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Abstract
Background and Purpose—The purpose of this study was to compare the biomechanics of
recumbent cycling between adolescents with cerebral palsy (CP) classified at Gross Motor
Function Classification System (GMFCS) levels III and IV and adolescents with typical
development (TD).

Subjects—Twenty subjects, ages (X̄±SD) 15.2±1.6 years (10 with TD, 10 with CP), participated.

Methods—Lower-extremity kinematics and muscle activity were measured at 30 and 60 rpm
while subjects pedaled on a recumbent cycle. Energy expenditure and perceived exertion were
measured during a 5-minute test, and efficiency was calculated. Noncircular data were analyzed
with analyses of variance. Circular data were analyzed using circular t tests.

Results—Differences were found between groups for joint kinematics for all motions. Subjects
with CP displayed earlier onsets and later offsets of muscle activity, increased co-contraction of
agonist and antagonist muscles, and decreased efficiency compared with subjects with TD. There
were no differences in perceived exertion.

Discussion and Conclusion—Differences in cycling biomechanics between children with CP
and children with TD may be due to decreased strength and motor control in the children with CP.

Children with cerebral palsy (CP) typically have progressive impairments that affect their
function as children and later as adults, and they have decreased fitness levels versus
children with typical development (TD). Cycling has been suggested as an intervention to
address common impairments and improve fitness levels in this population. However, little
is known about the biomechanics of cycling in children with CP.

Compared with children with TD, children with spastic CP have decreased muscle strength
(force-generating capacity),1 muscle spasticity (hypertonicity),2 decreased joint range of
motion (ROM),3 altered motor and postural control,2,4 and gait deviations.5,6 Several of
these impairments are related to decreased function.7,8 In addition, muscle co-contraction in
children with CP has received attention during isolated limb-segment movements as well as
whole-body activities such as gait9,10 and is a contributor to decreased motor control.11
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Fitness levels of people with disabilities recently have gained attention through Healthy
People 2010.12,13 Inactivity in people with disabilities can lead to a cycle of deconditioning,
adversely affecting the cardiovascular system, bone density, and circulation and leading to
social isolation and decreased self-esteem.14-17 Children with CP often decline in
ambulatory status as they become adults due to problems such as joint pain, joint
deterioration, and overall fatigue.18 Adolescents and adults with CP experience secondary
conditions, including fractures, osteoporosis, cardiovascular system impairments,
degenerative joint disease, obesity, pain, contractures, depression, decreased mobility,
dependency on other people for assistance, limited opportunities for recreation, and social
isolation.19

However, most research on exercise interventions for individuals with CP has focused on
the younger age groups,20 with less research directed toward adolescents,21 a group
particularly at risk for deconditioning and potential negative health effects due to decreasing
mobility that continues into adulthood.19,21,22 In addition, adolescents with higher Gross
Motor Function Classification System23 (GMFCS) levels and therefore decreased mobility
are particularly at risk as they transition from adolescence to adulthood.

Bicycling using a moving or stationary bicycle is a potential intervention for children with
CP to address impairments while potentially minimizing joint stress,24 and studies have
begun to examine outcomes of a therapeutic cycling program in children with CP.25,26 Only
one study has examined the biomechanics of cycling in children with CP.27 A better
understanding of how children with CP cycle may help to develop future interventions, such
as volitional cycling programs or cycling assisted by functional electrical stimulation.
Additionally, cycling may allow children with CP more opportunities for exercise to
enhance overall fitness, which is currently a focus of the Pediatric Section of the American
Physical Therapy Association, Healthy People 2010, and the President’s Council on Fitness.
12

The purpose of this study was to determine the 3-dimensional kinematics,
electromyographic (EMG) activity, gross mechanical efficiency (power output/metabolic
input),28 and perception of effort of constant-load, low-intensity stationary recumbent
cycling in adolescents with CP at GMFCS levels III and IV compared with those of
adolescents with TD. The hypotheses were that subjects with CP would show increased joint
movement in the frontal and transverse planes, altered muscle activation patterns, increased
muscle co-contraction around the hip and knee, decreased gross mechanical efficiency, and
greater perception of effort during cycling compared with subjects with TD.

