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Preface

We started this special issue with the overarching premise from the United Nations Rights to

Children that “Every child with a disability should enjoy the best possible life in society. Governments

should remove all obstacles for children with disabilities to become independent and to participate

actively in the community.” The specific focus was on neuromotor disabilities and to seek a better

understanding of what it means for a child with a neuromotor disability to enjoy the best life possible

by maximizing independence and societal participation in order to maximize development.

Globally, the likelihood of a child having a disability before their fifth birthday is ten times

higher than dying. In the United States, alone there are more than 300,000 children with disabilities

which points to the need for effective evidence-based rehabilitation. While these numbers represent

all types of disabilities, this edition focused its efforts on children with neuromotor impairments.

Many different neurological etiologies can lead to motor impairments, Cerebral Palsy (CP) is by far

the leading cause with recent prevalence rates ranging between 1.5-3.4 per 1,000 live births, when

considering both high- and low-income countries. What constitutes the most effective type and

levels of rehabilitation services for children with neuromotor impairments is highly eclectic across the

world. In the United States (U.S.), on average children receive 2–4 Occupational and Physical Therapy

sessions per week that last between 30–60 min; still, 1 in 5 children have unmet therapy needs.

Many families report mixed experiences with rehabilitation processes, reporting that treatments and

therapies need to have more targeted and coordinated practical or real-world outcomes. This request

is magnified when you consider that clinical therapy services often fail to correlate with greater such

outcomes. The majority of traditional care-delivery rehabilitation systems across the globe provide

services for children with neuromotor impairments provide services based on models of care that

often lack scientific evidence. All that said, there are many clinicians, scientists, educators, parents,

and advocates seeking to change this dynamic. This edition was written in honor of those individual

and was designed to provide a platform for challenging existing narratives.

Increasingly, there is widespread recognition that maximizing function, abilities, and community

participation minimizes disabilities for children with neuromotor impairments inherently elevating

individual, family, and societal outcomes. The edition assembled more than 75 authors who represent

a multitude of perspectives including; rehabilitation scientists, clinicians, clinicians-scientists, medical

professionals, and people with lived experience. In total, we included 14 manuscripts. Three are

classified as perspectives; the first focuses on the concept of play and its importance to development

and therapy, and two additional perspectives manuscripts focused on the need to better define,

understand and propose how we might increase lifelong fitness in children with CP. The 11 remaining

manuscripts were considered original research, although the content and design types varied greatly

with one paper offering a therapeutic framework. Topics covered informational sources about

developmental milestones, upper extremity kinematics in typically developing children and how

they might inform rehabilitation, characteristics of bimanual activities, time of intensive therapy

approaches, ride-on toys as a therapeutic adjunct, measuring and obtaining educational goals

in children with multiple disabilities, measurement of cognitive abilities and its relationship to

fine-motor skills, the use of biopsychosocial assessments to improve operative care, how early

mobility improves multiple developmental domains, the limited understanding of NICU therapy

services, and a therapeutic framework to improve rehabilitation services. Specifically we found 3

topics of advancement toward functional independence to the best extent possible for children with

disabilities.
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1. Advancements in technology, assessments, and therapeutic approaches.

Innovation is an important component of research programs and is often a required section

of grant applications because it can lead to improved healthcare for children with neuromotor

disabilities. Articles in this special edition use innovative outcome measures, novel therapeutic

approaches, and evaluations of intervention efficacy.

2. Interconnectedness: Embodied Cognition is still relevant and poorly understood in children

with neuromotor disabilities

The link between cognition and motor skill development and how these domains change with

intervention has been reported in the literature for more than a century. We are still gaining new

knowledge about how to test cognition in a child who has poor motor skills and how motor-based

interventions change other developmental domains. Articles in this special issue suggest that there

is an interconnectedness of gross motor, fine motor, and cognition. Interventions and measurements

of these construct together are necessary because of this interconnectedness. The work in this area

suggest that it might be especially important in infancy to understand and promote maximized

development.

3. Specialized healthcare settings are just that: Specialized.

As the editors, we wish to thank our many colleagues who chose to answer our call for this

edition. The breadth and depth of information included is powerful. We believe it is representative

of a field that is truly dedicated to the children and families we serve; as well as, an excellent body of

work that represents the unique rewards and challenges associated with pediatric rehabilitation. As

editors we are partially funded by the National Pediatric Rehabilitation Resource Center, also known

as C-PROGRESS. The resource center is dedicated to helping scientists study pediatric rehabilitation.

C-PROGRESS stands for the Center for Pediatric Rehabilitation: Growing Research, Education, and

Sharing Science, the center’s primary objective is to “see progress” in the emerging field of pediatric

rehabilitation science. The Center is funded by the Eunice Kennedy Shriver National Institute of Child

Health and Human Development, the National Institute of Neurological Disorders and Stroke, and

the National Institute of Biomedical Imaging and Bioengineering. Like the mission of C-PROGRESS

we believe this edition will serve as a resource for pediatric rehabilitation scientists.

Finally, we would like to thank the children and families that all rehabilitationists serve.

Maximizing development for children concerns everyone, and provides an elevation for all lives.

The picture on the cover was the winner of the 2023 Life Shots award from the American Academy of

Cerebral Palsy and Developmental Medicine. The photo was titled “I win” and shows an exuberant

child with CP racing in a wheeled walker ahead of a roller-skater. As the picture suggests and

as this edition suggests “We all win” by maximizing the life course of children with neuromotor

impairments.

Stephanie C. DeLuca and Jill C. Heathcock

Editors
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Abstract: Play is an active process by which an individual is intrinsically motivated to explore the
self, the environment, and/or interactions with another person. For infants and toddlers, engaging in
play is essential to support development across multiple domains. Infants and toddlers with or at risk
of motor delays may demonstrate differences in play or challenges with engaging in play activities
compared to typically developing peers. Pediatric physical therapists often use play as a modality to
engage children in therapeutic assessment and interventions. Careful consideration of the design
and use of physical therapy that embeds play is needed. Following a 3-day consensus conference
and review of the literature, we propose physical therapy that embeds play should consider three
components; the child, the environment, and the family. First, engage the child by respecting the
child’s behavioral state and following the child’s lead during play, respect the child’s autonomous
play initiatives and engagements, use activities across developmental domains, and adapt to the
individual child’s needs. Second, structure the environment including the toy selection to support
using independent movements as a means to engage in play. Allow the child to initiate and sustain
play activities. Third, engage families in play by respecting individual family cultures related to play,
while also providing information on the value of play as a tool for learning. Partner with families
to design an individualized physical therapy routine that scaffolds or advances play using newly
emerging motor skills.

Keywords: play; physical therapy; infants; toddlers

1. Introduction

Children, defined here as those under the age of 3, rely on parents or caregivers to
provide a safe, dependable, and calm environment in which to live, grow, and learn. This
environment is impacted by the child’s ability to self-direct their movements, engage with
objects, and lead interaction with their caregivers. This often takes on the shape of play.
In this paper, we define play as an active process by which an individual is intrinsically
motivated to explore the self, the environment, and/or interactions with another person. It
is enjoyable with a natural flow individually or between participants. Play is valued for
its own sake; the means are more valuable than the ends. This definition was developed
during a 3-day consensus conference, organized and hosted by the Motor Development
Lab at the University of Southern California.

Behav. Sci. 2023, 13, 440. https://doi.org/10.3390/bs13060440 https://www.mdpi.com/journal/behavsci1
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Multiple organizations have highlighted the importance of play in the developmental
continuum. The United Nations Convention on the Rights of the Child recognizes the
right “to engage in play and recreational activities appropriate to the age of the child”
as a fundamental right for every child [1] (Article 31). Likewise UNICEF highlights the
importance of “playing to learn” as an important piece of early childhood education and
childcare [2]. The American Academy of Pediatrics (AAP) suggests pediatricians concerned
about a child’s development write the family a prescription to play with their child, as play
may be as powerful as any medication [3].

2. Importance of Play in Early Childhood

Play is essential to support the development of multiple developmental domains:
motor, language, cognition, social-emotional, and adaptive behavior [3–5]. Play allows
children to learn about themselves and their environment [3,5,6]. Early reciprocal caregiver
interactions such as eye contact, smiling, and mimicking sounds are some of the earliest
forms of play, laying a foundation for future socialization and language development [7]. As
the child ages, exploring the environment during play provides opportunities for children
to learn what their body can do and to practice skills that support the development of
new abilities [8,9]. For example, an infant may see an interesting toy out of reach, and
through repeated attempts to obtain the toy, develop new motor skills such as rolling or
crawling. As motor skills advance, new opportunities for exploration further facilitate
cognitive growth.

2.1. Play in Pediatric Physical Therapy

Pediatric physical therapists, who traditionally serve children and youth from birth
to 21 years of age, and early childhood service providers use play as a modality to assess
development and to engage children in intervention [5,10]. Physical therapists design play
involving activities representative of the child’s developmental stage and gradually adapt
the environment to introduce novelty and challenge [11]. Active play during therapeutic in-
tervention in the first 3 years of life is crucial to maximize participation and function, affect
positive neuroplasticity, and promote the development of a sense of self. The intentional
use of play increases motivation, a critical modulator of neuroplasticity and engagement in
physical therapy [12,13]. Recent research on interventions to support early development, in-
cluding Supporting Play Exploration and Early Developmental Intervention (SPEEDI) [13]
and Goal Activity Motor Enrichment (GAME) [14] studies, incorporate principles of play
as important components of the intervention, yet define play differently, highlighting the
importance and need for additional consideration of play. Additionally, when Håkstad and
colleagues [11] observed pediatric physical therapy (PT) sessions with a focus on play, they
noted that the therapists occasionally interrupted or prematurely redirected infant play
focusing instead on specific therapeutic goals or therapeutic handling. Similarly, in a study
comparing two PT intervention approaches, variations on the amount of “help” provided
to the child and how the toys were used clearly distinguished the approaches [15]. Because
of the importance of play, we encourage thoughtful reflection on the use of play in pediatric
PT to ensure the therapist is aware of and sensitive to the child’s cues and responses to
facilitate ongoing, interactive play.

2.2. Play of Infants and Toddlers with or at Risk of Motor Delays

There is a relative paucity of research on the play of children with or at risk of motor
delays to inform PT strategies and family coaching. This lack of research is concerning
since young children with motor delays require a supportive environment to fully engage
in play. This environment may include adaptive toys, adaptive equipment, and high levels
of parent and caregiver responsiveness and support [16,17]. Family coaching on ways to
support play is critical since parent and caregiver involvement in a child’s play can enhance
the complexity, duration, and frequency of more advanced play behaviors [18].

2
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Due to their underlying medical or developmental condition, children with motor
delays may demonstrate differences in play relative to their peers with typical development.
For example, infants with autism spectrum disorder demonstrate differences in exploratory
play, including atypical use of objects for sensory stimulation, more repetitive interactions
with objects, and prolonged visual inspection of objects from odd angles [19–21]. Toddlers
with autism spectrum disorder are also less likely to engage in symbolic play [22]. As
infants, children with Down syndrome demonstrate differences in exploratory play that
are associated with a lack of object mastery and decreased attention to objects [18], and
as toddlers they tend to repeat the same play schemes more often than their peers with
typical development [23]. For young children with cerebral palsy, higher playfulness has
been associated with higher gross motor function, more effective adaptive behavior, and
less impact of their health conditions on daily life [24]. An understanding of the impact of a
child’s condition on their play is an important consideration when designing intervention
programs and family coaching to meet therapeutic goals.

3. Embedding Play to Enrich and Individualize Physical Therapy

3.1. Engaging the Child
3.1.1. Respecting the Child’s Behavioral State and Cues

Engaging the child in PT that embeds play entails respecting the child’s behavioral
state and following the child’s lead by attending to the child’s vocalizations, prompts, and
other behavior cues. Infants engage in coordinated adult–child interactions from birth, and
by 3 months of age they already have expectations of mutuality with reciprocal receptions of
and reactions to cues during turn taking [25,26]. Adults can facilitate and increase a child’s
participation in interactions by creating structured, rhythmic turn taking sequences that
are well synchronized with the child’s responses [27,28]. Within this synchronization, it is
important that the adult provides pauses to allow the child to process information, respond
or make choices, or even take a break, if needed [28,29]. Salient, unambiguous prompts, and
allowing the child ample response time expands the child’s opportunities for exploration
and mutuality during interaction [25,30]. This is especially important when working with
children with motor delays or multiple disabilities since high frequencies of prompts can be
overwhelming [29,30]. These children may need increased time for information processing
due to deficits across steps of attention, recognition, recall, encoding, integration, and/or
motor planning [30–33].

Children with motor delays may also present with expressive impairments that limit
their ability to communicate during play and make it more challenging for the adult to
pick up on the child’s intentional acts and signs of engagement or distress [34]. Synchrony
in interaction requires the adult to learn about and understand the child’s less obvious
communicative signals (i.e., eye movements, breathing patterns, gestures, vocalizations,
and protesting behaviors), then support the child’s relaying of these messages and appro-
priately interpret whether these signals indicate child engagement, dis-engagement, or
distress during play [35].

Tactile stimulation and touch are integral within adult–child play interactions. For
children with motor delays, tactile stimuli both increase and disturb a child’s attention
during social play [36]. Given the individual variations in sensory processing among
children with motor delays, it is important to determine the appropriate amount and type
of tactile stimulation beneficial to the individual child, and to elucidate when such stimuli
become overwhelming, leading to dis-engagement or distress [36]. Provenzi et al. [36]
classified maternal touch into categories including: affective, playful, facilitating, and
holding. Among these, playful touch such as tickling, squeezing, moving, or flexing the
child’s body was associated with increased attentiveness during social play [36]. Such touch
might also increase a child’s attention during PT that embeds play. A study of therapeutic
touch in pediatric PT shows that flexible, subtle handling during play can awaken the
child’s curiosity and facilitate new motor explorations [37].

3
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3.1.2. Respecting the Child’s Autonomous Play Initiatives and Engagements

Children develop autonomous exploratory behavior as part of their ongoing spon-
taneous play which is guided by perceptual input, motor output, and the consequences
of actions that the child attends to [38]. Infants as young as 2 months of age demonstrate
exploratory play engagement by gazing at activities only when they result in interesting
consequences [38]. By 7 to 9 months of age, infants engage with more solitary object
exploration [8,25], and by 10 months, infants tend to be more responsive and engaged in
joint attention during free play compared to semi-structured play [39]. When adults pro-
vide directions during play, simple and structured directions best maintain the children’s
exploratory behavior, as opposed to unstructured or more complex directions [40]. In a
study of 3- to 14-month-old infants born preterm, Håkstad et al. [11] noted that to uphold
the child’s play engagement during therapy sessions, physical therapists need to engage in
mutual play and coordinate their actions with the child’s play intentions and goals. These
findings underscore the importance of allowing children to discover and direct play and to
decide the extent of time spent with a play activity, without intrusiveness from the adult
play partner.

3.1.3. Including Activities across Developmental Domains

PT that embeds play should include activities that facilitate development across
domains. Facilitation of perceptual-motor exploratory behavior, or motor-based problem-
solving, along with socioemotional support to help children self-regulate and manage
frustrations, is a priority [29]. Play interactions can provide a substrate for rich language
and social environments. As adults narrate play activities (e.g., naming objects, describing
actions, or counting objects), children learn about shared attention and turn taking, begin
to understand that objects have names and actions, and that their body’s actions interact
with the world to make things happen [29,41]. The use of motor skills such as sitting and
reaching, or self-initiated mobility during play, create developmental cascades in language,
social, visual-perceptual, and/or cognitive skills as the child engages with the environment
or others.

3.1.4. Supporting a Child’s Engagement in Play

Mirroring and supporting a child’s use of toys assists in engaging the child in play.
Mimicry, vocal cues, and pointing support attention maintenance, joint attention, and joint
interaction [29,42,43]. Mimicry allows the formation of a social connection and facilitates
future interactions. Eighteen-month-old children are more likely to invite an adult when
the adult has previously mimicked the child’s use of a toy [42]. Mimicry activates the mirror
neuron system as the child observes the adult play partner imitate the child’s actions. This
supports language, social, and emotional development, and observational learning [44].
Vocal cues also support sustained infant attention during play with objects [43] and joint
attention in toddlers [45]. Deak and colleagues [45] found that 15- and 21-month-olds
responded more to parental gaze-shifting with pointing or with directed language than
gaze-shifting alone, highlighting the importance of vocal cues and gesturing during play.
In early infancy prior to gaining locomotion, infants are reliant on adults to present toys
and objects for exploration; adults organize the infant’s interaction. These interactions are
often rhythmic, providing structure and facilitating the infant’s play with both the object
and the adult play partner [28].

Creating the “just right challenge” during play is essential for child engagement during
PT that embeds play. If an activity is too challenging, either from a motor or cognitive
perspective, the therapist risks losing the child’s interest. Conversely, an activity that is too
easy may not provide the therapeutic effects intended by the therapist [46]. The activity
should engage and motivate the child, and the child should be able to master the skill with
their “focused effort” [47]. Physical therapists can scaffold the “just right challenge” by
grading motor or cognitive aspects of the task to meet the child’s abilities and adapting
the activity to the appropriate level for the child [48,49]. The START-Play intervention
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incorporated the “just right challenge” to scaffold blended motor/cognitive skills, and to
engage families in brainstorming about how to increase the difficulty of activities through
small, achievable increments. These small increments support advances in motor and
cognitive skills. The position of the child during play is an important consideration
when creating a “just right challenge”. Increased motor demand may reduce opportunity
for social interaction and reduce the child’s cognitive capacity for motor-based problem
solving [50].

Attraction to novel stimuli is an adaptive behavior that intrinsically motivates a child
to explore their environment [51,52]. Infants demonstrate a desire to explore in the first
weeks of life [53] and a preference for novel stimuli, habituating to what is regular or
expected and paying particular attention to what is unusual [51,54,55]. Using novel stimuli
to elicit exploration requires ensuring an appropriate familiarization time with the previous
stimulus [56]. Rose and colleagues [56] found that infants demonstrate a preference for
familiar stimuli when a shortened familiarization period is given. Increased familiarization
time is required for younger infants due to slower processing speeds and when introducing
complex stimuli [51]. This concept is pertinent for therapists practicing PT that embeds
play. Inadvertently switching from one novel activity to another without appropriate
familiarization time for the child may lead to a child’s preference to return to a previous
task and disengage from the new task. This is especially key when working with children
who have known cognitive impairments, as they may require more time to explore and
process a new object or task due to decreased processing speed [51,54].

3.1.5. Adapting Play to Individual Child Differences

PT that embeds play requires clinicians to consider individual differences in play
based on the child’s cognitive and sensory-motor abilities. Physical therapists may need
to identify alternative stimuli to initiate play, incorporate adaptive toys, use external
supportive equipment, and systematically alter activities to find the “just right challenge”
for each child. Alternative stimuli may be necessary for children who have sensory deficits
such as visual impairments. For example, Hughes [57] encouraged clinicians to create
a “sensory-rich play environment” for children with visual impairments. This includes
incorporating sensory cues to guide exploration such as changes in the texture of flooring
to provide tactile input to a mobile infant with visual impairments. Clinicians also are
encouraged to consider the tactile and/or auditory properties of a toy rather than the
appearance alone when choosing toys. Allowing a child with sensory impairment to safely
explore their environment rather than deterring them is important to ensure continual
development of intrinsically motivated locomotion. Finally, beginning with one play
partner, perhaps a familiar adult, prior to increasing the number of play participants is
important to not overwhelm a child with sensory impairments [57]. A PT who embeds play
can support and facilitate play while allowing the parent or caregiver to be the play partner
for the child to avoid overwhelming the child and risking subsequent child disengagement
from the activity.

Using a strength-based approach is important to motivate the child and family to
participate in play. A clinician who engages in a strength-based approach focuses on the
child’s strengths and assets, rather than their deficits, and incorporates play activities
accordingly [58]. Not only does the strength-based focus allow clinicians to identify areas
to facilitate development, it also can increase parental well-being and positive interactions
between the parent and child. Steiner and colleagues [59] found that using a strength-based
approach with families of children with autism spectrum disorder improved parent affect
and parent–child interactions, with significant findings for increased physical affection and
positive affect as compared to those who received a deficit-based approach.
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3.2. Focus, Environment, and Toy Use
3.2.1. The Focus of Play

In PT that embeds play, the child’s movement is a means to engage in play, not the
primary focus of the child’s attention. When focusing primarily on movement patterns
or repetitions, physical therapists may inadvertently interrupt or limit a child’s play. This
inclination away from play and exploration towards movement repetitions becomes frus-
trating for children who are able to recognize that an adult is intentionally withholding
a toy [60]. In contrast, children learn better when adults recognize and respond to the
child’s communicative gestures and allow the child to be actively engaged in acquiring
information that is salient to them [61]. Allowing the child to select how to play within a
PT session may remove control from the physical therapist but provides autonomy to the
child, leading to decreased frustration and improved learning.

3.2.2. The Environmental Set-Up

A key role of the physical therapist is to set up the environment and materials in a
way that allows the child to initiate play and then to explain to parents and caregivers
about why and how we do this. Similarly to setting up the “just right challenge” for any
task, physical therapists must consider the “just right environment” [62]. It is important to
consider the physical and psychosocial environment to ensure the child has the opportunity
to explore and engage in complex interactions [53]. Additionally, the therapist or caregiver
can guide and enable the child’s play behavior within this environment [62]. One factor
that affects a child’s ability to interact with the environment is body position. A child in
prone plays differently than a child in sitting or in supine due to the constraints of the
position [53]. A child who has balance difficulties in standing may support themselves
with two hands and not engage with toys or may discover the possibility of leaning on the
support surface to free their arms to engage [63]. A physical therapist can assess how the
child’s position impacts their ability to play and interact with the environment to determine
if increased support is needed or if a different position is warranted.

The position of the therapist or caregiver and how much support they provide a child
also has an impact on the child’s ability to explore [63].. For example, children in supported
sitting, particularly those who are not well supported, do not touch or reach for objects
in their environment as much as independent sitters [64]. Modulating support to match
the child’s motor and cognitive needs is an important aspect of play within a PT context.
Additionally, face-to-face interactions are important so that the caregiver can read the
child’s behavioral and visual cues and vice versa [65]. In many supported play positions,
the caregiver is behind the child, leading to decreased joint attention to an object and to
each other’s cues, and to a decreased ability for the caregiver to facilitate and scaffold the
child’s play behavior [66]. The use of an external support may allow a caregiver to move to
a position that allows for eye contact and increased quality and scaffolding of play.

3.2.3. The Use of Toys

Play can occur with or without toys. Social games such as Peak-a-boo are play
opportunities that have a clear recurring structure that young infants recognize [67] and
enjoy as long as the established routine is followed [68]. Physical therapists can use social
games to establish a playful atmosphere even with very young infants. Play can also occur
as a child actively explores and interacts with toys and objects, discovering and exploring
movement possibilities, environmental opportunities, and their own autonomy [69–71].
Physical therapists can interrupt or limit a child’s play by using toys as bait to encourage
movement repetitions without allowing the child to fully explore the toy before it is moved
again. This not only removes autonomy from the child, but also leads to frustration and
missed opportunities to learn through exploration. Therapists may help extend the play
with the toy that the child is interested in and support movement when the child is ready to
transition to a new activity. As few as four to five toys [72] may be appropriate to support
movement as larger numbers of toys may create less focus and less creative play [72,73].
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3.3. Engaging Families in Play
3.3.1. Understanding a Family’s Play Culture

Play is deeply enculturated. Who plays, how they play, why they play and what they
play with is influenced by societal, geographical, sociodemographic, familial, and individual
belief systems and values [74]. Adult eye contact, expression of emotion, use of narratives,
and physical proximity or touch during play differs across cultures and across families,
parents, and children based on child temperament, gender, and/or birth order [75–77]. Play
in Western cultures largely is defined as a child-initiated, child-led learning activity focusing
on self-discovery, object exploration, and/or social interaction [70,75,78]. Families of higher
socioeconomic status link play to resources: safe, physical indoor and outdoor play spaces,
a wide variety of play materials, and caregivers who have the time for and understanding
of developmental play [79]. Families in low-income settings are less likely to have access to
these resources. Perceived gender or social roles, of both the parent and the child, interact
with the players’ individual temperaments and beliefs, shaping overt play behaviors [80].
The reasons, or why of play, and the materials used, or what is played with, are similarly
related to cultural factors [74,79]. Some families do not value play and view it as frivolous;
while others value it as an opportunity to scaffold learning and development [78,81,82]. Some
prioritize physical activity; others prioritize cognitive, social-emotional or fine motor skills
as predictors of success at school age [75,76]. What is played with can vary widely based
on custom, resources, or preference. Sicart [83] argues that anything (a toy, a household
item, another person) may become a ‘plaything’ or object of relational interaction. From such
perspective, it is not what is played with but how the child interacts with the ‘plaything’
that matters.

Finally, parents’ perceptions of child well-being or capabilities influence all the above
aspects of play. Children with multiple medical conditions or diagnosed with motor delays
are more likely to be perceived by their families as vulnerable [80]. Parents with this
perception are less likely to introduce play behaviors that involve risk and are less likely
to choose play items or motor activities that appropriately challenge their children [84,85].
They are also more likely to underestimate their child’s physical, developmental or play
abilities and to interrupt or control play activities [84,85]. If physical therapists fail to probe
for, acknowledge, or attend family play culture, they risk designing intervention or play
programs of little practical value.

3.3.2. Partnering with Families

Partnering is a multi-faceted, family-centered process that promotes family engagement
in intervention programs [86,87]. It implies ‘co-construction’ of the therapeutic relationship:
shared observation of child and family strengths/needs, shared development of therapy
goals and outcomes, and shared conceptualization of the role of intervention in the child’s
development [88,89]. It acknowledges that the primary agent for a child’s developmental
change is the parent–child relationship [86,90,91]. A parent’s contingent responsiveness, or
ability to read and respond to their child’s cues, is related to both secure relationships and
the degree to which very young children explore their environments [91–93]. Responsive
parents extend play and promote early learning through attentive but non-directive inter-
actions [93]. These carefully nuanced interactions enhance the child’s mastery motivation,
tolerance to frustration, and focused attention: all skills associated with stronger cognitive,
communication, and self-regulatory/adaptive developmental outcomes [92,93]. Partnering
between professionals and parents implies transparency, equality in decision making, and
absolute ‘presence’ [87].

Presence may be considered physical proximity. Anecdotally, therapists and parents
often comment that parental presence in the PT session is distracting to the young child.
However, motor learning suggests that behaviors observed during therapist–child interac-
tions are capacity-related and not true performance [94]. There is no guarantee of carry-over
into daily routines if parents are not actively involved. Additionally, children rely on famil-
iar caregivers to understand the context of any social interaction. When separated from
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their parents, they are not as likely to read the subtle shifts in gaze or to respond to the
tactile cues that familiar caregivers use to direct, attenuate, and shift attention [92,93,95]
needed for both social-emotional regulation and learning [93,96].

Presence may be considered attentional. In the therapeutic relationship, attentional
demands are complex, dynamic and triadic (parent-child-therapist) [88,91]. Parents’ and
therapists’ attention at any given moment is potentially fragmented by many things:
other responsibilities, worries about the immediate and distant future, and constant tech-
noference, defined as cell or smart-phone disruptions during social interactions [97]. In
the parent–child relationship, these interruptions can lead to increased child distress, dis-
rupted infant social-emotional regulation, lowered child inhibitory responses, and impaired
contingency-related learning of both language and social cues [97–99]. Simply put, atten-
tional disruptions interfere with the ability to recognize and respond to a child’s cues
during play or any therapeutic interaction.

Engaged parents extend the reach and dose of any intervention, including play by
embedding therapeutic activities into daily routines [89,90]. Parents who participate in
play-based intervention programs report gaining an understanding of quality play time,
spending more time with their child during play activities, and having a greater under-
standing of the developmental impact of play [100]. Multiple frameworks for engaging
families exist. King et al. [87,88] propose four key principles for family engagement:
(1) the personalizing principle, or ‘knowing the client’; (2) the individual variation princi-
ple, or knowing that clients differ in how they demonstrate engagement and what engages
them; (3) the relationship principle, or that engagement is cultivated through interper-
sonal relationships; and (4) the monitoring principle, or staying attuned to the child’s and
the parent’s level of engagement from moment-to-moment and from session-to-session.
Practical strategies for family engagement as described by Marvin et al. include open
communication, encouraging parent–child interaction during sessions, overtly linking play
behaviors to developmental or motor outcomes and modeling, suggesting and practicing
play behaviors in action and together. Therapists can invite parents to play, describe the
purpose and learning opportunities embedded in play, and affirm parents in their parent–
child play interactions. For children with motor impairments, this may include teaching
parents to ‘wait’, to allow their child opportunities for trial and error and to support their
child’s focused attention during play.

4. Conclusions

PT that embeds play has the potential to support acquisition of skills across the develop-
mental continuum. In this framework, therapists work to engage the child in play, to facilitate
optimal environmental set-up and toy selection, and to engage the family in play interactions
with their child. Consideration of these components ensures the therapist is supporting play
and development and is not disrupting or interfering with the play of children.

Currently, a gap exists in our understanding of PT that embeds play. Research suggests
there may be differences in how physical therapists interpret and implement play in the
design of PT sessions with children [11,15]. Additional information on if and how physical
therapists intentionally incorporate play within their assessment and intervention sessions
should be examined in greater depth. Educational guidelines for how physical therapists
should be prepared to incorporate and support the play of children with or at high risk
of motor delays are lacking, which may contribute to variation and a disconnect between
effective strategies and clinical practice trends.

Future research should explore perceptions of both clinicians and of parents related to
PT that embeds play. Greater understanding of therapist beliefs related to the importance
of play in facilitating developmental skills, their own playfulness during therapy, and
their comfort and skill in supporting the parent’s ability to play with their child is needed.
Additionally, the perceptions of parents related to play and how best to facilitate their
interactions with their children should be explored. Together, this information may inform
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additional guidelines or research to inform how best to support optimal play and overall
development of infants and toddlers with or at risk of motor delays.
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73. Koşkulu, S.; Küntay, A.C.; Liszkowski, U.; Uzundag, B.A. Number and type of toys affect joint attention of mothers and infants.

Infant Behav. Dev. 2021, 64, 101589. [CrossRef]
74. Gosso, Y.; Carvalho, A. Play and cultural context. Encycl. Early Child. Dev. 2013, 1, 1–7.
75. Holden, E.; Buryn-Weitzel, J.C.; Atim, S.; Biroch, H.; Donnellan, E.; Graham, K.E.; Hoffman, M.; Jurua, M.; Knapper, C.V.; Lahiff,

N.J.; et al. Maternal attitudes and behaviours differentially shape infant early life experience: A cross cultural study. PLoS ONE
2022, 17, e0278378. [CrossRef]

76. Rochanavibhata, S.; Marian, V. Culture at Play: A Cross-Cultural Comparison of Mother-Child Communication during Toy Play.
Lang. Learn. Dev. 2022, 18, 294–309. [CrossRef]

77. Moon-Seo, S.K.; Munsell, S.E.; Kim, N. Mothers’ and Fathers’ Perceptions of Children’s Play. Early Child. Educ. J. 2023, 51, 1–13.
[CrossRef]

11



Behav. Sci. 2023, 13, 440

78. Schmidt, W.J.; Keller, H.; Coto, M.R. The cultural specificity of parent-infant interaction: Perspectives of urban middle-class and
rural indigenous families in Costa Rica. Infant Behav. Dev. 2023, 70, 101796. [CrossRef] [PubMed]

79. Prioreschi, A.; Wrottesley, S.V.; Slemming, W.; Cohen, E.; Norris, S.A. A qualitative study reporting maternal perceptions of the
importance of play for healthy growth and development in the first two years of life. BMC Pediatr. 2020, 20, 428. [CrossRef]

80. Stillianesis, S.; Spencer, G.; Villeneuve, M.; Sterman, J.; Bundy, A.; Wyver, S.; Tranter, P.; Naughton, G.; Ragen, J.; Beetham, K.S.
Parents’ perspectives on managing risk in play for children with developmental disabilities. Disabil. Soc. 2022, 37, 1272–1292.
[CrossRef]

81. Keller, H.; Lohaus, A.; Kuensemueller, P.; Abels, M.; Yovsi, R.; Voelker, S.; Jensen, H.; Papaligoura, Z.; Rosabal-Coto, M.; Kulks, D.;
et al. The Bio-Culture of Parenting: Evidence From Five Cultural Communities. Parenting 2004, 4, 25–50. [CrossRef]

82. Metaferia, B.K.; Futo, J.; Takacs, Z.K. Parents’ Views on Play and the Goal of Early Childhood Education in Relation to Children’s
Home Activity and Executive Functions: A Cross-Cultural Investigation. Front. Psychol. 2021, 12, 646074. [CrossRef] [PubMed]

83. Sicart, M. Playthings. Games Cult. 2022, 17, 140–155. [CrossRef]
84. Stern, M.; Karraker, K.H.; Sopko, A.M.; Norman, S. The prematurity stereotype revisited: Impact on mothers’ interactions with

premature and full-term infants. Infant Ment. Health J. 2000, 21, 495–509. [CrossRef]
85. Tallandini, M.A.; Morsan, V.; Gronchi, G.; Macagno, F. Systematic and Meta-Analytic Review: Triggering Agents of Parental

Perception of Child’s Vulnerability in Instances of Preterm Birth. J. Pediatr. Psychol. 2015, 40, 545–553. [CrossRef]
86. Pellecchia, M.; Beidas, R.S.; Mandell, D.S.; Cannuscio, C.C.; Dunst, C.J.; Stahmer, A.C. Parent empowerment and coaching in

early intervention: Study protocol for a feasibility study. Pilot Feasibility Stud. 2020, 6, 22. [CrossRef]
87. King, G.; Chiarello, L.A.; Ideishi, R.; D’Arrigo, R.; Smart, E.; Ziviani, J.; Pinto, M. The Nature, Value, and Experience of

Engagement in Pediatric Rehabilitation: Perspectives of Youth, Caregivers, and Service Providers. Dev. Neurorehabilit. 2020, 23,
18–30. [CrossRef]

88. King, G.; Chiarello, L.A.; McLarnon, M.J.W.; Ziviani, J.; Pinto, M.; Wright, F.V.; Phoenix, M. A measure of parent engagement:
Plan appropriateness, partnering, and positive outcome expectancy in pediatric rehabilitation sessions. Disabil. Rehabil. 2022, 44,
3459–3468. [CrossRef]

89. Sheridan, S.; Marvin, C.; Knoche, L.; Edwards, C. Getting ready: Promoting school readiness through a relationship-based
partnership model. Early Child. Serv. Interdiscip. J. Eff. 2008, 2, 149–172.

90. Nix, R.L.; Bierman, K.L.; Motamedi, M.; Heinrichs, B.S.; Gill, S. Parent engagement in a Head Start home visiting program
predicts sustained growth in children’s school readiness. Early Child. Res. Q. 2018, 45, 106–114. [CrossRef]

91. Knoche, L.L.; Edwards, C.P.; Sheridan, S.M.; Kupzyk, K.A.; Marvin, C.A.; Cline, K.D.; Clarke, B.L. Getting Ready: Results of a
Randomized Trial of a Relationship-Focused Intervention on the Parent-Infant Relationship in Rural Early Head Start. Infant
Ment. Health J. 2012, 33, 669. [CrossRef] [PubMed]

92. Tomalski, P.; Pérez, D.L.; Radkowska, A.; Malinowska-Korczak, A. Dyadic interactions during infant learning: Exploring
infant-parent exchanges in experimental eye-tracking studies. Infant Behav. Dev. 2022, 69, 101780. [CrossRef] [PubMed]

93. Schroer, S.E.; Yu, C. The real-time effects of parent speech on infants’ multimodal attention and dyadic coordination. Infancy 2022,
27, 1154–1178. [CrossRef] [PubMed]

94. Holsbeeke, L.; Ketelaar, M.; Schoemaker, M.M.; Gorter, J.W. Capacity, Capability, and Performance: Different Constructs or Three
of a Kind? Arch. Phys. Med. Rehabil. 2009, 90, 849–855. [CrossRef] [PubMed]

95. Suarez-Rivera, C.; Schatz, J.L.; Herzberg, O.; Tamis-LeMonda, C.S. Joint engagement in the home environment is frequent,
multimodal, timely, and structured. Infancy 2022, 27, 232–254. [CrossRef] [PubMed]

96. Custode, S.A.; Tamis-LeMonda, C. Cracking the code: Social and contextual cues to language input in the home environment.
Infancy 2020, 25, 809–826. [CrossRef]

97. Carson, V.; Kuzik, N. The association between parent–child technology interference and cognitive and social–emotional develop-
ment in preschool-aged children. Child. Care Health Dev. 2021, 47, 477–483. [CrossRef]

98. Morris, A.J.; Filippetti, M.L.; Rigato, S. The impact of parents’ smartphone use on language development in young children. Child
Dev. Perspect. 2022, 16, 103–109. [CrossRef]

99. Myruski, S.; Gulyayeva, O.; Birk, S.; Pérez-Edgar, K.; Buss, K.A.; Dennis-Tiwary, T.A. Digital disruption? Maternal mobile device
use is related to infant social-emotional functioning. Dev. Sci. 2018, 21, e12610. [CrossRef]

100. Duch, H.; Marti, M.; Wu, W.; Snow, R.; Garcia, V. CARING: The Impact of a Parent–Child, Play-Based Intervention to Promote
Latino Head Start Children’s Social–Emotional Development. J. Prim. Prev. 2019, 40, 171–188. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

12



Citation: Moreau, N.G.; Friel, K.M.;

Fuchs, R.K.; Dayanidhi, S.;

Sukal-Moulton, T.; Grant-Beuttler, M.;

Peterson, M.D.; Stevenson, R.D.; Duff,

S.V. Lifelong Fitness in Ambulatory

Children and Adolescents with

Cerebral Palsy I: Key Ingredients for

Bone and Muscle Health. Behav. Sci.

2023, 13, 539. https://doi.org/

10.3390/bs13070539

Academic Editors: Stephanie

C. DeLuca and Jill C. Heathcock

Received: 11 April 2023

Revised: 10 June 2023

Accepted: 14 June 2023

Published: 28 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

behavioral 
sciences

Perspective

Lifelong Fitness in Ambulatory Children and Adolescents with
Cerebral Palsy I: Key Ingredients for Bone and Muscle Health

Noelle G. Moreau 1,*, Kathleen M. Friel 2, Robyn K. Fuchs 3, Sudarshan Dayanidhi 4, Theresa Sukal-Moulton 5,

Marybeth Grant-Beuttler 6, Mark D. Peterson 7, Richard D. Stevenson 8 and Susan V. Duff 9

1 Department of Physical Therapy, School of Allied Health Professions, Louisiana State University Health
Sciences Center, New Orleans, LA 70112, USA

2 Burke Neurological Institute, Weill Cornell Medicine, White Plains, NY 10605, USA; kaf3001@med.cornell.edu
3 Division of Biomedical Science, College of Osteopathic Medicine, Marian University,

Indianapolis, IN 46222, USA; rfuchs@marian.edu
4 Shirley Ryan Ability Lab, Chicago, IL 60611, USA; sdayanidhi@sralab.org
5 Department of Physical Therapy & Human Movement Sciences, Northwestern University,

Chicago, IL 60611, USA; theresa-moulton@northwestern.edu
6 Department of Physical Therapy, Oregon Institute of Technology, Klamath Falls, OR 97601, USA;

marybeth.grantbeuttler@oit.edu
7 Department of Physical Medicine and Rehabilitation, Michigan Medicine, University of Michigan,

Ann Arbor, MI 48109, USA; mdpeterz@med.umich.edu
8 Division of Neurodevelopmental and Behavioral Pediatrics, Department of Pediatrics, School of Medicine,

University of Virginia, Charlottesville, VA 22903, USA; rds8z@uvahealth.org
9 Department of Physical Therapy, Crean College of Health and Behavioral Sciences, Chapman University,

Irvine, CA 92618, USA; duff@chapman.edu
* Correspondence: nmorea@lsuhsc.edu

Abstract: Physical activity of a sufficient amount and intensity is essential to health and the prevention
of a sedentary lifestyle in all children as they transition into adolescence and adulthood. While
fostering a fit lifestyle in all children can be challenging, it may be even more so for those with
cerebral palsy (CP). Evidence suggests that bone and muscle health can improve with targeted
exercise programs for children with CP. Yet, it is not clear how musculoskeletal improvements
are sustained into adulthood. In this perspective, we introduce key ingredients and guidelines to
promote bone and muscle health in ambulatory children with CP (GMFCS I–III), which could lay
the foundation for sustained fitness and musculoskeletal health as they transition from childhood
to adolescence and adulthood. First, one must consider crucial characteristics of the skeletal and
muscular systems as well as key factors to augment bone and muscle integrity. Second, to build a
better foundation, we must consider critical time periods and essential ingredients for programming.
Finally, to foster the sustainability of a fit lifestyle, we must encourage commitment and self-initiated
action while ensuring the attainment of skill acquisition and function. Thus, the overall objective of
this perspective paper is to guide exercise programming and community implementation to truly
alter lifelong fitness in persons with CP.

Keywords: muscle strength; muscle power; resistance training; bone health; lifelong fitness

1. Current Physical Activity Guidelines for Children and Adolescents

The World Health Organization (WHO) [1] and the American College of Sports
Medicine (ACSM) [2] recommend that children and adolescents achieve a minimum of
60 min of physical activity per day at a moderate to vigorous intensity to maintain health.
Both groups recommend involvement in vigorous-intense aerobic activities three times
per week to support the integrity of the developing musculoskeletal and cardiopulmonary
systems. Despite these published guidelines and benefits, many children and adolescents
who are typically developing (TD) fall below recommended levels [3], and those with
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neurodevelopmental conditions such as cerebral palsy (CP) are at even greater risk for
achieving insufficient physical activity [4,5]. We believe that these data, demonstrating
deficient physical activity, should serve as a call to action for fostering lifelong fitness in all
children, particularly adolescents at risk for the secondary effects of a sedentary lifestyle,
such as those with CP.

Physical activity is linked to quality of life and happiness [6,7]; thus, strategies to en-
hance adherence to programming should be holistic in nature and salient to the individual
performer [8]. Empowering children and adolescents to be self-directed in their choice of
activities is a powerful link to sustaining change and preventing a sedentary lifestyle. Long-
term adherence to physical activity can also strengthen the musculoskeletal (MSK) system
and sustain the shorter-term gains in MSK health seen during focused fitness programs.
The positive impact of interventions targeting bone and muscle health demonstrated in
children with CP further amplifies the need for opportunities to participate in activities
that benefit these body systems. The purpose of this perspective paper is to identify key
ingredients for interventions targeting the MSK system and provide guidelines for promot-
ing bone and muscle health that are essential to programming for achieving the goal of
lifelong fitness for persons with CP across the Gross Motor Function Classification Scale
(GMFCS), particularly those who are ambulatory (GMFCS levels I–III). Further, embedding
a framework of lifestyle intervention into programming could help empower children to
be self-directed, fostering motivation and habit formation essential to sustaining change in
the MSK system and preventing a sedentary lifestyle as they move into adolescence and
adulthood [9].

2. Musculoskeletal (MSK) System

Adults living with CP and other pediatric-onset disabilities that target the MSK system
have a significantly higher prevalence of common psychological, cardiometabolic, and
musculoskeletal morbidity and multimorbidity as compared to adults without CP [10–12].
Changes in the muscular system contribute to the onset of sedentary behavior, which
is pervasive in children and adolescents with CP—even those at higher levels on the
GMFCS [4,13,14]. Therefore, it is important to consider the characteristics of the MSK
system and related functions in persons with CP during the design of programs to augment
the integrity of this system and improve function in this group at risk.

The health of the MSK system is influenced by insufficient physical activity, especially
during the transition from adolescence to adulthood. The risk of progressive, age-and
activity-related declines in MSK health is even greater for persons with CP [15–17]. Changes
in bone and muscle integrity and associated function are well documented in those with
CP, particularly during development and into adulthood [18–24]. A reduction in muscle
growth has been found as early as 15 months of age [25]. As children move into adolescence
and adulthood, suboptimal nutritional and mechanical factors can negatively influence the
integrity of the MSK system, thereby reducing tolerance to physical activity [24,26].

2.1. Skeletal System

Bone mass, cross-sectional bone size, and bone strength increase rapidly in childhood
and peak in adolescence for TD persons, as shown in Figure 1. Individuals that attain
optimal peak bone mass have a reduced risk of developing osteoporosis and sustaining
a low-trauma fracture [27]. The development and maintenance of bone mass require
adequate mechanical loading to stimulate structural and mineral adaptations. Engaging in
moderate- to high-level physical activity during childhood and adolescence contributes to
optimizing peak bone mass and the ability to sustain it into adulthood [28,29].
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Figure 1. Bone mass across the lifespan with optimal and suboptimal lifestyle choices. Reproduced
with permission from Weaver et al. [30].

Gunter and colleagues [31] stress that activities that have the greatest effect on devel-
oping bone mass are those with a high magnitude of force applied at a rapid rate. Figure 2
depicts the ground reaction force (GRF) in units of bodyweight and the time to peak force
for low- and high-impact activities performed by a representative 10-year-old girl. The
authors report that activities with the most osteogenic potential have GRFs greater than
3.5 times body weight (per leg), with peak force occurring in less than 0.1 s. Jumping
activities from a 100 cm box had GRFs of 8.5 times body weight and were found to improve
hip bone mass in children [32,33].

 
Figure 2. Ground reaction forces and rates of loading for (1) drop landings from a 61-cm box with a
peak force of 4.5 BW/leg (red); (2) running at a speed of 3.3 m/s resulting in a peak force of 3 BW/leg
(blue); (3) w at a speed of 1.4 m/s resulting in a peak force of 1 BW/leg (green); and (4) quiet standing
resulting in a static load of 0.5 BW/leg (gray). This illustration of unpublished data by Jeremy J. Bauer
was adapted and used with his permission [34].

Inactivity in childhood has been linked to an increased incidence of osteoporosis and
osteoarthritis later in life [31,35,36]. The National Osteoporosis Foundation advocates
for high physical activity and the intake of calcium (~1000–1300 mg/d) and vitamin D
(600 IU/d) in childhood and adolescence to enhance bone health [30,37]. A decrease
in activity and mobility in persons with CP reduces mechanical loading vital for bone
integrity [24,38]. Yet, it is important to consider whether children and adolescents with
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CP who have alterations in skeletal alignment and strength can tolerate sufficient impact
loading on an ongoing basis to improve and sustain bone health. It is also unknown whether
a lower-impact activity could provide adequate osteogenic potential to augment bone
integrity in persons with CP. Therefore, it is important to consider individualized exercise
prescriptions that safely expand impact loading through physical activity in persons with
CP across the GMFCS levels I–III. Further, prescriptions that safely target all GMFCS levels
to increase bone mass and sustain bone health into adulthood must be investigated.

Adolescents who are TD accumulate 25% of their adult bone mass during the two years
after peak height velocity, occurring from about 11.8 to 13.4 years of age [36]. Bone minerals
accrue in those with CP during adolescence and young adulthood but remain significantly
below those of the general population [39]. Deficiencies in bone mineral accrual are
multifactorial and include inadequate nutrition and suboptimal physical activity [40]. By
the time those with CP enter adulthood, their mean bone density may be greater than
2 standard deviations below the mean for age and sex, depending on GMFCS levels [41].
The impact on bone mass is also dependent on the severity of CP, with children that have
limited mechanical loading having lower bone health compared to TD children and those
with a lower GMFCS level [39,42,43]. Moderate to severe impairment in persons with CP,
along with inactivity [5], contribute to the higher prevalence of fractures [36,44,45]. To have
a positive influence on long-term bone health requires the targeted intervention at critical
time points during development, with optimal gains in bone mass and size prior to late
childhood and early adolescence to take advantage of the accrual associated with pubertal
growth [46].

Skeletal maturation and integrity vary within and across GMFCS levels. Hender-
son et al. [47] found that in children and adolescents 2.6 to 21 years of age with moderate to
severe CP, skeletal age closely approximated chronological age. However, deficiencies in
skeletal maturation were found to be associated with delays in height, low lumbar bone
density, and poor nutrition status. Clinically, these could be used as markers to evaluate
the risk of low bone mass in children with CP across all GMFCS levels. Chen et al. [48]
examined skeletal integrity in children with CP with a range in severity and found lower
limb bone density to be correlated with increasing GMFCS level. Vertebral fracture risk
is increased in children with GMFCS levels IV/V, with those children at GMFCS levels
I–III having a similar incidence of fracture as TD children [49,50]. Paying close attention
to the integrity of the skeletal system before and during intense physical activity and
impact loading is vital to preventing injury during any training program, regardless of
GMFCS level.

2.2. Muscular System

The properties of healthy muscle, including architecture, elasticity, connective tissue,
and sarcomeres, typically adapt to functional demands and use [51]. As children grow, mus-
cle strength and motor skills progressively increase [52]. Sufficient muscle development,
strength, power, and adaptability are essential before engaging in demanding physical activ-
ities and specific motor skills (e.g., sports). Thus, those who lack sufficient strength and skill
may be less competent and confident in their performance abilities, leading to less frequent
engagement in physical activity. To ensure safety, muscle integrity must be considered
before attempting to augment muscle function with demanding physical activity.

Atypical muscle growth contributes to altered physiology and MSK integrity [18,25,53–55].
Muscle volume and passive mechanical properties of those with CP have been reported to
differ from those who are TD as early as 1–3 years of age [25,54]. Multiple factors contribute
to variable growth, passive stiffness, and the onset of muscle contracture. At a cellular
level, muscle myofiber areas in persons with CP do not appear to develop at the same
rate as in those who are TD (Figure 3) [53]. Muscle sarcomeres typically increase in series
in response to chronic stretching, including during postnatal development [56–58]. Yet,
muscle contractures in persons with CP demonstrate overstretched muscles and fewer
serial sarcomeres [59,60], suggesting an inability to add sarcomeres during growth. In CP,
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muscle contractures and a reduction in muscle stem cells (satellite cells) with abnormalities
in their function are reported, along with an increase in the extracellular matrix [53,61–64].
Importantly, this might not be true for all muscles or at younger ages [65]. The muscle
substrate of those with CP has also been found to have a reduction in mitochondrial function
and content, which is important for energy production [66,67]. Interestingly, the onset of
fat infiltration can alter the ability of affected muscles to generate adequate force [68–70].
These multiple alterations in muscle for those with CP are important to consider during
training since sufficient loading is essential for muscle plasticity and muscle performance.

Figure 3. Change in mean myofiber area for age in TD children (squares, n = 67) and those with CP
(circles, n = 58). Data were extracted based on published cross-sectional studies.

At the macroscopic level, measures of muscle size, such as muscle volume, cross-
sectional area, and muscle thickness, are significantly decreased in children and adolescents
with CP as compared to TD peers [18,19,23,71,72]. Muscle size is a strong predictor of force
output, but force-generating capacity is also negatively impacted by changes in both passive
and active mechanical properties that were discussed previously. Moreover, diminished
muscle size is a significant contributor to decreased muscular strength and is strongly
influenced by mobility levels as measured by the GMFCS [73]. While deficits in voluntary
activation are present in CP and do play a role, these deficits appear to be more pronounced
in the plantarflexors as compared to the quadriceps [74].

During typical development, muscle strength increases until it peaks between 20 and
30 years of age, then slowly declines. In persons with CP, muscle strength and power
increase at a lower rate, peak at an earlier age, and are hypothesized to contribute to a
faster decline with age than those without CP [75] (Figure 4). This loss of strength and
muscular reserve is believed to result in early and rapid age-related decreases in function.
This time period also corresponds to a period of ambulatory decline as individuals with CP
transition into adolescence and adulthood [76–79].

In addition to muscular strength, Moreau [80] stresses the importance of muscle power
for the performance of functional activities. Muscle power and a sufficient rate of force
development (RFD) are essential for motor transitions during gait, stairclimbing, and other
functional tasks such as transfers and are also important for reducing fall risk. Moreau
reported that muscle power is more significantly impaired than strength in persons with
CP compared to those who are TD [81,82]. In addition, while knee extensor muscle power
increases linearly with age in persons who are TD, the rate of increase is lower for those with
CP as they move from childhood to young adulthood [83] (Figure 5). Investigations into
the neuromuscular adaptations that occur in response to specific activity and exercise have
been examined in CP [81,83,84], yet further work is needed across the GMFCS spectrum.
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Figure 4. Age-related changes in muscle strength for TD individuals (red line) and those with CP
(blue line). Circles signify peak muscle strength for TD (red) and CP (blue). The dashed blue line
denotes a proposed altered trajectory of age-related decline with targeted intervention during the
pre-adolescent critical period, including lifelong changes in fitness, health, and function.

 
Figure 5. Relationship between knee extensor power and age in a TD (blue circles) cohort (n = 42;
ages 7–29 y) and in a cohort with CP (red circles) (n = 66; ages 5–25 y). Data compiled from un-
published and published cross-sectional data. Reproduced with permission from Moreau and
Lieber, 2022.

In a recent review article, Faigenbaum et al. [85] remarks on the decline in muscular
fitness in 7-year-old TD children and adolescents. This decline and the incidence of sub-
optimal physical activity levels place children and adolescents at risk for injury and adverse
health conditions. Faigenbaum et al. [85] advocate for early resistance training and postulate
that strength gains after training are often related to neural and muscular adaptations.
Given the high degree of neuroplasticity in pre-adolescence, the development of muscular
strength, power, and motor skill performance should be emphasized in childhood in
preparation for projected gains in adolescence [86,87]. In addition to the neuromuscular and
musculoskeletal benefits of resistance training, there is longstanding literature documenting
the robust association between strength and cardiometabolic health among children and
adolescents [88,89].

3. Building a Better Foundation for MSK Health in Children with CP

Despite the risk of progressive declines in fitness, health, and function in persons with
CP, the optimal age and key program ingredients essential to ensuring a long-lasting level
of fitness, health, and function are largely unknown. However, current and related data can
be leveraged to begin program design and monitoring. Creating a strong physical health
foundation that supports optimal MSK development should include critical considerations,
as reviewed below.
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3.1. Critical Time Periods

Given the number of factors contributing to atypical MSK growth and development
in persons with CP [47], it is vital to intervene early enough and at an adequate intensity
and dose to have a long-lasting effect on muscle and bone integrity. Targeted intervention
at critical time points during development is needed, particularly in childhood and early
adolescence, to optimize peak bone mineral accrual associated with pubertal growth.
Ideally, this would occur prior to peak height velocity in order to significantly influence
muscle and bone health [36,39], allowing for successful participation in fitness and leisure
activities of interest. This is also the optimal period for building a strong muscular reserve,
as muscular strength peaks in early adulthood before slowly declining. In children with
CP, the rate of increase in muscular strength during growth is less than TD, thus reaching
peak strength earlier and potentially contributing to an earlier decline in muscular strength
and function over the lifespan (Figure 4). Therefore, intervening during childhood and pre-
adolescence is necessary to potentially restore the natural history of strength optimization
early in life and attenuate the decline that occurs in adulthood. In Figure 4, we propose
an altered trajectory of age-related decline secondary to targeted interventions delivered
during the pre-adolescent critical period.

