardiometabolic risk in older adults.

Keywords Dietary indices - Vessel health - Hypertension prevention & control - Dietary patterns - Chronic disease -
Nutritional biomarkers - CLSA

Introduction

Healthy aging is an increasingly critical public health con-
cern, driven by the rapid rise in the global elderly popula-
tion [1]. According to projections by the United Nations,
the global population aged> 65 is expected to increase from
10% in 2022 to 16% by 2050 [2]. In developed regions,
this demographic shift will be even more pronounced. For
instance, Europe and North America are anticipated to see
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Noncommunicable diseases (NCDs), especially cardiovas-
cular diseases (CVD), cancer, and type 2 diabetes (T2D),
account for 74% of all deaths globally, with 41 million deaths
annually due to these conditions [4, 5], with CVD contribut-
ing 17.9 million deaths per year as the leading cause of mor-
tality [5]. These numbers are expected to increase drastically
in the following decades, in line with the increased propor-
tion of the elderly population [6]. For example, between
2021 and 2050, the global age-standardized total diabetes
prevalence is expected to increase by 59.7%, from 6.1 to
9.8%, resulting in 1.31 billion people living with diabetes
in 2050 [7]. In addition, by 2050, global ischemic heart
disease (strongly related to hypertension) incidence, preva-
lence, deaths, and disability adjusted life-years (DALY's) are
projected to reach 67.3 million, 510 million, 16 million, and
302 million, respectively, which represents an increase of
116%, 106%, 80%, and 62% from 2021 [8] and hyperten-
sion by 20-30% by 2050 [9, 10]. In many countries, older
adults are at heightened risk of developing these diseases
due to a combination of aging, non-optimal lifestyle pat-
terns, and limited access to healthcare [11]. Data from the
European Health Examination Survey (EHES) conducted
in Luxembourg, for instance, reveal that nearly 31% of the
population aged 15 and over exhibit elevated blood pres-
sure (BP), and over 70% of those were either unaware of
their condition or not adequately controlled, and with an
even higher proportion being older adults [12]. These high
numbers pose considerable challenges for healthcare sys-
tems, as the growing burden of associated CVD results in
increased multimorbidity, mortality, and healthcare utiliza-
tion and needs [3].

An essential factor of CVD is vessel health, with BP as
the most prominent marker indicating vessel stiffness and
damage, increasing the risk of stroke [13] and heart attacks
[14]. Regarding elevated BP, the interplay between biologi-
cal (such as age), environmental (such as socio-economic
aspects), and behavioral factors (such as diet and physical
inactivity) are major challenges in managing this chronic
condition [15]. Limited physical activity (PA) [16], excess
pollution such as by chemical contaminants [17], light and
noise [ 18], and unhealthy dietary patterns such as consump-
tion of food items rich in salt [19], as present in processed
foods, are regarded as the main drivers for elevated BP.
Research has highlighted overall diet quality as a pivotal
factor for preventing elevated BP. Specifically, dietary pat-
terns that emphasize nutrient-dense foods, low presence of
processed foods, and sufficient amounts of dietary fiber but
low in salt and simple sugars, such as the Mediterranean
diet (MD), have been linked to a reduced risk of cardiometa-
bolic diseases, including hypertension [20, 21], T2D [22],
and CVD [23].
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On the other hand, although the aging process has long
been understood to involve complex, multifaceted changes
throughout an individual’s life, the cumulative effects of
these changes remain inadequately defined. Aging is influ-
enced by a dynamic interplay of biological, psychological,
and sociodemographic factors, all of which are subject to
change over time. These factors, combined with dietary pat-
terns (generally referring to the overall types of foods and
beverages consumed regularly over time) and eating habits
(the specific behaviors or routines related to eating, such as
meal frequency, timing, and portion size), profoundly affect
health outcomes as they accumulate over the lifespan [24].
The effects of dietary patterns/habits on aging have been
reported to be particularly significant, as they can enor-
mously exacerbate the progression of age-related diseases,
ultimately influencing longevity and health span [25, 26].
Understanding how these factors interact with age-related
biological changes over time could be vital to addressing
chronic disease risk and promoting healthier aging trajec-
tories globally.

This study sought to investigate the longitudinal effect
and cross-sectional association between diet quality and
healthy aging, specifically focusing on BP, using Canadian
Longitudinal Study on Aging (CLSA) data. By examining
blood pressure measures (BPMs), including mean arterial
pressure (MAP) over time, this research aims to provide
insights into how following dietary patterns contribute to
health outcomes in later life. We hypothesized that higher
diet quality, particularly adherence to the MD over extended
periods of time, would be associated with better cardiovas-
cular health outcomes, i.e., lower BP, in older adults. Find-
ings could have important implications for dietary guidelines
and public health interventions to improve quality of life
and reduce chronic disease prevalence among older adults.

