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A B S T R A C T

Objective: The association of physical inactivity with subclinical alteration of cardiac structure and function is not 
well established. In the present study, we investigated this association with left-ventricular (LV) function assessed 
by advanced MRI strain analysis in a population-based cohort free of known cardiovascular disease (CVD).
Materials and Methods: We used data of an MRI sub-study of the community-based KORA (Cooperative Health 
Research in the Region of Augsburg) cohort with 360 participants (156 women; aged 39 to 73 years). Physical 
activity was assessed at three examination cycles (Exam 1 [baseline], at Exam 2 [7-years follow-up] and at Exam 
3 [14-years follow-up]) of the KORA S4 cohort. The MRI-derived myocardial 2D feature-tracking strain exam
ination was conducted at Exam 3 and included longitudinal, radial and circumferential global strain parameters. 
Associations between physical inactivity and strain values were investigated in cross-sectional and longitudinal 
analyses.
Results: Current physical inactivity (Exam 3) was associated with reduced longitudinal (β = -1.09%; 95%CI 
− 2.02; − 0.15. p = 0.023), radial (β = -2.64%; 95%CI − 4.79; − 0.49. p = 0.016), and circumferential strain (β =
-0.90%; 95%CI − 1.60; − 0.20. p = 0.012). Similarly, past physical inactivity reported at baseline (Exam 1) was 
associated with reduced strain parameters. The more often physical inactivity was reported across the three 
examinations (two or three times) the more reduced were radial (β = -2.09%; 95%CI − 3.71; − 0.47. p = 0.012) 
and circumferential strain (β = -0.69%; 95%CI − 1.22; − 0.16. p = 0.011). These associations were stronger in 
men than in women.
Conclusion: In a population-based cohort without overt CVD, repeated self-reported leisure-time physical inac
tivity was consistently associated with lower MRI-derived LV strain parameters at Exam 3. These results indicate 
that sustained inactivity may be linked to subtle impairments in myocardial deformation detectable before 
clinical disease onset.

Introduction

Cardiovascular diseases (CVD) are a leading cause of morbidity and 
mortality worldwide. Although global CVD mortality has decreased in 

recent decades, ischemic heart disease remains the single leading cause 
of death globally [1].

Low physical activity is among the most important behavioral risk 
factors for CVD, alongside poor diet, smoking − including secondhand 
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smoke-, and high alcohol use [2]. Physical inactivity is highly prevalent 
and is associated with reduced cardiovascular health, conferring an 
elevated risk for cardiovascular events such as myocardial infarction and 
stroke [3,4]. Therefore, increasing physical activity is critical in CVD 
prevention and treatment efforts [5,6].

Left ventricular (LV) function is pivotal in the cardiovascular system, 
sustaining life and maintaining optimal health. Subclinical alterations in 
LV structure and function often precede and predict clinical CVD events 
and CVD mortality [7,8], even after accounting for traditional risk 
factors.

In general population studies, echocardiographic measures of LV 
end-diastolic volume, end-systolic volume, ejection fraction, and LV 
mass have demonstrated associations between physical inactivity and 
subclinical impairments of LV structure and function [9,10]. Studies 
using cardiac magnetic resonance imaging (MRI) to investigate physical 
activity in relation to subclinical changes in LV function are less com
mon, particularly in relatively healthy, population-based samples 
[11,12]. Notably, one MRI study reported that individuals with almost 
no physical activity had lower LV stroke volume and reduced LV ejection 
and filling rates [11], while another found that participants with higher 
exercise intensity had increased LV mass and end-diastolic volume [12].

MRI-derived strain parameters provide new insights into cardiac 
physiology and represent an emerging imaging biomarker of myocardial 
function. Previous investigations have shown that established cardio
vascular risk factors, including diabetes mellitus, waist-to-hip ratio, and 
blood pressure, are associated with reduced global longitudinal, radial, 
and circumferential strain [13]. However, the association of physical 
inactivity on LV strain parameters in a population-based setting has not 
yet been studied, particularly from a longitudinal perspective. There
fore, we aimed to investigate the association between physical inactivity 
and LV myocardial function, as measured by MRI-based strain analysis, 
in a community cohort free of clinical CVD.

Methods

Study sample

The KORA S4 study (“Cooperative Health Research in the Region of 
Augsburg”) is a population-based cohort conducted in the city of 
Augsburg (Bavaria) and two adjacent counties. The baseline examina
tion (Exam 1) took place between 1999 and 2001 with 4,261 partici
pants. Of these, 3,080 individuals also participated in the 7-year follow- 
up (2006–2008; Exam 2) and 2,279 participated in the 14-year follow- 
up (2013–2014; Exam 3). In the MRI sub-study, we included partici
pants who attended Exam 3 and were eligible for MRI and who were free 
of overt CVD at the time of the examination since the primary aim of this 
analysis was to investigate subclinical alterations in LV function, defined 
as early myocardial changes in individuals without known clinical CVD. 
Restricting the sample to participants without clinically overt CVD was 
chosen to minimize confounding by indication and treatment related to 
established disease and to focus on the relation of physical activity with 
ventricular remodeling in a preclinical context. At Exam 3, a total of 400 
participants without a history of stroke, myocardial infarction, or arte
rial vessel occlusion underwent a cardiac MRI at 3 Tesla [14]. Partici
pants with missing strain data (n = 29) or evidence of late gadolinium 
enhancement (LGE, n = 11) on MRI were excluded, yielding a final 
sample of 360 participants (156 women; age 39–73 years) for the cur
rent analysis (Fig. 1).

