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Cerebral palsy is a life-long condition and the most common cause of physical dis-
ability in childhood. Despite evidence of falling prevalence in some Western countries,
cerebral palsy remains a global concern. Cerebral palsy is a clinical description, rather
than a discrete diagnosis, and the aim of our Special Issue was to provide readers with
advances in our understanding of associated comorbidities and complications. We collated
research from different disciplines that addressed issues through different stages of life.
In this editorial, we will draw the readers’ attention to several of the papers to highlight
specific life-stage issues, along with the need to address global inequities and, importantly,
the long-term health consequences of growing up and living with cerebral palsy.

1. The Early Years

Starting with infants at high risk of cerebral palsy, a study of parents and their expe-
riences with their infants found that most mothers and fathers, but not all, were able to
be engaged with their infants [1]. Given the crucial nature of parent–infant interactions to
child development and family wellbeing, this information highlights the need to situate
our roles and interventions within a family-centred context and to provide interventions
that support early and ongoing parent–child interactions. Additionally, in this early life
stage, a lack of evidence-based interventions for infants with communication impairments
led Ward et al. (2022) to try a multi-modal intervention with pre-linguistic infants with CP
(starting at 16 months), with encouraging results in their targeted areas of language and
speech production [2].

A prospective, longitudinal study on medical gastrocnemius morphology and growth
showed slower rates of muscle growth, especially in the first two years of life in children
with cerebral palsy functioning within the Gross Motor Function Classification System
(GMFCS) level II-III, compared to those functioning within GMFCS level I. These results
highlight that reduced muscle growth occurs early and that goals and treatment planning
should also be considered early [3].

2. Cells, Biology and Pathophysiology

With the rising interest in stem cell infusions, a scoping review of the outcome mea-
sures used post-stem cell infusions showed that most measures did not have the requisite
measurement properties to validly measure a change following the intervention. The
authors’ recommendations about the outcome measure selection include ensuring that
the captured outcomes aligned with the priorities of the cerebral palsy community, such
as quality of life [4]. Another paper focused on biomarkers and the role of inflammation
in cerebral palsy, which are being increasingly studied. This paper provides supporting
evidence suggestive that inflammation may persist into the adult years, likely contributing
to the pathogenesis of cerebral palsy and associated complications [5].
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A review of the pathophysiology of acquired hip dysplasia in cerebral palsy provided
considerations for determining the best timing and types of paediatric surgical interven-
tions, as well as broader reflections on the hip surveillance program [6]. For the surgical
correction of scoliosis, experiences of a peri-operative pathway to guide families through
shared decision-making and the optimisation of post-operative care were highlighted in
a publication of a multifaceted service model aimed to improve patient and caregiver
experiences as well as improved outcomes [7].

3. Life Course Issues

Cerebral palsy registers continue to provide valuable information about longitudinal
reporting. Data from the first population-based cerebral palsy register in Bangladesh were
published. These results highlight the stark disparities in accessing education and rehabili-
tation services, which then impact negatively on participation and functional outcomes [8].

The unmet needs of adults with cerebral palsy were highlighted in three papers, with
a reminder that we need a life-course approach to service provision [9]. Significant changes
in both what health care is and how it is provided are also needed to manage the high
prevalence of anxiety and depression in adults with cerebral palsy [10]. Lastly, to better
delineate mortality causes in cerebral palsy, recommendations were made to detail the
mechanisms of mortality in addition to the underlying associated cerebral palsy. This way,
we can better understand the complications that evolve and lead to preventable early death
in individuals with cerebral palsy [11].

Although we now have decades of cerebral-palsy-specific research, we still need to
deepen our knowledge about the broad spectrum of impacts of the condition. We also
do not yet have a suite of effective interventions that address the range of body system
functions or community participation needs. There is still much work to be done.
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Abstract: Neuromuscular scoliosis is a common feature in children with severe neurological impair-
ment (SNI), including those with severe cerebral palsy. Surgical correction of scoliosis is the mainstay
of treatment. This group of patients also have associated medical complexity. The complication rates
post-surgery are high, although, for many, they are worth the risk. There are currently no published
practice guidelines or care pathways for children with SNI who are undergoing scoliosis corrective
surgery. In response to the high uptake of this surgery, coupled with the expected complication
rates, our hospital established a perioperative clinic. The purpose of this paper is to describe our
perioperative approach. This clinic has developed into a service beyond perioperative care and,
with the collaborative meeting, enables shared decision-making to identify the right candidate for
surgery. The process involves surgical expertise, understanding the family and child at the centre,
and optimisation of medical care pre- and post-surgery. In this paper, we describe the process in a
step-by-step manner. We provide clinical vignettes, as well as the proformas that we use, and we
highlight the benefits of the team-based process.

Keywords: cerebral palsy; severe neurological impairment; scoliosis; shared decision-making

1. Introduction

Neuromuscular scoliosis is very common in children with a physical disability, partic-
ularly in those who function at the more severe end of the motor disability spectrum. The

J. Clin. Med. 2022, 11, 6769. https://doi.org/10.3390/jcm11226769 https://www.mdpi.com/journal/jcm
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group at high risk of neuromuscular scoliosis includes children with Severe Neurological
Impairment (SNI) [1], defined as children with diseases of the central nervous system, with
permanent motor and cognitive impairment, with both static and progressive disorders [1],
and those with cerebral palsy (CP) and who function within Gross Motor Function Classifi-
cation System (GMFCS) levels IV and V [2,3]. These children also have significant medical
co-morbidities [4,5]. It is likely that weaknesses in the postural muscles and diaphragm
contribute to neuromuscular scoliosis, which plays a significant role in the evolution of
chronic lung disease and respiratory failure in this population [6].

Advances in medical care, such as access to neonatal and paediatric intensive care,
management of epilepsy and infection, and technology support (such as non-invasive
ventilation and supplemental nutrition), coupled with societal changes and expectations,
have substantially modified the survival of children with SNI and increased the number of
children living with medical complexity [7]. For many, this increased longevity is associated
with acquired morbidity and medical fragility [7]. Severe and untreated neuromuscular
scoliosis is an increasingly apparent issue. Over time, the scoliosis may become stiffer, and
the consequences of this include difficulties maintaining the head in the midline to continue
with adequate socialisation, loss of sitting abilities, pressure sores and reduced pulmonary
function [5]. Scoliosis is also a frequent cause of pain [8–11].

Whilst surgical correction is the mainstay of treatment for neuromuscular scoliosis [5,12],
it is not without complications [13]. The population of children who require this surgery are
medically complex, and as a consequence, decision-making to ensure optimal outcomes is
important. The aim of the surgery is to align the spine and balance the head, shoulders, and
trunk over a level pelvis [5]. This, in turn, improves quality of life [5,14–16]. Parents/carers
have reported this surgery to be “the most beneficial intervention in their child’s life” [15].
Only one study has shown improvements in lung function post-surgery [17], whilst others
show pneumonia as a major complication [18]. Although the satisfaction rates postoper-
atively are very high, complications from surgery remain significant [19]. Overall, high-
quality evidence on post-surgical outcomes is still lacking, particularly for outcomes other
than curve correction [13].

Decision-making about interventions for children who are complex and medically
fragile creates challenges for parents and the clinical team. Deciding when medical and
surgical interventions are helping or harming a child in these circumstances is clinically and
ethically complex, and there is a substantial obligation to thoughtfully approach decision-
making for this group. Balancing the burdens and risks of treatments with benefits for a
given child requires a collaborative multidisciplinary view, anticipatory care and active
engagement with parents and carers.

This paper will describe the approach to the perioperative care of children with
SNI with neuromuscular scoliosis adopted in a tertiary medical centre in Australia. The
approach to care has been developed to support complex decision-making for children
with SNI [1,20]. An anticipatory approach is needed to ensure that health is optimised prior
to any surgical intervention. However, the goals of the surgery and broader goals of care
need to be considered when deciding who will be an appropriate surgical candidate. The
practical details of our approach and case vignettes are provided. The team approach to
care has resulted in broader benefits, which will be described.

2. The Care Pathway

A recognition of the increasing medical complexity and frequent postoperative com-
plications of the population requiring surgical management for spinal deformity has been a
driver for the development of a clinical care pathway to address the needs of this higher-risk
group [13]. A project was established to develop this pathway using the expertise of staff
from the Divisions of Medicine, Surgery, Critical Care and Allied Health, and research
partners from the Murdoch Children’s Research Institute (MCRI). This project resulted
in the establishment of two additional clinical services to support decision-making and
perioperative care: the Medical Neuromuscular Scoliosis Clinic (hereafter referred to as
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Clinic) and the Neuromuscular Scoliosis Multidisciplinary Meeting (hereafter referred to as
Meeting).

Ambitious goals for surgical and perioperative care in surgery for children with neu-
romuscular scoliosis include decreasing the complication rate to <10%, reducing Intensive
Care Unit admission to <24 h and reducing hospital admission lengths to <7 days [21].
Another important consideration is to address whether the institution can manage the level
of medical and surgical complexity [21]. Preoperative assessment clinics have been shown
to be cost-effective and paediatricians have been shown to make a number of recommen-
dations for medical management [22,23]. The team approach, with detailed perioperative
planning and postoperative management, is now considered a mainstay of the treatment
for correction of neuromuscular scoliosis [21]. In a recent study, 77% of surgeons reported
adhering to preoperative protocols for children with CP within their centres, although
there was marked variation in the described perioperative care [24]. There are established
protocols for children with neuromuscular scoliosis undergoing corrective surgery [25].
However, these are developed for children with other conditions and focus on perioperative
care rather than team-based decision-making.

3. The Clinical Setting

The Orthopaedic Department provides clinical care for the assessment and manage-
ment of children with scoliosis. Children are referred to this clinic from multiple sources—
from within the hospital, from other major centres in the state (both metropolitan and rural),
from community-based clinic services (public and private) and from interstate services.
Children with a range of aetiological diagnoses are seen in this clinic. Routine care in
these clinical services includes the imaging, assessment, and consideration of non-surgical
(expectant care or bracing) and a range of surgical options.

4. Medical Neuromuscular Scoliosis Clinic (Clinic)

Children identified in the orthopaedic clinic as potential candidates for surgical in-
tervention are referred to the Clinic (Figure 1). Referrals to this clinic include children
with cerebral palsy, SNI, both static and progressive conditions (including Rett syndrome,
cerebral palsy-like conditions, neural tube defects, genetic conditions resulting in a mo-
tor disability), and other neurodisabilities (Prader Willi Syndrome, intellectual disability
syndromes). Children with neuromuscular disorders (e.g., Duchenne, Spinal Muscular
Atrophy) are currently assessed in an alternative multidisciplinary setting within the hospi-
tal and are not routinely seen in the Clinic, though this process is changing. A review of
referrals to the Clinic suggests that almost 40% of children referred to this clinic receive
their primary care outside of our hospital.

The Clinic is led by a neurodevelopmental/complex care paediatrician and includes a
respiratory physician and a neurodevelopmental clinical nurse consultant. The goals of
the Clinic are to (1) identify and assess the medical comorbid conditions and risk factors
for each child, (2) take the opportunity to optimise health prior to surgery and, most
importantly, (3) support decision-making about proceeding with corrective surgery.

To better understand the potential benefits and risks for each child, the health, well-
being and co-morbid conditions are reviewed, and the goals of the surgery as identified
by the family (and the child where possible) are defined and clarified. An assessment of
the potential risks and identified benefits are incorporated into both decision making and
planning of perioperative care.

A detailed medical history, including respiratory history, feeding and nutrition,
epilepsy control, movement disorder, sleep, and pain history, is collected. Communication,
behavioural and sensory issues, schooling, and supports—both home and community
based—are also elicited to better understand the issues that will face the child and family,
both as inpatients and as barriers to discharge and recovery (Table S1).
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Figure 1. Description of clinical assessment and process of the Clinic and the Meeting. A summary
of the outcomes of the clinical case conference, which includes further investigations and details
of the perioperative plan are included in the patient Electronic Medical record (EMR), allowing for
access for all members of the team as a reference point for perioperative management and admission.
(PARC—pre-anaesthetic review clinic, PICU—Paediatric Intensive Care Unit, CXR—Chest X-ray).

In most cases, the child will have a baseline nutritional blood panel completed, in-
cluding a capillary acid base following the appointment. Co-morbid conditions that may
impact the surgery or recovery are identified and addressed to optimise the preoperative
health of the child. Additional investigations—for example, chest radiograph, overnight
oximetry, or polysomnography—will also be requested at this time depending on the
clinical need. A perioperative care plan, which might include admission for a “tune-up”, a
nutritional assessment and optimisation, optimisation of respiratory health, drooling, tone
and movement disorder, is prepared (File S1).

An important goal of the Clinic appointment is the exploration with the family, and
child where possible, of the goals they have for the surgery, what they hope the surgery
will achieve for the child, and their primary concerns or worries about the surgery. Realistic
goals include reduction in pain, easier care, improved ability to perform activities of daily
living, and improved social interaction [26]. This discussion also involves consideration of
the overall goals of care for a child and whether there is an advanced care plan in place.
If this is the case, a suspension of the advanced care plan will be required during the
perioperative period, and this must be discussed not only with the family but with the
broader team.

5. Neuromuscular Scoliosis Multidisciplinary Meeting (Meeting)

The Meeting follows the Clinic and brings together clinicians from different craft
groups linked to the service—orthopaedic surgeons, respiratory physicians, orthopaedic
clinical nurse consultant, neurodevelopmental nurse consultant, paediatricians, allied
health clinicians, research allied health clinician, anaesthetist, and a paediatric intensive-
care physician. In some cases, the primary or lead paediatrician of the child and other
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subspecialists (e.g., respiratory physician from another site, cardiologist), who are part of
the child’s care team, are invited to join the discussion.

The clinical history and key clinical factors, including a description of the family’s
and child’s goals and concerns, are presented and discussed. This discussion explores and
highlights the potential benefits to the child and the identified risks. If the child is a suitable
candidate for surgery, a detailed perioperative plan is developed, including identification
of any additional investigations or management required to optimise the health of the child
(File S1).

An important goal of this discussion is to determine whether a child will benefit
from an elective admission to the Paediatric Intensive Care Unit (PICU) to receive their
postoperative care. There are some factors that help predict the need for postoperative
PICU care: a significant respiratory history and previous admissions to PICU [27,28], an
established need for non-invasive ventilation [28], and possibly a higher identified risk in
certain diagnostic groups—for example, girls with Rett syndrome [29]. A history of epilepsy
or a previous admission to PICU with a respiratory illness both increase the risk and length
of stay in PICU post-surgery [28,30]. The surgical plan is a significant factor in this decision
(minimally invasive instrumentation versus spinal fusion). Clarity regarding the need
for and benefits of a PICU admission is very important. Whilst there are advantages to
an elective admission to PICU for postoperative care (one-on-one nursing care, access to
respiratory support allowing for the flexibility of management with sedating analgesics,
and less distress to the child and family), there are also some important disadvantages. Bed
availability in PICU is finite and, if no bed is available on the day of surgery, cancellation
and delays can occur. Moreover, the PICU is a high-acuity and -intensity unit, and this may
prove challenging to some children and families. Another consideration at our hospital
is that parents cannot sleep overnight in the PICU if the patient is intubated, which may
distress some families.

A plan is developed and documented in the Electronic Medical Record (EMR) as a
Case Conference note and a copy sent to the family and primary care team, summarising the
discussion and plan. The decision as to whether the child is safe and a suitable candidate
to proceed with surgery is made at the Meeting. Sometimes there is disagreement between
the clinical team and the family about whether to proceed with surgery. In these cases,
the option of an additional clinical assessment, including the orthopaedic surgeon, the
neurodevelopmental paediatrician and other members of the child’s family and care team,
is offered. If surgery is ultimately offered, the final decision to choose not to go ahead with
the surgery lies with the parents. These examples highlight that the service is not just a
preoperative assessment clinic. Decisions are reached from the multi-disciplinary team
clinic with surgical expertise, the child and their family at the centre, and the physicians.

A letter is sent to the parents summarising the outcome of the Clinic and Meeting, and
the decision. Furthermore, a pre-admission plan is prepared, covering treatment for consti-
pation, the introduction of gabapentin if no contraindications are present, postoperative
gastro-oesophageal reflux medication, and a plan as to whether a nasogastric tube will be
inserted perioperatively (File S1).

Three clinical vignettes outlining typical cases and the process used to reach the
decision are presented (File S2).

6. Discussion

The perioperative pathways we have developed provide a robust framework that
includes parental views and hopes, recognising their role as knowledgeable caregivers,
to approach this complex decision-making and ensure the best outcomes for children
with SNI. The identification of medical morbidity and opportunities to optimise health
and anticipatory decisions about the need for post-operative PICU care are important
components of this process. The pathway brings together the skill and experience of
a range of surgeons and physicians and provides an opportunity for a comprehensive
assessment and planning to mitigate the risks inherent to this group. Transparency and
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honesty in communication is highly valued, particularly when there is uncertainty about
the outcome [31–35]. This is the case when counselling for scoliosis surgery, especially
when it comes to discussing evidence-based outcomes.

Deciding if an elective surgical intervention is in a child’s best interests can be difficult.
The “Best Interests Standard” (BIS) is an ethical, legal, and social principle that has been
used to guide decision-making in children’s medical care [36]. The BIS describes a broad
cluster of children’s interests, and includes basic needs, emotional development, play
and pleasure, to live a long life and to have a relationship with a parent [37]. Multiple
approaches to decision-making have been described and all focus on the key principles
of the best interests of the child in the context of their family and the minimisation of
harm [38].

Decision-making for children with SNI can be complex, and parents and clinicians are
often faced with difficult decisions. Shared decision-making [39] in paediatrics is an ideal,
in which there is collaboration and flexibility, knowledge and value-related priorities are
equal [40]. Nonetheless there are ethical and practical challenges in many clinical situations.
Ethical tools, such as the Zone of Parental Discretion (ZPD) [41], have been developed
to help clinicians address these ethically complicated cases [38,41]. The ZPD provides a
way to explore difficult decisions and uncertainty, and to balance parent authority and
children’s best interests. This tool is especially useful when there are disagreements. Parents
may have a different view about which interests are more important, and this may create
disagreement with the clinical team [42,43]. The use of ethical language to frame the clinical
problems encountered has been valuable for the team.

The authority of parents as decision-makers for their child is well-described. Parents
are recognised to be best placed to make decisions, as they know their child and will be
bear the burden of the (medical) decisions they make, although this authority is not without
limits [44]. Parents of children with SNIs have had to make many decisions throughout
the lives of their children, often where there is uncertainty about the outcome [45]. Parents
expect to be recognised as experts in their own child and, therefore, to warrant an important
role in decision-making [42,46–49]. Parents of children with SNIs are strong advocates for
their child [32,46] and emphasise the personhood of their child to the clinical team [31,47].
It is important for parents to feel heard and understood, and for their expertise as knowl-
edgeable caregivers to be recognised. The burden and emotional impact of these complex
decisions is also recognised for parents and their children [34].

The Clinic appointment allows for a more detailed discussion about the health needs
of the child, and for a deeper exploration of the hopes, concerns and fears a parent has
about surgery. Exploring and acknowledging hopes in decision-making is well-described
and critical to the process of shared decision making [46,50]. The parental perspective
and voice are important to how a decision is made. A study exploring the experience and
satisfaction of parents with this process is currently being undertaken.

An additional benefit of the Clinic is that a small proportion of the children considered
for orthopaedic interventions are only known to the orthopaedic team and receive their
primary paediatric care outside of our hospital. This includes families who have not
sought other mainstream paediatric care for their child. The Clinic assessment sometimes
brings about the need for a thorough work-up, and multiple interventions prior to surgery.
There are benefits for the child and family to meet the broader team and have some
familiarity with the other clinical services that will be involved in the child’s care in the
perioperative period.

Furthermore, decisions around perioperative care are not always directly in line with
previous decisions to not intervene medically. Sometimes, in order to stabilise the child
for scoliosis surgery a cascade of medical investigations and interventions are undertaken;
for example, a nutritional assessment in a child who is underweight and has an unsafe
swallow, commencing enteral feeding or investigation of sleep-disordered breathing, which
is longstanding but was previously not explored.
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The planning of scoliosis surgery in a child with a clear life-limiting condition and
known to the palliative care service can be seen as a confusing active intervention for
families. There may also be pre-existing limitations to active interventions or resuscitation
orders (although active treatments and involvement of palliative care can co-occur). Note
that limitations on resuscitation orders are suspended during the perioperative period.
This occurs following careful and explicit discussion with the family and team to ensure
that the child can survive the surgical process.

This pathway represents a successful collaboration across multiple craft groups. Clini-
cians from the Divisions of Medicine, Surgery, Critical Care and Allied Health, alongside
research partnerships with MCRI, are involved and meet regularly while providing clinical
care. The Meeting has created a space in which the members of the clinical team have
developed a greater understanding of the needs, responsibilities, and skills inherent to each
other’s roles. Familiarity and respect have evolved and, over time, have created an envi-
ronment in which open, sometimes vigorous, and respectful discussions occur to support
this complex decision-making. This relational capacity has extended beyond the meeting
space and has facilitated communication between teams on the ward. The importance of
establishing respectful and functional relationships in clinical care is not a new concept [51],
but may be one that needs to be given a higher priority when planning complex clinical
care, particularly where there is uncertainty about the outcomes. A culture of respect
and open communication is recognised to improve patient safety and clinical care, and to
increase the meaningfulness and joy of the work of clinicians [52,53]. The collaborative
nature of this process has benefits beyond that of decision-making and planning, and has
recognised benefits for clinical care, clinical relationships, and staff well-being [51,52].

7. Conclusions

The decision to go ahead with scoliosis corrective surgery in children with complex
disability and medical comorbidity is a substantive one for both parents and the clinical
team. Sometimes significant changes are required before the child is medically ready. The
Clinic creates an opportunity to meet each child and family in a setting that is separate to the
surgical clinic and allows for an additional opportunity for an exploration of parents’ hopes,
wishes, and fears, and to understand the values and beliefs of the family. This important
information can then be shared with the broader team at the Meeting and coupled with a
detailed assessment of health, potential risks and identified benefits, can be incorporated
into both decision-making and planning for perioperative care. Clinical pathways of
perioperative care have been developed at our hospital to provide comprehensive support
for the care of children with SNI and medical complexity who need orthopaedic surgery.
These pathways have created opportunities for supported, collaborative and inclusive
decision-making. These pathways provide guidance for optimisation of health prior to
surgery and have created improved staff relationships with positive impacts on care.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11226769/s1, Table S1—Clinic Meeting proforma. This figure
shows the template used in the Medical Neuromuscular Scoliosis Clinic and the Neuromuscular
Scoliosis Multidisciplinary Meeting. File S1—Letter to parents/carer proforma. This figure shows the
template used in the letter for the parents. File S2—Clinical vignettes. Reference [54] are cited in the
supplementary materials.
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Abstract: Cell therapies are an emergent treatment for cerebral palsy (CP) with promising evidence
demonstrating efficacy for improving gross motor function. However, families value improvements
in a range of domains following intervention and the non-motor symptoms, comorbidities and
complications of CP can potentially be targeted by cell therapies. We conducted a scoping review
to describe all outcomes that have been reported in cell therapy studies for CP to date, and to
examine what instruments were used to capture these. Through a systematic search we identified
54 studies comprising 2066 participants that were treated with a range of cell therapy interventions.
We categorized the reported 53 unique outcome instruments and additional descriptive measures
into 10 categories and 12 sub-categories. Movement and Posture was the most frequently reported
outcome category, followed by Safety, however Quality of Life, and various prevalent comorbidities
and complications of CP were infrequently reported. Notably, many outcome instruments used do
not have evaluative properties and thus are not suitable for measuring change following intervention.
We provide a number of recommendations to ensure that future trials generate high-quality outcome
data that is aligned with the priorities of the CP community.

Keywords: cerebral palsy; cell therapies; stem cells; comorbidities; outcome measures; clinical studies

1. Introduction

Stem cell and cell therapies have been in clinical research for the treatment of cerebral
palsy (CP) for more than 15 years [1]. There are a variety of cell types being investigated
including umbilical cord blood, mesenchymal stem/stromal cells, and neural stem- or stem-
like cells [2]. The principal target of cell therapies for the treatment of CP is remediation of
the underlying brain injury thereby improving neuronal signaling, which could be achieved
by either direct or indirect actions. Cell therapies are proposed to work via a variety of
mechanisms for the treatment of CP. Depending on the cell type, therapeutic benefits may
include reduction of inflammation, promotion of cell survival, stimulation of prolifera-
tion and migration of endogenous neural stem cells, replacement and/or regeneration of
damaged brain cells, and promotion of angiogenesis [2].

Systematic reviews of randomized controlled trials have shown that improvement in
gross motor skills/function, typically measured using the Gross Motor Function Measure
(GMFM) [3], is the most common primary outcome assessed [4,5]. Promisingly, these
studies have demonstrated that various cell therapies can produce a small but significant
improvement in gross motor function [4,5], although these findings are limited by het-
erogeneity in various aspects (e.g., participants, interventions, outcomes). Furthermore,
whilst the number of clinical studies and total number of participants with CP treated
with cell therapies continues to climb (now >2427 participants across >77 published and
unpublished studies) [1], there remains a high volume of lower-quality evidence employing
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poor study design and/or unvalidated outcome assessment tools, and thus more research
is warranted.

Although CP is characterized by impairment of movement and/or posture, it is a
highly heterogeneous condition, and individuals with CP often experience a range of
comorbidities and/or co-occurring complications that can be just as disabling as the motor
symptoms [6]. These include pain, intellectual impairment, epilepsy, behavior disorders,
and vision and hearing impairments [6]. As such, there is an increasing focus within the
CP field to understand these elements, and find ways to target them, with the overarching
goal of improving the quality of life for people living with CP.

Individuals with CP and their families value a wide range of potential benefits follow-
ing certain types of stem cell treatments [7] and other interventions [8,9]. These benefits
often focus on activity and participation rather than necessarily remediating physical im-
pairment. It is therefore important that clinical studies of cell therapies measure outcomes
that are both scientifically valid and valued by individuals with CP and their families.
In addition, outcomes should be measured using well-validated tools so that evidence
generated from these studies can increase our confidence in study findings. To aid in this,
a panel of international experts have compiled recommended CP-specific common data
elements for use in clinical research studies [10]. However, these instruments may not
always be consistently applied. As such, the purpose of this scoping review is to describe
all outcomes that have been reported in cell therapy studies for CP to date, and to examine
what instruments have been used to capture these outcomes.

2. Materials and Methods

A protocol for this review was registered on Open Science Framework (OSF) (identi-
fier DOI 10.17605/OSF.IO/T9C8J [https://osf.io/t9c8j/?view_only=9b82c37725834a1da1
a50bb199cf5091 (accessed on 14 November 2022)], registration date 8 July 2022). This
scoping review was conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) guidelines [11]
(Supplementary Table S1).

2.1. Inclusion and Exclusion Criteria

We included any type of study (both controlled and non-controlled studies, including
case series/reports) in which participants with CP were treated with a cell therapy inter-
vention specifically for the treatment of CP. If studies reported participants with various
diagnoses, >50% must have had CP. There was no restriction on participant age. The full
text of the study must also have been published in English (due to no translation services
available), in a peer-reviewed journal. Studies were excluded from this review if they
reported an organ graft or transplant, or were a secondary analysis of a study that was
already included in this review.

2.2. Data Sources and Search Strategy

We searched the Cochrane Central Register of Controlled Trials (CENTRAL) (The
Cochrane Library, April 2022), PubMed (MEDLINE) (1946 to 6 May 2022) and EMBASE
(1947 to 6 May 2022) via OVID using the search strategy described in Supplementary
Table S2. The search was conducted on 10th May 2022. De-duplicated results from OVID
were exported into Covidence Systematic Review Software (http://www.covidence.org
(accessed on 14 November 2022)). Database searching was also supplemented by hand
searching, i.e., cross checking systematic review reference lists for potentially eligible
articles, and new paper alerts were monitored for potentially eligible papers published
after the formal search was conducted.

2.3. Study Selection and Data Extraction

Titles and/or abstracts of studies retrieved using the search strategy were screened
independently by two reviewers (split between M.F.-E., M.C.B.P., C.F.). Full texts of studies
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were then retrieved and independently assessed for eligibility by two reviewers (split
between M.F.-E., M.C.B.P., C.F.), with any disagreements resolved by the third screener.

A data extraction form was developed specifically for this review by the research team.
Data extraction was performed independently by at least two members of the research team
(M.F.-E., M.C.B.P., C.F.), with any discrepancies identified and resolved through discussion
with the third extractor. Extracted data included details of study design, participants,
intervention/s, comparator (if relevant), and outcome instrument/s.

2.4. Assigning Level of Evidence for Included Studies

The level of evidence for each included study was assigned according to Oxford Centre
for Evidence-Based Medicine: Levels of Evidence [12].

2.5. Categorization of Cell Interventions

Cell interventions were sorted into six categories: (1) Umbilical cord blood; (2) Mes-
enchymal stem/stromal cells; (3) Bone marrow cells, hematopoietic stem cells and periph-
eral blood cells (including mononuclear cell fragment, enriched/expanded cells from bone
marrow or umbilical cord blood, and peripheral blood mononuclear cells); (4) Neural stem
cells/neural-like cells (including neural stem cells (NSCs), neural progenitor cells, olfactory
ensheathing cells and mesenchymal stem/stromal cell-derived NSC-like cells); (5) Immune
cells (M2-like macrophages); and (6) Fetal cells/embryonic stem cells.

2.6. Categorization of Instruments (into Outcome Domains)

For this review, members of the research team (M.F.-E., M.C.B.P., I.H., P.K., C.S., D.C.)
determined outcome domain categories and sub-categories for sorting the reported out-
come instruments. This process involved consideration of all the extracted outcome instru-
ments followed by group discussion to reach consensus on which outcome categories/sub-
categories to include. All outcome instruments were then assigned to these categories/sub-
categories according to the outcome domain/s they were designed to assess, again via
group discussion between multiple members of the research team (M.F.-E., M.C.B.P., P.K.,
I.H., C.S., D.C.) to reach agreement.

Outcome instruments that spanned more than one outcome domain, i.e., encompassing
multiple reported sub-domains, were assigned to various categories/sub-categories accord-
ing to these sub-domains. Any instrument for which the outcome being assessed could not
be determined (or agreed), the tool was a multi-domain measure but was only reported
as a total score, or the instrument did not fit with any other outcome sub/category, were
designated as Other. Any reported descriptive/observational outcomes were subsequently
categorized into the same outcome sub/categories through discussion and agreement.

2.7. Outcome Instrument Properties

Outcome instrument properties including format (i.e., who completed the assessment
and the nature of it), primary purpose (i.e., predictive, discriminative, evaluative or classifi-
cation) and population designed for, were determined from various information sources
including test manuals/handbooks, systematic reviews, and websites, as necessary.

The categories used for instrument format followed that of the U.S. Food and Drug
Administration (FDA) types of clinical outcome assessments, namely: Patient (or self)-
reported, Clinician (or therapist)-reported, Observer (e.g., parent/carer/teacher)-reported,
and Performance-based measures [13]. In this review we have used the term ‘Parent/other’
to denote the Observer group. Additionally, the report type was specified as Questionnaire,
Interview (including semi-structured interview) or Observation.

2.8. Calculating Total Number of Participants per Outcome Sub/Category

For calculating the number of participants assessed for each outcome sub/category,
n’s were collapsed or compounded as such: In studies that utilized multiple assessment
tools within a single outcome sub-category (e.g., Gross Motor measured using GMFM,
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Gross Motor Function Classification System Expanded and Revised (GMFCS) [14], etc.),
the number of participants assessed for Gross Motor was collapsed, meaning that n’s were
not counted more than once for that sub-category. E.g., if 10 participants were evaluated
using the GMFCS and GMFM, the n for Gross Motor would remain at 10. However, if the
same 10 study participants were also assessed for Fine Motor and Upper Limb using the Fine
Motor Function Measure (FMFM) [15], this would result in a total compounded n of 20 for
the Movement and Posture category.

3. Results

3.1. Search Results

Following the literature search and de-duplication, 1145 records were identified. After title
and abstract screening, 93 full-text reports were reviewed and 50 met eligibility [16–65]. A further
four eligible reports were identified through hand searching [66–69]. In addition, during
data extraction and preparation of the manuscript, two new studies were identified [70,71]
that also met eligibility and were included. Moreover, a study that was initially included
was retracted [30] and was therefore subsequently excluded from this review. Thus, finally,
55 reports were included. These 55 reports represented 54 studies since Amanat 2021 [17]
and Zarrabi 2022 [64] are two reports of the same clinical trial (clinical trial registration
identifier NCT03795974) and share the same control group. The PRISMA [72] flow chart of
the search process is presented in Figure 1.

3.2. Study Characteristics

A summary of the included studies is presented in Table 1, including details of study
design, participants, intervention/s and comparator/s, and outcome instrument/s.

3.3. Types of Studies

Of the 54 studies included, 17 (32%) were controlled studies: 14 were randomized con-
trolled trials, with three of these being a cross-over design, and three were non-randomized
controlled studies. A further 18 studies (33%) were single-arm and 18 (33%) were case
series or case reports, including four studies [19,26,50,56] that were retrospective analyses
including ‘therapeutic experiments’ and a ‘post-registration clinical investigation’. In addi-
tion, one study (2%) [27] was a non-randomized dose comparison trial. Accordingly, the
majority of included studies (n = 37, 69%) were deemed to be Level 4 evidence with n = 3
being Level 3, and n = 14 were Level 2.

3.4. Types of Participants

Collectively, data from 2066 participants was reported, and all studies exclusively
included participants with CP. Most studies enrolled/treated participants of various type
and topography, and all GMFCS severity levels were represented. Whilst the majority of
studies recruited/treated children and youth (up to 18 years) with CP, participant ages
ranged from 6 months to 35 years (Table 1).
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3.5. Types of Interventions

The majority of studies administered one cellular intervention, however four studies
in five reports [17,36,64,66,71] investigated two different cell therapies head-to-head to give
a total of 58 cell regimens administered.

For these 58 cell regimens, the classification into the various cell therapy types was:
31% bone marrow cells, hematopoietic stem cells and peripheral blood cells (n = 18); 29%
mesenchymal stem/stromal cells (n = 17); 26% umbilical cord blood (n = 15); 7% neural stem
cells/neural-like cells (n = 4); 3% immune cells (n = 2); and 3% fetal cells/embryonic stem
cells (n = 2). The source of cells was autologous in 32 studies (55%) and allogeneic in 25 stud-
ies (43%). The donor origin of the cells could not be determined in one study (2%) [25].

Cell interventions were delivered by various routes. Intrathecal (n = 25, 43%) or
intravenous (n = 20, 34%) delivery was the most common. A further three studies (5%)
used a combination of the two. Exclusive direct transplantation into the brain (intracerebral,
intra-cerebroventricular) was used infrequently (n = 3, 5%), and all were for studies that
administered neural stem cells/neural-like cells. In addition, one study (2%) [61] used
intrathecal +/− intra-parenchymal brain administration for mesenchymal stem/stromal
cells. The remainder of the studies (n = 6, 10%) utilized various routes (or a combination of
routes) including but not limited to intra-arterial or intramuscular delivery (Table 1).

3.6. Types of Outcome Measures

Instruments measuring treatment outcomes were grouped into ten categories: (1) Move-
ment and Posture; (2) Cognition and General Development; (3) Communication and Lan-
guage; (4) Behavior; (5) Activities of Daily Living; 6) Quality of Life; (7) Brain Structure and
Function; (8) Biomarkers; (9) Safety and (10) Other. Four of these categories were further
split into a total of 12 sub-categories (Table 1, Figure 2). The 12 sub-categories were Gross
Motor, Fine Motor and Upper Limb, Spasticity, Muscle Strength and General Motor within
Movement and Posture; Communication and Language within Communication and Lan-
guage; Adaptive Behavior, Executive Function and Social-Emotional within Behavior; and
Neuroimaging and Seizures/Electrical Brain Activity within Brain Structure and Function.

Unsurprisingly, Movement and Posture was the most frequently reported outcome
category (n = 4195) (Figure 2). Indeed, all included studies reported on Movement and
Posture except Feng 2015 [26], which exclusively reported safety. Within Movement and
Posture, measures of Gross Motor were the most common, followed by Fine Motor and
Upper Limb then Spasticity. Safety was the next most common category (n = 1705) and was
specifically reported in all but 11 studies. Reported safety data included adverse event
reporting, routine laboratory and clinical assessments (e.g., bloods/biochemistry, X-ray),
and neuroimaging conducted exclusively for safety. Brain Structure and Function (n = 1083),
Behavior (n = 1010) and Activities of Daily Living (n = 865) were all also commonly reported
outcome categories (Figure 2). In contrast, a relatively small proportion of participants were
assessed for Biomarkers and Quality of Life. Of the four studies that conducted biomarker
analysis these comprised assessment of various cytokine and growth factor levels including
interferon (IFN)-γ, interleukin (IL)-17, IL-4, brain-derived neurotrophic factor (BDNF), and
vascular endothelial growth factor (VEGF) [22], BDNF [23], pentraxin 3 (PTX-3), IL-8, and
IL-10 [33] and PTX-3, IL-8, tumor necrosis factor (TNF)-α, and IL-1β [41].

Examining the data by either study design or cell intervention type revealed a similar
pattern, with Movement and Posture consistently the most frequently reported outcome
category, followed by Safety, and a relatively similar distribution of participants across
outcome sub/categories (Supplementary Figures S1 and S2).

Across the included studies there were 53 unique instruments reported, although not
all were true outcome measure, i.e., responsive to change (Tables 1 and 2). This number
does not include measures of Safety or Biomarkers since these are commonly reported in
various ways and could not be synthesized, nor descriptive/observational outcomes. The
categorization of all instruments into outcome sub-/categories is shown in Table 2. Notably,
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12/53 of the captured instruments had multiple sub-domains that were reported and hence
were included across several outcome categories/sub-categories in Table 2.

 

Figure 2. Number of participants assessed for each outcome category and sub-category across all
included studies. N, number of participants.

Table 2. Outcome instruments used in cerebral palsy cell therapy studies with details.

Outcome
Sub-Category

Instrument [Subdomain] 1 n 2 Format
Primary
Purpose

Population
Designed for

Movement & Posture

Gross Motor

Gross Motor Function Measure
(GMFM) -66/-88 1163 Performance-based E CP

Pediatric Evaluation of Disability
Inventory (PEDI)/PEDI-Computer

Adaptive Test (CAT) [Mobility]
573 Clinician Observation +/− Parent/other Interview E, D General

Gross Motor Function Classification
System (GMFCS) 533 Clinician Observation (or Parent/other/Self Interview) C CP

Gross Motor Performance
Measure (GMPM) 218 Performance-based E CP

Peabody Developmental Motor Scales-2
(PDMS-2) [Gross Motor Quotient] 132 Performance-based D (2nd E) General

The Functional Independence Measure
for Children (WeeFIM) [Mobility] 130 Clinician Observation +/− Parent/other Interview E Pediatric

Rehab

Selective Control Assessment of Lower
Extremity (SCALE) 88 Performance-based D, E CP

Denver Developmental Screening Test 2
(DDST-II) [Gross Motor] 67 Performance-based +/− Parent/other Interview D General

Boyd Developmental Progress Scale
(BDPS) [Motor] 52 Performance-based + Clinician Observation +/−

Parent/other Interview D General

Learning accomplishment system
diagnostic (LAP-D) Score

[Sitting and Standing]
42 Performance-based/Parent/other Observation D General

Berg Balance Scale (BBS) 12 Performance-based P (2nd D, E) Adult Rehab

Trunk Control Measurement
Scale (TCMS) 1 Performance-based D, E CP
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Table 2. Cont.

Outcome
Sub-Category

Instrument [Subdomain] 1 n 2 Format
Primary
Purpose

Population
Designed for

Fine Motor and
Upper Limb

PDMS-2 [Fine Motor Quotient] 304 Performance-based D (2nd E) General

Quality of Upper Extremity Skills
Test (QUEST) 262 Performance-based E CP (Spastic)

Fine Motor Function Measure (FMFM) 176 Performance-based E CP

Manual Ability Classification
Scale (MACS) 78 Clinician Observation (or Parent/other/Self

Interview) C CP

LAP-D [Fine Motor Skills] 42 Performance-based/Parent/other Observation D General

DDST-II [Fine Motor-Adaptive] 20 Performance-based +/− Parent/other Interview D General

Assisting Hand Assessment (AHA) 15 Performance-based E CP
(Hemiplegia)

Muscle Strength

Medical Research Council (MRC) Scale
for Muscle Strength; MRC

Summed Scores
196 Performance-based D, E General

Manual Muscle Strength Test 96 Performance-based D, E General

Manual Muscle Testing (MMT) Score 34 Performance-based D, E General

Hand dynamometry 15 Performance-based D, E General

Spasticity

Modified Ashworth Scale 381 Performance-based D, E CP (Spastic)

Ashworth Scale 109 Performance-based D, E CP (Spastic)

Modified Tardieu Scale 89 Performance-based D, E CP (Spastic)

General Motor 3

Bayley Scales of Infant and Toddler
Development 2nd Edition (BSID-II)

[Motor Scale]
218 Performance-based D (2nd E) General

Vineland Adaptive Behavior Scales 2nd
Edition (VABS-2), parent report

questionnaire [Motor Skills Domain]
30 Parent/other Questionnaire D (2nd P, E) General

Battelle Developmental Inventory
(BDI) [Motor] 13 Performance-based +/− Parent/other

Observation/Interview D (2nd P, E) General

Kyoto Scale of Psychological
Development (KSPD) [Postural-Motor] 6 Performance-based D, E General

Activities of Daily Living

Activities of Daily
Living

PEDI/PEDI-CAT
[Self-care/Daily Activities] 573 Clinician Observation +/− Parent/other Interview E, D General

WeeFIM [Self Care] 130 Clinician Observation +/− Parent/other Interview E Pediatric
Rehab

Functional Independence Measure (FIM)
[Motor Subscale] 93 Clinician Observation E General &

Rehab

BDPS [Independence] 52 Performance-based + Clinician Observation +/−
Parent/other Interview D General

Activities of Daily Living (ADL) 4 39 Unknown Unknown Unknown

Modified Barthel Index (mBI) 30 Performance-based/Self/Parent/other
Observation/Interview/Questionnaire E Adult Rehab

VABS-2 parent report questionnaire
[Daily Living Skills Domain] 30 Parent/other Questionnaire D (2nd P, E) General

UK Functional Independence Measure
and Functional Assessment Measure

(UK FIM + FAM) [Total Motor Subscore]
12 Clinician Observation E Rehab

Behavior

Social-Emotional

PEDI/PEDI-CAT [Social
Function/Social/Cognitive] 573 Clinician Observation +/− Parent/other

Questionnaire E, D General

VABS-2 parent report questionnaire
[Socialization Domain] 30 Parent/other Questionnaire D (2nd P, E) General

DDST-II [Personal-Social] 20 Performance-based +/− Parent/other Interview D General

BDI [Social-Emotional] 13 Clinician Observation +/− Parent/other
Observation/Interview D (2nd P, E) General

Strengths and Difficulties
Questionnaire (SDQ) 8 Parent/other Questionnaire +/− Interview D, E General

KSPD [Language-Social] 6 Clinician Observation D, E General
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Table 2. Cont.

