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Abstract
Background: Exhaustive physical exercise can cause substantial changes in the electrical properties of the myocardium.

Objective: To evaluate, using body surface potential mapping, the electrical activity of the heart in rats during ventricular 
depolarization after acute exhaustive exercise.

Methods: Twelve-week-old male rats were submitted to acute treadmill exercise at 36 m/min until exhaustion. Unipolar 
electrocardiograms (ECGs) from the torso surface were recorded in zoletil-anesthetized rats three to five days before 
(Pre-Ex), 5 and 10 minutes after exhaustive exercise (Post-Ex 5 and Post-Ex 10, respectively) simultaneously with ECGs 
in limb leads. The instantaneous body surface potential maps (BSPMs) were analyzed during ventricular depolarization. 
P values <0.05 were considered statistically significant.

Results: Compared with Pre-Ex, an early completion of the second inversion of potential distributions, an early 
completion of ventricular depolarization, as well as a decrease in the duration of the middle phase and the total duration 
of ventricular depolarization on BSPMs were revealed at Post-Ex 5. Also, compared with Pre-Ex, an increase in the 
amplitude of negative BSPM extremum at the R-wave peak on the ECG in lead II (RII-peak) and a decrease in the 
amplitude of negative BSPM extremum at 3 and 4 ms after RII-peak were showed at Post-Ex 5. At Post-Ex 10, parameters 
of BSPMs did not differ from those at Pre-Ex.

Conclusion: In rats, acute exhaustive exercise causes reversible changes in the temporal and amplitude characteristics 
of BSPMs during ventricular depolarization, most likely related to alterations in the excitation of the main mass of the 
ventricular myocardium.
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Introduction
The beneficial effects of regular physical exercise on 

public health, including reduced risk of cardiovascular 
diseases, have been well established.1,2 However, excessive 
exercise can cause damage to the body, especially the 
heart. A number of studies have demonstrated a transient 
deterioration in cardiac function after acute bouts of 
prolonged endurance exercise in apparently healthy 
individuals.3,4 Excessive physical exercise may be a trigger 
for malignant ventricular arrhythmias, acute myocardial 
infarction and sudden cardiac death in susceptible 
persons.5

Research on the impact of exhaustive exercise on 
the cardiovascular system is essential. But, in humans, 

it is difficult to objectively determine exhaustion under 
laboratory conditions, since it is measured by the inability 
of the subject to maintain the exercise regimen by volitional 
effort.6,7 In this regard, the advantage of model animals 
(e.g., rats, mice) in evaluating physiological responses to 
exhaustive exercises is that there are objective criteria for 
the definition of exhaustion, such as the inability of an 
animal to continue running despite the external stimuli 
during a treadmill running test8,9 or sinking to the bottom 
of the pool during a forced swimming test.10

Numerous studies in laboratory animals have shown 
myocardial tissue damage and cardiac function impairment 
associated with cardiomyocyte apoptosis, oxidative stress 
and inflammatory responses after acute bouts of exhaustive 
exercise.11-13 It has been reported that acute exhaustive 
exercise causes changes in electrocardiographic patterns 
in rats, suggesting ventricular depolarization alterations.14,15

Body surface potential mapping based on a simultaneous 
register of cardiac-generated potentials, from multiple 
sites, over the entire torso surface, provides more 
physiological and diagnostic information about electrical 
events in the myocardium, compared with conventional 
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electrocardiography.16-18 By using body surface potential 
mapping, the present study aimed to evaluate the electrical 
activity of the heart in laboratory rats during ventricular 
depolarization after acute exhaustive exercise.

 

Methods

Experimental animals
Twelve-week-old male outbred albino rats (n=24), 

weighing between 200 and 300 g, were purchased from the 
Stolbovaya Branch of the Scientific Center for Biomedical 
Technologies of the Federal Medical-Biological Agency 
(Russian Federation). The rats were housed in group cages in 
a temperature-controlled room (22 ± 2°C) under a 12-h light/
dark cycle and fed standard commercial rodent chow and 
water ad libitum. All experimental procedures and protocols 
were carried out in accordance with the Guide for the Care 
and Use of Laboratory Animals published by the National 
Institutes of Health (NIH Publication No. 85-23, revised 1996) 
and approved by the Ethics Committee of the Komi Science 
Centre of the Ural Branch of the Russian Academy of Sciences 
(Syktyvkar, Russian Federation).

Exercise protocol
A motorized rodent treadmill (Panlab / Harvard 

Apparatus, Spain) was used to create acute exhaustive 
exercise for rats. Mild electrical pulses (0.5 mA) from the 
electrified grid on the rear of the treadmill motivated the 
animals to exercise. Before experimentation, the rats were 
accustomed to treadmill exercise for three consecutive days 
(10 min/day, 12-36 m/min, 0° incline). Only certain rats, 
capable of running in an adaptive mode, were selected 
for further study. On the day of the exercise test, the rats 
were running at a speed of 36 m/min and 0° incline until 
exhaustion. Exhaustion was defined as the point at which 
the rat could not run anymore, despite being pushed 
against the shock grid by the moving treadmill belt.8 The 
running time to exhaustion was computed using Sedacom 
version 2.0 software (Panlab / Harvard Apparatus, Spain).

