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Gross mechanical efficiency of the combined arm–leg
(Cruiser) ergometer: a comparison with the bicycle ergometer
and handbike
Elisabeth K. Simmelinka, Emilie C. Borgesiusb, Florentina J. Hettingab,c,
Jan H.B. Geertzena, Rienk Dekkera and Lucas H.V. van der Woudeb

The combined arm–leg (Cruiser) ergometer is assumed
to be a relevant testing and training instrument in the
rehabilitation of patients with a lower limb amputation. The
efficiency and submaximal strain have not been established
and thus cannot be compared with alternative common
modes of exercise. A total of 22 healthy able-bodied men
(n= 10) and women (n= 12) were enrolled in four
discontinuous submaximal graded exercise tests. Each test
consisted of seven bouts of 3min exercise ranging from
20 to 45W and was performed on, respectively, the Cruiser
ergometer, a bicycle ergometer, a handbike, and again the
Cruiser ergometer. Cardiorespiratory parameters were
measured and rate of perceived exertion was determined.
Gross mechanical efficiency (GE) was determined from
power output and submaximal steady-state energy cost.
Repeated-measures analysis of variance (P< 0.05)
was used to evaluate the effects of exercise mode,
exercise intensity, and sex. No differences in GE and
cardiorespiratory strain were found between both Cruiser
tests (GE 45W: men 13.0%, women 15%) and the bicycle
test (GE 45W: men 13.2%, women 14.6%). GEs of
handbiking (45W: men 11.2%, women 12.2%) were lower
compared with the Cruiser and bicycle test results, whereas
cardiorespiratory strain in handbiking was consistently

higher. Apart from a lower rate of perceived exertion at the
second Cruiser test, no differences were found between the
repeated Cruiser tests. It can be concluded that GE and
cardiorespiratory strain in submaximal Cruiser exercise are
comparable with leg cycling, the repeatability was good, and
no obvious learning effects were observed. The results
of this study form a base for further research in patients
with a lower limb amputation. International Journal of
Rehabilitation Research 38:61–67 Copyright © 2015
Wolters Kluwer Health, Inc. All rights reserved.

International Journal of Rehabilitation Research 2015, 38:61–67

Keywords: ergometry, exercise testing, gross mechanical efficiency,
lower limb amputation, physical strain, rehabilitation, submaximal exercise

aDepartment of Rehabilitation Medicine, Center for Rehabilitation, bCenter for
Human Movement Sciences, University Medical Center Groningen, University of
Groningen, Groningen, The Netherlands and cSchool of Biological Sciences,
Centre of Sport and Exercise Science, University of Essex, Colchester, UK

Correspondence to Elisabeth K. Simmelink, MD, Department of Rehabilitation
Medicine, Center for Rehabilitation, University Medical Center Groningen,
University of Groningen, Beatrixoord, PO Box 30 002, 9750 RA Haren,
Groningen, The Netherlands
Tel: + 31503617430; fax: + 31503618153; e-mail: e.k.simmelink@umcg.nl

Received 7 August 2014 Accepted 26 October 2014

Introduction
Patients with a lower limb amputation (LLA) experience

a decline in physical fitness and higher relative and

absolute energy costs during walking (Van Velzen et al.,
2006). Evidence from Chin et al. (2002) suggests that

when prosthetic rehabilitation only covers walking with

prosthesis, maximal aerobic capacity of patients with an

LLA does not improve to the level of able-bodied indi-

viduals. Therefore, training in prosthetic walking should

be accompanied by some forms of endurance exercise

training. Before commencing training, an appropriate

maximal exercise test is required to determine individual

work capacity (Fletcher et al., 2001). At present, different
types of ergometers and modes of exercise are available

for exercise testing and training in rehabilitation: tread-

mill walking, wheeling and handbiking, bicycle ergo-

metry, arm-ergometry, and combined arm–leg ergometry.