Methods and materials
Study design and population

The Canadian Longitudinal Study on Aging (CLSA) is a
large, national, prospective cohort study designed to explore
health, aging, and quality of life over time among Canadians
aged 45 to 85 years at baseline [27, 28]. Initiated in 2009,
the CLSA aims to follow approximately 50,000 participants
for a period of at least 20 years, with regular data collec-
tion at baseline and follow-up intervals every three years. In
addition, CLSA enhances its research capabilities through
data linkages with various administrative health databases.
The inclusion criteria required participants to fall within
the 4585 age range at baseline, be able to respond in either
English or French and have the capacity to provide informed
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consent. Exclusion criteria comprised individuals residing
in Canada’s three territories (Yukon, Northwest Territories,
and Nunavut), those living on federal First Nations reserves
or other First Nations settlements, full-time members of the
Canadian Armed Forces, residents of long-term care institu-
tions providing 24-hour nursing care, and individuals with
cognitive impairments at baseline that precluded their ability
to provide informed consent were excluded at recruitment.
These criteria were established to ensure a representative
and capable cohort for longitudinal assessment [27, 28].

At recruitment, approximately 90% of participants con-
sented to provide their health insurance numbers, facilitat-
ing the linkage of CLSA data with existing health records.
These linkages aimed to gather comprehensive information
on medication usage, health service utilization, and hospital
and physician visits and ascertain mortality data, including
causes of death [27, 28]. Furthermore, the CLSA collabo-
rates with the Health Data Research Network (HDRN) Can-
ada to integrate data from provincial health care registries.
This collaboration offers researchers access to enriched
datasets, enabling more in-depth studies on aging and health
outcomes [27, 28]. The project utilizes a stratified sampling
method to ensure representation across age groups, sex, and
regions within Canada.

In this article, data from the comprehensive cohorts at
baseline (n=30097; 2010), follow-up 1 (n=27768; 2015),
and follow-up 2 (n=25500; 2018) were utilized. How-
ever, only individuals who participated in all three waves
(n=25383) were included in the analyses. Six participants

were excluded due to missing nutritional data, and finally,
25,377 participants were included in the analyses for all
waves (Fig. 1). We included only those participants who had
BP data from all three waves (baseline, follow-up 1, and
follow-up 2), ensuring that each participant contributed at
least three BP measurement time points to the longitudinal
models. Thus, no participants with only one BP measure-
ment were included in the current study.

Data collection and measurements

Data in the CLSA was collected through two primary mod-
ules: the comprehensive cohorts and the tracking cohorts.
The comprehensive cohorts involved in-depth, in-person
assessments at designated data collection sites across
Canada, while the tracking cohorts relied on telephone
interviews to gather data from a geographically dispersed
sample. Data collected included information on sociode-
mographic characteristics, health behaviors, physical mea-
sures, chronic conditions, and functional status.

Health and lifestyle data

Participants provided data on diet, PA, tobacco and alcohol
use, sleep patterns, and other lifestyle factors. Nutritional
assessment was conducted using a short diet questionnaire
(SDQ), a validated tool designed to provide an overview of
an individual’s dietary habits [29]. The SDQ includes a set
of concise questions that capture the frequency and quantity

Baseline: 30097 participants

Follow-up 1: 27768 participants

Follow-up 2: 25500 participants

A 4 A

\ 4

4714 participants excluded,
not participated in follow-ups

2385 participants excluded, not
participated in follow-up 2

117 participants excluded, not
participated in follow-up 1

1 and/or 2 (some participants
did not attend the first follow-

o

/

up but participated in the

second).

25383 participated in all 3 waves

6 participants excluded due to

\ 4

missing nutritional data

25377 participants included in the
analyses for all waves

Fig. 1 Participant Flow Diagram
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of consumption of various food groups, allowing for an
evaluation of overall dietary patterns [29]. This assessment
method is particularly useful for large-scale studies where
detailed dietary tracking may not be feasible. The SDQ was
administered at multiple time points (e.g., baseline, follow-
ups 1 and 2) to ensure a comprehensive evaluation of dietary
habits over the study period. Additionally, the tool identified
specific dietary factors, such as nutrient intake and food vari-
ety, which are essential for understanding their association
with health outcomes. By employing the SDQ, the CLSA
aimed to accurately assess the dietary intake with respect
to selected food groups, e.g., cereals, fruits, vegetables,
legumes, nuts, potatoes, fish, meat and meat products, poul-
try, and dairy products, among others, of participants, while
minimizing the burden on respondents, ensuring reliable
data for the analysis of diet-disease associations. Based on
the data extracted from the SDQ, diet quality was assessed
using the Mediterranean diet score (MDS), which was cal-
culated based on food intake patterns at each wave [30]. The
MDS ranged from a score from 0 to 50 and included ele-
ments on the intake of cereals, fruits, vegetables, legumes,
nuts, potatoes, and fish as beneficial components and meat
and meat products, poultry, full-fat dairy products, and alco-
hol as detrimental components (Table 1).

