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ABSTRACT  26 

An arrhythmogenic right ventricle (RV) remodeling has been reported in response to regular 27 

training, but it remains unclear how exercise intensity affects the presence and extent of such 28 

remodeling. We aimed at assessing the relationship between RV remodeling and exercise load in a 29 

long-term endurance training model. Wistar rats were conditioned to run at moderate (MOD, 45 30 

min, 30cm/s) or intense (INT, 60 min, 60cm/s) workloads for 16 weeks; sedentary rats (SED) 31 

served as controls. Cardiac remodeling was assessed with standard echocardiographic and tissue 32 

Doppler techniques, sensor-tip pressure catheters and pressure-volume loop analyses. After MOD 33 

training, both ventricles similarly dilated (~16%); the RV apical segment deformation, but not the 34 

basal one, was increased (apical strain rate [SR] (s-1): -2.9±0.5 vs -3.3±0.6, SED vs MOD). INT 35 

training prompted a marked RV dilatation (~26%) but did not further dilate the LV. A reduction in 36 

both RV segments deformation in INT rats (apical SR[s-1] -3.3±0.6 vs -3.0±0.4; basal SR[s-1] -37 

3.3±0.7 vs -2.7±0.6; MOD vs INT) led to a decreased global contractile function (dP/dtmax 38 

[mmHg/ms]: 2.53±0.15 vs 2.17±0.116; MOD vs INT). Echocardiography and hemodynamics 39 

consistently pointed to impaired RV diastolic function in INT rats. LV systolic and diastolic 40 

functions remained unchanged in all groups. In conclusion, we show a biphasic, unbalanced RV 41 

remodeling response with increasing doses of exercise: physiological adaptation after moderate 42 

training turns adverse with intensive training, involving disproportionate RV dilatation, decreased 43 

contractility and impaired diastolic function. Our findings support the existence of an exercise load 44 

threshold beyond which cardiac remodeling becomes maladaptive.  45 

  46 

  47 
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NEW & NOTEWORTHY 48 

Exercise promotes LV eccentric hypertrophy with no changes in systolic or diastolic 49 

function in healthy rats. Conversely, RV adaptation to physical activity follows a biphasic, dose-50 

dependent and segmentary pattern. Moderate exercise promotes a mild systolic function 51 

enhancement at the RV base, and more intense exercise impairs systolic and diastolic function.52 
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GLOSSARY 57 

AW: Anterior wall 58 

CO: Cardiac output 59 

LV: Left ventricle 60 

LVEDD: Left ventricle end-diastolic diameter 61 

LVESD: Left ventricle end-systolic diameter 62 

LVEF: Left ventricle ejection fraction 63 

PW: Posterior wall 64 

RV: Right ventricle 65 

SV: Stroke volume  66 
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INTRODUCTION 67 

The beneficial effects of regular physical activity for decreasing the cardiovascular disease burden 68 

are well established in the general population and in most patients with heart disease (2, 27). 69 

However, the optimal dose of exercise to maximize these benefits is unclear (30, 37). Recent data 70 

suggests that the dose-response relationship between the amount of exercise and the incidence of 71 

cardiovascular complications follows a U-shaped curve in which some benefits of moderate 72 

exercise might be lost at very high training loads (7, 18, 37).  73 

Endurance training requires marked increases in cardiac output (CO) over periods of 74 

several hours, thereby superimposing a high degree of stress to all myocardial structures and, 75 

particularly, on the right ventricle (RV)(13). Notably, the RV typically works at a low intracavitary 76 

pressure at rest under physiological conditions, but pressure dramatically and disproportionally 77 

increases during intense exercise (13). This might translate into acute, transient, load-dependent 78 

impairment of RV performance after long-term endurance races, as recently described (15, 32, 36). 79 

Furthermore, it has been speculated that repetitive insults to the RV could lead to a long-term 80 

pathologic RV remodeling, eventually developing a potentially pro-arrhythmogenic substrate in 81 

some highly trained athletes (19). In an experimental running rat model, long-term high intensity 82 

endurance exercise promoted RV myocardial fibrosis and increased ventricular arrhythmia 83 

inducibility in the presence of a relatively preserved LV (3).  84 

While the role of the RV in the development of exercise-induced pathology and on the 85 

tolerability of exercise is increasingly being recognized (18), the physiology of RV adaptation to 86 

exercise remains largely unknown. Additionally, there is a large inter-individual difference in the 87 

degree of RV remodeling both at the global and regional level, where individual athletes show 88 

changes that are interpreted as physiological/benign or deleterious for different types of exercise. 89 