Outcome
Sub-Category

Instrument [Subdomain] 1 n 2 Format
Primary
Purpose

Population
Designed for

Behavior

Adaptive Behavior

PEDI-CAT [Responsibility] 86 Parent/other Questionnaire E, D General

VABS-2 parent report questionnaire
[Maladaptive Behavior Domain] 30 Parent/other Questionnaire D (2nd P, E) General

BDI [Adaptive] 13 Clinician Observation +/− Parent/other
Observation/Interview D (2nd P, E) General

Executive Function Behavior Rating Inventory of Executive
Function (BRIEF) 7 Parent/other Questionnaire D (2nd E) General

Brain Structure & Function

Neuroimaging

Magnetic resonance imaging (MRI); MRI
with Diffusion tensor imaging (DTI) 525 Clinician Observation D, P General

Positron emission tomography and
computed tomography scan (PET-CT) 293 Clinician Observation D, P General

Single photon emission computed
tomography scan (SPECT) 111 Clinician Observation D, P General

Seizures/Electrical
brain activity

Electroencephalogram (EEG) 255 Clinician Observation D, P General

Seizure burden/frequency 128 Clinician Observation D, P General

Cognition & General Development

Cognition and
General

Development

BSID-II [Mental Scale] 184 Performance-based D (2nd E) General

WeeFIM [Cognition] 130 Clinician Observation +/− Parent/other Interview E Pediatric
Rehab

FIM [Cognition Subscale] 93 Clinician Observation E General &
Rehab

LAP-D [Cognitive Skills] 42 Performance-based/Parent/other Observation D General

BDI [Cognitive] 13 Clinician Observation +/− Parent/other
Observation/Interview D (2nd P, E) General

UK FIM + FAM [Total Cognitive Subscore] 12 Clinician Observation E Rehab

Wechsler Intelligence Scale for Children
4th/5th Edition (WISC-IV/-V) 7 Performance-based D (2nd P) General

KSPD [Cognitive-Adaptive] 6 Performance-based D, E General

Bayley Scales of Infant and Toddler
Development 3rd Edition (BSID-III)

[Cognitive Scale]
1 Performance-based D (2nd P, E) General

Intelligence Quotient (IQ) Score 1 Performance-based D (2nd P) General

Wechsler Preschool & Primary Scale of
Intelligence 4th Edition (WPPSI-IV) 1 Performance-based D (2nd P) General

Quality of Life

Quality of Life

Cerebral Palsy Quality of Life
Questionnaire for Children (CP
QOL-Child), Primary Caregiver

Questionnaire

147 Parent/other Questionnaire D, E CP

Child Health Questionnaire Parent Form
50 (CHQ) 94 Parent/other Questionnaire D, E General

Short Form 8 (SF-8) Health Survey
Quality of Life Questionnaire 1 Self/Parent/other Questionnaire D, E General

Language & Communication

Language

Gesell Developmental Schedules 60 Clinician Observation D General

LAP-D [Speech skills] 42 Performance-based/Parent/other Observation D General

DDST-II [Language Skills] 20 Performance-based +/− Parent/other Interview D General

Communication

BDPS [Communication] 52 Performance-based + Clinician Observation +/−
Parent/other Interview D General

VABS-2 parent report questionnaire
[Communication Domain] 30 Parent/other Questionnaire D (2nd P, E) General

BDI [Communication] 13 Performance-based +/− Parent/other
Observation/Interview D (2nd P, E) General

Communication Function Classification
System (CFCS) 11 Clinician Observation C CP
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Table 2. Cont.

Outcome
Sub-Category

Instrument [Subdomain] 1 n 2 Format
Primary
Purpose

Population
Designed for

Other

Other

Comprehensive Functional Assessment
(CFA) Scale 94 Unknown Unknown Unknown

Beery-Buktenica Developmental Test of
Visual-Motor Integration 6th Edition 88 Performance-based D General

Modified Rankin Scale (mRS) 30 Self (Clinician-led) Interview E Adult Rehab

Caregiver Questionnaire Scale 14 Parent/other Questionnaire Unknown General

CDCC Infant Mental Development Scale
for general development status 1 Performance-based D (2nd E) General

Mental Status Examination 1 Clinician Observation D, E General

Safety

Safety
Safety reports/AEs/Routine laboratory

and clinical assessments (including
neuroimaging for safety exclusively)

1705 N/A D General

Biomarkers

Biomarkers Biomarkers (various) 144 N/A D General

Abbreviations: C, classification; CP, cerebral palsy; D, discriminative; E, evaluative; n, number of participants;
P, predictive; Rehab, rehabilitation. 1 Does not include descriptive outcomes or investigator-developed, non-
validated tools. 2 Number of participants across all studies assessed using instrument. 3 General motor could
not be designated as either gross or fine. Includes oromotor function. 4 Review authors were unable to find
information about this assessment.

More than one instrument was used across the studies for the majority of outcome
categories/sub-categories. For example, Gross Motor was assessed using 12 different tools,
Cognition and General Development by 11, and Activities of Daily Living by eight different
instruments (Table 2). In contrast, Executive Function was assessed using just a single instru-
ment, the Behavior Rating Inventory of Executive Function (BRIEF) [74], in a single study.

The most commonly reported instrument was the GMFM (n = 1163), with this measure
reported for 56% of all included participants in this review. The Pediatric Evaluation of
Disability Inventory (PEDI)/PEDI-Computer Adaptive Test (PEDI-CAT) [75] (n = 573),
GMFCS (n = 533) and magnetic resonance imaging (MRI) with or without diffusion tensor
imaging (DTI) (n = 525) were also frequently used (Table 2).

Of note, study participants were often assessed using more than one instrument within
an outcome category/sub-category (Table 1). This was particularly true for Gross Motor.
For example, Rah 2017 [49] assessed participants using the GMFM, GMFCS, PEDI and
Denver Development Screening Test (DDST) [76], all measures of gross motor capacity
and/or performance. Although many studies also just used single instruments to assess
various outcome domains (Table 1). Furthermore, the total number of instruments used
per study varied substantially. Whereas Feng 2015 [26] only assessed safety, Min 2020 [41]
administered 18 instruments (including safety and biomarker assessments) (Table 1).

Descriptive Outcomes

In addition to the above reported outcome instruments, there were numerous descrip-
tive/observational outcomes reported. For instance, 24/54 (44%) studies included purely
descriptive outcome/s for at least one outcome category/sub-category (Table 1). Some
studies were heavily weighted to reporting descriptive outcomes almost exclusively, partic-
ularly case series/reports or single-arm studies. Moreover, some outcome sub-categories
were more often reported via descriptive means than an outcome instrument. For example,
as mentioned above, although Executive Function was assessed using the BRIEF in only one
study, it was captured descriptively in another five studies.

Of particular note are the descriptive/observational outcomes classified under the Other
category. These covered a range of outcomes including sleep, sensory (sensory process-
ing/smell), vision, hearing, appetite and immunity, as well as overarching/comprehensive
assessments of participant condition/well-being (Table 1).
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3.7. Outcome Instrument Properties

The properties of all reported instruments including format, primary purpose and
population designed for are shown in Table 2. The largest proportion of instruments (55%)
were either exclusively, or partially, Performance-based measures. Clinician-reported mea-
sures were the next most commonly utilized, representing 26% of instruments, and these
were typically Observations. Other measures were either Parent/other-reported or could
be completed interchangeably by a clinician, parent/other or the participant themselves.
Only one instrument was exclusively Self-reported (Modified Rankin Scale). In general,
across the various outcome sub-/categories, there was a mix between Performance-based
and Clinician-reported measures, although Brain Structure and Function was exclusively
Clinician Observation. The three Quality of Life instruments were all Parent/other or
Self-reported, and most Behavior and Activities of Daily Living assessment tools included
input from Parent/other (Table 2).

Of the 53 instruments, 33 (62%) were determined to be evaluative measures, 14 discrim-
inative and/or predictive, and three were classification systems. Of particular note, all in-
struments within Brain Structure and Function were designated as discriminative/predictive,
and the Language and Communication outcome tools were also primarily non-evaluative.
Finally, 14 (26%) of the instruments were specifically designed for a CP-population, mostly
within the Movement and Posture category. An additional six were designed for adult and/or
pediatric rehabilitation and the remainder are for non-specific (general) populations.

When comparing the 53 reported outcome instruments against the highly recom-
mended tools within the common data elements for CP [10], only six instruments over-
lapped: the GMFM, Tardieu Scale [77], Bayley Scales of Infant and Toddler Development
(BSID) [78], Wechsler Intelligence Scale for Children (WISC) [79], BRIEF, and the Cerebral
Palsy Quality of Life Questionnaire (CP QOL) [80]. Of note, the GMFCS, MACS and CFCS
are also recommended in the common data elements, but as classification systems.

4. Discussion

Stem cells and cell therapies offer great potential as a treatment for CP, with efficacy
demonstrated in systematic reviews [4,5]. Improvements in gross motor function have been
the most commonly studied outcome in randomized controlled trials, however individuals
with CP and their families cite improvements in various domains to be of value [7,9]. We
conducted this scoping review to describe all outcomes reported in cell therapy studies for
CP to date. From this, we wanted to understand whether clinical study outcomes align
with common comorbidities and complications of CP, and hence whether they are meeting
the expectations of trial participants and their families. Furthermore, we aimed to examine
the instruments that are being used to assess these outcomes, to determine whether they
are being captured appropriately.

We found that, across 54 included studies comprising >2000 participants, a large range
of outcome domains/categories were reported. Notably, Movement and Posture was the
most commonly assessed outcome category, captured in 98% of included studies. This is un-
derstandable given that CP is clinically characterized by motor and postural impairments.
Movement and posture are routinely measured within CP clinical studies investigating a
whole host of interventions, with several validated instruments with good psychometric
properties available for the CP population [81]. Safety was the next most common outcome
domain. Again, not surprising since clinical studies must necessarily focus on assessing and
reporting the safety of experimental intervention/s. Specifically, Phase 1, 2 clinical trials are
important for understanding how a drug interacts with the human body, and to identify
adverse events. Subsequent Phase 3 clinical trials, including larger numbers of participants,
are important to show long-term or rare side effects. Importantly, previous systematic re-
views have reported an encouraging safety profile for cell therapy treatments in individuals
with CP [4,5], giving confidence to the field in pursuing these novel interventions.

34



J. Clin. Med. 2022, 11, 7319

4.1. Alignment of Reported Outcomes with Symptoms, Comorbidities and Complications of CP

Some interesting observations were noted when evaluating the reported outcome
categories against frequently occurring symptoms, comorbidities and complications of
CP [6]. Firstly, whilst many common impairments and functional limitations were captured
in the included studies (e.g., walking, talking, epilepsy (seizures), intellect and behavior),
the frequency with which these were reported often differed markedly from their prevalence
in the CP population. For example, as previously mentioned, gross motor was captured
for 86% of participants as expected for a condition defined by limitations to movement
and posture. However, other comorbidities/functional limitations with high prevalence
in CP were underrepresented. These include intellectual disability (1 in 2 children with
CP, but only assessed for 35% of participants), speech impairment (1 in 3 children with
CP, but only assessed for 24% of participants), behavior disorders (1 in 4 children with
CP, but only assessed for 49% of participants) and epilepsy (seizures) (1 in 4 children with
CP, but only assessed for 18% of participants) [6]. In addition, some comorbidities and
complications were reported for only a minority of participants using primarily descriptive
measures, or not reported at all, despite being commonly occurring, in particular vision
impairment (1 in 4 children with CP), pain (3 in 4 children with CP) and sleep disorders
(1 in 5 children with CP) [6]. While questions relating to pain and sleep are included in
measures of quality of life, these contribute towards the construct of quality of life rather
than being assessments of pain or sleep in their own right. Quality of Life was captured for
only 14% of participants, and of these, more than a third were assessed using health-related-
specific quality of life measures. We know that quality of life is influenced by a broad
array of factors (i.e., more than health), including socioeconomic status and community life,
impacted by social policy such as inclusion, participation, community, and accessibility [82].
Given that quality of life was identified as the most important domain for improvement
following intervention via a Delphi survey of youth with CP, parents of children with CP,
and medical professionals [9], it is interesting that this was not captured more broadly. We
advocate that outcome measures that assess overarching quality of life, with responsiveness
to change, such as the CPCHILD [83] for children with severe physical disability [10,84],
should be included in future studies.

Important to consider is why many of these prevalent comorbidities, complications
and functional limitations are not typically reported in clinical studies of cell therapies to
date. Whilst it may be due to a lack of availability or knowledge of suitable/appropriate
measurement tools for these outcomes, it is also possible that it is not scientifically plausible
for cell therapies to target all of these domains. Indeed, there is some debate in the field as to
what potential benefits various cell therapies are actually capable of bestowing [85]. Whilst
cell therapies have been under investigation for decades (both clinically and pre-clinically),
a comprehensive understanding of the mechanism/s of action for each cell type is still being
uncovered. For example, it is accepted that neural stem cells can differentiate into neurons,
oligodendrocytes and astrocytes to potentially replace lost or damaged brain cells. On the
other hand, cell types including mesenchymal stem/stromal cells and hematopoietic stem
cells, which were frequently administered in the studies included in this review, are more
ambiguous in their mechanism/s of action for CP [4]. Moreover, how various potential
mechanisms of action may relate to the likelihood of improvement across different outcome
domains (e.g., gross motor vs. cognition vs. pain) remains unknown. Despite these
uncertainties, accumulating high-quality evidence exists to support the efficacy of various
cell therapies for improving gross motor function in CP, and there is lower-quality evidence
suggesting that cell therapies can have wide-ranging effects across many other domains.
This includes various anecdotes and descriptive measures, and while this information can
be useful in providing hints at potential areas of efficacy, these subjective reports should
be verified using valid tools, in well-designed and powered clinical trials, to determine
if they are indeed true effects of a cell treatment. Furthermore, a thorough review of the
clinical literature across various conditions that share some of the common comorbidities
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and complications of CP may help identify additional beneficial effects of cell therapies on
these treatment targets.

Another reason why common comorbidities, complications and functional limita-
tions of CP are absent in clinical trials may be a ‘carry-over’ from preclinical (primarily
rodent/small animal) research. A known limitation of many animal models is the inade-
quacy to faithfully replicate the complexity of human disease [86], in addition to difficulties
assessing traditionally self-reported outcomes, such as pain [87]. Thus, some outcomes
may get overlooked when translating promising cell therapies from the ‘bench’ to the
clinic. This highlights the importance of consumer engagement and co-design in medical
research, to ensure that research, in particular clinical trials, are informed by community
priorities, whilst remaining balanced with what scientists believe, and evidence tells us, cell
therapies can feasibly achieve. We therefore recommend that future trials are designed in
collaboration with consumer and community representatives to ensure included outcomes
are aligned with consumer priorities.

4.2. Appropriate Outcome Instrument Selection in Cell Therapy Clinical Studies for CP

Regardless of the outcome domain/s being assessed, it is vitally important that psy-
chometrically sound and appropriate instruments are utilized. This will ensure that data
generated from costly and time-consuming clinical trials is high quality and will not lead
to incorrect conclusions about the efficacy (or lack thereof) of a particular intervention.
This review revealed a large number (>50) of instruments used across the included studies.
Encouragingly, many were ‘gold standard’ CP outcome measures, with responsiveness to
change, such as the GMFM and the PEDI/PEDI-CAT, which were the two most frequently
utilized measures. In contrast, it was concerning that the GMFCS was used to capture
change following intervention for a substantial number of participants (the third most
frequent outcome tool used). Whilst the GMFCS is a widely used tool for the classification
of gross motor function in children with CP, it is not an evaluative measure (i.e., it was
not designed, nor shown to be, responsive to change), and is thus not appropriate to be
used as an instrument to detect change following an intervention. Interestingly, two other
classification tools were also used: the Manual Ability Classification Scale (MACS) [88] and
the Communication Function Classification System (CFCS) [89]. We recommend that these
classification systems are not used as outcome assessment instruments in future studies.

Excluding the classification tools, two-thirds of all instruments reported had evaluative
properties, making them suitable as outcome assessment instruments. Some outcome
categories however, were primarily assessed using inappropriate instruments in terms of
their evaluative properties, e.g., Language and Communication. There are various reasons
why inappropriate instruments may be used in clinical trials, including a lack of knowledge,
training, or access (e.g., funding). Alternatively, there may as yet be no widely accepted, and
validated, evaluative tools for assessing that particular outcome in CP. There are excellent
reviews that have identified valid and reliable measures for use in studies of children and
youth with CP [81]. However, if suitable tools do not exist, we propose that these areas are
not ready for measurement within clinical trials or that individualized goal setting tools
might be considered.

Another consideration for selection of outcome domain/s and assessment tools relates
to the heterogeneity of CP. Some may argue that the inherent variability between individuals
with CP precludes the inclusion and measurement of particular outcomes because they
may not be relevant for a large proportion of trial participants, e.g., hearing or vision
impairment, or epilepsy. Yet, there is precedent for the use of individualized outcome
measures, for example the Goal Attainment Scale (GAS) [90] or Canadian Occupational
Performance Measure (COPM) [91] within clinical trials to importantly capture change that
matters to the child and family. The use of such measures may enhance the relevancy of
captured outcomes for a given participant, help to limit the total number of assessments,
thereby reducing respondent burden, and improve sensitivity to detect meaningful change.
Thus, it would be interesting to see whether such measures could be used in future trials.
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4.3. Mechanisms of Cell Therapies and Ensuing Effects

CP is caused by an interference, lesion, or abnormality of the developing brain which
manifests as a disorder of movement and/or posture. Repairing the underlying brain
injury, via direct or indirect mechanisms, to promote increased neuronal signaling and
function is the aim of cell therapies for CP. As such, it is recognized that improvements in
brain structure or connectivity following cell intervention could directly improve motor
function. It is important to acknowledge however that links exist between motor skills
and some comorbidities of CP. Figure 3 shows a schema of the proposed effects of stem
cells for CP including therapeutic targets leading to remediation of the underlying brain
injury, and resultant effects on various comorbidities, leading to the ultimate goal of
improving quality of life. We wish to specifically highlight that changes in brain structure
and connectivity producing improvements in motor function may have secondary effects
on a number of motor-associated CP comorbidities (e.g., pain, sleep, drooling and speech).
This may therefore mean that, in fact, improvements in various outcomes of importance to
individuals with CP and their families may be more achievable than widely believed. In
addition, the non-motor-associated comorbidities of CP (e.g., cognition, behavior) may be
indirectly targeted by cell treatments.

Figure 3. Schematic representation of cell intervention effects and interlinked outcomes for CP
including quality of life.

4.4. Limitations

We acknowledge some limitations of this scoping review including that due to our
decision to include all study designs, there is a significant amount of lower-quality evidence
included. In addition, extracted outcome instruments may have been categorized in varying
ways, and, for simplicity of reporting, some sub-categories of outcomes were consolidated
during the sorting process, despite arguably representing distinct outcome sub-domains.
Finally, we did not extract nor report on the efficacy of cell therapies for any of the outcome
categories, as this was outside the scope of this review.

5. Conclusions

Stem cells are an emerging intervention for CP with potential to target a wide variety of
outcome domains. We found that movement and posture and safety were the predominant
outcomes assessed in cell therapy clinical studies, despite many other outcomes, including
quality of life, being of high importance to individuals with CP and their families. Moreover,
amongst the considerable number of outcome instruments employed in clinical studies,
many are not appropriate for use as measures of change following intervention. We provide
several recommendations to ensure that future trials collect scientifically valid, high-quality
outcome data that also meets the expectations of the CP community.
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Abstract: Research has established inflammation in the pathogenesis of brain injury and the risk
of developing cerebral palsy (CP). However, it is unclear if inflammation is solely pathogenic and
primarily contributes to the acute phase of injury, or if inflammation persists with consequence in
CP and may therefore be considered a comorbidity. We conducted a scoping review to identify
studies that analyzed inflammatory biomarkers in CP and discuss the role of inflammation in the
pathogenesis of CP and/or as a comorbidity. Twelve included studies reported a range of analytes,
methods and biomarkers, including indicators of inflammatory status, immune function and genetic
changes. The majority of controlled studies concluded that one or more systemic biomarkers of
inflammation were significantly different in CP versus controls; most commonly serum or plasma
cytokines such as tumor necrosis factor, Interleukin (IL)-6 and IL-10. In addition, differences in
inflammation were noted in distinct subgroups of CP (e.g., those with varying severity). The available
evidence supports the pathogenic role of inflammation and its ongoing role as a comorbidity of CP.
This review shows that inflammation may persist for decades, driving functional impairment across
development and into adulthood. However, inflammation is complex, thus further research will
increase our understanding.

Keywords: inflammation; biomarker; cerebral palsy; comorbidity; scoping review

1. Introduction

Cerebral palsy (CP) describes a group of permanent motor and postural disorders,
causing activity limitations, that are attributed to non-progressive disturbances in the
developing brain [1]. The motor disorders of CP are commonly accompanied by sensa-
tion, perception, cognition, behavior and communication disturbances, with epilepsy and
secondary musculoskeletal issues. Inflammation is detailed in the pathogenesis of most
perinatal brain injury that contributes to the risk of developing CP, including neonatal
stroke, preterm birth, birth asphyxia and infection [2,3]. Systematic reviews of the clinical
literature now support an association between higher circulating levels of pro-inflammatory
mediators and the diagnosis of CP, particularly in the setting of prematurity [4]. However,
the duration and extent of this inflammation, as well as the implications in people with CP,
remain unclear.

Inflammation in CP may comprise changes in cytokines [4]; altered immune response
with a dysregulated response to stimuli (e.g., lipopolysaccharide (LPS)) [5]; adaptive
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immune changes including T- and B- cell distribution and function [6], and other genetic and
non-genetic changes to signaling pathways [7]. It is commonly reported that inflammation
following perinatal brain injury changes over time, between the acute to chronic phases of
injury [8]. However, persistent inflammation (i.e., inflammation extending months-to-years
after the primary injury phase) has been postulated to have detrimental effects on the brain
and may contribute to ongoing sequelae of CP [9,10]. This is supported by the sustained
inflammation hypothesis, also known as programming effects, whereby prenatal, antenatal or
neonatal pro-inflammatory cytokines induce inflammation that contributes to long-term
cytokine dysregulation [11]. Whilst it has been discussed that persistent inflammation
may be present in people with CP [5,7], there is ongoing debate about the strength of this
evidence and its implications. There are currently two main streams of thought:

(1) Inflammation persists well after the original brain injury with long-term consequence in CP. If
inflammation persists, other commonly characterized symptoms of CP, including pain
and cognition may be confounded or exacerbated. For example, systemic immune
disturbances in innate and cellular immunity increase brain glial cell responsiveness,
which may worsen neurological deficits [12]. In this context, inflammation may be
viewed as a contributing factor to the symptoms experienced by people with CP, and
present with the motor and movement impairments, in other terms be a “comorbidity”
of CP.

(2) Inflammation persists in CP without long-term consequence or indeed, does not persist at all.
If inflammation is not a comorbidity of CP, it may instead standalone as a pathogenic
feature of CP; meaning that the original inflammatory insult that causes the motor
and postural impairment exists with no other long-term implications on health or
outcomes. Alternatively, that inflammation does not persist.

When considering either stream of thought, there are many unknowns around how
and why inflammation may or may not persist. Crosstalk between inflammation arising
from the central nervous and systemic immune system are also unclear, along with the
possible contribution of epigenetic programming from the initial insult [13].

Interestingly, the role of inflammation in the pathogenesis of CP is frequently investi-
gated; many publications report on inflammatory biomarkers either collected close to the
time of birth (e.g., umbilical cord blood) or during the neonatal period up to 4 weeks of
age, or study a mixed at-risk population which are then correlated with outcomes such
as CP [14,15]. Early inflammatory biomarkers and associations with neurodevelopmental
outcome can be seen as indirect measures that allude to the impact of inflammation, genetic
and immune changes in the pathogenesis of brain injury. However, direct measures of
inflammation in children and adults with CP is lacking and the extent and duration of in-
flammation is not understood. The need for more research in this space has been previously
stated [7].

Hence, this scoping review aims to identify and synthesize results from clinical studies
that analyze biomarkers of inflammation in established CP and discuss the role of inflam-
mation in the pathogenesis of CP and as a comorbidity. In addition, as CP is highly het-
erogenous, we also aim to elucidate any effects within subgroups of CP, including etiology,
age and type and topography of CP. Adequate identification of those with higher inflamma-
tion may open the potential for personalized medicine and targeted therapeutics, as well
as identify responders/non-responders to treatments with an inflammation-modulating
mechanism of action.

2. Materials and Methods

We followed the Joanna-Briggs Institute Population, Concept, and Context keywords
search method to formulate our scoping review question [16]. The study protocol was pub-
lished on the Open Science Framework, July 2022 (DOI 10.17605/OSF.IO/6ZVUN (accessed
on 17 November 2022)). This scoping review is reported in accordance with the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews Guidelines
(PRISMA-ScR, [17]). The PRISMA-ScR Checklist can be found in Supplementary File S1.
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2.1. Study Eligibility Criteria

We included all study types (controlled and non-controlled) that reported on partici-
pants with CP. Studies were required to include the analysis of biomarkers that measured
changes in inflammation, or markers of immune or inflammatory pathways, including
genetic. Full text records, published in English in a peer-reviewed journal were eligible for
inclusion. No limits were placed on the date of publication.

We excluded studies that measured inflammation in infant populations prior to a CP
diagnosis; captured biomarkers only for the purpose of analysis of risk factors susceptibility,
associations and causal pathways to CP; or used neuroimaging, neuropathology or indirect
functional measures as a biomarker.

2.2. Search Strategy

We ran searches on 28 June 2022 using MEDLINE (1946 to 28 June 2022), Cochrane
Central (The Cochrane Library, June 2022) and Embase (1947 to 28 June 2022) via Ovid using
the following strategy: (Cerebral palsy.tw) AND (Inflamm*.tw). Searches were limited to
English language articles and de-duplicated.

2.3. Study Selection

De-duplicated search results were exported into Covidence Systematic Review Soft-
ware (Veritas Health Innovation, Melbourne, Australia, available at: http://www.covidence.
org (accessed on 17 November 2022)). Additional de-duplication was conducted before
titles and abstracts were screened by two independent reviewers (MCBP and MFE). Full
texts of studies were then retrieved and independently assessed for eligibility.

2.4. Data Extraction

Data was extracted by two independent review authors (MCBP and MFE) into a
Microsoft Excel spreadsheet which was developed specifically for this review. Extracted
information included study details, participants and groups, method of biomarker analysis,
analyte details, significant study findings including subgroup analyses (comprising severity,
type/topography, age and etiology).

2.5. Defining Reportable Inflammatory Biomarkers

Consistent with the inclusion criteria and scope of this review, only biomarkers related
to inflammation were included. We defined biomarkers as molecules, proteins (including
cytokines and chemokines, as well as their receptors) or cells and characteristics of cellular
function. This also included quantitative PCR as a biomarker of the amount of cytokine
expression, at the RNA level. Whilst we did not limit on the type of analytes, we do not
report on growth factors, hormones or neuropeptides.

2.6. Data Synthesis

Results are reported as a summary of included studies and in relation to three
biomarker result types of (1) cytokine analysis, (2) immune function and/or (3) genetic
changes and gene expression. Briefly, we define immune function to mean changes in
immune or blood cells upon stimulation; changes in cytokine analysis is defined by the
differences in unstimulated expression of inflammatory markers including quantitative
PCR at the RNA level; and, genetic changes and gene expression refer to an alteration
or variation (including polymorphisms) in nucleotide sequences and DNA expression.
Results of findings within CP subgroups related to inflammation and age, CP type, severity,
topography and etiology are also synthesized, reported and discussed.
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3. Results

3.1. Search Results

A total of 1489 records were identified following the search procedure shown in
Figure 1. After 556 duplicates were removed, 933 studies were screened by title and
abstract with 895 studies subsequently excluded. Following full-text screening for eligibility,
12 studies were included in this review [5,6,9,18–26].

Figure 1. PRISMA Flow Diagram.

3.2. Study Characteristics

Studies that had reportable information on inflammatory biomarkers indicating direc-
tionality of inflammation and immune responses compared to a control were synthesized
and presented (Table 1) [5,6,9,18,19,21,22,24–26]. The two studies without a control group
could not be summarized and reported in Table 1 [20,23]. However, their study characteris-
tics and outcome data are presented below (see Section 3.4. Additional findings in single arm
studies) and in Table 2, which describes sub-group differences.
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3.2.1. Study Design

Of the 12 included studies, ten were controlled (83%) and two were single arm (17%).
All controlled studies compared a CP group to those without CP, however features of the
control group were highly variable and many studies had a number of comparator groups.
Comparator groups included age-matched controls [6,9,19,24,27], gestational-age matched
controls [5], infants, children, adolescents and adults with/without CP [6,18,19,21,22,25,26].

3.2.2. Participant Features

Within the CP group, age was highly variable: one study recruited both infants
(<1 year) and children (1–9 years) [25], three studies recruited children [19,21,24], seven
studies recruited children and adolescents (10–19 years, [5,6,9,20,22,23,26] and one ana-
lyzed adolescents and adults (20–39 years, [18]). Included participants had variable type,
topography, severity and etiology of CP (Table 1).

3.2.3. CP Cohort Etiology

Information regarding CP etiology was detailed in five included studies, with in-
formation provided in Table 1. One study recruited participants with asphyxia and/or
infection [19], one recruited participants with preterm birth and PVL [5], one recruited
participants with neonatal encephalopathy [6], and two had mixed participant etiologies
(periventricular leukomalacia, birth asphyxia, hypoxia ischemic encephalopathy, neonatal
encephalopathy, infection or stroke) [9,25]. All other studies did not provide information
relating to CP etiology. A number of studies did specify participant gestational age at birth
as a participant demographic. Whilst earlier gestational age (particularly very/extremely
preterm) may be a risk factor for CP, it’s direct link to CP etiology was not specified. One
study did investigate the contribution of gestational age on CSF inflammatory markers in
a subgroup analysis [20]. In this study, preterm birth was presented as a CP etiology and
details of these findings can be found in Section 3.5.4 below.

3.2.4. Samples Analyzed, Method and Biomarker Details

A range of samples were studied for biomarkers of inflammation including
plasma [18,22,24,25,28], serum [6,19], whole blood (including DNA) [6,9,23,25], peripheral
blood mononuclear cells (PBMCs) [21], PBMC supernatant or RNA [5], cerebrospinal fluid
(CSF) [20] and muscle [26]. Overall, most studies analyzed systemic inflammation from
peripheral blood origins (Table 1).

A total of 30 inflammatory analytes were assessed including a variety of cytokines
and their receptors. The most common analytes included cytokines such as tumor necrosis
factor (TNF) (n = 8 studies), interleukin (IL)-6 (n = 7 studies) and IL-10 (n = 5 studies). Other
cytokines, including but not limited to IL-1β, transforming growth factor (TGF)-β1 and
IL-8, were less commonly reported, only appearing in three or fewer studies. In addition, a
variety of genes were investigated as well as lymphocyte populations (Table 1).

The most common method of analyte analysis was enzyme-linked immunosorbent
assay (ELISA, n = 8 studies). Other methods included flow cytometry (n = 3 studies),
reverse transcription-polymerase chain reaction (RT-PCR, n = 2 studies), complete blood
counts with differential pictures of white blood cells (n = 1 study) and genotyping of single
nucleotide polymorphisms (SNPs, n = 1 study).

All studies had results that could be categorized as either biomarkers for (1) immune
function [5,9,21], (2) inflammatory status via cytokine analysis [5,6,9,18,19,22–25,29] or
(3) genetic changes and gene expression [5,25,26].

3.3. Results of Inflammatory Biomarkers in CP

Of the studies with a comparator group and presented in Table 1, n = 9/10 reported
significant changes in inflammation (either inflammatory status, gene expression and/or
immune response) in one or more findings in CP compared to a relevant comparator.
These changes in inflammation were all systemic, except for one study assessing skeletal
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muscle [26]. It was noted that there was significantly higher systemic inflammation in
adolescents with CP compared to relevant controls across four studies [5,6,9,22]. In the
study measuring gene expression in skeletal muscle, higher inflammation was found in
participants aged up to 18 years [26], with IL-1β, IL-6 and TNF mRNA being significantly
higher in CP than controls.

3.3.1. Stimulation Assays of Immune Function from Case-Control Studies

Three studies analyzed systemic immune responses using stimulation of whole blood
or PBMCs with LPS, a Toll-like receptor 4 agonist with an important role in regulation
of immune responses to infection, or phorbol 12-myristate 13-acetate (PMA) and iono-
mycin [5,9,21] to induce cytokine responses in T cells. All studies found a significant
increase in a range of cytokines in individuals with CP compared to controls. Statistically
significant increases in cytokines for each study included TNF [5], granulocyte-colony
stimulating factor (GM-CSF), IL-8 [21], and IL-1α, IL-2, IL-6 [9]. However, regulation of
IL-1β was variable, with one study [9] reporting a significant increase following simulation
in CP versus age-matched controls, whereas another study [21] found that IL-1β was sig-
nificantly reduced in children with CP compared to adult controls. Together, these findings
demonstrate that systemic immune response, whilst variable, is altered in participants with
CP compared to individuals without CP.

3.3.2. Cross-Sectional Cytokine Analysis from Case-Control Studies

A total of ten studies reported on the inflammatory status in CP; eight studies used
serum and plasma to report on systemic inflammation [5,6,9,18,19,22,24,25], one analyzed
CSF [20] and one analyzed skeletal muscle [26]. Overall there was significant heterogeneity
in sample readouts measured via ELISA. TNF, IL-6 and IL-10 were most commonly reported
and thus are discussed below for case–control studies. Plasma and serum ELISA results
from three studies indicated significant increases in TNF in CP compared to a range of
controls without CP [5,19,24]. One study reported no differences in serum/plasma TNF
levels [9]. IL-6 was reported as being significantly increased in CP compared to controls in
one study [19]. However, overall, IL-6 levels were reported to be not significantly different
in CP versus controls in four other studies [5,6,9,22]. ELISA analysis of IL-10 indicated
no significant differences in two studies [6,9] and significant increase in expression in one
study of CP versus controls [25]. All other ELISA analytes varied significantly in frequency
of reporting/analyzing and the outcome of the results (i.e., significant and non-significant
findings, Table 1). Overall, whilst there is mounting data for differing TNF, IL-6 and IL-10
cytokine levels in CP versus controls, directionality was mixed.

Differential mRNA expression between individuals with CP and their corresponding
controls was investigated in two studies [5,26]. Significant increases in IL-1β, IL-6, TNF
mRNA expression in skeletal muscle biopsies [26], and >2-fold increases in 10 TNF-related
genes were found from unstimulated PBMCs in CP compared to controls [5]. Additionally,
two studies reported two results that are not included in Table 1. In Lin et al. [5], RNA from
PBMCs was analyzed in RT-PCR alongside protein expression via ELISA. This validated
that TLR-4, inhibitor of nuclear factor kappa-B kinase subunit gamma, c-Jun N-terminal
kinases and TNF genes were significantly higher in the CP group compared to controls.

3.3.3. Proportions of Immune Cell Types in Case-Controls

One study investigating cellular immunity from whole blood stimulated ex vivo with
PMA and ionomycin or relevant cytokine ligand followed by flow cytometry analysis [6],
indicated that T-cells of the adaptive and innate immune system (including overall, Vδ2,
and CD4− CD8− subtypes) and invariant natural killer T (iNKT) cell percentage frequency
and absolute numbers were elevated in school-aged children with CP compared to age-
matched controls. Vδ1 T cells, Mucosal-associated invariant T (MAIT) cells and B-cells
were significantly reduced in children with CP compared to age-matched controls. These
results point to an altered distribution and frequency of adaptive immune cells and innate
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lymphocytes in children with CP. Importantly this study also highlighted differences in
immune cell types between neonates with brain injury versus age-matched controls and
children with CP, concluding that the immune system may be primed after earlier insult
and immune cell changes may persist into school-age.

3.3.4. Genetic Changes and Gene Expression in Case-Controls

One study utilized quantitative PCR to define inherited cytokine SNPs in a moderately
sized (n = 188) cohort of infants with and without CP under three years of age. IL-10 SNPs
including rs3024490 and rs1800871 were found to be significantly higher in individuals
with CP compared to controls [25]. The study concluded that the IL-10 SNPs are strongly
related to CP and can affect the expression and secretion of the IL-10 cytokine.

3.4. Additional Findings from Single Arm Studies

Two single arm studies were not presented in Table 1 as they did not have a control
group [20,23]. Both studies indicated significant differences/associations in inflammatory
biomarkers within their CP cohort. One report [23] identified that total white blood cell
counts, neutrophil counts and neutrophil-to-lymphocyte ratio were significantly higher
in those with CP living in a rehabilitation center setting than those living at home. The
other study [20] also showed that inflammatory analytes such as TNF, IL-6 and IL-10 are
positively associated with neurotransmitters and neuropeptides (including agoutirelated
peptide and Substance P) within a CP cohort via ELISA analysis of CSF.

3.5. Subgroup Findings of Biomakers in CP across Included Studies

Limited data was reported across five studies [20,22–25] that indicated differences
in subgroups of those with CP related to age, CP type, severity, topography and etiology
(gestational age). A summary of available findings is reported in Table 2.

3.5.1. Participant Age Subgroup Analysis

One study [24] reported that plasma TNF was significantly increased in younger
participants with CP aged 1–3 years compared to those aged 4–12 years with CP. Another
study [22], however, detected differences between adults with CP versus children without
CP: TGFβ1 and CRP were significantly higher in control children compared to adults
with CP. These findings may suggest that participant age may influence the degree of
inflammation.

3.5.2. Type and Topography of CP Subgroup Analysis

One study [25] reported that a significant increase in anti-inflammatory IL-10 was
found in plasma of the CP group with spastic quadriplegia compared to controls, but not
for other CP sub-types. This study also found that frequencies of IL-10 SNPs of those
with spastic quadriplegia versus controls were different for rs1554286, rs151811, rs3024490,
rs1800871, and rs1800896. These study results may indicate that the differences in type and
topography of CP influence IL-10 SNPs compared to controls and may represent overall
differences in IL-10 production.

3.5.3. Severity of CP Subgroup Analysis

One study found no significant correlations between plasma TNF and CP severity
level on the Gross Motor Function Classification System (GMFCS) when looking across the
whole group of those with CP [24]. However, significantly increased plasma TNF levels
correlated with more severe GMFCS levels in the subgroups of patients with spastic diplegia
or quadriplegia as well as those just with spastic diplegia. Moreover, in children with CP
in a single arm study [23], neutrophil-to-lymphocyte ratio was significantly increased
in children with severe motor impairment (GMFCS IV–V) compared to milder motor
impairment (GMFCS II–III). Whilst results are variable, these findings suggest CP severity
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may be associated with altered inflammatory TNF and neutrophil-to-lymphocyte ratio,
particularly in those with more severe CP.

3.5.4. Etiology of CP Subgroup Analysis

One single-arm study [20] specifically aimed to elucidate the relationship between CSF
inflammatory markers and CP etiology, specifically in relation to gestational age. When
comparing those with CP born preterm and extremely preterm, there was a significant
difference in the correlations of expression between TNF and substance P. Overall, there
were 14 unique positive analyte correlations within the preterm birth subgroup that were
not found in other term and extremely preterm gestational age subgroups, however only
four of these were related to inflammation. Additionally, another 24 unique positive
analyte correlations were identified for those born extremely preterm compared to term
and preterm, with seven directly related to inflammatory analytes. Whilst evidence is
limited, these results suggest that gestational age at birth is implicated in greater expression
of inflammatory CSF cytokines and neuropeptides.

4. Discussion

4.1. The Evidence of Persistent Inflammation in CP

There is ample evidence to support the role of inflammation in the pathogenesis of
brain injury and its detrimental role in neurodevelopment. Preclinical and clinical research
has demonstrated that inflammation prevents endogenous brain repair and regeneration
following injury [9,30] and persistent inflammation has been postulated to predispose
people with CP to further cognitive dysfunction and brain injury [10]. Specifically, pub-
lished research supports that aberrant glial activation contributes to ongoing injurious brain
processes, with advances in neuroimaging supporting this hypothesis [10]. Our findings
from this scoping review indicate that some biomarkers of inflammation are altered in
people with CP. This has been investigated mostly via alterations in systemic inflammation,
commonly assayed from peripheral blood serum and plasma. Changes were detected
across markers of inflammatory status measured via cytokine analysis, immune function or
genetic changes. Twelve published studies (10 controlled) demonstrate significant changes
or associations in one or more inflammatory biomarkers compared to a relevant comparator
or within subgroups of those with CP. The most commonly reported changes in inflamma-
tion in CP were noted for IL-6, TNF and IL-10. This is consistent with the current literature
in infants, with previous systematic reviews indicating that higher circulating levels of
cytokines including TNF and IL-6 are associated with abnormal neurological findings,
including CP [4].

Importantly, our scoping review highlights that inflammation can persist in CP well
beyond the acute brain injury period, with significantly higher systemic inflammation from
childhood, through to adolescence compared to relevant controls. Some differences in
gene function were found in participant groups aged up to 18 years. We also note that
some studies report differences in inflammatory status related to age; two studies showed
that younger children have greater systemic inflammation compared to older children
and adults. Interestingly, in the one study that identified no significant inflammatory
differences in plasma CRP between those with CP and controls, all participants were adults.
This may indicate that inflammatory status and immune function change over time and
may become less pronounced with increasing age, however more research is required to
elucidate this hypothesis.

Whilst there are several common biomarkers under investigation including IL-6, TNF
and IL-10, there remains high heterogeneity between studies. A total of 30 biomarkers of
inflammation as well as a number of additional genes were examined and studies included
varied sample types, analysis methods, controls, and age ranges and presentations of
participants. Even across the most commonly investigated cytokines of IL-6, TNF and IL-10,
studies reported mixed significant and non-significant findings. Remarkably, the majority
of studies conclude that there are differences in inflammation in CP, spanning more than
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38 significant findings. These primarily include alterations in systemic inflammatory and
immune function, and more research should be prioritized to investigate these changes in
more detail and in larger cohorts with harmonized biomarker panels.

4.2. Differences in Persistent Inflammation in CP and within Subgroups

CP is a multifactorial and heterogeneous condition, stemming from diverse etiologies
and patterns of brain injury, with varied severity and subtype [31]. As such, we cannot
assume that inflammation between two individuals with CP will be the same. Whilst
data in this area is still emerging, the findings of our scoping review suggest that the
variability between and within studies might be explained by subgroups of people with
CP. Specifically, we note that participant age, severity of CP, type/topography and etiology
may be important to consider when assessing inflammation. We present that those with
more severe CP may have higher levels of inflammation, as well as those with spastic
quadriplegia. One included study also supports that those with CP born preterm have
distinct inflammatory biomarkers, complementing the previously established literature
showing unique biomarker profiles in those born preterm and the risk of developing CP [4].
Whilst this data may indicate that there are differences in inflammation both in CP and
within subgroups, there may also be contributing factors to persistent inflammation that
are not controlled for. For instance, in more severe CP, individuals may have reoccurring
infections, micro-aspirations and more extensive muscle contractures [32]. These factors
could ultimately explain the higher levels of systemic inflammation observed in both
inflammatory and anti-inflammatory cytokines [24,25]. Moreover, the one study that found
higher plasma IL-10 in those with spastic quadriplegia may suggest that increased muscle
tone alters inflammation [25]. However, interpretation of this finding is limited as other
types of CP are not commonly studied. There remains a notable bias towards participants
with spastic CP, likely due to prevalence of spastic CP over other CP types. Additionally,
we noted that most included studies of this review had a modest sample size (n ≤ 150
total) with a mixed participant demographic. Only one study had a large sample size
of n = 479 [25] in order to analyze genetic polymorphisms with subgroup analyses of CP
subtypes. Future studies will require larger sample sizes to ensure that further subgroup
analyses can be conducted, are adequately powered to detect differences and control for
subgroup and comorbidity diversity, especially in this heterogenous and complex condition.

4.3. Targeting Inflammation as a Comorbidity of CP

It has been previously proposed that understanding “persistent inflammatory mech-
anism could lead to safe and effective therapies to treat brains that have experienced
developmental disruption long after the initial insult” [9]. This is an interesting concept,
and our scoping review demonstrates that inflammation should be recognized as a comor-
bidity of CP, that is, a factor that coexists alongside the movement and postural impairments
experienced by people with CP. Given the remaining uncertainties highlighted above, more
research to improve our understanding of the extent of inflammation, its mechanisms in
CP, as well as who are most likely to have inflammation and require treatment, will be
important next-steps.

