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Abstract

Background and 
Aims

Prior studies on cardiac remodelling associated with exercise have relied on self-reported data of uncertain accuracy. In the 
present study, exercise duration and intensity were objectively quantified using heart rate (HR) monitors in athletes, and 
these metrics were correlated with cardiac magnetic resonance findings.

Methods Young (16–23 years, n = 69) and middle-aged (45–70 years, n = 82) male endurance athletes with ≥80% of training sessions 
recorded via chest-worn HR monitors over 3 months were included. Training duration, session count, and intensity (clas
sified into five HR zones and expressed as Edwards training impulse in arbitrary units) were analysed. Cardiac magnetic res
onance measured indexed left/right ventricular volumes, ejection fraction, and left ventricular mass.

Results Younger athletes trained more than older athletes [169 (127–209) vs 78 (49–114) hours; 23 129 (17 880–28 305) vs 12 620 
(7168–17 607) arbitrary units; both P < .05] over a 3-month period. In all athletes, light-to-moderate-intensity training ex
ceeded thresholds of >6 or >9 metabolic equivalent of tasks to describe intense activity. Training duration (r > .33, P < .05 
for all) and Edwards training impulse (r > .29, P < .05 for all) correlated with cardiac dimensions, but the duration always 
outperformed intensity. Time spent in lower HR zones (1 and 2) correlated more with cardiac dimensions than higher-in
tensity training. Partial least squares analysis identified training duration in Zones 1&2 and 3 and age as key determinants of 
cardiac remodelling, whereas intensity was not a significant determinant of cardiac dimensions.
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Conclusions Objective exercise quantification reveals new insights into cardiac remodelling, highlighting total exercise duration as a pri
mary determinant of left/right ventricular volumes, independent of intensity. Traditional questionnaire-based methods may 
overlook these relationships.

Structured Graphical Abstract

How does duration and intensity of exercise relate to cardiac volume and function?

In a cohort of 151 male endurance athletes ranging from 16 to 71 years of age, with ≥80% of training sessions recorded via chest-worn 
heart rate monitors over three-months, the main driving factor of increases in left and right ventricular volumes was training duration 
rather than training intensity.

Objective exercise quantification reveals new insights into cardiac remodelling, highlighting total exercise duration as a primary
determinant of ventricular volumes, independent of intensity. Traditional questionnaire-based methods may overlook these relationships.
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CMR, cardiac magnetic resonance; ETRIMP, Edwards TRIMP; LVEF, left ventricular ejection fraction; LVEDVi, indexed left ventricular end diastolic volume; LVESVi, indexed left 
ventricular end systolic volume; LVMi, indexed left ventricular mass; RVEF, right ventricular ejection fraction; RVEDVi, indexed right ventricular end diastolic volume; RVESVi, 
indexed right ventricular end systolic volume
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Introduction
Endurance exercise induces significant electrical, structural, and func
tional cardiac remodelling, enhancing performance but sometimes 
mimicking cardiac pathology.1,2 Among athletes, those in endurance 
sports show the most pronounced adaptations, with substantial individ
ual variation influenced by training load, genetics, and other factors.1,3

A key clinical challenge is distinguishing physiological adaptations from 
potential pathology. When cardiac changes correspond with the ath
lete’s training exposure, they are typically considered benign. In con
trast, adaptations that appear excessive relative to training volume or 
intensity may raise concern for underlying disease.4

Despite its importance in these assessments, training load is classic
ally estimated via questionnaires, which are prone to recall bias and 

2                                                                                                                                                                                                     Dausin et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehaf1018/8416519 by guest on 02 February 2026



imprecise intensity assessment.5–8 Exercise intensity is most often 
quantified from activity-based estimates of metabolic equivalent of 
tasks (METs) that do not readily allow for the considerable variation 
within and between individuals for a given task.9 Subjective training 
load estimates based on questionnaires may therefore obscure the re
lationship between training exposure and cardiac remodelling. 
Wearable activity trackers now allow precise, objective training load 
quantification.10,11 We previously developed a software pipeline to 
semi-automate training load assessment from training files.8 We also in
corporated the Edwards training impulse (eTRIMP), a heart rate-based 
metric that quantifies internal training load by weighting time spent in 
predefined heart rate zones according to exercise intensity. To date, 
no studies have examined the relationship between objectively quanti
fied training load and cardiac remodelling.

