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Objectives: To characterize the in¯uence of neurological lesion level on the cardiorespiratory
and ventilatory responses of two groups of paraplegic athletes during incremental exercise on
a treadmill and in the usual conditions for wheelchair exercise.
Methods: Cardioventilatory responses evaluated in two groups of paraplegic wheelchair
sportsmen designated as high paraplegic athletes (HPA) and low paraplegic athletes (LPA).
After 2 min of data collection at rest and 3 min of warm-up at 4 km.h71, treadmill speed was
increased by 1 km.h71 every minute until exhaustion. During this test, ventilation and its
components, as well as respiratory exchanges, were measured breath by breath (C.P.X.
Medical Graphics) every minute by taking the mean of the last 20 s of each increment.
Results: Spirometric values presented no signi®cant di�erences between groups. At rest, no
signi®cant di�erence was observed between the two groups for all cardiorespiratory and
ventilatory values obtained during the treadmill test. At submaximal exercise, all variables
increased with the augmentation in workload. With the exception of R, there were no
signi®cant di�erences in the classic cardiorespiratory parameters (V

.
O2, V

.
CO2, HR, V

.
E)

between the two groups of paraplegics. For the ventilatory parameters, we observed signi®cant
di�erences between the two groups, with values of f and It/Trf signi®cantly higher
(0.015P50.001) and values of Trf and Vt signi®cantly lower (0.015P50.001) for HPA
versus LPA. We observed changes in breathing pattern, ie, in f, Vt, Trc and It/Trc, were
signi®cantly di�erent between groups, with signi®cantly higher values of f and It/Trc for HPA.
We noted a ventilatory disturbance which was manifested by values of breathing frequency
and tidal volume during exercise that were signi®cantly di�erent between groups. During
maximal exercise, we observed no signi®cant di�erences between the two groups concerning
cardiorespiratory and ventilatory values. Despite the absence of signi®cant di�erences, the
more linear time course of the ensemble of HPA ¯ows, the achievement of a greater number
of work loads, and the higher maximal values indicate a better capacity for adaptation to
exercise in the group of lower thoracic paraplegics.
Conclusion: These results raise questions about the in¯uence of neurological level and further
research is needed to de®ne with more precision the capacities of readaptation of the di�erent
cardiovascular and respiratory functions, as well as the training methods best adapted to the
optimization of physical capacities.
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Introduction

Several physiological complications a�ect the physical
capacities of spinal cord-injured (SCI) individuals. From
a neurovegetative point of view, damage to humoral,1 ± 3

thermal,4 ± 6 or local circulatory regulation a�ects
cardiovascular functioning.7 ± 9 Damage to the circula-
tory regulationmay bemanifested by vasoplegia, reduced
venous return or reduced activity of the muscular pump.
In addition, the patient may be subject to respiratory
problems,10 ± 12 depending on the lesion level, with

capacities being weaker at higher lesion levels.13 ± 15

Numerous studies on cycle ergometer or treadmill have
de®ned the mechanical and physiological responses of
SCI patients during muscular exercise. Studies of the
wheelchair itself, ie, the di�erent structures and speci®c
adjustments, have guided the search to optimize the
`wheelchair-person' system.16 ± 19 The characterization of
the capacities of both paraplegics and tetraplegics has also
been undertaken, but further investigation into the
cardiorespiratory and ventilatory adaptations that occur
duringmuscular work is needed. Although several studies
have de®ned the relationship between lesion level and
losses in cardiorespiratory capacity,20 ± 22 the physio-
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pathologic bases need to be better understood in order to
improve rehabilitation and exercise training programs.
This study was designed to determine the in¯uence of
neurological lesion level on the cardiorespiratory and
ventilatory responses of two groups of paraplegic athletes
during progressive, continuous maximal exercise on a
treadmill and in the usual conditions for wheelchair
exercise. Because of the loss of function in certain muscles
involved in exercise hyperventilation and the lack of this
type of research, we studied the breathing pattern of these
paraplegic patients and tried to characterize the in¯uence
of lesion level on the di�culties of adaptation to exercise.

