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Abstract. 
Purpose: Walking, fitness, and balance deficits are common following acquired brain 

injury (ABI). This study assessed feasibility, acceptability, and usefulness of a mod-
ified motor-assisted elliptical (ICARE) in addressing walking, fitness, and balance 
deficits in children with chronic ABIs. 

Methods: Three children (> 5 years post-ABI) completed 24 ICARE exercise sessions 
(exercise time, speed, and time overriding motor-assistance gradually increased) 
to promote mass repetition of gait-like movements and challenge cardiorespira-
tory fitness. Parents’ and children’s perceptions of ICARE’s safety, comfort, work-
out, and usability were assessed. Cardiovascular response, gait and balance out-
comes were assessed. 

Results: No adverse events occurred. Parent’s Visual Analogue Scale (VAS) scores of 
perceived device safety (range 80–99), workout (range 99–100), and usability 
(range 75–100) were high, while comfort were 76–80 given commercial harness 
fit and arm support. Children’s VAS scores all exceeded 89. Comfortable walking 
velocity, 2-Minute Walk Test, fitness, and Pediatric Balance Scale scores improved 
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post-training, with many outcomes surpassing established minimal clinically im-
portant differences. 

Conclusion: Following engagement in moderate- to vigorous-intensity exercise pro-
moting repetitive step-like movements on a specially adapted motor-assisted ellip-
tical, three children with chronic ABI demonstrated improvements in walking, fit-
ness and balance. Future research in community-based environments with a larger 
cohort of children with ABI is needed. 

Keywords: Children, brain injury, gait training, balance, fitness, technology, elliptical 

1. Introduction 

Not infrequently, children who survive a moderate or severe acquired 
brain injury (ABI) require extended rehabilitation and community-based 
interventions to address long-term challenges with walking in addition 
to lingering deficits in fitness and balance control. Intensive, task-spe-
cific training is believed to be critical for promoting functional recovery 
and lasting neuroplastic changes in gait following a neurologic injury 
[1, 2]. Treatment approaches used during formal inpatient rehabilita-
tion aren’t always easily integrated into community-based programs as 
labor requirements (e.g., repetitively lifting a paretic lower extremity 
during partial body weight support treadmill training) and technology 
expense (e.g., robotics) may exceed the budget constraints of smaller 
clinics, medical fitness and school settings [3]. Further, the residual mo-
tor fitness [4] and balance deficits [5] that persist in many children post-
ABI can make sustained stepping at recommended intensities difficult 
when navigating community environments or using traditional exercise 
devices (e.g., treadmills). Collectively, these challenges can contribute to 
a pat tern of persistent inactivity, functional decline and negative health 
sequelae. Identification of practical approaches for addressing persisting 
walking and deconditioning deficits in children with chronic ABI would 
be expected to improve not only function, cardiorespiratory fitness, and 
long-term health [6], but also conceivably cognition and neuroplasticity 
critical for learning [7]. 

Recently, a motor-assisted elliptical (ICARE) used to address walk-
ing, fitness, and balance needs of adults with physical disabilities was 
adapted to address rehabilitation needs of children (Fig. 1) [8–13]. The 
ICARE enables practice of gait-like movements at speeds up to 65 cy-
cles per minute (CPM) without requiring a clinician’s physical assis-
tance to manually lift and advance legs as might be required during body 
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weight-supported treadmill training or overground gait approaches [8, 
10, 14]. The device integrates three modes of motor assistance. During 
Active Assist training, an adjustable motor-drive system provides an as-
sistive force that helps individuals with deconditioning sustain training 
at a pre-determined speed up to 65 CPM. To increase the challenge, brief 
bursts of Active Assist Plus training are often integrated within a session. 
During these brief bursts, users are encouraged to cycle at least 1 CPM 
faster than the programmed training speed (feedback is provided on the 
device’s console), causing the motor to disengage and no longer assist 
the cycling movement. Once the user slows to the programmed training 
speed (e.g., due to fatigue or the burst duration was achieved), the mo-
tor smoothly re-engages to support cycling at the pre-determined rate. 
Faster training speeds and overriding the motor’s assistance incremen-
tally increase the challenge to leg muscles and the heart [9, 10, 15]. The 

Fig. 1. Child 1 using ICARE. Note pedal elevation that allowed participant to use the 
stationary handles comfortably and to view and interact with the console. Consent to 
use photograph was obtained from the parent. 
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final training mode, Resistive, integrates 20 levels of resistance, char-
acteristic of a traditional elliptical. Beyond being more affordable than 
many commercially available robotic gait training devices, the variety of 
motor assistance levels broadens ICARE’s applicability and potentially 
reduces perceived stigma associated with training on a device solely de-
signed for individuals with special health care needs and chronic con-
ditions [8]. To address the needs of younger, often smaller stature us-
ers, step length adjusts to as short as 19 cm and the pedals can elevate 
so children can interact with the console. For those who are taller, step 
length can be increased to 71 cm and the pedals can be lowered incre-
mentally. Multiple handholds and an external body weight support sys-
tem allow children with weakness and balance challenges the support 
required to train without a clinician’s physical assistance. Modifications 
to the ICARE for the pediatric population were driven, in part, by input 
from pediatric therapists in school, rehabilitation, and private clinics, 
as well as formal feedback provided by children with special healthcare 
needs and their caregivers [8]. 