In this study, we examined the association between cardiac structural and 
functional parameters and training load derived from heart rate monitors in 
male endurance athletes. We hypothesized that moderate-to-high-intensity 
exercise would have a greater impact on cardiac volumes and function than 
low-intensity exercise and that eTRIMP, as a composite measure of exercise 
duration and intensity, would better reflect cardiac adaptation than either 
component alone.

Methods
Study participants
Study participants were recruited from two international multicentre stud
ies: the Prospective Athlete Heart (Pro@Heart) study3,12 and the Master 
Athlete’s Heart (Master@Heart) study.13,14 Pro@Heart is a prospective 
study in which young male and female elite endurance athletes [cycling, dis
tance running (≥1500 m), duathlon, triathlon, rowing, swimming (≥400 m), 
or cross-country skiing] competing at the national or international level 
were recruited at a starting age between 16 and 23 years, with the aim 
to characterize cardiac remodelling during 20 years of follow-up.3,12

Master@Heart is a cohort study including middle-aged men between 45 
and 70 years participating in endurance sports, aiming to assess the impact 
of endurance sports on cardiac and vascular structure and function.14

Individual training data from wearables used by the subjects were voluntarily 
uploaded and stored on an electronic data recording platform 
(TrainingPeaks, Peaksware, Boulder, USA).

For the current study, we included male athletes in whom training data 
during at least 3 months before or after the clinical evaluation were available. 
At least 80% of training sessions had to be registered with a chest-worn heart 
rate monitor. Given the design of Master@Heart, only men were included. 
All participants gave written informed consent. Both studies were approved 
by the ethics committee research of University Hospitals Leuven (S57241 
and S61336) and by the Alfred Hospital Ethics Committee (333/15).

Cardiopulmonary exercise test
All participants underwent an incremental cardiopulmonary exercise test on 
a cycle ergometer to assess peak oxygen consumption (VO2peak).12,14 Initial 
workload was set at 60 W and increased by 30 W per minute until exhaus
tion. Respiratory gas exchange was analysed using a breath-by-breath open- 
circuit ergo-spirometry system. VO2peak was determined as the highest 
mean VO2 measured over 30 s.

Cardiac magnetic resonance
Resting cardiac magnetic resonance (CMR) imaging was performed to as
sess cardiac systolic and diastolic structure and function.3,12 All CMR scans 
were performed on a 1.5 or 3 T magnetic resonance imaging scanner 
(Philips Medical Systems, Best, The Netherlands; Siemens Healthineers, 
Erlangen, Germany), equipped with a dedicated cardiac coil and electrocar
diographic gating.

Short-axis steady-state free procession cine sequences covering the left 
and right ventricles were performed with a slice thickness of 8 mm and an 
interslice gap of 2 mm, according to standardized Society for 
Cardiovascular Magnetic Resonance (SCMR) recommendations.15 Cardiac 
ventricular volumes, function, and left ventricular (LV) mass were quantified 
using analysis software (suiteHEART®, Version 4.0.6, Neosoft, Pewaukee, 
WI, USA), according to standardized SCMR recommendations.15 The soft
ware automatically defined the endo- and epicardial LV and endocardial right 
ventricular (RV) contours and was manually adjusted if the tracking was sub
optimal. Trabeculae and papillary muscles were included in the LV cavity.

End-diastolic and end-systolic volumes (EDV/ESV) for the right and left 
ventricles were indexed by the body surface area, yielding the right ventricu
lar end-diastolic volume index (RVEDVi), right ventricular end-systolic vol
ume index (RVESVi), left ventricular end-diastolic volume index (LVEDVi), 
and left ventricular end-systolic volume index (LVESVi). The LV mass index 
(LVMi) was calculated as the difference between epicardial and endocardial 
volumes at end-diastole multiplied by myocardial density (1.05 g/ml) and in
dexed to the body surface area.

Training load
All participants were asked to share their recorded training data collected 
using a chest-worn heart rate monitor for at least 3 months before or after 
the clinical evaluation. Data were stored on an electronic data recording 
platform (TrainingPeaks, Peaksware, Boulder, USA). Raw data files were ex
ported and analysed using a custom-developed code in R (R Core Team, 
Vienna, Austria) as previously described.8 In short, training files were sys
tematically screened for duplicates, erroneous data, corrupted files, and ac
tivities shorter than 1 min. Files were excluded if they met any of the 
following criteria: average speed of >65 km/h, missing date of activity, un
identified activity, or unclear sport type.