Conventional electrocardiography and body surface 
potential mapping

The registration of heart electrical activity was performed 
three to five days before (Pre-Ex), 5 and 10 minutes after 
(Post-Ex 5 and Post-Ex 10, respectively) acute exhaustive 
exercise. The rats were anesthetized with Zoletil (tiletamine / 
zolazepam combination, Virbac, France) at a dose of 3.5 mg 
/ 100 g, i.m. and placed in the supine position on a heating 
pad to maintain body temperature approximately at 37°C. 
Unipolar electrocardiograms (ECGs) were recorded from 
subcutaneous needle electrodes, evenly distributed around 
the torso from the level of the cervicothoracic junction to 
the inferior rib margins (Figure 1). A total of 64 electrodes at 
Pre-Ex and 32 ones at Post-Ex 5 and Post-Ex 10 were used. 
Simultaneously with unipolar ECGs from the surface of the 
torso, ECGs were recorded in bipolar limb leads. The Wilson 
central terminal served as a reference for the unipolar torso 
leads. The data were acquired using a multichannel computer 

system (bandwidth of 0.05-1000 Hz, sampling rate of 4000 Hz, 
and accuracy of 16 bits). The rats had a period of three 
to five days to recover from anesthesia prior to exhaustive 
exercise. To register post-exercise cardiac potentials, the rats 
were anesthetized immediately after exhaustion.

The duration of R-R intervals and ventricular depolarization 
parameters (QRS duration, R- and S-wave duration and 
amplitude, the sum of R- and S-wave amplitudes) were 
analyzed on the ECG in the limb lead II (ECGII). The R-R 
intervals were used to compute the heart rate (HR). Based 
on unipolar ECGs, instantaneous body surface equipotential 
(isopotential) maps were constructed, reflecting the 
distribution of cardiac potentials in each instant of ventricular 
depolarization on a flat pattern of the chest surface aligned 
to a rectangular plane. The body surface potential maps 
(BSPMs) analyzed the spatial location and shifting trajectories 
of the areas and extrema of positive and negative potentials 
on the thorax surface, the amplitudes of extrema in 
sequential time instants during ventricular depolarization, the 
maximum amplitudes of extrema for the whole ventricular 
depolarization, and the time when the extrema reached 
maximum amplitudes. Temporal characteristics of the BSPMs 
were presented in ms, relative to the peak of RII-wave (up to 
the RII-peak – with a minus sign).

According to the spatial-temporal dynamics of body 
surface potential distribution, the following phases of 
ventricular depolarization were differentiated:19

1. Initial phase – from the formation of a cardiac potential 
distribution pattern, corresponding to ventricular 
depolarization, to the completion of the first inversion 
of positive and negative potential areas.

2. Middle phase – from completion of the first inversion to 
completion of the second inversion of potential areas.

3. Terminal phase – from the completion of the second 
inversion of potential areas to the disappearance 
of potential distribution pattern corresponding to 
ventricular depolarization.

Figure 1 – Positions of electrodes on the rat’s body surface using 64 unipolar 
torso leads. Four rows of needle electrodes were placed on the ventral, and 
four rows on the dorsal surface of the body (eight electrodes in each row). 
When using 32 unipolar torso leads, the number of electrode rows on the 
ventral and dorsal body surfaces decreased twice.
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For each rat, characteristics of ECGII and BSPMs were 
determined from the three to five beats at Pre-Ex, Post-Ex 5, 
and Post-Ex 10. 

Statistical analysis

The statistical analysis was performed using a Statistica 
software package (version 10.0, StatSoft, Tulsa, OK, USA). 
Continuous data normality was checked using the Shapiro-
Wilk test. Normally distributed variables were expressed as 
mean ± standard deviation, and non-normally distributed 
variables were presented as median, first and third quartiles. 
For the data with normal distribution, the repeated measures 
analysis of variance (ANOVA) was used, followed by Dunnett’s 
multiple comparison test as a post-hoc analysis. When the data 
were non-normally distributed, the non-parametric Friedman 
test, followed by Wilcoxon’s test with Bonferroni adjustment, 
was performed. A statistical significance was established at an 
alpha level of 0.05, except for Wilcoxon’s test, in which the 
alpha level was adjusted to 0.025 (according to the number 
of pairwise comparisons) to avoid a type I error. The sample 
size was determined by convenience. Data20 have been taken 
into account that up to 10% of rats from commercial vendors 
refuse to run on a treadmill and should be eliminated from 
exercise studies. 

Results

Exercise performance

Of 24 rats used to get familiarized with running sessions, 
20 were selected for the acute exhaustive exercise according 
to their running ability. In these rats, the running time to 
exhaustion was 19.5 ± 5.6 min.

Conventional ECG parameters
Table 1 shows the ECGII findings. There were no statistically 

significant changes in HR values after exhaustive treadmill 
exercise. Compared with those at Pre-Ex, the QRSII duration 
and RII-wave duration were lower at Post-Ex 5. Compared 
with those at Pre-Ex, the SII-wave amplitude and the sum 
of RII- and SII-wave amplitudes were higher at Post-Ex 5 and 
Post-Ex 10. There were no significant changes in either the 
SII-wave duration or the RII-wave amplitude after exhaustive 
treadmill running.