Methods

Subjects
The study involved two groups of athletes with paraplegia
(Table 1). The ®rst group was composed of six with lesion
levels between the fourth and eighth thoracic vertabrae
(T4-T8). These individuals were nationally ranked wheel-
chair athletes and were designated as high paraplegic
athletes (HPA). According to the international classifica-
tion ofwheelchair athletes, this groupwaswithin classes 2
and 3 (neurological level respectively between T1-T5 and
T6-T10). The second group of athletes had a lesion level
between the eleventh thoracic vertabrae and the ®fth
lumbar vertabrae, and they were designated as low
paraplegic athletes (LPA). They were also nationally
ranked athletes and were classed 4 (neurological level
betweenT11-L3) according to the international classifica-
tion.

Equipment
Lung function testing was performed by plethysmo-
graphy (System 2800 Autobox, Sensormedics, CA,
USA) and lung volumes and bronchial ¯ows were

measured. A maximal incremental exercise test was
then conducted on a Sopur treadmill equipped with
rollers to permit the control of propulsion velocity and

Table 1 Anthropometric and neurological characteristics of the two groups of paraplegics

HPA Age Weight (kg) Height (cm) Level Lesion Trouble Sport

R.F
A.T
B.A
R.P
C.L
R.A
m
sd

30
29
31
33
30
37
31.6
2.94

55
60
71
66
55
70
62.8
7.19

170
170
185
177
168
178
174.6
6.50

T5
T4 ±T6
T4
T8
T5
T5

complete
complete
complete
complete
complete
complete

spastic
spastic
spastic
spastic
spastic
spastic

basket
tennis
tennis
tennis
tennis
tennis

LPA
B.P
B.L
G.S
B.S
G.M
N.E
m
sd

27
30
24
29
28
32
28.3
2.73

70
53
63
78
70
77
68.5
9.35

180
163
170
184
182
178
176.1
8.06

L3
T12
T12
T11
T12

T12 ±L1

incomplete
incomplete
complete
complete
complete
complete

¯acid
spastic
spastic
spastic
¯acid
¯acid

tennis
tennis
tennis
racing
tennis
basket

HPA: high paraplegic athletes. LPA: low paraplegic athletes

Figure 1 The expiratory gas collection system during the
treadmill test
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Figure 2 Values for lung volumes and bronchial ¯ow for the two groups of HPA and LPA. (VC: vital capacity; FEV1: forced
expiratory volume in one second; TLC: total lung capacity; MEF: maximal expiratory ¯ow)

Figure 3 Spirometric values of the two groups compared to the theoretical norms. (VC/%Th, TLC/%Th, FEV1/%TH, MEF/
%Th) and normalisation of FEV1 and MEF by VC (FEV1/VC, MEF/VC)
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the regularity of increments (Figure 1). Each subject
used his own wheelchair which was adjusted for
optimal performance. During this test, ventilation and

its components, as well as respiratory exchanges, were
measured breath by breath (C.P.X. Medical Graphics).
Oxygen uptake (V

.
O2), carbon dioxide output (V

.
CO2),

Table 2 Cardio-ventilatory values of the two groups of paraplegics at rest

L0 V
.
O2 V

.
CO2 HR V

.
E R f Ti Tot Vt Vt/Ti Ti/Tot

HPA
(n=6)
LPA
(n=6)

m
SE
m
SE
P

235.8
21.73
350.2
109.7
NS

223
19.99
378.2
75.988
NS

80
5.26
80.2
15.56
NS

8.68
1.92
14.8
4.94
NS

0.94
0.02
1.05
0.14
NS

15.8
1.06
13.6
3.57
NS

2.54
0.14
2.84
0.45
NS

4.02
0.19
4.92
0.59
NS

0.65
0.07
1.17
0.25
NS

0.26
0.03
0.41
0.06
NS

0.64
0.04
0.57
0.04
NS

Oxygen uptake (V
.
O2), carbon dioxide output (V

.
CO2), heart rate (HR), minute ventilation (V

.
E), respiratory exchange ratio (R),

heart rate (HR), tidal volume (Vt), the ratio of inspiratory time (It) to the total respiratory cycle (Trc), mean inspiratory ¯ow
(Vt/It) and breathing frequency (f)

