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RIGINAL ARTICLE

cute Peripheral Blood Flow Response Induced by Passive Leg
ycle Exercise in People With Spinal Cord Injury
aurent Ballaz, PhD, Nicolas Fusco, PhD, Armel Crétual, PhD, Bernard Langella, MD, Régine Brissot, PhD

a
i
t
e
(
A
(
i
f

f
c
b
r
m
d
n
h
e
r

n
l
t
u
h
S
c
p
a
h
d

t
s
I
7
a
p
B
s
t

p
s
c
c
i
S
1
e
v
m
f
v
s

ABSTRACT. Ballaz L, Fusco N, Crétual A, Langella B,
rissot R. Acute peripheral blood flow response induced by
assive leg cycle exercise in people with spinal cord injury.
rch Phys Med Rehabil 2007;88:471-6.

Objective: To determine the acute femoral artery hemody-
amic response in paraplegic subjects during a passive leg
ycle exercise.

Design: Case series.
Setting: Department of physical medicine and rehabilitation

n a university in France.
Participants: A volunteer sample of 15 people with trau-
atic spinal cord injury.
Intervention: Subjects performed a 10-minute session of

assive leg cycle exercise in the sitting position.
Main Outcome Measures: We measured heart rate, maxi-
al (Vmax), and minimal femoral artery blood flow velocity at

est and immediately after the passive leg cycle exercise, using
uantitative duplex Doppler ultrasound. We calculated mean
lood flow velocity (Vmean) and velocity index, representing
he peripheral resistance, for each condition.

Results: Vmax and Vmean increased (from .80�.18m/s to
96�.24m/s, P�.01; and from .058�.02m/s to .076�.03m/s,
�.01; respectively) after 10 minutes of passive leg cycle
xercise. Heart rate did not change. The velocity index de-
reased from 1.23�0.15 to 1.16�0.21 (P�.038).

Conclusions: The results of this study suggest that acute
assive leg cycle exercise increases vascular blood flow veloc-
ty in paralyzed legs of people with paraplegia. This exercise
ould have clinical implications for immobilized persons.

Key Words: Blow flow velocity; Doppler ultrasound; Fem-
ral artery; Rehabilitation; Spinal cord injuries.

© 2007 by the American Congress of Rehabilitation Medi-
ine and the American Academy of Physical Medicine and
ehabilitation

HE INCIDENCE OF DEATH among people with spinal
cord injury (SCI) is significantly higher than in the general

opulation.1 SCI subjects are prone to severe cardiovascular
isorders that present an increased risk of mortality.2 The risk
ncreases with the degree of dependency, in particular for
eople who are totally dependent on wheelchairs for mobility.3

wo factors related to this risk are loss of autonomic control
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nd lack of movement, which lead to vascular disorders.4,5 This
nduces an important structural and functional remodeling in
he peripheral vascular system of paralyzed limbs; this remod-
ling includes reduced diameter of the common femoral artery
CFA),5,6 arterial stiffness,7 and lesser blood flow to the legs.5,6

nother factor is the high occurrence of metabolic syndromes
eg, obesity, hypercholesterolemia) caused by a lack of phys-
cal exercise,8,9 which is recognized as a cardiovascular ischemia
actor.

Studies of people with long-lasting SCI have shown that the
emoral artery blood flow at rest is reduced by about 50% when
ompared with able-bodied subjects.5,6 This adaptation has
een related to muscular atrophy, and even though there is
elatively little change in the flow with respect to the muscle
ass,10 improvement in lower-extremity circulation is highly

esirable because deficient lower-extremity circulation and ve-
ous stagnation lead to thrombosis.5 Thrombosis prevalence is
igher in the SCI population than in the general population,
ven in the chronic phase.2,3 This vascular remodeling may
eflect the consequences of reduced activity.

Arm exercises, which subjects with SCI could easily do,
either target the vessels in the lower limbs nor promote
ower-limb circulation in those subjects.11,12 The set of poten-
ial lower-limb exercises is limited in the case of wheelchair
sers. Since the 1990s, functional electric stimulation (FES)
as shown great promise as a cardiovascular stimulus.13-17

ome studies show that a relatively short period of FES leg
ycle exercise training may lead to peripheral vascular im-
rovement and enhance peripheral circulation as measured by
n echo Doppler ultrasound.14,15,17 This technique, however,
as been reported to carry the risks of skin burns, autonomic
ysreflexia, and bone fractures.18

Ditor et al19 have shown that body-weight support treadmill
raining (BWSTT) may increase femoral artery compliance in
ubjects with complete motor SCI (C4-T12; American Spinal
njury Association20 [ASIA] grade A and B; years postinjury,
.6�9.4y). Hence, use of this technique should be encouraged
s a means of improving cardiovascular health in the SCI
opulation.19 Its widespread use, however, is hindered because
WSTT requires both trainers and expensive equipment. This

tudy, however, demonstrates that passive movement can lead
o structural peripheral vascular adaptation.

