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Abstract
Background/Objective: To determine whether a new upper extremity exercise device integrated with
a video game (GameCycle) requires sufficient metabolic demand and effort to induce an aerobic training
effect and to explore the feasibility of using this system as an exercise modality in an exercise intervention.

Design: Pre-post intervention.

Setting: University-based research facility.

Subject Population: A referred sample of 8 adolescent subjects with spina bifida (4 girls, 15.5 6 0.6 years;
4 boys, 17.5 6 0.9 years) was recruited to participate in the project. All subjects had some level of mobility
impairment that did not allow them to participate in mainstream sports available to their nondisabled peers.
Five subjects used a wheelchair full time, one used a wheelchair occasionally, but walked with forearm
crutches, and 2 were fully ambulatory, but had impaired gait.

Main Outcome Measures: Peak oxygen uptake, maximum work output, aerobic endurance, peak heart
rate, rating of perceived exertion, and user satisfaction.

Results: Six of the 8 subjects were able to reach a VO
2

of at least 50% of their VO
2

reserve while using the
GameCycle. Seven of the 8 subjects reached a heart rate of at least 50% of their heart rate reserve. One
subject did not reach either 50% of VO

2
reserve or 50% of heart rate reserve. Seven of the 8 subjects

increased their maximum work capability after training with the GameCycle at least 3 times per week for 16
weeks.

Conclusions: The data suggest that the GameCycle seems to be adequate as an exercise device to improve
oxygen uptake and maximum work capability in adolescents with lower extremity disability caused by spinal
cord dysfunction. The subjects in this study reported that the video game component was enjoyable and
provided a motivation to exercise.
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INTRODUCTION
Spinal cord injury and congenital paraparesis caused by
disorders such as spina bifida result in physical inactivity

that is potentially costly in health and economic terms.

When the ability to be physically active and mobile is

compromised, independence is lost (1,2) and emotional

well-being is reduced (3). Regular habitual activity is

a missing component of the lives of most persons with

disabilities (4). Coyle and Santiago concluded that

physical inactivity was a major contributing factor in the

deteriorating physical health of persons with disabilities

(5). Other studies found that a sedentary lifestyle makes

ambulation in a wheelchair a more stressful event when

fitness levels are low (6–9). A primary goal of many
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medical treatments and rehabilitation programs for
children and adolescents with disabilities is to restore
patients’ ability to be physically active.

Improvement in physical fitness through increased
physical activity has been shown to be important for
health maintenance and disease prevention. Improve-
ment in cardiopulmonary endurance, body composition,
muscle strength and endurance, and flexibility are
associated with reductions of risk factors for various
disease stages. Epidemiological studies in adults suggest
that regular physical activity contributes to longevity and
decreases the risk of death from a variety of causes (10–
13). With respect to cardiovascular heart disease, in-
activity has been shown to be the second most costly risk
factor (14,15). Physical activity is associated most
strongly with the prevention and control of coronary
artery disease (16), hypertension (17,18) non–insulin-
dependent diabetes mellitus, (19), osteoporosis (20,21),
obesity (22), and mental health problems (23–28).

In recent years, the Centers for Disease Control and
Prevention (29), the American College of Sports Medi-
cine (ACSM) (30), the US Public Health Service (31), the
National Institutes of Health (32), the US Department of
Health and Human Service (2), and the American Heart
Association (33) have all published recommendations for
increased physical activity based on health concerns and
minimum guidelines for exercise and activity. Recently,
the ACSM pointed out that the quantity and quality of
exercise needed to attain health-related benefits may
differ from what is recommended for fitness benefits.
Research now indicates that lower levels of physical
activity (particularly with reference to intensity) confer
significant health-related benefits to sedentary persons
(30).

The most recent (June 1998) position statement by
ACSM regarding the recommended quantity and quality
of exercise represents the latest synthesis of research
knowledge in this area (30). In comparison with the
previous ACSM position statement released in 1990 (34),
the current statement modifies the recommendations to
accommodate sedentary individuals at low fitness levels.
The ACSM position recommends the following minimum
standards for aerobic exercise for sedentary individuals:
(a) frequency of training: 3 d/wk; (b) duration of training:
20 minutes total, with minimum bouts of no less than 10
minutes; and (c) intensity of training: at least 50% of
maximum oxygen uptake reserve (VO

2
R) or 50% of

maximum heart rate reserve (HRR). Many studies have
correlated this intensity level with a Rating of Perceived
Exertion (RPE) of 12 to 14 (30).