For example, the basal segment of the RV characteristically dilates and exhibits decreased systolic 90 

deformation in most athletes, whereas changes in apical segments show conflicting results (36, 38). 91 
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Moreover, little is known about the influence of the training load itself in the segmental RV 92 

adaptation.  93 

The present study was designed to assess the influence of training load on global exercise-94 

induced RV remodeling (size, deformation, contractility and filling) as well as on potential different 95 

exercise-induced adaptation of the individual RV segments. In order to prevent from confounding 96 

factors, we conducted this study in a rat model of long-term endurance exercise at two different 97 

exercise intensities (moderate and intense training). 98 

METHODS 99 

Experimental design 100 

This study conformed to the European Community (Directive 86/609/EEC) and Spanish guidelines 101 

for the use of experimental animals and was approved by the institutional animal research ethics 102 

committee. We used an experimental animal model in which rats were conditioned to run in a 103 

treadmill 5 days/week for 16 weeks, as previously described (3, 9). Fifty-five male Wistar rats (200-104 

250g; Charles River Laboratories, France) were randomly assigned to three groups: moderate 105 

exercise (MOD, 35cm/s for 45 minutes), high-load exercise (INT, 60cm/s for 1 hour) and age-106 

matched sedentary rats (SED) that served as controls. Estimates from previous studies in rats 107 

suggest that these loads approximate 60% and 85% of the maximum oxygen uptake for MOD and 108 

INT, respectively (17, 42). The final training load was reached after an initial 2-week adaptation 109 

period in which the treadmill speed was progressively increased. Rats were supervised during all 110 

training sessions to ensure proper running; animals that did not adapt to the exercise routine were 111 

excluded from the study in order to avoid the deleterious effects of physical and psychological 112 

stress that could potentially bias our results. All animals were housed in a controlled environment 113 

(12/12-hour light/dark cycle) and were provided with ad libitum access to food and water. At the 114 

end of the training protocol, in vivo right and left ventricular functional and structural remodeling 115 
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were assessed in a hemodynamic study and a 2D echocardiogram. In trained rats, the 116 

echocardiography and the hemodynamic study were carried out at least 12 hours after the last 117 

training session. 118 

Echocardiography 119 

Transthoracic echocardiographic studies were performed at rest in the three groups. The procedure 120 

was performed under general anesthesia (isofluorane 2%) and a heating pad, and a phased-array 121 

probe 10S (4.5-11.5 Megahertz) attached to a commercially available system (Vivid Q, GE 122 

Healthcare Ultrasound, Horten, Norway). The M-mode spectrum was traced in a para-external short 123 

axis plane at the level of aortic valve; the RV outflow tract was also measured in this view. Left 124 

ventricular (LV) dimensions at both end-diastole (LVEDD) and end-systole (LVESD) were 125 

measured at the level of the papillary muscles. The LV anterior (AW) and posterior wall (PW) 126 

thickness were measured at end-diastole. LV ejection fraction (EF), fractional shortening (FS), and 127 

LV mass were estimated using previously validated formulas in rodents (26, 34): 128 

=  −  
 

=  − ∗ 100 

 = 1.04 ∗ + +  −   

RV end-diastolic (RVEDA) and RV end-systolic areas (RVESA) were measured in an 4-129 

chamber (4C) apical view focusing in the RV;  RV fractional area change (RVFAC) was then 130 

calculated as (25):  131 

=  − ∗ 100 

Five consecutive cardiac cycles with color coded Tissue Doppler Imaging (TDI) images 132 

were recorded in a 4C apical view and saved for posterior off-line analysis; special care was taken 133 

to maintain the Doppler velocity range (0.77 to 46.2 cm/s) as low as possible to avoid aliasing and a 134 
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medium frame rate of 250-300 sec. Measurements were calculated as the average of the 5 cardiac 135 

cycles. RV segmental deformation was evaluated by strain rate (SR) at basal and apical segments 136 

using a sample volume of 2 mm and a specific software package (EchoPac, General Electric 137 

Healthcare, Milwaukee, WI, USA). LV and RV diastolic function were estimated by the filling peak 138 

velocity (E) of the trans-mitral and trans-tricuspid flow, and mitral septal (e’M) and tricuspid lateral 139 

annulus (e’T) velocity during early filling derived from TDI (24). Additionally, isovolumetric 140 

relaxation time (IVRT) of both ventricles was evaluated (Figure 1). All cardiac dimensions were 141 

body weight-indexed to account for differences in body weight. A LVEDD-to-RVEDA ratio was 142 

built to assess the balance between the structural remodeling of the LV and the RV. 143 

Reproducibility was assessed in 12 rats (4 for each study group). Intraobserver and 144 

interobserver intraclass correlations were 0.90 and 0.85, respectively, for RV systolic deformation 145 

at the basal segment; 0.88 and 0.82 for RV systolic deformation at the apical segment; 0.90 and 146 