Cardiac MRI

Cardiac MRI was performed on a clinical 3 T scanner (Magnetom 
Skyra, Siemens Healthineers, Erlangen, Germany). Cine images were 
obtained using a breath-hold balanced steady-state free precession 
(bSSFP) sequence with retrospective ECG gating, acquiring a 4-chamber 
view and contiguous short-axis slices covering the whole left ventricle 
(25 phases per cardiac cycle). Sequence parameters were: repetition 
time/echo time (TR/TE) 3.3/1.46 ms, temporal resolution 29.97 ms, 
slice thickness 8 mm (2 mm gap), field of view 360 × 297 mm^2, matrix 

Fig. 1. Flow chart of the KORA MRI study sample and the cohort study design with repeated measurements of physical activity. (*N = 118 participants refused Exam 
2, but attended Exam 3).
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240 × 198, flip angle 62◦, in-plane voxel size 1.5 × 1.5 mm^2. LGE 
images were acquired ~ 10 min after intravenous gadobutrol (0.2 
mmol/kg, Gadovist, Bayer Healthcare, Berlin, Germany).

Image data analysis

All image analyses were performed using a commercial post- 
processing software package (cvi42, version 4.1.5(190); Circle Cardio
vascular Imaging Inc., Calgary, Canada). LV functional analysis was 
conducted by semiautomatic contouring of endocardial and epicardial 
borders on the short-axis cine bSSFP images, with manual adjustments 
as needed. Papillary muscles were considered part of the ventricular 
blood pool for volume analysis. After the LV contours were finalized for 
volumetric analysis, feature-tracking strain analysis was applied. The 
anterior and posterior right ventricular insertion points were identified, 
and the software then automatically tracked myocardial deformation 
throughout the cardiac cycle. The following global LV strain parameters 

were derived: (1) global radial strain (GRS), (2) global longitudinal 
strain (GLS), and (3) global circumferential strain (GCS). GLS was 
measured from the 4-chamber long-axis view, while GRS and GCS were 
derived from the short-axis image stack. Long-axis datasets were 
excluded if the LV outflow tract was partially included in the image. To 
assess reproducibility, strain analyses were repeated by the same 
observer after an interval of at least one week and by a second inde
pendent observer in a random subset of 30 subjects. All strain values 
were converted to absolute values (so that more positive values indicate 
better deformation) for statistical analysis and reporting.

Physical activity measurements

Standardized interviews were used to assess physical activity at 
Exam 1, Exam 2, and Exam 3 [15]. The primary domain of interest was 
leisure-time sporting activity; at Exam 3, additional domains (occupa
tional, walking, and cycling activity) were also evaluated.

According to the study protocol, participants were classified 
as physically active if they reported regular exercise during both sum
mer and winter months (year-round regular activity). Based on self- 
reported exercise frequency and regularity, four categories of leisure 
activity were defined: (a) no physical activity, (b) irregular physical 
activity (approximately 1 h per week), (c) regular physical activity (1 h 
per week), and (d) regular physical activity (≥2 h per week). For anal
ysis, we additionally collapsed these into a binary classification of 
physical inactivity vs. activity: participants falling into categories (a) 
and (b) (no or ≤ 1 h per week of irregular activity) were consid
ered physically inactive, whereas those in categories (c) or (d) (≥1 h per 
week of regular activity) were considered physically active.

Using the longitudinal data from the three examinations, we devel
oped an index of long-term exposure to reported regular physical ac
tivity (≥1 h/week): (a) active at all three exams (regularly active over ~ 
14 years), (b) active at two of the three exams, (c) active at only one 
exam, or (d) never active at any of the three exams. In addition, we 
calculated a cumulative activity score by assigning numeric values to 
each category at each exam (1 = regularly ≥ 2 h/week, 2 = regularly 1 
h/week, 3 = irregularly ~ 1 h/week, 4 = no activity) and summing 
across Exams 1–3. This cumulative score ranged from 3 (high activity at 
all three exams: 1 + 1 + 1) to 12 (no activity at any exam: 4 + 4 + 4).

Occupational activity was self-reported at Exam 3 in four categories: 
(a) no significant physical labor, (b) light physical labor, (c) moderate 

Table 1 
Cardiovascular risk factors at Exam 3.

Exam 3 (2013–2014)
All (n =
360)

Women (n =
156)

Men (n =
204)

p

Age (years) 56.2 
(±9.2)

56.4 (±9.2) 56.1 (±9.2) 0.706

Systolic BP (mmHg) 120.3 
(±16.8)

113.2 
(±14.5)

125.8 
(±16.4)

<0.001

Diastolic BP (mmHg) 75.3 
(±10.1)

71.9 (±8.6) 77.8 
(±10.4)

<0.001

Hypertension 117 
(32.5%)

44 (28.2%) 73 (35.8%) 0.128

Weight (kg) 82.2 (±16) 73.4 (±14.8) 88.9 
(±13.5)

<0.001

Height (cm) 171.5 
(±9.8)

163.4 (±6.6) 177.7 
(±6.8)

<0.001

Body mass index (kg/ 
m2)

27.9 
(±4.7)

27.5 (±5.4) 28.1 (±4) 0.210

Waist circumference 
(cm)

97.8 
(±13.7)

91.6 (±13.8) 102.5 
(±11.6)

<0.001

Hip circumference (cm) 106.5 
(±8.6)

106.7 
(±10.5)

106.3 
(±6.9)

0.721

Waist-hip-ratio 0.92 
(±0.09)

0.86 (±0.08) 0.96 
(±0.07)

<0.001

Smoking status ​ ​ ​ 0.126
Never-smoker 129 

(35.8%)
64 (41%) 65 (31.9%) ​

Ex-smoker 159 
(44.2%)

60 (38.5%) 99 (48.5%) ​

Current smoker 72 (20%) 32 (20.5%) 40 (19.6%) ​
Pack-years 12.9 (±19) 8.3 (±12.2) 16.4 

(±22.3)
<0.001

Alcohol consumption 
(g/day)

18.3 
(±23.7)

8.8 (±14.2) 25.6 
(±26.8)

<0.001

Diabetes mellitus 45 (12.5%) 12 (7.7%) 33 (16.2%) 0.016
HbA1c (%) 5.55 

(±0.72)
5.55 (±0.56) 5.56 

(±0.83)
0.943

Total cholesterol (mg/ 
dl)

218.2 
(±36.7)

219.8 
(±35.4)