Importantly, whilst this review has highlighted a number of inflammatory biomarkers
of interest (e.g., IL-6, TNF and IL-10), it is unlikely that any one given cytokine alone will
be implicated in the pathogenesis and long-term inflammatory status associated with CP.
Instead, a broad immunomodulatory and anti-inflammatory strategy may have its place
and are now under investigation in CP. For instance, cell therapies including umbilical
cord blood have been demonstrated to improve motor function in children with CP [33,34]
primarily working via immunomodulation. Results from this scoping review support the
hypothesis that there is persistent inflammation to be targeted. Uncovering the role, extent
and impact of this inflammation may also enable research into more treatments that target
inflammation.
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Alternatively, given the variability in inflammatory biomarkers and likely heterogene-
ity in any given person with CP, personalized medicine may also be appropriate approach
for targeting inflammation in this condition. For instance, we have demonstrated that levels
of systemic inflammatory TNF are higher in three studies with a CP sample of n = 117. If
this finding is confirmed in more participants with CP compared to controls, TNF may
prove a future target for personalized medicine. There are now success stories from clinical
translation of inflammatory cytokine drug targets for neonatal conditions including white
matter injury and bronchopulmonary dysplasia. These include the use of IL-1 receptor
antagonist (anakinra) [35,36] and IL-37 as an endogenous regulator of inflammation that
broadly suppresses innate and adaptive immunity [37,38]. A similar approach may be
developed in CP if researchers can establish the importance of any one given cytokine
for the condition. Additionally, identifying those with persistent inflammation may also
help us to understand responders and non-responders to treatments with an inflammatory
mechanism of action.

4.4. Outstanding Unknowns of Inflammation in CP

This review highlights that inflammation has a number of dimensions; there are mul-
tiple contributors to inflammation spanning the transcriptome that contains the genome,
proteome, metabolome, leading to phenotypic changes [39]. However, the majority of
results in this scoping review are only reflective of changes at the protein level mainly
from peripheral blood serum and plasma. To continue establishing inflammation as a
comorbidity of CP, more research should be done to elucidate the contribution of upstream
and downstream inflammatory factors. This may also help to uncover novel targets. Addi-
tionally, the origins of inflammation associated with early brain injury and resulting CP
are yet to be fully understood. For instance, is inflammation programmed during the brain
injury? If this inflammation remains sustained, why and how? The causes of inflammation
may be cellular or from epigenetic programming from the initiating insult [13]. Not to
mention, the confounding role of aberrant inflammation following perinatal infection and
neonatal sepsis in CP [40,41], as well as maternal immune activation [42] and congenital
abnormalities [43]. Current evidence also suggests that more than 30% of all CP may have
a genetic cause, with four main types of DNA variations contributing to the pathogenesis
of the condition [7]. Genetic and epigenetic changes may not only increase the risk of
developing CP, but may also have a role in ongoing signaling pathway dysregulation
like Wnt and glycogen synthase kinase-3. These signaling pathways are critical for brain
development and neurogenesis in early life but also support regeneration, synaptic plas-
ticity and homeostasis in adults. Information regarding these changes in CP, such as how
inflammation is sustained and the implications of persistent inflammation are only just
becoming apparent from research findings.

As we work to comprehend how inflammation is sustained, it is also important to
understand whether blood biomarkers of systemic inflammation (as commonly reported
in this scoping review), remain a direct indicator of central nervous system inflammation
in established CP. Whilst we saw one study that analyzed CSF, more should be done
to contrast and compare systemic and central inflammation. Research into neurological
conditions including stroke has demonstrated that there is strong peripheral immune-brain
crosstalk following injury [44,45]. This crosstalk can be bidirectional and therefore systemic
immune responses to stimuli may exacerbate brain inflammation, and vice versa. Not to
mention, this review has primarily focused on the detrimental effects of inflammation,
however the protective and reparative functions of inflammation in the setting of CP have
yet to be considered.

This review also highlights that different causal pathways and etiologies of CP, as
well as subtypes, may contribute to persistent inflammation. However, evidence is still
emerging and most studies did not provide details of CP etiology or investigate subgroup
analyses of participants in relation to inflammation. As stated above, powering for this
type of investigation is necessary but will be challenging.
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4.5. Limitations

We acknowledge some limitations of this study, primarily the heterogeneity of in-
flammatory biomarkers that restricted synthesis as well as prevented clear directionality
findings of any one given cytokine. This limits the clinical utility of the results and we can-
not conclude with certainty what inflammatory biomarkers may contribute as a pathogenic
mediator or comorbidity of CP. Inflammatory biomarker heterogeneity also meant that ana-
lytes were not discussed in the context of pro- and anti-inflammation. The scoping review
was also limited by the ability to adequately define the CP cohort, with only five studies
reporting CP etiology and most not reporting all participant features like type, topography
and severity of CP. As different causal pathways and presentations of CP may influence
inflammatory burden and persistence, adequate reporting of participant demographics
remains imperative. Additionally, a number of studies included in this scoping review
present results in reference to a range of different comparators. In one instance, children
with CP were compared to adult controls and this may have influenced results. Overall,
the heterogeneity of the participants, biomarkers studied and methodologies employed, in
addition to failures in controlling for factors that may influence results (adequate controls,
subgroups of CP), limits the scoping review findings and generalizability to people with CP.

5. Conclusions

This scoping review is the first to present the summarized research to date on inflam-
mation in CP. The available evidence indicates that inflammation is pathogenic in CP and
may persist in various forms including immune and genetic changes, years after the origi-
nal injury. Given that persistent inflammation in CP may have deleterious effects across
development and into adulthood, inflammation should be recognised as a comorbidity of
CP. Whilst there are a number of common cytokines under investigation including IL-6,
TNF and IL-10, there remains high heterogeneity between studies and more research is
required to improve the strength of the evidence. It is still unclear why inflammation
persists, how it persists and if there are subgroups of people with CP who may have more
extensive inflammation. Efforts should be made to investigate inflammation in CP in
well-controlled, larger studies that adequately address population heterogeneity, which
may in turn help support future research into novel treatment options.
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Abstract: Background: It is important to gain a better understanding of mental health issues in
adolescents and young adults (AYA) with cerebral palsy (CP). In this cross-sectional study, we
explore if demographics, social and clinical questionnaire scores, and cortisol levels in hair samples
from AYA with CP are associated with higher scores on anxiety and/or depression questionnaires.
Methods: Data from a community-based sample of 63 AYA with CP (30 females; ages 16 to 30
(median age of 25)) were analyzed. Forty-one (65%) participants (20 females) provided a hair
sample. Outcomes were assessed using bivariate linear regression analyses and hierarchical regression
analyses. Results: Clinical depressive and anxiety symptoms were present in 33% and 31% of
participants, respectively. Family functioning, B = 9.62 (95%CI: 5.49–13.74), fatigue, B = 0.15 (95%CI:
0.05–0.25), and pain, B = 1.53 (95%CI: 0.48–2.58) were statistically significant predictors of depressive
symptoms. Fatigue, B = 0.24 (95%CI: 0.12–0.35) and pain, B = 1.63 (95%CI: 0.33–2.94) were statistically
significant predictors of anxiety. Cortisol levels from hair samples were not found to be associated
with depressive symptoms or anxiety. Conclusions: A high prevalence of mental health problems and
co-occurring physical problems was found in AYA with CP. Integrating mental support into regular
care for AYA with CP is recommended.

Keywords: mental health; anxiety; depression; cerebral palsy; adolescence; young adults

1. Introduction

There is an increasing movement in the clinical community to re-frame our under-
standing of disabilities, such as cerebral palsy (CP), as childhood-onset disorders rather
than disorders of childhood. Children with CP can expect a longer life span due to medical
advances, but they are also more likely to require ongoing supports and services as they age
beyond what is required for their typically developing peers [1–5]. Young adults with CP
can face challenges with aspects of health and wellness, education, employment, accessible
housing, and social relationships. Compared to peers without disabilities, adolescents
and young adults (AYA) with CP often report lower employment rates, are less likely to
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participate in leisure/social activities or pursue post-secondary education, and often are
more dependent on their families for living arrangements [3,6–8]. Additional challenges
include a lack of access to health care; professionals’ lack of knowledge of CP; and lack of
information and uncertainty regarding the transition to adulthood process [3,7,9,10].

Chronic health conditions (CHC), including CP, can increase the risk of developing
problems related to mental health, chronic pain, and fatigue [9,11–18]. Further, stress,
chronic pain, and mental health issues are highly comorbid in patients with CHCs [11,15,19],
and this co-morbidity may worsen an individual’s outcomes [20]. Most youth mental health
studies include a range of CHCs, including epilepsy and juvenile diabetes. However, young
adults with physical disabilities have higher scores on depression and anxiety symptoms
than those with other CHCs [16,21,22]. Most relevant for the current purpose, one study
observed a four-fold increase in the prevalence of emotional disorders in children with
CP between seven and eleven-years of age [23] and a systematic review has suggested
that children and adolescents with CP may be at an increased risk of developing mental
health problems [24]. Indeed, mental illness was the third most common reason for hospital
admissions in young adults with CP [21], and recent large database studies have elucidated
both a higher prevalence and risk of mental health disorders among adults with CP
compared to the general population [17,18]. Given the high prevalence of mental health
disorders and comparatively lower frequency of check-ups in this population, many AYA
who would benefit from interventions may go unnoticed or treated.

The review [24] further highlights many gaps in the literature, including a reliance
on parent-reports for mental health symptoms and an under-reporting of rates of mental
health issues in older-adolescent or young adult age groups [24]. CP is one of the most
common neurodevelopmental disorders (2 in 1000 live births) and can occur alongside
other cognitive and behavioural issues, including autism spectrum disorder, attention
deficit hyperactivity disorder (ADHD), and anxiety disorders [8,19,25]. This highlights a
need for more targeted research into the mental health of these AYA [24,26]. In this spirit,
the current study was conducted to examine the psychosocial and biological correlates of
mental health in AYA with CP.

To ease the transition from adolescence into adulthood for AYA with CP, it is im-
portant to gain a better understanding of the self-reported prevalence of mental health
issues, including symptoms of anxiety and depression. Further, there are important gaps
in our understanding of physical and psychosocial factors that might contribute to the
development of mental health issues in AYA with CP, either as markers of vulnerabil-
ity or as co-morbid issues that might aggravate symptoms. The “MyStory” project is a
study within the Childhood Cerebral Palsy Integrated Neuroscience Discovery Network
(CP-NET) coordinated by CanChild, McMaster University. The project is a longitudinal
study investigating the course of physical health, mental health and well-being in AYA
with CP. This project includes yearly screening questionnaires on fatigue, pain, anxiety,
depression, family functioning, quality of life, and also investigates neurophysiological
factors, including changes in stress hormones (cortisol levels). Hair cortisol has been used
as a biomarker of hypothalamic–pituitary–adrenal axis activity, and exposure to systemic
cortisol over time. It has been associated with a variety of conditions, including changes
in mental and physical health, early life trauma, ADHD, worker burnout, and anxiety or
depression in different age groups [27–34]. To date, however, no research has explored the
use of hair cortisol as a biomarker for mental or physical health in AYA with CP. In this
study, we explore cross-sectionally some of the initial relationships discovered in the Year
1 data, including prevalence rates of anxiety and depressive symptoms, and association
of demographics (age, gender, gross motor function level), social (family functioning)
and clinical (pain, fatigue) questionnaire scores, on anxiety and depression questionnaire
scores. We will also begin to investigate relationships between anxiety and depression
questionnaire scores and hair cortisol levels.
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2. Materials and Methods

2.1. Study Design, Setting and Participants

A sample of AYA (ages 16 to 30) was recruited through CanChild at McMaster Univer-
sity using a variety of methods (posters, recruitment letters, emails). Recruitment strategies
included mailing or emailing recruitment letters to individuals who previously participated
in CanChild research projects, mailing recruitment letters to eligible participants through a
Children’s Treatment Centre in Windsor, Ontario, in clinic recruitment at hospitals across
Ontario (St. Catharines, Toronto, London, and Hamilton), and organizations supporting
people with disabilities sharing the recruitment poster to their communities.

The MyStory project is designed as a quantitative, longitudinal study (though the
data subset for this study design is cross-sectional), where participants complete a series of
questionnaires and provide hair samples at the same time. All participants completed the
Year 1 questionnaires between 2014–2018. Participants participated in the study voluntarily
and had the option to complete as many Year 1 questionnaires as desired. Participants
were still eligible to participate and complete questionnaires if they declined to provide a
hair sample. Participants needed to meet the following criteria to be included in the study:
(1) be between the ages of 16 and 30; (2) have a confirmed diagnosis of CP in childhood;
(3) reside in Ontario, Canada at registration; (4) be capable of consenting to participation;
(5) be able to complete online questionnaires (alone or with assistance); and (6) be able to
follow simple instructions.

All aspects of this study were approved by the Hamilton Integrated Research Ethics
Board, and recruitment materials at external sites were approved by their relevant ethics
boards. All study personnel who had contact with any participants received suicide risk
assessment training via the Columbia Suicide Severity Scale (C-SSRS) training module [35].
Should a participant report thoughts of death or suicide, a standardized follow-up protocol
was observed including provision of and/or contacting resources and caregivers.

2.2. Patient and Public Involvement

We designed the study based on clinical experiences and the needs expressed by
AYA with CP and their families. The Ontario Federation for Cerebral Palsy, a non-profit
organization in Ontario that supports people with CP, has been involved since study
conception and are key partners in the MyStory study. During the data collection of the
MyStory study, participants expressed a desire to share their experiences more broadly
and participated in knowledge dissemination activities such as webinars (www.cp-net.org,
accessed on 1 April 2022.

2.3. Data Collection and Instruments

Demographic characteristics, including age and gender, and gross motor function
were collected from participants. Participants completed the self-reported questionnaires
online or by paper and pencil at their homes, by themselves or with the assistance of
a family member or peer. Participants’ functional capabilities were determined using
decision-making questions around major life issues (who decides daily activities and how
spending money is used) and daily routine issues (who decides what is eaten, what is done
for fun, and the time for bed).

The description of questionnaires are as follows (See Table 1 for summary).

2.3.1. State-Trait Anxiety Inventory (STAI

A 40-item questionnaire based on a 1 to 4 Likert scale. The STAI measures two types of
anxiety: state anxiety (S-Anxiety), or anxiety about an event, and trait anxiety (T-Anxiety),
or anxiety level as a personal characteristic [36]. The MyStory study asked participants
the S-Anxiety questions allowing for understanding on how participants were feeling at
the time they completed the questionnaire across time points to better detect longitudinal
change [37]. An overall score for S-Anxiety is calculated as a total sum, ranging from
20 to 80, with a higher score indicating greater anxiety. Scores equaling or higher than 40
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are thought to suggest possible clinical anxiety [36]. We did not score the S-Anxiety scale if
more than 10% of data were missing [38]. The S-Anxiety scale has high internal consistency
(α = 0.86–0.95) [36].

2.3.2. Center for Epidemiological Studies Depression Scale (CES-D)

A 20-item self-report instrument that evaluates depressive symptoms defined by the
American Psychiatric Association Diagnostic and Statistical Manual (DSM-IV) for a major
depressive episode [39]. Participants respond on a 4-point Likert scale, where higher scores
indicate higher levels of depression. The overall score for the CES-D is calculated as a total
sum, ranging from 0 to 60. Individuals with questionnaire scores equaling 16 or higher are
considered to be demonstrating possible clinical depressive symptoms [40,41]. We did not
score the CES-D scale when more than four questions were missing following developer
guidelines. The CES-D scale has adequate test–retest reliability (0.45–0.70) and high internal
consistency (α = 0.85–0.90) [39].

2.3.3. McMaster Family Assessment Device (FAD)

The updated 60-item questionnaire evaluates families on the dimensions of the Mc-
Master Model of Family Functioning [42]. Following the instructions of the questionnaire,
youth defined what family meant to them. The questionnaire includes sub-scales on prob-
lem solving, communication, roles, affective response, affective involvement, behaviour
control and general functioning. This study used the ‘general functioning’ sub-scale to
capture the overall level of family functioning. The general functioning sub-scale contains
12 items to assess overall family health, such as making decisions and feelings of acceptance
within the family [42]. Responses are measured on a 4-point Likert scale from 1, indicating
strongly agree, to 4, indicating strongly disagree. Total scores are calculated as an average
of the 12 items ranging from 1, indicating “best functioning”, and 4, indicating “worse func-
tioning” of the family [42,43]. Problematic family functioning is present when individuals
score 2.00 or higher in the general functioning sub-scale. We did not score the sub-scale if
more than 40% of responses were missing [42]. The FAD general functioning sub-scale has
adequate test–retest reliability (0.71) and high internal consistency (α = 0.92) [43].

2.3.4. Fatigue Impact and Severity Self-Assessment (FISSA)

This 37-item fatigue questionnaire allows participants to respond to 30 questions on
a 5-point Likert scale (higher scores indicate greater fatigue) and 6 open-ended questions
on the impact, severity, and management of experienced fatigue [44]. One question allows
participants to respond to a 7-point Likert scale to account for the number of days each
week fatigue is experienced. This study used the score for the 31 questions using Likert
scale responses, which are used to index the level of fatigue in terms of impact and severity,
calculated as a total sum for the fatigue level, with scores ranging from 31 (less fatigue) to
157 (more fatigue). The FISSA was not scored if more than 10% of data were missing [38].
This questionnaire was designed specifically for individuals with CP and has high internal
consistency (α = 0.95) and adequate test–retest reliability (0.75) [44].

2.3.5. Pain

This scale, developed by researchers at CanChild, evaluates pain severity and loca-
tion [45]. It initially asked participants if they had experienced physical pain in the past
month. If they responded ‘yes’, then they were asked the severity of pain and if the pain
got in the way of their daily activities on a 10-point Likert scale. The scale then asked
participants to indicate the body regions where they had experienced pain. For this study,
we calculated the number of painful sites reported by participants as a total sum, as this
was the critical measure used in the study that developed this scale [45]. Scores ranged
from 0 to 10, with higher scores indicating more painful body sites. We excluded any
questionnaires with missing data.
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2.3.6. Gross Motor Function Classification System (GMFCS)

Participants functional status was collected using the Gross Motor Function Classifica-
tion System that categorizes physical abilities on a 5-level scale: Level I—walks without
restrictions; Level II—walks without assistive devices but has limitations walking in com-
munity and outdoors; Level III—walks with assistive mobility devices and has limitations
walking in community and outdoors; Level IV—self-mobility with limitations, may use
power mobility devices in the community and outdoors; and Level V—self-mobility with
severe limitations even when using assistive technology [46].

2.4. Hair Samples

Participants provided hair samples to assess cortisol levels. Hair cortisol analysis is an
emerging biomarker for chronic stress, as systemic cortisol is understood to be incorporated
into the hair shaft during hair growth [47]. Participants, with the assistance of a researcher
or a family member/friend, provided a hair sample (approx. 3 mm in diameter—50 to
80 strands) from the posterior vertex of the head, and cut as close to the scalp as possible.
Studies have demonstrated that hair cortisol levels are positively correlated with measures
of perceived stress [30,32,47,48] and permit the retroactive assessment of cortisol for at least
three months [49–51]. Along with the hair samples, participants completed a biological
questionnaire to collect information on current medications, chemical treatments to hair,
smoke exposure, and ethnicity, among other factors. Hair samples were assayed using a
validated ELISA protocol to determine concentrations of cortisol in the sample (picogram
(pg)/milligram (mg)). The ELISA protocol is outlined in Appendix A.

Table 1. Variables included in the dataset.

Measure Type Number of Items Constructs Examined

Age (years) Continuous 1 Demographics

Gender (male, female) Binary 1 Demographics

Gross Motor Functional Classification
System (GMFCS) Ordinal 1 Gross motor function level

State-Trait Anxiety Inventory (STAI),
State Anxiety (S-Anxiety) Continuous * 20 State Anxiety Present; State Anxiety

Absent

Center for Epidemiological Studies
Depression Scale (CES-D) Continuous * 20 Negative Affect; Positive Affect;

Anhedonia; Somatic Symptoms

McMaster Family Assessment Device
(FAD), General Functioning Sub-Scale Continuous * 12 General Functioning; Overall Level of

Family Functioning

Fatigue Impact and Severity
Self-Assessment Tool (FISSA) Continuous * 31

Impact of Fatigue on Daily Living;
Fatigue Management and Activity
Modification

Pain Continuous 10 Number of Painful Body Sites

* Classifying scores on Likert-scale questionnaires as continuous is somewhat disputed, but variables will be
treated as continuous for this project [52].

2.5. Statistical Analyses

All of the surveys were scored according to the individual survey instructions, includ-
ing instruction around missing data. Descriptive statistics are reported based on the spread
and central tendencies of variables. For each outcome (depression and anxiety, respectively)
we completed bivariate linear regression analyses to determine if one or more of our demo-
graphic variables (age, gender, GMFCS), scores on questionnaires (FAD, FISSA, pain), or
cortisol levels were associated with higher scores on either (A) the CES-D depression scale,
or (B) the S-Anxiety scale. We also completed hierarchical regression analyses with CES-D
and S-Anxiety and included predictor variables in four blocks: (1) Demographics—age,
gender (reference is female), GMFCS (reference is Level 1); (2) Social—FAD; (3) Clinical—
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FISSA, pain; and (4) Biological—cortisol levels. All dependent variables were assessed for
normality and linearity. All statistical tests were performed as two-tailed, and a statistically
significant effect was observed at a p ≤0.05 with 95% confidence intervals. All statistical
analyses were performed using SPSS 25.

3. Results

Of the 70 AYA with CP that provided consent to participate in this study, 63 (90%)
participants completed at least one questionnaire (FAD, FISSA, CES-D, S-Anxiety, or pain)
in Year 1. Of the 37 participants (58%) who completed the GMFCS questionnaire, 14 (38%)
identified as Level I; 6 (16%) identified as Level II; 6 (16%) identified as Level III; 10 (27%)
identified as Level IV; and 1 (3%) identified as Level V. Most participants decided major life
issues and their daily routine alone or in partnership with someone else (Table 2).

Table 2. Participant functional capabilities.

Variable n Decides Alone
(%)

Decides with
Someone Else (%)

Someone Else
Decides (%)

Daily activity 53 36 (68%) 16 (30%) 1 (2%)

Use of spending money 53 34 (64%) 17 (32%) 2 (4%)

What is eaten 52 30 (58%) 19 (36%) 3 (6%)

What is done for fun 52 39 (75%) 13 (25%) 0 (0%)

Time for bed 52 43 (83%) 8 (15%) 1 (2%)

Participants who completed at least one questionnaire included 30 (48%) females and
33 (52%) males with a median age of 25 (IQR 23.00–27.00). Among those who completed
questionnaires, 51 participants (81%) completed five questionnaires (FAD, FISSA, CES-
D, S-Anxiety, pain). Baseline descriptive characteristics, including median questionnaire
scores, and the number of participants who completed each questionnaire, are provided
in Table 3. We collected 47 hair samples from individuals at the first time point. One
individual provided a hair sample, but did not complete any of the questionnaires included
in this analysis. Three hair samples could not be processed due to insufficient weight, and
two hair samples were removed from our analysis as outliers, resulting in 41/63 (65%) hair
samples available (20 females, 21 males).

Table 3. Descriptive characteristics of baseline variables.

Variable n Data Missing (n)
Median

(1st Quartile, 3rd Quartile)
Mean

Standard
Deviation

Min, Max

Age (years) 63 - 25.00 (23.00, 27.00) 24.46 3.30 16.00, 29.00

STAI 58 5 32.00 (25.00, 43.00) 34.96 12.09 20.00, 64.00

CESD 61 2 9.00 (4.00, 17.50) 12.54 10.67 0.00, 46.00

FAD 61 2 1.82 (1.45, 2.45) 1.89 0.58 1.00, 3.27

FISSA 59 4 88.00 (67.00, 105.00) 85.69 24.61 33.00, 141.00

Pain 57 6 2.00 (1.00, 5.00) 2.89 2.389 0.00, 9.00

Cortisol
(ng/mL) 41 22 4.22 (2.89, 5.88) 5.09 3.87 0.33, 20.19

Note: As variables were not normally distributed, the median, 1st quartile, and 3rd quartile were reported. The
FISSA was normally distributed and Mean and SD (Standard Deviation) were reported. FISSA = Fatigue Impact
and Severity Self-Assessment, Pain = Painful Body Sites, FAD = Family Assessment Device, General Functioning
Sub-Scale, CESD = Center for Epidemiological Studies Depression Scale, STAI = State-Trait Anxiety Inventory,
State Anxiety Scale, Cortisol = Hair cortisol concentration (pg/mg). Data missing = number of data points
excluded from analysis due to missing data.
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In our samples, 20/61 (33%) of participants had CES-D questionnaire scores equal to
or higher than 16, indicative of possible clinical depressive symptoms. Similarly, among
participants who completed the S-Anxiety Scale, 18/58 (31%) of participants had a score
higher than 40, suggesting possible clinical anxiety. Among the 56 participants who
completed both the CES-D and S-Anxiety Scale, 10 participants (18%) scored higher than
the cut-offs on both measures, indicating possible clinical depressive symptoms and anxiety.
Additionally, among participants who completed the FAD ‘general functioning’ sub-scale,
25/61 (41%) scored 2.00 or above suggesting unhealthy overall level of family functioning.

3.1. Correlates of Depression
3.1.1. Bivariate Regression Analysis: CES-D

Bivariate regression analyses examined the relationship between age, gender, GMFCS,
family functioning (FAD) scores, fatigue (FISSA), pain, and cortisol as predictors of CES-D
score. Using regression diagnostics for each analyses, we removed one data point from
all analyses that had high residuals. Removal of these data points did not influence the
significance of the independent variables.

FAD was statistically significant, R2 = 0.28, F (1, 56) = 21.80, p < 0.001, Adj R2 = 0.27,
indicating around 27% of CES-D variation was predicted by family functioning. FISSA
was statistically significant, R2 = 0.15, F (1, 54) = 9.63, p = 0.003, Adj R2 = 0.14, indicating
around 14% of CES-D variation was predicted by FISSA scores. Pain was also statistically
significant, R2 = 0.14, F (1, 53) = 8.575, p = 0.005, Adj R2 = 0.12, indicating around 12%
of CES-D variation was predicted by total number of painful body sites. All effect sizes
are small according to Cohen’s d [53]. Regression coefficients and standard errors are in
Table 4.

Table 4. Summary of regression models—predictors of CES-D scores.

Variable n B SEb ß 95%CI

Age 60 −0.12 0.39 −0.04 −0.90–0.66

Male 60 −3.10 2.53 −0.16 −8.16–1.96

GMFCS Level 2 35 7.21 4.04 0.31 −1.04–15.47

GMFCS Level 3 35 7.41 4.32 0.29 −1.40–16.23

GMFCS Level 4 35 −1.68 3.54 −0.08 −8.90–5.55

GMFCS Level 5 35 15.21 8.57 0.29 −2.30–32.72

FAD 58 9.62 2.06 0.53 5.49–13.74

FISSA 56 0.15 0.05 0.39 0.05–0.25

Pain 55 1.53 0.52 0.37 0.48–2.58

Cortisol 39 −0.18 0.40 −0.71 −1.00–0.64
Note: B = unstandardized regression coefficient, SEb = Standard Error of the coefficient; ß = standardized
coefficient, CES-D = Center for Epidemiological Studies Depression Scale, FAD = Family Assessment Device,
General Functioning Sub-Scale, FISSA = Fatigue Impact and Severity Self-Assessment, Pain = Painful Body Sites,
GMFCS = Gross Motor Function Classification System, Cortisol = Hair cortisol.

3.1.2. Hierarchical Regression Analysis: CES-D

We examined the relationship between demographic (age, gender, GMFCS), social
(FAD), clinical (FISSA, pain), and biological (cortisol levels) predictors of CES-D using a
hierarchical regression. Using regression diagnostics, we identified one data point that had
high leverage and residual, and it was removed from the model.

The first two models that added demographic and social variables were not statistically
significant. The addition of clinical variables made the model statistically significant
with the predictor variables accounting for around 41.6% variation in CES-D. The final
model with all variables including cortisol was statistically significant accounting for
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approximately 62.9% variation in CES-D scores. This is a medium effect size according to
Cohen’s d [53]. Regression coefficients and standard errors are presented in Table 5.

Table 5. Hierarchical regression model summary—CES-D.

Characteristics Step 1 Step 2 Step 3 Step 4

Demographics

Age −0.07 (−1.25, 1.11) −0.01 (−1.21, 1.19) −0.22 (−1.31, 0.88) −1.20 (−2.40, −0.00)

Male Gender −3.48 (−11.47, 4.51) −2.21 (−10.84, 6.42) −10.24 (−19.36, −1.12) −6.16 (−14.25, 1.93)

GMFCS 2 0.70 (−17.09, 18.48) 1.09 (−16.94, 19.13) −10.09 (−26.90, 6.72) −12.13 (−25.80, 1.54)

GMFCS 3 7.59 (−2.99, 18.16) 7.91 (−2.83, 18.64) 0.90 (−12.22, 14.03) 4.81 (−6.26, 15.89)

GMFCS 4 0.23 (−8.47, 8.94) 2.21 (−7.76, 12.19) −6.20 (−17.19, 4.79) −2.80 (−12.11, 6.51)

GMFCS 5 17.63 (−0.19, 35.46) 17.69 (−0.37, 35.75) 8.06 (−8.22, 24.33) 19.21 (3.17, 35.24)

Social

FAD 3.34 (−4.51, 11.19) −7.78 (−18.05, 2.50) −9.78 (−18.24, −1.33)

Clinical

FISSA 0.34 (0.10, 0.593) 0.44 (0.22–0.66)

Pain −1.82 (−4.14, 0.51) −3.34 (−5.59, −1.08)

Biological

Cortisol −1.30 (−2.37, −0.23)

Model Fit

R2 0.37 0.84 0.68 0.81

Note: Results are presented as unstandardized regression coefficients and associated 95% confidence inter-
vals. CES-D = Center for Epidemiological Studies Depression Scale, FAD = Family Assessment Device, Gen-
eral Functioning Sub-Scale, FISSA = Fatigue Impact and Severity Self-Assessment, Pain = Painful Body Sites,
GMFCS = Gross Motor Function Classification System, Cortisol = Hair cortisol.

3.2. Correlates of Anxiety
3.2.1. Bivariate Regression Analysis: S-Anxiety

Bivariate regression analyses examined the relationship between age, gender, GMFCS,
family functioning (FAD) scores, fatigue (FISSA), pain, and cortisol as predictors of S-
Anxiety score. FISSA was statistically significant, R2 = 0.23, F(1, 55) = 16.74, p < 0.001,
Adj R2 = 0.22, indicating around 22% of S-Anxiety variation was predicted by FISSA
scores. Pain was statistically significant, R2 = 0.10, F(1, 55) = 6.26, p = 0.015, Adj R2 = 0.09,
indicating around 9% of S-Anxiety variation was predicted by total number of painful body
sites. All effect sizes are small according to Cohen’s d [53]. When compared to GMFCS
Level 1, participants with GMFCS Level 3 were statistically significant, p = 0.033. Regression
coefficients and standard errors are in Table 6. As seen in Table 6, all statistically significant
variables had positive regression weights.

3.2.2. Hierarchical Regression Analysis: S-Anxiety

We examined the relationship between demographic (age, gender, GMFCS), social
(FAD), clinical (FISSA, pain), and biological (cortisol levels) predictors of S-Anxiety using a
hierarchical regression. Using regression diagnostics, we identified one data point that had
high residual, and it was removed from the model.

The second model that included demographic and social predictor variables was
statistically significant accounting for around 38.7% of variation in S-Anxiety scores. No
other models were statistically significant. Regression coefficients and standard errors are
in Table 7.
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Table 6. Summary of regression models—predictors of S-Anxiety scores.

Variable n B SEb ß 95%CI

Age 58 −0.26 0.49 −0.07 −1.25–0.73

Male 58 −2.87 3.19 −0.12 −9.26–3.52

GMFCS Level 2 36 4.80 5.62 0.15 −6.65–16.25

GMFCS Level 3 36 11.83 5.26 0.41 1.11–22.56

GMFCS Level 4 36 4.00 4.46 0.17 −5.10–13.10

GMFCS Level 5 36 3.00 11.16 0.05 −19.76–25.76

FAD 58 4.60 2.72 0.22 −0.84–10.05

FISSA 57 0.24 0.06 0.48 0.12–0.35

Pain 57 1.63 0.65 0.32 0.33–2.94

Cortisol 38 0.04 0.53 0.01 −1.03–1.12
Note: B = unstandardized regression coefficient, SEb = Standard Error of the coefficient; ß = standardized
coefficient, CES-D = Center for Epidemiological Studies Depression Scale, FAD = Family Assessment Device,
General Functioning Sub-Scale, FISSA = Fatigue Impact and Severity Self-Assessment, Pain = Painful Body Sites,
GMFCS = Gross Motor Function Classification System, Cortisol = Hair cortisol.

Table 7. Hierarchical regression model summary—S-Anxiety.

Characteristics Step 1 Step 2 Step 3 Step 4

Demographics

Age −0.67 (−1.98, 0.64) −0.63 (−1.77, 0.52) −0.64 (−1.85, 0.56) −0.62 (−2.29, 1.06)

Male Gender 3.44 (−5.58, 12.46) 4.67 (−3.28, 12.61) 1.34 (−6.97, 9.64) 1.17 (−9.82, 12.16)

GMFCS 2 −1.41 (−21.18, 18.36) −0.05 (−17.35, 17.24) −6.91 (−24.76, 10.95) −6.89 (−25.85, 12.07)

GMFCS 3 15.17 (2.94, 27.40) 15.52 (4.84, 26.20) 10.55 (−2.67, 23.77) 10.39 (−4.99, 25.77)

GMFCS 4 10.35 (0.66, 20.04) 12.45 (3.78, 21.12) 9.47 (0.58, 18.37) 9.30 (−2.24, 20.84)

GMFCS 5 6.92 (−12.91, 26.75) 7.58 (−9.73, 24.90) 1.26 (−16.15, 18.67) 0.91 (−22.15, 23.96)

Social

FAD 6.231 (0.57, 11.89) 2.60 (−4.05, 9.25) 2.57 (−4.55, 9.70)

Clinical

FISSA 0.20 (−0.02, 0.43) 0.2 (−0.04, 0.44)

Pain −0.92 (−3.51, 1.66) −0.88 (−4.05, 2.28)

Biological

Cortisol 0.04 (−1.41, 1.48)

Model Fit

R2 0.43 0.60 0.72 0.72

Note: Results are presented as unstandardized regression coefficients and associated 95% confidence inter-
vals. CES-D = Center for Epidemiological Studies Depression Scale, FAD = Family Assessment Device, Gen-
eral Functioning Sub-Scale, FISSA = Fatigue Impact and Severity Self-Assessment, Pain = Painful Body Sites,
GMFCS = Gross Motor Function Classification System, Cortisol = Hair cortisol.

4. Discussion and Conclusions

The cross-sectional (Year 1) data in the MyStory project indicates that family function-
ing (FAD), fatigue, and pain are statistically significant predictors of higher CES-D scores,
suggesting that poorer overall family functioning, fatigue, and more painful body sites
play a role in increased depressive symptoms in AYA with CP. Similarly, for the S-Anxiety,
fatigue (FISSA) and pain were statistically significant positive predictors of anxiety scores,
suggesting that fatigue and more painful body sites plays a role in increased anxiety symp-
toms. However, the effect sizes were small. The hierarchical regression analyses indicate
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that demographic, social, clinical, and biological factors influence depressive symptoms in
AYA with CP.

4.1. Mental Health and Cerebral Palsy

This study further substantiates that anxiety and depression are a substantial problem
in AYA with CP [16–18]. The high prevalence of AYA with CP who scored above the cut-offs
indicating possible clinical anxiety (31%) and depressive symptoms (33%) in this study is
similar to findings in recent database studies from the United States and United Kingdom
that used diagnostic codes to identify AYA with CP with formally diagnosed mental health
disorders. Whitney et al. [17] found that 28.6% of women 19.5% of men with CP had anxiety
related or mood disorders. Smith et al. [18] found those with CP had an increased risk of
developing anxiety (hazard ratio, 1.40; 95%CI, 1.21–1.63) and depression (hazard ratio, 1.43;
95%CI, 1.24–1.64) when compared to those without CP. This study included self-reported
anxiety and depressive symptoms, which may account for the slightly higher prevalence
when compared to studies using diagnostic codes. AYA with CP often do not receive a
formal diagnosis of anxiety and/or depression or are considered to not have symptoms
severe enough to receive a formal diagnosis. Those experiencing barriers to accessing
mental health services describe losing hope as they have inadequate support and funding
to assist them with their symptoms [54]. While the median age of participants in our study
was 25 years of age, studies focusing on children and adolescents with CP have shown
similar prevalence in anxiety and depression [16,19]. The accumulation of this research
indicates that mental health issues, such as anxiety and depression, are present throughout
the life course of individuals with CP.

A recent review highlighted that aging with CP can be accompanied by a myriad of
new and changing neurologic symptoms including pain and fatigue, which are related to
mental health conditions such as depression and anxiety [55]. Indeed, pain and fatigue are
commonly reported in AYA with CP [56–59] and have been shown to be associated with
depressive symptoms and mood (affective) disorders in adults with CP [60] and groups
with other conditions [15,61]. This study supports these findings and finds those with
more painful body sites also have higher depression scores. Pain can be debilitating and
have a substantial impact on individuals’ daily functioning, ability to sleep, and quality of
life [54,58]. Stress and anxiety has also been reported by AYA with CP as a contributing
factor to fatigue [62].

Furthermore, positive family functioning and peer support are key factors that impact
mental health [63]. This study found that over 40% of participants reported unhealthy
overall family functioning and lower family functioning was a statistically significant
predictor of higher depressive scores. We considered physical health (fatigue and pain) and
social relationships (family functioning) in this study, but our models could only account
for a small portion of the variation in anxiety and depressive scores. Other factors that
could be considered in the future to explain the variation include measuring if AYA with
CP have meaningful participation at work and in recreation activities, social isolation, and
stress associated with school, work, peer relationships, managing finances, and making
health care decisions [54]. A decline in social participation can also contribute to a decline
in mental health [64].

This is the first study, to our knowledge, that explores the relationship between cortisol
from hair samples and anxiety and depression symptoms in AYA with CP. While cortisol
was not found to be a predictor of anxiety or depression, the sample size for the cortisol
regression analyses only included 38 participants. Cortisol was a statistically significant
unique predictor of depressive symptoms in the hierarchical regression model, however
the model only included 21 participants with seven possible predictors, suggesting that
we may have been nearing the limits of the predictive power of this model given our
sample size. A larger sample size with additional hair samples would help us to address
some of these shortcomings, and better address the question of whether cortisol is a useful
biomarker for mental health in AYA with CP.

70



J. Clin. Med. 2022, 11, 3060

4.2. Recommendations for Healthcare System and Providers

Based on the findings from this study, clinicians may benefit from noting that AYA
with CP who are reporting high levels of fatigue, more sites of pain, or appear to be having
difficulties with their families, may be at a higher risk of developing a clinical anxiety or
depressive disorder. Given our finding that around 30% of our sample experience clinically
relevant levels of anxiety or depressive symptoms, this area of research is clearly deserving
of more focus from the medical community. Integrating mental health services, such as
screening tools [65] and timely referrals to mental health professionals, into regular follow
up of AYA with CP is recommended due to this high prevalence.

Any mental health services should be sustained when adolescents with CP transition
into adult care services (around the age of 18 in Ontario, Canada) well into young adulthood
(age 30).

Indeed, a life course approach to care—which highlights the role of person-environment
interactions as a key process by which health development occurs—encourages coordi-
nation and continuity of healthcare between family-centered service in pediatrics to an
individual-centered environment in adult care [66]. This is especially important considering
the added challenges surrounding lack of support, access and knowledge reported by AYA
with CP during their transition between these two systems, and in turn the potential impact
of these challenges on long-term health trajectory [67]. Further, this approach broadens
the scope of environmental factors that contribute to health and encourages interventions
that alleviate barriers to life experiences and social participation [66]. Indeed, initiatives
including mindfulness-based stress reduction programs delivered virtually show promis-
ing benefits by educating and enhancing individuals ability to cope with their CP-related
symptoms, such as pain and fatigue [68]. Social connectedness, acupuncture, massage, and
leisure activities have also been reported to be helpful coping strategies for physical and
mental health symptoms [54,69]. Additional strategies to manage family functioning, pain,
and fatigue in AYA with CP tailored to the needs of the specific individual and utilizing
different delivery methods may help mitigate some of their mental health issues.

4.3. Limitations and Future Directions

The subjective nature of the questionnaire responses allowed us to understand feelings
and experiences directly from AYA with CP themselves. However, participants who were
more open to sharing their experiences may have opted to participate in the study, thus
introducing volunteer bias. Alternative approaches to creating our models may have
included reducing our CES-D and S-Anxiety scores to dichotomous variables using the
clinical cut-off points (“risk of clinical depression” vs. “lower risk of clinical depression”
for example) and performing logistic regression analyses. In addition, though we removed
outliers that were statistically different from the rest of our sample, we did not necessarily
have a good ‘clinical’ reason to remove them, and they may have been valid data points.
During Year 1 of the MyStory study, we did not collect the Trait Anxiety in the STAI.
However, these data are being collected for participants continuing their involvement in
the study to allow for further understanding of anxiety in AYA with CP. Future longitudinal
analyses are planned for the MyStory study data (data collection is still ongoing) and
will include a larger sample size across time points, allowing us to explore how levels
of anxiety, fatigue, depression, family functioning, participation, self-management, and
quality of life change across time. We also aim to understand if there are age effects to these
changes across times to better identify the appropriate timing of strategy and resource
implementation for AYA with CP.
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Appendix A

Cortisol ELISA Protocol: After collection, samples were placed in sealed plastic bags
and stored at room temperature until they were assayed. A standardized protocol was used
to process hair samples. The first 3 cm of each hair sample (proximal to the scalp) was cut
with scissors and placed into a Falcon 50 mL Conical Centrifuge Tube. Hair samples were
washed twice with 12 mL of isopropanol while gently shaking samples by hand and then
the isopropanol was discarded. Tubes were left open to air dry over 48 h. Using a Retsch
CryoMill, dried samples were pulverized at 25 Hz for three minutes. Next, 30–35 mg of
ground hair powder was measured and transferred to a 2 mL Eppendorf tube where 1 mL
of 100% ethanol was added and shaken at 22 rpm on the RPI Mix-All Laboratory Tube
Mixer for 24–72 h at room temperature. Samples were then vortexed for five seconds and
centrifuged at 2800 rpm for 15 min after which, 0.8 mL of supernatant was aliquoted into
a new 2 mL Eppendorf tube (supernatant tube). The supernatant was left to air dry for
48 h to ensure complete evaporation of the ethanol. Another 1 mL of 100% ethanol was
added to the sample tube, and it was rotated at 22 rpm on the RPI Mix-All Laboratory
Tube Mixer for 24–72 h at room temperature. Samples were vortexed for five seconds
and centrifuged at 2800 rpm for 15 min. During this final extraction stage, 1 mL of the
supernatant was aliquoted into the supernatant tube, and it was left to air dry for 48 h. The
supernatant was reconstituted with 150 μL of Salimetrics Salivary Cortisol Assay Diluent,
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vortexed for five seconds, and centrifuged for 10 min. Samples were then assayed in
duplicate by ELISA using the High Sensitivity Salivary Cortisol Immunoassay Kit (Cat#
1-3002, Salimetrics, State College, PA, USA), as per manufacturer instructions. Cortisol
levels are expressed as pg/mg hair. Intra- and inter-assay coefficients of variance were
below 10% in the present study.
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Abstract: Data describing the unmet health needs of young adults with cerebral palsy (CP) may
support the development of appropriate health services. This study aimed to describe unmet health
needs among young adults with CP in Ireland and examine if these differed between young adults
who were and were not yet discharged from children’s services. In this cross-sectional study, young
adults with CP aged 16–22 years completed a questionnaire assessing unmet health needs. Logistic
regression was used to examine the association between discharge status and unmet health needs.
Seventy-five young adults (mean age 18.4 yr; 41% female; 60% in GMFCS levels I-III) were included
in the study. Forty (53%) had been discharged from children’s services. Unmet health need, as
a proportion of those with needs, was highest for speech (0.64), followed by epilepsy (0.50) and
equipment, mobility, control of movement and bone or joint problems (0.39 or 0.38). After adjusting
for ambulatory status, unmet health needs did not differ according to discharge status. The proportion
of young adults with unmet health needs highlights the importance of taking a life-course approach
to CP and providing appropriate services to people with CP regardless of age.