The simple passive leg cycle exercise is easily performed by
eople confined to wheelchairs.21,22 Powered cycle trainers that
ubjects can use at home while sitting in a wheelchair are also
ommercially available. Very few studies have investigated the
entral cardiopulmonary response to passive leg cycle exercise
n healthy subjects23,24 or in SCI patients.25-28 With regard to
CI subjects (T8-L1; ASIA grade A; years postinjury,
4.6�8.8), Muraki et al27,28 suggest that passive leg cycle
xercise enhances the cardiac output by increasing the stroke
olume, provided the exercise is performed at 40 rounds per
inute (rpm). This increased cardiac output probably results

rom the activation of the muscular pump that increases the
enous return from the passively moved muscles. In a recent
tudy, Ter Woerds et al29 could not find any alteration in the

rterial leg blood flow either after passive leg movement by a

Arch Phys Med Rehabil Vol 88, April 2007
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herapist or by passive cycling. This suggests that there is no
ignificant effect on the peripheral vascular flow with passive
imb mobilization in therapy. This assumption requires further
tudy.

Our purpose in this study was to determine the acute periph-
ral hemodynamic response through passive leg cycle exercise
n people with paraplegia. We assumed that passive leg cycle
xercise increases the blood flow circulation and decreases the
eripheral vascular resistance of CFA in subjects with SCI.

METHODS
Fifteen people (12 men, 3 women; age, 47�8y) with chronic

CI (T3-12; ASIA grades A–C; nonambulatory; years postin-
ury, 19�8y) were included in the study. Only 2 subjects had
erve degeneration of the lower limbs resulting in lower mo-
oneuron lesions. This was assessed, based on a physical ex-
mination, by the level and the location of the injury. Partici-
ants who had been injured at least 6 months before were
ecruited from the department of rehabilitation at Rennes Hos-
ital. Subjects with any of the following conditions were ex-
luded: history of smoking (past or current), cardiovascular
istory, metabolic or pulmonary disease, and severely reduced
ange of motion (ROM) of hip or knee joints. Subjects did not
odify their usual treatment for the trial. Four subjects were

nder medication: 2 used alfuzosine for sphincter hypertonia
nd the other 2 took baclofen for limb spasticity. The local
thics committee at Rennes approved this trial before the study
as started. All patients were informed of the testing proce-
ures and possible undesirable side effects and gave their
ritten consent to participate. Table 1 summarizes their char-

cteristics.

xercise Protocol
Subjects were requested not to drink caffeine and to empty

heir bladders before engaging in the passive leg cycle exercise.
hey also underwent a medical examination by the rehabilita-

ion physician (RB) to ensure that the inclusion criteria were
et. The level of each subject’s quadriceps spasticity was
easured with the Ashworth Scale.30 After the isokinetic mo-

orized cyclea was installed, subjects performed a 10-minute
ession of passive leg cycle exercise with their backs against
he wheelchair back support. The pedaling speed was increased

Table 1: Descriptive Characteri

Subjects Sex Age (y) Years Postinjury Lesion Lev

1 M 62 32 T11
2 M 60 3 T11
3 M 45 15 T8
4 F 45 8 L1
5 M 37 18 T12
6 M 38 20 T5
7 F 55 30 T5
8 M 35 13 T4
9 F 48 33 T6

10 M 42 21 T6
11 M 40 17 T9
12 M 49 24 T4
13 M 46 13 T3
14 M 47 22 T12
15 M 55 20 T12

Mean 47 19
SD 8 8
bbreviations: F, female; L, left; M, male; R, right; SD, standard deviation

rch Phys Med Rehabil Vol 88, April 2007
egularly during the first minute to reach the target pedaling
ate of 40rpm without evoking any spastic contraction. The
ength of the pedal (7.5–15cm) was adjusted to ensure the
ighest ROM. The ROM in the sagittal plane was at least 40°
n the knee and 30° in the hip, depending on the flexibility and
he length of the subject’s legs (L. Ballaz, PhD, unpublished
ata, June 2006). The test was performed between 10:00 AM

nd 1:00 PM in an experiment room in which the temperature
as maintained at between 21° and 24°C. The subjects were
ot disturbed during the testing session.

