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Objective  To investigate the real-time cardiovascular response to the progressive overload exercise in different 
levels of spinal cord injury (SCI), and to find out whether regular exercise has effect on these cardiovascular 
responses.
Methods  The study enrolled 8 able-bodied individuals in the control group plus 15 SCI subjects who were divided 
into two groups by their neurological level of injury: high-level SCI group (T6 or above) and low-level SCI group 
(T7 or below). Also, subjects were divided into exercise group and non-exercise group by usual exercise habits. 
We instructed the subjects to perform exercises using arm ergometer according to the protocol and checked 
plethysmograph for the real time assessment of blood pressure, heart rate, and cardiac output.
Results  Six subjects were included in high-level SCI group (3 cervical, 3 thoracic injuries), 9 subjects in low-level 
SCI group (9 thoracic injuries), and 8 able-bodied individuals in control group. During arm ergometer-graded 
exercise, mean arterial pressure (MAP) was significantly lower in high-level SCI subjects of non-exercise group, 
compared with high-level SCI subjects of exercise group. In addition, HR was significantly higher in low-level SCI 
group compared with control group.
Conclusion  There are significant differences in mean arterial pressure of high-level SCI group according to 
usual exercise habits. We discovered that even in non-athlete high-level SCI, regular exercise can bring cardiac 
modulation through blood pressure control.
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INTRODUCTION

During exercise, cardiac output (CO) increases to pro-
vide the flow needed to serve the contracting skeletal 
muscles [1]. However, spinal cord injury (SCI) can lead 
to an interruption of pathways of the autonomic nervous 
system (ANS) from its central origins in the brain to the 
peripheral organ innervations, thus affecting autonomic 
control of various organs, including those of the cardio-
vascular system [2-5]. The sympathetic nervous system 
innervates both the cardiac muscle and smooth muscles 
of peripheral blood vessels, and is predominant in times 
of physiological stress and exercise, acting to increase 
the heart rate (HR) and blood pressure (BP) [2,5]. Sym-
pathetic innervation to the heart and majority of blood 
vessels for upper extremity originates from the upper 
thoracic segments (T1–T5) [2,6-8]. Injury below T6 tends 
to spare the control of the heart and most blood vessels, 
whereas SCI above T6 can interrupt supraspinal sympa-
thetic regulation of the heart, after which spinal circuits 
become solely responsible for the generation of sympa-
thetic activity below the level of injury [2,3,6].

It is well known that baseline resting BP is inversely cor-
related with the level of SCI; individuals with high-level 
SCI have resting systolic BPs of about 15–20 mmHg lower 
than able-bodied individuals [4-9]. The most commonly 
described phenomenon in response to exercise in high-
level SCI is poor HR and BP response [10]. Other studies 
consistently showed that SCI athletes with injuries above 
T6 have lower maximal HR due to altered sympathetic 
tone and lower catecholamine release [11-14], and lower 
maximal oxygen uptake (VO2) [11,12] in response to 
submaximal and maximal exercise in comparison with 
athletes with lower levels of SCI and athletes with intact 
ANS. It has also been observed that athletes with cervi-
cal SCI have even lower maximal HR and peak VO2 in 
response to exercise compared with athletes injured be-
tween T1 and T6 [13].

In the able-bodied population, higher fitness levels 
have been related to improved autonomic cardiovascular 
control, and conversely, physical inactivity has been as-
sociated with reduced autonomic cardiovascular tone 
[15,16]. Athletes with SCI have also demonstrated some 
ability to improve cardiovascular modulation through ex-
ercise [17,18], although not to the extent of athletes with 
intact ANS [19,20]. 

Although a number of studies have examined cardio-
vascular control in people with SCI during exercise, there 
is limited information on the effect of regular exercise 
habits. While previous studies were carried out among 
athletes [13-15,19,20], the subjects that we were particu-
larly interested in were non-athlete-SCI individuals who 
conducted exercise. There have been no studies on the 
cardiovascular change in real-time hemodynamic adap-
tations according to habitual exercise in SCI.

Currently, as the life expectancy and survival rate of SCI 
individuals improve, the need for higher quality of life 
as well as participation in physical activities and recre-
ational sports is also increasing. However, there is risk of 
cardiovascular complications if these physical activities 
and recreational sports are not done in proper exercise 
intensity.