Keywords: cerebral palsy; young people; adolescents; unmet need; health services

1. Introduction

Cerebral palsy (CP) is a lifelong condition that primarily affects movement and func-
tion [1]. People with CP commonly experience associated conditions including sensory
impairment, intellectual disability and epilepsy [1]. They may also experience complica-
tions such as pain and fatigue [2], and have a higher risk of developing chronic conditions
such as cardiovascular disease and depression [3,4]. People with CP are frequent users
of medical and rehabilitation services [5–7]. However, adults are less likely to use health
services than children with CP [8–10].

Adults with CP report challenges accessing health services once discharged from
children’s services and describe a lack of services to meet their needs [7]. A decline in
service use from childhood to adulthood may therefore reflect challenges with accessing
health services, rather than reduced health needs in adulthood. Indeed, the combination of
a lack of services for adults with CP, challenges accessing appropriate services where they
exist, and the development of complications in adulthood, may lead to increases in unmet
health needs among young adults with CP. While unmet needs in areas relating to health
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services, education, training and social needs have previously been reported among young
adults with CP [11], few studies specifically describe unmet health needs in this population.

Solanke et al. developed an unmet health needs questionnaire specifically for people
with CP [12]. They defined a health need as requiring “a health service to minimise the
impact of their condition or manage their functional disability” [12]. A need was considered
an unmet health need if the individual reported that “the service is not provided or is
not adequate” [12]. Solanke identified that adolescents with CP in the United Kingdom
had significant unmet health needs in several areas; unmet needs were highest for bone
and joint problems, speech and pain [12]. However, unmet health needs did not change
significantly when assessed over the subsequent three years. This may be because unmet
health needs were initially assessed on adolescents aged between 14 and 18 years, and the
secondary effects of ageing with CP did not impact this group enough in the subsequent
3 years to cause an increase in unmet health needs.

Despite the challenges that young adults with CP experience trying to access health
services once they have been discharged from children’s services [7], there is limited data
describing their unmet health needs. Studies describing the unmet health needs of young
adults with CP in different contexts are required to support the development of health
services to meet their needs. This study aimed to describe unmet health needs among
young adults with CP in Ireland and examine if these differed between young adults who
were and were not discharged from children’s services. We hypothesised that young adults
who were discharged from children’s services would be more likely to have unmet health
needs. A secondary objective of this study was to describe health services accessed by
young adults with CP in Ireland.

2. Materials and Methods

2.1. Design and Participants

We used a cross-sectional design. Young adults with CP aged 16–22 years residing in
the Republic of Ireland were eligible to participate. In Ireland, people with CP typically
receive healthcare from children’s services up to age 18, after which they are discharged to
adult services. However, age at discharge may vary between individuals and there is no
standard age, even within the same service, at which young people are discharged. We in-
cluded people aged 16–22 years to capture young adults who were pre- and post-discharge.
We included young adults in all Gross Motor Function Classification System (GMFCS)
levels. We shared information about the study through three national organisations that
provide health and social care services to people with CP; in two of these organisatons,
five gatekeepers distributed 371 study invites to young people with CP living throughout
Ireland. These young people received a paper version of the survey and a stamped, ad-
dressed envelope to return the survey. We also shared information about the study through
disability officers in higher education, special education needs schools, professional bodies,
and social media. We additionally used snowball sampling. Ethical approval was provided
by Research Ethics Committees in RCSI, the Central Remedial Clinic and Enable Ireland.

2.2. Data Collection

We collected data using a survey. It was available online and in paper form. The
survey was piloted by a person with CP and a parent. Young adults were encouraged
to complete the survey alone but could complete it with support from a parent/family
member/carer. Alternatively, a parent/family member/carer (hereafter referred to as
parent) could complete it on behalf of the person with CP. The survey included questions
relating to 1. sociodemographic and CP-related characteristics; 2. use of 11 pre-defined
services; 3. use of and needs relating to assistive technology; 4. discharge from children’s
services (yes/no) and if applicable, age at discharge. The survey also included a validated
questionnaire that assessed unmet health needs [12]. The questionnaire asked about the
following ten aspects of health care needs of people with CP: speech, mobility, positioning,
equipment, pain, epilepsy, control of movement, bone or joint problems, curvature of back
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and eyesight. The possible responses to questions relating to speech, mobility, positioning
and equipment were “help not needed”, “need more help” or “getting enough help”.
Responses from questions relating to the remaining aspects were coded into the same three
categories. Those reporting “getting enough help” and “need more help” were identified
as having a need, and those reporting “need more help” were identified as having unmet
need. As described in a previous study, the proportion of unmet needs to total needs was
calculated [12].

2.3. Data Analysis

The distribution of data was explored using Q-Q plots for continuous data, and cross-
tabulations for categorical data. Descriptive statistics (e.g., mean, frequency) were used to
describe data as appropriate. Age was compared between participants who were pre-and
post-discharge using an independent t-test. Remaining participant characteristics were
compared between those pre- and post-discharge using Chi-squared tests. The number of
services used by people who were pre-and post-discharge was compared using a linear
regression adjusting for ambulatory status (i.e., GMFCS levels I–III or I–V). Assumptions of
linear regression were assessed using a Q-Q plot of residuals and a scatter plot of residuals
against fitted values. Logistic regression was used to compare the odds of currently
accessing each service and being able to see a variety of professionals on the same day or
place between those pre-and post-discharge, after adjusting for ambulatory status.

Logistic regression was used to examine associations between unmet need for each
item (e.g., speech, mobility) as the dependent variable, and discharge status, GMFCS level
(level I–III vs. level IV–V) and intellectual disability as independent variables. Only people
with reported need for the item were included in the regression model. Unadjusted analyses
were firstly conducted, with each independent variable entered separately. If more than
30 people reported need for the item, adjusted analyses were then conducted by entering
independent variables into the same model.

3. Results

Seventy-five young adults were included. Nineteen (25.3%) questionnaires were
completed by the person with CP alone, 26 (34.7%) were completed with support from a
parent, and 29 (38.7%) were completed by a parent on behalf of the person with CP. Forty
young adults (53.3%) had been discharged from children’s services. The mean (SD) age
at discharge was 17.8 (1.2) years (range 15–20 years). Among those who were discharged,
there was a mean (SD) of 2.0 (1.7) yr (range 0–6 yr) between the young person’s age at
discharge and their age when they completed the survey.

Young adults are described in Table 1. The majority were male with a mean (SD)
age of 18.4 (2.2) yr (range 16–22 yr). Approximately 84% had spastic CP and 60% were in
GMFCS levels I–III. Type of motor abnormality differed between those who were pre- and
post-discharge (p = 0.033); people post-discharge were more likely to have spastic diplegia
or spastic quadriplegia. There was no difference in the proportion of people in GMFCS
levels I–III between those pre- and post-discharge. Approximately 28% had intellectual
disability, 15% had communication impairment, 15% had feeding impairment, 8% had
hearing impairment and 1% had autism spectrum disorder.
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Table 1. Description of young adults.

Pre-Discharge (n = 35) Post-Discharge (n = 40) Total (n = 75)

Mean SD Mean SD p Value Mean SD

Age 16.7 0.8 19.9 1.9 <0.001 18.4 2.2

n (%) n (%) n (%)

Female 12 34.3 19 47.5 0.246 31 41.3
Currently in education 35 100.0 28 70.0 <0.001 63 84.0
Currently in employment 2 5.7 3 7.5 0.606 5 6.7

Type of motor abnormality

Spastic hemiplegia 16 45.7 5 12.5 0.033 21 28.0
Spastic diplegia 6 17.1 15 37.5 21 28.0
Spastic quadriplegia 7 20.0 14 35.0 21 28.0
Dyskinetic 1 2.9 2 5.0 3 4.0
Ataxic 1 2.9 1 2.5 2 2.7
Don’t know or other 4 11.4 3 7.5 7 9.3

GMFCS level a

I 15 42.9 12 30.0 0.301 27 36.0
II 7 20.0 3 7.5 10 13.3
III 3 8.6 5 12.5 8 10.7
IV 2 5.7 5 12.5 7 9.3
V 8 22.9 14 35.0 22 29.3

Associated impairments

Intellectual disability 10 28.6 11 27.5 0.918 21 28.0
Communication impairment 7 20.0 4 10.0 0.222 11 14.7
Feeding impairment 5 14.3 6 15.0 0.930 11 14.7
Hearing impairment 3 8.6 3 7.5 0.865 6 8.0
ASD 0 0 1 2.5 0.346 1 1.3
ADHD 0 0 0 0 - 0 0

a n = 74.

All young adults lived with parents or family members. Most young adults (84%)
were currently in education. Of these, 46% were in a mainstream school, 21% were in a
special education needs school, 16% were in university, 8% were in a college of further
education and the remainder were in other forms of education such as home schooling or
vocational training. Five people were currently in employment, of which 3 were in regular
part-time paid work. The five people in employment were also in education. All people
pre-discharge were in education compared to 70% of people post-discharge (p < 0.001).
Twelve people (16%) were in neither education nor employment.

Young adults resided in all regions of Ireland (Table 2). Although only 49% resided in
Dublin, 80% of young adults accessed services in Dublin (Table 2).

Table 2. Regions of Ireland in which young people resided and accessed services.

Region (In Order of Population
Density from Lowest to Highest)

Young Person (n = 75)

Resident,
n (%)

Accessed Services a,
n (%)

West 3 (4.0) 3 (4.0)
Border 6 (8.0) 6 (8.0)

Midland 5 (6.7) 5 (6.7)
Mid-West 8 (10.7) 7 (9.3)

South-West 2 (2.7) 2 (2.7)
South-East 7 (9.3) 9 (12.0)
Mid-East 7 (9.3) 6 (8.0)
Dublin 37 (49.3) 60 (80.0)

a Respondents may select more than one response.
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Approximately 60% of young adults used aids or assistive technology (Table 3). Of
these, the most commonly used was a manual wheelchair or electric wheelchair or scooter.
Twenty per cent had an unmet need for an aid/assistive technology. There was no difference
in use of or unmet need between those pre-and post-discharge.

Table 3. Use of and unmet need for aids and assistive technology.

Discharge Status
Total,
n (%)Pre-Discharge,

n (%)
Post-Discharge,

n (%)
p Value *

Using aid/assistive technology a 20 (57.1) 26 (65.0) 0.660 46 (61.3)

Type of aid/assistive technology b

Manual or electric wheelchair or scooter 13 (65.0) 18 (69.2) 31 (67.4)
Walking aid(s), e.g., orthopaedic footwear,

walking stick, frame, rollator 7 (35.0) 14 (53.9) 21 (45.7)

Other c 12 (60.0) 15 (58.0) 27 (59.2)

Unmet need for aid/assistive technology d 7 (20.0) 8 (20.0) 0.818 15 (20.0)
a n = 74. b calculated as a percentage of those using assistive technology. c includes magnifiers; large print or
Braille reading materials; hearing aid(s); communication board; computer or keyboard for communicating; screen
reading software; other. d n = 72. * adjusted for GMFCS level.

3.1. Health Services

The services that people accessed are reported in Table 4. Of the 11 services listed, the
mean (SD) number of services people accessed was 3.2 (2.1) (median 3; range 0–11). The
mean (SD) was 3.7 (2.1) services (median 3; range 0–11) among people pre-discharge and
2.9 (2.0) services (median 2; range 0–8) among people post-discharge. People who were
discharged accessed on average 1.10 (95% CI 0.20 to 2.00) fewer services than people who
were not discharged after adjusting for ambulatory status (p = 0.017).

Table 4. Description of services currently accessed by young people (n = 75).

Health Service

Discharge Status
Total,
n (%)Pre-Discharge,

n (%)
Post-Discharge,

n (%)
p Value a

Physiotherapy 26 (74.3) 28 (70.0) 0.820 54 (72.0)
Occupational therapy 28 (80.0) 15 (37.5) <0.001 43 (57.3)

Medical 19 (54.3) 23 (57.5) 0.873 42 (56.0)
Speech and language therapy 15 (42.9) 5 (12.5) 0.002 20 (26.7)

Assistive technology 12 (34.3) 5 (12.5) 0.028 17 (22.7)
Nursing 3 (8.6) 11 (27.5) 0.145 14 (18.7)

Social work 9 (25.7) 5 (12.5) 0.106 14 (18.7)
Psychology 6 (17.1) 5 (12.5) 0.626 11 (14.7)

Personal assistance b 2 (5.7) 9 (22.5) 0.142 11 (14.7)
Personal care c 3 (8.6) 7 (17.5) 0.609 10 (13.3)

Dietetics 5 (14.3) 1 (2.5) 0.050 6 (8.0)
a adjusted for GMFCS level. b refers to assistance provided inside and outside of the home, including personal
care, support in the workplace and socialising, to enable people to live as independently as possible. c refers to
support with activities of daily living (e.g., eating, dressing).

After adjusting for ambulatory status, people who were discharged were less likely to
access occupational therapy (OR: 0.11, 95% CI 0.03 to 0.36; p < 0.001), speech and language
therapy (OR: 0.14, 95% CI 0.04 to 0.49; p = 0.002), dietetics (OR: 0.10, 95% CI 0.01 to 1.00;
p = 0.050), and assistive technology services (OR: 0.26, 95% CI 0.08 to 0.86; p = 0.028).

Thirty-four (45.3%) people said they could see a variety of professionals on the same
day or in the same place. Pre-discharge, three people (8.6%) said this was not applicable
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as they were only accessing one professional compared to seven (17.5%) post-discharge.
Discharge status and ability to see a variety of professionals on the same day or place were
not associated after adjusting for ambulatory status (p = 0.132).

3.2. Reported Health Needs and Unmet Health Needs

The percentage of young adults with reported health needs and unmet health needs are
described in Table 5. Needs were highest for mobility, equipment and control of movement.
Unmet need, as a proportion of those with needs, was highest for speech (0.64) and epilepsy
(0.50). Unmet need was similar for equipment, mobility, control of movement, bone or joint
problems (0.39 or 0.38). Discharge status was not associated with unmet need in unadjusted
or adjusted analyses (Tables S1 and S2). In unadjusted analysis, ambulatory status was
associated with unmet need relating to speech (OR: 6.00, 95% CI 1.00 to 35.9, p = 0.050) and
eyesight (OR 12.9, 95% CI 2.22 to 74.5, p = 0.004), with people in GMFCS levels IV-V more
likely to report unmet needs than people in levels I-III. Intellectual disability was associated
with unmet need relating to mobility (OR: 3.64, 95% CI 1.10 to 12.0, p = 0.034). Intellectual
disability and ambulatory status were not associated with unmet need in adjusted analyses.

Table 5. Reported needs and unmet needs as a proportion of need.

Item

Pre-Discharge (n = 35) Post-Discharge (n = 40) Total (n = 75)

Reported
Needs, n (%)

Unmet Need
Reported

Needs, n (%)
Unmet Need

Reported
Needs, n (%)

Unmet Need

Speech a 15 (45.5) 0.60 10 (26.3) 0.70 25 (35.2) 0.64
Epilepsy b 8 (24.2) 0.50 6 (16.2) 0.50 14 (20.0) 0.50

Equipment c 22 (66.7) 0.45 29 (72.5) 0.34 51 (69.9) 0.39
Mobility 29 (82.9) 0.31 27 (67.5) 0.44 56 (74.7) 0.38

Control of
movement d 21 (61.8) 0.30 * 28 (70.0) 0.43 49 (66.2) 0.38 *

Bone or joint
problems e 16 (47.1) 0.31 23 (60.5) 0.43 39 (54.2) 0.38

Positioning a 18 (54.6) 0.28 19 (50.0) 0.32 37 (52.1) 0.30
Curvature of

back e 12 (35.3) 0.17 18 (47.4) 0.39 30 (41.7) 0.30

Eyesight d 17 (50.0) 0.20 ** 23 (57.7) 0.35 40 (54.1) 0.29 **
Pain d 17 (48.6) 0.18 18 (46.2) 0.12 * 35 (47.3) 0.15 *

a n = 71. b n = 70. c n = 73. d n = 74. e n = 72. * denominator is number with reported needs minus one because
one person with reported needs did not provide an answer for the related unmet need question. ** denominator
is number with reported needs minus two because two people with reported needs did not provide an answer for
the related unmet need question.

When respondents were asked if they had any other concerns about their physical
health, mental health or emotional wellbeing that their doctors, nurses and therapists had
not dealt with, 28 people (39.4%) reported a concern. In response to an open-ended question
asking for details about this concern(s) that were not dealt with, 16 (23%) reported a concern
about mental health. Of these, 12 stated anxiety and 6 stated depression. Additionally,
6 people (8%) reported a concern relating to dental health. Other concerns reported by 1 to
3 people each were concerns with sleep, hand use, circulation, pressure sores, continence
and menstrual periods.

4. Discussion

This study aimed to describe unmet health needs among young adults with CP in
Ireland and examine if these differed between young adults who were and were not
discharged from children’s services. Unmet health need was highest for speech. More
than a third of young adults reported unmet health needs in several other health areas. In
contrast to our hypothesis, unmet health needs did not differ between those who were and
were not discharged from children’s services.
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Similar to previous reports [6,7], physiotherapy was the most commonly used service
among young adults with CP. The percentage of young adults, post-discharge, who accessed
occupational therapy and speech and language therapy in this study was also similar to the
percentages reported in a meta-analysis of service use [7]. The relatively low percentage of
young adults with access to psychology found in this study has also been reported in other
studies [6–8]. This is the first study to our knowledge to compare if the proportion of young
adults accessing services differs between those who have and have not been discharged
from children’s services. Studies have compared use of services between adolescents and
young adults with CP, and similarly found that non-ambulatory adolescents were less
likely to use occupational therapy and speech and language therapy than non-ambulatory
young adults [8,9]. However, the variation in the age at discharge found in this study
highlights that it is insufficient to use age as a proxy indicator of whether a person has been
discharged from children’s services if examining health and health service use of people
with CP.

In a study of adolescents with CP aged 14–18 years in the UK, parents also reported
the highest unmet need for speech [12]. The proportion of parents reporting unmet need for
speech (0.60) was similar to the proportion we observed (0.64). Unmet needs for mobility,
equipment, epilepsy, control of movement and eyesight reported in this study were higher
than that reported by parents and adolescents in the UK [12]. Conversely, unmet need for
pain was lower in our sample, despite the prevalence of pain being similar [12]. Unmet
needs for positioning, bone or joint problems and curvature of the back reported by young
adults in this study were similar to those reported by parents and adolescents in the
UK [12]. However, a direct comparison of unmet health needs is challenging because of
differences in characteristics of the samples and health systems. Our sample included more
people in GMFCS levels IV and V. This may explain higher unmet needs given people with
greater functional limitations report greater unmet need in some areas such as equipment
or positioning [11,12]. However, they may report lower unmet need for pain because they
are more likely to have regular access to a professional to discuss their pain with.

We found no difference in unmet health needs between those pre- and post-discharge.
Similarly, no increase in unmet health needs was observed after adolescents in the UK
were discharged from children’s services [12]. This is in contrast to what we hypothesised.
However, it may be because we included people up to age 22 years only or because
the average time since discharge was only 2 years among those who were discharged.
Adults with CP may not experience an increase in unmet health needs until they are
beyond 22 years or until they are several years post-discharge, when they potentially
start experiencing secondary effects of ageing with CP and have difficulties accessing
appropriate services to mitigate these effects [2,7].

Disability is an evolving concept. As the changing, or simply ongoing, health needs of
a person with CP interact with a lack of appropriate health services, they will be hindered
from fully and effectively participating in society on an equal basis with others. Our
findings highlight areas for service development. Young adults who were pre- and post-
discharge had high unmet needs for speech and equipment. However, young adults who
were discharged from children’s services were less likely to access speech and language
therapy, occupational therapy and assistive technology services. These services have
an important role in supporting young adults to participate in employment or training
and recreational activities, and to develop social relationships and independence. Thus,
provision of these services should be enhanced for young adults with CP rather than
removed. The need for speech and language assessment, referral to a professional with
expertise in vocational skills and independent living is outlined in clinical guidelines for
adults with CP in the UK [13]. Further, people with CP living in countries that have ratified
the United Nations Convention on the Rights of Person with Disabilities have a human
right to services and supports that enable them to maintain full physical, mental, social and
vocational ability [14]. This includes access to high-quality, affordable assistive products
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and professionals with the skills and knowledge to assess their need for and prescribe
assistive products [14].

The relatively low percentage of young people accessing psychology in combination
with the number of young adults who reported an unmet need relating to mental health
also highlights an area for service development. Young adults with CP in Canada have
similarly described challenges accessing mental health support [15]. Experiencing a mental
disorder in adolescence predicts poor mental health in adulthood and can have a long-term
impact on a person’s personal and economic life [16,17]. Intervening during adolescence
and young adulthood, to reduce risk factors may prevent transition from subthreshold
levels of anxiety/depression to comorbid mental health conditions in adulthood [18–20].

In comparison to population-based data on people with CP born in Northern Ireland
between 1981 and 2001 and data from a meta-analysis of adults with CP [2,21], we believe
our sample is representative of adults with CP in terms of gender, ambulatory status, and
type of motor disorder. However, people with spastic unilateral CP, people with intellectual
disability and people with communication impairment may be underrepresented in our
sample. The cross-sectional design of this study and comparison between young adults
who were and were not discharged, rather than following the same cohort over time, is
a limitation of this study. However, the findings are still useful for describing unmet
health needs in this population, particularly when limited data on this population currently
exists in the literature. Our study is also limited by responses being collected from either
the person with CP, their parent or both because their perception of unmet needs may
differ; parents’ reports of unmet health needs are typically higher than adolescents’ [12].
The number of people reporting needs in some areas, particularly epilepsy, was small.
Thus, the proportion with unmet needs may not be precise. Similarly, when examining
associations between unmet need, GMFCS level, ID and discharge status, the small number
of people reporting needs resulted in wide confidence intervals for odds ratios. Thus, any
associations observed should be interpreted as areas for further exploration only. A further
limitation is the lack of data describing socio-economic status of participants, which may
contribute to unmet health needs.

5. Conclusions

In conclusion, this study confirms that young adults with CP have unmet needs
in several health areas. Findings also indicate that young adults who are discharged
from children’s services are less likely to access some health services. The presence of
unmet health needs among young people who are pre- and post-discharge highlights the
importance of taking a life-course approach to CP and providing appropriate services
to people with CP regardless of age. Providing appropriate mental and physical health
services to young adults with CP is not only essential for promoting health, it is essential
for enabling young adults to develop independence and participate in all areas of life as
they choose.
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Abstract: Physical and/or occupational therapy (PT/OT) may improve post-fracture health and
survival among adults with cerebral palsy (CP), but this has not been studied in the inpatient setting.
The objective was to quantify the association between acute inpatient and outpatient PT/OT use
with 1-year mortality among adults with CP. This was a retrospective cohort study of adults with CP
with an incident fragility fracture admitted to an acute care or rehabilitation facility using a random
20% Medicare fee-for-service dataset. Acute care/rehabilitation PT/OT was measured as the average
PT/OT cost/day for the length of stay (LOS). Weekly exposure to outpatient PT/OT was examined up
to 6 months post-fracture. Cox regression examined the adjusted association between the interaction
of acute care/rehabilitation average PT/OT cost/day and LOS with 1-year mortality. A separate Cox
model added time-varying outpatient PT/OT. Of 649 adults with CP, average PT/OT cost/day was
associated with lower mortality rate for LOS < 17 days (HR range = 0.78–0.93), and increased mortality
rate for LOS > 27 days (HR ≥ 1.08) (all, p < 0.05). After acute care/rehabilitation, 44.5% initiated
outpatient PT/OT, which was associated with lower mortality rate (HR = 0.52; 95% CI = 0.27–1.01).
Post-fracture inpatient and outpatient PT/OT were associated with improved 1-year survival among
adults with CP admitted to acute care/rehabilitation facilities.

Keywords: cerebral palsy; physical therapy; occupational therapy; fracture; bone fragility; mortality

1. Introduction

Fractures represent a quadruple threat to adults with cerebral palsy (CP) as they are
common, begin to accumulate early in life [1], associated with premature morbidity and
mortality [2–5], and are economically costly [6]. Clinical rehabilitation, including physical
and/or occupational therapy (PT/OT), may be effective at mitigating post-fracture health
declines, but this has been seldom studied among adults with CP.

Within the U.S. healthcare system, there are different post-fracture rehabilitation
pathways that may improve health outcomes in the general population, particularly if
rehabilitation is initiated early [7–10]. We recently characterized post-fracture rehabilitation
pathways among a large cohort of adults with CP with an incident fragility fracture to
better understand the current fracture care landscape. The majority (>70%) were discharged
home without acute care or inpatient rehabilitation, and more than half of this home dis-
charge group did not initiate outpatient PT/OT within 6 months post-fracture, potentially
impacting recovery [11]. For example, this study found that PT/OT use within 6 months
post-fracture among those with a home discharge (without acute care/rehabilitation) was
associated with improved 1-year survival [11]. While the mechanisms were not examined,
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these findings suggest that outpatient PT/OT may improve post-fracture health among
adults with CP.

The effectiveness of early rehabilitation applied in acute care and inpatient settings to
mitigate post-fracture health declines has not been investigated for adults with CP. In our
recent study [11], ~1 in 5 adults with CP with a fragility fracture were admitted to acute
care/rehabilitation facilities, but the effect of post-fracture rehabilitation on outcomes was
not examined in this cohort (only in the home discharge cohort). The goal of these facilities
is to restore enough function through early and/or intensive rehabilitation, predominately
PT/OT, in a short time span and address adaptive equipment needs (e.g., assistive mobility
devices) to enable safe home discharge of the patient as quickly as possible. The design
and implementation of acute care/rehabilitation PT/OT depends in part on several patient-
level factors, such as issues with fracture healing, pain, and the ability to perform and
tolerate therapies. Adults with CP have long-standing issues with pain, function, and
medical complexity, which may be exacerbated by a fracture [12–18]. These factors may
alter the initiation and volume of PT/OT sessions and the duration (i.e., number of days)
that inpatient PT/OT services are applied in the acute care/rehabilitation setting. Taken
together, there may be a spectrum of acute care/rehabilitation PT/OT use patterns that
may differently associate with post-fracture outcomes.

A better understanding of how acute care/rehabilitation PT/OT use associates with
post-fracture outcomes among adults with CP admitted to acute care/rehabilitation facili-
ties could inform post-fracture care. Further, determining if outpatient PT/OT after acute
care/rehabilitation improves post-fracture outcomes may identify additional opportunities
to improve post-fracture care for this population. Accordingly, the primary objective of this
study was to determine the association between acute care/rehabilitation PT/OT use with
1-year mortality among adults with CP that sustained an incident fragility fracture. We hy-
pothesized that higher acute care/rehabilitation PT/OT volume would be associated with
improved 1-year survival conditional on shorter acute care/rehabilitation lengths of stay
(i.e., interaction between PT/OT volume and length of stay). The secondary objective was
to determine if initiating outpatient PT/OT within 6 months post-fracture was associated
with 1-year survival. We hypothesized that initiating outpatient PT/OT within 6 months
post-fracture would be associated with improved 1-year survival even after accounting for
acute care/rehabilitation PT/OT.

2. Materials and Methods

2.1. Data Source

This retrospective cohort study used claims data from a random 20% sample of the
Medicare fee-for-service database (Centers for Medicare & Medicaid Services, Baltimore,
MD, USA) Part A (hospital insurance) and Part B (medical insurance. This study did
not have access to Part C (Medicare Advantage Plan) or Part D (medication prescription
coverage). Medicare is a federal program in the U.S. providing health insurance to adults
≥65 years of age, individuals with certain disabilities including CP at any age, or individu-
als with end-stage renal disease. Individuals that are enrolled in Medicare can have dual
enrollment with Medicaid. Medicare pays first for Medicare-covered services that are also
covered by Medicaid, including the diagnostic and rehabilitation-based services needed to
conduct this study without bias from missing information from those with dual enrollment
in Medicare and Medicaid.

Claims data are primarily used for billing reimbursement of healthcare services, but
can be used for research purposes to identify medical conditions and healthcare service
use based on unique codes attached to claims. The codes used to identify the variables
in this study are presented in Table S1. The data for this study are de-identified prior to
the researcher access. Therefore, patient consent was not required and the University’s
Institutional Review Board approved this study as non-regulated (HUM00158800).
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2.2. Cohort Selection

A flow chart to derive the final sample is presented in Figure S1. This study included
adults ≥18 years with CP that had an incident fragility fracture (index data = fracture date)
at an identifiable site between 1 January 2014–31 December 2017 with an admission to
an acute care and/or an Inpatient Rehabilitation Facility. This study combined acute care
and acute inpatient rehabilitation services because PT/OT is often applied early in the
acute care setting, which can inform admission decisions to an Inpatient Rehabilitation
Facility. Thus, combining services provides a more comprehensive assessment of the extent
and timing of acute PT/OT.

To be included in the analysis, adults with ≥12 months of continuous enrollment in
Part A and B prior to the fracture date (for baseline data) and with ≥30 days of continuous
enrollment in Part A and B after the fracture date were included. This study excluded
adults that died within 30 days post-fracture as they may represent excessively frail indi-
viduals that may not benefit from post-fracture rehabilitation [19]. This study excluded
adults that were admitted to a Skilled Nursing Facility because these patients and the
rehabilitation treatment are fundamentally different. Finally, adults with a combined acute
care/rehabilitation length of stay >31 days were excluded (n = 22, ~3%) as this length of
stay is atypical and may represent more complex cases presenting with a constellation of
complications unrelated to the fracture.

Adults with CP were identified by ≥1 inpatient or ≥2 outpatient claims (with a pertinent
code for CP) on separate days within 12 months of one another. A fragility fracture was
identified as a ≥1 inpatient or outpatient claim (with a pertinent code for fracture) without
a trauma code (e.g., car accident) 7 days before to 7 days after the index fracture date [2,20].

2.3. Acute Care/Rehabilitation PT/OT

This study had access to the Medicare Provider Analysis and Review (MEDPAR)
file, which aggregates entire inpatient stays into a single claim. The single claim pro-
vides a length of stay and total charges for PT and OT services provided during the acute
care/rehabilitation stay, but it does not provide dates of PT or OT services, number of PT
or OT sessions, or any details of the PT or OT sessions (e.g., activities). We developed
a “volume” measure of inpatient PT/OT as the average cost/day: after standardizing
the PT and OT costs to 2017 U.S. dollars, the standardized cost was divided by the acute
care/rehabilitation length of stay for each person, e.g., USD 10,000 for PT/OT services dur-
ing a 10-day stay in the acute care/rehabilitation setting = USD 1000/day. The assumption
is that higher average cost/day reflects a greater volume of therapy during the inpatient
stay. This study examined PT/OT and not PT and OT separately to capture physical-based
rehabilitation that is more inclusive of the varied functional abilities of the population
with CP, and to be consistent with how outpatient PT/OT was captured in this study, as
described below.

To assess if the average PT/OT cost/day measure was driven by geographical dif-
ferences in therapy service costs, we developed a generalized linear model with gamma
distribution and log-link function, which is appropriate for analyzing healthcare cost
data [21–23]. This model estimated the marginal means and cost ratio of average PT/OT
cost/day for two geographical variables (in separate models) after adjusting for age, gender,
race, dual eligibility with Medicaid, comorbidities, acute care/rehabilitation length of stay,
and fracture site. The results of the models suggest that the average PT/OT cost/day did
not differ across the 4 U.S. regions or 9 U.S. Divisions (Table S2) (findings were similar
when PT and OT cost/day were examined separately).

2.4. Outpatient PT/OT

“Initiation” of outpatient PT/OT is defined in this study as attending the first PT/OT
session post-fracture, as opposed to scheduling a PT/OT appointment. Outpatient PT/OT
was identified from outpatient files (i.e., Outpatient, Part B, Home Health Agency) using
a comprehensive list of codes for physical, occupational, and other therapies of a physical
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nature (excludes PT/OT evaluations) [24]. Some of these codes cannot distinguish between
therapy types or can be used interchangeably for outpatient and home settings. To avoid
misclassification, codes were combined into a single indicator of any outpatient PT/OT use.

While the MedPar file (to capture inpatient PT/OT) aggregates all services into a single
claim for the entire inpatient stay, outpatient files contain individual claims for each service
provided based on the date of service, allowing for a more granular assessment of the date
of services. For the post-fracture period, dichotomous variables were created to indicate
outpatient PT/OT use per week (starting at week 1) through 6 months post-fracture based
on the date of the service claim. A 6-month period was selected to capture an early post-
fracture period that may be crucial to implement therapies to improve long-term outcomes,
while allowing sufficient time to capture those that may have delayed initiation of PT/OT
use, such as from fracture healing [25].

2.5. Mortality

All-cause mortality from 31 days to 1-year post-fracture was identified by the date of
death. More than 99% of Medicare recorded deaths have been validated [26].

2.6. Descriptive Characteristics

Information on age, gender (female, male), race, U.S. region of residence, the original
reason for Medicare entitlement, and dual eligibility with Medicaid was retrieved. Epilepsy
and intellectual disabilities were identified in the same manner as CP and mutually ex-
clusive subgroups were created. The Whitney Comorbidity Index (WCI) was used to
characterize (multi-)morbidity profiles using the data from the 1-year baseline period. The
WCI was developed [27] and validated [28] specifically for adults with CP. For this study,
to avoid overlap with the design, the WCI was modified (WCImod) by removing bone
fragility, summing the presence of 26 morbidities relevant to aging with CP.

2.7. Statistical Analysis

Baseline descriptive characteristics, acute care/rehabilitation variables (i.e., length
of stay, average PT/OT cost/day), and outpatient PT/OT variables (i.e., proportion that
initiated within 6 months post-fracture, time to first use) were summarized. The crude
mortality rate with 95% confidence intervals (CI) was estimated for the entire cohort, then
by fracture site, as the number of deaths per 100 person years. To visualize the time-varying
mortality rate, the cumulative incidence of mortality was plotted for the entire cohort, then
by fracture site, using the Fine-Gray approach [29].

For the primary objective, we developed Cox proportional hazards regression models
where the outcome was mortality and the primary exposure was the interaction between
average PT/OT cost/day and acute care/rehabilitation length of stay, before and after
adjusting for possible confounders. To visualize the interaction, we estimated the hazard
ratio (HR) of average PT/OT cost/day for length of stays at 1, 3, and every other day
until 31 days. Individuals were examined until death, loss to follow-up, or end of the
follow-up period, whichever came first. There were a limited number of outcome events
for modelling. Confounder selection for adjustment was considered by harmonizing
the “disjunctive cause criterion” [30] and data-driven approaches, including univariate
associations with possible confounders and variable selection using the regularization
technique, Least Absolute Shrinkage and Selection Operator (data not shown) [31,32].
When all approaches were taken together, the final model adjusted for age and WCImod as
all other variables (e.g., gender, race, U.S. region of residence, epilepsy and/or intellectual
disabilities, fracture site) were found to have little-to-no effect on associations, and some
additional confounder-adjusted models increased model over-fitting.

For the secondary objective, time-varying outpatient PT/OT use was added to the
fully adjusted Cox regression model from above to determine its adjusted association with
1-year mortality. Outpatient PT/OT was treated as a time-updated exposure from time 0
(fracture date) to the first indication of outpatient PT/OT use up to 6 months post-fracture.
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Adults that initiated outpatient PT/OT contributed time to the non-exposed PT/OT group
from time 0 to their first week of PT/OT exposure, and then contributed time to the exposed
PT/OT group thereafter.

The proportional hazards assumption was tested in all models based on the weighted
Schoenfeld residuals.

2.8. Sensitivity Analysis

Data-driven variable selection techniques did not identify fracture site as statistically
important in the studied associations. We therefore performed a sensitivity analysis that
included fracture site to test for moderating effects on associations between inpatient and
outpatient PT/OT use (in separate models) with mortality.

There is potential for survival bias in the model assessing the adjusted association
between time-varying outpatient PT/OT use within 6 months post-fracture with 1-year
mortality. Therefore, a sensitivity analysis was performed with the mortality risk window
moved to 6 months to 1-year post-fracture and individuals were excluded who died or
were lost to follow-up <6 months post-fracture.

Analyses were performed using SAS version 9.4 (Cary, NC, USA) and p < 0.05
(two-tailed) was considered statistically significant.

3. Results

Baseline descriptive characteristics of the 649 adults with CP with an incident fragility
fracture that were admitted to acute care/rehabilitation are presented in Table 1. The
prevalence of each comorbidity from the WCI is presented in Table S3.

Table 1. Baseline characteristics of adults with cerebral palsy with a fragility fracture that were
admitted to an acute care/rehabilitation setting (n = 649).

Age, mean (SD) 59.8 (15.3)
18–40 years, % (n) 13.3 (86)
41–64 years, % (n) 48.1 (312)
65 years, % (n) 38.7 (251)

Gender, % (n)
Female 53.0 (344)
Male 47.0 (305)

Race, % (n)
Black 9.9 (64)
Hispanic 2.0 (13)
White 85.2 (553)
Other 2.9 (19)

U.S. region of residence, % (n)
Northeast 22.8 (148)
Midwest 24.2 (157)
South 32.5 (211)
West 20.5 (133)

Original reason for Medicare entitlement, % (n)
Old age and survivor’s insurance 18.8 (122)
Disability insurance benefits (DIB) 80.6 (523)
End-stage renal disease (ESRD) *
Both DIB and ESRD *

Dual eligibility with Medicaid, % (n)
Full 65.2 (423)
Partial 4.3 (28)
None 30.5 (198)

Co-occurring neurological conditions, % (n)
None 59.3 (385)
Epilepsy 12.2 (79)
Intellectual disabilities 10.6 (69)
Epilepsy + intellectual disabilities 17.9 (116)
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Table 1. Cont.

Whitney Comorbidity Index, median (IQR) 3 (1–6)
Fracture site, % (n)

Vertebral column 14.0 (91)
Hip 32.4 (210)
Non-proximal femur 9.7 (63)
Leg/ankle 18.2 (118)
Humerus 6.0 (39)
Forearm 2.5 (16)
Multiple sites 17.3 (112)

SD, standard deviation; IQR, interquartile range. * Values suppressed as n < 11 to maintain patient de-identification.

3.1. Acute Care/Rehabilitation PT/OT Use

The median and interquartile range (IQR) for acute care/rehabilitation length of stay
and average PT/OT cost/day for the stay is presented in Table 2. The length of stay was
similar across fracture sites with a median of 5 days except for forearm fractures (2 days).
Median average PT/OT cost/day ranged by fracture site from USD 40/day (non-proximal
femur) to USD 344/day (hip). The majority of the costs came from PT vs. OT services,
except the relatively similar PT and OT costs for forearm fractures.

Table 2. Length of stay and average physical therapy (PT) and/or occupational therapy (OT) costs
per day in the acute care/rehabilitation setting within 31 days post-fracture for the entire cohort
(n = 649) and then by fracture site.

Length of Stay Average PT/OT Cost/Day Average PT Cost/Day Average OT Cost/Day

Days USD/Day USD/Day USD/Day

Entire cohort 5 (3, 8) 212 (56, 438) 146 (24, 299) 38 (0, 156)
By fracture site

Vertebral column 5 (3, 8) 119 (0, 354) 77 (0, 224) 0 (0, 97)
Hip 5 (3, 7) 344 (184, 534) 239 (133, 373) 106 (0, 201)
Non-proximal femur 5 (3, 10) 40 (0, 308) 31 (0, 196) 0 (0, 93)
Leg/ankle 5 (3, 8) 183 (84, 413) 153 (47, 295) 0 (0, 122)
Humerus 5 (3, 9) 136 (0, 241) 102 (0, 138) 0 (0, 112)
Forearm 2 (2, 4) 120 (0, 314) 0 (0, 137) 0 (0, 170)
Multiple sites 5 (3, 8) 189 (45, 349) 130 (4, 245) 14 (0, 126)

Values are median (interquartile range).

3.2. Outpatient PT/OT Use

Among the entire cohort, 44.5% (n = 289) initiated outpatient PT/OT within 6 months post-
fracture and their median (IQR) time to the first outpatient PT/OT use was 10 (6–13) weeks.
The proportion that initiated outpatient PT/OT within 6 months post-fracture varied by
fracture site from 18.8% (forearm) to 59.8% (multiple simultaneous sites), but median time
to first PT/OT use was similar across fracture sites (Table 3).

3.3. One-Year Mortality Rate

During the 1-year follow-up, 1 person (with a hip fracture) was lost to follow-up and
8.9% (n = 58) died. The crude mortality rate for the entire cohort was 9.4 per 100 person
years (95% CI = 7.0–11.9) and varied based on fracture site from 0 (forearm) to 19.2
(95% CI = 7.9–30.6) (non-proximal femur) (Table 4). The cumulative incidence of 1-year
mortality for the entire cohort and by fracture site is shown in Figure 1.
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Table 3. Proportion of and median time to first outpatient physical or occupational therapy (PT/OT)
service within 6 months post-fracture for the entire cohort (n = 649) and then by fracture site.

Initiated Outpatient PT/OT within 6 Months
Post-Fracture

Time to First PT/OT Use within 6 Months
Post-Fracture

% (n) Median (IQR) in Weeks

Entire cohort 44.5 (289) 10 (6, 13)
By fracture site

Vertebral column 53.9 (49) 10 (5, 15)
Hip 40.0 (84) 9 (6, 12)
Non-proximal femur 27.0 (17) 9 (5, 12)
Leg/ankle 44.9 (53) 11 (7, 15)
Humerus * <45.0 (<20) 10 (6, 13)
Forearm * <30.0 (<11) 11 (4, 15)
Multiple sites 59.8 (67) 10 (7, 16)

IQR, interquartile range. * Values not provided due to n < 11 to maintain patient de-identification.

Table 4. Mortality rate (MR) within 1-year post-fracture for the entire study cohort and then by
fracture site.

Sample Size
(n)

MR Per 100 Person Years
(95% CI)

Entire cohort 649 9.4 (7.0, 11.9)
By fracture site

Vertebral column 91 11.6 (4.4, 18.9)
Hip 210 6.4 (2.9, 10.0)
Non-proximal femur 63 19.2 (7.9, 30.6)
Leg/ankle 118 7.1 (2.2, 12.0)
Humerus 39 17.0 (3.4, 30.6)
Forearm 16 0 (0, 0)
Multiple sites 112 9.4 (3.6, 15.3)

CI, confidence interval.

Figure 1. Cont.
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Figure 1. Mortality rate. Cumulative incidence of mortality from 31 days to 1-year post-fracture
among (A) the entire cohort of adults with cerebral palsy with an incident fragility fracture and
(B) then by fracture site.

