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Effect of leg vascular occlusion on arm cycling peak oxygen
uptake in spinal cord-injured individuals

B Brurok1,2, T Tørhaug1,3, G Leivseth1,3, T Karlsen2, J Helgerud2,4 and J Hoff1,2

Study design: Cross-sectional single-subject design.
Objectives: To determine whether leg vascular occlusion (LEVO) augment arm cycling (ACE) peak oxygen uptake in spinal cord-injured
individuals.
Setting: University Hospital, Norway.
Methods: Fifteen individuals with C4 to T12 spinal cord injury (SCI) were recruited and divided into two groups: injury above (SCI-high,
n¼8) or below (SCI-low, n¼7) the T6 level. Peak oxygen uptake (VO2peak) was measured during (1) ACE combined with LEVO, (2) ACE
alone and (3) ACE combined with functional electrical stimulation cycling (FES hybrid cycling).
Results: In the SCI-high group, VO2peak and peak Watt during ACE with LEVO were higher than ACE alone: 20.0 (±5.0) versus 17.6
(±5.0) ml kg�1min�1 (P¼0.006), and 72.5(±32) versus 80.0 (±34) Watt (P¼0.016), respectively. However, FES hybrid cycling
VO2peak was significantly higher than ACE with LEVO: 24.4 (±4.1) versus 20.0 (±5.0) ml kg�1min�1 (P¼0.006). In the SCI-low
group, there was no difference in VO2peak and related parameters between the three modalities.
Conclusions: For spinal cord-injured individuals with injury level above T6 (high) in the present study, LEVO combined with ACE
augment VO2peak. However, this acute increase in VO2peak was lower than when FES cycling was combined with ACE. These findings
may have future implications for exercise prescription for spinal cord-injured individuals.
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INTRODUCTION

Persons with spinal cord injury (SCI) have limited aerobic capacity,
which is closely linked to increased prevalence of cardiovascular
disease.1 The limited aerobic capacity in SCI is due to the inability
to redistribute blood during arm cycling (ACE). Lack of normal
activation of the muscle venous pump (although there is controversy
regarding the mechanism behind the effect of the muscle pump in
venous return, because vasodilatation is also found central for exercise
hyperemia2); varying degrees of sympathetic dysfunction affecting
blood pressure (BP); and vasoconstriction3 are suggested as contribut-
ing factors. The sum of factors results in blood to pool in the lower
extremities and a smaller cardiac output.4 With this background,
searching for effective training modalities for increasing cardiac out-
put, peak oxygen uptake (VO2peak) and upper extremity work capacity
for SCI is important. Presently, combining functional electrical sti-
mulation (FES) in the lower extremities with upper extremity ACE or
rowing (FES hybrid) is the preferred modality for training at the
highest oxygen uptakes (VO2).4,5 FES activates the muscle venous
pump, which increases venous return, end diastolic blood volume and
preload to the left ventricle, increasing cardiac output and blood
supply through the Frank–Starling mechanism, hence an improved
upper extremity work capacity.3 FES hybrid cycling is resource-
demanding in terms of availability, cost and personal assistance.6

Furthermore, its use is mainly limited to those with an intact lower
motor neuron and sensory motor complete injuries, because indivi-

duals with preserved sensation below the level of injury have a lower
tolerance for FES owing to various degrees of pain from stimulation.
This calls for easier operable and affordable exercise training mod-
alities.

One hypothesis is that applying leg vascular pressure in combina-
tion with ACE or wheelchair propulsion may facilitate venous return
and further increase VO2peak in persons with SCI.7–9 Modalities
applying compression, that is, anti-gravity suits (pressurized suits
covering the lower extremities and the abdomen) with either pulsed
or continuous pressure have been tested with conflicting results.8,10–12