3.2. Key Ingredients

Programs that aim to improve and sustain MSK integrity require specific physical
activities to target key components of morphology and functional capacity. Recommended
guidelines for exercise and physical activity in persons with CP have been proposed [45,80].
In addition, we suggest that programs include activities aimed at improving bone and mus-
cle integrity as well as cardiorespiratory reserve tailored to GMFCS level with consideration
of tolerance as well as level of interest.

3.2.1. Targeted Musculoskeletal Intervention

• Augmenting Bone Health. Sufficient physical activity that provides muscular stimulus
and impact forces that target osteogenesis could prevent osteoporosis and reduce the
risk of fracture. Yet, to ensure that the skeletal system of a person with CP can tolerate
force-related and impact loading activities, pre-testing of bone density is required.
Bone mineral content (BMC; g) and areal bone mineral density (BMD); g/cm2) are two
clinical measures of bone health that can be assessed with dual X-ray absorptiometry
(DXA). Knowing the patient’s bone health will ensure that precautions are taken to
ensure a child at risk can begin to safely engage in physical activity. For children with
low bone mass based on calculated Z-scores, it is still safe to exercise. For example, a
child with a higher GMFCS level may have low bone mass, but if placed in a harness
or assisted with the exercises, the individual can still benefit from the exercise while
minimizing fall risk. Ultimately, fractures are primarily caused by an impact force from
a fall or landing that exceeds the failure properties of the bone tissue [90]. Given the
limited data in children on the risk of fracture during exercise and what the skeleton
can tolerate, we can glean some insight from exercise interventions in osteoporotic
women who are performing high-intensity exercise. In these studies, women with
osteoporosis were able to handle high impact loads and did not fracture [91].

Based on published and unpublished data [32,34] by Bauer et al. and Gunter et al. [31],
GRFs per body weight (BW) for activities performed by a TD child are about 1.0 times
BW for walking, 2.9 times BW for running, and 4.6 times BW for drop landing (see
Figure 2). The GRFs per BW for activities performed by a child with CP are less widely
known and may be strongly influenced by select impairments such as ligamentous
laxity, joint deformity, body malalignment, inadequate passive and active range-of-
motion, and insufficient eccentric muscular control. Quick, high-load tasks that a child
with CP at GMFCS levels I–III may tolerate could include jumping rope, hopscotch,
or jump downs off a bench. Individuals with mobility at GMFCS level III may require
the use of a harness or walker for support and balance during loading tasks. Tasks
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with a low impact load, such as jumps on a mini-trampoline, may be safer, but they
may not provide sufficient GRFs per BW to influence changes in bone mass and
structure. It may be best to have a child participate in circuit training, which may
include intermittent impact loading, allowing for periodic monitoring of safety and
tolerance. For example, the sequence of a course could be: (1) hopscotch; (2) jump
rope; (3) crawling through tubes; and (4) jump downs. Further study is needed to
ascertain the types of loads safely tolerated by persons with CP at all levels of the
GMFCS.

• Enhancing Muscle Performance. As reviewed, there are important age-related changes
in the muscles of persons with CP that differ from those who are TD. Despite these
differences, muscle hypertrophy, force production, and power can increase in children
and adolescents with CP who undergo targeted training at a sufficient dosage [81,92].
Because muscle architecture can differentially adapt in response to different types of
resistance training [81], the type of training and dosing essential to altering muscle
function must be incorporated into programming (Section 3.2.2. Dosing Parameters).

Strength training is recommended to build a strong muscular foundation, promote
muscle hypertrophy, and provide a synergistic stimulus for bone health. Yet, the
effects of traditional strength training have not been shown to carry over to activities
such as gait and functional mobility in those with CP [93,94]. Power training, which
involves training at moderate to high loads at a higher concentric velocity of move-
ment, is recommended for better carryover to gait and functional activities. Targeted
high-velocity training may not only increase muscle power but also induce muscle
architectural adaptations, such as an increase in fascicle length and cross-sectional
area, and promote a right-ward shift of the torque-angle curve, increasing torque
production at higher velocity [81,83].
Traditional resistive training equipment (i.e., free weights and isotonic machines)
is readily available in most gyms and clinics and can easily be used for strength
and power training. Basic bodyweight exercises can also be used, especially in very
young children, and can be progressed to free weights, machines, or other loaded
exercises. Other modifications for children at GMFCS level III may include the use of
support walkers for balance and to encourage hands-free positioning in standing while
promoting weightbearing through the lower limbs. Regardless of GMFCS level, the
advantages of using weight machines are that the child can be supported and single
or multiple joints can be isolated while preventing or discouraging compensatory
patterns and unwanted movements. For example, an inclined leg press can be used to
train and target multiple lower extremity muscle groups while safely supporting the
trunk and body [95,96]. In this supported position, the muscles can be loaded in a safe
manner to a greater extent than if the same movement was attempted as an upright
standing squat.
While there are selected types of equipment that provide precise measures of velocity
and force, such as isokinetic equipment, these are not necessary for resistance training
purposes. Power training can be feasibly conducted on most equipment by moving a
constant load while decreasing the amount of time allowed to produce the concentric
contraction (i.e., increasing the velocity). For example, a power leg press can be
performed on an inclined leg press machine and would train and target the hip
and knee extensors and ankle plantarflexors with a single exercise [95]. Typical
verbal instructions include “Push, pull, or press as fast as possible” and “lower slow
and controlled”, referring to the concentric and eccentric portions of the motion,
respectively. Once a sufficient velocity is reached, the load should be increased.
Instrumented versions can also be used to reliably measure power output while
performing a power leg press [95]. Another example of equipment that can be used
for power training is flywheel ergometers. The equipment can be in the mode of a
bike, rower, or ski machine that couples resistance from the device with the speed
of active motion while providing digital power output. In a randomized crossover
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study by Moreau and colleagues [97] in persons with CP, 7 to 24 years of age, power
output in the upper extremities significantly increased after 15 training sessions using
an upper extremity flywheel ergometer (Concept2 SkiErg™, Morrisville, VT, USA).
Use of the device at home or in school strengthened adherence.
Community-based training alternatives are also important for promoting mobility-
based participation. RaceRunning (or Frame Running), which uses a three-wheeled
running frame, is an example of how children within GMFCS levels I–IV can suc-
cessfully engage in community-based sports programming if provided with adapta-
tion [98]. Further, muscle hypertrophy and an increase in cardiorespiratory endurance
were observed after a 12-week program across a wide age range (9 to 29 years) and
mobility levels (GMFCS I–IV) [99]. Training alternatives to improve muscle and bone
health while fostering engagement should continue to expand, allowing greater access
to this type of programming in various settings.
Despite the success of resistance training programs for persons with CP, there are some
risks of pain and injury. However, no serious adverse events have been reported for
resistance training interventions in children and adolescents with CP. A few studies
have reported mild adverse events, such as joint or muscle soreness [100,101]. It
is highly recommended that those participating in any resistive or power training
program be supervised and monitored closely by a trained professional [80]. Safety
and tolerance are key factors for all programs to augment muscle integrity and
function.

3.2.2. Dosing Parameters

Exercise prescription includes the parameters of frequency, intensity, volume, duration,
and velocity. Frequency considers the number of training sessions per week. Volume
refers to the number of sets and repetitions within one session. Intensity indicates the
relative load used and is often defined as a percentage of the one-repetition maximum
(1RM) or percentage of body weight [80,96]. The duration is the full length of the training
program. Velocity refers to the rate and direction in which an exercise is performed.
Exercise guidelines differ for bone and muscle, yet both should be strongly considered
when designing programs.

• Dosing for Bone. Dosing parameters used to guide interventions to improve bone
health are often based on guidelines to increase peak bone mass and prevent osteoporo-
sis [27,102], which may be an important consideration for those with CP given the risk
factors. General guidelines for TD children have been advocated by Gunter et al. [31].
These guidelines have been framed within the dosing parameters of frequency and
volume (Table 1). The authors propose that children engage in 40–60 min of daily
weight-bearing activity to target hip structure and strength [103]. Based on their own
findings, they recommend 10–15 min of jumping 3 times per week to augment bone
mass and structure [33,104]. This frequency and volume equate to 100 jumps from a
two-foot height with GRFs at least 3.5 BW and higher). Table 1 includes examples of
bone-building exercises that could be performed in children across all GMFCS levels,
with associated ideas for how to modify activities. Since tolerance to skeletal loading
varies across the GMFCS spectrum, methods to augment bone health in persons with
CP must consider the individual integrity of the skeletal system and monitor safety
and tolerance throughout the training program.

• Dosing for Muscle. Recommended optimal dosing guidelines for progressive resis-
tance training have been assembled as shown in Table 2, specific to muscle strengthen-
ing vs. power training [80]. Novice lifters should begin training at a lower intensity
(percentage of 1RM) as described in Moreau [80] in more detail and then progress
up to the optimal dosage provided in Table 2 in order to maximize muscle plasticity.
For example, a novice may begin power training at 40% of 1RM and focus on form
and speed, then progress to a higher percentage of 1RM after successful completion
of the target reps at the higher concentric velocity. Of note is that intensity, volume,
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and speed differ between the two training paradigms. It is important that a 1RM test
be performed to adequately dose the intensity of the intervention and the progres-
sion of the intensity throughout the intervention period. The safety, feasibility, and
protocol for performing a 1RM in youth with CP have recently been published by
Pontiff and Moreau [96]. Although a multiple repetition maximum test may be used
to predict 1RM values, the prediction is less accurate for repetition ranges greater than
10 [105]. Regardless of what muscle performance parameter is being targeted, the
recommended frequency for resistance training is 2 to 3 times per week on nonconsec-
utive days for a duration of 8 to 20 weeks (refer to Moreau, 2020 for more details) [80].
A recent review article by Moreau and Lieber [83] on resistance training interventions
for youth with CP showed that if the optimal dosing guidelines were adhered to, then
muscle plasticity was observed at the macroscopic structural level (i.e., increases in
cross-sectional area, muscle thickness, volume, or fascicle lengths).

Table 1. Recommended optimal dosing guidelines for bone health. Examples of different types of
exercises that dynamically load the skeleton to stimulate osteogenesis. The duration required to
stimulate a bone response is longer.

Intensity * Volume Skeletal Site † Speed Duration # Rest

Body weight
100 jumps of boxes of
varying heights up to

24 inches.
Hip, spine Controlled, landing

with both feet 3–6 m 15–30 s
between jumps

Body weight

100 jump circuit
(hopscotch, jump ups,

skips, side jumps) from
floor height.

Hip, spine Controlled landing
with both feet 3–6 m 15–30 s

between jumps

Body weight Jump roping, 5–10 min
(~50 jumps/min) Hip, spine Controlled, landing

with both feet 3–6 m

* These could be performed using a harness system for children with higher GMFCS levels to provide added
support. Some studies have had participants add a weighted vest for added loading, with weights between 1 and
3 kg. † Only the bones that are mechanically loaded will respond. # Evaluate changes in bone by DXA after
6–12 months.

Table 2. Optimal dosing parameters for strength vs. power training.

Parameter Intensity Volume Speed Frequency Duration Rest

Muscle
strength

70% to
85% of
1RM

3 sets of 6 to
10 repetitions

Slow and
controlled to

moderate
(concentric and

eccentric)

2–3 × per week
(nonconsecutive

days)
8–20 weeks

1–2 min. between
sets; 48 h between

sessions

Muscle
power

60% to
80% of 1RM

3–6 sets
of 1 to 6

repetitions

Concentric: As
fast as possible
Eccentric: Slow
and controlled

over 2–3 s

2–3 × per week
(nonconsecutive

days)
8–20 weeks

1–2 min. between
sets; 48 h between

sessions

From Moreau (2020); 1RM: one repetition maximum.

3.3. Maximizing Engagement and Addressing Barriers

Youth are significantly influenced by environmental factors, including relationships
with peers and mentors. Sport-based youth development is a strategy that aims to promote
healthy behaviors in conjunction with social confidence [106] through athletic games, team
building, and emotional learning opportunities. These principles can be adjusted to sports
or activities of interest to children of different ability levels. It is important to offer various
types of activities that may be of interest to lay a strong foundation of MSK health that
could be maintained over a lifetime.
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Fortunately, the variety of physical activities available to children with CP is expanding.
Grant–Beuttler and colleagues [107] delivered a Balanced Families Dance Program for
children with CP and other disabling conditions. They have shown that a child with
diplegic CP at GMFCS Level II was able to improve his scores on the GMFM through
ongoing engagement in the Dance Program. Sukal–Moulton and colleagues [98] similarly
showed an improvement in self-efficacy and self-perception in an adolescent with diplegia
following participation in a running program using a running frame for aerobic training,
including engagement in a community race. At the conclusion of training, the participant
stated, “we are a family of runners now” in reference to joining her parents and younger
brother in running for fitness; this was followed by a study where group level differences
were found [98]. The inclusion of psychosocial features into any program designed to
increase physical activity while augmenting bone and muscle health may significantly
contribute to immediate and long-term sustainability and enrich quality of life [108].

Despite the fact that physical activity and exercise are essential to enhance and main-
tain bone and muscle health, barriers to engagement in fitness activities for children include
disinterest, transportation, cost, and time [109]. There are additional barriers to these that
significantly impact participation in fitness centers and sports for persons with CP and
other disabling conditions. In a study by Wright et al. [110], the key barriers identified
by youth with disabilities were the lack of accessible and inclusive opportunities. Even
if fitness centers are considered inclusive, Nikolajsen et al. [111] reported that patrons
still encounter issues of ableism and disablism from staff and members. Albeism places
value on self-sufficiency, autonomy, and independence, which can lead to the exclusion of
people with disabilities where the diversity of physical form is not represented. Disablism
refers to the psychosocial oppression that persons with disabilities may experience directly
due to negative interactions from staff or club members and indirectly due to structural
barriers. Nikolajsen et al. [112] found that while able-bodied members at inclusive fitness
centers held the desire for persons with disabilities to feel welcome, the notions of direct
and indirect psychosocial disablism did have an influence. These societal constructs and
barriers are also seen in youth sports programs, where participation is too often limited to
those with a specific set of physical skills and the ability to navigate a variety of environ-
ments. Specific barriers for people with disabilities include not being physically capable
but also societal attitudes, frustration, and loss of confidence. Bringing fitness and social
opportunities to the home setting via tele-rehabilitation may address transportation needs
and inclusion but may not offer the maximal engagement and positive encouragement that
have been shown to be vital to increasing the confidence and skills of participants [109].
These offerings, as well as other options for virtual exercise, may reduce the burden by
eliminating the need for travel. Virtual exercise can be effective and engaging, though it
is important to determine which specific types and doses of exercises are best suited to a
particular individual at their current level of abilities. Programs focused on inclusion must
consider many elements of access, including activities, physical spaces, understanding
participant needs, and intentional actions to shift attitudes and expectations of anyone
interacting with the program.

4. Sustaining Gains

Introducing sustainable physical activity options at an early age that could augment
MSK health is essential for persons with CP. To ensure that fitness is maintained into adoles-
cence and adulthood, programs must be engaging and fit into one’s interests and lifestyle [9].
We propose that a comprehensive, individualized multi-modal exercise program intro-
duced in pre-adolescence may provide the optimal stimulus to enhance the integrity of
multiple systems, prevent the acquisition of a sedentary lifestyle, and contribute to positive
gains in self-efficacy.
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5. Conclusions

The recent initiative to improve physical activity in children and adolescents with CP
requires attention to key ingredients and dosing parameters to augment muscle and bone
health. The dosing guidelines and recommendations put forth here can guide designers
in planning multi-modal exercise programs that include impact loading and resistance
training for individuals with CP at a sufficient but safe level. Based on research evidence,
we recommend building a strong foundation of MSK health in pre-adolescence through
participation in individualized exercise activities that are engaging, enjoyable, and promote
skill acquisition. Sustaining fitness requires the integration of healthy habits into one’s
lifestyle. With a strong MSK foundation merged into a healthy lifestyle, lifelong fitness can
be achievable for persons with CP.
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Abstract: Physical activity of at least moderate intensity in all children contributes to higher levels of
physical and psychological health. While essential, children with cerebral palsy (CP) often lack the
physical capacity, resources, and knowledge to engage in physical activity at a sufficient intensity to
optimize health and well-being. Low levels of physical activity place them at risk for declining fitness
and health, contributing to a sedentary lifestyle. From this perspective, we describe a framework to
foster a lifelong trajectory of fitness in ambulatory children with CP (GMFCS I–III) as they progress
into adolescence and adulthood, implemented in conjunction with a training program to augment
bone and muscle health. First, we recommend that altering the fitness trajectory of children with
CP will require the use of methods to drive behavioral change prior to adolescence. Second, to
promote behavior change, we suggest embedding lifestyle intervention into fitness programming
while including meaningful activities and peer socialization to foster self-directed habit formation. If
the inclusion of lifestyle intervention to drive behavior change is embedded into fitness programs
and found to be effective, it may guide the delivery of targeted programming and community
implementation. Participation in comprehensive programming could alter the long-term trajectory of
musculoskeletal health while fostering strong self-efficacy in persons with CP.

Keywords: cerebral palsy; motor learning; lifestyle intervention; lifelong fitness

1. Introduction

Exercise and fitness are key elements of lifelong physical and psychological well-being
and have been referred to as “the fountain of youth” [1]. Multiple public health and
professional organizations recommend that children and adolescents from 6 to 17 years of
age engage in moderate to vigorous exercise for 60 min per day at least 3 times per week,
including activities for bone and muscle strengthening and aerobic conditioning [2–4].
Physical activity in this context refers to the bodily movements performed by skeletal
muscles that result in energy expenditure [5]. Exercise can be considered a subset of
physical activity, particularly when the aim is physical fitness and the activity is structured,
planned, repetitive, and goal-directed.

The amount and intensity of physical activity strongly influence physical and psy-
chosocial health in typical and atypically developing children. Daily physical activity has
been found to improve a child’s self-esteem, social interactions, and stress management [6].
In a study of over 4000 typically developing (TD) children 8–10 years of age, Vella and
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colleagues [7,8] found that ongoing participation in organized extracurricular sports was
associated with higher levels of social and emotional health by age 10. Conversely, children
who are inactive may be at higher risk for chronic health conditions such as cardiovascular
disease and diabetes, which negatively influence physical and psychological well-being
as they age [9]. These risks are even higher for those with physical disabilities such as
cerebral palsy (CP), with the effects of inactivity compounding as they progress through
adolescence into adulthood [10–12].

The purpose of this perspective paper is to describe a framework of lifestyle interven-
tion designed to foster autonomy, motivation, social engagement, and personal habits to
run in conjunction with a program aimed at promoting bone and muscle health in children
with CP at GMFCS levels I–III [13]. To aid the identification of key ingredients essential to
successful fitness programming for children, we surveyed youth with and without CP who
participate in physical activity regularly and one parent each to gain their perspectives. The
themes generated from the surveys are reviewed below. With sufficient evidence regarding
methods to safely augment bone and muscle health among children at GMFCS levels IV–V
and how to best engage children of varying intellectual capacities, we hope to expand our
program to include a wider range of children with CP. It is our view that if children with
CP at any level can feasibly establish an active, self-directed, fit lifestyle by adolescence, it
could foster the development of healthy personal habits that may extend to adulthood.

2. Physical Activity and Fitness

In general, children with CP have lower levels of physical activity than TD children [6,14].
Individuals at levels IV–V, based on the Gross Motor Function Classification System
(GMFCS), have much lower levels of physical activity than those at GMFCS levels I–III
who can ambulate with or without an assistive device [15]. Based on data gathered from
3 days of wearing wrist and ankle accelerometers and self-reported daily logs, children
with CP at GMFCS levels II–III were found to have lower levels of daily active energy
expenditure in comparison to children who were TD [6]. In another study [14], walking
activity was tracked in persons 10–13 years of age with CP at levels GMFCS levels I–II
and youth who were developing typically. Data were gathered from all participants for
7 days while they wore a StepWatch monitor (Mountlake Terrace, WA, USA) unilaterally
on one ankle. The authors found that the youth with CP were significantly less active than
their TD peers [14]. Yoon and colleagues [15] assessed physical activity in children with
CP, aged 4–18 years of age, across GMFCS levels I–V with varying comorbidities. The
participants wore a GT3X+ (ActiGraph, Pensacola, FL, USA) accelerometer on the waist for
7 days. The findings revealed that non-ambulatory children at GMFCS levels IV–V spent
significantly less time in moderate to vigorous activity than ambulatory children at GMFCS
levels I–III. Decreased physical activity was also associated with lower physical quality
of life (QOL). These data represent an overall trend of decreased activity that contributes
to secondary health conditions [16,17], even as the lifespan of persons with CP continues
to expand [18]. Therefore, to best promote a healthy lifestyle that could minimize the
development of chronic conditions we need to better understand the pace at which motor
function decreases [17] and how to successfully engage children in fitness at a young age,
to promote long-term adherence to physical activity.

There are many challenges that children with CP may face when striving to reach
sufficient physical activity and fitness. These concerns must be addressed in programming
to ensure adherence and engagement. First, given their physical disability, they are often
less active and more reliant on external resources to facilitate participation in sports and
other activities, making self-advocacy more onerous while placing an additional burden on
parents. Second, bias from others and a lack of program accommodations can limit their
inclusion in extracurricular sports programs, even for those at higher functioning GMFCS
levels compared to age-matched peers without physical disabilities. Finally, without clear
personal choice and access, children with CP may feel disconnected and isolated from
their community [19], leading to underdeveloped social skills and insufficient resilience
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to stress. As these children move into adolescence, these effects may contribute to lower
levels of self-efficacy [6,20], defined as an individual’s confidence that they will be able
to perform actions that bring about desired task outcomes [21]. These and other barriers
often limit the establishment of healthy habits essential to the development of an active,
fit lifestyle [8,19]. However, if these barriers were minimized and meaningful skills were
developed, self-efficacy may improve. While overcoming challenges and promoting fitness
habits to minimize the adoption of a sedentary lifestyle are key, it is important to consider
how programs that aim to augment bone and muscle health with lifestyle intervention
embedded in them can be successfully implemented.

3. Altering the Fitness Trajectory of Children with CP

Investigating the factors that affect an individual’s willingness to participate and
adopt positive fitness habits is vital to long-term adherence. González-Hernández and
colleagues [22] showed that vigorous consistent exercise and the pursuit of perfectionism
in teenagers who engaged in sport-centered or recreational exercise resulted in increased
self-efficacy and psychological well-being. This so-called adaptive perfectionism may
encourage adherence to regular fitness activity due at least in part to the positive outcomes
that result. In a longitudinal study of 8–10-year-old TD children, Vella et al. [7,8] found
that organized, consistent, and developmentally appropriate sports and physical activity
were linked with higher levels of health-related QOL. Positive outcomes that result from
successful participation often encourage frequent engagement in regular fitness activity
and higher overall levels of well-being.

There is no physiological reason to anticipate that these same results would not be pos-
sible in children with CP who are able to increase their level of physical activity. Fortunately,
the availability of participation-based community exercise programs for persons with CP is
increasing, particularly for those at GMFCS levels I–III, and positive outcomes are being
reported [20,23–26]. Cleary and colleagues [23] conducted an aerobic training study for
youth with CP in a school setting, showing evidence of high adherence and significant gains
in cardiovascular markers with no adverse events for the exercise group. Thorpe et al. [25],
evaluated the outcomes of a treadmill training or aquatic exercise program held at a com-
munity center for adolescents with CP at GMFCS levels I–III. The authors found increases
in walking distance, leg muscle mass, and self-perception of function among all partici-
pants. A 6-week ballet program was run for youth with CP, aged 9–14 years, at GMFCS
levels I–III [26]. The results revealed improvements in select gait parameters including
decreased time of ambulation and increases in step and stride length [26]. The evidence for
successful outcomes from community programs for children with CP continues to expand
but adherence and the prevention of a sedentary lifestyle remain challenges that must
be addressed.

The development of the key ingredients for successful long-term participation in
fitness activities should begin in childhood. In addition to the inclusion of methods
to enhance bone and muscle health, programs could incorporate components to drive
behavioral change, fostered through lifestyle intervention (see Figure 1). With strong
evidence and clinical expertise, practical program guidelines can be designed to improve
specific outcomes while assessing for effectiveness and adherence in children with CP
across all GMFCS levels of classification [27,28].
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Figure 1. Framework for changing behavior via lifestyle intervention to achieve lifelong fitness. Inter-
nal drivers—system integrity, self-determination, and skill acquisition. External drivers—opportunity
and relationships. With lifestyle interventions embedded into meaningful program activity and
socialization, self-initiated habits could contribute to lifelong fitness.

3.1. Internal Drivers of Behavioral Change

Despite the challenges, most persons with CP do wish to be active, fit, and socially
connected [29]. Altering the fitness trajectory of children with CP may require attention
to the internal or individual drivers of behavioral change. Studies stemming from select
psychological theories and motor learning principles can serve to guide this aspect of
program design to bolster long-term adherence to physical activity and fitness.

Self-determination theory: This theory proposes that intrinsic motivation is fostered
when three basic psychological needs are met: autonomy, competence, and relatedness [30,31].
According to self-determination theory (SDT), autonomy refers to a sense of initiative and
choice; competence signifies a feeling of mastery or success; relatedness denotes a sense of
belonging or connection [31]. Autonomous forms of motivation can positively predict the
likelihood and duration of exercise participation [32]. Feelings of competence stemming
from experiences of mastery clearly influence overall well-being and the ability to sustain
behavior change. Relatedness acquired through accepting environments and meaningful
personal relationships can strongly motivate participation. Conversely, external control,
harsh internal or external critiques of performance, and an inability to relate to other
participants or coaches can limit behavior change and negatively influence participation.
Therefore, to foster motivation using SDT, participants should make activity choices and
task demands that are achievable with minimal negative feedback within programs that
are positive and accepting. Fostering a child’s social connections while promoting skill
development and active learning can strengthen engagement in fitness programs, which
promote behavior change [19]. Since motivation is an important aspect of behavioral
change, incorporating aspects of self-determination theory within programming may be
essential [33].

Skill acquisition: Skills are actions that demonstrate consistency, efficiency, and flexibil-
ity [34]. Consistency refers to the repeatability of a task or skill over time. Efficiency refers to
the optimization of energy resources from the musculoskeletal and cardiovascular systems.
Flexibility or transferability refers to the adaptability of task or skill performance to changing
environments or conditions. Specific aspects of skill acquisition could be incorporated into
training programs to foster motor learning. Considerations include understanding the
stage of the learner, structuring the task practice, and the strength of intrinsic and extrinsic
feedback, among others.

When designing programs to enhance skill acquisition, one should first consider
whether the individual is in the early or later stage of learning a particular sport or activ-
ity [35,36]. In the early stage of learning, a child would be developing an understanding of
the task goal and the dynamics (i.e., the power required to throw a ball to a target). They
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would be developing movement strategies and learning to distinguish between the regula-
tory and non-regulatory features of the environment. Regulatory features are conditions
to which the movement must conform, such as the size and speed of a moving baseball
when catching. The non-regulatory features are those that can influence skill performance
but the body does not have to conform to them, such as the color of the baseball. In the
later stage of learning, a child would be refining movements, adapting to changing tasks
and environmental demands. They would be learning to perform tasks consistently and
efficiently. Improving a physical skill in a context that allows an individual to modify the
force used or spatial–temporal requirements to perform the task or skill enhances flexibility
or transferability.

Setting up the practice conditions and ensuring that the feedback is sufficient during
task performance are elements that can be tailored to any stage of learning [37,38]. The
practice conditions for a particular skill or task can differ in their amount, the order of
specific components, or whether part or whole practice will be used. The practice could be
specific to one task and done in ways that vary the amount a child receives. Practice can
be done in one intensive (massed) bout, such as a boot camp type experience, or it could
be distributed across time, such as soccer practice for one hour per session, two sessions
per week, for many weeks. Practice can be scheduled in a random or blocked order within
a day or over a set period of time. Children could practice a full activity, such as playing
games of baseball, or could repetitively practice one aspect of the activity, such as throwing
a baseball repeatedly. Part-practice should ideally be followed by practice of the whole
activity. Preferably, the practice conditions should be individualized.

Feedback can be intrinsic or extrinsic, providing knowledge of performance or knowl-
edge of results. Intrinsic feedback is the sensory experience gained through the movement
itself. Extrinsic or augmented feedback can be verbal, visual as with demonstrations, or
physical as provided with manual guidance. Biofeedback is an additional form of aug-
mented feedback. Extrinsic feedback can be given concurrently during practice or at the
end of performance. It can be provided 100% of the time or less. It may be precise or general.
The research suggests that extrinsic feedback should be given intermittently and should
lessen over time [39,40]. We propose that to foster physical and behavioral changes that
promote long-term adherence to fitness, motor learning principles should be incorporated
into programming and measured by retention or transfer tests [34].

The Optimal Theory: This theory introduced by Wulf and Lewthwaite [21] proposes
that performance and motor learning can be optimized through intrinsic motivation and
attention, linking goals to actions. The three key factors of this theory are enhancing
expectancies for future performance, autonomy, and an external focus of attention on motor
actions. Theoretically, performance can be enhanced by including statements such as
“children who exercise every day often get stronger,” encouraging the adoption of consistent
physical activity. Autonomy refers to the choices one has, such as allowing the child to
choose the sequence of program activities. An external focus of attention refers to attention
on a target versus a focus on bodily actions. The authors [21] propose that dopamine
responses increase due to the anticipation of positive experiences, which could contribute to
motor learning [41,42]. Integrating this theory into programming can help foster motivation,
autonomy, and attention.

Instilling self-determination and autonomy is vital to developing and maintaining
fitness habits in children with CP as they move through adolescence into adulthood [32].
Palisano et al. [19] noted that the autonomous control of decisions, flexible and individu-
alized approaches, and opportunities for problem-solving at an incremental level are key
factors in a self-determined strengths-based approach to fitness participation. The activities
should be intentionally designed to promote autonomy while providing the necessary
structure and support for successful task completion. A segment of any program could
be individualized and self-directed to raise a child’s self-efficacy and satisfaction in their
own competence. For example, if a child wishes to play soccer, the part-practice of essential
aspects of the game followed by whole practice could be integrated into their training pro-
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gram. According to the optimal theory, providing choices aids motivation. Thus, offering a
choice regarding the part-practice order, such as between high-velocity power training of
the legs, ball passing strategies, or shooting goals, may provide an incentive. Then, after
the part-practice of all 3 aspects of soccer, a one-on-one game could be played with a peer
or sibling. This type of sport-specific training within a fitness program could encourage
the adoption of essential physical skills and learning in a natural environment. Ensuring
self-determination and personal choice could aid investment in future goal setting and
contribute to a positive fitness trajectory [31–33].

3.2. External Drivers of Behavioral Change

Factors external to the individual often have a strong influence on behavior change.
Initially, there must be the opportunity to engage. Then, altering the fitness trajectory of
children with CP would require a focus on external drivers of change, such as the task
and environment [38] and relationships with parents, peers, and mentors. These external
factors must be considered in combination with internal or individual factors.

3.2.1. Opportunity

Challenges or adversity in tasks and the environment can contribute to the develop-
ment of psychological resilience. Within the environment, one must consider whether it is
open or closed. In a closed environment, the environment is stable, as when walking up a
standard set of stairs. An open environment has time constraints and involves prediction,
such as for the speed and location of moving objects when trying to step up onto an escala-
tor or catch a moving ball. When planning tasks, providing “just the right challenge” [43] is
a common phrase used to foster success in training programs for children. Along with this,
it is important to consider affordances, defined by Gibson [44] as the reciprocal fit between
the person and the environment needed to perform tasks. For example, when learning to
catch balls, trainers may start with large balls or large mitts so that the allowable bandwidth
of error is wider. Practicing new skills that incorporate participant strengths may reframe
challenging tasks and activities from obstacles to opportunities for growth [19].

3.2.2. Relationships

Parents: Parents are a crucial domain of influence in a child’s successful participation
in physical activities and fitness programs. In a qualitative study interviewing parents of
8–11-year-old children with CP, Lauruschkus et al. [45] reported that parents desire oppor-
tunities for their child to have peers with whom they can be physically active. Additionally,
they found that parents tend to seek programs where competent persons can provide
support for participation. Family culture and attitudes towards fitness, the level of support
in facilitating participation, and the feasibility of the program (location and frequency) are
important factors to consider in designing a fitness intervention program.

Peers: Sport-based youth development is a program strategy that aims to promote
healthy behaviors concurrently with social confidence [46]. This is often achieved through
team building and athletic games while increasing resilience and the ability to handle
adversity, which are important components for developing social–emotional well-being
in children. Peers provide a motivating avenue to participation, adding “fun” to activities
given the natural flow between children, perhaps because they identify with each other due
to having similar interests and communication styles. Encouraging participation in fitness
programs in pairs, whether with siblings or age-matched peers, could enhance engagement
and foster a sense of belonging, promoting social confidence.

Mentors: The acknowledgement of progress checkpoints toward a larger goal may
increase self-driven participation and encourage adherence to that goal, especially in the
context of skill-learning and physical ability. Mentors and coaches can also be models
for certain tasks, demonstrating feasibility while providing encouragement. Effective
interventions involve collaborative goal-setting among the child, family, and coach. Helping
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children distinguish between where they are now and where they want to be could enhance
their motivation to achieve short-term goals as precursors to larger goals [47].

4. Engaged Consumers

While the literature provides a theoretical underpinning of how to promote a positive
trajectory, there are practical implications where additional feedback is needed. To better
inform the direction of a new program, we surveyed 11 youth, 8 to 18 years of age with
and without CP, along with one parent or guardian each to determine their perspectives
regarding the most desirable rewards and the feasibility of conducting a fitness program
at a sufficient frequency to improve bone and muscle health. We hypothesized that the
reward preferences and feasibility would differ between children of different ages, whether
the person is TD or has CP, and where they reside. All youth participants were recruited
because of their successful participation in physical activities. The children with CP were
within GMFCS levels I–II. The youths and parents both completed an online questionnaire
(Appendix A) pertaining to internal and external factors of influence to better understand
features of motivation and reward as well as obstacles to participation [48].

Participant (youth) results: The survey indicated that 75% of youth participants re-
ported a preference for activities that were not physically active, including computer games
or hanging out with friends. However, 62.5% ranked physical activity as “essential” or
“very important” for their health. All participants (100%) believed that time spent exercising
would result in positive physical changes. Over 62% reported that activity with a goal to
improve strength would motivate them to participate in a fitness program, whereas 50%
were motivated to participate in programs that improved endurance or coordination. The
survey indicated that most children (75%) felt that healthy bones and muscles required ac-
tivity on a “frequent” basis and every participant indicated they would complete activities
that were not fun if it helped them to improve.

Fifty percent of participants reported that physical activities involving friends were a
positive motivator to participate. However, twenty-five percent indicated that situations
that highlighted their limitations in “keeping up” with others negatively influenced their
desire to participate. Additional limiting factors to participating in physical activity in-
cluded transportation, with most children reporting they would be reliant on a parent to
transport them to and from any activity outside of school. Time was also reported as a
limiting factor, stating that school and homework were their highest priorities.

Parent results: Nearly 66% of parents were interested in physical activity programs
that focused on improving their child’s strength, agility, and flexibility. However, this
same number of parents reported that they were not aware of the current programming
recommendations for bone and muscle health. Fifty percent of parents reported that they
had concerns about their child participating in physical activity programs. When asked
to elaborate on their concerns, parents reported that they were concerned about the time
required to participate in a program, transportation to get their child to the program, and
safety for their child’s “specific needs”. The large majority of parents (87.5%) would be
willing to drive their child to a fitness program, with 50% willing to drive to programs run
3 times per week for 3 months or longer.

Our analysis of participant and parent survey responses supported the three main
domains of influence regarding the successful participation in physical activity and fitness
for these interviewees: the participant, parent, and environment. Based on the literature
and our findings from the surveys, we developed a simple yet clear model featuring key
domains of influence to participation in children and adolescents with CP (see Figure 2).
These domains of influence for participation were given strong consideration in the design
of our framework to foster lifelong fitness.
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Figure 2. Domains of influence toward successful community participation.

Participant domain: Most of the children who represented successful examples of
participation clearly revealed competence in their survey responses based on the self-
determination theory [31,32]. The responses indicated that they desired to improve their
physical skills and that this improvement was important to them, recognizing its positive
contribution to long-term performance goals. The participants reported negative feelings of
competence when they felt that their physical performance was judged as poorer than their
peers. This suggests that self-perception of competence in select activities can be uplifting
or manifest as an aversion to failure if a participant believes they will be judged unfairly
by others.

Parent domain: Many parents are interested in programs and activities that they
perceive as focused on areas of weakness for their children. However, it appears that there
is a need to educate parents on current recommendations on bone and muscle health and
the need to foster an internal drive in participants. Negative factors for parents include
programs that do not “match” their child’s physical abilities and require significant time
and travel. They often reported feeling hesitant and responsible for providing accessibility
for their child. The barrier to a parent’s investment in a child’s activities [49,50] can
be addressed by a supportive community with consideration for the timing of sessions,
carpooling options, and convenient facility locations. By supporting the parents and
aiding them in overcoming barriers, the child can receive support for their autonomy in
participation [49,51].

Environmental domain: The impact of the environment was the third domain of influ-
ence brought up by participants. Factors of program frequency and location were the most
common influences on activity participation. All youth expressed that they would prefer
to participate in outdoor spaces or gyms and would be willing to commit to a program
for about three months. The parents expressed that the location of the program matters
but most would be willing to support their child’s participation even if long commutes are
required. The main concerns about participating in a fitness program raised by both youth
participants and parents were scheduling conflicts and the level of difficulty. We believe
that transitioning the motor skills practiced and learned in a simulated environment to
real-world tasks could lead to higher levels of community participation among children
with CP.

5. Lifestyle Intervention

Without personal investment in altering one’s lifestyle, any changes in activity level
and fitness may be short-lived. Lifestyle Redesign® is a therapeutic means of enabling
people to actively engage in individualized health-promoting occupations [52–55] while
limiting their reliance on external factors. Specifically, the design of an intervention to drive
behavior change linked to exercise and physical activity must satisfy the lifestyle needs of
the participants and can include education and coaching on themes that are meaningful
and important to the participants.
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Lifestyle intervention has been successfully used to design programs for improv-
ing physical fitness in children with CP [56,57]. In a randomized controlled trial by
Slaman et al. [56], adolescents at GMFCS levels I to IV engaged in 3 months of fitness
training and 6 months of counseling on daily physical activity and sports participation.
The authors found improvements in cardiopulmonary fitness, muscle strength, and body
composition after the physical fitness intervention. However, the short-term success in
adherence to physical fitness was no longer seen six months after the intervention. Despite
the early gains, it is important to consider the missing ingredients in programming. The
suggestions for future programming from the authors were to include accelerometry to
provide immediate feedback to participants. They also revealed that if parents consid-
ered involvement in fitness programming more important than their children did, this
led to drop-out. Based on the findings from this study, it seems essential to foster self-
determination and personal fitness habits within a lifestyle intervention program to achieve
sufficient adherence to training and move toward a positive, long-term fitness trajectory.

Determining which activities are meaningful to children as well as their perceptions of
their ability should be assessed from the onset of any fitness training program. Therefore,
prior to engaging in any training program, we recommend having children rate their
performance and satisfaction on meaningful and desirable skills and fitness using a tool
such as the Canadian Occupational Performance Measure (COPM) [58,59]. To measure
changes in perceptions of self-competency and self-efficacy among participating individu-
als, we also recommend the Children’s Self-Perceptions of Adequacy in and Predilection
for Physical Activity (CSAPPA) [60,61]. A coaching tool such as motivational interviewing
(https://motivationalinterviewing.org/) [62,63], which involves active listening, open
questions, and affirmations of strengths and past successes, may encourage the child to
make decisions based on their own reflections during or after training. Using an approach
titled solutions-focused coaching [64–66], Schwellnus et al. [64] found improvements in
goal satisfaction, attainment, and performance based on the attainment of participation
goals in a group of 12 children with CP at 6–19 years of age. With this relatively small
sample size, the authors used quantitative data, the COPM, and the Goal Attainment Scale
to evaluate progress on short-term goals. Further research is needed to investigate the
effects of the solutions-focused approach on long-term goals, yet the findings suggest that it
may be effective in improving participation goals among children with CP [64]. Programs
that include personal goals with guidance from program leaders and those that embrace
challenges as a link to goal achievement while fostering resilience in facing obstacles should
be included to ensure success. Including activities that are meaningful and achievable can
aid in the development of key skills inherent in activities or sports of individual interest in
any fitness program.

Based on the evidence and results from our survey, we are designing a fitness pro-
gram that aims to target bone and muscle health through the optimal dosing of training
exercises [13,67,68] for children at GMFCS levels I–III, with consideration of internal and
external drivers of behavior change fostered through lifestyle intervention. The combi-
nation of these important aspects of programming will ideally foster self-directed habit
formation with the overarching goal of promoting a positive, lifelong fitness trajectory in
these children with CP (see Figure 1). The evidence base is primarily available for the use of
these techniques in children who are able to actively participate in higher gross motor skill
types of physical activity (GMFCS I–III). However, given the heterogeneity of CP, investiga-
tions with a more inclusive range of participants and with respect for their life experience is
necessary. With greater evidence and safe guidelines, future research studies and programs
such as ours could be more inclusive, with a focus on this underrepresented population.

6. Lifelong Sustainability

Introducing sustainable physical activity options at an early age that could augment
musculoskeletal health is essential for persons with CP. To ensure that fitness is maintained
into adolescence and adulthood, such programs must also be engaging and fit into one’s
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interests and lifestyle. We propose that a comprehensive, individualized program intro-
duced in pre-adolescence will provide the optimal stimulus to enhance the integrity of
multiple systems, prevent the acquisition of a sedentary lifestyle, and contribute to positive
self-efficacy. Ideally, programming should be integrated into one’s lifestyle and have a
positive link to function and skill acquisition. Importantly, building accepting, integrated
fitness communities is essential for people with CP and other disabilities. If a person is
active in childhood and adolescent fitness programs tailored exclusively to people with
disabilities, they may easily become frustrated when they age out of adaptive programs
and lack the confidence and tools to interface with non-adaptive programs. As acceptance
by the non-disabled community and physical access continue to be quite variable, it is
important to teach self-advocacy to young people with disabilities.

Despite the risks of developing a sedentary lifestyle, if the physical activity required
to significantly enhance and maintain musculoskeletal health could be incorporated at an
earlier age, this trend may be altered. This could begin by having a child or adolescent
make the choice regarding which physical activity or sport they wish to be involved in and
committing to opportunities to engage in that activity. Choice alone may help to increase
the level of engagement and degree of skill acquisition [69]. Since most individuals thrive
on socialization and companionship, programs that include these aspects are likely to be
more readily accepted. If a personal goal to engage in community programs is known, the
ingredients of an exercise program can include the essential motor skills needed to achieve
the goal.

While exercise programs can improve motor function, they can also increase the
readiness for participation in community-based activities if methods to foster internal
motivation are embedded into programming. As cited earlier, Thorpe et al. [25] conducted
a treadmill training and aquatic exercise program at a community center for adolescents
with CP. The authors found that along with improvements in outcomes, having the program
at a community center was beneficial for both the adolescents and the staff/members of
the center. The authors believe more research is needed on the role motivation plays in
lifelong physical activity for individuals with CP [25]. Another study by Darrah et al. [70]
found that a fitness program held at a community center increased muscle strength and
perceived confidence in adolescents with CP. By organizing a fitness program into pairs or
peer groups, socialization and teamwork become essential and can lift engagement and the
readiness to participate in other community activities.

Case Example

A co-author of this manuscript is an adult with CP (K.F.). In her mid-30s, she noticed
that her balance, strength, and endurance were decreasing compared to when she was
younger. She realized that she needed to increase her activity level to maintain her health.
K.F. decided to begin martial arts training and joined the Harlem Tae Kwon Do (TKD)
family as its first student with CP. Each class began with stretching and strength-building
exercises that are similar to activities she did, unexcitedly, for years as a child and adolescent
in physical therapy. By engaging in the same principles of building flexibility, strength,
coordination, and balance at a TKD program, she greatly improved her fitness level beyond
what she felt as a young adult. In addition, TKD classes are fun, challenging, and build
community, and K.F. quickly made friends in the program who offer an added layer of
engagement and accountability—if she misses too many classes, she is contacted and
encouraged to return! These key ingredients of fun, accountability, community, and a
variety of engaging exercises have given K.F. greater flexibility, balance, strength, and
confidence in her body. This case shows how it is possible for people with disabilities
to harness the ingredients for life-long fitness. By identifying and incorporating these
ingredients into programming, K.F.’s successful participation could be replicated by others.
As shown, exercise that is valuable and enjoyable could be the ‘bridge’ to sustained fitness
for its physical and psychological benefits.
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7. Conclusions

Our framework shown in Figure 1 aims to incorporate the ingredients for lifelong fit-
ness and directly fulfill the psychological needs for autonomy, relatedness, and competence
in order to increase self-efficacy and internal motivation. Framing a fitness program as
a gateway to a fit and active lifestyle rather than a means to an end, such as receiving a
tangible reward, could enhance adherence to fitness. Thus, recognizing opportunities for
both physical and psychological growth and improvement are fundamental to fostering
a lifestyle of fitness and healthy habits, which could be achieved using a framework of
lifestyle intervention.

Improvements in bone and muscle health, motor skills, exercise habits, and the devel-
opment of internally driven motivation may strongly influence the long-term adherence to
fitness in children with CP. Including aspects of our suggested domains of influence toward
motivation and participation could increase the adoption of positive fitness habits among
children with CP. If children have not been fully engaged in physical activity, they need to
find a sport or activity that is desired or gives them the most satisfaction on a social and
physical level. While this would ideally be attained in pre-adolescence, it is not always done.
An improvement in self-efficacy can provide reference and structure for an active lifestyle
that may not have been recognized prior to participation in a targeted fitness program.
If found to be feasible and effective, our framework for lifestyle intervention embedded
within programs designed to augment bone and muscle health could be implemented into
the community before adolescence so that we could truly alter the fitness trajectory of
children with CP.
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Appendix A Fitness Program Incentive Questions—Program Ideas

Start of Block: Part 1: Child

Child name (first):____________________________ Age: _____________

1. What is your favorite thing to do outside of school?

________________________________________________________________
________________________________________________________________
________________________________________________________________

2. Do you to do things that make you move around and/or breath hard? (Select One)

_____ Yes (1)
_____ No (2)
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3. What physical activity (sport, dance, martial art, playing outside) do you participate
in most outside of school? Why do you like it?

________________________________________________________________
________________________________________________________________
________________________________________________________________

4. Where do you participate in this activity or exercise? At home, school, or somewhere
else?

________________________________________________________________
________________________________________________________________
________________________________________________________________

5. If you participate outside your home or school, how do you get there?

________________________________________________________________
________________________________________________________________
________________________________________________________________

6. Was it your idea to start doing this activity or exercise? (Select one)

_____ Yes (1)
_____ No (2)

Display: Was it your idea to start doing this activity or exercise? (Select one) = Yes or No

7. If not, who suggested it?

________________________________________________________________

8. What do you need to get better at this activity or exercise? Select all that apply.

____ Move faster
____ Be stronger
____ Keep moving for longer
____ Be more flexible
____ Be more coordinated
____ Other: __________________________________________________

9. Do you believe working out will help you get better now or in the future? (Select one)

____ Yes (1)
____ No (2)

10. Rank the following physical activities in terms of your interests. Drag to rank each
item in order 1 (best)–5 (worst):

____ Playing outside
____ Playing sports
____ Strength exercises (push-ups, sit-ups, etc.)
____ Dancing
____ Martial Arts

11. How important is it to you to be fit or have an active lifestyle (pick one)?

____ Essential
____ Very important
____ Important
____ Slightly important
____ Not at all important

12. What would you be most excited about if you were able to do a fitness program?

________________________________________________________________
________________________________________________________________
________________________________________________________________
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13. Does anything about a fitness program worry you?

________________________________________________________________
________________________________________________________________
________________________________________________________________

14. Do you think having the right type of gear (clothes, water bottles, sneakers, etc.) is
important to participate in a fitness program?

________________________________________________________________

15. Are you willing to do activities that are less fun if they help you get better at sports or
activities you like to participate in? (Select one)

____ Yes (1)
____ No (2)

16. Rank order the list of rewards below by what you would prefer, Rank in order of
1 (best)–7 (worst):

____ Free game apps for my phone or computer
____ Favorite food treats like
____ Free tickets to a movie, play, or concert
____ Free entry into an amusement park
____ Free months at the gym, dance program, martial arts program or other site
____ Free gear for participating in activity of choice
____ Other rewards: ________________________________________________

17. What would motivate you to get more fit? Rank in order of 1 (best motivator)–
6 (worst):

____ Having a friend or brother/sister do it with me
____ Go to a fitness center or site that other kids go to
____ Get better at my sport, dance, martial art, or other activity
____ Trying new activities
____ Receive rewards
____ Other

18. How often do you think children should exercise to improve their bone and muscle
health?

(Select one)

____ Frequently
____ Sometimes
____ Not frequently

19. How many times per week would you be willing or able to go somewhere outside
your home to improve your fitness? Consider other things you do, such as homework
or music lessons.

____ 1/week
____ 2/week
____ 3/week
____ More

20. Would you be willing to participate in a fitness program for 3 months or more?
(Select one)

____ Yes (1)
____ No (2)
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21. What would be the biggest challenge for you to participate for 3 months or more?

________________________________________________________________
________________________________________________________________
________________________________________________________________

22. Other comments:

________________________________________________________________
________________________________________________________________

End of Block: Part 1: Child

Start of Block: Part 2: Caretaker

Caretaker Name (first): ________________________

23. What physical activities or fitness programs would you like your child to be involved in?

________________________________________________________________
________________________________________________________________
________________________________________________________________

24. What is your view of your child’s current physical activity or exercise program? How
do you support your child’s participation in physical activities?

________________________________________________________________
________________________________________________________________
________________________________________________________________

25. Does anything about a fitness program that involves or would involve your child
concern you? (Select one)

____ Yes (1)
____ No (2)

Display: Does anything about a fitness program that involves or would involve your child concern,
you? = Yes or No

26. If you answered yes to the question above, what would the concern(s) be?

________________________________________________________________
________________________________________________________________
________________________________________________________________

27. What would motivate your child to get more fit (rank these)? 1 (best)–6 (worst)

____ Having a friend or brother/sister do it with them
____ Go to a fitness center or site that other kids go to
____ Get better at their sport, dance, martial art, or other activity
____ Trying new activities
____ Receive rewards
____ Other:

28. Rank order the list of rewards your child may prefer: 1 (best)–7 (worst)

____ Free game apps for their phone or computer
____ Favorite food treats like
____ Free tickets to a movie, play, or concert
____ Free entry into an amusement park
____ Free months at the gym, dance program, martial arts program or other
____ Free gear for participating in activity of choice
____ Other rewards: ___________________________________________
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29. Would you or a caretaker be willing and able to drive your child to a community-based
program?

(Select one)

____ Yes (1)
____ No (2)

30. Would it be more feasible for your child to participate in a community-based program
if we provided transportation?

(Select one)

____ Yes (1)
____ No (2)

31. Do you know what the current recommendation is for your child to exercise to
maximize their bone and muscle health?

____ Yes (1)
____ No (2)

Display: Do you know what the current recommendation is for your child to exercise to maximize
their bone and muscle health = Yes or No

32. If you answered yes to the question above, what frequency are you aware of?

________________________________________________________________
________________________________________________________________

33. How many days per week could your child attend a fitness program, outside your
home, considering your schedule, your child’s other activities, rides, etc. Rank 1
(most likely)–4 (least likely)

______ 1x/week
______ 2x/week
______ 3x/week
______ More

34. What would be your preferred frequency if there were few obstacles such as trans-
portation or other obligations? Rank 1 (best)–4 (worst)

______ 1x/week (1)
______ 2x/week (2)
______ 3/week (3)
______ More (4)

35. How long could your child realistically participate given current constraints (rank
order)?

______ 1 month
______ 2 months
______ 3 months
______ More

36. What is the biggest challenge for your child to participate in a regular fitness program?

________________________________________________________________
________________________________________________________________
________________________________________________________________

37. Other Comments:

________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
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End of Block: Part 2: Caretaker

Kimbel, J. D.; Duff, S. V.; Friel, K. M.; Grant-Beuttler M.; Sukal Moulton, T.; Moreau,
N. Incentives to Participate in Fitness Programming: Insights From Youth and Parents.
Qualtrics. 2020.
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Abstract: Intensive therapies have become increasingly popular for children with hemiparesis in the
last two decades and are specifically recommended because of high levels of scientific evidence asso-
ciated with them, including multiple randomized controlled trials and systematic reviews. Common
features of most intensive therapies that have documented efficacy include: high dosages of therapy
hours; active engagement of the child; individualized goal-directed activities; and the systematic
application of operant conditioning techniques to elicit and progress skills with an emphasis on
success-oriented play. However, the scientific protocols have not resulted in guiding principles
designed to aid clinicians with understanding the complexity of applying these principles to a hetero-
geneous clinical population, nor have we gathered sufficient clinical data using intensive therapies
to justify their widespread clinical use beyond hemiparesis. We define a framework for describing
moment-by-moment therapeutic interactions that we have used to train therapists across multiple
clinical trials in implementing intensive therapy protocols. We also document outcomes from the
use of this framework during intensive therapies provided clinically to children (7 months–20 years)
from a wide array of diagnoses that present with motor impairments, including hemiparesis and
quadriparesis. Results indicate that children from a wide array of diagnostic categories demonstrated
functional improvements.

