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INTRODUCTION
The key to learning during infancy and early childhood is movement. Movement
generates perceptual information, and affords the acquisition of information through interactions
with the environment, people, and objects (Adolph & Franchak, 2017). This aligns with dynamic
systems theory, in which child development is viewed as an interactive, dynamic process
occurring across multiple time scales, with domains complexly interwoven and influential on
behavior (Thelen, 2005). Decreased access to movement may therefore adversely affect other
developmental domains (Lobo, Harbourne, Dusing, & McCoy, 2013). For children with
disabilities, such as children with Down syndrome (DS), movement limitations may contribute to
widening global developmental gaps between them and their typically developing peers.
DS is the most common chromosomal condition, with about 5300 infants with DS born in
the United States each year (de Graaf, Buckley, & Skotko, 2015). Most children with DS are
delayed in the achievement of motor milestones compared to typically developing children. For
example, infants with DS can sit without support at around 12 months, compared to around 6
months for typically developing children (Pereira, Basso, Lindquist, da Silva, & Tudella, 2013).
Typically developing infants generally walk around 10-14 months, while infants with DS walk
around 24 months or older (Pereira et al., 2013; Ulrich, Ulrich, Angulo-Kinzler, & Yun, 2001).
Multiple factors are the cause of motor delays, including hypotonia, joint laxity, and poor
postural control (Block, 1991; Haley, 1986; Palisano et al., 2001; Pereira et al., 2013; Tudella,
Pereira, Basso, & Savelsbergh, 2011). Infants with DS display delays in most motor skills,
including rolling, sitting, crawling, pulling from sit to stand, standing, and walking. Further, the
more complex the skills, the greater the time it takes for children with DS to master those skills
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relative to their typically developing peers. These motor delays occur during developmentally
critical periods where reduced movement may have long-term consequences.
To decrease motor developmental delays, traditional physical therapy intervention
approaches focus on practicing specific motor skills and place an emphasis on walking. In
contrast, emerging intervention approaches focus on fostering the child’s independence in an
effort to increase participation in developmentally appropriate activities. The differences
between traditional and emerging approaches can be examined within the context of the
International Classification of Functioning, Disability and Health (ICF). The ICF is a conceptual,
bio-psycho-social framework for defining disability. The ICF frames disability as a dynamic
interaction between body structure and function, activity, and participation which is further
influenced by environmental and personal factors (World Health Organization, 2001).
Framed within the ICF, traditional physical therapy interventions focus on body structure
and function, meaning anatomical and physiological functions and processes. The primary goal
of traditional physical therapy is often to improve body structure and function to indirectly
enhance functioning in daily activity. For example, treadmill training for infants with DS has
promoted earlier onset of walking by an average of 4 months, compared to infants with DS who
received no training (Ulrich, Lloyd, Tiernan, Looper, & Angulo-Barroso, 2008; Ulrich et al.,
2001). Treadmill training focuses on body structure and function, with outcomes such as gait
parameters and joint kinematics, leading to increased activity (walking onset), and perhaps a
downstream effect on participation due to earlier walking onset (see Figure 1 for a path model of
traditional approaches).
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Figure 1. Path model demonstrating the intervention characteristics and child-centered outcomes
of traditional intervention designs. In this model, intervention type, family characteristics, and
aspects of dosing have a linear effect on child structure and function, activity, and participation.
Adapted from Gannotti (2014).
Instead of focusing more directly on body structure and function, emerging interventions
focus on bidirectional relationships between body structure and function, activity, and
participation; the goal is reframed in these approaches to more directly target activity (i.e.
mobility) and participation in life activities rather than specific motor skills. Early powered
mobility is an example of an emerging intervention approach. A powered mobility device is
defined as “any device that requires a battery or other electrical power source for activation that
an individual uses to move from one place to another” (Logan, Feldner, Galloway, & Huang,
2016). However, powered wheelchairs can be difficult to obtain, with no device available for
children younger than 2 years. With this in mind, modified ride-on cars offer a potential solution.
Modified ride-on cars are off-the-shelf, battery-operated toy cars that are fitted with a large, easy
to press activation switch on the steering wheel, as well as customized supported seating built
with common materials such as PVC pipe, foam noodles, and foam kickboards (Huang &
Galloway, 2012; Logan, Feldner, et al., 2017). These modifications allow children with
disabilities to use modified ride-on cars as a powered mobility device, providing a low-cost,
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portable, and fun alternative to traditional powered mobility devices. Consistent with emerging
views, modified ride-on cars provide an efficient source of self-directed mobility that can
increase independence and participation (Logan, Lobo, et al., 2017; Ross et al., 2017).
Of particular relevance to intervention is a specific modified ride-on car model called a
sit-to-stand (STS) car. In this version, the seat has been modified with a reverse-activated
pressure switch, so that the child must pull to stand and remain standing in order for the car to be
powered forward. Through the functional training, STS car interventions target body structure
and function (strength and balance training, pulling to stand, etc.) and activity (walking onset).
Additionally, STS cars directly target activity because the modified ride-on car serves as a
powered mobility device, affording the child with opportunities to engage in efficient
independent mobility before the onset of independent walking. Further, once the child can
independently drive the modified ride-on car, the modified ride-on car can be used in a goaldirected manner, aligning with the ICF participation domain. For example, it can be used to
chase family members or play with peers, important aspects of childhood participation. In this
way, modified ride-on car interventions are unique in their incorporation of all ICF domains,
including the more advanced goal of participation (see Figure 2 for a proposed path model for a
STS car intervention).
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Figure 2. Path model demonstrating the intervention characteristics and child-centered outcomes
of sit-to-stand modified ride-on car intervention designs. In this model, intervention type, family
characteristics, and aspects of dosing have a simultaneous and bidirectional effect on body
structure/function and activity, leading to participation. Adapted from Gannotti (2014).
Given the effects on body structure and function, activity, and participation, three
elements of the STS car make it a potentially useful intervention tool for infants with DS who
demonstrate motor skill delays and consequentially decreased activity and participation. First, it
serves as a powered mobility device, and allows children to engage in efficient independent
mobility. Second, it serves as a functional training tool by encouraging the child to practice the
pull-to-stand motion, bearing weight, and maintaining standing balance. Third, it increases
perception-action coupling by providing optic flow in tandem with motor activation, which may
lead to improved visual proprioception.
Visual proprioception is an optically-induced sense of self-movement created by patterns
of optic flow in the environment (Gibson, 1979). Optic flow refers to changes in the structure of
light that create patterns of apparent motion in one’s visual scene caused by the relative motion
between the observer and the environment (Gibson, 1979). Visual proprioception is tightly
woven with postural control, as visual proprioception allows one to maintain and correct posture
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with respect to the direction of self-movement (Uchiyama et al., 2008). Being able to accurately
interpret visual information to correct and maintain postural stability is therefore an important
skill to develop in order to optimize the benefits of advancing motor skills. Having this coupled
experience at an early age may be crucial for the acquisition and refinement of later, more
advanced motor skills that require postural control, such as independent walking. This points to
the importance of early experiences that provide opportunities for exploring movement and
corresponding sensory information for infants with DS, such as is provided by the STS cars.
While seated modified ride-on cars would also provide an experience of optic flow, they do not
link sensory experience and motor behavior (e.g. the child is not in a standing position, activating
leg muscles, maintaining balance) Although this has not been directly tested, we hypothesize that
the STS car’s provision of motor practice concurrently with optic flow leads to enhanced
development of visual proprioception, which may contribute to greater postural control and more
advanced motor experiences compared to other powered mobility options (see Figure 3 for a
proposed model).

Figure 3. Model showing circular relationship between increasing postural control, advancing
active motor experiences that provide optic flow (e.g. crawling, walking), and the development
of visual proprioception. Small red arrows designate where that type of intervention would have
the most effect on this relationship. STS cars are unique in that they provide two sources of input
(postural control training and powered mobility (i.e. optic flow)).
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Previous research has demonstrated that children can learn to use modified ride-on cars
and enjoy doing so, including the STS version (Huang & Chen, 2017; Huang, Ragonesi, Stoner,
Peffley, & Galloway, 2014; Logan, Hospodar, Feldner, Huang, & Galloway, 2018; Logan, Lobo,
et al., 2017; Logan et al., in review). The current study extends the previous literature in three
key ways. First, this study involves a larger sample of children with one type of disability, in
comparison to smaller samples of mixed disabilities in previous studies. Second, the intervention
is longer, averaging around twelve months, in comparison to previous studies that range from
nine weeks to 3 months. Finally, this study incorporates the STS car, in addition to the standard
seated model, facilitating more direct functional training and providing multiple opportunities for
progressively advancing the child’s experience. Consistent with recommended practice,
including both models in the intervention ensures a consistently “just right” challenge.
Previous modified ride-on car research has not examined how accumulated time in the
modified ride-on car (i.e. total dosage), and specific patterns of modified ride-on car usage over
the course of days, weeks, and months (i.e. daily usage), relate to outcomes of driving ability or
functional gains. The primary purpose of this study was to examine two activity-oriented
outcomes - (1) onset of independent driving, and (2) onset of independent walking – in relation
to total dosage and daily usage of modified ride-on cars during the progressive phases of a 7-16month intervention for young children with Down syndrome. The secondary purpose of this
study was to describe the age of onset of selected motor milestones of this sample in comparison
to DS norms. Due to the exploratory nature of the study, hypotheses were not created a priori.
The immediate goals were to identify concrete, practical recommendations in regard to modified
ride-on car dosage and relevant outcomes, and to generate hypotheses for future modified ride-on
car studies.
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METHODS
Study Design
This study employed a secondary data analysis of a prospective, non-randomized singlesubject case series research design. This study incorporated heterogeneous participants with
low-incidence conditions, who may demonstrate variability from day to day (Romeiser Logan,
Hickman, Harris, & Heriza, 2008). The intervention length was variable, ranging from 7 to 16
months. The goal was for the intervention to last 9 months, but parents decided when to
discontinue use of the modified ride-on car.
Participants
The participants included eight young children with DS and their families. To be
included, participants had to be able to sit with support at the onset of the study. Families were
excluded if the child had a diagnosis other than DS, if the family could not make the time
commitment required for participation or did not have enough safe driving spaces within the
home. IRB approval and written consent from the parent/legal guardian were obtained prior to
the start of the study.
Table 1. Demographic information for participants.
Child
A
B
C
D
E
F
G
H

Age at Entry
(Months)
8.3
12.5
7.9
10.5
8.5
7.8
6.8
6.5*

Gender

Motor Abilities at Entry

F
F
F
F
M
M
F
M

Sit without support
Sit without support, limited crawling movements
Sit with support
Sit without support, limited crawling movements
Sit without support
Sit with support
Sit with support
Sit with support

NOTE: Child H(*) is age adjusted for prematurity (25 days).
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Instruments
Seated Modified Ride-On Car
A Fisher Price Power Wheels (Fisher-Price, East Aurora, New York) ride-on car was
modified for use as the seated modified ride-on car (see Figure 4, left). Modifications were made
to the activation switch, seating, and steering components. A Mini Cup switch (AbelNet Inc.,
Minneapolis/St Paul, Minnesota) was mounted to the steering wheel; this allowed the child to
press and hold down this larger button to activate the car instead of the original activation pedal.
PVC pipe was added to increase the support and safety of the ride-on car. This PVC was covered
with a swimming “noodle” to pad the structure. A foam kickboard was added to the seat to
provide a higher supportive back. A seat belt and trunk support belt were also added to provide
safe support and increase pelvic and trunk stability. Modifications were made to meet the needs
of each individual child (see Huang et al., 2012 and Logan et al., 2017 for technical reports). All
children began the intervention in the seated modified ride-on car.
Sit-to-Stand (STS) Ride-On Car
The STS car utilized a Fisher Price ride-on quad design, with foot holds located on the
side of the car (see Figure 4, middle). Modifications for the STS car were very similar to those of
the seated ride-on car described above, with one major difference. The STS car had a reverseactivated switch installed in the seat; the pressure on the switch must be released in order for the
switch to activate, so the child powered the car by pulling him/herself up from sitting to standing,
therefore unweighting the switch. The child’s feet remained in the same position whether seated
or standing, but the reverse-activated switch in this model forced the child to stand and remain
standing to activate the car. The seating and support modifications (PVC pipe, foam noodles,
foam kickboard, support belt, foot blocks with support straps) were similar to those of the seated
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model, with specific modifications made to meet the needs of each individual child. Foam foot
blocks with support straps for the feet were added to the foot holds if the infant’s legs were not
long enough to reach the foot holds. As soon as the pediatric physical therapist deemed the child
capable of maintaining weight on his/her legs and holding their trunk erect during supported
standing, they transitioned to the STS car.

