






groups (SMI and TMI) compared with both sham groups (TN
and SCN, P<0.05) (Table 1). Gradually increased exercise
intensity was achieved (see protocol) for both exercised
groups (TN and TMI). The TN group achieved a higher absolute
training level compared with the TMI group (higher average
training speed and slope 17�1.8 m/min and 4.2�0.4°
versus 15.2�2 m/min and 2.8�1°, respectively; P<0.05).
In addition, the trained groups (TN and TMI) showed a gradual
increase in the time to exhaustion during the 8 weeks of
exercise up to 53�4 and 30�5, respectively. In parallel, a
significant increase in exercise capacity was observed during

the third exercise test (at week 8) in both trained groups (TN
and TMI) (Table 1).

Echocardiography
While the mean ejection fraction was comparable for the
presham and postsham operation rats (77�5.3% versus
76.5�4.9%, respectively; P=0.4 [n=18]), a significant reduction
(17%) in EFwas observed in the post-LAD ligation rats compared
with the pre-LAD ligation rats (60.2�5.1% versus 77.3�5.6%,
respectively; P<0.001 [n=14]) caused by the induced MI.

Figure 1. Intensive training increases heart rate variability (HRV). A, Increased high-frequency domain in
the intensive training myocardial infarction group; left panel before exercise, right panel after 8 weeks of
intensive training. B, HRV parameters relative to normalized value at week 1 in percentage. Values are
expressed as mean�SD. AR indicates autoregressive; HF, high-frequency power; HR, heart rate; LF, low-
frequency power; PSD, power spectral density; RMSSD, root mean square of successive differences; SD1,
short-term HRV; SD2, long-term HRV; VLF, very low frequency. *P<0.05; **P<0.01.
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Heart Rate Variability
The mean heart rate change (weeks 1–8) was comparable in
all groups except the SCN group (�7%, P<0.05) (Figure 1A).
HRV data are presented in Figure 1. In both trained groups
(TN and TMI), the high-frequency domain, the SD1 (which
represents the dispersion of rapid R-R changes), and the root
mean square of successive differences (RMSSDs) represent-
ing time-domain variability increased (63�7% and 54�17%,
130�12% and 49�9%, and 130�12% and 50�9%, respec-
tively; P<0.05) (Figure 1A). In addition, a decreased low-
frequency/high-frequency ratio was observed in the TN and
TMI groups (�51�5% and 37�7%, respectively; P<0.05)
(Figure 1A), which is compatible with an increased ratio of
parasympathetic over sympathetic tones for the trained
groups. Figure 1B shows the increased HRV frequency and
time-domain variables from pretraining to posttraining mea-
surements in the trained groups.

In Vitro Mechanical Function
Cardiac mechanical function was reduced in both infarcted
groups (SMI and TMI) compared with the noninfarcted groups
(SCN and TN) (Table 2). However, in both trained groups (TN
and TMI), an increase in cardiac mechanical function was
observed (P<0.05, Table 2). In addition, training increased the

dP/dt(max) and decreased the dP/dt(min) in both the TN and
TMI groups compared with the SCN and SMI groups,
respectively (P<0.05, Table 2).

Refractoriness and Ventricular Arrhythmia
Inducibility
The ERP was comparable in both intact groups (50�2.8 ms
versus 50�2.9 ms for SCN and TN, respectively). However,
the ERP significantly increased (68�3.8 ms) in the SMI group
compared with the intact group (P<0.05). Training normalized
the ERP in the TMI group (50�12 ms). Ventricular arrhyth-
mias (VT/VF) were induced by programmed stimulation in 10
of 10 of the SCN, 8 of 8 of the SMI, and 6 of 6 of the TMI rats
as compared with 6 of 10 in the TN group (P<0.05 by
contingency chi-square test for TN compared with SCN and
SMI). Exercise training decreased the probability of all VT/VF
in the trained groups (Figure 2A). VF and VT probabilities
decreased from 4.5�0.8% in SCN to 1.56�0.2% in TN
(P<0.05), while in MI groups, the probability decreased from
13.5�2.1% in SMI to 5.4�1.2% in TMI (P<0.01). The
threshold for VF induction was 5- and 2-fold higher in the
trained groups compared with the intact groups (9.6�0.3 mA
versus 1.8�0.4 mA in SCN versus TN, respectively, and
5.73�1.89 mA versus 2.39�0.6 mA in SMI versus TMI,