oppler Ultrasound Imaging
We measured red blood cell velocities of the right CFA

mmediately before and after the exercise session. Measure-
ents were always taken in a darkened environment, in the

ame position, directly from a standardized wheelchair with the
ack bent backward (150°). The measurement was taken with
he subject’s feet on the pedals and the right leg in the most
xtended position (right pedal placed forward). The resting
easurement was taken before the exercise session, after a rest

eriod of 5 minutes in the sitting position. Postexercise mea-
urement was always done within 7 seconds of the end of the
xercise. The wheelchair back was tilted and the examiner
laced the probe in front of the end of the passive cycle
xercise so that the measurement was taken immediately after
he end of the exercise.

Resting longitudinal images and simultaneous Doppler spec-
ra were obtained from the CFA with a pulsed color-code
oppler device.b We also used a broadband linear array trans-
ucer of 5 to 10MHz. The sample volume was placed in the
enter of the vessel and the length of the volume adjusted to the
iameter of the lumen. The equipment settings were kept
onstant during the protocol, fixed at an angle of 60° for pulsed
oppler. The probe was placed about 2cm away from the fork
f the CFA by using superficial and deep femoral arteries as
andmarks to be located on axial scans. Doppler spectra were
egistered thrice at the same location at rest and at end-stress.
he same examiner (BL) took all the measurements. The

eliability of this method of measuring blood cell velocity in
he CFA has been demonstrated.31,32

Another investigator (LB) analyzed an off-line recording of
ed blood cell velocities. Furthermore, from the corresponding

of the Study Subjects (N�15)

ASIA Grade Quadriceps Spasticity Ashworth Scale30 Score (R/L)

A 0/0
A 0/1
A 3/3
A 0/0
A 0/0
C 4/1
A 1/2
C 1/3
A 1/3
A 0/0
A 0/0
A 0/0
A 0/0
A 0/0
A 1/3
stics

el
.
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oppler spectrum waveform, the following parameters of
lood velocity were determined among 6 successive cardiac
ycles and subsequently averaged: (1) peak systolic blood
elocity (Vmax), defined as the highest velocity measured in
he Doppler spectrum of the cardiac cycle, and (2) minimal
elocity (Vmin), defined as the lowest velocity. The other
ostexercise measurements were used to control the return to
he basal level.

The mean blood velocity (Vmean) in the CFA was calcu-
ated using the equation:

(½[¼Vmax � 1⁄6Vmin])(60 � HR�1)

here HR is heart rate.33 Because no dilatation of CFA during
he exercise was previously reported,32,34-36 we assumed that
fter passive leg cycle exercise there is a variation of blood
ow. We calculated a velocity index from the difference be-

ween Vmax and Vmin divided by Vmax and used it as an
ndirect indicator of the peripheral resistance.14 This index was

slight modification of the pulsatility index37 and was inde-
endent of possible differences in the insonation angle of the
oppler probe during recording. The heart rate was calculated

rom the Doppler acquisition. The interval between 6 consec-
tive spectral waveforms was measured manually and con-
erted to cardiac frequencies.

tatistical Analysis
All values are described as mean � standard deviation. We

sed paired t tests for dependent groups or Mann-Whitney U
ests to compare variables for vascular properties of the femoral
rtery before and after the exercise session, depending on the
resence of a normal distribution. P values less than .05 indi-
ate statistical significance.

RESULTS

xercise Compliance
All but 1 subject completed the 10-minute exercise session at
rate of 40rpm; the 1 subject asked to stop the rise of the

edaling rate and completed the session at 30rpm. This sub-
ect’s results were averaged with the others. There was no
ignificant spastic muscle contraction during the passive cy-
ling exercise.

ffect of Acute Passive Leg Cycle Exercise
Paired t tests were used for all comparisons because each

arameter had a normal distribution. Maximal blood flow ve-
ig 1. Peak blood flow velocity at rest and after passive leg cycle
xercise. *Differing significantly from rest (P<.01).

F
*

ocity (fig 1) and mean blood flow velocity (fig 2) in the
emoral artery increased significantly after 10 minutes of ex-
rcise, from .80�.18 to .96�.24m/s (P�.001) and from
058�.02 to .076�.03m/s (P�.009), respectively. There were
o differences in minimal blood flow velocity. Heart rate also
emained unchanged after 10 minutes of exercise. The velocity
ndex (fig 3) decreased significantly from the resting values
fter the exercise (ie, from 1.23�0.15 to 1.16�0.20m/s,
�.038).