In 1999, Gater and Ugalde (35) reviewed several
studies incorporating upper extremity aerobic exercise
in individuals with paraplegia and tetraplegia. Although
many of the studies found that various aerobic exercise
protocols using arm crank ergometry, wheelchair
ergometry, or wheeling on a track improved aerobic
capacity, power output, or both, the most appropriate

dosing for this population with regard to intensity,
duration, and frequency remains unclear. However,
based on their evaluation of the studies and in response
to the 1995 Joint Centers for Disease Control/ACSM
(36–38) recommendation that ‘‘every US adult should
accumulate 30 minutes or more of moderate physical
activity on most, preferably all, days of the week,’’ the
authors suggested 20 to 60 minutes at an exercise
intensity of about 12 to 13 (somewhat hard) on the
Borg Rating of Perceived Exertion scale (RPE), preceded
and followed by a 10-minute warm-up/cool-down. They
go on to say that ‘‘the most important consideration in
creating an exercise prescription is patient compliance
(and) the most important factors in extended exercise
compliance are that the activity be ‘enjoyable and
employable’.’’

Available options for aerobic exercise using only the
upper body have significant limitations for populations
with paraparesis and other mobility impairments. Hand
cycles, for instance, are fairly large and expensive and can
be used only in very specific locations (ie, a paved path
with no automobile traffic, sharp turns, or steep hills).
Weather is a consideration for individuals living in
northern climates. Depending on the user’s level of
function, a user may require assistance to transfer in and
out of the cycle, significantly impacting safety and
independence. Tabletop arm ergometers are much
smaller, cheaper, and require little assistance to access,
but can be quite boring, decreasing compliance.

A new product available seeks to satisfy adolescents’
need for enjoyment from exercise by integrating
computer video game challenge and aerobic exercise.
The GameCycle (Three Rivers Ltd, Mesa, AZ) combines
the crank mechanism from a hand cycle with a commer-
cially available game system (GameCube; Nintendo Co.,
Ltd, Kyoto, Japan) to play a car racing game (Need for
Speed II; EA Games, Redwood City, CA). The user cranks
the handles to control the speed of the car in the video
game. Direction is controlled by tilting the crank handles,
similar to steering a hand cycle. The crank resistance can
be altered to increase the work required, and crank speed
can be calibrated to increase the aerobic effort.

Preliminary experimental results using an early
version of the GameCycle indicate that users can
experience aerobic training effects with the GameCycle
and find the product fun and motivating (39). Fitzgerald
et al (39) tested and surveyed a select group of
wheelchair athletes using the GameCycle with and
without the video game. All participants believed that
the GameCycle would help to motivate manual wheel-
chair users to exercise, and 77% of the participants stated
that the GameCycle would aid in the frequency and
motivation of their own exercise habits.

The purposes of this study were to (a) determine if
the GameCycle requires sufficient effort, as outlined by
the ACSM, to induce an aerobic training effect and (b) to
assess the effectiveness, practicality, and satisfaction of
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the GameCycle as part of a 4-month, home-based
exercise intervention for adolescents with lower extrem-
ity mobility impairments caused by spinal cord dysfunc-
tion.

METHODS
Subjects
Eight adolescent subjects with spina bifida (4 girls, 15.5
6 0.6 years; 4 boys, 17.5 6 0.9 years) were recruited
from the Spina Bifida Clinic at Shriners Hospital for
Children Northern California to participate in the project.
All subjects had some level of mobility impairment that
did not allow them to participate in mainstream sports
available to their nondisabled peers. Five subjects used
a wheelchair full time, 1 used a wheelchair for distances
but walked with forearm crutches, and 2 were fully
ambulatory, but had impaired gait. The study’s protocol
was approved by the institutional review board, and all
subjects and/or a parent provided written assent and
consent.

GameCycle
The GameCycle (Figure 1a and b) uses the same crank
mechanism as used on many 3-wheeled exercise bikes as
the controller for the video game. The user can sit in his/
her own wheelchair or other chair, adjust the crank
handles up or down, and increase or decrease the
resistance. The forward and reverse crank speeds required
to achieve maximum car speed in the game and the
sensitivity of the steering can be set during a short
calibration procedure. The game is played by cranking
the handles forward to increase the speed of the car while
steering is achieved by tilting the handles side-to-side.

Measurements
There are no prediction equations available that can be
used to estimate values for peak oxygen uptake (VO

2peak
)

or anaerobic threshold (AT) in adolescents with dis-
abilities using upper extremity exercise. Therefore,
VO

2peak
and AT were determined for each subject by

a standard ramp protocol on a magnetically braked arm
ergometer (Lode BV, Groningen, The Netherlands). AT is
a useful tool in exercise prescription because it correlates
strongly with an RPE of 12 to 13, which, in turn, meets
the ACSM guidelines for the recommended intensity of
exercise (40).