This study’s purpose was to assess feasibility, acceptability and use-
fulness of ICARE for addressing walking, balance, and fitness deficits in 
community- dwelling children with ABI. Given the novelty of the tech-
nology for pediatric ABI, we sought to understand 1) children’s and par-
ent’s perceptions of the child’s safety, comfort, and workout while using 
ICARE; 2) whether ICARE’s parameters could be used to simultaneously 
promote high repetition practice of gait-like movements (> 1000 cycles/
session) and cardiorespiratory challenge; and 3) if walking, fitness, and 
balance would improve following participation. A secondary purpose of 
this study was to collect pilot data to guide sample size estimates for fu-
ture intervention work. 

2. Methods 

2.1. Participants 

Parental informed consent and informed assent from three children with 
ABI were obtained using procedures approved by the Institutional Re-
view Board of Madonna Rehabilitation Hospitals. 

Child 1 (8 years old, 1.32 m, 40.7 kg), ∼7 years post a severe head 
trauma requiring ventriculostomy and 13-day sedation had persistent 
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challenges with upper extremity control, balance, gait, and falling (sev-
eral times/week). She ambulated with minimal to moderate assistance 
(short distances at home and in the community) and used a wheelchair 
for longer distances. Medications included docosahexaenoic acid (DHA) 
for brain health. She received 15 minutes/month of physical and occu-
pation therapy at school and wore glasses. 

Child 2 (7 years old, 1.32 m, 24.0 kg), ∼6 years post two cardiac ar-
rests (30 minutes each; subsequently sedated for 7 days) with resultant 
hypoxia, vision loss, developmental delay, cognitive impairment, and 
challenges with walking (used bilateral supramalleolar orthoses), bal-
ance and falls. She took angiotensin-converting enzyme inhibitor and al-
pha-2A adrenergic receptor agonist (high blood pressure/heart failure) 
and received speech therapy. 

Child 3 (9 years old, 1.41 m, 40.6 kg), ∼7 years post an automobile 
accident with resultant head trauma and 15-day induced coma, had left 
hemiplegia and ambulated without assistive devices. She had balance 
challenges during gait and several tripping/falling incidents weekly. She 
received levothyroxine (hypothyroidism) and norditropin injections 
(growth-related condition). 

2.2. Intervention 

Participants were initially familiarized with the adapted motor-assisted 
elliptical (ICARE E872MA, SportsArt, Mukilteo, WA; Fig. 1). The device’s 
foot print was 2.2 meters in length by 0.8 meters in width. Baseline step 
length was identified. Then, speed was increased gradually until heart 
rate (HR) approximated 70% estimated maximum (HRmax) [16], corre-
sponding with estimates of moderate-intensity training. Resulting step 
length and speed served as baseline training parameters. 

When using the ICARE, if the user’s force input is sufficient to sur-
pass the motor’s set speed, assistance dynamically disengages and the 
user is able to exercise at any speed, within their individual physical ca-
pacity, above the set speed. Previous work determined that the physical 
effort (i.e., muscle and cardiorespiratory demands) increases at higher 
speeds regardless of motor assistance and further increases were ob-
served when overriding the motor’s assistance [9, 10, 15]. 

Twenty-four sessions were scheduled (targeting 3/week). Prior to 
each session, resting HR was recorded (Masimo Rad-5v Signal Extraction 
pulse oximeters; Masimo Corp., Irvine, CA, USA). Initial sessions were 
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purposely shorter and limited to moderate-intensity to allow for exercise 
acclimation [17]. Our protocol targeted a ∼5% ICARE speed increase ev-
ery 4 sessions and ∼5% exercise duration increase every session. Brief 
one-minute bursts of higher intensity exercise were introduced during 
session three by having each child override motor- assistance at pre-de-
termined intervals. The number of higher-intensity bouts was scheduled 
to increase every two sessions. Exercise HR was monitored continuously 
with the Polar H1 Heart Rate Pro Sensor (Polar Electro Oy, Kempele, Fin-
land), integrated via Radio Frequency with the ICARE’s console. Train-
ing parameters were adapted to participants’ responses. 

2.3. Outcome measures 

Session performance parameters were recorded including total time 
using ICARE (min), time over- riding ICARE’s motor-assistance (min), 
ICARE’s weighted average speed [CPM; (speed x time)/total exercise 
time], and total strides completed. Resting HR (beats per minute, bpm), 
exercise HR (with motor-assistance), and HR immediately following 
bouts overriding ICARE motor-assistance were recorded. The accuracy 
of HR data collected from the ICARE console has been previously veri-
fied [18]. 

Before the first and again following the 24th session, children tra-
versed a GAITRite walkway at self-selected comfortable and fast speeds. 
Three trials were averaged to determine mean walking speed (m/s), ca-
dence (steps/min), and stride length (cm) for each speed before and fol-
lowing intervention. Children also performed the 2-Minute Walk Test 
(2MWT) [19], modified Timed Up and Go (mTUG) [20] and Pediatric 
Balance Scale [21]. 