This study aims to measure real-time cardiovascular 
response in SCI and in healthy individuals for compara-
tive analysis between varying neurological levels of injury 
and exercise habits. This is intended to provide instruc-
tions on proper exercise intensity and confirm the effect 
of regular exercise habit on cardiovascular function in 
SCI.

MATERIALS AND METHODS

Subjects
Fifteen subjects with SCI of >2 years duration and 8 

normal individuals were included in the study as treat-
ment and control groups, respectively. All subjects were 
over 20 years old. The exclusion criteria included SCI 
with arrhythmia, dyspnea, orthopedic problems, skin 
breakdown, and pressure ulcers; in addition, subjects 
who could not sustain upright position on the wheelchair 
for at least an hour were excluded. The subjects were in-
terviewed for their demographic information including 
age, sex, weight, height, body mass index, time since SCI, 
type of exercise, and health-related physical fitness.

The SCI subjects were divided into two groups by their 
neurological level of injury based on the International 
Standards for Neurological Classification of Spinal Cord 
Injury. The lesions of SCI were stable in all patients. The 
high-level SCI group consisted of those with neurological 
level of injury at T6 or above; whereas, the low-level SCI 
group consisted of those with neurological level of injury 
at T7 or below.
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Also, subjects were divided into the exercise group and 
non-exercise group. The exercise group regularly partici-
pated in at least 3 sessions of one or more sport activities 
per week, or in exercise lasting a minimum of 150 min-
utes per week. The exercise habits were measured by Go-
din Leisure-Time Exercise Questionnaire [21]. 

Cardiovascular fitness measurements
Plethysmography was used for non-invasive beat-to-

beat blood pressure monitoring, providing hemodynamic 
parameters such as stroke volume, total peripheral resis-
tance and cardiac output, as well as pulse rate and baro-
reflex sensitivity analysis. 

The examiner provided instructions for the plethys-
mograph (Finometer PRO; Finapres Medical Systems, 
Amsterdam, The Netherlands) and carried out beat-to-
beat assessment of BP, HR, and CO, respectively. A ple-
thysmograph was attached to the great toe to assess car-
diovascular response during the arm ergometer exercise. 
The electrocardiograph (ECG) was recorded with ECG 
monitoring system (Q-Stress v3.5; Quinton, Bothell, WA, 
USA). 

Experimental design
All subjects performed a graded exercise protocol us-

ing arm ergometer (Angio 917904; Lode BV, Groningen, 
The Netherlands) and went through the procedures in 
their personal wheelchairs or adjusted chair. Duration of 
exercise stage, amount of workload, and workload incre-
ments in each stage were set according to the generic ex-
ercise testing protocol [22].

The exercise began with a 2-minute warm-up and pro-
ceeded stepwise with increasing intensity by 2-minute 
intervals until stage 5. Initial workload was 30 W and the 
speed was maintained at 60 revolutions per minute (rpm). 
The loading was increased by 15 W for each exercise stage 
and the protocol was carried out until stage 5 (Table 1). 

The arm-ergometer exercise was discontinued when 
the cycling rate dropped below 30 rpm or when the sub-
ject experienced maximal exertion or wanted to stop the 
protocol.

Data analysis
All data were analyzed using SPSS ver. 19.0 (IBM, Ar-

monk, NY, USA). Comparisons between the two groups 
were performed using Mann-Whitney test, while Krus-

kal-Wallis test and Mann-Whitney test were used to com-
pare the data obtained from all three groups. Repeated 
measures ANOVA was used to examine mean differences 
in assessment of cardiovascular response during the ex-
ercise protocol. Statistical significance was determined at 
p<0.05.

RESULTS

Subject characteristics
Of the 8 subjects in high-level SCI group, two dropped 

out during stage 2 of the graded exercise protocol due to 
lack of upper extremity power, while the other 6 subjects 
completed the graded exercise protocol. All nine subjects 
in the low-level SCI group completed the graded exercise 
protocol.

Age, body mass index, and Godin leisure-time exercise 
score showed no significant differences between high-
level SCI group, low-level SCI group and control group. 
The neurological level of injury of SCI subjects involved 
3 cervical, 3 thoracic in high-level SCI group, and 9 tho-
racic in low-level SCI group (Table 2).

Among high-level SCI group, 3 subjects performed reg-
ular exercises, and 5 of low-level SCI group and 4 subjects 
of control group also went through regular exercises.