Treadmill walking and bicycle ergometry cannot be used

in patients with a LLA without prosthesis or without

assistance and are therefore not useful for training and

testing in the early phase of rehabilitation when the

patient does not have prosthesis as yet. When using arm-

ergometry for training or exercise testing, the con-

siderably lower muscle mass of the upper body is

involved and the oxygen consumption (VO2) peak will be

lower compared with leg exercise tests. The Cruiser

ergometer (Enraf-Nonius, 2011, Fig. 1) might provide

the ideal alternative as it combines cyclic arm and leg

exercise in the sitting posture. In the early stage, the

residual limb can be securely positioned on a special

support for the stump, whereas in a later stage, the

prosthetic leg can be actively involved. The main

advantage of the Cruiser ergometer is the safe and

comfortable exercise of a large muscle mass in early

rehabilitation. Furthermore, the Cruiser ergometer has

been shown to be a reliable and valid instrument to

measure the peak oxygen uptake in healthy individuals

during an incremental exercise test (Simmelink et al.,
2009). In a previous pilot study, Vestering et al. (2005)
also concluded that peak exercise on the Cruiser
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ergometer led to a higher load on the cardiovascular and

respiratory system compared with arm-ergometry in

patients with an LLA.

Apart from its suitability as a testing device, it is currently

not known whether the Cruiser ergometer is a suitable

training device for patients with an LLA. The exercise

on the Cruiser ergometer seems a somewhat complex

combined cyclic action of legs and arms that may require

a learning period and may initially be slightly less effi-

cient compared with the more common cycling mode.

Therefore, before using the Cruiser ergometer as a

training device, it is important to know the submaximal

physical strain, perceived exertion, and gross mechanical

efficiency (GE) of the Cruiser ergometer in comparison

with common exercise cyclic exercise modes, as well as

its repeatability (Klute et al., 2001; Jain et al., 2010).

Exercise on the Cruiser ergometer combines elements of

cyclic upper and lower body exercise, such as handbik-

ing, wheeling, rowing, and cycling. The optimal values of

GE of these exercise forms in the literature are in the

range of 10–20%, for example, handbiking 6–13%,

wheeling 10%, rowing 17–19%, and cycling 20% (Van

Ingen Schenau et al., 1990; Hopker et al., 2010a, 2010b;
Hettinga et al., 2013), and have been found to be

dependent on work load, speed, task, amount of active

muscle mass, coordination of the movement, and tem-

perature (Fletcher et al., 2001; Hettinga et al. 2007;

Powers and Howley, 2007). We expect to find a GE for

the Cruiser ergometer in a similar range (Astrand and

Rodahl, 1986). GE is an important measure because it

can be used to evaluate training as well as motor learning

effects. Because of the complexity of a combined

arm–leg movement, it is imaginable to find small learning

effects when the exercise is repeated (Almåsbakk et al.,
2001; De Groot et al., 2002). When using the Cruiser

ergometer as a testing and training instrument, it is

important to know whether there is a motor learning

effect in the movement on the Cruiser ergometer.

Submaximal strain and GE are expected to be different

between men and women. It is known that resting oxy-

gen consumption is greater in men than in women but

also that absolute oxygen consumption on the bicycle

ergometer is higher in men than in women (Toth et al.,
1998). Therefore, both men and women participated in

this study.

In the current study, the main goal was to determine the

GE, submaximal cardiorespiratory strain, and subjective

strain in healthy able-bodied men and women during a

standardized submaximal Cruiser exercise in comparison

with exercise on a bicycle ergometer and handbike. In

addition, the repeatability and motor learning aspects of

Cruiser exercise were evaluated.

Methods
Participants

A total of 22 healthy participants (10 men and 12 women)

were enrolled in the present study (Table 1). Exclusion

criteria for participating in this study were as follows: age

younger than 18 years, a BMI of more than 30, neuro-

musculoskeletal disorders or complaints that could have

affected the test, evidence or serious suspicion of cardi-

ovascular diseases, stress, or exercise-related pain in the

chest, pulmonary diseases, viral, or bacterial infection for

less than 10 days, and use of medication for cardio-

pulmonary diseases (Fletcher et al., 2001). The inclusion

and exclusion criteria were screened using the Physical

Activity Readiness Questionnaire (PARQ) (Chisholm

et al., 1975; Cardinal et al., 1996). All participants signed
an informed consent and all tests were conducted in

accordance with the Declaration of Helsinki. The local

Ethics Board of the Center for Human Movement

Sciences (UMCG) approved the current experiment.