Spatial pattern of BSPMs
Before exhaustive exercise, the body surface potential 

distribution pattern, corresponding to the onset of ventricular 
depolarization, was observed prior to the appearance of the 
QRS complex on ECGII (Figure 2, Pre-Ex, instant –9 ms). In 
this case, the area of the positive cardiac potentials covered 
the cranial part of the ventral chest and the entire dorsal 
chest, with the positive extremum being located mainly in 
the cranial third of the left-lateral chest. The area of negative 
potentials, and the negative extremum, were located in 
the caudal part of the ventral chest. During the upslope of  
RII-wave, the first inversion of potential distributions occurred on 
BSPMs, and as a result, the positive and negative areas changed 
their relative positions (Figure 2, Pre-Ex, instant –5.5 ms). 
By the completion of the first inversion, the positive 
extremum was located caudally on the ventral chest, and the 
negative extremum was located cranially, more frequently on 
the back. In the instant of the RII-wave peak, the location of 
areas and extrema on BSPMs remained essentially unchanged 
(Figure 2, Pre-Ex, instant 0 ms). During the downslope of  
RII- and SII-waves, the second inversion of potential 
distributions was observed on the BSPMs, and as a 
consequence, the area of negative potentials was located in 
the caudal part of the chest, left laterally or ventrally, while 
the area of positive potentials occupied the remaining chest 
surface (Figure 2, Pre-Ex, instant 4.0 ms). By the completion 
of the second inversion, the positive extremum shifted 
cranially and right laterally, with the negative extremum 
being located caudally on the left lateral chest. During the 
transition from SII-wave to TII-wave, a pattern was recorded 
on the BSPMs of an unstable position of the positive and 
negative areas, which indicated the completion of the 
ventricular depolarization (Figure 2, Pre-Ex, instant 5.5 ms). 
After exhaustive exercise, spatial potential distributions 
during ventricular depolarization were quite similar to those 
at Pre-Ex (Figure 2, Post-Ex 5 and Post-Ex 10). 

Temporal characteristics of BSPMs
There were no significant changes in either the time 

of ventricular depolarization onset or the time of the first 
inversion completion of potential distributions on BSPMs after 
exhaustive treadmill exercise (Figure 3). Compared with that at 
Pre-Ex, the second inversion of potential distributions on BSPMs 
was completed significantly earlier at Post-Ex 5 (Figure 3). 
In addition, compared with that at Pre-Ex, ventricular 
depolarization on BSPMs was completed significantly earlier 
at Post-Ex 5 (Figure 3).

Table 1 – ECGII parameters before and after acute exhaustive 
treadmill exercise

Pre-Ex Post-Ex 5 Post-Ex 10

HR, bpm 480.3 ± 23.3 484.5 ± 25.2 490.7 ± 28.8

QRSII duration, ms 16.0 ± 1.1 15.3 ± 1.2* 15.8 ± 1.7

RII-wave duration, 
ms

9.7 ± 1.0 9.1 ± 0.9* 9.4 ± 1.0

SII-wave duration, 
ms

6.3 ± 1.4 6.2 ± 1.5 6.3 ± 1.7

RII-wave amplitude, 
mV

0.62 ± 0.16 0.65 ± 0.15 0.63 ± 0.14

SII-wave amplitude, 
mV

-0.28 ± 0.15 -0.35 ± 0.18* -0.35 ± 0. 19*

Sum of RII- and SII-
wave amplitudes, mV

0.90 ± 0.19 0.99 ± 0.20* 0.98±0.20*

Data are expressed as mean ± standard deviation (n = 20). Pre-Ex: 
before exhaustive exercise; Post-Ex 5: 5 minutes after exhaustive 
exercise; Post-Ex 10: 10 minutes after exhaustive exercise. HR: 
heart rate. Repeated measures ANOVA and Dunnett’s post-hoc test; 
*p < 0.05 vs. Pre-Ex.
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No significant changes in the duration of the initial and the 
terminal phases of ventricular depolarization were observed 
on the BSPMs after exhaustive treadmill running (Figure 4). 
Compared with those at Pre-Ex, the duration of the middle 
phase and the total duration of ventricular depolarization 
decreased at Post-Ex 5 (Figure 4). 

Characteristics of BSPM extrema

During ventricular depolarization, the amplitudes 
of positive and negative BSPM extrema pre- and post-
exhaustive treadmill exercise progressively increased, 
reaching maximum values near the peak of the RII-wave, 
then decreased (Figure 2, Table 2). There were no 
significant changes in either the maximum amplitudes of 

BSPM extrema during ventricular depolarization, or the 
time when extrema reached maximum amplitudes after 
acute exhaustive exercise (Figure 5). 

The amplitudes of BSPM extrema at different moments 
during ventricular depolarization are shown in Table 2. Due 
to the individual variations in the onset and completion 
times of ventricular depolarization on BSPMs, the time 
range corresponding to the depolarization of ventricles in 
all studied animals (i.e. from -5 to 4 ms relative to RII-peak) 
was analyzed. At each analyzed moment of the chosen time 
range, no significant changes in the amplitude of positive 
BSPM extremum were observed after exhaustive treadmill 
exercise. At the RII-peak, the amplitude of negative BSPM 
extremum at Post-Ex 5 was higher compared with that at 
Pre-Ex (Table 2, instant 0 ms). Additionally, 3 and 4 ms 

Figure 2 – Body surface equipotential maps during ventricular depolarization before and after acute exhaustive treadmill exercise in the same rat. 
The areas of positive (filled) and negative potentials are shown. The signs, plus and minus, show the location of the positive and negative extrema, 
respectively. Below each map, the time relative to the RII-wave peak and the amplitudes of the positive and negative extrema are shown. Near to each 
map, ECGII is shown with a time marker (vertical line). The isopotential contour spacing is 0.2 mV. In each map, the left part represents the ventral 
body surface, and the right represents the dorsal body surface. Pre-Ex: before exhaustive exercise; Post-Ex 5: 5 minutes after exhaustive exercise; 
Post-Ex 10: 10 minutes after exhaustive exercise.