Method
Subjects

Twenty adolescents participated in the study. Ten subjects (3 male, 7 female) had a
diagnosis of spastic diplegic or quadriplegic CP (age [X̄±SD] = 15.6±1.8 years, body mass
index=24.1±4.7), and 10 subjects (3 male, 7 female) were children with TD (age=14.9±1.4
years, body mass index=22.6±5.4). Sixty percent of the subjects with CP and 40% of the
subjects with TD were from minority populations. Subjects with CP were recruited from
Shriners Hospitals for Children, Philadelphia, Pa, and subjects with TD were recruited
through advertisement. Subjects 18 years of age and older and a parent of subjects who were
less than 18 years of age signed an informed consent form approved by the governing
institutional review board (IRB). Subjects who were less than 18 years of age signed an
IRB-approved assent form. All 20 screened subjects met the inclusion and exclusion criteria
for the study (Tab. 1).
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Procedure
Each subject was tested while cycling on a stationary bicycle.* The bicycle was a compact
free-standing stationary cycle consisting of a base, adjustable-length crank arms with
adjustable pedals, handlebars, and a control pad (Fig. 1). The pedals differed from standard
bicycle pedals by having a full footplate, and they differed in the location of the pedal
spindle in relation to the foot. The pedal spindle is the point of pedal rotation in relation to
the crank arm, and the pedal spindle on a standard bicycle pedal is located at the plantar
surface of the foot. In contrast, the pedal spindle on the stationary bicycle used in this study
was located closer to the lateral malleolus. The foot was placed on a footplate that was
located 5.5 cm distal to the pedal spindle and was attached to the pedal spindle through a
metal frame.

Because the free-standing bicycle had no seat, subjects were seated on a therapy bench†

attached to the base of the bicycle through an adjustable bar (Fig. 1). All subjects placed
their hands on handgrips mounted on the sides of the bench. The specific ranges for
adjustability of the back and the bar connecting the bicycle to the bench were determined by
reviewing reported anthropometric data for children with TD, ages 6 to 18 years.29 Data on
children younger than those in this study were included because children with CP tend to be
shorter and lighter than their age-matched peers with TD.30

The bicycle was adjusted for each subject individually based upon anthropometric
measurements (Fig. 2). The foot was positioned so that the second metatarsal head was
aligned with the pedal spindle to maximize ankle power.31 This position was set by
manipulating the footplate fastened with Velcro‡ to the pedal. The position of the footplate
also was manipulated on the pedal to accommodate any lower-extremity rotational
deformities for the subjects with CP. The footplate was rotated until the knee was aligned
statically in the sagittal plane. The footplate was positioned flush to the medial side of the
pedal for subjects with TD because no subject with TD displayed atypical torsional
alignment. Subjects’ feet were secured to the footplate with soft straps.

Each subject was instructed to pedal at a cadence of 30 revolutions per minute (rpm) and 60
rpm using the cycle’s tachometer for feedback. Subjects with TD required one short training
session (less than 10 minutes), and subjects with CP required 1 or 2 training sessions with a
maximum time of 20 minutes per session. All subjects were permitted to rest as needed.

Kinematic and EMG data were collected in a motion analysis laboratory. Three trials of 10
to 15 seconds’ duration were conducted for each subject for each cadence once the targeted
cadence was reached. Six of the 10 subjects with CP were able to attain and maintain 60 rpm
for short-duration trials (up to approximately 30 seconds). The 4 subjects with CP who could
not cycle at 60 rpm in the motion laboratory could cycle at 30 rpm and were tested only at
this lower cadence. The resistance load provided during cycling was based on each subject’s
weight and was calculated using the following formula adapted from Dore et al32: Load (in
newton-meters) = 0.49 N/kg × body weight (in kilograms) × crank arm length (in meters).

Kinematic Evaluation
Three-dimensional kinematics of the bilateral hip, knee, and ankle were collected using a 7-
camera Vicon 370 motion analysis system§ and a standard marker set on the pelvis (bilateral
anterior superior iliac spines and sacrum) and the bilateral lower extremities33 (Fig. 1). A

*Restorative-Therapies Inc, 907 S Lakewood St, Baltimore, MD 21224.
†Kaye Products, 535 Dimmocks Mill Rd, Hillsborough, NC 27278.
‡Velcro USA Inc, 406 Brown Ave, Manchester, NH 03103.
§Vicon Motion Systems, 9 Spectrum Pointe Dr, Lake Forest, CA 92630.
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rigid body marker setup was used, and joint centers were calculated. Data were collected at
60 Hz and digitally filtered using a low-pass filter of 6 Hz. Each subject underwent a series
of anthropometric measures, which were required to process the kinematic data within the
Vicon model.

A rotary encoder∥ mounted on the crank axis recorded the crank position during each
revolution in increments of 0.3 degree. The crank arm was calibrated in a horizontal position
prior to data collection, and 0 degrees was defined as the point at which the left crank arm
was horizontal and farthest from the subject, as shown in Figure 2. All data were
synchronized and processed with customized software using Vicon Plug-in-Gait (Version
1.9, Build 051).§ All kinematic data were analyzed in 1-degree increments of the crank
position using customized software written in MATLAB version 7.5.#

Electromyography
Surface EMG data were collected from 8 lower-extremity muscles (gluteus maximus, rectus
femoris, vastus lateralis, medial hamstrings, biceps femoris, anterior tibialis, lateral
gastrocnemius, and soleus) bilaterally using standardized placement locations.31 These
muscles were selected because they are major contributors to cycling in adults.34-36 The
EMG data were used only to determine muscle timing and co-contraction during cycling.