217 
(±37.8)

0.474

HDL-C (mg/dl) 62.3 
(±17.2)

70.3 (±17) 56.3 
(±14.7)

<0.001

LDL-C (mg/dl) 139.6 
(±33.3)

137.4 
(±32.5)

141.3 
(±33.9)

0.260

Antihypertensive 
medication

87 (24.2%) 42 (26.9%) 45 (22.1%) 0.285

Lipid-lowering 
medication

36 (10%) 17 (10.9%) 19 (9.3%) 0.620

Glucose-lowering 
medication

26 (7.2%) 10 (6.4%) 16 (7.8%) 0.603

Statin medication 36 (10%) 17 (10.9%) 19 (9.3%) 0.620

Data are given as number (percentage) or mean (± standard deviation). P-values 
are from two-sided t-test or chi-square test.
HbA1c, hemoglobin A1c; HDL-C, high-density-lipoprotein cholesterol; LDL-C, 
low-density-lipoprotein cholesterol.

Table 2 
Left ventricular cardiac function and structure, obtained at Exam 3.

Left ventricular cardiac Exam 3 (2013–2014)
function and structure All (n =

360)
Women (n =
156)

Men (n =
204)

p

End-diastolic volume 
(ml)

129.2 
(±33.19)

116.5 (±27) 138.8 
(±34.2)

<0.001

End-systolic volume 
(ml)

40.6 
(±18.2)

34.2 (±14.9) 45.4 (±19) <0.001

Stroke volume (ml) 88.7 
(±20.4)

82.3 (±17.4) 93.5 
(±21.2)

<0.001

Ejection Fraction (%) 69.5 (±7.7) 71.3 (±6.9) 68.1 (±8) <0.001
Myocardial mass, 

diastolic (g)
140.4 
(±35.2)

114.9 
(±25.9)

159.8 
(±28.3)

<0.001

Myocardial mass, 
systolic (g)

142.9 
(±39.1)

113.9 
(±27.2)

164.9 
(±31.6)

<0.001

Early diastolic filling 
rate (ml/s)

228.2 
(±115.5)

226.5 
(±106)

229.4 
(±122.4)

0.817

Peak ejection rate (ml/ 
s)

356.1 
(±132.8)

330.3 
(±108.8)

375.8 
(±145.7)

0.001

Longitudinal Strain (%) 19.8 (±3.2) 21.0 (±2.9) 18.9 (±3.1) <0.001
Radial Strain (%) 40.1 (±8.2) 43.5 (±7.5) 37.5 (±7.8) <0.001
Circumferential Strain 

(%)
19.9 
(±2.69)

21.1 (±2.3) 19 (±2.6) <0.001

Data are given as mean (± standard deviation). P-values are from two-sided t- 
test.
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physical labor, or (d) heavy physical labor. For analysis, this was 
dichotomized into moderate/heavy labor vs. light/no physical labor.

Walking activity (at Exam 3) was reported as hours per day in four 
categories: (a) < 0.25 h, (b) 0.25–0.5 h, (c) 0.5–1 h, or (d) > 1h. We 
dichotomized walking time into > 0.5 h/day vs. ≤ 0.5 h/day. Cycling 
activity was recorded in the same manner and dichotomized similarly.

Covariates

Additional health-related variables were assessed at each KORA 
exam through standardized interviews and physical examinations. 
Smoking status was classified as never-smoker, ex-smoker, or current 
smoker (with pack-years calculated). Alcohol intake was measured 
using a validated recall method, calculating the average grams of 
alcohol per day based on self-reported beer, wine, sparkling wine, and 
spirits consumption over the previous week (separately for workdays 
and weekend) and then averaging.

Diabetes was defined as either a 2-hour plasma glucose ≥ 200 mg/dL 
on an oral glucose tolerance test, and/or a fasting glucose ≥ 125 mg/dL, 
and/or current use of glucose-lowering medication [14]. Hypertension 

was defined as systolic blood pressure ≥ 140 mmHg or diastolic ≥ 90 
mmHg, or use of antihypertensive medication in individuals who re
ported a physician diagnosis of hypertension. Blood pressure was 
measured three times on the right arm of seated participants after at 
least five minutes of rest, with 3-minute intervals between measure
ments. An oscillometric digital monitor (Omron HEM-705CP, Omron 
Corp., Tokyo, Japan) with an appropriate cuff size was used. The mean 
of the second and third BP measurements was used for analysis. Current 
medication use (within the last 7 days) was recorded via a structured 
interview and by checking medication packages brought to the visit.

Weight and height were measured using calibrated scales and sta
diometers (Seca GmbH & Co. KG, Hamburg, Germany) to the nearest 
0.1 kg and 0.1 cm, respectively. Body mass index (BMI) was calculated 
as weight (kg) divided by height (m2). Waist circumference (WC) was 
measured in centimeters to the nearest 0.1 cm using an inelastic multi- 
colored measuring tape (Fa. Hoechstmass). WC was assessed midway 
between the lower rib margin and the iliac crest at the end of a gentle 
exhalation. The waist-to-hip ratio (WHR) was calculated as WC divided 
by hip circumference (HC). HC was measured at the widest part of the 
gluteal region, between the superior border of the iliac crest and the 
crotch.

Laboratory assays were performed on blood samples collected at the 
exams. Total cholesterol, LDL cholesterol, and HDL cholesterol were 
measured using enzymatic colorimetric assays. HbA1c was measured by 
a cation-exchange high-performance liquid chromatography photo
metric assays.

Statistical analyses

Continuous variables are presented as mean ± standard deviation 
(SD), and categorical variables as counts and percentages. Differences 
between women and men were tested using two-sided t-tests for 
continuous variables or chi-square tests for categorical variables. Pear
son correlation coefficients were used to assess the relationships among 
the three strain parameters (GLS, GRS, GCS). A nonparametric trend test 
across ordered groups was applied to assess differences in strain values 
across physical activity categories (as displayed in box plots).

