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ABSTRACT

Objectives To investigate the association between leisure
time physical activity (LTPA) and MRI-based diastolic function
and the mediating role of metabolic health.

Methods This cross-sectional analysis comprised 901
participants (46% women, mean age (SD): 56 (6) years

(The Netherlands, 2008—2012)). LTPA was assessed via
questionnaire, quantified in metabolic equivalent of tasks
(METs)-minutes per week and participants underwent
abdominal and cardiovascular MRI. Confirmatory factor
analysis was used to construct the metabolic load factor.
Piecewise structural equation model with adjustments for
confounders was used to determine associations between LTPA
and diastolic function and the mediating effect of metabolic
load.

Results Significant differences in mitral early/late peak filling
rate (E/A) ratio per SD of LTPA (men=1999, women=1870
MET-min/week) of 0.18, (95% Cl= 0.03 to 0.33, p=0.021)
were observed in men, but not in women: —0.01 (—0.01 to
0.34, p=0.058). Difference in deceleration time of mitral early
filling (E-DT) was 0.13 (0.01 to 0.24, p=0.030) in men and 0.17
(0.05 to0 0.28, p=0.005) in women. Metabolic load, including
MRI-based visceral and subcutaneous adipose tissue, fasting
glucose, high-density lipoprotein cholesterol and triglycerides,
mediated these associations as follows: E/A-ratio of 0.030
(0.000 to 0.067, 19% mediated, p=0.047) in men but not in
women: 0.058 (0.027 to 0.089, p<0.001) and E-DT not in men
0.004 (-0.012 to 0.021, p=0.602) but did in women 0.044
(0.013 t0 0.057, 27% mediated, p=0.006).

Conclusions A larger amount of LTPA was associated with
improved diastolic function where confirmatory factor analysis-
based metabolic load partly mediated this effect. Future studies
should assess whether improving indicators of metabolic load
alongside LTPA will benefit healthy diastolic function even more.

INTRODUCTION

Leisure time physical activity (LTPA) is asso-
ciated with cardiovascular health benefits like
reduced risk and progression of cardiovascular

.8 S Matthijs Boekholdt,?

WHATS IS ALREADY KNOWN ON THIS TOPIC

= Increased leisure time physical activity (LTPA) is as-
sociated with improved overall cardiovascular and
metabolic health.

= Few have investigated the role of diastolic function,
a precursor of heart failure with preserved ejection
fraction, in this association and, if so, diastolic func-
tion was determined by echocardiography instead of
MRI, like in this study.

WHATS THIS STUDY ADDS

= More LTPA was associated with better MRI-based
diastolic function and metabolic health in a large
Dutch middle-aged cohort of men and women.

= Metabolic load assessed by confirmatory factor
analysis, consisting of continuously MRI-based sub-
cutaneous and visceral fat, glucose, triglycerides
and high-density lipoprotein cholesterol was also
associated to diastolic function.

= Metabolic load partly mediates the association be-
tween increased LTPA and improved diastolic func-
tion in both men and women.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= LTPA should be encouraged in middle-aged subjects
to improve diastolic function and metabolic health.

= Besides LTPA, other strategies that promote meta-
bolic health could be considered to improve the in-
terventional effectivity on diastolic function.

diseases (including heart disease and stroke)
and mortality." * The risk of heart failure and
mortality is reduced, even by small doses of
moderate to vigorous LTPA, particularly in
initially inactive people who become active.””’
However, the effect of LTPA on heart failure
with preserved ejection fraction (HFpEF),
currently a major cause of cardiac deaths
worldwide, remains inconclusive.® HFpEF is
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SQUASH Questionnaire
n=6,671

n= 2,580

Cardiovascular MRI
n=1,207

- Missing values metabolic syndrome: n=7
- Missing values confounders: n = 20,

- Anti-inflammatory medication: n = 88
- History cardiovascular disease: n = 64

Excluded participants:
- Technical errors MRI: n = 111

- Sinus tachycardia: n =2,

- Missing values LTPA: n =14

v

Final study population
n =901

Figure 1

Subject inclusion and exclusion flowchart. The total Netherlands Epidemiology of Obesity study population

included 6671 participants of whom 1207 participants satisfied the inclusion criteria that they received both abdominal and
cardiovascular MRI. Participants were additionally excluded for reasons of (1) missing data of n=111due to technical errors in
the E/A ratio, E-DT, LV mass, LV end-systolic and end-diastolic volume, VAT or SAT quantification, (2) n=7 due to missing data
in one of the MetS variables, (3) n=20due to missing data in confounders, (4) n=2 due to sinus tachycardia,*® (5) n=88due to
usage of systemic inflammation-lowering medication, (6) n=64 due to a history of cardiovascular disease and (7) n=14due to
missing data in LTPA. The remaining study population therefore comprised n=901 participants. E-DT, E-deceleration time; LV,
left ventricle; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