3.4. Association between PT/OT Use and 1-Year Mortality

As hypothesized, there was evidence of an interaction between acute care/rehabilitation
average PT/OT cost/day with the length of stay in unadjusted and adjusted models (both
p for interaction, ≤0.001). The unit of measurement for the average PT/OT cost/day
(continuous variable) was set to USD 60/day. This was done to produce an effect estimate
that is more readily interpretable as compared to a much smaller effect estimate when mod-
elling the continuous exposure as USD 1/day. All other model and statistical parameters
are unchanged with this transformation. The average PT/OT cost/day was associated
with lower mortality rate, but the effect diminished linearly with increasing length of stay
until ~17 days, after which the association became non-significant and then significantly
associated with increased mortality rate (Figure 2).

Figure 2. Therapy volume by length of stay effect on mortality. Examining the interaction between
the acute care/rehabilitation average physical/occupational therapy cost/day and length of stay
for the outcome, 1-year mortality rate, among adults with cerebral palsy with an incident fragility
fracture. The open and closed circles represent the hazard ratio (vertical lines are the 95% confidence
interval) of mortality (y-axis) for the average physical/occupational therapy cost/day for that length
of stay at 1, 3, 5, and every other day until 29 days (x-axis). The same length of stay was estimated for
the unadjusted and adjusted models, but positioned next to one another on the graph as opposed to
on top of one another to enhance visual interpretation. If the 95% confidence interval (vertical lines
extending from the open/closed circles) cross 1.00 (dashed line), the association is not statistically
significant at p < 0.05. The adjusted model accounted for age and the Whitney Comorbidity Index.
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Time-varying outpatient PT/OT use (as time to the first service use) was added to
the model and was associated with lower mortality rate (HR = 0.52; 95% CI = 0.27–1.01,
p = 0.053). Adding time-varying outpatient PT/OT use did not alter the conclusions
drawn about the average PT/OT cost/day conditional on length of stay (Figure S2) or its
interaction (p for interaction, <0.001).

There was no statistical evidence that the proportional hazards assumption was vi-
olated in any model. Fitted penalized B-spline curves were examined, and there was
insufficient evidence to indicate time-varying associations between the exposures of inter-
est with the outcome, to determine if early vs. later initiation had differential effects on
mortality rate.

3.5. Sensitivity Analysis

To enhance model parsimony, fracture site was grouped as: vertebral column; hip;
lower extremities (non-proximal femur and leg/ankle); upper extremities (humerus and
forearm); and multiple simultaneous sites. There was no strong evidence of an interac-
tion between fracture site with the inpatient or outpatient PT/OT variables (both p for
interaction, >0.05).

When the mortality risk window was examined from 6 months to 1-year, there were
21 deaths out of 612 (3.4%) adults eligible for this analysis. The effect estimate of time-
varying outpatient PT/OT use within 6 months post-fracture was similar to the main
analysis (HR = 0.48; 95% CI = 0.17–1.32), suggesting no strong evidence of survival bias.

4. Discussion

This study among 649 adults with CP with an incident fragility fracture found that
acute care/rehabilitation PT/OT was associated with improved 1-year survival, but this
was conditional on lengths of stay <17 days. Additionally, adults with CP that initiated
outpatient PT/OT within 6 months post-fracture had a 48% lower mortality rate, even
after accounting for acute care/rehabilitation PT/OT; although, this was not statistically
significant (95% CI = 0.27–1.01, p = 0.053). There was no strong evidence to suggest that
the timing of inpatient or outpatient PT/OT use appreciably associated with mortality
rate. Further, there was no strong evidence to suggest that certain fracture sites were
driving the observed associations. However, caution in these interpretations is advised
given the relatively small sample and number of outcome events. Taken together, these
findings suggest that inpatient and outpatient PT/OT are associated with improved sur-
vival up to 1-year following a fragility fracture among adults with CP admitted to an acute
care/rehabilitation setting.

The study cohort likely does not represent the broader population of adults with CP
that sustain a fragility fracture. Decisions to admit a patient to acute care/rehabilitation
post-fracture are typically made on a case-by-case basis using clinical judgement. Allocating
adults with CP with a fragility fracture to acute care/rehabilitation or other post-fracture
rehabilitation pathways may be subject to greater variability than adults without CP, possi-
bly motivated by the patient characteristics. For example, in a previous study, we found
that adults with CP with an incident fragility fracture that were discharged home (without
acute care/rehabilitation) were younger, more medically complex, and less likely to have
sustained a fracture at the hip, femur, and multiple simultaneous sites compared to those
admitted to acute care/rehabilitation [11]. It therefore remains unknown whether acute
care/rehabilitation PT/OT has similar effects for all adults with CP that sustain a fragility
fracture. Although, we speculate that early and appropriately intensive rehabilitation
would likely have a more favorable benefit: risk ratio for all adults with CP that sustain
a fragility fracture.

This observational study does not address causality. As anticipated, there was an
interaction between the “volume” of acute care/rehabilitation PT/OT (as average PT/OT
cost/day) with the length of stay. A higher volume was associated with improved sur-
vival for length of stays <17 days, after which the association became non-significant until
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27 days. Indeed, after this duration, a higher volume of therapy was significantly associated
with increased mortality (Figure 2). There are potential study design and prognostic factors
to consider here. For example, confounding by indication is a possibility. The need for
more therapy and a longer duration of inpatient stay may be related to greater underlying
medical needs or fracture complexity that may itself be associated with a higher mortality
risk [33,34]. However, this study accounted for confounding by medical complexity via the
WCI (comorbidity index), thus mitigating this potential source of bias. The observational
study design is unable to tease out whether outcomes actually improved for individuals rel-
ative to not having received (or receiving less) acute care/rehabilitation PT/OT, especially
for those with higher mortality rates. For example, the adjusted HR of 1-year mortality
was ~1.00 for average PT/OT cost/day for a length of stay of 21 days (Figure 2). For these
individuals, the mortality risk may have been even higher if they had not received any
PT/OT in the acute care/rehabilitation setting.

In this study, 44.5% of adults with CP with a fragility fracture admitted to an acute
care/rehabilitation facility initiated outpatient PT/OT within 6 months post-fracture. This
is similar to the 43.1% of adults with CP discharged home without acute care/rehabilitation
post-fracture [11]. Consistent with our prior study in the home discharge cohort, the
findings of this study suggest an association between outpatient PT/OT use within
6 months post-fracture and improved 1-year survival among those admitted to an acute
care/rehabilitation facility. One possible mechanism for these findings is that PT/OT miti-
gates the decline in function following a fracture, which likely prevents or decelerates the
progression of health declines associated with inactivity. Fragility fractures are associated
with an increased risk of cardiorespiratory diseases [2,3,5], which in turn mediates [35]
a portion of the excess fracture-related mortality [4] among adults with CP. In studies not
focused on CP, post-fracture rehabilitation has been reported to mitigate the loss of function
and risk of mortality [7,8]. Rehabilitation-based interventions, such as PT/OT, can improve
function for individuals with CP [36], which may reduce the risk of cardiorespiratory
disease and other health declines and thus improve survival.

The limitations of this study that may directly impact conclusions must be discussed.
First, the “volume” measure, average PT/OT cost/day, is not validated and it is unknown
how well it captures the full, comprehensive breadth of physical-based rehabilitation
post-fracture. Moreover, PT/OT was combined from the acute care and/or an Inpatient
Rehabilitation Facility, primarily to begin understanding the timing of PT/OT initiation
and its effect on post-fracture outcomes. However, PT/OT applied in the Inpatient Reha-
bilitation Facility setting is more intensive than in the acute care setting, and can include
additional care (e.g., social workers) and therapies (e.g., speech, language, psychology).
Therefore, the association between greater inpatient PT/OT use (condition on length of
stays <17 days) and lower mortality may be influenced by the more comprehensive rehabil-
itative care from Inpatient Rehabilitation Facilities as compared to the acute care setting.
Unfortunately, the data files we had access to did not allow for the distinction between
whether the PT/OT was done in an acute care or Inpatient Rehabilitation Facility. Second,
1-year mortality was the outcome, which is not necessarily highly specific to measuring
effectiveness of clinical rehabilitation services. However, improving function post-fracture
can increase independence and health, thus having downstream effects on survival [7–9].
Given the scant research attention to date on the topic, these findings should be considered
an early step to document high-level associations with the most consequential outcome of
post-fracture health declines for adults with CP [4]. Future studies are needed to measure
specific outcomes that will allow for a more detailed assessment of PT/OT effectiveness, as
well as the mechanisms linking rehabilitation to improved survival to ultimately improve
PT/OT services for adults with CP. Third, the type of therapy intervention or focus of
the PT/OT services cannot be ascertained from claims. Fourth, bias from unmeasured
confounding is possible as claims does not contain information about the severity of CP or
other relevant variables; e.g., functional status. However, the analytic plan comprehensively
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identified relevant confounders available for analysis and adjusted for variables that serve
as reasonable proxies for medical complexity.

5. Conclusions

Study findings provide new evidence that acute care/rehabilitation PT/OT is as-
sociated with improved 1-year survival among adults with CP with a fragility fracture,
conditional on the acute care/rehabilitation length of stay. This study also identified that ini-
tiating outpatient PT/OT use within 6 months post-fracture was associated with improved
1-year survival. While more research is needed, there may be great value in improving
access to and delivery of inpatient and outpatient PT/OT services post-fracture for adults
with CP to mitigate their otherwise rapid post-fracture health declines.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11195561/s1, Figure S1: Flow chart; Figure S2: Therapy volume
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and Tenth (ICD-10) Revision, Clinical Modification, Healthcare Common Procedure Coding System
(HCPCS), Current Procedural Terminology (CPT), and Revenue codes to identify variables for this
study; Table S2: Adjusted marginal means and cost ratio for U.S. region and division of residence
with the outcome as average cost per day for physical/occupational therapy* during the post-
fracture acute care/rehabilitation stay (n = 649); Table S3: Prevalence of Whitney Comorbidity Index
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care/rehabilitation setting (n = 649).
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Abstract: Background: Adults with cerebral palsy (CP) represent a growing population whose
healthcare needs are poorly understood. The purpose of this study was to examine trends in the
underlying causes of death (UCOD) among adults with CP in the United States. Methods: A national
cohort was created from the Centers for Disease Control and Prevention Wide-ranging Online Data
for Epidemiologic Research (WONDER) database from 1999 to 2019. The UCOD was determined
using the International Statistical Classification of Diseases and Related Health Problems, Tenth
Revision (ICD-10 code G80x, Infantile CP) based on death certificate adjudication. Crude and age-
adjusted mortality rates (AAMRs), as well as 95% confidence intervals (CIs) were calculated for
adults with CP. Results: There were 25,138 deaths where CP was listed as the UCOD between
1999–2019. There was a steady increase in the UCOD attributable to CP in both crude mortality
rates and AAMRs, with the highest rates occurring in 2019. The highest co-occurring secondary
causes of death were other diseases of the nervous system (e.g., epilepsy), diseases of the respiratory
system (e.g., pneumonia), symptoms, signs, and abnormal clinical and laboratory findings, not
elsewhere classified (e.g., dysphagia), and diseases of the circulatory system (e.g., cardiovascular
disease). Conclusions: Listing the UCOD as CP should be accompanied by other mechanisms leading
to mortality in this population.

Keywords: cerebral palsy; epidemiology; mortality; age-adjusted mortality rates; death certificate;
medical education

1. Introduction

Cerebral palsy (CP) arises early in life and is viewed as a non-progressive pediatric
condition affecting movement, muscle tone, or posture [1]. With improvements in care,
individuals with CP live well into late adulthood-prompting a recent paradigm shift to
recognize the unique needs of this population across the lifespan [2,3]. Unfortunately, across
healthcare systems, adults with CP are often confined to pediatric hospitals and ambulatory
care services [4], and they struggle to receive appropriate care, even for the most common
disorders such as musculoskeletal comorbidities [5]. As individuals with CP age, they
face unique challenges which make their medical care highly complex [6–8] and are at
risk for dying at younger ages—often from undiagnosed, preventable, noncommunicable
diseases [9], and potentially preventable respiratory causes [10].

Mortality records for CP are prone to errors due to the high prevalence of comorbid
physical, cognitive, and mental health issues [6,11,12]; however, CP is not a standalone “un-
derlying cause of death” (UCOD) among adults with CP. Previous work has demonstrated
that postmortem diagnostic overshadowing is common among deceased adults with CP
and other neurodevelopmental and intellectual disabilities [13–15]. This practice prohibits
the identification of the actual medical cause of death and does nothing to inform public
health or preventive care efforts to reduce premature mortality. Indeed, the accuracy of
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the death certificate is vital as it provides important information about the decedent, the
circumstances of death, and the true underlying cause(s) of death. Individuals with more
severe forms of CP may die in long-term care facilities, in hospice, or at home, resulting in
inherent challenges with accurate mortality reporting. The purpose of this study was to
examine temporal trends in CP as the UCOD overall and across subgroups stratified by
rural-urban area designation in the US. Further, we sought to determine secondary causes
of death when CP was listed as the UCOD.

2. Methods

We used the US Centers for Disease Control and Prevention Wide-ranging Online
Data for Epidemiologic Research (CDC WONDER) database [16]. The Underlying Cause
of Death (UCOD) data available on WONDER are county-level national mortality and
population data spanning the years 1999–2019. Each death certificate contains a single
underlying cause of death, up to 20 additional multiple causes, and demographic data
including ethnicity. The number of deaths, crude death rates or age-adjusted death rates,
and 95% confidence intervals and standard errors for death rates can be obtained by place
of residence (total U.S., region, state, and county), age group (single-year-of age, 5-year
age groups, 10-year age groups, and infant age groups), race, Hispanic ethnicity, gender,
year, cause-of-death, injury intent, and injury mechanism, drug/alcohol-induced causes,
and urbanization categories. Data are also available for the place of death, month and
week day of death, and whether an autopsy was performed. For this study, the UCOD
was determined using the International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision (ICD-10 code G80x, Infantile cerebral palsy) based on
death certificate adjudication. Crude mortality rates and 95% confidence intervals were
calculated for adults over 20 years of age, and age-adjusted mortality rates (AAMRs) were
calculated for adults over 25 years of age between 1999 and 2019. We were limited to doing
this because calculations for crude mortality were openly available for all ages, whereas
age-adjusted mortality was limited by CDC WONDER to 10-year age bands as follows:
(1) <1 year; (2) 1–4 years; (3) 5–14 years; (4) 15–24 years; (5) 25–34 years; (6) 35–44 years;
(7) 45–54 years; (8) 55–64 years; (9) 65–74 years; (10) 75–84 years; and (11) 85+ years. The
AAMRs were calculated by multiplying the age-specific death rate for each age group by
the corresponding weight from the 2000 standard US population, summing across all age
groups, and then multiplying by 100,000. Crude mortality and AAMR are expressed per
100,000 population per year.

For the most recent available year (2019), we divided our population using the Na-
tional Center for Health Statistics urban-rural classification scheme into large metropolitan
(≥1 million), medium and small metropolitan (50,000–999,999), and rural (< 50,000) coun-
ties per the 2013 US Census classification [17]. Results were further categorized by age
(20–34, 35–49, 50–64, and ≥ 65 years), sex, race, and ethnicity. We also examined underlying
and multiple causes of death with a stepwise approach: when CP was determined as the
“underlying cause of death” but there were other causes of mortality in the death certificate,
we examined crude mortality of those secondary causes across all possible ICD-10 codes. As
data were publicly available and deidentified, ethics committee approval was not required.

3. Results

Between 1999 and 2019, there were 25,138 deaths where the UCOD was listed as
ICD-10 G80x: Infantile cerebral palsy. There was an increase in deaths attributable to CP in
both crude mortality rates and AAMRs from 1999 to 2019, with the highest occurring in
2019 (Table 1).

Most deaths attributed to CP in 2019 occurred in large metropolitan areas (n = 866
[45.8%]) followed by medium and small metropolitan areas (n = 653 [34.5%]), and rural
areas (n = 374 [19.7%]); however, the crude mortality rates were significantly higher among
lower population areas (Table 2). The majority of deaths attributable to CP occurred among
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adults that died in a medical facility (n = 633 [33.4]), at home (n = 588 [31.1%]), or in hospice
or a long-term care facility (n = 566 [30%]).

Table 1. Trends of “cerebral palsy” (G80x: Infantile cerebral palsy) listed as the underlying cause of
death from 1999 to 2019.

Year Deaths Population Crude Rate per 10,000 95% CI AAMR * per 100,000 95% CI

1999 620 199,000,198 0.3 0.3–0.3 0.3 0.3–0.3
2000 670 200,948,641 0.3 0.3–0.4 0.3 0.3–0.3
2001 727 204,062,414 0.4 0.3–0.4 0.3 0.3–0.3
2002 753 206,451,793 0.4 0.3–0.4 0.3 0.3–0.3
2003 872 208,682,117 0.4 0.4–0.4 0.4 0.4–0.4
2004 936 211,050,944 0.4 0.4–0.5 0.4 0.4–0.5
2005 978 213,511,339 0.5 0.4–0.5 0.4 0.4–0.5
2006 1056 216,055,494 0.5 0.5–0.5 0.4 0.4–0.5
2007 1062 218,481,776 0.5 0.5–0.5 0.5 0.5–0.5
2008 1190 220,975,702 0.5 0.5–0.6 0.5 0.5–0.5
2009 1141 223,491,138 0.5 0.5–0.5 0.5 0.5–0.5
2010 1221 225,477,982 0.5 0.5–0.6 0.5 0.5–0.5
2011 1230 228,746,768 0.5 0.5–0.6 0.5 0.5–0.6
2012 1259 231,409,240 0.5 0.5–0.6 0.5 0.5–0.5
2013 1418 233,880,752 0.6 0.6–0.6 0.6 0.5–0.6
2014 1429 236,721,454 0.6 0.6–0.6 0.6 0.5–0.6
2015 1555 239,293,130 0.6 0.6–0.7 0.6 0.6–0.7
2016 1622 241,022,445 0.7 0.6–0.7 0.7 0.6–0.7
2017 1696 243,565,966 0.7 0.7–0.7 0.7 0.6–0.7
2018 1810 245,184,769 0.7 0.7–0.8 0.7 0.7–0.8
2019 1893 246,614,107 0.8 0.7–0.8 0.8 0.7–0.8

Total 25,138

* AMMRs—age-adjusted mortality rates; CI—confidence intervals; AMMRs were calculated for adults over 25
years.

Table 2. Adults with cerebral palsy who died in 2019, with the underlying cause of death listed as
“cerebral palsy”.

Deaths Population Crude Rate per 100,000 95% CI

All Ages 2168 328,239,523 0.7 0.6–0.7
Adults 1893 246,614,107 0.8 0.7–0.8
Age Categories

20–34 years 479 67,573,261 0.7 0.6–0.8
35–49 years 331 44,168,826 0.7 0.7–0.8
40–49 years 408 62,056,895 0.7 0.6–0.7
50–64 years 498 62,925,688 0.8 0.7–0.9
≥65 years 508 54,058,263 0.9 0.9–1.0

Gender
Female 849 126,652,620 0.7 0.6–0.7
Male 1044 119,961,487 0.9 0.8–0.9

Race/Ethnicity
White 1555 193,833,509 0.8 0.8–0.8
Black 301 32,937,597 0.9 0.8–1.0
Asian 26 16,590,321 0.2 0.1–0.2
Hispanic 187 39,870,392 0.5 0.4–0.5
Other 11 3,252,680 n/a n/a

Urbanization
Metro (Large) 866 137,873,755 0.6 0.6–0.7
Metro (Medium and

Small) 653 73,879,878 0.9 0.8–1.0

Non-Metro (Rural) 374 34,860,474 1.1 1.01–1.2

There were 6443 unique combinations of multiple causes of death, with CP listed as
the UCOD (Table 3). The highest co-occurring causes of death were other diseases of the
nervous system (36.4%), diseases of the respiratory system (17.2%), symptoms, signs, and
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abnormal clinical and laboratory findings, not elsewhere classified (15.3%), and diseases of
the circulatory system (8.2%) (individual ICD-10 diseases or causes co-occurring with the
primary cause of death [CP] can be found in Supplementary Table S1).

Table 3. Adults with cerebral palsy who died in 2019, with the underlying cause of death listed as
“cerebral palsy”, and other multiple causes of death.

Population n = 246,614,107 Deaths Crude Rate per 100,000 95% CI

A00-B99 (Certain infectious and parasitic diseases) 205 0.1 0.1–0.1
C00-D48 (Neoplasms) 20 0.0 0.0–0.0
D50-D89 (Diseases of the blood and blood-forming organs and certain disorders involving
the immune mechanism) 34 0.0 0.0–0.0

E00-E89 (Endocrine, nutritional, and metabolic diseases) 229 0.1 0.1–0.1
F01-F99 (Mental and behavioral disorders) 154 0.1 0.1–0.1
G00-G98 (Diseases of the nervous system) 2344 1.0 0.9–1.0
H00-H59 (Diseases of the eye and adnexa) 5 n/a n/a
I00-I99 (Diseases of the circulatory system) 528 0.2 0.2–0.2
J00-J98 (Diseases of the respiratory system) 1110 0.5 0.4–0.5
K00-K92 (Diseases of the digestive system) 154 0.1 0.1–0.1
L00-L98 (Diseases of the skin and subcutaneous tissue) 41 0.0 0.0–0.0
M00-M99 (Diseases of the musculoskeletal system and connective tissue) 58 0.0 0.0–0.0
N00-N99 (Diseases of the genitourinary system) 165 0.1 0.1–0.1
P00-P96 (Certain conditions originating in the perinatal period) 7 n/a n/a
Q00-Q99 (Congenital malformations, deformations, and chromosomal abnormalities) 29 0.0 0.0–0.0
R00-R99 (Symptoms, signs, and abnormal clinical and laboratory findings, not
elsewhere classified) 984 0.4 0.4–0.4

S00-T98 (Injury, poisoning, and certain other consequences of external causes) 170 0.1 0.1–0.1
V01-Y89 (External causes of morbidity and mortality) 202 0.1 0.1–0.1
Y88.3 (Sequelae of surgical and medical procedures as the cause of abnormal reaction of the
patient, or of later complication, without mention of misadventure at the time of
the procedure)

4 n/a n/a

4. Discussion

Especially among adults, CP as a standalone UCOD is not sufficient to aid in the
understanding of the natural pathophysiology of disease progression. If listed as the
UCOD, appropriate mechanisms of death should be listed above it. These other disease
mechanisms should clearly represent a causative link directly to CP. If not, CP should not
be utilized as the UCOD. Our findings corroborate that of previous studies which have
found high rates of mortality attributed to CP, among adults with CP, across developed
countries [13,18,19]. According to the current data, the UCOD of more than 25,000 adults
with CP were labeled as CP in the US, from 1999 to 2019. While it is certainly understandable
that challenges exist with correctly identifying the mechanisms of death in complex medical
conditions, labeling a cause of death as CP must be accompanied by other mechanisms
leading to death in this population, to bolster our understanding of the natural history of
the condition.

Our study also demonstrated numerous secondary/co-occurring causes of death in
adults with CP, where CP was listed as the UCOD. The highest co-occurring causes of
death were other diseases of the nervous system (e.g., epilepsy), diseases of the respiratory
system (e.g., pneumonia), symptoms, signs, and abnormal clinical and laboratory findings,
not elsewhere classified (e.g., dysphagia), and diseases of the circulatory system (e.g.,
cardiovascular disease). By comparison, the most common UCODs for adults without
CP in 2019 included (crude mortality rate per 100,000) (#1) diseases of heart (200.8); (#2)
malignant neoplasms (182.7); (#3) accidents (52.7); (#4) chronic lower respiratory diseases
(47.8); and (#5) cerebrovascular diseases (45.7).

Mortality statistics compiled from death certificates are used to measure health quality,
set public health goals and policies, and to direct research and resources. A physician’s
principal responsibility in death registration is to complete the medical portion of the death
certificate, including the cause of death, according to the Physicians’ Handbook on Medical
Certification of Death (available at www.cdc.gov/nchs/data/misc/hb_cod.pdf). The ICD
Tenth Revision expanded these coding guidelines in 1999 to be more inclusive, particularly
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those from indirect causes. We found that a greater proportion of death certificates with CP
as the underlying cause of death came from rural areas, and among adults that died at home,
in long-term care, or in hospice care. There are unique challenges that face accurate death
registration among these patients; however, efforts are needed to facilitate the development
of improved clinical screening and rigorous mortality reporting to complete the medical
portion of the death certificate for these patients. Several important clinical reporting
strategies need to be adopted when an adult with CP dies, including: (1) CP should never
be listed as the only cause of death, and (2) CP should not be utilized as the UCOD without
the mechanism of death also listed. Limitations include possible errors in coding the cause
of death on death certificates and documentation of race/ethnicity. Further, using the
CDC WONDER database, we did not have access to individual-level data, which makes it
impossible to compute group-based statistical analyses or comparisons to adults without
CP. Future research is needed to understand the disparities in mortality rates for CP as the
underlying cause of death, between urban and rural areas.

5. Conclusions

Given the non-progressive nature of CP, adults with CP may experience a myriad
of other diseases that more accurately reflect their true cause of death. CP should not be
utilized as the primary UCOD as a default in every patient with CP. This hinders our ability
to fully understand the conditions that evolve in adult patients with CP. Between 1999
and 2019, there were more than 25,000 deaths attributed to CP as the underlying cause.
Most deaths attributed to CP occurred in large metropolitan areas; however, both crude
and age-adjusted mortality rates were significantly higher among rural areas. The highest
secondary causes of death were other diseases of the nervous system (e.g., epilepsy),
diseases of the respiratory system (e.g., pneumonia), symptoms, signs, and abnormal
clinical and laboratory findings (e.g., dysphagia), and diseases of the circulatory system
(e.g., cardiovascular disease). Labeling a cause of death as CP must be accompanied by
other mechanisms leading to death in this population, to bolster our understanding of the
natural history of the condition as well as to increase our understanding of preventable
causes of death. Efforts are needed to facilitate the development of improved clinical
screening and rigorous death registration to complete the medical portion of the death
certificate for this population of patients.
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Abstract: (1) Background: Respiratory disease is a leading cause of morbidity, mortality, and poor
quality of life in children with cerebral palsy (CP). This study describes the prevalence of CP-related
respiratory disease and the non-modifiable risk factors for respiratory-related hospital admissions in
the Aotearoa New Zealand population. (2) Methods: New Zealand Cerebral Palsy Register (NZCPR)
participant data and de-identified data from the National Minimum Dataset and Pharmaceutical Dis-
pensing Collections were linked to identify all respiratory-related hospital admissions and respiratory
illness-related antibiotic exposure over 5 years in individuals with CP (0–26 years). (3) Results: Risk
factors for respiratory-related hospital admissions included being classified Gross Motor Function
Classification System (GMFCS) IV or V compared to GMFCS I [OR = 4.37 (2.90–6.58), p < 0.0001;
OR = 11.8 (7.69–18.10), p < 0.0001, respectively,]; having ≥2 antibiotics dispensed per year [OR = 4.42
(3.01–6.48), p < 0.0001]; and being of Māori ethnicity [OR = 1.47 (1.13–1.93), p < 0.0047]. Māori
experienced health inequities compared to non-Māori, with greater functional disability, and also
experienced greater antibiotic dispensing than the general population. (4) Conclusion: Māori children
and young adults have a higher risk of respiratory-related illness. Priority should be given to the
screening for potentially modifiable risk factors for all children with CP from diagnosis onwards in a
way that ensures Māori health equity.

Keywords: cerebral palsy; respiratory; hospitalisations; antibiotics; Indigenous; inequities

1. Introduction

Cerebral palsy (CP) is the most common childhood physical disability in high income
countries, with a prevalence between 1.4 and 2.1 cases per 1000 live births [1]. Respiratory-
related illness in CP is the most common cause of mortality, morbidity, and poor quality
of life, especially for those living with greater disability [≈26% of the CP population
is classified as combined Gross Motor Function Classification System (GMFCS) IV and
V] [2,3]. Adults with CP have a 14-fold risk of death from respiratory disease compared
to the general population [4], and more severely impaired children with CP have a higher
frequency of hospital admissions and a longer length of stay related to respiratory illness,
with a greater risk of early mortality [5]. The pathway to respiratory disease in children
with CP is complex and multifactorial and impacts all levels of disability, with 45% of all
people with CP having respiratory symptoms [6].
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In Aotearoa New Zealand (AoNZ), the general paediatric population (<15 years of age)
experience the highest respiratory hospitalisation rates (comparable only to adults >65 years
of age), with hospital admissions for bronchiolitis, asthma, wheeze and viral pneumonia
having increased to over 21,000 annually since 2000 [7]. The rates and severity of bronchiec-
tasis are also higher than documented in other developed countries [8,9].

Significant health inequities for Indigenous NZ Māori compared with NZ European
are well-recognised [10,11], with Māori children and young people in particular expe-
riencing adverse health and social outcomes as a result of socio-political and economic
environmental drivers [12,13]. The Impact of Respiratory Disease in NZ report (2018) stated
that ‘All indicators showed inequality in health by ethnic group. Pacific peoples and Māori
shared the highest respiratory health burden’ [7]. For respiratory infections, the relative
risks are 1.7–18.2 for Māori and Pasifika as compared to NZ European, ranging from 2.1 for
pneumonia to 3.9 for bronchiolitis between the most and least deprived areas of socioe-
conomic deprivation [10]. This indicates that NZ Māori living with CP—especially those
classified as GMFCS IV and V—are likely to be more vulnerable to respiratory disease.

CP Registry information and hospital admission data have been recently used in
Australia to describe the impact of respiratory disease for people with CP, and three non-
modifiable predictive risk factors for future respiratory-related hospital admission were
identified: (i) GMFCS V; (ii) ≥1 respiratory-related hospital admission in the previous year;
and (iii) ≥2 courses of antibiotics in the previous year [14]. In AoNZ, less is known about
the impact of respiratory illness in children with CP, and although hospital admissions
have increased over 14 years, the reasons for hospitalisation are not well-documented [15].
Most CP hospitalisations in the 0–24-year age-range have a primary diagnosis of CP (42%),
with associated diagnoses including respiratory disease (11%) [16].

The primary aim of this study was to describe the prevalence of respiratory disease
and non-modifiable risk factors for hospital admissions for children and young people in
AoNZ. In particular, this study aimed to identify any inequities between Indigenous NZ
Māori children with CP and other ethnic groups, between the GMFCS levels, and between
the different levels of socioeconomic deprivation. The secondary aim of the study was
to describe the dispensing of antibiotics for respiratory-related illness in children with
CP and to examine the differences between ethnic groups, GMFCS levels, and levels of
socioeconomic deprivation.

2. Materials and Methods

2.1. Study Design

A 5-year (2014–2019) retrospective cohort design study used data linkage for all
children and young people diagnosed with CP and registered with the NZCPR who
met the following criteria: (i) aged 0–26 years, (ii) residing in AoNZ at the time of data
extraction and matched to de-identified data on hospitalisations and antibiotic dispensing
for respiratory infections.

2.2. Data Sources

The NZCPR is a national register established in 2015 with ethics approval (HDEC
13/NTA/130) in order to collect health data and information relevant to CP (including
demographic data and clinical information such as type, topography, and GMFCS). This
includes the ability to link to Health New Zealand (previously known as the Ministry of
Health) datasets. Data were extracted from the NZCPR and linked to Health New Zealand
datasets using the unique electronic National Health Index (NHI) number [17]. The NHI
was encrypted, and only de-identified data were used for analysis.

Each hospital is required to code and report hospital admissions (including emergency
department admissions >3 h in duration) information to Health New Zealand at monthly
intervals. The collective database is called the National Minimum Dataset (also known
as Hospital Events data) [18]. Primary and secondary diagnoses at the time of discharge
are coded using the International Statistical Classification of Diseases (ICD). The ICD 10th
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Revision codes included for analysis were J09-J99 as a primary or secondary diagnosis only
(excluding J30-J39 for other diseases of upper respiratory tract) for all hospital admissions
years 2014–2019.

In AoNZ, antibiotics for systemic use are only available with a prescription, and, at
the time of the study, were dispensed free of charge for children aged 13 years or under
and incurred a nominal charge for those aged >14 years. Prescriptions dispensed from a
community pharmacy seeking government subsidisation are recorded in the Health New
Zealand database known as the Pharmaceutical Collection [19]. This does not include
antibiotics dispensed in hospital or by a medical practitioner directly. Data for antibiotics
dispensed were classified using the Anatomical Therapeutic Chemical (ATC) classification
system under agents “for systemic use” defined as “anti-bacterials”. Antibiotics were
identified by individual names (e.g., amoxicillin trihydrate). The antibiotics that were more
likely to be used in clinical practice to treat respiratory-related infections were identified by
one of the authors (Cass Byrnes) who is a Paediatric Respiratory Specialist (Supplementary
Table S1). A single course was defined as one course if dispensed on separate days,
irrespective of the days separating dispensing events. A single course was also defined as
one course, even if multiple antibiotics had been dispensed on the same day.

In Health New Zealand datasets, ethnicity is linked to the NHI and is usually collected
at the point of the person’s contact with hospital services. Prioritised ethnicity was used
for analysis. Prioritisation is a method that assigns people who identify with more than
one ethnic group to a single mutually exclusive category based on an established hierarchy,
with the aim of giving priority to non-European groups and special priority to Māori
and Pacific Island groups [20]. The ethnicity coding used was in line with Statistics New
Zealand level 1 categories for national standards reporting [European; NZ Māori; Pasifika
(also referred to as Pacific Island Peoples); Asian; and MELAA -Middle Eastern/Latin
American/African] [21].

Based on nine Census variables, the NZDep is an area-based measure of socioeconomic
deprivation in New Zealand, measuring the level of deprivation for people within a small
(10%) geographical area. Each NZDep decile contains 10 deciles, with decile 1 representing
the least deprived score and 10 the most deprived [22]. For analysis, the deprivation indices
were assigned to quintiles, with quintile 1 representing the 20% least deprived data zone
and quintile 5 representing the 20% most deprived zone. Due to the unreliability of the
2018 census data, the NZDep 2013 was used.

2.3. Statistical Analysis

A total of 1286 NZCPR participants met the inclusion criteria. Descriptive statistics
were used to summarise the cohort using cross-tabulation and median IQR and range. Chi
square and Logistic regression were carried out for binary dependent variables. Multivari-
ate regression was carried out using significant factors from univariate regression where
appropriate.

Population data between the 5 yearly censuses were adjusted by linear interpolation to
calculate the total population aged under 27 years in each geographical region for 2014–2020
using 2013 and 2018 Census data between ethnic groups (Asian, Māori, Pasifika, European,
and MELAA). Since the observed data are the counts of admission and dispensing in each
year, the data were analysed using a generalised linear model, modelling the observed
counts data as having a Poisson distribution and plotted as a fitted line. A p value of < 0.05
was considered to be statistically significant.

Statistical analyses were carried out using SAS 9.4 (SAS Institute Inc., Cary, NC, USA.)
and R (R Core Team (2021). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria [23].
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3. Results

3.1. Cohort Description

Full age, gender, and ethnicity data were available for 1286 participants, with miss-
ing data for the GMFCS in 73 (6%) and the measure of socioeconomic deprivation in
3 (0.3%). At the time of NZCPR data extraction, the median age of participants was
14 years; IQR = 10–19, of which 28 (2%) were <5 years; 856 (67%) were aged between 5 and
17 years; and 402 (31%) aged between 18 and 26 years. The Auckland metro region is home
to 33% of AoNZ’s population. Of the present cohort, 542 (42%) were living in this region.
Demographic and clinical descriptors are detailed in Table 1. There were 734 (57%) male
and 552 (43%) female participants, and 410 (34%) participants were classified as GMFCS IV
and V. In terms of ethnicity, the cohort was comparable to the AoNZ general population
for this age group [23] with 639 (50%) of the cohort being European, followed by Māori
342 (27%), Pasifika 135 (11%), Asian 137 (11%), and MELAA 32 (2%). Overall, 342 (25%)
were living in higher areas of deprivation (quintile 5) compared to 254 (20%) in the least
deprived areas (quintile 1); with 177 (28%) of European participants living in quintile
1 compared to 8 (25%) of MELAA, 8 (6%) of Pasifika, and 32 (9%) of Māori participants.

Table 1. Demographics of the Study Participants, including median age and gender distribution,
GMFCS, and NZDep quintile distribution by ethnic group.

Cohort Demographic and Clinical Descriptors

European NZ Māori 1 Pasifika Asian MELAA 2 Total

Age (n = 1286)
Median (range) 15 (2–26) 14 (3–26) 15 (4–26) 13 (2–26) 14 (5–26) 14 (2–26)

Gender
(n = 1286)

M: F
379: 260 186: 156 76: 59 73: 64 20: 12 734:552

GMFCS 3 levels
(n = 1213)

I: II: III: IV: V
204: 157: 72: 89: 72 97: 65: 30: 64: 64 30: 31: 7: 35: 30 44: 37: 9: 29: 14 5: 11: 2: 7: 6 381:301:121:

224:186

Unknown GMFCS 2

(n = 73)
45 22 2 4 0

NZDep 4 Quintiles
(n = 1283)

1: 2: 3: 4: 5
177: 139: 131: 109: 82 32: 32: 43: 92: 143 8: 11: 13: 39: 63 28: 34: 25: 22: 27 8: 2: 4: 9: 9 254: 218: 216:

271: 324

1 Indigenous population in Aotearoa New Zealand, 2 Middle Eastern Latin American African, 3 Gross Motor
Function Classification System. 4. NZDep is an area-based measure of socioeconomic deprivation in New Zealand

Differences in the distribution of GMFCS classification were found for Māori par-
ticipants when compared to non-Māori participants (Table 2). When participants were
grouped by GMFCS IV-V as compared to GMFCS I-III, Māori participants were more likely
to be classified as GMFCS IV- or V than non-Māori participants (p = 0.0065).

Māori were also significantly over-represented in quintile 5 (p < 0.0001) compared to
their non-Māori counterparts (Table 2). Similar findings are found for Māori in the general
AoNZ population [12].

3.2. Respiratory-Related Hospital Admissions

Three hundred and fifty three of the 1286 participants (27%) had 1374 hospital admis-
sions related to respiratory illness, with a median admission rate of 2.0, IQR = 1.0–5.0 over
the 5-year period. Of the total admissions, 316/1374 (23%) were following Emergency
Department (ED) visits, with no difference found in the proportion of ED presentations
between Māori and non-Māori participants (p = 0.2031). A significantly higher percentage
of participants classified as GMFCS IV- V (201/316, 64%) presented to ED than those classi-
fied as GMFCS I–III (102/316, 32%, p < 0.0001). A significantly higher percentage of those
living in quintiles 4 or 5 (180/301, 57%) presented to ED than those living in quintiles 1 or 2
(81/316, 26%, p = 0.0009). Median lengths of stay (LoS), excluding ED admissions, were sim-
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ilar for Māori (Median = 3 days, IQR = 1–6) and non-Māori participants (Median = 3 days,
IQR = 2–6).

Table 2. Comparisons of Māori and non-Māori children and young adults with CP by age, gender,
GMFCS, and NZDep quintiles.

Cohort Descriptors for Māori and Non-Māori

NZ Māori 1

(N = 320)
Non-Māori
(N = 943)

p

Age
Median (range) 14 (3–26) 15 (2–26)

Gender
(n = 1286)

M: F
186: 156 548: 395 0.2329

GMFCS 2 levels
(n = 1213)

I: II: III: IV: V
97: 65: 30: 64: 64 283: 236: 91: 160: 122 0.0319

NZDep 3 Quintiles
(n = 1286)

1: 2: 3: 4: 5
32: 32: 43: 92: 143 221: 186: 173: 179: 182 <0.0001

1 Indigenous population in Aotearoa New Zealand. 2 Gross Motor Function Classification System. 3 NZDep is an
area-based measure of socioeconomic deprivation in New Zealand.

Following a univariate regression analysis for demographic and clinical variables,
participants classified as GMFCS IV or V were found to have higher odds of having a
respiratory-related hospital admission than participants classified as GMFCS I (Table 3).
Māori participants were more likely to have a respiratory-related hospital admission than
non-Māori; participants living in the area of highest deprivation (quintile 5) were 50% more
likely to have an admission than those living in low deprivation areas (quintile 1); and
the participants who had two or more antibiotics dispensed/year were four times more
likely to have a respiratory-related hospital admission (Table 3). Through multivariate
analysis within the Māori group, it was determined that the odds of respiratory-related
hospital admissions were significantly higher in GMFCS IV- V than GMFCS I- III [OR = 5.55
(2.66–11.6) p < 0.0001], whereas there was no association with the level of deprivation
(quintile 5 compared with quintile 1) [OR = 0.92 (0.36–2.33), p = 0.8505].

Population data for the age group and timeframe of interest showed that European
participants experienced significantly lower rates of admission per 100,000 people in overall
years than their Māori counterparts (p < 0.001). MELAA participants had a much smaller
representation in the cohort but the highest overall admissions of 1.8× (84%) higher than
the rate of NZ Māori (p < 0.0001) (Figure 1). Hospital admission rates for children and
young adults with CP remained relatively steady for European and Asian groups over time
but declined significantly for Pasifika (p = 0.0003). An apparent decline was found not to
be significant for MEELA (p = 0.571). NZ Māori were the only group who experienced a
trend to higher admission rates over this time.

3.3. Antibiotic Dispensing for Respiratory-Related Illness

Overall, a total of 9647 episodes of antibiotics were dispensed for 1170/1286 (91%) of
the cohort with a median of 5 episodes, IQR = 3–11 over the 5-year timeframe, with no dif-
ferences found between GMFCS, ethnicity, or quintiles. Most individuals had none or only
one episode per year, but 151/1286 (12%) had ≥2 episodes of antibiotics/year dispensed
over the timeframe. No significant differences were found amongst ethnicities (including
Māori and non-Māori) or amongst quintiles for ≥2 episodes of antibiotic dispensing per
year; however, univariate analysis found that children classified as GMFCS V were almost
three times more likely to have ≥2 episodes of antibiotics dispensed per year than those
classified as GMFCS I (Table 4).
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Table 3. Univariate regression analysis and odds ratio analysis for respiratory-related admissions for
children and young adults with CP for gender, GMFCS, ethnicity, NZDep quintile variables, and if
≥2 antibiotics dispensed per year.

Respiratory-Related Admissions (n = 353)
p

N (%) Odds Ratio (95% CI)

Gender (vs. male)

Male 201 (57) 1.00

Female 152 (43) 1.01 (0.79–1.29) 0.9518

GMFCS 1 Level (vs. Level I)

I 46 (14) 1.00

II 70 (21) 2.21 (1.47–3.32) <0.0001

III 17 (5) 1.19 (0.65–2.17)

IV 84 (25) 4.37 (2.90–6.58)

V 115 (35) 11.8 (7.69–18.1)

GMFCS 1 Group (vs. Level
I/II/III)

I/III/III 133 (40) 1.00

IV/V 199 (60) 4.75 (3.63–6.22) <0.0001

Ethnicity (vs. NZ Māori 2)

NZ Māori 114 (32) 1.00

European 152 (43) 0.62 (0.47–0.83) 0.0004

Pasifika 50 (14) 1.18 (0.78–1.78)

Asian 27 (8) 0.49 (0.31–0.79)

MELAA 3 10 (3) 0.91 (0.42–1.98)

NZ Māori (vs. non-Māori)

Non-Māori 239 (68) 1.00

NZ Māori 114 (32) 1.47 (1.13–1.93) 0.0046

NZDep 4 Quintiles (vs. Q1)

Q1 (least deprived) 55 (16) 1.00

Q2 62 (18) 1.44 (0.95–2.19) 0.2506

Q3 61 (17) 1.42 (0.94–2.17)

Q4 79 (22) 1.49 (1.00–2.21

Q5 (most deprived) 95 (27) 1.50 (1.02–2.20)

Antibiotic Dispensing

< 2 Episodes/year 34 (11) 1.00

≥2 Episodes/year 314 (36) 4.42 (3.01–6.28) <0.0001
1 Gross Motor Function Classification System. 2 Indigenous population in Aotearoa New Zealand. 3 Middle
Eastern Latin American African. 4 NZDep is an area-based measure of socioeconomic deprivation in New Zealand.
Q = Quintile.