Preference was given to using the 3-month training data prior to clinical 
evaluation. If insufficient pre-evaluation data were available, data from the 3 
months following the evaluation were used. The validity of this approach 
was confirmed by comparing the agreement of training data from both 
pre- and post-evaluation in a subset of participants who had data available 
for both time frames.

For each participant, the total duration and number of training sessions 
over the 3-month period were calculated. The maximum heart rate 
(MaxHR) was individually determined using the training data, as previously 
described.8 To calculate individualized training intensity, five personalized 
heart rate zones were established: 

• Zone 1: 50%–59% of MaxHR
• Zone 2: 60%–69% of MaxHR
• Zone 3: 70%–79% of MaxHR
• Zone 4: 80%–89% of MaxHR
• Zone 5: 90%–100% of MaxHR

The eTRIMP score was calculated as the sum of the time spent in each 
heart rate zone multiplied by a corresponding weighing factor (Zone 1 =  
1, Zone 2 = 2, Zone 3 = 3, Zone 4 = 4, and Zone 5 = 5).11,16

Since Zones 1 and 2 represent physiologically similar low-intensity train
ing levels, they were combined in the analyses (Zone 1&2).

For comparison, exercise intensity in both groups was also calculated as 
MET, based on the speeds determined by the Global Positioning System 
and/or speed monitors during exercise. Calculations were made using the 
2024 Adult Compendium of Physical Activities (https://pacompendium.com/).17

Statistics
Basic statistical analyses were performed using GraphPad Prism (GraphPad 
Software, San Diego, USA). Data are presented as median and interquartile 
range (IQR) unless otherwise specified. Pearson’s correlations were calcu
lated to examine the associations between training duration, number of ses
sions, eTRIMP, and CMR-derived cardiac measures. Normality of the data 
was confirmed using the Shapiro–Wilk test.
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Participants were grouped by quartiles, and differences between groups 
were compared using analysis of variance (ANOVA) with Tukey’s honestly 
significant difference (HSD) post hoc correction to compare means. Outliers 
were identified and excluded using the robust regression and outlier re
moval method in GraphPad Prism.18 A two-tailed P-value of <.05 was con
sidered statistically significant.

To identify the primary training characteristics associated with cardiac vo
lumes while accounting for the interdependencies among training variables, 
two advanced statistical methods were used: partial least squares (PLS) regres
sion and Extreme Gradient Boosting (XGBoost). Residual diagnostics were 
evaluated during the PLS and XGBoost modelling to ensure basic assumptions 
were met, including the absence of local bias and heteroscedasticity.

Partial least squares
PLS regression was employed to address multicollinearity among predictor 
variables.19 The model included absolute and relative durations spent 
in training Zones 1&2, 3, 4, and 5, as well as age, as predictor variables. 
PLS constructs latent factors (LFs) as linear combinations of these pre
dictors to maximize covariance with the outcome variable, in this case, a 
CMR-derived cardiac index.

Instead of using the original predictors, the derived LFs were then used 
for model estimation. The number of LFs constructed for the final PLS mod
els was the number that managed to explain a substantial proportion of the 
variation in predictors and outcomes while not differing significantly from 
the model with the lowest predicted residual sum of squares.

Wold’s variable importance in projection (VIP) scores were calculated 
for each PLS model to evaluate the contribution of each predictor to the 
LF construction. Predictors with a VIP of >1.2 were considered influential.

Extreme Gradient Boosting
XGBoost, a supervised machine learning algorithm based on decision trees, 
was used to explore the relationship between training characteristics and 
CMR measurements.20 This algorithm builds models in a step-by-step manner: 
it starts by creating an initial decision tree to predict the outcome. The predic
tion errors (residuals) from this first tree are calculated, and in the next step, 
another tree is created to correct these errors. This process is repeated itera
tively, with each new tree focusing on the remaining errors from the previous 
tree, until a stopping criterion is met, such as reaching the maximum number 
of trees or achieving minimal improvement in prediction accuracy.

XGBoost was selected for its capability to perform multivariable non-linear 
regression and its established efficacy in analysing small datasets. In this study, 
the model was trained using the entire cohort since the aim was to explore 
associations between training characteristics and CMR-derived indices in ath
letes, rather than developing a generalized predictive model for clinical appli
cation. Due to the limited dataset size, data splitting was not performed.

The model parameters were set to 300 estimators and a learning rate of 
.02, selected to balance minimizing root mean square error and preventing 
overfitting. All other hyperparameters were kept at default values. The 
same training characteristics used in the PLS model were included without 
standardization, as XGBoost can naturally handle features with varying scales. 
Two models were trained: one with age as a predictor and one without.