Table 3 Submaximal cardiorespiratory values for the two groups of paraplegics

P1 P2 P3 P4 P5 P6

V
.
O2

V
.
CO2

HR

V
.
E

R

TI

VT/TI

HPA
(n=6)
LPA
(n=6)
HPA

SPB

HPA

SPB

HPA

SPB

HPA

SPB

HPA

SPB

HPA

SPB

NS

NS

NS

NS

**

NS

NS

m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE
m
SE

772.20
124.80
667.20
86.65
754.40
185.80
625.60
85.50
100.20
5.54
99.60
5.79
26.44
6.41
23.68
3.20
0.96
0.11
0.92
0.09
1.66
0.35
1.92
0.44
0.79
0.32
0.72
0.07

797.20
18.93
782.80
80.12
770.00
90.74
725.00
97.56
101.20
6.00

104.80
6.30
26.68
4.21
28.72
4.65
0.98
0.09
0.90
0.08
1.26
0.05
1.24
0.12
0.83
0.19
1.08
0.15

854.20
39.37
891.60
77.42
848.00
59.81
844.00
90.55
104.00
5.34

101.40
9.58
29.92
3.63
32.18
4.43
1.04
0.05
0.92
0.05
1.16
0.08
1.28
0.08
0.94
0.15
1.13
0.17

1006.00
37.96

1106.00
30.66

1027.00
45.61

1062.00
30.41
129.80
4.08

119.40
7.42
34.84
3.31
36.96
3.12
1.03
0.03
0.96
0.04
1.24
0.10
1.24
0.11
1.02
0.20
1.44
0.18

1114.20
42.57

1223.00
59.20

1286.00
81.35

1201.00
76.64
143.40
23.57

129.20
5.58
45.14
3.09
41.88
3.40
1.14
0.03
0.98
0.04
0.90
0.09
1.18
0.14
1.39
0.14
1.76
0.32

1324.00
65.04

1607.00
73.90

1631.00
108.91
1602.00
131.94
159.20
8.98

138.80
6.46
56.70
4.00
50.00
2.90
1.23
0.04
1.00
0.08
0.72
0.10
0.94
0.11
2.11
0.17
2.14
0.37

Oxygen uptake (V
.
O2), carbon dioxide output (V

.
CO2), heart rate (HR), minute ventilation (V

.
E), respiratory exchange ratio (R),

heart rate (HR), inspiratory time (It) and mean inspiratory ¯ow (BT/It)). (NS: non signi®cant. **P<0.01)

Table 4 Maximal cardio-vantilatory values for the two groups of paraplegics

Pmax V
.
O2 V

.
CO2 HR VE R f Ti Tot Vt Vt/Ti Ti/Tot

HPA
(n=6)
LPA
(n=6)

m
SE
m
SE
P

1786
138.14
2346
258.9
NS

2498
252.51
3064
313.05
NS

183
5.37
168.4
7.6
NS

87.08
9.7

110.7
21.82
NS

1.39
0.08
1.31
0.02
NS

51.8
5.67
51

8.96
NS

0.44
0.06
0.58
0.17
NS

1.2
0.13
1.36
0.21
NS

1.72
0.21
2.16
0.19
NS

4.03
0.34
5.26
1.62
NS

0.36
0.03
0.39
0.06
NS

Oxygen uptake (V
.
O2), carbon dioxide output (V

.
CO2), heart rate (HR), minute ventilation (V

.
E), respiratory exchange ratio (R),

heart rate (HR), tidal volume (V
.
t), the ratio of inspiratory time (It) to the total respiratory cycle (Trc), mean inspiratory ¯ow

(V
.
t/It) and breathing frequency (f)
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minute ventilation (V
.
E), respiratory exchange ratio

(R), heart rate (HR), tidal volume (Vt), the ratio of
inspiratory time (It) to the total respiratory cycle (Trc),
mean inspiratory ¯ow (Vt/It) and breathing frequency
(f) were calculated every minute by taking the mean of
the last 20 s of each increment.

The subjects breathed through a low-resistance
valve (Valve 2700 Hans Rudolph) and wide-diameter
tubing connected to a type-3 pneumotachograph
located on the expiratory circuit and connected to a
pressure transducer (Valydine D.P. 250-14). The
fractions of expired oxygen and carbon dioxide were
measured, respectively, with a zirconium O2 analyzer
and an infrared CO2 analyzer. Before each test the
volume was calibrated with a 3-l pump and the
analyzers were standardized with a bottle containing
12% O2 and 5% CO2. Heart rate was continuously
monitored with an electrocardiograph (Quinton 3000)
with analysis of derivations D2, V2 and V5.

