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ABSTRACT 

Objective: Little is known about the cardiac contrac- 
tility recovery after exercise. The objective of the stu- 
dy was to explore a method to evaluate the extent and 
speed of cardiac function up-regulation during exer- 
cise and the recovery course of cardiac contractility 
and heart rate after exercise. Methods: Ten student 
athletes and ten student non-athlete voluntarily par- 
ticipated in this controlled study. Three indicators 
were selected: 1) amplitude ratio of the first to second 
heart sound (S1/S2); 2) heart rate (HR); 3) power 
output (W). Phonocardiogram exercise test (PCGET) 
was adopted. A four-stage workload increment pro- 
tocol was used. Phonocardiograms were recorded in 
the sitting position at rest and immediately after each 
test stage. The time taken for completing the work- 
loads 1750 J, 3500 J, 5250 J, and 7000 J was recorded, 
respectively. During recovery heart sound signals 
were recorded immediately after exercise, and at 1, 5, 
10, 15, 20, 25, and 30 minutes after exercise. S1/S2, 
HR, and W were calculated from the measured data. 
Cardiac function change trend graphs were con- 
structed. Results: During exercise, HR and S1/S2 ra- 
tio increased with the increase in workload from 1750 
J to 7000 J; the level and speed of increase in power 
output and S1/S2 ratio of the athletes were higher 
than the general students; power done by the general 
students decreased earlier than the athletes. During 
recovery course, the recovery course of the general stu- 
dents was slower than the athletes. Conclusion: This 
method for evaluating cardiac function up-regulation 
and recovery course is safe, easy, reliable, and effec-
tive, which is beneficial for selecting athletes, training, 
and matchmaking. 
 
Keywords: Cardiac Function; Amplitude Ratio of the 

First to Second Heart Sound (S1/S2); Power Output; 
Up-Regulation; Graph 

1. INTRODUCTION 

Exercise capacity is closely associated with survival and 
mortality [1,2] The study by Myers et al. [2] showed that 
each 1-MET increase in exercise capacity conferred a 12 
percent improvement in survival. Consistently, another 
study [1] demonstrated that exercise capacity is an inde- 
pendent predictor of all-cause mortality in older men; the 
relationship is inverse and graded, with most survival 
benefits achieved in those with an exercise capacity >5 
METs; survival improved significantly when unfit indi- 
viduals became fit. Cardiac reserve is one of the most 
important physiological bases of exercise capacity. There 
is a 20-fold difference between the most impaired cardiac 
function and that of the fittest person [3]. 

Cardiac contractility reserve (CCR) and heart rate re- 
serve (HRR) are reflected in the dynamic change of the 
heart status, therefore, the evaluation of CCR and HRR is 
conducted in various stress tests. However, cardiac func- 
tion is not only reflected in its up-regulation, but also in 
the recovery course. Previous studies have mainly fo- 
cused on the cardiac function up-regulation, having ne- 
glected the recovery course. Even if some studies are 
involved in the recovery course, they are mainly in heart 
rate recovery [4,5], little in cardiac contractility recovery.  

This study tried to explore a method to evaluate the 
extent and speed of cardiac function up-regulation during 
exercise and the recovery course of cardiac contractility 
and heart rate after exercise. 

The responses of the heart to exercise include many 
aspects. Three indicators to evaluate the changes of car- 
diac function during exercise testing have been selected. 

1) Amplitude ratio of the first to second heart sound 
(S1/S2): One feature of the heart sounds that is a direct *Corresponding author. 
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2.2. Instruments manifestation of the left ventricular contractile state and 
may be used for rapid noninvasive detection of left ven- 
tricular systolic function is the first heart sound (S1). 
Previous studies have shown that there is a very close 
relationship between the amplitude of the first heart 
sound and cardiac contractility [6,7]. A study by Hansen 
et al. [7] showed that changes in the amplitude of the 
first heart sound are closely related to the maximum rate 
of rise of left ventricular pressure (r = 0.9551, P < 0.001). 
Therefore, the change trend of the amplitude of the first 
heart sound (S1) can be used to evaluate cardiac reserve 
and cardiac endurance. Since the amplitude of S2 is a 
reflection of the peripheral resistance [8], S1/S2 ratio 
reflects the relationship between the cardiac contractility 
and the peripheral resistance, including the regulatory 
capacity of the myocardium under stress. The study by 
Hsieh et al. demonstrated that the relative amplitudes of 
S1 and S2 (aortic component of second heart sound) rep- 
resent left ventricular dP/dt and ejection fraction (EF) in 
humans, and  S1, corrected for S2, is decreased in patients 
with impaired LV systolic function [9]; 