To understand the influence of each training characteristic on CMR mea
surements, Shapley Additive Explanation (SHAP) values were calculated.21

SHAP values measure the contribution of each predictor by systematically 
varying the input values and observing the change in the model’s prediction. 
This approach provides insight into both the importance of each variable 
and the nature of its relationship with the CMR outcomes.

Results
Demographics
Out of 255 athletes evaluated for eligibility, 198 male athletes had at least 
3 months of training data available, including training duration. Among 

them, 151 athletes recorded more than 80% of their total training 
time using a chest-worn heart rate monitor (Table 1). Master@Heart 
athletes were older and had a higher body mass index compared to 
the younger Pro@Heart athletes.

Training characteristics
Training duration (r = .85), number of sessions (r = .88), and eTRIMP 
(r = .85) demonstrated strong and significant correlations (all P < .05; 
see Supplementary data online, Figure S1) in the 3-month period before 
and after the clinical evaluation.

Pro@Heart athletes engaged in more training sessions [77 (64–99) vs 
43 (31–60) sessions] and spent more total training time [169 (127–209) 
vs 78 (49–114) hours] compared to Master@Heart athletes over the 
3-month period (P < .05 for both; Table 1). In addition, the total training 
load, as measured by eTRIMP, was significantly higher in Pro@Heart ath
letes [23 129 (17 880–28 305) vs 12 620 (7168–17 607) arbitrary units 
(AU); P < .05] compared to Master@Heart athletes.

Based on the speed at which exercise was performed, MET values 
were calculated from the training data (recorded speed) to estimate 
the average absolute intensity of exercise training for both 
Pro@Heart and Master@Heart athletes. Notably, all athletes in this 
study regularly exercised at intensity levels far exceeding those typically 
used to define moderate-intensity exercise (>6 METs) or intense exer
cise (>9 METs), highlighting the fact that exercise considered 
light-to-moderate for well-trained athletes would be considered high- 
intensity exercise in most medical literature.

Pro@Heart athletes trained at a significantly higher average absolute 
exercise intensity, measured as METs (14.8 ± 2.4 METs; mean ± stand
ard deviation), compared to Master@Heart athletes (10.0 ± 2.2 METs, 
P < .05; Figure 1A). Despite this higher absolute intensity, Pro@Heart ath
letes spent a larger percentage of their total training time in lower heart 
rate zones (Zone 1&2) compared to Master@Heart athletes (47.7 ±  
13.7% vs 34.0 ± 17%; P < .05; Figure 1B; see Supplementary data online, 
Table S1). In contrast, Master@Heart athletes devoted more time to train
ing in higher heart rates, particularly Zone 4 (23.6 ± 16.4% vs 15.4 ± 7.7%; 
P < .05; Figure 1B; see Supplementary data online, Table S1), indicating high
er relative intensity. These findings illustrate that while Pro@Heart athletes 
train at higher absolute exercise intensities, a greater proportion of their 
training is performed at lower heart rate zones, reflecting a distribution 
skewed towards lower-intensity efforts despite higher overall training cap
acity. In contrast, Master@Heart athletes engage in a relatively higher pro
portion of moderate-to-high-intensity training.

In absolute terms, Pro@Heart athletes trained longer than 
Master@Heart athletes in all heart rate zones.

Cardiac imaging
Pro@Heart athletes had larger EDV/ESV in both the left and right ventricles 
compared to Master@Heart athletes (Table 1). Also, Pro@Heart athletes 
had a higher LVMi [86 (79–92) vs 66 (59–72) g/m2; P < .05] and greater left 
ventricular ejection fraction (LVEF) [55 (52–57) vs 52 (50–57) %; P < .05] 
compared to older Master@Heart athletes. Right ventricular ejection frac
tion (RVEF) was not different between the two groups.