Using population data for the age group and timeframe of interest, overall rates of
total antibiotic dispensing for children and young adults with CP decreased over time
for all ethnic groups. When compared to Māori, all other ethnic groups had significantly
lower rates of antibiotic dispensing, with Asian participants having the lowest rate (−53%)
followed by European (−41%), MELAA (−26%), and Pasifika (−17%) (p < 0.0001) (Figure 2).
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Figure 1. Incidence rates of total hospital admissions for children and young adults with cerebral
palsy by ethnicity, Aotearoa New Zealand; 2014–2019.

Table 4. Univariate analysis and odds ratio analysis for ≥2 antibiotic episodes per year for gender,
GMFCS, ethnicity, and NZDep quintile.

≥2 Antibiotic Episodes/Year (n = 151) OR p

N (%) Odds Ratio (95% CI)

Gender (vs. male)

Male 94 (32) 1.00

Female 57 (38) 0.79 (0.56–1.13) 0.1926

GMFCS 1 Level (vs. Level I)

I 60 (40) 1.00

II 30 (20) 1.75 (1.09–2.81) 0.0053

III 15 (10) 1.37 (0.74–2.53)

IV 21 (14) 1.98 (1.17–3.37)

V 13 (7) 2.78 (1.48–5.22)

GMFCS 1 Group (vs. Level
I/II/III)

I/III/III 105 (76) 1.00

IV/V 34 (25) 1.80 (1.20–2.71) 0.0047

Ethnicity (vs. NZ Māori 2)

NZ Māori 36 (24) 1.00

European 85 (56) 1.42 (0.94–2.15) 0.0862

Pasifika 8 (5) 0.55 (0.25–1.21)

Asian 18 (12) 1.43 (0.78–2.62)
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Table 4. Cont.

≥2 Antibiotic Episodes/Year (n = 151) OR p

MELAA 3 4 (3) 1.41 (0.46–4.30)

NZ Māori (vs. non-Māori)

Non-Māori 115 (76) 1.00

NZ Māori 36 (24) 0.78 (0.53–1.17) 0.2291

NZDep 4 Quintiles (vs. Q1)

Q1 (least deprived) 33 (22) 1.00

Q2 21 (14) 0.68 (0.38–1.22) 0.7604

Q3 27 (18) 0.92 (0.53–1.59)

Q4 32 (21) 0.83 (0.49–1.39)

Q5 (most deprived) 38 (25) 0.82 (0.50–1.36)
1 Gross Motor Function Classification System; 2 Indigenous population in Aotearoa New Zealand; 3 Middle
Eastern Latin American African; 4 NZDep is an area-based measure of socioeconomic deprivation in New Zealand.
Q = Quintile.

Figure 2. Incidence rates of total antibiotic dispensing for children and young adults with cerebral
palsy by ethnicity, Aotearoa New Zealand; 2014–2019.

4. Discussion

This study has shown that almost all children and young adults with CP had antibiotics
dispensed for respiratory-related illness in the community over the study time frame, with
high rates of ED presentations and hospital admissions for respiratory illness. One in ten
children and young adults with CP had >2 courses of antibiotics per year, with children
classified as GMFCS V being almost three times more likely to have ≥2 antibiotics dispensed
per year than those classified as GMFCS I. One in five children and young adults with CP
experienced a respiratory-related hospital admission, with individual risk factors including
being classified as GMFCS IV or V compared to GMFCS I; having ≥2 episodes of antibiotics
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dispensed per year; living in the most deprived quintile (Q5) compared to the least deprived
Q1; and being of NZ Māori ethnicity.

There are few international studies of admission rates with respiratory illness in
children with CP. However, a comparable Australian study reported that 11% of Western
Australian participants with CP experienced a respiratory-related admission over a 3-year
timeframe with GMFCS V experiencing admission rates 23 times higher than GMFCS
I [14]. Direct comparison of the data shows that in AoNZ, 27% of our participants had
1374 hospital admissions, an average of 3.6 per person over 5 years. In Western Australia,
16% of participants had 332 respiratory hospital admissions, an average of 4.3 per person
over 5 years [24]. These data paint a picture of a high overall risk of respiratory-related
hospital admissions in children and young adults with CP, a risk which is much higher than
the reported risk in the general population for admissions with other respiratory illnesses
such as RSV (reported to range from 1.3 to 10.5 hospitalizations per 1000 in the age group
1–2 years) [25].

In the current study, Indigenous NZ Māori children and young adults with CP ex-
perienced a higher incidence of respiratory-related hospital admissions over time when
compared to non-Māori participants and were more likely to function at GMFCS levels IV
or V. Individuals with CP and GMFCS levels IV or V often have associated co-morbidities,
such as oropharyngeal motor dysfunction and recurrent seizures [26,27]. Overall, oropha-
ryngeal motor dysfunction is common in people with CP [25] and results in sequential
direct aspiration leading to aspiration pneumonia, acute respiratory infections, and chronic
airway inflammation [28]. Similarly, seizures can lead to temporary altered muscle tone
and reduced consciousness, which may increase the risk of aspiration, leading to aspiration
pneumonia. Not surprisingly then, oropharyngeal motor dysfunction and seizures are
major risk factors for an increased risk of hospitalization with respiratory-related illness in
children with CP [29]. The association between GMFCS levels and potentially modifiable
medical risk factors could explain why NZ Māori, who had greater physical disability in
this study, also experienced a higher incidence of respiratory-related hospital admissions
over time. Further research should help determine the prevalence of oropharyngeal motor
dysfunction and seizure disorder in this group and whether the optimisation of medical
management could help to reduce their risk of hospitalisation with respiratory disease.

Trend data for the CP population showed that over the 5 years of the study, the rate
of admission to hospital with respiratory illnesses either remained stable or dropped for
all ethnic groups. From the trend data, NZ Māori had the second highest rate of hospital
admission, second only to MELAA participants. Surprisingly, being of MELAA ethnicity
did not reach significance as a risk factor in the analysis of individual risk factors, perhaps
due to the very small numbers in this group (32 children). Unlike most countries, AoNZ’s
social policy does not bar refugees or asylum seekers on the grounds of medical conditions
or disabilities and allocates over half of its international allocation to MELAA regions [30]. It
is unknown if this small group of MELAA participants were predominantly an immigrant
population, with health outcomes reflecting prior lack of access to health care in their
originating countries, or whether they were born in AoNZ and self-identified as MELAA.

This is the first study to use a pharmaceutical dispensing dataset to identify antibiotic
use to treat respiratory-related illness in CP. Antibiotics were widely used, with those
classified as GMFCS V having significantly higher chances of receiving ≥2 courses/year
dispensed. NZ Māori children and young adults with CP consistently had the highest rates
of antibiotic episodes per 100,000 of population compared to other ethnicity groups over
the 5 years. Hobbs, et al., also reported that Māori children received more antibiotic courses
than European children and young adults and suggested that much of this prescription was
for self-limiting viral respiratory infections [31]. This suggests that changes in antibiotic
prescribing practice for NZ Māori children and young adults may still lag behind changes
in prescribing for other ethnic groups.
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Limitations

The NZCPR is not a population-based register and is not fully ascertained, but it is
representative of 60% of the estimated CP population in AoNZ; ascertainment strategies
have been biased towards tertiary care/hospital ascertainment, which could account for a
slightly higher proportion of GMCFS IV and V when compared to the Australian Cerebral
Palsy Register (ACPR GMFCS IV-V 26% compared to NZCPR GMFCS IV-V 34%) [2].

Hospital admissions data do not include community or primary care presentations for
respiratory illness, which would further add to the understanding of respiratory illness
in the community. We have used antibiotic prescribing data as a proxy for respiratory
infection and have followed guidelines to identify those antibiotics commonly used for
respiratory infection. Consistency and regional differences in coding (in particular, for ED
admissions) have been questioned in the past; however, processes have been universally
implemented to significantly improve reliability and it is less likely to be of concern for our
timeframe of interest [32,33]. The Pharmaceutical Collection does not account for hospital
or GP dispensing, although the latter, especially for antibiotics, would be rare. Moreover,
dispensing medication does not always mean it is taken, or taken as prescribed, and
although a financial incentive is in place, not all pharmacies need to partake in contributing
data. However, participation is thought to be high. The methodology used for defining an
episode could overestimate actual antibiotic dispensing, as some episodes may have been an
extension of the preceding course; however, it is thought that, taking into consideration the
limitations, antibiotic exposure is likely to be underreported [31]. Therefore, the high rates
for antibiotic dispensing found in this study are likely to be, if anything, an underestimate
of the true levels of antibiotic dispensing and usage. The antibiotics included for analysis
may not be exclusively used for respiratory illness. The Mortality Collection dataset was
not used to identify mortality with an underlying cause of respiratory illness, as data were
available until only 2017. We did not collect respiratory viral panel results or sputum
cultures from hospital admissions as these results are not available through dataset linkage,
but recognise that those with specific pathogens, such as Pseudomonas aeruginosa, may
have more severe and/or chronic respiratory disease [34]. We also did not look at coding
for aspiration, an issue that has been associated with recurrent pneumonia in children
generally [35] and with cerebral palsy in particular [36]. It is also associated with more
significant pathogenic infection [34], although this is likely to align along the GMFCS levels
of disability.

5. Conclusions and Future Directions

While some factors may not be modifiable, to improve morbidity and mortality,
modifiable risk factors require management [37] with the aim of moving from a reactive
care model to a surveillance, preventative, whānau-centred (family-centred), and child-
centred model. The second phase of the project is to test the feasibility of the CP Respiratory
Checklist (developed in Western Australia for health professionals and families) in AoNZ
for use in clinical practice as the first step in the shift towards the early identification
of modifiable risk factors for respiratory illness [38]. Identifying inequities assists in
focusing resources that promote equity in the early years of childhood [39]. All health care
professionals caring for children with CP can make positive contributions to eliminating
health inequities through the re-orientation of systemic and health determinants and the
adoption of equity-focused practices [40].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm11236968/s1, Supplementary Table S1: Antibiotics chosen to represent
treatment for respiratory illness by chemical formulation name.
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Abstract: The implementation of an intervention protocol aimed at increasing vocal complexity in
three pre-linguistic children with cerebral palsy (two males, starting age 15 months, and one female,
starting age 16 months) was evaluated utilising a repeated ABA case series design. The study
progressed until the children were 36 months of age. Weekly probes with trained and untrained
items were administered across each of three intervention blocks. Successive blocks targeted more
advanced protophone production and speech movement patterns, individualised for each participant.
Positive treatment effects were seen for all participants in terms of a greater rate of achievement
of target protophone categories and speech movement patterns. Tau coefficients for trained items
demonstrated overall moderate to large AB phase contrast effect sizes, with limited evidence of
generalisation to untrained items. Control items featuring protophones and speech movements not
targeted for intervention showed no change across phases for any participant. Our data suggest
that emerging speech-production skills in prelinguistic infants with CP can be positively influenced
through a multimodal intervention focused on capitalising on early periods of plasticity when
language learning is most sensitive.

Keywords: cerebral palsy; early intervention; infant vocalisations; infants; single-subject research
design

1. Introduction

Research shows as many as 85% of two-year-old children with cerebral palsy (CP)
present with communication impairment, with only 10% expected to outgrow their delay
by 4 years of age [1]. Early communication difficulties in young children with CP may be
associated with sensory, motor and/or cognitive impairment [2] and are predictive of later
language difficulties [3,4] that place children at risk of educational and social disadvantage
and long-term activity and participation limitations [5].

Recent advances in the early identification of CP have seen the development of specific
motor interventions for children less than two years of age [6,7]. These interventions were
designed to mitigate the cascading consequences of impairment by capitalising on sensitive
periods of neuroplasticity in early development [8,9]. In contrast, no such evidence-base
of interventions exist for early communication impairment for children at-risk of CP [10].
This is despite the recognition that children who cross performance thresholds “earlier in
life have better outcomes later” [11], p. 1609 and research demonstrating the impact of
multi-modal experiences during sensitive periods of early development on later language
learning [12].

For example, Kuhl and colleagues [9,12] identify the period between 6 months and
12 months of age as a sensitive period for phonetic learning, representing the earliest mile-
stone in language acquisition [13]. The shaping or attunement of early speech perception
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and production to a child’s native language is highly dependent on the multi-modal and
bidirectional communicative exchanges that take place between a parent and infant [14].
Research has shown that infants of caregivers who engage in a high proportion of con-
tingent communicative interactions show greater attunement and produce more mature
vocalisations [15], with a direct positive influence on vocabulary development [16,17].

Moreover, there is good evidence to show that infant vocalisations provide a sig-
nificant foundation for speech and language learning, as well as social, emotional, and
cognitive abilities [18–20]. Infant vocalisations considered precursors to speech are termed
protophones [21]. They follow a developmental trajectory of increasing vocal control
and complexity [17]. For example, infants progress from pre-canonical vocalisations such
as marginal babbling, containing consonant-like (closant) and vowel-like (vocant) ele-
ments with slow movement transitions, through to the canonical babble stage that features
speech-like consonant–vowel (CV) syllables with quick transitions [22]. Whilst the age of
emergence varies, it is typically reported infants gain control of basic canonical syllables
between 5 and 10 months of age [21]. The canonical babbling stage progresses to more
advanced or motorically complex forms and provides a foundation for the child to produce
their first words with communicative intent. From this perspective, delays or restrictions in
the development of infant vocalizations due to an underlying deficit should be predictive
of ongoing constraints on the expansion of these vocal production skills into intelligible
language, hence, contributing to communication impairment. Consistent with this expec-
tation, research has shown that delayed emergence of canonical syllables predicts poor
expressive language, particularly, vocabulary development, in children [18,20]. Further-
more, recent research focusing on identifying biomarkers in infant vocalisations [23,24]
has been undertaken in children with neurodevelopmental conditions, such as autism [25]
and Down Syndrome [26], contributing to the development of targeted early interventions
designed to ameliorate the impact of communication impairment. The development of
infant vocalisations in children with CP with the potential to identify communication
impairment and intervene early has received limited attention.

In 1999, Levin [27] reported on the vocalisations of eight, 12-month-old infants with
CP. The babbling of all eight participants was limited to monosyllables with the phonetic
repertoire comprised largely of back vowels, plosives and velars. These vocal behaviors
were associated with limited oral motor control that included the speech subsystems
of respiration, phonation and articulation. Nyman and Lohmander [28] also reported
on the canonical babble in three children with CP, representing a subset of 18 children
with neurodevelopmental disability. They identified children with CP presented with
significantly lower levels of canonical babble and limited phonetic repertoire. More recently,
Ward et al. [29] reported longitudinal data of 18 infants with CP, as compared to TD
infants, utilising the Infant Monitor of vocal Production (IMP). They identified divergence
from typical development in the vocalisations of infants with CP at 9 and 12 months
of age suggesting delays in the transition from the pre-canonical to canonical babble
stage. Collectively, these findings provide evidence of impaired emergence of speech
motor control in very young children with CP, and represent an opportunity for the
development of CP specific early interventions to benefit their early speech production
skills and subsequent communication development.

Currently, a multi-modal approach to very early intervention is recommended [30].
This includes supporting the social foundations of communication (i.e., joint attention
for engagement, and play); building comprehension to facilitate the transition to spoken
language [31]; and providing access to expressive communication including building
speech production, all embedded in the child’s routine to increase opportunities of practice
of targeted skills [32]. These principles are consistent with research showing interventions
that target parent–child interactions benefit the development of expressive language skills
in children at risk of language impairment [33]. However, few interventions to date have
been directed at the development of early vocalisations in infants at risk of motor-speech
impairments including infants at risk of CP [34–36].
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In light of the above, this paper reports on a multi-modal case-series intervention for
children under 24 months with communication impairment associated with CP. Considera-
tion was given to recommendations for principles of early communication intervention [33],
including CP specific early intervention [10], and theoretical constructs that consider a
child’s development to arise from bi-directional interactions within the physical, social,
cognitive and environmental domains.

The PROMPT approach we adopted in the present study encompasses each of the
aforementioned elements [37]. PROMPT has previously been used in children with CP [38]
and found to be effective in improving speech motor control and intelligibility in children
aged 3 years to 14 years. It is an empirically supported and manualised approach guided
by key tenets of Dynamic Systems Theory, as illustrated within the PROMPT conceptual
framework [37]. Clinicians undertake a dynamic assessment of the physical–sensory,
cognitive linguistic and social emotional domains utilising the Global Domain Evaluation
to determine intervention goals and priorities for functional communication. This is based
on the presumption that “all domains interact during communication and that audition and
somatosensory information are equally important in the development and organisation
of motor-speech behaviour” [37], p. 477. PROMPT trained clinicians will “alternate”
their treatment priorities between the communication domains, with the first intervention
priority chosen to achieve the greatest shift. For example, intervention with a child who is
pre-linguistic and not engaging in reciprocity, will focus on the social–emotional domain,
as their priority. All intervention goals and objectives are functionally motivated and
developed with consideration given to the child’s and family’s environment, and sufficient
opportunity for repetition and practice within the daily routine.

Within the physical–sensory domain, three intervention priorities are determined
using the Systems Analysis Observation and Motor Speech Hierarchy (MSH) [37]. The
MSH represents seven stages of motor-speech subsystem control and based upon the
inter-hierarchical sequence of motor-speech development [39].

A PROMPT session must include tactile input that is used to (a) create an interactive
awareness for communication with intention; (b) provide associative mapping for cognitive-
linguistic input; and/or (c) develop speech subsystems at the sound, word, or phrase level.
In addition to behavioural based studies that have demonstrated modifications to the
speech system brought about through tactile input [40], more recent exploratory work by
Fiori et al. [41] has identified neural changes in participants subsequent to intervention.

In summary, this study tests the hypothesis that intervention started before 2 years
of age, framed within the PROMPT approach and utilising tactile input, will improve
the vocal complexity of children with communication impairment secondary to CP. The
single-subject experimental methodology was selected to (a) demonstrate proof-of-concept
for a multi-modal intervention, focused on speech sound practice for young children at risk
of communication impairment secondary to CP; (b) inform a larger scale research design;
and (c) accommodate the heterogeneity of the participants.

Three intervention blocks, each using an ABA sequence, were designed to build
successive complexity as follows. Block one focused primarily on preparing the child for
learning by building social interaction and reciprocity, teaching targeted words within
home-based daily routines and play activities. The tactile input was timed to precede or
follow the turn-taking routine, avoiding disruption to the reciprocity of the interaction.
It was hypothesised the tactile input during block one intervention would contribute to
achieving the vocal production priorities developed for each child, our primary outcome of
interest, although these changes may be minimal or not consistently sustained.

In contrast, block two and three focused more directly on building the complexity
and diversity of vocalisations/speech produced with communicative intent and increasing
motor control, in accordance with the developed motor-speech priorities for each child in
each block. The tactile input was provided to shape articulator (i.e., motor) movements
during speech production. It was hypothesised that intervention blocks two and three
would be associated with an increase in the use of target vocal patterns or protophones
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(e.g., CV syllable production) and associated speech movements (e.g., closed to open and
open to closed jaw transitions with phonation control) during vocal elicitation tasks.

Each intervention block included three word sets that targeted increasing motor con-
trol, as based on the MSH. Word set 1 contained words with the lowest level of complexity,
targeted intervention priority one and were trained throughout the whole intervention
phase. As Word set 2 contained a higher level of complexity, these were introduced half-way
through the intervention phase to allow initial focus on the priority one word set. Word
set 3 represented intervention priority three. These words acted as a control and were not
actively trained but were embedded within meaningful daily interactions.

It was hypothesised a treatment effect would be observed for trained items that were
part of the intervention. Untrained items, that is, different words containing the same
target protophones and requiring the same speech movement pattern, were included in
the elicitation tasks to test for generalisation effects to other items. The third word set
represents the control goal and as such no treatment effect was expected.

2. Method

2.1. Research Design

A single-subject multiple-probe research design with three participants was conducted
in compliance with the Single-Case Reporting Guideline in Behavioural Interventions
(SCRIBE) Statement [42], and design standards described by Kratochwill et al. [43]. This
involved (a) systematic manipulation of the independent variable; (b) systematic mea-
surement of dependent variables by more than one blinded assessor; (c) replication of the
study design across phases and participants to demonstrate an intervention effect and
experimental control; and (d) a minimum of three data points during each pre-intervention
baseline phase.

The study design involved repeated ABA phase sequences with the start of each
subsequent intervention (B) phase targeting more complex vocalisations (i.e., AB1A, AB2A,
AB3A). The length of the first baseline (A) phase in each ABA sequence ranged from
3 to 4 weeks. This was followed by a 10-week intervention phase and then a 3 to 4 week
post intervention baseline phase, also involving no treatment being delivered (A). There
were three ABA phase sequences for two participants (P1 and P2) and two sequences for
one participant (P3). The third intervention ABA block was not offered to P3 due to the
COVID-19 pandemic [44].

2.2. Participants

Three infants (P1, P2, and P3) with CP were recruited through the ‘at-risk’ early
intervention service at Perth Children’s Hospital. The tertiary service adheres to recom-
mendations for early diagnosis [45] and evidence-based practice principles.

Inclusion criteria were: identified as at high-risk of CP at less than 6 months of age,
and enrolment in the It Takes Two to Talk (ITTT)—The Hanen Program® (Toronto, ON,
Canada) [46] administered through the early intervention service at PCH at or by 12 months
of age. The Hanen ITTT Program® is based on best practice principles of building parent–
child interactions, utilising daily routines, and establishing a shared expectation of parent
implemented intervention through joint planning and coaching [47].

Exclusion criteria were: English not spoken in the home, medically unstable, cortical
visual impairment and uncorrected hearing impairment with thresholds greater than 25 dB.

Two participants (P1 and P2) formed a subset of data collected within a larger study,
focused on profiling the longitudinal development of communication in young children
at-risk of CP [29]. Both P1 and P2 were male and aged 15 months at the start of the present
study. P3, a female, was referred into the study at 16 months by their managing speech
pathologist, following completion of the Hanen ITTT Program® and a multi-site clinical
trial for infants with hemiparesis. All parents completed all sessions of the Hanen ITTT
Program®.
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Table 1 shows the participant characteristics at baseline. All three were at the prelin-
guistic stage of language development at the onset of this study. Table 2 shows communica-
tion status, as measured at baseline across each of the study phases.

Table 1. Participant Characteristics at Study Onset.

Participant P1 P2 P3

Age at Intervention Block One 15 months 15 months 16 months
Sex M M F

Diagnosis Spastic
Quadraparesis Dyskinetic Spastic

Hemiplegia
Gestational Age Term 35 weeks Term
Age of diagnosis <6 months <6 months <6 months

GMFCS at 2 years III III I
Hearing Status WNL Aided WNL

Oral Pharyngeal Dysphagia Oral PEG Oral
Epilepsy No No Stable

Table 2. Communication Status as Measured Across the Study Phases.

Age of Assessment

Participant 1 Participant 2 Participant 3

15 24 36 15 24 36 15 24

CSBS DP SS (PR) SS (PR) [RS] SS (PR) [RS] SS (PR) [RS] SS (PR) SS (PR)
Communication
Composite 120 (91) 107

(68) NA 82 (12) 79 (8) NA 102 (55) 96 (39)

Cluster Scores SS (PR) [RS] SS (PR) [RS] SS (PR) SS (PR)
Function 14 (91) 5 (5) NA 9 (37) 7 (16) NA 10 (50) 10 (50)
Gestural 10 (50) 5 (5) NA 3 (1) 8 (25) NA 10 (50) 8 (25)
Vocal 15 (98) 6 (9) NA 8 (25) 3 (1) NA 12 (75) 7 (16)

Consonants used
[#different] [8] (3) [9] (4) [12] [2] (2) [5] (3) [5] [4] (3) [7] (3)

/m/, /n/,
/b/, /d/,
/g/, /w/,
/j/, /dz/

/m/, /n/,
/ /, /b/,
/d/, /t/,
/g/, /w/,

/dz/

/m/, /n/,
/ /, /b/,

/p/, /d/,
/g/, /w/,
/v/, /s/,
/dz/, / /

/n/, /g/
/m/, /n/,
/d/, /g/,

/w/

/m/, /n/,
/b/, /d/,

/w/

/m/, /n/,
/d/, /j/

/m/, /n/,
/b/, /p/,
/d/, /g/,

/j/

Verbal * 11 (63) 7 (16) NA 7 (15) 6 (9) NA * 11 (63) 6 (9)
DW [8] [11] [45] [0] [5] [10] [2] [8]
DWC [3] [3] [3] [0] [0] [2] [0] [0]

Reciprocity 10 (50) 12 (63) NA 8 (25) 8 (25) NA 10 (50) 11 (63)
Social-affective

signalling 14 (91) 13 (84) NA 13 (84) 14 (91) NA 10 (50) 13 (84)

REEL-3 SS (PR) SS (PR) SS (PR) SS (PR) SS (PR) SS (PR) SS (PR) SS (PR)
Expressive 73 (3) 87 (19) 72 (3) <55 (<1) 70 (2) <55 (<1) 98 (45) 105 (63)
Receptive 81 (10) 82 (12) 108 (70) <55 (<1) <55 (<1) 85 (16) 72 (3) 78 (7)
Language Ability
Score 109 (73) 81 (10) 88 (21) <46 (<1) 54 (1) 64 (<1) 82 (12) 90 (25)

Note. CSBS DP = The Communication and Symbolic Behaviour Scales Developmental Profile; REEL-3 = Receptive-
Expressive Emergent Language Test-3; SS = Standard Score; PR = percentile rank; RS = raw score; Function = Com-
munication Function from CSBS; Gestural = Communication Means Gestural from CSBS; Vocal = Communication
Means Vocal from CSBS; DW = Inventory of different words; DWC = Different word combination; NA = Not Ap-
plicable; * This standard score is reflective of a raw score of one word approximation.

2.3. Setting

This research study was conducted through the state-wide tertiary rehabilitation
service at Perth Children’s Hospital [29,48]. The study was framed within the integrated
knowledge-to-action framework [49] and designed to transfer knowledge gained through
the study directly into the clinical service.

The study phases were conducted within the family home. Home visits were con-
ducted on a weekly basis and administered in collaboration with a primary caregiver,
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primarily the mother. Inclusion of fathers and grandparents took place on an ad hoc basis,
around availability for P2 and P3.

2.4. Measures
2.4.1. Baseline Assessments

The following measures were used to assess each child prior to each pre-intervention
baseline period.

The Receptive-Expressive Emergent Language Test-3 (REEL-3). The REEL-3 is a
standardised assessment of emerging language in children from birth to 3 years of age.
Information is obtained through parent interview. Raw scores from the receptive and
expressive language scales were converted to standard ability scores (M = 100, SD = 15)
with percentile ranks, and a combined language ability standard score was also obtained.
The REEL-3 has been identified as a reference standard for early language assessment [50],
with established psychometric properties [51]. In addition, Rome-Flanders and Cronk [52]
report longitudinal stability, with predictive validity of later testing results at 15 months
and 18 months.

The Communication and Symbolic Behaviour Scales Developmental Profile (CSBS

DP). The Communication and Symbolic Play Scales (CSBS) DP Behaviour Sample [53] is a
standardised measure of early communication and symbolic skills for children 6 months
to 2 years of age. Information is obtained through the administration of standardised
behavioural sampling that includes communicative temptations, books, construction, and
symbolic play. The behaviour sample derives a composite score (M = 100, SD = 15)
from six cluster scores (M = 10, SD = 3): Communication Function, Communication
Means Gestural, Communication Means Vocal, Communication Means Verbal, Reciprocity,
and Social-Affective Signalling. Reliability and validity are reported to be high, with
the three composite scores a significant predictor of receptive and receptive language
outcomes [54].

2.4.2. Dependent Variables

The two primary outcome measures reported in this study are the number of probe
items (i.e., words within each word set) produced with communicative intent [55] showing
(a) achievement of the targeted protophone category [21], and (b) achievement of the
targeted motor-speech movement pattern (e.g., bilabial closing and opening gesture) reflecting
emergence of speech motor control. These measures were extracted via weekly probes
administered in the day of each session in each study phase.

Speech Probes. A wordbook containing personalised pictures/photos representing
the individual target words for each intervention priority, was developed for each child. For
example, the probe word “bye” requires production of the target CV protophone, as well as
a bilabial closing and opening speech movement pattern. Expressive speech probes were
selected based on the intervention priorities and the MSH, daily routines and play interests,
family relevance and communicative functions, including social words, requesting, nouns,
action words, and pronouns [35].

The Appendix A provides the word sets for each participant across the intervention
blocks. Target words for each participant were selected prior to the commencement of
each intervention block and divided into three groups based on motor-speech control
as described in the systems analysis observation and the MSH. Word set 1 and 2 both
contained trained and untrained words based on the increasing complexity of the MSH
represented in priorities one and two, respectively. An equal number of trained to untrained
words were allocated a priori to each word set. However, a small number of words (no
greater than 3 per participant), were re-allocated during the intervention phase in response
to participant interest and motivation (see Appendix A).

Word set 3 contained control words based on intervention priority three. These words
were not targeted and acted as a control probe condition throughout the study.
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2.5. Procedure

Approval for this study was obtained from the Child and Adolescent Health Services
Ethics Committee (study number 2015221). In addition to the intervention being conducted
within the family home, parents agreed to an all-day recording of their infant’s vocalisations
up to two times a week, as captured through the Language Environmental Analysis (LENA)
Digital Language Processor (DLP).

All participants completed standardised assessments of communication within a
2 week period prior to the commencement of each intervention block. Standards assess-
ments took place within the family home, administered by the first author. Following
completion and scoring of the standardised assessments, a second home visit was con-
ducted within 7 days to discuss the assessment results and in collaboration with the family
determined the intervention goals, priorities and vocabulary (trained, untrained and con-
trol) for each intervention block. Figure 1 illustrates the study phases and timepoints.
The speech sample obtained during administration of the CSBS was used to inform the
three motor-speech priorities targeted in each intervention block. All sessions in each phase
of the study were video recorded (Sony Handycam HDR-CX405).

Figure 1. Study phases and timeline.

Administration of Speech Probes

Baseline phase. Weekly home visits were conducted to administer the expressive speech
probes. Participants were offered a maximum of five opportunities to elicit the targeted verbal
response. The planned elicitation strategy was a mand-model (e.g., say X), or open ended
prompt (e.g., holding the picture or object represented in the picture book and asking “this is
a ?”). However, upon commencement of baseline for intervention block one, it became clear
not all participants could respond to these elicitation strategies. As a result, a hierarchy of
elicitation procedures was developed and included: cloze with time delay when the word
was elicited through a familiar nursery rhyme (e.g., row, row, row your . . . ) and information
(e.g., use your lips, /b/). When participants attempted multiple repetitions and self-correction,
the best of the first two trials was scored. The elicitation task took between 10 and 20 min to
complete for each child, with the order of presentation varied.

Intervention phase. Following completion of each home-based therapy session across
all intervention blocks, participants were presented with their books to elicit the target
word, using the same procedure as the baseline sessions. The exception to this was the
speech probes for P2 in block one. P2 was unable to complete the speech probes at the
end of the intervention sessions in block one, therefore, the parent was asked to elicit the
probes on a selected day at the same time during the week whilst wearing the LENA device.
With the investigator given permission to extract the audio file, the parents were asked to
identify a period in the day where the speech probes were elicited. The extracted wav files
were then used for analysis. The speech movement targets that rely on visual as well as
audio information could not be scored during that intervention block.
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2.6. Scoring of Speech Probes

Video recordings of the speech probes were converted to wav files, exported to Praat
software [56] and visually inspected using the time-amplitude waveform and wide-band
spectrograms. Onsets and offsets for each of the target words were annotated in a Praat
textgrid and coded using broad phonetic transcription ready for scoring. Three independent
PROMPT trained speech-language pathologists (referred to as raters), blinded to the ages
of the child, phases of the study, intervention blocks and intervention objectives, completed
the scoring of the dependent variables. The individual sessions and target words were
randomised during scoring, using the Excel random function.

Protophone coding. Rater 1, who coded the elicited vocal productions, has a master’s
degree in linguistics and more than 30 years paediatric clinical experience working with
neurodevelopmental disorders, including CP; as well as research experience in the coding
of protophones according to Stark protocol [21].

The operational definitions used to code the protophones of the vocalisations/word
approximations elicited were based on the Stark Assessment of Early Vocal Development-
Revised (SAEDV-R) [21]. A binary scoring (1 or 0) was used where the vocalisation
was scored for the presence (i.e., achievement) (1) or absence (score = 0) of the targeted
protophone for each target word for each participant, with a maximum score of 1 allocated
to each word.

Speech movement patterns (speech motor control). Raters 2 and 3 coded the speech
movement patterns of elicited vocal productions of the participants. Rater 2 has worked
clinically as a PROMPT trained clinician for 20+ years, with a clinical caseload that includes
children with motor-speech disorders, including CP. In addition, rater 2 has experience
coding speech movement patterns as a research assistant. Rater 3 is a speech-language
pathologist with 8 years clinical experience in the assessment and management of speech
sound disorders, including CP. She has been trained in the scoring the Motor Speech
Hierarchy Probe Words [57]. Similar to protophone scoring the targeted movement pattern
was then scored from the digital video recordings for the presence (1) or absence (0) of the
identified speech movement pattern for each word, with a maximum score of 1 allocated,
with the most accurate production of the first two vocal attempts selected.

Reliability. Inter-rater agreement for protophone coding was assessed by the first
author and rater 1 both scoring a separate data set, with the amount equivalent to 10%
of the coding of the present study, to ensure independence from the data analysis. Good
levels of agreement in both percentage (89%) and correlation for agreement using Cohen’s
kappa (0.864, p < 0.001) was obtained (Hartman et al., 2004).

Good level of inter-rater agreement using Cohen’s kappa of speech movement coding
between rater 2 and rater 3, calculated on 10% of the data, was achieved, K = 0.681 (95% CI,
0.600 to 0.748), p < 0.001.

Intervention Protocol

Intervention priorities were selected to address the social–emotional, cognitive-linguistic
and physical–sensory domains, for each child, as represented within the PROMPT conceptual
framework [37]. The intervention routines were developed in consultation with the family
and targeted the following three activities: daily routine/play activity, social routine (songs
and nursery rhymes), and interactive book-share. Therapy routines were established to allow
children to anticipate the targeted vocabulary. For example, cloze techniques during song
routines (e.g., “row, row, row your . . . [boat])” and activities (e.g., stacking cups “up” when
placing cups on top of each other).

Block one prioritised turn-taking within parent–child interactions. Activities at the
cognitive-linguistic level included building spatial concepts and following single stage
instructions. Linguistic input was supported by key word signs and picture supports, as
required by the child. The aim was to increase comprehension of salient and meaning-
ful vocabulary for active participation in daily routines and activities. Additionally, the
physical–sensory domain of block one informed the three articulatory subsystem priorities
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that were identified using the MSH and systems analysis observation, as based on the CSBS
DP speech sample administered during the pre-baseline assessments.

In blocks two and three, the social routines established in block one were extended or
modified in keeping with the child’s interests. Linguistic input continued to be supported
by key word signs and picture supports, as required by the child. Within the physical–
sensory domain, three articulatory subsystem priorities were identified using the MSH and
systems analysis observation, as based on the CSBS DP speech sample administered in the
pre-baseline assessments, as well as the level of success achieved in the preceding block.
The emphasis on speech subsystem organisation was increased with the introduction of
the motor phoneme warm-up at the commencement of each therapy session. Tactile input
was used to facilitate the formation of sensory-motor pathways for speech production.

Table 3 details the intervention goals for each participant across the study phases. For
P1 and P3, intervention blocks one and two focused on refining objectives within the same
levels of the MSH. Intervention block three also targeted increased motor complexity at a
higher level of the MSH. For P2, the treatment priorities established in intervention block
one were further refined in treatment blocks two and three with a focused on increasing
the accuracy and variability in syllable structure.

Table 3. Intervention Priorities for each Participant across the Three Intervention Blocks.

Priority Participant One Participant Two Participant Three

Block One

1

Production of /m/, /b/ and
/a/ with jaw transitions
moving from closed to

open (closant–vocant) and
open to closed

(vocant–closant) in target
words, with controlled

phonation.

Produce vocalisations with
communicate intent,
within a turn-taking

routine (Decrease
vocalisations without
communicative intent)

Controlled phonation
of the sounds /m/, /b/

and /a/ with
communicate intent,

in target words

2

Lip-to-lip contact
producing bilabials in

words that contain
movements with broad lip
rounding (e.g., moo, push,
boo) or retraction (e.g., me,

bee) in CV syllables

Increase complexity of
vocalisations in target

words as coded on
SAEDV-R. Responsive
vocalisations to include

isolated continuant closant
(m, b, a) or closant–vocants

Jaw transitions
moving from closed
to open and open to
closed, producing

consonant–vowel and
vowel–consonant

combinations

3

Achieve tongue separation
from jaw in production of
the phonemes /n/, d/, /t/

in target words

Jaw transitions moving from
closed to open and open to

closed, with phonation

Broad lip rounding
(e.g., moo, push, boo)
or retraction (e.g., me,

bee) in CV syllable
structures

Block Two

1

Jaw transitions moving
from closed to open and

open to closed, in syllables
containing CV, CVCV, VC

and CVC structures

Increase complexity of
vocalisations in target

words as coded on
SAEDV-R with

communicate intent (b, m,
a) closant–vocant or

vocant–closant (marginal
babble)

Jaw transitions
moving from closed
to open and open to
closed, producing

consonant–vowel and
vowel–consonant

combinations
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Table 3. Cont.

Priority Participant One Participant Two Participant Three

2
Broad lip rounding or

retraction in CV syllable
structures

Jaw transitions moving
from closed to open and

open to closed, producing
targeted closant–vocant

and vocant–closant
combinations

Broad lip rounding
(e.g., moo, push, boo)
or retraction (e.g., me,
bee) in CV syllable

structures

3

Tongue separation from jaw
in production of the

phonemes /n/, d/, /t/ in
CVC, VCV and VC words

Produce anterior lingual
sounds /d/, /n/ in target

words

Separation of tongue
from jaw in CV, VC
and CVC syllable

structures

Block Three

1
Engage lower lip for

production of fricatives /f/
and /v/

Increase complexity of
vocalisations in target

words as coded on
SAEDV-R with

communicate intent, CV,
VC or VCV

2
Tongue separation of jaw

in production of the
phonemes /n/, /d/, /s/

Jaw transitions moving
from closed to open and

open to closed, producing
targeted consonant–vowel

and vowel–consonant
combinations

3 Sequenced movements over
two syllables

Produce the anterior lingual
sounds /d/, /n/ in target

words

Note. Bold font = targeted priorities 1 and 2. Priority 3 is a control goal and not targeted.

Participants received therapy once a week for a duration of approximately 45 min.
The first 5–10 min were spent in parent discussion reviewing intervention goals and home
practice during the week, followed by 30 min active therapy with parent coaching, and the
last 10 min were spent planning implementation within the daily routine. The speech probe
elicitations for that session were then carried out. The therapy format was individualised
to each participant, with the same format followed throughout the intervention block.

Intervention fidelity. Intervention fidelity was secured for all participants through
the delivery of the intervention protocols by a certified to fidelity PROMPT Instructor
(RW), who also has 30+ years’ clinical experience. The instructor has collaborated with
Ms Deborah Hayden (PROMPT founder and research director) in previous research proto-
cols [38,58], as well as validation of the PROMPT fidelity checklist [59] and Motor-Speech
Hierarchy-Probe Words scoring system [60], and ongoing development of the PROMPT
approach to intervention [37]. RW prepared the data for analysis but did not contribute to
the scoring of the data.

Procedural fidelity: dosage. Fidelity to intervention intensity, as described by Warren,
Fey and Yoder [61], was recorded and extracted for 50% of the intervention sessions. Table 4
illustrates the total number of intervention sessions attended, with the average therapy
duration and dosage of the active ingredient based on the analysed sessions. Dosage of the
active ingredient includes a count of the teaching episodes with tactile input, per minute,
where the child was actively engaged in a play routine. Furthermore, the proportion
of word set 1 and word set 2 words trained, was calculated. Our data show the active
treatment ingredient was administered at more than 1 teaching episode per minute for all
participants, except for P3 block one.
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Table 4. Fidelity to Intervention Dosage.

Block One Block Two Block Three

P1 P2 P3 P1 P2 P3 P1 P2

Teaching Episodes Per Minute 1.56 1.03 0.95 1.40 1.24 1.11 1.5 1.29
No of sessions attended 10 10 10 10 10 10 10 10

Active Therapy Duration 35.80 35.00 26.80 35.25 31.13 37.00 34 22.8
Proportion Word set 1/Word set 2 3.60 1.04 3.40 2.90 1.20 2.40 4.80 1.60

2.7. Analyses

Visual inspection was undertaken to determine evidence of a relationship between
the independent variable (intervention) and the dependent variable (outcome measures).
Within and between-phase data patterns were evaluated for change in magnitude (level),
trend (direction of performance), variability (degree of overall scatter) between the study
phases and consistency of data patterns across the study phases.

Visual analysis was supplemented with the nonparametric Tau-U analysis to deter-
mine statistically significant change. Tau-U measures nonoverlap between pre-intervention
baseline and intervention phases, and provides a non-parametric Tau coefficient (varies
between −1 and 1) to yield effect size estimates [62]. The following Tau benchmarks
were applied to document treatment effects: <0.20 small, 0.20 to <0.60 moderate, 0.60 to
<0.80 large, and >0.80 very large [63]. A Tau-U phase contrast p value < 0.1, where
Tau was positive (i.e., 0.05 one-tailed probability test equivalent), was considered sta-
tistically significant.

Finally, the numerical difference between the mean of the post-intervention base-
line values, expressed as a percentage of items within the corresponding word set, and
pre-intervention baseline percentage values for each ABA time series was calculated to
capture the increase in level of performance (i.e., percentage increase in the number of
achievements of the target vocalisation pattern) after the intervention stopped relative to
the pre-intervention baseline.

3. Results

The speech probe data plotted across the study phases for each intervention block
are shown in Figures 2–4 for P1, Figures 5–7 for P2, and Figures 8 and 9 for P3. Each data
point represents the number of elicited vocal productions coded as achieved within each
word set for protophone targets (in panel A) and speech movement targets (in panel B).
The number achieved for trained items is given on the left vertical axis, and the number
of achieved untrained items is given on the right, with the maximum value of each scale
adjusted according to the total number of items for that word set condition. Visual analysis
indicates the initial baselines for each intervention block were relatively stable with low
or no variability for all participants. A positive treatment effect, that is, an increase in the
number of trained items from word sets 1 and 2 achieving the target priorities compared to
pre-intervention baseline counts, was seen for all participants for some intervention blocks.
The magnitude of treatment effect is reported in Table 5 for protophone targets and Table 6
for speech movement targets. As an overall summary across participants and outcome
measures, the mean Tau coefficient effect size for trained items in word set 1 (i.e., items
trained throughout the intervention block) was 0.61 (SD = 0.27, range 0.22–1.0), a large
effect size. Of those 15 Tau coefficients, five were statistically significant with large or very
large effect size. The mean difference in percent for the word set 1 trained items between the
post-intervention and pre-intervention baselines was positive and averaged 37% (SD = 24.9,
range 6.7–75.0). The Tau coefficient also correlated strongly with the mean difference scores
(r = 0.86, p < 0.001, n = 15), confirming larger effects during the intervention phase for
trained word set 1 items tended to be associated with a higher post-intervention mean (see
also Figures 2–9).
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Figure 2. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block one, participant 1.

Figure 3. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block two, participant 1.
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Figure 4. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block three, participant 1.

Figure 5. Accuracy of performance on the speech probes as scored for protophone target block one,
participant 2 (vocalisation counts obtained from LENA device over same periods as block one).
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Figure 6. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block two, participant 2.