Protocol
Before testing, each subject underwent a clinical
examination, a resting electrocardiogram and spirome-
try to determine lung volumes and bronchial ¯ows,
vital capacity (VC) and total lung capacity (TLC).
Bronchial ¯ow was determined from forced expiratory
volume in 1 s (FEV1) and the maximum expiratory
¯ow (MEF). We also obtained four indices by
comparing these values to the normal theoretical
values (VC%Th, TLC%Th, FEV1%Th, MEF%Th)
and normalized FEV1 and MEF by VC (FEV1/VC,
MEF/VC). For the incremental test, the wheelchair
was ®xed to the treadmill rollers and the subject was
equipped with the expired gas collection system. After
2 min of data collection at rest and 3 min of warm-up
at 4 km.h71, treadmill speed was increased by
1 km.h71 every minute until exhaustion. Recovery
data were recorded for 5 min.

Statistical analysis
All values are expressed as mean+SEM. A means
comparison test for independent samples was used to
compare the spirometric values and the cardiorespira-
tory and ventilatory values measured at rest and at
maximal exercise. A two-way analysis of variance
(ANOVA) was used to compare the two groups
during submaximal exercise. The signi®cance level
was set at P50.05.

Results

The spirometric values for the two groups are
presented in Figures 2 and 3. There were no
signi®cant di�erences between groups. We observed,
however, that TLC was the only variable that was
higher in HPA than in LPA (6.57/6.40 l) (Figure 2).
The values were slightly lower than the theoretical
norms (Figure 3) except for minute FEV1%Th which

reached a value of 100.8%. FEV1/VC was slightly
higher than the norm (0.75) both for HPA (0.81) and
LPA (0.85).

The cardiorespiratory and ventilatory values ob-
tained during the treadmill test are presented in Tables
2 ± 4 and in Figure 4a ± d. At rest (Table 2), no
signi®cant di�erence was observed between the two
groups.

At submaximal exercise, all variables increased with
the augmentation in workload. With the exception of
R, there were no signi®cant di�erences in the classic
cardiorespiratory parameters (V

.
O2, V

.
CO2, HR, V

.
E)

between the two groups (Table 3). For the ventilatory
parameters, we observed signi®cant di�erences be-
tween the two groups, with values of f and It/Trf
signi®cantly higher (0.015P50.001) and values of Trf
and Vt signi®cantly lower (0.015P50.001) for HPA
versus LPA (Table 4 and Figure 4a ± d).

At maximal exercise, there were no signi®cant
di�erences between the two groups (Table 4).
However, LPA showed higher mean values of V

.
O2

(2346/1786 ml/min), V
.
CO2 (3064/2498 ml/min), Vt

(1.16/1.72 ml), Vt/It (5.26/4.03 ml/s) and It/Trf (0.39/
0.36); whereas HPA showed higher values of HR (183/
168 bt/min) and VE (110/87 l/min). The values of R, f
and It/Trc were approximately the same for the two
groups.

Discussion

At rest, we observed no signi®cant di�erences for the
cardiorespiratory and ventilatory parameters mea-
sured in the two groups of athletes with paraplegia.
At submaximal exercise, the increase in workload led
to increases in V

.
O2, V

.
CO2, HR and V

.
E. There were

no signi®cant di�erences in these four parameters
between the two groups. Regarding V

.
O2, the

recruitment of e�cient muscle mass in the scapular
belt and the arms may explain the close values. Even
though the athletes belonged to three di�erent
athletic classes, the adaptations were similar and did
not seem to limit performance, which depends on
both central factors of the cortico-medullary centers
and peripheral factors acheminant the information of
chemoreceptors of the skeletal muscles.23 Di�erences
in the muscle mass used to ensure propulsion at a
given velocity may explain the absence of signi®cant
di�erences in the evolution of V

.
O2 between the two

groups. At the same level of exercise, it is possible
that the high paraplegics needed a greater number of
sublesional muscles to accomplish the task because of
their di�culty in maintaining balance in a seated
position.24 This hypothesis may be associated with
the earlier achievement of maximal values that
characterized HPA. Indeed, we observed that the
maximal values for LPA were systematically reached
after those for HPA. This ®nding indicates the need
for further investigation with a bigger population in
order to determine the cardiorespiratory adaptations
expressed in percentage of V

.
CO2 ¯ow rather than as
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a function of the workload expressed as the velocity
of displacement.

