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Abstract

The study was designed to investigate the pattern of intraventricular hemodynamic forces (HDFs) and myocardial performance
during exercise in elite cyclists (ECs). Transthoracic stress echocardiography was performed on 19 ECs and 13 age-matched sed-
entary controls (SCs) at three incremental exercise intensities based on heart rate reserve (HRR). Left ventricular (LV) HDFs were
computed from echocardiography long-axis datasets using a novel technique based on endocardial boundary tracking, both in
apex-base and latero-septal directions. Pressure volume (PV) loops were noninvasively investigated using the single-beat
approach. Differences between groups were investigated using mixed model analysis. At PV loops, EC showed a steeper
increase in stroke work compared with SC, without acute changes in ventricular capacity (EDVIlyg). Contractility, measured as
ventricular elastance (Egs), increased during exercise with no difference between groups (P = 0.625). At rest, EC had significantly
lower heart rates and generated lower HDF than SC. However, during exercise, the pressure gradient developed by EC in sys-
tole, and therefore systolic HDF, was significantly higher than that developed by SC (P < 0.009), also showing a greater elastic
rebound in late systole compared with SC (P < 0.032). Importantly, during early diastolic filling, EC showed lower HDF decelera-
tion than SC (P < 0.043), indicating a facilitated relaxation of the left ventricle. Analysis of the HDF pattern during exercise
shows the functional changes that occur in EC, characterized by increased HDF generation in systole, and facilitated relaxation
in early diastole. This is the first time LV structural and functional remodeling is reported for elite cyclists during exercise.

NEW & NOTEWORTHY Analysis of the hemodynamic forces shows that the functional changes that occur in elite cyclists during
exercise are characterized by increased hemodynamic forces generation in systole, and facilitated relaxation in early diastole.

echocardiography; elite cyclists; hemodynamic forces; pressure-volume relationship; speckle-tracking echocardiography

INTRODUCTION

Several pilot studies have directly investigated cardiac
function during exercise in athletes using echocardiography
(1, 2). For endurance-trained athletes, the proposed mecha-
nisms for the progressive increase in stroke volume (SV) to
maximal oxygen consumption (VO,ma) are increased dia-
stolic filling, increased contractility, larger blood volume, and
decreased cardiac afterload (1-3). A limitation of these studies
is that the echocardiographic parameters studied (fractional
shortening or ejection fraction) depend on cardiac load,
which increases significantly during exercise. Therefore,
most echocardiographic parameters are not suitable to
describe myocardial performance and cardiac reserve dur-
ing exercise. Furthermore, most literature focused on the
analysis of wall mechanics, ignoring the effects of ventricular
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geometry (especially of the shape dynamics) on the genesis of
intraventricular pressure gradients (IVPGs) and therefore of
the hemodynamic forces (HDFs), which are their surrogates.
The gold-standard measure of load-independent contractil-
ity is end-systolic elastance (E.s) assessed with pressure-vol-
ume curves (4). This parameter has been used to invasively
investigate contractility responses to exercise in the animal
model (5) and in patients, by altering the force-frequency rela-
tionship using either inotropy, exercise, or pacing, in several
classic studies (6-8). Important advances in echocardio-
graphic imaging have permitted the noninvasive study of
pressure-volume curves (9-10). Recent developments in car-
diac fluid-dynamics imaging have also heightened interest in
HDF patterns associated with cardiac adaptations (11). HDF
analysis represents a novel approach to quantifying IVPG,
which may permit the detection of changes in athletes (11).
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() MYOCARDIAL PERFORMANCE DURING EXERCISE IN ATHLETES

Detailed study of HDF during exercise may provide new
insights into the normal physiology of the healthy heart. The
study of the heart of an endurance athlete is made complex
by the fact that cardiac remodeling has different characteris-
tics in different sports (12). A previous study failed to show
any differences in HDF between healthy volunteers and elite
endurance athletes at rest, suggesting that cardiac force
expenditures are tuned to accelerate blood similarly in small
and large hearts to provide adequate cardiac output at rest
(13). However, no information is available on HDF changes
during exercise in athletes, and there is a lack of data on cy-
cling, the sport characterized by the most marked structural
adaptations of the LV (14, 15).

Therefore, the aim of this study was to investigate the car-
diac function and HDF during exercise in elite road cyclists
(ECs), and the relationship between increased hemodynamic
load and functional changes of the left ventricle.

MATERIALS AND METHODS
Study Cohort and Ethics

Nineteen male professional ECs (Polti Kometa team) were
investigated. Thirteen age-matched male participants who
had volunteered to undergo cardiac evaluations between
January 2024 and May 2024 were enrolled as sedentary con-
trols (SCs).

All participants underwent clinical and instrumental
investigations to exclude any underlying disease. The
Ethics Board approved the study (Ref. 22843 _oss), and written
informed consent was received from every participant.