Keywords: cerebral palsy; traumatic brain injury; hemispherectomy; hemiparesis; quadriparesis;
intensive therapy; ACQUIRE therapy; pediatric constraint-induced movement therapy; hand arm
bimanual therapy

1. Introduction

Historically, pediatric rehabilitation has been eclectic in therapy delivery models in
large part because of the need for individualized services in clinical models of care where
the treated children have a wide range of diagnoses as well as variations in functional
abilities and severity levels associated with their disability [1]. In this regard, the past few
decades in pediatric rehabilitation have seen the development of many evidence-based
therapeutic approaches based on five common constructs [2–10]:

1. Treatment delivery via an intensive therapeutic burst (i.e., many hours each day on
multiple consecutive days per week across multiple weeks);

2. Goal-directed activities with componential parts of therapy activities progressing
toward increased movement, function, and skill;

3. Active engagement of the child’s current sensory-motor skills throughout all therapy
sessions;
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Behav. Sci. 2023, 13, 484

4. Activity selection guided by the child’s interest with therapeutic modification to
accomplish movement, function, and skill goals during playful, success-oriented
interactions; and

5. Use of operant conditioning techniques, where positive reinforcement is provided to
teach skills via variations in the contingencies of reinforcement to successively shape
the child’s skills toward a targeted goal.

The most documented of these constructs has been the concept of therapy being
delivered in high dosages or in intensive therapeutic bursts of treatment where many
hours of therapy are administered multiple days a week (often daily) within a time period
that is limited to a few weeks. Two of the most well-known high-dosage therapies were
designed specifically for hemiparetic cerebral palsy [2–10]. Pediatric constraint-induced
movement therapy (PCIMT) and hand arm bimanual therapy (HABIT) are now routinely
recommended as treatment approaches for children with hemiparesis to improve motor
and functional skills [5,7,8,10,11]. Recent guidelines even recommend that these approaches
begin in infancy [11] despite the fact that there is substantial evidence of the use in infancy
being more limited [12]. These intensive high-dosage therapies have been the subject of
numerous clinical trials and numerous systematic reviews serving as the basis for these
recommendations, and high-dosage intensive therapies are now becoming commercially
available. Despite these advances, these approaches are far from the clinical norm as
the standard of care for children with disabilities, even for children with the specified
diagnosis of hemiparesis. Rather, they are limitedly available for families that specifically
seek these services.

There are many reasons for the limited dissemination of these therapeutic approaches
and why they are not considered standard of care. These include limited coverage by
third party payers for such services and the ability of the healthcare system to adequately
provide these services within the current institutionalized models of care. However, there
is another issue that is rarely addressed. Are therapists adequately prepared and trained to
deliver intensive models of therapy? Intensive therapy models and distributed practice
models both have a goal of increasing motor skills, but almost by definition they must
approach the process of learning and teaching motor skills differently. Pediatric therapists
who see children once or twice a week, usually for under an hour, must quickly identify a
limited focus area at each visit and primarily educate parents and caregivers to focus on
that one area to promote learning. Next, with multiple days between visits, they must rely
on parental reports to understand reactions, levels of learning that promote gains or losses
in motor skills, and then once again quickly decide on either the same or different focus
area for the new visit. This model provides difficult decision points for therapists when
children rarely have a singular need.

In contrast, most, if not all, high-dosage intensive therapies that have high-quality
evidence to support their use stem from scientific investigations that were built, at least in
part, on learning theories [13–15]. Protocols were built to include sufficient time where di-
rect observations of child responses and reaction to those responses could be implemented
across multiple repetitions. Furthermore, these protocols were built on the concept that the
promotion of motor skills occurred within multi-contextual developmental domains that
were interacting, and that those interactions were also a reflection of complex neurological
pathways. This concept means that skill development is built across domains simultane-
ously (e.g., motor skills depend to a certain degree on cognitive skills and vice versa) and
all of them need to be considered in the learning process, once again requiring time for a
therapist to consider these cross-domain impacts. Above all, these scientifically investigated
protocols were built on learning principles to guide therapeutic decision-making.

For example, decades of learning the literature has detailed the variations in reinforce-
ment schedules needed to promote learning across differing ages [16,17]. A reinforcement
that is delayed by a second for an infant negates the learning potential in that moment,
whereas for a child of 3 or 4 years of age, the schedule of reinforcement has a broader time
span to promote the desired learning [18–20]. Similarly, the scaffolding or progression of

48



Behav. Sci. 2023, 13, 484

skill in operant conditioning must be progressed at certain levels of proficiency. Progression
before 70–80% proficiency at a given level or even waiting until a child is completely profi-
cient at a given level can stop or alter the progression of learning. These concepts were built
on observations of children who were typically developing, but they have been robust in
the promotion of learning across diagnostic categories and learning styles [13,14,16,21–24].
They were a primary and integral part of the early protocols and scientific investigations
into intensive therapies. However, unlike the concept of high-dosage, they have been less
built into the therapeutic lexicon and dissemination of high-dosage intensive therapies.
They are also not routinely taught via therapy curriculums, causing many therapists to
be ill-equipped at providing a high-dosage therapy clinically that maintains the levels of
efficacy seen in clinical trials.

We sought to address this as we began to try to disseminate our research protocols
and use of intensive therapies. The ACQUIRE framework as seen in Figure 1 represents a
complex and reciprocal interplay between the child and the therapist that is under constant
evolution because of the many different variables impacting therapeutic interactions. It
was designed to inform and assist therapists in the delivery of high-dosage intensive
therapy in order to create high-quality densely packed therapy activities that involve
needed repetitions and skill refinement to promote motor learning.

Figure 1. The ACQUIRE framework [8,13,14,25].

At the heart of the framework is a cyclical set of steps based on operant condition-
ing. We termed the central operant conditioning process as the MR3 Cycle: movement,
reinforcement, repetition, and refinement [14]. This pattern guides the progression of
learning by scaffolding supports and demands toward a targeted motoric and functional
outcome or learning goal. As stated above, a key component of this process is to allow the
sufficient repetition of tasks (via massed practice) to promote proficiency, combined with
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an understanding of when and how tasks might be refined and progressed by providing
appropriate types, levels, and schedules of reinforcement. Refinement and progression
are key. Massed practice alone does not move learning toward a target. The model also
seeks to define the therapeutic environment in a manner to help the therapist understand
the many components that overtly and subtly impact learning and the progression of skill.
For example, a request for a movement that is above a child’s skill level may result in a
failed attempt at a movement, or it may also result in the child not responding at all. In
both instances, a therapist must evaluate and react to the child and the demands of the task
appropriately to promote learning. A parent entering the room may distract a child from
a movement attempt where they were previously successful, making them unsuccessful
secondary to the distraction. The therapist must recognize the basis of this failed attempt
and respond to re-direct the child’s attention. The process is quite complex. The collective
and individualized attention, awareness, perception, and understanding of the task for
both the therapist and the child are almost in a constant state of flux, creating unique
demands on the therapy process; demands which therapists must be prepared to guide.

Figure 2 shows the complex decision-making process involved in that guidance. The
process starts with a choice of an appropriate task. Remember that all tasks are dependent
on multiple developmental domains, and thus many complexities must be considered. The
choice of task must be motivating and meet a child’s current ability levels. For example,
if a parent has a goal that a child uses a paretic arm in dressing, but that child does not
yet reach with their paretic arm, a choice for a task might be only to reach forward with
the paretic arm toward a motivating toy. At first, that reach may even be untargeted. The
therapist requests the child to reach for the toy with playful engagement, while providing
cues and instructions to the child. The cues and instructions need to be specific and should
include a modeling of the task. After modeling, if the child’s attempt is not successful, the
therapist may include hand-over-hand facilitation to help the child to complete the task
in order to reinforce their attempts and allow a feeling of success. With each task request,
the therapist must then allow sufficient time for a child to respond. This is key within
a therapeutic context because not only does a task stem from multiple developmental
domains, but a child’s limitations may also be linked to many developmental domains (e.g.,
planning and processing limitations). Then, as shown in Figure 2, there are three possible
child responses: a child successfully completes the requested task, the child is unsuccessful
at completing the task, or the child does not respond. The MR3 operant conditioning cycle
dictates that the therapist must respond, but the response is dependent on many constructs
that a therapist needs to immediately evaluate. In the above example, if the child reaches
forward and performs this on a sufficient number of occasions, the therapist may progress
the skill by adding a reaching target (e.g., a large lever on a toy). As progression continues
across hundreds of repetitions of reaching, the therapist may increase the complexity of
having an open hand or to reach in different directional planes. Demands of a task can even
be increased by changing how the request is made. A therapist may proceed from pairing a
verbal and tactile request to merely a verbal request. All of this is relatively child-dependent
and context-dependent because at each point in the process, the therapist must consider
the many components impacting the child’s learning. The ACQUIRE framework is meant
to provide organization for many of the constructs to be considered.

We have now used this therapeutic process to train many therapists across two thera-
peutic research clinics, multiple clinical trials, and in the training of doctoral candidates in
therapy professions. The clinical trials primarily focused on training therapists to complete
intensive therapies where dosage levels and differing constraint types were used, including
a bimanual approach involving no constraint. In our research clinics, we collected data
gathered as practice-based evidence using the ACQUIRE therapy model while providing
high-dosage clinical services across many different diagnostic categories, thus addressing
another need in the dissemination of high-dosage intensive therapy models and their use
across heterogenic clinical populations. We present that data below.
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Figure 2. Therapeutic activity decision tree.

2. Materials and Methods

2.1. Participants/Clients

The sample is a convenience clinical sample collected across two research clinics at
two different universities. The clinics were not operated concurrently. Children were
brought to each of the clinics by caregivers to specifically receive intensive therapy services
based on the ACQUIRE model of therapy. Families often sought services after interaction
with other families via online support services. Children ranged in diagnoses, but were
pre-screened by clinic personnel to ensure that there were no concerns about the children
participating in intensive therapy. All levels of severity were included as long as the
child was deemed medically stable, meaning that there were no existing movement/range
of motion or behavioral requirements necessary for a child to receive services. While
some children were quadriparetic, all children had some level of asymmetric functioning.
Ethical approvals were obtained for all data collection at both clinics. All participants
signed informed consent forms, permitting data during clinic-based services to be collected,
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analyzed, and published. The sample presented represents a subset of all clinical data
collected at the two clinics. Some clinical data were unavailable for analyses because they
have not yet been entered into the current database. The clinics did provide some children
multiple epochs of intensive therapy if requested, but data from children who received
additional epochs of treatment were not included. Children were also excluded if they did
not finish the course of planned intervention (e.g., because of illness).

2.2. Intervention

ACQUIRE therapy was delivered between 4–6 h each weekday for 4 consecutive weeks,
creating intensive therapy epochs of 80–120 therapy hours. Variations in dosage occurred
for a variety of reasons, but most often was a function of parental requests or limitations
in clinical coverage. A full arm constraint was used for children with hemiparesis via a
PCIMT model called ACQUIREc therapy [13,14]. ACQUIREc Therapy is a specific form
of ACQUIRE Therapy. Both the clinics were initially started to deliver this manualized
PCIMT approach that served as the basis for our further development of the ACQUIRE
framework. The basis for therapy for children with quadriparesis was ACQUIRE therapy,
in which a constraint may or may not have been used, depending on the child’s motor
involvement, levels of asymmetry, and individual goals of the child and family.

2.3. Assessments

A battery of qualitative and clinical (quantitative) assessments were completed within
2 days prior to and after completion of ACQUIRE therapy. Quantitative data presented in
this paper include the Emerging Behaviors Scale (EBS) [14], the Assisting Hand Assessment
(AHA) [26], and the Pediatric Motor Activity log (PMAL) [14]. All assessments were
primarily designed to examine asymmetric functioning of the upper extremities. The EBS
is a count of 30 possible arm and hand skills. The AHA is a measure designed to examine
bilateral performance of an assisting hand, and the PMAL is a parental report measure of
22 arm and hand skills where the parent reports how well and how often the child uses the
more paretic arm and hand across a 5-point Likert scale, where 0 indicates no ability and
no use of the more paretic arm and hand items where parents rate the functioning of the
more paretic arm and hand across two scales that range between 0–5. The ‘how often’ scale
provides an ordinal level ranking of how frequently children use the more paretic arm and
hand and the ‘how well’ scale provides an ordinal level ranking of the quality of skills of
the more paretic arm and hand.

2.4. Data Analysis

Descriptive statistics were prepared for sample characteristics and all quantitative data.
Data between pre- and post-treatment were examined with repeated measures analysis
of variance (ANOVA). Change scores were generated to compare between diagnostic
categories and to compare outcomes between children with hemi- and quadriparesis.
Analyses fused counts of the 30 potential behaviors for the EBS, logit scores for the AHA,
and averages for PMAL ‘how often’ and ‘how well’ scales. Descriptive data were reported
by parents.

3. Results

3.1. Participants/Clients

Participants/clients data are based on 139 children between 7 months to 20 years of
age (mean = 62.1, S.D. = 53.41). There were 61 females and 78 males representing 44 and
56% of the sample, respectively. Ethnic or racial categories were not routinely recorded by
the clinic, but retrospective examination of data indicated that about 10% of the sample
represented children from racial and ethnic categories other than white or Caucasian.
Table 1 presents the numbers of children by diagnostic categories compared across those
with hemiparesis versus quadriparesis. ACQUIRE therapy was delivered for 6 h each
weekday for 4 consecutive weeks for 118 of these children, making a dosage of 120 h of
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therapy. For four children, scheduling issues with their families caused three weeks to be
delivered instead of four weeks at 6 h per day, resulting in a total dosage of 90 h. Four of
twelve children’s parents and therapists collaboratively decided to complete 4 h of therapy
5 days a week for 4 weeks, resulting in a total dosage of 80 h.

Table 1. Diagnostic categories by type of paresis.

Hemiparesis Quadriparesis

Cerebral Palsy (CP) 74 10

Cerebral Vascular Accident (CVA) 25 3

Arteriovenous Malformation (AVM) 1 0

Traumatic Brain Injury (TBI) 9 1

Hemispherectomy 4 0

Not Otherwise Specified Motor Delay 8 4

121 18

3.2. The Emerging Behavior Scale

The EBS was the most consistent measure used across all children, and analysis
included n = 121. Across all diagnostic categories and paresis types, children gained
an average of 9.15 (S.D. = 5.98) new behaviors. Repeated measures ANOVA indicated
a main effect of time between pre- to post-treatment with F = 23.51, p < 0.001. There
were no significant differences found based on diagnosis or type of paresis. Table 2
shows mean change scores by diagnostic category and paresis type. Across all children
with hemiparesis, the mean = 9.36 (S.D. = 6.03; n = 106), and across all children with
quadriparesis, mean = 7.67 (S.D. = 5.51, n = 15). Results suggest that children with a variety
of diagnoses that present with either hemi- or quadriparesis gained new unilateral skills.

Table 2. Mean Gain Scores (S.D.) by diagnostic categories.

Diagnosis Emerging Behaviors Scale
Pediatric Motor Activity Log

Frequency of Use Quality of Movement

CP Hemiparesis 9.71 (4.96) n = 69 2.04 (1.14) n = 45 1.50 (0.99) n = 45

Quadriparesis 7.56 (5.62) n = 9 1.73 (0.68) n = 6 1.47 (0.84) n = 6

CVA Hemiparesis 9.5 (9.29) n = 20 2.18 (1.11) n = 22 1.76 (1.05) n = 22

Quadriparesis 11.67 (6.43) n = 3 2.39 (1.94) n = 3 1.11 (0.96) n = 3

TBI Hemiparesis 7.86 (6.62) n = 7 1.93 (0.97) n = 8 1.55 (0.90) n = 8

Quadriparesis 5.00 n = 1 1.46 n = 1 1.42 n = 1

Hemispherectomy Hemiparesis 9.00 (6.56) n = 3 1.56 (0.91) n = 4 2.00 (0.69) n = 4

Quadriparesis N/A n = 0 N/A n = 0 N/A n = 0

AVM Hemiparesis 5.00 n = 1 2.63 n = 1 1.23 n = 1

Quadriparesis N/A n = 0 N/A n = 0 N/A n = 0

Other Hemiparesis 7.5 (1.80) n = 6 1.78 (0.94) n = 1 1.14 (0.71) n = 1

Quadriparesis 3.5 (0.71) n = 2 N/A n = 0 N/A n = 0

N = 121 N = 97 N = 97

3.3. The Pediatric Motor Activity Log

The PMAL was completed by 97 parents, of which 87 of the children presented
with hemiparesis and 10 children presented with quadriparesis. Across all diagnostic
categories and paresis types, parents rated their children as having increased amounts
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of use for the more paretic arm with a mean change = 2.17 (S.D. = 1.07), and they rated
that their children’s abilities with their more paretic arm and hands increased with a
mean change = 1.54 (S.D. = 0.94). Repeated measures ANOVA, considering both the ‘how
often’ and ‘how well’ scales indicated significant main effects of time between pre- to
post-treatment. The ‘how often’ scale produced an F = 32.74, p < 0.001, and the ‘how well’
scale F = 17.58, p < 0.001. There were no significant differences found based on diagnosis
or type of paresis. Table 2 shows mean changes for each scale by diagnostic category and
paresis type. Across all children with hemiparesis, the mean = 2.03 (S.D. = 1.07; n = 87), and
across all children with quadriparesis, mean = 1.91 (S.D. = 1.1, n = 10). Results demonstrate
that parents reported changes in both the quality of their children’s skills with the more
paretic arm and hand, but reported even more changes in how frequently their children
were using their more paretic arm and hand immediately after intensive therapy. Notably,
this finding is true across diagnostic and paresis types (i.e., hemi- or quadriparetic).

3.4. The Assisting Hand Assessment

Data from the AHA were available for 26 children. All children were diagnosed
with hemiparetic CP (n = 25) or stroke (n = 1). Three children were quadriparetic but
highly asymmetrical. Across all diagnostic categories and paresis types, children gained
an average of 11.19 (S.D. = 7.55) logit score points. Repeated measures ANOVA indicated
no significant main effect of time between pre- to post-treatment, only a trend toward
significance with F = 3.98, p = 0.058. There were no significant differences found based on
diagnosis or type of paresis. Figure 3 demonstrates the pre- to post-changes by paresis type.
Despite the fact that there was only a trend toward significance in this measure, as Figure 3
demonstrates, there were positive changes in all children. The lack of significance is likely
related to the heterogeneity of the children and the fact that the measure was designed for
measuring children with hemiparesis. As stated above, the children with quadriparesis
that we chose to use the measure on in this clinical sample were extremely asymmetric.
Results suggest that children with a variety of diagnoses that present with either hemi- or
quadriparesis gained abilities to use their more paretic arm and hand in bimanual activities.

Pre Treatment Pots Treatment
Hemiparetic 41.34 53.35
Quadriparetic 41.67 46.67

30

35

40

45
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65

Figure 3. Pre- to post-treatment AHA logit scores.
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4. Discussion

The usability of high-dosage intensive therapies in clinical settings is impacted by
multiple issues. Two primary issues not adequately considered are, firstly, that clinical pop-
ulations are usually highly heterogeneous, and secondly, that therapists are not adequately
prepared to implement these high dosage therapeutic approaches. We sought to address
both of these issues in this paper.

The ACQUIRE framework provides a more defined and detailed representation of
the interactive therapeutic processes and provides specific constructs that impact learning
during high-dosage intensive therapy. These concepts have a strong foundation in theories
about learning, specifically operant conditioning, and should be seen as additive compo-
nents to high-dosage therapies which have traditionally been defined more fundamentally
in terms of frequency, intensity, and timing of therapy. Therapeutic encounters are com-
plex, and the ACQUIRE framework and associated decision-making process seek to make
therapeutic learning a collaborative and more definable interaction between the therapist
and the child and must include sufficient time and opportunity for massed but refined
processes to promote learning. In order to use high-dosage intensive therapies, therapists
must be trained to understand these constructs. Concomitantly, high-dosage therapies and
these processes allow therapists ample time to consider the whole child who is intermixing
developmental domains almost on a continuous basis throughout development. We the-
orize that limited time constraints do not allow therapists to consider the interplay from
both the therapeutic delivery side and the internal development side of the child, and that
this is a major impediment for therapy delivery that routinely and systematically promotes
the development of skills.

We have now used the ACQUIRE framework to train dozens of therapists and guide
intensive therapy epochs for hundreds of children across many diagnoses. The data across
etiologies presented in this paper begin to address the question about the use of high-
dosage intensive therapy beyond merely hemiparesis. Across six diagnostic categories that
included CP, CVA, TBI, AVM, hemispherectomy, and others (e.g., microcephaly, tumor
resections), children consistently responded positively to receiving high-dosage intensive
ACQUIRE therapy and gained movements and functional skills. The data in this paper were
primarily focused on developing and measuring motor skills, primarily that of the upper
extremity in children with multiple types of diagnoses. Importantly, children with varied
diagnoses improved. In addition, we collapsed across levels of paralysis and comparing
children with hemiparesis to children with quadriparesis, and both groups improved on
the number of skills developed (e.g., the EBS) and by parental report (e.g., the PMAL).
Magnitudes of change favored children with hemiparesis but all responded positively.

There are limitations to the data we present. First and foremost, we present data col-
lected for clinical purposes and to internally understand if the intensive therapy services we
were providing were indeed producing positive changes. Both of the clinics were initially
designed to provide our manualized version of pediatric constraint-induced movement
therapy, ACQUIRE Therapy [14], and we have published numerous clinical trials [26–29]
based on this protocol, but our assessment and expanded treatment protocols were built
on this legacy by incorporating all the components of that protocol outside the constraint
with children who had bilateral paresis. Our routinely used measurements of change are
limited for this reason. We often saw changes and parents reported changes in other motor
areas (e.g., gross motor skills) and developmental domains (e.g., language) not routinely
tested. We further recognize that children in this sample received a minimum of 80 h of
therapy within a four-week period. While this meets recommendations made within the
literature [3], it is well above the current standard of practice and perhaps more importantly
what is routinely covered by third party reimbursement. This is a major factor that prevents
many children from receiving intensive therapy. While our data cannot adequately address
the health disparities associated with this fact, it is incumbent upon us to recognize it as
a limitation.
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5. Conclusions

The field of pediatric rehabilitation, or at least therapists on a provider level, appear
to be increasing the amount of therapeutic services provided to children in traditional
settings [25–29]. Perhaps this change, in part, is due to the overall increase in pediatric
therapy services, driven mostly by demand of caregivers. There also appears to be an
increase in the number of facilities providing intensive pediatric therapy services, again
likely driven by caregiver demand. While the increase in intensity is necessary, our experi-
ence with providing intensive services for children with neuromotor impairments, both in
research and clinic settings, has led us to a greater understanding of the multiple necessary
components that exist for the effective and efficacious delivery of high-quality intensive
therapies that excel beyond merely the component of dosage. Dosage is a highly recog-
nized and needed component [3,25], but it is not the only essential component for intensive
therapies to be delivered in a manner that maximizes efficacy. The ACQUIRE framework
and therapy delivery are meant to guide the necessary interactions between the therapist
and the child in order maximize intensive therapy services for both the therapeutic delivery
side provided by the therapist and on the developmental side for the child. As the field
makes further investments into pediatric rehabilitation to utilize high-dosage therapies, we
need to better establish how we prepare therapists to deliver these therapeutic efforts.

The next steps are always difficult when considering how to translate research findings
into practice. Defining these intensive therapies in terms of frequency, density, and dosage
was a major addition to the pediatric rehabilitation field driven by research, but it has led to
an eclectic mix of therapies with varying levels of results. The next steps include a greater
standardization of guiding methodologies and decision-making processes used to deliver
intensive therapies.
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Abstract: Mobility is a fundamental human right and is supported by the United Nations and the
ON Time Mobility framework. The purpose of this study was to understand the effect of a powered
mobility intervention on developmental changes of children with cerebral palsy (CP). This study
was a randomized, crossover clinical trial involving 24 children (12–36 months) diagnosed with CP
or with high probability of future CP diagnosis based on birth history and current developmental
status. Children received the Explorer Mini and a modified ride-on car in randomized order, each for
8 weeks. The Bayley Scales of Infant and Toddler Development—4th Edition was administered at
baseline, mid-study, and end-of-study. Raw change scores were used for analysis. Total minutes of
use per device was categorized as low or high use for analysis based on caregiver-reported driving
diaries. Explorer Mini: The high use group exhibited significantly greater positive change scores
compared to the low use group on receptive communication, expressive communication, and gross
motor subscales (p < 0.05). Modified ride-on car: No significant differences between low and high
use groups. Regardless of device, low use was associated with no significant developmental change
and high use was associated with positive developmental changes. Mobility access is critical to
maximize the development of children with CP and may be augmented by using powered mobility
devices. Results may have implications for the development of evidence-based guidelines on dosage
for powered mobility use.

Keywords: cerebral palsy; disability; mobility; technology

1. Introduction

Mobility is a fundamental human right [1,2]. The United Nations supports this
position of mobility equity as outlined in the Conventions on the Rights of Persons with
Disabilities and the Rights of Children [3,4]. The ON Time Mobility framework further
outlines children’s right to explore the environment, develop social relationships, and serve
as active participants in co-creating experiences in their daily lives [2]. Mobility access is
critical to maximize the development of children with neuromotor disabilities, including
cerebral palsy (CP). Mobility may include traditional motor skill intervention as well as use
of powered mobility devices such as motorized wheelchairs, modified ride-on cars, and the
Explorer Mini, a mobility device designed specifically for toddlers.

Young children with CP demonstrate positive outcomes in mobility, development, and
participation following a powered mobility intervention with a motorized wheelchair [5–7].
For example, young children with CP who used powered mobility devices exhibited in-
creased mobility skills and independence [5,6,8,9], parent perceptions of social skills [6,10],
receptive communication and self-care skills [7], sleep–wake patterns [10], and partic-
ipation [11]. Children as young as 7 months old who have a range of motor abilities,
including complex disabilities, have demonstrated successful engagement with powered
mobility [7,12].
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Despite these positive outcomes, there remain challenges to widespread adoption of
powered mobility use, including child-related reasons such as perceived readiness based on
age [13], cognitive, physical, or behavioral factors [14], and family or environment-related
reasons such as lack of support, ability to transport the device, and home environment [14].
Another challenge includes caregiver perceptions that powered mobility use will interfere
with their child’s motor development [11]. However, results of a randomized controlled
trial suggest no significant differences in fine or gross motor skill between a powered
mobility intervention group and a control group [7]. The ON Time Mobility framework
does not provide readiness criteria for children to meet prior to consideration of powered
mobility use but rather embraces a mobility rights perspective to advocate for multimodal
access to mobility in many forms based on each child’s complex needs and environmental
conditions [2]. Current recommendations indicate that powered mobility may be consid-
ered for children with disabilities as a means to explore mobility at ages and stages similar
to their peers without disabilities, regardless of whether this is temporary, concurrent with
gross motor skill intervention or as an anticipated long-term mobility solution [15].

Modified ride-on cars are an additional powered mobility option for young children
with CP. Modified ride-on car use in young children with disabilities, including CP, is
a feasible powered mobility option in home, hospital, and school settings and has been
associated with positive activity and participation outcomes [16]. Modified ride-on cars
include adaptation of commercially available, off-the-shelf, battery-operated toy cars.
Modified ride-on cars can be adapted through installation of a large and easy to press
activation switch on the steering wheel and customized seating support created from
low-cost and readily available materials. The adapted switch usually includes an “all-or-
nothing” activation mechanism where, once a child presses the switch, the car is turned on
to its maximum speed until the switch is released, though, in some cases, potentiometers
are also integrated to provide families with the ability to adjust speed. The total cost is
about $200 for a modified ride-on car and modification supplies [17,18]. The do-it-yourself
movement of modifying ride-on cars highlights a systemic gap in commercially available
mobility technology for pediatric populations.

The Explorer Mini is a Food and Drug Administration cleared 510k medical device
for young children 12–36 months old and was commercially released in March 2020. The
Explorer Mini is activated with a midline joystick that provides proportional speed control.
Other features include its zero-degree turning radius, five speed options, and the ability to
be used in either a seated or standing position. A recent study of the Explorer Mini included
33 children 6–35 months old, 12 of which were diagnosed with CP. Results established
initial feasibility for young children to successfully use the joystick for mobility and the
observation that they appeared to enjoy the experience during a single driving session [19].

The current study extends previous work in three ways. First, this study addresses the
potential effect of low and high device use on developmental outcomes in young children
diagnosed with CP or with a high probability of future CP diagnosis. Previous intervention
studies have examined powered mobility use and the onset of mobility skills [8,9] or
generally reported use and developmental change without an interpretation of potential
dosage effects [7]. Similarly, modified ride-on car use is highly variable, and, often, low
adherence to use recommendations have been reported [16]. There are no studies with the
Explorer Mini that report device use beyond a single driving session. Further, Permobil,
manufacturer of the Explorer Mini, recently released “A Guideline for Introducing Powered
Mobility to Infants and Toddlers.” [20]. The guideline acknowledges there are no specific
recommendations for dosage of powered mobility use based on a lack of available evidence
and the individually variable needs and abilities of many young drivers. Thus, the current
study may have implications for the development of evidence-based guidelines for powered
mobility use.

Second, this study examines children’s individual pathways from device use to de-
velopmental outcomes. Previous powered mobility intervention studies have used single-
subject and case series designs to provide rich descriptions of behavior and developmental
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change [16,21]. However, the current study extends this work by using a unique approach
of examining a larger sample size to synthesize individual-level data into larger trends that
have the potential to impact clinical practice.

Third, our study aims, design, and interpretation of results are grounded in dynamic
systems theory (DST) [22]. Regardless of device type, powered mobility intervention re-
search is typically not grounded in theoretical frameworks of motor development. There
are three key principles of DST: complexity, continuity in time, and dynamic stability. These
principles interact to encourage an individual’s path toward a developmental cascade of
change over time [22]. Complexity relates to the synergistic and interconnectedness of
multiple systems that interact together and are influenced by the convergence of individual,
task, and environmental constraints that influence behaviors. In the context of DST, con-
straints do not refer to limitations or restrictions but are the holistic context of how multiple
systems interact to facilitate behaviors. We recognize that child development is complex
and may be influenced by children’s Gross Motor Function Classification System (GMFCS)
level (individual constraint) and the use of the Explorer Mini and modified ride-on car
(task constraints) in different family, home, neighborhood, and community spaces that
present varying real-world situations of powered mobility use (environmental constraints).
Continuity in time recognizes that change in functioning is dependent on the past, which
influences the path toward future levels of functioning. Our study acknowledges continu-
ity through examining children’s individual pathways of developmental change, thereby
recognizing that each child is likely to experience their own unique trajectory dependent
upon their previous developmental past. Dynamic stability regards behaviors as stable and
flexible to varying degrees, depending upon the behavior and state of the system at a given
point in time. Our study embraces that dynamic stability of developmental change may
be influenced by the frequency of powered mobility device use between assessments of
developmental domains.

The purpose of this study was to examine the effect of powered mobility use on the
developmental changes of young children (12–36 months) diagnosed with CP or with a high
likelihood of future CP diagnosis following separate 8-week use periods for the Explorer
Mini and modified ride-on car. Children between 12 and 36 months of age were the focus
of this study because early childhood is a critical developmental time and provision of
powered mobility is not standard of practice at this age [13,14] despite previous positive
research findings [7–10,12,16]. Therefore, the overall objective was to understand the effect
of a powered mobility intervention on developmental changes. In the United States, there
was no commercially available powered mobility device for children under 3 years of
age until the Explorer Mini was released in 2020. Prior to the Explorer Mini, modified
ride-on cars were popularized as a do-it-yourself powered mobility option for young
children. Both devices were chosen for the current study because of their use for children
12–36 months as a powered mobility device for this population. In addition, there are cost
and access differences between the devices. The Explorer Mini costs $2944 and requires
a physician’s prescription for access. In contrast, a modified ride-on car costs $200–$400
and requires minimal technical skills for access. These factors contributed to the use of a
randomized, crossover study design that included children using each device during an
intervention period.

There were two aims of the current study. Aim 1: Compare the relationship between
device use frequency (low and high use) of each device to change scores of Bayley-4
subscales (e.g., cognitive, receptive communication, expressive communication, fine motor,
and gross motor). H1: We hypothesized that change scores across all Bayley-4 subscales would
be higher for the high use group compared to the low use group for both devices. Aim 2: Describe
children’s individual pathways of developmental change on Bayley-4 subscales considering
device use and GMFCS levels. H2: We hypothesized that high use would be associated with
positive developmental changes for both devices. H3: We also hypothesized that low use would be
associated with no developmental changes. H4: Lastly, we hypothesized that children classified
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at GMFCS Levels I, II, and III would exhibit more pathways to positive developmental change
compared to children classified at GMFCS Levels IV and V.

2. Materials and Method

This study was a randomized, crossover, multi-site clinical trial, and children received
the Explorer Mini or a modified ride-on car in a randomized order, each for 8 weeks.
There was no wash out period between devices since both devices are intended to support
self-initiated mobility. This study is part of a larger study. Please see [23] for a published
protocol with full methodological details.

2.1. Participants

Recruitment of potential participants was conducted through local physical, occupa-
tional, and early intervention agencies and clinics at each site (Washington, Oregon, and
Michigan). Twenty-four children between 12 and 36 months of age diagnosed with CP
or with high probability of future CP diagnosis based on birth history or current devel-
opmental status were included in this study. A high probability of future CP diagnosis
was confirmed through caregiver report based on birth history or current developmental
status, demonstrated delays of the onset of mobility, and receipt of therapeutic services.
One family did not return the caregiver-reported driving diary about device use and were
excluded from analysis, resulting in a final sample of 23 children for the current study. See
Table 1 for demographic information.

Table 1. Demographic information for participants and individual device use data.

Device Use (Mins)

ID Age GMFCS Level Explorer Mini Modified Ride-On Car

2 17 months V 182 203
3 2 years II 435 95
4 19 months V 374 370
5 18 months V 1185 526
6 2 years and 4 months II 980 923
7 21 months III 165 15
8 2 years and 5 months III 563 48
10 15 months V 505 86
11 17 months II 177 99
12 15 months IV 335 0
13 2 years and 6 months V 35 60
14 12 months IV 330 200
15 2 years and 5 months III 1270 547
16 21 months I 17 92
17 2 years and 7 months V 165 30
18 20 months V 206 0
19 2 years and 5 months IV 613 0
20 23 months IV 613 529
21 23 months V 217 571
22 16 months IV 1105 119
23 2 years 8 months V 823 96
24 12 months II 1110 230
25 18 months II 547 165

2.2. Description of Devices

Explorer Mini. The Explorer Mini is commercially available and Food and Drug
Administration cleared 510k medical device intended for use of children 12–36 months
of age. The Explorer Mini includes a rechargeable, 12-volt battery, maximum speed of
1.5 mph, a 0-inch turning radius, five speed options, can be driven in sitting or standing
positions, 35 lbs. weight limit, and is activated and steered through an omni-directional
and proportional controlled joystick. See Figure 1.
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Figure 1. Photograph of the Explorer Mini.

Modified ride-on car. The Fisher Price Cars 3 Lil’ Lightning McQueen is commer-
cially available and intended for use of children 12–36 months. The McQueen includes
a rechargeable, 6-volt battery, maximum speed of 2 mph, a 37.5 inch turning radius, one
speed option, can be used in the sitting position only, 40 lbs. weight limit, steered via a
handheld steering wheel, and activated through an all-or-nothing switch pressed via a
finger or thumb located on the steering wheel. Modifications included (a) replacing the
small switch with an all-or-nothing adapted switch that is large (5-inch diameter), easy to
press, and installed on the steering wheel, (b) the addition of a potentiometer to allow for
variable speed control, and (c) customized and individual seating support based on each
child’s positioning needs. See Figure 2.

Figure 2. Photograph of the modified ride-on car.

2.3. Dependent Variables

Device use. Caregivers reported device use as minutes per driving session in a
caregiver-reported driving diary. Several modified ride-on car studies recommended to
families at least 20–30 min per day for 5 days per week of device use; however, actual device
use is often low and highly variable [16]. Families in the current study were encouraged to
incorporate the devices into their everyday routines and participated in two standardized
check-in periods per device to encourage driving and identify/remove potential driving
barriers; however, they were not provided specified device use recommendations. We
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created definitions of low and high use based on our research, clinical experience, and
previous literature [16,24]. Low use was defined as 480 min or less across an 8-week period.
This is equivalent to an average of 20 min per day for 3 days per week (i.e., 1 h per week or
less, which is similar to dosage of early intervention services) [24]. High use was defined
as 481 min or more across an 8-week period. Low and high use groups were used for
data analysis.

2.4. Bayley Scales of Infant and Toddler Development—4th Edition (Bayley-4) [25]

The Bayley-4 is a norm-referenced standardized measure that was validated with
a sample of children mostly without disabilities. Scaled and raw scores may be used to
identify change over time, but scaled scores must be used to compare a child’s performance
to their age-matched peers. However, in a heterogenous sample of children with disabilities,
even in the presence of significant change in raw scores, scaled scores may remain steady or
decline/decrease due to the inherent comparison against age-matched peers. Raw scores
were used to calculate change scores for each subscale between each period of device use
because of the sample and relatively short intervals between assessment (8 weeks). Raw
scores and change scores more accurately reflect the presence or absence of change in our
participants who served as their own controls, which considers our population (i.e., CP)
heterogeneity. Further, caregivers reported that 14 of the 23 children (~61%) functioned at
GMFCS Levels IV or V. These children are expected to develop at a decreased rate compared
to other GMFCS levels, or compared to children with typical development who were the
basis for the norm referenced scaled and standard scores in the Bayley-4 manual.

The Bayley-4 was administered at T0 (prior to any device use), T1 (after 8 weeks of
first device use), and T2 (after 8 weeks of second device use) and included assessment of
the cognitive, receptive communication, expressive communication, fine motor, and gross
motor subscales. Change scores were calculated by subtracting the raw score at one time
point from the raw score at another timepoint for each individual child. The percentage of
change was calculated by dividing the change score by the raw score at first timepoint ×100.
For example, a raw score of 57 at T0 and 70 at T1 would result in a change score of 13 (70–57),
which represents 23% positive change (13/57 = 0.2280 × 100 = 23%). The magnitude of
the percentage of change was defined as follows: stable (+/−9% or less), small change
(+/−10–19%), moderate change (+/−20–29%), or large change (+/−30% or more). We
used a conservative approach informed by our collective research and clinical experience
to define magnitudes of percentage of change. The context of social validity, including
the importance of the treatment effect, guided the classification of magnitudes [26,27].
Similar to a previous powered mobility study, the lowest level of change determined as
meaningful was defined as at least 10% because this level of change may inform intervention
planning [28].

2.5. Data Analysis

Aim 1: Compare the relationship between device use frequency (low and high use) of
each device to change scores of Bayley-4 subscales. Non-parametric tests were used due
to small sample size of groups and the violation of the assumption of normality (Shapiro–
Wilk test; p < 0.05) for the receptive communication and gross motor change scores. The
Mann–Whitney U test was used to compare two independent groups (low vs high use) on
Bayley-4 change scores. Separate tests were conducted across Bayley-4 subscales (cognitive,
receptive communication, expressive communication, fine motor, and gross motor) and
across devices (Explorer Mini; modified ride-on car).

Aim 2: Describe children’s individual pathways of developmental change on Bayley-4
subscales considering device use and GMFCS levels. Visual analysis was used to narratively
describe trends through a series of figures. Figures are presented that include children’s
individual pathways of percentage change (stable, small, moderate, large) across Bayley-4
subscales (cognitive, receptive communication, expressive communication, fine motor, and
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gross motor), devices (Explorer Mini; modified ride-on car), use levels (low use; high use),
and GMFCS Levels (I–III; IV–V).

3. Results

Aim 1: See Table 2 for descriptive information about device use. Explorer Mini.

Expressive communication change scores of the high use group (Mdn = 4) were higher
than those of the low use group (Mdn = 1.5). A Mann–Whitney U test indicated that this
difference was statistically significant, U(Nhigh use = 11, Nlow use = 12) = 32.00, z = −2.1,
p = 0.037. Receptive communication change scores of the high use group (Mdn = 4) were
higher than those of the low use group (Mdn = 0). A Mann–Whitney U test indicated that
this difference was statistically significant, U(Nhigh use = 11, Nlow use = 12) = 15.50, z = −3.1,
p < 0.001. Gross motor change scores of the high use group (Mdn = 5) were higher than those
of the low use group (Mdn = −0.5). A Mann–Whitney U test indicated that this difference
was statistically significant, U(Nhigh use = 11, Nlow use = 12) = 32.00, z = −2.1, p = 0.037.
Modified ride-on car. No significant differences in change scores resulted between low
and high use groups.

Table 2. Summary information about device use.

Explorer Mini Modified Ride-On Car

Minutes of Use Minutes of Use

Low Use (n = 12) High Use (n = 11) Low Use (n = 18) High Use (n = 5)

Min 17 505 0 526
Max 435 1270 370 923

Median 193.8 823 93.5 538
Mean 219.8 846.7 106.4 631.3

Standard Deviation 128 290.6 96.9 194.7

Aim 2: A narrative description is provided for children’s individual pathways of
developmental change on Bayley-4 subscale scores. See Figures 3–7.

Figure 3. Cont.
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Figure 3. Pathways for each child from Explorer Mini (top) and modified ride-on car (bottom) low
and high use groups to developmental change on the cognitive subscale of the Bayley-4. Low use was
defined as 480 min or less across an 8-week period. High use was defined as 481 min or more across
an 8-week period. The magnitude of the percentage of change for Bayley-4 subscales was defined as
follows: stable (+/−9% or less), small change (+/−10–19%), moderate change (+/−20–29%), or large
change (+/−30% or more). The #s indicate participant ID. Bolded lines represent children GMFCS
Levels IV or V. Dashed lines represent children GMFCS Levels I, II, or III.

Figure 4. Cont.
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Figure 4. Pathways for each child from Explorer Mini (top) and modified ride-on car (bottom) low
and high use groups to developmental change on the receptive communication subscale of the
Bayley-4.

Cognitive subscale. Explorer Mini: Low use (n = 12; 52%). Children exhibited five
of seven possible individual pathways from low use to developmental change. The most
common pathway was low use to positive change (n = 6; 50%), including small (n = 1),
moderate (n = 3), and large (n = 2). The next most common pathway was low use to stable
(n = 4; 33%). The least common pathway was low use to negative change (n = 2; 17%),
including small (n = 0), moderate (n = 2), and large (n = 0). Children with GMFCS I–III and
IV–V appeared to show similar patterns. High use (n = 11; 48%). Children exhibited five
of seven possible individual pathways from high use to developmental change. The most
common pathway was high use to stable (n = 5; 46%). The next most common pathway was
high use to positive change (n = 4; 36%), including small (n = 1), moderate (n = 1), and large
(n = 2). The least common pathway was high use to negative change (n = 2; 18%), including
small (n = 2). Children with GMFCS I–III and IV–V appeared to show similar patterns.

Modified ride-on car: Low use (n = 18; 78%). Children exhibited seven of seven
possible individual pathways from low use to developmental change. The most common
pathway was low use to stable (n = 8; 44%). The remaining two pathways were equal in
commonality, including low use to negative change (n = 5; 28%), including small (n = 3),
moderate (n = 1), and large (n = 1); and positive change (n = 5; 28%), including small (n = 2),
moderate (n = 2), and large (n = 1). Children with GMFCS I–III and IV–V appeared to
show similar patterns. High use (n = 5; 22%). Children exhibited three of seven possible
individual pathways from high use to developmental change. The most common pathway
was high use to positive change (n = 3; 60%), including small (n = 2) and large (n = 1).
The next most common pathway was high use to negative change (n = 2; 40%), including
small (n = 2). The least common pathway was high use to stable (n = 0; 0%). Children with
GFMCS I–III all showed negative change while all children with GMFCS IV–V showed
positive change.
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Figure 5. Pathways for each child from Explorer Mini (top) and modified ride-on car (bottom) low
and high use groups to developmental change on the expressive communication subscale of the
Bayley-4.

Receptive subscale. Explorer Mini: Low use (n = 12; 52%). Children exhibited six
of seven possible individual pathways from low use to developmental change. The most
common pathway was low use to stable (n = 5; 42%). The next most common pathway was
low use to positive change (n = 4; 33%), including small (n = 3) and moderate (n = 1). The
least common pathway was low use to negative change (n = 3; 25%), including small (n = 1),
moderate (n = 1), and large (n = 1). Children with GMFCS I–III and IV–V appeared to
show similar patterns. High use (n = 11; 48%). Children exhibited four of seven possible
individual pathways from high use to developmental change. The most common pathway
was high use to stable (n = 6; 66%). The next most common pathway was high use to
positive change (n = 5; 46%), including small (n = 2), moderate (n = 1), and large (n = 2).
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The least common pathway was high use to negative change (n = 0; 0%). Children with
GMFCS I–III and IV–V appeared to show similar patterns.

Figure 6. Pathways for each child from Explorer Mini (top) and modified ride-on car (bottom) low
and high use groups to developmental change on the fine motor subscale of the Bayley-4.

Modified ride-on car: Low use (n = 18; 78%). Children exhibited four of seven
possible individual pathways from low use to developmental change. The most common
pathway was low use to stable (n = 10; 56%). The next most common pathway was low
use to positive change (n = 6; 33%), including small (n = 1) and moderate (n = 5). The least
common pathway was low use to negative change (n = 2; 11%), including small (n = 2).
Children with GMFCS IV–V appeared to show more positive changes compared to GMFCS
I–III. High use (n = 5; 22%). Children exhibited four of seven possible individual pathways
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from high use to developmental change. There were two most common pathways: high
use to positive change (n = 2; 40%), including small (n = 2); and high use to negative change
(n = 2; 40%), including small (n = 1) and moderate (n = 1). The least common pathway was
high use to stable (n = 1; 20%). Children with GMFCS I–III and IV–V appeared to show
similar patterns.

Figure 7. Pathways for each child from Explorer Mini (top) and modified ride-on car (bottom) low
and high use groups to developmental change on the gross motor subscale of the Bayley-4.

Expressive subscale. Explorer Mini: Low use (n = 12; 52%). Children exhibited five
of seven possible individual pathways from low use to developmental change. The most
common pathway was low use to positive change (n = 5; 42%), including small (n = 4) and
moderate (n = 1). The next most common pathway was low use to stable (n = 4; 33%). The
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least common pathway was low use to negative change (n = 3; 25%), including small (n = 1)
and large (n = 2). Children with GMFCS I–III and IV–V appeared to show similar patterns.
High use (n = 11; 48%). Children exhibited three of seven possible individual pathways
from high use to developmental change. The most common pathway was high use to
positive change (n = 10; 91%), including small (n = 6) and large (n = 4). The next most
common pathway was high use to stable (n = 1; 9%). The least common pathway was high
use to negative change (n = 0; 0%). Children with GMFCS I–III and IV–V appeared to show
similar patterns.

Modified ride-on car: Low use (n = 18; 78%). Children exhibited five of seven pos-
sible individual pathways from low use to developmental change. The most common
pathway was low use to positive change (n = 7; 39%), including small (n = 6) and large
(n = 1). The next most common pathway was low use to stable (n = 6; 33%). The least
common pathway was low use to negative change (n = 5; 28%), including small (n = 2) and
moderate (n = 3). Children with GMFCS I–III and IV–V appeared to show similar patterns.
High use (n = 5; 22%). Children exhibited three of seven possible individual pathways
from high use to developmental change. There were two most common pathways: high
use to positive change (n = 2; 40%), including large (n = 2); and high use to stable (n = 2;
40%). The least common pathway was from high use to negative change, including small
(n = 1; 20%). Children with GMFCS I–III and IV–V appeared to show similar patterns.

Fine motor subscale. Explorer Mini: Low use (n = 12; 52%). Children exhibited six
of seven possible individual pathways from low use to developmental change. The most
common pathway was low use to stable (n = 5; 42%). The next most common pathway was
low use to negative change (n = 4; 33%), including small (n = 1), moderate (n = 2), and large
(n = 1). The least common pathway was low use to positive change (n = 3; 25%), including
small (n = 2) and moderate (n = 1). Children with GMFCS IV–V showed positive, stable, and
negative change, while children with GMFCS I–III showed only stable or negative change.
High use (n = 11; 48%). Children exhibited six of seven possible individual pathways
from high use to developmental change. The most common pathway was high use to
positive change (n = 6; 55%), including small (n = 1), moderate (n = 1), and large (n = 4).
The next most common pathway was high use to negative change (n = 3; 27%), including
small (n = 1) and moderate (n = 2). The least common pathway was high use to stable
(n = 2; 18%). Children with GMFCS I–III and IV–V appeared to show similar patterns.

Modified ride-on car: Low use (n = 18; 78%). Children exhibited six of seven possible
individual pathways from low use to developmental change. The most common pathway
was low use to stable (n = 8; 44%). The next most common pathway was low use to
positive change (n = 6; 33%), including small (n = 3) and large (n = 3). The least common
pathway was low use to negative change (n = 4; 22%), including small (n = 1), moderate
(n = 2), and large (n = 1). Children with GMFCS IV–V showed positive, stable, and negative
change, while children with GMFCS I–III showed only stable or positive change. High

use (n = 5; 22%). Children exhibited 3 of 7 possible individual pathways from high use to
developmental change. The most common pathway was high use to positive change (n = 4;
80%), including small (n = 3) and large (n = 1). The next most common pathway was high
use to stable (n = 1; 20%). The least common pathway was from high use to negative change
(n = 0; 0%). Children with GMFCS I–III and IV–V appeared to show similar patterns.

Gross motor subscale. Explorer Mini: Low use (n = 12; 52%). Children exhibited
five of seven possible individual pathways from low use to developmental change. The
most common pathway was low use to negative change (n = 6; 50%), including small
(n = 2), moderate (n = 3), and large (n = 1). The next most common pathway was low use to
stable (n = 5; 42%). The least common pathway was low use to positive change (n = 1; 8%),
including large (n = 1). Children with GMFCS I–III showed stable pathways compared to
children with GMFCS IV–V, who tended to show negative changes. High use (n = 11; 48%).

Children exhibited 4 of 7 possible individual pathways from high use to developmental
change. The most common pathway was high use to positive change (n = 8; 73%), including
small (n = 2), moderate (n = 1), and large (n = 5). The next most common pathway was high
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use to stable (n = 3; 27%). The least common pathway was high use to negative change
(n = 0; 0%). Children with GMFCS IV–V always showed positive change, while children
with GFMCS I–III showed stable pathways and positive change.

Modified ride-on car: Low use (n = 18; 78%). Children exhibited four of seven
possible individual pathways from low use to developmental change. The most common
pathway was low use to stable (n = 14; 78%). The next most common pathway was low use
to positive change (n = 3; 17%), including small (n = 1) and large (n = 2). The least common
pathway was low use to negative change (n = 1; 6%), including small (n = 1). Children with
GMFCS I–III and IV–V appeared to show similar patterns. High use (n = 5; 22%). Children
exhibited two of seven possible individual pathways from high use to developmental
change. The most common pathway was high use to stable (n = 3; 60%). The next most
common pathway was high use to positive change (n = 2; 40%), including moderate (n = 2).
The least common pathway was from high use to negative change (n = 0; 0%). Children
with GMFCS IV–V showed stable pathways and positive change, while children with
GMFCS I–III showed only stable pathways.

Summary of individual pathways across all Bayley-4 domains. See Table 3. Regard-
less of device, the most common pathway for low use was to stable (n = 69; 46%) and for
high use to positive change (n = 46; 57.5%).

Table 3. Frequency and percentages of paths from low and high use to developmental change for
each device on the Bayley-4 (all subscales).

Explorer Mini

Low Use (n = 12; 60 paths) High Use (n = 11; 55 paths)
(+) Change Stable (−) Change (+) Change Stable (−) Change

19 (32%) 23 (38%) 18 (30%) 33 (60%) 17 (31%) 5 (9%)

Modified Ride-On Car

Low Use (n = 18; 90 paths) High Use (n = 5; 25 paths)
(+) Change Stable (−) Change (+) Change Stable (−) Change

27 (30%) 46 (51%) 17 (19%) 13 (52%) 7 (28%) 5 (20%)

Explorer Mini: Low use (n = 12; 52%). There were 60 pathways recorded from low
use to developmental change (positive, stable, negative). The most common pathway was
low use to stable (n = 23; 38%). High use (n = 11). There were 55 pathways recorded from
high use to developmental change (positive, stable, negative). The most common pathway
was high use to positive change (n = 33; 60%).

Modified ride-on car: Low use (n = 18). There were 90 pathways recorded from low
use to developmental change (positive, stable, negative). The most common pathway was
low use to stable (n = 46; 51%). High use (n = 5). There were 25 pathways recorded from
high use to developmental change (positive, stable, negative). The most common pathway
was high use to positive change (n = 13; 52%).

4. Discussion

The purpose of this study was to examine the effect of powered mobility use on the
developmental changes of young children diagnosed with CP or with a high likelihood of
future CP diagnosis. Our first hypothesis was partially supported and stated that change
scores across all Bayley-4 subscales would be higher for the high use group compared
to the low use group for both devices. Findings indicate that high use of the Explorer
Mini resulted in significantly greater change scores compared to low use on receptive
communication, expressive communication, and gross motor domains. There were no
significant differences between low use and high use of a modified ride-on car.

One potential explanation for our findings is that children’s high use of the Explorer
Mini may have contributed to new exploratory experiences that resulted in increased,
varied, and novel social interactions with caregivers, siblings, and/or others in the envi-
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ronment, which, in turn, facilitated changes in receptive communication and expressive
communication. The powered mobility experiences may have motivated children to be
more active and mobile outside of the device, contributing to advanced gross motor skills.
A substantially higher percentage of children were in the high use group for the Explorer
Mini (48%) compared to the modified ride-on car (22%). Further, there was a low percent-
age of children who were in the high use group for both devices (17%). These results are
consistent with previous work that indicates variable duration and frequency of device use
during an intervention period [16] that is likely due to several perceived barriers related
to the caregiver, child, device, and environment [29,30]. Our study protocol attempted to
address these issues through providing families with two standardized check ins during
each 8-week period of device use. These check ins included time for the caregiver to ask
questions and discuss perceived barriers, and for the research team to provide activity
suggestions and facilitating strategies to encourage both device use and children’s learning.
Future research is warranted to understand the exploratory experiences of young children
during powered mobility device use to determine if and how these experiences contribute
to developmental change, including communication skills.

Another potential explanation is the caregivers’ and children’s device preferences.
There were 11 families in the high use group of the Explorer Mini. Based on our qualitative
data, 8 out of 11 families indicated that both caregiver and child preferred the Explorer
Mini compared to the modified ride-on car. It is possible the preference for the Explorer
Mini both in quantitative (i.e., use) and qualitative ways influenced the frequency, quality,
and type of opportunities children were provided to use the device that contributed to the
observed developmental changes.