Figure 4. Seated modified ride-on car, STS ride-on car, STS car used as a power-push device.
Once the pediatric physical therapist deemed the child capable of walking with support,
the STS car was re-introduced for use as a power-push device (see Figure 4, right). This was the
most advanced use of the car. Children were not required to use the STS car as a power-push
device, but researchers encouraged parents to do so in order to increase the level of difficulty of
the functional training. When used in the power-push mode, the STS car speed dial could be
adjusted to ‘very slow’ in order to accommodate the natural speed of the child as they were
learning to walk. The child would stand behind the car and hold onto the yellow bar. With no
weight on the seat to de-active the reverse-activated switch, the STS car would move, and the
child would have to step to keep up with the STS car.
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Description of Study Periods
Familiarization Period (0-6 weeks)
Prior to the start of the intervention period, families participated in a familiarization
period for 0-6 weeks. During this period, a researcher brought the modified ride-on car to the
home to supervise safe fitting and lead the car-play session for a 1-2 hour visit (0-3 visits total).
Visits included preliminary training for how the modified ride-on car works; this included
demonstration and practice of how to charge the battery, how to power the modified ride-on car
on and off, and how to safely secure the child. The child was also provided with up to 30 minutes
to drive the modified ride-on car, during which the researcher modeled appropriate supervision,
provided strategies for teaching the children the learn to activate the modified ride-on car and
scaffold their behavior, and demonstrated fun activities.
Intervention Period (7-16 months)
The intervention period included bi-weekly home visits. The modified ride-on car was
left with the family throughout the intervention. The intervention included two major
components: education and training.
Education: During the first home visit of the intervention, the family was provided with
an educational booklet and in-person training on safe modified ride-on car use. The booklet
included instructions for battery and switch operation, proper positioning of the child, and initial
modified ride-on car activity suggestions that included basic tasks (e.g. activating the switch) to
more complex tasks (e.g. goal-directed exploration). During the first home visit of the
intervention, the researcher and the child’s parents also determined the areas that were safe for
use of a modified ride-on car. Researchers and parents completed a Home Assessment
Agreement Form. Each potential location of modified ride-on car use was inspected to ensure a
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safe environment, such as even surfaces and no descending stairs; objects and furniture were also
subjected to a bump test. Safe locations were mutually agreed upon and documented. Parents
were asked to demonstrate proper plugging/unplugging of the battery, how to use the on/off
switch, how to secure the child safely into the modified ride-on car, and to demonstrate safe and
appropriate (arm’s length) supervision. Upon successful completion, parents and researcher
signed the Parent/Guardian Training Form.
Training: During the intervention, the families were encouraged to provide their child
with 30 minutes, 7-days per week of modified ride-on car use that included time for exploration,
goal-oriented driving, and play-based activities; no specific instructions were provided as to how
the child should use the modified ride-on car, as it was assumed that the families would develop
new ideas as they became more familiar with the modified ride-on car. The initial training
session was intended to help in providing some beginning strategies to encourage driving. The
bi-weekly visits by the researcher included time to discuss the driving experiences and to work
together to create new and interesting activities, as well as to video-record a 10-minute,
researcher-led car-play session. Daily car-play sessions outside of the biweekly visits were
parent-led. Duration was parent-recorded in an activity log. Given the two models of the
modified ride-on cars and the dual-use of the STS car, five phases emerged:
Phase 1: Seated modified ride-on car introduction to onset of independent seated driving
Phase 2: Onset of independent seated driving to STS car introduction
Phase 3: STS car introduction to onset of independent STS driving
Phase 4: Onset of independent STS driving to end of intervention OR power-push
introduction
Phase 5: Power-push introduction to end of intervention/onset of independent walking
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These phases represent periods of learning, transition, and proficiency as the intervention
progresses in difficulty. Phase 1 and 3 are learning phases for the seated modified ride-on car and
STS car, respectively. Phases 2 and 4 are phases of proficiency, as the child has demonstrated
independent driving; this is also a waiting period, as it must be developmentally appropriate to
transition to the following phase.
Dependent Measures
Driving Behaviors
Video recordings of the 10-minute car-play sessions were coded independently by three
researchers (one expert coder, and two secondary coders) for the dependent measures of
mobility. Mobility is defined as time that the modified ride-on car is moving for intervals of at
least 5 seconds. Total time driving (minutes and seconds) of each 10-minute video were recorded
for the following driving categories:
Independent mobility: the child drives after independently activating the switch (seated
modified ride-on car) or stands (STS car) without adult assistance.
Assisted mobility: the child drives following an assisted switch contact (seated modified
ride-on car) or assisted pull-to-stand (STS car). The child is given assistance to activate
the switch and then the adult removes their hand and the child is able to drive without
additional help.
Caregiver mobility: the child drives after an assisted switch contact. Someone holds the
child’s hand on the switch (seated modified ride-on car) or helps them to remain standing
(STS car) throughout the entire mobility period.
For the purpose of this paper, only time spent in independent mobility is directly
reported. Once the videos were coded for mobility categories, total time spent in each category
was divided by the total driving time for that video to produce a percentage of time spent in each
mobility category per session. The onset of independent driving is operationalized as the date of
the first session in which a child demonstrates 100% independent driving, given that the total
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amount of driving was 2 minutes or longer. Videos were 10 minutes long, but this could include
stationary time in the car. The 2-minute requirement is in place to ensure that the child was 100%
independently mobile for at least 20% of the video.
All videos were coded in Datavyu. The three coders (one expert coder and two secondary
coders) initially trained by coding two test videos from a previous ride-on car intervention.
Secondary coders compared and discussed results with the expert coder, who had previously
coded for a STS car intervention. Points of disagreements for these videos were discussed and
key behaviors were clarified to gain a better understanding of coding procedures. Following this
trial, inter-rater observer agreement (IOA; > 85%) was established with additional practice
videos (Harris & Lahey, 1978; Huang et al., 2014; Logan, Lobo, et al., 2017; Logan et al., 2016;
Logan, Huang, Stahlin, & Galloway, 2014). Reliability calculations were made in reference to
the expert coder. Once the two secondary coders had achieved at least 85% agreement with the
expert coder, for at least 3 practice videos, formal data coding began. For formal data coding for
this study, reliability was re-established for every child participant. Prior to coding all of a given
child’s videos, two videos per child were coded separately by the expert coder and one of the
secondary coders. If the secondary coder was not within 85% of the expert coder on both videos,
coders discussed points of disagreement and coded an additional video to establish reliability.
Once reliability was established for a child, each coder was responsible for half of each child’s
videos.
Activity Logs
The daily activity log included parent reports of the days and minutes of driving time,
location, and general activities such as open exploration or playing with a sibling. If it was clear
that the car was not being used to actively drive (e.g. notes say “feeding time in ride-on car”),
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that session was not included in analyses. This was discussed and agreed upon between
researchers.
Motor Milestones
The Bayley Scales of Infant Development (BSID-III) is a standardized measure
consisting of a set of tests designed to measure a child’s general developmental abilities (Bayley,
2006). Motor performance using the gross motor subscale of the BSID-III was assessed at study
entry and at every month during the intervention period. The BSID-III was administered by the
same pediatric physical therapist every month and for every child. For the purpose of this study,
only six specific items from the gross motor subscale are reported. These items were selected for
being important precursors to independent walking and/or related to the functional training of the
intervention. These are item 26 (sit without support for 30 seconds), item 30 (crawl series on
stomach), item 34 (crawls five feet), item 35 (raise to stand), item 37 (walk with support), and
item 40 (stands alone). Previous studies have similarly used specific items on the Bayley scales
to chart developmental outcomes (Ulrich et al., 2008). The date in which a new motor skill
emerged in testing was operationalized as the onset date for that motor skill.
Age of walking onset (defined as three independent steps) was the only parent-reported
motor milestone. Once a parent reported that the child had started walking, one final BSID-III
assessment was performed in order to confirm the ability to walk and to take a final assessment
with the BSID-III. Parent-reported dates were used as the onset date of independent walking.
Data Analysis
Given the sample size and the lack of previous modified ride-on car studies related to
dose-response, the main analysis was an exploratory data analysis (EDA). EDA emphasizes
pattern recognition and hypothesis generation from raw data (Tukey, 1977). Therefore, the aim

16
of the exploratory analysis was to examine and describe patterns related to daily usage, total
dosage (both within phases and over the course of the entire intervention), and the onset of
independent driving and independent walking. Kendall’s tau-b correlations were conducted using
SPSS (Version 24) to analyze the concordance between dosage and days taken to learn in seated
and standing modes. Kendall’s tau is a nonparametric measure of correlation. Although similar
to Spearman’s rank correlation, Kendall’s tau has been suggested to be a better estimate of
population parameters, has a more accurate p-value in small sample sizes, and a more
interpretable coefficient (Gibbons, 1993). Kendall’s tau is calculated and interpreted as a
probability; it is the difference between the probability that two variables are ranked in the same
order minus the difference in probability that the two variables are ranked in a different order.
RESULTS
Phases of the Intervention
The average total dosage per phase across all children increased from Phase 1 to 2,
decreased from Phase 2 to 3, increased from Phase 3 to 4, and further increased from Phase 4 to
5 (M, Phase 1-5, respectively = 674, 1379, 660, 1979, 2520 minutes; see Table 2 for data; see
page 13 for phase descriptions). For the purposes of this paper, overall adherence was calculated
as days of car use divided by duration of intervention in days; for simplicity, session time was
not factored into adherence rates because average driving session times were similar across
families. Adherence rates are provided as a measure of consistency of daily usage; adherence
rates by phase provide a window into whether consistency changes as phases progress. Average
overall adherence rates per phase followed the opposite pattern of total dosage, decreasing from
Phase 1 to 2, increasing from Phase 2 to 3, decreasing from Phase 3 to 4, and further decreasing
from Phase 4 to 5 (M, Phase 1-5, respectively = 73%, 66%, 72%, 62%, 57%; see Table 2).
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Five of the eight children (C, E, F, G, H) participated in all phases and used the STS car
as a power-push device towards the end of the study, with four of those five (C, F, G, H)
continuing to use it and remaining in the intervention until the onset of independent walking.
These four children were also the youngest at study entry (C, F, G, H), with age of entry ranging
from 6.5 (corrected for prematurity) to 7.9 months (see Figure 5). Two of the children (B and D,
the two oldest children at entry) demonstrated independent driving in the STS car on the first day
in which it was introduced, and therefore have no dosage for Phase 3. Most children accrued
more time in standing phases than seated phases (combined dosage time in Phases 1-2 compared
to combined dosage time in Phases 2-5; see Figure 6), with the exception of Child B and D.
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Table 2. Intervention characteristics for each child, including total dosage and daily usage per
phase. “Age” for all phases is the age at end of phase (i.e. age for Phase 1 is age at seated learn).
“Days Passed” refers to the total duration of that phase, regardless of usage. “Days Used” refers
to the days of actual usage within the phase.
*: Child stayed in intervention until walking. a: all ages for Child H adjusted for prematurity (25
days)
Age at Entry
(Months)
Duration (Months)
Duration (Days)
Days of Car Use
Overall Adherence
Total Dosage
(Minutes)
Walking Onset
(Months)
Phase 1
Days Passed
Days Used
Adherence
Dosage
Age
Phase 2
Days Passed
Days Used
Adherence
Dosage
Age
Phase 3
Days Passed
Days Used
Adherence
Dosage
Age
Phase 4
Days Passed
Days Used
Adherence
Dosage
Age
Phase 5
Days Passed
Days Used
Adherence
Dosage
Age