Thus in the pursuit of a less resource-demanding training modality,
applying leg vascular occlusion (LEVO) during ACE needs further
assessment. As the rationale for applying LEVO during ACE is to
facilitate venous return, effects will be addressed separately for SCI
with level of injury above and below T6 (SCI-high and SCI-low,
respectively). Individuals with SCI-high have a reduced sensory
nervous system (SNS) outflow and supraspinal control to the splanch-
nic bed and lower extremity blood vessels, resulting in blood pooling
during exercise.11 In persons with SCI-low injuries, the vasculature is
generally innervated, especially in the important splanchnic vessels,
and clinical manifestations of a circulatory SNS dysfunction (that is,
venous pooling) during exercise may not be as marked as it is for
individuals with high-level SCI.11 In this study our primary aim is to
compare VO2peak between ACE, ACE combined with LEVO and FES
hybrid cycling for individuals with SCI-high and SCI-low injuries.
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Our primary hypothesis is that ACE with LEVO results in higher
VO2peak than ACE alone. Our secondary hypothesis is that FES hybrid
cycling results in higher VO2peak compared with ACE with LEVO and
ACE alone

MATERIALS AND METHODS

Population and design
We used a cross-sectional, single-subject design. Fifteen moderately
active individuals with SCI were recruited from patient lists at the
Department of Spinal Cord Injuries at St Olav’s University Hospital,
Norway.

Written informed consent was obtained from all individuals. They
were divided into two groups: injuries above (SCI-high, n¼8) and
injuries below (SCI-low, n¼7) T6 level.

The inclusion criteria were chronic/stable neurological state (at least
12 months since injury), paraplegia (lesion level between T1 and L1,
where arm function is spared, but depending on the level of injury, the
trunk, legs and pelvic organs may be involved) and tetraplegia (lesion
level between C4 and C8, impairment of function in the arms as well as
in the trunk, legs and pelvic organs),10 with lower motor neuron
intact, ASIA Impairment Scale A and able to FES cycle for a minimum
of1 min. Exclusion criteria were pacemakers, severe autonomic dysre-
flexia and decubitus in any area. Prior to inclusion an assessment
consisting of neurological classification according to the ASIA Impair-
ment Scale, skin health, resting BP and present cardiovascular disease
in line with the recommendations from the ACSM13 was performed.
Body mass in kilograms was obtained using an SECA digital chair
scale 950 (Hamburg, Germany) calibrated for seated weighing.
Individual characteristics are listed in Table 1.

Test protocols
We tested VO2peak during the three modalities in random order, on
three separate days. All participants were familiar with ACE.

To determine VO2peak, the following criteria had to be met:
respiratory exchange ratio (R) X1.05, blood lactate level ([La�]b)
X7 mmol and rating of perceived exertion (RPE) X15, BORG scale
(6–20).14 If these criteria were met, the average of the highest VO2

within three consecutive 10-s measurements was used to calculate
VO2peak.

Apparatus
Measurements of ventilatory parameters and pulmonary gas exchange
were performed using a Metamax II Cortex ergospirometry system
(Cortex Biophysik GmbH, Leipzig, Germany). Participants wore a
facemask with a head cap assembly. A volume transducer was con-
nected to the face mask with a tube that collects samples of the gas
concentration in the mask every 10 s. Prior to all tests calibration was

performed using a 3-l standardized calibration syringe (Hans Rudolph
Jäger GmbH, Kansas City, MO, USA). The gas concentration sensor
was calibrated with ambient air and a chemically standardized
calibration gas containing 16% O2, 4% CO2 and 80% nitrogen
(SensorMedics Corporation, Yorba Linda, CA, USA).

For ACE, the ERGOMED 840L (Siemens, München, Germany) was
rebuilt and modified for ACE by changing the pedals for arm use
(Figure 1).

For FES hybrid cycling the ERGYS 2 Rehabilitation System (Ther-
apeutic Alliances Inc., Fairborn, OH, USA) was used (Figure 2).

For bilateral lower extremity vascular occlusion, single-hose thigh
cuffs (NIBP; Criticare, Waukesha, WI, USA) were used.

Non-hemolysed blood lactate ([La�]b) concentration was measured
by using the portable Lactate Pro LT-1710 Analyzer (Arkray Factory
Inc., KDK Corp., Kyoto, Japan). [La�]b level was measured after all
VO2peak tests in a capillary blood sample from a finger tip.