0.89 for e’ velocity at tricuspid lateral annulus; and 0.88 and 0.85 for e’ velocity at septal mitral 147 

annulus. 148 

Hemodynamic study 149 

In vivo right and left ventricular contractile remodeling was assessed in an invasive hemodynamic 150 

study in a subgroup of rats (16/15/13 for the LV, 8/12/8 for the RV, SED/MOD/INT). Briefly, 151 

anesthetized rats (inhaled isoflurane 1.5-2%) were intubated and ventilated (CWE, Ardmore, PA, 152 

USA) with parameters recommended by the manufacturer, and kept at 37.0±0.3ºC during the whole 153 

experiment with an homeothermic pad (Kent Scientific, USA). RV hemodynamic parameters were 154 

first quantified. The right jugular vein was inspected through a <1-cm skin cut at the right aspect of 155 

the neck. A 1.9 Fr sensor-tip pressure catheter (Scisence, London, ON, Canada) was inserted 156 

through a small incision and gently advanced into the RV. Once a smooth RV pressure curve was 157 

obtained, a 10 minute-stabilization period was allowed before data was recorded (PowerLab and 158 

Labchart v8.0, AD Instruments). The catheter was thereafter removed, the right jugular vein ligated 159 
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and the right carotid exposed. The pressure-tip catheter was thereafter inserted into the right carotid 160 

artery and slowly advanced into the left ventricle. Once a smooth left ventricle pressure curve was 161 

obtained, a 10 minute-stabilization period was allowed before data was recorded. Data was later 162 

analyzed off-line. For both RV and LV recordings, peak systolic and end-diastolic pressure, as well 163 

as parameters assessing systolic function (maximum dP/dt) and diastolic function (Tau constant, 164 

minimum dP/dt and average dP/dt during isovolumetric relaxation) were quantified (LabChart v8.0. 165 

AD Instruments) in 50 consecutive beats and the average calculated for each animal.  166 

In a subgroup of 21 rats (10 SED, 6 MOD, 5 INT), pressure-volume loops were obtained 167 

with a conductance pressure-volume catheter and the ADVantage ADV500 system (Transonic, New 168 

York, USA). Calibration was conducted as per manufacturer instructions before initiating the 169 

procedure. After conventional hemodynamic measurements, the conductance catheter was gently 170 

introduced through the right carotid and advanced into the LV. The catheter was carefully 171 

mobilized until properly placed (i.e., a smooth sinusoidal curve with phase between 2º and 8º and 172 

magnitude between 1400-2600). After a 10-minute stabilization period, simultaneous pressure and 173 

volume data was recorded. LV end-diastolic volume (LVEDV) and stroke work were quantified 174 

off-line. LV ejection fraction was obtained as:  175 

=  − ∗ 100 

The heart rate was obtained from a single-lead ECG strip recorded during the hemodynamic 176 

study. 177 

Wall stress estimation 178 

Wall stress at rest of both ventricles was estimated by mean of hemodynamic and 179 

echocardiographic data. To estimate LV wall stress, it was assimilated to an sphere and used a 180 

previously described formula (13): 181 

  =  ∗2  
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The particular shape of the RV prevents from reliably fitting it into an sphere without major 182 

deviations. We accordingly modelled it as a truncated ellipsoid, and estimated both longitudinal and 183 

circular RV wall stress as:  184 

 = ∗  2 ℎ + −  

 185 

 = ∗  2ℎ + −  

where: 186 

 = 2 ,  =  , ℎ =  
 =  2 + +  

 187 

Fibrosis assessment 188 

Right ventricular fibrosis was assessed in histological preparations as previously described (3). 189 

Briefly, after sacrifice hearts were embedded into paraffin. A basal ventricular section was 190 

subsequently obtained and stained with Sirius red staining to identify collagen deposition. A single 191 

microphotograph including the whole RV was obtained (Panoramic Desktop, 3DHISTEC, 192 

Hungary). Myocardial fibrosis was semi-automatically quantified with ImageJ (NIH, Bethesda, 193 

USA) and results given as percentage (%). Perivascular and epicardial fibrosis were excluded from 194 

the analysis. 195 

Statistical analysis 196 

Data were analyzed with SPSS Software for Windows (v19.0, IBM, New York, USA). A Gaussian 197 

distribution of all continuous variables was confirmed using a Kolmogorov–Smirnov test and values 198 

reported as mean±standard error of the mean (SEM). Characteristics of the three groups of rats were 199 
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compared by one-way independent ANOVA; if the ANOVA test showed an overall difference, post 200 

hoc comparisons were performed with an LSD test. A p-value <0.05 was considered for 201 

significance in all analyses. 202 

 203 

RESULTS  204 

Two rats in the INT group had to be excluded because of inability to properly complete training 205 

sessions; these rats have been excluded from all analyses. All MOD rats finished the experimental 206 

protocol. Accordingly, the final population consisted of n=17 for SED, n=19 for MOD, n=17 for 207 