The age of the subjects ranged from 23 to 60 years, with 
the average of 37.78±11.23 years. Among 23 subjects, 12 
were under 39 years of age, and 11 were 40 years old or 
older.

The change in cardiovascular response during arm 
ergometer graded exercise

The mean arterial pressure (MAP) of high-level SCI 
group, low-level SCI group, and control group at warm 

Table 1. Graded exercise protocol using arm ergometer

Stage
Load  
(W)

Duration 
(min)

METs

0 (warm up) 0 2:00 1.9

1 30 2:00 4.6

2 45 2:00 7.0

3 60 2:00 10.1

4 75 2:00 12.8

5 90 2:00 14.8

MET, metabolic equivalents of task.

http://endic.naver.com/search.nhn?query=revolutions+per+minute
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up stage was 83.3±21.4 mmHg, 83.6±20.3 mmHg, and 
74.4±11.7 mmHg, respectively, and increased by each 
stage of exercise (Table 3). The slope of the MAP versus 
time curves (MAP inclination) was lower in high-level SCI 
group, as compared to low-level SCI group (0.005±0.026 
mmHg/s vs. 0.033±0.010 mmHg/s; p<0.05) and the con-
trol group (0.005±0.026 mmHg/s vs. 0.053±0.017 mmHg/s; 

p<0.001) (Fig. 1A). During stages 0 to 4, MAP was signifi-
cantly lower in high-level SCI subjects of non-exercise 
group, as compared with high-level SCI subjects of ex-
ercise group (stage 0, 99.80±8.69 vs. 66.74±15.82 mmHg; 
stage 1, 104.04±6.11 vs. 63.65±13.79 mmHg; stage 2, 
103.37±8.37 vs. 61.14±11.54 mmHg; stage 3, 103.59±10.92 
vs. 60.02±17.70 mmHg; stage 4, 104.22±10.92 vs. 60.02± 

Table 2. Demographic and clinical characteristics

High-level SCI group
(n=6)

Low-level SCI group
(n=9)

Control group
(n=8)

p-value

Gender (male:female) 5:1 8:1 8:0 0.535

Age (yr) 40.50±9.23 41.78±13.04 31.25±8.12 0.230

BMI (kg/m2) 23.27±2.98 21.93±2.746 24.49±2.38 0.264

Injury level

   Cervical 3 0 - -

   Thoracic 3 9 - -

   Lumbar 0 0 - -

AIS

   A 3 8 -

   B 2 0 -

   C 1 1 -

   D 0 0

Time since injury (yr) 12.33±5.68 12.33±6.18 - 0.864

Regular exercise (yes:no) 3:3 5:4 4:4 0.744

Weekly leisure activity score 48.16±29.28 68.67±22.82 43.50±30.43 0.859

Values are presented as number or mean±standard deviation.
SCI, spinal cord injury; high-level SCI group, neurological level of injury T6 or above; low-level SCI group, neurologi-
cal level of injury T7 or below; AIS, American Spinal Injury Association impairment scale; BMI, body mass index.

Table 3. Effect of injury level on cardiovascular parameters

Stage 0  
(warm up)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

MAP (mmHg) High-level SCI 83.3±21.4 83.8±24.1 86.5±25.4 86.5±26.9 86.5±26.9 96.0±28.7

Low-level SCI 83.6±20.3 91.7±21.9 100.1±19.1 107.7±19.7 114.6±20.4 122.3±24.7

Control 74.4±11.7 86.1±14.8 88.2±18.4 98.7±20.8 112.2±17.9 114.9±25.1

HR (bpm) High-level SCI 85.6±13.7 91.2±16.8 98.9±19.5 108.9±19.8 127.3±19.9 141.9±24.8

Low-level SCI 90.7±8.2 97.1±8.0* 106.3±9.3* 119.6±9.4* 134.7±11.3* 149.6±11.3*

Control 77.5±12.6 77.0±12.1 82.6±15.4 94.9±14.0 107.3±16.4 122.5±19.4

CO (L/min) High-level SCI 10.0±3.6 10.5±3.9 11.4±4.7 12.8±5.4 14.9±5.9 17.4±6.4

Low-level SCI 8.6±4.2 9.5±4.0 10.7±4.41 12.1±4.7 13.7±5.5 14.5±6.2

Control 9.2±2.6 9.7±2.4 10.7±2.9 12.5±4.0 13.7±2.3 14.5±3.0

Values are presented as mean±standard deviation.
MAP, mean arterial pressure; HR, heart rate; CO, cardiac output; SCI, spinal cord injury.
*p<0.05, significant difference of HR between low-level SCI and control groups. No significant difference among the 
MAP and CO in high-level SCI and low-level SCI and control groups.
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17.70 mmHg; p<0.05) (Fig. 2A).
During stages 1 to 5, HR was higher in low-level SCI 