A
8.3

B
12.5

C
7.9

D
10.5

E
8.5

F
7.8

G
6.8

Ha
6.5

Average
8.6 ± 2.0

11.4
347
270
78%
7102

6.6
203
104
51%
2515

13.7
417
322
77%
8970

7.5
232
121
52%
3442

15.7
482
137
28%
3113

14.0
427
298
70%
7993

13.6
415
184
44%
5196

13.4
412
395
96%
11,808

12.0 ± 3.3
367 ± 99
229 ± 107
62% ± 22%
6267 ± 3270

28.8

21.0

21.6*

23.3

26.3

21.8*

20.4*

19.9*a

22.9 ± 3.1

32
25
78%
775
9.3

13
12
92%
370
12.9

73
54
74%
1600
10.3

15
11
73%
426
11.0

56
34
61%
838
10.3

14
12
86%
333
8.3

71
25
35%
617
9.1

18
15
83%
430
7.0a

36.5 ± 26.1
23.5 ± 14.8
73 ± 18%
674 ± 419
9.8 ± 1.8

107
82
77%
2280
12.9

92
52
57%
1320
15.9

35
29
83%
911
11.4

98
56
57%
1606
14.2

33
23
70%
515
11.4

68
43
63%
1308
10.5

28
5
18%
150
10.1

94
93
99%
2945
10.1a

69.4 ± 32.9
47.9 ± 29.6
66 ± 24%
1379 ± 910
12.1 ± 2.1

36
31
86%
905
14.0

0
0
N/A
0
15.9

76
59
78%
1756
13.9

0
0
N/A
0
14.2

39
22
56%
375
12.7

30
25
83%
667
11.5

95
31
33%
872
13.2

25
24
96%
708
11.0a

37.6 ± 33.4
24.0 ± 18.8
72 ± 23%
660 ± 568
13.3 ± 1.6

172
132
77%
3142
19.7

98
40
41%
825
19.1

137
121
88%
3496
18.4

119
54
45%
1410
18.0

85
6
7%
125
15.4

137
121
88%
3335
16.0

105
59
56%
1870
16.6

59
56
95%
1631
12.9a

114.0 ± 35.2
73.6 ± 45.5
62 ± 30%
1979 ± 1237
17.0 ± 2.2

X
X
X
X
X

X
X
X
X
X

96
59
61%
1207
21.6*

X
X
X
X
X

269
52
19%
1260
24.2

178
97
54%
2350
21.8*

116
64
55%
1687
20.4*

216
207
96%
6094
19.9*a

175 ± 71.1
96 ± 65
57 ± 27%
2520 ± 2050
21.6 ± 1.7

19

Participants (Ordered by age at entry)

Age at Entry, Duration of Intervention, and Walking Onset
H

6.5

G

13.4

6.8

13.6

F

7.8

14

C

7.9

13.7

A

8.3

E

8.5

D

11.4
15.7
10.5

B

2

7.5
12.5

0

9.1

6.6

5

10

Age At Entry

5.2
1.8

15
Months

Duration of Intervention

20

25

30

Intervention End to Walking

Figure 5. Ages at entry of study in comparison to duration of intervention and onset of
independent walking. Note: Children are ordered (top to bottom) from youngest to oldest at
entry, not alphabetically.

Total Dosage Per Phase of the Intervention
Total Dosage (minutes)

12000
10000
8000
6000
4000
2000
0

A

B

C

D
E
Participants

(1) Start to Seated Learn

(2) Seated Learn to Stand Intro

(4) Stand Learn to Power Push

(5) Power Push to End

F

G

H

(3) Stand Intro to Stand Learn

Figure 6. Stacked bar chart displaying the total dosage (minutes) of modified ride-on car use per
phase of the intervention.
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Total Dosage and Daily Usage
Duration of intervention ranged from 203 to 482 days (M = 367, SD = 99). Actual days of
modified ride-on car use ranged from 104 to 395 (M = 229, SD = 107). This resulted in overall
adherence rates ranging from 28 to 96% (M = 62, SD = 22). The mean age of exit from the study
(either because of a parent decision to discontinue use of the modified ride-on car or the onset of
independent walking) was 20.6 months (range: 18.0 - 24.2 months), with a mean intervention
duration of 12.0 months (range: 6.6 – 15.7 months; SD=3.3 months).
Total dosage ranged from 2,515 to 11,808 minutes during the intervention (M = 6267, SD
= 3270; see Table 2). See Figure 7 for individual graphs per child of daily usage over the course
of the intervention in relation to the onset of independent driving and advancement of phases.
Driving sessions ranged from 0 to 60 minutes per day for all children. Mean session times were
fairly similar among children, ranging from 24 to 30 minutes.
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Daily Usage of Modified Ride-On Car: Child C
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Daily Usage of Modified Ride-On Car: Child E
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Daily Usage of Modified Ride-On Car: Child G
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Figure 7. Daily usage scatter plots for all children. Blue dots represent daily usage (zero if
modified ride-on car was not used that day). The yellow line is total dosage accumulated by that
day and corresponds to the right vertical axis. Dotted red lines are onset of independent driving
(seated and standing). Solid red line is the introduction of the STS car. Blue line is the
introduction of the power-push mode. Purple line is exit from the intervention prior to the onset
of walking. Green line is the onset of independent walking and exit from the intervention.

Onset of Independent Driving
All eight children learned to drive in both modes. On average, children took about 24
days of use (SD=15 days; 37 days passed, SD=26) to achieve independent driving in the seated
mode, with a mean dosage of 674 minutes (SD=419 minutes) accrued during this time period
(Phase 1; see Table 2). Children learned to drive the modified ride-on car in the seated mode at
an average of 9.8 months of age (SD=1.8 months, Mdn = 9.8). Once the STS car was introduced,
children required, on average, an additional 24 days of use (SD=20; 38 days passed, SD=33) to
achieve independent driving in the standing mode, with a mean dosage of 660 minutes (SD=568
minutes) accrued during this time period (Phase 3). Children learned to drive the modified rideon car in the standing mode at an average of 13.3 months of age (SD=1.6 months, Mdn = 13.6).
Significant correlations between variables (see Table 3) included: (1) Total dosage and
age at entry (r = -.64 , p < .05). Children who were younger at age of entry accrued more total
τ

dosage over the course of the intervention. As seen in Figure 5, this is influenced by the duration
of intervention, as the youngest children remained in the intervention for the longest periods of
time; (2) Dosage to seated learn (Phase 1 total dosage) and days to seated learn (days passed
during Phase 1) (r = 0.79 , p < .01). Children who took more days to learn compared to the other
τ

children accumulated greater dosage over that time period; (3) Days to seated learn (days passed
during Phase 1) and days to standing learn (days passed during Phase 3) (r = .77 , p < .01).
τ

Children who took fewer days to learn in the seated mode compared to the other children took
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fewer days to learn in the standing mode as well; (4) Days to seated learn (days passed during
Phase 1) and dosage to standing learn (Phase 3 total dosage) (r = .62 , p < .05). Similarly,
τ

children who took fewer days to learn in the seated mode accumulated less dosage in the
standing mode prior to independent driving.
Table 3. Kendall’s tau-b correlation coefficients. “Days taken to learn” refers to days passed, not
days used. (*= significant at 0.05 level; **= significant at 0.01 level)
Variable
1
2
3
4
5
6
7
1. Total dosage
2. Walking onset
-.29
3. Days to seated learn
.21
.07
4. Dosage to seated learn
.14
.14 .79**
5. Days to standing learn
.11
-.04 .76**
.55
6. Dosage to standing learn
.55
-.04
.62*
.55
.56
7. Age at entry
-.64*
0.36
-.29
-.07
-.33
-.47
-

Motor Milestones
Overall, sample means were earlier than DS norms for all of the selected motor
milestones (see Table 4). The upper ends of the sample ranges were either comparable to DS
norm means or at the lower end of DS norm ranges. Sample children walked independently at
19.9 to 28.8 months old (mean = 22.9, SD = 3.1), with 6 of the 8 walking earlier than 24 months
old. The four children who were the youngest at study entry, used the STS car as a power-push
device and remained in the intervention until the onset of independent walking (C, F, G, H; see
Figure 5) were also four of the earliest walkers, walking at ages ranging from 19.9 to 21.8
months (1st, 2nd, 4th, and 5th earliest walkers of the study overall).
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Table 4. Descriptive table of motor milestones for this sample (presented in months). NOTE:
Child A did not demonstrate item 34 (crawls 5 feet) or item 40 (stands alone) during testing
sessions. Child D did not demonstrate item 40 (stands alone) during testing sessions. DS norms
adapted from resources from the Down syndrome Society, and results from Kim et al. (2017),
Melyn and White (1973), Sloper and Cunningham (1980), and Bayley (1969).
Item (Item #)

Sample
Mean (SD)

Sit without support for 30
seconds (26)
Crawl series (on stomach)
(30)
Crawls 5 feet (34)

9.2 ± 1.0

Sample
Median
8.8

Sample
Range
8.5 – 11.1

DS Norms
(M; range)
12; 5-36

12.8 ± 2.4

13.3

8.5- 15.9

18; 8-22

15.4 ± 2.2

15.1

13.4 - 20

18; 8-22

Raise to stand (35)

16.0 ± 3.3

15.2

13.4 – 23.6

Not available

Walk with support (37)

15.8 ± 3.9

14.4

11.6 – 23.6

22; 12-29

Stands alone (40)