The values of V
.
O2, V

.
CO2, HR, and V

.
E were

overall in agreement with those of the literature
which generally indicates a relationship between
lesion level and the diminution in cardiorespiratory
capacities.21,25,26 At a given level of exercise, the HR
values of low paraplegics tend to be lower than those
of high paraplegics,27 and our results con®rmed this
observation. Downey5 and Sawka et al 6 noted
disturbances in thermo-regulation and the loss of
sublesional muscular contraction in thoracic para-
plegics, which in¯uence venous return in the
extremities and which would explain the di�culties
in adaptation. We also observed a more rapid
increase in HR and V

.
E in HPA, which seems to be

necessary for adaptation to exercise due to the lack of
sublesional vasoconstriction and of venous return in
inactive territories.

The changes in breathing pattern, ie, in f, Vt, Trc
and It/Trc, were signi®cantly di�erent between groups,
with signi®cantly higher values of f and It/Trc for
HPA. Although these exercise responses were di�erent,
the spirometric values at rest did not di�er signifi-
cantly. Indeed, the values of lung volume, which
represents the properties of the thoracic wall and the
pulmonary parenchyma, and the values of bronchial
¯ow, which indicates airways function, did not show
signi®cant di�erences. Although certain ventilatory
muscles were a�ected, which disrupts diaphragmatic
and thoracic compliance,11,28 the spirometric values at
rest of HPA and LPA were not statistically di�erent.
Our measurements were similar to those reported by
Jaeger-Denavit et al 29 for VC and FEV1 and by Fulg-
Meyer30 for TLC and ERV, and were higher than the
values of FEV1 and VC in a large sample reported by
Cooper et al.13 Our values for VC, which were slightly
lower than the normal values, indicate a limitation in
respiratory reserve, that is, in the possibility of
increasing the pulmonary ventilation. Moreover, the
HPA showed `slight' signs of a restrictive syndrome
with a normal to slightly higher FEV1/VC index and a
slightly lower FEV1 in comparison with the theoretical
norm, and lower than that of the LPA. During
incremental exercise, the increase in V

.
E was asso-

ciated with substantial changes in breathing pattern
characterized by increases in Vt, f, Vt/It and It/Trc
and a drop in It. Beyond a certain point, Vt can no
longer increase and the increase in ventilation is
assured by an increase in frequency. These responses,
which are characteristic of incremental exercise
performance in general, were observed in both groups
of paraplegic athletes. When respiratory muscles are
a�ected by SCI, such as the abdominal and intercostal
muscles that contribute to expiration, the breathing
pattern is also a�ected. Below a certain lesion level,
the sensory-motor function no longer exists. We noted
a ventilatory disturbance which was manifested by
values of breathing frequency and tidal volume during
exercise that were signi®cantly di�erent between

groups. Indeed, for the ®rst increment of exercise,
the two groups had similar values of Vt. Over the
course of the exercise test, the LPA progressively
increased this volume and had a higher value at the
last submaximal workload than the HPA (2.16/
1.72 ml). In contrast, the HPA seemed to ensure
continued e�ort by a rapidly increasing f. From the
®rst workload, the values of HPA were higher than
those of LPA and this tendency became more marked
over the course of the submaximal workloads. These
lower values of Vt and the signi®cant increase in f,
with no signi®cant change in VE, con®rm the work of
Loveridge et al 31 and may be the result of certain
respiratory muscles a�ected by SCI.