Procedures

Body height and body weight were measured, and
body surface area (BSA) and body mass index (BMI) were
calculated. Resting systolic (SBP) and diastolic blood
pressure (DBP) were measured, and clinical information
was collected.

Participants refrained from moderate/vigorous physical
activity, caffeine, and alcohol for 24 h before each testing
visit and fasted for 2 h before each test.

Exercise echocardiography.

All participants underwent a semi-upright bicycle exercise
stress echocardiography (Ergoselect 1200, Ergoline, Bitz,
Germany), with a ramp protocol using an iE33 system,
equipped with an X5-1 transducer (Royal Philips Electronics,
Amsterdam, The Netherlands) according to recommenda-
tions (16). Twelve-lead ECG was monitored continuously
throughout the exercise, and blood pressure (BP) was meas-
ured every 2 min. Three submaximal stages were targeted to
achieve different exercise intensities based on heart rate
reserve (HRR), calculated as the following formula: HRR =
(220 — age) — HR rest.

Stage 1, 20-40 HRR%; stage 2, 40-60 HRR%; stage 3, 60—
80 HRR%. At each stage, echocardiographic images were
acquired at 4-, 3-, and 2-chamber apical views. BP and HR
were monitored as previously reported.

Each electrocardiographically gated full-volume dataset
was digitally stored and exported to QLAB 3DQA software
(Philips, Best, The Netherlands) for offline analysis. LV end-
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diastolic (EDV) and end-systolic volumes (ESV) were meas-
ured using the biplane method of disk summation, and
stroke volume (SV) and cardiac output (CO) were calculated.
LV mass was calculated (16), and indexed to BSA. The ratio
of the early mitral inflow velocity (E) over the early diastolic
mitral annular velocity (e’) was determined. Speckle-track-
ing echocardiography analysis was performed using com-
mercial software (2 D CPA 1.4.0.158, Medis BV, Leiden, The
Netherlands).

Pressure-volume curves.

Pressure-volume (PV) loops were constructed using dedi-
cated software (QStrain, Medis BV, Leiden, The Netherlands)
using the single-beat approach according to Chen et al. (9)
and Klotz et al. (10), respectively, as previously reported (17).
To compare the entire position of the end-diastolic pressure-
volume relationship (EDPVR), the calculated EDV at an EDP
of 20 mmHg indexed to BSA (EDVI,,, ventricular capaci-
tance) was used.

Hemodynamic forces.

In the normal left ventricle, HDFs occur in the longitudinal
(apex-to-base, A-B) and in the transversal (lateral-septal, L-S)
direction, with the longitudinal direction being the most pre-
dominant force. HDFs, expressed in Newton, are divided by
the fluid density and gravity acceleration after being initially
normalized by the LV volume (11). HDFs were calculated
using dedicated software (QStrain, Medis BV, Leiden, The
Netherlands) (18), with endocardial tissue movement (track-
ing) and areas of the aortic and mitral orifices as inputs
(17, 18). Two temporal landmarks were considered: end-dias-
tole (synchronized to the ECG R wave) and end-systole (aortic
valve closure coincident with the minimum LV volume). The
endocardial border was traced at LV end-diastole and LV end-
systole on the 4-, 3-, and 2-chamber apical views. The tracking
algorithm was then applied to propagate the contours across
entire cardiac cycles (17). The time profile of longitudinal HDF
was used to extract some parameters (Fig. 1):

1) Left ventricular longitudinal force (LVLF): overall HDF
strength calculated as the root mean square (RMS) of the
HDF over the entire cardiac cycle (19, 20).

2) The systolic phase investigation comprised:

a) overall systolic longitudinal force: calculated as the
LVLF above but limited to the systolic phase (19);

b) systolic peak: the peak of the HDF curve in systole (20);

c¢) early emptying: from the onset of LV volume reduc-
tion (aortic valve opening) to the peak of the HDF
curve; this portion is characterized by a positive
ascending phase due to the increase of the pressure
gradient (A-B direction) (11);

d) systolic impulse: the mean longitudinal force during
the systolic propulsive phase when the force was posi-
tive (A-B direction) (19);

e) elastic rebound: the negative portion of the HDF curve
until aortic valve closure (coincident with the mini-
mum LV volume); at this stage, ventricular flow is still
exiting but decelerating (11).