19.8 ± 3.1

20.8

14.0 – 22.3

20; 12-39

Walks independently

22.9 ± 3.1

21.7

19.9 – 28.8

24; 12-48

DISCUSSION
The purpose of this study was two-fold: (1) to examine the onset of independent driving
and independent walking in relation to total dosage and daily usage and (2) to describe the age of
onset of motor milestones of this sample in comparison to DS norms. The immediate goals were
to identify concrete, practical recommendations in regard to modified ride-on car dosage and
relevant outcomes, and to generate hypotheses for future modified ride-on car studies.
Onset of Independent Driving
Numerous markers for the onset of independent driving in both the seated and STS
modes were fairly consistent in this sample. First, the age of onset of independent driving in this
sample is fairly similar for both modes, both in reference to the small standard deviation and the
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similarity between the mean and median (seated: M=9.9 months, SD=1.6 months, Mdn=9.8
months; STS: M=13.4 months, SD=1.4 months, Mdn=13.6 months). Given these results,
clinicians may expect independent driving to emerge for children with DS around 10 months for
the seated mode and 13.5 months for the standing mode. An unexpected finding was that the
days passed, days used, and dosage to independent driving were similar in both modes (seated:
37 days passed, 24 days used, and 674 minutes of dosage; STS: 38 days passed, 24 days used,
and 660 minutes of dosage). Results from the correlation matrix (see Table 3) also provide
interesting discussion points regarding the onset of independent driving. The correlation between
days taken to learn (days passed) and dosage implies that those who took longer to learn did not
merely accrue similar amounts of dosage over a longer period of time, but rather, if a child took
more days to learn, they also accrued more dosage. Although we had no formal hypotheses, we
had anticipated that total dosage would be most closely related to the onset of independent
driving, regardless of the days passed. Furthermore, overall, variables dependent on days seem to
more strongly correlate with learning to drive than variables dependent on dosage. This might
suggest that time passed or general exposure has more of an effect on the onset of independent
driving than dosage itself. An alternative hypothesis is that thresholds exist for total dosage, with
a rate of diminishing return past a certain amount of dosage; learning is rarely linear, so this rate
of diminishing return hypothesis may be more accurate and warrants additional research.
Regardless, best practice may mean providing the modified ride-on car to the child as often as
possible even if not for long periods of time at once.
Age may be a potential confounder in interpreting the usage scatter plots, especially in
relation to the onset of independent driving. For example, the two oldest children (Child B and
D) are remarkably similar to each other and different from the rest of the children when
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comparing usage and phase patterns (see Figure 7). Child B and D were two of the fastest
children to achieve independent driving in the seated mode, and both required no practice time
with the STS car to achieve independent driving in the standing mode. Overall adherence for
these two children was fairly low (Child B: 51%; Child D: 52%) compared to other children in
the study, perhaps because the modified ride-on car did not present enough of a challenge to
these older children. However, this also suggests that children may benefit most from modified
ride-on car use at earlier ages, supporting the use of modified ride-on cars for children under 10
months of age.
Given the seeming importance of age and the differences in ages at entry in our sample,
we are limited in interpreting outcomes in relation to dosage without being able to control for age
at entry. However, we can provide a more detailed glimpse into this relationship by comparing
children of comparable ages at entry. For example, Child C and F were 7.9 and 7.8 months,
respectively, at entry. Despite approximately equal ages of entry, Child F achieved independent
driving in the seated mode two months earlier than Child C. Although Child F learned faster, this
child accrued about 1/5 of the dosage that Child C did over about ¼ of the days. Given the lower
dosage and usage, perhaps the faster learning of Child F is attributable to higher adherence
during Phase 1 (86% compared to 74%), or perhaps usage patterns offer more insight (see Figure
7). For example, in examining usage patterns during Phase 1, we see that Child F did not use the
modified ride-on car on day 1 or 2 but was then very consistent with usage from day 3 on. In
contrast, Child C went weeks without using the modified ride-on car during Phase 1. It is
possible that the consistency of early exposure was important for the earlier onset of independent
driving displayed by Child F. In comparing a different set of children of comparable ages at
entry (Child A and E, 8.3 and 8.5 months at entry), we observe that Child A achieved
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independent driving one month earlier than Child E and was similarly more consistent with
usage during Phase 1 (78% versus 61% adherence; see Figure 7 for daily usage). Overall, during
Phase 1, the children who were most adherent learned the fastest; conversely, the ones with
lowest adherence required more time to learn. Similarly, for Phase 3, the three children with the
highest adherence were the fastest learners (disregarding Child B and D who learned
immediately). Based on these observations that the children who were most adherent during
learning phases learned the fastest, consistency of daily usage may be an important factor for the
onset of independent driving.
Onset of Independent Walking
Six of the eight children walked prior to 24 months, which is commonly suggested as the
average age of onset of independent walking for children with DS. Child A and E were the only
children to walk after 24 months. In examining their total dosage and daily usage, Child E had
the lowest overall adherence of all of the children. While Child A had a relatively high total
dosage, she also displayed a large amount of drop-off towards the end of the intervention. We
must also acknowledge that the children with the lowest dosage were not necessarily the last to
independently walk. However, the children with the lowest dosage also tended to be the older
children at age of entry, which may be a confounder. The oldest child at entry (Child B) had the
lowest total dosage but walked at 21.0 months of age (the 3rd earliest walker). The child with the
second lowest total dosage was Child E, who walked at 26.3 months (the 7th earliest walker). The
second oldest child at entry (Child D) accrued the third lowest total dosage and walked at 23.3
months (the 6th earliest walker, but still earlier than the 24-month average).
Despite these mixed results, those who used the power-push mode until the onset of
independent walking (C, F, G, H) were four of the earliest walkers. While the dosage-walking
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relationship is clearly not linear, in looking at the usage scatter plots, it seems apparent that the
four younger children who used the modified ride-on car until the onset of walking represent a
different group than the older children who did not remain in the intervention until the onset of
walking; beyond being the youngest at entry, these children also generally had higher dosage
over the course of the intervention, with more time spent in the standing phases. Because of this
we examined the mean walking age in the younger group (C, F, G, H) compared to the older
group (A, B, D, E). The mean walking age in the older group was 24.9 months (SD=3.4 months)
compared to 20.9 months (SD=0.9) in the younger group. While not statistically significant when
compared using a Mann Whitney U-Test (although approaching significance, p=0.08), this 4month difference between groups suggests that age of entry, use of the power-push mode,
duration of intervention, and total dosage warrant further investigation in future studies.
Motor Milestones
Overall, children in this sample seemed to achieve motor milestones earlier than would
be expected for children with DS. In fact, even the upper end of the range for this sample is close
to the mean for DS norms (see Table 4). We reason that the functional training of the STS car
provides opportunities to pull to stand, bear weight, and maintain dynamic postural control.
Furthermore, these functional training opportunities are embedded in an engaging, motivating,
and fun experience of independently exploring the environment through use of the modified rideon car, which may further encourage children to become independently mobile outside of the
modified ride-on car. This is perhaps supported by the observation that even the average age of
onset for crawling was earlier than we would expect; there is no functional training provided by
the modified ride-on car that directly translates to crawling, so perhaps this was an example of
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the experience of powered mobility increasing the motivation to move independently outside of
the car.
Another interesting discussion lies in driving performance compared to the emergence of
motor milestones. Although this data is not directly presented, almost all of the children
demonstrated raising to stand in BSID-III testing following the onset of independent driving in
the standing mode (despite the fact that by using the car independently, they are capable of
pulling to stand). Given the importance of the ability to stand, such as in freeing the hands to
interact with objects and changing the field of vision, this raises an interesting point regarding
the practice with standing provided by the STS car, as well as whether or not traditional
assessments can accurately assess the emergence of motor milestones in children with DS. This
contributes to our argument that we need more normative data regarding motor milestones in
children with DS, with longitudinal monitoring and individual pathways being especially
important. Current norm data consists of very wide ranges with no information given on the
proportion of children in each section of range; this completely alters how one should interpret
the norms in relation to a child’s performance (Frank & Esbensen, 2015). This testing
discrepancy also provides support for STS car use, as it suggests that the STS car is a more
motivating means for practicing functional skills than standard pull-to-stand training.
Recommendations to Families and Clinicians
Results suggest that the progressive nature of the intervention may be instrumental in
increasing adherence and positive outcomes. Despite variability, most of the usage scatter plots
drop off over time, as reflected by overall patterns of adherence rates across phases (see Table 2).
This could be due to many factors, such as parents being less compliant with either providing
their child with time in the modified ride-on cars or recording it in the activity logs. If the former,
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parents may be more focused on working directly on other skills, such as walking, or the
modified ride-on car may no longer feel developmentally appropriate. Children themselves could
also grow less interested in engaging with the modified ride-on car towards the end of the
intervention. However, average overall adherence was greatest in the learning phases (Phase 1
and 3), at 73 and 72%, respectively. This is in comparison to the adherence rates of Phase 2 and
Phase 4, which were 66 and 64%, respectively. Greater adherence during the learning phases
suggests that perhaps parents were more motivated to provide their child with time in the
modified ride-on car when there seemed to be a direct goal in doing so (learning to drive), or
perhaps that the children were more interested in the modified ride-on cars when it was a novel
experience. Further, children generally accrued more total dosage in the standing phases than
seated phases; if the standing phases did not exist, usage may have dropped off much sooner.
Finally, the four children who participated in all phases of the intervention and used the powerpush mode until the onset of walking (C, F, G, H) were four of the earliest walkers. This suggests
that the progressions lead to not only increased adherence, but potentially improved outcomes as
well.
Based on the results of this study, we recommend that families and clinicians be
consistent with early exposure, and to try to provide modified ride-on cars prior to 10-months of
age. While older children may learn faster, results suggest that those who start earlier may use
the modified ride-on car more and potentially have better outcomes. Clinicians and families
should expect the learning period for the standing mode to take about as long as the learning in
the seated mode, and to not get discouraged by a seeming lack of progress. Independent driving
in young children with DS is likely to emerge around 10 months of age for the seated mode and
13.5 months of age for the standing mode. Finally, we suggest that future modified ride-on car
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interventions continue to incorporate progression in order to provide a continually “just right”
challenge.
Limitations
Although we do believe this data to contribute to the field of modified ride-on car
research and early intervention for children with DS in general, limitations of this study warrant
caution in extrapolating these interpretations. A main assumption of this study is that parents
provided honest and accurate information, especially in regard to the activity log; current
modified ride-on car studies are using electronic trackers to limit this issue. It is difficult to
conclude that any changes observed in driving behaviors and motor milestones were due to use
of modified ride-on cars, rather than growth and maturation, given the small sample size and lack
of a control group. Further, it is acknowledged that dosage effects depend on cognitive,
neuromuscular, and biomechanical factors of each individual child. The modified ride-on cars
also introduced more variables than we can control for, such as changes in social interactions,
which makes it difficult to isolate the effects of modified ride-on car usage directly. Furthermore,
other variables, such as how much the child enjoyed the car, attitudes of the family, and
encouragement provided by the parents and siblings, may also predict or influence driving
performance beyond solely total dosage and daily usage. Despite these limitations, this study has
established that this type of progressive intervention is feasible, and that results are promising.
We believe this study contributes to our understanding of extended modified ride-on car use by
young children with DS, providing useful insight to clinicians and parents regarding modified
ride-on car usage.
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CONCLUSION
Eight children with DS independently operated modified ride-on cars as young as 7
months old. All children were able to independently drive the modified ride-on car in both seated
and standing modes, with 5 of the 8 children continuing to use the STS car as a power-push
device. Although there was no distinct relationship between dosage and outcomes, intricacies of
usage patterns suggest that dose-response relationships warrant additional study. These results
will inform future modified ride-on car interventions for children with DS and help provide
practical recommendations to clinicians as to when independent driving is expected to emerge
based on total dosage, daily usage, and age of entry. Results from this study will help structure
future larger scale studies to look more specifically at dose-response relationships of modified
ride-on car interventions. Randomized control trials are needed to more specifically examine the
impact of the STS and power-push mode on the emergence of motor milestones. Future studies
could also look more specifically at bouts of driving in the STS car to examine the effects of
pull-to-stand practice, perhaps in comparison to a pull-to-stand training control group. Further
research could examine effects of sit-to-stand modified ride-on car use on the development of
visual proprioception directly, in comparison to a non-powered pull-to-stand training and/or a
seated modified ride-on car. Based on these results, future modified ride-on car interventions can
be optimized for learning and functional outcomes. In turn, this effort could reduce
developmental gaps between children with DS and their typically developing peers.
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LITERATURE REVIEW