Table 1 Scoring algorithms for Mediterranean diet score (MDS)
Effect
on
the
score

Components

1. cereals, non-refined (whole bread, pasta, rice, other grain, +
biscuits, etc.)

2. fruits

3. vegetables

4. legumes and nuts
5. potatoes

6. fish

7. meat and meat products -

8. poultry -

9. full-fat dairy products (like cheese, yogurt, and milk) -

10. alcohol* -

Total (range) 0-50
Using sex-specific quartile cut-offs, a score ranging from 0 to 5 was
assigned to each of the ten components of the Mediterranean Diet.
For beneficial components, such as vegetables, legumes and nuts,
fruits, cereals, potatoes, and fish, participants who reported no con-
sumption received a score of 0, while higher intake corresponded to
higher quartile scores, up to a maximum of 5 points. For components
considered detrimental, such as meat and meat products, poultry,
full-fat dairy products (e.g., cheese, yogurt, and milk), and alcohol,
the scoring was reversed, with higher intakes receiving fewer points.
Consequently, the total MDS ranged from 0, indicating minimal
adherence, to 50, reflecting maximal adherence to the Mediterranean
Diet

* <300 mL/d: 5 points, and >700 or 0 mL/d: 0 points

o+ o+ o+ o+
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Cardiometabolic health outcomes

Cardiometabolic health markers, including BPMs, were
measured across waves to track participant health changes
over time. BPMs, the primary outcomes in this study, were
measured six times per visit by trained personnel to ensure
higher accuracy and reliability, with the average reading
recorded for analysis. This approach aided in mitigating
variability caused by factors such as stress, body position,
and other momentary influences on BP. Additionally, we
calculated the mean arterial pressure (MAP) using the fol-
lowing formula: MAP=DPB+ 1/3(SBP— DBP) [31], where
DBP represents diastolic BP, and SBP represents systolic
BP. The MAP (with a range of 70 to 100 mmHg consid-
ered to be optimal for cardiovascular health [32]) provides a
more comprehensive measure of the overall BP load on the
circulatory system, accounting for the time spent in the dias-
tole versus systole during the cardiac cycle [31, 33]. This
calculation is instrumental in assessing cardiovascular risk,
as it has been closely associated with vital organ functions,
including the brain, kidneys, and heart [31, 33]. By incor-
porating MAP into our study, we aimed to capture a more
holistic picture of participants’ cardiovascular health and its
potential association with diet and aging.

Statistical analyses
Descriptive statistics and linear regression models

We assessed normality using visual inspection of Q-Q plots
and checked homoscedasticity through residual plots, with
no significant violations of assumptions detected. Descrip-
tive statistics were calculated for all relevant variables,
including means, standard deviations (SD), and frequen-
cies (n, %). Cross-sectional associations between the MDS
(as the dependent variable) and cardiometabolic health
outcomes, including DBP, SBP, and MAP (as independent
variables), were evaluated using linear regression models
(LRMs). For each outcome, three models were employed,
with confounders chosen following literature review: Model
A was the crude model, assessing the unadjusted associa-
tion between MDS and the respective BPMs; Model B was
adjusted for age and sex, accounting for potential confound-
ing by these demographic factors; Model C was further
adjusted for marital status, dwelling status (own, rent-
ing, other), smoking status (current frequency cigarettes
smoked), the total time to complete the 4-meter walk test
(in seconds), and body mass index (BMI), to control for a
broader range of potential confounders.
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Linear mixed models (LMM)

In addition to cross-sectional analyses, longitudinal data
were analyzed using LMMs to account for within-subject
associations across the three measurement waves. LMMs
allowed for examining changes in BPMs over time as a
function of the MDS while adjusting for time-invariant and
time-varying covariates. By incorporating random effects,
these models accounted for individual variability at baseline
levels and trajectories over time, providing a more robust
longitudinal data analysis within repeated measures.
The LMMs were specified as follows:

a) Fixed effects: models were adjusted for age and sex,
with MDS and its interactions with sex and waves as
predictors to capture potential time-by-diet and sex-by-
diet interactions;

b) Random effects: random intercepts and slopes for
waves and MDS were specified for each participant
(SUBJECT=ID), allowing the model to estimate vari-
ability in baseline BPMs and change over time at the
individual level. This specification captured the indi-
vidual differences in BPMs trajectories associated with
MDS;

¢) Covariance structure: an unstructured covariance struc-
ture (COVTYPE=UN) was used to model the repeated
measures over time, allowing for flexible estimation of
associations between time points within individuals.

The SPSS syntax used for these analyses, utilizing the
REML (Restricted Maximum Likelihood) estimation
method, specified the model to include fixed effects for main
predictors and their interactions, while random effects were
specified for waves and MDS within each participant. Least
significant difference (LSD) adjusted pairwise comparisons
of BPMs levels across waves were also generated, provid-
ing insights into temporal trends and changes over time.
Additionally, the estimated marginal means (EMMEANS)
of BPMs were calculated overall and across waves, allow-
ing a straightforward interpretation of average effects within
each measurement wave. Fixed predictors from the LMM
were saved for further evaluation and visualization of model
results. This approach enabled us to evaluate how dietary
quality, measured by MDS, impacted BPMs longitudinally,
accounting for within-subject variability and adjusting for
key demographic and lifestyle covariates.