Following 24 sessions, children and parents provided quantitative 
(Visual Analogue Scale, VAS) and qualitative feedback regarding their 
perceptions of safety, comfort, workout (intensity of exercise), and us-
ability of ICARE [8]. For safety, parents selected between 0 (“not safe 
at all—my child would get injured if someone weren’t here”) and 100 
(“very safe—my child could use the equipment without worrying about 
injury”) on the VAS and described why. For comfort while exercising 
on ICARE, parents selected between 0 (“not comfortable at all”) and 
100 (“very comfortable”) and described why. For workout, parents se-
lected between 0 (“a lousy work out”) and 100 (“a great workout”) and 
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described why. For usability, parents selected between 0 (“my child 
wouldn’t want to use it—it’s useless for him/her”) and 100 (“my child 
would really want to use it—it’s ideal for him/her”) and described why. 
Finally, parents responded to “If this piece of equipment was avail able 
for your child to use in your home/school/therapy setting, would your 
child use it? Why?” 

Sample size estimation for each variable of interest was performed 
with G∗ Power [22, 23]. Effect sizes were also calculated with this soft-
ware to guide future intervention work. 

3. Results 

Child 1 and 2 required 64 days (2.4±0.9 and 2.4±0.5 days/week, re-
spectively) to complete the 24 sessions, while Child 3 required 55 days 
(3.0±1.1 days/week). Family scheduling conflicts contributed to differ-
ences across participants. 

3.1. Changes in ICARE training capacity across sessions  
(Figs. 2 and 3) 

Child 1 trained with the adapted pedal raised 23 cm from the tradi-
tional pedal height to allow interaction at eye-height with ICARE’s con-
sole. During session one, she trained for 17 minutes with motor-assis-
tance at a weighted average speed of 22 CPM, allowing for a total of 
375 strides. Average exercise HR across session one’s exercise bouts 
was 116 bpm. During week one, she achieved 51 minutes of moder-
ate- intensity exercise, including 1 minute performed while overrid-
ing motor-assistance. During week two, she completed 80 minutes of 
ICARE exercise, with 3 minutes performed at a more vigorous-intensity 
while overriding motor-assistance. By session 13, total training time 
increased to 36 minutes (including 6 minutes overriding motor-assis-
tance) and speed was faster (weighted average 34 CPM), thus allowing 
for a greater than 3-fold increase in total strides (1,241) compared to 
baseline despite average exercise HR (117 bpm) being similar. Average 
HR while overriding motor-assistance increased to 126 bpm. During 
the final three sessions, she completed 152 minutes of moderate- to 
vigorous-intensity exercise (32 minutes overriding motor-assistance). 
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Her last session consisted of 52 minutes of moderate- to vigorous-in-
tensity exercise (11 minutes overriding motor-assistance) performed 
at a weighted average speed of 40 CPM. The last session’s total strides 
(2,099) increased more than 5-fold compared to base line. Average 
exercise HR (123 bpm) during these more challenging conditions was 
only slightly higher than the initial session and HR while overriding 
motor-assistance averaged 132 bpm. In total, Child 1 used ICARE for 
844 minutes, overriding motor assistance for 118 minutes, and achiev-
ing 27,869 ICARE strides across 24 sessions. 

Child 2 trained with the adapted pedal raised 13 cm from ICARE’s 
standard pedal height. During session one, she trained for 20 minutes 
with motor-assistance at a weighted average speed of 39 CPM, allowing 
for a total of 785 strides. Average exercise HR across session one’s ex-
ercise bouts was 116 bpm. During week one, she achieved 68 minutes 

Fig. 2. Progression of ICARE training parameters across 24 sessions for each child. 
Mean motorized training speed (CPM; black diamonds), total exercise time (minutes; 
black squares), and time overriding the motor’s assistance (minutes; black circles) are 
displayed with black lines and their respective values are provided on the left verti-
cal axis. Total strides per session (red triangles) are displayed with red lines and the 
respective values are provided on the right vertical axis. Training sessions within the 
same calendar week are underlined on the x-axis. 
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of moderate-intensity exercise. During week two, she completed more 
than 74 minutes of ICARE exercise, with 4 minutes per- formed at a more 
vigorous intensity while overriding motor-assistance. By session 13, to-
tal training time increased to 36 minutes (6 minutes overriding motor-
assistance) and speed was faster (weighted average of 56 CPM), thus 
allowing for a nearly 3-fold increase in total strides (2,178) compared 
to baseline. This increase in activity was performed at a lower average 
exercise HR (94 bpm). Average HR while overriding motor-assistance 
was 121 bpm. During the final three sessions, she completed 176 min-
utes of moderate- intensity exercise. By the final session, training was 
performed for 61 minutes (11 minutes overriding motor-assistance) at 

Fig. 3. Average heart rate across all training sessions during ICARE exercise with the 
motor’s assistance (left box plot for each child) and while overriding the motor’s as-
sistance (right box plot for each child). Expected age-appropriate heart rate ranges 
are displayed for moderate-intensity (light gray band) and vigorous-intensity (dark 
gray band) exercise. The midline within each box represents the median of the heart 
rate data, with the box representing 50% of the data points around the median and 
the additional top and bottom whiskers each representing the remainder 25% of the 
data. Resting heart rate prior to exercising and exercise heart rate with the motor’s as-
sistance are also provided as an average of the first three initial sessions and the last 
three sessions for each child. 
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a faster speed (weighted average of 63 CPM). Total strides (3,919) in-
creased nearly 5- fold compared with baseline. Average exercise HR (104 
bpm) was 10% lower than the initial session and HR while overriding 
motor-assistance averaged 129 bpm. In total, Child 2 used ICARE for 
902 minutes, overriding motor-assistance for 130 minutes, and achiev-
ing 51,166 strides across the 24 sessions. 