Dynamic Systems Theory and Grounded Cognition
Early child development centers on the ability to move, explore, and interact with the world,
underpinning the importance of self-directed mobility for global development (Campos et al.,
2000; Foreman & Foreman, 1990; Lobo, Harbourne, Dusing, & McCoy, 2013). Indeed, it is the
intersection and interplay of cognitive, motor, language, and social development that gives rise to
human experience as we know it. Within the framework of dynamic systems theory (DST), child
development is viewed as an interactive, dynamic process, with development in no domain
occurring in isolation. Housed within the concepts of dynamic systems theory is grounded
cognition, which offers a framework for the principles of DST to be applied specifically to
perceptual-motor experiences. Grounded cognition emphasizes the role of perceptual-motor
experiences in childhood as primary facilitators of global development. A key contributor to
perceptual-motor experiences is self-directed mobility. Self-directed mobility is defined as
movement controlled by a child resulting in spatial displacement, and may include (a)
ambulation, such as walking, (b) use of non-powered technology, such as gait trainers and
standers, or (c) use of powered technology, including motorized wheelchairs and batteryoperated ride-on toy cars, with the emphasis in any of these scenarios being placed on the child’s
active role in choosing when, where, how and with whom to move and explore. Self-directed
mobility affords children independent, self-supported exploration, play and interaction with their
world. As stated by Adolph and Franchak (2017, p. 1), “Movements generate perceptual
information, provide the means for acquiring knowledge about the world, and make social
interactions possible.” Therefore, within the framework of dynamic systems theory and
grounded cognition, children with disabilities who experience limitations in self-directed
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mobility are likely at greater risk for reduced participation in developmentally critical activities,
which may lend to secondary delays.
Motor Development of Infants with Down Syndrome
Down syndrome is the most common chromosomal condition, with live birth prevalence
estimated at 12.6 per 10,000, or about 5300 births per year (de Graaf, Buckley, & Skotko, 2015).
Down syndrome is a genetic condition caused by having an extra full or partial chromosome 21;
this extra genetic material affects development and creates the characteristics associated with
Down syndrome. Children with Down syndrome typically demonstrate delays in multiple
domains, including cognition, language, and motor. This proposal will focus on motor
development; however, within the lens of dynamic systems theory, it is important to bear in mind
that motor delays do not exist in isolation, and that motor delays, which contribute to decreased
participation and opportunities for exploration and discovery, likely cascade to other domains as
well.
Motor Milestones
Children with Down syndrome are delayed in the achievement of their motor milestones
compared to typically developing children, especially in the achievement of later motor skills,
such as standing and walking (Palisano et al., 2001; Pereira, Basso, Lindquist, da Silva, &
Tudella, 2013; Pereira et al., 2013). Motor skills build upon each other, and with increasing
complexity of motor milestones, a larger gap between infants with and without Down syndrome
appear (Pereira et al., 2013). Infants with Down syndrome display delays in most motor skills,
including rolling, sitting, crawling, pulling from sit to stand, standing, and walking, but generally
speaking, the more complex the skills, the greater the age gap between infants with Down
syndrome and their typically developing peers. For example, Pereira et al. (2013) analyzed
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differences in age acquisition of motor skills between infants with and without Down syndrome.
They found that infants with Down syndrome were able to sit without support at around 10
months, compared to typically developing children who achieve this motor milestone around 6
months. Furthermore, of the 15 infants tested, only 40% were able to pull to stand with support
by 12 months of age, and only 27% were able to pull to stand without support. When we
examine differences in walking onset, we see that infants with Down syndrome generally walk at
least 1 year later than typically developing infants (Ulrich, Ulrich, Angulo-Kinzler, & Yun,
2001); typically developing infants generally walk around 10-14 months, while infants with
Down syndrome walk around 24 months or older (see Table 5 for more descriptions of age on
onset of various motor milestones in comparison to typically developing children).
Of interest, there is somewhat limited information and research regarding gross motor
norms for infants with Down syndrome compared to typically developing infants. While age of
walking onset for children with Down syndrome is commonly referenced as 24 months on
average, some children with Down syndrome do not walk until 3 years of age or later (Kim,
Kim, Kim, Jeon, & Jung, 2017; Ulrich, Lloyd, Tiernan, Looper, & Angulo-Barroso, 2008). The
ranges for gross motor skill acquisition of other milestones presented in Table 5 are similarly
broad. Furthermore, it is likely that the ranges are negatively skewed, with few children
achieving these motor milestones in the early ranges (Frank & Esbensen, 2015). This makes it
difficult to assess whether children with Down syndrome are “early” or “late” in their gross
motor skill acquisition compared to their peers with Down syndrome and highlights the need for
knowing proportions within age ranges. Gross motor curves developed in Palisano et al. (2001)
provide some insight into this issue through the use of logistic regression to predict various
motor skill acquisition by different ages. For example, the authors predict only a 40% probability
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that an infant with Down syndrome will walk by 24 months; the probability increases to 74% at
30 months and 92% at 36 months (see Table 6 for additional motor milestones). At an even
more extreme end, a study of delays in motor development among children with Down syndrome
found that only 10% of the sampled children achieved independent walking prior to 3 years of
age (Malak, Kostiukow, Krawczyk-Wasielewska, Mojs, & Samborski, 2015). Perhaps more
surprisingly, this study also found that only 10% of children with Down syndrome younger than
3 years of age were able to stand unsupported. The study by Malak et al. (2015) was conducted
in Poland, which perhaps introduces cultural confounders; regardless, it lends supporting
evidence that vast discrepancies in gross motor skills exist among children with Down syndrome.
Table 5. Age of emergence of various motor milestones for children with Down syndrome and
typically developing children. Adapted from the Handbook of Cultural Developmental Science
(2010)a, resources from the Down syndrome Societyb, and results from Kim et al. (2017)c,
Melyn and White (1973)d, (Sloper & Cunningham, 1980), and (Bayley, 1969).
Motor Milestone
Down syndrome
Typically developing
c,d
b,c,d,e
Mean Age
Range
Mean Agea,f
Rangea,f
Sit without support
12 months
5-36 months
6 months
5-8 months
Crawl
17 months
8-22 months
7 months
5-11 months
Raise to stand
15 months
10-24 months
8 months
5-12 months
Walk with support
16 months
12-29 months
10 months
7-12 months
Stand alone
20 months
12-38 months
11 months
9-15 months
Walk independently
24 months
12-48 months
12 months
10-16 months
Table 6. Predicted probability of achieving gross motor functions across ages (in months) for
children with DS based on logistic regression. Adapted from Palisano (2001, p.499).
Milestone
6
12
18
24
30
36
48
60
72
Sitting