Table 1. Aerobic Capacity in the Gradual Exercise Test and 8 Weeks of Training

Group ET1, min ET2, min ET3, min
Week 1,
min

Week 2,
min

Week 3,
min

Week 4,
min

Week 5,
min

Week 6,
min

Week 7,
min

Week 8,
min

SCN 10.6�0.2 10.2�0.4 9.6�0.1* 0 0 0 0 0 0 0 0

TN 9.3�0.4 9.8�0.6 12.2�0.6† 10 26�3 31�3 36�4 41�3 47�4 51�3 53�4

SMI 9.5�0.3 7.1�1.8* 7.9�1.3* 0 0 0 0 0 0 0 0

TMI 10.2�0.7 7.6�1.5* 9.3�0.6† 10 20�4 22�5 23�5 25�4 30�5 30�4 30�5

ET1, ET2, and ET3 represent baseline, pretraining, and posttraining gradual exercise tests. Rats ran on a rodent treadmill, acclimating during week 1 (5 minutes of light training). Intensive
exercise training was established from week 2 to week 8, in which rats trained to failure. SCN indicates sedentary control group; SMI, sedentary myocardial infarction group; TMI, intensive
training myocardial infarction group; TN, intensive training group.
*P<0.05.
†P<0.01.

Table 2. Measurements of Isolated Heart Mechanical Function

Group HR, bpm LVp, mm Hg LVp9HR, mm Hg9bpm dP/dt Min, mm Hg/s dP/dt Max, mm Hg/s

SCN 8�245 5�117 117�28 457 �103�2713 145�4230

TN 6�260 5�123* 84�31 094* �134�3392* 136�4770*

SMI 8�205 7�80 157�16 189 �140�2415 179�3100

TMI 10�225 9�88* 210�19 772* �148�2753* 193�3314

dP/dt minimum and maximum reflect the rate of left ventricular pressure decrease/rise in early diastole/systole. bpm indicates beats per minute; dP/dt, delta pressure/delta time; HR,
heart rate; LVp, left ventricular pressure; SCN, sedentary control group; SMI, sedentary myocardial infarction group; TMI, intensive training myocardial infarction group; TN, intensive
training group.
*P<0.05.
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respectively [P<0.05]). While the average CI was significantly
longer in the MI groups compared with the intact groups
(58.2�18 ms versus 42.5�16.5 ms, respectively [P<0.01]),
the training did not show significant differences between
groups. However, training decreased the CI dispersion (SD of
CI) in both trained groups (13.1�6 versus 20�5 in TN and
SCN, respectively, and 17.1�7 versus 20.6�5 in TMI and
SMI, respectively [P<0.05]). The scatter plot in Figure 3
illustrates that tachyarrhythmias were activated in a narrower
window in the trained animals.

VF Spectral Analysis
ECG recordings of sustained VF were spectrally analyzed to
determine their DF. Figure 4 shows the distinct averaged
power spectra of the pseudo-ECG for all VF events lasting at
least 2 seconds recorded in all animals. In accordance with
our previous study, characterization of the VF in the frequency
domain revealed a distinct profile for VF in SCN versus TN
rats. The sequential control power spectra (for the SCN group)
are mostly single peaked around 17 Hz (Figure 4). In

comparison, the power spectra for the animals in the TN
group were visibly more complex. Instead of a single and
narrow spectral peak as observed in the SCN animal, the TN
animals had, at any given moment, multiple spectral peaks
spanning a wider band between a lower frequency of 13 Hz
and a higher frequency of 22 Hz as compared with the control
sample. The SMI groups also demonstrated narrow peaked
spectrum patterns (Figure 4), but with an average slower DF
of 13.5 Hz (compared with 17 Hz for SCN). Training (TMI) did
not differentiate the DF pattern in the MI groups except for a
weaker average power spectrum in the main DF (15 Hz) in the
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Figure 2. Ventricular electrical stability. A, Reduced probability
of ventricular tachycardia/ventricular fibrillation (VT/VF) induc-
tion in trained groups (percentage of events per 1000 stimuli). B,
Increased VF threshold (VFT) in trained groups. *P<0.05;
***P<0.001. Values are expressed as mean�SD. SCN indicates
sedentary control group; SMI, sedentary myocardial infarction
group; TMI, trained myocardial infarction group; TN, trained group;
VFP, ventricular fibrillation probability; VTP, ventricular tachy-
cardia probability.
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Figure 3. Current amplitude and S2 interval for ventricular
fibrillation (VF) induction in individual experiments for the 4
groups. It can be seen that for the trained group (TN), a shorter
coupling interval and/or higher voltage pacing were needed to
induce VF. SCN indicates sedentary control group; SMI, sedentary
myocardial infarction group; TMI, trained myocardial infarction
group; VFT, VF threshold.
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Figure 4. Ventricular fibrillation (VF) spectral analysis of
pseudo-ECG recordings. Averaged power spectra of 1-second-
long pseudo-ECG segments for 69 VF events lasting more than
2 seconds in the sedentary control group (SCN), for 18 VF events
in the trained group (TN), for 223 VF events in the sedentary
myocardial infarction group (SMI), and 104 VF events in the
trained myocardial infarction group (TMI).
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sedentary group (SMI=0.85910�7 versus TMI=1.3910�7,
P<0.05).