Child 3 trained with the adapted pedal raised 10 cm from ICARE’s 
standard pedal height. During session one, she trained for 20 minutes 
with motor-assistance at an average speed of 48 CPM, allowing for a to-
tal of 953 strides. Average exercise HR across the first session’s exer-
cise bouts was 104 bpm. During week one, she achieved 64 minutes of 
moderate-intensity exercise and also overrode motor-assistance for 2 
minutes to achieve vigorous-intensity exercise. During week two, which 
consisted of only two training sessions due to scheduling conflicts, she 
completed 48 minutes of ICARE exercise, with 4 minutes per formed at 
vigorous-intensity. During session 12, her motor-assisted speed was low-
ered 19% from the previous session to facilitate success during 1-min-
ute bouts overriding motor-assistance. By session 13, total training time 
increased to 36 minutes (6 minutes overriding motor-assistance) and 
incremental increases in speed were resumed (weighted average of 45 
CPM), thus allowing for a 1.7-fold increase in total strides (1,624) com-
pared with baseline. Step length was slightly longer (48.0 cm). Aver-
age HR while overriding motor-assistance was 178 bpm. During the fi-
nal three training sessions, she completed 173 minutes of moderate- to 
vigorous-intensity exercise. By the final session, training was performed 
for 60 minutes (11 minutes overriding motor-assistance) at a faster 
speed (weighted average of 53 CPM). Total strides (3,192) increased 
over 3-fold compared to baseline. Average exercise HR (109 bpm) was 
slightly lower than the initial session. Average HR while overriding mo-
tor-assistance was 165 bpm. In total, Child 3 used ICARE for 899 min-
utes, overriding motor-assistance for 134 minutes, and achieving 44,364 
strides across the 24 sessions. 

3.2. Baseline to post-training changes in gait and balance (Table 1) 

During laboratory testing, Child 1 ambulated with minimal contact 
guard and without orthoses at base- line and post-training. Her com-
fortable 10MWT speed improved 23% from baseline to post-training, 
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due primarily to increased cadence (∼22%) and to a lesser extent 
stride length (3%). Her fast 10MWT speed was 10% slower post-train-
ing compared to baseline, owing to an 8% shorter stride length. The 
need to repeat her post-intervention fast gait trials multiple times due 
to the timing gate accidentally triggering by the person contact guard-
ing her may have been fatiguing. During the subsequent 2MWT, she 
walked 1.5 meters farther post-training compared to baseline. Her 
mTUG required 0.2 seconds (< 2%) longer to complete post-training, 
an increment that did not meet the clinical significance threshold. Her 
PBS score improved 24%, surpassing the minimal detectable change 
(MDC90) and minimal clinically important difference (MCID) score for 
children with CP [24]. The largest increase in PBS emerged from a 43% 
increase in dynamic items. 

Child 2 did not require physical assistance or assistive devices to com-
plete baseline and post-training assessments. Her comfortable 10MWT 
speed improved 82% from baseline to post-training. Increases in stride 
length (44%) and to a lesser extent cadence (30%) contributed to her 
faster comfortable speed. Her self-selected fast walking pace quickened 
(12%) from baseline to post-training, owing to increases in both stride 

Table 1 Walking and balance measures [mean (standard deviation) recorded across each child’s three trials] be-
fore and following 24 ICARE training sessions for each child with an acquired brain injury

                                                           CHILD 1                               CHILD 2                                  CHILD 3

		  Baseline 	 Post 	 Baseline 	 Post 	 Baseline 	 Post

Comfortable Pace
	 Speed (m/s)	  0.71 (0.12)	  0.87 (0.11)	  0.92 (0.36)	  1.67 (0.05) 	 1.22 (0.14) 	 1.34 (0.10)
	 Stride Length (cm) 	 72 (5) 	 74 (6) 	 82 (15) 	 118 (3) 	 118 (5) 	 127 (6)
	 Cadence (steps/min) 	 118 (13) 	 144 (25) 	 131 (30) 	 170 (7) 	 124 (9) 	 126 (4)
Fast Pace
	 Speed (m/s) 	 1.15 (0.07) 	 1.04* (0.02) 	 2.00 (0.24) 	 2.24 (0.05) 	 1.72 (0.05) 	 1.80 (0.04)
	 Stride Length (cm) 	 78 (5) 	 78 (2) 	 117 (4) 	 125 (2) 	 142 (2) 	 148 (2)
	 Cadence (steps/min) 	 177 (2) 	 162 (7) 	 207 (20) 	 216 (4) 	 145 (2) 	 147 (3)
2MWT (m) 	 89.9 	 91.4 	 124.1 	 176.8 	 170.4 	 192.0
mTUG (sec) 	 12.2 	 12.4 	 7.7 	 7.0	  6.3 	 5.1
Pediatric Balance Scale
	 Static	  15 	 16 	 15 	 14	  24 	 24
	 Dynamic 	 4 	 20 	 22	  26	  31 	 32
	 Total Score	  29 	 36	  37 	 40 	 55 	 56

* Post-assessment equipment challenges resulted in participant having to repeat walking trials multiple times.
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length (7%) and cadence (4%). Her 43% longer 2MWT distance post-
training compared to baseline surpassed the MCID of 16.6 m for children 
with disabilities who walk independently [25]. Additionally, her post-
training mTUG was completed 8% faster than baseline, exceeding the 
MCID of 0.36 seconds for similarly aged children with CP and GMFCS II 
[20, 26]. Her 3-point PBS score improvement surpassed the MDC90 of 
1.59 for children with CP [24]. The largest increase in PBS emerged due 
to an 18% increase in dynamic items, surpassing the MCID range score 
of 2.23–2.92 [24]. 