8

78

99

100

100

100

100

100

100

Crawling

10

19

34

53

71

84

96

99

100

Standing

4

14

40

73

91

98

100

100

100

Walking

1

4

14

40

74

92

99

100

100
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Postural Control and Visual Proprioception
These motor delays have been attributed to multiple physical factors associated with
Down syndrome, such as hypotonia, joint laxity, and poor postural control. While motor delays
result from several factors, evidence suggests that poor postural control is a primary contributor
to delays in motor development (Haley, 1986; Shumway-Cook & Woollacott, 1985). Haley
(1986) measured postural reactions in infants with Down syndrome and age-matched peers in
relation to chronological age and motor milestones. The relationship between age and postural
reactions was weaker in infants with Down syndrome compared to the typically developing
children, suggesting the rate of development is slower. However, the relationship between motor
milestones and postural reactions were similar in both groups, suggesting that advancements in
postural control may be a primary contributor of changes in motor abilities for children with
Down syndrome. More recent studies have also found a correlation between motor skills and
functional balance in children with Down syndrome (Malak et al., 2015). Rigoldi et al. (2011)
extended this research to a developmental perspective by analyzing postural control in children,
teenagers, and adults with Down syndrome. Results suggested that individuals with Down
syndrome start to display anomalies in their postural control starting in childhood, with
differences between control subjects and individuals with Down syndrome growing more
pronounced over time. Both of these studies suggest that postural control may be an appropriate
target for early intervention, with a need for therapy that develops motor skills and balance
simultaneously. This dual approach could potentially have greater downstream effects of
preventing the gap in postural control strategies, and therefore possibly motor abilities, from
widening with age.
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Importantly, postural control is more than just physical motor adaptations; postural
control is also influenced by sensory inputs, such as vision, vestibular input, and proprioception
A perceptual phenomenon called visual proprioception lies at the heart of this perception-action
intersection. Visual proprioception is an optically-induced sense of self-movement created by
patterns of optic flow in the environment (Gibson, 1979). Optic flow refers to changes in patterns
of apparent motion in one’s visual scene caused by the relative motion between the observer and
the scene (Gibson, 1979). Visual proprioception occurs even when other sensory inputs signal
stasis, and allows one to understand where one is in space and how one is moving relative to the
environment; being able to accurately perceive this information and respond to it is therefore
tightly woven with postural control, as visual proprioception allows one to maintain and correct
posture with respect to the direction of self-movement (Uchiyama et al., 2008). Furthermore,
postural control itself is a vital prerequisite to achieving more complex motor skills, such as
reaching and locomotion. These more complex motor skills increase the interaction between
child and environment, facilitating global developmental gains in other domains by changing the
child’s affordances (Anderson et al., 2013; Campos et al., 2000). Being able to accurately
interpret visual information in order to correct and maintain postural stability is therefore an
important skill to develop in order to optimize the benefits of advancing motor skills.
Onset of Locomotion
Motor delays limit the ways infants with Down syndrome can explore, interact, and
engage with the environment in the same way that their typically developing peers do. Restricted
movement reduces a child’s opportunity to learn cause and effect, develop spatial awareness, and
develop spatial memory skills (Anderson et al., 2013; Foreman & Foreman, 1990). This is
especially important in regard to the onset of locomotion, as the emergence of self-directed
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mobility in typically developing children is associated with greater visual attention and working
memory (Anderson et al., 2013), greater receptive and productive language (Walle & Campos,
2014), and overall greater engagement in and sophistication of social interactions (Clearfield,
2011). Locomotion has also been identified as an important factor in the development of visual
proprioception (Anderson, Campos, & Barbu-Roth, 2004; Uchiyama et al., 2008). Research has
shown that prelocomotor infants have the ability to posturally compensate, but visual
proprioception responses to peripheral optic flow seem to require locomotor experience in order
to respond appropriately (Higgins, Campos, & Kermoian, 1996). When infants are passively
carried or pushed, their forward movement can be linked to many different patterns of optic flow
depending on how they are held or where they are looking. Therefore, passive experiences do not
provide the same type of perception-action coupling as active experiences do, where movement
would be linked with the “correct” pattern of optic flow.
If we know that locomotion experience is important for the development of visual
proprioception, and that children with Down syndrome are delayed in their motor milestones and
therefore locomotion, it would follow that children with Down syndrome display decreased
visual proprioception. This is indeed the case; when the visual proprioception of infants is
measured by assessing postural compensation to changes in optic flow, infants with Down
syndrome do not respond equally compared to typically developing infants (Butterworth &
Cicchetti, 1978; Polastri & Barela, 2005). A study that tested visual proprioceptive responses of
infants with Down syndrome who were novice and experienced sitters provides evidence that
this relationship between sensory information and motor action can be changed with experience
and practice for infants with Down syndrome (Polastri & Barela, 2005). Having this coupled
experience at an early age may be crucial for the acquisition and refinement of later, more
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advanced motor skills that require postural control, such as locomotion. We are therefore left
with a problem in which infants with Down syndrome need more practice and experience
compared to typically developing peers in order to develop visual proprioception, but poor
postural control and delayed motor skills provide less opportunity to do so. This, once again,
points to the importance of early intervention that provides opportunities for exploring
movement and corresponding sensory information for infants with Down syndrome.
Traditional Interventions for Children with Down syndrome
Early assessment and intervention are frequently advocated for children with Down
syndrome, as they typically display delays as opposed to deficits. However, it is important to
recognize that there is a large amount of individual variation among children with Down syndrome,
which makes it dangerous to assume a blanket approach towards early intervention. Most early
intervention efforts for children with Down syndrome are framed within the traditional views of
physical and occupational therapy, with very concrete goals of improving specific motor skills and
an emphasis on walking (R. M. Angulo-Barroso, Wu, & Ulrich, 2008; Ulrich et al., 2001). Early
intervention options include tummy time interventions to help achieve independent sitting, the use
of orthotics to facilitate motor behavior and participation, and sensorimotor group interventions,
but most early intervention consists of more traditional physical and occupational therapy sessions
(LaForme Fiss, Effgen, Page, & Shasby, 2009; Selby-Silverstein, Hillstrom, & Palisano, 2001;
Wentz, 2017).
Treadmill Training
One intervention option housed within pediatric physical therapy and rehabilitation for
infants with Down syndrome is that of treadmill training. In 2001, Ulrich et al. (2001) conducted
an initial study examining the impact of treadmill training on walking onset for prelocomotor
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infants with Down syndrome. In this study, 30 infants with Down syndrome were randomly
assigned to either treadmill training or a control group (both groups received biweekly physical
therapy). Researchers assessed the onset of walking as the research outcome, and found that the
treadmill training group did walk significantly earlier than the control group. The difference
between groups’ walking onset was about four months, with the treadmill group walking at 19.9
months on average, and the control group walking at 23.9 months. Under the assumption that
functionally relevant practice should accelerate progress in the acquisition of specific motor
skills, continuations of the treadmill intervention investigated the effects of progressively more
intense treadmill training on developmental outcomes (Ulrich et al., 2008). The authors state,
“An important goal of early motor therapy is to facilitate continual exploration and selection of
the movement patterns needed for functional movement behavior, and the earlier this process
begins, the better. Priority should be placed on functionally significant tasks, such as locomotion.
The major challenge for pediatric therapists and parents is finding innovative ways to promote
exploration and practice of locomotor skills, such as crawling and walking, before the skills
actually begin to emerge.” Thirty infants with Down syndrome were randomly assigned to either
a lower or higher-intensity treadmill training group. As infants progressed in their stepping
performance, researchers added ankle weights, increased the belt speed, and increased the
duration of daily training for the higher intensity group. Results showed that infants in the higher
intensity group increased their stepping more dramatically and attained motor milestones at an
earlier mean age. Despite this, it is important to note that better compliance was achieved with
the lower intensity group, highlighting the complexity of dosing decisions in pediatric
interventions.
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Powered Mobility and Modified Ride-On Cars
Pediatric powered mobility is often utilized to decrease risk for secondary delays by
affording young children with disabilities self-directed mobility experiences (Feldner, Logan, &
Galloway, 2015). A powered mobility device is defined as “any device that requires a battery or
other electrical power source for activation that an individual uses to move from one place to
another” (Logan, Feldner, Galloway, & Huang, 2016). One of the earliest studies looking at the
effect of powered mobility on self-initiated behaviors of young children with locomotor
disability identified restricted mobility as the cause of dependent, apathetic, non-curious
behavior in children with disabilities (Butler, 1986). Indeed, beyond the lack of interaction with
the environment due to an inability to move independently, mobility limitations can extend to
create decreased motivation to explore the environment and therefore decreased curiosity and
persistence (Rosenberg, Clark, Filer, Hupp, & Finkler, 1992). Interesting evidence is found in
children with cerebral palsy, as some of the most commonly impaired skills, such as visual
perception, spatial cognition, memory, and attention, are the same skills generally linked to the
onset of self-directed mobility (Anderson et al., 2013). Provision of powered mobility has been
associated with positive gains in these same skills, suggesting that self-directed mobility may be
able to induce cognitive development.
A study by Uchiyama et al. (2008) provides compelling evidence regarding the relationship
between locomotor experience and the development of visual proprioception. Prelocomotor
infants were randomly assigned to either powered mobility device training or a control group that
received no training. Following the training period, the infants who had received powered
mobility training showed postural compensation to peripheral optic flow, while the infants who
did not receive any training did not. These results provide evidence that not only is there
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something specific to locomotion that affects the development of visual proprioception, but
powered mobility experiences are an active enough experience to increase visual proprioception
in the same way that the onset of locomotion does.
When we examine treadmill training and similar interventions, it is clear that treadmill
training does offer an effective solution to the problem of how one can possibly target walking
skills before an infant can actually stand and walk, it is necessary to examine the limitations of
traditional interventions such as this one. Interventions like the treadmill training are focused on
the assumption that practicing a specific motor skill (in this case, stepping) leads to
improvements in a functional behavior (walking). However, emerging views of rehabilitation
focus on fostering the child’s independence in an effort to increase meaningful participation in
developmentally appropriate activities. With this view in mind, it is important to acknowledge
that although it may help infants walk sooner, time spent in the intervention itself may not be
contributing to meaningful activity and participation. Furthermore, following the research
presented on visual proprioception, a key factor of the treadmill training to acknowledge is that
the babies in the treadmill training do not actually move through space; they therefore are
lacking the experience of optic flow that is most likely necessary to develop visual
proprioception, which may cascade to postural control and motor milestones. These are all
limitations that might be better addressed through the use of powered mobility.
Given this evidence, beyond physical and occupational therapy, another intervention
option for children with Down syndrome is early powered mobility. Young children with
disabilities who begin to use powered mobility devices have demonstrated gains in self-directed
mobility, exploration of the environment, social and language skills, and cognitive development,
including understanding of cause-and-effect relationships (Butler, 1986; Chiulli, Corradi-Scalise,
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& Donatelli-Schultheiss, 1988; Guerette, Furumasu, & Tefft, 2013; Livingstone & Field, 2014;
Rosenbaum, 2008). In a recent review of the child and family experience of power mobility,
Livingstone and Field (2014) identified that powered mobility experiences often promote
developmental change and independent mobility. However, another theme identified was that
physical, environment, and transportation difficulties, as well as the attitudes of others, can limit
use of powered mobility. Remaining cognizant of this limitation is advisable, as powered
mobility can have little effect in real-world situations if it is not effectively utilized.
Modified Ride-On Cars as an Emerging PMD Option
With this obstacle in mind, modified ride-on cars may be particularly useful. Modified
ride-on cars provide a low cost (<$200) option that are readily available to families and pediatric
clinicians since the modifications are relatively simple (see (Huang & Galloway, 2012; Logan et
al., 2017). Beyond the low cost, they are also lightweight and much more easily transportable
than traditional powered wheelchairs. Preliminary behavioral evidence suggests that modified
ride-on car interventions can positively impact developmental outcomes, with results suggesting
that they are a feasible option for self-directed mobility, exploration, enjoyment, and play
(Huang & Chen, 2017; Huang, Ragonesi, Stoner, Peffley, & Galloway, 2014; Logan et al., 2017,
2016; Logan, Huang, Stahlin, & Galloway, 2014). Additionally, the modified ride-on cars are
advantageous in that they are in fact modified toys, and therefore perhaps more readily accepted
not only by the children using them and their peers but parents as well. If parents are the
gatekeepers to a child’s mobility, perhaps ride-on cars can serve as a gateway powered mobility
device. Ride-on cars allow children to seek out the environment and engage in experiences,
including stopping, reaching and contacting toys or other objects in the environment, and
engaging in goal-directed driving.
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Given that children with Down syndrome do eventually walk, powered mobility is a less
common intervention option for this population. However, powered mobility offers the major
benefit of immediately changing a child’s relationship with the environment. For example, in
contrast to the treadmill training, where the goal is functional stepping practice, powered
mobility provides the opportunity to learn through exploration, more closely mirroring the onset
of locomotion. This is not to say that one option is better than the other, but given the global
developmental gains associated with the onset of independent locomotion, such as developments
in cognition and increases in language, the experience of early powered mobility use could be
valuable to development. Furthermore, in direct relation to visual proprioception, powered
mobility would also provide experiences of optic flow that could help visual proprioception
develop on a more similar timeline to that of typically developing children, and potentially feed
back into improving postural control.
Of particular relevance to intervention may be a specific ride-on car model called a sit-tostand (STS) ride-on car. In this version, the seat has been modified with a reverse-activated
pressure switch, so that the child must pull to stand and remain standing in order for the car to be
powered forward. This version therefore incorporates a functional training aspect that encourages
practicing the pull-to-stand motion and then bearing weight and maintaining balance, essentially
combining the two types of interventions previously discussed – functional training and powered
mobility. In regard to visual proprioception, the STS car is also therefore incorporating both the
visual, through increased optic flow, and postural, through the standing design, components of
visual proprioception. It is functional and provides advancing postural control challenges. It is
also highly motivating, as it changes the relationship with the environment more so than
traditional interventions.
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Previous Modified Ride-On Car Intervention Outcomes
Ten reports have demonstrated the potential benefits of modified ride-on car use for
children traditionally not considered as candidates for PMDs due to young age, diagnosis, or ability
to walk independently without support; these include an infant with Down syndrome (Logan et al.,
2014), a toddler with cerebral palsy (Huang et al., 2014), three young children with complex
medical needs (Logan et al., 2016), one preschooler with a physical disability (Logan et al., 2017),
a group study of 1-3 year old children with disabilities in a hospital setting (Huang & Chen, 2017;
Huang, Chen, & Huang, 2017), three young children (under 3 years old) with various disabilities
(Logan, Hospodar, Feldner, Huang, & Galloway, 2018), five children participating in an inclusive
playgroup (Ross et al., 2017), 15 children participating in a hospital-based ride-on car intervention
(Huang et al., 2018), and 4 infants with Down syndrome (Logan et al., In Review). Despite not
being typical powered mobility candidates, the results from these studies found that modified rideon cars were a feasible option for self-directed mobility, exploration, enjoyment, and play, with
specific behavioral outcomes suggesting positive changes in cognition. Therapists are generally
encouraged to incorporate high-dosage, child-active interventions into their practice with infants
and toddlers. Given previous results suggesting beneficial effects on mobility, socialization, and
potentially overall development, modified ride-on car interventions may fit that purpose.
Traditional Ride-On Car Intervention Designs
With some variation in study design and length, Huang et al. (2014), Logan et al. (2014),
Logan et al. (2016), Logan et al. (2018), and Logan et al. (in review) measure similar outcomes in
order to assess the feasibility of modified ride-on car use as an option for mobility, socialization,
and fun. Huang et al. (2014) examined ride-on car use for a 21-month old male with cerebral palsy
and included mobility measures of driving categories (independent mobility, assisted mobility, and
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caregiver mobility), visual attention to the switch, and stopping categories, socialization measures
of reaches for toys or adults, facial expressions, and vocalizations, a standardized functional
measure (Pediatric Evaluation of Disability Inventory (PEDI)), and a daily activity log including
a fun index. The Pediatric Evaluation of Disability Inventory (PEDI) is a set of tests designed to
measure a child’s performance of basic skills and the level of assistance or adaptation required,
including self-care, mobility, and social function skills, and includes two subscales: functional
skills and caregiver assisted skills (Feldman, Haley, & Coryell, 1990). At the end of the study, the
child could independently stop at targets, reached more for objects during car play, and vocalized
more to express positive emotions. Scores on the PEDI suggested an increase in functional
mobility and functional socialization. Anecdotally, his family commented that he was a quick
learner and his interactions with the family benefitted from his increased independence.
Logan et al. (2014) demonstrated the potential benefits of ride-on car use for a 13-month
old child with Down syndrome. Measures were similar to those of Huang et al. (2014) and included
the mobility measures of driving categories and visual attention to the switch, socialization
measures of reaches for toys and facial expressions, the PEDI, and a daily activity log including a
fun index. Her independent mobility increased over the course of the intervention, often reaching
100% during sessions. Visual attention to the switch increased from baseline to intervention and
then declined during the retention period. She reached more for toys when in natural play rather
than car play. PEDI scores suggested an increase in functional skills in self-care, mobility, and
social function.
Logan et al. (2016) explored ride-on car use by children with complex medical needs and
measured exploration by the percentage and total time spent in independent, assisted, and caregiver
mobility and enjoyment by the frequencies and percentages of positive and negative facial
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expressions. All three children learned to drive independently; two of the children used the car
mainly for open exploration of the environment, while the third child also displayed goal-directed
driving in using the car to play hide-and-seek.
Logan et al. (2018) further demonstrated the potential benefits of modified ride-on car use
by young children under 3 years old. The children included a 29-month old with cerebral palsy, 1
12-month old with 16p 11.2 microdeletion, and a 21-month old with microcephaly. Usage varied
widely, but all of the children were able to independently activate the car. Importantly, the children
who drove more demonstrated clinically significant gains in scaled scores of the mobility domain
of the PEDI, suggesting a dose-response relationship. Two of the children demonstrated a cooccurrence trend between visual attention and switch contacts, while one child (with cortical vision
impairment) did not. Overall, results supported that young children can use to learn modified rideon cars and benefit from doing so.
Logan et al. (2018) assessed the feasibility of a 9-month home-based sit-to-stand ride-on
car intervention for four infants with Down syndrome. Parents were asked to provide their child
with 8 minutes of modified-ride on car usage per day. Adherence varied among the four children,
but most children were able to independently drive for the majority of sessions within a few weeks
of first being exposed to the car. Families reported that the children practice pulling to stand and
supported standing more often in the ride-on car than outside of the car. Overall, this study
demonstrated that sit-to-stand modified ride-on cars are a feasible intervention for infants with
Down syndrome.
Other Modified Ride-On Car Study Designs
Logan et al. (2017) examined physical activity type and social play behaviors of a 4.5-yearold with a physical disability and 42 of his typically developing peers in the classroom, gym, and
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playground. The child engaged in more direct peer interaction when using the ride-on car on the
playground. In the gymnasium, the child spent less time in solitary play and more time in parallel
play when using the ride-on car. In all settings, he was able to use the car to play more complex
social games, like tag and role-playing.
Huang and Chen (2017) published the first group study showing positive effects for
hospital-based ride-on car use, with the results suggesting that certain intervention characteristics,
such as social environment, may be key for optimal gains. Twenty 1-3-year-old children with
disabilities participated in this study, with half of the children receiving ride-on car training and
the other half receiving conventional therapy. The ride-on car group showed greater improvements
in mobility and social function compared to the conventional therapy group (Huang & Chen,
2017). Independent mobility, visual attention to the switch, and positive facial expressions also
increased during the intervention (Huang et al., 2017)
Ross et al. (2018) examined the feasibility of a modified ride-on car intervention during an
inclusive playgroup, as well as the intervention’s effect on play behaviors of children with and
without disabilities. Thirteen children (five with disabilities) participated. Four of the five children
with disabilities displayed either a significant decrease in solitary play or significant increase in
parallel peer, direct peer, or adult interaction. One of the children with disabilities was a 16-month
male with Down syndrome, and he displayed both a decrease in solitary play behavior as well as
an increase in adult interaction. Although findings were mixed, this study does provide preliminary
evidence of the feasibility and benefit of incorporating modified ride-on cars into natural play
settings.
Huang et al. (2018) sought to examine the effects of hospital-based ride-on car training
combined with a social interaction program. Twenty-nine 1-3-year-old children with disabilities
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were assigned to either a treatment or control group. Both groups received a 9-week home
education program focusing on mobility and social skills training. The treatment group also
received 2-hour ride-on car training sessions twice per week for a total of 9 weeks. Findings
showed that mobility and social functions were significantly improved in both groups, but this
was not maintained through follow-up. However, the treatment group did display significantly
better improvement in social function, parenting stress levels, and goal achievement than the
control group at posttest.
Conclusions
The implementation of modified ride-on cars in physical therapy practice, for a variety of
populations, has increased over the past years. These studies support the use of modified ride-on
cars in multiple settings, including the home, the hospital, and in schools. The versatility of these
devices may in fact help maximize developmental and functional outcomes, as they can be used
in multiple environments, which encourages more advanced learning and usage, as well as
overall creative and adaptive thinking. While standardized functional tests like the PEDI are
beneficial for certain purposes, capturing behavioral measures through observations provides a
more detailed window into the complexities of change as a result of using modified ride-on cars.
For example, measuring driving categories is a proxy for learning and understanding cause and
effect, as does reaching for toys or other contact while driving. Transitioning from exploratory to
goal-directed driving shows progression in the use of the toy as a tool for desired outcomes.
While this observational data is highly valuable information, a large unanswered question of
modified ride-on car usage relates to dosage: does increased modified ride-on car usage lead to
increased driving performance? Does dosage also relate to more functional outcomes, such as
onset of motor milestones? In modified ride-on car studies to date, intervention length has ranged
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from nine weeks to nine months, and daily usage varies widely (see Table 7). At this point, it is
unclear as to what factors of modified ride-on car usage are associated with the best results. To
support and better the clinical applicability of modified ride-on cars, further, more detailed
research is needed on intensity and duration in association with relevant outcomes.
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Table 7. Study designs and outcomes of previous modified ride-on car studies (abbreviated as ROC in this table), including the
sample, length of intervention, outcome variables, and main findings, as well as total ride-on car use time (in minutes, if available) and
session averages (in minutes, if available).
Article
Sample
Length of
Total Use
Session
Outcome
Main Findings
intervention
Averages
Variables
Logan et al.
One 13-month
5-40 minutes per • Driving
The child
(2014)
old with Down
28 weeks
session (mean:
showed
mobility
syndrome
595 minutes
24
+/8.6 • Visual
increased
Goal: 20-30
over 25 days
minutes)
movement,
attention to
minutes per day
mobility, and
switch
socialization
• Reaches
following the
• Facial
ROC
expressions
interventions.
• PEDI
She learned to
• Activity log
independently
drive after 5
weeks.
Huang et al.
One 21-month
15 weeks
0-50 minutes per • Driving
Child was more
(2014)
old with
1150
minutes day (mean 19 +/mobile and
mobility
cerebral palsy
Goal: 20
over 39 days
0.13 minutes)
vocalized more
• Visual
minutes per day,
during
attention to
5 days per week
intervention. He
switch
learned to
• Stopping
independently
categories
drive after 3
• Reaches
weeks.
• Facial
expressions
• Vocalizations
• Spontaneous
family
interaction
• PEDI