INT. The rat characteristics at the end of the experiment are shown in Table 1. Body weight was 208 

lower in both trained groups than in sedentary rats. As expected, long-term endurance training 209 

induced a significant bradycardia in both MOD and INT groups, with no significant differences 210 

between them.  211 

Structural remodeling induced by exercise 212 

The echocardiographic evaluation at rest demonstrated that long-term endurance training promoted 213 

remarkable cardiac structural remodeling. In comparison with SED rats, both MOD and INT 214 

training induced an enlarged LVEDD and increased LV mass of a similar extent, resulting in a 215 

comparable degree of LV eccentric hypertrophy (Table 2 and Figure 2). Invasive volume analyses 216 

confirmed a similar LV dilation in both trained groups (MOD, INT) in comparison with sedentary 217 

animals (Figure 3A and 3B). Conversely, we found a significant, intensity-dependent RV dilation 218 

(Figure 2 and Table 2) which was progressive from SED to MOD (+16% increase in RVEDA) to 219 

INT (+26% RVEDA increase) rats. A disproportionate RV dilation in relation to LV size (Figure 220 

4A) translated into a decreased LV-to-RV ratio in the INT group (Figure 4B), thus reinforcing the 221 

concept of an unbalanced bi-ventricular structural remodeling in intensively trained individuals.  222 
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Systolic functional remodeling induced by exercise  223 

Systolic and diastolic function were evaluated in the resting state through multimodal analyses. 224 

Consistent data obtained from echocardiography (Table 2), pressure-volume loop analyses (Figure 225 

3C-D) and intracavitary pressure recordings (Figure 5) demonstrated a virtually unaltered LV 226 

systolic function after moderate or intense endurance training in healthy rats. Specifically, LVEF 227 

(Table 2 and Figure 3C) and LV maximum dP/dt (Figure 5D) showed similar values across groups.  228 

In contrast, we found marked changes in RV systolic function after physical training. 229 

Moderate (MOD) physical activity induced a segment-specific increase in RV deformation: while 230 

myocardial deformation increased in the RV apical segment, there were no changes in RV basal 231 

segmental deformation (Table 2 and Figure 6). Overall, the global RV systolic function evaluated 232 

with FAC was not modified (Table 2). Conversely, RV systolic function was remarkably impaired 233 

with the highest training load. Echocardiography displayed a diminished myocardial deformation 234 

both in the RV base and apex of the INT group in comparison with MOD (Table 2 and Figure 6). 235 

The reduction in myocardial deformation led to a decreased global systolic function as assessed 236 

with FAC (Table 2). A lower systolic contractile function of the RV in the INT group was further 237 

confirmed in invasive hemodynamic experiments (e.g., decreased dP/dtmax, Figure 7).  238 

Diastolic functional remodeling induced by exercise  239 

Exercise did not alter LV filling parameters at rest. Mitral E and e’, LV isovolumetric relaxation 240 

time (Table 2) and the constant of ventricular relaxation tau (Figure 5E), LV minimum dP/dt 241 

(Figure 5F) and average dP/dt during isovolumetric relaxation (Figure 5G) were unchanged in all 242 

groups.  243 

Similarly, RV diastolic function was unaltered after MOD exercise. Nevertheless, more 244 

intense exercise in the INT group prompted a decreased tricuspid E-wave and e’ along with a 245 

prolonged isovolumetric relaxation time, all these parameters pointing to an impaired RV diastolic 246 
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function (Table 2). These data were supported by results from invasive hemodynamic studies 247 

showing a prolonged tau constant, a decreased RV dP/dtmin and average dP/dt during isovolumetric 248 

relaxation in INT-trained rats (Figures 6E-G).  249 

Right and left ventricular wall stress at rest  250 

The wall stress estimations at rest for the left and right ventricles are shown in Figure 8. Consistent 251 

with a physiological LV remodelling after MOD and INT training, we found no changes in LV wall 252 

stress at rest amongst all three groups. Conversely, longitudinal RV wall stress was significantly 253 

reduced in MOD-trained rats in comparison to SED; such a reduction was blunted in INT rats. 254 

Although it did not reach significance, a similar pattern was found for circular RV wall stress. 255 

Myocardial fibrosis assessment in the RV 256 

Right ventricular fibrosis was assessed in histological preparations. Representative images are 257 

shown in Figure 9A. While MOD rats showed a similar fibrosis than SED ones, INT-trained rats 258 

developed significantly increased RV myocardial fibrosis (Figure 9B). 259 

 260 

DISCUSSION  261 

In the current study, we comprehensively evaluate the structural and functional bi-ventricular 262 

cardiac remodeling induced by moderate and intense endurance training in an experimental model. 263 