Child 3 did not require physical assistance or assistive devices to com-
plete baseline and post training assessments. Her comfortable 10MWT 
speed improved 10% from baseline to post-training due primarily to in-
creased stride length (8%) and to a lesser extent cadence (2%). Her fast 
walking pace quickened slightly (5%) from baseline to post training due 
to modest increases in stride length (4%) and cadence (2%). Her 13% 
longer 2MWT distance post-training compared to baseline surpassed 
the MCID for children with disabilities who walk independently [24]. 
An 18% reduction in time required to complete the mTUG post-train-
ing compared to baseline exceeded the MCID for similarly aged chil-
dren with CP and GMFCS II nearly 3-fold [20, 26]. Her PBS score at base-
line was 1 point away from the measure’s maximum score, which she 
achieved post-training. 

3.3. Feedback on safety, comfort, workout, and usability (Table 2) 

Only limited feedback on perceptions of the ICARE were obtained from 
children (Table 2). Per the parent, Child 1 did not understand the VAS 
scoring for the Safety and Comfort despite providing verbal responses 
to the associated open-ended questions. Despite reporting not feeling 
safe when the researcher moved her paretic spastic upper extrem-
ity to different handholds, Child 1 indicated she would like to use the 
device if it were available at school and valued being able to use the 
Ipad while training. Child 2’s visual, cognitive and speech deficits pre-
vented her from completing the VAS and from answering the open-
ended questions associated with each VAS category. Child 3 offered 
VAS scores ranging from 89 to 100 for Safety, Comfort, Workout and 
Usability and answered affirmatively that she would use the device if 
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Table 2 Feedback from each child and parent, including Visual Analogue Scale Score and qualitative 
comments regarding perceived safety, comfort, workout quality, and usability of motor-assisted 
elliptical to address training goals

SAFETY

Child 	 Child VAS Score 	 Parent VAS Score

1 	 NA 	 90
2 	 Unable to respond 	 80
3 	 89 	 99

What factors contributed to you feeling you were (your child was) safe on the equipment?

Child 	 Child Comments 	 Parent Comments

1 	 That somebody was holding onto me. 	 The harness, the leg braces, the seat, the off button and having 
people around to help.

2 	 Unable to respond. 	 There are plenty of supports available for the child, so this 
provides safety with the many features (i.e., foot straps and 
hand supports).

3 	 My feet were always buckled in. 	 I like the chair lift. The machine is a big piece of equipment and 
could be a huge challenge for little kids to get in position. I 
also liked the heart monitor. Some kids with disabilities do 
have heart issues that do need to be monitored.

What factors contributed to you feeling you were not (your child was not) safe on the equipment?

Child 	 Child Comments 	 Parent Comments

1 	 When someone was switching holding	 She isn’t at the level to do most activities safely by herself. 
	     my hand.		  I think that the ICARE is safe, and can be a safe activity for her 

to get exercise on as long as someone is around.
2 	 Unable to respond. 	 Slightly concerned with safety on equipment as my child is easily 

distracted, and does not always look forward while riding. 
I would worry about an injury if she did not have someone 
cuing her while riding as to hold on, look forward, etc.

3 	 Not having body straps. 	 NA

COMFORT

Child 	 Child VAS Score 	 Parent VAS Score

1 	 NA 	 76
2 	 Unable to respond 	 80
3 	 100 	 80

What factors contributed to you (your child) feeling comfortable on the equipment?

Child 	 Child Comments 	 Parent Comments

1 	 I don’t know. 	 The stride length and the ability to raise and lower the pedals help 
her to be able to use the ICARE easier. The chair gives her a 
place to rest. The harness helped her feel stable.

2 	 Unable to respond. 	 She mimics an adult riding a similar machine∗, so it looks as 
comfortable as I would expect to see. [Note: machine∗ being 
referenced was ICARE device developed for adults and children 
of taller stature.]

3 	 The handles. 	 The fact that she did not have to step up into position on the 
machine. The chair was a huge benefit. She did use the other 
machine∗ a couple times and watching her get on and off was 
a challenge for her. She was unsure or uneasy with doing so. 
She struggles with balance sometimes so I know she was trying 
not to fall while getting on or off.
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What factors contributed to you (your child) feeling uncomfortable on the equipment?

Child 	 Child Comments 	 Parent Comments

1 	 When someone was switching with	 The harness caused a decent amount of problems for her. 
    	    ‘holding paretic limb.’ [Note: researcher 	 It would have been nice to have a place for her to put her
      	     inserted own phrasing when	 hand/arm that doesn’t work.
   	     transcribing child’s gesture and limb
    	     reference.]
2 	 Unable to respond. 	 My child is probably not always consistent in her pushing abilities 

on the machine, which could cause her discomfort. However, 
the machine keeps her at a set pace if she slows, so this may or 
may not be a factor.