Latent change score models
In addition, latent change score models (LCSM) were

employed to investigate outcome changes over time, specif-
ically focusing on the changes in MDS and BPMs between

the baseline and the two follow-ups. These models allowed
for estimating latent change scores (LCS), which captured
the differences in MDS and BPMs between consecutive
measurement points (Fig. 2).

In the present study, we used the Lavaan package in R
to define and estimate the LCSM. The model was specified
with latent change factors for MDS, where the change in
MDS between baseline (MDSO0), follow-up 1 (MDS1), and
follow-up 2 (MDS2) was modeled. Specifically:

e MDS changel and MDS_change2 were defined as latent
factors representing the change in MDS from baseline to
follow-up 1 and from follow-up 1 to 2, respectively.

e The associations between MDS at each time point were
modeled as follows:

— MDS1~1*MDSO0 (change in MDS from baseline to
follow-up 1).

— MDS2~1*MDSI (change in MDS from follow-up
1 to follow-up 2).

The model further explored the impact of changes in MDS
on BPMs, e.g., MAP, and adjusting for age and sex, among
others, at each time point. The BPMs at each wave were
regressed on the corresponding MDS (Model A: crude mod-
els), as well as on age and sex (Model B: adjusted for age
and sex) and also Model C (full model: adjusted for age,
sex, marital status, dwelling status, smoking status (current
frequency cigarettes smoked), total time to complete the
4-meter walk test (in seconds), and BMI. As an example,
Model B was:

o MAPO~MDS0O+age0+sex (Baseline MAP regressed
on baseline MDS, age, and sex).

e MAPI~MDS changel +agel +sex (Follow-up 1 MAP
regressed on change in MDS and adjustments for age
and sex).

e MAP2~MDS change2+age2+sex (Follow-up 2 MAP
regressed on change in MDS and adjustments for age
and sex).

The model also included the measurement of indirect
effects, where changes in MDS at earlier waves (e.g., MDS
changel) influenced later MDS (e.g., MDS_change?2). This
approach provided insight into the longitudinal effects of
dietary changes, particularly MDS, on BPMs changes over
time while controlling for demographic factors.

In summary, three models were used in LCSM, similar
to the LRMs: Model A, Model B, and Model C (see above).
These models examined how dietary changes (MDS) over
time impacted cardiometabolic outcomes (DBP, SBP, MAP)
while adjusting for relevant covariates.

@ Springer
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MDSO0 (Baseline)

MDS Change 1

Smoking Status

4m Walk Test

MDSI1 (Follow-up 1)

| MDS Change 2

MDS2 (Follow-up 2)

Fig. 2 Latent change score diagram for the longitudinal impact of Mediterranean Diet Score (MDS) on blood pressure measurements (BPMs),

adjusted for covariates

Model fit was assessed using standardized estimates,
including the Comparative Fit Index (CFI), Root Mean
Square Error of Approximation (RMSEA), and Standard-
ized Root Mean Square Residual (SRMR). Missing values
in the data were handled using maximum likelihood esti-
mation (ML) within the Lavaan package. Statistical signif-
icance was set at a p-value of <0.05 (2-sided). Statistical
analyses were conducted using IBM SPSS (version 25) and
RStudio (version 4.4.1).

Results

Characteristics of the study participants (#=25377), includ-
ing demographic, clinical, and lifestyle factors at the base-
line, follow-up 1, and follow-up 2, are presented in Table 2.
BMI remained relatively stable across the waves, while
waist and hip circumference, waist-to-hip ratio, and BPMs
(DBP, SBP, MAP) showed minimal variation over time.
The 4 m walk times decreased slightly, reflecting changes
in physical function. The MDS (min 0— max 49) declined
from 29.8+5.3 at baseline to 29.0+5.4 at follow-up 1 and

@ Springer

28.3+5.6 at follow-up 2. Demographic variables such as
marital status, dwelling status, and sex remained consistent,
with a slight increase in the number of widowed participants
and those living alone.

Results from LRMs examining the association between
diet quality, measured by the MDS, and BPMs (DBP, SBP,
and MAP) at baseline and follow-ups are presented in
Table 3. Model A (crude model) revealed significant asso-
ciations between MDS and all BPMs across all time points
(»<0.001), with a slight reduction in effect size at follow-up
2 for DBP and MAP. Model B (adjusted for age and sex)
demonstrated similar trends, with slightly attenuated asso-
ciations compared to Model A. Model C (fully adjusted
for additional covariates) showed weaker associations but
is still significant for DBP, SBP, and MAP at all follow-
ups. The results highlight a consistent inverse association
between MDS and BPMs.