Infarct Size and Anatomic Remodeling
Images of heart slices (Figure 5A) show a transmural infarct
of the left ventricle with a calculated average infarct size of
17�6% for both MI groups (SMI and TMI) consistent with the
echocardiography reduction of ejection fraction (�17%) in the
infarcted hearts. Exercise training and MI both induced
significant concentric myocardial hypertrophy (Figure 5A).
Heart weight increased significantly in the TN, SMI, and TMI
groups relative to the SCN group (1.5�0.1 g, 1.71�0.1 g,
and 1.93�0.25 g versus 1.42�0.3 g, respectively; P<0.05)
(Figure 5B). The ratio of heart to body weight demonstrated a
moderate level of hypertrophy in the TN, SMI, and TMI groups
relative to SCN (114.7�6.8%, 117.6�3%, and 120.1�6.5%,
respectively; P<0.05) (Figure 5C).

Discussion
The present study sheds a positive light on the controversial
influence of an intensive aerobic training protocol in normal
and infarcted rat hearts. This report shows that intensive

aerobic training reduces susceptibility to malignant arrhyth-
mia and that this reduced susceptibility is linked to intrinsic
exercise-induced normalization of refractoriness in the hyper-
trophied infarcted heart, exercise-induced increase in electri-
cal organization of excitation (CI dispersion), and increased
complexity of spatiotemporal patterns (spectral analysis of
VF-dominant frequencies), independent of the nervous system
function.

Exercise-Induced Structural Remodeling
MI structural remodeling increased heterogeneity that creates
areas of slow conduction that contributes to the generation of
arrhythmias.19,20 Moreover, structural remodeling and hyper-
trophy of the ventricle creates a predisposition to temporal
dispersion of repolarization and refractoriness and promotes
reentry mechanisms.21 Furthermore, it was shown that
intensive exercise enhanced left ventricular wall fibrosis and
dyssynchrony and created a predisposition to arrhythmia
because of electrical instability.12,13 Recently it was shown
that long-term (16 weeks), intensive exercise training in
normal rats was associated with changes in cardiac function,
fibrous tissue content, fibrotic markers, and arrhythmia
susceptibility.14 In contrast, we showed a linear protective

Figure 5. Remodeling of left ventricular wall and morphometric measurements. A, Heart slices from the
sedentary control (SCN), trained (TN), sedentary myocardial infarction (SMI), and trained myocardial
infarction (TMI) groups, demonstrating concentric hypertrophy as a result of training and myocardial
infarction. B, Average heart weight of 4 groups. C, Relative increase (%) in heart to body ratio compared with
SCN. *P<0.05; **P<0.01. Values are expressed as mean�SD.
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effect of exercise training in normal rat related to increased
intrinsic cardiac remodeling, but with a short-term training
period (8 weeks).18 It might be that prolonged compared with
short-period intensive exercise is associated with more
intrinsic changes such as induction of fibrosis. In addition,
the observed discrepancy may be related to differences of the
exercise protocol. Furthermore, it possible that intensive
exercise should be intermittent especially for a long-term
program. In addition, in human participants (52 755 men) in a
long-distance (90-km) cross-country skiing event, a faster
finishing time and a high number of completed races were
associated with bradyarrhythmia and atrial fibrillation but not
VT/VF.22 Furthermore, cardiac rehabilitation participation is
associated with a markedly reduced risk of readmission and
death after incident MI.23 In this study, we showed that
although both MI and intensive training induce myocardial
hypertrophy (about 20% increase), the trained animals were
more resistant to induction of ventricular arrhythmias.

Role of the Autonomic System
It has been shown that remodeling of the autonomic system
and increase in HRV caused by moderate aerobic exercise
training protects against ventricular arrhythmia.15,16,18 In the
present study, it was shown that an intensive training program
increases the in vivo–measured HRV frequency and
time-domain variables in the normal and infarcted heart
(Figure 1). La Rovere et al17 demonstrated that an exercise-
induced increase in baroreflex sensitivity predicts improved
prognosis after MI. Nevertheless, in our study, the arrhythmia
threshold and probability were examined on an isolated heart
perfusion system, separated from neurohumoral influence.
However, the autonomic system signature on the cellular
myocardial cyclic AMP level in isolated heart was previously
demonstrated.