a disease characterised by diastolic dysfunction, which is
largely an untreatable disease with high morbidity and
mortality.” Previous research on LTPA has focused mainly
on exercise and athletes,w ' but limited evidence exists
on the effect of LTPA in populations where it is most rele-
vant, namely in the general population that is enriched
with obese and elderly people who are more prone to
develop HFpEF. Therefore, associations between LTPA
and diastolic function needs further research. Partic-
ularly MRI-quantified diastolic function measures are
preferred as MRI provides superior readouts of diastolic

function in comparison to echocardiography,' '* which
is often used in population-based studies.' ™"

Besides LTPA, metabolic health is an important deter-
minant associated with cardiovascular health benefits.
Obesogenic behaviours, such as physical inactivity and
an unhealthy diet, frequently lead to the metabolic
syndrome (MetS), a cluster of cardiometabolic risk
factors that often coincide. It is characterised by derange-
ments of waist circumference, systolic and diastolic blood
pressure, blood glucose, high-density lipoprotein choles-
terol (HDL-c) and triglycerides.'® However, its definition
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Table 1

Baseline study population characteristics

Characteristics

Total population

Men (54%) Women (46%)

Age (years) 56 (6)
Education (% High) 46
Ethnicity (% white) 97
Weight (kg) 78.2 (14.8)
Body mass index, (kg/m2) 26 (3.9)
Smoking
Current (%) 18
Previous (%) 44
Never (%) 43
LTPA (MET-min/week) 2347 (1933)

Inactive: 0 MET-min/w (%)

1928 (968-3195)
5

Low: 1-499 MET-min/w (%) 8

Moderate: 500-1000 MET-min/w (%) 16

High: > 1000 MET-min/w (%) 71
Waist circumference (cm) 91.2 (12.4)
Systolic blood pressure (mmHg) 130.6 (17.8)
Diastolic blood pressure (mmHg) 83.5(10.7)
Fasting glucose (mmol/l) 5.5(1.0)
HDL-c (mmol/l) 1.5(0.4)
Triglycerides (mmol/l) 1.1 (0.8-1.5)
Central Obese (%) 36
Hypertension (%) 61
Disturbed glucose metabolism (%) 30
Low-HDL-c (%) 16
Hypertriglyceridemia (%) 19
Metabolic syndrome (%) 23
Diabetes mellitus (%) 2.9

55 (7) 56 (6)

50 43

96 98

86.8 (12.5) 70.7 (12.4)
27 (3.3) 25 (4.3)

14 12

44 44

42 44

2460 (1999) 2249 (1870)
2100 (1050-3240) 1830 (900-3125)
5 7

9 7

15 17

71 70

97.4 (9.5) 85.8 (12.2)
134.9 (15.9) 126.9 (18.5)
85.2 (10.4) 82.0 (10.8)
5.7 (1.1) 5.3 (0.8)

1.3 (0.3) 1.7 (0.4)

1.3 (0.9-1.7) 0.9 (0.7-1.4)
32 39

69 55

37 23

17 14

24 16

28 19

3.9 2.1

Results were weighted toward the BMI distribution of the general population. Data are presented as mean and standard deviation (SD) for
continuous variables with a normal distribution, median (25th, 75th percentile) for continuous variables with a non-normal distribution or

percentage (number).

HDL-c, high-density lipoproteins cholesterol; LTPA, leisure time physical activity.

is hampered by dichotomisation of indicators, as well as
sex-specific differences in body fat distribution. Evidence
whether visceral adipose tissue (VAT) or subcutaneous
adipose tissue (SAT) is more important in the deterio-
ration of diastolic function remains inconclusive and
the role of MetS as a comorbidity needs further inves-
tigation."" Thus, to fully understand the biological
mechanisms on how LTPA affects cardiac health and in
particular diastolic function, methods using full contin-
uous information of the MetS are essential.
Confirmatory factor analysis (CFA) is an unsuper-
vised dimensionality reduction technique often used in
machine learning models, that does not require the cate-
gorisation of continuous information and can test the
appropriateness of (group-)specific latent structures.* **
Recently it has been shown that sex-specific metabolic