The EMG data were collected at 1,200 Hz using a Motion Lab Systems MA-300 surface
EMG recording system.** Each EMG sensor (MA-310**) consisted of 2 circular, stainless
steel, dry button electrode contacts (12-mm diameter) that were pre-attached to double-
differential preamplifiers located within the electrode housing. The EMG data were
normalized across subjects by establishing a quiet baseline for each subject for 6 seconds.
The EMG data were digitally filtered using a band-pass filter of 20 to 350 Hz. To determine
the onset and offset of muscle activity, EMG data were rectified and then smoothed using a
second-order low-pass Butterworth filter with phase correction and a cutoff frequency of 10
Hz to create a linear envelope. The linear envelope then was analyzed using 25-millisecond
moving square windows. If the mean voltage within each 25-millisecond window was at
least 3 standard deviations above the mean voltage during the quiet baseline, the muscle was
identified as being active during that time period.37,38 From the data, the crank positions for
the onset and offset of muscle activity were determined in 0.3-degree increments for each
muscle and each subject. The duration of activity (in degrees) also was calculated.

Periods of co-contraction around each joint were identified based on the percentage of the
cycling revolution in which each of 6 agonist and antagonist pairings around the bilateral hip
and knee and the ankle were co-contracting. These pairings were the rectus femoris and
biceps femoris muscles, the rectus femoris and medial hamstring muscles, the vastus
lateralis and biceps femoris muscles, the vastus lateralis and medial hamstring muscles, the
anterior tibialis and gastrocnemius muscles, and the anterior tibialis and soleus muscles.

Energy Expenditure and Gross Mechanical Efficiency
Energy expenditure data were collected via the breath-by-breath method utilizing a
SensorMedics Vmax29 metabolic cart†† with subjects fasting for at least 2 hours prior to
testing. Subjects wore a small airtight facemask‡‡ over the mouth and nose that held the
flow sensor used to measured the volume of oxygen consumed (in milliliters per kilogram of

∥US Digital Corp, 1400 NE 136th Ave, Vancouver, WA 98684.
#The MathWorks Inc, 3 Apple Hill Dr, Natick, MA 01760-2098.
**Motion Lab Systems, 15045 Old Hammond Hwy, Baton Rouge, LA 70816-1244.
††SensorMedics Corp, 22745 Savi Ranch Pky, Yorba Linda, CA 92887.
‡‡Hans Rudolph Inc, 7200 Wyandotte, Kansas, MO 64114.
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body weight) (V̇o2/kg) for each breath. A gel liner‡‡ was placed inside the edges of the
mask to ensure that air passed through the flow sensor and did not escape around the edges
of the mask.

The V̇o2/kg measurements were obtained under 4 consecutive conditions: (1) sitting quietly
for 5 minutes to establish resting values, (2) cycling at the desired cadence for 1 minute to
allow the body to warm up, (3) cycling at the desired cadence for 5 minutes, and (4) sitting
quietly to establish 3 minutes of recovery values. Power output data recorded once per
second were downloaded from customized software on a pocket personal computer linked to
the bicycle’s electronics. Following the test, gross mechanical efficiency was calculated by
dividing the average power output (in watts) by the average metabolic input (in volume of
oxygen consumed per kilogram of body weight) across the entire 5-minute cycling test.

Perception of Effort
Following each energy expenditure testing session, subjects were asked to rate their
perception of effort using the Children’s OMNI Scale of Perceived Exertion.39 There are
multiple versions of the OMNI scale depicting children doing a variety of activities. The
version used in this study shows a child riding a bicycle uphill with a score of 0 (“not tired at
all”) at the bottom of the hill and a score of 10 (“very, very tired”) at the top of the hill and
has the child rate the exercise based on how tired he or she feels.39 The Children’s OMNI
Scale of Perceived Exertion has been shown to yield reliable data in a study with adolescent
girls40 and valid data for children ages 8 to 12 years of mixed sexes and races.41

Data Analysis
For kinematic and EMG analysis, 5 cycling revolutions closest to the targeted cadence with
complete kinematic data were selected for analysis for each cadence for each subject. All
data for the left and right sides were analyzed separately, and left- and right-side data were
not compared. For brevity, only the left-side data are presented. For all data, rank
transformations using normalized ranks were performed prior to analysis secondary to a
nonnormal distribution.42 A P value of less than .05 was accepted for significance. For
variables with multiple measures (ie, 16 muscles), the accepted P value was determined by
dividing .05 by that number.