Intra-observer reliability was assessed using intraclass correlation 
coefficients (ICC) with 95% confidence intervals (CI) based on a two- 
way mixed-effects model with absolute agreement while inter- 
observer reliability was assessed using ICC based on a two-way 
random-effects model.

Multivariable linear regression models were adjusted for key con
founders of the associations between physical activity (or inactivity) and 
LV strain parameters including age, sex, smoking status, and alcohol 
consumption. Other established cardiovascular risk factors such as 
obesity, hypertension, diabetes, and dyslipidemia were described but 
not included as confounders in our statistical models because they were 
considered as mediators for the relationship between physical activity 
and LV function.

Cross-sectional models evaluated activity reported at Exam 3, while 
longitudinal models evaluated activity patterns over time, as defined 
above. β-coefficients with CIs were calculated for the effect of physical 
inactivity on each strain outcome. The residuals of linear models were 
visually checked for normality. In addition, we performed a comple
mentary longitudinal analysis using a repeated-measures generalized 
least squares regression model to relate multiple measurements of 
physical inactivity (over Exams 1–3) to the strain parameters measured 
at Exam 3. Potential effect modification by risk factors known to influ
ence strain [13] was assessed by including interaction terms in the 
models; when a significant interaction was detected, results were pre
sented stratified by the relevant subgroup. A complete-case analysis was 
performed, excluding participants with incomplete cardiac MR se
quences for strain analysis at Exam 3 (n = 29) and further 16 partici
pants with missing data on physical activity at Exam 2.

A two-sided p-value < 0.05 was considered statistically significant. 

Table 3 
Physical activity characteristics, obtained at Exam 1, Exam 2 and Exam 3.

All 
(n = 360)

Women (n 
= 156)

Men (n =
204) p

Physical activity (Exam 3) ​ ​ ​ 0.055
≥2h, regularly 104 

(28.9%)
44 (28.2%) 60 

(29.4%)
​

~1h, regularly 113 
(31.4%)

58 (37.2%) 55 (27%) ​

~1h, irregularly 51 
(14.2%)

24 (15.4%) 27 
(13.2%)

​

no activities 92 
(25.6%)

30 (19.2%) 62 
(30.4%)

​

Occupational activity (Exam 
3)

​ ​ ​ 0.014

heavy / moderate 105 
(29.2%)

56 (35.9%) 49 (24%) ​

light / not relevant 255 
(70.8%)

100 (64.1%) 155 (76%) ​

Walking activity (Exam 3) ​ ​ ​ 0.387
>0.5 h daily 264 

(73.3%)
118 (75.6%) 146 

(71.6%)
​

<=0.5 h 96 
(26.7%)

38 (24.4%) 58 
(28.4%)

​

Cycling activity (Exam 3) ​ ​ ​ 0.504
>0.5 h daily 111 

(30.8%)
51 (32.7%) 60 

(29.4%)
​

<=0.5 h 249 
(69.2%)

105 (67.3%) 144 
(70.6%)

​

Physical activity 
(longitudinal)*

​ ​ ​ ​

14 years ago (Exam 1) ​ ​ ​ 0.152
≥1h, regularly 184 

(51.1%)
73 (46.8%) 111 

(54.4%)
​

≤1h, irregularly 176 
(48.9%)

83 (53.2%) 93 
(45.6%)

​

7 years ago (Exam 2) ​ ​ ​ 0.777
≥1h, regularly 201 

(58.4%)
86 (59.3%) 115 

(57.8%)
​

≤1h, irregularly 143 
(41.6%)

59 (40.7%) 84 
(42.2%)

​

(≥1h, regularly over 14 
years) (Exam 1 – Exam 3)

​ ​ ​ 0.740

three/two times 191 
(55.5%)

79 (54.5%) 112 
(56.3%)

​

one times/never 153 
(44.5%)

66 (45.5%) 87 
(43.7%)

​

Summed over 14 years 7.4 
(±2.8)

7.4 (±2.5) 7.4 (±3.1) 0.902

Data are given as number (percentage) or mean (± standard deviation). P-values 
are from chi-square-test or two-sided t-test.
*N = 16 subjects had missing data for Exam 2.
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In addition, we used a Bonferroni-corrected significance level of p <
0.017 (0.05/3) for the primary analyses assessing the associations be
tween physical activity and the three different strain parameters. All 
analyses were conducted using Stata 18.0 (StataCorp, College Station, 
TX, USA).

Results

Study participants (n = 360) had a mean age of 56.2 ± 9.2 years; 
32.5% had hypertension and 12.5% had diabetes. In both women and 
men, approximately 20% of participants were current smokers, but men 
reported a higher average alcohol consumption than women (p <
0.001). Further cardiovascular risk characteristics of the Exam 3 sub
sample are presented in Table 1.

Intra-observer reliability was good for GLS (ICC = 0.79, 95% CI: 0.61 
to 0.89) and GRS (ICC = 0.89, 95% CI: 0.78 to 0.94), and excellent for 
GCS (ICC = 0.93, 95% CI: 0.87 to 0.97). Inter-observer reliability was 
moderate but non-significant for GRS (ICC = 0.59, 95% CI: − 0.08 to 
0.85), and good for GCS (ICC = 0.70, 95% CI: 0.01 to 0.90) and GLS (ICC 
= 0.73, 95% CI: 0.51 to 0.86).

GRS was highly correlated with GCS (r = 0.953, p < 0.001) and 
moderately correlated with GLS (r = 0.549, p < 0.001). All three strain 
parameters were higher (indicating better myocardial deformation) in 
women than in men (p < 0.001 for all), as was the LV ejection fraction 
(Table 2). A total of 73 participants (21%) reported being physically 
inactive (≤1 h/week of irregular sports activity) at all three examination 
time points. In contrast, 121 participants (35%) reported regular phys
ical activity (≥1 h/week) at all three exams. Overall, women and men 
had similar long-term exposure of physical activity patterns (Table 3), 
although the proportion of women who were regularly active increased 
over the 14-year period (Fig. 2).