60

60

Logan et al.
(2016)

Logan et al.
(2017)

3 children with
complex
medical needs
(6 months, 19
months, 5 years
10 months)

17-20 weeks
(shorted due to
health
complications)

Goal:
20-30
minutes per day

1 4.5-year-old
male with
physical
disability

N/A
Supplied with a
standing
modified ROC

N/A
No training/not
intervention

Not reported

•
•
•

Not reported

•

•

Huang & Chen
(2017)

20 (10 with
9 weeks
modified ride-on
car) 1-3-yearold children
with mild to
moderate motor

2 70-minute
sessions (car
exploration and
prompted
driving) per
week

Not reported

•

Activity log
Driving
mobility
Facial
expressions

Two of the three
children enjoyed
using the ROC.
They all learned
to independently
drive
(immediately to
6 weeks).
Child engaged
Assessment
of physical in less solitary
play and more
activity
parallel
play
(OSRAC-P)
while using the
Assessment
of
play modified ROC
(Howes’ Peer in the
gymnasium.
Play Scale)
Child engaged
in more peer
interaction and
less teacher
interaction when
using the
modified ROC
on the
playground.
Mobility and ROC group
showed
social
increased
domains of
mobility and
PEDI
social PEDI
(Chinese
scores following
Version)
intervention.

61

61
disabilities
(hospital-based)

Huang et al.
(2017)

Same sample as
above

Same as above

Same as above

Not reported

•

Parental
Stress (PSI)

•

Driving
mobility
Stopping
categories
Visual
attention to
switch
Facial
expressions
Social
contacts

•
•

•
•

Logan et al.
(2018)

Three young
children with
disabilities

24 weeks

•

A:
minutes

35 •
•

Driving
mobility
PEDI

Differences
between groups
was not
statistically
significant,
although more
of the children
in the treatment
group showed
clinical,
meaningful
changes in
mobility
function (4
versus 2) and
social function
(3 versus 1).
Independent
mobility, visual
attention to
switch, and
positive facial
expressions
increased over
the course of the
intervention. All
ten participants
were able to
drive
independently.
All children
learned to
independently

62

62
(under 3 years
old)

Goal:
20-30 •
minutes, 5 days
per week
•

•

Ross et al.
(2018)

5 children with
disabilities (1620 months old)

16 weeks (11
weeks with
modified ride-on
cars; 5 weeks
baseline)

A:
2210 •
minutes over
64 days
•
B:
1225
minutes over
46 days
C:
120
minutes over
6 days

All children used
the
modified
ride-on car for
the majority of
intervention
sessions
(56100%
of
sessions), for at
least half the
time of each
session
(30
minutes or more)

B:
minutes
C:
minutes

27 •
•
20
•

Not reported

•

Activity log
Visual
attention
Switch
contacts

Play
behaviors
(time spent in
solitary play,
parallel peer
play, direct
peer
play,
and
adult
interaction)

drive
(immediately to
5 weeks). The
two children
who drove more
demonstrated
clinically
significant
changes in the
PEDI mobility
scores.
Overall, children
did not
experience
significant
changes in play
behaviors, with
the exception of
certain
behaviors for
certain children.
Child B
increased in
direct peer
interactions.
Child C
decreased in
solitary play and
increased in
adult
interactions.
Child E
increased in

63

63

Huang et al.
(2018)

29 1-3 year olds
with motor
disabilities (15
in treatment
group)

9 weeks

60—75 minute •
modified ride-on
car
training
session twice per
week
for
treatment group

Not reported

•

•

•

•

Logan et al. (in
review)

4 infants with
Down syndrome

9 months

•

Goal: 8 minutes
per day

•

•

A:
1156 •
minutes
(seated)
B:
31 •
minutes
(seated)
C:
442 •
minutes
(seated);
2146