Kinematic data were analyzed using 3-way mixed-model analyses of variance (ANOVAs)
with crank position used as a random factor to determine differences in the position of the
joint (in degrees) based on group, cadence, and crank position in 1-degree increments. The
inclusion of crank position in the analysis allows the comparison of the kinematic curves as
a whole, accounting for differences in joint excursions and timing simultaneously. For EMG
data, circular t tests using Oriana 2.0§§ were performed to determine differences in the crank
position (in 0.3-degree increments) at which onset and offset of muscle activity occurred
based on group and cadence. A Mardia-Watson-Wheeler test using rank transformations was
used due to the nonnormal distribution of the data.43 A 2-way ANOVA for onset and offset
data was not performed because a model for this statistic has not yet been developed for
circular data. To analyze the duration of muscle activity, a 2-way ANOVA based on group
and cadence was performed. Finally, an analysis of covariance (ANCOVA) based on group
and targeted cadence with actual cadence as a covariate was used for the analysis of
efficiency and perception of effort due to differences in cadences achieved between groups
during the attempted 60-rpm energy expenditure test. There were no differences in achieved
cadences between groups for the shorter-duration (10–15 seconds) trials for assessing joint

§§Computing Services, 85 Nant-y-Felin Pentraeth, Isle of Anglesey, LL75 8UY, Wales, United Kingdom.
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kinematics and EMG activity in the motion laboratory, so an ANCOVA was not needed for
analyzing those data.

Results
Differences were seen between groups and cadences for joint kinematics, muscle activity,
and energy expenditure during cycling. As compared with subjects with TD, subjects with
CP had increased joint movement in the frontal and transverse planes and altered sagittal-
plane kinematics. Electromyographic activity was prolonged, co-contraction was increased,
and efficiency was lower for the subjects with CP.

Kinematics
Joint kinematics of the left lower extremity differed based on cadence and crank position
and interactions involving group, crank position, and cadence (Tab. 2). No differences were
seen between groups unless crank position was taken into account (group × crank position
interaction). In that case, there were differences in all joint motions, indicating that
kinematic curves were different. There also were differences in 3 of 6 joint motions when
looking at the interaction of group, crank position, and speed. Post hoc analyses were not
performed for the interactions involving the crank position due to the large numbers of
comparisons that would be required, greatly reducing the P value needed for significance.

Figures 3 and 4 display the joint angles of the left lower extremity throughout the cycling
revolution for each group and each cadence. In addition, there were differences between
groups in the position of the foot in the transverse plane, with an average of 18.8±10.5
degrees of lateral (external) rotation for subjects with TD and 31.0±18.0 degrees of lateral
rotation for subjects with CP (P=.013). Because the foot was fixed to the footplate, minimal
motion was permitted in this plane.

Electromyography
Subjects with CP had earlier onsets, later offsets, and longer durations of muscle activity for
some muscles of the left lower extremity compared with subjects with TD (Tab. 3). Onset,
offset, and duration of muscle activity for some muscles were affected by increasing
cadence, with more activity seen at 60 rpm as compared with 30 rpm. Figure 5 displays the
patterns for the onsets and offsets of EMG activity for each muscle for each group at each
cadence. For subjects with CP cycling at 60 rpm, average crank positions for the onsets and
offsets of activity for the left lateral gastrocnemius muscle indicate that the muscle was
working only briefly (Tab. 3). However, in looking at the data for each subject, the lateral
gastrocnemius muscle was active for most of the cycling revolution. Therefore, the average
values do not represent the activity of this muscle. Figure 5 displays a more accurate
representation of the activity of the lateral gastrocnemius muscle for the subjects with CP at
60 rpm.

In the analysis of agonist and antagonist muscle co-contraction of the left lower extremity,
subjects with CP had increased co-contraction for 4 out of the 6 agonist and antagonist
pairings compared with subjects with TD, and co-contraction was greater when cycling at 60
rpm compared with 30 rpm for all subjects for 4 out of the 6 pairings (Fig. 6). Subjects with
CP also had a greater increase in co-contraction with increasing cadence (group × cadence
interaction) compared with subjects with TD for all 6 pairings. Bonferroni post hoc testing
showed differences (P<.0042) in co-contraction percentage between the subjects with TD
and the subjects with CP when cycling at 60 rpm for all 6 significant pairings.
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Energy Expenditure and Gross Mechanical Efficiency
Using cadence as a covariate, efficiency was greater for the subjects with TD than for the
subjects with CP (F=7.66, P=.0127) and greater for all subjects when cycling at 30 rpm
compared with the attempts at 60 rpm (F=6.51, P=.0068) (Fig. 7). There was no interaction
effect of group and cadence (F=0.41, P=.5288). All subjects could all cycle at 30 rpm
(subjects with TD at 30.6±1.1 rpm and subjects with CP at 29.4±3.0 rpm) throughout the
energy expenditure test. However, during the attempted 60-rpm test, subjects with CP were
unable to maintain this cadence throughout the test. The 5 subjects with CP who attempted
the energy expenditure test at 60 rpm cycled at 46.5±5.8 rpm, whereas the subjects with TD
cycled at 57.9±1.2 rpm.