DISCUSSION

emodynamic Response to Passive Leg Cycle Exercise
The main finding of this study is that in an SCI population,

assive leg cycle exercise significantly increased blood flow
elocity in the femoral artery by about 30%, without an in-
rease in the heart rate. At rest, heart rate and hemodynamic
alues (Vmean, Vmax, Vmin) reported in this study were in
greement with previously reported values in the SCI popula-
ion.14,35,38

The increase in blood flow velocity after passive leg cycle
xercise is not the result of an increase in heart rate, as shown
n the study. The data are in accordance with other studies27,28

hat found that the heart rate remained at the basal level. In
ble-bodied persons, the heart rate slightly increases at the
nset of passive movement because of peripheral afferent re-
exes from exercising muscles.23,24 In the case of nondisabled
eople, the heart rate value returns to a baseline24,27,28 within a
ew minutes after passive leg cycle exercise. In the SCI pop-

ig 2. Mean blood flow velocity at rest and after passive leg cycle
xercise. *Differing significantly from rest (P<.01).
ig 3. Velocity index at rest and after passive leg cycle exercise.
Differing significantly from rest (P<.05).

Arch Phys Med Rehabil Vol 88, April 2007
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lation, however, afferent reflexes from the paralyzed lower
imbs during such exercise malfunction because the afferent
athways are interrupted. The results suggest that central car-
iac factors do not play a dominant role; hence a peripheral
echanism can be hypothesized. During muscular contrac-

ions, the muscle pump promotes the blood flow by squeezing
lood out of the venous capacitance vessels,39 thereby reducing
he venous pressure with a subsequent gain in the gradient
ressure across the vascular bed.40 This mechanical factor may
artially promote a sudden initial increase in the blood flow at
he beginning of the exercise.41,42 In addition, rapid vasodila-
ation, which occurs in the venous system, participates in the
ncrease in the arterial blood flow at the start of exercise.42 The
ole of each factor is still under discussion, however. Radegran
nd Saltin43 found that during passive knee extension, femoral
rterial blood velocity and inflow during the relaxation phase of
he movement was 3.3 to 4.4 times greater than the baseline
alues. This elevation, under passive conditions, results from
uscle mechanical factors43 that can promote arterial blood
ow during passive movement.
In this study, Vmean, measured in the CFA immediately

fter passive leg cycle exercise (�7s), increased by 30%. This
ncrease is lower than the increase measured by Radegran and
altin43 during passive knee extension. The circulation re-
ponse induced by passive movement is dependent on mechan-
cal factors and seems to be very transient. Therefore, we
ypothesized that the circulatory response is higher during the
ovement than at the exact time of the measurement, as this
easurement is taken immediately after the movement is com-

leted.
In the SCI population, venous pools in the lower extremi-

ies11,44 diminish the venous return.12,45 Under physiologic
onditions the muscle acts as a pump that propels the blood out
f the muscle41,42 toward the heart. The tissue lengthening and
hortening induced by the movement of the paralyzed lower
imb during passive leg cycle exercise may increase venous
eturn and arterial circulation in a manner similar to the activity
f the muscular pump during contraction, but with a smaller
mplitude. Consequently, according to the Franck Starling law,
his leads to an increase in the cardiac output. Studies have
hown that in both SCI and able-bodied populations, passive
ovement such as passive leg cycle exercise increases cardiac

utput,2,4,25,27,28 whereas Figoni et al46 found no significant
ncrease in cardiac output and stroke volume in SCI subjects
ith other kinds of passive movements, such as passive knee

xtensions. A cycling movement is the most efficient means by
hich to enhance the venous return in passive mobilization.
uring passive leg cycle exercise, the plantar vascular bed is

ompressed at each revolution of the pedal. The pressure
xerted by the weight of the leg on the pedal is increased during
he upward movement of the pedal. This rhythmic movement
rovokes an alternate effect of pumping that can be compared
ith a “peripheral heart.” In contrast, this mechanism does not

xist during free passive knee flexion and extension.
Recently, Ter Woerds et al29 found that passive cycling does

ot alter the arterial leg blood flow in SCI subjects. Their
esults are not in agreement with our data from this study.
everal protocol differences may explain this discrepancy.
irst, the cycling movement was performed at 35rpm, whereas

n this study it was performed at 40rpm (except by 1 subject).
oreover, we adjusted the length of the pedal to ensure the

reatest ROM. Second, in Ter Woerds’ study,29 the blood flow
n the leg was measured after 1 minute, then subsequently
very 2.5 minutes during cycling. The ergometer was stopped
or about 10 seconds for each measurement. The intermittent

haracter of this exercise could limit the circulatory response. a

rch Phys Med Rehabil Vol 88, April 2007
hird, our sample included 15 people while Ter Woerds’ sample
ncluded only 8 people. The repeated-measures analysis revealed
o changes over time for blood flow, with a P value at .14. With
ore subjects, the P value might reach the significant threshold.