impairment can be modelled with a one-factor approach
using CFA with MetS indicators.”* Model fits improved
when MRI-derived SAT and VAT were added obsoleting
waist circumference.” Importantly, the latent metabolic
load factor was associated with reduced diastolic function,
which was more pronounced in women. To investigate
to what extent metabolic impairment mediates the asso-
ciation between LTPA and diastolic function, we aimed
to use a one-factor CFA approach of metabolic load
including MRI-derived SAT and VAT. A huge advantage
using CFA in mediation analysis is that multiple observed
variables are used as mediators of metabolic health and
reduced to one latent factor, unlike standard mediation
analysis where only one observed variable is used as medi-
ator.
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The aim of this study was therefore to investigate the
association between LTPA and MRI-derived diastolic
function in a large-scale population-based study. Impor-
tantly a comprehensive mediation analysis using a latent
metabolic load factor as mediator in a structural equa-
tion model (SEM) was used. We defined the metabolic
load factor using CFA which included continuous infor-
mation of MetS indicators and MRI-derived SAT and
VAT. We hypothesised that LTPA-related improvements
in diastolic function are partially mediated by metabolic
load.

MATERIALS & METHODS

Study design and population

The Netherlands Epidemiology of Obesity (NEO) study
is a population-based, prospective cohort study designed
to investigate pathways that lead to obesity-related
diseases. Between 2008 and 2012, 6671 individuals aged
45-65 years were included, with an oversampling of indi-
viduals with overweight or obesity. The study design and
population characteristics have been described in detail
elsewhere.? Briefly, men and women living in the area of
Leiden were invited to participate, aged between 45 and
65 years and had a self-reported body mass index (BMI)
of 27kg/m” or higher. In addition, all inhabitants aged
between 45 and 65 years from one municipality (Leider-
dorp) were invited to participate, irrespective of their
BMI, allowing for a reference distribution of BMI. Partic-
ipants were predominantly white, therefore it is unclear
whether our findings might generalise to different age
and ethnic groups. The Medical Ethical Committee of
the Leiden University Medical Center (LUMC) approved
the design of the study (Protocol number: P08.109, date
of approval: 4 August 2008). All participants provided
written informed consent.

Data collection

Participants came to the NEO study centre of the LUMC
for a study visit after an overnight fast of >10hours.
Prior to this study visit, participants completed a ques-
tionnaire at home to report demographic, lifestyle and
clinical information. Participating individuals reported
sex (women/men), ethnicity (white/other), tobacco
smoking (never/former/current) and education (high/
other). Anthropometry was acquired and question-
naires were used to report demographic, lifestyle and
clinical information. Research nurses recorded names
and dosages of current medication used in the month
preceding the study visit. Exclusion criteria were use of
systemic inflammation-lowering medication and a history
of cardiovascular disease (myocardial infarction, angina,
congestive heart failure, stroke or peripheral vascular
disease). After excluding individuals not eligible for
imaging determined by MRI contraindications (claustro-
phobia or metallic devices), a random subset underwent
abdominal and cardiac MRI. The final study population
was determined after exclusions, as shown in figure 1.

Metabolic syndrome indicators

Waist circumference was quantified in the middle of the
lowest rib and the iliac crest. Blood samples to quantify
glucose, triglycerides and HDL-c were acquired after a 10
hours overnight fast with standard methods at the LUMC
central clinical chemistry laboratory.®® Blood pressure
was measured during the morning of the baseline visit,
after drawing blood samples and prior to the MRI exam-
inations. Three consecutive seated systolic and diastolic
blood pressure measurements with 5-min rest in between
were averaged and calculated (OMRON, Model M10-IT,
Omron Health Care, Illinois, USA).26

Leisure time physical activity

LTPA was assessed using the Short Questionnaire to Assess
Health-enhancing physical activity (SQUASH), which
includes questions on activities regarding a normal week
in recent months.?” For each activity during leisure time,
participants reported frequency, duration and intensity
in minutes per week and all activities were converted
to age-specific metabolic equivalent tasks (METs).%®
1 MET equals the absolute energy expenditure while

10000 s
7500-
z
<))
()
2
c
£ 5000
&
|
2500-
0-

Men Women
Figure 2 Leisure time physical activity. Distribution of
LTPA (MET-min/week) in men (median: 2100 min, 1050 to
3240) and women (median 1830 min, 900 to 3126 min).
ns=differences were non-significant.
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Table 2 Cardiovascular parameters