There were no differences between groups (F=2.88, P=.4605) or between cadences (F=5.06,
P=.1186) for perceived effort as measured with the Children’s OMNI Scale of Perceived
Exertion, and there was no interaction effect (F=36.4, P=.3694). Subjects with TD reported
median OMNI scores of 0 (range=0–1) and 1 (range=0–6) at 30 rpm and 60 rpm,
respectively, and subjects with CP reported median OMNI scores of 1 (range=0–6) and 5
(range=2–10) at 30 rpm and the attempted 60 rpm, respectively. With the sample size and
standard deviations in this study and with alpha=.05 (2-tailed) and 80% power, a mean score
of 4.48 in the subjects with CP (effect size=2.38) would have been necessary to attain
statistical significance in OMNI scores between groups.

Discussion
Differences were seen in cycling biomechanics between adolescents with CP and
adolescents with TD. Subjects were successful with short bouts of cycling at 30 or 60 rpm in
this study, and no subjects were excluded from the study due to failure to learn to cycle. It
should be noted that the cycle design used in this study is different from that typically used
in cycling studies, and the results may reflect this specific design. Although only the left-
side data are presented, results for the right lower extremity were overall similar to those of
the left lower extremity.

Kinematics
Subjects with CP displayed differences in joint kinematics around the hip, knee, and ankle in
all 3 planes of motion compared with the subjects with TD. Although the findings of
differences in the frontal and transverse planes were anticipated due to differences in gait
kinematics in these planes,6,21,44 differences in the sagittal plane of increased hip flexion
and increased knee extension for the subjects with CP were unanticipated because the
positioning on the bicycle was based on anthropometrics. However, ankle dorsiflexion was
increased, thus effectively shortening the limb, and therefore might have affected the
position of the hip and knee in the sagittal plane. The subjects with CP may have had this
increased ankle dorsiflexion due to decreased strength and motor control of the plantar
flexors.

The differences in joint kinematics may have been due to decreased strength and motor
control for the subjects with CP. Interestingly, the subjects with CP could physically attain
the degree of hip lateral rotation achieved by the subjects with TD, demonstrating that ROM
was not limiting the ability to reach this joint position. Therefore, issues such as motor
control and strength may be more relevant factors. Muscles can increase or decrease the
amount of rotation observed during functional movements in people with bony rotational
deformities.44 Thus, muscle activity rather than rotational deformities may have led to some
of the differences seen. In addition, it is possible that foot position altered the kinematics at
the more proximal joints. The goal was to position the foot to accommodate deformities to
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allow the hip and knee to be better aligned in the sagittal plane. Because cycling occurs
primarily in the sagittal plane, motion out of this plane may place additional stresses on the
hip and knee joints. Further study is needed to determine the forces to which these joint are
exposed.

Electromyography
The EMG patterns differed for some muscles between groups. In general, subjects with CP
displayed earlier onset and later offset of muscle activity within the cycling revolution than
did subjects with TD (Tab. 3, Fig. 5). These results are similar to those of Kaplan,27 who
performed a more limited biomechanical study comparing cycling between children with
and without CP. Again, subjects with CP may have experienced differences due to decreased
strength and motor control and therefore activated as many muscles as possible to both
stabilize the joints and allow movement. This pattern of increased activity may contribute to
decreased efficiency and greater effort during cycling and may help to explain why some
children with CP may have difficulty with the task.

There appeared to be differences in how subjects with TD and subjects with CP used their
muscles while cycling. For the subjects with TD, the rectus femoris and vastus lateralis
muscles appeared to act mainly as knee extensors, whereas the subjects with CP appeared to
use the rectus femoris muscle for hip flexion in addition to using both muscles for knee
extension. Both groups appeared to use the medial hamstring and biceps femoris muscles for
a combination of hip extension and hip deceleration; however, for knee flexion, subjects
with TD appeared to use the medial hamstring muscles, whereas the subjects with CP used
the biceps femoris muscle.

Around the ankle, subjects with TD used the anterior tibialis muscle only during flexion, but
the subjects with CP used this muscle throughout the revolution except for a brief period
near the end of the extension phase. Subjects with TD used the gastrocnemius and soleus
muscles primarily during the extension phase and into the flexion phase at the higher
cadence, potentially as a decelerator or a knee flexor. Subjects with CP used these muscles
primarily during the extension phase at 30 rpm but increased the activity to nearly
continuous at 60 rpm. These differences may have been due to poor motor planning and the
inability to dissociate the activity of some muscles, resulting in co-contraction of muscles
around a joint. For the subjects with CP, it was difficult to determine which muscle was
contributing primarily to the motion observed. In order to determine this, future work would
need to examine the magnitude of EMG activity.34,36,45

Greater co-contraction of muscles around the hip, knee, and ankle was seen in subjects with
CP compared with subjects with TD. Co-contraction has been reported to occur normally
during cycling in both children27 and adults34 who are healthy. The increase in co-
contraction for the subjects with CP may reflect an attempt to stabilize the joints while
allowing movement to occur. In addition, co-contraction increased for subjects with CP
when cycling at 60 rpm compared with cycling at 30 rpm to a greater extent than was seen
for the subjects with TD, indicating a greater task demand and the potential need for greater
stabilization of joints at the higher cadence.