2) Heart rate (HR): Simultaneous measurement of both 
cardiac contractility change trend and heart rate change 
trend after exercise might be beneficial to comprehensive 
evaluation of cardiac function [10]; 

3) Power output during exercise: Power output is an 
important indicator for evaluating exercise performance 
of both athletes [11,12] and patients [13,14]. Cardiac 
power output at peak exercise was found to be signifi- 
cantly related to aerobic capacity. One of the best meas- 
ures of athletic performance is power output during ex- 
ercise. There is a 20-fold difference between the most 
impaired cardiac function and that of the fittest subject 
[3]. 

In this paper the method for evaluating cardiac reserve 
mobilization trend during exercise and recovery after 
exercise is described and the preliminary results of the 
study are analyzed. 

2. SUBJECTS AND METHODS 

2.1. Subjects  

Ten non-athletes (seven males and three females, aged 
from 19 to 21 years, Group A) and ten athletes (nine 
males and one female, aged from 14 to 17 years, Group 
B) were voluntarily enrolled in this study. The inclusion 
criteria were: 1) age was less than 25 years old; 2) giving 
informed consent; 3) free of any cardiovascular diseases 
and free of any other serious diseases. The exclusion cri- 
teria were: 1) on any medication; 2) presence of any con- 
traindications to physical exercise. All subjects signed an 
informed consent form approved by the Ethics Commit- 
tee of Institute of Physical Education, Chongqing Uni- 
versity. 

Cardiac Contractility Monitor (CCM, developed by Bo- 
Jing Medical Informatics Institute, Chongqing, China) 
was used for this investigation. The hardware of CCM 
consists of a phonocardiographic sensor, a heart sound 
signal preprocessing box, a computer, and a printer. 
CCM uses a sampling rate of 8 kHz with 8 bits per sam- 
ple (monochannel). The software includes a fundamental 
heart sound measurement system, the developing envi- 
ronment of which is Visual Basic 6.0 (Microsoft Inc,). 
The application’s target operating platform is Windows 
XP. 

2.3. Exercise Testing 

Since exercise can simultaneously cause a significant 
change in the inotropic and chronotropic status of the 
heart, phonocardiogram exercise test (PCGET) was adopt- 
ed [15,16] in this study. Examination was started after 
the subject rested for 15 minutes. A PCG sensor was 
placed on the subjects’ pericardium. Phonocardiograms 
were recorded in the sitting position at rest and immedi- 
ately after a step-climbing exercise. The step was 23 cm 
high. The subjects completed the designed exercise 
workload and the signals of cardiac cycle and cardiac 
contractility were simultaneously collected and recorded 
by CCM. There are many exercise workload protocols 
for PCGET. A specific multistage incremental protocol 
was used, which had 4 stages. Exercise test was per- 
formed starting at an initial workload of 1750 J. Each 
subsequent stage had an increment of 1750 J. The peak 
workload was 7000 J. There were 1-minute intervals 
between stages. The subjects repeatedly mounted and 
descended the step. The required number of times of 
step-climbing was calculated from the target workload, 
step height, and the subjects’ body weight. The end point 
of the exercise test was usually limited by subject symp- 
toms, or by achievement of the designed exercise work- 
load. The time taken for completing the workloads 1750 
J, 3500 J, 5250 J, and 7000 J was recorded, respectively. 
During recovery after exercise, heart sound signals were 
recorded immediately after exercise, and at 1, 5, 10, 15, 
20, 25, and 30 minutes after exercise. The ratio of the 
amplitude of the first heart sound to the amplitude of the 
second heart sound (S1/S2) on the same phonocardio- 
gram was calculated from the measured data. 

2.4. Basic Method for Signal Measurement and  
Analysis 

Heart sound signal was converted several times during 
processing, and finally, it was converted to screen coor- 
dinates to construct a waveform graph. The basic points 
concerning heart sound quantitative analysis were: 1) 
measuring the duration and the amplitude of relevant 
heart sound components; 2) calculating and analyzing 

Copyright © 2013 SciRes.                                                                       OPEN ACCESS 



L. C. Liu et al. / J. Biomedical Science and Engineering 6 (2013) 699-703 701

relevant indicators based on the data obtained from the 
above measurements, including S1/S2 ratio, HR, and 
power (unit: W). Since the thickness of the chest wall of 
different subjects is various, the absolute amplitude of S1 
cannot be used as an indicator for evaluating cardiac con- 
tractility. So, the design of some relative value indicators 
for evaluating cardiac reserve is very important, such as 
S1/S2 ratio, D/S ratio, etc, which have dimensionless 
values. To measure and evaluate heart rate and cardiac 
contractility change trend, a self-control trial was de- 
signed. 