Procedure and design

All participants performed four discontinuous sub-

maximal steady-state exercise tests on four separate days.

The four tests were conducted at the same time of the

day for each individual, with intervals of ∼ 1 week

between subsequent tests. All participants were asked to

refrain from stimulants (caffeine, drugs, cigarettes, etc.),

exercise, and alcohol for at least 12 h before testing. Each

participant was asked to have a light breakfast/lunch at

least 2 h before the exercise test and normal hydration

was requested. Before testing, personal characteristics

were determined (Table 1).

Fig. 1

The Cruiser ergometer, a combined arm–leg ergometer.

Table 1 Personal characteristics (mean and SD)

Age (years) Body height (m) Body mass (kg)

Men (n=10) 24.0 (1.8) 1.86 (0.07) 79.0 (10.5)
Women (n=12) 22.1 (2.4) 1.72 (0.06) 65.8 (10.2)
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All tests started with 3 min sitting on the Cruiser erg-

ometer, bicycle ergometer, or handbike to obtain a

baseline. Each exercise test consisted of seven (20, 25,

30, 35, 40, 45, and again 20W) 3 min submaximal exer-

cise bouts. The different cardiorespiratory measures, VO2

(ml/min), carbon dioxide output [VCO2 (ml/min)],

breathing frequency [BF (breaths/min)], maximal venti-

lation [VE (l/min)] respiratory exchange rate (RER), and

heart rate [HR (beats/min)], were measured during the

last 30 s of each of the seven submaximal exercise bouts.

Between each two bouts, the participant had a 30 s rest

period in which the rate of perceived exertion (RPE) was

determined on a 10-point Borg scale (Borg, 1982). In each

new exercise bout, the external work load was increased

from zero to the desired work load, within ∼ 5 s.

The four exercise tests were conducted on the Cruiser

ergometer (Fig. 1), bicycle ergometer, the handbike

exercise test on a motor-driven treadmill, and again the

Cruiser test in the same sequence for all participants.

The second submaximal exercise test on the Cruiser

ergometer served to determine its repeatability as well as

potential motor learning effects over time.

Instruments and exercise modes

Cruiser ergometer
The Cruiser ergometer (Fig. 1, Enraf-Nonius, Delft, The

Netherlands: Operating Instructions Cruiser, 2011) is a

combined arm–leg ergometer equipped with a comfor-

table seat. The feet are placed against a nonmoving yet

adjustable footrest. The footrest is used to push off; this

makes the seat move backwards. The participant moves

the seat forward again by pulling the handlebars with the

arms. In this way, the arms and legs are used simulta-

neously to provide power output to the ergometer. The

resisting load of the ergometer was gradually increased

manually. The ergometer was set to operate at a constant

power between 35 and 60 revolutions per minute (rpm).

Participants were instructed to exercise at 50 rpm. The

footrest was adjusted to the individual body height and

was fixed for the two Cruiser tests. The accuracy of the

Cruiser ergometer for the power output is ± 10% and that

for speed is ± 2 rpm (Enraf-Nonius, Delft, The

Netherlands: Operating Instructions Cruiser, 2011).

Bicycle ergometer
The incremental submaximal bicycle exercise test was

conducted on an electronically braked bicycle ergometer

(Lode Excalibur; Ergo-line, Groningen, the

Netherlands). The participants were instructed to cycle

at 50 rpm. Saddle and steer positions were individually

adjusted.

Handbike
The incremental submaximal handbike exercise test was

conducted on a motor-driven treadmill (1.25× 3.00 m;

Enraf-Nonius, Delft, the Netherlands). The attach-unit

handbike (mass 25 kg; front wheel diameter: 20.9 inch;

tire pressure: 8 bar, 800 kPA) consisted of a hand rim

wheelchair (Double Performance; RGK Wheelchair Inc.,

Staffordshire, UK) and tracker challenger, a synchronous

arm crank unit (Alois Praschberger, Niederndorf,

Austria). The gear was held constant during the entire

handbike exercise test so that an rpm of 50 was reached at

a treadmill belt speed of 5 km/h (= 1.39 m/s). During the

exercise test, the required load was determined using a

Powertap (Powertap SL; CycleOps, Saris Cycling

Group Inc., Fitchburg, Wisconsin, USA; sample fre-

quency: 0.2Hz; reliability: ± 1.5% between 0 and 1999W)

in the hub of the front wheel and using a pulley system.