Heart rate (HR) was measured with Polar watches (Polar Electro,
Oy, Finland). Peak HR was determined as the highest HR measured at

Table 1 Individual characteristics of the SCI-high and SCI-low

groups

SCI-high (n¼8) SCI-low (n¼7)

TSI (years) 12.9 (±10.8) 13.5 (±11.7)

Weight (kg) 73.3 (±8.4) 74.9 (±14.9)

AIS A A

Level of injuries C4, C5, C7, C7, T2,T5, T5, T5 T8, T9, T9, T10, T11, T11,T12

Men/women 8/0 5/2

Age 35 (±12.3) 43.6 (±12.8)

Abbreviations: AIS, ASIA Impairment Scale; C, cervical level; SCI, spinal cord injury; T, thoracic
level; TSI, time since injury.
Data are presented as mean (±s.d.).

Figure 1 Setup for testing maximal oxygen uptake during ACE and ACE

combined with LEVO.

Figure 2 The FES hybrid cycling setup.
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the end of a VO2peak test. RPE (Borg 6–20) was recorded after each
test. BP was measured by manual cuff and auscultation.

Oxygen pulse (O2 pulse) was calculated as the ratio between
VO2peak and peak HR.

Test protocol for ACE
During ACE the shoulder joint was horizontally aligned with the
pedals and the elbows were positioned slightly flexed at the point of
furthest reach. Tetraplegic individuals wore hand orthoses to enable
performance during ACE. Four minutes of 30 W on the ACE were
conducted directly followed by peak ACE, where ACE workload was
increased each minute, tetraplegics by 5 W and paraplegics by 10 W,
until volitional fatigue. ACE peak Watt was determined by the highest
Watt kept for the last 1 min.

Test protocol for ACE with LEVO
Seated BP was measured at rest. Thigh cuffs were inflated to
100 mm Hg above each individual’s systolic BP as a tourniquet to
achieve vascular hemostasis in the lower extremities. Then, 4 min of
ACE at 30 W were conducted, directly followed by VO2peak test, where
participants arm-cycled until volitional fatigue. The thigh cuffs were
deflated immediately after the test.

Test protocol for FES hybrid cycling
The test began with 3 min of warm up on the ACE, followed by 4 min
at 30 W on the ACE combined with 2 min of FES manual warm up,
directly followed by the FES hybrid peak testing. No resistance was
provided on the flywheel during FES cycling, whereas ACE workload
was increased in 1-min increments by 5–10 W until volitional fatigue.
FES cycling started at individual time points, based on a pilot peak
FES cycling test, to reach fatigue at approximately the same time for
legs and arms. If FES cycling began to fatigue before the arms, the
flywheel was manually assisted during FES leg cycling, to ensure
stimulation current throughout the whole test. Self-adhesive electro-
des were used and impulse frequency was set at 40 Hz.

We certify that all applicable institutional and government regula-
tions concerning ethical use of human volunteers were followed
during the course of this research.

Statistical analyses. A Q-Q plot of VO2peak values did not reveal any
indication for deviation from normal-distributed data. With two
groups (SCI-high and SCI-low) and three modalities (ACE, ACE

combined with LEVO and ACE combined with FES cycling) we
used a two-by-three analysis of variance model for repeated measures.
A P-value o0.05 was considered statistically significant (two-tailed).
An interaction term was included to examine potential differences
in VO2peak between type of exercise modality between SCI-high and
SCI-low groups (full factorial model). Due to significant interaction,
separate analyses for each group were performed, using repeated-
measures analysis of variance, pairwise comparisons of peak oxygen
uptake and related parameters between the three test modalities, with
nominal significance level set to 0.017 to adjust for multiple compar-
isons (Bonferroni method).

RESULTS

The SCI-high group
For the SCI-high group mean VO2peak was 2.4 ml�kg�1�min�1 higher
during ACE combined with LEVO compared with ACE alone (95%
confidence interval (CI): 0.8–3.9) (P¼0.006); mean O2 pulse was
1.4-ml�beat�1 higher during ACE with LEVO compared with ACE
alone (P¼0.046) (95% CI: 0.024–2.7); and mean peak workload was
7.5 W higher during ACE combined with LEVO compared with ACE
alone (95% CI: 1.6–13.4) (P¼0.016). No differences in ventilation
(VE), [La]b, R, peak HR or RPE between these two modalities were
found (Table 2).