Imaging measurements Total population Men Women
Diastolic function
E/A ratio 1.3(0.5) 1.3(0.5) 1.4 (0.5)
E-DT(ms) 182.7 (47.1) 181.5 (48.4) 183.7 (46.0)
Cardiac morphology
LV mass (g) 99.5 (25.8) 118.6 (22.2) 82.9 (15.1)
LV mass index (g/m?) 51.1 (10.2) 57.0 (9.4) 46.1 (7.9)
Cardiac haemodynamic
LV end-systolic volume, (ml) 54.2 (16.5) 61.5(17.7) 48.0 (12.2)
LV end-diastolic volume (ml) 148.1 (32.8) 165.6 (32.9) 133.0 (24.1)
LV stroke volume (ml) 93.9 (20.9) 104.1 (21.6) 85.0 (15.7)
LV ejection fraction (%) 63.6 (5.9) 63.1 (6.4) 64.1 (5.4)
Cardiac output (I/min) 6.2 (1.4) 6.8 (1.4) 5.6 (1.1)
Adiposity
VAT (cm?) 88.3 (53.9) 113.0 (55.4) 66.9 (42.3)
SAT (cm?) 235.3 (94.0) 207.6 (73.3) 259.4 (103.0)

Results were weighted toward the BMI distribution of the general population. Data are presented as mean (SD) for continuous variables with

a normal distribution.

E-DT, E-wave deceleration time; LV, left ventricle; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

awake and sitting quietly. Specifically 1 MET equals 3.5
mL oxygen consumption per kilogram body weight per
minute.” Various activities are divided into light 1.5<8.0
METs; moderate 3.0-5.9 METs and vigorous 26.0 METs
categories. It has been shown that primarily moderate-
to-vigorous LTPA health benefits are most pronounced
and therefore these have been included in the current
analysis.2

Magnetic resonance imaging
MRI was performed on a 1.5 T MRI scanner (Philips
Medical Systems, Best, The Netherlands) with a

16-channel phased-array coil. Details on the image
acquisition settings are provided as online supplemental
material. Analysis of the MR images was conducted in the
time period of 2012-2014. To analyse diastolic function,
we included the deceleration time of the early phase
of transmitral flow (E-DT) and the ratio of the mitral
early and late peak filling rates (E/A ratio) as primary
endpoints. The E/A ratio and E-DT were determined
using an electrocardiographically (ECG) prospectively
gated gradient echo sequence with velocity encoding over
the mitral valve in 40 cardiac phases. An ECG prospective

Table 3 Associations of LTPA (MET-min/week) with diastolic function

Men Women
Outcome B 95% ClI P value B 95% ClI P value
Diastolic function
E/A ratio
Crude 0.09 -0.04 t0 0.23 0.167 0.05 -0.18t0 0.28 0.682
Adjusted 0.18 0.03 t0 0.33 0.021 0.17 -0.01t0 0.34 0.058
E-DT (ms)
Crude 0.11 0.00 to 0.21 0.041 0.11 0.00 to 2.02 0.045
Adjusted 0.13 0.01to 0.24 0.030 0.17 0.05 to 0.28 0.005

Results represents linear regression coefficients and 95% Cl, weighted toward the BMI distribution of the general population. 3, regression
coefficients reflect the difference in outcome per 1 SD of leisure time physical activity (LTPA) in MET-minutes/week: 1999 min in men/1870
min in women. Crude models were adjusted for age, sex, smoking, ethnicity and education.
Unadjusted values for multiple comparisons with p<0.05 were considered significant.

Italic depicted values meet the Bonferroni corrected significance level of p<0.004.

E-DT, E-wave deceleration time; LV, left ventricle; ms, milliseconds.
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gated breath-hold balanced steady-state free precession
sequence was used in standard long-axis orientations,
and for a stack of short-axis cines. From these, indices
of cardiac morphology were acquired including LV mass,
end-systolic/end-diastolic volume, stroke volume, ejec-
tion fraction and cardiac output (online supplemental
material). To analyse adiposity, we included abdominal
VAT and SAT, which were determined by transforming
the number of pixels to square centimetre using a turbo
spin echo sequence. Three slices were acquired and aver-
aged at the level of the fifth lumbar vertebra.