In this study, onset of muscle activity was determined by EMG amplitude being at least 3
standard deviations above a quiet baseline. For most subjects, obtaining a quiet baseline was
not problematic; however, a quiet baseline was unobtainable for every muscle for every
subject, which may have underestimated muscle activity. In addition, subjects with CP often
showed constant or almost constant activity that was 3 standard deviations above the
baseline throughout the cycling revolution. In some of these subjects, phasic increases in
muscle activity could be visually identified above this level of activity. Therefore, the
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muscle activity likely represented a combination of postural demands as well as the demands
required for cycling. Future work should determine the differences between postural
demands on muscles versus demands for activity.

In contrast, some subjects with CP displayed continuous, nonphasic activity throughout the
cycling revolution. This finding is similar to what was described by Kaplan,27 who
suggested that the coordination of the cycling pattern may be less affected by continuous
activity of some muscles due to the strength and timing of the muscles that are acting
phasically. However, this pattern may be relatively inefficient for cycling.

In addition, subjects with CP in the present study displayed co-contraction around joints
almost continuously for some muscle combinations, especially around the ankle, with a
greater effect at the higher cadence. The subjects with CP may have been using co-
contraction to stabilize the foot and ankle. Minimal dorsiflexion and plantar-flexion
movement was noted for both groups. It is possible that the pedal design used in this study
affected ankle motion, as it was a full-length pedal in which the entire foot maintained
contact with the surface. In addition, the pedal weight favored movement toward
dorsiflexion, and the location of the pedal spindle in relation to the foot differed. Perhaps
greater stabilization of the foot and ankle was required by all subjects due to this pedal
design, because subjects with TD displayed greater co-contraction around the ankle than that
reported in the literature for cycling in adults who are healthy.34 However, Kaplan27

reported similar percentages of co-contraction around the ankle in children with TD, as was
seen with the subjects with TD in this study. Subjects in this study were adolescents, so it is
unknown whether co-contraction is related to an immature system or to pedal design. As gait
matures before adolescence,46 it would be anticipated that adolescents would behave more
like adults while cycling, which requires a similar repetitive task but with more constraints
to movement than with gait.

Efficiency
Subjects with TD cycled more efficiently than did the subjects with CP, and all subjects
were more efficient when cycling at 30 rpm compared with cycling when attempting 60
rpm. Increased viscous resistance to motion of contracting muscle filaments47 as well as
failure of a muscle to relax between contractions could potentially contribute to an increased
metabolic cost of cycling.48 These issues may have contributed to a decreased efficiency for
the subjects with CP due to increased metabolic demand. In addition, spasticity can increase
the energy demand due to involuntary movements, the need to fight the spasticity in order to
move, and the need to stabilize the body on a cycle.15 Subjects with CP in the present study
displayed greater muscle co-contraction than subjects with TD, which may have contributed
to the decrease in efficiency seen in the subjects with CP.

When attempting the 60 rpm cadence, subjects with CP and with TD cycled with fairly
comparable efficiency (1.4±0.9 and 1.6±0.8 W/V̇o2, respectively) when directly comparing
the values. However, although the targeted cadence for each group was the same (ie, 60
rpm), subjects with CP had difficulty attaining and maintaining this cadence during the 5-
minute cycling test, despite being able to achieve this cadence during the short trials in the
motion analysis laboratory. In addition, efficiency declines with increasing cycling cadence
due to the linearly or exponentially increased demand for oxygen.49-51 Therefore, subjects
with CP in the present study may have cycled less efficiently if they had been able to cycle
at 60 rpm during the 5-minute cycling test.

No differences were seen between groups or cadences in the perception of effort as
measured by the Children’s OMNI Scale of Perceived Exertion. Unexpectedly, several
subjects with CP reported a low perception of effort using the OMNI scale during the 5-
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minute cycling test. Seven of the 10 subjects with CP reported an OMNI score of 2 or less
(“a little tired” or less) for the 30 rpm test, and 2 out of 6 subjects reported this score for the
attempted 60 rpm test. There was variability among the other subjects, with scores of 3, 5,
and 6 for the remaining 3 subjects at the 30 rpm test and scores of 5, 6, and 10 for the
remaining 4 subjects during the attempted 60 rpm test. This variability was unanticipated
due to the similar task demand among subjects. As the resistance provided was based on
body weight, basing the resistance on lean body mass or muscle volume may have been
more appropriate due to potential differences in the proportion of fat and lean tissue among
subjects. All subjects with TD reported OMNI scores of 0 or 1 at 30 rpm. There was greater
variability at 60 rpm, with 6 of the 10 subjects reporting scores of 0 or 1, and the remaining
subjects reporting scores of 3, 4, 5, and 6.