FES hybrid cycling VO2peak was 4.4 ml�kg�1�min�1 higher (95% CI:
1.5–7.2) (P¼0.006) compared with ACE with LEVO. Mean [La]b was
1.9 mmol�l�1 higher (95% CI: 0.7–3.0) (P¼0.005) and mean O2 pulse
was 1.9 ml�beat�1 higher (95% CI: 0.7–3.2) (P¼0.005) during FES
cycling compared with ACE with LEVO. No differences in R, peak HR
or RPE between these two modes were observed.

VO2peak and workload during FES hybrid cycling compared with
ACE alone were 6.8 ml�kg�1�min�1 and 10.5 W higher (95% CI:
3.5–10.0 (P¼0.001) and 95% CI: 6.0–15.2 (P¼0.001), respectively).
VE was 11.0 l�min�1 higher (95% CI: 7.7–1.4) (P¼0.000); [La]b was
1.9 mmol�l�1 higher (95% CI: 0.2–3.5); (P¼0.029) and O2 pulse was
3.3 ml�beat�1 higher (95% CI: 1.6–5.0) (P¼0.001) during FES hybrid
compared with ACE alone (Table 2).

The SCI-low group
VO2peak and related parameters were not different between ACE,
ACE combined with LEVO and FES hybrid cycling. Peak HR was
5 beats�min�1 higher during ACE combined with LEVO compared
with FES hybrid cycling (95% CI: 1.6–8.9) (P¼0.009) (Table 3).

Table 2 Peak physiological parameters for the SCI-high group from the three test modalities

Variables ACE (n¼8) ACE and LEVO (n¼8) FES hybrid cycling (n¼8)

VO2peak

(l�min�1) 1.24 (±0.40) 1.48 (±0.43)* 1.80 (±0.40)#,y

(ml�kg�1�min�1) 17.7 (±5.0) 20.0 (±5.0)* 24.4 (±4.1)#,y

VE (l�min�1) 50.4 (±20.8) 54.3 (±22.7) 61.4 (±19.8)#,y

R 1.14 (±0.07) 1.20 (±0.1) 1.20 (±0.07)

[La�]b (mmol�l�1) 7.5 (±1.1) 7.5 (±1.2) 9.4 (±1.7)#,y

HRpeak (beats�min�1) 149 (±34) 154 (±33) 163 (±20)y

Borg 18 (±1) 18 (±1) 19 (±1)

Watt 72.5 (±32) 80.0 (±34)* 83.0 (±32)y

O2 pulse (ml�beats�1) 11.7 (±1.9) 13.1 (± 2.5)* 15.0 (±2.6)#,y

Abbreviations: ACE, arm cycling; HR, heart rate; [La�]b, blood lactate; LEVO, lower extremity vascular occlusion; O2 pulse, oxygen pulse; R, respiratory exchange ratio; SCI, spinal cord injury;
VE, ventilation; VO2peak, peak oxygen uptake.
Data are presented as mean (s.d.). *Significant differences between ACE and ACE with LEVO (Pp0.05). #Significant difference between ACE with LEVO and FES hybrid cycling (Pp0.05).
ySignificant difference between ACE and FES hybrid cycling (Pp0.05).
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DISCUSSION

Our main finding is that LEVO in combination with ACE resulted in a
13% higher mean VO2peak compared with ACE alone for the SCI-high
group, in line with our primary hypothesis. In the SCI-low group no
difference was found between testing modalities. As a higher VO2peak

from ACE combined with LEVO compared with ACE alone was found
only in the SCI-high group, it may indicate that LEVO mainly
augments the SNS reduced circulatory response to exercise as seen
in individuals with SCI above T6. The rationale behind applying LEVO
during ACE was to support blood redistribution, reduce lower
extremity blood pooling and further improve upper extremity work
capacity. The 12% higher O2 pulse (an indirect measure of stroke
volume), together with the 10.3% higher peak workload and an
insignificant difference in peak HR, may support this (Table 2).
However, as heart function and blood pooling during testing were
not measured in the present study, future randomized, controlled
studies are needed to investigate if the underlying mechanism behind
the increased VO2peak with LEVO is improved stroke volume owing to
less lower body blood pooling and increased venous return. Previous
studies have used leg positive pressure to augment VO2peak in SCI.
Pitetti et al.8 found that a pulsating anti-gravity suit pressure of
50–75 mm Hg in combination with ACE and/or wheelchair propul-
sion in eight tetraplegic individuals resulted in a higher mean VO2peak