Statistical analyses

To correctly represent baseline associations in the general
population, adjustments were made for the oversampling
of individuals with BMI >27kg/m>* This was done by
weighting all participants towards the BMI distribution
of participants from the Leiderdorp municipality, whose
BMI distribution was similar to the BMI distribution in the
general Dutch population.”® ** Consequently, all results
apply to a population-based study without oversampling
of individuals with a high BMI. Baseline characteristics are
presented as mean (SD), median (IQR) or as percentage,
and stratified by sex. CFA was used as a measurement
model to construct a metabolic load factor. CFA is a form
of factor analysis that tests whether a postulated latent
measurement model befits the observed data. First, all
of the MetS variables and MRI-derived abdominal VAT
and SAT were included to analyse the individual factor
loadings. Consequently, a selection of included variables
which loaded, that is, correlated significantly was made
(p<0.05), defining indicators of metabolic load. Model
fits were assessed using a comparative fit index (CFI),
the root mean square error of approximation (RMSEA)
and the standardised root mean square residual (SRMR).
Indication of goodness of model fitting was CFI 20.95,
RMSEA <0.05and SRMR <0.05. Stepwise exclusion of
indicators with lowest loading was carried out until the

model fit did not improve any further. An evaluation
of measurement invariance was carried out to examine
presence of sex-specific difference on loadings of each
single indicator of the metabolic load factor. We used a
piecewise SEM approach, combining individual models
with estimated paths merged to construct a mediation
model.” Hereby we examined associations between
LTPA, diastolic function and cardiac morphology and
haemodynamics. Subsequently, metabolic load was added
to examine mediation. All analyses were performed sepa-
rately for men and women. Associations are presented
as regression coefficients (B) with 95% CIs per SD of
the determinant. Variables were transformed into stan-
dardised scores with mean of 0 and SD of 1. The crude
model was adjusted for the potential confounding factors
age, ethnicity, education and tobacco smoking. Unad-
justed values for multiple comparisons with p<0.05 were
considered significant. Bonferroni-corrected significance
levels depicted in italic are also given. Analyses were
conducted in accordance to the CHecklist for statistical
Assessment of Medical Papers (the CHAMP) guidelines.™
For all statistical analyses R V.4.2.1 was used.

Patient and public involvement

The research was conducted without the involvement of
patients or the general public in the study design, data
analysis, writing, or editing.

RESULTS

Baseline characteristics

A total of 6671 participants were included in the NEO
study. Of those, 1207 participants were randomly allo-
cated to undergo cardiovascular and abdominal MRI
After excluding participants with invalid MRI images,
missing covariates or medical conditions (see figure 1),
data from n=901 participants were included in the
present study.

o p=0.021%
E/A ratio
, A p=0.058
0.0 0.1 0.2 0.3
- p=0.030*
E-DT (ms)
: , A . p=0.005**
0.0 0.1 0.2
Estimat
O Men sUmate A women

Figure 3 Associations of LTPA with diastolic function. Plots representing linear regression coefficients and 95% Cls adjusted
for age, sex, smoking, ethnicity and education. Regression coefficients reflect the difference in outcome per 1 SD of LTPA

in MET-minutes/week: 1999 min in men/1870min in women. Green=men, purple=women. Unadjusted values for multiple
comparisons with p<0.05 were considered significant where *p<0.05, **p<0.01. Italic depicted values meet the Bonferroni-
corrected significance level of p<0.0167. E-DT, E-deceleration time; LTPA, leisure time physical activity.

6 Klarenberg H, et al. BMJ Open Sp Ex Med 2024;10:¢001778. doi:10.1136/bmjsem-2023-001778


https://dx.doi.org/10.1136/bmjsem-2023-001778
https://dx.doi.org/10.1136/bmjsem-2023-001778

15.0
13.5
12.0
10.5
9.0
7.5
6.0
4.5
3.0
1.5
0.0

/51 Running (10 mph/16 kmh)

/S Cross-country

Vigorous

Metabolic Equivalent for Task

O Men
/\ Women

/<3 Cycling (16-19 mph/26-30 kmh)
/0 Competitve sports (soccer, track & field , water polo)
A u] Moving upstairs, climbing hills with 42 lbs/19 kg load

/O Cycling (general)

Video exercise workout, yard work

/\ O Home repair, jogging

______________ -0----

Walking,
child care (standing)

120 240

360
Minutes

480 600 720

Figure 4 Various activities that represent 1 SD of MET minutes (men=1999 min, women=1870min) per week of moderate
(3-6 METs, deep purple) to vigorous (>6 METSs, red) leisuretime physical activity. Running (10 mph/16 kmh=14.5 METSs, cross-
country=13.5 METs, cycling (16-19 mph/26-30 kmh)=12 METs, competitive sports=10 METs, moving upstairs, etc=9 METSs,
cycling (general)=7.5 METs, video exercise workout, etc=6 METs, home repair, etc=4.5 METs, walking, etc=3 METs. kmh,
kilometres per hour; MET, metabolic equivalent of task; mph, miles per hour.