Training and Resistance
In this study, all subjects received short training sessions, with a maximum of 2 sessions
required to accomplish the task demands. Because the task and cycle design were novel,
increased practice may have led to differences in cycling patterns, including joint
kinematics, muscle activity, co-contraction, and efficiency. With practice, co-contraction
may have decreased in all subjects, potentially leading to increased efficiency. Future work
should examine the changes seen with increased practice.

Resistance in this study was based on each subject’s body weight in order to allow
comparison between groups. However, this resistance may have been too great for the
subjects with CP. Future work should examine cycling biomechanics at differing levels of
resistance to determine its effects. Literature on cycling in adults who are healthy has shown
differences in cycling efficiency50 and EMG patterns52 with differing workloads, and
similar effects may be seen in subjects with CP.

Clinical Relevance
As differences were seen in kinematics, EMG, and efficiency, cycling interventions may
provide different benefits for adolescents with CP compared with adolescents with TD.
Further research is needed to study specific outcomes, including strengthening and
cardiovascular improvements. Based on the results of this study, adolescents with CP may
not be able to cycle for longer periods of time due to inefficiency of the task. Although this
may lead to higher heart rates, which are desirable for cardiovascular benefits, it may lead to
early fatigue as well as dissatisfaction with cycling as a mode of exercise.

In addition, some adolescents in this study were not able to achieve cadences higher than 30
rpm. Cycling at this low cadence may prevent the attainment of a heart rate high enough to
achieve the cardiovascular benefits of exercise. Altered kinematics, prolonged muscle
activity, and co-contraction likely interfered with the ability to cycle efficiently, and
methods to encourage appropriate muscle activity may be beneficial. Extended training and
cues such as “push out” at the appropriate time may lead to improvements in cycling.
Another possibility is the use of electrical stimulation both as a way of providing
information on appropriate muscle timing as well as to activate muscles to achieve a higher
cadence. Further research is needed to determine whether techniques such as these can be
successful.