Our results may be summarized in two key findings: a) the pattern of exercise-induced RV 264 

remodeling was critically influenced by the training load. While moderate endurance training 265 

promoted balanced, harmonic bi-ventricular dilatation along with normal bi-ventricular 266 

deformation, contractility and filling, a high training load led to a disproportionate RV dilatation 267 

and systo-diastolic functional impairment; b) RV apical and basal segments exhibited different 268 



15 
 

adaptations to varying intensities of endurance exercise. Our results contribute to the long-debated 269 

issue on the role of exercise load in RV remodeling. 270 

Exercise load determines the balance between LV and RV remodeling.  271 

In our study, long-term endurance training of moderate intensity induced a comparable structural 272 

remodeling in both ventricles along with an unchanged bi-ventricular diastolic function and an 273 

improved RV systolic function. In keeping with recent studies in athletes, moderate endurance 274 

training promoted harmonic bi-ventricular dilation (12, 40) and normal bi-ventricular systolic and 275 

diastolic function (8, 41). However, it is controversial whether balanced remodeling persists in 276 

highly trained individuals. Markedly disproportionate RV structural and functional changes have 277 

been shown in some athletes (15, 31), but recent reports have yielded conflicting results and 278 

advocated for a balanced bi-ventricular remodeling (5). While small and heterogeneous cohorts and 279 

selection biases might explain some of these conflicting results, these differences suggest that large 280 

inter-individual responses to exercise exist (16, 36), likely determined by individual predisposition 281 

factors and the type and amount of exercise.  282 

Our animal model using individuals with a homogenous genetic background and very 283 

controlled exercise regimes overcomes many of these potential biases. Through a multimodal 284 

approach including echocardiographic and invasive hemodynamic assessment, our results strongly 285 

support that cardiac remodeling after intense physical activity diverges from that of moderate 286 

training and is characterized by a disproportionate and dysfunctional RV adaptation.  287 

The RV is particularly sensitive to exercise-induced cardiac remodeling.     288 

Cardiac output is determined by HR and stroke volume (SV), which in turn depends on myocardial 289 

deformation and cavity size (4, 28). High intensity endurance exercise requires marked increases in 290 

CO over periods of several hours, a requirement that can be reached through an increase in HR, 291 

cavity size or myocardial deformation; in most cases, a combination of all them is needed. To 292 

accommodate to the high demands of regular exercise, endurance training induces an enlargement 293 
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of all cardiac chambers, thus enabling the heart to increase the SV during exercise, at the cost of 294 

rising wall stress (10, 28). Altogether, the thin wall of the RV, its geometric shape and the dramatic 295 

increase in intracavitary pressure during exercise beget a remarkably high RV workload and make it 296 

particularly vulnerable to the undesirable consequences of increased wall stress (13). In our study, a 297 

high training load promoted a disproportionate RV dilatation and a decreased RV contractility, as 298 

demonstrated by impaired deformation and dP/dt. At rest, mild decreases in RV contractility (13, 299 

20, 21) and a reduced myocardial flow (21) have been claimed to contribute to an enhanced 300 

functional and circulatory reserve during exercise in athletes (20). In our work, a very high training 301 

load yielded a disproportionate and unbalanced RV enlargement and reduced systolic function at 302 

rest, accompanied by an impaired RV diastolic function and fibrosis, suggesting that initial adaptive 303 

structural and functional changes become detrimental with certain cumulative training loads.  On 304 

the other hand, modest changes in LV wall stress during exercise (13) likely account for the lack of 305 

a deleterious LV remodeling. Whether myocardial flow is impaired after high training loads 306 

remains unknown. 307 

The sort of exercise is an important determinant of cardiac remodeling. In predominantly 308 

strength sports (e.g., weight-lifting), exercise bouts are characterized by variable increases in blood 309 

pressure, small changes in cardiac output and mild chamber dilation. Conversely, endurance 310 

training superimposes a cardiac volume overload that critically determines cardiac remodeling and, 311 

likely, contributes to the different response of the LV and RV. In an elegant experimental model of 312 

bi-ventricular volume overload, Modesti et al (29) found RV dysfunction and fibrosis with no 313 

significant functional or structural changes in the LV. Our results in a transient, repetitive endurance 314 

exercise (and thus, volume overload) model, are consistent with their findings. Indeed, we 315 

demonstrate RV systo-diastolic dysfunction and fibrosis in the highest exercise load group, while 316 

LV function remained unaltered. 317 

We documented an impaired RV diastolic function in intensively trained rats. RV diastolic 318 

dysfunction has been shown to fairly predict clinical outcomes in a clinical setting of RV pressure 319 
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overload (11), and represents an early sign of RV damage in RV overload experimental models (23, 320 