For the VO
2peak

determination, subjects were asked to
crank the arm ergometer at a constant speed of 70 rpm
for 2 minutes at 0 W of resistance. The resistance was
increased in a ramp fashion at a rate of 10 W/min.
Subjects were verbally encouraged to continue until
exhaustion. Heart rate (HR), oxygen uptake (VO

2
), and

carbon dioxide production (CO
2
) were recorded breath-

by-breath with a metabolic cart (Medgraphics, St Paul,
MN) using a facemask. RPE, using the Borg original scale
of 6 to 20, was recorded at every minute (41).
Additionally, the maximum power output was recorded.

After a rest period of 30 to 60 minutes, the subjects
were required to crank the GameCycle (without the
video game playing) at a constant rate of 70 rpm while
HR, VO

2
, and CO

2
were recorded with the same

metabolic system. The subjects were not measured

Figure 1. a. The GameCycle device. b. A wheelchair user
operates the GameCycle guided by the video screen.
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during video game play because they were not well
experienced with the game itself. Novice game players
often get frustrated and need to stop and reverse as they
learn the game, causing highly variable VO

2
and HR

values. The subjects cranked for 1 minute at each of 10
levels of resistance (0–9) available on the GameCycle.
Subjects were also asked to rate their RPE halfway
through each minute. Data were averaged over each
minute.

The HR and VO
2

values obtained from the GameCycle
were compared with the highest oxygen uptake and
heart rates obtained with the arm ergometer to de-
termine at what resistance level, if at all, the subject
showed a physiologic response to meet the ACSM
guidelines previously described. Additionally, using the
data from the arm crank ergometer, the HR and VO

2

values at the AT were calculated using the V-slope
method (42). The GameCycle resistance level that
elicited a response at or just below the anaerobic
threshold values was determined for each subject and
used as the starting point for the training regimen.

One of the difficulties in performing a valid VO
2peak

test using an arm ergometer is the high probability of
inducing local muscular fatigue before fully stressing the
cardiorespiratory mechanism. This is caused mainly by
the smaller muscle mass and smaller, more constrictive
vascular bed in the upper extremities compared with the
lower extremities used in running or cycling (43,44). To
explore the contribution of arm strength to the changes
in aerobic fitness, initial strength values were recorded.
Peak dynamic strength values were obtained for each
subject for concentric elbow flexion/extension using
a LIDO Multi-Joint Dynamometer (Loredan Biomedical,
Sacramento, CA). Subjects were asked to perform 3
maximal efforts for elbow flexion/extension in a supine
position. Measurements were recorded in foot-pounds
and averaged between right and left arms.

After completing the laboratory measurements,
a GameCycle was delivered to each individual’s home.
Each subject was instructed on the proper adjustment
and use of the GameCycle. The subjects were instructed
to play the GameCycle at least 3 times per week, at least
20 minutes per session, for 16 weeks. Each subject was
told to set the resistance at the level previously de-
termined to be at or just below their anaerobic threshold.
Subjects were encouraged to play the GameCycle as
often as they wanted and to place the unit in a location
accessible by all members of the family. This would help
to motivate the subject by encouraging more family and
friend interaction.

The subjects were provided with a HR monitor (Polar
Electro, Vantaa, Finland) and instructed to wear it each
time they played the GameCycle. The HR monitor (HRM)
provided an immediate feedback to the subject during
game play to assist them in maintaining the proper
exercise intensity. Subjects were instructed to maintain
their heart rate at their AT level. If they were unable to

achieve that heart rate during game play, they were
instructed to increase the resistance level. Also, if their HR
consistently exceeded their target HR, they were
instructed to reduce the resistance level.

The HRM also recorded the average HR every minute.
The subjects brought the HRM to the laboratory every 2
weeks where the monitors were downloaded to a com-
puter and examined to determine the amount of time the
GameCycle was played and their average HR during each
session. If their average HR was not near the target HR,
they were instructed to adjust the GameCycle resistance
level accordingly. In addition to the HRM, every 2 weeks,
both the parents and the subjects were verbally queried
regarding the number of sessions the subjects complet-
ed, the amount of time they exercised each session, the
HR the subjects achieved during the sessions, and the
resistance setting used on the GameCycle.

After completing the 16-week program, each subject
returned to the laboratory and repeated all of the
preintervention measurements. They also completed
a 20-question subjective survey about their opinion of
the GameCycle as an exercise modality. This was the
same questionnaire used in Fitzgerald et al (39) and
assessed an individual’s perception of satisfaction and
enjoyment while using the GameCycle. An additional 3
questions allowed the respondent to comment on likes,
dislikes, and suggestions for improvements.