A:
14.8 •
minutes
•
(seated)
B:
10.3 •
minutes
(seated)
C:
18.5
minutes
(seated);
18.7 minutes
(standing)

parallel peer
play.
Mobility and
Chinese
version of the social functions
significantly
PEDI
improved in
Parenting
Stress Index both groups, but
this was not
Short Form
maintained
Goal
through followAttainment
up. Treatment
Scaling
group showed
Activity log
significantly
better
improvement in
social function,
parenting stress
levels, and goal
achievement at
posttest
compared to the
control group.
Adherence
Activity log
varied widely,
Driving
but three out of
mobility
four
infants
Facial
were
able to
expressions
drive
independently
the majority of
the time. Most
infants seemed
to enjoy using

64

64

•

minutes
•
(standing)
D:
359
minutes
(seated); 192
minutes
(standing)

D:
13.3
minutes
(seated);
16.0 minutes
(standing)

the car, as facial
expressions
were mostly
positive and fun
index was high.
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Use of the ICF Framework to Evaluate Interventions
The International Classification of Functioning, Disability and Health (ICF) is a
conceptual framework that allows researchers and clinicians to organize and document
information on functioning and disability, in addition to providing a common language and
terminology (World Health Organization, 2001). Within the ICF, functioning is defined as a
‘dynamic interaction between a person’s health condition, environmental factors, and personal
factors’. Importantly, the ICF emerges as a “bio-psycho-social synthesis” of functioning and
disability, incorporating not only the more prevalent medical model of disability, but the social
model as well – that is, the ICF recognizes not only the role of health conditions, but also the role
of environmental factors in the creation and experience of disability. In pursuit of this more
dynamic view of disability, the ICF evaluates body structure and function, activity, and
participation, and takes into account environmental and personal factors. By shifting the focus
from health condition to functioning, the ICF allows health conditions to be compared in terms
of their related functioning. Below are important definitions related to the ICF framework.
Functioning: umbrella term for body functions, body structures, activities and
participation. It denotes the positive aspects of the interaction between an individual
(with a health condition) and that individual’s contextual factors (environmental and
personal factors).
Disability: umbrella term for impairments, activity limitations and participation
restrictions. It denotes the negative aspects of the interaction between an individual (with
a health condition) and that individual’s contextual factors (environmental and personal
factors).
Body functions: the physiological functions of body systems (including psychological
functions).
Body structures: anatomical parts of the body such as organs, limbs and their
components.
Activity: the execution of a task or action by an individual.
Participation: involvement in a life situation.
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Figure 8. ICF diagram from Huang (2018, p.3)
The ICF model is consistent with principles of dynamic systems theory in that it emphasizes
the bidirectional and reciprocal relationships between a person and their environment. Therefore,
it presents itself as an excellent tool to evaluate and frame interventions so that we may focus on
more global outcomes and think beyond disability as impairment. In a call for early intervention
to focus on key perceptual-motor behaviors in an effort to improve current function and
participation as well as future development, Lobo et al. (2013) advocate for the combined use of
the concept of grounded cognition together with tools such as the ICF to guide interventions. The
authors state, “Therapists can best advance future development for their clients by setting goals
and designing interventions that allow clients frequent, daily opportunities to use their
perceptual-motor abilities to maximize their interactions with objects, people, and events.” (Lobo
et al., 2013, p. 101) Previous studies have found the ICF to be useful as a framework for defining
domains and describing disability in children with cognitive, motor, and complex disabilities as
young as three years old (Battaglia et al., 2004), and domains of the ICF have been previously
used to categorize outcomes in a systematic review of physical therapy interventions for children
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with cerebral palsy (Anttila, Autti-Rämö, Suoranta, Mäkelä, & Malmivaara, 2008). Furthermore,
professionals find it useful for documenting children’s body functions and activities, although it
is sometimes difficult to separate activity and participation (Björck-Åkesson et al., 2010).
Activity relates more so to discrete physical actions or tasks (e.g. walking), while participation
relates to performing social defined life tasks and roles (e.g. playing, conforming to family
roles); in reality, these are often difficult to separate. While this may necessitate caution in using
the ICF as a basis for decision-making, the ICF nonetheless serves as an excellent, dynamic
framework in regard to categorizing outcomes (Atkinson & Nixon-Cave, 2011).
Figures 1 and 2 (see Introduction) present two path models related to interventions
framed within the ICF. The premise of both path models is that intervention type (focus on body
structure/function, activity, and/or participation) acts on a child first through the family, and then
through the dose. Specific to this proposal, dose is directly related to family characteristics as the
intervention is home-based and parent-facilitated. Therefore, dosage is a reflection of the
opportunities to drive the modified ride-on car, as provided by the parents. The functional
practice of pulling-to-stand, bearing weight, maintaining balance, and remaining standing is
theorized to impact structure and function, which cascades to our outcome of walking onset
(activity). Ride-on cars also directly impact activity by serving as a powered mobility device and
providing a source of self-directed mobility. Once a level of proficiency has been achieved in
activating the ride-on car, it may also be used to more immediately impact participation, for
example, by playing tag with a sibling or chasing the family dog (see Figure 2 in Introduction).
In contrast, the more traditional intervention path model (see Figure 1 in Introduction) displays a
more linear approach between body structure and function, activity, and participation.
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Dose-Response in Pediatric Rehabilitation Interventions
In a research summit on dosing in children with cerebral palsy, an interdisciplinary team
of researchers, including physical therapists and basic and clinical scientists, asserted that dosing
is pivotal for treatment efficacy, and that once an intervention has demonstrated some evidence
of effectiveness, optimal dosing can and should be investigated (Kolobe et al., 2014). In line with
their definitions, the following are presented as operational definitions related to dosing:
Dose: frequency, intensity, time, and type of an intervention
Frequency: how often, such as the number of sessions for a given intervention per day,
week, or month
Time: duration of the intervention session
Type: refers to the kind of intervention and can be focused at any of the dimensions of
the International Classification of Functioning, Disability, and Health (ICF): body
functions and structures, activity, or participation.
Timing and dosing are both vital characteristics of early intervention for children with
disabilities in order to optimize plasticity and participation (Mary E. Gannotti, 2017). In order to
optimize plasticity, three elements have been proposed: (1) intensive task repetition, (2)
progressive challenges, and (3) use of motivators and rewards (Schertz & Gordon, 2009). Timing
may be especially important in that therapy and intervention might be most beneficial when it
coincides with the emergence of a new skill when opportunities to practice that skill are critical
(Van Sant, 2009). A study by LaForme Fiss et al. (2009) introduces a few interesting points
regarding intervention for young children with Down syndrome. LaForme et al. (2009) examined
whether participation in sensorimotor groups and individual intervention compared to just
individual intervention resulted in greater improvements in motor skill acquisition for children
with Down syndrome 13-29 months old. Results showed that children who participated in both
interventions demonstrated more improved motor skills. While this could point to the intensity of
therapy being crucial to outcomes, it could also highlight the importance of the type of
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intervention itself. For example, perhaps the combined treatment group did not improve motor
skills more as a result of the increased treatment intensity, but rather the social aspect of the
group intervention was paramount to improved outcomes.
Previous literature has suggested that therapy schedules should be individualized based
on the need and abilities of the families, therefore optimizing the capacity of parents to foster
practice, rather than focusing on the optimal level of intensity in isolation (Ustad, Sorsdahl, &
Ljunggren, 2009). Similarly, guidelines for determining frequency of therapy services in a
pediatric medical setting have suggested a multi-factor approach in which therapists and
clinicians are advised to evaluate the potential of the child to participate and benefit from the
therapy process (i.e. age, diagnosis, etc.), whether the timeframe represents a critical period for
skill acquisition, the amount of clinical decision making and problem solving needed from a
licensed therapist, and the level of support available to assist the child in attaining the goals of
treatment (Bailes, Reder, & Burch, 2008). Evaluating these factors can help clinicians and
therapists determine the best course of action regarding intensity of service delivery.
Despite the efforts of dose-response research, and the clear importance of establishing
minimum and optimal effective doses for outcomes, there is no universal guide for decisionmaking regarding intensity of service delivery. This is not necessarily surprising, as there are
many motor learning principles that impact a child’s ability to learn, including sensitive periods
and readiness, feedback given, and opportunities in meaningful and diverse environments
(Mastos, Miller, Eliasson, & Imms, 2007; Sullivan, Kantak, & Burtner, 2008). Currently, there is
no streamlined evidence in the literature as to the ideal prescription of early intervention
services. The available research is challenging to synthesize due to large variability in intensity
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protocols, type of intervention, and population. This highlights the importance of continuing to
investigate specific dose-response relationships in pediatric interventions.
Dosage in Treadmill Training and Ride-On Car Interventions
The optimal dose of an intervention would ideally produce sustainable changes at
multiple levels of the ICF framework – body structure and function, activity, and participation
(M. E. Gannotti, Christy, Heathcock, & Kolobe, 2014). As previously discussed, the treadmill
training interventions are essentially designed to impact activity (walking onset) through
improved body structure and function. Continuations of the original treadmill intervention that
investigated the effects of progressively more intense treadmill training showed that infants in
the higher intensity group increased their stepping more dramatically and attained motor
milestones at an earlier mean age, despite the lower intensity group having better compliance
(Ulrich et al., 2008).
An additional study conducted a one-year gait follow-up with 13 infants from each
intensity group to investigate how newly walking toddlers with Down syndrome, after
participating in these different treadmill interventions, adopt and apply strategies to navigate
obstacles in their path (Wu, Ulrich, Looper, Tiernan, & Angulo-Barroso, 2008). Results showed
that the infants from the high intensity group predominantly chose to walk over the obstacle at an
earlier age than the low intensity group. About 6 months after the training, infants from both
groups displayed similar anticipatory locomotor adjustments when approaching the obstacle by
decreasing velocity, cadence and step length, and increasing step width in the last three steps
prior to the obstacle, suggesting that the long-term impact on body structure and function was
similar for both intensity groups. Further studies found that infants from the higher intensity
group also showed more mature gait patterns and joint kinematics one year following the training
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(R. M. Angulo-Barroso et al., 2008; Wu, Looper, Ulrich, & Angulo-Barroso, 2010). Additional
studies examined differences in physical activity one year following the training (R. AnguloBarroso, Burghardt, Lloyd, & Ulrich, 2008). Infants in the high intensity group spent more time
in moderate to high activity, compared to infants in the lower intensity group, who spent more
time in low activity. Therefore, although participation was not initially targeted in the treadmill
intervention, it may possibly have a downstream effect on participation through increased
physical activity. Furthermore, Wu et al. (2007) compared the two intensity groups to the control
infants from the original study, and found that only infants in the high intensity group had an
earlier age of walking onset, with less time from the start of the intervention to walking onset,
compared to controls. These results highlight the importance of intensity and dose-response in
the evaluation of pediatric rehabilitation interventions.
Dosage has been less specifically examined in previous modified ride-on car studies (see
section V: Previous Modified Ride-on Car Intervention Outcomes for more details regarding
previous studies). However, natural variation in intervention delivery (as seen in Table 7) allows
us to make some preliminary hypotheses regarding dosage and outcomes. For example, Logan et
al. (2018) examined modified ride-on car use in three young children (less than three years old)
over the course of a 24-week intervention. Child A drove 2210 minutes over 64 days, Child B
drove 1225 minutes over 46 days, and Child C drove 120 minutes over 6 days. Despite the wide
variation in driving, all children did learn to independently drive. However, only Child A and
Child B, the two children who drove the most during the intervention, demonstrated clinically
significant changes in mobility. While this does suggest a dose-response relationship, more
research is clearly needed with larger samples and more concentrated sample populations.
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