3 	 No response provided. 	 I noticed [my daughter] a lot of times trying to use the handle 
bars and looking very uncomfortable while doing so. She 
would move her hands around a lot trying to find a more 
comfortable position for her hands.

WORKOUT

Child 	 Child VAS Score 	 Parent VAS Score

1 	 100 	 100
2 	 Unable to respond 	 100
3 	 93 	 99

What factors contributed to your perceptions of how good of a “workout” you (your child) could achieve on the 
equipment?

Child 	 Child Comments 	 Parent Comments

1 	 The Ipad. 	 Any workout on this equipment is a good workout. This is the 
most amount of exercise she has had over a long period of 
time in her entire life. I feel that this is easier on the joints and 
helps her body move easier than when she is walking. I loved 
that we could get her heart rate up to a decent level. I loved 
the ability to adjust the bodyweight support system based on 
how she was feeling. I also liked that she could sit and take a 
break when she needed to.

2 	 Unable to respond. 	 She enjoyed riding the equipment, and had a burst of energy 
once completed. She also slept very well after the sessions.

3 	 Doing fast minute. 	 If she was sweating after she was done, she would say her legs 
felt weak and she would be more tired on the days she had 
workouts.

What factors contributed to your perceptions of how bad of a “workout” you (your child) could achieve on the 
equipment?

Child 	 Child Comments 	 Parent Comments

1 	 When Ipad was dead. 	 I think [my daughter] could have had a better workout if 
she would have had a better harness. I felt like it was 
uncomfortable and got in her way at times. I also think if she 
would have a better place to put her right hand (the one that 
doesn’t move well).

2 	 Unable to respond. 	 NA
3 	 No response provided. 	 I never felt there was a time she did not get a good workout.

Table 2 (continued)
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available. She appreciated that her feet were secured, the device inte-
grated handles, and that overriding the motor’s assistance at a faster 
speed provided a good workout. 

Overall, parents exhibited a positive perception about ICARE and 
their child’s exercise experience (Table 2). Two areas identified by par-
ents for further development included the need for additional arm sup-
ports/handlebars to help those with limited upper extremity function 
engage their arm(s) and revisions to the commercial body harness (not 
an ICARE product) given comfort concerns. 

3.4. Sample size estimates (Table 3) 

The estimated sample size for each variable is dis- played in Table 3. 
While assessments for comfortable walking pace, 2MWT, and the dy-
namic component of PBS provided a sample size range from 7 to 28 in-
dividuals, other evaluations rendered much larger sample sizes likely 
due to the smaller observed effect size. 

USABILITY

Child 	 Child VAS Score 	 Parent VAS Score

1 	 100 	 100
2 	 Unable to respond 	 100
3 	 89 	 75

If this piece of equipment was available for you (your child) to use in your home/school/therapy setting, would you 
(your child) use it?

Child 	 Child Comments 	 Parent Comments

1 	 Would like to use it at school; Yes. 	 Yes. Because it is the best option for safe exercise for her and 
there is nothing else out there that she can use as effectively 
for exercise as the ICARE.

2 	 Unable to respond. 	 Yes. This is exactly a piece of equipment that would serve my child 
well. I would just not leave her unattended while riding.

3 	 Yes. 	 Yes. It gives an all around workout. It is a great piece of 
equipment.

Table 2 (continued)
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4. Discussion 

Long-term challenges with walking, fitness and balance are not uncom-
mon following pediatric ABI and can affect children’s ability to func-
tion effectively in home, school and social environments. Unfortunately, 
the resources (i.e., technology and therapists) needed to foster inten-
sive, task-specific training are infrequently available in community en-
vironments. ICARE was originally developed so adults with physical dis-
abilities and chronic conditions could work simultaneously on walking, 
fitness and balance goals during formal rehabilitation and following re-
turn to their communities and homes. The robotic nature of ICARE re-
duces need for clinicians or caregivers to physically assist children dur-
ing training, although some children may still require assistance donning 
a harness. Additionally, the device can be used as a traditional ellipti-
cal (with 20 levels of resistance) by individuals without known disabil-
ity thus broadening applicability in settings addressing the comprehen-
sive needs of individuals of all abilities [8, 14, 27]. While more expensive 
than traditional cardiorespiratory exercise devices (e.g., recumbent cy-
cles, treadmills), ICARE is more affordable than most commercial ro-
botic devices used for gait training. The current research advances upon 

Table 3 Post hoc sample size calculations and effect size estimates derived from data re-
corded for three participants with acquired brain injuries

		  Sample Size 	 Effect
		  (0.80 Power) 	 Size

Comfortable Pace
	 Speed (m/s) 	 9 	 0.97
	 Stride Length (cm) 	 20 	 0.59
	 Cadence (steps/min) 	 7 	 1.13
Fast Pace
	 Speed (m/s) 	 374 	 0.12
	 Stride Length (cm) 	 331 	 0.13
	 Cadence (steps/min) 	 4033 	 0.04
2MWT (m) 	 25 	 0.52
mTUG (sec) 	 242 	 0.16
Pediatric Balance Scale
	 Static 	 too many to calculate 	 < 0.00001
	 Dynamic 	 28 	 0.485
	 Total Score 	 70 	 0.3
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a foundation of work focused on technology development and assess-
ment with adults to help inform understanding of whether a modified 
ICARE can be used safely and effectively to address walking, fitness and 
balance goals in a small sample of children (n = 3) who have lingering 
challenges due to chronic ABIs. 