Relationship between training load and 
cardiac remodelling
Quartile analyses
We evaluated the relationship between training load and cardiac re
modelling. First, we categorized the athlete population into quartiles 
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based on total exercise duration. We found a significant stepwise incre
ment in all measures of cardiac remodelling (LVEDVi, LVESVi, LVMi, 
RVEDVi, and RVESVi) across each quartile of exercise dose 

(Figure 2). The same pattern was observed across eTRIMP quartiles, 
with increases in LVEDVi, LVESVi, RVEDVi, RVESVi, and LVMi corre
sponding to greater eTRIMP values (Figure 3).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Demographics and training characteristics

Pro@Heart Master@Heart All athletes

Demographics

N (male%) 69 (100) 82 (100) 151 (100)

Age (years) 21 (19–23) 55 (49–60)* 47 (21–56)

Weight (kg) 70.0 (66.2–75.0) 73.0 (68.0–78.3)* 71.5 (67.5–77.0)

Height (cm) 180 (176–186) 178 (174–182)* 179 (175–184)

Body mass index (kg/m2) 21.6 (20.3–22.6) 23.4 (21.8–24.6)* 22.2 (21.1–23.7)

Body surface area (m2) 1.89 (1.82–1.96) 1.90 (1.83–2.00) 1.90 (1.83–1.98)

Peak oxygen consumption (ml/kg/min) 70 (64–74) 46 (41–52)* 53 (45–68)

Percentage predicted peak oxygen consumption (%) 160 (150–174) 155 (137–171)* 157 (143–173)

Training characteristics

Data available 3 months before (%) 60 (87) 50 (61) 110 (73)

Maximal heart rate training (b.p.m.) 197 (191–201) 178 (171–186)* 189 (177–197)

Duration (h) 169 (127–209) 78 (49–114)* 116 (65–175)

Hours per week 13 (10–16) 6 (4–9)* 9 (5–13)

Exercise sessions 77 (64–99) 43 (31–60)* 62 (40–88)

Sessions per week 6 (5–8) 3 (2–5)* 5 (3–7)

Edwards training impulse (AU) 23 129 (17 880–28 305) 12 620 (7168–17 607)* 17 333 (10 102–23 426)

Edwards training impulse/week (AU) 1779 (1375–2177) 970 (551–1354)* 1333 (777–1802)

Time Zone 0 (min) 243 (69–613) 97 (19–374) 157 (40–422)

Time Zone 1&2 (min) 4649 (2921–6229) 1498 (888–2499)* 2605 (1184–4805)

Time Zone 3 (min) 2554 (1805–3521) 1514 (699–2491)* 2035 (1149–2965)

Time Zone 4 (min) 1455 (894–1687) 885 (394–1416)* 1143 (566–1603)

Time Zone 5 (min) 236 (133–365) 121 (56–197) 163 (84–297)

Cardiac measures

Left ventricular end-diastolic volume index (ml/m2) 138 (126–155) 111 (104–123)* 123 (110–139)

Left ventricular end-systolic volume index (ml/m2) 62 (55–73) 53 (47–58)* 57 (50–65)

Left ventricular stroke volume index (ml/m2) 74 (69–82) 59 (55–65)* 66 (59–75)

Left ventricular ejection fraction (%) 55 (52–57) 52 (50–57)* 54 (50–57)

Left ventricular mass index (g/m2) 86 (79–92) 66 (59–72)* 74 (64–86)

Left ventricular end-diastolic volume/left ventricular mass (ml/g) 1.63 (1.49–1.79) 1.74 (1.58–1.87)* 1.70 (1.54–1.83)

Right ventricular end-diastolic volume index (ml/m2) 144 (135–156) 117 (107–128)* 131 (114–146)

Right ventricular end-systolic volume index (ml/m2) 71 (61–80) 57 (50–64)* 62 (54–74)

Right ventricular stroke volume index (ml/m2) 75 (57–84) 61 (56–66)* 66 (58–75)

Right ventricular ejection fraction (%) 51 (49–55) 52 (48–55) 52 (48–55)

Demographic data, training characteristics measured by chest-worn heart rate monitors and cardiac magnetic resonance characteristics for both Pro@Heart and Master@Heart athletes. 
Data expressed as median (interquartile range). AU, arbitrary units.
*P < .05.
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Figure 2 Exercise duration measured by chest-worn heart rate monitors and exercise-induced cardiac remodelling in four quartiles of athlete ex
ercise duration. Indexed left and right ventricular end-diastolic volume and end-systolic volume, left and right ventricular ejection fraction, and indexed 
left ventricular mass. An analysis of variance with Tukey’s honestly significant difference post hoc correction was performed to compare the means 
across groups. Median ± interquartile range; *P < .05, **P < .005, ***P < .0005, and ****P < .0001 between groups