The LMMs results for BPMs (DBP, SBP, and MAP)
across three time points (baseline, follow-up 1, follow-
up 2), adjusted for age and sex, are presented in Table 4.
DBP significantly decreased between baseline and follow-
up 1 (0.83 mmHg, p<0.001) and from follow-up 1 to
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Table 2 Characteristics of study participants: demographics, clinical profiles, and lifestyle factors (n=25377)
Variables Baseline Follow-up 1 Follow-up 2

Mean+SD  Min-Max missing  Mean£SD  Min-Max missing  Mean+SD  Min-Max missing
Age (years) 62.1+£9.8 45-86 0 65.1£9.8 46-89 0 67.9+£9.8 49-93 0
BMI (kg/m?) 28.0+5.4 12.9-69.6 79 28.0+5.5 12.1-72.6 238 27.7+5.5 12.8-90.9 631
Hip circumfer-  104.1+11.5 50.0-190.0 146 102.8+11.8 63.5-183.5 812 101.8+11.7 68.4-183.0 11,269
ence (cm)
Waist-to-hip 0.90£0.09  0.50-1.81 146 091£0.10 0.47-1.55 812 0.91£0.09 0.45-1.91 11,269
ratio
Waist circumfer- 93.9+14.5  53.0-180.0 146 93.9+14.7 54.0-179.0 812 93.0£14.5 54.0-194.5 11,269
ence (cm)
DBP (mmHg) 74.4+9.8 44.6-151.0 210 73.1+£9.8 40.0-139.5 875 73.1+£9.8 42.0-159.0 11,343
Pulse (mmHg) 713114  38.1-150.5 210 71.3+£11.6  37.0-162.8 875 71.3£11.5 38.7-123.2 11,343
SBP (mmHg) 121.6+£16.5 72.3-234.0 210 121.3£16.5 68.0-233.0 875 122.2+16.7 71.2-216.7 11,343
MAP (mmHg) 90.2+11.0  55.2-177 210 89.1£10.8 52.4-162.3 875 89.5+10.8  53.1-163.7 11,343
Average grip 33.8+11.4  0.2-84.1 1802 329+£11.3 1.2-79.1 1820 31.6£11.0 6.1-78.1 11,695
strength (kg)
Total time 42+1.0 1.5-37.8 235 43+1.1 2.0-45.9 1419 44+1.1 1.3-20.3 11,421
required to com-
plete 4 mWalk
(in seconds)
MDS 29.8+5.3 049 0 29.0+5.4 049 0 28.3£5.6 049 0
Variables n (%) n (%) n (%)
Sex 25,377 (100) - -
- Women 12,955 (51.2) - -
- Men 12,382 (48.8) - -

Marital status

- Single, never
married

- Married, living
with partner

- Widowed

- Divorced

- Separated
Dwelling status

- Own

- Rent

- Other

Smoking status

- Daily

- Occasionally
Current number
of cigarettes
smoked per day*
- 1-5 cigarettes

- 6-10 cigarettes
- 11-15 cigarettes
- 16-20 cigarettes
- 21-25 cigarettes
- 26+cigarettes
Taking medi-
cation for
hypertension

- Yes

- No

25,369 (99.9)
2162 (8.5)

17,881 (70.5)

2082 (8.2)
2600 (10.2)
644 (2.5)
25,357 (99.9)
21,846 (86.1)
3346 (13.2)
165 (0.7)
1920 (7.6)
1512 (6.0)
408 (1.6)
1512 (6.0)

205 (0.8)
381 (1.5)
353 (1.4)
293 (1.2)
204 (0.8)
76 (0.3)
8787 (34.6)

6945 (27.4)
1842 (7.3)

25,367 (99.9)
2267 (8.9)

17,493 (68.9)

2395 (9.4)
2507 (9.9)
705 (2.8)
25,358 (99.9)
21,351 (84.1)
3703 (14.6)
304 (1.2)
1669 (6.6)
1341 (5.3)
328 (1.3)
1341 (5.3)

206 (0.8)
344 (1.4)
311 (1.2)
230 (0.9)
190 (0.7)
60 (0.2)
9376 (36.9)

7635 (30.1)
1741 (6.9)

25,365 (99.9)
2146 (8.5)

17,092 (67.4)

2844 (11.2)
2560 (10.1)
723 (2.8)
25,331 (99.8)
20,795 (81.9)
4190 (16.5)
436 (1.4)
1439 (5.7)
1211 (4.8)
228 (0.9)
1209 (4.8)

202 (0.8)
337(1.3)
269 (1.1)
188 (0.7)
162 (0.6)
51(0.2)
9935 (39.1)

8273 (32.6)
1662 (6.5)

* Only smokers

BMI: Body Mass Index, DBP: Diastolic Blood Pressure, SBP: Systolic Blood Pressure, MAP: Mean Arterial Pressure, MDS: Mediterranean

Diet Score
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Table 4 Results from linear mixed model analysis of blood pressure measurements by MDS controlling for age and sex

Estimates (95%CI)