The pulley system (Fig. 2) was used to increase the work

load during the exercise test on the handbike, on the

basis of the individual powertap readings (Arnet et al.,
2012). The load could be increased gradually by adding

mass to the pulley system according to the following

formula: PO= (m× g)× v. For instance, to increase the

load (PO) with 5W at a velocity of v= 1.39 m/s, a mass of

m= 0.367 kg was added.

Outcome variables

The Oxycon Delta (Jaeger, Bunnik, the Netherlands)

was set to measure breath by breath the cardiorespiratory

parameters (VO2, VCO2, BF, VE, and RER). The gas

analyzer was calibrated for volume every session with a 3 l

syringe (Jaeger). Room air and a standard gas mixture of

18% O2 and 5.0% CO2 were used to calibrate the sensors.

HR was measured using a Polar heart rate monitor (Polar

Transmitter Chest Strap, type T34, Polar Electro

Nederland bv, Almere, The Netherlands). The meta-

bolic power (Pmet) was calculated using: Pmet (W)=VO2

[(4.940 RER+ 16040)/60] (Garby and Astrup, 1987). The

measured mechanical power output (PO) divided by the

calculated Pmet defined GE (%).

Fig. 2

Pulley system used for the regulation of power output level during the
handbike exercise test on the motor-driven treadmill.
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Statistical analysis

A repeated-measures analysis of variance (P< 0.05) was

performed for each outcome measure to determine main

effects between exercise modes (the Cruiser ergometer,

bicycle ergometer, and handbike). Exercise intensity

(power output) was a within-participant factor and sex

was a between-participant factor.

A repeated-measures analysis of variance (P< 0.05) was

also carried out on all outcomes for the Cruiser ergometer

pretests and post-tests. Pretests and post-tests and exer-

cise intensity were the within-participant factors and sex

was again the between-participant factor. The differ-

ences in the RPE Borg scores were assessed using the

Wilcoxon-signed rank test. A Bonferroni correction was

applied in the post-hoc testing to control for α inflation.

Results
All 22 participants completed the study successfully.

RER was well below 1.0 in most tests, with the exception

of the handbike test, where in the higher workloads for

the female participants, RER was slightly above 1.0. For

those instances, energy cost and efficiencies were calcu-

lated using an RER value of 1.0.

Three different exercise modes

No differences in GE or cardiorespiratory strain (apart

from BF P< 0.025) were found between both Cruiser

tests (mean GE: 13.0 and 15.0% for men and women at

45W) and the bicycle test (mean GE: 13.2 and 14.6% for

men and women at 45W) (Fig. 3a–d).

GEs of the handbike test (mean: 11.2 and 12.2% for men

and women at 45W) were significantly lower and cardi-

orespiratory strain was significantly higher compared with

the Cruiser and bicycle tests.

As expected, the GE increased throughout the test as

external work was increased for all exercise modes

(Fig. 3a). Similar main effects of power output were

evidently found for the cardiorespiratory outcomes.

Considering the RPE at 45W, all participants found the

handbike test (RPE of ∼ 3.0) significantly more exerting

than the bicycle and Cruiser tests (both RPE of ∼ 2.0).

Cruiser test–retest

When comparing the GE and cardiorespiratory outcomes

[apart from a single difference for RER at 20W

(P= 0.041)] (Fig. 3a) of the first and the second Cruiser

test, no differences were found (range 0.151>P< 0.888).

Remarkably, RPE scores were lower for the second

Cruiser test compared with the first test (P< 0.001 for all

output levels).

Sex

For men and women, some small differences in GE can

be noted (Fig. 3a). On all four modes and levels of power

output, women were more efficient than men (P= 0.003)

and VO2 scores were significantly higher in men

(P= 0.005, Fig. 3c). However, HR (Fig. 3b) and BF

(Fig. 3d) of men were lower than those of women. In the

resting phase before starting the exercise test VO2 was

lower for women than for men for all modes. The VO2

score in this relative rest condition before the start of the

second Cruiser test was 393.0 ± 72.9 ml/min for men and

327.8 ± 90.9 ml/min for women (Fig. 4).