Table 1 shows the demographic and lifestyle charac-
teristics of the study population stratified by sex. Mean
(SD) age was 56 (6) years, 46% were women and mean
BMI was 26 (3.9) kg/m® Participants engaged a median
(25th, 75th percentile) of 1928 (968, 3195) MET min/
week in LTPA (figure 2). There was no difference in
LTPA between men and women. When participants were
categorised according to the US guidelines only 5% was
considered inactive (0 MET-min/week), 8% low active
(1-499 MET-min/week), 16% moderately active (500—
1000 MET-min/week) and 71% highly active (>1000
MET-min/week).” All of the MetS variables were signifi-
cantly different between men and women. Table 2 shows
the cardiac and abdominal MRI variables stratified by sex.
With the exception of the E/A ratio 1.3 (0.5) and E-DT
182.7 (47.1) ms, all variables were different between men
and women.

Associations of LTPA with diastolic function

Table 3 and figure 3 present sex-specific crude and
adjusted associations between LTPA and diastolic param-
eters. Figure 4 illustrates various activities that represent
the proportion of 1 SD MET-minutes per week (men:
1999 min, women:1870min) of moderate to vigorous

LTPA. In the unadjusted model, LTPA was not associ-
ated with the E/A ratio for either men or women. After
adjusting for confounders, each SD of LTPA was associ-
ated with a higher E/A ratio in men (B=0.18SD; 95% CI
= 0.03 to 0.33, per SD LTPA). LTPA was associated with
E-DT for both men and women (men: $=0.11SD; 95% CI
=0.00 to 0.24, women: =0.11SD; 95% CI=0.00 to 0.22)
per SD LTPA. This association sustained after adjust-
ment with E-DT of 0.13 SD (95% CI=0.01 to 0.24) higher
in men and 0.17 SD (95% CI=0.05 to 0.28) higher in
women. Results from sensitivity analyses, after exclusion
of participants with diabetes mellitus, are presented in
online supplemental table S2.

Online supplemental table S1 presents sex-specific
crude and adjusted associations between LTPA (per
SD) and cardiac morphology and haemodynamics
parameters. In the unadjusted model, LTPA was asso-
ciated with all variables except LV ejection fraction in
both men and women and LV end-systolic volume, LV
end-diastolic volume, LV stroke volume and LV cardiac
output in women. These associations persisted after
adjustment where other variables were associated to
as follows: (men/women) LV mass—f=0.11/0.02 SD;

Klarenberg H, et al. BMJ Open Sp Ex Med 2024;10:¢001778. doi:10.1136/bmjsem-2023-001778 7
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0.259 VAT '\
0.44***
0.47**
0_40!!!
0_73,9 SAT
0.22***
0.38***
0.96% 0.31**+
0_373 Glucose T 0.3

-0.51%*
o arm 0,73
0i64xxx H D L-C /
0.64**
0.42***

J

0.45%** . . /
022‘:} Triglycerides

Metabolic
Load

—

o o
loRe)

Figure 5 Confirmatory factor analysis of metabolic load. The schematic shows the proposed sex-specific one-factor structure
approach of metabolic load and outcome values. Adjusting for potential confounders was made by including age, ethnicity,
education and smoking. Standardised parameter estimates representing factor loadings (ie, correlation coefficients) are shown
on the arrow pathways. Numbers on the paths refer to the men (top) and women (bottom/underline) group. Double headed
arrows indicate covariance and error terms of indicators. Coefficients were significant at *p<0.05, **p<0.01, **p<0.001. HDL-c,
high-density lipoprotein cholesterol; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

95% CI=0.03 to 0.19/0.02 to 0.18, LV mass index—
B=0.16/0.17 SD; 95% CI1=0.07 to 0.42/0.27 to 3.18, LV
end-systolic volume—f3=0.15/0.10 SD; 95% CI=0.03 to
0.26/0.02 to 0.18, LV end-diastolic volume: =0.21/0.11
SD; 95% CI=0.15 to 0.38,/0.02 to 0.22 and the LV stroke
volume: B=0.21SD; 95% CI=0.10; 0.31 and LV cardiac
output in men: $=0.11SD; 95% CI=0.03 to 0.20.

CFA of metabolic load

According to previous results,” fitting of CFA with
glucose, HDL-c, triglycerides and MRI-derived VAT and
SAT was considered good (CFI=0.948; RMSEA=0.073;
SRMR=0.039) and allindicatorsloaded significantlyon the
metabolic load factor (p<0.05): (standardised estimates:
VAT=0.69, SAT=0.19, glucose=0.42, HDL-c=—0.71and
triglycerides=0.65). By assessing measurement of invari-
ance, we found that the chosen indicators to define
metabolic load displayed sex-specific differences. The
model fit was not preserved after constraining the factor
loadings to be equal across sex, thereby failing metric
invariance (difference in robust CFI=-0.024, p<0.001).
Figure 5 illustrates the standardised estimates stratified
on sex.