3) The diastolic phase investigation included:

a) overall diastolic longitudinal force: calculated as the
LVLF above but limited to diastole;
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Figure 1. Procedures followed for data acquisition and software elaborations. Step 1: data acquisition. Representative tracing in systole and diastole of
the endocardial border (top), and measurements of areas of the aortic and mitral orifices. Step 2: software elaborations. Top: red border: pressure-vol-
ume diagram. Left ventricular (LV) pressure (P) is plotted against the LV volume (V) at multiple time points during a single cardiac cycle. The pressure-vol-
ume (PV) loop area represents stroke work (SW). The slope between the hypothetical volume at zero pressure (Vo), and the point of end-systolic
pressure-volume relation (ESPVR), also called end-systolic elastance (Ecs), defines contractility; the end-diastolic PV relationship (EDPVR) describes the
ventricular diastolic function. Bottom: blue border: time profile of longitudinal hemodynamic forces (red) and left ventricular volume (blue) used to charac-
terize the various phases of the cardiac cycle for hemodynamic forces analysis. The vertical dotted lines represent the times selected from the two
curves to define the following systolic (a—d) and diastolic (e—g) parameters: a) early emptying; b) systolic peak; c) systolic impulse; d) elastic rebound;
e) filling impulse; f) diastolic deceleration; g) late diastolic filling. HDF, hemodynamic force.

b) filling impulse: the negative portion of the HDF curve
starting from aortic valve closure (the lowest LV vol-
ume); the force is directed from the base toward the
apex (13);

¢) diastolic deceleration: from the positive change of the
HDF curve after mitral valve opening to the change in
the HDF curve direction (from reduction to increase)
(20, 21);

d) late diastolic filling: marked by the final pair of peaks
(negative followed by positive) occurring during atrial
contraction (11).

Early emptying, systolic impulse, elastic rebound, filling
impulse, diastolic deceleration, and late diastolic filling are
given as average values and were calculated from the area
under the HDF curve normalized to the respective time
interval.
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Statistical Analysis

Data are expressed as means * standard deviation for con-
tinuous variables. Normal distribution of continuous varia-
bles was checked using skewness and kurtosis. For the
current analysis, group means were compared using the
unpaired ¢ test. The effect of exercise on each repeated mea-
surement was analyzed using a linear mixed-effect model
with random intercepts (level of exercise intensity and patient
category fitted as fixed factors, patient as a random factor)
and Bonferroni adjustment. The association between global
longitudinal strain (GLS, dependent variable) and HDF (sys-
tole HDF A-B and systolic impulse included in the module)
was investigated using multiple linear regression analysis.
Statistical significance is a two-sided level of 0.05. Data were
analyzed using the Statistical Package for the Social Sciences
(SPSS Statistics v. 28, IBM, Armonk, NY).

H395

Downloaded from journals.physiology.org/journal/ajpheart at Univ Degli Studi Trieste Biblio Centrale Med (140.105.048.010) on May 13, 2026.


http://www.ajpheart.org

() MYOCARDIAL PERFORMANCE DURING EXERCISE IN ATHLETES

RESULTS

Preliminary Investigations at Rest

EC had comparable age, and height, with lower weight
than SC (Table 1). EC had lower resting HR, higher LV mass,
larger SV and CO, and larger EDV and ESV than SC (Table 1).
Parameters of contractility derived from echocardiography
(EF, GCS, and GLS) were comparable between groups.
Conversely, the load-independent parameter derived from
PV loops, E., was lower in EC than in SC (P < 0.001).
EDVI,, was higher in EC than in SC (P < 0.001).
Longitudinal HDFs were lower in EC than in SC during the
entire cardiac cycle (P < 0.001), during systole (P < 0.021),
and during diastole (P < 0.008). When more specific time
intervals in diastole were investigated, no differences were
observed between groups (Table 1).

Myocardial Performance During Exercise

Echocardiography.

Hemodynamic changes during exercise are reported in
Table 1. HR progressively increased during exercise with a
different pattern between groups (P < 0.015 for category x
intensity interaction at mixed model analysis). In particular,
EC started from lower values than SC, whereas the maximum
HR reached during exercise was not significantly different
between groups. SV and CO increased progressively from
rest to maximal exercise in both groups (P < 0.001 for both).
However, when compared with SC, SV of EC increased at a
comparable rate from light to maximal exercise (P = 0.771),
whereas the rate of CO increase during exercise was higher
in EC than in SC (P < 0.001 for category x intensity interac-
tion). During exercise, two-dimensional LV longitudinal and
circumferential strain progressively increased (P < 0.001 for
both) with no differences between groups.

PV loops.

At PV loop analysis (Fig. 2), Ees, @ measure of contractility,
progressively increased with exercise intensity (P < 0.001),
suggesting an exercise-induced improvement of inotropic
state, with no differences between groups (P = 0.497 for cate-
gory x intensity interaction at mixed model analysis)
(Table 1). In addition, LVESP and stroke work (SW) increase
during exercise were steeper in EC than in SC (P < 0.003
and P < 0.001, respectively, for category x intensity inter-
action) with no changes in ventricular capacitance
(EDVI,g) (P = 0.650 for intensity and P = 0.098 for cate-
gory x intensity interaction) indicating no acute changes
of diastolic function.

Hemodynamic forces.