Cross-sectional association of current physical activity with LV 
myocardial function

At Exam 3, lower levels of leisure-time physical activity were asso
ciated with lower values of all three LV strain parameters, with a larger 
effect on GRS and GCS (p = 0.004 for both) than on GLS (p = 0.040; 

Fig. 3, Panel C). Specifically, participants classified as physically inac
tive had significantly reduced GLS (β = –1.09%, 95% CI: –2.02 to –0.15; 
p = 0.023), GRS (β = –2.64%, 95% CI: –4.79 to –0.49; p = 0.016), and 
GCS (β = –0.90%, 95% CI: –1.60 to –0.20; p = 0.012) compared to 
physically active participants (Table 4, Fig. 4, Panel A). The two latter 
associations remained statistically significant using a Bonferroni- 
corrected p-values threshold of p = 0.017. By contrast, we found no 
significant associations between current occupational, walking, or 
cycling activity and any of the strain parameters.

We identified effect modification by both age and sex in these cross- 
sectional associations. Physical inactivity was more strongly associated 
with lower GLS in women (β = –1.59%, 95% CI: –3.05 to –0.13; p =
0.033, Table 4) than in men, and similarly more strongly associated with 
lower GLS in younger participants (≤56 years: β = –1.61%, 95% CI: 
–2.99 to –0.24; p = 0.022, Suppl. Table 1) than in those older than 56. In 
contrast, the association between inactivity and reduced GCS (and 
similarly GRS) was more pronounced in men (β = –1.08%, 95% CI: –2.03 
to –0.14; p = 0.024, Table 4) than in women, and in participants > 56 
years (β = –1.32%, 95% CI: –2.29 to –0.34; p = 0.008) than in younger 
individuals (Suppl. Table 1).

Association of remote and recent physical activity with current LV 
myocardial function

Remote physical inactivity at baseline (Exam 1) was associated with 
lower LV strain at Exam 3, including GLS (β = –0.70%, 95% CI: –1.39 to 
–0.01; p = 0.048), GRS (β = –1.97%, 95% CI: –3.54 to –0.39; p = 0.015), 
and GCS (β = –0.69%, 95% CI: –1.20 to –0.18; p = 0.009, Table 5). 
Participants who reported being inactive at two or all three exams over 
the 14-year period showed a greater reduction in strain measures at 
Exam 3: for example, those inactive at ≥ 2 exams had lower GRS (β =
–2.09%, 95% CI: –3.71 to –0.47; p = 0.012) and lower GCS (β = –0.69%, 
95% CI: –1.22 to –0.16; p = 0.011) compared to those who were inactive 
at only one or no exams. Again, most of these associations remained 
significant upon using a Bonferroni-corrected threshold of p = 0.017.

In interaction analyses of these longitudinal associations, sex (GRS, 
GCS) and age (GLS) were significant modifiers of the effect of remote 
inactivity on LV strain (p < 0.05 for interaction). Specifically, physical 

Fig. 2. Development of physical activity proportions over the three exams in women and men.
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inactivity reported ~ 14 years prior (at Exam 1) was more strongly 
associated with lower GRS in men (β = –2.99%, 95% CI: –5.12 to –0.87; 
p = 0.006) than in women (Table 5) and with lower GLS in younger 
participants (≤56 years: β = –0.53%, 95% CI: –1.00 to –0.05; p = 0.030) 
than in older participants (Suppl. Table 2). The associations of cumu
lative long-term exposure of inactivity (across all three exams) with LV 
strain parameters are illustrated in Fig. 4, Panel B.

Discussion

We investigated the associations of current, recent, and remote 
physical activity with LV myocardial function, as assessed by MRI strain 
analysis, in a community-based cohort free of known cardiovascular 
events. Our principal findings were as follows: (a) current physical 

inactivity (lack of regular exercise) was cross-sectionally associated with 
lower values of all three LV strain parameters (GLS, GRS, and GCS); (b) 
self-reported inactivity in other domains (occupational, walking, and 
cycling) showed no significant association with LV strain measures; (c) 
physical inactivity measured up to 14 years before the MRI exam (at 
baseline) was also associated with decreased LV strain parameters; (d) 
the associations between physical inactivity and lower GRS/GCS were 
more pronounced in men and in older participants; and (e) the associ
ation between physical inactivity and lower GLS was primarily observed 
in women and in younger participants.

Physical activity and LV myocardial function

The link between physical inactivity and reduced LV myocardial 
function observed in our study is in good agreement with prior research. 
One large population-based study of over 57,000 middle-aged adults 
found an inverse association between leisure-time physical activity and 
impaired LV relaxation on echocardiography, with the relationship 
being stronger in men than in women [10]. In the ECHO-SOL study, 
which included 1,206 Latino participants, objectively measured phys
ical activity (by accelerometer) was associated with more favorable LV 
parameters, including lower LV mass index, higher end-diastolic vol
ume, and higher ejection fraction [9].

Cardiac MRI has also been used to examine exercise effects on the 
heart in epidemiological studies. In the Multi-Ethnic Study of Athero
sclerosis, greater amounts of exercise (including team sports, dance, and 
moderate individual activities) were positively associated with MRI- 
derived LV mass, LV end-diastolic volume, and stroke volume [12]. In 
a recent analysis of the KORA cohort (from which our sample is drawn), 
physically inactive participants had lower LV ejection fraction, slower 
peak systolic ejection rate, and a lower early diastolic filling rate on MRI 
[11]. Our findings extend these results by using MRI-derived strain, an 
emerging measure of global LV function [13], to show consistent cross- 
sectional and longitudinal associations between physical inactivity and 
subtle impairments in myocardial performance.