Figure 1 Training intensity distribution in Pro@Heart vs Master@Heart athletes. While Pro@Heart athletes trained at a higher absolute intensity, 
they spent a larger proportion of their training in lower-intensity zones compared to Master@Heart athletes. In contrast, Master@Heart athletes al
located more time to higher-intensity zones, highlighting differing training strategies between the groups. (A) Average metabolic equivalent of task per 
training session calculated based on average speed recorded during training sessions. (B) Duration displayed as minutes and percentage of training time 
in each training zone. Mean ± standard deviation; ****P < .0001
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Correlation analyses
Significant correlations were found between total training duration and 
several cardiac parameters: LVEDVi (r = .51), LVESVi (r = .50), LVMi 
(r = .53), RVEDVi (r = .47), and RVESVi (r = .45). In contrast, both 
LVEF (r = −.18) and RVEF (r = −.19) showed significant inverse corre
lations. Comparable results were observed with eTRIMP (Table 2). The 
time spent in Zone 1&2 showed the strongest correlation with LVEDVi 
(r = .49), LVESVi (r = .45), left ventricular stroke volume index (LVSVi) 
(r = .41), LVMi (r = .52), RVEDVi (r = .47), and RVESVi (r = .42), com
pared to time spent in higher-intensity zones. Notably, only time in 
Zone 3 showed a positive correlation with LVEF. After adjustment of 
age, total exercise duration remained significantly associated with in
creased LVEDVi, LVESVi, LVMi, RVEDVi, and RVESVi, while LVEF 
was inversely related to training volume (Table 3).

Partial least squares results
To investigate the relation between training characteristics and cardiac 
remodelling in more detail, we applied PLS analysis using time and per
centage of time spent in different heart rate zones (see Supplementary 
data online, Table S2). 

• With age included: age was the dominant influential feature (VIP of 
>1.2) for nearly all CMR measurements except RVEF. Minutes in 

Zone 1&2 remained influential for LV and RV volumes, while time 
spent in Zone 3 was influential for predicting LVESVi, RVESVi, 
LVEF, and RVEF. The PLS models explained 4.6%–47.8% of the vari
ance in CMR indexes (see Supplementary data online, Table S2).

• Without age: minutes in Zone 1&2 emerged as the most influential 
predictor (VIP of >1.2) of nearly all CMR measurements except 
LVEF and RVEF, for which Zone 3 time was most important. The 
models explained 4.0%–29.8% of the variance (see Supplementary 
data online, Table S3).

Extreme Gradient Boosting results
Using SHAP values from the XGBoost supervised machine learning al
gorithm, minutes spent in Zones 1&2 and 3 emerged as the most influ
ential training characteristics for nearly all CMR measurements 
(Figure 4). For each CMR outcome, we identified the relative 
importance of each training load metric; from top to bottom, the over
all influence of each training load metric on the final prediction 
gradually decreases. The direction and consistency of these relation
ships are illustrated by uniform colour gradients, with blue representing 
negative associations and red representing positive associations be
tween the training characteristics and the CMR outcomes. For example, 
an increase in time spent in Zone 1&2 pushes the prediction to higher 
LVEDVi. 

Figure 3 Edwards training impulse measured by chest-worn heart rate monitors and exercise-induced cardiac remodelling in four quartiles of athlete 
Edwards training impulse. Indexed left and right ventricular end-diastolic volume and end-systolic volume, left and right ventricular ejection fraction, and 
indexed left ventricular mass. An analysis of variance with Tukey’s honestly significant difference post hoc correction was performed to compare the 
means across groups. Median ± interquartile range; *P < .05, **P < .005, ***P < .0005, and ****P < .0001 between groups
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• Increased time in Zone 1&2 was associated with higher LVEDVi, 
LVESVi, LVMi, LVSVi, and RVEDVi.

• Time in Zone 3 was the strongest predictor of LVEF and RVESVi.
• Relative duration in Zone 1&2 consistently ranked among the top 

three predictors, while for LVMi, absolute duration in Zone 5, and 
for RVEDVi, absolute duration in Zone 4 also emerged as important 
predictors.

When age was included, it emerged as the dominant predictor for 
nearly all CMR measurements except RVEF (see Supplementary data 
online, Figure S2). Younger age was associated with larger LVEDVi, high
er LVMi, and greater RV volumes, as well as higher LVEF. Nonetheless, 
time in Zones 1&2 and 3 remained important contributors, particularly 
for LVESVi, RVESVi, and biventricular ejection fractions. A summary of 
the SHAP analysis is provided in Table 4.