Lastly, a potential explanation for the findings is related to the functional difference
in how the Explorer Mini and modified ride-on car are operated and used to navigate the
environment. The Explorer Mini uses a joystick for activation of omni-directional steering,
while the modified ride-on car uses an all-or-nothing and single switch for activation that
is separate from steering control. In combination with high use, the joystick navigation
of the Explorer Mini may have resulted in different mobility experiences that can at least
partially explain the findings. To our knowledge, there are no research studies that directly
compares children’s driving experiences of powered mobility devices that are activated
through a single switch versus a joystick within home and community settings, and further
research is warranted.

Our second and third hypotheses were supported and stated that, through visual
analysis of individual pathways, high use would be associated with positive developmental
changes and that low use would be associated with no developmental changes for both
devices. The most common pathway from high use was to positive change for the Explorer
Mini (60% of pathways) and modified ride-on car (53% of pathways). The most common
pathway from low use was to no developmental change (i.e., stable) for the Explorer Mini
(38% of pathways) and modified ride-on car (51% of pathways). Despite the common
pathways, it is clear that this is not a hard and fast rule, and there are several factors
that influence a child’s developmental trajectory that align with dynamic systems theory.
Bi-directional interactions amongst individual (children’s previous developmental history
and current GMFCS level), task (device preference and use), and environmental (settings of
device use) constraints likely contributed in different ways to development change for each
child in the current study. These results align with a classic study in motor development
where researchers examined individual pathways in the development of the fundamental
motor skill of throwing [31]. They found common pathways, yet there was variability in
how the trunk, humerus, and forearm actions coordinate to produce throwing across trials
and time. Analyses of different groups are important in research studies, but there is also
value in examining individual data to understand the underlying patterns of change.

Our fourth hypothesis was not supported; it stated that, through visual analysis of
individual pathways, children classified at GMFCS Levels I, II, and III would exhibit more
pathways to positive developmental change compared to children classified at GMFCS
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Levels IV and V. On the cognitive subscale, all children at GMFCS Levels I, II, and III
showed negative change while all children at GMFCS Levels IV and V showed positive
change following modified ride-on car use. On the gross motor subscale, a mix of stable
pathways and positive change were demonstrated across GMFCS levels and devices. There
were no discernable trends on the receptive communication, expressive communication,
and fine motor subscales. These findings were not dependent on high use of devices
since there was a similar breakdown of children in the high use group for each device at
GMFCS Levels I, II, III and GMFCS Levels IV and IV (45% and 55% respectively for high
use of the Explorer Mini; 40% and 60% respectively for high use of a modified ride-on
car). These results have important research and clinical applications. Children at GMFCS
Levels IV and V are often excluded from powered mobility research trials due to safety and
readiness concerns related to limited head, trunk, and limb control. Often, an inclusion or
exclusion criteria is related to a child’s ability to sit with support as a requirement for study
enrollment [19,32]. Our results clearly demonstrate that children at GMFCS Levels IV and
V should be included in powered mobility research trials. In the current study, children
at GMFCS Levels IV and V demonstrated the most frequent amount of positive change
for certain Bayley-4 domains, further highlighting the clinical applicability of powered
mobility intervention in this population.

It is important to acknowledge the limitations of the current study. First, our study
is statistically powered for its primary aims [23]. However, the study is not statistically
powered to examine differences amongst several subgroups such as device use (i.e., high,
low), device type (i.e., Explorer Mini, modified ride-on car), and GMFCS Levels (i.e., I, II, II
and IV, V). Nonetheless, this study is part of the largest powered mobility clinical trial to
date, and the examination of individual pathways of developmental change provides new
knowledge. Second, the current study included children from 12 to 36 months of age at the
time of enrollment. Although this is a common age range of powered mobility research
studies [7,16], it is important to note that any observed effects may have been influenced
by an interaction of age, experience, and functional mobility. Third, the classification of
low and high use of devices was based on caregiver-reported driving diaries. A recent
study compared modified ride-on car use measured through objective tracking or caregiver
diaries [32]. There were no significant differences between objective tracking and diaries
on average session duration or total driving time. The authors noted that over- or under-
reporting of use through diaries may have occurred, but researchers can reasonably expect
that caregiver diaries accurately represent their child’s device use. The objective tracking
used in previous work involves directly integrating hardware components into the electrical
system of the modified ride-on car [32]. These components are not compatible with the
Explorer Mini. There is a need for further sensor development and integration with
powered mobility devices to understand how they are used in home and community
spaces. This type of technology is readily available on traditional power chairs for adults,
but this remains a salient need in the pediatric population. Fourth, in-depth information
about other factors that may have contributed to the observed changes in the current study
were not systematically measured and controlled for in analyses, such as the frequency,
duration, and specific activities of other therapies received, interactions between caregivers
and children during device use, participation in other play-based experiences, or any
number of environmental circumstances such as the size and type of house or surrounding
built environment of the neighborhood and community. Fifth, differences between the use
amounts, device characteristics, and family preferences of devices makes it difficult to draw
conclusions about specific factors that may have contributed to the observed developmental
changes. Our results suggest more work is needed with separate groups assigned to each
device and a standardized dosage to further understand effects of a powered mobility
intervention. Lastly, Bayley-4 standard scores are not available for young children with CP
across each GMFCS level. Therefore, it is unknown whether the magnitude of our observed
changes in raw scores are expected for this population; however, it is unlikely, given the
short time of 8 weeks between assessments. In addition, we used change scores relative
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to each child, so they served as their own control. Results of the current study should be
interpreted with caution and may not be generalizable to all young children with CP.

5. Conclusions

In conclusion, mobility is a fundamental human right [1]. This is a position supported
by the United Nations and the ON Time Mobility framework [2–4]. The multimodal
principle of this framework advocates for children to have a range of technology options
for mobility depending upon what works best for them based on an interaction of their
individual and environmental constraints. Powered mobility is one mobility option for
young children with CP. The results of the current study indicate the potential for positive
developmental change following high use of a powered mobility device, and they recog-
nize the variability of individual differences in children’s developmental trajectories and
potentially differing responses to intervention.
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Abstract: Understanding whether and how children with typical development adapt their reaches
for different functional tasks could inform a more targeted design of rehabilitation interventions
to improve upper extremity function in children with motor disabilities. This prospective study
compares timing and coordination of a reach-to-drink, reach-to-eat, and a bilateral reaching task in
typically developing school-aged children. Average speed, straightness, and smoothness of hand
movements were measured in a convenience sample of 71 children, mean age 8.77 ± 0.48 years.
Linear mixed models for repeated measures compared the variables by task, phases of the reach, task
x phase interactions, and dominant versus non-dominant hands. There were significant main effects
for task and phase, significant task x phase interactions (p < 0.05), and a significant difference between
the dominant and non-dominant hand for straightness. Hand movements were fastest and smoothest
for the reach-to-eat task, and least straight for the bilateral reaching task. Hand movements were also
straighter in the object transport phases than the prehension and withdrawal phases. These results
indicate that children with typical development change their timing and coordination of reach based
on the task they are performing. These results can inform the design of rehabilitation interventions
targeting arm and hand function.

Keywords: upper extremity; technology; pediatric; functional reach; assessment

1. Introduction

Functional reach is essential for children to complete tasks like feeding, self-care,
school participation, and leisure activities. Intentional reach is essential for driving other
areas of development, such as cognitive and fine motor, in young children. Intentional
reach-to-grasp skills emerge between 4–6 months of age in typical development as in-
fants begin reaching for toys [1,2] and reach adult-like performance by 8–11 years [3–5].
Reaching and grasping are challenging skills for many children with motor disabilities,
such as cerebral palsy (CP), and often a major focus of rehabilitation. The most common
measures of functional upper extremity use in this population apply clinical observa-
tion and subjective scoring of performance, which have limitations in precision and rater
bias [6,7]. Kinematic variables collected using three-dimensional (3D) motion capture offer
an objective and quantitative measurement of upper extremity movements in early child
development [3,8–16] such as reach and grasp. Timing and coordination of reach and grasp
in infants and children are well-documented in the literature [3,5,9,14,16–20].

When quantifying upper extremity movement, a reach is typically defined as a move-
ment towards an object, ending when the hand contacts the object. Straightness and

Behav. Sci. 2023, 13, 528. https://doi.org/10.3390/bs13070528 https://www.mdpi.com/journal/behavsci77



Behav. Sci. 2023, 13, 528

smoothness are variables that quantify the coordination of a reach [17]. Straightness de-
scribes the trajectory of the hand, with a straighter movement following a shorter trajectory
from the start- to end-point of the movement. Smoothness describes the shape of the
velocity profile of the hand, with fewer peaks in the velocity profile indicating a smoother
movement. A volitional reach in a healthy adult typically presents with a single velocity
peak and a near-straight trajectory with a single, shallow curve [18]. Speed of the reach is
calculated to measure timing of the reach movement and both average velocity and peak
velocity are frequently used. Speed of a reach increases with maturity [3].

In the past decade, a few studies have applied 3D kinematics to objectively measure
reach in a functional task, such as reaching for food to eat or a cup to drink [17,19–21].
Butler et al. [17,20] published the Reach and Grasp Cycle, a protocol developed to objec-
tively measure upper extremity movement during a functional reach-to-drink task. Butler
et al. [17,20] and Machado et al. [19] have applied this protocol in samples of children with
typical development and children with cerebral palsy with upper extremity motor impair-
ments. Hung et al. [21] used a similar reach-grasp-eat task, which involved reaching to
eat a cracker, to evaluate functional upper extremity movement in children with CP. These
studies provide detailed information about reach and grasp during discrete functional
tasks in populations of children with typical development and CP. They did not compare
differences in reach kinematics with the type of task and use of the dominant versus non-
dominant upper extremity. Previous research in adults has investigated differences in
kinematics when reaching for different objects; however, these did not include functional,
multi-phase reaching tasks [22–24]. This study aims to fill the gap in understanding about
how children with typical development change their reaches for different functional tasks.
This will inform more precise treatment planning for the improvement of functional upper
extremity use and coordination in children with motor impairments.

We adapted the set-up, procedure, and movement sequence from the Reach and Grasp
Cycle [20] to three different tasks: a reach-to-drink, reach-to-eat, and a bilateral reach. Our
purpose was to measure kinematics of functional reach in typically developing school-aged
children when performing various everyday tasks to identify differences in spatiotemporal
characteristics of reach. We measured straightness, smoothness, and average speed of hand
movement for each phase of the Reach and Grasp Cycle. We hypothesized that there would
be significant differences in all three kinematic variables by type of task, phases of the
Reach and Grasp Cycle, and between the dominant and non-dominant hands for unilateral
tasks. Specifically, we expected the initial reach (prehension) to be less straight, less smooth,
and slower than the other 3 phases. We expected movements in the first 3 phases to be
straighter, smoother, and slower in the reach-to-drink task compared to the other two tasks.
We also expected movements to be less straight, less smooth, and slower in the bilateral
reach, due to the bilateral coordination aspect. Last, we expected movements with the
dominant hand to be straighter, smoother, and faster than with the non-dominant hand.

2. Materials and Methods

2.1. Participants

Participants were 71 typically developing children (38 male, 33 female), 7–10 years
old (mean 8.77 ± 0.48), with 10 left-hand dominant and 61 right-hand dominant, as de-
termined by the child’s preferred writing hand. Participants were a convenience sample
of children recruited from low-resource neighborhoods in Central Ohio, USA. Children
were excluded if they were unable to follow instructions given in English, or if they had a
motor impairment that prevented them from being able to perform the reach and grasp
tasks. Given the exploratory nature of this investigation, the sample size was determined
based on recommendations for normative datasets in pediatric populations [25].

This study was approved by the Institutional Review Board at The Ohio State Uni-
versity (2017B0110). Parents or legal guardians provided informed consent, and all child
participants provided verbal assent.
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2.2. Procedure

Participants were assessed at the Pediatric and Rehabilitation (PEARL) Laboratory at
The Ohio State University. Retroreflective markers (8 mm) were placed on the children on
their sternum, bilateral acromia, lateral epicondyles, radial and ulnar styloid processes, and
heads of the third metacarpals. Markers were also placed on the 4 corners of the table, the
back of the chair, and the objects that the children were reaching for (Figure 1). Children
were seated at the table with the chair positioned so that their hips, knees, and ankles were
flexed to 90◦. The objects for which children were reaching (a 5.6 cm diameter cup of water,
a 4.6 cm diameter Ritz cracker, or a 21.6 cm diameter ball) were positioned in front of the
child at 75% of their arm’s length away, consistent with the set-up from Butler et al. and
Machado et al. [19,20]. This position was marked with tape on the table for each participant.
The participants began with their hands resting on the table, shoulders neutral, elbows
flexed to 90◦, and wrists neutral. The resting hand placement was marked on the table with
hand-shaped outlines, within which the children placed their hands. For the reach-to-drink
and reach-to-eat tasks, children were instructed: “With your [left/right] hand, reach for the
[object], pick up the [object], take a [drink/bite], return the [object] to the marked position
on the table, and return your hand to the start position. Do this twice.” For the bilateral
task, the children were instructed: “Reach for the ball with both hands, pick it up, touch
it to your chin, return the ball to the marked position, and return your hands to the start
position. Do this twice.” Participants were allowed one practice trial per hand with each
object. Two repetitions were recorded for each condition with a 10-camera VICON Motion
Capture system at 120 Hz and filtered with a low-pass Butterworth filter at 4 Hz.

(a) (b) 

Figure 1. Marker placement and child positioning; (a) view from behind; (b) view from front.

2.3. Data Analysis

Phases of the movement (Figure 2) were visually identified and marked as events in
the Vicon recordings. The task was divided into the following 4 phases of movement, based
on the Reach and Grasp Cycle created by Butler et al. [20]:

1. Prehension: The movement begins with the hand(s) in the marked start position and
ends when the hand(s) contact the object.

2. Transport 1: The movement begins with the hand(s) lifting the object from the table
and ends with the object contacting the mouth or chin.

3. Transport 2: The movement begins with the object leaving the mouth or chin and
ends with the object contacting the table at its marked position.
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4. Withdrawal: The movement begins with the hand(s) releasing the object and ends
with the hands contacting the marked start position on the table.

 
Figure 2. Four phases of the reaching task: (1) Prehension; (2) Transport 1; (3) Transport 2; (4) Withdrawal.

A custom MATLAB script was used to calculate spatial and temporal variables of
reach for each phase of the Reach and Grasp Cycle. The variables were calculated based
on the hand position, which was defined as the center point between the markers on the
3rd metacarpal, ulnar styloid process, and radial styloid process. The spatial and temporal
variables were defined as:

• Straightness (ratio): ratio of the hand path length (total path the hand travels) to the
movement length (difference between start- and end-points of the movement), with a
value closer to one indicating a straighter movement.

• Smoothness (count): measured as the number of velocity peaks in a movement, with
fewer velocity peaks indicating a smoother movement.

• Average speed (mm/s): calculated at each position of the marker using a 4-point
central difference numerical differentiation.

A generalized linear mixed model for repeated measures for Gaussian distributions
was applied using the SAS GLIMMIX procedure to compare each kinematic variable by task,
phase, task x phase interactions, and dominant versus non-dominant hand for unilateral
tasks (reach-to-drink and reach-to-eat). The model was created using a restricted maximum
likelihood estimation technique, and the Kenward–Roger degrees of freedom method and
fixed effects standard error adjustment. The alpha level was set to α = 0.05. This model
was chosen because it accounts for correlations between dependent variables, as well as
a response that is not normally distributed. This is the case for straightness ratio and
smoothness, for which values can only be >1. Least squared means were calculated for
post hoc testing of task x phase interactions. The Bonferroni correction was applied for post
hoc comparisons, setting α = 0.0005.

3. Results

Means and standard deviation for kinematic variables of interest by task, type, and
phase were calculated (Table 1).
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Table 1. Mean and standard deviation of straightness ratio, smoothness, and average speed of hand
movement by task type and phase.

Task Type Phase Variable Mean Std. Deviation

Bilateral

Prehension
Straightness Ratio 1.18 0.109

Smoothness 1.70 3.59
Speed (mm/s) 465 125

Transport 1
Straightness Ratio 1.06 0.049

Smoothness 1.75 2.68
Speed (mm/s) 467 113

Transport 2
Straightness Ratio 1.10 0.0528

Smoothness 1.97 3.44
Speed (mm/s) 450 99.9

Withdrawal
Straightness Ratio 1.25 0.150

Smoothness 1.43 1.31
Speed (mm/s) 407 114

Reach-to-eat

Prehension
Straightness Ratio 1.11 0.0792

Smoothness 1.10 0.357
Speed (mm/s) 460 104

Transport 1
Straightness Ratio 1.04 0.0294

Smoothness 1.14 0.415
Speed (mm/s) 514 116

Transport 2
Straightness Ratio 1.05 0.0799

Smoothness 1.11 0.345
Speed (mm/s) 514 105

Withdrawal
Straightness Ratio 1.28 0.171

Smoothness 1.18 0.435
Speed (mm/s) 423 121

Reach-to-drink

Prehension
Straightness Ratio 1.10 0.0692

Smoothness 1.19 0.852
Speed (mm/s) 429 93.6

Transport 1
Straightness Ratio 1.02 0.0174

Smoothness 1.34 1.70
Speed (mm/s) 420 87.4

Transport 2
Straightness Ratio 1.03 0.0185

Smoothness 1.48 2.07
Speed (mm/s) 389 76.3

Withdrawal
Straightness Ratio 1.21 0.175

Smoothness 1.33 0.807
Speed (mm/s) 399 128

3.1. Straightness Ratio

There were significant main effects of straightness ratio for type of task (F(2) = 107.26,
p < 0.0001), phase of task (F(3) = 801.98, p < 0.0001), type x phase interaction (F(6) = 12.59,
p < 0.0001), and hand dominance (F(1) = 13.05, p = 0.0003), with straighter movement on
the dominant side (Table 2; Figure 3a). Post hoc analysis revealed significant differences
(p < 0.0005) for all comparisons, except: the prehension, transport 1, and transport 2 phases
between the reach-to-drink versus the reach-to-eat tasks; the transport 1 and withdrawal
phases between the bilateral versus reach-to-eat tasks; and within the reach-to-drink and
reach-to-eat tasks, the transport 1 versus transport 2 phases; these comparisons showed no
significant differences (Table 3).
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Table 2. Main effects for least squares means.

Straightness Ratio Smoothness Speed

Effect Num DF Den DF F p-Value Den DF F p-Value Den DF F p-Value

Task 2 3124 107.26 <0.0001 * 3122 21.06 <0.0001 * 3112 176.31 <0.0001 *
Phase 3 3113 801.98 <0.0001 * 3114 2.26 0.0798 3109 64.87 <0.0001 *
Task x
Phase 6 3111 12.59 <0.0001 * 3113 1.68 0.1230 3109 25.38 <0.0001 *

Hand 1 3124 13.05 0.0003 3122 1.03 0.3107 3112 0.18 0.6674

* Significant effect.

Table 3. Differences of task x phase least squares means.

Straightness Ratio Smoothness Speed

Task Phase Task Phase t Value p-Value t Value p-Value t Value p-Value

Ball 1 Ball 2 14.88 <0.0001 * −0.31 0.7596 −0.33 0.7386
Ball 1 Ball 3 10.06 <0.0001 * −2.02 0.0438 2.11 0.0352
Ball 1 Ball 4 −9.02 <0.0001 * 1.55 0.1208 8.13 <0.0001 *
Ball 2 Ball 3 −4.75 <0.0001 * −1.69 0.0902 2.42 0.0158
Ball 2 Ball 4 −23.44 <0.0001 * 1.84 0.0664 8.39 <0.0001 *
Ball 3 Ball 4 −18.73 <0.0001 * 3.50 0.0005 * 6.00 <0.0001 *

Cracker 1 Cracker 2 9.71 <0.0001 * −0.25 0.8026 −7.60 <0.0001 *
Cracker 1 Cracker 3 7.84 <0.0001 * −0.04 0.9664 −7.63 <0.0001 *
Cracker 1 Cracker 4 −19.94 <0.0001 * −0.76 0.4476 4.82 <0.0001 *
Cracker 2 Cracker 3 −1.86 0.0626 0.21 0.8365 −0.03 0.9773
Cracker 2 Cracker 4 −29.31 <0.0001 * −0.51 0.6102 12.22 <0.0001 *
Cracker 3 Cracker 4 −27.47 <0.0001 * −0.71 0.4757 12.25 <0.0001 *

Cup 1 Cup 2 10.72 <0.0001 * −1.04 0.2992 1.17 0.2426
Cup 1 Cup 3 9.78 <0.0001 * −1.96 0.0499 5.52 <0.0001 *
Cup 1 Cup 4 −13.65 <0.0001 * −0.92 0.3589 3.74 0.0002 *
Cup 2 Cup 3 −0.93 0.3546 −0.92 0.3585 4.33 <0.0001 *
Cup 2 Cup 4 −24.13 <0.0001 * 0.11 0.9129 2.57 0.0102
Cup 3 Cup 4 −23.21 <0.0001 * 1.02 0.3085 −1.71 0.0868
Ball 1 Cracker 1 8.41 <0.0001 * 3.40 0.0007 0.68 0.4961
Ball 1 Cup 1 9.75 <0.0001 * 2.78 0.0054 5.06 <0.0001 *

Cracker 1 Cup 1 1.29 0.1987 −0.62 0.5331 4.33 <0.0001 *
Ball 2 Cracker 2 3.41 0.0007 3.39 0.0007 −6.60 <0.0001 *
Ball 2 Cup 2 5.62 <0.0001 * 2.00 0.0452 6.47 <0.0001 *

Cracker 2 Cup 2 2.17 0.0301 −1.39 0.1641 13.00 <0.0001 *
Ball 3 Cracker 3 6.22 <0.0001 * 5.26 <0.0001 * −9.01 <0.0001 *
Ball 3 Cup 3 9.40 <0.0001 * 2.77 0.0057 8.39 <0.0001 *

Cracker 3 Cup 3 3.12 0.0018 −2.51 0.0121 17.33 <0.0001 *
Ball 4 Cracker 4 −2.91 0.0037 0.99 0.3226 −2.46 0.0139
Ball 4 Cup 4 4.76 <0.0001 * 0.25 0.8019 0.58 0.5595

Cracker 4 Cup 4 7.65 <0.0001 * −0.74 0.4569 3.05 0.0023

* Significant effect.

3.2. Smoothness

There was a significant main effect of smoothness for type of task (F(2) = 21.06,
p < 0.0001). Main effects for phase, type x phase interaction, and dominant versus non-
dominant hand were not significant (Table 2; Figure 3b). Post hoc analysis revealed that
the reaching movements for the bilateral task were significantly less smooth than in the
reach-to-eat task for transport 2 (p < 0.0005). The reaching movement for transport 2 was
also significantly less smooth than withdrawal for the bilateral task (p = 0.0005). All other
comparisons were not significantly different (Table 3).
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(a) 

(b) 

(c) 

Figure 3. Raincloud plot by task and phase of straightness ratio (a), smoothness (b), and speed
(c) [26].
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3.3. Speed

There were significant main effects of speed for type of task (F(2) = 176.31, p < 0.0001),
phase of task (F(3) = 64.87, p < 0.0001), and type x phase interaction (F(6) = 25.38, p < 0.0001),
but not for dominant versus non-dominant hand (Table 2; Figure 3c). Post hoc testing
revealed the following phase differences within each task: reaching movements in the
prehension phase were faster than transport 2 and withdrawal, and reaching movements
in the transport 1 phase were faster than transport 2; for the reach-to-eat task, reaching
movements were faster in the prehension phase than the three other phases, and withdrawal
was slower than all three other phases; reaching movements in the bilateral reach were
significantly slower in the withdrawal phase than all other phases (Table 3). The following
differences between tasks by phase were also found: for prehension and transport 1, reach
movement was faster in both the bilateral and reach-to-eat tasks versus the reach-to-drink
task; reaching movement in the reach-to-eat task was also significantly faster than the
bilateral task for both transport phases.

4. Discussion

The objective of this study was to evaluate the coordination and timing of reaching
movements in typically developing school-aged children when performing functional
reaching tasks, applying the Reach and Grasp Cycle [20]. We were able to measure the
straightness, smoothness, and speed of reaching movements of 71 children performing
three different tasks: reach-to-drink, reach-to-eat, and a bilateral reach. The results from this
study support our main hypothesis, indicating that reaching movement varies significantly
based on the task being performed, even when the individual is following the same reaching
pattern of the Reach and Grasp Cycle [20]. Support for our specific hypotheses was mixed.
The prehension movement was slower and straighter than the two transport phases, as
predicted, but not the withdrawal phase. Additionally, there was no significant difference
in smoothness between the phases. This might have been due to a ceiling effect, as the
mean was close to 1 for all phases. As we expected, bilateral movements were less straight
than the other two tasks. The bilateral movements were also slower than the reach-to-eat
movements, but not reach-to-drink, providing partial support for that hypothesis. Last,
the dominant hand did move significantly straighter than the non-dominant hand, but
not smoother nor faster. These results highlight the complex interplay of task and object
characteristics that impact the timing and coordination of reaching behaviors in children.
Since most of the research on the impacts of varying task and object constraints on reach
kinematics has focused on an adult population, we will compare and contrast our results
with those.

Research in adults has demonstrated changes in reaching behaviors with different task
constraints. For example, when adults reach for an empty cup of water, their movements
are significantly faster than reaches toward a full cup of water [24,27]. It is not yet known if
these effects are the same in a pediatric population. In support of our hypotheses, some of
the results in this study were consistent with these findings, such as: reaches were faster in
the prehension and transport 1 phases for the reach-to-eat and bilateral tasks than for the
reach-to-drink task. This is likely due to greater constraints on the reach-to-drink task, with
the need for precision to keep the water in the cup. Consistent with this theory, movements
in the two transport phases were straightest for the reach-to-drink task, although only
significantly different from the bilateral task. This type of task requires feedback motor
control to maintain a straight movement to keep the water from spilling out of the cup [23],
meaning that the sensory systems are providing real-time feedback on the position of the
cup, water, hand, etc., which the motor system then uses to guide the movement of the
upper extremity to complete the task successfully. The children likely slowed their speed
in the reach-to-drink task to allow time for this sensory processing to occur.

Changes in object size also affects reach speed in adults performing a reach and grasp
task, with slower reaches toward smaller objects [23,28]. In contrast, children in this study
had the fastest reaching speeds in the reach-to-eat task, even though the cracker was the
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smallest of the three objects. In this instance, there are likely other factors that had greater
influence on reach behavior than object size. One factor might be that reaching for a cup full
of water requires more precision and visuomotor feedback than reaching for a small object,
as described previously. An additional factor could be motivation to complete the task.
Motivation and reward can impact movement speed, amplitude, and variability in multiple
types of movement tasks in adults [22,29–31]. In the present study, it is possible that the
children found the reward of eating a cracker to be more motivating than drinking water
or touching a ball to their chin. This would be consistent with previous research, which
indicated that reaching movements were faster and less variable for tasks that offered a
reward, compared to tasks with no reward [22,29].

The differences between phases of the Reach and Grasp Cycle in this study were
partially consistent with our hypotheses and might indicate that familiarity with specific
movements has a strong influence on timing and coordination of the reach. For example,
reaches were fastest and straightest in the object transport phases, which is consistent
with previous research and our predictions [17,32]. It is possible that these movements,
or at least transport 1, can be completed using primarily feedforward control, which is
much faster than feedback control [33]. Feedforward motor control relies on stored motor
representations, which are created over many repetitions of a motor task, rather than
from processing of sensory information in real time. Children bring objects to and from
their mouth many times a day; however, the position of the object they are reaching for is
variable, and thus the prehension phase requires more feedback control to accomplish. We
had also hypothesized that movements would be faster and straighter in the withdrawal
phase compared to the prehension phase, which was not supported by our results. It is
possible that in the context of this study procedure, participants needed to use feedback
control for the withdrawal phase as well, because there was a marked position on which
they needed to place their hands. Overall, it is clear that there is a complex interplay of
task and object characteristics that impact timing and coordination of reaching behaviors in
children via motor control mechanisms.

Last, we found that the dominant hand movements were significantly straighter than
the non-dominant hand movements, as we expected. Contrary to our hypothesis, and
contrary to studies in adults, we found no differences in speed or smoothness of move-
ment between the dominant and non-dominant hands [34,35]. Given the age and typical
development of the participants (7–12 years old), we would expect them to demonstrate a
strong hand preference, and our result partially supported this [36]. It is possible that this
procedure is not sensitive enough to detect the difference in speed and smoothness between
the dominant and non-dominant hands in typical development; however, Butler et al. have
shown that it can detect differences between typical and motor-impaired movement [17].
Future investigations should determine the magnitude of difference required to detect a
meaningful change for each of these kinematic variables in the Reach and Grasp Cycle.
This would help determine whether measuring kinematics of functional reaching tasks
could be used to detect clinically important improvements with rehabilitation.

5. Conclusions

Kinematic measurement of coordination and timing of reaching movement in func-
tional reaching tasks is a promising objective, quantitative measure of upper extremity
function in a pediatric population, as it can provide detailed information about movement
timing and coordination. Results from this study provide insight into how task familiarity,
constraints, and motivation might impact the coordination and timing of reach in typically
developing children, and the role that motor control systems might play in those differ-
ences. This information could be used to further refine clinical rehabilitation approaches
for pediatric populations with upper extremity motor impairment. Application to clinical
practice could include: (1) routinely using kinematics as an outcome measure to track
progress; (2) using information about timing and coordination and task constraints to
target improvements in skills that are inherent to participation in daily life activities. Some
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examples of precise treatment planning based on the results of this study would be to
choose larger target objects or more motivating tasks to train increased reach speed, and to
use tasks that require feedback control, such as transporting a cup of water, to train straight-
ness and smoothness. Future research could further investigate the impact of specific task
characteristics on kinematics in a reach and grasp task in children. An important next
step would be to determine a minimal clinically important difference for average speed,
smoothness, and straightness of hand movement in the Reach and Grasp Cycle. In the
future, data could be used as a normative comparison for age-matched children with motor
disability to measure improvements in everyday reaching function with targeted upper
extremity therapy interventions.
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Abstract: With a focus on children with multiple disabilities (CMD), the purpose of this quality
improvement project was to elevate educational measurement and practices involving CMD. Using
the goal attainment scaling (GAS) methodology, this project was conducted within a public charter
school, Pattison’s Academy for Comprehensive Education (PACE), focusing on 31 CMD and measur-
ing student improvement and program effectiveness. For 2010–2011 and 2011–2012, improvements
were demonstrated for the majority of CMD by meeting or exceeding their goals. Goal attainment
scaling was able to capture improvement in educational and rehabilitation goals in the majority of
CMD. Goal attainment scaling can provide an indication of a program’s effectiveness. The use of
GAS in CMD has potential to maximize participation across the school setting where all children in
the United States commonly develop and learn skills as well as find meaning.

Keywords: children with multiple disabilities; goal attainment scaling; quality of life; individual
education program

1. Introduction

The United Nations Convention on the Rights of Children states that “a child with
mental or physical disabilities is entitled to enjoy a full and decent life, in conditions that
ensure dignity, promote self-reliance and facilitate the child’s active participation in the
community [1]”. Solutions to ensure that the rights of children with disabilities are upheld
are multi-contextual, complicated, and often involve struggles between health care and
rehabilitation as well as between health care and public-school systems that provide special
education and related services (e.g., physical therapy (PT) and occupational therapy (OT))
in the least restrictive environment to ensure a free and appropriate education. Across
childhood, school environments provide an essential participatory setting and context in
which children develop and learn motor, self-care, social–emotional, and cognitive skills.
This is not only true for typical children, but also and possibly more importantly, for
children with disabilities, including those with multiple disabilities.

In the United States, the 7.2 million children with disabilities account for 15% of
children enrolled in public school, and children with multiple disabilities (CMD) account
for 2% of that total [2]. Descriptions and definitions for this 2% of children vary across
educational and rehabilitation institutions. Through the Individuals with Disabilities Edu-
cation Act (IDEA), the Department of Education defines CMD as those with concomitant
impairments (such as intellectual disability–blindness or intellectual disability–orthopedic
impairment) that in combination cause such severe educational needs that they cannot be
accommodated in special education programs solely for one of the impairments [3]. In
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the field of healthcare, children with medical complexity (CMC) are most similar to CMD.
Berry and colleagues [4] defined CMC as a subset of children with special health care needs
who have primary diagnoses that may be acquired or congenital. They also demonstrate
multisystem impairments, resulting in considerable functional activity limitations (e.g.,
walking, dressing, talking) and participatory restrictions (e.g., school, community); ex-
periencing frequent and extensive hospitalizations; and requiring multiple primary care,
subspecialty care, and multi-disciplinary rehabilitation visits. Poly-pharmacology, medical
equipment, and care coordination are commonplace. Because this project involves children
within a school “setting”, the term “children with multiple disabilities” (CMD) will be used
in this paper.

The Individuals with Disabilities Education Act [3] is a federal law that ensures that
children with disabilities (0–21 years) receive a free, appropriate public education in the
least restrictive environment. To ensure the delivery of this education, each child served
by special education has an Individualized Educational Program (IEP) that is a binding
legal document. It is made up of present levels of performance based on evidence-based
educational and rehabilitation assessments, special education services, related services (PT,
OT, transportation, etc.), supplementary services, assistive technology (AT), and measurable
annual goals. It is important to note that one single assessment cannot determine a child’s
educational placement and tests cannot be discriminatory (e.g., racial, cultural, gender).
The facilitation of parental participation is strongly encouraged across the IEP process.

Children with multiple disabilities have multiple bodily and environment barriers,
which can challenge comprehensive assessment, objective measurement, and overall func-
tional achievement in life. To properly evaluate the present levels of CMD, the use of
multiple assessments is necessary because of the heterogeneity within the population and
individual nature of each CMD’s ability. One conceptual framework that has been used
to describe, measure, and guide assessment and treatment in individuals with disabilities,
including CMD, is the International Classification of Functioning, Disability and Health
(ICF) [5,6]. The ICF is a biosocial framework for communicating and describing health and
disability. It is an interactive framework made up of the domains in body structure and
function, activity, participation, and environmental and personal factors [5]. Best practice
supports the use of evidence-based measurement tools to capture outcomes across that
ICF. For CMD specifically, measurement across the ICF in combination with the assess-
ment of their unique characteristics allows for ideal individualization. Because CMD have
multiple system impairments, activity limitations, and participatory restrictions, multiple
measurement tools are necessary to document individual abilities and goal areas while the
ICF framework provides an excellent model for organizing and prioritizing goal areas and
subsequent treatment strategies.

Many of the commonly used assessments target appropriate skills and functional
activities for children with disabilities; however, they are not sensitive enough for the
subtle and slower changes that may occur in CMD [7–10]. In addition, the majorities of
these measures were not specifically developed with CMD in mind. As such, documenting
change or responsiveness for change is often negligible for this population, which means
improvement is either not objectively captured or there is a no perception of educational
or rehabilitative improvement [9]. One measure that has been used to document change
in children with disabilities within education and rehabilitation settings including school
settings is goal attainment scaling (GAS) [11–13].

Goal attainment scaling provides an individualized and patient- and family-informed
method toward achieving a desired outcome and its approach to individualization is well
suited for inclusion within an IEP. Steenbeek and colleagues [14] compared positive findings
from GASs, the Pediatric Evaluation of Disability Inventory (PEDI), and the Gross Motor
Function Measure (GMFM)-66 of children with cerebral palsy (CP) across all Gross Motor
Function Classification System levels and determined that 20% of items found within the
GASs were not captured within the PEDI and GMFM-66. This suggests that GASs may
better measure unique aspects of the patient and family experiences as compared with fixed-
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item patient-reported measures like the PEDI or GMFM [14–16]. In a systematic review
including 52 pediatric rehabilitation studies, implications are that GAS can be effectively
used across a variety of diagnoses and interventions and is reflective of meaningful change.
REF Three of these studies were conducted in school environments, and eight studies
involved children with CP at Gross Motor Function Classification System levels of IV and
V (i.e., 111 out of 444 children), which is commonly reflective of CMD. None of the studies
specifically addressed CMD or CMC. The aim of this project was to describe assessment
to guide GAS development as well as the implementation and measurement/analyses of
GAS integrated into the IEP of 31 CMD in a school setting.

2. Methods

2.1. Protections for Human Participants

Conducted within a public charter school for CMD, this project was considered a
quality improvement with the goal of elevating educational measurement and practices
involving CMD. Parents and legal guardians of participating children did consent to
participation in the school that provided individualized assessment, goal creation and
measurement, and associated interventional strategies. The Board of Directors approved
the school’s data collection processes and annually reviewed findings from annual outcome
data collection. It should be noted that 50% of the board members were employees of
an academic medical center and other healthcare facilities, which supported their clear
understanding and oversight concerning the consent process.

2.2. Project Site and Participants

Pattison’s Academy for Comprehensive Education (PACE) is a public charter school
with a mission to improve the quality of life (QOL) for children with multiple disabilities by
providing the high-quality integration of education and rehabilitation. It was considered a
separate school by the Department of Education that served only CMD. The school was
conceptualized and implemented based on the market testing of the non-profit Pattison’s
Academy, which hosted 5-week summer camps for CMD. One underlying principle of
the summer camp was to actively engage the sensory and motor abilities of children to
encourage optimal participation across the camp day with the goal of each child being
physically engaged for 180 min across the 6-h day [17]. This 180-min expectation was
translated to PACE upon its opening and often was reflected in goals.

Pattison’s Academy for Comprehensive Education was made up of five classrooms
with 6 to 7 CMD students. In total, 5 special education teachers, 7 educational assistants,
2 physical therapists, 2 occupational therapists, 1 speech and language pathologist, and
1 school administrator made up the faculty. The indoor and outdoor environment was
fully accessible and a wide variety of assistive and adaptive equipment was available. The
children attended school eight hours a day (8 a.m. to 3 p.m.) from mid-August to mid-June.

Thirty-one CMD between the ages of 4 and 16 years attended PACE in Charleston,
South Carolina. Thirteen children were African American, seventeen were White, and one
identified as Other. All children were non-Hispanic. Fifteen were male and sixteen were
female. See Table 1 for additional demographic details.

Table 1. Demographics and Characteristics of the Participants (N = 31).

Demographic and Characteristics # of Children 1

DIAGNOSIS

Cerebral palsy 17

Genetic health conditions 11

Traumatic brain injury 3
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Table 1. Cont.

Demographic and Characteristics # of Children 1

CO-OCCURRING CONDITIONS

Seizures 19

Cortical visual impairment 15

Tracheostomy 1

GENDER

Male 15

Female 16

RACE and ETHNICITY

Black/African American 13

White 17

Other 1

Not Hispanic/Latino 31

MOBILITY FUNCTION

Wheelchair users propelled by caregiver 29

Wheelchair user self-propel 2

FEEDING FUNCTION

Gastronomy or Jejunostomy tube 13

Gastronomy Tube/Oral 4

Oral 14

SELFCARE FUNCTION

Maximum assistance 30

Moderate assistance 1

EXPRESSIVE and RECEPTIVE FUNCTION

Maximum assistance 29

Moderate assistance 2
1 One student only attended the 2010-11 school year and not the 2011-12 school year.

3. Outcomes

Goal attainment scaling was the primary outcome used by PACE to measure student
improvement and program effectiveness. Goal attainment scaling is an objective goal
writing approach that allows for individualization and should involve child and family
input. The standardized process is well suited for measuring educational and rehabilitation
capacity and performance across the ICF [5]. Goals using GAS methodology should also
follow “SMART” criteria: specific (i.e., “who”, “what”, “when”, “why”, and “where”),
measurable, attainable, relevant, and realistic within a temporal boundary [18,19]. Scalings
are found to be more reliable and valid when developed in collaboration with families and
educational and rehabilitation providers [11,12,19].

The normal distribution of a bell-shaped curve serves as the statistical foundation
for GAS. Based on family interviewing and evidence-based educational and rehabilitation
assessments, levels of performance that the child is expected to achieve are assigned values
equally spaced across the five levels between −2 and 2 (i.e., −2, −1, 0, 1, 2). Across the
expected levels of performance, only one specific variable, such as repetitions, duration,
frequency, distance, assistance level, and steps across a task (task analysis) should be
measured. The −2 and +2 values correspond to 2 standard deviations below and above the
expected mean, respectively. Although, several acceptable options are available for defining
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GAS scores [11,12,20]; this project defined −2 as the “current level of performance”, which
is the most common GAS methodology used. The −1, 0, 1, and 2 values are defined
as progress toward the expected level of performance, expected level of performance,
greater than the expected level of performance, and much greater than the expected level
of performance. Goals should be designed to achieve the expected level of performance.

Scoring requires assigning a raw score between −2 and 2 to every individual GAS.
For a group of GASs, raw scores are summed. Scaled and T-scores are derived from the
GAS raw scores using the statistical formula or tables entitled Conversion Key for Follow-Up
Guides Having One Scored Scale available in Goal Attainment Scaling: Applications, Theory,
and Measurement [11] (p. 274) or the GOALed app [21]. The T-scores are the standardized
statistic that allows within or between subject comparisons. T-scores are reflective of small
sample sizes (n < 30) with unknown population standard deviations, which points to
individuality [22]. The interpretation of T-scores can reflect an individual’s single goal,
an individual’s groups of goals, a group’s group of goals, or more broadly, an entire
program’s goals. Interpretations from collective groups and program goals are reflective of
a program’s effectiveness.

4. Procedures

As a public charter school serving children within the domain of special education,
PACE required annual IEPs with measurable annual goals. Because GAS was a primary
outcome of the school, goals formatted into the GASs were integrated into annual IEPs. To
guide and support the development of IEP goals using the GAS methodology, four steps
were carried out.

4.1. Step 1: Evidence-Based Assessment
4.1.1. Required Assessments: These Assessments Were Administered for All Enrolled Students
Developmental Assessment for Individuals with Severe Disabilities

The Developmental Assessment for Individuals with Severe Disabilities (DASH) 2 [23]
was the required annual educational and rehabilitation assessment that was administered
to every student by the educational and rehabilitation faculty members. The DASH is
a criterion-referenced assessment that measures skills across five scales (i.e., academic,
sensory–motor, activities of daily living, language, and social–emotional) in children and
adults who have severe physical and sensory disabilities.

Caregiver Priorities and Child Health Index of Life with Disabilities

With a mission to improve QOL for CMD, annually measuring QOL was important, so
parents completed the Caregiver Priorities and Child Health Index of Life with Disabilities
(CPCHILD) [24]. The CPCHILD has demonstrated validity and measures health-related
QOL in non-ambulant children with severe developmental disabilities. It is composed of
37 questions across six domains: Personal Care/Activities of Daily Living; Positioning,
Transferring and Mobility; Comfort and Emotions; Communication and Social Interaction;
Health; and Overall Quality of Life. Scores are on a 5- or 6-point Likert scale with levels
of assistance and intensity also documented. A higher score on the CPCHILD indicates a
more enhanced HRQL.

Faces Pain Scale—Revised

Although 180-min of active participation for CMD has been found to be safe [17,25,26]
and as such was implemented each school day, it was important to monitor pain severity
and discomfort in the event that this intensity was problematic for some CMD. To measure
pain severity, the validated 10-point metric Faces Pain Scale—Revised was used and
reported by parents [27]. It displays gender-neutral faces in various degrees of pain. The
“0” space on the scale displays a face with a neutral expression while the “most pain
possible” face is described as the “10” space [28,29].
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Pediatric Evaluation of Disability Inventory

The Pediatric Evaluation of Disability Inventory (PEDI) [30] is a valid measurement
tool, which considers functional skills and caregiver assistance across the three domains of
self-care, mobility, and social function. Self-care, mobility, and social function domains for
both the functional skills and caregiver assistance sections were administered and scored
by therapists (i.e., PT, OT, SLP) based on observations in the school setting. The use of
this measure allowed for a more in-depth examination of the child’s needs for caregiver
assistance and overall functional abilities, which informed goals [31,32].

4.1.2. Commentary Assessments: These Assessments Were Completed When Appropriate
for Individual Children

In addition to the required assessments, complementary assessments were admin-
istered according to each child’s individual characteristics and needs of the educational
and rehabilitation team. Because many of the CMD presented with cortical visual impair-
ment (CVI) and had assistive technology needs, the Cortical Visual Impairment Range
Assessment and Matching Assistive Technology to Child-Augmentative Communication
Evaluations Simplified Assessment (MATCH-ACES) was also administered as needed.
Findings from these assessments expanded descriptive data available on each child, which
better guided goal development and intervention delivery.

Cortical Visual Impairment Range Assessment

The Cortical Visual Impairment Range Assessment (CVIRA) [33] is a reliable functional
vision assessment designed to investigate the visual characteristics associated with CVI.
It measures the degree of CVI severity on a 0–10 continuum where 0 represents no visual
function and 10 represents near typical visual function [34,35].

Matching Assistive Technology to Child-Augmentative Communication Evaluations
Simplified Assessment

The Matching Assistive Technology to Child-Augmentative Communication Evalu-
ations Simplified Assessment (MATCH-ACES) [36] is an evidence-based comprehensive
evaluative process that is child-centered and is used to identify the need for assistive
technology in the educational setting. The administration of the MATCH-ACES was found
to be an effective process for appropriately matching students with assistive technology
(AT) in order to meet educational goals [36]. To ensure data obtained from each child were
accurate and best reflected their abilities, no more than two assessments occurred in a day
and the completion of all assessments occurred over 2 weeks at a minimum.

4.2. Step 2: Family Interview

As outcome measures were being administered, the educational and rehabilitation
team also interviewed parents/legal guardians to identify and discuss skills and goals that
were important to the child and family. These interviews were conducted at the school or
in children’s homes. Again, because PACE’s mission was to impact QOL, a school-specific
QOL questionnaire was developed that was derived from a QOL model created by Patrick
and Chiang [37,38]. See Appendix A for this questionnaire. This questionnaire served as
a script or guide for enhancing discussion between the family and school faculty. It was
not required that each question had to be asked and answered, but it was essential that the
information gathered was thorough and meaningful to families. This process ensured that
created goals were collectively relevant for the home, community, and school environments.
For example, one child’s grandmother was interested in her grandchild learning to manage
her drooling and the school team agreed this was a great idea. As such, a goal attainment
scaling was created to address the skill. Similarly, the grandmother wanted the child to
learn to operate a remote control for the home television channel selection and although
this was not an appropriate school goal, we were able to incorporate switch access into a
communication device and school socialization goal.
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4.3. Step 3: ICF and GAS Development

Following the assessment and family interview phases, all findings were organized
across the ICF framework. See Appendix B for an example involving a CMD. This summa-
tive document was instrumental in helping the team to organize and prioritize goals that
would be incorporated into the IEP. From the ICF document, the interprofessional educa-
tional and rehabilitation team (i.e., School Principal, Director of Therapy, each student’s
special educator, physical therapist, occupational therapist, speech and language pathol-
ogist) could more easily prioritize and initially develop goals using GAS methodology.
Goals for each student were developed across the categories of physical activity/adaptive
physical education, gross and fine motor, language, feeding, cognition, self-care, academics,
social and emotional, and transition. Goals were also written across the ICF framework.
Once school team members reached a consensus on goals, goals were sent to families
for review, revisions, and/or approval prior to the formal IEP meeting. Because of the
high level of IEP pre-planning, oftentimes few, if any, changes were made to the goals
areas, GASs, or actual IEP document at the final and formal IEP meeting. In cases where
GASs were achieved during the school year, the team reconvened to create more advanced
goals based on children’s annual assessments. Parents again edited or approved the more
advanced goals. Appendix C contains examples of a student’s goal attainment scalings.

4.4. Step 4: Goal Measurement across the Year

Each child’s GASs were measured weekly by educational and/or rehabilitation profes-
sionals using a specifically created data sheet that was modified from the Murdoch Center
Data Sheet from the Murdoch Program Library [39]. See Appendix D for an example.
Formal reporting to parents concerning GASs on the IEP data occurred every 9 weeks. If
progress reporting indicated the mastery of a GAS with a score of 0 or above, then a more
advanced GAS was established. The expected duration of GASs was 1 year, as it aligned
with the annual development of IEPs. At the end of the year, raw scores were summed for
each student’s set of IEP/GAS goals. This summed raw score is similar to an overall grade
point average for a regular education student taking courses in a variety of subjects (e.g.,
math, English, social studies). The summed raw scores were then translated into scaled and
T-scores for each child. Collectively scoring GASs for all children in each classroom and the
entire school allowed for T-score calculations for each classroom and the entire school to
be generated. These T-scores were reflective of overall classroom and school effectiveness,
which were used to inform improvements [11].

5. Results

For the 2010–2011 school year, 204 IEP GASs were created for 31 children with dis-
abilities. The average number of goals per student was 6.58, ranging from 5 to 7 goals.
Raw scores were converted to T-scores using tables provided in Kiresuk et al.’s book [11]
(pp. 274–278). Student, classroom, and overall school scores are displayed in Table 2 and
Figure 1. The scores in Table 2 reflect the T-score for each individual child, classroom, and
school, having been adjusted for the number of goals a student had during that school
year, as students with the same scaled score may have differing T-scores based on their
individual number of goals. Based on summed T-scores, seven students demonstrated
T-scores of 50 (50 to 71.11), indicating the meeting or exceeding of expectations. Twenty
children demonstrated improvement beyond baseline, but below the expected values
projected. Four CMD demonstrated no improvement from baseline. One classroom met
expectations with a T-score of 50.4. A second classroom was close to meeting expectations
with a T-score of 45.1. The remaining classrooms demonstrated improvement beyond
baseline, approximating an increase of 1 standard deviation. Reflective of all student goals,
the school effectiveness T-score was 35.74.
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Figure 1. Box plot of adjusted T-scores across school years.

For the 2011–2012 school year, 192 IEP GASs were created for 30 children with dis-
abilities. The average number of goals per student was 6.19, ranging from 5 to 7 goals.
Student, classroom, and overall school scores are displayed in Table 2 and Figure 1. Based
on summed T-scores, two students demonstrated T-scores of 50 (50 to 71.11), indicating the
meeting or exceeding of expectations. Twenty-four children demonstrated improvement
beyond baseline below the expected values projected. Five children demonstrated no
improvement. Reflective of all student goals, the school effectiveness T-score decreased
between school years to 29.45 with only one classroom improving from the 2010–2011
school year to the 2011–2012 school year.

Because the goals of each child may be unique and the number of goals across children
can vary, a statistical analysis of GAS scores is challenging and thus there was no statistical
test performed to determine whether a significant difference occurred between school years.
In this regard, Figure 2 displays the range of scores for GAS and the traditional assessments
CPCHILD, FPS-R, DASH, and PEDI for years 2010–2011 and 2011–2012. A noticeable visual
difference occurs both in the range and quantiles of scores within the GAS between the
school years, as the scores decreased between years. Of the traditional assessments, only
the FPS-R assessment depicts a difference in the scores between the two years; however,
the scale to which these ranges of scores differ is far less than that of the GAS scores. The
CPCHILD, DASH, and PEDI scales display very little difference between the range of
scores from one year to the next.

 

Figure 2. Visualization demonstrating how GAS varies more from year to year relative to traditional
assessments (CPCHILD, FPSR, DASH, and PEDI). The vertical axis displays the range of scores for
each assessment.
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6. Discussion

Goal attainment scaling was able to capture improvement in the majority of CMD.
Several or a combination of factors may explain this improvement. First, quality of life
discussions with the family provided an opportunity for therapists and teachers to learn
what was important from their perspective. Often times in many of these discussions,
families highlighted meaningful emerging skills that not only were relevant in the home
but also the school and community environments. Second, organizing and prioritizing
identified areas of improvement across the ICF allowed family, teachers, and therapists to
reach a consensus on goal setting more easily. Third, the use of a battery of assessments, both
required and individualized, also helped to recognize and appropriately target emerging
skills for goals. Lastly, the weekly formative assessment of goals by scoring the GASs
facilitated goal clarification and guided modifications to better target instruction and
rehabilitation towards goal success. These explanations for observed GAS improvement
are in line with available evidence. In a systematic review of GAS, Haladay and colleagues
determined that quantitative, assessment-driven, and patient-initiated goals inclusive of
a family-focused approach demonstrated a greater responsiveness than those that were
qualitative and provider-initiated [15]. The use of the ICF framework has also documented
improved rehabilitation goal setting [40], while goal-directed rehabilitation with regular
reassessment has been found to be an effective strategy for achieving goals [41,42].

As stated in the Introduction, measuring change in CMD using traditional educational
and rehabilitation measurement tools is challenging, not only because CMD demonstrate
varying multi-system impairments and corresponding activity limitations but also because
the tools are often unable to capture subtle change that is common in CMD [7–9]. Based on
our findings, it appears that GAS may provide an opportunity to overcome measurement
challenges in CMD. On the other hand, when these measurement tools are able to capture
change, it is important to consider that in the context of the home, community, and school,
these changes may not be viewed as meaningful by the family and school team. It has pre-
viously been noted that GAS provides a greater responsiveness than other well-recognized
measurement tools [15]. In this project’s case, although significant improvements were
noted for the DASH sensory motor and activities of daily living scales and PEDI Selfcare
Caregiver Assistance section, these improvements provide little insight as to each CMD’s
individual improvement within the actual IEP as well as meaningful change in the home,
school, and community settings.

Some of the children demonstrated no improvement in GAS across the IEP. This is
especially true for the 2011–2012 school year when students’ annual IEP was completed
on or near a student’s birthday rather than at the beginning of the school year, as was
the case in 2010–2011. As such, at the end of the school year when GAS scores were
calculated, students with birthdays near the end of the school year had had little time to
demonstrate the mastery of goals beyond the current level of performance. Additionally,
CMD experience a great number of medical appointments and medical interventions, such
as surgeries, hospitalizations, and medication alterations, which often negatively impact
school participation and slow the progression of goal achievement. For example, if a CMD
were to undergo a posterior spinal fusion in the middle of the school year, then that student
may be unable to attend school for 6 weeks. Substantial remediation may also be necessary
to regain the preoperative level of function following the return to school. In this case, the
progression of skills as defined by goals may be slow because of this absenteeism and/or
remediation. Lastly, evidence suggests that in order for teams to create reliable GASs,
approximately 3 years of implementation are recommended [19]. Findings from this project
spanned across the first and second years of the school’s opening, so the GASs developed
by teams may have been less effective GASs, which may have interfered with documenting
improvement in goals for CMD.