Pairwise comparisons

Baseline FUP1® FUP2°¢ Mean p-value *®  Mean p-value *°  Mean p-value
Difference Difference Difference ®°
a—c b—c
DBP (mmHg) 74.0 73.2 (73.0-73.3) 73.8 <0.001 0.23 0.020 0.60 <0.001
(73.9-74.1) (73.6-73.9)
SBP (mmHg) 122.7 121.0 120.5 1.70 <0.001 2.10 <0.001 0.38 0.027
(122.5-122.8) (120.7-121.1) (120.3-120.8)
MAP 90.2 89.1 89.4 1.10 <0.001 0.85 <0.001 -0.27 0.018
(mmHg) (90.1-90.4) (88.9-89.2) (89.1-89.5)

MDS: Mediterranean Diet Score, DBP: Diastolic Blood Pressure, SBP: Systolic Blood Pressure, MAP: Mean Arterial Pressure, FUP1: Follow-

up 1, FUP2: Follow-up 2

Table 5 Latent change score model results for BPMs by MDS

Models Measurements MDSO  p-value MDS p-value MDS  p-value RMSEA (95%CI) SRMR CFI
(B) on changel change2
BPMs0 (B) on (B) on
BPMsl BPMs2
Model A DBP (mmHg) -0.075  p<0.001 0.006 p=0.515 -0.040  p=0.001 0.116 (0.113-0.120) 0.062  0.953
SBP (mmHg) -0.057  p<0.001 -0.008 p=0.648 -0.038  p=0.087 0.108 (0.104-0.112) 0.036  0.957
MAP (mmHg) -0.072  p<0.001 0.002 p=0.849 -0.040 p=0.006 0.112(0.108-0.116) 0.050  0.953
Model B DBP (mmHg) -0.053  p<0.001 -0.004 p=0.668 -0.040  p=0.001 0.066 (0.064-0.068) 0.034  0.957
SBP (mmHg) -0.090  p<0.001 0.001 p=0.993 -0.036 p=0.097 0.066 (0.064-0.069) 0.032  0.954
MAP (mmHg) -0.065  p<0.001 -0.002 p=0.831 -0.039  p=0.007 0.066 (0.064-0.068) 0.034  0.952
Model C DBP (mmHg) -0.031  p<0.001 -0.005 p=0.572 -0.038  p=0.002 0.040 (0.038-0.041) 0.022  0.944
SBP (mmHg) -0.042  p=0.004 -0.001 p=0.930 -0.032  p=0.137 0.038 (0.037-0.039) 0.020  0.946
MAP (mmHg) -0.035  p<0.001 -0.004 p=0.711 -0.036 p=0.011 0.039 (0.038-0.040) 0.021 0.941

Model A: crude model, without any adjustment,
Model B: adjusted for age and sex,

Model C: Model B+adjusted for marital status, dwelling status, smoking status (current frequency of cigarettes smoked), total time to complete

the 4-meter walk test (in seconds), and body mass index (BMI)

CFI: Comparative Fit Index, RMSEA: Root Mean Square Error of Approximation, SRMR: Standardized Root Mean Square Residual, MDS:
Mediterranean Diet Score, DBP: Diastolic blood pressure, SBP: Systolic blood pressure, MAP: Mean arterial pressure, BPMs: Blood pressure

measurements

follow-up 2 (0.23 mmHg, p=0.020). SBP showed a sig-
nificant reduction at both follow-ups compared to baseline
(1.7 mmHg, p<0.001; 2.1 mmHg, p<0.001), with a minor
change between follow-up 1 and follow-up 2 (0.38 mmHg,
p=0.027). MAP decreased at both follow-ups compared
to baseline (1.1 mmHg, p<0.001; 0.85 mmHg, p<0.001),
with a slight increase from follow-up 1 to follow-up 2 (-0.27
mmHg, p=0.018).

Table 5 presents the results of the LCSMs examining
BPMs (DBP, SBP, and MAP) in association with the MDS
across three time points. For all models (A, B, and C), signif-
icant inverse associations between baseline MDS (MDSO0)
and BPMs were observed, with values ranging from —0.031
to -0.090 (»p<0.001). At follow-up 2, significant inverse
associations were observed between MDS change and DBP,
SBP, and MAP across all models, with p-values ranging
from 0.001 to 0.011 (Table 5). In contrast, changes in MDS
during follow-ups (MDS changel and MDS change2) did
not exhibit significant associations with BPMs at follow-up
1, and the results at follow-up 2 were mixed. The model

fit indices (RMSEA, SRMR, CFI) were within acceptable
ranges, indicating a good fit for all three models (Table 5).