While discussing “physical activity” as a general concept, it is 
important to distinguish between leisure-time and occupational physical 
activity, which can have opposite health effects. Leisure-time exercise is 
generally beneficial, whereas high levels of occupational physical ac
tivity have been linked to adverse health outcomes (the so-called 
physical activity paradox). Although methodological limitations (e.g., 
confounding by socioeconomic status) might partly explain this 
paradox, several well-conducted studies support it [16]. For example, 
greater occupational physical activity was associated with worse global 
LV function (lower echocardiographic ejection fraction) in a 25-year 
longitudinal cohort study [17]. Our study partially supports the phys
ical activity paradox: we observed no significant association between 
self-reported occupational physical inactivity and LV strain, suggesting 
that differences in occupational activity (as captured in our data) did not 
translate into differences in subclinical LV function. Unlike leisure ex
ercise, occupational activity levels were not associated with cardiac 
strain in our cohort.

Daily activities such as walking and cycling are known to reduce 
cardiovascular risk in both patient and general populations [18,19]. 
However, the present study did not detect an association between low 
levels of walking or bicycling activity and impaired subclinical LV 
function in cross-sectional analysis. This null finding might indicate that 
moderate everyday activities in this relatively healthy cohort were 
insufficient to influence LV strain, or it might reflect limitations in 
measuring these activities via self-report.

Sex differences in the association between inactivity and LV strain
We observed sex- and age-dependent patterns in the association 

between leisure-time physical inactivity and LV strain. These subgroup 
findings should be interpreted cautiously, as interaction and stratified 
analyses are more vulnerable to limited statistical power and residual 
confounding in modest sample sizes. Nevertheless, several non-mutually 

Fig. 3. Boxplots displaying differences of current longitudinal strain (light 
grey; p = 0.656, p = 0.586, p = 0.040), radial strain (dark grey; p = 0.382, p =
0.443, p = 0.004) and circumferential strain (medium grey; p = 0.457, p =
0.537, p = 0.004) between groups of physical activity measured during Exam 1 
(Panel A), Exam 2 (Panel B) and Exam 3 (Panel C), respectively.
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exclusive mechanisms may contribute.
First, sex differences in myocardial deformation are well described in 

healthy populations, with women generally showing higher strain 
values than men across LV components, and evidence that age-related 
patterns may also differ by sex. Baseline differences in cardiac geome
try, loading conditions, and myocardial material properties could 
therefore influence how inactivity relates to strain components (GLS vs 
GCS/GRS) [20–22].

Second, vascular mechanisms remain plausible. Estrogens modulate 
endothelial function and vasodilation, in part via nitric oxide pathways, 
and exercise training has repeatedly been shown to augment NO- 
dependent endothelial function [23–25]. In addition, menopause- 
related changes in estrogen signaling have been linked to alterations 
in vascular and myocardial function, including pathways affecting 
myocardial stiffness and diastolic properties. Such hormonal and 
vascular differences could contribute to sex- and age-related heteroge
neity in how long-term exposure to inactivity associates with myocardial 
deformation, although our data cannot test these mechanisms directly 
[26,27].

Third, sex-specific cardiac adaptation to training (and potentially to 
inactivity) has been documented, with evidence that men and women 
can show different remodeling responses to exercise exposure across the 

life course [28,29]. Differential remodeling patterns might preferen
tially affect circumferential/radial mechanics versus longitudinal me
chanics, but this remains speculative in the absence of longitudinal 
imaging.

Finally, measurement-related explanations should be considered. 
Physical activity was self-reported using broad categories, and 
misclassification may differ by sex or age. Together with limited power, 
this could amplify apparent subgroup differences. Accordingly, we view 
the sex- and age-specific results as hypothesis-generating and in need of 
confirmation in larger cohorts with objective activity measurement and 
serial imaging. Information on menopausal status and hormone therapy 
was not sufficiently detailed for meaningful classification and could 
therefore not be examined as potential contributors to sex- and age- 
specific associations.

Strengths and limitations

Strengths of our study include the well-characterized, population- 
based sample from the KORA cohort and the comprehensive, stan
dardized assessment of cardiovascular risk factors and phenotypes. We 
employed advanced 3 T MRI and a quality-controlled analysis protocol 
to measure subclinical parameters of cardiac structure and function. 

Table 4 
Association between current physical activity (Exam 3) and LV strain parameters.

Exam 3 Longitudinal 
Strain (%)

Radial Strain (%) Circumferential 
Strain (%)