-9.0 ms  0.06 mV
-0.03 mV

-9.0 ms  0.04 mV
-0.05 mV

-9.0 ms  0.04 mV
-0.08 mV

-5.5 ms  0.12 mV
-0.11 mV

-5.5 ms  0.10 mV
-0.11 mV

-5,5 ms  0.08 mV
-0.11 mV

0.0 ms  0.75 mV
-0.66 mV

0.0 ms  0.70 mV
-0.78 mV

0.0 ms  0.76 mV
-0.72 mV

Pre-Ex Post-Ex 5 Post-Ex 10

4.0 ms  0.31 mV
-0.15 mV

3.0 ms  0.21 mV
-0.14 mV

3.5 ms  0.25 mV
-0.14 mV

5.5 ms  0.16 mV
-0.07 mV

4.0 ms  0.10 mV
-0.06 mV

4.5 ms  0.07 mV
-0.04 mV
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after RII-peak, the amplitudes of negative BSPM extremum 
at Post-Ex 5 were lower compared with those at Pre-Ex 
(Table 2, moments 3 and 4 ms).

Discussion
In the present study, the electrical activity of the heart 

was evaluated during ventricular depolarization after acute 
exhaustive treadmill exercise in previously untrained rats, 

by using body surface potential mapping in combination 
with conventional electrocardiography.

The immediate cardiovascular response to forced 
treadmill exercise in rodents is an increase in HR,21,22 
ensuring an increase in cardiac output. In Wistar rats, 
the HR acceleration, during treadmill exercise, is 
predominantly determined by the cardiac autonomic nerve 
activity, especially by an augmentation in sympathetic 

Figure 3 – Temporal parameters of BSPMs during ventricular depolarization, before and after acute exhaustive treadmill exercise. The time is shown relative to 
the RII-wave peak. Data are expressed as mean ± standard deviation (n = 20). Pre-Ex: before exhaustive exercise; Post-Ex 5: 5 minutes after exhaustive exercise; 
Post-Ex 10: 10 minutes after exhaustive exercise. Repeated measures ANOVA and Dunnett’s post-hoc test; *p < 0.05 vs. Pre-Ex.

T
im

e 
(m

s)

8

-8

-10

-12

6

-6

4

-4

2

-2

0

Pre-Ex Post-Ex 5 Post-Ex 10

Onset of ventricular depolarization
Completion of first inversion of potential distributions
Completion of second invertion of potential distributions
Completion of ventricular depolarization

D
u

ra
ti

o
n

 (m
s)

0

4

8

12

16

20

Pre-Ex Post-Ex 5 Post-Ex 10

Initial phase Terminal phaseMiddle phase Total depolarization

Figure 4 – Duration of individual phases and total duration of ventricular depolarization on BSPMs before and after acute exhaustive treadmill exercise. Data are 
expressed as mean ± standard deviation (n = 20). PreEx: before exhaustive exercise; Post-Ex 5: 5 minutes after exhaustive exercise; Post-Ex 10: 10 minutes 
after exhaustive exercise. Repeated measures ANOVA and Dunnett’s post-hoc test; *p < 0.05 vs. Pre-Ex.

770



Arq Bras Cardiol. 2022; 119(5):766-775

Original Article

Ivonin et al.
BSPM in Rats after Exhaustive Exercise

outflow.23 The decrease in HR, after physical exercise 
cessation, is likely the manifestation of vagal reactivation.24 
Previous studies on untrained rats have demonstrated the 
decline in HR to the initial level at 10 minutes after acute 
exhaustive treadmill running.25 In the present study, in both 
situations after exhaustive exercise (Post-Ex 5 and Post-Ex 
10), HR values were nearly equal to that at baseline (Pre-
Ex). In our opinion, these results could be explained by a 
decrease in HR to the pre-exercise level within the first 5 
minutes following running until exhaustion.

In healthy human subjects, the ECG response to physical 
exercise consists of either a decrease in the QRS duration 
or no changes in QRS duration.26,27 The shortening of 
the QRS duration with exercise in healthy individuals 
is attributed to enhanced intraventricular conduction 
velocity, due to increased adrenergic tone.26 Meanwhile, 
QRS prolongation with exercise is considered an abnormal 
ECG finding and might be used as a marker of myocardial 
ischemia.28 The significant prolongation of the duration 
of QRS, accompanied by the impairment of the cardiac 
functional capacity, was observed in healthy Sprague-
Dawley rats, which were submitted to acute exhaustive 
treadmill exercise, compared with their sedentary control.15 
We found a decrease in the QRSII duration and RII-wave 
duration at Post-Ex compared with those at Pre-Ex, while 
at Post-Ex 10 these parameters returned to near Pre-Ex 
level. It is generally accepted that, in humans, the R-wave 
in limb leads of ECG represents the depolarization of the 
left and right ventricles, and S-wave reflects predominantly 
the excitation of the basal parts of ventricles.29 The genesis 
of R- and S-waves on ECGs in rats is similar to that in 
humans.30 Thus, our results suggested that the changes in 
QRS duration after acute exhaustive exercise in rats were 
related to a transient decrease in the excitation duration 
in most of the ventricular myocardium.