Discussion

This study investigated the associations and effects of
healthy dietary patterns on BP in the older adults of the
Canadian population. Our findings demonstrate a signifi-
cant association between higher adherence to the MDS and
improved BP as a marker of CVD. In fully adjusted mod-
els, a one-unit increase in MDS (out of a maximum scale
of 50) was associated with reductions of 0.058 mmHg in
DBP, 0.052 mmHg in SBP, and 0.056 mmHg in MAP. Lon-
gitudinal analyses further highlighted the sustained benefits
of, e.g., one unit higher baseline MDS on BP outcomes at
follow-up 2, with reductions of 0.090 mmHg for DBP, 0.078
mmHg for SBP, and 0.076 mmHg for MAP. Changes in
MDS over time showed mixed associations with BP at later
follow-ups, suggesting the importance of consistent dietary

@ Springer
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adherence. Although the effect sizes observed in this study
are modest, even small reductions in BPMs over time can
lead to meaningful long-term health benefits, particularly in
aging populations at increased risk for CVD. These findings
highlight the importance of promoting sustainable dietary
changes to improve cardiovascular health in older adults,
even when the individual effects may seem subtle. Overall,
our results align with previous evidence that greater adher-
ence to a Mediterranean-style diet positively influences BP
and underscores the diet’s potential role in promoting car-
diometabolic health in aging populations.

Our findings are consistent with previous research dem-
onstrating the cardioprotective effects of adherence to the
MD, which is rich in fruits, vegetables, and healthy fats,
as well as being low in sugar and processed foods [34-36].
Numerous studies have established an inverse association
between diet quality, particularly high adherence to the MD,
and BP levels [37, 38]. For instance, a meta-analysis of con-
trolled trials in adults showed that individuals with higher
MDS exhibited significantly (»p<0.001) lower SBP (mean
difference (95%CI): —1.34 (—2.00, —0.67)) and DBP (mean
difference (95%CI): —0.81 (—1.30, —0.32)) mmHg [39].
However, they concluded that pooled findings should be
interpreted cautiously due to the substantial between-study
heterogeneity found for most analyses and the small number
of studies for some outcomes [39].

Similarly, longitudinal studies, such as the PREDIMED
randomized trial, have highlighted the potential of the MD
to reduce hypertension risk and improve overall cardiomet-
abolic health outcomes [40]. The PREDIMED trial reported
that the percentage of participants with healthy BP increased
in the intervention groups with MD (p-value for within-
group changes<0.001). After 4 years of follow-up, partici-
pants in the MD groups had significantly lower DBP than
the participants in the control group (—1.53 mmHg (95%CI:
—2.01 to — 1.04). However, they reported no between-group
differences in changes in SBP [40].

Our study extends these findings by employing a com-
prehensive analytical approach, including linear mixed and
latent change score models, to explore cross-sectional and
longitudinal associations. Unlike many prior studies, our
research captures the dynamic association between diet
quality and changes in BP over nearly a decade, provid-
ing robust evidence for the long-term benefits of maintain-
ing a high-quality diet in older adults. Furthermore, while
most studies have focused on SBP and DBP separately, our
inclusion of MAP as a composite marker adds nuance and
robustness to understanding how dietary patterns influence
vascular health.

Another critical aspect of our findings is the differential
impact of baseline MDS and changes in MDS over time on
BP outcomes. While higher baseline adherence to the MD

@ Springer

was associated with sustained improvements in BP at fol-
low-up 2, changes in MDS during the study period showed
inconsistent effects on BP regulation. This discrepancy
could be attributed to the time-dependent nature of dietary
effects, where long-term adherence to high-quality diets
exerts more pronounced benefits than short-term dietary
changes. Furthermore, these results highlight the potential
role of dietary stability in cardiovascular health, suggest-
ing that consistent prolonged adherence to a healthy dietary
pattern such as the MD may be more beneficial than spo-
radic improvements [41]. Future studies should investigate
whether specific subgroups experience more substantial
changes in MDS over time, as the modest decline in MDS
observed in this study may not have been sufficient to detect
more pronounced changes in BP. More frequent dietary
assessments and advanced modeling techniques could help
capture dynamic dietary patterns and their temporal associa-
tions with BP regulation.

Expanding on the biological mechanisms, the observed
associations between MDS and BP may be mediated by
several key components of the MD, including high intakes
of bioactive secondary plant metabolites such as polyphe-
nols [42], monounsaturated fatty acids (MUFAs) [43], and
omega-3 fatty acids [44]. These bioactive compounds have
been shown to improve endothelial function, reduce arte-
rial stiffness, and attenuate inflammation factors that play
critical roles in BP regulation [45], either via direct anti-
oxidant, i.e., quenching mechanisms [46, 47] or by acting
on transcription factors such as Nrf-2 and NF-xB [46, 48].
Furthermore, polyphenols found in fruits, vegetables, and
olive oil are known to enhance nitric oxide bioavailability,
leading to vasodilation and lower vascular resistance [49,
50]. Similarly, omega-3 fatty acids from fish and nuts have
been shown to modulate inflammatory pathways and reduce
oxidative stress by promoting the formation of resolvins and
protectins [51], thereby contributing to improved vascular
health [51]. Investigating these mechanisms in greater detail
could provide valuable insights into how specific dietary
components in the MD interact to produce cardioprotective
effects, offering a pathway for targeted dietary recommen-
dations and potential nutraceutical development.