4.1. Feasibility of exercise protocol 

Consistent with the protocol’s design, each child tolerated greater 
physiologic challenge (increased speed, more frequent bouts overrid-
ing motor assistance, and longer total training time) across the 24-ses-
sion program and no adverse events occurred. Beyond creating the 
desired physiologic challenge, each child’s parent reported generally 
feeling safe with children exercising on ICARE with Safety VAS scores 
ranging from 80/100 to 99/100. Parent 3 appreciated ICARE’s inte-
grated HR monitor for those with cardiac issues. Parent 2 emphasized 
someone should be present while children train on ICARE, particularly 
those who are easily distracted. Despite multiple safety features, we 
concur that guidance should be provided commensurate with a user’s 
cognitive and physical needs. 

Each parent perceived the device as valuable for their child’s training 
as evidenced by Workout VAS scores ranging from 99/100 to 100/100 
across the three participants and reported benefits spanning beyond 
function and fitness. One parent indicated her daughter “slept well” af-
ter training. The two children capable of responding to the questions 
and all three parents responded “yes” to “If this piece of equipment was 
available for you (or your child) to use in your home/school/therapy 
setting, would you (your child) use it?” 

Two items were identified for improvement. As currently designed, 
ICARE allows hand placement on two static hand holds and a dynamic 
set of reciprocally moving handles. However, these handles were chal-
lenging for two children to grasp given upper extremity weakness and 
spasticity. Work is underway to develop adjustable reciprocally moving 
handles and arm supports for use during training. The commercial har-
ness was uncomfortable for one participant, despite adding padding. 
This challenge is common across locomotor training devices and war-
rants further attention to enable comfortable engagement in intensive 
locomotor exercise. 
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The ICARE technology is currently being used in rehabilitation, med-
ical fitness and home settings for adults and adolescents approaching at 
least ∼1.5 meters in height. The “footprint” for the motor assisted ellip-
tical, bodyweight support system, and adjustable seat is similar to that 
of a traditional elliptical. The device allows for use as a traditional ellip-
tical in addition to the motor-assisted ICARE features. For those requir-
ing additional assistance, supplemental stairs and ramps are available. 
Future research, exploring outcomes arising from use of the pediatric 
adapted ICARE in a community-based environment, is critical for guid-
ing understanding of opportunities and limitations of the technology in 
a real-world environment. 

4.2. Gait 

The protocol enabled each child to achieve thou sands of repetitions of 
step-like movements as advocated by neuronal plasticity paradigms [2]. 
While there is a paucity of literature directly related to gait changes fol-
lowing locomotor interventions for children with chronic ABI [28], pre-
liminary findings from the current feasibility study compare positively 
with improvements reported following locomotor training in other pe-
diatric populations. Participants in the current study demonstrated in-
creases in comfort- able walking speed post-intervention (Child 1 = 23%, 
Child 2 = 82%, and Child 3 = 10%). Longer 2MWT distances were also 
documented following the 24 training sessions (Child 1 = 2%, Child 2 = 
42%, and Child 3 = 13%). In contrast, following 20 Lokomat® sessions 
delivered over four weeks in conjunction with inpatient rehabilitation, 
children with acute ABI demonstrated a 33% increase in average com-
fort- able walking speed (from 0.49 to 0.65 m/s) [29] and a 30% longer 
6-Minute Walk Test distance (from 233 to 304 m) [30]. However, the Lo-
komat® intervention was delivered as an adjunct to inpatient rehabil-
itation, thus impact cannot be isolated from the overall rehabilitation 
program’s affects. Additionally, children receiving the Lokomat® inter-
vention were earlier in their recovery, thus increasing likelihood of spon-
taneous recovery contributing to gains [31]. In a separate study, children 
with cerebral palsy (CP) increased walking speed 25% (from 0.87 m/s 
to 1.09 m/s) following 12 robotic-assisted gait sessions [32]. However, 
most participants also received Botox injections that may have reduced 
lower extremity spasticity, potentially confounding interpretation of the 
robotic intervention’s impact [32]. 
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To our knowledge, the only study performed to date in a commu-
nity-dwelling population of children with brain injury delivered a home-
based exercise intervention for a small cohort with severe traumatic 
brain injury (n = 5) and cerebral palsy (n = 5, Gross Motor Function Clas-
sification System levels I and II) [33]. Consistent with our findings, im-
provements in 2MWT (7%, from 114.1 to 122.1 meters) and walking 
speed (4%, from 0.96 to 1.0 m/s) were documented. In contrast to our 
findings, their documented differences did not surpass the clinical de-
tectable thresholds observed with our participants. 

While not assessed in the current feasibility study, it is reasonable to 
suspect that walking improvements may have enhanced children’s ca-
pacity in community settings. Child 1’s comfortable walking speed im-
proved by 23% to 0.87 m/s, a speed exceeding teachers’ perceptions of 
the slowest acceptable walking speed for second- and third-grade stu-
dents with mobility challenges (0.79 m/s) [34]. Child 2’s and Child 3’s 
comfortable walking speed following training (1.67 m/s and 1.34 m/s, 
respectively) easily surpassed the pace used by typically developing first 
through third grade peers who serve as “line leaders” during elemen-
tary school hallway activities (1.16 to 1.25 m/s) [34] as well as the speed 
needed to safely cross most U.S. street intersections (1.32 m/s) [35]. 