In apparently healthy humans, a decrease in the R-wave 
amplitude, with or without an increase in the S-wave 
amplitude, is observed on ECGs at maximal exercise.31,32 
The reduction in the R-wave amplitude, with strenuous 
exercise, is attributed to a decrease in the ventricular 
end-diastolic volume,27 as well as to changes in cardiac 
electrical activation,31 while the increase in S-wave 
amplitude is assumed to be related to electrical axis shifts 
or ventricular conduction alterations.33 In this study, the 
RII-wave amplitude did not alter after exhaustive treadmill 
running. However, compared with Pre-Ex, the amplitude 
of SII-wave increased at Post-Ex 5 and Post-Ex 10. Since the 
sum of the RII- and SII-wave amplitudes also increased at 
Post-Ex 5 and Post-Ex 10, variations in SII-wave amplitude 
following exhaustive exercise were probably not the result 
of a QRS axis deviation. Because of the lack of an isoelectric 
ST-segment in rats, the increase in the S-wave amplitude 
on rat ECGs is regarded as the ST-segment depression and 
is interpreted as a sign of myocardial ischemia.34,35 So, in 
the present study, the increase in the amplitude of SII-wave 
in exhausted rats may be caused by exercise-induced 
ischemic alterations in heart ventricles. Nonetheless, 
further studies are needed to confirm this assumption.Ta
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left ventricle, and the second inversion resulted from the 
change in the direction of the activation wave towards the 
base of the left ventricle and the excretory cone of the 
aorta.19 During the initial phase of ventricular depolarization 
on BSPMs, the excitation wave, in rats, spreads through 
the conducting system and then moves through the 
myocardium in an endo-epicardial direction. During the 
middle and terminal phases of ventricular depolarization 
on BSPMs, there is an excitation of the main mass of the 
ventricular myocardium, and the base of the left ventricle, 
respectively.19 In this study, at Post-Ex 5, in comparison with 
Pre-Ex, an earlier completion of the second inversion of 
potential distributions, an earlier completion of ventricular 
depolarization, as well as a decrease in the duration of 
the middle phase and the overall duration of ventricular 
depolarization were demonstrated on BSPMs, which 
appears to have resulted from a decrease in the activation 
duration of the main mass of the ventricular myocardium. 
At Post-Ex 10, temporal parameters of BSPMs did not 
differ from those at Pre-Ex. Thus, in the present study, the 
changes in the temporal BSPM characteristics, subsequent 
to acute exhaustive treadmill exercise, were caused by a 
reversible reduction in the duration of the middle phase 
of ventricular depolarization, while the durations of the 
initial and terminal phases remained essentially unchanged. 
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Figure 5 – Maximum amplitudes of positive (A) and negative (B) extrema on BSPMs during ventricular depolarization, and the time when positive and negative 
extrema reached maximum amplitudes (C and D, respectively) before and after acute exhaustive treadmill exercise. The time is shown relative to the RIIwave 
peak. Data are expressed as median, first and third quartiles, minimum and maximum (n = 20). PreEx: before exhaustive exercise; Post-Ex 5: 5 minutes after 
exhaustive exercise; Post-Ex 10: 10 minutes after exhaustive exercise. Friedman test, p > 0.05.

Changes in the spatial distribution of cardiac potentials 
on the body surface, during ventricular depolarization, 
are indicators of alterations in the direction of excitation 
wavefronts in the heart ventricles.16,36 Miller et al.37 
observed significant changes in the migration trajectory of 
negative extremum, as well as the appearance of additional 
anterior positive extrema on BSPMs during the QRS 
complex at maximal exercise in healthy subjects, which 
they considered to be due to a delay in the activation of the 
left ventricular free wall, relative to the onset of excitation 
in the right ventricle and intraventricular septum. 

Takala et al.38 disclosed no changes in spatial patterns of 
QRS-time BSPMs after maximal exercise in healthy individuals. 
In the present study, spatial BSPM patterns during ventricular 
depolarization were similar to those previously observed in 
healthy Wistar rats.39 The locations of areas and extrema, and 
their dynamics on BSPMs at Post-Ex 5 and Post-Ex 10 were 
almost identical to those at Pre-Ex, which suggested that the 
main direction of the activation wave in rat ventricles did 
not change greatly with acute exhaustive treadmill exercise.

In rats, the first inversion of potential distributions on the 
BSPMs, during ventricular depolarization, is caused by a 
breakthrough of the excitation wave on the subepicardium 
of both the base of the right ventricle and the apex of the 
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Compared with conventional electrocardiography, body 
surface potential mapping allowed a more accurate 
identification of the stage of ventricular depolarization, 
the duration of which was considerably altered as a result 
of exhaustive treadmill exercise in rats.