Just as traditional educational and rehabilitation measurement tools can provide
an indication of a program’s effectiveness, so too can GAS. Classroom and overall school
performance T-scores derived from GASs accurately revealed the contextual truth occurring
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within PACE. One informative finding interpreted from the classroom summative scores
was the lower T-score seen in classrooms with earlier career or recently graduated teachers
and therapists. In the 2010–2011 year with the opening year of PACE, the intentional
decision was made to pair early career or recently graduated teachers and therapists within
a classroom to foster team development and growth over time. In reflection, a better
strategy may have been to pair senior faculty with junior faculty within a classroom. In
spite of this possible misstep, information derived from classrooms with lower scores drove
professional development. These lower scores allowed PACE leadership to reflect on all
student goals within a lower-performing classroom and to clearly identify areas in which
additional instructional or rehabilitation education was needed for classroom teams. For
example, by examining students’ goals in one of these classrooms, it became quite clear
that additional education on cortical visual impairment in CMD was needed. It should be
noted that classroom summative scores were never used in a punitive manner as PACE
sought to maintain a culture of mutual support with ongoing improvement.

Goal attainment scaling has been effectively implemented in school settings where
instruction and rehabilitation co-occur [13,26] and this project adds to this evidence. The
previous implementation of GAS in schools has focused on goals specific to the related
service areas of physical and occupational therapy within the IEP. The PTCOUNTS [13]
study examined physical therapy IEP goals that were related to motor skills and involved
children across a variety of diagnostic categories, including CMD. Daly and colleagues [26]
also used GAS to successfully measure motor skill improvement following the implemen-
tation of an adaptive cycling program for children similar to CMD. This project’s findings
specific to CMD expand the current level of evidence by demonstrating that GAS can
be used to measure goals across all categories of an IEP by an interprofessional team of
educators and therapists in the context of a school setting.

One method of capturing meaning is to measure QOL. With a mission of improving
QOL for CMD, at the end of each school year, PACE measured QOL using the CPCHILD.
Although no significant changes in CPCHILD scores occurred between 2010–2011 and
2011–2012, scores suggested an elevated QOL for CMD attending PACE. In the CPCHILD
manual, the mean CPCHILD value for nonambulatory children considered to be mobility-
dependent was 44.4. The CPCHILD scores for the end of the 2010–2011 and 2011–2012
school year were 56 and 59, respectively. With a 5- to 9-point MCID for CPCHILD, the
greater than 10-point difference between the reported CPCHILD mean and PACE scores
indicates that QOL for PACE students may be elevated. No correlation or causation
can be reported as related to this elevation, but one possible explanation may be the
capacity of GAS to target and measure change in CMD across meaningful life activities
and participation. Knowing that pain can negatively impact QOL, it should also be noted
that reported pain severity values for CMD that attended PACE were reduced. The values
of 2.92 and 2.15 for the 2010–2011 and 2011–2012 years, respectively, are lower than those
reported for similar children [43,44].

Several limitations can be noted within this project. Although derived from a con-
ceptual model, the QOL questionnaire used to facilitate discussion between parents and
school team members was not validated. Selection bias was also a limitation as parents
chose for their CMD to attend PACE and as such other similar populations of CMD may
not display the same results. The addition of a control group that was comparable to the
CMD attending PACE would have strengthened this project. The administration of the
DASH, CPCHILD, FPS-R, and PEDI at the beginning and end of the school year may have
captured a greater degree of change than that observed by only administering them once
a year. However, this administrative burden would have been quite time consuming for
the school team that would have reduced important instruction and rehabilitation for the
CMD. A fifth limitation was the different measurement points between the creation and
end of the school year scoring of GAS between the 2010–2011 and 2011–2012 years. The
lower GAS scores during the second year may be a reflection of this change in which IEPs
were created near each child’s birthday. As a final limitation, the authors acknowledge that
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these data are older, but children considered multiply disabled or medically complex are
a challenging population to study secondary to their heterogeneity and as such there is
limited evidence. In the past 10 years, when completing a quick PubMed search for “special
education” or “rehabilitation” in conjunction with children with multiple disabilities or
children with medical complexity, there have been eight publications. The majority of
publications involving this population of children have explored examining hospitalization,
care coordination, nutritional support, and pain. in this population.

7. Conclusions

Findings from this project provide evidence that GAS is an objective and responsive
tool for measuring CMD despite their multi-system impairments and activity limitations.
The integration of GAS across IEP categories using an interprofessional team of parents,
educators, and rehabilitation therapists can also be successfully executed. The use of GAS
in CMD has the potential to maximize participation across the school setting where all
children in the United States commonly develop and learn skills as well as find meaning.
Teams and schools serving CMD should consider incorporating GAS into practice.
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Appendix A.

Appendix A.1. PACE Quality of Life Questionnaire

Questions on the PACE Quality of Life Questionnaire were developed using a QOL
model created by Patrick and Chiang [37]. See Figure A1.

 

Figure A1. Patrick and Chiang (2000): Relations among quality of life and health concepts.
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Appendix A.1.1. Internal Questions

1. What is your child’s diagnosis(es) or disease?
2. Do you know how your child’s diagnosis or disease affects your child’s future?
3. Do you need information on your child’s diagnosis(es) or disease and its progression?
4. What can your child do?
5. Do you have any concerns about your child’s overall health?
6. Generally, what does your child do each weekday? Weekend?
7. How would you describe your child’s personality?
8. What makes your child happy? Sad? Mad? Sick?
9. What does your child enjoy?
10. Does your child have any bad behaviors? If so, what?
11. What good behaviors does your child have?

Appendix A.1.2. Health Status and Health-Related Quality of Life Questions

1. How does your child sleep at night?
2. What position does your child sleep in?
3. Does your child experience pain? If so, how often? Can you explain what causes your

child’s pain?
4. Are your child’s arms and legs tight or loose?
5. Is your child’s head and trunk tight or loose?
6. Does your child have seizures? If so, how do you control them? How often do they

occur?
7. Is your child’s weight good?
8. Does your child move freely and well?
9. Does your child like to move?
10. Does your child see well?
11. Does your child hear well?
12. Does your child like to be touched?
13. Does your child like to touch things?
14. Does your child like to sit?
15. Does your child like to stand?
16. What calms your child?
17. Does your child cough a lot?
18. Does your child vomit a lot?
19. What activities does your child participate in daily? Weekly?
20. Does your child participate in any community activities? (e.g., little league, miracle

league, horseback riding, adaptive swimming)
21. How does your child bathe? How often does your child bathe?
22. Who fixes your child’s hair?
23. Does your child use diapers? Toilet?
24. How does your child get dressed each day?
25. How does your child eat? Do they enjoy eating? Do you think they get enough

calories?
26. Can your child change position in the bed?
27. How does your child get to school?
28. How does your child move about in your home?
29. How does your child move about at the grocery store, doctor’s office, or other com-

munity locations?
30. How is your child’s overall health?
31. How would you rate your child’s quality of life?
32. What do you dream of your child doing now?
33. What do you dream of your child doing in the future?
34. What activities would you like to have your child experience or participate in?
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Appendix A.1.3. External Questions

1. Do you want us to know anything about you and your child’s culture? Religion?
Income? Politics?

2. Is there anything in the environment that bothers you or your child? (e.g., Heat?
Pools? Horses? Animals?)

3. Is there anything we can do to help with your job? Income? Education?
4. What medications does your child take?
5. What doctors does your child see?
6. What therapies does your child have?
7. Do you like your child’s school? What are the pluses of your child’s school? What are

the minuses of your child’s school?
8. What do you and your family like to do? What else would you like to do?
9. How do you transport your child to appointments?
10. Would any changes to your home make it easier to care for them?
11. Do you need any equipment to improve your ability to care for your family and child?
12. How is the health of your family members?
13. How would you rate your family member’s quality of life?

Appendix A.1.4. Reference

Source from [38].

Appendix B.

International Classification of Functioning, Disability, and Health

Name: VH
Age: 15 years
Body weight: 118 pounds
Height: 144 inches
Head circumference: 22.44 inches
Primary Nutritional Method: Gastronomy tube
Blood pressure: 118/82
Heart rate: 108
Respiratory rate: 25 breaths per minute
Temperature: 98.6 degrees
Seizure History and Frequency: Yes, and with medication, occurrence of one time annually.
Developmental History: VH was born full-term to married parents, but care was trans-
ferred to paternal grandmother by age of 12 months, who was a licensed practical nurse. VH
demonstrated hypotonia at birth and was later diagnosed with mitochondrial myopathy.
Seizures were also present within the first year of life.
General development level: 3–4 months
Surgeries: Gastronomy tube placement, right femoral head osteotomy, spinal fusion for
neuromuscular scoliosis (2009), two femoral fractures without surgical intervention, semi-
annual botox to right hamstring and bilateral wrist flexors.
Strengths

• Excellent temperament
• Supportive paternal grandmother support with assistance from father
• Successful access in right hand with button switch
• Improving visual skills, such as seeing more color, greater visual distance
• Loves music and interactions with family and friends
• Receptive greater than expressive language
• Sense of humor
• Healthy body growth
• Tolerates frequent positional changes necessary for skeletal alignment, pain manage-

ment, nutritional needs, pressure relief, and skin integrity

106



Behav. Sci. 2023, 13, 625

Body structure and function impairments:
Nervous system

• Cognition
• Cortical visual impairment
• Marked hypotonia (head and trunk)
• Hypertonia (upper extremities’ (UEs) and lower extremities’ (LEs) flexors)
• Clonus with quick stretch of bilateral plantar flexors
• Selective neuromotor control
• Motor planning and learning
• Pain

Musculoskeletal system

• Marked weakness of oral, head, trunk, UEs’, and LEs’ musculature
• Initiating and sustaining movement of mouth, head, trunk, UEs, and LEs
• Alignment of UEs, head and trunk, and LEs with postures of flexion of head, shoulder

retraction and external rotation, elbow flexion, wrist and finger flexion, hip flexion,
abduction, external rotation, knee flexion, and plantar flexion

• Hypermobility of head and trunk
• Hypomobility of UEs and LEs
• Coordination of oral, head, trunk, UEs’, and LEs’ musculature
• Osteopenia

Circulatory system

• Cardiovascular endurance
• Distal circulatory perfusion with cool distal extremities
• Pulmonary system
• Abdominal breathing
• Flared posture of rib cage
• Weakened cough strength
• Sleep apnea

Gastrointestinal system

• Aspiration risk
• Swallowing dysfunction
• Sialorrhea/Drooling

Integumentary

• Potential for skin breakdown
• Spinal and hip scars

Sensory systems

• Vision—cortical visual impairment; latency; see red, yellow, and green primarily; can
attend with low levels of background noise; light, reflective qualities, and movements
assist with vision; dark background beneficial

• Auditory—intact
• Tactile and proprioception—limited experiences, tolerates input
• Vestibular—limited experiences, tolerates input

Activity Limitations

• Typical learning methods
• Receptive language/communication
• Expressive language/communication
• Swallowing
• Seeing and interpreting complex visual information
• Eating with mouth to meet nutritional needs
• Dependent for bed mobility or positional changes
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• Unsupported sitting
• Unsupported standing
• Dependent for mobility
• Dependent for transitions/transfers
• Dependent for dressing
• Dependent for bathing
• Incontinent
• Reaching
• Grasping
• Normal sleeping durations and habits
• Physical activity

Participation Restrictions

• Successful learning of academic and life skills material in a regular education classroom
• Fitness and extracurricular programming in typical school and community environ-

ments

Participation desires of parents/caregivers

Active participation in school and community environments where health care and
educational needs can be maximized and managed

• Aquatic Therapy
• Attend church
• Go on vacation to Atlanta to visit family
• Family picnic
• Participation barriers
• Managing caregiver demands
• Managing health care appointments
• Public transportation for wheelchair
• Wheelchair accessibility in community environments
• Knowledgeable human assistance and assistive technology required to accommodate

for impairments, activity limitations, and promotion for active participation
• Life expectations and opportunities set too low by others
• Liability concerns of community organizations
• Funding

Environmental Enhancers

• Grandmother is a licensed practical nurse so the level of care at home is excellent
• BiPAP at night
• Ankle foot orthoses
• Hospital bed in home
• Hoyer lift in home
• Ramp into home
• Roll-in shower
• Certified nursing assistant in home to assist grandmother with activities of daily living
• Stander at school
• Power mobility at school for brief and safe environmental exploration
• Switch assistive technology (simple and brief episodes of communication at school)

Environmental Barriers

• No family-owned wheelchair transportation so dependent on Medicaid transportation
• Lower socioeconomics
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Appendix C.

Goal Attainment Scaling Examples for a Child with Multiple Disabilities

Scale 1—Gross Motor Scale 2—Feeding Scale 3—Self-Care
Scale 4—Language

with Assistive
Technology

Level of Attainment

By September 2012, V
will increase her gross

motor skills by standing
in a vibrating supine
stander with bilateral

AFOs and immobilizers,
80% of trials over 5 days,

as recorded on data
sheets by faculty and
staff, thus improving

health related quality of
life which is influenced

by health and education.

By September 2012, V
will demonstrate oral
motor skills by tasting
different foods with no
facial grimacing, 80%

of trials as recorded on
data sheets by faculty

and staff, thus
improving health

related quality of life
which is influenced by
health and education.

By September 2012, V
will demonstrate daily
living skills by wiping
her mouth with a red

washcloth, 80% of
trials over 5 days, as

recorded on data sheets
by faculty and staff,

thus improving health
related quality of life

which is influenced by
health and education.

By September 2012, V
will use a button switch
in her right hand (with

hands splints on) to
socialize with others,

80% of trials over
5 days as recorded on
data sheets by faculty

and staff, thus
improving health

related quality of life
which is influenced by
health and education.

V will stand in a
vibrating supine stander
angled at 70 degrees with

bilateral AFOs and
immobilizers for 20 min

while participating in
classroom instruction
and interacting with

classmates.

During school
breakfast and/or lunch

time and to enhance
oral motor experiences,
V will taste 1 different

food with no facial
grimacing.

When asked and with
red washcloth placed in
her hand, V will wipe
saliva from her mouth

within 5 min to
promote oral hygiene
and social acceptance.

V will use her spec
switch in her right
hand (with hands

splints on) to socialize
with others one time

throughout the school
day.

Much Less

−2

than expected

V will stand in a
vibrating supine stander
angled at 70 degrees with

bilateral AFOs and
immobilizers for 30 min

while participating in
classroom instruction
and interacting with

classmates.

During school
breakfast and/or lunch

time and to enhance
oral motor experiences,
V will taste 2 different

foods with no facial
grimacing.

When asked and with
red washcloth placed in
her hand, V will wipe
saliva from her mouth

within 4 min to
promote oral hygiene
and social acceptance.

V will use her spec
switch in her right
hand (with hands

splints on) to socialize
with others two times
throughout the school

day.

Somewhat less

−1

than expected

V will stand in a
vibrating supine stander
angled at 70 degrees with

bilateral AFOs and
immobilizers for 40 min

while participating in
classroom instruction
and interacting with

classmates.

During school
breakfast and/or lunch

time and to enhance
oral motor experiences,
V will taste 3 different

foods with no facial
grimacing.

When asked and with
red washcloth placed in
her hand, V will wipe
saliva from her mouth

within 3 min to
promote oral hygiene
and social acceptance.

V will use her spec
switch in her right
hand (with hands

splints on) to socialize
with others three times
throughout the school

day.

Expected level

0

of outcome
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Scale 1—Gross Motor Scale 2—Feeding Scale 3—Self-Care
Scale 4—Language

with Assistive
Technology

V will stand in a
vibrating supine stander
angled at 70 degrees with

bilateral AFOs and
immobilizers for 50 min

while participating in
classroom instruction
and interacting with

classmates.

During school
breakfast and/or lunch

time and to enhance
oral motor experiences,
V will taste 4 different

foods with no facial
grimacing.

When asked and with
red washcloth placed in
her hand, V will wipe
saliva from her mouth

within 2 min to
promote oral hygiene
and social acceptance.

V will use her spec
switch in her right
hand (with hands

splints on) to socialize
with others four times
throughout the school

day.

Somewhat more

+1

than expected

V will stand in a
vibrating supine stander
angled at 70 degrees with

bilateral AFOs and
immobilizers for 60 min

while participating in
classroom instruction
and interacting with

classmates.

During school
breakfast and/or lunch

time and to enhance
oral motor experiences,
V will taste 5 different

foods with no facial
grimacing.

When asked and with
red washcloth placed in
her hand, V will wipe
saliva from her mouth

within 1 min to
promote oral hygiene
and social acceptance.

V will use her spec
switch in her right
hand (with hands

splints on) to socialize
with others five times
throughout the school

day.

Much more

+2

than expected

Appendix D.

Goal Attainment Scaling Data Collection Sheet modified from Murdoch Center Data Sheet
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Abstract: Our research aims to evaluate the utility of joystick-operated ride-on-toys (ROTs) as ther-
apeutic adjuncts to improve upper extremity (UE) function in children with hemiplegic cerebral
palsy (HCP). This study assessed changes in affected UE use and function following a three-week
ROT navigation training incorporated into an existing constraint-induced movement therapy (CIMT)
camp in 11 children (3–14 years old) with HCP. We report changes in scores on the standardized
Shriners Hospital Upper Extremity Evaluation (SHUEE) from pretest-to-posttest and changes from
early-to-late sessions in percent time spent by the affected arm in: (a) “moderate-to-vigorous activity”,
“light activity” and “no activity” bouts based on accelerometer data and (b) “independent”, “assisted”,
and “no activity” bouts based on video data. We also explored relationships between standardized
measures and training-specific measures of affected UE activity. We found small-to-medium im-
provements in the SHUEE scores. Between 90 and 100% of children also showed medium-to-large
improvements in affected UE activity from early-to-late sessions using accelerometers and small
improvements via video-based assessments. Exploratory analyses suggested trends for relation-
ships between pretest-posttest and training-specific objective and subjective measures of arm use
and function. Our pilot data suggest that single joystick-operated ROTs may serve as motivating,
child-friendly tools that can augment conventional therapies such as CIMT to boost treatment dosing,
promote affected UE movement practice during real-world navigation tasks, and ultimately improve
functional outcomes in children with HCP.

Keywords: joystick-operated ride-on-toys; children with hemiplegic cerebral palsy; novel
technologies for rehabilitation; upper extremity function; wrist-worn accelerometers

1. Introduction

Children with hemiplegic cerebral palsy (HCP) have impaired upper extremity (UE)
function on one side of the body with significant hand involvement that leads to consid-
erable limitations in their ability to engage with and learn from their environment [1,2].
Over the last few decades, intensive research on treatment paradigms for improving UE
function in children with HCP has led to expanding evidence in favor of task-oriented
and intensive approaches [3]. One such evidence-based approach that has evolved out
of the adult stroke literature but has also proven to be effective in children with HCP
is called constraint-induced movement therapy (CIMT [4–8]. This paradigm involves
constraining the child’s unaffected side and encouraging repetitive practice of using the
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affected UE through structured and intensive UE therapies. Although there is considerable
variation within the literature on CIMT in terms of dosing parameters (i.e., duration in
weeks of the CIMT program and duration of hours per day of constraint and intensive UE
therapy), effective CIMT programs require highly intensive and repetitive active practice
using the affected UE during goal-oriented activities [8–11]. While high dosing is critical
to producing meaningful improvements in function through CIMT, clinicians frequently
struggle to design activities that children find intrinsically motivating and that will promote
sustained adherence with therapy [12–15]. In fact, therapists and researchers have long
recognized that child motivation is related to gains in function and long-term compliance
with therapy [16,17]. Children are more likely to practice activities that they find fun and
that are aligned with their interests [18]. Therefore, there is a need to diversify conventional
therapeutic activities to include novel training ideas and tools that are child-friendly, pro-
mote sensorimotor exploration and affected UE function, and encourage UE practice as
part of children’s daily play/routines within their naturalistic settings.

Our research team has been exploring the use of modified, commercially available
joystick-operated ride-on-toys (ROTs) as therapeutic adjuncts to promote affected UE use
and function in children with HCP. Powered ROTs with modified controls (e.g., hand-
operated switches instead of leg pedals) have been used previously as early mobility
solutions for young children with lower limb impairments, including children with CP and
Down syndrome [19,20]. Their use among non-ambulatory children has led to improve-
ments in mobility, social skills, and overall participation [20–24]. However, the use of ROTs
to promote UE function has not been explored. We propose that joystick-operated ROTs
may serve as engaging adjuncts to conventional care that can be used by clinicians and care-
givers to increase treatment dosing and promote children’s functional use of their affected
UE for goal-directed navigation within a variety of indoor and outdoor naturalistic settings.

This paper is the third in a series of manuscripts that report data from a pilot study
exploring the feasibility of implementation and preliminary efficacy of the ROT training in-
tegrated into a three-week CIMT-based camp to promote affected UE use/function among
children with HCP. Previously, we reported that the ROT training was feasible to implement
within the camp setting and was well-received by children, caregivers, and clinicians. Chil-
dren expressed the desire to repeat the program and both caregivers and clinicians reported
observing improvements in children’s use of their affected UEs as well as motor function
following the training [25]. In the second paper, we report improvements in video-based
measures of arm control and navigational accuracy following the ROT training provided
within the CIMT camp ([26] under review). In the present manuscript, we report the com-
bined effects of the ROT training and CIMT activities on objective and subjective measures
of affected UE function. Specifically, we will report on changes in movement quantity
(measured using wrist-worn accelerometers) and quality (assessed using standardized
tests and training-specific measures) following the training. We will also explore relation-
ships between affected UE use/control during ROT operation within training sessions and
hand-use during everyday functional activities outside the training context.

We hypothesize that children will show improvements in affected UE use and motor
function as assessed using qualitative and quantitative measures within the ROT training
context as well as outside the training sessions. Moreover, we hypothesize that training-
specific measures of motor function will show trends for associations with children’s motor
performance outside the training context on a standardized test.

2. Materials and Methods

2.1. Participants

Eleven children with HCP (6M, 5F; 8 children with right-sided involvement and
3 children with left-sided involvement) between 3 and 14 years (mean (SD): 6.54 (2.76);
7 Caucasian, 1 Hispanic, 3 of mixed ethnicity), with a moderate level of impairment
(mean (SD): 2.64 (0.67), see Table 1 for scores on the manual ability classification system
(MACS) [27] participated in the single group pre–post study. The study was conducted
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within a three-week CIMT-based summer camp. The study was approved by the Institu-
tional Review Board (IRB) at the University of Connecticut, Storrs.

Table 1. Demographic details of study participants.

Child Number Age at Visit Gender Race/Ethnicity Side of Involvement MACS Levels

1 3 years 5 months F White, Non-Hispanic L 3
2 13 years 10 months F Asian R 3
3 8 years 11 months M White, Non-Hispanic R 3
4 4 years 6 months F White, Non-Hispanic L 2

5 5 years 28 days M Multiracial-Korean, Puerto
Rican, Irish, and Polish R 2

6 8 years 3 months F White, Hispanic R 2
7 6 years 11 months F White, Non-Hispanic R 2
8 8 years 7 months M White, Hispanic R 3
9 4 years 2 months M White, Non-Hispanic L 4

10 6 years 11 months M Multiracial-White, Asian R 2
11 7 years 5 months M White, Non-Hispanic R 3

MACS: Manual ability classification system.

The single joystick-operated ride-on-toy navigation training was incorporated into the
Lefty and Righty Camp of Connecticut (LARC), an annually held summer camp for children
with HCP, based on principles of the CIMT. The camp activities were designed to provide
children with playful movement experiences to improve gross and fine motor function
of the affected UE. The ride-on-toy training was offered as one of the daily activities at
camp for each child (see details of the camp and the ROT training within the section on
procedures). Parental permission and child written/oral assent were obtained prior to any
testing or training procedures.

2.2. Outcome Measures and Materials
2.2.1. Pretest–Posttest Measures of Motor Function

The Shriners Hospital Upper Extremity Evaluation (SHUEE) is a standardized, valid,
and reliable test to assess movement quality in 3–18-year-old children (inter-rater reliability:
0.89–0.90 (ICC), intra-rater reliability: 0.98–0.99 (ICC)) [28]. The test assesses affected
UE use spontaneously and on tester demand during 16 bimanual tasks [29]. The test
has 3 parts: spontaneous functional analysis (SFA), dynamic positional analysis (DPA),
and grasp-release analysis. At present, there are no data available on standard error of
measurement or minimal clinically important difference (MCID) for the SHUEE. However,
the SHUEE has been used to assess the efficacy of surgical interventions with children
with HCP in multiple studies [30–33]. For this study, we analyzed changes in the total SFA
scores (i.e., child’s ability to spontaneously use the affected UE during bimanual tasks) and
total DPA scores (i.e., segmental alignment of the affected UE at the elbow, forearm, wrist,
fingers, and thumb while performing tasks on demand) from pretest (prior to camp) to
posttest (following the camp). A single coder coded all the data after establishing intra-rater
reliability and inter-rater reliability (with the first and second authors) of over 90% using
20% of the videos.

2.2.2. Training-Specific Measures Assessed during Early and Late Sessions
Objective Accelerometry-Based Assessment of Affected UE Activity during
ROT Navigation

Children wore the wGT3X-BT accelerometers (ActiGraph, Pensacola, FL, USA) on
the wrist of their affected arm during the entire duration of the ROT training sessions in
the first and last weeks of the training program. The wGT3X-BT accelerometer is a small
(4.6 × 3.3 × 1.5 cm), lightweight (19 g), 3-axis accelerometer that collects raw acceleration
data in all 3 directions with a dynamic range of ±8 g (gravitational units). The accelerome-
ters collected data at a sampling frequency of 30 Hz. Trainers maintained activity diaries
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of the exact times of the training sessions every day for each child to corroborate the data
obtained from the accelerometers. For their data to be included within the analysis, chil-
dren were required to wear the accelerometer during the ROT training sessions on at least
3 training sessions at each time point (early and late training weeks). Since children were
seated in the ROT during the training sessions, data collected through the activity monitor
is solely representative of affected UE activity during the training sessions.

At the end of the first and last weeks, data stored in the accelerometers for each child
was downloaded using the ActiLife software (ActiGraph, Pensacola, FL, USA). The raw
data from the accelerometers were processed using ActiGraph’s proprietary algorithms to
obtain activity counts (1 count = 0.001664 g, i.e., 0.0163072 m/s2). Activity counts across
3 axes were summed to calculate vector magnitude (VM) counts as follows:

VM =
√

(a_x2 + a_y2 + a_z2),

where a_x, a_y, and a_z are the accelerations in the x-, y-, and z-directions, respectively.
We assessed changes in average VM counts (averaged across all training sessions during
a week) across early and late training weeks. Moreover, the in-built, Freedson children
algorithm was used to classify average activity counts calculated over 60 s epochs during
ROT navigation sessions across the entire week into time spent (in minutes) by the affected
UE in activities of varying intensity (sedentary: 0–149 counts, light activity: 150–499 counts,
and moderate-to-vigorous activity: >500 counts) [30]. The minimal clinically important
difference (MCID) for the arm accelerometry is a change of 575–752 counts [31]. Please note
that MCID values for arm accelerometry are based on data from adult persons with chronic
hemiparesis since no similar data are available from children with HCP. We report changes
in the average percent time spent by the affected UE in sedentary, light, and moderate-to-
vigorous activity during ROT navigation sessions across early and late training weeks.

Video-Based Assessment of Affected UE Activity during ROT Navigation

Video data of early and late training sessions were coded using Datavyu© behavioral
coding software that allows millisecond-to-millisecond coding of behaviors. A single coder
coded all data after establishing intra-rater and inter-rater reliability (with a second coder)
of over 90% using a subset of videos (20%) from the study. We coded affected UE activity
during ROT navigation based on video data from 2 early and 2 late training sessions.
Specifically, each ROT session was broken down into time blocks of “independent”, “as-
sisted”, and “no activity” bouts. “Independent” activity bouts were defined as periods
when the child independently maneuvered the joystick of the ROT using their affected
UE without any assistance from an adult/external aid. “Assisted” activity bouts included
instances where the child required assistance for controlling the joystick with their affected
UE. The assistance could be in the form of an external aid (such as a mitt) to help the child
grasp the joystick or the adult trainer providing partial or total assistance to help the child
push/maneuver the joystick. “No activity” bouts included periods when the child was
stationary, and the affected UE was not used to maneuver the joystick of the ROT. We report
on the average percent duration of time of independent, assisted, and no activity bouts in
the affected UE during early and late training sessions.

2.3. Procedures
2.3.1. Camp Structure and Activities

The three-week intensive, 6 h/day (9 am to 3 pm) summer camp provided group-
based CIMT for children with HCP. During the daily six hours at camp, all children
wore removable thermoplastic casts on their unaffected UE. Children were encouraged
to use their affected side throughout the day during goal-directed gross and fine motor
activities/games, as well as functional self-care tasks such as eating and toileting. Each
child worked one-on-one with a camp staff who was a trained paraprofessional under the
supervision of licensed physical and occupational therapists.

116



Behav. Sci. 2023, 13, 413

2.3.2. Ride-on-Toy Training Program

The ROT training was incorporated into the camp routine and was offered as one of
the daily activities at camp. Each ROT session lasted for around 20–30 min/day. Please note
that children received an overall 90 h of CIMT (6 h/day, 5 days/week, 3 weeks) at camp, of
which 8 h involved ROT training. Our research team modified a commercially available,
dual joystick-operated ROT, the Wild ThingTM, to allow operation in a single joystick
mode and provided additional postural support (using PVC pipes for reinforcement of
the external frame of the toy; see Figure 1). As part of the ROT training program, children
engaged in: (a) incrementally challenging navigation games across different environmental
layouts and (b) gross and fine motor UE tasks at intermediate stations along the navigational
path. To drive the ROT, children were required to use their affected UE to push/pull
and maneuver the joystick in the desired direction of motion. Early sessions focused on
teaching the child basic joystick controls for moving forward–backward and making turns.
Thereafter, the training was progressed to challenge children to stay on paths of different
shapes and sizes (arc, roundabout, slalom, etc.) and avoid obstacles during navigation.
Children also completed UE gross and fine tasks at intermediate stations during navigation;
the tasks involved multidirectional reaching, catching and throwing objects, different
grasps, release, and in-hand manipulation of playful props such as balls and bean bags.
The training was based on principles of motor learning and promoted discovery learning,
variable practice, active problem-solving, and free play/exploration.

Figure 1. The Wild ThingTM ride-on-toy used for the study.

We focused on promoting functional UE movement patterns during the ROT naviga-
tion program. Grasp and operation of the joystick required wrist extensor, finger flexor,
and hand intrinsic muscles while the forearm was maintained in pronation. In addition,
children used proximal muscles at the elbow and shoulder to control push–pull movements
of the joystick in all 4 directions (forward, backward, right turn, and left turn). In our
experience, children with poor UE control tend to also use proximal scapular and trunk
muscles to move the joysticks. As discussed above, we also incorporated a variety of
functional UE tasks within the training program. Children performed these tasks while
seated in the ROT at intermediate checkpoints/stations during navigation. These UE tasks
involved gross motor activities such as reaching in different directions, overhead throwing,
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pulling, pushing, lifting, and tossing games as well as fine motor activities such as opening
and closing, precision grips, picking, sticking, and releasing objects. While singular joint
movements that are typically limited in HCP (forearm supination, wrist extension, and fin-
ger extension) were not addressed in isolation, these movements were encouraged as part
of multi-joint movement patterns as children engaged in functional UE challenges/games
throughout the ROT program.

2.4. Statistical Analyses

Data were checked for assumptions of parametric statistics. Since data satisfied the
assumptions of parametric statistics, we used dependent t-tests to assess training-related
changes in the standardized SHUEE from the pretest to posttest. We conducted Pillai’s trace
multivariate analyses of variance (MANOVAs) to evaluate changes in the training-specific
measures: (a) wrist-worn accelerometry-based outcomes and (b) video-based estimates
of affected UE activity. The MANOVA for accelerometry-based measures included time
(early and late sessions) and affected UE activity (percent time spent in sedentary, light, and
moderate-to-vigorous activity) as within-subjects factors. The MANOVA for video-based
measures included time (early and late sessions) and affected UE activity (percent time
engaged in independent, assisted, and no activity bouts) as within-subjects factors. If
the analyses found a significant main effect and an interaction effect involving the same
factors, post hoc t-tests were conducted to evaluate only the significant interactions. We
used dependent t-tests to assess training-related changes in average VM counts/minute.
Statistical significance was set at a p-value of <0.05. Effect sizes were calculated using
Hedge’s standardized mean difference (SMD) [32]. We report on SMD estimates and 95%
confidence intervals (CI) surrounding the SMD values. We classified SMD values according
to Cohen’s conventions of small (0.2–0.49), medium (0.5–0.79), or large (0.8 and above)
effects [33].

We also conducted exploratory analyses to evaluate trends for associations between
pretest–posttest measures and assessments administered during training sessions (ac-
celerometry and video-based coding of affected UE use). We have used scatter plots to
visually represent patterns of associations between measured variables using both pooled
data (pooled across early and late sessions or pretest and posttest) and difference data
(late–early session or posttest–pretest values). Given the small sample size in this pilot
exploratory study, we will not conduct formal tests of significance for these plotted cor-
relations between variables; instead, we interpret the visual data as being suggestive of
preliminary trends for relationships between variables that we will confirm in our future
studies using larger sample sizes and more robust study designs.

3. Results

3.1. Pretest–Posttest Measures of Affected UE Motor Function

From pretest to posttest, children showed significant medium-sized increases in the
SFA scores on the standardized SHUEE (see Figure 2A,B; t(10) = 4.114, p = 0.002, SMD
(95% CI) = 0.5 (−0.21 to 1.21)), with 10 out of 11 children following the group trend.
All 11 children also showed small-to-medium increases in DPA scores (see Figure 2A,C;
t(10) = 5.977, p ≤ 0.001, SMD (95% CI) = 0.301 (−0.37 to 0.98)), specifically, in the positioning
of the elbow (t(10) = 2.324, p = 0.042, SMD (95% CI) = 0.445 (−0.25 to 1.41)), forearm
(t(10) = 3.184, p = 0.010, SMD (95% CI) = 0.302 (−0.37 to 0.98)) and wrist in the sagittal
plane (t(10) = −2.390, p = 0.038, SMD (95% CI) = 0.152 (−0.51 to 0.81)). Overall, children
showed a mean improvement of 9.29% on the SFA and 7.45% in total DPA scores.
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(A) 

 
(B) 

 
(C) 

Figure 2. (A) Group data on training-related changes on the SHUEE assessed before and after the
three-week ROT navigation + CIMT training. (B) Individual data on training-related changes in the
SFA scores of the SHUEE assessed before and after the three-week ROT navigation + CIMT training.
(C) Individual data on training-related changes in total DPA scores of the SHUEE assessed before
and after the three-week ROT navigation + CIMT training. Please note that * signifies statistically
significant differences in measured outcomes at p ≤ 0.05.
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3.2. Objective Accelerometry-Based Measures of Affected UE Activity during Training Sessions

The overall adherence rate with accelerometer wear was 100% and all children wore the
monitor on their affected UE for a minimum of three ROT sessions during the week with no
complaints. The MANOVA for the intensity of affected arm activity indicated a significant
main effect of time (F (2, 9) = 105.52, p < 0.001, n2

p = 0.95) and an interaction effect of UE
activity × time (F (2, 9) = 13.48, p = 0.002, n2

p = 0.750). Post hoc analyses of the significant
interaction effect suggested that from early-to-late sessions, the percent time spent by the
affected UE in light activity decreased by a large effect size (SMD (95% CI): −0.88 (−1.70 to
−0.07)), with a concurrent medium-sized increase in time spent in moderate-to-vigorous
activity (see Figure 3A, SMD (95% CI) = 0.72 (−0.04 to 1.49)).

Specifically, 10 out of 11 children decreased the time spent in light activity and all
11 children increased time spent in moderate-to-vigorous arm activity from early-to-late
sessions (see Figure 3B,C). Children also showed a statistically significantly large increase
in average VM counts/minute from early-to-late sessions (mean (SD): early: 1793.67 (790.7),
late: 2490.06 (870.8); SMD (95% CI) = 0.81 (0.018 to 1.6)), with 10 out of 11 children,
following these group trends. Overall, children showed a mean increase in VM counts of
696.39 counts/minute following training.

(A) 

 
(B) 

Figure 3. Cont.
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(C) 

Figure 3. (A) Group data on training-related changes in affected UE activity during ROT navigation
training measured using wrist-worn accelerometers. (B) Individual data on training-related changes
in “moderate-to-vigorous” activity in the affected UE during ROT navigation measured using wrist-
worn accelerometers (note: the one child who showed a large increase in activity from early-to-late
session had to be completely assisted by the trainer in the early session but was able to initiate
independent UE activity to push the joystick by the late training weeks). (C) Individual data on
training-related changes in “light” activity in the affected UE during ROT navigation measured using
wrist-worn accelerometers. Please note that * signifies statistically significant differences in measured
outcomes at p ≤ 0.05.

3.3. Observational Video-Based Assessment of Affected UE Activity during Training Sessions

The MANOVA indicated a significant main effect of affected UE activity (F (2, 9) = 17.13,
p < 0.001, n2

p = 0.981) and an interaction effect of affected UE activity × time (F (2, 9) = 2.79,
p = 0.001, n2

p = 0.770). Post hoc testing of the significant interaction suggested that from
early to late sessions, there was a significant small increase in the percent duration of
“independent” UE activity bouts (SMD (95% CI) = 0.20 (0.19 to 1.95)) and a concurrent
decrease in percent time spent by the affected UE in “assisted” activity bouts (SMD (95% CI)
= −0.15 (−1.49 to 0.04)) and “no activity” bouts (SMD (95% CI) = −0.16 (−1.61 to −0.02))
(See Figure 4A–C).

 
(A) 

Figure 4. Cont.
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(B) 

 
(C) 

Figure 4. (A) Group data on training-related changes in affected UE activity during ROT navigation
based on expert ratings of video data. (B) Individual data on training-related changes in “indepen-
dent” use of the affected UE during ROT navigation as measured by video-based observational
coding. (C) Individual data on training-related changes in “assisted” use of the affected UE activity
during ROT navigation as measured by video-based observational coding. Please note that * signifies
statistically significant differences in measured outcomes at p ≤ 0.05.

3.4. Exploratory Analyses of Associations between Pretest–Posttest and Training-Specific Measures
of Affected UE Activity

We used scatter plots to explore relationships between standardized and training-
specific variables using pooled data (pooled across pretest and posttest or early and late
sessions, see Figure 5A) and difference data (i.e., differences between posttest and pretest
or late and early session performance; see Figure 5B). For these analyses, please note that
we had one child who showed a large improvement with training; this child required
complete assistance on their affected side to begin with, but their active use of the affected
UE increased over the course of the training. This child’s data are visually clearly sep-
arated from the rest of the group in some of the graphs (see Figure 5A,B). We therefore
conducted exploratory analyses both with and without data from this child. We only
report on data trends that showed similar patterns (in terms of direction and magnitude of
associations) both with and without this child’s data. In other words, we further discuss
only preliminary associations between variables that were consistently observed across a
majority of the children in the study. For the pooled data, we found a trend for a negative
relationship between SHUEE SFA and DPA scores and time spent in assisted navigation,
suggesting that children who were less likely to require assistance during ROT navigation
had higher SHUEE scores. Moreover, our pilot data suggest preliminary associations
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between accelerometry-based quantitative measures and video-based subjective measures
of affected UE use for navigation (see Figure 5A). Specifically, time spent in moderate-
to-vigorous arm activity showed a trend for being positively related with “independent”
activity bouts and negatively related with “assisted” navigation (see Figure 5A). On the
other hand, time classified as sedentary was related positively with “assisted” mobility
bouts. Overall, these exploratory trends suggest that children who were able to drive the
ROT independently using their affected UE indicated by video data tended to demonstrate
higher levels of moderate-to-vigorous activity with their affected UE and lower levels of
sedentary time as measured by wrist-worn accelerometers (see Figure 5A).

Exploratory scatter plots visualizing relationships between variables for difference
data (posttest-pretest or late-early sessions) suggested a trend for improvements in SHUEE
scores (from pretest to posttest) to be associated with an increase in “independent” activity
and a decrease in “no activity” bouts (from early to late sessions) based on video data,
as well as a concurrent decrease in percent time spent in light activity as measured by
accelerometers from early to late sessions (see Figure 5B).

(A) 

Figure 5. Cont.
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(B) 

Figure 5. (A) Scatter plots of pooled data from standardized and training-specific measures collected
in the study. Closed circles represent data from pretest/early sessions and open circles represent data
from posttest/late sessions for each individual participant. The individual plots include regression
lines fitted to the data. The numerical values are correlation coefficients exploring relationships
between measured variables. Note that formal statistical tests of significance for the correlation
coefficients have not been conducted due to the small sample size and pilot nature of the study.
(B) Scatter plots of training-related improvements in standardized and training-specific measures
collected in the study. Each open circle represents data from one participant. The individual plots
include regression lines fitted to the data. The numerical values are correlation coefficients exploring
relationships between measured variables. Note that formal statistical tests of significance for the
correlation coefficients have not been conducted due to the small sample size and pilot nature of
the study. Note that in both plots, one of the children in the study showed a significantly larger
improvement from pretest to posttest compared to the rest of the children in the study. This child
required complete assistance from an adult during testing and training activities and showed high
levels of sedentary UE activity; however, with training, the child increased the frequency of affected
UE activity and independent navigation. Please note that all preliminary trends discussed further
within the manuscript hold true even when these analyses were repeated without this child’s data.

4. Discussion

4.1. Summary of Results

Our pilot study suggested that a short three-week ROT navigation training combined
with a CIMT program contributed to improvements in affected UE use and motor function
during the ROT training sessions with functional carryover outside the training context.
Moreover, children showed improvements in both subjective and objective measures that
assessed UE movement quality and quantity. Based on our exploratory analyses, we also
found trends for associations between measures of UE function assessed during training
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sessions and a structured standardized test of motor function administered at the pretest
and posttest. Moreover, quantitative and qualitative training-specific measures also seemed
to be associated with each other, suggesting a corroboration between video-based data and
wrist-worn accelerometry to assess affected UE activity in children with HCP. Overall, in
conjunction with our previous work in this area [25,26], our findings suggest that joystick-
operated ROTs incorporated into a CIMT protocol can serve as effective and child-friendly
training tools to promote use of the affected UE among children with HCP. Next, we
briefly discuss our findings in the context of the existing literature and the implications of
this work.

4.2. Training-Related Changes in Affected UE Activity and Motor Function with ROT
Navigation Training

A recent review that assessed the minimum threshold dosing necessary to produce
meaningful functional gains in affected UE function among children with HCP indicated
that more than 30–40 h of goal-directed functional training is required to produce meaning-
ful improvements [34]. Moreover, the authors also acknowledged that beyond dosing, en-
joyment and motivation are key factors that influence outcomes, and that the incorporation
of home practice as a supplement to face-to-face therapy is a cost-effective solution to en-
hance therapeutic success [34–36]. Our goal with this line of research is to explore the utility
and efficacy of joystick-operated ride-on-toys as easy-to-use, cost-effective, and intrinsically
motivating tools that can be used by clinicians and families to augment dosing/practice of
goal-oriented activities and lead to gains in UE function through experience-dependent neu-
roplastic processes. The novelty of our approach lies in the choice of an unconventional yet
age-appropriate and motivating activity to diversify existing activity choices used in CIMT
paradigms. It was encouraging to see that ROT combined with conventional therapy led to
not only improved navigational skills within the training context, but also the carryover of
motor improvements to a standardized functional test outside the training context.

Improvements in movement quantity and quality may be attributed to the nature of
the ROT navigation program. Real-world navigation requires a coupling of perceptual,
action-based, and cognitive systems, as the child plans their route in space, adapts to
changing environmental and task constraints (e.g., different surfaces, obstacles along the
path, changes in elevation in the form of slopes), and skillfully maneuvers the joystick
in an adaptive manner to move through their physical environment. We observed that
children initially required more assistance to control the joystick; however, over the course
of the training, children became more independent and engaged in more purposeful and
controlled movements of their affected UE to push the joystick. Even children who were
more severely involved with limited voluntary control on the affected UE developed new
synergies to use proximal shoulder and trunk muscles and body mechanics to achieve
success and independence in navigation. Our findings align with a study by Weightman
and colleagues that assessed joystick-control abilities in children with HCP and typically
developing children; the authors found that children with HCP tend to rely more on
their proximal trunk and shoulder muscles compared to their neurotypical peers while
operating the joystick [37]. Children in our study persisted with the training activity in
order to achieve functional success in self-driven mobility within the environment. The
training effects may also be attributed to the incorporation of motor learning principles
into our protocol, including variable and repetitive practice, the provision of multimodal
feedback and reinforcement, the use of progressively challenging activities that provide
a “just-right” challenge, and fostering free play and exploration [38–41]. Other studies
have also identified that interventions based on motor learning principles are effective in
producing improvements in neuromotor function among children with disabilities [42–44].

Our findings are also in line with studies that used novel activity ideas and tech-
nologies to encourage goal-oriented UE practice among children with HCP [45–56]. For
instance, Spencer and colleagues used magic-themed activities to incentivize the use of the
affected UE in children with HCP to perform magic tricks [50,52,53,57]. They found that a
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short-term magic-themed camp led to improvements in UE function among children [52];
moreover, children and parents perceived the activities to be fun and motivating while
promoting learning and children’s willingness to persist with relatively challenging UE
activities [52,53]. Other studies have used more high-tech and immersive tools such as
virtual reality and robotics to promote the repetitive practice of progressively challenging
activities. For instance, Fluet et al. (2010) found small-to-large improvements in the active
movements of shoulder abduction, shoulder flexion, and forearm supination, as well as
in several measures of reaching kinematics following a short three-week robot-assisted
therapy program for children with HCP [49]. Similarly, Acar and colleagues found greater
improvements in hand function and movement speed on the standardized Jebsen–Taylor
hand function test in a group of children with CP that received six weeks of biweekly Nin-
tendo Wii virtual reality training sessions in addition to conventional therapy compared to a
group that only received conventional physical therapy [46]. Overall, our study adds to the
body of literature exploring innovative, child-preferred, and diverse types of activities and
tools that can be used to incentivize affected UE use and goal-directed practice both as part
of conventional therapy as well as outside conventional therapy contexts. By developing
activities that align with children’s interests and goals, we can maximize their engagement
in rehabilitation and overall self-confidence.

Among the types of assessments we used, we found the largest effect sizes for im-
provements in accelerometer-based estimates of affected UE activity compared to changes
in standardized and video-based tests. Improvements in VM counts/minute were greater
than the minimal clinically important difference values for arm accelerometry reported in
the literature [31], suggesting that the improvements were meaningful and may be reflec-
tive of functional changes. Accelerometers have been validated as an outcome measure
for assessing the efficacy of behavioral interventions both in adults and children with
hemiplegia [58–61]. Accelerometers offer the advantage of being lightweight, non-intrusive,
and compact. Moreover, unlike standardized or video-based assessments that provide
information on the child’s motor performance based on a single snapshot of time often
within a structured setting, accelerometers allow the assessment of children’s habitual UE
activity over long durations across a variety of settings and tasks, therefore reflecting the
real-world use of their affected UE. In our study, accelerometer-based measures seemed to
be more sensitive to capturing changes in affected UE use and intensity of activity from
early to late training sessions. We recommend that clinicians use accelerometers as a sensi-
tive outcome measure to assess the effectiveness of behavioral interventions in promoting
affected UE use for activities of daily living as part of the child’s daily routines.

4.3. Exploratory Associations between Pretest–Posttest and Training-Specific Measures of Affected
UE Activity

Our exploratory analyses suggested some interesting trends for relationships between
training-specific variables and a standardized test of motor performance. Although promis-
ing, these results must be interpreted with caution given our small sample size and the
pilot nature of our study. These associations need to be replicated using larger sample sizes
and more rigorous study designs. We found trends for associations between spontaneous
use of the affected UE during bimanual tasks on the SHUEE and independent and active
use of the affected UE during training sessions. These data provide pilot evidence that
improvements within the ROT training context may be related to positive improvements
on standardized functional tests conducted outside the training context. Our findings are
in line with other studies that evaluated associations between affected UE use as assessed
using accelerometry and standardized tests of motor performance [4,59,62]. For instance,
Sokal and colleagues reported medium-sized correlations between the intensity of use of
the affected arm and a standardized test of motor capacity in children with HCP [62].

Moreover, accelerometer-derived measures of affected UE activity were also related to
video-based measures of affected UE activity. Our findings are aligned with other studies
that also explored associations between accelerometer-based outcomes and performance on
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standardized tests and video-based assessments in children and adults with neurological
impairments [63–65]. For instance, Poitras and colleagues found good agreement between
video-based and accelerometry-based measurements of arm movements during 20 min of
free play in a seated position in adults with CP [65]. Similarly, Uswatte et al. found high
correlations between threshold-filtered ActiGraph recordings of UE activity and observer
ratings of video data in adult patients with unilateral weakness [63]. Our preliminary data
add to the previous literature in support of the use of accelerometers as useful outcome
measures for assessing UE activity. Video-based measures may be limited to short dura-
tions of capture time, limited capture volume, and tedious and time-consuming efforts
to code collected video data; in contrast, accelerometer-based estimates offer longer data
collection times across a variety of settings without a significant setup, relatively simple
postprocessing, and provide accurate and sensitive objective measures of affected UE ac-
tivity [4,58,66,67]. Overall, we recommend that accelerometers can be used to supplement
clinician observations within therapeutic settings and may serve as a sensitive measure
to assess the effects of short-term training programs such as a ROT navigation program
aimed to improve UE function.

4.4. Limitations & Future Directions

Our study is limited due to the lack of a control group, a small convenience sample,
including children with HCP without any history of recent surgeries, a wide age range
of ability levels within the participants, lack of sensory testing measures, and the lack of
follow-up testing. In this study, we only reported on motor outcomes. However, children
with HCP also have sensory impairments that may contribute to their clinical presentation.
In our future studies, we will also include measures of sensory function within our test
battery. We incorporated our training within a CIMT paradigm; an inherent limitation of
CIMT is that it does not allow for mirror movements involving the unaffected UE. The data
collected from the accelerometers was analyzed using algorithms that were validated for
neurotypical children as there were no validated algorithms available for children with
HCP. Moreover, we did not collect accelerometer data outside the training context and
at follow-up after completion of the ROT camp. Despite reporting improvements in UE
activity during and following ROT navigation when combined with the CIMT program,
we were not able to isolate the effects of the ROT training from other camp activities. Our
findings also cannot be directly generalized to children with HCP who have undergone
surgical procedures such as Botox injections or tendon transfers. Finally, we conducted
exploratory analyses that examined trends for relationships between standardized and
training-specific variables; these patterns need to be verified using larger sample sizes. In
our future studies, we will address some of these limitations by assessing the isolated short-
term and long-term effects of a community-based ROT training program using controlled
designs and larger homogenous samples.

5. Conclusions

Our pilot study assessed the effects of a three-week joystick-operated ROT navigation
training program incorporated as part of a CIMT summer camp on spontaneous use, motor
function, and activity of the affected UE in children with HCP using a standardized test,
wrist-worn accelerometry, and video-based measures. We found improvements on the
standardized test of motor function from pretest to posttest as well as increased activity
of the affected UE during ROT navigation from early to late training sessions as indicated
by accelerometers and video-based measures of navigation. We also found trends for
associations between training-specific and standardized measures of UE activity as well as
between quantitative and qualitative measures of affected UE use. Joystick-operated ROTs
seem to be effective and child-friendly tools that can be easily incorporated into children’s
play and conventional therapy by caregivers and clinicians to boost treatment dosing and
encourage children with HCP to use their affected UE for purposeful navigation through
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real-world environments. Our findings have implications for the use of ROTs as therapy
adjuncts in UE rehabilitation for children with motor disabilities.
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Abstract: Constraint-induced movement therapy (CIMT) and bimanual therapy (BT) are among
the most effective hand therapies for children with unilateral cerebral palsy (uCP). Since they train
different aspects of hand use, they likely have synergistic effects. The aim of this study was to examine
the efficacy of different combinations of mCIMT and BT in an intensive occupational therapy program
for children with uCP. Children (n = 35) participated in intensive modified CIMT (mCIMT) and BT,
6 weeks, 5 days/week, 6 h/day. During the first 2 weeks, children wore a mitt over the less-affected
hand and engaged in functional and play activities with the affected hand. Starting in week 3,
bimanual play and functional activities were added progressively, 1 hour/week. This intervention
was compared to two different schedules of block interventions: (1) 3 weeks of mCIMT followed by
3 weeks of BT, and (2) 3 weeks of BT followed by 3 weeks of mCIMT. Hand function was tested before,
after, and two months after therapy with the Assisting Hand Assessment (AHA), Pediatric Evaluation
of Disability Inventory (PEDI), and Canadian Occupational Performance Measure (COPM). All
three‘groups of children improved in functional independence (PEDI; p < 0.031), goal performance
(COPM Performance; p < 0.0001) and satisfaction (COPM Satisfaction; p < 0.0001), which persisted
two months post-intervention. All groups showed similar amounts of improvement, indicating that
the delivery schedule for mCIMT and BT does not significantly impact the outcomes.

Keywords: hemiplegia; occupational therapy; cerebral palsy; constraint

1. Introduction

Intensive hand therapy is among the most effective, evidence-based therapies for
children with hemiplegia [1]. A key question in hemiplegia therapy is whether the affected
hand should be trained alone or in tandem with the other hand. In constraint-induced
movement therapy (CIMT), a participant’s less-affected upper extremity is restricted with a
sling, cast, or mitt, while the participant actively uses the affected arm and hand in skill-
based therapeutic activities [2]. Bimanual training (BT), in contrast, engages both hands
in therapeutic movement [3]. These two interventions have shown equivalence in most
studies and Cochrane reviews [4–10], though some studies show that BT is more effective
in improving functional use of the affected hand [9,11]. Since most functional activities of
daily living require bimanual coordination, BT is thought to be most effective at improving
performance of these activities [12]. Alternatively, there is evidence that CIMT may be more
effective in home- and school-based environments [13], isolated hand movements [14], and
may produce stronger improvements in head and reach control [15] than BT.

Since CIMT and BT target different aspects of hand use, they likely have synergistic
effects on hand function [16]. By requiring children to use the more-affected arm, CIMT is
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especially useful for overcoming “developmental disuse” [2]. The sensorimotor experience
of CIMT improves function and may “prime” the affected hand by increasing a child’s
awareness and engagement of the affected hand. This may then make subsequent bimanual
therapy more effective. A combined approach of CIMT followed by bimanual therapy has
been found to improve outcomes [17] beyond CIMT alone [18].