Mediating role of the metabolic load factor

The association between LTPA and diastolic function was
partially mediated via metabolic load in men and women
(figure 6a/b and table 4). There was an indirect effect

on the E/A ratio of 0.034 SD (95% CI=0.000 to 0.067,
19% mediated, p=0.047) for men, but not for women
(no association LTPA-E/A ratio, p=0.058). There was
an indirect effect on E-DT of 0.044 SD (95% CI=0.013
to 0.075, 27% mediated, p=0.006) for women, but not
in men. Online supplemental table S3 summarises
the sex-specific mediation effect of metabolic load on
cardiac morphology and haemodynamics. For cardiac
morphology, metabolic load mediated partially the effect
of LTPA on LV mass (men/women: —0.020/-0.018 SD,
95% CI=-0.037 to -0.004/-0.035 to -0.001, 18%/18%
mediated, p=0.017/0.033). For cardiac haemodynamics,
no mediation of metabolic load appeared except for LV
cardiac output in men (-0.021 SD, 95% CI=-0.039 to
-0.002, 18% mediated, p=0.027).

DISCUSSION
In this study, we have shown in a general middle-aged
population that increased LTPA is associated with
several parameters of diastolic function as well as cardiac
morphology and haemodynamics. More importantly we
showed that these positive associations between LTPA and
diastolic function were mediated by beneficial changes in
metabolic health.

Our results show that the positive association
between LTPA and diastolic function is a complex
process consisting of various direct cardiac and indirect

8 Klarenberg H, et al. BMJ Open Sp Ex Med 2024;10:¢001778. doi:10.1136/bmjsem-2023-001778


https://dx.doi.org/10.1136/bmjsem-2023-001778

0.807*
0.86%**

A

-0.14%
-0.24"

Metabolic
Load

-0.23*
-0.25"*

AN

LTPA

0.80*
B 0.86*

014~
0.24™

Metabolic
Load

E/A ratio

1107
079"

-0.03
-0.19***

AN

LTPA

E-DT

0.97
0.79™*

Figure 6 Mediation analysis of metabolic load between LTPA and diastolic function. The schematics show the structure and
outcomes of the mediation analysis between LTPA and (A) E/A ratio and (B) ED-T. Adjusting for potential confounding was
made by including age, ethnicity, education and smoking. Standardised parameter estimates representing factor loadings (ie,
correlation coefficients) are shown on the arrow paths. Numbers on paths refer to the men (top) and women (bottom/underline)
group. Double headed arrows report on covariance and error terms of the indicators. The mediation models decomposes

the total effect c, into the direct effect a*b and the direct effect ¢’. The total effect can be described as c=c’+ab, and the
indirect effect as a*b=c-c’. Coefficients were significant at *p<0.05, *p<0.01, **p<0.001. E-DT, E-deceleration time; EDV, left
ventricular end diastolic volume; LTPA, leisuretime physical activity (MET-min/week); LV, left ventricle.

metabolic pathways. Exercise-induced cardiac remodel-
ling is caused by integrative metabolic changes combined
with augmented cardiac workload.** Our study therefore
corroborates with previous research which showed that
increased doses of LTPA were associated with favourable
LV diastolic function. Measures of diastolic function,
such as the E/A ratio, increased with higher doses of
LTPA." Also, ratio of mitral peak velocity of early filling
(E) to early diastolic mitral annular velocity (e'), an indi-
cator for LV filling pressures, was higher in low-dose
LTPA participants."™” Though less pronounced, we
have shown a prolonged E-DT in high-dose LTPA partic-
ipants which could be due to lower LV filling pressures.
Improved diastolic function via increased LTPA might

be explained by altered haemodynamic stress inducing
favourable cardiac remodelling.*

Our study showed that an unsupervised one-factor
approach of metabolic load partly mediates the asso-
ciation between LTPA and diastolic function. It has
been shown that metabolic health improves by LTPA:
according to a comprehensive meta-analysis, a larger
amount of LTPA decreased the risk of developing the
MetS.” This is in concordance with our results that LTPA
was associated with lower metabolic load in both men and
women (pathway ‘a’ in figure 6). However, studies that
have investigated the mediating role of metabolic health
in the relation between LTPA and diastolic function are
lacking to our knowledge. Though inference has been
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Table 4 Mediation of the association between LTPA and diastolic function by metabolic load