Regarding the effect of strenuous exercise on the 
amplitude of BSPM parameters, Mirvis40 described a 
reduction in the amplitude of positive extremum and 
an increase in the amplitude of negative extremum on 
isopotential maps of the anterior surface of the thorax at 
different points of the QRS complex during submaximal 
exercise in healthy subjects. Other authors37 revealed the 
decrease in the maximum amplitude of the positive BSPM 
extremum during QRS, with maximal exercise in healthy 
volunteers, which they surmised was a result from the 
changes in activation wavefronts in the left ventricular 
wall. In our study, the maximum amplitudes of positive and 
negative BSPM extrema during ventricular depolarization, 
and the time when the extrema reached maximum 
amplitudes, did not alter significantly after exhaustive 
treadmill exercise. Meanwhile, compared with those at 
Pre-Ex, the amplitude of negative BSPM extremum in the 
instant of RII-peak and 3 and 4 ms after RII-peak changed at 
Post-Ex 5. The exact causes of these changes are unclear. As 
we have shown, in the moment of 3 ms after RII-peak, the 
second inversion of potential distributions on BSPMs was 
still continuing at Pre-Ex, whereas it was already completed 
at Post-Ex 5. Therefore, the decrease in amplitude of the 
negative BSPM extremum 3 and 4 ms after RII-peak at Post-
Ex 5 as compared with those at Pre-Ex may be associated 
with an earlier completion of the second inversion of 
potential distributions on BSPMs.

In summary, according to the results, this is the first study 
to show the body surface potential distributions during 
ventricular depolarization following acute exhaustive 
exercise in rats. We suggest that the transient changes in 
temporal and amplitude characteristics of BSPMs observed 
in rats, after treadmill running until exhaustion, were 
physiological and reflected the electrical behavior of the 
heart at strenuous physical exercise.

The present study has limitations. First, our results are 
restricted only to young adult male rats and cannot be 
applied directly to the population of laboratory rats as a 
whole. Second, in the current study, the recording of the 
heart electrical activity was performed in zoletil-anesthetized 
animals. Although it has been shown that zoletil has a minimal 
cardiovascular effect,41 the influence of this anesthetic on the 
obtained data cannot be completely excluded. 

Conclusion
In conclusion, our data showed that acute treadmill exercise 

until exhaustion did not alter the spatial pattern of body surface 
potential distributions during ventricular depolarization but 
induced the decrease in the duration of the middle phase, 
and the total duration of ventricular depolarization, as well as 
the changes in the amplitude of negative extremum of BSPMs 
during ventricular depolarization in rats.

Author Contributions
Conception and design of the research, Acquisition of 

data and Critical revision of the manuscript for important 
intellectual content: Ivonin AG, Smirnova SL, Roshchevskaya 
IM; Analysis and interpretation of the data: Ivonin AG, 
Roshchevskaya IM; Statistical analysis and Writing of the 
manuscript: Ivonin AG.

Potential Conflict of Interest
No potential conflict of interest relevant to this article was 

reported.

Sources of Funding
There were no external funding sources for this study.

Study Association
This study is not associated with any thesis or dissertation 

work.

1. Fiuza-Luces C, Santos-Lozano A, Joyner M, Carrera-Bastos P, Picazo O, 
Zugaza JL, et al. Exercise Benefits in Cardiovascular Disease: Beyond 
Attenuation of Traditional Risk Factors. Nat Rev Cardiol. 2018;15(12):731-
43. doi: 10.1038/s41569-018-0065-1.

2. Pinckard K, Baskin KK, Stanford KI. Effects of Exercise to Improve 
Cardiovascular Health. Front Cardiovasc Med. 2019;6:69. doi: 10.3389/
fcvm.2019.00069.

3. Middleton N, Shave R, George K, Whyte G, Hart E, Atkinson G. Left 
Ventricular Function Immediately Following Prolonged Exercise: A Meta-
analysis. Med Sci Sports Exerc. 2006;38(4):681-7. doi: 10.1249/01.
mss.0000210203.10200.12.

4. Elliott AD, La Gerche A. The Right Ventricle Following Prolonged Endurance 
Exercise: Are we Overlooking the More Important Side of the Heart? 
A Meta-analysis. Br J Sports Med. 2015;49(11):724-9. doi: 10.1136/
bjsports-2014-093895. 

5. Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D, Estes NA 
3rd, et al. Exercise and Acute Cardiovascular Events Placing the Risks 
into Perspective: a Scientific Statement from the American Heart 
Association Council on Nutrition, Physical Activity, and Metabolism and 
the Council on Clinical Cardiology. Circulation. 2007;115(17):2358-68. 
doi: 10.1161/CIRCULATIONAHA.107.181485.

6. Stawski R, Walczak K, Kosielski P, Meissner P, Budlewski T, Padula G, et 
al. Repeated Bouts of Exhaustive Exercise Increase Circulating Cell Free 
Nuclear and Mitochondrial DNA without Development of Tolerance in 
Healthy Men. PLoS One. 2017;12(5):e0178216. doi: 10.1371/journal.
pone.0178216.

7. Gurton WH, Gough LA, Sparks SA, Faghy MA, Reed KE. Sodium 
Bicarbonate Ingest ion Improves Time-to -Exhaust ion Cycl ing 
Performance and Alters Estimated Energy System Contribution: A 
Dose-Response Investigation. Front Nutr. 2020;7:154. doi: 10.3389/
fnut.2020.00154.