Our findings also raise important considerations regard-
ing the role of age and sex as potential modifiers of the asso-
ciation between diet quality and BP outcomes. Although
we adjusted for these variables in our analyses, the differ-
ential physiological and hormonal changes associated with
aging and sex-specific factors, such as menopausal status
in women, may influence the observed effects of the MD.
Previous studies have suggested that the cardioprotective
effects of the MD may be more pronounced in older adults,
potentially due to their higher baseline risk of hypertension
and other cardiometabolic disorders [52-54]. Similarly,



Aging Clinical and Experimental Research (2025) 37:157

Page 11 0of 14 157

sex-specific responses to dietary interventions, such as lipid
metabolism or vascular function differences, could account
for outcome variations [55]. Future research should explore
these interactions in greater depth, employing stratified
analyses or interaction models to identify subgroups that
may benefit most from dietary interventions.

Our findings underscore the importance of promoting
healthy dietary patterns, such as the MD, as part of public
health initiatives to prevent hypertension and other cardio-
metabolic diseases, particularly in older populations. The
observed long-term benefits suggest that early dietary inter-
ventions could have lasting effects on BP regulation and,
thus, overall cardiovascular health. Hypertension is also
strongly associated with multimorbidity, often coexisting
with other chronic conditions such as diabetes [56], obesity
[57], and kidney disease [58, 59]. When present together,
these conditions create a complex interplay that signifi-
cantly exacerbates health outcomes [60]. For instance, the
combination of hypertension and diabetes accelerates the
development of cardiovascular complications [61], while
obesity further amplifies the strain on the cardiovascular
system [62]. This co-occurrence of multiple chronic condi-
tions often leads to greater healthcare utilization, decreased
quality of life, and an increased risk of premature mortality
[63]. Managing these interconnected conditions requires a
comprehensive approach that addresses the underlying risk
factors, including diet, and emphasizes early intervention,
lifestyle changes, coordinated care, and the adoption of
dietary patterns such as the MD.

Strengths of our study include the large number of partic-
ipants and the nationwide character of the study, in addition
to its longitudinal nature. Furthermore, using various statis-
tical models, e.g., LMMs, LRMs, and LCSMs, allowed us
to adjust for important confounders such as age, sex, physi-
cal activity, and dwelling type, which may influence BPM
outcomes. Considering these factors helped ensure that
our findings were robust and not driven by other external
variables. For example, dwelling type may reflect socioeco-
nomic factors that could impact both diet and health [64],
while physical activity is a well-known modulator of car-
diovascular health [65]. Future studies could further explore
the role of these confounders, particularly in more diverse
subgroups, to refine our understanding of how dietary pat-
terns such as the MD interact with broader lifestyle factors
in influencing BP.

Our study has several limitations. First, the observational
nature of the analysis limits the ability to establish causal-
ity. While the longitudinal design strengthens the evidence
for temporal association, unmeasured/uncontrolled con-
founders may still influence the results. Additionally, the
reliance on self-reported dietary data introduces potential
biases, such as recall bias or inaccuracies in the estimation

of MDS. In addition, while blood pressure was selected as
the primary outcome due to its clinical relevance and data
availability, we acknowledge that it does not fully capture
the complexity of cardiometabolic health; future analyses
will incorporate additional biomarkers such as blood lip-
ids and fasting glucose to provide a more comprehensive
assessment. Future research could benefit from more robust
dietary assessments, such as biomarkers of food intake [66],
to further validate these findings. Moreover, exploring the
underlying mechanisms linking diet and BP through inflam-
matory or oxidative stress pathways would provide valuable
insights into how diet modulates cardiovascular risk. Long-
term randomized controlled trials are also needed to confirm
the causal association observed in observational studies and
evaluate dietary interventions’ effectiveness in reducing BP
and improving cardiometabolic health outcomes in diverse
populations.

Conclusion

Our study provides compelling evidence for the long-term
benefits of healthy dietary patterns, particularly the MD,
on BP regulation and cardiovascular health. The findings
demonstrate that adherence to the MD, characterized by a
high intake of fruits, vegetables, whole grains, legumes, and
healthy fats, was associated with significant reductions in
BP over time in older adults. This underscores the potential
of diet as a modifiable risk factor for preventing hyperten-
sion and other cardiometabolic diseases, offering a practical
and sustainable approach to managing public health issues.

To build on these findings, future studies should employ
randomized controlled trials to confirm the causal asso-
ciation observed in this cohort and explore the biological
mechanisms that mediate the effects of diet on cardiovas-
cular health. Furthermore, larger, more diverse populations
and the use of advanced dietary biomarkers of food intake
could provide more substantial evidence for the generaliz-
ability and robustness of these findings. Ultimately, dietary
interventions that promote long-term health and prevent the
onset of hypertension could play a critical role in mitigating
the growing burden of cardiovascular disease, particularly
as global populations age.
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