33). Previous reports from our group documented early signs of RV diastolic dysfunction in a 321 

subgroup of high intensity trained endurance athletes (36). However,  RV diastolic function in 322 

athletes at rest is still a controversial issue (8, 39) and further research is still warranted.  323 

Overall, our data and previous works suggest that RV function is a critical regulator of 324 

cardiac performance during exercise bouts. Indeed, recent data from Heiskanen and colleagues (22) 325 

showed that exercise capacity in the general population is only determined by RV metabolism, 326 

reinforcing that cardiac performance limits are imposed by right-heart characteristics. 327 

Exercise-induced remodeling results in a segmental adaptation of the RV 328 

In our study, myocardial deformation analyses revealed diverging remodeling patterns of the basal 329 

and apical segments of the RV through different exercise intensities. Moderate-intensity exercise 330 

selectively enhanced apical deformation; intense endurance training, though, blunted such 331 

improvement and rendered the apex systolic function similar to that of sedentary animals. Further, 332 

intense training associated with an impaired myocardial deformation in the basal segments of the 333 

RV. These results are consistent with data in humans reporting a segmentary dysfunction of the 334 

basal segment of the RV in athletes (36, 38). Our work suggests that this change is critically 335 

governed by training load and supports an exercise load- and segment-dependent RV remodeling 336 

after long-term regular training. The causes of this segment-selective remodeling remain 337 

unexplored, but it is possible that the heterogeneous morphology of the RV, consisting of a 338 

trabeculated apical segment and a smooth and flat inlet segment with a larger capacity, may render 339 

the basal segment of the RV more vulnerable to exercise-induced volume overload bouts. 340 

The clinical impact of a decreased RV basal segment deformation in most well-trained 341 

individuals is still unclear. In an exercise echocardiography study, La Gerche et al (14) 342 

demonstrated a lower RV basal myocardial deformation in athletes at rest, and suggested a role as 343 

an adaptive, physiological feature that provides athletes with a larger contractility reserve during 344 
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exercise. However, the results obtained through invasive hemodynamics in our animal model 345 

question this hypothesis and suggests that intensive training is associated with a true impairment in 346 

RV systolic function at rest.  347 

Exercise load determines the sort of cardiac remodeling 348 

Our findings suggest that there is a threshold for training load determined by both intensity and 349 

duration beyond which cardiac adaptation might be no longer physiological but rather potentially 350 

deleterious, leading to fibrosis and becoming a potential trigger for arrhythmias. This finding 351 

further supports the recent notion that the relationship between physical activity load and 352 

cardiovascular outcomes follows a U-shaped, rather than lineal, relationship (18).  353 

The mechanisms by which exercise turns deleterious at excessive loads remain obscure. 354 

Right ventricular wall stress acutely and linearly increases with exercise intensity (13). It is 355 

therefore plausible that low-to-moderate exercise keeps RV wall stress within physiological values 356 

while extreme exercise rises it away from a safety range. Similarly, transient systemic inflammation 357 

has been found in a dose-dependent way after extenuating exercise bouts. Extrinsic factors such as 358 

subclinical myocarditis and performance enhancing drugs have been proposed to contribute to 359 

exercise-induced cardiac damage (18). 360 

From a clinical point of view, it would be interesting to identify such a “reversal point”. In 361 

our work, we tested only two exercise loads and thereby cannot reliably infer on a specific exercise 362 

threshold. Data for exercise-induced atrial fibrillation have suggested a variety of thresholds with 363 

potential clinical relevance (1, 6, 18), but these are lacking for the RV. Nevertheless, the ratio 364 

between benefits and deleterious consequences of physical activity is likely multifactorial and 365 

involves not only the duration and intensity of physical activity, but rather genetic and acquired 366 

individual adaptive mechanisms to exercise (18, 36).  367 

Limitations 368 
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Some limitations of our work should be acknowledged. First, translation of experimental 369 

conclusions to human always warrants caution. It is difficult to estimate how our two different 370 

exercise protocols translate into human physical activity. As a rough approximation, if the lifespan 371 

of Wistar rats is 2 years, our 18-week exercise protocol (2 weeks of progressive training plus 16 372 

weeks of intensive exercise) would be roughly equivalent to 10 years of daily exercise training in 373 

humans. Regarding training load, our intense endurance training has been suggested to correspond 374 

to 85% of maximum oxygen uptake (3). We estimate that the moderate training protocol would 375 

correspond to a 60% of maximum oxygen uptake (42). Finally, the sedentary group recapitulates a 376 

rather extreme form of inactivity; some levels of limited, voluntary exercise would provide a fairer 377 

approximation to the lifestyle of most individuals in the general population.  378 