References

773



Arq Bras Cardiol. 2022; 119(5):766-775

Original Article

Ivonin et al.
BSPM in Rats after Exhaustive Exercise

8. Walters TJ, Ryan KL, Tate LM, Mason PA. Exercise in the Heat is Limited by a 
Critical Internal Temperature. J Appl Physiol (1985). 2000;89(2):799-806. 
doi: 10.1152/jappl.2000.89.2.799.

9. Gomes MJ, Martinez PF, Campos DH, Pagan LU, Bonomo C, Lima AR, et al. 
Beneficial Effects of Physical Exercise on Functional Capacity and Skeletal 
Muscle Oxidative Stress in Rats with Aortic Stenosis-Induced Heart Failure. 
Oxid Med Cell Longev. 2016;2016:8695716. doi: 10.1155/2016/8695716. 

10. Xia L, Li M, Zhang Y, Ruan J, Pei J, Shi J, et al. Exhaustive Exercise Does Not 
Affect Humoral Immunity and Protection after Rabies Vaccination in a 
Mouse Model. Virol Sin. 2018;33(3):241-8. doi: 10.1007/s12250-018-
0026-1.

11. Oláh A, Németh BT, Mátyás C, Horváth EM, Hidi L, Birtalan E, et al. 
Cardiac Effects of Acute Exhaustive Exercise in a Rat Model. Int J Cardiol. 
2015;182:258-66. doi: 10.1016/j.ijcard.2014.12.045.

12. Zhang H, Liu M, Zhang Y, Li X. Trimetazidine Attenuates Exhaustive 
Exercise-Induced Myocardial Injury in Rats via Regulation of the Nrf2/
NF-κB Signaling Pathway. Front Pharmacol. 2019;10:175. doi: 10.3389/
fphar.2019.00175.

13. Li Y, Xu P, Wang Y, Zhang J, Yang M, Chang Y, et al. Different Intensity 
Exercise Preconditions Affect Cardiac Function of Exhausted Rats through 
Regulating TXNIP/TRX/NF-κBp65/NLRP3 Inflammatory Pathways. 
Evid Based Complement Alternat Med. 2020;2020:5809298. doi: 
10.1155/2020/5809298.

14. Xu P, Kang T, Liu HY, Sun WW, Xie YN, Cao XB. The Effect of Nuclear 
Factor Erythroid-2-related Factor2 on the Changes of Cardiac Function 
and Electrocardiogram in Rats After Exhausted Exercise. Zhongguo Ying 
Yong Sheng Li Xue Za Zhi. 2016;32(2):146-151. doi: 10.13459/j.cnki.
cjap.2016.02.013. 

15. Su Y, Wang Y, Xu P, Sun Y, Ping Z, Huang H, et al. Study on the Time-
effectiveness of Exercise Preconditioning on Heart Protection in Exhausted 
rats. Chin J Physiol. 2021;64(2):97-105. doi: 10.4103/CJP.CJP_65_20.

16. Taccardi B, Punske BB, Lux RL, MacLeod RS, Ershler PR, Dustman TJ, et al. 
Useful Lessons from Body Surface Mapping. J Cardiovasc Electrophysiol. 
1998;9(7):773-86. doi: 10.1111/j.1540-8167.1998.tb00965.x.

17. Finlay DD, Nugent CD, Donnelly MP, Lux RL, McCullagh PJ, Black ND. 
Selection of Optimal Recording Sites for Limited Lead Body Surface Potential 
Mapping: A Sequential Selection Based Approach. BMC Med Inform Decis 
Mak. 2006;6:9. doi: 10.1186/1472-6947-6-9.

18. Zubkiewicz-Kucharska A, Noczyκska A, Sobieszczaκska M, Porκba 
M, Chrzanowska J, Porκba R, et al. Disturbances in the Intraventricular 
Conduction System in Teenagers with Type 1 Diabetes. A pilot study. 
J Diabetes Complications. 2021;35(11):108043. doi: 10.1016/j.
jdiacomp.2021.108043.

19. Roshchevskaya IM. Cardioelectric Field of Warm-blooded Animals and Man. 
St.-Petersburg: Nayka; 2008.

20. Poole DC, Copp SW, Colburn TD, Craig JC, Allen DL, Sturek M, et al. 
Guidelines for Animal Exercise and Training Protocols for Cardiovascular 
Studies. Am J Physiol Heart Circ Physiol. 2020;318(5):1100-38. doi: 
10.1152/ajpheart.00697.2019.

21. Lujan HL, Janbaih H, Feng HZ, Jin JP, DiCarlo SE. Ventricular Function 
During Exercise in Mice and Rats. Am J Physiol Regul Integr Comp Physiol. 
2012;302(1):68-74. doi: 10.1152/ajpregu.00340.2011.

22. Borges JP, Masson GS, Tibiriça E, Lessa MA. Aerobic Interval Exercise Training 
Induces Greater Reduction in Cardiac Workload in the Recovery Period in 
Rats. Arq Bras Cardiol. 2014;102(1):47-53. doi: 10.5935/abc.20130230.

23. Tarasova OS, Borzykh AA, Kuz’min IV, Borovik AS, Lukoshkova EV, Sharova 
AP, et al. Dynamics of Heart Rate Changes in Rats Following Stepwise 
Change of Treadmill Running Speed. Ross Fiziol Zh Im I M Sechenova. 
2012;98(11):1372-9.

24. van de Vegte YJ, Tegegne BS, Verweij N, Snieder H, van der Harst P. 
Genetics and the Heart Rate Response to Exercise. Cell Mol Life Sci. 
2019;76(12):2391-409. doi: 10.1007/s00018-019-03079-4. 