Figure 7. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block three, participant 2.
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Figure 8. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block one, participant 3.

Figure 9. Accuracy of performance on the speech probes as scored for protophone target (left) and
motor-speech movements (right) block two, participant 3.
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Table 5. Tau coefficient, z, p values and pre to post mean differences in percent for each word set for
protophone scoring across Intervention Blocks.

Participant 1 Participant 2 Participant 3

Tau z p %Mdiff Tau z p %Mdiff Tau z p %Mdiff

Word set Block One

Word set 1 TR 0.43 1.10 0.272 6.67 0.22 0.52 0.606 20.00 0.40 1.13 0.26 16.67
Word set 1 UT 0.20 0.51 0.612 0.00 0.17 0.39 0.699 20.00 0.00 0.00 1.00 20.00
Word set 2 TR 0.77 1.94 0.052 40.00 1.00 2.32 0.020 25.00 0.00 0.00 1.00 10.42
Word set 2 UT 0.40 1.01 0.311 13.33 0.33 0.77 0.439 8.33 0.10 0.28 0.78 0.00

Word set 3 control −0.33 −0.85 0.398 −6.67 0.00 0.00 1.000 0.00 0.00 0.00 1.00 0.00

Block Two

Word set 1 TR 0.43 1.10 0.272 42.86 0.80 2.03 0.043 33.33 1.00 2.83 0.005 68.06
Word set 1 UT 0.57 1.44 0.151 38.10 0.30 0.76 0.447 16.7 0.30 0.85 0.396 100.0
Word set 2 TR 0.20 0.51 0.612 33.33 0.60 1.52 0.128 11.11 1.00 2.83 0.005 73.61
Word set 2 UT 0.37 0.93 0.353 37.50 0.07 0.17 0.866 −6.67 0.35 0.99 0.322 63.33

Word set 3 control −0.47 −1.18 0.237 0.00 0.00 0.00 1.000 0.00 0.00 0.00 1.000 6.67

Block Three

Word set 1 TR 1 2.83 0.016 75.00 0.37 0.93 0.353 20.00
Word set 1 UT 0.60 1.70 0.090 65.00 0.70 1.77 0.076 26.67
Word set 2 TR 0.68 1.91 0.056 75.00 0.67 1.69 0.091 40.00
Word set 2 UT 0.25 0.71 0.480 15.00 0.50 1.27 0.205 16.67

Word set 3 control 0.00 0.00 1.000 0.00 0.00 0.00 1.000 0.00

Note. TR = trained, UT = Untrained. Bold font = statistically significant, p value < 0.1, where Tau was positive.

Table 6. Tau coefficient, z, p values, and pre to post mean difference in percent for each word sets for
motor-speech movement patterns, scored across the Intervention Blocks.

Participant 1 * Participant 2 Participant 3

Tau z p %Mdiff Tau z p %Mdiff Tau z p %Mdiff

Word set Block One

Word set 1 TR 0.60 1.52 0.128 46.67 0.50 1.41 0.157 11.11
Word set 1 UT −0.17 −0.42 0.673 −4.76 0.00 0.00 1.000 13.33
Word set 2 TR −0.10 −0.25 0.800 26.67 0.00 0.00 1.000 0.00
Word set 2 UT 0.10 0.25 0.800 6.667 0.00 0.00 1.000 0.00

Word set 3 control 0.00 0.00 1.000 0.00 0.00 0.00 1.000 0.00

Block Two

Word set 1 TR 0.60 1.52 0.128 38.1 0.53 1.35 0.176 11.11 0.98 2.76 0.006 70.83
Word set 1 UT 0.73 1.86 0.063 42.86 0.20 0.51 0.612 0.00 0.65 1.84 0.066 66.67
Word set 2 TR 0.53 1.35 0.176 38.1 0.30 0.76 0.447 0.00 0.80 2.26 0.024 50.00
Word set 2 UT 0.03 0.08 0.933 8.333 0.00 0.00 1.000 0.00 0.60 1.70 0.090 40.00

Word set 3 control 0.00 0.00 1.000 5.556 0.00 0.00 1.000 0.00 0.00 0.00 1.000 0.00

Block Three

Word set 1 TR 1 2.83 0.005 75.00 0.30 0.76 0.447 20.00
Word set 1 UT 0.28 0.78 0.437 45.00 0.23 0.59 0.554 20.00
Word set 2 TR 0.55 1.55 0.120 68.75 0.73 1.86 0.063 33.33
Word set 2 UT 0.60 1.70 0.090 10.00 0.40 1.01 0.311 16.67

Word set 3 control 0.00 0.00 1.000 0.00 0.00 0.00 1.000 0.00

Note. TR = trained, UT = Untrained. Bold font = statistically significant, p value < 0.1, where Tau was positive.
* = Participant 2 block one motor-speech movements were not targeted.

The mean Tau coefficient effect size for trained word set 2 items, also calculated across
participants and outcome measures, was 0.51 (SD = 0.36, range −0.1–1.0), a moderate to
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large effect size, with seven out of 15 coefficients being statistically significant with a large
or very large effect size. The pre to post-intervention mean differences in percent averaged
35% (SD = 24.4, range 0.0 to 75) for trained word set 2 items. The correlation between the
Tau coefficient and the mean difference for the same items was positive and statistically
significant (r = 0.57, p = 0.026, n = 15).

There was some limited evidence of generalisation to untrained items with five out of
30 Tau coefficients, all from either block two or three, being statistically significant with a
large or very large effect size. The average mean difference across word set 1 and 2 untrained
items was 23% (SD = 25.2, range −6.67–100). No changes were recorded in the control goal
for any participant.

P1. In block one, intervention targeted controlled phonation, whilst moving the
jaw from closed to open (closant–vocant) and open to closed (vocant–closant) syllable
shapes, with target words containing predominantly bilabials. A moderate treatment effect
was recorded for the protophone targets and speech movements on trained word set 1. In
addition, a large and significant treatment effect was also observed in protophone targets for
trained words containing bilabials in word set 2. Block two recorded a moderate treatment
effect on trained word set 1 with generalisation to the untrained word set (moderate effect),
where intervention targeted the production of protophones requiring open–close (vowel–
consonant), close–open (consonant–vowel). Furthermore, a moderate treatment effect was
observed on speech movements for the word set 2 trained items, and a significant effect
for the untrained word set 2 items, showing the targeted vowels contained rounded and
retracted lip movements. Block three recorded the largest treatment effects for protophone
targets in word sets 1 and 2 and for speech movement targets in trained word sets 1 for
items containing labial-fricatives (e.g., /f/, /v/) and lingual sounds (e.g., /d/, /g/), with
large or very large effect sizes. Overall, there was a trend for larger and more consistent
effects in block three for P1 compared to block one and two, which indicates a possible
cumulative response to intervention.

P2. Treatment effects were observed in the intentional use of vocalisations and target
protophones and speech movements across all three intervention blocks. Block one targeted
the production of protophone vocalisations with communicative intent, thereby decreasing
non-communicative vocalisations. The data for four intervention sessions are missing due
to technical failure. Nonetheless, the data show a large treatment effect on word set 2.
Furthermore, the child vocalisation count, automatically generated from the LENA DLP,
revealed a significant treatment effect, with decreasing vocalisations recorded within the
home environment (Tau = −1, z = −2.393, p = 0.017). Block two recorded a moderate
treatment effect on speech movement in trained word sets 1 and 2, where the intervention
targeted jaw transitions from open-to-closed and closed-to-open; however, performance
was variable. These changes in motor-speech control coincided with a large treatment effect
in the number of target protophones for word set 1 trained items, with evidence of closant–
vocant and vocant–closant productions, not previously sampled with communicative intent.
Block three recorded treatment effects consistent with block two (e.g., significant effect for
trained items from word set 2 for both protophone and speech movement targets), and
showed evidence of generalisation of target protophone production in untrained words
(word set 1). Treatment effects were greater for word set 2 than word set 1 for protophone
production and speech movement targets, with evidence of CV (i.e., consonant–vowel), VC
and CVCV productions, the phonemes /m/, /b/, /d/, /h/ and low vowels (e.g., /a/), for
words such as bubble, bye and more.

P3. P3 participated in two intervention blocks. During block one, there was a moderate
increase in the production of controlled phonation on single protophones in word set 1,
with no controlled phonation evident during baseline. Jaw transitions from closed-to-open
and closed-to-open were not produced with communicative intent. These treatment effects
were not maintained during post-intervention baseline. In contrast to block one, block
two reveals a very large and significant treatment effect on trained word sets 1 and 2, for
both protophone and speech movement targets, and large significant effects on word sets
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1 and 2 untrained items for speech movement target for CV, VC and CVC words containing
bi-labials (/b/, /p/, /m), alveolars (t/d/ and the velar (/g/). Post intervention data show
the treatment effects were maintained for word sets 1 and 2.

4. Discussion

The purpose of this study was to investigate the implementation of an early interven-
tion protocol specifically designed for very young children with communication impair-
ment secondary to CP. Our primary outcome measures focused specifically on (a) increasing
the complexity of infant vocalisations produced with communicative intent, and (b) the
establishment of motor-speech movements that would support the development of a core
oral vocabulary.

Intervention blocks were multi-modal and framed within a Dynamic Systems Theory
perspective, that posits increasing complexity arises from the bi-directional interaction of
the components of a complex system [37]. Consequently, intervention block one was de-
signed to build social interaction, with tactile input used to build the associate map between
perception and speech production for the target vocabulary. Blocks two and three targeted
motor-speech control more directly, with intervention priorities based on building subsystem
control, as assessed using the MSH. Tactile input was used to shape key speech movement
patterns required for the production of the target vocabulary. Our findings are presented with
consideration given to the intervention priorities across the intervention blocks.

4.1. Block One: Building the Social Routine and Enriching the Environment

Intervention block one focused on building the social routine and creating activity
dependent sensorimotor experiences for the shaping of motor-speech control. Our data
show moderate treatment effects were observed in block one for participants 1 and 3 on
the trained word set, with limited generalisation to the untrained word set. Treatment
effects were not observed for the control word set. These results are consistent with our
hypothesis of minimal change during this block, but are encouraging given all participants
were pre-linguistic and had yet to establish communicative intent in their vocalisations.

Previous studies show that language learning is dependent on building social routines
and parent responsiveness to interactions [36]; with the reciprocity of the interactions con-
tributing to increased vocal complexity [33]. Numerous studies have further demonstrated
the effectiveness of training parent–child interactions in children with language impair-
ment [32]. In addition, Pennington et al. [64] have also reported improved parent–child
interactions in children with motor impairment following participation in the ITTT Hanen
Program®. Accordingly, the increasing complexity of protophone production observed in
this intervention block, could be considered a result of the increased responsiveness to the
facilitated social feedback loop [65].

However, the fact that parents of participants in this study had all completed the ITTT
Hanen Program® as an entry requirement would suggest that the parents already were
responsive to their child’s communication signals. As such, the therapeutic effect cannot
be solely attributed to ongoing parent–child interaction. We postulate the tactile input
that was mapped to the target words during the social routines and activities, provided a
scaffold on which to build a template for word learning, and primed the child for word
production [66]. Whilst the role of tactile input in building an associative map to enhance
receptiveness to building oral vocabulary has not been fully explored in very young
children, there is increasing evidence to support the role of auditory–tactile input connected
with speech articulation [66]. Vihman et al. [67] suggest infants acquire language by the
“implicit tallying of repeatedly experienced regularities in sensory input” [67], p. 129, with
sound-meaning links more likely to be established when the input is highly familiar.

Furthermore, the literature has also identified that tactile input may reduce cognitive
load [68] with haptic guidance enhancing motor learning by developing anticipatory activi-
ties and enhancing the “user’s presence and cooperation” [69], p. 37. Neurophysiological
studies in adults suggest that congruent multi-sensory tactile input reduces ambiguity
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through cross-modal congruency [70]. It is therefore possible that the auditory–tactile
input focused the child’s attention to the motor-speech action, making them more meaning-
ful [66]. This warrants further investigation, particularly given the well documented risk of
attention and memory deficits in children with CP [71].

We further postulate the experience of input from treatment block one positively
influenced what Saffran and Kirkham [72] refer to as “downstream learning”. That is,
the pre-existing vocal routines established in block one may have provided a “low-cost”
communicative environment on which to build more complex vocal productions [72].
Therefore, the multi-dimensional focus of the first intervention block that focused on
building routines that promoted turn-taking and the anticipation of the targeted vocabulary,
along with the tactile input that linked the cognitive–linguistic input with the targeted
output, may have been foundational to building motor-speech control in the subsequent
intervention blocks.

4.2. Block Two and Three: Facilitating Motor-Speech Control

All participants continued to demonstrate increased production of target protophones
and change in speech movement patterns that reflect increasing protophone complexity, in
treatment blocks two and three. There was a trend for larger effect sizes during subsequent
intervention blocks compared to treatment block one. This suggests a greater magnitude of
treatment effect was observed in the intervention blocks where tactile input was used to
shape motor-speech production.

Neurophysiological studies have shown difficulty planning and executing motor end
goals experienced by children with CP may arise from impaired neural oscillatory activity
in the sensorimotor cortices [73] and altered somatosensory organisation [74]. Speech
production and ultimately language learning is a perceptuo-motor experience [75] with
the role of the somatosensory input in building complexity through the proprioceptive
consequences of the child’s own production, gaining increasing attention. For example,
Choi et al. [14] identified when the proprioceptive-kinaesthetic information of an infant’s
vocal tract is constrained, speech perception is disrupted. Conversely, when supplemental
multimodal information is provided during active vocal play (e.g., contact of the fingers
or an object on the lips), vocal complexity is increased [76]. We, therefore, hypothesise the
tactile input assisted participants in acquiring the speech movement representation [40]
and this is consistent with the literature supporting the role of augmentative feedback in
improving motor learning in children with CP [77].

The contribution of tactile input in inducing therapeutic neuroplasticity has been
demonstrated by Fiori et al. [41] in older children presenting with a motor-speech disorder.
Whilst based on a small sample size, Fiori et al. [41] provide preliminary data that suggest
the coupling of specific sensory information with specific movements can lead to treatment
induced neuroplasticity. They identified not only changes in motor-speech control in
children with the motor-speech disorder, childhood apraxia of speech, but also identified
changes in white matter microstructural properties. The role of tactile input in children, in
improving motor-speech control for infants with CP, therefore, warrants further attention.

It is noted that participants responded differently across the study phases, with change
in level of performance greater on word set 1 than word set 2 for most participants, thus
reflecting the first intervention priority as based on the MSH, in this intervention phase.
This may be related to treatment dosage, with the rate of training in word set 1 at times
three times more than word set 2. However, this finding is also consistent with the previous
findings reported by Ward et al. [38,58] in older children with CP. Their research tested and
supported the hypothesis that changes in motor-speech control at one level of the MSH
would facilitate changes at the subsequent level of the motor-speech hierarchy as a result
of inter-articulator coupling.

Participant data also showed variability within the intervention phases, across the
intervention blocks. This is expected and consistent with the literature reporting younger
children experience more variability than older children [78]. This is observed not only in
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the development of language in typically developing infants, with the order and emergence
of milestones variable [79,80], but also considered a hallmark of motor development [81],
with variability considered the ongoing search for a solution to the motor strategy required.

Our focus on infant vocalisations challenges what Brady et al. [82] has reported to
be the prevailing clinical practice of abandoning efforts to increase speech production in
children who are at risk of severe communication impairment and likely to be users of
augmentative and alternative communication. Increasingly, emphasis is being placed on
the potential therapeutic role of targeting infant vocalisations in infants at predicted risk of
communication impairment to mitigate the severity of impairment.

It is argued that by supporting oral communication, the very act of practice and effort
builds a more robust memory of representation that shapes phonological memory for later
language learning [75]. A clear demonstration of the mediating effect of early intervention
is evident in the research directed at children born deaf but provided with early access to
hearing through cochlear implants. Infants who receive implants at less than 12 months
typically progress to first words without delay and continue to perform well on language
measures at a later age [83]. In contrast, children who receive implants later than 12 months
can show deficits in the acquisition of first words and continue to perform more poorly on
language measures.

Similar access to early intervention in the emergence of canonical vocalisations in
infants at-risk of CP may mitigate the cascading consequences of underlying impairment
to speech motor control. Notably, we found the participants in this study continued to
demonstrate improvements in their expressive language skills, as measured on the REEL-3.
This contrasts with the findings of Ward et al. [29] who reported a worsening developmental
trajectory at 24 months of age. This finding lends further support to our conclusion that the
intervention was responsible for bringing about therapeutic change. The findings of this
study could therefore be used to inform a larger longitudinal study.

The focus on oral vocalisations for this study was based on a strong research founda-
tion that has identified the critical importance of vocal play in developing later language
skills, with the expectation that “ . . . intervening at the prelinguistic stage may alter a
child’s trajectory for producing spoken words” [84], p. 203, as well as semantic process-
ing [67]. Oral motor dysfunction affecting speech related movements of the jaw, lips and
tongue is high in children with CP [85]. These impairments can have significant functional
consequences on speech intelligibility and communication. Thus, if infants at risk of com-
munication impairment associated with CP are afforded the opportunity to experience
more complex vocal play, we may ameliorate secondary impairments.

5. Limitations

There are a number of limitations to consider with this study. The highest level of
single-subject research design (SSRD) is a randomised n-of-1 design, which may include
random assignment of participant to treatment or order of treatment administration, as well
as extended baselines when responses are more variable. This standard, whilst desirable,
was not able to be met. At the time of this study, two additional multisite research trials
were in process within this clinical population and age group. However, we mitigated
risks to internal validity through the minimum of three data points per phase, systematic
manipulation and assessment of the dependent variables by more than one assessor, and
replication with at least three demonstrations of the experimental effect [42,43].

SSRD research requires repeated measures that are standardised, sensitive to change,
reliable and valid. Given SSRD has been heralded as a methodology with clinical relevance,
outcome measures should also be feasible to administer. The coding of speech probes for
this study, however, required phonetic transcription, manual coding of the protophones,
and visual-perceptual analysis of speech movements. The analysis was therefore labor
intensive, and this potentially limits the clinically feasibility of the intervention.

Furthermore, the outcome measures of this study required the a priori compilation of
trained and untrained word sets with equal numbers of items in each word set. However,
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in response to participant interest and motivation, or the fact that some items did not
get trained as intended, some words moved from their assigned word set resulting in a
different number of items in the trained and untrained conditions (see Appendix A). A
greater number of items within a condition may result in more opportunities to show
improvement. This potential bias in effect size from differences in item numbers when
comparing the trained and untrained data should be taken into account. However, we do
note that the imbalance in item numbers does not systematically favour either the trained
or untrained item conditions across participants.

Finally, whilst parents were provided with a LENA device to record the elicitation
of the speech probes once per week during intervention block one, and two times per
week during intervention blocks two and three, home practice was not monitored to track
cumulative treatment intensity.

6. Conclusions

Children with CP are at predictable risk of communication impairment with impaired
speech production being the most common form [1–3]. Yet, to date the earliest reported
interventions for children with CP is greater than 2 years of age, well after the critical period
where infants are primed for learning the basic building blocks required for later language
and speech development and perceptual narrowing has already taken place [9,86]. The lack
of evidence-based interventions for young infants with communication impairment and
neurodevelopmental disability is well recognised [10]. The dearth of research in this space,
therefore, places young infants with CP at increased risk of communication impairment.
Our data suggest the speech skills of young children with CP can be positively influenced
through a multimodal intervention thus capitalising on early periods of plasticity, when
language learning is most sensitive.
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Appendix A

The word-lists for each participant across the intervention blocks.
P1

Word set 1 Word set 2 Word set 3

Trained Untrained Trained Untrained Control

Block One
mama mine ball boom go

bu(bble) bang (peeka)
boo knee dator (grandpa)

up arm more bow kaka (brother)
down done moo pooh push

out oh oh bee pea eat
ta

Bye a

Block Two
mine pan up pull go
yum bag pour bow dator (grandpa)
hot hat me knee kaka (brother)
out arm do pooh push

more bang bye boom eat
(bar)bie (BBQ) one here pea door

bubble nigh nigh done two

Block Three
four feet dinner allah icecream
give phone mine amen marshmallow
sun horse dog soup hungry

have knife off and spaghetti
need bought sand yoghurt
done

a A trained item that did not get trained, added to untrained data.

P2

Word set 1 Word set 2 Word set 3

Trained Untrained Trained Untrained Control

Block One
up bu(bble) more oh oh here

ou(t) mama moo poo-ie down
ah oh ball wee dada

arm boat baa boo bang
done bye

Block Two
ou(t) done baa poo (i) here

ah oh mama oh oh down
more bye moo boo dada

bu(bble) boat wee (i) bang
up Me a

arm b

Block Three
ball bowl out bird boat

mama hat up bee down
open bye boo(k) baby put
mine done more pull shoe
dada apple bubble

a A trained item that did not get trained, added to untrained data. b An untrained item that did
get trained, added to trained data.
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P3

Word set 1 Word set 2 Word set 3

Trained Untrained Trained Untrained Control

Block One
baa bag ball pooh out

bubble paper go boo cat
under bye arm do eat

up hat push bee dirty
more done me nose
moo c

Block Two
more paper bubble pooh push

up bye out boo cat
arm baa bag do nose
ball me bee dirty

hat b go moo eat
done b under

b An untrained item that did get trained, added to trained data. c Moved from word set 2 trained
to word set 1 trained.
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Abstract: The aim of this study is to describe parental coping, representations, and interactions
during the time of inclusion in the Small Step early intervention program for infants at high risk
of cerebral palsy (CP) in Norway (ClinicalTrials.gov: NCT03264339). Altogether, 11 infants (mean
age 4.8 months, SD: 1.5) and their parents (mothers: n = 10, fathers: n = 9) were included. Parental
coping was assessed using the Parenting Stress Index-Short Form (PSI-SF) and the Hospital Anxiety
and Depression Scale (HADS). Parental representations and parent–infant interactions were assessed
using the Working Model of the Child Interview (WMCI) and the Parent–Child Early Relational
Assessment (PCERA). Parents’ PSI-SF and HADS scores were within normal range; however, 26.7%
showed symptoms of stress, 52.6% showed symptoms of anxiety, and 31.6% showed symptoms
of depression above the cut-off. WMCI results indicate that 73.7% of the parents had balanced
representations. For PCERA, the subscale Dyadic Mutuality and Reciprocity was of concern, while
two other subscales were in areas of strength and three subscales in some concern areas. There
were no differences between mothers and fathers. Most of the parents had balanced representations,
some had mental or stress symptoms and many were struggling with aspects of the parent–infant
interaction. This knowledge could be useful when developing more family-centered interventions.

Keywords: CP; infant; stress; anxiety; depression; parents; fathers; parent–infant interaction;
representations

1. Introduction

Cerebral palsy (CP) results from a lesion or maldevelopment in the immature brain
and is the most common severe motor disability in childhood [1]. The motor disorder is
frequently accompanied by disturbances of cognition, communication, and epilepsy [2].
The birth prevalence varies from 1.4 to 2.5 per 1000 live births in high-income countries and
is even higher in low- to middle-income countries [3–7]. About half of all infants with CP
have identifiable risk factors in the newborn period, such as prematurity, low birthweight
for gestational age, genetic abnormalities, or encephalopathy [8]. New guidelines recom-
mend diagnosing high risk of CP at 4 to 6 months so that interventions can start as early
as possible [8,9]. Recent research is focusing on habilitation services that provide more
accurate knowledge about the psychological needs of parents and their infants at high risk
of CP in order to develop more family-centered habilitative interventions [10,11].
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Becoming a parent can be a stressful experience that demands great responsibility for
the newborn child and can cause concerns about their development and health [12–17].
However, when risk of brain damage occurs during pregnancy, labor, or shortly after
birth, parents are substantially more prone to experiencing high levels of stress [18–20],
which might lead to the development of mental health problems such as depression and
anxiety [21–23]. Parents of infants at high risk of disease are often hospitalized with their
newborn, and it may be traumatic to witness their infant experience various medical
procedures and assessments [24]. Worries for potential sequala or diagnosis may put an
additional strain on parents [25]. Studies of older children with CP have found that mothers
experience more stress than fathers [26], while the experience of stress among mothers and
father of infants diagnosed with a high risk of CP is largely unknown.

Parents of children and adolescents with CP are found to have an increased risk for
mental health problems. This has been proposed in a systematic review [23], which indicates
that symptoms of depression and anxiety are more prevalent in parents of children with
CP compared to healthy controls. The results from this review suggest that the severity of a
child’s condition and the time required to care for the child are risk factors for developing
mental health problems. Another review reveals that parental coping ranges from parents
who do not perceive their child’s disabilities as stressful, to parents who report negative
stress and describe their lives as challenging [26]. Thus far, few studies have described
parental coping at the time when their infant is diagnosed with a high risk of CP, yet most
of these studies include mothers. One recent study from Sweden describes that almost
one-third of mothers with an infant at high risk of CP scored above the cut-off value for
symptoms of anxiety and depression [27]. This percentage exceeds what has been reported
in population-based studies without any known risk factors, showing a prevalence of 15%
for postnatal anxiety symptoms for mothers [13] and 7% for fathers [28], as well as 11.9%
for depression during the perinatal period for mothers [29] and 3–5% for fathers [30,31].
There is a need to investigate further the anxiety and depression rates in mothers and
fathers of infants with a high risk of CP to gain knowledge regarding potential risks for
mental health problems.

Parents’ relationship with their infants may also be at risk when parents experience
stress and worries concerning their infants’ health [32–35]. Typically, the development
of a parent–infant relationship begins before the infant is born through the parents’ men-
tal representations of themselves, combined with their thoughts and feelings about the
unborn child [36–38]. Parental representations assessed with the Working Model of the
Child Interview (WMCI) are classified into the global categories: balanced, disengaged,
or distorted [39]. It has been found that in clinical populations of infants and toddlers
at risk, or with a diagnosis, most parents’ representations were disengaged (34.2%) and
distorted (43.6%) [32]. To our knowledge, no studies have assessed parents’ mental repre-
sentations at the time their infant was given the diagnosis at high risk of CP. Some studies
have found more balanced representations in mothers of full-term infants compared to
mothers of pre-term infants using the WMCI [35,40], while other studies indicated no differ-
ences [33,41]. Furthermore, a few studies have found a relationship between non-balanced
representations in mothers and higher levels of depression both in clinical and non-clinical
samples [33,34]. Getting to know more about parents’ representations of their infant at high
risk of CP may help professionals set up suitable support and interventions adjusted to the
needs of the families [42].

Despite the knowledge that fathers spend much time with their infants, few studies
have focused on the father–infant relationship. A recent longitudinal study of fathers with
typical developing infants showed that higher levels of sensitivity, and lower levels of
withdrawal behaviors were more often observed in fathers with balanced compared to
unbalanced prenatal representations [38]. In another longitudinal study of fathers of typical
developing infants, they found that early attachment representations of the infant predicted
the quality of future father–infant interaction [43]. Similar findings have been found with
mothers showing positive relationship between balanced representations and better quality
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of infant-mother interaction [44,45]. Since there are few studies including both genders, the
present study will describe the representations of both mothers and fathers of infants at
high risk of CP and investigate if there are any differences.

The quality of parent–infant interactions contribute to an infant’s cognitive, emotional,
and social development [46,47]. Previous studies have investigated parent–infant interac-
tions when the infant is at risk of different conditions [45,48–53], and for parents with, or at
risk of, mental health problems [54–57]. In a recent review of the parent–infant interaction
of infants at risk of CP compared to healthy populations, it was found that infants at risk
were generally less active and showed fewer facial expressions. Furthermore, mothers
were more intrusive, and parent–infant dyads were described as less synchronized, with
fewer sensitive responses [48]. However, the studies included in that systematic review
did not use the new, recommended guidelines for setting a diagnosis with a high risk of
CP [8]. Rather, prematurity was used as the main inclusion criteria to indicate high risk in
several studies; only one study included fathers, and they found no differences between
the interaction qualities of mothers and fathers [58]. Thus, there is an urgent need for
studies that investigate the early dyadic interaction between parents and their infant who
is diagnosed with a high risk of CP. The present study aims to (1) describe parental coping,
parental representations, and parent–infant interaction during inclusion in the Small Step
early intervention program for infants at high risk of CP (i.e., when the infant is between
4 and 6 months old), and (2) assess if there are differences between mothers and fathers in
coping, representations, and the quality of parent-infant interaction.

2. Materials and Methods

2.1. Design

This study is part of the Small Step early intervention study performed at St. Olavs hospi-
tal, Trondheim, Norway from September 2017 to July 2020 (ClinicalTrials.gov: NCT03264339).
The study was performed in collaboration with the researchers who developed the Small
Step early intervention program at the Karolinska Institute, Sweden [27,59]. In the Small
Step study, a single subject research design was used, with each participant serving as
his/her own control through multiple testing at baseline and during intervention and
withdrawal periods [60]. In the current study, data collected through the baseline period
were applied. The Small Step study was approved by the Regional Ethical Committee
(REC) for Medical Research in Mid-Norway (2016/1366).

2.2. Participants

Eligible participants were families with an infant diagnosed with CP, or at high risk of
CP, at the regular clinical follow-up at three months corrected age for infants with known
complications before, during or shortly after birth. The guidelines for setting the diagnosis
with a high risk of CP were used, i.e., assessment of general movements (GMs), neonatal
magnetic resonance imaging (MRI), and neurological assessment with Hammersmith Infant
Neurological Examination (HINE) [8]. In addition, motor development was assessed using
the Alberta Infant Motor Scale (AIMS) [61].

2.3. Procedurals

During the baseline period, parental coping, parental representations, and parent-
infant interactions were assessed once for each parent. In addition, the infants were tested
at three time-points with various motor tests that are outside the scope of the current study.
The testing took place either in the family’s home or at the hospital.

Parental coping was measured with the Parenting Stress Index-Short Form third edition
(PSI-SF) [62]. The PSI-SF is a 36-item, self-report measure of parenting stress where parents
rate items on a 5-point scale. The PSI-SF includes a Total Stress scale and three subscales:
Parental Distress, Parent–Child Dysfunctional Interaction and Difficult Child. In the present
study, we used the Total Stress scale. The Total Stress scale ranges from 36 to 180 and is
seen as an indicator of a parent’s overall experience of parenting stress. The 90th percentile
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of the PSI-SF score represents a “clinically significant” level of parenting stress and can be
used as an indicator that counseling or other support is required. The PSI-SF demonstrates
high internal consistency, test–retest reliability, and validity [63–65].

In addition, we used the Hospital Anxiety and Depression Scale (HADS) to investigate
parental coping [66]. The HADS consists of 14 questions, seven measure symptoms of
anxiety and seven measure symptoms of depression. Each question has four answer
categories ranging from zero to three, where category three indicates the highest level
of the symptom. The HADS is divided into a scale for anxiety (HADS-A) and a scale
for depression (HADS-D), with scores ranging from 0 to 21. Scores between 0 and 7 are
within the normal range, while scores between 8 and 10 indicate mild symptoms, scores
between 11 and 14 indicate moderate symptoms, and scores between 15 and 21 indicate
severe symptoms. The HADS has been shown to have a good factor structure, discriminant
validity and internal consistency [67,68].

Parental representations of their infant were assessed with the Working Model of the
Child Interview (WMCI) [39]. The WMCI is a semi-structured interview where caregivers
are asked about their subjective experiences and perceptions of their child, parenting and
their relationship with the child. The caregiver’s narratives are classified into six qualitative
scales (i.e., Richness of Perceptions, Openness to Change, Intensity of Involvement, Coher-
ence, Caregiving Sensitivity, and Acceptance). High scores in the qualitative scales indicate
positive parental narrative qualities, except for the scale of Intensity of Involvement, where
a score of 3 is the most optimal. The WMCI also includes two content scales (i.e., Infant
Difficulty and Fear for Safety), where high scores represent negative parental narrative
content. In addition, the caregiver’s affective tone of the representations is coded, iden-
tifying how much joy, pride, anger, disappointment, anxiety, guilt, indifference, or other
emotions were expressed throughout the interview. Parents’ representations were classified
into three main categories (balanced, disengaged or distorted). The two latter categories
can be classified as non-balanced representations. The WMCI has good psychometric
properties, and the reliability of the clinical scales is found to be satisfactory in a Norwegian
sample of infants [32,69]. The WMCI interviews lasted approximately 30–90 min and were
videotaped and scored by certified coders not involved in the intervention study. The main
coder (A.S.B) scored all the 19 interviews using a 5-point Likert scale and another certified
coder (Å.B) scored six interviews (30%). They agreed upon the main categories in 4 of the
6 interviews corresponding to an interrater agreement of 0.67. The two interviews that
were coded differently were discussed and consensus was made by the two coders on
both categorical and scale levels. Thus, the main coder’s scorings were used for 17 of the
interviews and the consensus scores for two interviews.

Parent–infant interactions were assessed during five minutes of videotaped free play
using the Parent–Child Early Relational Assessment (PCERA) [70]. The PCERA is widely
used in the Nordic countries as an observation method that measures the quality of affect
and behavior in parent–infant interactions and it is shown to have acceptable psychometric
properties [38,50,51,54,71]. The videos were recorded either in the family’s home or at the
hospital. The parents were filmed with their infants on separate occasions. The parents
received the following instruction: “Play with your infant as you normally do. You can
use the toys if you like or play without the toys”. The PCERA free play situations were
rated according to the manual [70] by two trained coders. The complete PCERA consists
of 65 independent items. In the present study, 60 PC-ERA items were rated since some of
the items are not ratable for infants under 6–9 months. The main coder (A.-K.G.E.) rated
all video recordings, and 20% of the videos were double rated by another certified coder
(J.L.). To retain interrater agreement, drift sessions between coders were held throughout
the assessment process. All PCERA items were rated on a five-point Likert scale. The
coders considered the frequency, duration, and intensity of the behaviors when rating each
item. After rating all the videos, the coders decided that the item “mirroring” had to be
removed, since five parents used their native language in the play situation. Thus, it was
difficult to score “mirroring”, i.e., parent’s attunements with their child’s emotional state,
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including consideration of parents labeling of their infants’ internal feeling state. Before the
interrater agreement calculation, all items were recoded into a three-point scale describing
areas of concern (scores 1 and 2), areas of some concern (score 3) and areas of strength
(scores 4 and 5), as conducted in previous studies [38,50,54]. The interrater agreement was
calculated by the mean percentile of the raters’ overall agreement. The interrater agreement
between the two coders was 0.80, which is considered acceptable [72]. Before analyzing the
data, 52 items were combined into 6 subscales using the five-point scale according to the
“4 Month feeding factors” described in the PCERA manual [70]: (1) Parent Positive Affective
Involvement, Sensitivity, and Responsiveness; (2) Parent Negative Affect and Behavior;
(3) Infant Positive Affect, Communicative and Social Skills; (4) Infant Dysregulation and
Irritability; (5) Dyadic Mutuality and Reciprocity; and (6) Dyadic Tension. High PCERA
scores indicate positive affect or/and behavior; therefore, high scores on subscales 2, 4, and
6 indicate a lack of negative affect and/or behavior. In this study, Cronbach’s α coefficients
for calculating the internal consistency of the six PCERA subscales ranged between excellent
and acceptable [73]: 0.95 (subscale 1), 0.89 (subscale 2), 0.85 (subscale 3), 0.90 (subscale 4),
0.83 (subscale 5), and 0.78 (subscale 6).

2.4. Statistical Analysis

We used the IBM SPSS statistics 27 program to analyze the data [74]. Descriptive
statistics with means, standard deviations, confidence intervals and percentages were used
to present the data. The variables were normally distributed according to Q–Q plots and
we used a paired-sample t test to compare means between mothers’ and fathers’ coping
scores, qualitative and content WMCI scores, and the PCERA subscales. An alpha level of
0.05 was used to determine statistical significance.

3. Results

3.1. Sample Characteristics

Altogether, 19 parents (10 mothers and 9 fathers) of 11 infants from ten families
consented to participate in the Small Step early intervention study. Two more families were
invited, however one family declined due to long travels, and the other family could not
be included because of the involvement from the child protective service. All 11 infants
had a clinical history indicating a risk for CP. Four of the infants were born premature.
Among these, three were twins and one was born extremely premature because of placental
abruption. One of the infants born at term had microcephaly, two had difficult births
causing asphyxia, and four had various complications within the first ten days after birth.
At the regular clinical hospital follow-up at three months corrected age, the infants had
the following high-risk factors for CP: absent (n = 6) or sporadic (n = 5) fidgety GMs,
suboptimal HINE scores < 57 (n = 10), abnormal MRI (n = 11), and delayed motor gross
motor skills, as indicated by AIMS scores at or below the fifth percentile (n = 6) or between
the fifth and tenth percentile (n = 5).

The baseline testing was performed during three timepoints between two and six
weeks after the time of diagnosis, except for one infant where summer holidays delayed
the baseline testing (age at first baseline: 5.7 months) and another infant where hospital
stays prolonged the baseline period till 10 weeks. See Table 1 describing parent and in-
fant characteristics. About 2/3 of the parents had university degrees, equally distributed
between mothers (n = 6) and fathers (n = 6). Five of the parents were not native Norwe-
gians; therefore, three of the WMCI interviews were conducted in English, and two with
an interpreter.
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Table 1. Sample characteristics parents (n = 19) and infants (n = 11).

Characteristics Parents
Total
n = 19

Mothers
n = 10

Fathers
n = 9

Language (n)
Norwegian 10 7 7

Other * 5 3 2
Mean age in years (min-max) 34 (25–57) 2 32 (25–42) 1 36 (28–57) 1

Highest degree (n)
Upper secondary school 3 3 0

Vocational training 4 2 2
Bachelor’s degree 7 4 3

Master’s or doctoral degree 5 2 3

Characteristics infants Total n = 11

Gender: Female/Male (n) 4/7
Gestational age

Mean gestational age:
weeks (range; ± SD) 35.6 (24.6–41.4; ± 5.3)

Term/preterm (n) 7/4
Risk factors for cerebral palsy (n)

GMs: absent/sporadic
fidgety movements 6/5

HINE scores: suboptimal <
57/normal 10/1

MRI: abnormal 11
AIMS: ≤ 5th percentile/5th -

10th percentile
6/5

Additional impairments (n)
Epilepsy 2

Cortical visual impairment 2
Hearing impairment 2

Hydrocephalus, shunt 2
Nasogastric intubation 2

Bronchopulmonary
dysplasia 1

Corrected age at baseline
Mean age baseline 1:

months (range; ± SD) 4.2 (3.5–6.7; ± 0.9)

Mean age baseline 2:
months (range; ± SD) 4.8 (4.0–7.2; ± 0.8)

Mean age baseline 3:
months (range; ± SD) 5.3 (4.5–7.7; ± 0.9)

Family (n)
Living with both parents:

Yes/No 9/2

Number of siblings:
0/1/2/3 1/8/1/1

Note: n = number, * = English as second language, min = minimum, max = maximum, 2 = age missing for n = 2;
1 = age missing for n = 1; SD = Standard Deviation, GMs = General Movements, HINE = Hammersmith Infant
Neurological Examination, MRI = Magnetic Resonance Imaging, AIMS = Alberta Infant Motor Scale.

3.2. Parental Coping

The PSI-SF was completed by 17 of the 19 parents, and two forms were excluded
because of missing scores. For four forms the score for one item was missing and
imputation was done according to the manual [62]. For two forms there were missing
scores for three and five items, respectively, and we decided to exclude these forms. The
results for the remaining 15 parents indicate that the parents’ mean stress scores were
within normal range; however, 1

4 showed stress above normal range in the clinically
area. There was no significant difference between mothers’ and fathers’ mean stress
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scores. Parents’ mean anxiety and depression scores measured with the HADS were
within normal range, although as shown in Table 2, almost half of the parents (52.6%)
scored above cut-off for anxiety (from score 8) and 31.6% showed depression symptoms.
Mothers’ mean scores for anxiety and depression were higher than fathers’ mean scores,
but these differences were not significant.

Table 2. Percent and mean scores of the Parenting Stress Index-Short Form third edition (PSI-SF) and
the Hospital Anxiety and Depression Scale (HADS) for the group and for the mothers and fathers.

Variable Percentages (n) Mean (SD) 95% CI

Parenting stress
PSI-SF total 1 100 (15) 77.4 (26.5) 61.7–93.5

Fathers 78.0 (27.6) 56.9–99.1
Mothers 76.5 (27.5) 47.5–105.5

Low level 2 26.7 (4)
Normal level 2 46.6 (7)

High level 2 0
Clinically 2 26.7 (4)

Anxiety (HADS-A) 3

Total 100 (19) 7.5 (4.9) 4.0–9.7
Fathers 6.2 (4.6) 2.7–9.8
Mothers 8.6 (5.1) 4.9–12.3
Normal 47.4 (9)

Borderline 15.8 (3)
Abnormal 36.8 (7)

Depression (HADS-D) 3

Total 100 (19) 5.3 (4.2) 2.4–7.5
Fathers 3.8 (3.3) 1.3–6.3
Mothers 6.7 (4.5) 3.5–9.9
Normal 68.4 (13)

Borderline 15.8 (3)
Abnormal 15.8 (3)

Note: SD = Standard deviation. CI = Confidence interval. n = number. 1 PSI-SF = Parenting Stress Index-
Short Form. 2 PSI-SF Total scores: 36–55 = low stress, 56–85 normal stress, 86–90 = high stress and above
90 = clinically significant stress level. 3 Anxiety and Depression total scores: 0–7 = Normal, 8–10 = Borderline, and
11–21 = Abnormal. HADS = Hospital Anxiety and Depression Scale, D = depression and A = anxiety.

3.3. Parental Representations

The results from the WMCI interviews indicate that, at the categorical level, 73.7%
(n = 14) of parents’ representations were balanced, 21.1% (n = 4) were disengaged, and 5.2%
(n = 1) were distorted. The mean scores for the eight WMCI scales are shown in Table 3.

As a group, all means for the qualitative and content scales shown in Table 3 are within
the non-concerned range. Counting the frequency of the individual parents’ mean scores on
the eight scales reveals that 0–15.8% were in the concerned range on the qualitative scales
and 5.3–10.6% on the content scales. Furthermore, the following affective contents of the
representations during the interview were most common: joy (mean = 3.0, SD = 1.1), pride
(mean = 3.3, SD = 1.3) and sadness/sorrow (mean = 4.1, SD = 2.2). We found no significant
differences between mothers’ and fathers’ mean scores on the qualitative or content scales
with independent t-tests.
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Table 3. Mean scores of the Qualitative and Content Scales of the Working Model of the Child
Interview (WMCI) measuring parents’ representations of their infants for the group and for the
mothers and fathers.

WMCI n Mean (SD) 95% CI

Qualitative Scales
Richness of
Perceptions 19 3.7 (1.0) 3.2–4.1

Fathers 8 3.9 (0.4) 2.9–4.8
Mothers 11 3.6 (0.3) 2.9–4.2

Openness to Change 19 3.7 (1.0) 3.3–4.2
Fathers 8 4.0 (0.3) 3.2–4.8
Mothers 11 3.6 (0.3) 2.9–4.2

Intensity of
Involvement 19 3.6 (1.1) 3.1–4.1

Fathers 8 3.9 (0.4) 2.9–4.8
Mothers 11 3.5 (0.3) 2.8–4.1

Coherence 19 4.0 (0.9) 3.5–4.4
Fathers 8 4.1 (0.3) 3.4–4.8
Mothers 11 3.8 (0.3) 3.2–4.4

Caregiving Sensitivity 19 3.9 (0.9) 3.5–4.3
Fathers 8 4.1 (0.2) 3.6–4.7
Mothers 11 3.7 (0.3) 3.1–4.4

Acceptance 19 3.8 (1.0) 3.4–4.3
Fathers 8 3.9 (0.4) 3.1–4.7
Mothers 11 3.8 (0.3) 3.1–4.5

Content Scales
Infant Difficulty 19 2.4 (1.1) 1.8–2.9

Father 8 2.5 (0.3) 1.7–3.3
Mother 11 2.3 (0.4) 1.4–3.1

Fear for the Infant’s
Safety 19 2.7 (0.9) 2.3–3.1

Father 8 2.5 (0.3) 1.9–3.1
Mother 11 2.8 (0.3) 2.2–3.5

Note: SD = Standard deviation. CI = Confidence interval. n = number. High scores in the qualitative scales
indicate positive parental narrative qualities, except for the scale of Intensity of Involvement, where a score of 3 is
the most optimal. The two content scales (i.e., Infant Difficulty and Fear for Safety) high scores represent negative
parental narrative content.