2.5. Construction of Cardiac Reserve  
Mobilization Trend Graph 

In order to show the cardiac reserve mobilization trend 
during exercise, x-y plots were constructed from the 
measured data (employing the mean values). S1/S2 ratio, 
HR, and power (vertical coordinates) were plotted 
against the work done during exercise (marked on the 
horizontal axis). The points of S1/S2 ratio, HR, and 
power corresponding 1750 J were connected to the 
points of their baseline value, producing 3 lines, S1/S2 
line, HR line, and power line (W line), which, then con- 
nected to their own various points corresponding to 3500 
J, 5250 J, and 7000 J, obtaining 3 polygonal lines, re- 
spectively. A higher slope value indicates a steeper in- 
cline. In order to show the cardiac function recovery 
course, a graph was constructed to the right of the graph 
of cardiac reserve mobilization trend, the vertical axes of 
which were the same as the left panel, and the horizontal 
axis changed to a time axis marked with the time points 
of cardiac function recovery.  

2.6. Statistical Analysis 

Quantitative data are presented as mean ± SD. Statistical 
comparisons between 2 groups were performed with cor- 
responding t test. A value of P < 0.05 was considered to 
be statistically significant. Statistical analysis was per- 
formed with SPSS software (SPSS Inc). 

3. RESULTS  

The data of cardiac reserve mobilization trend of two 
groups are shown in Table 1. 

The data of the recovery course of two groups are 
shown in Table 2. 

The basic demographic data of the two groups are 
shown in Table 3. 

Cardiac reserve mobilization trend and the recovery 
course of athletes are shown in Figure 1. 

Cardiac reserve mobilization trend and the recovery 
course of non-athletes are shown in Figure 2. 

4. DISCUSSION 

Figure 1 shows the characteristics of the cardiac reserve  

Table 1. The data of cardiac reserve mobilization trend of two 
groups. 

 Group A Group B P value 

0 J    

S1/S2 
HR 

1.66 ± 0.82 
87 ± 10 

1.36 ± 0.72 
64 ± 13 

0.477 
0.003 

1750 J    

S1/S2 
HR 
W 

3.66 ± 1.57 
133 ± 31 

125.43 ± 41.98

4.22 ± 2.71 
121 ± 22 

179 ± 35.97 

0.642 
0.446 
0.025 

3500 J    

S1/S2 
HR 
W 

6.76 ± 3.16 
162 ± 22 

123 ± 27.71 

8.76 ± 3.65 
154 ± 13 

183.57 ± 50.75 

0.294 
0.458 
0.021 

5250 J    

S1/S2 
HR 
W 

6.7 ± 2.16 
177 ± 19 

118.29 ± 31.89

7.1 ± 2.67 
166 ± 9 

163.71 ± 57.55 

0.763 
0.216 
0.093 

7000 J    

S1/S2 
HR 
W 

7.35 ± 1.78 
180 ± 11 

105.71 ± 40.43

8.54 ± 1.04 
170 ± 8 

163.57 ± 42.38 

0.153 
0.066 
0.023 

 
Table 2. The data of the recovery course of two groups. 

 Group A Group B P value 

1 min    

S1/S2 
HR 

5.96 ± 2.8 
152 ± 10 

5.87 ± 2.95 
154 ± 9 

0.951 
0.739 

5 min    

S1/S2 
HR 

2.56 ± 1.48 
122 ± 11 

1.9 ± 0.77 
121 ± 18 

0.316 
0.234 

10 min    

S1/S2 
HR 

2.41 ± 1.89 
127 ± 30 

1.61 ± 0.48 
102 ± 17 

0.298 
0.076 

15 min    

S1/S2 
HR 

2.39 ± 0.93 
117 ± 15 

1.46 ± 0.51 
100 ± 14 

0.043 
0.042 

20 min    

S1/S2 
HR 

3.04 ± 2.31 
109 ± 12 

1.37 ± 0.6 
94 ± 12 

0.298 
0.036 

25 min    

S1/S2 
HR 

2.05 ± 1.55 
108 ± 11 

1.37 ± 0.6 
94 ± 12 

0.298 
0.036 

30 min    

S1/S2 
HR 

2.49 ± 2.03 
111 ± 17 

1.16 ± 0.41 
93 ± 11 

0.115 
0.039 

 
mobilization trend and recovery of athletes (Group B). 
HR and S1/S2 ratio increase with the increase in work- 
load from 1750 J to 7000 J, but power output gradually 
decreases, which is obviously related to the slowing of 
step-climbing, suggesting that skeletal muscle starts to 
fatigue. In the right part of the Figure 1, the power line 
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Table 3. Basic demographic data of the two groups. 

