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Abstract: Objective: To classify the sports events by the maximal oxygen uptake (MaxO2) and the maximal muscular 
voluntary contraction (MVC) and to collect the radial pulse wave of different sports events and discuss the pulse 
waveform and characteristic parameters. Patients or other participants: 304 professional athletes were enrolled 
from Beijing Muxiyuan Sports Technical School. Main outcome measure(s): Normalize each radial pulse waveform 
and let the waveform cycle and amplitude distribute in the range of 0-100. Analyze the relative time of the maximum 
point Tm, the abscissa X and ordinate Y of dicrotic notch, the pulse waveform area K and the pulse wave age index 
SDPTG. Results: According to the different degree of MaxO2 and MVC, the radial descending curves have the distinc-
tive downtrend. The characteristic parameters of MaxO2 and MVC groups, such as Tm, X, Y, K and SDPTG are as well 
as different. Conclusions: The pulse waveform changing trend of MVC (< 50%) group and MVC (> 50%) group are 
different while the sports have the same MaxO2. And the pulse waveform changing trend of MaxO2 (< 40%) group, 
MaxO2 (40-70%) group and MaxO2 (> 70%) group are as well as different while the sports have the same MVC. The 
various parameters of the most specific group F are the smallest suggests the sports in group F are the most benefit 
for the cardiovascular.
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Introduction

The cardiovascular system is a power organ in 
human blood circulation. The system is mainly 
responsible for the body’s blood supply and 
transport. The pulse wave is a reaction of the 
periodic pressure change, by the blood flow in 
the arteries that results from the ventricular 
contraction and diastole. The waveform can 
reflect the condition of cardiovascular function 
and blood circulation. And analyze the cardio-
vascular function with the use of pulse wave 
detection methods is gradually accepted by the 
clinical specialists. The study of Weber provid-
ed evidence that pulse waveform characteris-
tics can be an important indicator to consis-
tently and independently predict cardiovascu-
lar events [1]. Shokawa et al. studied a cohort 
of 492 Japanese-Americans living in Hawaii 
during the 10-year follow-up. The research 
demonstrated that the pulse wave velocity 
(PWV) could predict cardiovascular disease 
mortality [2]. Blacher showed that aortic pulse 

wave velocity (PWV) constitutes a forceful 
marker and predictor of cardiovascular risk in 
hypertensive patients by a series of experi-
ments [3]. And Cruickshank proved that aortic 
pulse wave velocity (PWV) is a powerful inde-
pendent predictor of mortality in both diabetes 
and glucose-tolerance-tested (GTT) population 
samples [4]. These researches indicate that the 
pulse wave contains rich cardiovascular physi-
ological and pathological information. Pulse 
waveform characteristics, such as the shape, 
the intensity, the velocity and the rhythm are 
closely bound up with cardiovascular function 
[5-7].

Chronic physical training may induce morpho-
logical and useful functional adaptations, which 
affects the heart [8]. Morphological modifica-
tions are mainly modest and far from patholo- 
gic ones. All these adaptations are helpful for 
sport’s performance. Engage in physical exer-
cise can effectively improve cardiovascular 
function [9, 10], and the physical exercise has 
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been said to be healthy for the heart even in 
patients with various forms of cardiac disease 
[11]. Moreover the athlete is a special group. 
Their cardio-pulmonary function and skeletal 
muscle metabolism function are superior to the 
ordinary people. Cardiac function status direct-
ly affects the athletic ability, and strong cardiac 
function is the necessary quality of the ath-
letes. After a chronic systematic training, ath-
letes’ resting heart rate is low, and the stroke 
volume is large. Their myocardium will be in a 
state of “energy saves” and the heart burden is 
small. When athletes exercise, they quickly 
mobilize the cardiac reserve and improve car-
diac output to meet the needs of body move-
ment. Regular participation in intensive physi-
cal exercise can enhance diastolic filling and 
facilitate a sustained increase in the cardiac 
output that is fundamental to athletic excel-
lence. Such cardiac adaptations are collectively 
referred to as the “Athlete’s Heart” [12]. Not 
only research on athletes’ cardiovascular sys-
tem function has obvious effect for athletes 
playing of the competitive ability in the game 

and their level of exercise to keep, but also 
studying different types of cardiovascular func-
tion change has the very vital significance of 
physical exercise and cardiovascular health for 
the general population. Studies have shown 
that athletic participation has more than dou-
bled in all major demographic groups in recent 
years; while simultaneously, children and adults 
with established heart disease desire partici-
pation in sports and exercise [13]. This research 
analyzes the athletes’ cardiovascular function 
from the point of pulse waveforms and param-
eters analysis by detecting the radial pulse 
wave of various athletes.