It is unknown whether the walking improvements arose solely from 
increased repetition of the gait-like movements across the 24 ICARE 
training sessions, or simply from engagement in some form of physical 
activity. While beyond the scope of this initial feasibility study, a future 
randomized controlled trial, comparing walking outcomes arising from 
ICARE training to those emerging from training at similar repetition/in-
tensity levels on an alternative device could help discern the potential 
impact of task-related training on the ICARE vs. other forms of physical 
activity on gait improvements. 

4.3. Cardiorespiratory challenge 

Beyond encouraging mass repetition of stepping, the program also pro-
moted sustained cardiorespiratory challenge. Current guidelines for 
school-aged children recommend daily engagement in 60 minutes of 
moderate- to vigorous-intensity exercise, with vigorous-intensity aero-
bic physical activity occur ring at least 3 days/week [6]. While no par-
ticipant achieved these recommendations during early sessions, each 
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displayed marked progress toward this goal across the program. Child 1 
progressed from completing 51 minutes of moderate-intensity exercise 
during week one, to engaging in approximately 152 minutes of moder-
ate- and vigorous-intensity exercise during her final week. Child 2 pro-
gressed from 68 minutes of moderate-intensity exercise during week 
one, to 176 minutes of moderate-intensity exercise during her final three 
sessions. We suspect her HR during ICARE training was blunted given 
use of an alpha-2A adrenergic receptor agonist. Child 2 experienced the 
greatest increase in the 2MWT (an indirect measure of fitness). Child 3 
progressed from 64 minutes of moderate-intensity exercise and 2 min-
utes of vigorous-intensity exercise during her first week to 173 minutes 
of moderate- to vigorous intensity exercise. 

Additionally, each child’s capacity to engage in longer and more chal-
lenging sessions (i.e., faster speed and greater time overriding motor-
assistance) as the program progressed serves as a clinically meaningful 
measure of improved fitness as does the 11- to 19-point drop in resting 
HR from beginning to end of the program [36]. It is unknown how long 
fitness gains were sustained following program cessation and whether 
similar gains could be achieved if sessions were scheduled only 2 days/
week. Additionally, the current work did not characterize the nature of 
activities children performed on a day-to-day basis. 

4.4. Balance 

While the pattern of change in PBS static scores from pre- to post-in-
tervention was inconsistent across the three children (Child 1 = +7%, 
Child 2 = –7%, and Child 3 = 0%), each participant’s PBS dynamic score 
consistently increased following training (Child 1 = 43%, Child 2 = 18%, 
and Child 3 = 3%). Despite Child 1’s improvement in the PBS dynamic 
score, she completed the mTUG, which has also been used to assess dy-
namic balance, more slowly post- intervention (2% decrease in speed). 
In contrast, the mTUG was performed more rapidly post-intervention 
by Child 2 (9%) and Child 3 (19%). Child 3 greatly surpassed the mTUG 
MCID and achieved a similar time to age-matched typically developing 
children [5]. Given previous research demonstrating increased lower 
extremity muscle demands at faster ICARE speeds and when overrid-
ing motor-assistance [10, 15], it is possible that the current program’s 
training progression improved lower extremity muscle strength critical 
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for dynamic balance responses. Additionally, sustaining upright control 
of the head, arms and trunk over the dynamically moving base of sup-
port (i.e., pedals) may have also challenged vestibular and propriocep-
tive systems [37]. How- ever, musculoskeletal, vestibular, and proprio-
ceptive changes were not formally assessed in this study, pre- venting 
understanding of whether potential changes in these systems contrib-
uted to balance improvements documented following training. 

5. Conclusion 

This feasibility study involving three children pro- vides preliminary 
data to suggest that an ICARE modified to address the needs of individ-
uals of smaller stature can be used by children with ABI who have lim-
ited walking and fitness capacity. Each child achieved tens of thousands 
of repetitions of step-like movements over the 24-session intervention 
while simultaneously engaging in moderate- to vigorous- intensity phys-
ical activity. Although promising, the findings from this feasibility study 
must be interpreted with caution as it is unknown whether the docu-
mented improvements in the three children with ABI arose purely from 
the greater engagement in physical activity or from the combination of 
the training program with the novel ICARE technology. Additionally, the 
longer-term impact of this intervention on not only function, fitness, and 
balance, but also health, cognition, and emotional wellbeing has yet to be 
explored. A larger scale randomized controlled study comparing walking, 
fitness, and balance outcomes in children with ABI arising from a struc-
tured intervention delivered on the ICARE versus an alternative technol-
ogy (e.g., recumbent cycle) could help elucidate the relative importance 
of each technology to improvements. If both interventions lead to simi-
lar and significant improvements in function, fitness and balance, then 
critical factors such as child/clinician preference, technology expense, 
and space constraints could be used to guide technology selection in 
various community environments. Future research should also explore 
the extent to which laboratory-based improvements are repeatable and 
translatable into real-world activities. Addition ally, systematic evalua-
tion of strength, vestibular and proprioceptive capacity before and fol-
lowing the intervention could help advance understanding of underlying 
factors that might contribute to improved walking, fitness and balance. 
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