All (n = 360) β (95% CI) p β (95% CI) p β (95% CI) p
Physical activity ​ ​ ​ ​ ​ ​
≥2h, regularly Ref ​ Ref ​ Ref ​
~1h, regularly − 0.65 (− 1.55; 0.24) 0.152 − 0.32 (− 2.38; 1.74) 0.759 − 0.12 (− 0.79; 0.55) 0.725
~1h, irregularly − 0.91 (− 2.10; 0.27) 0.129 − 0.59 (− 3.17; 1.98) 0.650 − 0.21 (− 1.05; 0.63) 0.622
no activities − 1.09 (− 2.02; − 0.15) 0.023 − 2.64 (− 4.79; − 0.49) 0.016 − 0.90 (− 1.60; − 0.20) 0.012
Occupational activity ​ ​ ​ ​ ​ ​
heavy / moderate Ref ​ Ref ​ Ref ​
light / not relevant − 0.01 (− 0.79; 0.76) 0.970 1.15 (− 0.61; 2.92) 0.198 0.34 (− 0.24; 0.91) 0.250
Walking activity ​ ​ ​ ​ ​ ​
>0.5 h daily Ref ​ Ref ​ Ref ​
<=0.5 h − 0.51 (− 1.30; 0.29) 0.211 − 0.48 (− 2.31; 1.35) 0.609 − 0.17 (− 0.76; 0.43) 0.586
Cycling activity ​ ​ ​ ​ ​ ​
>0.5 h daily Ref ​ Ref ​ Ref ​
<=0.5 h 0.02 (− 0.75; 0.79) 0.960 0.14 (− 1.59; 1.88) 0.871 0.10 (− 0.46; 0.67) 0.717
Women (n = 156) ​ ​ ​ ​ ​ ​
Physical activity ​ ​ ​ ​ ​ ​
≥2h, regularly Ref ​ Ref ​ Ref ​
~1h, regularly 0.01 (− 1.23; 1.26) 0.984 − 0.40 (− 3.34; 2.54) 0.787 0.01 (− 0.89; 0.92) 0.974
~1h, irregularly − 0.17 (− 1.75; 1.42) 0.836 3.50 (− 0.20; 7.20) 0.063 1.25 (0.11; 2.39) 0.031
no activities − 1.59 (− 3.05; − 0.13) 0.033 − 3.16 (− 6.64; 0.32) 0.075 − 0.70 (− 1.77; 0.37) 0.197
Occupational activity ​ ​ ​ ​ ​ ​
heavy / moderate Ref ​ Ref ​ Ref ​
light / not relevant − 0.36 (− 1.41; 0.69) 0.502 0.06 (− 2.42; 2.54) 0.962 − 0.09 (− 0.85; 0.68) 0.825
Walking activity ​ ​ ​ ​ ​ ​
>0.5 h daily Ref ​ Ref ​ Ref ​
<=0.5 h − 0.97 (− 2.13; 0.19) 0.101 − 0.94 (− 3.76; 1.89) 0.513 − 0.18 (− 1.05; 0.68) 0.675
Cycling activity ​ ​ ​ ​ ​ ​
>0.5 h daily Ref ​ Ref ​ Ref ​
<=0.5 h − 0.38 (− 1.48; 0.71) 0.488 − 1.68 (− 4.26; 0.89) 0.199 − 0.34 (− 1.13; 0.45) 0.398
Men (n = 204) ​ ​ ​ ​ ​ ​
Physical activity ​ ​ ​ ​ ​ ​
≥2h, regularly Ref ​ Ref ​ Ref ​
~1h, regularly − 1.19 (− 2.52; 0.14) 0.079 − 0.01 (− 2.88; 2.87) 0.996 − 0.11 (− 1.09; 0.86) 0.822
~1h, irregularly − 1.74 (− 3.53; 0.04) 0.055 − 4.36 (− 7.92; − 0.8) 0.017 − 1.48 (− 2.69; − 0.27) 0.017
no activities − 0.95 (− 2.23; 0.32) 0.141 − 2.69 (− 5.46; 0.09) 0.058 − 1.08 (− 2.03; − 0.14) 0.024
Occupational activity ​ ​ ​ ​ ​ ​
heavy / moderate Ref ​ Ref ​ Ref ​
light / not relevant 0.32 (− 0.83; 1.48) 0.582 2.23 (− 0.31; 4.78) 0.085 0.74 (− 0.12; 1.61) 0.091
Walking activity ​ ​ ​ ​ ​ ​
>0.5 h daily Ref ​ Ref ​ Ref ​
<=0.5 h − 0.16 (− 1.28; 0.95) 0.772 − 0.19 (− 2.64; 2.25) 0.875 − 0.17 (− 1; 0.66) 0.692
Cycling activity ​ ​ ​ ​ ​ ​
>0.5 h daily Ref ​ Ref ​ Ref ​
<=0.5 h 0.39 (− 0.72; 1.5) 0.492 1.58 (− 0.8; 3.96) 0.193 0.47 (− 0.34; 1.28) 0.253

β − coefficients are from linear regression models adjusted for age, sex, smoking status and alcohol consumption
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Another notable strength is the use of physical activity data not only from the time of MRI (Exam 3) but also from examinations 7 and 14 

Fig. 4. Panel A: Cross-sectional associations between physical activity groups and left ventricular strain parameters during Exam 3; Panel B: Longitudinal associ
ations between physical activity groups (during Exam 1–3) and left ventricular strain parameters displayed by β-coefficients with 95% confidence intervals (reference 
category = ≥2h regular active per week).

Table 5 
Association between longitudinally measured physical activity (Exam 1, Exam 2 and Exam 3) and LV strain parameters.

Physical activity 
(longitudinal)

Longitudinal 
Strain (%)

Radial Strain (%) Circumferential 
Strain (%)

All (n = 360) β (95% CI) p β (95% CI) p β (95% CI) p
14 years ago (Exam 1) ​ ​ ​ ​ ​ ​
≥1h, regularly Ref ​ Ref ​ Ref ​
≤1h, irregularly − 0.70 (− 1.39; − 0.01) 0.048 − 1.97 (− 3.54; − 0.39) 0.015 − 0.69 (− 1.20; − 0.18) 0.009
7 years ago (Exam 2) ​ ​ ​ ​ ​ ​
≥1h, regularly Ref ​ Ref ​ Ref ​
≤1h, irregularly − 0.18 (− 0.91; 0.55) 0.621 − 1.34 (− 2.99; 0.3) 0.109 − 0.40 (− 0.93; 0.14) 0.149
≥1h, regularly over 14 years (Exam 1 – Exam 3) ​ ​ ​ ​ ​ ​
three/two times Ref ​ Ref ​ Ref ​
one times/never − 0.53 (− 1.24; 0.19) 0.151 − 2.09 (− 3.71; − 0.47) 0.012 − 0.69 (− 1.22; − 0.16) 0.011
Summed over 14 years − 0.09 (− 0.22; 0.03) 0.148 − 0.31 (− 0.60; − 0.03) 0.032 − 0.10 (− 0.20; − 0.01) 0.030
Women (n = 156) ​ ​ ​ ​ ​ ​
14 years ago (Exam 1) ​ ​ ​ ​ ​ ​
≥1h, regularly Ref ​ Ref ​ Ref ​
≤1h, irregularly − 0.57 (− 1.57; 0.43) 0.258 − 0.59 (− 2.97; 1.8) 0.628 − 0.28 (− 1.01; 0.46) 0.457
7 years ago (Exam 2) ​ ​ ​ ​ ​ ​
≥1h, regularly Ref ​ Ref ​ Ref ​
≤1h, irregularly 0.03 (− 1.07; 1.12) 0.964 0.38 (− 2.16; 2.93) 0.765 0.25 (− 0.52; 1.03) 0.519
≥1h, regularly over 14 years (Exam 1 – Exam 3) ​ ​ ​ ​ ​ ​
three/two times Ref ​ Ref ​ Ref ​
one times/never − 0.59 (− 1.65; 0.46) 0.268 0.06 (− 2.45; 2.57) 0.964 0.18 (− 0.58; 0.95) 0.641
Summed over 14 years − 0.12 (− 0.33; 0.10) 0.286 − 0.06 (− 0.56; 0.43) 0.798 0 (− 0.15; 0.15) 0.974
Men (n = 204) ​ ​ ​ ​ ​ ​
14 years ago (Exam 1) ​ ​ ​ ​ ​ ​
≥1h, regularly Ref ​ Ref ​ Ref ​
≤1h, irregularly − 0.81 (− 1.79; 0.17) 0.104 − 2.99 (− 5.12; − 0.87) 0.006 − 1.00 (− 1.72; − 0.28) 0.007
7 years ago (Exam 2) ​ ​ ​ ​ ​ ​
≥1h, regularly Ref ​ Ref ​ Ref ​
≤1h, irregularly − 0.35 (− 1.37; 0.67) 0.501 − 2.50 (− 4.70; − 0.30) 0.026 − 0.83 (− 1.58; − 0.08) 0.031
≥1h, regularly over 14 years (Exam 1 – Exam 3) ​ ​ ​ ​ ​ ​
three/two times Ref ​ Ref ​ Ref ​
one times/never − 0.54 (− 1.57; 0.49) 0.302 − 3.77 (− 5.94; − 1.61) 0.001 − 1.36 (− 2.09; − 0.62) <0.001
Summed over 14 years − 0.08 (− 0.24; 0.08) 0.314 − 0.43 (− 0.79; − 0.08) 0.018 − 0.15 (− 0.27; − 0.03) 0.014