Discussion
This study shows that under the current experimental

conditions and in the able-bodied participants, cardior-

espiratory strain and GE during Cruiser ergometry are

similar to exercising on a bicycle ergometer at the same

range of power outputs (20–45W). Handbiking at these

power outputs is, however, less efficient and more

straining than Cruiser and bicycle ergometry. The

repeatability of Cruiser ergometry was good and no

learning effects were observed, other than a lower RPE

on the second test. Finally, distinct differences in GE

were observed between men and women in GE and

cardiorespiratory strain at this range of submaximal power

outputs.

Three different exercise modes; differences and

relevance

The intermittent combination of leg and arm exercise

generates a similar GE and strain with the Cruiser erg-

ometer as the continued alternating movement of the

legs in cycling. The movement on the Cruiser ergometer

seems more complex than that for Dutch people well-

trained in cycling movement. However, both arms and

legs, and thereby more muscle mass, can be used during

Cruiser exercise. This is a beneficial characteristic of the

Cruiser ergometer, in addition to its safe and sitting form

of exercise, which can also be performed with one leg.

Exercise with the upper body only (handbike) produces a

higher strain and lower efficiency (Van Ingen Schenau

et al., 1990). The present study underlined these find-

ings, and as expected, Cruiser ergometry was more effi-

cient than handcycling. An efficiency comparable to that

of cycling was shown.

To initiate and continue moving on the Cruiser erg-

ometer, the extensor muscles of the upper legs are used

to push the participant (and Cruiser seat) backwards.

This is beneficial with an amputation because the

extensor muscles represent a huge percentage of the

active muscle tissue in the upper leg. Ogata and Yano

(2005) have shown that if the leg muscles are more active

during the exercise, the movement is more efficient.

In the study of Simmelink et al. (2009), the maximal work

load on the Cruiser ergometer was about 200W for

healthy individuals. In the current study, seven bouts of

3 min exercise between 20 and 45W were performed by

all the participants. This mild exercise level was chosen

because patients with an LLA experience a decline in

64 International Journal of Rehabilitation Research 2015, Vol 38 No 1
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physical fitness because of inactivity and comorbidity.

Especially in the period just after the amputation, low-

intensity exercise is necessary to prevent further decon-

ditioning and start reconditioning. The Cruiser erg-

ometer seems to be a suitable training instrument in this

early period of rehabilitation.

The exercise intensity of cycling in this study is relatively

low compared with most cycling studies focusing on

solely cycling performance. In the literature, it can be

found that GE improves at higher work rates (Moseley

and Jeukendrup, 2001), which explains why the values

for GE in the present study (∼14% at 45W; ∼ 8% at

20W) are relatively low compared with the values pre-

sented in the literature (up to 20% at higher exercise

intensities more relevant to cycling). The relative pro-

portion of energy required for basal metabolism is rela-

tively higher at the lower exercising intensities, leading

to a lower GE (Moseley and Jeukendrup, 2001). Ambient

temperature might be another important factor

Fig. 3

Mean GE and SD of men and women
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influencing GE (Hettinga et al., 2007). However, the

present study was carried out in a climate-controlled

laboratory keeping exercise conditions the same

throughout all testing; thus, we do not expect that this

would have affected our results.

Cruiser ergometer: repeatability and motor learning

Motor learning is often a crucial element in rehabilitation.

Novice motor tasks (i.e. wheelchair propulsion and

prosthetic walking) often require an extensive motor

learning process. In previous research in healthy indivi-

duals, significant motor learning effects in wheelchair

propulsion emerged after training, expressed in GE and

parameters for the propulsion technique (De Groot et al.,
2003a, 2003b; Vegter et al., 2014). Although it was

expected that exercising on the Cruiser is a fairly com-

plex and unusual movement, no differences were found

between the two Cruiser tests on the seven different

power output levels for efficiency and most of the car-

diorespiratory outcomes (except for a single RER value

and the RPE), indicating that motor learning at these

power output levels is short and not a dominant process.