While most therapies have directly compared CIMT and BT, either by comparing
one therapy against the other or administering both therapies in a block design, other
combinations have not been well-studied. We developed a six-week occupational therapy
program that combines CIMT and BT over the course of treatment. The goal was to engage
the affected arm and hand using modified constraint-induced movement therapy (mCIMT),
then to focus on functional activities that require both hands. We rationalized that an optimal
therapy would first increase awareness and engagement of the impaired arm and hand, then
train that hand in functional bimanual tasks. We compared this approach to two groups who
received blocks of interventions. One of these groups completed three weeks of mCIMT,
followed by three weeks of BT, following the same rationale of first focusing on improving the
skill of the impaired upper limb and then introducing bimanual training. For a comparison,
one other group completed three weeks of BT, followed by three weeks of mCIMT. This
group was included to control for the order of the types of training. The goal of this study
was to determine if efficacy is impacted by the schedule of delivery of mCIMT versus
BT. We hypothesized that children who received mCIMT before BT would show a greater
improvement in hand function at the end of the intervention, as focusing on strengthening
the more-affected hand first would optimize the efficacy of the subsequent BT.

2. Materials and Methods

2.1. Participants

Thirty-five children participated in the study during the summers of 2011–2018. Five to
eleven children participated each summer. Demographics and clinical characteristics of
participants are shown in Table 1. Children were recruited from the outpatient service at
Blythedale Children’s Hospital and through community outreach.

Table 1. Baseline Participant Characteristics.

Child/Group Sex
Age

(Y, M)
Paretic

Side
AHA Baseline COPM Baseline

PEDI
Baseline

Step01 M 3, 11 R 21 3.2 (P), 2.8 (S) 58

Step02 F 7, 9 R 47 3.8 (P), 4.5 (S) 74.7

Step03 M 9, 1 R 53 3.5 (P), 2.5 (S) 72.6

Step04 F 6, 6 R 38 4.2 (P), 3.6 (S) 57.4

Step05 M 8, 1 R 35 3.4 (P), 2.6 (S) 66

Step06 F 12, 5 L 30 4.0 (P), 3.4 (S) 79

Step07 M 8, 1 R 17 4.8 (P), 4.0 (S) 66

Step08 F 10, 4 R 58 3.4 (P), 3.8 (S) 77.3

Step09 F 10, 7 R 44 1.6 (P), 1.8 (S) 74.7

Step10 M 5, 2 L 44 1.8 (P), 2.6 (S) 55.6

Step11 M 6, 7 L 24 2.0 (P), 1.6 (S) 71.7

Step12 M 5, 8 R 27 3.0 (P), 3.4 (S) 61.2

Step13 M 6, 3 R 58 3.0 (P), 2.4 (S) 58.6

Step14 M 9, 5 L 58 1.6 (P), 1.0 (S) 75.9

BC01 M 12, 0 L 50 4 (P), 7.2 (S) 65.3

BC02 F 5, 8 R 59 2 (P), 5 (S) 53.7
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Table 1. Cont.

Child/Group Sex
Age

(Y, M)
Paretic

Side
AHA Baseline COPM Baseline

PEDI
Baseline

BC03 M 5, 3 R 30 2 (P), 4.8 (S) 55.6

BC04 M 4, 9 R 61 1.8 (P), 5 (S) 59.9

BC05 M 5, 2 L 7 1.4 (P), 2.8 (S) 51.7

BC06 F 9, 0 L 52 2.2 (P), 5.8 (S) 61.2

BC07 F 8, 8 R 59 3.2 (P), 3 (S) 75.9

BC08 M 4, 11 L 55 2.4 (P), 1.4 (S) 55.6

BC09 M 5, 9 L 52 1.8 (P), 2.2 (S) 70

BC10 M 5, 5 R 43 2.4 (P), 2.6 (S) 54.9

CB01 M 4, 8 R 87 4.2 (P), 6.8 (S) 63.9

CB02 M 5, 9 R 33 3.4 (P), 6.6 (S) 59.9

CB03 M 10, 2 R 50 1.8 (P), 5.2 (S) 75.9

CB04 F 4, 9 L 65 2 (P), 5.2 (S) 60.5

CB05 F 11, 2 R 50 3.8 (P), 3.4 (S) 60.5

CB06 F 5, 8 R 52 4.6 (P), 4.2 (S) 62.5

CB07 M 11, 0 L 47 2.2 (P), 1.6 (S) 77.3

CB08 M 9, 8 L 52 3 (P), 1.8 (S) 65.3

CB09 F 5, 1 L 66 2 (P), 2 (S) 63.2

CB10 M 7, 6 R 84 4 (P), 2 (S) 56.2

CB11 M 5, 9 R 42 3 (P), 2.2 (S) 53

Summaries Counts Avg ± SD Counts Avg ± SD Avg ± SD Avg ± SD

Step (n = 14) 9M/5F 7.4 ± 2.3 10R/4L 39.6 ± 14.3 3.1 ±1.0 (P), 2.8 ± 1.0 (S) 67.8 ± 8.3

BC (n = 10) 7M/3F 6.8 ± 2.5 5R/5L 46.8 ± 16.7 2.3 ± 0.8 (P), 4.0 ± 1.8 (S) 60.4 ± 7.8

CB (n = 11) 7M/4F 7.5 ± 2.7 7R/4L 57.1 ± 16.8 3.1 ± 1.0 (P), 3.7 ±2.0 (S) 63.5 ± 7.4

Abbreviations: Step, stepwise progression group; BC, bimanual training followed by modified constraint-induced
movement therapy; CB, modified constraint-induced movement therapy followed by bimanual training; M, male;
F, female; R, right; L, left; AHA, Assisting Hand Assessment; COPM, Canadian Occupational Performance
Measure; P, performance; S, satisfaction; PEDI, The Pediatric Evaluation of Disability Inventory; Avg, average;
SD, standard deviation.

Inclusion criteria: (1) unilateral brain injury resulting in impairment of one side of
the body, (2) ability to move all joints of affected upper extremity, (3) age 4–12 years,
and (4) ability to comply with study protocol. Exclusion criteria: health problems or
uncorrected vision that would interfere with study participation. The study was approved
by the Institutional Review Board of Blythedale Children’s Hospital.

The interventions were offered as part of a clinical program in the Department of
Occupational Therapy. IRB approval was obtained to analyze data from the intervention
for the group that received the blended intervention. Children in the crossover groups
were prospectively enrolled and provided written assent. Their caregiver provided written
informed consent. The study was registered on clinicaltrials.gov (NCT02840643) before the
first child was randomized to one of the crossover groups.

2.2. Interventions

All intervention groups used combinations of modified constraint-induced movement
therapy (mCIMT) and bimanual therapy (BT). Therapy was conducted in a large room, such
that all children and occupational therapists had the opportunity to interact throughout the
program. The program was coordinated by an experienced occupational therapist, who
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was in the therapy room during the duration of the program. Each intervention took place
for 6 h per day, 5 days per week, for 6 weeks (180 h).

Three different interventions were tested:

1. 3 weeks of mCIMT followed by 3 weeks of BT (group CB);
2. 3 weeks of BT followed by 3 weeks of mCIMT (group BC);
3. 2 weeks of mCIMT followed by stepwise incorporation of BT, increasing the amount

of BT by 1 h per day for each of the next 4 weeks (group Step).

Materials: Both mCIMT and BT used toys, board games, art supplies, craft supplies,
and sports equipment selected and structured by occupational therapists. Children brought
items to the intervention for practicing caregiver/child-identified self-care and functional
goals, such as a shirt with buttons or shoes with laces.

Participants engaged in age-appropriate training 6 h/day for 30 days (180 h).
Providers and Location: Therapy was provided in one room at a pediatric rehabilita-

tion center. Therapy was provided by occupational therapists. The ratio of therapists to
children was approximately 1:4. For 60 min daily, each child received 1:1 training with an
OT. In addition to the OTs, there were 1–2 volunteers and/or OT interns always present in
the therapy room.

Duration of therapy and therapy regimen: Therapy was provided 6 h/day for six weeks
(30 days, 180 h total). The CB group received three weeks of mCIMT, followed by three weeks
of BT. The BC group received three weeks of BT, followed by three weeks of mCIMT.

The Step group had a stepwise integration of BT after starting the intervention with
mCIMT. During the first two weeks of the intervention, children received mCIMT. During
the third week of the intervention, children received mCIMT for the first five hours of each
day, then received one hour of BT. In each subsequent week of intervention, the duration
of mCIMT was reduced by one hour per day, while the duration of BT was increased
by one hour per day. Thus, in week four of the intervention, children began each day
with four hours of mCIMT, followed by two hours of BT. In week five of the intervention,
children began each day with three hours of mCIMT, followed by three hours of BT. In
the sixth and final week of the intervention, children began each day with two hours of
mCIMT, followed by four hours of BT (Figure 1).

Figure 1. Delivery schedule for the Step group. Each clock represents a day’s schedule, with the same
schedule used each day that week. The intervention ran from 9 am to 3 pm, five days per week. During
the first two weeks, children received mCIMT for the entire six hours, represented by a single hand icon
and a shaded region on the clock, corresponding to the time of day. In week 3, children received mCIMT
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for 5 h, 9 am to 2 pm, followed by one hour of bimanual training, represented by two hand icons. In
each subsequent week of intervention, the duration of mCIMT was reduced by one hour per day,
while the duration of BT was increased by one hour per day. Throughout the intervention, mCIMT
was always given first in the day, followed by BT. By week 6, children received two hours per day of
mCIMT (9 am to 11 am) followed by BT (11 am to 3 pm).

During mCIMT, children wore a mitt over their less-affected hand, which restricted
use of that hand. Children engaged in intensive therapy to improve the active range of
motion, strength, motor control, and sensory awareness of the affected hand. Activities
were functional and play-based. Daily structure included: morning gym, fine motor,
gross motor, sensory motor, therapeutic feeding, sports, and self-care activities. During
training, children performed play-based and functional activities with the affected hand.
Example activities included playing card and board games, arts and crafts, and activities
that provided sensory stimulation to the affected hand, such as finger painting. Activities
also included stretching and strengthening, and reciprocal coordination exercises.

During BT, children did not wear a mitt over the less-affected hand. Children were
provided individualized activities that facilitated active use of both hands. Therapists
adapted and graded activities and guided children to problem-solve for success. Bimanual
activities included self-care (tying shoes, zippering, cutting food), sports activities, and
manipulation of classroom tools (cutting with scissors).

Tailoring of therapy: Activities were selected for each participant based on the child’s
preferences, interest, and functional goals. Examples of the children’s preferred interests
include sports, arts and crafts, model construction, music, dancing, and computer games.
Some examples of functional goals include donning and doffing clothing, using eating utensils,
pouring liquid into a cup, carrying a lunch tray, and opening zippered food storage bags.

2.3. Group Allocation

This study began as a clinical program at Blythedale Children’s Hospital, held once
annually during the summer. From 2011 to 2015, the Step protocol was used exclusively. In
2016, we decided to add the CB and BC groups. In 2016–2018, only the CB and BC protocols
were used. During this time, children were randomized to either of the two groups. Thus,
the Step group was not randomized, while the CB and BC groups were randomized.
Each cohort was split into two equally sized, age-matched groups. Then, each group was
randomized to either the CB or BC interventions. Randomization was done off site by a
scientist not otherwise associated with the study.

2.4. Outcome Measures

All study participants were evaluated at three time points: before the first day of
treatment, within two days of the end of treatment, and two months after treatment.
Bimanual performance was tested for in the CB and BC groups after week three of the
intervention, when they switched between mCIMT and BT. Three outcome measures were
chosen to quantify bimanual performance, motor function of the impaired upper extremity,
and functional goal performance.

The Assisting Hand Assessment (AHA) was used to measure how children use the
two hands together. The AHA quantifies how well children with unimanual upper limb
impairments use their impaired hand when performing bimanual activities. The AHA
shows excellent validity, reliability (0.97–0.99) and responsiveness to change [19]. The test
was videotaped and scored by a trained evaluator. Scores were computed as logit-based
AHA units. The functionally meaningful difference in score for the AHA is 4 points [20].

The Canadian Occupational Performance Measure (COPM) was used to measure
performance and satisfaction levels in functional goals in self-care, productivity, and leisure
domains [21]. The COPM is a standardized test in which a child’s caregiver identifies a
child’s functional goals during a structured interview [22]. The caregiver rates satisfaction
and performance on a scale of 1 (poor) to 10 (excellent), on a maximum of five goals.
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The minimal clinically important difference is 2 points. Mean performance and caregiver
satisfaction scores were analyzed.

The Pediatric Evaluation of Disability Inventory (PEDI) was used to assess each child’s
functional independence with activities of daily living. For this study, only the PEDI self-
care domain was used, as evaluated by a caregiver. Scaled performance scores ranging from
0 (poor) to 100 (excellent) were used to assess change over time. The MCID is 11 points [23].
It has very good inter-rater reliability, with an intra-class coefficient of 0.7–0.98 [24].

The AHA was conducted by staff who were not therapists in the intervention. The
AHA was scored by a blinded, trained, certified evaluator who was not involved in any
other aspect of this study. The COPM and PEDI were given by one of the therapists, who
may or may not have worked with a particular child.

2.5. Statistical Analyses

A group × time repeated-measured analysis of variance (ANOVA) was used to evalu-
ate differences in outcome measures after the intervention and a two-month follow-up, for
each intervention group, using SPSS Software (IBM, version 21). Missing data were inter-
polated based on average changes in measures from pre- and immediate post-intervention
to 2 months follow-up. Two-month AHA follow-up data were missing for two children in
the Step group, one child in the BT group, and two children in the CB group. Two-month
COPM follow-up data were missing for one child in the Step group, one child in the BC
group, and two children in the CB group. Two-month PEDI follow-up data were missing
for seven children in the Step group, one child in the BC group, and two children in the CB
group. Analyses were done with and without the inclusion of the missing data estimates,
and the statistical outcomes were not different between these methods. The findings pre-
sented below include the missing data estimates. When main ANOVA effects were found,
post-hoc analyses were performed, using Bonferroni corrections to correct for multiple
comparisons. The Fisher’s exact test was used to compare baseline categorical variables,
sex, and side of lesion, among the groups. A p-value of less than 0.05 was considered
statistically significant.

3. Results

Thirty-five children with unilateral CP participated in a six-week intensive occupa-
tional therapy program that combined unimanual and bimanual training. Participant
demographics and baseline clinical measures are presented in Table 1. We examined differ-
ences among baseline characteristics of the groups. There were no significant differences
in sex (Fisher’s Exact, p = 1.0), lesion side (Fisher’s Exact, p = 0.61), age (F(2,32) = 0.48,
p = 0.63), COPM-Performance (F(2,32) = 2.4, p = 0.11), COPM-Satisfaction (F(2,32) = 1.75,
p = 0.19), or the PEDI (F(2,32) = 2.6, p = 0.087). There was a difference in baseline AHA
among groups (F(2,31) = 3.7, p = 0.037)), which was a limitation of this study. The AHA for
the CB group was significantly higher than the AHA for the Step group (p = 0.033). The BC
group AHA scores were not significantly different from the other groups (p > 0.45).

3.1. Improvements in Bimanual Hand Function after Intervention

Bimanual hand function was measured before, after, and two months after intervention
with the Assisting Hand Assessment (AHA; Figure 2A). There was no main effect of the
intervention on AHA scores (F(2,39) = 1.03, p = 0.37). We assessed how many children per
group met the functionally meaningful difference for the AHA, which is 4 points. In the
Step group, 71.4% children improved by 4 or more points, while 70% of children in the BC
group and 36% of children in the CB group reached the functionally meaningful difference.
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Figure 2. Outcome measures assessed before, immediately after, and two months after the inter-
vention. (A). There were no statistically significant differences in the AHA between the time points
or groups. (B). There was an overall improvement in the PEDI (p < 0.031), with the Step group
improving more than the BC group (p = 0.0022). There was an overall improvement in the COPM
Performance (p < 0.0001, (C)) and in the COPM Satisfaction (p < 0.0001, (D)). For COPM Performance,
the CB group improved more than the BC group (p = 0.034).

3.2. Improvements in Self-Care Skills Independence after Intervention

Changes in self-care skills performance were measured before, after, and two months
after intervention with the Pediatric Evaluation of Disability Inventory (PEDI). Caregiver
reports of self-care skills performance were obtained. There was a significant improvement
in skill performance (Figure 2B) outcomes after intervention (F(2,39) = 4.2, p < 0.031). For
COPM Performance, the CB group improved slightly more than the BC group (p = 0.034),
while the Step group did not differ from the CB (p = 0.89) or BC (p = 0.24) groups. For COPM
Satisfaction, there were no significant differences in improvement among the groups (p > 0.1).

3.3. Improvements in Functional Goal Performance and Satisfaction after Intervention

Changes in functional goal performance and satisfaction were measured before, after,
and two months after intervention with the Canadian Occupational Performance Measure
(COPM). Caregiver reports of goal performance and satisfaction with performance were
obtained. There was a significant improvement in both performance (Figure 2C) and
caregiver satisfaction (Figure 2D) outcomes after intervention (Performance: F(2,39) = 19.1,
p < 0.0001; Satisfaction: F(2,39) = 35.2, p < 0.0001) that was retained two months after
intervention. These represent clinically meaningful improvements in both functional goal
performance and satisfaction.

3.4. Midpoint Analysis of Bimanual Function in BC and CB Groups

In the BC and CB groups, we measured bimanual function using the AHA after
three weeks of the intervention. We examined whether bimanual function changed differ-
ently if children received mCIMT or BT in the first block of the intervention (Figure 3). The
AHA significantly improved for both groups after three weeks (F(3,57) = 3.49, p = 0.034).
There were no significant differences between groups (F(3,57) = 1.31, p = 0.28), meaning
that the order of mCIMT or BT delivery did not impact efficacy.
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Figure 3. Comparison of bimanual function for the BC and CB groups, including a midpoint measure
done at the end of week 3 of the intervention. There was an overall improvement in AHA scores across
all time points (p = 0.034), with no difference in AHA scores between the groups (p = 0.28). * p < 0.05.

4. Discussion

This study compared the efficacy of different combinations of mCIMT and BT for
improving hand function in children with uCP. The intervention improved self-care skills
independence and performance and satisfaction in caregiver-rated functional goals. Im-
provements were maintained two months after therapy.

While many clinical trials have shown that CIMT and bimanual therapy have equiv-
alent efficacy in children with hemiplegia [6–10], a recent focus has been to select the
hypothesized key ingredients from each therapy and combine these two approaches. CIMT
provides focused training of the impaired hand, which may be optimal for improving
strength of that hand [13,14]. Bimanual therapy has been shown to be slightly better than
CIMT at improving functional, bimanual hand use [25].

In our study, we did not find clinically meaningful differences in outcomes among the
three groups. We had hypothesized that children receiving mCIMT before BT would have the
greatest improvements. In our comparison of pre, post, and two-month follow-up time points
for all three groups, we found some group differences, but these did not differ by a clinically
meaningful amount. Children in the CB group improved in COPM Performance more than the
BC group, by a difference on 0.8 points, whereas the clinically meaningful difference is 2 points.
Children in the Step group improved in the PEDI more than the BC group, by a difference of
7.3 points, while the clinically meaningful difference is 11 points. Thus, we conclude that the
three interventions are not meaningfully different in their efficacy. This could indicate that at
the intensity delivered, either type of training was sufficient to drive change.

Despite the abundance of research into the optimal therapies for children with uCP,
all available therapies remain unable to ameliorate impairments. Children, and their
families, invest a massive amount of time, effort, and hope in the best available therapies.
Nevertheless, these children spend a lifetime with movement impairments. Much more
work is needed to develop effective therapies that enable children to sustain long-term
improvements in function.

Further study is needed to better understand the optimal combination, schedule, and
intensity of therapeutic strategies. There are a wide variety of factors that contribute to
movement, and even the best available therapies do not address all factors. For example,
many children with uCP have impairments in motor planning and motor imagery [26–29].
Adding action-observation training to CIMT can improve the efficacy of CIMT [30]. The
role of sensory impairments in improvement of movement needs to be further studied, as
the sensory system plays an essential role in accurate voluntary movement [31].

Moreover, a better understanding of individual differences in responsiveness to therapy
is needed. There is a high variability in responses among children in the studies cited in
this manuscript. Efficacy can depend on how engaged a child is in the intervention [32], the
intensity of training [33], and a myriad of other factors. One study suggests, for example,
that a child may be more responsive to CIMT or bimanual therapy based on whether their
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impaired hand is controlled via contralateral connections from the injured motor cortex, or
via ipsilateral connections from the uninjured motor cortex [34], while others did not find
a difference in efficacy based on motor system connectivity [35]. Gender may also affect
efficacy, though the key ingredient may be the active engagement of each child in the training.
When conducting group interventions, it is important to have a variety of fun activities that
will be appealing to children of varied genders, ages, ability levels, and interests.

There were several limitations to this study that pertain to how the study was done, and
how the findings can be interpreted. First, we will discuss limitations regarding how the
study was done. The study is underpowered to be an efficacy study or a non-inferiority study.
However, our results are consistent with prior studies comparing unimanual and bimanual
training [6,9,10,36,37]. A limitation is that the Step group was completed before the CB and
BC groups were developed. Ideally, all three interventions would have been tested at the
same time, and children would have been randomized to each of the groups. The length of
time between the delivery of the three intervention types may have affected the outcomes.
Another limitation is the large number of children in the Step group who did not complete the
two-month follow-up PEDI evaluation. The PEDI and COPM findings also have a limitation,
since therapists associated with the intervention conducted these surveys. Finally, a limitation
is that the CB group had a higher baseline AHA score than the Step group.

There are also limitations regarding how our findings can be interpreted. The children
in this study were school aged between 4 and 12 years old. We chose this age group because
they are capable of remaining engaged in training tasks for 6 h/day, but it is possible
that younger children may show greater improvements in a similar intervention, since
neuroplasticity is greater in young children [38]. Our findings cannot be generalized to
younger children, teens, or adults with uCP.

Moreover, our conclusions are limited by the length of follow-up of this study. We
included a two-month follow-up evaluation, but ideally the effects would be sustained long-
term. In the future, longer follow-ups, such as six months later, would provide important
information about the longevity of improvements. It is possible that our three schedules of
the intervention led to different rates of long-term retention of improved function.

In this study, we hypothesized that children who received unimanual training before
bimanual training would improve more than children who did not receive unimanual
training first. Our findings indicate, however, that the order of training strategies does not
significantly affect outcomes. The optimal schedule of training approaches is likely to be
specific to an individual’s impairments and other unknown factors. More work is needed
to better understand how to optimize a child’s improvements.

5. Conclusions

This study compared the efficacy of blocks of mCIMT and BT or progressive shift from
mCIMT to BT for improving hand function in children ages 4–12 with uCP. All groups
improved equally in self-care skills independence and performance and satisfaction in
caregiver-rated functional goals. This interpretation is limited by a small sample size, lack of
long-term follow up, and differences in baseline bimanual function among the three groups.
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Abstract: The purpose of this study was to quantify characteristics of bimanual movement intensity
during 30 h of hand–arm bimanual intensive therapy (HABIT) and bimanual performance (activities
and participation) in real-world settings using accelerometers in children with unilateral cerebral
palsy (UCP). Twenty-five children with UCP participated in a 30 h HABIT program. Data were
collected from bilateral wrist-worn accelerometers during 30 h of HABIT to quantify the movement
intensity and three days pre- and post-HABIT to assess real-world performance gains. Movement
intensity and performance gains were measured using six standard accelerometer-derived variables.
Bimanual capacity (body function and activities) was assessed using standardized hand function tests.
We found that accelerometer variables increased significantly during HABIT, indicating increased
bimanual symmetry and intensity. Post-HABIT, children demonstrated significant improvements in
all accelerometer metrics, reflecting real-world performance gains. Children also achieved significant
and clinically relevant changes in hand capacity following HABIT. Therefore, our findings suggest
that accelerometers can objectively quantify bimanual movement intensity during HABIT. Moreover,
HABIT enhances hand function as well as activities and participation in real-world situations in
children with UCP.

Keywords: training intensity; bimanual coordination; real-world activity; actigraphs; upper extremity

1. Introduction

Unilateral cerebral palsy (UCP) is a leading cause of childhood disability [1]. Children
with UCP have difficulty with bimanual coordination, which further restricts the child’s
independence in daily activities and impairs quality of life [2]. Hand–arm bimanual in-
tensive therapy (HABIT) is a well-established intervention to improve hand function and
bimanual coordination in children with UCP [3]. Traditionally, the intensity of HABIT has
been quantified as the number of hours of therapy [4,5]. Despite the reported improve-
ments in upper extremity (UE) function, discrepancies exist in the intensity of training
protocols [6,7]. Evidence indicates that greater intensities in terms of hours result in larger
gains in UE motor outcomes [4,8]. However, time is recognized as a proxy measure of
training intensity since it does not reveal specific information about the goal-directed UE or
bimanual movements occurring during training [9]. Hence, it is crucial to develop objective
methods to quantify the intensity of HABIT in terms of bimanual movement characteristics
that would provide insights into bimanual training intensity.
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Accelerometers have been accepted as a valid tool to objectively capture UE movement
characteristics in the real-world environment [10–12]. They measure accelerations of UE
movements along the predefined axes in gravitational units called activity counts. The gold
standard methods to monitor quality and quantity of UE use, such as 3D kinematic [13] and
human-observed coding [14] of video recordings, can be time-consuming and expensive
to quantify the intensity of HABIT. Accelerometer metrics overcome these problems and
provide a convenient option to measure movement characteristics during intensive therapy
as well as in the real-world environment, thus capturing the activities and participation do-
mains per the International Classification of Functioning, Disability, and Health—Children
and Youth Version (ICF-CY) [15]. Acceleration metrics that reflect UE movement character-
istics are broadly classified into three categories [16]. The first category indicates the relative
contributions of the affected and less affected UE movements using use ratio, magnitude
ratio, and bilateral magnitude [16]. The second category comprises characteristics specific
to the accelerations of the affected extremity through median acceleration and acceleration
variability. The third category provides the number of accelerations using activity counts
for both extremities [16]. Our novel approach capitalized on these three categories to
quantify the characteristics of a 30 h (intensity) HABIT. An understanding of bimanual
movement characteristics can provide clinically meaningful information regarding the
contribution of the affected vs. less affected extremity to bimanual activities during HABIT
and thereby guide clinical dosing criteria and capture gains in bimanual performance in
real-world activities.

Performance refers to what a person actually does in a real-world environment,
whereas capacity refers to what a person can do in a controlled environment such as
a clinic [17]. The International Classification of Functioning, Disability, and Health—
Children and Youth Version (ICF-CY) by the World Health Organization, provides a clear
differentiation between performance and capacity within the domains of activities and par-
ticipation [15]. Activity refers to the execution of a task or action by an individual, whereas
participation is involvement in a life situation. Performance qualifier, according to ICF-CY,
refers to what a person does in a current (real-world or lived experience) environment,
signifying participation, whereas capacity refers to what a person can do in a controlled
(standard) environment such as in a clinic, signifying activity [17]. Traditionally, studies
examining the efficacy of HABIT have assessed changes in UE capacity using standardized
clinical tests such as the Assisting Hand Assessment (AHA), Box and Block Test (BBT), Nine-
Hole Peg Test (NHPT), Jebsen Hand Function Test (JHFT), etc., that primarily capture body
function and activity per ICF-CY [18]. UE performance (activity and participation) has been
assessed using self-reported measures such as the Canadian Occupational Performance
Measure, the Pediatric Evaluation and Disability Inventory, and ABILHAND [18]. Collec-
tively, these studies indicate that HABIT improves UE capacity as well as the performance
of children with UCP. However, self-reported measures are prone to subjective and social
desirability biases, which raise questions about whether in-clinic improvements are indica-
tive of changes in real-world bimanual activities and participation [19]. Recent evidence
supports this conjecture since discrepancies between parents’ perceptions of their child’s
performance using self-reported measures and therapists’ assessments of capacity have
been reported [20]. Furthermore, changes in standardized assessments may not translate to
improvements in the affected UE use in daily life when assessed with accelerometers in
children with UCP [21,22] as well as the adult stroke population [23]. Therefore, capturing
the performance of the affected UE during daily bimanual activities using accelerometers
is crucial to elucidate whether improvements in capacity with HABIT translate to gains in
performance in real-world bimanual activities and participation in children with UCP.

In the last decade, accelerometers have been primarily used to assess UE performance
after intervention in adult stroke survivors [24,25] and to detect motor asymmetries in
children with UCP [26]. Only a few studies have used accelerometers to monitor UE gains
in children with UCP following intensive therapy such as constraint-induced movement
therapy (CIMT) [21,27]. Collectively, the results of the studies in adults with stroke [16] as
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well as in children with UCP [21,27] indicate that despite improvements in UE capacity, UE
performance in daily life showed little to no improvement. Despite the excellent capacity
of accelerometers to capture activity counts and movement characteristics in a real-world
environment, none of the studies have utilized accelerometers to measure real-world
bimanual performance post-HABIT.

Therefore, the primary purpose of this novel study was to objectively quantify the
characteristics of bimanual movements during 30 h (intensity) of HABIT using bilateral
wrist-worn accelerometers. The second purpose was to examine the gains in real-world
bimanual performance following HABIT using accelerometer-derived variables reflecting
activities and participation. We hypothesize that accelerometers will accurately capture the
UE movement characteristics reflecting bimanual use during HABIT. Furthermore, 30 h of
HABIT will enhance children’s affected UE contributions to the performance of real-world
bimanual activities.

2. Materials and Methods

2.1. Study Design and Setting

This study is an ancillary analysis [28] of a double-blind, randomized controlled trial
(NCT05355883). It was a prospective pre- and post-training study conducted at the Pediatric
Assessment and Rehabilitation Laboratory (PeARL) at East Carolina University (ECU),
NC. The University and Medical Center Institutional Review Board, ECU, approved the
study. We obtained parental consent and child assent. The assessors were blinded to the
pre- and post-testing assessments. The study was conducted between November 2021 and
January 2023.

2.2. Participants

Twenty-five children with UCP, ages 6–16 years (mean age = 11.20 ± 3.59 years), and
Manual Ability Classification System levels I–III participated in this study. Figure 1 shows
the CONSORT diagram, describing the flow of participants through the study, withdrawals,
and inclusion in analyses.

Figure 1. CONSORT flow chart.
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Children with other neuromotor disabilities, cognitive and communication deficits,
cardiorespiratory dysfunctions, metabolic disorders, neoplasms, and a history of botulinum
neurotoxin injections on the affected UE in the past 6 months were excluded. Table 1
describes further details about participant characteristics.

Table 1. Demographic details of the participants.

Characteristics
Participants

Children with Unilateral Cerebral Palsy (n = 25)

Sex, n (%)

Male 18 (72)

Females 7 (28)

Age, mean (SD) 11.20 (3.59)

Side of hemiplegia, n (%)

Left 10 (40)

Right 15 (60)

Race, n (%)

White 21 (84)

African American 1 (4)

Asian 3 (12)

Multiracial -

MACS Level, n (%)

I 1 (4)

II 9 (36)

III 15 (60)
MACS indicates Manual ability classification system.

2.3. Procedures
2.3.1. Hand–Arm Bimanual Intensive Therapy (HABIT) Protocol

HABIT is a well-established intervention shown to improve bimanual coordination
in children with UCP [3]. We administered HABIT in a camp-based setting with a pre-
determined duration of a total of 30 h of structured, task-specific, bimanual activities, six
hours per day for five consecutive days. The therapy included age-appropriate bimanual
gross and fine motor tasks in a playful context (please see Supplementary Material S1).
The child-to-interventionist ratio (trained physical and occupational therapy students) was
1:4. Individualized therapy goals were formulated based on the pre-training behavioral
hand function tests as well as parent–child identified bimanual goals. Interventionists
progressively increased the complexity of bimanual activities. The task demands were
graded based on the task performance to allow the child to complete the task successfully.
Children were encouraged to use the affected and the less affected UE in a coordinated
manner. Positive reinforcement and knowledge of performance were provided to motivate
and reinforce desired goal-directed activities. Emphasis was placed on different roles of
the affected UE, such as stabilizer, manipulator, and assistor, depending on the child’s
ability and task goal. Sessions comprised whole-task and part-task practice. Throughout
the HABIT, three licensed physical therapists supervised the interventionists to ensure
the fidelity of therapy. Activities performed by the children were documented by the
interventionists [7].
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2.3.2. Accelerometry Methodology

Bilateral wrist-worn accelerometers (Actigraphy GT9X Link, Pensacola, FL, USA) were
used to quantify the movement characteristics during the five days of HABIT and the
performance (real-world UE activity) gains post-HABIT. Actigraph GT9X Link measures
accelerations in activity counts along three axes, with one count equaling 0.001664 g [29].
Accelerometer data were sampled at 30 Hz, and activity counts were binned into 1 s
epochs for each axis using ActiLifeTM 6 software. Data was then processed in MATLAB
(Mathworks Inc, Natick, MA, USA) using custom-written software developed by Lang
et al. [29]. To determine movement characteristics during HABIT days, children wore
accelerometers for 5 days of HABIT (30 h total wear time). To measure UE performance
gains, children wore accelerometers for three consecutive days pre- and post-HABIT during
their daily activities, which included home, school, and play. This approach was designed
to capture bimanual activities throughout the day in a natural, real-world environment.
Moreover, the three-day accelerometer wearing time pre- and post-HABIT was chosen
since it produces a reliable estimate of performance in children with CP [30]. Detailed
instructions were provided to both parents and children on the proper wearing and usage
of accelerometers. Specifically, they were instructed to keep the Actigraphs on during
waking hours, but to remove them while bathing or engaging in water-related activities.

2.4. Outcome Measures
2.4.1. Bimanual Movement Intensity Characteristics and Performance Measures
Accelerometer-derived metrics [16,29]: Activity and Participation Domains of ICF-CY

We quantified the bimanual movement characteristics using six standard accelerome-
try derived variables: (1) use ratio (UR), (2) magnitude ratio (MR), (3) bilateral magnitude
(BM), (4) median acceleration (MA), (5) acceleration variability (AV), and (6) affected UE
activity counts (AAC). Changes in UE performance pre- and post-HABIT reflecting real-
world performance (activity and participation) were assessed using (1) UR, (2) MR, (3) BM,
(4) MA, and (5) AV [15]. Figure 2 explains the accelerometry-derived variables.

(1) The use ratio reflects the contribution of the affected UE relative to the less affected
UE and is calculated as the ratio of the active duration of the affected arm to that
of the less affected arm. The UR value ranges between 0 and 1. A value close to or
equal to 1 indicates symmetrical use of the extremities, whereas a value closer to zero
indicates less affected UE use.

(2) The magnitude ratio is the ratio of acceleration magnitude (range of movement) of
both UEs and is calculated by dividing the acceleration magnitude of the affected
and the less affected UE. The value of MR ranges from −7 to +7. A value closer to
0 indicates equal contributions from both UEs; positive values indicate greater move-
ment magnitude of the affected UE, and negative values indicate greater movement
magnitude of the less affected UE.

(3) Bilateral magnitude reflects the magnitude of accelerations across both UEs and
is calculated by summing the smoothed vector magnitudes of both UEs for each
second of activity. Zero indicates no activity, and an increasing value indicates greater
magnitudes of bilateral UE activity.

(4) Median acceleration and acceleration variability are variables that reflect movement
characteristics considering only the affected UE. The median acceleration represents
the acceleration of the affected UE magnitude over the entire wear time.

(5) Acceleration variability is the variance of the mean acceleration and represents the
average distance of the affected UE accelerations from the mean acceleration. A higher
score for both of these variables indicates better overall UE movement and variability,
respectively [16,21].

(6) Affected extremity activity counts quantify the number of affected extremity accelera-
tions (activity counts) during therapy.
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Figure 2. A representative example of a density plot, which is a graphical representation of accelerom-
eter data obtained from both upper extremities (UE) of a typically developing child. The plot shows
accelerations on a second-by-second basis recorded over a total wear time of three days, both pre-
and post-HABIT in our study. The x-axis represents the magnitude ratio, indicating the contribution
of each UE to the task, while the y-axis represents the overall intensity or magnitude of movement.
The right and left halves of the plot represent the use of the right and left UEs, respectively. The
dots visible in the graph indicate the counts or number of movements (accelerations) performed by
each UE. The large color bar scale on the right of the plot displays the frequency of movements, with
brighter colors indicating greater frequencies and vice versa. The plot is noticeably symmetrical,
indicating that the typically developing child used both UEs equally in terms of hours, which is
called the use ratio. The magnitude ratio indicates the contribution of the affected UE relative to
the less affected UE in terms of the intensity of movements. The dots seen in both halves of the
plot appear at similar heights, suggesting a symmetrical magnitude of movements with both UEs
in a typically developing child. Bilateral magnitude is the overall intensity of both UEs, which is
determined by the height of the density plot. A taller density plot indicates better bilateral magnitude.
Median acceleration and acceleration variability are measures reflecting the mean accelerations and
variance in the accelerations of the affected UE, which are shown in only one half of the density plot,
depending on the affected side.

2.4.2. Capacity Measures
Standardized Clinical Assessments—Body Function and Activity Domains of ICF-CY

Standardized clinical assessments were used to measure changes in UE capacity pre-
and post-HABIT in a controlled laboratory setting [15]. The AHA assesses the affected
hand function and bimanual coordination in children with UCP [31]. An improvement
of 5 units is considered clinically meaningful [32]. JHFT (reliability; interrater = 0.94,
test–retest = 0.91 [33]) and NHPT (reliability; interrater = 0.99, test–retest = 0.81 [34]) mea-
sure unimanual dexterity and speed. BBT (reliability; interrater = 0.99, test–retest = 0.85 [35])
assesses the unimanual speed.

2.5. Statistical Analysis

Data were analyzed using IBM Statistical Package for Social Sciences Version 28.0.0.
Data are presented as mean ± SD for continuous variables and n (%) for categorical
variables. The intensity of UE movement characteristics during 5 days of HABIT were
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quantified using descriptive statistics for UR, MR, BM, MA, AV, and AAC. Repeated
measures analysis of variance (ANOVA) was used with time (five days) as a within-
group variable to determine variability in training using UR, MR, BM, MA, AV, and AAC.
Considering the repetitive measurements, the significance level for the ANOVA was set
at p value ≤ 0.01 using the Bonferroni method. Capacity and performance outcomes
were assessed for normality using the Shapiro–Wilk test. Pre- and post-HABIT changes
in the capacity and performance measures were assessed using a paired t-test for all the
variables, except for MR and BBT scores. The Wilcoxon signed rank test was used to analyze
changes in MR and BBT scores pre- and post-HABIT as the data violated the assumption of
normality. The significance level was set at a p value = 0.05 for the paired t-test.

3. Results

Twenty-eight participants were enrolled, and twenty-six completed the study interven-
tion. However, data were analyzed for only 25 participants due to incomplete accelerometer
data from one participant. There were no adverse events reported during HABIT. Power
was derived based on Goodwin et al.’s [21] study and computed using G*Power [36]. To
detect the mean difference of 0.25 (μ1 = 1.36, μ2 = 1.61; SD1 = 0.12, SD2 = 0.21) in the
primary outcome use ratio (UR), a total of 26 participants provides 94% power to detect an
effect size of 1.46 at a significance level of 0.05. The sample size was calculated based on a
two-sided t-test.

3.1. Characteristics of Bimanual Movement Intensity during HABIT

Accelerometer metrics, UR, MR, BM, MA, AV, and AAC, representing the bimanual
movement characteristics during HABIT days, are summarized as descriptive statistics in
Table 2. All the children participated in 30 h of HABIT training across five days. Overall,
during HABIT, the affected UE use was 47.26% as compared to 53.73% of the less affected
UE use.

(1) Magnitude ratio (MR): The average MR across five days of HABIT was −0.56 ± 0.26
(range: −0.97 to 0.05, Figure 3b). There was no significant main effect of time
(F (4,96) = 1.688, p = 0.159) for MR.

(2) Bilateral Magnitude (BM): The average BM across five days of HABIT was 167.25 ± 39.83
(range: 101.98–267.51, Figure 3c). There was no significant main effect of time
(F (4,96) = 1.923, p = 0.113) for BM.

(3) Median acceleration (MA): The average MA across five days of HABIT was 56.99 ± 21.21
(range: 28.49–115.07, Figure 3d). There was no significant main effect of time
(F (4,96) = 2.004, p = 0.1) for MA.

(4) Acceleration variability (AV): The average AV across five days of HABIT was 110.27 ± 18.63
(range: 69.07–143.05, Figure 3e). There was a significant main effect of time (F (4,96) = 3.666,
p = 0.008). Table 3 shows significant post hoc analysis results using Bonferroni multi-
ple comparisons for acceleration variability across five days of HABIT.

(5) Affected extremity activity counts (AAC): The average daily number of affected UE
accelerations during 6 h across five days of HABIT were (mean ± SD) 15,399 ± 2477
(range: 9863–20,057 counts) (Figure 3f). The total affected UE accelerations reflecting
UE use (sum of the means of daily affected UE accelerations) during 30 h of HABIT
was 76,997 movements. There was a significant main effect of time (F (4,96) = 2.633,
p = 0.03) for the AAC. Table 3 shows significant post hoc analysis results using Bonfer-
roni multiple comparisons for AAC across five days of HABIT.
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Table 2. Descriptive statistics of accelerometer-derived variables across five days of HABIT.

Accelerometer
Variables

Minimum Maximum Mean Std Deviation

Use Ratio
Day 1 0.81 1.13 0.91 0.07
Day 2 0.80 0.99 0.89 0.05
Day 3 0.78 1.00 0.89 0.06
Day 4 0.81 1.08 0.92 0.06
Day 5 0.77 1.05 0.89 0.07

Average 0.79 1.05 0.90 0.06

Magnitude Ratio
Day 1 −0.96 0.69 −0.52 0.33
Day 2 −1.09 −0.13 −0.58 0.24
Day 3 −1.03 −0.27 −0.61 0.22
Day 4 −0.91 −0.01 −0.50 0.25
Day 5 −0.87 −0.04 −0.57 0.25

Average −0.97 0.05 −0.56 0.26

Bilateral Magnitude
Day 1 93.78 268.94 161.99 43.80
Day 2 102.43 296.16 164.69 41.04
Day 3 98.53 240.82 163.87 35.36
Day 4 114.13 257.18 172.56 32.44
Day 5 101.02 274.46 173.16 46.50

Average 101.98 267.51 167.25 39.83

Median Acceleration
Day 1 25.00 117.14 55.85 24.82
Day 2 28.44 134.99 55.04 22.69
Day 3 25.30 101.24 53.56 18.64
Day 4 37.16 104.35 60.61 16.50
Day 5 26.57 117.63 59.89 23.40

Average 28.49 115.07 56.99 21.21

Acceleration Variability
Day 1 73.44 142.26 107.28 18.65
Day 2 79.14 140.00 112.29 17.26
Day 3 63.44 132.51 105.49 17.63
Day 4 73.08 158.11 117.40 19.09
Day 5 56.25 142.36 108.89 20.53

Average 69.07 143.05 110.27 18.63

Affected Use count
Day 1 10,198 20,283 15,325 2745
Day 2 11,100 20,823 15,531 2280
Day 3 3790 19,760 14,714 3275
Day 4 12,903 19,996 16,160 1767
Day 5 11,322 19,425 15,267 2317

Average 9863 20,057 15,399 2477
Use ratio (UR): The average use ratio across five days of HABIT was 0.90 ± 0.06 (range: 0.79–1.00, Figure 3a).
There was no significant main effect of time (F (4,96) = 1.873, p = 0.121) for UR.
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Figure 3. HABIT intensity across 5 days of training using accelerometer-derived variables. Values
are means ± SD for each day of HABIT: (a) use ratio, (b) magnitude ratio, (c) bilateral magnitude,
(d) median acceleration, (e) acceleration variability, and (f) affected extremity use count. Variability
is observed in all the accelerometer variables during the five training days. * denotes a significant
p value at α = 0.05.

Table 3. Pairwise comparison of the accelerometer metrics between different HABIT training days.

Bonferroni Pairwise Comparison

Variables Mean vs. Mean Significance
Mean

Difference
Standard Error
of Difference

Lower
Bound

Upper
Bound

Acceleration
variability

Day3 vs. Day4 0.001 * −11.9 3.6 −19.3 −4.6

Affected
extremity activity

counts

Day1 vs. Day5 0.04 * −835.3 385.0 −1629.9 −40.7

Day3 vs. Day5 0.024 * −1445.6 601.9 −2687.9 −203.2

Day4 vs. Day5 0.036 * 893.5 402.7 62.5 1724.6

Post hoc analysis results with Bonferroni multiple comparisons between training days; * indicates a significant
p value at α = 0.05.
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3.2. Pre- and Post-HABIT Change in Upper Extremity Performance Measures: Activity
and Participation

There was a significant improvement in UR (p = 0.002, Figure 4a), MR (p = 0.018,
Figure 4b), bilateral magnitude (p = 0.006, Figure 4c), median acceleration (p = 0.002,
Figure 4d), and acceleration variability (p = 0.024, Figure 4e) post-HABIT. These findings
indicate that 30 h of HABIT enhanced children’s use of the affected arm in terms of
movement symmetry, magnitude, and variability. Supplementary Material S2 shows
exemplary data from a study participant with pre- and post-HABIT changes in these
performance measures. Supplementary Material S3 shows the inter- and intra-individual
differences in accelerometer-derived variables for all the participants across time points.

 

Figure 4. Comparison of differences in the mean scores of accelerometer-derived variables to assess
performance gains (activity and participation) pre- and post-HABIT training. Values reported are
means ± SD or median (range) as determined by the distribution of data during each assessment
time point. Pre-training refers to baseline assessment, and post-training refers to assessment within
one week following HABIT. There was a significant change in the average (a) use ratio, (b) magnitude
ratio, (c) bilateral magnitude, (d) acceleration variability, and (e) median acceleration from pre- to
post-HABIT. * indicates a significant p value at α = 0.05.
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3.3. Pre- and Post-HABIT Change in Capacity Measures of the Affected Upper Extremity: Body
Function and Activity

There was significant improvement in the mean scores of the AHA (p = 0.001, Figure 5a),
the JHFT (p = 0.001, Figure 5b), the BBT (p = 0.002, Figure 5c), and the NHPT (p = 0.011,
Figure 5d) from pre- to post-HABIT. The mean scores of AHA and BBT exceeded the
minimal clinically important difference (MCID) of five logit scores [32] and two blocks [37].
The mean score of the JHFT was very close (53.4 s) to the MCID of 55 s [37]. These findings
indicate that post-HABIT, children showed an increase in bimanual coordination, dexterity,
and speed of the affected hand use.

 

Figure 5. Comparison of differences in the mean scores of capacity (body function and activity)
measures pre- and post-HABIT. Values reported are means ± SD as determined by the distribution of
data during each assessment time point. Pre-training refers to baseline assessment, and post-training
refers to assessment within one week following HABIT. There were significant changes seen in the
mean scores of (a) Assisting Hand Assessment (>MCID of 5 logit scores), (b) Jebsen Taylor Hand
Function Test [very close (53.4 s) to MCID of 55 s], (c) Box and Block Test (>MCID of 2 blocks), and
(d) Nine Hole Peg Test pre- vs. post-training. Children demonstrated significant improvement in
bimanual coordination, speed, and dexterity as reflected by a greater AHA score, faster speeds in
JHFT and NHPT, and a greater number of blocks transferred in BBT, respectively, during post-training
assessment compared to baseline. * indicates a significant p value at α = 0.05.

4. Discussion

Our primary aim was to quantify the characteristics of bimanual movement intensity
during 30 h of HABIT utilizing bilateral wrist-worn accelerometers. Our findings illustrate
that the standard accelerometer-derived variables can quantify the contribution of the
affected UE to bimanual activities and hence can provide an objective metric for the
intensity of bimanual movements practiced during HABIT. Moreover, our results indicate
that children performed a total of 76,997 accelerations with their affected UE during
HABIT. Our secondary aim was to examine gains in bimanual performance (activity
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and participation in a real-world environment) and capacity (body function and activity
in a clinical setting) post-HABIT using accelerometer-derived metrics and standardized
outcomes, respectively. We found significant gains in real-world performance of bimanual
activities post-HABIT, suggesting improved activities and participation in the child’s
natural, real-world environment. Furthermore, consistent with prior studies, our results
indicate improvements in UE capacity following HABIT. Overall, this is the first study that
utilized wearable technology to quantify the intensity of HABIT and demonstrated that
accelerometers can objectively quantify bimanual movement characteristics reflecting the
intensity of UE use during HABIT. Moreover, 30 h of HABIT has the potential to improve
the UE capacity as well as real-world bimanual performance in children with UCP.

Time is a dominant measure used to define the intensity of arm use during intensive
therapies [4,5]. However, time does not indicate the actual number of movements or
movement characteristics performed during a particular session [9,38]. In this study, we
overcame this limitation using accelerometers and demonstrated a more accurate method
to objectively quantify UE movement characteristics during HABIT. UR and MR signify
the contributions of the affected relative to the less affected UE considering the duration
and magnitude (range of movement) during bimanual activities. Children in our study
attained an average UR of 0.90 during HABIT, which was 22% higher than pre-training.
The UR being close to 1 suggests that there was nearly equal use of both UEs during
HABIT. The average MR during HABIT was −0.56, which was 64.6% higher than pre-
training. The value of MR moved substantially closer to 0, indicating a greater magnitude
of the affected UE during training. Likewise, the average BM reflecting the combined
magnitudes of accelerations from both UEs during HABIT was 167.25, which was 58.8%
higher than pre-training. The average MA and AV reflecting mean accelerations of the
affected UE and variability of accelerations also increased (MA = 56.9, AV = 110.3) noticeably
during HABIT by 154.36% and 54.4% compared to pre-training. Collectively, these results
indicate greater symmetry in UE use and higher affected arm use during HABIT. These
improvements can be attributed to the intensive nature of bimanual, task-specific activities
incorporated in HABIT. Notably, the UR and MR attained during training were comparable
to those reported in accelerometer studies in typically developing children of 0.96 and
−0.28, respectively, which suggests that the bimanual activities incorporated in HABIT
were comparable with the amount of typical bimanual activities [21,26]. Overall, our
findings provide preliminary evidence for using accelerometers to quantify movement
characteristics during HABIT. These findings could serve as the foundation for future
studies to understand the relationship between accelerometer metrics and motor outcomes
in children with UCP.

Affected UE activity counts (AAC) during 6 h of HABIT ranged from 14,714 to 16,160,
and a total of nearly 76,997 accelerations occurred during 30 h of HABIT. The use of repeti-
tions to quantify intensity is limited in rehabilitation research and clinical practice. Some
studies on stroke survivors have investigated repetitions of UE training by observing video
recordings of therapy sessions [14,39]. Lang and colleagues used repetitions to quantify
the intensity of upper limb exercise during stroke rehabilitation and inpatient hospital
stays [40]. These observational studies, however, focused on routine therapy sessions,
which are invariably of shorter duration. Although this is the gold standard method for
monitoring repetitions, manual coding by human observers could be exceedingly stren-
uous, especially for extended hours of therapy such as HABIT. Despite the differences
regarding the inability of accelerometers to isolate purposeful movements, UE movement
characteristics derived from accelerometer metrics could still provide clinically relevant
data about UE use during prolonged hours of training. Moreover, previous studies have
found an agreement between the affected UE activity counts and human-observed pur-
poseful repetitions during group [41] and individual therapy [39] sessions, suggesting
that accelerometer measures have concurrent validity. As a result, this study is unique
in two ways: (1) for the first time, we provide objective data on bimanual movement
characteristics reflecting the intensity of arm use during HABIT; and (2) we were able to
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quantify the number of affected UE activity counts during 30 h of HABIT, which, while an
overestimation, could still be considered a key component to influence motor learning.

Our results demonstrated significant improvements on all standardized clinical tests,
reflecting enhanced UE capacity and suggesting improvements in body function and
activity measured in a constrained clinical environment post-HABIT. Notably, the AHA
scores exceeded the minimal clinically important (MCID) difference of five units [32].
Children were able to transfer a greater number of blocks (>2 blocks compared to pre-
training, MCID = 2 [37]) with their affected UE (12% increase in BBT) and complete the
NHPT (21.04% faster) and JHFT (19.35% faster, pre-to-post-HABIT difference = 53.4 s, very
close to MCID of 55 s) [37] in less time, indicating greater speed and dexterity post-HABIT.
These findings are consistent with previous studies that demonstrated an increase in hand
capacity following intensive therapies [18].

Our study results also indicate gains in UE performance following HABIT, which
indicates enhanced activities and participation in a natural, real-world environment in
these participants [15]. Children demonstrated increases in UR, MR, and BM of 6.85%,
34.81%, and 15.84%, respectively, indicating greater symmetry and contribution of the
affected UE in terms of hours of use and magnitude of real-world bimanual activities.
Additionally, post-HABIT, MA and AV increased by 39.56% and 9.48%, respectively, which
indicates an increase in the affected UE speed and variations in movement speed following
HABIT. However, our accelerometer measures also revealed a significant degree of vari-
ability at pre- and post-HABIT time points, aligning with previous studies that employed
similar methods [21,27]. This variability can be attributed to the heterogeneity of our study
population, including differences in age, gender, and functional level as measured by
MACS. Further analysis of the individual profile plots depicting inter-individual differ-
ences (Supplementary Material Figure S2a) revealed that a few participants with MACS
level III exhibited higher UR (>0.8) at baseline. This could be due to involuntary and
mirror movements in their more affected UE, resulting in higher accelerometer readings
indicating increased affected UE use. Additionally, the profile plot of MR (Supplementary
Material Figure S2b) indicated that the changes in the magnitude of movement of the more
affected UE following HABIT were significantly driven by three participants. These three
participants were relatively older (≥15 years) compared to younger children and likely had
higher motivation for high-amplitude activities, such as overhead catch and throw with a
soccer ball or hitting a baseball, etc., which plausibly led to greater improvements in MR
post-HABIT. The profile plots for BM, MA, and AV (Supplementary Material Figure S2c–e)
revealed similar trends: participants with MACS level III, who initially had lower baseline
scores, exhibited more pronounced improvements after undergoing HABIT compared to
those with MACS levels I and II. Similar to MR, the profile plots for BM and MA indicated
that a small subset of participants with MACS level III, who were comparatively older
demonstrated pronounced changes post-HABIT. Despite the observed variability, which is
typical in clinical populations, collectively, our study findings demonstrated improvements
in real-world bimanual performance, which contradict the findings of previous studies that
utilized accelerometers to assess UE performance gains post-CIMT [21,27]. The limited
gains reported in those studies could be due to the lack of a bimanual training component
in the CIMT approach. We believe the intensity of HABIT administered in our study, as seen
by improved UE movement characteristics, was potentially adequate to drive changes in
UE capacity beyond a specific threshold required to produce a change in UE performance.