and arm work rate compared with arm exercise alone, in line with the
findings for the SCI-high group in our study. Whereas Houtman
et al.7 using a pulsating anti-gravity suit pressure in conjunction with
ACE, assessing individuals with level of injury between L1 and L5,
found no significant difference in VO2peak compared with ACE alone,
similar to the findings for the SCI-low group in our study. However,
comparisons between studies should be made with caution because of
methodological diversity and population heterogeneity, that is, lack of
consistent determination criteria for VO2peak and different levels of
SCI. The criteria for VO2peak in our study differ from those by Pitetti
et al.8 and Houtman et al.7 Furthermore, creating group homogeneity
according to level and completeness of SCI, age and gender is
challenging, although important when assessing aerobic performance.

In the SCI-high group, two of the tetraplegic individuals did not
satisfy the criteria for peak levels of blood lactate during ACE and ACE
with LEVO (6.7 and 5.7, and 5.0 and 6.7 mmol�l�1, respectively). This
may be because they ended the tests owing to hypotension from sitting
up and exercising. However, high values for R and RPE suggest that
they exercised at maximal effort during both modalities; thus they
were included in the analysis. An overestimation of the effect from
LEVO in the SCI-high group is unlikely, as the determination criteria

for VO2peak were not reached during both modalities. The same two
individuals were also, because of exercise-induced hypotension, unable
to perform the total of 4 min of ACE warm up at 30 W, but were able
to perform ACE warm up with LEVO. Therefore, one may speculate
that LEVO facilitates exercising without a reduction in BP; however as
BP was not measured during exercise, future studies are needed to
assess this.

LEVO during ACE increased VO2peak in the SCI-high group;
however it was still below the VO2peak levels achieved during FES
hybrid testing, in line with our hypothesis (Figure 3). Compared with
LEVO, FES cycling recruits more muscle mass and activates the muscle
venous pump. An increase of muscle mass during FES hybrid testing
will increase oxygen consumption through increased mitochondrial
activity together with a higher venous return and stroke volume,
hence a higher VO2peak is likely reached.15 In contrast to our hypoth-
esis, no difference in VO2peak between the three test modalities was
found for the SCI-low group. Thus it appears that SNS innervation
has an important role in the redistribution of blood during exercise.

Although the effect from LEVO on VO2peak is lower than during
FES hybrid cycling, it may serve as a less resource-demanding
alternative to ACE alone for persons with SCI-high. Even small
increases in VO2, especially in persons with tetraplegia, may translate
into improvements in their ability to perform activities of daily living
and provide additional energy to participate in social life.16 That is,
the metabolic cost of activities of daily living in persons with complete

Table 3 Peak physiological parameters for the SCI-low group from the three test modalities

Variables ACE (n¼7) ACE with LEVO (n¼7) FES hybrid cycling (n¼7)

VO2peak

(l�min�1) 1.74 (±0.24) 1.81 (±0.24) 1.91 (±0.38)

(ml�kg�1�min�1) 23.7 (±3.6) 24.4 (±3.7) 25.6 (±4.1)

R 1.3 (±0.1) 1.3 (±0.1) 1.2 (±0.1)

VE (l�min�1) 76.6 (±13.4) 80.8 (±11.5) 80.2 (±21.1)

[La�]b (mmol�l�1) 9.3 (±0.9) 10.3 (±1.5) 10.6 (±2.5)

HRpeak (beats�min�1) 185 (±11) 187 (±9) 182 (±9)#

Watt 96 (±23) 100 (±22) 98 (±19)

Borg 19 (±1) 19 (±1) 19 (±1)

O2 pulse (ml�beat�1) 12.8 (±1.7) 13.0 (±1.5) 14.0 (±1.8)

Abbreviations: ACE, arm cycling; HR, heart rate; [La�]b, blood lactate; LEVO, lower extremity vascular occlusion; O2 pulse, oxygen pulse; R, respiratory exchange ratio; SCI, spinal cord injury;
VE, ventilation; VO2peak, peak oxygen uptake.
Data are presented as mean (±s.d.). #Significant difference between ACE with LEVO and FES hybrid cycling (Pp0.05).