Only young male rats were tested in this study so results might not be extrapolated to 379 

females or older age. The effect of stress should always be considered a potential confounder. 380 

Nevertheless, maximum efforts were taken to minimize stress responses. Furthermore, we have 381 

previously assessed stress levels in INT trained rats and ruled out any significant effects (3). Due to 382 

a lower physical demand, we do not expect any significant effect of stress in MOD rats, either.  383 

Finally, most results were obtained under anesthesia. Most anesthetic agents yield some 384 

degree of hemodynamic perturbations that could potentially influence our results. Our choice for 385 

isoflurane was based on its unique combination of rapid and transient effect with minor hypotensive 386 

effects in the absence of exceedingly long exploration times (35). 387 

 388 

CONCLUSIONS 389 

In this experimental model of long-term endurance training, exercise load critically determines a 390 

biphasic response of the RV performance. Moderate endurance training caused an adaptive RV 391 

remodeling characterized by mild RV dilatation and an increase in RV apical deformation. 392 

However, vigorous training caused a marked RV remodeling with disproportionate RV dilatation 393 

and impaired diastolic and systolic function.  394 
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Table 1:  Population characteristics and echocardiographic parameters in moderate and 560 

intense training groups and controls.  561 

 562 

  563 

 SED 
(N=17) 

MOD 
(N=19) 

INT 
(N=17) 

ANOVA 
(p) 

Weight (g) 503±20 416±9* 409±10* <0.01 

HR (beats/min) 380±4 364±7* 349±8* <0.01 
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Table 2: Echocardiographic parameters at the end of the experimental protocol in all animals. 564 

RVEDA: right ventricle end-diastolic area; RVOT: right ventricle outflow tract; RVFAC: right 565 

ventricle fractional area change; SR: strain rate; RVIRT/LVIRT: right/left ventricle isovolumetric 566 

relaxation time; LVEDD: left ventricle end diastolic diameter; AW: left ventricle anterior wall; 567 

LVEF: left ventricle ejection fraction; LVFS: left ventricle fractional shortening. *p<0.05 vs SED; 568 

† p<0.05 vs MOD. 569 

 SED 
(N=17) 

MOD 
(N=19) 

INT 
(N=17) 

ANOVA 
(p) 

Left ventricle dimensions and function 

LVEDD (mm/Kg) 15.35±0.51 18.32±0.35* 18.51±0.40* <0.01 

LVEDD (mm) 7.54±0.22 7.51±0.31 7.50±0.34* 0.66 

LV mass (g/Kg) 1.17±0.05 1.38±0.04* 1.44±0.05* <0.01 

LV mass (mg) 577.8±60 572.8±80 583.4±61 0.89 

AW/LVEDD 0.16±0.01 0.16±0.01 0.16±0.02 0.29 

LVEF (%) 66.6±0.60 65.3±0.48 65.2±0.60 0.38 

LVFS (%) 41.9±0.52 41.2±0.41 41.0±0.51 0.37 

E mitral (cm/s) 0.85±0.02 0.85±0.02 0.86±0.02 0.89 

e' mitral (mm/s) 3.98±0.15 4.20±0.15 4.40±0.13 0.17 
LVIRT / HR 
((ms*min/beats)x100) 4.7±0.24 5.0±0.25 5.2±0.26 0.32 

Right ventricle dimensions and function 

RVEDA (mm2/Kg) 69.51±8.8 80.42±9.6* 88.0 ± 9.2*† <0.01 

RVEDA (mm2) 34.4±4.0 33.3±3.7 35.7±2.4 0.10 

RVOT (mm/Kg) 7.52±0.27 8.83±0.19* 9.05±0.25* <0.01 

RVOT (mm) 2.83±0.15 2.75±0.11 2.81±0.17 0.19 

RVFAC (%) 42.92±1.20 42.34±0.60 40.01±1.02 0.09 

RV apical free wall SR (s-1) 2.83±0.14 3.33±0.15* 3.01±0.10 0.04 

RV basal free wall SR (s-1) 3.29±0.24 3.28±0.17 2.71±0.14*† 0.04 
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 570 

571 

E tricuspid (cm/s) 0.75±0.03 0.75±0.02 0.64±0.02*† <0.01 

e' tricuspid (mm/s) 4.20±0.18 4.10±0.13 3.30±0.13*† <0.01 
RVIRT / HR 

((ms*min/beats)x100) 4.20±0.27 4.26±0.25 5.27±0.39* 0.03 
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FIGURE LEGENDS 572 

Figure 1:  Quantification of left and right ventricle isovolumetric relaxation time 573 

(L/RVIRT). (A) LVIRT was calculated in an apical 5-chamber view where both continuous-wave 574 