group, as compared with control group (stage 1, 97.1±8.0 
vs. 77.0±12.1 bpm; stage 2, 106.3±9.3 vs. 82.6±15.4 bpm; 
stage 3, 119.6±9.42 vs. 94.9±14.0 bpm; stage 4, 134.7±11.3 
vs. 107.3±16.4 bpm; stage 5, 149.6±11.3 vs. 122.5±19.4 
bpm; p<0.05) (Table 3). The slopes of the HR versus time 
curves (HR inclination) showed no significant differences 
in the three groups (Fig. 1B). 

During arm ergometer graded exercise, cardiac output 
increased by each stage of exercise in the three groups 
(Table 3). However, CO showed no additional increase 
from stage 4 to stage 5 in low-level SCI group (stage 4, 
13.7±5.5 L/min; stage 5, 14.5±6.2 L/min) and control 
group (stage 4, 13.7±2.3 L/min; stage 5, 14.5±3.0 L/min), 
while additional increase was observed in high-level SCI 
group (stage 4, 14.9±5.9 L/min; stage 5, 17.4±6.4 L/min). 
The slopes of the CO versus time curves (CO inclination) 
were not significantly different in the three groups (Fig. 

1C). During arm ergometer graded exercise, CO was low-
er in non-exercise group than exercise group (Fig. 2C).

DISCUSSION

Exercise is important to individuals with SCI since it is 
known to play a major role in preventing complications 
and decreased quality of life that can result from lack of 
physical activities. Gass et al. [23] reported that subjects 
with high level of spinal lesion can exhibit improved car-
diovascular function through regular aerobic exercises. 

However, due to different environments, individuals 
with spinal cord injured are expected to conduct different 
exercise regimens. This study used an arm ergometer to 
directly compare hemodynamic adaptations of subjects 
from high-level SCI group, low-level SCI group and con-
trol group by their history of regular exercise.

Mathias and Frankel [24] reported an inverse relation-
ship between the level of SCI and resting blood pressure. 
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Fig. 1. The inclination of MAP (A), HR (B) and CO (C) by 
neurologic levels. Based on neurologic injury level, high-
level SCI show significantly lower MAP inclination than 
low-level SCI and control. *p<0.05, significant difference 
between high-level SCI and low-level SCI. **p<0.001, 
between high-level SCI and control. No significant differ-
ence was found in HR inclination (B) and CO inclination 
(C). MAP, mean arterial pressure; HR, heart rate; CO, car-
diac output; SCI, spinal cord injury.
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However, the results showed no significant differences of 
MAP between the three groups at warm up stage; and the 
mean value of MAP in control group was slightly lower 
than that of MAP in high-level SCI group and low-level 
SCI group. Since subjects in stage 0 (warm up phase) per-
formed arm ergometer in seating position without load-
ing, resting BP could affected differently as compared 
with other studies; which could have caused higher MAP 
in low-level SCI group and high-level SCI group than 
control group. Additional studies with more subjects are 
needed for the cardiac response in warm up phase in 
various injury levels of SCI.

Claydon et al. [25] studied cardiovascular response with 
continuous BP using beat-to-beat BP monitoring device 
and electrocardiographic monitoring in chronic cervi-
cal (n=8) and upper thoracic SCI (n=5); the resting MAP 
was lower in subjects with cervical SCI than thoracic SCI 
(64.1±6.6 mmHg vs. 79.4±8.7 mmHg). However, they en-
rolled subjects who were apparently healthy, free from 
pain, and without any known cardiovascular disease 
or pressure ulcers, while exercise habits were not men-
tioned. In this study, the MAP of non-exercise group of 
high SCI level in stage 0 was 66.74±15.82 mmHg. The low 
BP in high-level SCI could have resulted from cardiovas-
cular assessment using plethysmograph contacted to the 
1st toe, since in high-level SCI, blood volume is seques-
tered in the leg veins resulting in reduced mean systemic 
filling pressure at the heart [26].