Figure 3 Maximal oxygen uptake measured for the SCI-high and SCI-low

groups during ACE, ACE combined with LEVO and FES leg cycling

combined with ACE. Data are presented as mean±s.d. ACE, arm cycling;

LEVO, leg vascular occlusion; FES hybrid, functional electrical cycling

combined with arm cycling; VO2peak, peak oxygen uptake. *Significant

difference between ACE and ACE with LEVO. #Significant difference

between ACE with LEVO and FES hybrid cycling. ySignificant difference

between ACE and FES hybrid cycling (Pp0.05).
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SCI is 2.7 ml�kg�1�min�1 compared with 3.5 ml�kg�1�min�1 O2 for
able-bodied persons;17 and the SCI metabolic cost, that is, during
deskwork is 1.47; during dusting is 1.27; and during wheeling on grass
is 4.96.17 In comparison, the metabolic cost of ACE in the present
study is 6.4, ACE with LEVO is 7.4 and FES hybrid cycling is 9.0,
highlighting the benefit from the three tested modalities. Follow-up
studies of able-bodied persons have found that VO2peak is highly
associated with morbidity and mortality,18,19 indicating the impor-
tance of VO2peak as a prognostic factor and a measure of overall
cardiovascular health. This may further reflect the need for finding
easy accessible training modalities and the most effective training
intensity to reach the highest possible exercise oxygen uptake for SCI.

The SCI-high group included both tetraplegic and paraplegic indivi-
duals. Ideally, as they elicit different physiological exercise responses, they
should have been separated into different groups. However, we con-
sidered lack of SNS innervation to the splanchnic vascular bed and lower
extremity blood vessels, and a low number of participants, more
important than innervation to the heart and lack of small muscles in
the hand, and therefore split the groups at the T6 level.

It is of interest to compare VO2peak and related parameters between
the two groups; however we believe that the combination of a small
number of participants and the relatively large differences in mean age
between the groups made it difficult to separate the effects of age from
the effects of SCI-high versus SCI-low. A 10-year age difference is likely
to have a significant effect on aerobic performance between the
groups. Furthermore, as VO2peak does not represent an effect from
each test modality owing to lack of baseline values, the most reason-
able focus in the present study was the difference in VO2peak from
the training modalities within the SCI-high and SCI-low groups
separately. Therefore, future randomized, controlled studies where
groups are matched for age and gender are needed to assess between-
group differences.

Thigh cuff pressures during LEVO in this study were individually
set to 100 mm Hg above systolic BP. This is high compared with the
anti-gravity suit pressures used in previous studies,8,9,12 but lower than
the pressure used in the study by Kjar et al.20 In the surgical setting,
occlusion usually extends to 1 to 1½ h, but in the present study it
extended only for a maximum time of 10 min, lowering the risk of
possible tissue damage.21 These pressures will inflict arterial vessels
and may cause ischemic damage, but no reports of adverse events
related to vascular pressures are given in similar studies.20

Study limitations
This study is limited as blood pooling, heart function and BP were not
measured, and thus the mechanisms behind the increase in VO2peak in
the present study remain unknown. Furthermore, a low number of
participants and lack of homogeneity in the groups reduce the
statistical power and make it difficult to generalize the findings.

Conclusions
Applying LEVO during ACE for the SCI-high group in the present study
augmented VO2peak compared with ACE alone, but not to the level of
the FES hybrid mode. No effect from LEVO was found for the SCI-low
group. ACE combined with LEVO may serve as a less resource-
demanding alternative to FES hybrid, for those with high-level SCI in
the present study. These findings may have future implications for
exercise prescription and cardiovascular prevention programs.
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