Statistical Analysis
A pre-post repeated-measures analysis (paired t-tests)
was used to assess the maximum work that subjects were
able to perform before and after the GameCycle
intervention. Significance was accepted at P , 0.05.
Pearson correlation coefficients were calculated for the
relationship between initial arm strength and aerobic
improvement.

RESULTS
The values obtained for VO

2peak
and peak HR (HR

peak
)

during the arm crank ergometry (ACE) were used as
a proxy measures for VO

2max
and HR

max
because stand-

ards have not yet been established for predicting VO
2max

or HR
max

for adolescents with disabilities during arm
crank ergometry (43,45). These values were used to
calculate the percentage of heart rate reserve (%HRR) and
oxygen uptake reserve (%VO

2
R):

ð1Þ %HRR ¼ HR�HRrest

HRpeak �HRrest

� �

ð2Þ %VO2R ¼ VO2 � VO2rest

VO2peak � VO2rest

� �

Once 50% of VO
2
R was calculated for each subject, it was

compared with the average VO
2

at each GameCycle
resistance for that subject. The same was done for HRR
and RPE.
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Before the 16-week home training program, 6 of the
8 subjects reached a VO

2
of at least 50% of their VO

2

reserve while cranking the GameCycle (Figure 2), the level
recommended by the ACSM to be sufficient to induce
a training effect. Seven of the 8 subjects reached a HR of at
least 50% of their HRR (Figure 3). Only 1 subject did not
reach the 50% level for either HRR or VO

2
R. All subjects

reached an RPE level of at least 12 (Figure 4).
After completing the 16-week home-training pro-

gram, 6 of the 8 subjects substantially increased the work
they were able to achieve during the maximal arm crank
ergometer test (Table 1) and the mean maximum work
achieved by the group significantly increased from 65.5
6 9.7 to 77.7 6 7.1 W (P , 0.015). One individual only
increased by 1.6%, and 1 subject showed a decrease of
4.8%. The 2 subjects who showed the least amount of
improvement or no improvement had the highest initial
values for strength and aerobic capacity during the
pretest evaluation. Overall, the amount of aerobic
improvement was inversely correlated (r ¼ �0.60) with
initial elbow flexion strength.

Analysis of the HR during the GameCycle monitoring
was not feasible because of an excessive amount of
missing data. Large amounts of data were missing
because the subjects either forgot to put on the HRM
when playing the GameCycle, did not start the recording
correctly, or had technical problems from electromag-
netic interference. Because of these difficulties, it was
necessary to rely on the verbal reports of the subjects and
their parents regarding HR targets and compliance.

Most of the subjects reported that they completed
the exercises as directed and were able to reach their
target HR. All but one subject felt the GameCycle was
physically challenging enough to reach their target
training zone. Most subjects (69%) agreed that the
GameCycle would help motivate them to exercise more
often and for longer periods of time. Most of the negative
responses were related to the size and weight of the
GameCycle frame. Most of the subjects (92%) agreed

Table 1. Change in Maximum Work Level Achieved
During Maximal Arm Crank Ergometry Test

ID No.

Arm Crank Max Work (W)

Pre Post Percent Change

9304 56 65 16.1
9307 67 79 17.9
9316 42 68 61.9
9317 46 63 37.0
9401 84 80 �4.8
9411 123 125 1.6
9415 66 75 13.6
9416 40 67 67.5
Mean 65.5 77.75 26.4

Figure 3. Percent of heart rate reserve at each

GameCyclee resistance setting.

Figure 2. Percent of oxygen uptake reserve at each
GameCyclee resistance setting.

Figure 4. Rating of Perceived Exertion reported by the

subjects at each GameCyclee resistance setting.
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that the GameCycle was easy to use, enjoyable,
motivating, and comfortable (Figure 5).

DISCUSSION
Most of the subjects were able to reach an intensity level
sufficient to initiate an aerobic training effect as recom-
mended by the ACSM. All 8 subjects achieved an RPE of at
least 12. Some researchers indicate that video game
playing alone evokes a physiologic heart rate response
similar to low-intensity exercise (46–48). Segal and Dietz
(47) determined that the energy cost of video game
playing was similar to slow walking but concluded there
was not sufficient cardiorespiratory stress to improve
fitness. It is unknown whether this incremental HR effect,
presumably induced by emotional factors, has any additive
training effect to upper extremity exercise alone. However,
Fitzgerald et al (39) tested subjects on the GameCycle with
and without the video game playing and reported
a significance increase in mean VO

2
when the subjects

played the GameCycle with the video game playing.
During play, many users will crank at speeds up to 100
rpm, suggesting that users may benefit aerobically at lower
resistance levels. The 70-rpm speed during the GameCycle

assessment was selected to compare the data from the arm
crank ergometer test. However, most of the subjects found
the speed uncomfortably slow when exercising and
playing the video game on the GameCycle.