In this study, during arm ergometer graded exercise, 
MAP was significantly lower in non-exercise group of 
high-level SCI compared with exercise group of high-lev-
el SCI. This is explained by the poor HR and BP response 
to exercise in high-level SCI individuals [10]. In high-
level SCI individuals, non-athletes may be secondary to 
impairments in sympathetic function [27], and impaired 
sympathetic innervation could influence in cardiac con-
tractility and HR. Meanwhile, HR was higher in low-level 
SCI compared with the control. Schmid et al. [28] studied 
catecholamines, HR, and oxygen uptake during exercise 
in persons with SCI and showed that paraplegics with 
a lesion level below T5 had higher resting and maximal 
HR than higher level paraplegics and abled bodied sub-
jects. In their study, higher maximal cardiovascular and 
metabolic performance capacity was due to the intact 
noradrenergic sympathetic innervation of the heart and 
muscles of the upper body by efferent sympathetic fibers. 

During exercise, CO increases to provide the flow 
needed to serve the contracting skeletal muscles [29]. As 
exercise progresses, all groups show increase in CO, re-
flecting the increased blood supply requirement as exer-
cise progresses. In low-level SCI group and control group, 
the slopes of the CO decreased with progress in exercise, 
whereas high-level SCI showed increase in slopes of CO 
as exercise progressed. HR and stroke volume are the ma-
jor factors influencing CO. In this study, high-level SCI 
group showed significantly lower MAP inclination, but 
similar HR increases; therefore, SCI group maintained 
CO at the same workload by HR, rather than stroke vol-
ume. In subjects with tetraplegia who showed a decrease 
in stroke volume, CO was maintained by an increase in 
the HR during exercise [30].

Autonomic dysreflexia symptoms (such as extreme hy-
pertension, pounding headache and slow HR, and upper 
body flushing) were absent during the exercise protocol 
in SCI subjects. The history of autonomic dysreflexia or 
orthostatic hypotension in SCI subjects was not consid-
ered in this study, hence, we were unable to discover the 
association between cardiovascular responses and clini-
cal problems in cardiovascular control. 

The subjects of this study included few stable SCI in-
dividuals, of mixed gender and broad age groups. Other 
factors, such as age, sex, pulmonary function, history of 
autonomic dysreflexia or orthostatic hypotension in SCI 
subjects that may have effect on cardiac measurement 
were not controlled. Also, the evaluation on the regular 
exercise level was through Godin Leisure-Time Exercise 
Questionnaire; therefore, it was difficult to compare the 
effects based on different exercise types. Since progres-
sive stress exercise was increased arithmetically and not 
based on each subject’s motor power, the stress at each 
stage could have differed among subjects. Although the 
plethysmograph should be applied on the finger or bra-
chial area, contacting plethysmograph to the 1st toe was 
required to measure the BP constantly during arm-er-
gometer exercise. It is possible that differences might oc-
cur when measured in 1st toe. The subjects had varying 
levels of experience with exercising with arm ergometer. 
Only 1 set of exercise was assigned per person, contrib-
uting to lack of reliability. More detailed assessment of 
cardiovascular response could have been possible if the 
post-exercise results were observed after the stress exer-
cise as well as after the warm-up phase. 
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This was the first study on real-time cardiovascular 
response of high-level SCI group, low-level SCI group, 
and control group during progressive stress exercise. The 
results showed that even in non-athlete SCI, regular ex-
ercise habits can mediate cardiac modulation through BP 
control in high-level SCI. Low MAP inclination in high-
level SCI group indicated that cardiovascular response to 
graded exercise was difficult in high-level SCI. Moreover, 
the exercise group of high-level SCI group had higher 
MAP than the non-exercise group, suggesting that regu-
lar exercise would help cardiovascular modulation by 
increasing BP. Moreover, HR inclination showed no sig-
nificant between-group difference.

Additional studies with more subjects and prospective 
design are needed to assess the effect of regular exercise 
on the cardiac response in high-level SCI. Measurements 
of MAP and HR in resting phase to maximal workload are 
necessary for the mechanisms involved in differential ex-
ercise adaptation in the three groups.

This study suggested differences in MAP of high-level 
spinal cord injury individuals based on exercise habits. 
Thus, regular exercise can bring about cardiac modula-
tion through blood pressure control in high SCI.
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