The a�erent nerves of the respiratory muscles,
which contribute minimally to ventilatory control at
rest, signi®cantly in¯uenced the breathing pattern
during exercise. The nervous structures responsible
for respiratory activity and rhythmicity, located at the
bulbar and cervical level, were not a�ected in the
paraplegic subjects that we studied. In contrast, a
lesion in region T4-T10 a�ects certain ventilatory
muscles such as the abdominals and a part of the
internal intercostal used during forced expiration. The
a�erent nerves from the thoracic cage and diaphragm
muscles are in part composed of small-diameter ®bers
of type III and IV, which play a role in ventilatory
compensation,32 and whose dysfunctioning is probable
in SCI individuals. The loss of activity in these muscles
is expressed by a rapid increase in breathing frequency
because of the lack of variation in tidal volume. When
the medullary region is a�ected and there is a lack of
information from the peripheral territories (mechano-
receptors, neuromuscular spindles, Golgi tendinous
organs, chemoreceptors, etc.),33,6 there is surely a
disturbance of ventilatory control and the adaptation
to exercise. A study of ventilatory control by
measurement of PO.1 is currently underway to de®ne
the relationships between lesion level and the
alteration in the central command of the respiratory
muscles.

During maximal exercise, we observed no signi®cant
di�erences between the two groups concerning
cardiorespiratory and ventilatory values. There are,
however, di�erences that the statistical analysis cannot
account for due to the small size and classic
heterogeneity of paraplegic groups. Despite the
absence of signi®cant di�erences, the more linear
time course of the ensemble of HPA ¯ows, the
achievement of a greater number of work loads, and
the higher maximal values indicate a better capacity
for adaptation to exercise in the group of lower
thoracic paraplegics.

The lower values of V
.
O2 in HPA agreed with most

of the data in the literature indicating the e�ect of
lesion level on VO2 max.20,26,34 The values of HPA
and LPA were similar to those of Hopman et al 35 for
their two groups of classes 2 and 3, but higher than
those of Hooker et al 36 for these same two athletic
classes. Wheelchair-dependent patients use the mus-
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cles of the upper extremities and the scapular belt
daily during wheelchair locomotion, and we can
assume that good local cardiovascular adaptability
characterizes these muscle groups that are responsible
for propulsion. However, lower maximal values
characterize the high paraplegics and may indicate

greater fatiguability resulting from the absence of
vaso-motor control in a greater sublesional area. For
ventilatory ¯ow, the values of the two groups were
not signi®cantly di�erent and agree in part with the
available literature. Although the values of HPA
(87.1 l/min) seemed high compared to those of Coutts

a

b
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et al 20 and Van Loan et al,22 they were close to those
measured by Hooker et al 37 in seven class-3
wheelchair athletes tested during exercise on a
manual ergocycle.

The di�erent protocols used, the lack of detail
regarding the characteristics of the subjects, and the
inclusion of paraplegics of di�erent lesion levels all
make it di�cult to compare our work with others. The

c

d

Figure 4 (a ± d) Submaximal data of breathing frequency, total respiratory cycle, tidal volume and inspiratory time/total
respiratory cycle for the two groups of paraplegics
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daily athletic practice of our subjects may also explain
the absence of signi®cant di�erences in the responses
to muscular exercise. Although lesion level must be
taken into consideration to understand the adaptations
to exercise, several authors have suggested that the
cardiorespiratory responses are in¯uenced not only by
lesion level, but also by physical activity, which is the
best means of increasing exercise tolerance after spinal
cord injury.37,38

The HPA values of maximal heart rate were higher
than those of LPA. Several studies have shown that
maximal heart rate is inversely proportional to lesion
level during upper arm exercise.14,39 These unexpected
HR max values di�er from the results of Veeger et
al,40 who observed values of 170, 175 and
182 beats.min71 for classes 2, 3 and 4, and from
those of Hooker et al 36 for classes 2 and 3. In
contrast, our results agree with those of Burkett et
al,41 who measured mean values of 164 and 160,
respectively, for classes 3 and 4. The similarity
between their results and ours may indicate that in
T4-T8 SCI patients, sympathetic involvement does not
lead to a maximal heart rate signi®cantly lower than
that of paraplegics with a lower lesion level.

In subjects with a high lesion level, it seems that the
limiting factors for exercise are of both respiratory and
cardiovascular origin. Indeed, the lower maximal
values for ventilation, the signi®cant di�erences in
breathing pattern and the vaso-motor disturbances
which impede venous return and lead to a higher
energy cost, render di�cult the adaptations to
muscular exercise in high paraplegics. Because the
origin of these complications seems to be central
rather than peripheral, at the level of the active
muscles of the upper extremities, further research is
needed to de®ne with more precision the capacities of
readaptation of the di�erent cardiovascular and
respiratory functions, as well as the training methods
best adapted to the optimization of physical capacities.
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