Normalization of Cardiac Electrical Properties
Our findings suggest that exercise-induced resistance to
arrhythmia may relate to intrinsic electrophysiological car-
dioadaptive mechanisms. The correlation between MI-induced
mechanical and structural remodeling and the prolongation of
the ERP and the tendency to develop malignant arrhythmias is
well established.24,25 Similar trends representing ventricular
electromechanical relationships were demonstrated in our
sedentary MI group and involve asymmetrical hypertrophy
(Table 2). However, mechanical function was improved
significantly in the TMI group in conjunction with normaliza-
tion of cardiac electrical properties, and while the MI
significantly extended the ERP duration in the SMI group
(68�3.8), training normalized it to the level of an intact
healthy heart in the TMI group (50�12).

In the 1960s, Han and Moe26 concluded that the
development of VF is related to variations in the refractory
period. Post-MI electrical heterogeneity is related to trans-
mural and apex-to-base heterogeneities in action potential
durations.27 In our trained rats, decreased CI dispersion and
increased fibrillation threshold were observed (Figures 2 and
3) and expressed as reduced transmural electrical hetero-
geneity in both MI and normal hearts caused by training. We
propose that intensive exercise-induced intrinsic antiarrhyth-
mic mechanisms are related to the transmural regional effect
of exercise on the mechanical and electrical properties of
cardiac myocytes. Those changes were confirmed by Natali
et al,28 who demonstrated a decreased action potential
duration gradient between the epicardial and the endocardial
cells in response to training. In addition, they showed an
expression of enlargement of the endocardial cells as well as
sharper amplitude of the stretch–force relationship in the
trained myocytes, which is comparable to the global concen-
tric hypertrophy and increased dP/dt(max) in our trained
isolated heart. Those electromechanical modifications may
represent the athletic heart adaptation to the increased
hemodynamic load driven by exercise, which involves faster
and more efficient mechanical activation, followed by the
resynchronization of the temporal electrophysiological prop-
erties of cardiac myocytes.

VF Dominant Frequencies
The spectral analysis of electrical activity and its activation
rate as measured by the DF have been used to gain insight
into mechanisms underlying fibrillation. Regional heterogene-
ity in the DF of local electrical activity has been attributed to
the presence of a driving reentrant source localized to the
region with the highest DF and a particular ionic makeup.29

The hierarchy of decreasing DFs at the periphery of the
highest DF is said to result from frequency-dependent
conduction impairments, whereby the acceleration of a driver
(ie, higher DF) would increase the complexity of the global
patterns of activity with an increased number of frequency
components in the global ECGs.30 Our spectral analysis of
pseudo-ECG in Figure 4 shows that VF in the sedentary
control group is characterized by a narrow power spectrum
with a DF at about 17 Hz that was stable over the course of
the recordings. In contrast, multiple peaks with higher DFs up
to 22 Hz were found in the power spectra of the normal
trained group during VF. We suggest that the sources of the
VF in the trained intact animals accelerate to produce higher
DF values, which, in turn, give rise to additional frequency
components corresponding to an intermittent blockade of
impulses as well as alterations in the direction and velocity of
their propagation across the ventricles of the trained
animals.18 We advocate that this hyperdynamic mechanism
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represents the difficulty in stabilization of re-entry currents,
which may also explain the increased resistance to VF
propagation.

The MI groups also demonstrated a central, dominant,
peaked-spectrum pattern, but with an average slower DF of
13.5 Hz in comparison to the 17-Hz DF of the sedentary control
animals (P<0.05). Training did not differentiate the DF pattern
in the MI groups except for a weaker average power spectrum
in the main DF in the sedentary group. Thus, we suggest that
the sources of VF in the MI animals propagate to produce
slower DF values, which, in turn, give rise to a focal DF
component corresponding to a blockade of impulses charac-
terized by slower conduction velocity and longer refractoriness.

Limitations
The main limitation of our study is that our electrical
recordings during sinus rhythm and arrhythmia are global
and cannot give high-resolution information on spatial
patterns of excitation. Second, despite the obvious intrinsic
remodeling inferred by our global results in the isolated heart
experiments, no structural and cellular mechanisms underly-
ing our observations were explored in the present study and
will have to be considered in the future. Finally, because only
male rats were used, the effect modification by sex could not
be assessed.

Conclusions
The clinical implications of this study should be further
confirmed with human heart adaptation to an intensive
exercise regimen, which may not be the same as the regimen
for a rat.

Disclosures
None.
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