25. Gleeson TT, Baldwin KM. Cardiovascular Response to Treadmill 
Exercise in Untrained Rats. J Appl Physiol Respir Environ Exerc Physiol. 
1981;50(6):1206-11. doi: 10.1152/jappl.1981.50.6.1206.

26. Michaelides A, Ryan JM, VanFossen D, Pozderac R, Boudoulas H. Exercise-
induced QRS Prolongation in Patients with Coronary Artery Disease: A 
Marker of Myocardial Ischemia. Am Heart J. 1993;126(6):1320-5. doi: 
10.1016/0002-8703(93)90529-i.

27. Akkerhuis KM, Simoons ML. Exercise Electrocardiography and Exercise 
Testing. In: Macfarlane PW, van Oosterom A, Pahlm O, Kligfield P, Janse M, 
Camm J. (editors) Comprehensive Electrocardiology. London: Springer; 2011. 

28. Cantor A, Yosefy C, Potekhin M, I l ia R, Keren A. The Value of 
Changes in QRS Width and in ST-T Segment During Exercise Test in 
Hypertrophic Cardiomyopathy for Identification of Associated Coronary 
Artery Disease. Int J Cardiol. 2006;112(1):99-104. doi: 10.1016/j.
ijcard.2005.11.012.

29. Barr RC, van Oosterom A. Genesis of the Electrocardiogram. In: Macfarlane 
PW, van Oosterom A, Pahlm O, Kligfield P, Janse M, Camm J. (editors) 
Comprehensive electrocardiology. Springer: London; 2011.

30. Farraj AK, Hazari MS, Cascio WE. The Utility of the Small Rodent 
Electrocardiogram in Toxicology. Toxicol Sci. 2011;121(1):11-30. doi: 
10.1093/toxsci/kfr021. 

31. Miller WT, Kertzer R, Bunk CL, Alexander LA. Normal Variations in Body 
Surface Electrocardiographic Potential Distributions during QRS: Effects of 
Exercise and Exercise Training. J Electrocardiol. 1985;18(3):239-50. doi: 
10.1016/s0022-0736(85)80048-0.

32. Fletcher GF, Balady GJ, Amsterdam EA, Chaitman B, Eckel R, Fleg 
J, et al. Exercise Standards for Testing and Training: A Statement for 
Healthcare Professionals from the American Heart Association. Circulation. 
2001;104(14):1694-740. doi: 10.1161/hc3901.095960. 

33. Froelicher VF, Myers J. Exercise and Heart. Philadelphia, PA: Saunders, 2006.

34. Yamamoto S, Matsui K, Sasabe M, Kitano M, Ohashi N. Effect of SMP-
300, a new Na+/H+ Exchange Inhibitor, on Myocardial Ischemia and 
Experimental Angina Models in Rats. Jpn J Pharmacol. 2000;84(2):196-205. 
doi: 10.1254/jjp.84.196.

35. Farraj AK, Hazari MS, Haykal-Coates N, Lamb C, Winsett DW, Ge Y, et al. ST 
Depression, Arrhythmia, Vagal Dominance, and Reduced Cardiac micro-
RNA in Particulate-exposed Rats. Am J Respir Cell Mol Biol. 2011;44(2):185-
96. doi: 10.1165/rcmb.2009-0456OC.

36. Medvegy M, Duray G, Pintér A, Préda I. Body Surface Potential Mapping: 
Historical Background, Present Possibilities, Diagnostic Challenges. Ann 
Noninvasive Electrocardiol. 2002;7(2):139-51. doi: 10.1111/j.1542-
474x.2002.tb00155.x.

37. Miller WT 3rd, Spach MS, Warren RB. Total Body Surface Potential Mapping 
during Exercise: QRS-T-wave Changes in Normal Young Adults. Circulation. 
1980;62(3):632-45. doi: 10.1161/01.cir.62.3.632.

38. Takala P, Hänninen H, Montone J, Mäkijärvi M, Nenonen J, Oikarinen 
L, et al. Magnetocardiographic and Electrocardiographic Exercise 
Mapping in Healthy Subjects. Ann Biomed Eng. 2001;29(6):501-9. doi: 
10.1114/1.1376388.

39. Suslonova OV, Smirnova SL, Roshchevskaya IM. Cardiac Body Surface 
Potentials in Rats with Experimental Pulmonary Hypertension during 
Ventricular Depolarization. Bull Exp Biol Med. 2016;162(1):7-10. doi: 
10.1007/s10517-016-3531-y.

40. Mirvis DM. Body Surface Distribution of Exercise-induced QRS Changes in 
Normal Subjects. Am J Cardiol. 1980;46(6):988-96. doi: 10.1016/0002-
9149(80)90356-2.

41. Saha DC, Saha AC, Malik G, Astiz ME, Rackow EC. Comparison 
of cardiovascular Effects of Tiletamine-zolazepam, Pentobarbital, 
and Ketamine-xylazine in Male Rats. J Am Assoc Lab Anim Sci. 
2007;46(2):74-80.

774



Arq Bras Cardiol. 2022; 119(5):766-775

Original Article

Ivonin et al.
BSPM in Rats after Exhaustive Exercise

This is an open-access article distributed under the terms of the Creative Commons Attribution License

775