 Group A Group B 

 (n = 10) (n = 10) 

Male, no. (%) 7 (70) 9 (90) 

Age, mean (SD), years 19.7 (0.8) 16.3 (0.9) 

HR, mean(SD), b.p.m. 88 (22) 72 (7) 

SBP, mean (SD), mmHg 105 (5) 106 (10) 

DBP, mean (SD), mmHg 68 (3) 69 (8) 

BMI, mean(SD), kg/m² 20.3 (3.0) 21.6 (2.0) 

 

 

Figure 1. Cardiac reserve mobilization trend and the recovery 
course of athletes. 
 

 

Figure 2. Cardiac reserve mobilization trend and the recovery 
course of non-athletes. 
 
turns downward and reverts back to the horizontal axis 
when abrupt cessation of exercise, then, the S1/S2 line 
and HR line also go downward. The S1/S2 line reverts 
back to the baseline level 25 min after cessation of exer- 
cise, whereas the HR line has not yet reverted back to the 
baseline level 30 min after cessation of exercise, al- 
though HR has decreased below 100 beats/min. 

Figure 2 shows the characteristics of the cardiac re- 
serve mobilization trend and recovery of general students 
(Group A), which is similar to Figure 1. In the right part 
of the Figure 2, the power line turns downward and re- 
verts back to the horizontal axis when abrupt cessation of 

exercise, the S1/S2 line and HR line also go downward, 
but until 30 min after cessation of exercise, both S1/S2 
line and HR line do not revert back to the baseline 
level, S1/S2 remains above 2 and HR above 100 beats/ 
min. 

By comparing Figure 1 with Figure 2, some different 
features of the cardiac reserve mobilization can be found 
between two groups. The level of S1/S2 ratio of the ath- 
letes is higher than that of the general students, which 
indicates that the athletes have more potential of cardiac 
reserve. The level and speed of increase of power output 
of the athletes are higher than the general students; 
power done by the general students decreases earlier than 
the athletes, which indicates that the skeletal muscle of 
the general students is more likely to be tired than the 
athletes. The HR recovery of the general students is 
slower than athletes. It would be due to the effect of 
long-term training so that the level and speed of increase 
of power output of the athletes are higher than the gen- 
eral students and the athletes maintain their S1/S2 ratio at 
a higher level longer than the general students.  

The recovery course shown in Figures 1 and 2 indi- 
cates that the cardiac contractility recovery is earlier than 
the HR recovery. 

With concrete data, Tables 1 and 2 show that 1) down- 
sloping of power line of the general students after doing 
1750 J of work, whereas the down-sloping of power line 
of the athletes after doing 3500 J of work; 2) for the ath- 
letes, the S1/S2 ratio recovery approaching to baseline 
value at 15 min after exercise cessation, whereas for the 
general students, at 25 min after exercise cessation; 3) at 
30 min after exercise cessation, HR recovery of the ath- 
letes already to <100 beats/min, whereas for the general 
students, still above 100 beats/min. 

These results indicate that cardiac reserve mobilization 
trend graph can reveal the extent and speed of cardiac 
function up-regulation during physical activities. Simul- 
taneous measurement of both cardiac reserve mobiliza- 
tion trend and power output during exercise might be 
beneficial to comprehensive evaluation of cardiac func- 
tion.  

The reasons for incorporating W line in cardiac re- 
serve mobilization trend graph are that 1) W line can 
show the corresponding power of the values of S1/S2 
ratio and HR; 2) a higher power value implies a higher 
explosive power, i.e., doing much more work during a 
short period of time. 

Most of the subjects cannot maintain a high level of 
power during the entire exercise test. Often the highest 
power occurs during the first stage of exercise test, when 
completing the workload of 1750 J (in our study proto- 
col), since skeletal muscle fatigue is before cardiac fa- 
tigue. Shifting downward trend of W line in this graph 
represents skeletal muscle fatigue of limbs and trunk, 
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