Materials and methods

Classification of athletes

Sports are classified according to their degree 
of dynamic and static exercise at the interna-
tional level. Dynamic exercise, such as distance 
running, involves changes in muscle length and 
joint movement with relatively small intramus-

Figure 1. Classification of sports according to dynamic and static exercise components. 
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cular force. Conversely, static exercise, such as 
weight lifting, involves large intramuscular forc-
es with relatively minor change in muscle length 
and joint movement [14]. This classification 
scheme considers that each sport has two 
components: dynamic and static exercise com-
ponents. Sport can be classified by the level of 
intensity (low, medium, high) of dynamic and 
static exercise generally required to perform 
that sport during competition. The dynamic 
exercise component is defined in terms of the 
percent of maximal oxygen uptake (MaxO2) 
achieved: the intensity of dynamic exercise 
component is low while MaxO2 < 40%, the 
intensity of dynamic exercise component is 
moderate while MaxO2 is 40%-70%, and the 
intensity of dynamic exercise component is 
high while MaxO2 > 70%. The static component 
is related to the percent of maximal voluntary 
contraction (MVC) reached: the intensity of 
dynamic exercise component is low while MVC 
< 20%, the intensity of dynamic exercise com-
ponent is moderate while MVC is 20%-50%, 
and the intensity of dynamic exercise compo-
nent is high while MVC > 50%. For the conve-
nience of description, we divide the various 
sports to 9 groups (A-I) according to the classi-

fication standard, as shown in Figure 1. This 
study researches the changes of radial pulse 
waveforms and parameters in different groups 
of athletes. Radial pulse waveforms and rele-
vant information of 304 athletes who are train-
ing more than 3 years was detected and col-
lected. The basic information of the various 
groups of athletes is shown in Table 1. This 
study was conducted in accordance with the 
declaration of Helsinki. This study was conduct-
ed with approval from the Ethics Committee  
of Beijing University of Technology. Written in- 
formed consent was obtained from all partici- 
pants.

Detecting process

Subjects were asked to sit quietly for 3 minutes 
and keep resting state in the whole experiment 
process. The detection equipment is the Pow- 
erLab data collection system (ADInstruments 
Pty Ltd., PowerLab 8/35, Bella Vista NSW 
2153, Australia) and its bundled software 
LabChart 7 which with 30 Hz digital low-pass 
filter and 1 KHz sampling frequency. The sen-
sor, which is the strain type radial artery pres-
sure pulse waveform sensor with independent 

Table 1. Basic information of the subjects
Groups Group_A Group_B Group_C Group_D Group_E
Sports Throwing, gymnastics, martial arts Wrestling Boxing, cycling Archery Field events (jumping)
N (Sports Detail) 22 (9, 4, 9) 34 34 (19, 15) 10 38
Gender (F/M) 11/11 17/17 17/17 5/5 19/19
Age 20.9±2.1 16.2±1.1 18.8±2.8 19.6±2.4 18.8±2.4
Height 171.3±12.1 166.3±7.1 173.1±6.5 175.8±8.1 179.3±9.9
Weight 74.3±27.7 64.1±9.9 64.4±8.8 71.2±10.9 64.4±12.3

Figure 2. Pulse waveform char-
acteristic parameters. A. Stan-
dardize the pulse waveform. B. 
The relative time of the maxi-
mum point. C. The abscissa and 
ordinate of dicrotic notch. D. 
The pulse waveform area K. E. 
Characteristic points of second 
derivative waveform.
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outside 5 V, power supply accessed to the ana-
log signal input by the coaxial cable. We use the 
PowerLab data collection system to detect the 
radial artery of the athletes. The sensor was 
bundled on the strongest point of the right arm 
where radial pulse beats, neither too loose to 
let the sensor slip nor too tight to turn the wave-
form distortional. The steady radial pulse wave-
form data of 30 seconds was acquired and 
saved in the computer.