The 2 subjects who did not reach the ACSM
guidelines for VO

2
had the highest baseline strength

values (Table 2) and had well-developed shoulder, arm,
and chest musculature. These individuals also had the
lowest percent increases in maximum power output after
4 months of training. One of these 2 subjects also
reported that the GameCycle was not physically chal-
lenging despite having the GameCycle set at the highest
resistance level during the intervention. This illustrates
a possible shortcoming of the GameCycle as an aerobic
exercise modality for adults or adolescents with well-
developed upper bodies. In these populations, a higher
initial GameCycle setting and/or longer duration of
exercise may enable them to experience greater aerobic
training effects. Further exploration in faster crank speeds
is needed, as well as energy consumption during actual
game play. In contrast, those individuals with weaker
initial strength values and lower cardiorespiratory fitness
measurements exhibited a steeper increase in HR and VO

2

Table 2. VO
2
, HR, and Strength Values

Subject
No.

Age
(y) Sex

VO
2peak

(mL/min)
HR

peak

(beats/min)
VO

2rest

(mL/min)
HR

rest

(beats/min)

Average Peak
Elbow Flexion

(ft-lb)

Average Peak
Elbow Extension

(ft-lb)

9304 16.3 F 686 192 102 83 17.5 17.5
9307 15.3 F 914 176 139 87 23 18.5
9316 15.1 F 774 189 167 96 15.5 15.5
9317 15.0 F 751 168 199 97 15 14
9401 17.4 M 1,786 185 247 73 27.5 31
9411 17.0 M 2,312 205 225 100 33 31.5
9415 18.9 M 1,147 176 167 90 27.5 21
9416 16.8 M 677 141 186 81 15 18.5

Figure 5. Sample responses to GameCyclee user satisfaction survey.
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with increasing resistance levels and showed a greater
improvement in maximum power output on the arm
crank ergometer over 16 weeks of training. This is
a common phenomenon seen in many exercise in-
tervention studies (ie, those subjects with the lowest
initial fitness measures show the greatest initial improve-
ment over baseline).

A weakness of this project was the use of self- and
parent-report data to measure compliance instead of an
objective, quantitative method such as HR monitoring.
Future studies should explore more dependable methods
of gathering objective quantitative information on usage
such as data recorders incorporated into or attached to
the GameCycle. Monitoring compliance in any home-
based exercise program is problematic, which leads many
investigators to design interventions that require subjects
to attend exercise sessions at a laboratory or facility. This is
especially difficult with an adolescent population with
disabilities because many of them may not have the ability
to get to the testing center consistently.

CONCLUSION
The subjects, as a group, showed a significant improve-
ment in maximal power output on the arm crank
ergometry test. Various other studies have also shown
benefits from upper body training regimens on individ-
uals with lower extremity paraparesis (49–52). None of
these studies, however, were performed with adoles-
cents. The improvements seen in this study, along with
the positive association of enjoyment from playing the
video game, have potential for motivating the subjects to
maintain a habit of physical activity that could contribute
to health benefits if this form of exercise was combined
with other fitness measures, such as nutrition interven-
tions, documented to improve health.

Although the size of the subject group was small, and
compliance was ascertained by self-report and parent-
report, which limit the conclusions taken from these data,
these preliminary results show excellent promise for the
GameCycle as a viable exercise alternative to the limited
options available to adolescents with mobility impair-
ment. Currently, the GameCycle is not widely available
and is cost-prohibitive for many families. As with most
technology, costs and availability may improve rapidly
over time. The GameCycle has other benefits beyond an
exercise modality. It is entertaining and can be used by all
family members (with additional ports for competitive
gaming). Thus, there may be benefits in terms of
increased socialization and reduced isolation. Future
studies should include subjects groups with greater
numbers and diversity.

Further development work should explore various
crank speeds on oxygen uptake cost (especially for
stronger individuals), additional games to add variety,
additional capabilities such as HR display for feedback
regarding exercise intensity to participants, the possibility
of internet competition, as well as options for increasing

the resistance beyond the current settings. An additional
feature that would be helpful for researchers is a quanti-
tative monitoring system that does not require user
input. Finally, fitness intervention programs for younger
disabled populations may want to incorporate home or
community use of the GameCycle as an exercise
intervention to complement nutrition interventions,
counseling, and promotion of family involvement.
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