β − coefficients are from linear regression models adjusted for age, sex, smoking status and alcohol consumption
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years prior, allowing us to evaluate associations with long-term physical 
activity patterns.

Several limitations merit consideration. First, LV strain was assessed 
only once (Exam 3), so our analyses reflect associations with long-term 
activity patterns rather than temporal change in myocardial function, 
and causal interpretation is limited. In particular, reverse causation 
cannot be excluded, as subclinical myocardial impairment may itself 
have reduced physical activity before imaging. Second, the MRI sub- 
study included only Exam 3 participants who were eligible for MRI 
and free of clinically overt CVD. This may have introduced a healthy 
survivor bias, a form of selection bias. Therefore, our findings mainly 
apply to individuals without clinical CVD. An analysis using sampling 
weights (to better reflect the full cohort) showed no major differences in 
cardiac measures and their associations with cardiovascular risk factors 
compared to the unweighted analysis [30], but some degree of selection 
bias cannot be entirely excluded. Third, physical activity was assessed 
using a self-reported questionnaire. Objective, sensor-based measures of 
activity (e.g., accelerometers) were not available at the time of data 
collection, so some misclassification of activity levels is likely. Fourth, 
our sample consisted predominantly of individuals of European ancestry 
from one region in Germany, so the generalizability of these findings to 
other ethnic groups or regions is uncertain. Fifth, although we adjusted 
for key covariates, residual confounding by unmeasured lifestyle or 
health factors (e.g., diet, occupational factors, genetic predispositions) 
cannot be ruled out.

Finally, the absolute strain differences associated with physical 
inactivity in our cohort were modest, in the order of approximately 1 
percentage point for GLS and GCS and around 2–3 percentage points for 
GRS. While statistically significant after Bonferroni-correction for mul
tiple testing, these differences are small in absolute terms and may not 
translate to clinically meaningful dysfunction in the absence of other 
risk factors. Several considerations are relevant when interpreting ef
fects of this magnitude. Absolute feature-tracking strain values vary 
considerably across software platforms and analysis protocols, which 
precludes direct comparison of absolute values between studies; our 
estimates, however, derive from within-study contrasts using a single, 
standardized analysis pipeline. With respect to measurement reliability, 
GCS, the most reproducible parameter in our analysis and in prior 
reproducibility studies, showed the most consistent associations, 
whereas GRS, the least reproducible parameter, should be interpreted 
more cautiously [31–33]. Although, individual-level measurement 
variability is non-trivial, group-level mean differences can be estimated 
reliably in a sample of this size. Finally, while small strain differences 
have demonstrated prognostic relevance in clinical populations [34,35], 
the prognostic significance of subclinical, population-level differences of 
this magnitude in individuals without overt CVD remains to be estab
lished. We therefore interpret our findings as population-level, hy
pothesis-generating associations rather than evidence of clinically 
manifest myocardial dysfunction.

Perspectives

Our findings indicate that repeated reports of physical inactivity over 
a 14-year period were associated with less favourable subclinical cardiac 
function, as reflected by lower LV strain, measured at the end of the 14- 
year period (at Exam 3). While this observation is consistent with the 
concept that cumulative exposure to physical activity shapes cardiac 
(dys)function, the one-time assessment of myocardial function precludes 
conclusions about longitudinal deterioration in cardiac function. 
Nevertheless, the observations support the hypothesis that sustained 
engagement in physical activity may be relevant for myocardial func
tion. From a public health perspective, promoting physical activity 
across the lifespan remains an important strategy to support cardio
vascular health.

Conclusion

In this subsample of the population-based KORA cohort without 
overt cardiovascular disease, repeated self-reports of leisure-time 
physical inactivity over 14 years were associated with lower subclini
cal cardiac function at the end of the 14-year period (Exam 3), as re
flected by lower MRI feature-tracking derived LV strain parameters. This 
observation suggests that sustained inactivity over 1 ½ decades may be 
linked to subtle alterations in myocardial deformation later in life, 
which represent important precursors for clinical cardiac disease. As an 
observational study based on self-reported activity, our analysis estab
lishes associations rather than causation. Longitudinal studies employ
ing objective measures of physical activity alongside repeated imaging 
assessments are warranted to further explore the relation between 
physical activity and changes in cardiac structure and function over 
time.
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