Determination of the characteristic param-
eters

Standardize the pulse waveform: Pulse wave 
parameters, such as amplitude and cycle, are 
different on account of the discrepancy of the 
subjects. A unified standard quantitative plane 
has been established in order to compare pul- 
se waveforms and calculate the pulse wave 
parameters with a uniform method. The maxi-
mum of X and Y-axis in this plane are both 100. 
The amplitude and the cycle of each radial 
pulse waveform were adjusted (enlarged or 
shrink) and distributed in the range of 0 to 100. 
Therefore the data of the pulse waveforms can 
be standardized, as shown in Figure 2A.

Relative time of the maximum point: The maxi-
mum point is an important pulse waveform 
characteristic point and it may be different with 
the sundry pulse waveforms. The pulse wave-
forms had been placed in the standard quanti-
tative plane, hence, the abscissa value from 
the starting point to the maximum point is the 

relative time of the maximum point Tm, as shown 
in Figure 2B.

Coordinates of dicrotic notch: The dicrotic 
notch is another important pulse waveform 
characteristic point and it also may be different 
with the sundry pulse wave. In this study, the 
abscissa X and ordinate Y of the dicrotic notch 
are recorded, as shown in Figure 2C.

Pulse waveform area K: The waveform param- 
eter K extracted from the area under the pulse 
waveform can describe the pulse wave general 
characteristics on the macroscopic angle [15]. 
The value of K which is the integral area und- 
er the pulse waveform curve is defined as: 

10000
1K Y(t)0

100= 8 , as shown in Figure 2D.

Pulse wave age index: Takazawa et al. analyzed 
the second derivative graph of the pulse wave-
form and presented five special points (a b c d 
and e) on the graph, as shown in Figure 2E. 
They demonstrated that different physiological 
groups would have different second derivative 
graphs and the amplitude ratio of various 
points b/a, c/a, d/a and e/a had a good correla-
tion with the age as well as proposed the pulse 
wave age index SDPTG [16].

Results

Radial pulse waveforms

Steady radial pulse wave data for 30 seconds 
with the PowerLab data collection system is 

Figure 3. Standard averaged single radial pulse waveforms of 9 groups.
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detected and saved into the computer. Then 
the data of each subject is averaged to an aver-
aged single pulse waveform according to the 
number of single pulse wave in the actual mea-
surement. After that, the averaged single radial 
pulse waveform is standardized and its cycle 
and amplitude are distributed in the range of 0 
to 100. Then the standard averaged single 
pulse waveforms of subjects are averaged 
respectively on the basis of groups, namely 
subjects’ of every groups single pulse wave are 
averaged. The collection of standard averaged 
single radial pulse waveforms of groups are 
shown in Figure 3. Afterwards the second deriv-
ative waveforms based on the standard aver-
aged single radial pulse waveform are calculat-
ed to receive the radial acceleration pulse 
waveforms.

Pulse waveform parameters trends follow the 
changing of MaxO2

When MVC > 50%, the radial standard aver-
aged single pulse waveform of different MaxO2 

groups (Groups A, B and C) are shown in Figure 
4A and waveform parameters Tm, X, Y, K and 
SDPTG of each group are shown in Table 2. It is 
observed that with increasing MaxO2, the pulse 
waveform descending curves (from the maxi-
mum point to the end point) gradually move up. 
The relative time of the maximum point: Tm_A < 
Tm_B < Tm_C. The coordinates of the dicrotic 
notch points: X_A > X_B > X_C, Y_A < Y_B < Y_C. 
The waveform area: K_A < K_B < K_C. The pulse 
wave age index: SDPTG_B > SDPTG_C > 
SDPTG_A.