Study Limitations: We recognize a few study limitations and propose future study
directions. First, wrist-worn accelerometers capture only arm and forearm accelerations
(gross motor function), but they are limited in capturing finger accelerations (fine motor
function). Thus, future studies could use finger-worn inertial sensors to quantify fine move-
ments in this population. Second, although we attempted to perform bimanual activities
during HABIT training to achieve purposeful movements, a part of our data may contain
non-purposeful movements occurring during non-therapy time, such as normal walking,
washroom breaks, etc. Therefore, caution should be used when interpreting the results of
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this study. Third, we did not measure long-term retention of the UE performance gains in
this study. We suggest that future studies address this limitation by conducting follow-up
assessments to determine the persistence of immediate gains in performance, which could
provide insight into the retention and transfer components of motor skill learning. Finally,
the generalizability of our study findings could be limited due to heterogeneous study
participants and a lack of a control group.

5. Conclusions

Accelerometers can be used to quantify the movement characteristics of UE during
HABIT, which could provide an objective measure regarding the intensity of UE use. Thirty
hours of HABIT has the potential to improve UE function in real-world bimanual activities,
indicating improvements in activities and participation in the natural environment, and
to enhance the speed and dexterity of the affected UE, indicating improvements in body
function and activity in a clinical environment. Overall, the accelerometer is a valuable tool
for clinicians to conveniently quantify the different aspects of UE movements and monitor
in-clinic as well as real-world improvements in UE use in children with UCP.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bs13080681/s1, Supplementary Material S1. Activities included
in the HABIT protocol; Supplementary Material S2. Figure S1A,B: Representative example of pre-
and post-HABIT density plots of a child with unilateral cerebral palsy, Table S1 shows the pre-
and post-HABIT changes in the accelerometer derived variables following 30-hours HABIT in this
representative participant data; Supplementary Material S3. Figure S2a–e: Profile plots illustrating
individual differences in accelerometer-derived variables.
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Abstract: Caregivers of children with cerebral palsy (CP) experience stress surrounding orthopaedic
surgery related to their child’s pain and recovery needs. Social determinants of health can affect the
severity of this stress and hinder health care delivery. A preoperative biopsychosocial assessment
(BPSA) can identify risk factors and assist in alleviating psychosocial risk. This study examined the
relationship between the completion of a BPSA, hospital length of stay (LOS), and 30-day readmission
rates for children with CP who underwent hip reconstruction (HR) or posterior spinal fusion (PSF).
Outcomes were compared with a matched group who did not have a preoperative BPSA. The BPSA
involved meeting with a social worker to discuss support systems, financial needs, transportation,
equipment, housing, and other services. A total of 92 children (28 HR pairs, 18 PSF pairs) were
identified. Wilcoxon analysis was statistically significant (p = 0.000228) for shorter LOS in children
who underwent PSF with preoperative BPSA (median = 7.0 days) vs. without (median = 12.5 days).
Multivariate analysis showed that a BPSA, a lower Gross Motor Function Classification System
level, and fewer comorbidities were associated with a shorter LOS after both PSF and HR (p < 0.05).
Identifying and addressing the psychosocial needs of patients and caregivers prior to surgery can
lead to more timely discharge postoperatively.

Keywords: cerebral palsy; biopsychosocial assessment; orthopaedics

1. Introduction

Background

Cerebral palsy (CP) is the most common pediatric motor disability, affecting an esti-
mated 1 in 345 children in the United States [1]. The neurological pathology of CP involves
a brain injury or disruption occurring before birth, during delivery, or in early childhood [2].
Motor disability in children with CP is described using a five-level classification system, the
Gross Motor Function Classification System (GMFCS) [3]. Symptoms of CP differ among
children, ranging from minor motor difficulties to major physical disabilities that negatively
impact independent movement. Often, individuals with CP have co-occurring medical
conditions and developmental disabilities alongside the musculoskeletal impairments [4].

The experience of parenting a child with CP can be stressful due to the child’s need
for support in activities of daily living, need for ongoing therapies, educational advocacy,
higher financial strain, and barriers to caregivers maintaining employment [5–9]. While
every parent/caregiver of a person with CP experiences some level of stress that is higher
(on average) than a parent of a typically developing child [6,10], this level of stress is greater
for parents with other risks associated with social determinants of health (SDOH) [11,12].
These determinants may include financial hardship, housing and food insecurity, lack
of access to quality education, environmental and neighborhood safety concerns, racism,
ableism, discrimination based on sexual identity, and lack of employment opportunity [13].
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Children and adolescents with CP often require orthopaedic surgery to maintain
or improve their function, reduce pain, and improve quality of life [14–18]. Common
orthopaedic surgeries for children functioning at GMFCS levels IV and V include poste-
rior spinal fusion (PSF) and hip reconstruction (HR) [17,18]. The experience of surgery, a
hospital stay, rehabilitative therapies, and recovery is stressful for both patients and their
parents/caregivers [19,20]. The stress caused by these surgical events is multi-faceted: con-
cern about the risks and long-term outcomes of surgery, the experience of pain and recovery
from the surgical procedure itself, the financial strain of a hospitalization, disruption to
daily routine and parent employment, and childcare concerns for siblings [21].

If medical teams can evaluate the family system’s SDOH and baseline stress load, the
team may be able to support the family in minimizing these factors and making the stress
of a surgical event more manageable. One avenue for capturing the SDOH of families
is through the administration of a biopsychosocial assessment (BPSA), a tool utilized by
medical social workers to develop treatment and intervention plans [22]. A BPSA reveals a
family’s basic composition; strengths such as resilience, family/community support, and
health literacy; as well as areas of risk, including SDOH barriers and access to needed
therapies, benefits, and services.

The aim of this study was to examine the relationship between the completion of
a preoperative BPSA and hospital discharge metrics including length of stay (LOS) and
30-day readmission rate (RR) for children with CP undergoing PSF or HR surgeries.

2. Materials and Methods

This Institutional-Review-Board-approved retrospective cohort study included chil-
dren with CP who underwent hip or spine surgery. Potential cases were identified from a
historical database from the authors’ institution. Inclusion criteria were (a) diagnosis of CP
classified at GMFCS levels IV and V, (b) underwent PSF or HR at the authors’ institution
between 2017 and 2021, and (c) aged 2 to 21 years. Children whose families completed
a BPSA were selected from this group and were then matched according to surgery type
(hip or spine), age (within 2 years), number of comorbid conditions, and GMFCS level to a
group that did not have a preoperative BPSA. Comorbidities were categorized as seizures,
gastrostomy tube, tracheostomy, or non-verbal [23]. Based on chart review, the number of
comorbidities for each patient was identified and, for statistical analysis, was ranked as
none = 0, small = 1 or 2, and large = 3 or 4.

2.1. Biopsychosocial Assessment

The BPSA utilized by the social work team was developed based on the guidelines set
by the National Association of Social Workers Standards for Social Work Practice in Health
Care Settings [24]. It includes the assessment of patient and caregiver strengths, such as
self-efficacy, access to family, faith and community supports and resources, and resilience.
The BPSA also identifies SDOH risks such as transportation, food, housing, employment,
income, access to government benefits, homecare services, home accessibility, access to
needed durable medical equipment, access to therapies, and mental health care (see the
Supplementary Material). The BPSA was utilized as a guide for the medical social worker
to provide interventions for the family to mitigate the stress burden of specific areas of
risk. For example, if the BPSA identified that a family had housing insecurity, the social
worker would assist the family in contacting the state housing authority to check housing
vouchers. If the BPSA identified that the family had transportation barriers ahead of the
surgery, the social worker would assist the family in scheduling Medicaid transportation
for preoperative appointments and on the day of the surgery. If the family identified a need
for mental health therapy to cope with stress, anxiety, or depressive symptoms, the social
worker would assist the family in accessing mental health care. The roll out of the BPSA in
late 2018 was controlled by the CP division chief, beginning with his own patients, and
limited in scope by social work resources. The referral process for BPSA was formalized
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and social work resources were increased in 2019. By 2020, all children (GMFCS IV and V
preoperative for HR PSF) were referred for preoperative BPSA.

Primary outcome variables included postoperative LOS (number of days), rate of
extended LOS (ELOS), and 30-day RR. Length of stays over the median (6 days for HR and
10 days for PSF) were considered ELOS. For any child with a readmission within 30 days, a
chart review was performed to determine reasons for readmission.

2.2. Statistical Analysis

Chi-squared analysis was completed to examine differences in matching criteria be-
tween BPSA and no-BPSA groups. The median LOS, rate of ELOS, and 30-day RR for
each type of surgery (hip or spine) were compared between BPSA and no-BPSA groups.
Statistical analyses were carried out with a Wilcoxon test for LOS and a chi-squared analysis
for ELOS and 30-day RR.

A general linear regression model (GLM) with a Poisson distribution and a stepwise
function to select relevant variables was used to predict LOS in days for each type of
surgery. Variables in the model included BPSA (yes, no), number of comorbidities (none = 0,
small = 1 or 2, large = 3 or 4), age, sex, and GMFCS level. Similarly, a GLM with a binomial
distribution and a stepwise function to select relevant variables was used to determine
the effect of these same factors on whether LOS was within the median range (≤6 days
for HR, 10 days for PSF) or extended (>6 days for HR, >10 days for PSF). An additional
GLM with a binomial distribution and a stepwise function to select relevant variables was
used to determine whether these factors influenced 30-day RR. All statistical analyses were
performed using R [25]. Significance level for all tests was set at p < 0.05.

3. Results

Forty-six children with CP who had a BPSA were matched with forty-six children
who did not have a BPSA with similar age, GMFCS level, and number of comorbidities
(Table 1). Fifty-six children had HR and thirty-six had PSF. Table 2 shows the LOS median,
interquartile range, confidence interval, and 30-day readmission (n = 10) for the 92 children
included in this analysis and the distribution according to preoperative BPSA, type of
surgery, and number of comorbidities.

Table 1. Distribution of matching variables for children who underwent spinal surgery and had
preoperative biopsychosocial assessment (BPSA) or no BPSA.

Variable
BPSA p Value Test

No Yes

Age Median (CI) 10.6 (0.94) 10.9 (0.97) 0.72 Wilcoxon

Race

Asian 1 0

0.68 Chi-squared

Asian Indian 1 0
Black or African

American 13 13

Guamanian or
Chamorro 0 1

Some other race 3 4
White or

Caucasian 28 28

GMFCS
IV 16 17

0.83 Chi-squared
V 30 29

Surgery type Hip 28 28
1 Chi-squared

Spine 18 18
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Table 1. Cont.

Variable
BPSA p Value Test

No Yes

Range of
medical
issues

None = 0 6 8
0.84 Chi-squaredSmall = 1.2 24 23

Large = 3.4 16 15
Note: Chi-square analyses were used to confirm that matching variables were equivalent between BPSA and
no-BPSA groups. Children were not matched for race, but the distribution was similar between groups. GMFCS,
Gross Motor Function Classification System.

Table 2. Descriptive statistics for children who underwent hip reconstruction or posterior spinal
fusion, whether they had a biopsychosocial assessment (BPSA) administered, the number of comor-
bidities, and whether they were readmitted within 30 days.

Surgery
Type BPSA Comorbidities n LOS Days 30-Day

ReadmissionMedian IQR CI

Hip No None 4 5.5 1.75 2.72 0
Hip No Small 16 6.5 4 1.76 2
Hip No Large 8 6.5 7.75 4.07 2

Spine No None 2 11 3 38.1 1
Spine No Small 8 11 2.5 21.2 0
Spine No Large 8 21 31 21.8 0
Hip Yes None 6 6 1.5 21.6 0
Hip Yes Small 16 5.5 2.25 1.06 1
Hip Yes Large 6 8 1.5 3.8 0

Spine Yes None 2 9 1 12.7 0
Spine Yes Small 7 10 5 3.16 1
Spine Yes Large 9 7 1 1.96 2

IQR, interquartile range; LOS, length of stay.

3.1. Group Analysis
3.1.1. Length of Stay

The median LOS for the children in the PSF group was 10 days. The difference in LOS
in this group was statistically significant between the BPSA (median [CI] = 7.0 [1.4]) and
no-BPSA groups (median [CI] = 12.5 [12.2]; p = 0.00023). The median LOS for the children
in the HR group was six days. After HR, there was no significant difference in LOS between
the BPSA (median [CI] = 6.0 [3.7]) and no-BPSA groups (median [CI] = 7.0 [1.5]) (p = 0.51;
Figure 1).

3.1.2. Extended Length of Stay

Three of the eighteen children who had a BPSA in the PSF group had an ELOS,
compared with twelve out of eighteen children who did not have a BPSA. Chi-squared
analysis showed a significant difference between these groups (p = 0.0023). In the HR group,
3 out of 28 (BPSA) and 7 out of 28 patients (no BPSA) had an ELOS (p = 0.16).

3.1.3. Thirty-Day Readmission

Three of the eighteen children in the PSF surgery group who had a BPSA were
readmitted within 30 days, while one of the eighteen children who did not have a BPSA
was readmitted within 30 days (p = 0.29). One of the twenty-eight children in the HR
surgery group who had a BPSA was readmitted within 30 days and five of the twenty-eight
children who did not have a BPSA were readmitted within 30 days (p = 0.084). Reasons for
30-day readmission can be found in Table 3.
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Figure 1. Differences in length of stay in days between biopsychosocial assessment (BPSA) and
no-BPSA groups following hip reconstruction and spine fusion.

Table 3. Reasons for 30-day readmission.

Subject Number Surgery Reason for 30-Day Readmission

1 HR Oropharyngeal dysphagia, diabetes insipidus

2 HR Postoperative pain management

3 HR Vomiting, constipation

4 HR Decubitus ulcer

5 PSF Urinary retention

6 HR Wound infection

7 PSF Urinary tract infection

8 PSF Wound infection

9 PSF Wound infection
HR, hip reconstruction; PSF, posterior spinal fusion.

3.2. Multivariate Analyses
3.2.1. Length of Stay

In the LOS model for PSF, statistically significant effects were found for the following
factors: the inclusion of a preoperative BPSA was associated with a shorter LOS (p < 0.001);
an additional number of comorbidities, both small (1,2) (p = 0.03) and large (3,4) (p < 0.001),
was associated with a longer LOS; and a higher GMFCS level was associated with a longer
LOS (p = 0.005). Older children tended to have an increased LOS, but this did not reach
significance levels (p = 0.06).

In the LOS model for HR, statistically significant effects were found for the following
factors: an additional number of small medical issues was associated with a shorter LOS
(p < 0.001), and a longer LOS was observed for male children (p = 0.019). For this group,
the inclusion of a preoperative BPSA was not relevant to the LOS (p > 0.05). Table 4 shows
the summary of the multivariate analysis for children who underwent PSF and HR.
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Table 4. Summary of the length of stay multivariate model for children in the PSF and hip reconstruc-
tion groups.

Length of Stay Models Fit

PSF

χ2 (5) 186.96
p 0.00

Pseudo-R2 (McFadden) 0.29
Standard errors: MLE

Est. S.E. z val. p

(Intercept) 0.17 0.64 0.27 0.78
BPSA (yes) −1.08 0.10 11.16 <0.001

additional comorbidities (small) 0.37 0.17 2.16 0.03
additional comorbidities (large) 0.63 0.19 3.27 <0.001

Age 0.05 0.02 1.90 0.06
GMFCS 0.41 0.12 3.48 0.005

Hip Reconstruction

χ2 (3) 22.56
p 0.00

Pseudo-R2 (McFadden) 0.06
Standard errors: MLE

Est. S.E. z val. p

(Intercept) 2.23 0.12 19.24 0.00
Additional comorbidities (small) −0.46 0.12 −3.89 <0.001
Additional comorbidities (large) −0.13 0.13 −1.03 0.30

Sex (male) 0.23 0.1 2.34 0.019
BPSA, biopsychosocial assessment; GMFCS, Gross Motor Function Classification System.

3.2.2. Extended Length of Stay

For children who underwent PSF, the ELOS model was statistically significant for a
median or shorter LOS in patients with a BPSA (p = 0.004). For children who underwent HR,
the ELOS model found statistically significant effects for BPSA and a median or lower LOS
(p = 0.03), higher GMFCS level, and extended LOS (p = 0.04). Male patients tended to have
an ELOS but this did not reach significance levels (p = 0.05). Table 5 shows the summary of
the multivariate analysis for children who underwent PSF and hip reconstruction.

Table 5. Summary of the length of stay multivariate model for children in the PSF and hip reconstruc-
tion groups.

Extended Length of Stay Models Fit

PSF

χ2 (1) 9.77
p 0.00

Pseudo-R2 (McFadden) 0.20
Standard errors: MLE

Est. S.E. z val. p

(Intercept) 0.69 0.5 1.39 0.17
BPSA (Yes) −2.3 0.81 −2.86 0.004

Hip Reconstruction

χ2 (3) 11.66
p 0.01

Pseudo-R2 (McFadden) 0.22
Standard errors: MLE
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Table 5. Cont.

Extended Length of Stay Models Fit

Est. S.E. z val. p

(Intercept) −13.99 6.07 −2.31 0.02
BPSA (yes) −2.16 1.01 −2.13 0.03
Sex (male) 1.96 1.02 1.92 0.05

GMFCS 2.56 1.22 2.09 0.04
BPSA, biopsychosocial assessment; GMFCS, Gross Motor Function Classification System; MLE, maximum
likelihood estimation.

3.2.3. Thirty-Day Readmission

There were no statistically significant relationships between any of the factors included
in this study and a 30-day RR model for either the PSF or HR groups.

4. Discussion

Family stress associated with caring for a child with CP can be exacerbated by or-
thopaedic surgery due to pain and financial impact [19–21]. Risks associated with social
determinants of health can increase caregiver stress and lead to difficulties in caring for a
child with CP [11,12]. Identification of SDOH utilizing a BPSA facilitates the implemen-
tation of psychosocial interventions aimed at reducing risk and improving outcomes in
care [22].

In late 2018, our hospital undertook a new initiative aimed at reducing disparities
in health outcomes for youth with CP undergoing orthopaedic surgery. The social work
and orthopaedic teams led a program to offer psychosocial support to families in this
group. During the first year of the program, referrals for BPSA were low relative to the
number of eligible families and some families did not receive the assessment. By 2021,
nearly all patients having orthopaedic surgery with an anticipated hospital LOS of more
than a few days completed a BPSA prior to surgery. The time frame in which the service
was developing allowed us to examine the impact of the BPSA on hospital admissions.

Average hospital LOS for patients with PSF was significantly shorter for those who
completed a BPSA compared with those who did not. For patients with HR, there was no
difference in average LOS for those who completed a BPSA compared with those who did
not. Examining LOS on a dichotomous scale, as extended (>median) or not (≤median),
revealed similar results with a significant difference between BPSA and no-BPSA groups in
patients who had PSF but not HR. Children tend to have longer admissions after PSF than
with HR due to the greater burden of the surgery. Perhaps with this greater burden, more
demand was placed on family resources, leading to a stronger (statistically significant)
impact of the BPSA. Anecdotally, nursing staff and case managers report that families with
a BPSA experience smoother, less chaotic hospital discharge.

The 30-day RR for the 92 patients in this analysis was 9.8% and was not statistically
different between those who had a BPSA and those who did not. We observed a trend of
fewer 30-day readmissions in HR patients who had a BPSA, though there was no significant
difference (4% vs. 18% in patients without a BPSA). We continue to observe this trend in
our clinical practice and expect to find significant differences as we analyze larger groups
and examine reasons for 30-day readmissions with standardized methods.

The medical complexity of youth with CP functioning at GMFCS levels IV/V justified
additional multifactorial analysis of LOS after PSF and HR. Studying a similar patient
sample, Jain et al. reported a higher frequency of complications following PSF in those
with more comorbidities: 49% in those with three or four comorbidities compared with
12% in those with no comorbidities [23]. When we included factors that capture medical
comorbidities and motor disability, we found statistically significant results. Multifactorial
analysis revealed that a preoperative BPSA, a lower GMFCS level (IV vs. V), and fewer
comorbidities were associated with a shorter median LOS and less frequent ELOS following
PSF and HR. A higher GMFCS level and higher number of comorbidities likely contribute
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to medical complications that extend hospital stay, but these same factors can also result in
higher caregiving demands and stress, leading to a possible psychosocial explanation for
delays in discharge.

Medical chart review for this study tried to identify explanations for ELOS and read-
mission within 30 days. Reasons for 30-day readmission and ELOS offered a mix of
medically driven diagnoses such as infection, patient management difficulties such as post-
operative pain and constipation, as well as combinations of medical/social circumstances.
While it was clear that some issues could have been addressed with preventative strategies
identified through a preoperative BPSA, we could not analyze reasons for ELOS and 30-day
RR statistically in this work.

This study serves to capture our new clinical practice of completing a BPSA preop-
eratively in children with CP undergoing orthopaedic surgery who have an anticipated
hospital stay of more than a few days. Given the benefit demonstrated, we advocate for
clinicians in similar settings to institute this process. The BPSA standardizes the process
of identifying SDOH. Our current clinical practice aims to develop methods qualifying
improvement in issues identified through the preoperative BPSA. While the social work
teams utilized the BPSA to identify areas of risk and guide the implementation of patient-
and family-specific interventions, some issues identified through the BPSA (for example,
chronic financial insecurity) may be beyond the scope of the relatively short time frames of
preoperative planning and preparation. We are working with the Health Equity Office at
our hospital to identify strategies to address these broader issues.

Limitations of this study include the analysis of only PSF and HR surgical groups.
While these two procedures are common and highly impactful, both in health benefit to
the child and reduction in caregiving needs, there are other common surgery situations in
which families likely benefit but whom we did not study. The retrospective nature of the
study introduces the possibility of bias in the study groups. While we tried to minimize this
in our methodology, there could be differences in the early referral patterns that contributed
to group differences. Some physicians were early adopters of the service, while others
took longer to integrate the preoperative BPSA into their practice. We used BPSA as a
marker for intervention; we did not look at the interventions and assumed that after BPSA,
appropriately directed interventions were delivered. Finally, the medically complex nature
of this patient population may contribute to outliers in LOS that could impact results
unrelated to the BPSA.

5. Conclusions

Identifying and addressing psychosocial needs of patients and their caregivers through
a preoperative BPSA is associated with positive impacts on hospital quality metrics in-
cluding less time spent in the hospital after surgical admissions for spinal fusion for youth
with CP.
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Abstract: Manual ability may be an important consideration when measuring cognition in children
with CP because many items on cognitive tests require fine motor skills. This study investigated
the association of fine motor dependent (FMD) and fine motor independent (FMI) items within the
cognitive domain (COG) of the Bayley Scales of Infant Development—Third Edition (Bayley-III)
and Manual Ability Classification System (MACS) in children with cerebral palsy. Children aged
2 to 8 (3.96 ± 1.68) years were included in this study. MACS levels were assigned at baseline. COG
was administrated at baseline (n = 61) and nine months post-baseline (n = 28). The 91 items were
classified into FMD (52) and FMI (39). Total raw score, FMD, and FMI scores were calculated. The
association between MACS and cognitive scores (total, FMD, and FMI) were evaluated using linear
regression and Spearman correlation coefficients. We found total, FMD, and FMI scores decrease
significantly as the MACS level increases at the baseline. Both FMD and FMI scores decreased
as MACS levels increased (worse function). There was a significant difference between the two
slopes, with the FMD scores having a steeper slope. Similar patterns were observed nine months
post-baseline. Children with lower manual ability scored lower in the cognitive domain at baseline
and 9 months post-baseline. The significant difference in the performance of FMD items and FMI
items across MACS levels with a steeper slope of changes in FMD items suggests fine motor skills
impact cognition.

Keywords: child; cognitive impairment; psychomotor performance; disability; upper extremity;
manual ability

1. Introduction

Cerebral palsy (CP) is a heterogeneous group of neurodevelopmental conditions that
present as impairments in movement and posture. CP is the result of brain injury during
fetal or infant development. Brain injuries that cause motor impairments are permanent
and non-progressive. It is often accompanied by epilepsy, secondary musculoskeletal
disorders, and sensory and cognitive impairments, which cause limitations in activities and
participation [1–5]. CP is commonly classified according to muscle tone topography [6],
gross motor function [7], and manual function [8].

Functional impairments across developmental domains in children with CP are often
evaluated using standardized assessments of cognitive and motor skills [9–12]. Many
standardized cognitive assessments appropriate for children with cerebral palsy, such as
the Bayley Scales of Infant Development—Third Edition (Bayley-III) and the Weschler
Intelligence Scale for Children, require fine motor actions to accomplish cognitive tasks.
Most cognitive assessments require reaching, pointing, grasping, manipulating objects, and
other manual abilities that demand precision, speed, dexterity, and coordination [13–17].
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Thus, whether the cognitive scores reflect purely cognitive performance or if cognitive
performance is masked by poor fine motor skills is sometimes unclear, especially in children
with limited fine motor or manual skills [17].

In children with CP, cognitive impairment is present in 50% of the cases [2,18,19].
Cognitive impairment is influenced by many components, such as the type and distribution
of CP, gross motor functioning, and manual ability [18,19]. Bilateral spastic CP is common
and represents 60 to 80% of the occurrences, with 40.3% of the children classified at GMFCS
levels IV and V. Upper extremity functions are impacted in a range from 57 to 83% of
the occurrences [2]. Additionally, impairments in manual function may cause disuse and
lack of learning opportunities early in life, i.e., impairments in upper extremity function
limit opportunities for manipulation and object exploration, which have an impact on
cognitive development [17,20]. Also, motor and cognitive development overlap and are
interrelated [21]. According to Osorio-Valencia et al. [14], the components of cognitive
skill are influenced by gross and fine motor abilities acquired in the first three years of life.
However, the long-term interrelation of fine motor and cognitive skills still needs to be
clarified, especially for children with motor disabilities.

Children with CP might be unable to show their abilities compared to neurotypical
children in the cognitive domain during the standardized assessment [20,22–24] because of
the requirements in fine motor skills. They may need more time to deal with the material
or might not be able to manipulate the test materials without adaptation. The study by
Visser et al. [16,17] examined the validity of the Bayley-III Low Motor/Vision version and its
suitability for children with motor and/or visual impairment(s). It contains accommodated
items, that is, adaptations to minimize impairment bias, without altering what the test
measures. The results found that the accommodations in the cognitive domain did not
affect the test scores of children with neurotypical development and did improve the test
scores of children with atypical development. In addition, the results indicated that most
children with atypical development could show their abilities in the cognitive domain and
that the accommodations were beneficial in 29 of these 52 cases. Therefore, standardized
tools to evaluate cognition that consider adaptations, especially for children with manual
ability impairment are important [16,17,22–24].

To evaluate cognition in children with CP, understanding the relationship between
manual and cognitive abilities is important, especially when administering a standardized
assessment such as Bayley-III. Measuring cognition in children with CP while considering
their manual ability and the demands of the test could provide a more accurate method
for tracking development, predicting outcomes, and evaluating intervention approaches
to provide accurate and reliable quantifications of performance. Besides that, an accurate
measure and reporting can facilitate a comprehensive discussion between parents and
rehabilitation professionals on the children’s cognitive abilities.

The primary purpose of this study was to identify the association between manual
ability and cognition in children with CP. Our goal was to investigate if manual ability
levels and cognitive performance in children with CP were related to fine motor-dependent
and -independent items within the cognitive domain of Bayley-III. These categories of fine
motor dependent and independent were assigned by our research team. The secondary
purpose was to investigate the impact of the distribution of CP and gross motor function
levels (GMFCS) and factors such as gestational age, birth weight, NICU stay, age of CP
diagnosis, and CP type on the relationship between manual ability levels and cognition. We
expected children with lower manual ability to have lower cognitive scores than children
with higher manual ability. Additionally, we anticipated that gross motor functions would
be associated with manual and cognitive abilities.

2. Materials and Methods

2.1. Participants

Participants in this prospective, observational study were children with CP who were
part of a larger randomized controlled clinical trial [NCT02897024]. Sixty-one children
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aged between 2 and 8 years (median age: 3.50; IQR: 2.58, 4.75) participated in this study.
The Ohio State University and Nationwide Children’s Hospital’s [NCH] Institutional
Review Boards approved this study [IRB16-00492], and parental consent was obtained for
all participants. Participants with uncontrollable seizures, unknown auditory or visual
impairments, progressive neurological disorder, recent surgery, or participation in another
daily physical therapy treatment program in the last six months were excluded from the
larger trial, and only those eligible for the Bayley evaluation were included in this study.
See Table 1 for demographic information.

Table 1. Baseline participant characteristics (median and interquartile for continuous variables, count
and % for categorical variables).

Characteristic Overall (n = 61)

Gestational Age (weeks) 37.0 (27.1, 39.0)
Birth Weight (kg) 2.48 (0.93, 3.41)
Birth Length (in) 18.0 (13.0, 20.0)
APGAR 1 6.00 (2.00, 8.00)
APGAR 5 6.00 (5.00, 9.00)
Total Hospital Length of Stay (days) 28.50 (0.00, 134.75)
Type of CP

Hypotonic 10 (16.39%)
Hypertonic Spastic 45 (73.77%)

Ataxic 5 (8.20%)
Unspecified 1 (1.64%)

CP distribution
Left hemiplegia 9 (15.52%)

Right hemiplegia 2 (3.45%)
Diplegia 9 (15.52%)

Quadriplegia 37 (63.79%)
Triplegia 1 (1.72%)

Not reported 3
GMFCS

Level I 14 (23.33%)
Level II 8 (13.33%)
Level III 5 (8.33%)
Level IV 21 (35.00%)
Level V 12 (20.00%)

Age at enrollment (years) 3.50 (2.58, 4.75)
Gender

Male 37 (60.66%)
Female 24 (39.34%)

Race
White 43 (70.49%)

Black or African American 12 (19.67%)
More than One Race 4 (6.56%)

Asian 2 (3.28%)
Hispanic 1 (1.64%)

2.2. Procedure

The participants were assessed at baseline and nine months post-baseline. At baseline,
the manual ability level of children with CP was classified using Mini-Manual Ability
Classification System (mini-MACS) or MACS according to the participant’s age. The MACS
describes children with CP 4 to 18 years of age in daily manual activities. Mini-MACS is an
updated version of the MACS for younger children 1 to 4 years of age but has the same
concept as MACS. In this study, the term MACS will be used for both classification systems.
The cognitive domain of the Bayley Scales of Infant Development—Third Edition (Bayley
III) was administered at baseline (n = 61) and nine months post-baseline (n = 28).
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The participants received 40 h of outpatient physical therapy during the nine months
with a randomized treatment service delivery frequency: daily (high intensity periodic)
or weekly (usual and customary treatment). No between-group treatment effects were
expected or found between groups for cognition.

2.3. Measures
2.3.1. Manual Ability Classification System (MACS)

The Manual Ability Classification System (MACS) describes how children with CP
4 to 18 years of age use both hands together to manipulate toys and objects in daily
activities. MACS is described hierarchically in five levels (I to V). The levels are based
on the self-initiated ability to handle objects and the need for assistance or adaptation to
perform manual activities [8]. Children in level I (highest ability) can easily and successfully
handle objects. In contrast, children in level V (most limited ability) cannot handle objects
or complete simple manual actions alone [8]. We used the Mini-MACS as the manual
classification system for those under four.

MACS is a classification system, not an outcome measure. It was used to classify our
sample of participants. Trained, reliable, and blinded assessors determined the MACS level
for the participants. The intra- and inter-rater correlation coefficients were calculated for
each blinded assessor every six months. All assessors needed to achieve and maintain
the agreement index >85% to pass reliability. The agreement index was evaluated using
inter-rater reliability (IRR) in 10% of the sample.

2.3.2. Bayley Scales of Infant and Toddler Development—Third Edition (Bayley-III)

The Bayley-III is a valid and reliable measure of a child’s neurodevelopment from
1 to 42 months of age and was developed specifically for use in research and clinical
practice. It is the most common assessment tool for evaluating early development and
measuring delays across multiple domains of development (cognition, motor, language,
and socio-emotional) [12]. Bayley-III has been validated for use in children at high risk for
CP with good discriminative properties [12,23,24]. According to the manual administra-
tion’s instructions, Bayley-III was administered to children out of the age range but in the
developmental range appropriate for this tool [12]. The raw score was considered in the
analysis. Blinded assessors completed training and intra- and inter-rater reliability testing
on the Bayley-III (>85% to pass reliability).

The cognitive total raw score was based on 91 cognitive domain items. These
91 items were classified into two groups (see Appendix A Table A1): 52 items relied
on fine motor abilities (reaching, pointing, grasping, and manipulating objects, with com-
ponents such as precision, speed, dexterity, and coordination), which were classified as fine
motor dependent (FMD); 39 items not requiring the skills listed (looking at pictures, turning
the head to specific sounds, counting numbers) were classified as fine motor independent
(FMI). The items were classified by two experienced researchers trained in Bayley-III, with
a strong agreement between the researchers. The FMD and FMI scores were calculated
as the proportion of the number of items scored, specifically, the sum of the items that
received credit (score of 1) divided by the total number of items (52 and 39 for FMD and
FMI, respectively). In other words, the FMD score is the total FMD items credited/52, and
the FMI score is the total FMI items credited/39.

2.4. Analysis

Descriptive statistics (means and standard deviation) of the Bayley-III cognitive raw
scores at baseline and nine months post-baseline were summarized for children at each
MACS level. The Spearman correlation coefficient was used to evaluate the association
between MACS levels and cognitive scores at baseline and nine months post-baseline.
General Linear Model and Kruskal–Wallis tests were used to explore the difference in the
cognitive scores (including total raw score and proportion of fine motor dependent and
independent scores) among MACS levels at baseline. The change in the cognitive score from
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baseline to nine months post-baseline and the impact of the baseline MACS levels were
explored using linear mixed models to account for the association of the baseline and nine
months post-baseline data from the same participant. All 61 participants were included in
these analyses while assuming data missing at random for these without post-baseline data.

In addition, using multiple regression analysis, we further investigated the impact of
the distribution of CP and gross motor function level (Gross Motor Function Classification—
GMFCS) and factors such as gestational age, birth weight, NICU stay, age of CP diagnosis,
and CP type on the association between MACS level and Bayley-III cognitive scores (total
scores, FMD, FMI) at baseline. See Table 2 for descriptive statistics (means and standard
deviation) of the Bayley-III cognitive raw scores at baseline and nine months post-baseline.

Table 2. Bayley-III cognitive score at baseline and 9-month post-baseline via MACS level (mean and
standard deviation).

MACS Level Baseline (n = 61) 9-Month Post-Baseline (n = 28)

Total FMD Score * FMI Score ** Total FMD Score * FMI Score **
1 64.94 (14.10) 0.74 (0.20) 0.68 (0.10) 64.80 (15.28) 0.73 (0.21) 0.68 (0.11)
2 56.80 (16.40) 0.62 (0.24) 0.63 (0.11) 60.00 (12.88) 0.68 (0.17) 0.63 (0.10)
3 40.50 (14.20) 0.35 (0.23) 0.58 (0.06) 46.67 (21.36) 0.44 (0.33) 0.61 (0.10)
4 27.79 (8.14) 0.17 (0.09) 0.49 (0.10) 28.67 (10.03) 0.17 (0.14) 0.50 (0.07)
5 12.64 (8.82) 0.03 (0.07) 0.28 (0.15) 16.75 (13.30) 0.07 (0.10) 0.34 (0.23)

* FMD score = total FMD items credited/52; ** FMI score = total FMI items credited/39.

3. Results

There was a significant association between the MACS levels and the Bayley–III
cognitive total raw scores of children with CP at baseline (Spearman correlation
Rho = −0.84 and p values of <0.001). The higher the MACS level (lower manual abil-
ity), the lower the cognitive scores. See Figure 1 for Bayley-III cognitive total scores at
baseline and 9-month post-baseline across the MACS levels. A similar relationship between
cognitive score and MACS levels was observed nine months post-baseline (Rho = −0.80
and p values of <0.001).

Figure 1. Bayley-III cognitive total scores at baseline and 9-month post-baseline via MACS level.
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At baseline, cognitive scores of children with CP in both the FMD and FMI groups
were significantly associated with their MACS levels (RhoFMD = −0.85, p < 0.001 and
RhoFMI = −0.81, p < 0.0001). See Figure 2 for the FMD and FMI scores across the MACS
levels. The decline between FMD and FMI cognitive scores over MACS levels was signifi-
cantly different (p < 0.001). Additionally, the decline of FMD scores across MACS levels is
steeper than the FMI scores (0.09 vs. 0.187 for FMD and FMI, respectively, linear regression
models, Figure 2). Similar patterns in the change slope in FMD and FMI cognitive scores
over MACS levels were observed nine months post-baseline.

Figure 2. Fine motor dependent and fine motor independent score via MACS level (y-axis as FM
dependent/independent score).

Medical and demographic factors impact manual abilities and cognition in children
with CP at baseline.

A significant association was found between the CP distribution and MACS level
(p < 0.001). Moreover, the CP distribution was significantly related to the cognitive total
raw score, FMD score, and FMI score (p < 0.001, p < 0.001, and p = 0.002, respectively)
items. We did not find significant associations at nine months post-baseline. Similarly,
GMFCS levels were also associated with MACS level and cognitive scores (total, FMD, and
FMI). These findings suggest that a combination of better manual ability and gross motor
function corresponds to higher cognitive performance in children with CP. In addition,
the gestational age, birth weight, NICU stay, age of CP diagnosis, and CP type did not
significantly impact the association between MACS level and Bayley-III cognitive scores
(total scores, FMD, FMI) at baseline. See Table 3 for the Bayley-III cognitive total raw score
and FMD and FMI items across the MACS level amongst the CP distribution.
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Table 3. Cerebral palsy distribution and GMFCS level across MACS level at baseline for the Bayley-III
cognitive total raw score and fine motor dependent and independent items.

Cerebral Palsy Distribution GMFCS Level

Hemiplegia
(n = 11)

Diplegia
(n = 9)

Quadriplegia
and Triplegia

(n = 38)
p-Value I II III IV V p-Value

MACS Level <0.001 NA 1

1 6 (55%) 6 (67%) 3 (7.9%) 11 (79%) 3 (38%) 1 (20%) 1 (4.8%) 0 (0%)

2 4 (36%) 2 (22%) 8 (21%) 3 (21%) 4 (50%) 3 (60%) 5 (24%) 0 (0%)

3 0 (0%) 1 (11%) 3 (7.9%) 0 (0%) 1 (12%) 0 (0%) 3 (14%) 0 (0%)

4 1 (9.1%) 0 (0%) 13 (34%) 0 (0%) 0 (0%) 1 (20%) 11 (52%) 2 (17%)

5 0 (0%) 0 (0%) 11 (29%) 0 (0%) 0 (0%) 0 (0%) 1 (4.8%) 10 (83%)

Cognitive total
raw score 55 (44, 68) 70 (49, 75) 32 (16, 43) <0.001 73 (62, 75) 55 (48, 64) 43 (36, 44) 34 (30, 39) 12 (8, 16) <0.001

Fine Motor
Dependent 32 (22, 42) 42 (26, 48) 10 (2, 21) <0.001

0.87
(0.74,
0.90)

0.63
(0.49,
0.71)

0.40
(0.29,
0.42)

0.23
(0.17,
0.33)

0.00
(0.00,
0.04)

<0.001

Fine Motor
Independent 23 (22, 26) 27 (23, 29) 21 (15, 22) 0.002

0.69
(0.61,
0.76)

0.58
(0.56,
0.69)

0.56
(0.54,
0.56)

0.54
(0.51,
0.56)

0.31
(0.20,
0.36)

<0.001

1 Too many 0 s, so we cannot calculate a p-value here.

4. Discussion

This study aimed to identify the association between manual ability and cognitive
performance in children with CP. In addition, the aim was to investigate if manual ability
levels and cognitive performance of children with CP were related to cognitive items on the
Bayley-III that require fine motor components (fine motor dependent) and items that do
not require fine motor components (fine motor independent) within the cognitive domain
items of the Bayley-III. The second analysis investigated the impact of the CP distribution
and gross motor function levels (GMFCS) and factors such as gestational age, birth weight,
NICU stay, age of CP diagnosis, and CP type on the relationship between manual ability
levels and cognitive performance. Our hypotheses were partially supported.

Manual exploration affords learning opportunities that impact cognition in children with
CP by manipulating objects [10,11]. Our findings show an association between manual ability
and cognition in this population. Specifically, lower manual ability (higher MACS level) corre-
sponds to lower cognitive performance. Due to the manual ability impairment (for example, not
being able to grasp an object), children with CP might demonstrate difficulty in cognitive tasks,
such as solving a puzzle, within the cognitive domain of Bayley-III. Our findings support the
interrelationship between movement and learning [10,11,15,19,25–30], which are basic principles
for building cognitive functions [18,31,32]. Our findings emphasized that the cognitive abilities
of children with CP are likely underestimated in Bayley-III due to the inherent reliance on the
hands and arms to complete cognitive tasks. This underestimation was particularly evident for
children with severe manual impairment, as indicated by MACS levels IV and V. Returning to
our initial question of whether the cognitive scores reflect purely cognitive performance or are
influenced by manual ability, our findings suggest that manual ability has an impact and can
mask cognitive performance in children with CP.

The manual ability level and the success in performing cognitive tasks that have
or do not have fine motor components are related according to our findings. Children
with CP in MACS levels IV and V had significantly lower scores in the cognitive items,
dependent and independent of fine motor abilities, than those in MACS levels II and I.
However, our findings suggest a large difference between FMD and FMI across MACS
levels III to V, as observed in Figure 2, suggesting their cognitive performances are lower
on FMD items than on FMI items. Thus, the manual ability has a higher impact on the
fine motor-dependent items than on the fine motor-independent items, especially for those
with severe manual impairments. In this study, children in MACS levels I and II performed
better than children in MACS IV to V because in Bayley-III, children with MACS levels I
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to III commonly use their less-affected hand for the cognitive items and can, presumably,
score within the normative reference values, regardless of the impairment with the affected
hand. However, children in MACS levels IV and V, with both upper extremities impaired,
will likely perform lower and consequently score lower in the cognitive domain. Although
children with very low manual abilities struggled to perform well in cognitive items
requiring fine motor abilities, they also struggled in cognitive items not requiring them.
This finding could be attributed to the fact that child development is a product of multi-
domain interactions [18,19,25,27,30–32], and thus, limitations beyond manual abilities
across development impact cognitive performance. In addition, cognitive impairments are
common in this population.

The findings of this study also demonstrate that cognitive performance in children
with CP changes over time. In this study, despite the challenges in manual functions,
children with CP at different levels of manual ability improved their cognitive performance.
Considering the CP distribution factor, our findings suggest that children with hemiplegia
and diplegia CP, distributed mostly on MACS levels I to III, performed better on fine motor
dependent items and, consequently, had better cognition performance than children with
triplegia or quadriplegia, mostly assigned to levels IV and V. Children with triplegia or
quadriplegia seem to perform better on fine motor independent items. Previous studies
have shown that up to 29% of children with CP may be incapable of demonstrating their
actual cognitive capacity in most standardized assessments, such as the commonly used
Bayley-III, due to poor fine motor skills or verbal demands involved in completing most
of the testing items [5,23,24,30,32]. Our study demonstrates that 43% of our sample might
have their cognitive abilities misrepresented due to their manual impairment, as seen in
Table 3. Thus, this study has an emerging answer to whether cognitive scores reflect purely
cognitive performance or are influenced by fine motor ability, but deep investigations are
needed. These data suggest that the 52 cognitive fine motor dependent items are more
appropriate for children with diplegia and hemiplegia than for those with quadriplegia
and triplegia.

Cognitive total raw scores were significantly different across children’s gross motor
function levels. Gross motor and manual exploration support learning opportunities
that further impact cognition in children with CP [10,11,25]. Our findings suggest lower
cognitive performance is related to lower manual abilities (higher MACS level). Besides
that, cognitive performance and manual abilities are significantly associated with gross
motor function. Through the MACS and GMFCS level documentation, a snapshot of
the cognitive challenges of children with CP can be anticipated. The combination of
MACS and GMFCS when referring to cognitive performance is especially relevant for
children with severe limitations in manual ability. This study contributes to the clinical
practice field, reinforcing that a combination of classification systems, such as MACS and
GMFCS, and CP distribution need to be included in the assessment and individualized
treatment plans for cognition. These will provide accurate, reliable quantifications and
facilitate a comprehensive discussion between parents and rehabilitation professionals
on understanding real-life barriers children with CP face. In addition, raising awareness
of these findings is substantial regarding the cognitive performance of children with
CP, especially at MACS and GMFCS levels IV and V. Thus, when reporting cognitive
performance in pediatric services, motor abilities should be accounted for interpreting
cognition, especially for children with significant impairments.

To our knowledge, this is the first study to categorize the testing items in the cognitive
domain of Bayley-III based on if fine motor skills are required to receive a full score and then
compare the performance of children with CP who have different manual abilities (MACS
level) on these item categories (fine motor dependent versus fine motor independent).
This study highlights that evaluating cognitive performance in children with CP using
standardized tools such as Bayley-III needs careful interpretation and modifications. For
children with CP, an assessment tool for cognitive performance could consider (1) the
MACS levels when interpreting the scores, (2) different attributions for FM-dependent and
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FM-independent items, (3) adjustment on the requirements of the tasks such as timing the
items, and/or (4) bimanual and unimanual skill necessary to complete items. Previous
studies, such as Visser et al. [16,17], have demonstrated success with valid results in the
accommodations made on Bayley-III. The accommodations were beneficial for a subset of
children with atypical development who showed a larger raw score. Thus, our study adds
that accommodations might be needed for children with CP on cognitive scales, especially in
MACS IV and V. Cognitive performance affects daily functioning and predicts participation
and is an important factor when addressing the treatment plan. Future research is necessary
to review the current instruments available to evaluate cognitive performance and develop
an appropriate standardized instrument for children with atypical development as children
with CP.

There are some limitations to this current study. First, this study is an exploratory
analysis of a set of data from a large clinical trial and other components of the trial may have
confounded the results. Second, some children in the age range at baseline were not in the
developmental range nine months later, meaning that the sample size is smaller than the
baseline analysis, which might have impacted our ability to assess if differences in manual
abilities account for the magnitude of change in cognitive performance. Third, our sample
had unequal sample sizes among MACS levels, possibly resulting in lower power for the
subgroup analysis. Fourth, although a comprehensive list of factors (birth-related, medical,
and environmental) was analyzed, other demographics, such as parental education and
maternal age, were not considered.

5. Conclusions

Children with CP are vulnerable to motor and cognitive impairments [1,23,24,29]. Fine
motor and cognition functions develop concurrently in children with CP, where deficits in
manual abilities may also indicate cognitive struggles. Categorizing the cognitive domain
items of Bayley-III that require fine motor skills and comparing the performance of children
with CP who have different manual abilities on the items fine motor dependent and
independent is a novel approach. Understanding the relationship between manual abilities
and cognition testing items may help healthcare professionals identify children’s potential
with CP. Our findings elaborate on the need for a deep investigation into whether cognitive
scores reflect purely cognitive performances or are influenced by fine motor abilities.
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Appendix A

Individual analysis of Bayley-III cognitive domain items according to the requirement
of fine motor components to complete tasks.
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Table A1. Bayley-III cognitive domain items.

Item Number Fine Motor Dependent Item Number Fine Motor Independent

16 Explores Object 1 Calms When Picked Up
17 Carries Object to Mouth 2 Responds to surroundings Series: Inspects
21 Persistent Reach 3 Regards Object for 3 s
23 Plays With String 4 Habituates to Rattle
24 Bangs in Play 5 Discriminates Between Objects
26 Bell Series: Manipulates 6 Recognizes Caregiver

27 Picks Up Block Series: Reaches for Second
Block 7 Becomes Excited in Anticipation

28 Pulls Cloth to Obtain Object 8 Regards Object for 5 s
29 Pulls String Adaptively 9 Reacts to Disappearance of Face
30 Retains Both Blocks 10 Shifts Attention
31 Bell Series: Rings Purposely 11 Shows Visual Preference
33 Picks Up Block Series: Retains 2 or 3 Blocks 12 Habituates to Object
35 Takes Blocks out of Cup 13 Prefers Novel Object
36 Block Series: 1 Block 14 Habituates to Picture (Balloons)
37 Picks Up Block Series: 3 Blocks 15 Prefers Novel Picture (Ball)
38 Explores Holes in Pegboard 18 Inspects Own Hand
39 Pushes Car 19 Mirror Image Series: Approaches

40 Finds Hidden Object 20 Responds to Surroundings Series: Awareness
of Novelty

41 Suspends Ring 22 Mirror Image Series: Responds Positively
42 Removes Pellet 25 Searches for Fallen Object
43 Clear Box: Front 32 Looks at Pictures
44 Squeezes Object 34 Searches for Missing Objects
45 Finds Hidden Object (Reversed) 59 Attends to Story
46 Removes Lid from Bottle 64 Matches Pictures
47 Pegboard Series: 2 Holes 68 Matches 3 Colors
48 Relational Play Series: Self 72 Concept Grouping: Color
49 Pink Board Series: 1 Piece 73 Concept Grouping: Size
50 Finds Hidden Object (Visible Displacement) 75 Matches size
51 Blue Board Series: 1 Piece 76 Discriminates Pictures
52 Clear Box: Slides 77 Simple Pattern
53 Relational Play Series: Others 79 Counts (One-to-One Correspondence)
54 Block Series: 9 Blocks 80 Discriminates Sizes
55 Pegboard Series: 6 Pegs 81 Identifies 3 Incomplete Pictures
56 Pink Board Series: Completes 83 Discriminates Patterns
57 Uses Pencil to Obtain Object 85 Counts (Cardinality)
58 Blue Board Series: 4 Pieces 86 Number Constancy
60 Rotated Pink Board 88 Classifies Objects
61 Object Assembly (Ball) 89 Understands Concept of More
62 Completes Pegboard: 25 s 90 Repeats Number Sequences
63 Object Assembly (Ice Cream Cone)
65 Representational Play
66 Blue Board Series: Completes (75 s)
67 Imitates a Two-Step Action
69 Imaginary Play
70 Understands Concept of One
71 Multischeme Combination Play
74 Compares Masses
78 Sorts Pegs by Color
82 Object Assembly (Dog)
84 Spatial Memory
87 Laces Card
91 Completes Patterns
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Abstract: Understanding the type and frequency of current neonatal intensive care unit (NICU)
therapy services and predictors of referral for therapy services is a crucial first step to supporting
positive long-term outcomes in very preterm infants. This study enrolled 83 very preterm infants
(<32 weeks, gestational age mean 26.5 ± 2.0 weeks; 38 male) from a longitudinal clinical trial. Race,
neonatal medical index, neuroimaging, and frequency of therapy sessions were extracted from
medical records. The Test of Infant Motor Performance and the General Movement Assessment were
administered. Average weekly sessions of occupational therapy, physical therapy, and speech therapy
were significantly different by type, but the magnitude and direction of the difference depended upon
the discharge week. Infants at high risk for cerebral palsy based on their baseline General Movements
Assessment scores received more therapy sessions than infants at low risk for cerebral palsy. Baseline
General Movements Assessment was related to the mean number of occupational therapy sessions
but not physical therapy or speech therapy sessions. Neonatal Medical Index scores and Test of
Infant Motor Performance scores were not predictive of combined therapy services. Medical and
developmental risk factors, as well as outcomes from therapy assessments, should be the basis for
referral for therapy services in the neonatal intensive care unit.

Keywords: therapy services; preterm infants; therapy frequency; neonatal intensive care unit

1. Introduction

In 2020, the incidence of preterm birth (before 37 weeks of gestation) impacted one in
every ten infants born in the United States [1]. Compared with term infants, the medical
cost associated with preterm birth is almost doubled from birth to 2 years of age [2] and is
highest for those with early preterm births [3]. Rates of preterm birth differ by race and
ethnicity with the preterm birth rate at 14.4% among African American women, and 9.1%
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and 9.8% among white and Hispanic women, respectively [1]. Infants who are born preterm
are at a significantly higher risk of developmental disability including cerebral palsy,
intellectual disability, autism spectrum disorders, learning disabilities, and other general
developmental delays [4–7]. These risks, along with attention deficit hyperactivity disorder
(ADHD), brain injury, visual and hearing impairment, and cognitive impairment [8–14]
lead to the need for specialized services such as physical therapy (PT), occupational therapy
(OT), speech and language therapy services (ST), and special education services as well as
many other medical subspecialty services [15]. Developmental difficulties can appear as
early as term equivalent age, even before infants leave the Neonatal Intensive Care Unit
(NICU) [16–19].

Therapies consisting of physical, occupational, or speech–language therapies in the
NICU aim to improve the neurobehavioral, sensory, feeding behavior, state regulation, and
neuromotor function of infants who were born less than 37 weeks of gestational age [20].
The American Academy of Pediatrics (AAP) recommends specialized OT, PT, and ST
therapy services while infants are still in the NICU [21]. Each of these disciplines (OT,
PT, and ST) has specific competency recommendations for training in order to provide
specialized services to infants born preterm within the NICU [22–24]. There is evidence
that therapy interventions beginning in the NICU have benefits on motor skills, oral motor
skills, feeding volume, prevention of scapular–humeral tightness and shoulder retraction,
exploratory problem-solving behaviors, and can result in less asymmetry of reflexes and
movement [25–30]. Further, one systematic review demonstrates that parent-delivered
motor interventions, as guided by a physical or occupational therapist, may improve
both cognitive and motor outcomes in infants born preterm [30]. Engaging parents early
throughout the NICU stay fosters relationship building between a therapist and parent,
and provides parent education about the infant including how to developmentally support
the infant [31]. This engagement is especially important towards the end of the NICU stay
to support the transition from NICU to home.