Doppler at the conjunction of the LV inflow and outflow was recorded; the result was corrected by 575 

the R-R interval. (B) To quantify RVIRT, recordings from two different images were used: Pulsed-576 

wave Doppler (PW) at RV outflow tract in a parasternal short axis view, and PW at tricuspid valve 577 

in an apical 4-chamber view.  Then, RVIRT was calculated as: (time from the R wave of QRS to 578 

triscuspid valve opening [TVO]) – (time from R wave of QRS to pulmonary valve clousure [PVC]).  579 

In both cases, the average of 5 consecutive cardiac cycles was calculated. 580 

Figure 2: Echocardiographic assessment of LV and RV size in the three study groups: 581 

Upper panel: representative echocardiographic images of all groups. The RV end-diastolic area has 582 

been highlighted. Lower panel: quantification (mean±SEM) of LV and RV size in all groups. While 583 

LV size was similar in MOD and INT groups, RV size in the INT group was larger than in MOD. 584 

SED: sedentary; MOD: moderate training; INT: intense training; LVEDD: LV end diastolic 585 

diameter; RVEDA: RV end diastolic area. Omnibus test for both LVEDD and RVEDA p<0.0001. 586 

Figure 3: Pressure-volume loop analyses in the LV in all groups. (A) Representative 587 

examples for each of the SED, MOD and INT groups. (B-D) Parameters analyzed in this 588 

experiment, showing LV end-diastolic volume (B), LV ejection fraction (C) and stroke work (D). 589 

Omnibus tests: LVEDV p=0.004; LVEF p=0.98; SW p=0.41. *p<0.05 590 

Figure 4: Assessment of LV to RV size correlation and ratio. (A) Correlation between 591 

LV size (LVEDD in X-axis) and RV size (RVEDA in Y-axis). Mean±SEM is shown for each 592 

group. (B) LV-to-RV ratio data (Tukey Boxplot) showed a significant imbalance in RV size in the 593 

INT group, denoting disproportionate RV size. Omnibus test for LV-RV ration P=0.049. *p<0.05 594 

Figure 5:  Left ventricle hemodynamic parameters in the three study groups. (A) 595 

Representative recordings of LV in all groups, showing an ECG (upper panel), LV pressure curve 596 
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(middle panel) and derived LV dP/dt (lower panel). (B-G) Results for LV hemodynamic 597 

parameters: systolic pressure (LVSP) (B), end-diastolic pressure (LVEDP) (C), maximum dP/dt 598 

(D), Tau constant (E), minimum dP/dt (F) and average dP/dt during isovolumetric relaxation (IRP 599 

dP/dt) (G). Omnibus tests: LVSP p=0.53; LVEDP p=0.21; LV dP/dtmax p=0.16; LV tau p=0.72; LV 600 

dP/dtmin p=0.37; IRP dP/dt p=0.66. 601 

Figure 6: Right ventricle function evaluated by 2D-echocardiography and color-coded 602 

Tissue Doppler Imaging (TDI) in the three study groups. Strain rate TDI values (mean±SEM) for 603 

the three study groups. RV apical deformation improves with moderate training, but regresses and 604 

RV basal deformation is impaired after intense training. SED: sedentary; MOD: moderate training; 605 

INT: intense training; SR: Strain rate. Omnibus test: RV Apex SR p=0.032; RV Base SR p=0.043. 606 

Figure 7: Right ventricle hemodynamic parameters in the three study groups. (A) 607 

Representative recordings in all groups, showing and ECG (upper panel), RV pressure curve 608 

(middle panel) and derived RV dP/dt (lower panel). (B-G) Results for RV hemodynamic 609 

parameters: systolic pressure (RVSP) (B), end-diastolic pressure (RVEDP) (C), maximum dP/dt 610 

(D), Tau constant (E), minimum dP/dt (F) and average dP/dt during isovolumetric relaxation (IRP 611 

dP/dt) (G). Omnibus tests: RVSP p=0.19; RVEDP p=0.41; RV dP/dtmax p=0.046; RV tau p=0.035; 612 

RV dP/dtmin p=0.04; IRP dP/dt p=0.034. *p<0.05. 613 

Figure 8: Estimation of wall stress in both ventricles. Data is shown for the left ventricle 614 

(LV, left panel; omnibus test p=0.28), the longitudinal RV wall stress (RVσlong, middle panel, 615 

omnibus test p=0.03) and the circular RV wall stress (RVσcirc, right panel, omnibus test p=0.18) 616 

*p<0.05. 617 

Figure 9: Right ventricular fibrosis in the three study groups. (A) Representative 618 

images of Sirius red-stained samples of the RV of the SED, MOD and INT groups. (B) Myocardial 619 

fibrosis quantification (Omnibus test p=0.02). Bar=100µm. *p<0.05; **p<0.01 620 
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