When MVC is 20%-50%, the radial standard 
averaged single pulse waveform of different 
MaxO2 groups (Group D, E and F) are shown in 
Figure 4B and waveform parameters of each 
group are shown in Table 2. It is observed that 
with increasing MaxO2, the pulse waveform 
descending curves gradually move down. The 
relative time of the maximum point: Tm_F < 
Tm_D < Tm_E. The coordinates of the dicrotic 
notch points: X_D > X_E > X_F, Y_D > Y_E > Y_F. 

Figure 4. Standard averaged single radial pulse waveforms. A: Group A, B and C; B: Group D, E and F; C: Group G, H 
and I. D: Group A, D and G; E: Group B, E and H; F: Group C, F and I.

Table 2. Basic information of the subjects (continues)
Groups Group_F Group_G Group_H Group_I
Sports Running, swimming 

(middle distance)
Riflery Baseball, table 

tennis, volleyball
Badminton, field hockey, race walking, 

racquetball, running (long distance)
N (Sports Detail) 36 (13, 23) 28 38 (1, 23, 14) 64 (11, 8, 16, 6, 23)
Gender (F/M) 18/18 14/14 19/19 32/32
Age 20.1±1.9 18.3±1.9 19.7±5.9 20.4±2.0
Height 175.7±8.4 172.0±9.3 170.2±8.2 173.7±6.4
Weight 64.8±10.5 67.2±17.7 59.9±11.3 61.6±8.1
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The waveform area: K_D > K_E > K_F. The pulse 
wave age index: SDPTG_D > SDPTG_E > 
SDPTG_F.

When MVC < 20%, the radial standard aver-
aged single pulse waveform of different MaxO2 
groups (Groups G, H and I) are shown in Figure 
4C and waveform parameters each group are 
shown in Table 2. It is observed that with 
increasing MaxO2, the pulse waveform descend-
ing curves gradually move down. The relative 
time of the maximum point: Tm_I < Tm_G < 
Tm_H. The coordinates of the dicrotic notch 
points: X_I < X_G < X_H, Y_H < Y_I < Y_G. The 
waveform area: K_G > K_H > K_I. The pulse 
wave age index: SDPTG_G > SDPTG_H > 
SDPTG_I.

We analyzed the changes in the different MVC 
groups, these led us to find that the lower (< 
50%) MVC groups and the higher (> 50%) MVC 
groups have different changing trend:

1) With increasing MaxO2, the pulse waveform 
descending curves (from the maximum point to 
the end) of the lower (< 50%) MVC groups 
(Groups D, E, F and Groups G, H, I) gradually 
move down while of the higher (> 50%) MVC 
groups (Groups A, B and C) move up. 2) As 
shown in Figure 5A, with increasing MaxO2, the 

maximum points (described by the relative time 
of the maximum point Tm) of the lower (< 50%) 
MVC groups (Groups D, E, F and Groups G, H, I) 
first move to the right then to the left while of 
the higher (> 50%) MVC groups (Groups A, B 
and C) gradually move to the right. 3) As shown 
in Figure 5B, with increasing MaxO2, the dicrot-
ic notch points move to the left generally. The 
lower (< 50%) MVC groups’ dicrotic notch points 
(Groups D, E, F and Groups G, H, I) move to the 
lower-left corner while the higher (> 50%) MVC 
groups’ (Groups A, B and C) move to the top-left 
corner. 4) As shown in Figure 5C, with increas-
ing MaxO2, the pulse waveform area K of the 
lower (< 50%) MVC groups (Groups D, E, F and 
Groups G, H, I) is gradually decreasing while of 
the higher (> 50%) MVC groups (Groups A, B 
and C) is increasing. 5) As shown in Figure 5D, 
with increasing MaxO2, the pulse wave age 
index of the lower (< 50%) MVC groups (Groups 
D, E, F and Groups G, H, I) is gradually decreas-
ing while of the higher (> 50%) MVC groups 
(Groups A, B and C) are increasing.