ascular Resistance
The values of velocity index reported here are in accord with

he results previously reported in the SCI population.14 We
ound a slightly significant decrease (6%) of the velocity index
n the CFA in response to passive leg cycle exercise. This index
s an indirect indicator of vascular resistance. It is hypothesized
hat passive leg cycle exercise leads to a slight decrease in
rterial resistance. This is the first time that such a vascular
esponse has been shown after passive movement in SCI sub-
ects.

High vascular resistance has already been reported in the
CI population.15 De Groot et al47 showed that in an SCI
opulation (N�11; ASIA grades A–B; level, T1-L1; time since
njury, 11.6�7.9y), the flow-mediated dilatation was enhanced
n the femoral artery of SCI subjects compared with the dilation
n the control group. These authors indicated that people with
CI could have a preserved endothelial function in their inac-

ive legs. Consequently, the increase of blood flow in CFA
uring passive leg cycle exercise may induce, by an endo-
helial mechanism, a slight dilatation of the artery, which
eads to a decrease in peripheral resistance.

Muraki et al27 found that during passive leg cycle exercise
y SCI subjects the cardiac output increased as a result of the
levation of the stroke volume without any increase in heart
ate and blood pressure. Muraki also suggested that there was
decrease in peripheral vascular resistance during the exercise
ecause peripheral resistance is determined by cardiac output
nd blood pressure (peripheral resistance � mean blood pres-
ure/cardiac output). Their results support this hypothesis.

linical Implications
The results of this study could have important clinical im-

lications. According to the subjects, passive leg cycle exercise
id not induce discomfort. Instead, they verbally reported a
ensation of well-being. Therefore, this exercise seems to be an
ppropriate technique for increasing peripheral blood flow in
CI subjects. When prolonged treatment is required, this is
specially important to counteract blood stasis that occurs in
mmobilized people. The value of increased femoral blood flow
elocity induced by passive leg cycle exercise is close to the
ncrease induced by electric stimulation in isometric conditions
n healthy subjects.48 Electric stimulation treatment could be
ontraindicated for people with cardiorespiratory disorders,
utonomic dysreflexia, or sensitive skin.16 Moreover, the elec-
ric stimulation leads to fatigue, particularly in people with
CI.29 Passive leg cycle exercise can be performed for a long
eriod of time without fatigue or discomfort precisely because
f its passive nature.

tudy Limitations
Doppler measurements were taken with subjects seated in

he wheelchair with its back tilted back (150°). The measure-
ent was not taken in the standard supine position because it
as important that it be taken immediately after the exercise.
evertheless, the position measurement was exactly the same

or all data acquisition. The off-line analysis of Doppler spec-
rum waveform was performed by a single investigator who
as not blinded. Hence, this methodologic problem might have
ffected the result. We did not use electromyography to con-
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rm the passive condition during the exercise. Eight of the 15
ubjects in this study, however, did not have quadriceps spas-
icity (Ashworth Scale score, 0). Moreover, there was no con-
rol group in this study. It is assumed that the cardiovascular
ystem is solely evoked by passive leg cycle exercise. The
ycle trainer used for the experiment is designed for self-
owered home use. During this clinical trial, the subjects did
ot put their legs on the device so to maintain the cardiovas-
ular parameters at their basal level.

erspective
It would be interesting to know what functional and struc-

ural vascular adaptation occurs after a training period of pas-
ive leg cycle exercise. The training should take place at home
o that the performance of this home-based trainer can be
roperly evaluated.

CONCLUSIONS
The main finding of this study is that a 10-minute session of

assive leg cycle exercise markedly increased the femoral
ean and maximal blood flow velocity in an SCI population.
urthermore, passive leg cycle exercise leads to a slight de-
rease in the peripheral arterial resistance. It could also have
linical implications for immobilized people who are prone to
ower-limb blood stasis. Hence, further research is required
nto the effect of passive leg cycle exercise training period on
he cardiovascular system.
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