Conclusions
During cycling, adolescents with CP displayed differences in joint kinematics in all 3 planes,
altered muscle activation patterns, and increased co-contraction compared with their peers
with TD, all of which may have contributed to the decreased cycling efficiency seen in the
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subjects with CP. Many of the differences seen may be due to issues such as decreased
strength and motor control for the subjects with CP. The information from this study can
assist in the development of future intervention studies, which should examine whether a
cycling intervention can lead to improvements in strength and cardiovascular conditioning in
adolescents with CP.
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Figure 1.
Subject with cerebral palsy using the cycle in the motion analysis laboratory. A therapy
bench was attached to the cycle with an adjustable bar that was set based on subject
anthropometrics. The seat back was reclined 25 degrees from vertical and was height-
adjustable. The reflective markers on the subject and the pedal were used for the kinematic
analysis.
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Figure 2.
Bicycle setup. All components were adjusted based on subject anthropometrics. (1) Seat-to-
pedal distance=85% of the distance from the greater trochanter to the base of the calcaneus.
(2) Seat-to-greater trochanter distance=15% of the distance from the greater trochanter to the
base of the calcaneus. (3) Crank arm length=30% of tibial length. The seat back was placed
comfortably behind the subject while maintaining the seat to greater trochanter distance.
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Figure 3.
Joint kinematics of the left hip for all subjects. Zero degrees is the point at which the left
crank arm was horizontal and farthest from the subject, as shown in Figure 2. Qualitative
differences are evident, demonstrating the differences in magnitude and timing between
groups and cadences. Subjects with cerebral palsy (CP) had greater excursions of motion in
the frontal and transverse planes, greater hip flexion, greater knee extension, and greater
dorsiflexion compared with the subjects with typical development (TD). The positive
direction indicates flexion, adduction, and medial (internal) rotation for sagittal, frontal, and
transverse planes, respectively. Flex=flexion, Add=adduction, Abd=abduction, MR=medial
rotation, LR=lateral (external) rotation. TD30=subjects with TD at cadence of 30 rpm,
CP30=subjects with CP at cadence of 30 rpm, TD60=subjects with TD at cadence of 60
rpm, CP60=subjects with CP at cadence of 60 rpm.
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Figure 4.
Joint kinematics of the left knee and ankle for all subjects. Zero degrees is the point at which
the left crank arm was horizontal and farthest from the subject, as shown in Figure 2.
Qualitative differences are evident, demonstrating the differences in magnitude and timing
between groups and cadences. The positive direction indicates flexion (dorsiflexion) and
varus for sagittal and frontal planes, respectively. Flex=flexion, Var=varus, Val=valgus,
Df=dorsiflexion, Pf=plantar flexion. TD30=subjects with TD at cadence of 30 rpm,
CP30=subjects with CP at cadence of 30 rpm, TD60=subjects with TD at cadence of 60
rpm, CP60=subjects with CP at cadence of 60 rpm.
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Figure 5.
Polar plots of mean onsets and offsets of muscle activity of the left lower extremity for all
subjects. Zero degrees occurred when the left crank arm was horizontal and farthest from the
subject (Fig. 2). Muscles other than the gluteus maximus were labeled as primary extensors
and flexors based on their actions at the knee and at the ankle. The duration of activity may
differ from those shown in Table 3 because the durations here represent the difference
between mean onset and mean offset. From these plots, the relationship of activity of
muscles, including co-contraction, can be seen. The innermost circle represents when hip
flexion and extension occurred in order to identify the phase. The stick figures show the
approximate position of the lower extremities at that point in the revolution, and the arrow
indicates forward movement of the crank when viewed from the right side of the cycle.
1=gluteus maximus muscle, 2=rectus femoris muscle, 3=vastus lateralis muscle, 4=medial
hamstring muscle, 5=biceps femoris muscle, 6=anterior tibialis muscle, 7=lateral
gastrocnemius muscle, 8=soleus muscle. TD30=subjects with typical development (TD) at
cadence of 30 rpm, CP30=subjects with cerebral palsy (CP) at cadence of 30 rpm,
TD60=subjects with TD at cadence of 60 rpm, CP60=subjects with CP at cadence of 60
rpm.
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Figure 6.
Percentage (mean and standard deviation) of the cycling revolution in which co-contraction
occurred for each agonist and antagonist pairing around the left knee and ankle for each
subject. Subjects with cerebral palsy had increased co-contraction compared with the
subjects with typical development, and all subjects displayed increased co-contraction when
cycling at 60 rpm compared with 30 rpm. Rectus=rectus femoris muscle, biceps=biceps
femoris muscle, vlat=vastus lateralis muscle, mham=medial hamstring muscle, TA=anterior
tibialis muscle, gastroc=gastrocnemius muscle, sol=soleus muscle. aSignificant main effect
of group. bSignificant main effect of cadence. cInteraction of group and cadence.
Significance defined as P<.004 due to 12 agonist and antagonist pairings being studied (6
per side). TD30=subjects with TD at cadence of 30 rpm, CP30=subjects with CP at cadence
of 30 rpm, TD60=subjects with TD at cadence of 60 rpm, CP60=subjects with CP at
cadence of 60 rpm.
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Figure 7.
Cycling efficiency (mean and standard deviation) for all subjects. When actual cadence
(rather than targeted cadence) was used as a covariate, there were significant main effects of
group (P=.0127) and cadence (P=.0068); however, the interaction was not significant.
V ̇o2=volume of oxygen consumed, TD30=subjects with typical development (TD) at
cadence of 30 rpm, CP30=subjects with cerebral palsy (CP) at cadence of 30 rpm,
TD60=subjects with TD at cadence of 60 rpm, CP60=subjects with CP at cadence of 60
rpm.
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Table 1

Inclusion and Exclusion Criteria

Inclusion Exclusion

Ages 13-19 y

Ability to maintain an upright sitting position with
minimal support

Ability to commit to up to 4 sessions of training or
testing

Visuoperceptual skills and cognitive and
communication skills sufficient to follow multiple-
step commands and to attend to tasks associated
with data collection

Diagnosis of spastic CP and classified as level III
or IV using the Gross Motor Function
Classification Systemb

Lower-extremity orthopedic surgery or traumatic fracture within the past 6
mo

Lower-extremity joint pain during cycling

Spinal fusion extending to the pelvis

Hip, knee, or ankle joint instability or dislocation

Lower-limb stress fractures in the past year

Symptomatic or current diagnosis of cardiac disease as assessed by the
American Heart Association guidelines for cardiac historya

Uncontrolled seizure disorder

Current pulmonary disease or asthma and taking oral steroids or hospitalized
for an acute episode in the past 6 mo

Severe spasticity in legs (score of ≥4 on the Modified Ashworth Scale)b

Severely limited joint range of motion or irreversible muscle contractures
that prevented safe positioning on the cycleb

Diagnosis of athetoid or ataxic CPb

a
Maron BJ, Thompson PD, Puffer JC, et al. Cardiovascular preparticipation screening of competitive athletes: a statement for health professionals

from the Sudden Death Committee (clinical cardiology) and Congenital Cardiac Defects Committee (cardiovascular disease in the young),
American Heart Association. Circulation. 1996;94:850–856.

b
Subjects with cerebral palsy (CP) only.
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