Pulse waveform parameters trends follow the 
changing of MVC

When MaxO2 < 40%, the radial standard aver-
aged single pulse waveform of different MVC 
groups (Groups A, D and G) are shown in Figure 

Figure 5. Pulse waveform parameter changes with the change of MaxO2.
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4D and waveform parameters of each group 
are shown in Table 2. It is observed that with 
increasing MVC, the pulse waveform descend-
ing curves gradually move down. The relative 
time of the maximum point: Tm_A < Tm_D < 
Tm_G. The coordinates of the dicrotic notch 
points: X_A < X_D < X_G, Y_A < Y_D < Y_G. The 
waveform area: K_A < K_D < K_G. The pulse 
wave age index: SDPTG_A < SDPTG_D < 
SDPTG_G.

When MaxO2 is 40%-70%, the radial standard 
averaged single pulse waveform of different 
MVC groups (Groups B, E and H) are shown in 
Figure 4E and waveform parameters of each 
group are shown in Table 2. It is observed that 
with increasing MVC, the pulse waveform 
descending curves gradually move up. The rela-
tive time of the maximum point: Tm_B < Tm_E < 
Tm_H. The coordinates of the dicrotic notch 
points: X_B < X_E < X_H, Y_B > Y_E > Y_H. The 
waveform area: K_B > K_E > K_H. The pulse 
wave age index: SDPTG_B > SDPTG_E > 
SDPTG_H.

When MaxO2 > 70%, the radial standard aver-
aged single pulse waveform of different MVC 
groups (Groups C, F and I) are shown in Figure 
4F and waveform parameters of each group are 
shown in Table 2. It is observed that with 
increasing MVC, the pulse waveform descend-
ing curves first move down then move up. The 

relative time of the maximum point: Tm_F < 
Tm_I < Tm_C. The coordinates of the dicrotic 
notch points: X_C < X_F < X_I, Y_F < Y_I < Y_C. 
The waveform area: K_F < K_I < K_C. The pulse 
wave age index: SDPTG_C > SDPTG_I > 
SDPTG_F.

We also analyzed the changes of the different 
MaxO2 groups, these led us to find that the 
lower (< 40%) MaxO2 group, the medium (40%-
70%) MaxO2 group and the higher (> 70%) 
MaxO2 group have different changing trend: 1) 
With increasing MVC, the pulse waveform 
descending curves (from the maximum point to 
the end) of the lower (< 40%) MaxO2 group 
(Groups A, D and G) gradually move down, of 
the medium (40%-70%) MaxO2 groups (Groups 
B, E and H) move up while of the higher (> 70%) 
MaxO2 groups (Groups C, F and I) first move 
down then move up. 2) As shown in Figure 6A, 
with increasing MVC, the maximum points 
(described by the relative time of the maximum 
point Tm) of lower and medium (< 70%) MaxO2 
groups (Groups A, D, G and Groups B, E, H) 
gradually move to the left while of the higher (> 
70%) MaxO2 groups (Groups C, F and I) first 
move to the left then to the right. 3) As shown in 
Figure 6B, with increasing MVC, the dicrotic 
notch points move to the left generally. The 
lower (< 40%) MaxO2 groups’ dicrotic notch 
points (Groups A, D and G) move to the lower-
left corner while the medium (40%-70%) MaxO2 

Figure 6. Pulse waveform parameter changes with the change of MVC.
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groups’ (Groups B, E and H) move to the top-left 
corner. 4) As shown in Figure 6C, with increas-
ing MVC, the pulse waveform area K of the 
lower (< 40%) MaxO2 group (Groups A, D and G) 
is gradually decreasing, of the medium (40%-
70%) MaxO2 groups (Groups B, E and H) is grad-
ually increasing while of the higher (> 70%) 
MaxO2 groups (Groups C, F and I) is first 
decreasing then increasing. 5) As shown in 
Figure 6D, with increasing MVC, the pulse wave 
age index of the lower (< 40%) MaxO2 group 
(Groups A, D and G) is gradually decreasing, of 
the medium (40%-70%) MaxO2 groups (Groups 
B, E and H) is gradually increasing while of the 
higher (> 70%) MaxO2 groups (Groups C, F and 
I) is first decreasing then increasing.