Indeed, the Cruiser seems to be a repeatable instrument

at submaximal exercise levels in the healthy population

and lower range of power output. The RPE results,

initially being higher during Cruiser ergometry, suggest

that with a brief practice (seven bouts of exercise of the

pretest), exercising on the Cruiser ergometer becomes

easier (indicated with the lower RPEs on the post-test).

This must be taken into consideration when using the

Cruiser ergometer as a testing instrument in patients who

have not used the Cruiser ergometer before. To finally

evaluate any potential motor learning elements in Cruiser

ergometry, it is advised to replicate the work of De Groot

et al. (2003a) and Vegter et al. (2014) and systematically

monitor the effects of low-intensity practice on the

Cruiser ergometer.

Sex

In this study, it was found that women were seemingly

more efficient on the Cruiser ergometer, bicycle erg-

ometer, and handbike compared with men at these

submaximal absolute power output levels (Fig. 3a). Men

showed a higher VO2 compared with women (Figs. 3c

and 4). Also, the VO2 scores in rest for the second Cruiser

test were higher for men, 393.0 ± 72.9 ml/min, compared

with women, 327.8 ± 90.9 ml/min (Fig. 4). In agreement

with these findings, Toth et al. (1998) found that resting

oxygen consumption was greater (P< 0.01) in men

(233 ± 23 ml/min) than in women (190 ± 21 ml/min). The

VO2 resting scores in our study are somewhat higher than

those in the study of Toth et al. (1998) because these

values were obtained just before the start of exercise and

therefore the participants in our study were not com-

pletely relaxing. Yet, the results from Fig. 4 are indicative

for a higher resting metabolism in men. Absolute oxygen

consumption in the study of Toth et al. (1998) was higher
in men at 10 (P< 0.05), 20 (P< 0.01), and 30 min

(P< 0.01) of exercise on a bicycle ergometer. The lower

GE in men in the current study at the current levels of

power output may therefore be explained by their higher

resting metabolism. In addition, another aspect may be

that the absolute power output levels in the submaximal

tests are relatively higher for the female participants than

for the male participants as men can reach higher peak

power outputs compared with women (Andersen 1995;

Cook et al., 1998; Billaut et al., 2003).

Recommendations for future research

In this study, only healthy, relatively young, able-bodied

individuals participated because they were able to per-

form the exercise test on these three different erg-

ometers. These results provide a reference base to

compare with future results in patients with a LLA of

various fitness levels or other rehabilitation populations.

Now, future studies can aim to collect data from LLA

patients. Before extensively starting to train and test

patients with LLA on the Cruiser ergometer, it is advised

that a group of healthy older individuals should be tested,

more or less of similar age and physical fitness to patients

with an LLA and in the one-leg and two-leg mode. For

the current study population we did not need ECG and

blood pressure monitoring for the submaximal exercise.

To maintain safety throughout training and testing in

older vascular amputees, ECG and blood pressure mon-

itoring must be added as variables to the training and

testing protocol.

Fig. 4
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Representation of heart rate (HR) and oxygen uptake (VO2) for men
(n=10) and women (n=12) at the end of the resting phase and before
the start of submaximal exercise test in each of the three different
modes. All values were determined during the last 30 s of the
resting phase.
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When the participants exercised on the Cruiser erg-

ometer with two arms and two legs, GE was the same as

GE on the bicycle ergometer. Further research is

necessary to explore whether this will be the same in

patients with a unilateral LLA when exercising on the

Cruiser ergometer with one leg and two arms. When the

GE of exercising on the Cruiser with two arms and one

leg is known, protocols for the Cruiser ergometer as a

training instrument used by patients with an LLA can be

formulated.

Conclusion

In the present study, it was shown that GE and physical

strain in submaximal exercise on the Cruiser ergometer

were comparable with cycling exercise. The repeatability

of Cruiser ergometry was good and no learning effects

were observed, other than a lower RPE on the second

test. The advantage for patients with an LLA of the

Cruiser ergometer is the safe and comfortable exercise

that is possible without prosthesis with one leg and two

arms. This is the first study in which GE of the Cruiser

ergometer has been described. Further research is

necessary to describe training and testing protocols for

the Cruiser ergometer in patients with LLA. The results

from this study in a nondisabled population represent a

suitable reference base for patients with an LLA.
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