Discussion
This study is the first to objectively assess the relationship between car
diac adaptation to endurance sports and training load using heart rate 

monitors, offering new insights for clinical cardiologists. Contrary to 
our initial hypothesis, we found that total training duration, not exercise 
intensity, was the predominant determinant of cardiac remodelling 
(Structured Graphical Abstract). This challenges the conventional focus 
on high-intensity exercise as the main driver of cardiac adaptation. 
The limited impact of high-intensity training (Zones 4 and 5) likely re
flects the shorter time spent in these zones. Additionally, age significant
ly influenced cardiac remodelling, although its effect was challenging to 
isolate due to younger athletes engaging in more extensive training. 
These findings highlight the need to evaluate total training volume 
alongside intensity when assessing cardiac remodelling in endurance 
athletes, informing more nuanced risk stratification and management 
in sports cardiology.

The relationship between cardiac adaptation and high-level endur
ance sports has primarily been evaluated using exercise question
naires,5–7 but accurate quantification poses a significant challenge 
when relying on self-reported questionnaires to estimate the duration 
and intensity of exercise. Conventionally, the speed of exercise is em
ployed to estimate METs as a proxy for exercise intensity. However, as 
we identified in our cohort of elite athletes, the speeds at which the ath
letes typically train would all be considered high intensity, and all nuance 

Figure 4 Explainability analysis of the Extreme Gradient Boosting model for each cardiac magnetic resonance measurement, showing the effect of 
training characteristics on cardiac metrics. Shapley Additive Explanation values indicate the impact of each training characteristic for individual partici
pants. Red indicates a higher value in the training characteristic for the study participant, while blue indicates a lower value. The sign of the Shapley 
Additive Explanation value shows the direction of the effect: positive values indicate that a higher training characteristic increases the cardiac magnetic 
resonance metric, while negative values indicate that it decreases the cardiac magnetic resonance metric. Training characteristics are ranked by influence 
from most to least impactful on the model’s output
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regarding training load would be diluted or lost (Figure 1A). The elite 
athletes in our study could maintain higher speeds at a relatively low 
percentage of their MaxHR and/or VO2peak.9 This observation also ex
plains why elite young Pro@Heart athletes had a higher frequency of 
activity within lower heart rate zones compared to the older 
Master@Heart athletes (Figure 1B).

We used the actual training load derived by heart rate monitors using 
a chest strap to accurately quantify training load characteristics in all 
athletes. We chose to focus on data derived from 3-month training hav
ing previously demonstrated that training load calculated over 3 months 
closely approximated annual training load data.8 In addition, we showed 
that the timing of the 3-month period is not particularly important, with 
excellent agreement when training load was assessed prior to or after 
the cardiac evaluation (see Supplementary data online, Figure S1).

Our finding that cardiac remodelling is predominantly determined by 
duration, rather than intensity, might suggest that quantification of ex
ercise load could be simplified to inquiry about exercise duration. 
However, exercise intensity was somewhat consistent among this high
ly conditioned cohort, whereas exercise intensity may be more import
ant when comparing between populations with greater variance in 
fitness levels. Moreover, our findings also emphasize the need for ob
jective measurement of training duration, as our previous work has de
monstrated that self-reporting of exercise duration is inaccurate.8

There is a logical basis for the observation that the total duration of 
exercise exposure, rather than exercise intensity alone, is the primary 
driver of cardiac remodelling. Cardiac imaging studies consistently dem
onstrate that ventricular EDV, representing volume load, is maximal 
during low-to-moderate-intensity exercise and decreases slightly at 
peak exercise intensity.22 This suggests that prolonged exposure to 
sub-maximal heart rates, where ventricular volume is maximized, may 
be a potent and underappreciated stimulus for cardiac remodelling.

Our finding that exercise duration outweighs intensity carries import
ant clinical implications. Current guidelines for sport participation often 
prioritize exercise intensity, while exercise duration is given less weight. 
Our data suggest that both exercise intensity and total exercise duration 
should be jointly considered when providing training recommendations, 
particularly for athletes and patients at risk for cardiac remodelling. This 
dual consideration could enhance individualized exercise prescriptions, 
improving both safety and performance outcomes.

It is known that RV remodelling appears more sensitive to the inten
sity of exercise than LV remodelling.23 A 1-year training intervention in 
previously sedentary individuals demonstrated differential ventricular 
responses to an incremental exercise programme: the left ventricle ex
hibited initial concentric remodelling followed by eccentric hyper
trophy, while the right ventricle experienced dilation from the onset 
of the exercise regimen.24 Our study highlights the importance of using 
objectively quantified training load to better understand this relation
ship, revealing that the primary factor influencing RV emptying fraction 
was the volume of training performed in Zone 3. This emphasizes the 
necessity of precise training load assessment, as subjective estimates 
may not capture the nuanced impact of different intensity zones on 
RV function.