Discussion

In this study, we analyzed the athletes’ cardio-
vascular function from the point of pulse wave-
forms and parameters analysis. The results 
have shown us that the pulse waveform chang-
ing trend of MVC (< 50%) group and MVC (> 
50%) group are different while the sports have 
the same MaxO2. And the pulse waveform 
changing trend of MaxO2 (< 40%) group, MaxO2 
(40-70%) group and MaxO2 (> 70%) group are 
as well as different while the sports have the 
same MVC. 

It is found that the parameters of Group A and 
Group F are relatively small when studying 
pulse waveform parameters changing with 
MaxO2 or MVC, further, the pulse waveform 
area K and the pulse wave age index SDPTG of 
Group F are smaller than Group A. Some 
researchers have shown that running in Group 
F is a comprehensive sport and it is the best 
sport for aerobic exercise. Moreover swimming 
in Group F is as well as a systemic training. 
Swimming frequently can enhance the heart 
function and strengthen the immune system, 
and the swimming exercise training, without 
overloading, is an important stimulus for im- 
proving the biomechanical parameters and 
structural properties of the calcaneal tendon 
[17]. A research demonstrates that swimming 
training lower the resting blood pressure in indi-
viduals with hypertension [18]. Mehrotra’s 
research of different athletes lung function also 
provides evidence that swimming can most 
greatly improve the lung function of the ath-
letes compared with football, hockey, volleyball 

and basketball [19]. So our research suggests 
the sports in Group F are the most benefit for 
the cardiovascular.

Mitchell JH has shown that each sport can be 
categorized by the level of intensity (low, medi-
um, high) of dynamic or static exercise compo-
nent, but the bodily collision, the probability of 
hard impact or the sudden syncopal event can 
all exert an effect on the athletes [20]. Thus, 
based on the dynamic and static demands, 
sports can be classified (Figure 1) as Group C 
(high static, high dynamic), Group E (moderate 
static, moderate dynamic), Group G (low static, 
low dynamic), and so forth. High intensity sports 
may place a rather large burden on the athlete. 
If an athlete with a cardiovascular abnormality 
that contraindicates a sport produces a high-
pressure load may be advised to avoid sports 
classified as Group C, and the athlete can work 
on some moderate sports like Group F. So do 
researches on the athletes’ cardiovascular sys-
tem function have obvious effect for athletes 
playing of the competitive ability in the game 
and their level of exercise to keep. Understand 
the athlete’s cardiovascular characteristics of 
different types of sports will let us find more 
reasonable and effective training methods. And 
it also has the very vital significance of physical 
exercise and cardiovascular health for the gen-
eral population.

Radial pulse wave and PPG pulse wave respec-
tively represent the pressure and flow of the 
blood vessels which the relationship between 
them constitute the pivotal cardiovascular bl- 
ood parameters, such as the peripheral resis-
tance and the arterial compliance. We analyzed 
the pulse waveform and the characteristic 
parameters of different types of athletes based 
on the radial pulse wave. Radial pulse wave 
near the peripheral vascular contains abundant 
cardiovascular physiology and pathology infor-
mation. But in actual work, if the radial pulse 
pressure is the overall pressure pulse of micro-
circulation, the PPG pulse wave blood flow is 
the overall volume pulse wave blood flow of 
microcirculation. The PPG pulse wave contains 
lots of microcirculation information compared 
with the radial pulse wave. Improve microcircu-
lation status has important implications for the 
measure of these diseases; PPG pulse wave is 
an effective method of observing and evaluat-
ing the microcirculation status. So in the future, 
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we will research the athletes’ cardiovascular 
function based on the PPG pulse wave.

In summary, it is found that the changes of the 
lower (< 50%) MVC groups is different from the 
higher (> 50%) MVC groups while they have the 
same MaxO2, and the changes of the lower (< 
40%) MaxO2 group, the medium (40%-70%) 
MaxO2 group and the higher (> 70%) MaxO2 
group is as well as different while they have the 
same MVC. The pulse waveform area K and the 
pulse wave age index SDPTG of Group F are 
smallest, so our research suggests the sports 
in Group F are the most benefit for the 
cardiovascular.
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