In the apical-basal direction, three pairs of force peaks were
found (Fig. 3). The first pair of peaks (positive followed by
negative peak) was found during systole, corresponding to
systolic ejection. In Fig. 3, the end of the systole (correspond-
ing to aortic valve closure) is marked by a dotted line. The
second pair (negative followed by positive peak) was found
during elastic rebound/early rapid filling. The final pair of
peaks (negative followed by positive) was found during atrial
contraction. Table 1 reports LV HDF during each stage of
exercise in SC and EC. HDF showed a significant increase

H396

with exercise during the entire cardiac cycle, as well as dur-
ing systole or diastole. Overall, the pattern of response to
exercise of HDF during the entire cardiac cycle was not dif-
ferent between the two groups. However, during systole, the
increase in the longitudinal component of force was signifi-
cantly greater in EC than in SC (P < 0.009 for category x in-
tensity interaction). Systolic-impulse increase was higher in
EC than in SC (P < 0.017 for category x intensity interac-
tion). The examination of the HDF pattern in late systole
allowed us to detect an additional important peculiarity of
LV response to intense physical exercise in EC, with a greater
elastic rebound compared with SC (P < 0.032 for group x in-
tensity interaction).

At the onset of diastole, there is a base-to-apex pressure
gradient, which is reflected in the negative portion of HDF
along the longitudinal axis. This force contributes to rapid
ventricular filling. The filling impulse, achieved by integrat-
ing the negative portion of the apical-basal force acting after
aortic valve closure, did not increase in EC during intense
exercise (Fig. 3, Table 1). HDFs then reverse into a positive
amplitude along the apical-to-basal direction, corresponding
to the deceleration of flow. In this phase, EC showed a lower
diastolic deceleration than SC (P < 0.043), suggesting that
the ventricular chamber offers less resistance to the entry of
blood. No differences were observed in late filling.

Concerning the whole enrolled population at all exercise
stages, GLS was associated with both A-B HDF calculated
over the entire systole and systolic impulse (B = 0.151, 95%
CL = 0.086 to 0.215; and B = —0.120, 95% CL = —0.217
to —0.023, respectively) at multivariate linear regression
analysis.

DISCUSSION

This is the first time LV structural and functional remodel-
ing is reported for elite cyclists during exercise. In particular,
the present study describes for the first time the pattern of
response to exercise of HDF in EC, showing an increased
generation of the longitudinal HDF component during sys-
tole and a facilitated relaxation in early diastole.

According to the present results, the heart of EC appears
to generate a lower resting intraventricular HDF than the SC
heart. However, HDFs are indexed to the LV volume, which
is significantly higher in our EC than in SC, and it is therefore
reasonable to observe a lower HDF value in EC than in SC,
both in the longitudinal and transverse directions. Indeed,
increased cavity volume requires a lower contractile force to
produce the necessary stroke volume (22). The only previous
study investigating HDF in endurance athletes (13), failed to
report any differences versus SC at rest. However, the group
of athletes enrolled in that study performed a sport (orient-
eering, long-distance trail running with map navigation)
characterized by a less-marked LV remodeling than cycling
(15), and the average LVEDV of investigated athletes was in
fact not different from controls (13).

More importantly, the present study explored the HDF
response to exercise for the first time, showing that when
ECs face intense effort, intraventricular HDFs increase much
more rapidly than in SC and reach much higher values. The
increase is surprisingly consistent compared with SC in sys-
tole. The examination of the HDF pattern of the ejection
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Figure 2. Left ventricular pressure-volume loop of one sedentary control and one elite cyclist at rest (blue) and during exercise (red). Ventricular pressure
(P) is plotted against the ventricular volume (V) at multiple time points during a single cardiac cycle. The pressure-volume (P-V) loop area represents
stroke work (SW). Slope between the hypothetical volume at zero pressure (Vp), and the point of end-systolic pressure-volume relation (ESPVR), also
called end-systolic elastance (Ecs), defines contractility. Dashed lines indicate the slopes of Es. Ecs and SW increase from rest to exercise.

resulting in a decreased need for enhanced relaxation/suction
at rest (22). However, the Doppler parameters do not allow us
to explore the different phases of rapid filling. On the contrary,
the study of HDF highlights the presence of an increased relax-
ation capacity in the terminal phase of rapid filling (diastolic
deceleration).

In conclusion, the present study shows that it is possible
to noninvasively analyze the behavior of pressure-volume
curves and HDFs during physical exercise. The simultaneous
execution of these two methods offers the possibility of study-
ing in an integrated manner the relationship between the
changes in ventricular geometry that characterize cardiac
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remodeling, contractility, and the generation of HDFs in the
EC. Analysis of the HDF pattern during exercise shows that
the functional changes that occur in EC are mainly character-
ized by increased HDF generation in systole and facilitated
relaxation in early diastole.
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