Another critical aspect to consider is the influence of age on cardiac vo
lumes. In our study, older athletes had smaller EDV/ESV. However, inter
preting age in isolation is problematic, since age was strongly linked to 
training load and group allocation: the younger Pro@Heart athletes accu
mulated substantially higher training exposure than the older 
Master@Heart athletes. Thus, the observed ‘age effect’ likely reflects cu
mulative training load rather than chronological age alone. Genetic predis
position may also contribute to these intergroup differences. Taken 
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together, these findings highlight the importance of considering both age 
and training load when assessing cardiac remodelling in athletes to avoid 
misattributing training-induced adaptations to age-related cardiac decline.

Accurate quantification of training load is essential to determine 
whether the extent of cardiac remodelling is proportional to the athlete’s 
training exposure. Ventricular dilation and mildly reduced ejection fraction 
are prevalent conditions among highly trained athletes,3 and our current 
study demonstrates that both are associated with greater training, particu
larly in heart Zones 1&2 and 3. Objective quantification of training load may 
therefore assist clinicians in discerning physiological adaptation from poten
tially pathological remodelling, especially when structural changes appear 
disproportionate to training volume, which may suggest subclinical cardio
myopathy. Although we did not study the relationship of training load with 
arrhythmias, we have previously noted a high prevalence of atrial and ven
tricular arrhythmias in endurance athletes.25,26 Similarly, investigators have 
noted an association between exercise dose and life-threatening arrhyth
mias in arrhythmogenic cardiomyopathy,27 and there are data to suggest 
that higher intensity of exercise training may be particularly deleterious.28

Using our current quantitative training load approach, we demonstrate ro
bust associations between training duration, intensity, and cardiac remod
elling, providing a foundation for future studies exploring the link between 
exercise training characteristics and arrhythmias.

Limitations
This cross-sectional study provides valuable insights into the rela
tionship between training load and cardiac remodelling but cannot 
establish causality due to its observational design and lack of longi
tudinal follow-up. Nevertheless, the use of objective training load 
quantification via heart rate monitors enhances data reliability 
and reduces recall bias.

We combined data from two distinct cohorts: young elite 
(Pro@Heart) and older predominantly recreational (Master@Heart) 
athletes. Despite differences in age and competition level, both groups 
demonstrated excellent VO2peak values, confirming their athletic sta
tus. Importantly, the relationship between training load and cardiac re
modelling remained robust after adjusting for age, supporting the 
generalizability of our findings. However, combining cohorts may 
have masked subtle cohort-specific effects. Future studies with larger 
sample sizes should aim to analyse these cohorts separately to better 
explore potential age- or cohort-dependent remodelling patterns.

Wearable data were provided by the athletes themselves, and not all 
training sessions may have been captured. However, any underestimation 
of training load was likely non-differential and consistent across partici
pants. Although training load was quantified over the 3 months preceding 
cardiac imaging, we cannot exclude the influence of longer-term or earlier 
training history on the observed cardiac remodelling. However, previous 
validation of this time frame, along with consistent training load patterns 
before and after evaluation, supports its use as a proxy for habitual training 
exposure in this population.8 Future longitudinal studies with detailed life
time training histories will be needed to better disentangle chronic vs 
acute effects of training on cardiac structure. From an analytical perspec
tive, the PLS and XGBoost models may have been overfitted as a conse
quence of the relatively low sample size. As such, the variable importance 
rankings should be interpreted cautiously and confirmed in larger cohorts. 
Nevertheless, our observations in the PLS and XGBoost modelling aligned 
with the multivariable-adjusted linear regression models, suggesting ro
bustness of the associations observed. Finally, this study included only 
male athletes. Further research is needed to assess whether these findings 
apply to female athletes.

Conclusions
In well-trained athletes, total exercise duration was positively corre
lated with LV and RV volumes, especially the time spent in lower 
heart rate zones. Younger athletes showed larger volumes, likely 
due to higher training durations. Categorization of exercise intensity 
according to chart-based estimation of METs had limited utility in this 
population as most exercise would be interpreted as high intensity. 
These findings highlight how direct quantification of exercise inten
sity and duration can provide new insights into cardiac remodelling 
assessments.
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