Given the short and long-term developmental challenges associated with preterm
birth, there is increased emphasis on training therapists to deliver interventions to preterm
infants. Research on the effectiveness of targeted early interventions in the NICU is
needed but should be considered when compared with the current standard of practice.
Understanding the current state of therapy in the NICU, the type and amount of therapy
being administered as usual care, and which demographic, behavioral, and medical risk
factors are associated with access to therapy services will help with intervention research
and public policy. Despite the importance of these questions, to the best of our knowledge,
only one study to date has examined the type and frequency of therapy services provided
for preterm infants in a single-level IV NICU [32]. They found that all included preterm
infants in the NICU received OT and PT services, and 51% received ST [32]. Infants received
OT, PT, and ST therapy an average of between one to two times per week for each service.
Initial referral for PT or OT was due to positioning evaluation and intervention, then
the routine continuation of therapy services was noted at 30 weeks of gestational age [32].
Sicker infants (those on respiratory supports, who had sepsis, or had a brain injury) received
more therapy services before discharge and had an earlier initiation of OT and PT services.
ST services were initiated at 36 weeks, coinciding with feeding/swallowing issues [32].
Though PT, OT, and ST services had some overlap in their interventions, there was a clear
delineation between the services provided [32].

Here, we aim to add to this literature by using primary medical data that documented
the frequency of therapy visits between baseline assessment and NICU discharge for infants
born <32 weeks gestational age and who were part of the Supporting Play Exploration
and Early Development Intervention (SPEEDI2) clinical trial (NCT03518736). SPEEDI is
a three-arm randomized clinical trial, with participants enrolled at three sites. One arm
(SPEEDI_Early) provides an intervention that starts in the NICU and aims to provide an
enriched environment and increased opportunities for infant-initiated movements through
collaborative parent, therapist, and infant interactions during the first months of life [33].
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The objectives of this paper are to (1) describe the therapy services that very preterm
infants received in the NICUs and evaluate if the frequency or type of services changed over
time as infants moved closer to NICU discharge, and (2) evaluate if medical, behavioral, and
sociodemographic infant risk factors (race, NMI, TIMP score, abnormal GMA) influenced
amount or type of therapy services received in the NICU.

2. Methods

2.1. Recruitment and Consenting

Every infant admitted to participating Level IV NICUs during the enrollment period
was screened for eligibility. Initially, only infants <29 weeks of gestation were enrolled from
one of two hospitals; however, following the COVID-19 pandemic, the inclusion criteria
were changed to <32 weeks of gestation and a NICU stay of greater than 28 days. These
criteria are consistent with the state criteria for automatic eligibility for early intervention
ensuring all infants were eligible for the same early intervention services. In addition,
a community hospital with a level III NICU was added as an enrollment site, but all
infants enrolled were counted toward the primary site’s enrollment as all study visits were
completed by the primary hospital’s research team. Infants were offered enrollment if they
were between 35 and 42 weeks of gestation, medically stable, off invasive or non-invasive
ventilation, lived within 100 miles of the hospital, and spoke English. Exclusion criteria
included a diagnosis of a genetic syndrome or musculoskeletal deformity.

2.2. Sample

Participants included 83 infants (mean gestational age of 26.5 (2) weeks) enrolled in
a therapeutic clinical trial and were randomly assigned to one of 3 groups, Usual Care,
SPEEDI_early, and SPEEDI_Late (NCT02153736). While only the infants in SPEEDI_Early
were receiving NICU-based intervention visits, all 3 groups were monitored, and able to
continue their usual clinical care including therapy services (Table 1). The usual care group
received business-as-usual clinical care for the duration of the study, and the SPEEDI_Late
group received additional intervention after being discharged from the NICU. The com-
bined sample’s mean age at baseline assessment was 11.21 (3.57) weeks of chronological
age or 37.35 (4.61) weeks of gestation (Table 1). More than 50 percent were considered to be
at high risk for cerebral palsy or other neurodevelopmental disability based on having a
brain injury demonstrated on cranial ultrasound or poor repertoire, cramped synchronized,
or chaotic general movements at baseline. Of the participants, 46% percent were male, 52%
were Caucasian, 31% were Black, and 14% identified as more than one race. Three percent
identified as Hispanic (Table 1).

Table 1. Descriptives.

Total
(n = 83)

Usual Care
(n = 27)

SPEEDI—Early
(n = 27)

SPEEDI—Late
(n = 29)

High-Risk Strata 65% (54) 63% (17) 67% (18) 66% (19)

Low-Risk Strata 35% (29) 37% (10) 33% (9) 34% (10)

Gender (Male) 46% (38) 52% (14) 44% (12) 41% (12)

Race
Asian
Black/AA
White
Multiple
Unknown/Not Reported

1% (1)
31% (26)
52% (43)
14% (12)
1% (1)

4% (1)
33% (9)
44% (12)
19% (5)
0% (0)

0% (0)
26% (7)
63% (17)
11% (3)
0% (0)

0% (0)
34% (10)
48% (14)
14% (4)
3% (1)

Ethnicity
Hispanic/Latino
Not Hispanic/Latino
Not Reported

4% (3)
93% (77)
4% (3)

4% (1)
93% (25)
4% (1)

4% (1)
93% (25)
4% (1)

3% (1)
93% (27)
3% (1)
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Table 1. Cont.

Total
(n = 83)

Usual Care
(n = 27)

SPEEDI—Early
(n = 27)

SPEEDI—Late
(n = 29)

Gestational Age—Birth (Mean (Std)) 26.49 (1.99) 25.56 (1.42) 26.89 (2.03) 26.07 (2.36)

NMI
3
4
5

18% (15)
10% (8)
72% (60)

22% (6)
15% (4)
63% (17)

19% (5)
4% (1)
77% (21)

14% (4)
10% (3)
76% (22)

PSI (Mean (Std)) 1 64.05 (15.96) 63.17 (14.61) 62.39 (16.56) 66.24 (17.04)

Caption: Sample Descriptive Statistics. (1) Twenty-six (26) infants missing PSI score at baseline (9 in control,
9 in SPEEDI—Early, 8 in SPEEDI—Late); NMI = Neonatal Medical Index; PSI = Parent Stress Index—Short
Form; Std = standard deviation; AA = African American; and SPEEDI = Supporting Play Exploration and Early
Developmental Intervention.

2.3. Primary Outcome Measures

All outcome measures used in this analysis were part of the research protocol and
completed by highly trained research therapists. At baseline, the Test of Infant Motor
Performance (TIMP), General Movement Assessment, and an initial medical record review
were completed. Ongoing medical record reviews were completed by the site’s clinical
research coordinator who was familiar with the site’s medical record system. Each hospital
had similar policies for therapy documentation of any completed therapy visit.

Test of Infant Motor Performance (TIMP). The TIMP is an assessment of posture and
movement for infants from 32 weeks of gestational age to 4 months of corrected age ([34]
Campbell et al., 1995). Testing combines observation of spontaneous movements and
placement in various positions to assess activities such as head centering, reaching, finger
movements, and head and trunk control. The TIMP is a reliable and valid measure of motor
performance [35] and is sensitive to age-related changes (r = 0.83) [36].

Prechtl’s Assessment of General Movements (GMA). The GMA is a standardized,
noninvasive method of observation of spontaneous, complex movements to evaluate the
typical maturation of the nervous system [37]. Prior studies have shown high sensitivity
and specificity of the GMA to predict which children are at the highest risk for developing
cerebral palsy (CP) [38,39]. Videos were scored for writhing movements by a certified and
experienced investigator. Writhing movements were scored as normal or abnormal (poor
repertoire, cramp synchronized, or chaotic). We used GMA classification to identify which
infants were at high or low risk for CP for our risk strata variable.

Medical Record. Electronic medical records were reviewed weekly from the time of
enrollment to NICU discharge. Weeks were considered Sunday to Saturday and thus the
last Saturday the infant was in the NICU ended the final week of data extraction. If babies
were given a baseline assessment and discharged within 24 h, their data were not included
in the analysis. Data from full weeks were considered in all analyses. The length of NICU
stay after the baseline assessment ranged from 0 days to more than 100 days (median
14 days, range 0–110 days). However, only 2 infants were still in the hospital 10 weeks
after baseline; therefore, data provided in this paper are presented by week post baseline,
including the infants who were in the hospital the entire week (Table 2). The frequency
of sessions per therapy discipline was calculated and quantified based on the presence
of a therapy note describing the usual care intervention session in the documentation.
Neither site had a standard order set for therapy, so therapy visits were based on individual
physician referral. Medical, behavioral, and sociodemographic infant risk factors (race, sex,
NMI, and neuroimaging findings) were collected or calculated from the infant medical
records and parent report surveys.
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Table 2. Services Count All Weeks—Week of Discharge Removed.

OT Visits PT Visits ST Visits All Services

N Mean (Std) n Mean (Std) n Mean (Std) n Mean (Std)

Week 1 Post Enrollment 73 * 1.16 (0.99) 73 1.27 (0.96) 71 1.93 (1.28) 73 4.37 (2.19)

Week 2 Post Enrollment 51 1.37 (0.94) 51 1.45 (0.97) 51 2.75 (1.13) 51 5.57 (1.66)

Week 3 Post Enrollment 38 1.76 (1) 38 1.68 (0.9) 38 2.58 (1.24) 38 6.03 (1.99)

Week 4 Post Enrollment 28 1.96 (1.07) 28 1.71 (1.12) 28 2.29 (1.3) 28 5.96 (1.75)

Week 5 Post Enrollment 18 2.00 (0.77) 18 1.67 (0.84) 18 2.17 (0.92) 18 5.83 (1.54)

Week 6 Post Enrollment 13 2.00 (1.08) 13 1.62 (1.04) 13 1.77 (1.17) 13 5.38 (1.8)

Week 7 Post Enrollment 11 1.91 (0.94) 11 1.45 (0.69) 11 1.91 (1.38) 11 5.27 (2.69)

Week 8 Post Enrollment 9 1.89 (1.45) 9 0.89 (1.05) 9 1.00 (0.5) 9 3.78 (2.33)

Week 9 Post Enrollment 4 0.50 (0.58) 4 1.50 (0.58) 4 1.75 (1.26) 4 3.75 (2.06)

Caption: Services Count All Weeks—With Week of Discharge Removed. OT = occupational therapy; PT = physical
therapy; ST = speech therapy; Std = standard deviation. * A total of 10 babies were discharged within 24 h of
baseline assessment and had no opportunity for therapy services in the NICU.

2.4. Statistics

Service Type Over Time. To describe the therapy services that very preterm infants
received in the NICU, we fit a generalized linear model to the data for each week post
baseline in which the infant was in the NICU, utilizing a Poisson distribution to model
the mean number of services. The model included an effect for service Type (OT, PT, and
ST), the number of weeks since baseline (1 to 9), and the interaction between Type and
Week as well as a random effect for participant. We tested to see if we could treat Week as a
continuous variable (with the built-in assumption of linearity), as opposed to treating Week
as categorical (and thus a non-linear effect), and found that the less complex model using
Week as a continuous variable was sufficient (likelihood ratio = 2.99, 21 d.f., p = 0.9999).

Service Type Before Discharge. To specifically explore the weeks leading up to hospital
discharge, we fit a generalized linear model to the data for the three weeks prior to
discharge, utilizing a Poisson distribution to model the mean number of services. The
model included an effect for service Type (OT, PT, and ST), Discharge Relative Week (−3,
−2, −1), and the interaction between Type and Discharge Relative Week as well as a random
effect for participant. We tested to see if we could treat Week as a continuous variable
(with the built-in assumption of linearity), as opposed to treating Week as categorical (and
thus a non-linear effect), and found that similar to the above, the less complex model was
sufficient (likelihood ratio = 2.48, 3 d.f., p = 0.4789).

Predictors of All Services. To evaluate if sociodemographic, neurological function, or
medical risk factors, which can be measured by the medical team who make the referrals,
influenced access to therapy in the NICU, we refit the initial service model (“Service Type
Over Time”) described above and added in fixed effects for race (Caucasian yes/no),
baseline NMI, and GMA (normal/abnormal).

Predictors of Individual Services. In order to determine if medical risk or standardized
therapy assessment results influenced the frequency of individual therapy service, we
repeated the analysis by adding the TIMP, which is typically completed by therapists and
for each therapy service, rather than aggregate. We used three separate generalized linear
models (baseline NMI, baseline TIMP, and baseline GMA) of the data for the frequency
of therapy services from baseline through discharge or 9 weeks post baseline, whichever
was shorter, utilizing a Poisson distribution to model the mean number of services. The
models included a fixed effect for (NMI, TIMP, or GMA) as well as a random effect for
participant. Parameter estimates were examined and post hoc tests performed with a Tukey
HSD correction were calculated when relevant for pairwise comparisons (OT, PT, and ST).
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3. Results

3.1. Service Type

We fit a generalized linear model including an effect for service Type (OT, PT, and
ST), Week (one to nine), and the interaction between Type and Week as well as a random
effect for participant. The interaction effect for Type by Week was significant (F1,729 = 7.6,
p = 0.0005). This significant interaction indicates that services provided were significantly
different, but the magnitude and significance of the difference depend upon the discharge
week (Figure 1a.)

Figure 1. Service Types Over Time. Caption: Plots of the least square (LS) means for services over
time. (a) A plot of least square means for the generalized linear model including an effect for service
Type (OT, PT, and ST) and Week (1 to 9). (b) A plot of least square means for the generalized linear
model including an effect for service Type (OT, PT, and ST), only on the week of discharge and the
three weeks before discharge. OT = occupational therapy; PT = physical therapy; and ST = speech
therapy.

First, we focused only on the week of discharge and the three weeks before discharge to
see if therapy services increased to get infants ready to be discharged (means and standard
deviation, Table 3). In this model, the interaction effect for Type by Week was not significant
(F1,480 = 0.06, p = 0.9428) and the model was refit to exclude the interaction effect. The
Service Type effect was significant (F2,482 = 25.22, p < 0.0001) but the Week effect was not
significant (F1,482 = 0.34, p = 0.5622). Post hoc tests revealed that ST services are significantly
different from both OT (t482 = −5.61, adjusted p < 0.0001) and PT (t482 = −6.24, adjusted
p < 0.0001) services, but there was no difference between OT and PT (t482 = 0.65, adjusted
p = 0.7926) in terms of the frequency of services (Figure 1b).

Table 3. Services During Week of Discharge and Three Prior Weeks.

OT Visits PT Visits ST Visits

n Mean (Std) n Mean (Std) n Mean (Std)

3 Weeks Prior to Discharge 38 1.55 (1.01) 38 1.47 (0.95) 38 2.37 (1.17)

2 Weeks Prior to Discharge 51 1.63 (1.17) 51 1.55 (1.08) 51 2.33 (1.34)

1 Week Prior to Discharge 73 1.53 (1.11) 73 1.47 (0.9) 73 2.22 (1.2)
Caption: To specifically explore the weeks leading up to hospital discharge, we fit a generalized linear model
to the data for the three weeks prior to discharge, utilizing a Poisson distribution to model the mean number of
services. OT = occupational therapy; PT = physical therapy; ST = speech therapy; and Std = standard deviation.
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3.2. Predictors of All Services—Medical, Race, and Severity Strata/GMA

In examining the significant parameter estimates, we found that when holding all
things equal, infants at high risk for CP (abnormal GMA) received an average of 0.12 more
therapy sessions than did infants at low risk for CP (Table 4). In addition, while holding all
things equal, Caucasian infants received on average 0.11 fewer therapy sessions than did
non-Caucasian infants. The medical risk was non-significant (Table 4).

Table 4. Final Poisson Mixed Model Results.

Effect
Numerator
d.f.

Denominator
d.f.

F-Statistic p-Value
Adjusted Effect Size
Cohen’s f (95% CI)

Service Type 2 726 29.41 <0.0001 ** 0.279 (0.219, 0.344)

Week 1 726 0.33 0.5673 0 (0, 0.081)

Service Type*Week 2 726 7.79 0.0005 ** 0.136 (0.078, 0.203)

GMA 1 726 4.88 0.0276 0.073 (0.02, 0.143)

Baseline NMI Score 1 726 2.09 0.1491 0.039 (0, 0.115)

Caucasian 1 726 5.21 0.0228 * 0.076 (0.023, 0.146)

Caption: To evaluate if sociodemographic, neurological function, or medical risk factors, which can be measured
by the medical team who make the referrals, influenced access to therapy in the NICU, we refit the initial service
model (“Service Type Over Time”) described above and added in fixed effects for race (Caucasian yes/no), baseline
NMI, and GMA (normal/abnormal). * = p < 0.05; ** = p < 0.001. d.f = degrees of freedom; and CI = confidence
interval.

3.3. Predictors of Individual Services—Severity Strata/GMA

Baseline GMA was related to the mean number of OT sessions over the 9 weeks of
NICU time (t54 = 2.86, p = 0.006). Examination of the parameter estimate for GMA indicates
that infants who had an abnormal baseline GMA had a higher mean number of OT sessions
(0.51 more). The baseline GMA score was not statistically significantly associated with PT
sessions (t64 = 0.08, p = 0.9356) or ST sessions (t60 = 0.02, p = 0.9827).

3.4. Predictors of Individual Services—Baseline NMI

Baseline NMI was related to the mean number of OT sessions over the nine weeks of
NICU time (t64 = 3.19, p = 0.0022). Examination of the parameter estimate for NMI indicates
that as the baseline NMI score increases, the mean number of OT sessions increases. With
regards to the mean number of PT sessions, the baseline NMI score is not statistically
significantly associated with PT sessions (t64 = −1.07, p = 0.2894). With regards to the
mean number of ST sessions, we see that baseline NMI is related to the mean number of
ST sessions over the 9 weeks of NICU time (t889 = −2.16, p = 0.0346). Examination of the
parameter estimate for NMI indicates that as the baseline NMI score increases, the mean
number of ST sessions decreases.

3.5. Predictors of Individual Services—Baseline TIMP

The baseline TIMP score was not associated with the mean number of OT sessions
(t44 = −0.74, p = 0.4643), the mean number of PT sessions (t53 = 0.08, p = 0.9379), or the
mean number of ST sessions (t889 = 0.03, p = 0.9795).

4. Discussion

This study found that services provided in the NICU were significantly different by
type, but the magnitude and significance of the difference depended upon the time since
enrollment week. Across weeks 1–9, OT and PT services increased over time, and ST
decreased over time when the NICUs were combined. In weeks 1–6, infants received the
most ST services, and in weeks 7–9 infants received the most OT services. Considering
that the median length of stay was 14 days after the baseline assessment, the infants who
remained in the NICU after 6 weeks were likely to have had a new onset of medical
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instability, prolonged feeding difficulty warranting placement of a G-tube, and reduced
attempts at oral feeding, thus requiring less ST. However, the prolonged admission and
increasing age are consistent with the need for more intervention focusing on social and
play interaction that may have been provided by OT. Given the nature of the data used
in this analysis, we are unable to determine the impact of medical stability and feeding
outcomes.

In the three weeks leading up to discharge (Table 3), ST services were significantly
greater than both OT and PT services, but there was no difference between OT and PT in the
frequency of services. Infants at high risk for CP based on an abnormal GMA received more
combined therapy sessions than did infants at low risk for CP. This relationship seemed
largely driven by the mean number of OT sessions as the baseline GMA score was not
statistically significantly associated with the number of PT or ST sessions. As the baseline
NMI score increased, the mean number of OT sessions increased, PT sessions were not
changed, and the mean number of ST sessions decreased. The baseline TIMP score was
not associated with the mean number of OT, PT, or ST sessions. These findings must be
considered within the context of the data, and NICU admission and staffing. The data
reflect documented visits for clinical care. However, in acute care hospitals, the focus of
therapy is often on supporting the discharge process for all patients resulting in staffing
being pulled from the NICU to other areas to ensure discharge of older patients is not
delayed. Thus, data on the planned or recommended therapeutic dose by the clinical care
team are not included in this analysis; only data on the delivered sessions were analyzed.
In addition, a portion of this study was completed during the COVID-19 pandemic, which
influenced many aspects of care, from staffing to visitation in NICUs [40].

Our findings support the work of Ross et al. [32] by demonstrating that OTs, PTs,
and STs have a role in providing therapeutic interventions early in gestation to high-risk
infants in the NICU with concurrent medical interventions. The previous study found
that sicker infants (those on respiratory supports, who had sepsis, or had a brain injury)
received more therapy services before discharge and had an earlier initiation of OT and
PT services. Our paper adds to this by showing that an abnormal GMA (a predictor of
high risk for developing cerebral palsy) is also associated with more therapy services in the
NICU and that NMI and TIMP scores are not within this sample. It should be noted that
this paper [32] started collecting data earlier than the current study (30 weeks vs. 35 weeks
of gestation).

Although infants at high risk for CP based on an abnormal GMA received more
therapy sessions than did infants at low risk for CP, when looking at the service type, this
relationship was only significant for the number of OT sessions. Similarly, the baseline
NMI score predicted greater OT sessions only. The baseline TIMP score was not associated
with the mean number of any type of therapy session. These results highlight the lack of
valuable clinical and developmental information being used to guide therapy referrals.
While GMA is well known as a strong predictor of CP, the TIMP score has also been
associated with longitudinal cognitive, motor, and language outcomes [41]. The TIMP
could be uniquely important for guiding the referral of PT services—a less consistently
utilized profession in this sample—with content expertise in motor development, motor
disorders, and movement therapies. The lack of relationship seen in this study could also
be related to the earlier onset of PT in the NICU prior to the baseline for this study. Thus
the family may have already received training and information for PT clinically.

The number of staff per bed in a NICU can vary depending on the level of NICU and
location of the NICU within the U.S. [42]. The adequate number of full-time therapists in a
Level III/IV NICU with high acuity can be determined via a formula developed by Craig
and Smith [43]. Ross et al. [32] reported a level of adequate coverage of a high acuity Level
IV NICU according to this formula. In a national survey of NICUs, 97% of Level-IV NICUs
and 83% of Level-III NICUs reported having dedicated therapy teams [42]. Based on this
previous work, it may be feasible to increase therapy services for children who need it,
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particularly OT and PT services given that ST sessions occurred most frequently within
three weeks of discharge in our sample.

Limitations

This study had some limitations which should be considered. Data were collected
manually through weekly review of the medical record, and it is possible that we may
have missed valuable information that was not documented in the medical record (e.g.,
therapist speaking with parents at a non-scheduled visit or reasons for missed therapy
visits such as medical instability). Further, we did not document therapy coverage for
the NICUs (i.e., how many therapists per discipline provide services), or the individual
hospital distribution of roles and responsibilities between therapy disciplines. Moreover,
we did not collect the recommended frequency of therapy services by each discipline, and
staffing may have impacted the actual frequency, which may not have been consistent with
the recommended amount in each case. This study also did not track parent presence in
therapy sessions, which impacts the efficacy and carryover of therapy services. We did not
record the duration of therapy sessions, or exactly what a therapist did in any given session.
Data were not collected regarding the timing to full oral feeds, which is likely highly related
to the need and timing of therapy services. These data may not be representative of other
types of NICU settings or for samples with different socio-demographic compositions.
Future work may compare referral practices to elucidate optimal referral protocols for the
best service outcomes. Our work highlights that improvement is still needed in utilizing
medical and developmental risk factors, as well as outcomes from therapy assessments, as
the basis for referral for therapy services in the NICU.

5. Conclusions

This study found that services provided in the NICU were significantly different by
type, but the magnitude and significance of the difference depended upon the time since
enrollment week. Our study adds to previous research by demonstrating that an abnormal
GMA (a predictor of high risk for developing cerebral palsy) is associated with more therapy
services in the NICU, and that NMI and TIMP scores are not. These results highlight the lack
of valuable clinical and developmental information being used to guide therapy referrals.
The clinical impact of this work recommends that medical and developmental risk factors,
as well as outcomes from therapy assessments, should be the basis for referral for therapy
services in the neonatal intensive care unit.
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Abstract: Parents commonly seek information about infant development and play, yet it is unclear
what information parents find when looking in popular sources. Play, Milestone, and Development
Searches in Google identified 313 sources for content analysis by trained researchers using a stan-
dardized coding scheme. Sources included websites, books, and apps created by professional organi-
zations, commercial entities, individuals, the popular press, and government organizations/agencies.
The results showed that for popular sources: (1) author information (i.e., qualifications, credentials,
education/experience) is not consistently provided, nor is information about the developmental
process, parents’ role in development, or determining an infant’s readiness to play; (2) milestones
comprise a majority of the content overall; (3) search terminology impacts the information par-
ents receive; (4) sources from the Milestone and Development Searches emphasized a passive ap-
proach of observing developmental milestones rather than suggesting activities to actively facilitate
learning and milestone development. These findings highlight the need to discuss parents’ online
information-gathering process and findings. They also highlight the need for innovative universal
parent-education programs that focus on activities to facilitate early development. This type of
education has potential to benefit all families, with particular benefits for families with children who
have unidentified or untreated developmental delays.

Keywords: child development; internet; infancy; parenting practices; play and playthings; health
education; information seeking; content analysis; milestones

1. Introduction

A key problem in pediatric rehabilitation is the lack of provision of early intervention
(EI) services to young children requiring those services to mitigate developmental delays.
Less than 10% of eligible children receive EI services in the United States [1,2]. Traditional
approaches to address this challenge include working within the medical and EI systems to
improve surveillance, screening, assessment tools, and procedures, as well as addressing
barriers to service provision [3–7]. In parallel, we propose that an innovative and effective
way to address this challenge would be through the development of high-quality universal
education programs that teach parents how to engage and support infants in ways shown
to promote learning and development. Universal parent education programs that provide
information via the sources parents prefer to access have the potential to positively impact
parental knowledge [8], parent–child interaction [9,10], child development [11], and discus-
sions between parents and care providers [12]. These outcomes would be beneficial for all
children, while being especially beneficial for children with unidentified and/or untreated

Behav. Sci. 2023, 13, 429. https://doi.org/10.3390/bs13050429 https://www.mdpi.com/journal/behavsci192



Behav. Sci. 2023, 13, 429

developmental delays. This study analyzes the existing content universally available to par-
ents in popular sources to identify what information is already being shared with parents
and to determine whether this information aligns with current developmental science.

Parental knowledge about infant development was originally defined as a “parent’s
understanding of developmental norms and milestones, processes of child development,
and familiarity with caregiving skills” (p. 1187, [13]). This definition continues to be used
today [14,15]. Parental knowledge is positively related to parent–child interaction [16–19]
and infant development [13,14,20]. These relations have been demonstrated among parents
of differing ages [14], varying socioeconomic status [16], across cultures [15,21,22], and
with infants with typical development as well as those born preterm and at increased risk
for developmental delay [20]. Importantly, there is the potential to improve parental knowl-
edge [8], parent–child interaction [10,23,24], and infant development [11,25,26] through
parent education interventions [27,28].

In contrast to developmental knowledge, parental knowledge about infant play has
not been as thoroughly studied. Damast, Tamis-LeMonda, and Bornstein determined that
mothers who had greater knowledge about play were more likely to offer higher-level
play activities for their young children, potentially leading to advanced development [29].
Parents who participated in an early positioning and handling education program with
their infants had infants who demonstrated short-term advances in prone skills and longer
term advancements in crawling, standing, and walking compared to a control group [11].
Similarly, educating parents to encourage infants’ general arm movements (i.e., using wrist
tethers to control toys) advanced the ability to reach for objects in two-month-olds with
typical development [30]. Thus, parental knowledge about play and the information that
parents receive about how to interact with their infants can impact parent–child interaction
and infant development.

Parents and pediatric clinicians actively seek information about infant development
and play [31]. In a national survey of 2200 parents conducted by Zero to Three®, most
parents agreed that new research about child development could improve their parenting;
about half of the parents wanted more information about how to be a better parent and/or
wished they had known more about brain development when their child was younger [32].
Pediatricians and other pediatric clinicians often recommend resources about infant devel-
opment and play to parents [12,31,33,34]. In a survey of 112 parents of children under two
years of age, a majority of parents reported searching for information about development
(88.4%) or play (68.8%). Similarly, a majority (92.8%) of the 138 EI clinicians surveyed
reported recommending resources about infant development and play to parents [31].
Importantly, parents exposed to the Learn the Signs Act Early Campaign by the Centers for
Disease Control (CDC), a program that aims to help families learn about and participate in
developmental surveillance and improve early identification of delays [35], had a greater
understanding of milestones and engaged in more discussion about development during
pediatrician visits [12,36]. These findings suggest that the education that parents receive
about development and play may also impact the way that parents engage with healthcare
providers, which may impact the early identification of delays.

Parents around the world have reported using the internet and other mass media
to find information about infant development [31,37–39]. In a systematic review, Kubb
et al. identified that there is a high prevalence of parents using the internet to find health
information, including information about specific health conditions, treatment options, and
general health information about their children [40]. Notably, the authors describe that
“Google was the most common starting point for general health information” (p. 177, [40]).
In addition to internet searches, parents also turn to books and mobile applications (apps)
for parenting advice [32] and information about infant development and play [31]. It is
important for pediatric clinicians to understand the content that parents encounter when
searching for information about infant development and play.

Content analyses provide insight into the resources that are available for a target
population and can provide recommendations for improved future content creation. For
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instance, to determine if the needs of parents of children with cerebral palsy were being
appropriately addressed, Lau S.K. examined the content on cerebral palsy agency websites
and concluded that the agency websites were meeting the needs of parents [41]. Only
two content analyses have evaluated the information available to parents regarding infant
development, and none have evaluated content regarding infant play. Williams et al. ana-
lyzed sources discovered after searching Google and Yahoo search engines for information
about child development, parenting, and developmental milestones [42]. The authors
reviewed 44 websites and described the accuracy of their content in comparison to the
American Academy of Pediatrics’ book, From Birth to Five Years. They concluded that many
of the resources reviewed were accurate, yet they often lacked clarity, were incomplete, or
were difficult to navigate. Dewitt et al. evaluated the functionality and content of apps
about development from birth through 5 years [43]. They found that few app development
teams described the inclusion of a subject matter expert, and only 15% of the apps included
content about developmental milestones. Overall, little is known about the information
parents may encounter when they look to popular sources for information about infant
development and play. This study aimed to fill that knowledge gap by systematically
evaluating the content of popular sources about infant play, milestones, and development
available to parents searching in the United States (US). Specifically, we aimed to describe:
(1) the types of sources available and the authors of these materials; (2) the source content
(i.e., number of play activities, milestones, and toys suggested); (3) the information shared
with parents regarding developmental processes, the role that parents play in development,
and how to determine when an infant is ready to play. These data were collected to describe
the information available to parents as well as to identify whether the information pre-
sented emphasizes infants’ daily experiences and environment in a manner that aligns with
current developmental theories. An understanding of the educational materials currently
available is critical to evaluate the need for and to inform the development of early parent
education programs that can serve as innovative, universal rehabilitation tools to benefit
all children with specific benefits for children with or at risk for developmental delays.

2. Materials and Methods

2.1. Source Selection

Searches were conducted using the Google search engine between October 2019 and
March 2021 with the following search phrases: (1) “How to play with baby” (i.e., referred
to in this paper as the Play Search); (2) “Baby milestones first year” (i.e., the Milestone
Search); or (3) “Your baby’s development first year” (i.e., the Development Search). Each
search was conducted one time during this period. The search terms were selected to
replicate searches that a parent may perform. The search results included videos, websites,
books, and apps and were saved and exported as a CSV file using the SEOquake plugin
(Boston, MA, USA) for Google Chrome. The top 150 results from each search were screened
based on the inclusion and exclusion criteria described below. We selected 150 as our
cut-off for screening based on the decreased relevance of the search results between 100
and 150. Sources were included in the content analysis if they: (1) involved infants within
the 0–12-month age range; (2) were written in English; (3) included content related to infant
development and/or play (examples of sources that did not meet this inclusion criterion
were keepsake items, growth charts, and sources with only feeding or nutrition content).
Sources were excluded if they: (1) were not accessible; or (2) only served a commercial
purpose (i.e., promoting a product). Content for each source that met the screening criteria
was archived at the time of screening for future analysis. In addition, sources that parents
reported referencing for information about infant development and play from an online
survey (n = 112 participants) conducted by the authors were also screened [31]. Parents
were specifically asked to list examples of sources they had accessed for information about
infant development or play. We included these sources in our screening process to ensure
that our content analysis broadly represented sources accessed by parents.
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Our initial search (between October 2019 and March 2021) resulted in 268 sources.
To ensure the sample reflected current information, the content for these sources was
reviewed in November 2022, and recoding was performed in cases where a new edition
was published for a book or where content had been altered for a website. We found that
only 19 sources (7.06% of the total number of sources) had modified content; 25 sources
(9.33% of the total) had updated the date the source was last reviewed without changing
any of the relevant content. The updated coding for the 19 sources with modified content
resulted in changes to only 3.6% of the play activities recommended, 2.47% of the milestones
listed, and 1.61% of the toys recommended, suggesting that this content remains relatively
stable across time. To further update the dataset, we also repeated the Play, Milestone, and
Development Searches in September of 2022. We screened the top 50 results from each
search for inclusion in order to identify examples of the most relevant additional sources.
We added an additional 22 Play, 8 Milestone, and 14 Development sources (44 total) to the
content analysis from this more recent search.

2.2. Content Coding Procedures

The codebook was developed by a team of experts in child development and early in-
tervention (Supplementary Materials S1). It aimed to gather information about each source,
including information about the authors and about the depth and type of information
within each source. The source type was classified as book, website, or app. The author type
was classified as commercial entity, government organization/agency, individual, popular
press, or professional organization. Author credentials were coded as being present if there
was a description of the degree(s) (e.g., PhD, MD, RN, LSW), certifications, or licenses
earned by the author. Author qualifications were coded as being present if there was a
description about the author’s experience or expertise, including being a parent. Although
sources from professional organizations did not often identify the authors of their content,
we credited them as having provided credentials and qualifications based on the noted
affiliation with the professional organization. Author education/experience was coded based
on descriptions provided within the sources as falling into the categories of early childhood
education, healthcare, human services (e.g., social worker, therapist, psychologist), parental
experience, other (e.g., media relations, editor), or unspecified (e.g., listing “Dr.” without
further description); multiple selections were possible.

The depth (i.e., amount of content) and type of information within each source was
comprised of the inclusion (1 = yes, 0 = no) of play activities, milestones, and toy recom-
mendations as well as the quantity (i.e., the count of all of the play activities, milestones,
and toy recommendations described within the source). A play activity was defined as
something that a person could do with an infant or something that the infant could do on
their own (e.g., hold your baby and dance to their favorite song; give your baby a container
filled with scarves and toys and let them explore; talk with your baby). If multiple activities
were described within one sentence, each activity was coded separately. A milestone was
defined as a behavior that an infant would be expected to perform by a specified time-
point (e.g., your baby will sit without support by nine months). A toy recommendation
was coded when an object was recommended to parents for use by the infant or parent
(e.g., rattles, spoons, plastic water bottles, scarves, books).

We also coded whether the source shared information about: (1) developmental pro-
cesses (i.e., information describing how development happens, such as developmental
theories or factors influencing development); (2) a parent’s role in development (i.e., in-
formation describing the role that parents can play in impacting developmental outcomes
for their infants); (3) how to determine if an infant is ready to play (i.e., directing parents
to infants’ signs of readiness to play signs or signs of overstimulation). Any text related
to these topics was copied into the coding files. Text content related to the developmental
process, parents’ role in development, and infants’ readiness to play was independently
evaluated for themes by two researchers. The researchers then converged to review, discuss,
and come to agreement about the emergent themes from this coding.
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The content for each source was coded in Google Sheets by research assistants trained
to reach greater than 90% inter-rater agreement. The content within each source was coded
by two independent coders. The primary coder first extracted and coded all relevant
information from the source. The secondary coder then coded the relevant material from
the same source and added any material that may have been missed. The primary and
secondary coding sheets were compared using a custom MATLAB program (Natick, MA,
USA). Only 8.28% of the data were found to disagree. All disagreements were reviewed
by the first, second, or third author, all of whom were involved in developing the coding
scheme or a senior research assistant with additional training. The review involved re-
turning to the source content to ensure the accuracy and completeness of the dataset. The
final data (Supplementary Materials S2) were then compiled and stored in a custom Claris
FileMaker Pro (Cupertino, CA, USA) relational database.

2.3. Statistical Analysis

Data were analyzed using descriptive statistics, including frequencies and percentages.
The source medium, author type, author credentials, and author qualifications were de-
scribed as a percentage of the total number of unique sources (i.e., eliminating redundancies
in cases where a source was encountered through more than one search) in order to describe
the materials available to parents as a whole. In contrast, since one purpose of this study
was to characterize the information parents would encounter from each type of search
(i.e., Play, Milestone, or Development), when analyzing author education/experience and
outcomes related to depth and type of information, data from individual sources that were
found through more than one search type (n = 47, 15.01% of all sources) were included in
the analyses for each of their associated searches.

Statistical analyses were conducted using SPSS version 29 (Armonk, NY, USA). To de-
termine whether author characteristics and information shared varied based on the search
type (i.e., Play, Milestone, or Development), Pearson’s Chi-Square Test of Independence
was used to evaluate whether there were relations between search type and: (1) author type;
(2) author credentials; (3) author qualifications; (4) the inclusion of source content (i.e., play
activities, milestones, and toy recommendations); (5) the inclusion of information related to
developmental process, parent’s role in development, and readiness to play; (6) themes
identified related to developmental process, parent’s role in development, and infant readi-
ness to play. To determine whether the authors of the content from the Play, Milestone, or
Development Searches differed, relations among author education/experience and the type
of search conducted were evaluated with Fisher’s Exact Test. Author education/experience
was a multiple selection variable (e.g., parental experience and healthcare). Only author
education/experience combinations with greater than five responses in total among the
Play, Milestone, and Development Searches were included in analyses. Fisher’s Exact Test
accounts for instances when the observed frequency of an author education/experience
variable was greater than five overall but less than five within a specific search (i.e., Play,
Milestone, or Development). The significance level was set to alpha = 0.05. Post-hoc anal-
yses were conducted using standardized adjusted residuals and Bonferroni adjustments
with the null hypothesis that all observed values were equally distributed [44–46].

3. Results

The Play Search resulted in 122 sources published between 1995 and 2022 (median:
2019). The Milestone Search resulted in 126 sources published between 2005 and 2022
(median: 2019). The Development Search resulted in 112 sources published between 2000
and 2022 (median: 2020). In total, 313 unique sources were analyzed; 47 sources were found
through more than one search. Examples of the sources reviewed included books, such as
Your Baby’s First Year by the American Academy of Pediatrics [47] and What to Expect the First
Year by Heidi Murkoff [48]; websites, such as Pathways.org® [49], ZerotoThree.org® [50],
BabyCenter.com® [51] (accessed on 5 April 2023), and Learn The Signs Act Early by the
Centers for Disease Control and Prevention [52]; and apps, such as BabySparks® [53] and
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Kinedu® [54]. The complete list of sources reviewed is available within the final data
(Supplementary Materials S2).

3.1. Description of the Sources
3.1.1. Source Medium and Author Type

The majority of the sources (n = 289, 92.33%) were websites which may be a reflection
of the search process being conducted online. However, books (n = 14, 4.47%) and apps
(n = 10, 3.19%) discovered through online searches and/or through the parent survey were
also included. Of the 313 unique sources, most were created by professional organizations
(n = 176, 56.23%), followed by commercial entities (n = 50, 15.97%), individuals (n = 42,
13.42%), the popular press (n = 33, 10.54%), and government organizations/agencies (n = 12,
3.83%). Within each search type, most of the sources were from professional organizations
(Play: n = 51, 41.80%; Milestone: n = 85, 67.46%, Development: n = 76, 67.86%). There
was a significant relation between the type of search conducted and the author type
(X2(8) = 38.77, p < 0.001). Individual authors were significantly more likely to create content
discovered from the Play Search (Z = 4.97, p < 0.001) while professional organizations
were significantly less likely to create content discovered from the Play Search (Z = −4.72,
p < 0.001).

3.1.2. Author Credentials, Qualifications, and Education

Of the 313 unique sources, author credentials (n = 213, 67.73%) and author qualifica-
tions (n = 225, 71.88%) were often included. There was a significant relation between the
search type and the presence of author credentials (X2(2) = 11.75, p = 0.003) and qualifica-
tions (X2(2) = 47.30, p < 0.001). Author credentials were significantly less likely to be present
in the sources discovered in the Play Search (Z = −3.41, p < 0.001). Author qualifications
were significantly more likely to be present in the sources from the Milestone (Z = 3.33,
p < 0.001) and Development Searches (Z = 3.6, p < 0.001) and less likely to be present in the
sources from the Play Search (Z = −6.87, p < 0.001).

Author education/experience was reported by 137 sources (38.02% of the unique
sources), and there were 17 combinations of author education/experience selections
(Supplementary Materials S3). Healthcare education/experience was most frequently re-
ported (n = 54, 39.42%), followed by healthcare and parental education/experience (n = 15,
10.95%) and parental experience and other (n = 11, 8.03%). Sources authored by individuals
from healthcare were often discovered in the Milestone (n = 22, 52.38%) or Development
(n = 19, 48.72%) Searches. Authors who were described solely as parents were only 5.11%
of the sample (n = 7) and were most often discovered from the Play Search (n = 6, 85.71%).
Interestingly, authors who identified as parents with healthcare education/experience were
discovered most often from the Play Search (n = 10, 66.67% of healthcare and parents). Only
healthcare, healthcare/parent, parent/other, early childhood education, human services,
parent, parent/human services and “other” received greater than five total responses and
were therefore included in the analyses. There was a significant relation between search
type and author education; Fishers Exact test (X2(14) = 30.09, p = 0.002) and post-hoc
analyses identified that individuals with healthcare education/experience were less likely
to have authored sources from the Play Search (Z = −3.22, p = 0.001).

3.2. Description of the Source Content
3.2.1. Inclusion of Play Activities, Milestones, and Toy Recommendations

The presence of play activity, milestone, and toy recommendation content was evalu-
ated within each search type. Play activity content was found within 95.90% (n = 117) of
the sources from the Play Search, 41.27% (n = 52) of the sources from the Milestone Search,
and 59.82% (n = 67) of the sources from the Development Search. There was a significant
relation between the presence of play activity content and the search type (X2(2) = 85.30,
p ≤ 0.001). Post-hoc analyses identified that sources discovered from the Play Search were
significantly more likely to include play activity content (Z = 8.68, p < 0.001), while sources
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from the Milestone Search were significantly less likely to include play activity content
(Z = −7.12, p < 0.001).

Milestone content was found within 65.57% (n = 80) of the sources from the Play
Search, 98.41% (n = 124) of the sources from the Milestone Search, and 94.64% (n = 106)
of the sources from the Development Search. There was a significant relation between
the presence of milestone content and the search type (X2(2) = 65.78, p ≤ 0.001). Post-
hoc analyses identified that sources discovered from the Development and Milestone
Searches were significantly more likely to include milestone content (Development: Z = 3.15,
p = 0.002; Milestone: Z = 4.95, p < 0.001), while sources from the Play Search were signifi-
cantly less likely to include milestone content (Z = −8.07, p < 0.001).

Toy recommendations were found within 90.16% (n = 110) of the sources from the
Play Search, 42.86% (n = 54) of the sources from the Milestone Search, and 58.93% (n = 66)
of the sources from the Development Search. There was also a significant relation between
the presence of toy recommendations and the search type (X2(2) = 61.86, p ≤ 0.001). Post-
hoc analysis identified that sources discovered from the Play Search were significantly
more likely to include toy recommendations (Z = 7.43, p < 0.001), while sources from the
Milestone Search were significantly less likely to include them (Z = −6.1, p < 0.001).

3.2.2. Quantity of Play Activities, Milestones, and Toy Recommendations

The Play Search had a total of 5064 combined items (2254 play activities, 1551 mile-
stones, 1259 toy recommendations), the Milestone Search had 10,085 combined items
(1377 play activities, 7898 milestones, 810 toy recommendations), and the Development
Search had 8854 combined items (1602 play activities, 5650 milestones, 1602 toy recommen-
dations; Figure 1).

Figure 1. Number of play activities, milestones, and toy recommendations identified in the content
from the Play, Milestone, and Development Searches. Box and whisker plots with the horizontal line
denoting the median, X indicating the mean, and the bottom and top borders of the box representing
the first and third quartiles. The whiskers extend to the minimum and maximum values while
additional points indicate outliers that are greater than 1.5 times the interquartile range.

3.3. Description of the Content Related to Developmental Process, Parents’ Roles in Development,
and Infants’ Readiness to Play

Information about the developmental process was present in 37.70% (n = 46) of the
sources from the Play Search, 49.21% (n = 62) of the sources from the Milestone Search,
and 38.39% (n = 43) of the sources from the Development Search. There was no significant
relation between the presence of information about developmental process and the search
type (p = 0.122).
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Information about parents’ role in development was present in 46.72% (n = 57) of the
sources from the Play Search, 41.27% (n = 52) of the sources from the Milestone Search,
and 35.71% (n = 40) of the sources from the Development Search. There was no significant
relation between the presence of information about parents’ role in the development and
the search type (p = 0.233).

Information about infant readiness for play was present in 22.13% (n = 27) of the
sources from the Play Search, 7.94% (n = 10) of the sources from the Milestone Search, and
8.93% (n = 10) of the sources from the Development Search. There was a significant relation
between the presence of information about infant readiness to play and the search type
(X2(2) = 13.44, p = 0.001). Post-hoc analysis identified that sources discovered from the Play
Search were significantly more likely to include information about infant readiness for play
(Z = 3.66, p < 0.001).

The themes identified in the content regarding developmental process, parents’ roles,
and infants’ readiness to play can be seen in Figure 2. Among the developmental process
themes, three varied in relation to the search type. There was a significant relation between
the type of search and the presence of information stating that milestones occur at their own
pace (X2(2) = 35.20, p < 0.001). Post-hoc analyses identified that sources from the Milestone
Search were more likely to include this theme (Z = 5.61, p < 0.001), while sources from the
Play Search were less likely to include it (Z = −4.6, p < 0.001). There was also a significant
relation between the search type and the theme that infants learn through play (X2(2) = 28.78,
p < 0.001), which was more likely to be present in sources from the Play Search (Z = 5.31,
p < 0.001) and less likely to be present in sources from the Milestone Search (Z = −3.43,
p < 0.001). Further, there was a significant relation between the search type and content
about development occurring in a specific order (X2(2) = 9.75, p = 0.008), with post-hoc analyses
identifying that sources from the Milestone Search were more likely (Z = 2.63, p = 0.009)
and sources from the Play Search were less likely (Z = −2.83, p = 0.005) to discuss this.

Figure 2. Themes identified in the information shared with parents. The percentage of sources from
the Play, Milestone, and Development Searches that mentioned each theme identified regarding the
developmental process, parents’ role in development, and infant readiness to play; themes are shown
from highest to lowest rate of occurrence within these topic areas. * Denotes significant findings.
PCP = Primary Care Provider.
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Within the themes related to the parents’ role in development, one varied in relation
to search type. There was a significant relation between the search type and the theme
that parents should identify or discuss concerns about development with their child’s primary care
provider; X2(2) = 27.26, p < 0.001). Sources from the Milestone Search were more likely
(Z = 4.77, p < 0.001) to include information about the importance of identifying and bringing
up concerns with the primary care provider, while sources from the Play Search were less
likely (Z = −4.32, p < 0.001) to include this information.

4. Discussion

There were several interesting findings from this content analysis of the popular
sources of information available to parents searching for education about infant play,
milestones, and development. Information was shared with parents via a variety of
media, including websites, books, and apps. While author credentials or qualifications
were provided in most cases, for about a third of the content, it remained unclear who
authored the materials and/or what qualified them to do so. Moreover, author’s education
or experience was described for just over a third of the sources. Information about the
developmental process and about parents’ roles in development was shared in less than
half of the sources, and information about determining whether an infant was ready to play
or overstimulated was provided in less than a quarter of the sources. Below, we discuss the
key findings of the content analysis along with their implications.

An important novel finding from this content analysis is that, overall, parents who
perform searches such as the ones conducted here are most likely to learn about mile-
stones when looking for information about infant play, milestones, and development.
Milestones outnumbered play activities by about three to one and toy recommendations by
about four to one across all of the content analyzed. Developmental science is a relatively
new scientific field, and its early decades focused primarily on documenting develop-
mental products—noting which behaviors emerged and the timeline in which they were
observed [55–57]. More recent decades have been marked by efforts to better understand
the processes through which developmental milestones emerge [57–59]. Parent education
programs have existed in the US for almost as long as the field of developmental science
itself. For example, the Parent Teacher Association (PTA) was founded in 1897 and has
published a variety of materials to educate parents [60]. The preponderance of milestones
in the educational materials available to parents may reflect that the content is delayed in
keeping pace with the science of development.

Another novel finding from this study is that parents will likely encounter distinct
types of information created by different groups of authors when they perform searches
for information specifically about infant play, milestones, or development. When seeking
information about infant play using search terms such as those employed in this study,
parents are likely to find information about play activities they can engage in with infants
and recommendations for toys and common objects to use in play. On the contrary, when
seeking information about milestones using search terms such as those employed in this
study, parents are likely to encounter lists of developmental milestones infants are expected
to achieve. Interestingly, if parents search for information about infant development
using search terms such as those employed in this study, the content closely mirrors that
found through the Milestone Search. This perpetuates the concept that development is
characterized by the milestones that infants achieve rather than the processes involved in
supporting the development of those milestones [56]. Historically, infant development has
been widely defined as a series of changes in developmental milestones [55,61], but it is
now recognized that infant development is a cascading process that is shaped by a variety
of factors, including environmental factors and experiences [62]. Current developmental
theory and interventions aimed at advancing development acknowledge that factors such
as early experiences [63], postural stability [64], and the environment [65] (e.g., the physical
environment [66] and parent–child interaction [67]) can serve as drivers for developmental
change. With a strong focus on milestones and less focus on activities and objects that can
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be used to drive the advancement of those milestones, popular sources share information
that reflects an outdated view of development and misses the opportunity to educate
parents about how to promote development for young children.

The results of this study are the first to our knowledge to highlight that, although some
healthcare professionals have developed educational content for parents of young children
that is accessible via online searches (i.e., they authored about a quarter of the sources
reviewed), the content created by healthcare providers and other authors should be updated
to reflect more current, empirically supported developmental theories [62,68,69]. Those
with healthcare education/experience were more likely to author content that was found
through the Milestone Search. Importantly, this content primarily listed developmental
milestones and advised parents to observe for these milestones as they occur at their own
pace and in a specific order. This approach reflects more outdated developmental theories,
such as neural-maturation theory, that focused on the typical progression of milestone
emergence with a primary driver, such as maturation of the nervous system, causing those
changes [56]. Further, content from the Milestone Search was less likely to include play
activity suggestions, to recommend toys, or to highlight that infants learn through play.
Therefore, like more outdated developmental theories, this content placed less emphasis
on the infant’s environment and daily experiences. One potential benefit of this content
was that it was more likely to advise parents to communicate with their primary care
providers should they note delays in the emergence of developmental milestones. This
may support the early identification of delays and utilization of EI services, as children
whose parents have developmental concerns may be more likely to receive an EI evaluation
and be identified as eligible for services compared to children whose parents who did not
have developmental concerns [70].

An innovative approach for healthcare providers and child development experts to
optimize development for young children may be through the creation of universal parent
education materials that reflect current developmental science. Interestingly, in the current
study, most authors who identified as healthcare providers alone published content found
through the Milestone and Development Searches, while most authors who identified
as healthcare providers and parents published content found through the Play Search.
Furthermore, parents and other individuals, rather than professional organizations, were
more likely to author content found through the Play Search. This suggests that parents as
a whole, including those with healthcare education/experience, recognize the value of and
the need for educational content related to infant play. It also suggests that the importance
of play and daily activity may not be understood by the professional organizations currently
engaged in educating parents. Most parents reportedly seek information about how to play
with their infants [31]. Current empirically supported developmental theories, including
ecological systems theory and dynamic systems theory, emphasize the critical role of
experiences in constructing and shaping children’s developmental trajectories. They claim
that milestones do not emerge due to time or maturation, rather they are learned through
children’s ongoing, daily experiences [71–73]. With parents eager to learn about how to
play with their infants and with daily parent–child activity serving as the foundation for
milestone development, there is a prime opportunity for healthcare providers and child
development experts to generate high-quality educational content for parents with the aim
of advancing children’s developmental trajectories [74]. This content should teach parents
ways to shape the environment and to enhance learning opportunities for infants [11,75,76].

The results of this study can help pediatric healthcare providers and educators un-
derstand what information parents likely encounter through popular sources. The results
also highlight the need for updated educational materials for parents. Professionals should
engage in discussions with parents about their online information search processes and
results. Professionals may direct parents to utilize different search terms to better direct
them to the type of information they desire. For example, if parents are interested in
learning about play activities or toys, replicating the Play Search would be most effective.
If parents are interested in learning about milestones, this content was readily available

201



Behav. Sci. 2023, 13, 429

within all of the searches, however, replicating the Milestone Search would produce the
highest volume of milestone content. Future research should further explore the content
parents receive when they use a greater variety of search terminology.

The results should be Interpreted”Iit’ a consideration of the study’s limitations. One
limitation may be that the majority of sources analyzed were found online. While this likely
reflects the search practices of most parents in the US [40], it may not reflect the search
practices of all. In addition, the searches were conducted in one location in the US and
were limited to English. Geographic location can impact search engine optimization and
therefore, future research may benefit from a broader search region. Future research should
expand the search locations and compare the results of searches conducted in different
countries and languages. Another limitation is that the study reports only on the quantity
of play activities, milestones, and toy recommendations shared with parents. It remains un-
clear whether directing parents to this information would benefit an infant’s development
because the quality of the information was not evaluated. Future research should evaluate
the quality of the information shared with parents to identify high-quality sources.

The clinical implications of this study are that current, accessible, popular sources
available to parents emphasize developmental products (i.e., the milestones that an infant
should achieve) and a more passive approach to development. When seeking information
about milestones or development, parents are more likely to find a large amount of infor-
mation listing expected milestones along with instructions to wait for the milestones to
emerge and to alert healthcare providers if a developmental concern is noted. Less than a
quarter of the content suggested interactions with infants and objects to facilitate infants’
development. In contrast, when seeking information about how to play with infants,
parents are likely to find a greater number of activity and toy suggestions along with an
emphasis on the importance of parents’ role in development to support early learning.
It is important for clinicians who interact with parents of infants to critically review and
understand the available resources in order to counsel parents about information seeking
practices. Additionally, professionals should engage in discussions with parents about how
to critically review the content they access. Professionals should also familiarize themselves
with the popular content in order to direct parents to sources that will effectively meet their
educational needs. Furthermore, rehabilitation and child development experts should be
developing innovative approaches to meet parents’ educational needs that better align with
current developmental science. This could be achieved through consultation to improve
existing resources along with the creation of novel websites, books, and/or apps geared
towards parents. Specifically, universal parent education programs that highlight not only
which milestones are expected in development, but also the activities that parents can
implement and objects they can use to advance the development of those milestones might
serve as effective early intervention tools.
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