Men Women
Proportion Proportion

Indirect mediated Indirect mediated
Outcome effect 95% CI (%) P value effect 95% CI (%)
Diastolic
function
E/A ratio 0.030 0.000to 0.067 19 0.047 0.058 0.027 to 0.089 -
E-DT (ms) 0.004 -0.012 to 0.021 0.602 0.044 0.013t0 0.075 27

Results represents percentage mediation of total effect, weighted toward the BMI distribution of the general population in the adjusted

models. Besides presented mediator, the model was also adjusted for age, sex, smoking, ethnicity and education.
Unadjusted values for multiple comparisons with p<0.05 were considered significant.
Italic depicted values meet the Bonferroni corrected significance level of p<0.0167.

E-DT, E-wave deceleration time; LV, left ventricle.

made on unadjusted values, which might be perceived
as p-hacking, our present study is of exploratory nature
with a clear theoretical model and hypothesis making p
values less stringent.37 We observed a mediation effect of
metabolic load that accounted for 19%-27% of the total
association between LTPA and diastolic function. We can
speculate that other lifestyle interventions such as certain
nutritional strategies including caloric restrictions, which
can positively influence indicators of the metabolic load
factor and increase metabolic health, could be beneficial
for diastolic function.™

Potentially, future work could focus on wearable quan-
tified LTPA by accelerometry and cardiac devices like
the Actiheart to improve the accuracy of the physical
activity readouts.” Self-reported LTPA via the SQUASH
questionnaire can vary considerably within subjects
compared with wearables."' Also, self-reported intensity
is challenging to quantify, where low-intensity PA seems
to be underestimated and moderate/high-intensity PA
overestimated. LTPA determined by accelerometry allows
a more precise determination of intensity and duration
of physical activity. This may be important as specifi-
cally high-intensity activity appears to be associated with
greatest improvements in metabolic and cardiac health.*
To highlight physiological mechanisms responsible for
associations between LTPA and diastolic function, future
research should also include overall fitness parameters.
Currently, it can be hypothesised that LTPA in combi-
nation with higher muscle mass leads to a different
(diastolic) cardiac workload response than in lower
muscle mass participants. Nonetheless, this can only
be speculated from the NEO dataset. Thus future work
should also quantify overall fitness using, for example,
maximal oxygen consumption cardiopulmonary exercise
testing®™ or even wearable lactate sensors.

Clinical implications

This study yields important insights into the relationship
among LTPA, MRI-based diastolic function and metabolic
health within a substantial Dutch middle-aged cohort
in both men and women. The findings demonstrate an

association between more LTPA and better MRI-derived
diastolic function, as well as a reduced metabolic load
encompassing MRI-based subcutaneous and visceral fat,
glucose, triglycerides and HDL-c. Importantly, this study
unveils the pivotal role of metabolic load, as determined
through CFA, in mediating the association between LTPA
and diastolic function across both men and women.
Thus, encouraging LTPA among middle-aged individuals
is an effective strategy for improving diastolic function
and metabolic health. Interventions, alongside LTPA,
that alleviate metabolic load might address a consider-
able proportion of diastolic function.

Limitations

Besides strengths which are a large sample size, MRI-based
cardiac and adiposity measurements and a comprehen-
sive state-of-the-art statistical method to model metabolic
load, we are aware that our research also has limitations.
Our analysis is based on cross-sectional observational
data which hinders inferring causality. Further, LTPA
quantification via self-reported questionnaires may
have considerable variation in the test-retest reliability
and validity."' Moreover, although we assessed diastolic
function using MRI, which is more precise than echo-
cardiography techniques, ideally, a multiparametric
approach should be used which includes more specific
cardiac variables, such as the E/e' ratio, to assess diastolic
function.” However this was not a standard procedure
at the time of segmenting and analysing the MR images
in this study (2012-2014). Lastly, various other studies
have proposed that metabolic dysregulation consists of
multiple latent factors.”” * Nevertheless, these studies
included substantially more variables. Our one-factor
approach provides support by its fit indices and was stable
across sexes.

Conclusion

A larger amount of LTPA was associated with improved
diastolic function where CFA-based metabolic load partly
mediates this effect. Interventions, alongside LTPA, that
alleviate metabolic load might address a considerable
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proportion of diastolic function. Whereas these anal-
yses were cross-sectional in nature, future studies should
investigate whether improving indicators of metabolic
load will benefit healthy diastolic function even more.
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