3.4. Parent–Infant Interaction

The mean scores for the PCERA subscales are presented in Table 4. The high mean
scores on parental subscales 2 (Negative Affect and Behavior) and infant subscale 4 (Dys-
regulation and Irritability) indicate strength areas in parent–infant interactions, suggesting
low levels of negative affect both in parents and infants. For the parent subscale 1 (Positive
Affective Involvement, Sensitivity and Responsiveness), infant subscale 3 (Positive Affect,
Communicative and Social Skills) and parent–infant subscale 6 (Dyadic Tension), mean
scores indicate areas of some concern, while the mean score for parent–infant subscale
5 (Dyadic Mutuality and Reciprocity) indicates an area of concern.

Figure 1 shows the six subscales with a percentage distribution for the three PCERA
categories. As seen in the figure, most of the parents were in the “some concern” area on
subscales 1, 3, 5 and 6, and the concern area was highest in subscales 1 and 5.

To describe the parent–infant interactions in more detail, we report in Table 5 the items
that showed mean scores above four in the strengths area (16 of 52 items) and items that
had mean scores below three (6 of 52 items), indicating items of concern. High item scores
indicate positive affect or/and behavior or a lack of negative affect and/or behavior.
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Table 4. The Parent–Child Early Relational Assessment subscales mean scores measuring the parent–
infant interactions for the group and for mothers and fathers.

Subscales n Mean (SD) 95% CI

Parental Positive Affective Involvement,
Sensitivity and Responsiveness 19 3.5 (0.5) 3.2–3.7

Fathers 8 3.3 (0.2) 2.9–3.8
Mothers 11 3.6 (0.1) 3.3–3.9

Parental Negative Affect and Behavior 19 4.0 (0.4) 3.7–4.1
Fathers 8 3.8 (0.2) 3.5–4.2
Mothers 11 4.1 (0.1) 3.8–4.3

Infant Positive Affect, Communicative
and Social Skills 19 3.3 (0.5) 2.9–3.5

Fathers 8 3.4 (0.2) 3.0–3.8
Mothers 11 3.2 (0.1) 2.9–3.5

Infant Dysregulation and Irritability 19 4.1 (0.4) 3.8–4.2
Fathers 8 4.1 (0.1) 3.9–4.3
Mothers 11 4.0 (0.1) 3.7–4.3

Dyadic Mutuality and Reciprocity 19 2.9 (0.6) 2.5–3.2
Fathers 8 3.0 (0.3) 2.4–3.6
Mothers 11 2.9 (0.1) 2.5–3.2

Dyadic Tension 19 3.5 (0.5) 3.2–3.7
Fathers 8 3.5 (0.2) 3.1–4.0
Mothers 11 3.5 (0.2) 3.2–3.9

Note: SD = Standard deviation. CI = Confidence interval. n = number. Scores 1 and 2 describes areas of concern,
score 3 means areas of some concern and scores 4 and 5 are areas of strength.

Figure 1. The six subscales with percentages in the three Parent–Child Early Relational Assessment
categories: concern, some concern, and strengths.
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Table 5. The Parent–Child Early Relational Assessment items mean scores in the strength and
concern area.

Items n Mean (SD) 95% CI

Parental items strength area
Annoyed, Angry, Hostile Tone of Voice 19 4.9 (0.3) 4.7–5.1

Warm, Kind Tone of Voice 19 4.2 (0.7) 3.8–4.5
Expressed Negative Affect 19 4.4 (0.6) 4.1–4.7

Irritable/Frustrated/Angry Mood 19 4.9 (0.2) 4.8–5.1
Depressed Mood 19 4.2 (0.8) 3.8–4.6

Displeasure, Disapproval, Criticism 19 4.6 (0.5) 4.3–4.8
Negative Physical Contact 19 4.4 (0.7) 4.0–4.7

Amount of Visual Contact with Child 19 4.4 (0.5) 4.1–4.6
Responsivity to Child’s Negative or

Unresponsive behavior 19 4.3 (0.6) 4.0–4.6

Infant items strength area
Apathetic, Withdrawn, Depressed

Mood 19 4.0 (0.7) 3.7–4.3

Irritable/Frustrated/Angry Mood 19 4.2 (0.5) 4.0–4.5
Emotion Lability 19 4.9 (0.2) 4.8–5.1

Robustness 19 4.3 (0.6) 4.0–4.6
Consolability/Soothability 19 4.6 (0.7) 4.1–5.1

Dyad items strength area
Frustrated, Angry, Hostile 19 4.5 (0.5) 4.2–4.7

Tension, Anxiety 19 4.0 (0.7) 3.6–4.4
Parent items concern area

Amount of Verbalization 19 2.8 (0.8) 2.4–3.6
Infant items concern area

Social Behavior of Infant-Initiates 19 2.9 (0.9) 2.5–3.4
Quality of Exploratory Play 19 2.8 (1.0) 2.3–3.3

Communicative Competence 19 2.7 (0.6) 2.4–3.0
Dyadic items concern area

Mutual Enthusiasm, Joyfulness,
Enjoyment, Dyadic “Joie de Vivre” 19 2.8 (0.7) 2.5–3.1

Reciprocity 19 2.7 (0.7) 2.4–3.0
Note: SD = Standard deviation. CI = Confidence interval. n = number.

We found no significant differences between mothers’ and fathers’ mean parent–infant
interaction subscale scores.

4. Discussion

Our results indicate that parents’ mean stress, anxiety and depression symptoms were
within normal range. However, some parents reported symptoms of stress (26.7%), anxiety
(52.6%, including both borderline and abnormal scores) and depression (31.6%, including
both borderline and abnormal scores) above normal level. Parents’ representations of their
infant were primarily balanced (73.7%), and there were low levels of negative affect in
both parents and infants. However, there were some concerns regarding parents’ affective
involvement, sensitivity, and responsiveness towards their infants, as well as the infants’
communicative and social competence. This may have affected the parent–infant dyad,
causing some tension between the infant and the parent, and decreasing dyadic mutuality
and reciprocity. We found no significant differences between mothers and fathers in coping,
representations, and the quality of parent-infant interaction.

There was a large variation in reported stress levels and symptoms of anxiety and
depression among the parents in our study. For most of the parents, feelings of stress,
anxiety, or depression were within normal levels. Additionally, we found no differences
between mothers’ and fathers’ levels of stress, anxiety, and depression symptoms. Knowing
that all the included infants had a history of complications before, during, or shortly after
birth, and that they had recently received the diagnosis at high risk of CP, may indicate
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that there are factors beyond birth-related trauma and receiving a diagnosis that affected
coping in this group of parents. This is in accordance with a review that demonstrated great
differences in how parents deal with having a child with CP [26]. Some parents may have
protective factors such as being in a stable relationship and having a supportive family
that makes them more resilient to traumatic experiences and more able to cope with stress
and trauma [26,75]. Furthermore, the relatively high educational level among the parents
in the current study might be a protective factor [26]. Nonetheless, about one quarter of
the included parents had stress symptoms in clinical areas, and symptoms of anxiety and
depression were similar or higher than in comparable populations [27] and much higher
than reported in populations without any known risk factors [13,28–31]. This indicates that
it is important to assess the levels of stress, anxiety, and depression in parents of infants at
risk of CP and to promote potential protective factors to increase parental coping [75].

According to parental representations, assessed with the WMCI, the percentage of
balanced representations (73.7%) in this study was higher than for parents of prematurely
born infants (20–55%) [35,40,50] and for parents of low- to moderate-risk infants in Norway
(58.3%) [69]. One possible explanation for these differences may be a lower number of
parents in the present study compared to previous studies [33,35,40]. Another explanation
might be that nearly half of the infants in the current study (n = 4) were born at full term
after non-complicated pregnancies. It is possible that the parents of these infants had
already developed balanced representations during pregnancy, and research has shown
that these representations are often quite stable [37]. Additionally, there were no differences
between the mothers’ and fathers’ representations. This may indicate that mothers and
fathers develop similar patterns of thoughts and feelings towards their relationship with
their infant at high risk of CP, however this finding needs to be replicated with studies with
larger number of participants.

In this study, the parents displayed little, or no displeasure, annoyance, frustration,
or anger towards their infant, and the infants were easily soothed by their parents. This is
considered an interactive strength and may suggest that having an infant at high risk of
CP does not increase the risk of physical abuse [76]. Nonetheless, the decreased mutuality
and reciprocity of the interaction was of concern, with low mean scores for turn taking,
mutual enthusiasm, joyfulness, and enjoyment. This could be due to several infants having
decreased communicative skills, with reduced or delayed responses to social initiatives
made by the parents. Similar results have been found in other studies, indicating that
reduced communicative abilities affect the parent–infant dyad [34,48]. Motor impairments
and the reduced quality of the exploratory play could place additional limitations on
playfulness and enjoyment in the interaction. Our results also indicate some concerns when
it comes to the parents’ sensitivity and responsiveness towards their infant. Previous studies
reported that mothers of infants at risk of CP were less sensitive and demonstrated less
smiling compared to mothers of healthy controls [48,49,77]. Few studies have investigated
the dyad between fathers and infants, but one study from Finland investigated this for
fathers of typically developing infants during their first months of life [38]. In this Finnish
study, similar patterns to those in our study for areas of strengths and concerns were
identified, except with less dyadic tension in the parent–infant dyad for fathers of typically
developing infants. In our study, we did not find any differences between the scores for
mothers and fathers. Thus, it seems that the concerns identified in our study may be related
to having an infant at high risk of CP and not related to the fact that we included both
mothers and fathers.

Overall, our results indicate that there may be both protective and risk factors in
our sample of parents of infants at high risk of CP. Most of the parents had balanced
representations, and stress, anxiety, and depression symptoms were within normal range.
However, some parents experienced mental health problems or stress above normal level,
and many struggled with aspects of parent–infant interactions. Thus, our results underscore
the need for assessments, preventive strategies, and interventions, not only focusing on
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the infants, but also targeting parents’ stress levels, mental health, and interactions with
their infant.

One of the strengths of this study was the use of diverse assessments, such as self-
report questionaries, interviews, and observations, to illuminate parental coping, repre-
sentations, and interactions with their infants at high risk of CP. This provides a broader
understanding of the psychological challenges parents may encounter when having an
infant at high risk of CP and how this may affect parent–infant relationships. Secondly, our
sample included fathers, which are seldom studied in research on postnatal mental health,
and even more lacking in studies of infants at risk [26,31]. Recent research shows that some
fathers have mental health problems regarding the parenting of healthy babies [28,31,78];
therefore, it is important to understand more about fathers of infants at high risk of CP. The
health system in Norway continues to mainly assess mothers’ mental health on a regular
basis, so we need increased attention to the fact that fathers also may struggle. Finally, our
study included infants at very high risk of CP according to recent diagnostic guidelines [8].
Most previous studies included premature infants, with unknown additional risks for CP.

Our study also has some limitations. We only recorded parent–infant interactions dur-
ing play activities using the PCERA. It would have been preferrable to include recordings of
an additional situation, for example feeding or diaper changing. However, it was necessary
to reduce the number of assessments to avoid fatigue for both the infants and the parents.
Furthermore, in some of the parent-infant situations the other parent was present, in addi-
tion to the one who was filming. It is possible that this affected the behavior of the parent
being filmed, however there was no interaction between the parents, and the other parent
was in another section of the room. Additionally, we did not double code all the WMCI
videotapes because double coding all instruments was time-consuming and expensive.
This could possibly have strengthened the presentation of the level of interrater reliability.
Finally, the cross-sectional design used in this study precludes any causal implications,
and because of the low number of participants, we cannot generalize our findings. Thus,
our findings need to be further investigated in a larger sample, including both mothers
and fathers of infants at high risk of CP. In addition, we need more longitudinal studies
following infants and parents over an extended period to describe the trajectories of their
mental health and quality of interactions.
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Abstract: The aim of this population-based study was to describe the prevalence and characteristics
of epilepsy in children with cerebral palsy (CP), focusing on antiseizure medication (ASM) and
seizure outcome. Findings were related to CP type, gross motor function and associated impairments.
Data on all 140 children with CP born in 2003–2006 were taken from the CP register of Western
Sweden. Medical records were reviewed at ages 9–12 and 13–16 years. In total 43% had a diagnosis of
epilepsy. Epilepsy was more common in children with dyskinetic CP, who more often had a history of
infantile spasms, continuous spike-and-wave during sleep and status epilepticus. Neonatal seizures,
severe intellectual disability, severe motor disability and autism were associated with a higher risk
of epilepsy. Many children were on polytherapy, and valproate was frequently used, even in girls.
At age 13–16 years, 45% of the children with epilepsy were seizure free for at least one year. Onset
after 2 years of age, female sex and white matter injury were associated with good seizure outcome.
Despite the risk of relapse, reduction or discontinuation of ASM could be an option in selected cases.
It is important to optimize ASM and to consider the possibility of epilepsy surgery.

Keywords: epilepsy; cerebral palsy; children; neuroimaging; seizure outcome

1. Introduction

Children with cerebral palsy (CP) often have associated impairments and disorders.
Epilepsy is a common comorbidity and occurs in 15–55% of children and adults with CP [1]
while in the general childhood population, the prevalence of epilepsy is between 3.2 and
5.5 per 1000 in developed countries [2].

In a previous report from the CP register of western Sweden on children born in 1999–2002,
44% had epilepsy. This was a higher occurrence of epilepsy compared to previous birth-year co-
horts, possibly due to an increase in cortical/subcortical lesions documented by neuroimaging [3].

Up to 50% of children with CP and epilepsy have been reported to have seizures
despite antiseizure medication (ASM) [4,5]. A model has been described for predicting
drug resistant epilepsy in children with CP, using four independent predictors: low Apgar
score at 5 min, neonatal seizures, focal epilepsy clinically and on routine electroencephalo-
gram (EEG) [6].

A recent study has shown that epilepsy in CP can remit with ASM in about 50%
of all cases, and in up to 20% in spastic quadriplegia or hemiplegia even with previous
status epilepticus or daily seizures, up to 10 years from epilepsy onset. ASM could be
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discontinued without relapse in 14%. In that study, older age, perinatal aetiology and
improvement on EEG were favourable factors for terminating ASM [7].

The aims of the present study were to describe the prevalence of epilepsy in children
with CP in a population-based cohort born in 2003–2006 from the CP register of western
Sweden, to explore the epilepsy characteristics, EEG findings and treatment in relation to
CP type, gross motor function and associated impairments, and explore seizure outcome
at follow-up. Furthermore, we intended to compare characteristics of children with and
without epilepsy and identify factors that may favour seizure remission.

2. Material and Methods

The medical records of all children with CP born from 2003 to 2006 in the CP register
of western Sweden and currently living in the county of Västra Götaland, Sweden, were
reviewed and data of the selected cohort were analyzed at two different timepoints: at
ages 9–12 (data collected between July and October 2015) and 13–16 years (follow-up data
collected in 2019). At the first timepoint the following data were analyzed: age of epilepsy
onset, type of seizures, frequency of seizures, status epilepticus, EEG findings, use of ASM,
and non-pharmacological treatment, cognitive level, and neuropsychiatric diagnosis. For
the analyses at the second timepoint updated information about new cases of epilepsy,
seizure freedom and type of ASM was collected. Information about cognitive function and
neuropsychiatric diagnoses was obtained from another study from our centre [8].

The whole cohort comprised 140 children (61 girls and 79 boys) and was part of a
larger cohort that has previously been reported [3]. Information about type and aetiology
of CP, gestational age, Apgar score at 5 min, gross motor function, neuroimaging findings
and history of neonatal seizures was taken from the CP register of western Sweden.

The aetiological period was defined as prenatal when the brain insult occurred during
pregnancy until the onset of labour resulting in delivery, and as peri/neonatal from the
onset of labour up to day 28. Data on aetiological period for this cohort have previously
been published [3].

Neonatal seizures were defined as seizures occurring up to 72 h of age.
Magnetic resonance imaging (MRI) findings were classified according to the MRI

classification system for children with cerebral palsy (MRICS) into five categories: malde-
velopments, predominant white matter injury, predominant grey matter injury, miscel-
laneous and normal. The group with predominant grey matter injury was divided into:
basal ganglia/thalamus lesions, cortical-subcortical lesions, and arterial infarctions [9].
Computer tomography (CT) findings were included in the absence of MRI and classified in
a similar way [3,10].

The definition of CP was the one agreed upon at an international consensus meeting
in Bethesda: Cerebral palsy (CP) describes a group of disorders of the development of
movement and posture, causing activity limitation, that are attributed to non-progressive
disturbances that occurred in the developing foetal or infant brain. The motor disorders of
cerebral palsy are often accompanied by disturbance of sensation, cognition, communica-
tion, perception, and/or behaviour, and/or by a seizure disorder [11].

The CP types were classified into unilateral spastic (USCP), bilateral spastic (BSCP),
dyskinetic or ataxic CP according to the Surveillance of Cerebral Palsy in Europe (SCPE
2000) [12], and according to Hagberg into hemiplegia, diplegia, tetraplegia, dyskinetic CP
and ataxia [13]. To describe the gross motor function the Gross Motor Function Classifica-
tion System (GMFCS) was used [14].

The 2014 definition of epilepsy according to the International League Against Epilepsy
(ILAE) was used [15]. The types of epileptic seizures during the last two years were
documented. Information about previous seizure types, including infantile spasms, was
also registered. Seizures were classified according to the ILAE classification of seizure types
in which the mode of seizure onset is subdivided into generalized, focal, and unknown [16].
The term ‘multiple seizure types’ was used when children had a combination of both focal
and generalized seizures.
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Seizure freedom was defined as absence of seizures (with or without ASM) for at least
one year preceding data collection [17,18].

Seizure frequency was divided into daily seizures (at least once a day), weekly seizures
(less than once daily and more than once a week), monthly (at least once a month but not
more than once a week), seldom (less than once a month) and clusters (many seizures in
clusters followed by seizure free periods). Information was taken from the medical records
regarding status epilepticus which in most cases implied hospital care.

All results of EEGs were interpreted at the Department of Clinical Neurophysiology,
Sahlgrenska University Hospital, Gothenburg. Results from the EEG recordings (performed
before October 2015) were documented and reviewed together with an experienced clinical
neurophysiologist. Epileptic discharges were divided into focal, multifocal, and generalized
epileptic discharges. Information was obtained about the occurrence of hypsarrythmia and
continuous spike-and-wave during sleep (CSWS), defined as an EEG pattern of almost
continuous, slow (1.5–2 Hz) spike-wave during slow sleep.

Cognitive level was divided into normal (IQ > 70), mild intellectual disability (ID)
(IQ 50–70) and severe ID (IQ < 50), based on neuropsychological assessment or in a few
cases on clinical observation. Neuropsychiatric comorbidity referred to autism spectrum
disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD). In cases where diag-
nostic criteria were nor fulfilled, symptoms such as attention and concentration deficits,
behavioural problems, routine dependency were also registered.

Statistical Analysis

We used descriptive statistics for the comparison of groups. The chi-square test for
independence was used for the association between categorical variables; if more than two
categories were present within an ordinal scale, the Cochran–Armitage chi-square test for
trend was used. A p-value of less than 0.05 was regarded as statistically significant.

3. Results

In the total cohort, 60/140 (43%) had a diagnosis of epilepsy. At the review of the
medical records in 2015 one child with epilepsy and one without epilepsy had died, leaving
138 children (60 girls and 78 boys), 59 children with epilepsy and 79 without epilepsy.
Register data on the children with and without epilepsy are presented in Table 1.

Epilepsy was more common in children born at term (χ2 = 6.24; p = 0.012), compared
to children born preterm. Children with epilepsy had more often peri/neonatal aetiology
(61%; 36/59) compared to those without epilepsy (44%; 35/79). Prenatal aetiology was
present in 32% (19/59) of children with epilepsy and 28% (22/79) of those without epilepsy,
whereas unknown aetiology was found in 7% (4/59) and 28% (22/79), respectively.

An Apgar score < 5 at five minutes was associated with later epilepsy in term-born
children (χ2 = 6.07; p = 0.014). Nearly two thirds of children with a history of neonatal
seizures developed epilepsy compared to one third without neonatal seizures (χ2 = 10.25;
p = 0.001). Most children (72%; 31/43) with neonatal seizures were born at term, and 24 of
31 developed epilepsy. A history of neonatal seizures was more frequent in children with
dyskinetic CP (63%; 15/24) than in those with other types of CP (χ2 = 13.30; p < 0.001).

The most common neuroimaging finding in children with epilepsy was predominant
grey matter injury (44%; 25/59), which was mostly seen in children born at term.

BSCP was the most common type of CP in children with epilepsy, while the children
with dyskinetic CP had the highest occurrence of epilepsy.

A more severe motor impairment, i.e., wheelchair ambulation, was associated with
more epilepsy (73%; 29/40) than preserved walking ability (31%; 30/98) (χ2 = 20.36;
p < 0.001). Most children without epilepsy were at GMFCS levels I and II.
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Table 1. Characteristics of children with cerebral palsy (CP) with and without epilepsy.

CP with Epilepsy CP without Epilepsy Total
n = 59 (%) n = 79 (%) n = 138

Sex
female 28 (47) 32 (53) 60
male 31 (40) 47 (60) 78

Gestational age
≤28 weeks 5 (33) 10 (67) 15
28–31 weeks 5 (29) 12 (71) 17
32–36 weeks 6 (27) 16 (73) 22
≥37 weeks 43 (51) 41 (49) 84

Apgar score < 5 at 5 min
≤36 weeks 3 (38) 5 (62) 8
≥37 weeks 12 (80) 3 (20) 15

Neonatal seizures ≤ 72 h
Yes 27 (63) 16 (37) 43
No 32 (34) 63 (66) 95

Neuroimaging
A. Maldevelopments 7 (64) 4 (36) 11
B. Predominant white

matter injury 15 (28) 39 (72) 54

C. Predominant grey
matter injury 25 (58) 18 (42) 43

C1. Basal
ganglia/thalamus lesions 13 (65) 7 (35) 20

C2. Cortical-subcortical
lesions only 8 (67) 4 (33) 12

C3. Arterial infarctions 4 (36) 7 (64) 11
D. Miscellaneous 11 (100) 0 11
E. Normal 1 (8) 12 (92) 13
Normal CT 0 2 (100) 2
Not done 0 4 (100) 4

Type of cerebral palsy
USCP 14 (26) 39 (74) 53
BSCP 24 (46) 28 (54) 52
Dyskinetic CP 17 (71) 7 (29) 24
Ataxic CP 4 (44) 5 (56) 9

GMFCS level
I 15 (24) 47 (76) 62
II 6 (29) 15 (71) 21
III 9 (60) 6 (40) 15
IV 12 (57) 9 (43) 21
V 17 (89) 2 (11) 19

Data are n (%). USCP; unilateral spastic cerebral palsy. BSCP; bilateral spastic cerebral palsy. GMFCS; Gross
Motor Function Classification System.

3.1. Epilepsy Characteristics

Many children (37%; 22/59) had epilepsy onset during the first year of life (Figure 1).
Most children (80%; 47/59) had an epilepsy diagnosis before five years, and by the

age of ten all 59 had an epilepsy diagnosis. Age at onset varied by CP type. All six children
with spastic tetraplegia had epilepsy onset before one year of age, while all four children
with ataxic CP developed epilepsy at a later age.

Details on epilepsy in the 59 children, by CP type, are described in Table 2. In a few
cases it was not possible to determine the frequency or detailed semiology of seizures due
to lack of information in the medical records.
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Figure 1. Cumulative frequency of epilepsy by age of onset (in years) in 59 children with epilepsy and
unilateral spastic cerebral palsy (USCP), bilateral spastic cerebral palsy (BSCP; divided into diplegia
and tetraplegia) and dyskinetic cerebral palsy.

Table 2. Characteristics of epilepsy in 59 children with cerebral palsy (CP).

USCP BSCP Dyskinetic CP Ataxic CP Total
n = 14 n = 24 n = 17 n = 4 n = 59 (%)

Type of seizures
Focal 11 13 8 2 34 (57)
Generalized 1 3 1 2 7 (12)
Multiple types 2 8 7 0 17 (29)
Unknown 0 0 1 0 1 (2)

EEG: epileptic
discharges (most
recent EEG)

Focal 10 15 8 1 34 (57)
Multifocal 1 7 7 1 16 (27)
Generalized 0 0 0 1 1 (2)
CSWS 1 0 0 0 1 (2)
Normal 2 2 2 1 7 (12)

Seizure frequency
(last year)

Seizure free 4 6 4 1 15 (25)
Seldom 7 4 5 1 17 (29)
Monthly 0 5 0 1 6 (10)
Weekly 0 1 1 0 2 (3)
Daily 1 5 2 0 8 (14)
Cluster 2 2 3 1 8 (14)
Unclear 0 1 2 0 3 (5)

Apgar score < 5 at 5
min 0 4 10 1 15 (25)

Neonatal seizures ≤
72 h

Yes 3 9 12 3 27 (46)
No 11 15 5 1 32 (54)

Infantile spasms
Yes 0 2 6 0 8 (14)
No 14 22 11 4 51 (86)

Status epilepticus
Yes 3 2 6 0 11 (19)
No 11 22 11 4 48 (81)

Antiseizure
medication

Monotherapy 5 13 7 2 27 (46)
Polytherapy 7 10 9 1 27 (46)
No ASM 2 1 1 1 5 (8)

Information is based on data obtained from medical records in 2015. n; number. CSWS; continuous spike-and-wave
during sleep. ASM; antiseizure medication.

Focal seizures were the most common seizure type in all CP types (58%; 34/59), most
prevalent in USCP (79%; 11/14).
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Eight children had a history of infantile spasms, all with hypsarrhythmia on the EEG.
The age of onset of infantile spasms varied between 2,5 and 16 months. Six of them had
dyskinetic CP. Neuroimaging showed that four of the patients with infantile spasms had
cortical/subcortical injury, two had predominant white matter injury, one had lesions in
the basal ganglia, and one had miscellaneous findings. One child was at GMFCS level
IV, and seven were at GMFCS level V. All except one had severe ID. Seven out of eight
developed other types of seizures. One child had seizures seldom, one had seizures in
clusters, two had weekly and three daily seizures. One child with dyskinetic CP with a
history of infantile spasms, mild ID and predominant white matter injury was seizure free
without medication.

Seizure frequency varied from daily seizures (14%; 8/59) to seizures occurring less
than once a month (29%; 17/59), while 25% (15/59) of the children had been seizure free
for one to six years, most of whom had a history of focal seizures (Table 3).

Table 3. Seizure frequency in 59 children with cerebral palsy and epilepsy at the age of
9–12 years (2015).

Type of Seizures Seizure Free Unclear Seldom Clusters Monthly Weekly Daily Total

Focal seizures 12 2 10 3 3 0 4 34

Generalised seizures 1 0 3 1 1 1 0 7

Multiple seizure types 1 1 4 4 2 1 4 17

Unknown 1 0 0 0 0 0 0 1

Total 15 3 17 8 6 2 8 59

Children with BSCP had the highest frequency of daily seizures (21%; 5/24); two of
them had tetraplegia. (Table 2).

Nineteen per cent (11/59) of the children with epilepsy had a history of status epilepti-
cus once or on several occasions: six of them had dyskinetic CP.

3.2. EEG Findings

Epileptic discharges were present in 88% of the latest EEGs and were mainly focal
(58%) or multifocal (27%) (Table 2).

Eight children had one or several previous EEG recordings with CSWS. Five of them
had dyskinetic CP and three had USCP. The neuroimaging findings were basal ganglia le-
sion in five children (four with dyskinetic CP and one with USCP), and cortical/subcortical
injury, periventricular white matter injury and maldevelopment in one child each.

3.3. Epilepsy Treatment

Fifty-four of the 59 children with epilepsy had ASM in 2015 (92%). Out of 15 seizure
free children, 13 were still on medication. Half of the children still on ASM had monother-
apy and half had polytherapy: 17/54 (31%) had two, 9/54 (17%) three, and 1/54 (2%)
four ASMs.

The most common drug used in monotherapy was valproate (14/27), followed by
oxcarbazepine (6/27) and lamotrigine (5/27). There was a wide range of drug combinations
as polytherapy. Valproate was also the most common drug used in combination with
other drugs (18/27) such as lamotrigine, nitrazepam or levetiracetam, but many other
combinations were also used. Levetiracetam was the second most used drug in polytherapy,
used in different combinations in 12/27.

Valproate was a common drug in both sexes: 10/28 girls (36%) and 22/31 boys (71%)
were on valproate.

Out of the 44 children who were not seizure free, nine had been referred for presurgical
evaluation. Four children underwent epilepsy surgery between the age of 5 and 7 years,
with different surgical procedures. At the 2-year follow-up after surgery, one was seizure
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free, and two had more than 75% reduction in seizure frequency. Five children had been
referred for evaluation but were not accepted for surgery.

Two children had tried ketogenic diet without effect and the diet had been stopped.
Vagus nerve stimulator had not been used in the studied group.

3.4. Follow-Up in 2019

Between 2015 and 2019 one child with USCP and epilepsy was lost to follow-up
(moved abroad). There were no new cases of epilepsy, leaving 58 who were followed up.

Eleven children had become seizure free. Thus, 26 (17 girls and 9 boys) of 58 children
were seizure free (45%) and had been so for 1–10 years. Nine of the 26 seizure free children
were off medication. More girls than boys had become seizure free (χ2 = 5.52; p = 0.019).
Children with predominant white matter injury had more often become seizure free (79%;
11/14) than children with other neuroimaging findings, distributed on all other groups
(χ2 = 8.50; p = 0.004). Children with an early epilepsy onset (<2 years of age) were less
likely to become seizure free than those with a later onset (χ2 = 8.22; p = 0.004). Seven of
the 26 children had USCP, ten had BSCP, seven had dyskinetic CP while two had ataxic CP.
Less severe motor impairment (GMFCS level I–III) was found in 17 (65%) while 9 (35%)
used wheelchair ambulation. None of the 15 children at GMFCS level V and severe ID had
become seizure free at follow-up.

At follow-up 48/58 (83%) were on ASM, 20 on monotherapy and 28 on polytherapy.
Five out of six (83%) children with tetraplegia were on polytherapy. Valproate was still
the most common drug used in monotherapy (9/20) followed by lamotrigine (5/20).
The most common drug used in polytherapy was also valproate (19/28), followed by
levetiracetam (13/28). Similar drug combinations were used as in 2015. Three out of 10 girls
who had previously been on valproate had stopped medication and one had changed to
levetiracetam, but six girls aged 13–16 years were still on valproate, in combination therapy
in four and in monotherapy in two.

At follow-up at the age of 13–16 years, five more children, all with epilepsy, in total 84%
(49/58) had a diagnosis of ID. The occurrence of epilepsy increased by ID (χ2

trend = 48.05,
p < 0.001). All eight children with a history of infantile spasms had ID. Five with CSWS
had severe ID, and two had a cognitive level within the normal range.

Autism was more common in children with epilepsy than in those without (χ2 = 10.54;
p = 0.001), while there was no difference regarding ADHD (χ2 = 1,79; p = 0.18). Out of the
seizure free children 73% (19/26) had ID, 10 with mild and 9 with severe ID, leaving seven
(27%) with an intellectual level within the normal range. Eleven children had autism and
14 ADHD.

In children who were not seizure free, 94% (30/32) had ID, 4 with mild and 26 with
severe ID. Eleven children had autism and six had ADHD.

4. Discussion

The prevalence of epilepsy in children with CP in this population-based cohort was
43% which is slightly higher than in an earlier Swedish study [18]. As previously described,
the occurrence of epilepsy varied between different CP types [1], and it was more common
in children with dyskinetic CP and less frequent in USCP [3].

Epilepsy in dyskinetic CP was associated with a more severe clinical picture, with
infantile spasms and with CSWS. They had an early age of epilepsy onset, the highest
frequency of status epilepticus, and many were on polytherapy. The occurrence of CSWS
could be explained by the predominance of basal ganglia and thalamus lesions [19]. As
reported previously, ID and more severe motor impairment were common [20]. Children
with the most severe BSCP (tetraplegia) also had the highest seizure frequency and high
use of polytherapy.

Neuroimaging findings depend on the timing of the brain insult [9]. The higher
percentage of epilepsy seen in children born at term reflects their higher frequency of
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grey matter lesions, i.e., lesions acquired late in gestation. These results are in line with
previous studies [21,22].

Both ID and more severe motor impairment were per se also associated with a higher
frequency of epilepsy. A history of neonatal seizures, most common in dyskinetic CP, and
the presence of severe ID and motor impairment represented a higher risk of developing
epilepsy which is concurrent with other reports [23–26]. Symptomatic infantile spasms
have been reported to be associated with a higher risk to develop other types of seizures
and cognitive impairment [27]. Accordingly, almost all children with infantile spasms in
our study developed other types of seizures and most had severe ID and motor impairment,
related to the structural brain injury.

Epilepsy develops at an earlier age in children with CP compared to children without
other neurological disorders [23]. In our study age at onset of epilepsy varied between the
different CP types with earlier onset in children with the most severe BSCP, most likely due
to more widespread brain pathology than in milder cases.

It is sometimes a challenge to differentiate epileptic seizures from other involuntary
movements, especially in dyskinetic or ataxic CP [1]. Focal seizures were the most common
seizure type in our cohort, but many children had multiple seizure types, especially those
with dyskinetic CP and BSCP.

In our study the frequency of status epilepticus was 19% which was lower than in a
previous Swedish study (47%) with children born 1987–1994 [18] which may be a result of
improved treatment.

The most common finding on EEG was focal epileptic discharges also in children with
generalized seizures. It is possible that some of these had a focal start although it had
not been observed clinically. It is reasonable specifically to ask for a focal start in seizure
semiology, as children with CP almost always have a structural cause of their epilepsy.
Several children had multifocal epileptic discharges, most likely associated with the type
and extent of underlying brain abnormality. Even though EEG is an important complement
in the diagnosis of epilepsy it is important to remember that in children with CP, similar
changes may be found even in the absence of clinical seizures [1].

The proportion of seizure free children had increased with age from 25% to 45% at
the follow-up (at the age of 13–16 years), across all CP types. Similar findings have been
reported by Tsubouchi et al. [7]. In the study by Tokatly Latzer et al. there was no difference
in type of CP between the drug responsive or drug resistant epilepsy groups [6], while
in another study remission rates varied by CP type, with the lowest remission rate in
BSCP [28]. In our study, a better seizure outcome (seizure free for at least a year with or
without ASM) was seen in girls, children with later epilepsy onset and predominant white
matter injury, while children with epilepsy onset before 2 years of age, severe ID or severe
motor impairment had a higher risk of persisting seizures. This is important to bear in
mind when treating children with CP and epilepsy and when counselling their parents.
There seemed to be a reluctance to discontinue ASM in seizure free children, probably due
to the high risk of relapse, as reported by El Tantawi et al. [28]. However, we found that
many children were on polytherapy despite seizure freedom for more than one year, often
several years. We do not have the information if this was because attempts had been made
to reduce ASM leading to relapses or if ASM was kept “to be on the safe side”. It may
well be that at least the number of ASM could be reduced to the benefit of the children’s
development, considering the possible side effects.

Valproate was the most common drug used in mono- and polytherapy and even if
there was a slight decrease in its use in girls in 2019, there were still six girls in adolescence
using valproate despite its known teratogenicity and risk for hormone abnormalities and
polycystic ovarian syndrome [29].

Neuropsychiatric disorders such as ASD and ADHD are common in children with
CP and are often associated with ID [8]. In this study we found an association between
epilepsy and ASD but not with ADHD [30–32]. At the last follow-up we observed an
increase in the diagnoses of both ID and ASD in children with CP and epilepsy but not
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in the group without epilepsy. This may be related to a negative impact of epilepsy and
polytherapy on neurodevelopment as well as to the underlying brain impairment. In this
cohort we have previously shown that the occurrence of intellectual disability, autism and
ADHD increases with age as shown in repeated assessments [30]. Repeated assessments of
cognitive function during childhood are important, in order to reveal these disabilities [33].
The background of the deterioration is probably multifactorial.

A strength of this study is the use of a population-based CP register including all
children with CP born from 2003 to 2006 currently living in the county of Västra Götaland,
Sweden, which eliminates selection bias. We reviewed all medical records from the pae-
diatric clinics and habilitation centres comprising all possible places for the follow-up of
children with CP.

The limitations of this study were its retrospective nature, and the fact that seizure
semiology and frequency were not always well documented in the medical records.

5. Conclusions

In our population-based cohort of children with CP, 43% had epilepsy, all of them
with onset before or at the age of 10 years. BSCP was the most common type of CP in
children with epilepsy, while those with dyskinetic CP had the highest occurrence of
epilepsy. Focal epilepsy dominated in all CP types. Epilepsy was associated with severe
motor impairment, ID, and autism. Even if the epilepsy was often difficult to treat and
many children were on polytherapy, 45% had been seizure free for more than one year by
the age of 13–16 years. Prospective observational studies are warranted to identify cases
who benefit from reduction or discontinuation of ASM.

Author Contributions: Conceptualization, A.D.S.R., K.H. and I.O.; methodology, A.D.S.R., M.P.,
K.H. and I.O.; formal analysis, A.D.S.R., M.P., K.H. and I.O.; investigation, A.D.S.R., M.P., K.H. and
I.O.; writing—original draft preparation, A.D.S.R., K.H., I.O. and M.P.; writing—review and editing,
A.D.S.R., M.P., K.H. and I.O.; visualization, A.D.S.R. and M.P.; supervision, K.H. and I.O.; funding
acquisition, K.H. All authors have read and agreed to the published version of the manuscript.

Funding: The study was financed by grants from the Swedish state under the agreement between the
Swedish government and the county councils, the ALF-agreement (ALFGBG-726001) and by grants
from the Margarethahem Foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by The Regional Ethical Review Board in Gothenburg (ref 145-07 and 398-12).

Informed Consent Statement: No informed consent was required for the register study. Informed
consent was obtained for follow-up.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: We express our gratitude to Anders Hedström, at the Department of Clinical
Neurophysiology, Sahlgrenska University Hospital, Gothenburg for reviewing the EEGs and valuable
discussions about the EEG.

Conflicts of Interest: On behalf of all authors, the corresponding author states that there is no conflict
of interest.

References

1. Wallace, S.J. Epilepsy in cerebral palsy. Dev. Med. Child Neurol. 2001, 43, 713–717. [CrossRef]
2. Camfield, P.; Camfield, C. Incidence, prevalence and aetiology of seizures and epilepsy in children. Epileptic Disord. 2015, 17,

117–123. [CrossRef] [PubMed]
3. Himmelmann, K.; Uvebrant, P. Function and neuroimaging in cerebral palsy: A population-based study. Dev. Med. Child Neurol.

2011, 53, 516–521. [CrossRef]
4. Kulak, W.; Sobaniec, W. Risk factors and prognosis of epilepsy in children with cerebral palsy in north-eastern Poland. Brain Dev.

2003, 25, 499–506. [CrossRef] [PubMed]
5. Zafeiriou, D.I.; Kontopoulos, E.E.; Tsikoulas, I. Characteristics and prognosis of epilepsy in children with cerebral palsy. J. Child

Neurol. 1999, 14, 289–294. [CrossRef] [PubMed]

169



J. Clin. Med. 2023, 12, 346

6. Latzer, I.T.; Blumovich, A.; Sagi, L.; Uliel-Sibony, S.; Fattal-Valevski, A. Prediction of Drug-Resistant Epilepsy in Children With
Cerebral Palsy. J. Child Neurol. 2019, 35, 187–194. [CrossRef]

7. Tsubouchi, Y.; Tanabe, A.; Saito, Y.; Noma, H.; Maegaki, Y. Long-term prognosis of epilepsy in patients with cerebral palsy. Dev.
Med. Child Neurol. 2019, 61, 1067–1073. [CrossRef]

8. Påhlman, M.; Gillberg, C.; Himmelmann, K. Autism and attention-deficit/hyperactivity disorder in children with cerebral palsy:
High prevalence rates in a population-based study. Dev. Med. Child Neurol. 2020, 63, 320–327. [CrossRef]

9. Himmelmann, K.; Horber, V.; De La Cruz, J.; Horridge, K.; Mejaski-Bosnjak, V.; Hollody, K.; Krägeloh-Mann, I.; the SCPE Working
Group. MRI classification system (MRICS) for children with cerebral palsy: Development, reliability, and recommendations. Dev.
Med. Child Neurol. 2016, 59, 57–64. [CrossRef]

10. Himmelmann, K.; Uvebrant, P. The panorama of cerebral palsy in Sweden. XI. Changing patterns in the birth-year period
2003–2006. Acta Paediatr. 2014, 103, 618–624. [CrossRef]

11. Rosenbaum, P.; Paneth, N.; Leviton, A.; Goldstein, M.; Bax, M.; Damiano, D.; Dan, B.; Jacobsson, B. A report: The definition and
classification of cerebral palsy April 2006. Dev. Med. Child Neurol. Suppl. 2007, 109, 8–14.

12. Cans, C. Surveillance of cerebral palsy in Europe: A collaboration of cerebral palsy surveys and registers. Surveillance of Cerebral
Palsy in Europe (SCPE). Dev. Med. Child Neurol. 2000, 42, 816–824. [CrossRef]

13. Hagberg, B.; Hagberg, G.; Olow, I. The changing panorama of cerebral palsy in Sweden 1954-1970. I. Analysis of the general
changes. Acta Paediatr. Scand 1975, 64, 187–192. [CrossRef] [PubMed]

14. Palisano, R.; Rosenbaum, P.; Walter, S.; Russell, D.; Wood, E.; Galuppi, B. Development and reliability of a system to classify gross
motor function in children with cerebral palsy. Dev. Med. Child Neurol. 2008, 39, 214–223. [CrossRef]

15. Fisher, R.S.; Acevedo, C.; Arzimanoglou, A.; Bogacz, A.; Cross, J.H.; Elger, C.E.; Engel, J., Jr.; Forsgren, L.; French, J.A.; Glynn, M.;
et al. ILAE Official Report: A practical clinical definition of epilepsy. Epilepsia 2014, 55, 475–482. [CrossRef] [PubMed]

16. Fisher, R.S.; Cross, J.H.; French, J.A.; Higurashi, N.; Hirsch, E.; Jansen, F.E.; Lagae, L.; Moshé, S.L.; Peltola, J.; Perez, E.R.; et al.
Operational classification of seizure types by the International League Against Epilepsy: Position Paper of the ILAE Commission
for Classification and Terminology. Epilepsia 2017, 58, 522–530. [CrossRef]

17. Aaberg, K.M.; Bakken, I.J.; Lossius, M.I.; Søraas, C.L.; Tallur, K.K.; Stoltenberg, C.; Chin, R.; Surén, P. Short-term Seizure Outcomes
in Childhood Epilepsy. Pediatrics 2018, 141, e20174016. [CrossRef]

18. Carlsson, M.; Hagberg, G.; Olsson, I. Clinical and aetiological aspects of epilepsy in children with cerebral palsy. Dev. Med. Child
Neurol. 2003, 45, 371–376. [CrossRef]

19. Monbaliu, E.; Himmelmann, K.; Lin, J.-P.; Ortibus, E.; Bonouvrié, L.; Feys, H.; Vermeulen, R.J.; Dan, B. Clinical presentation and
management of dyskinetic cerebral palsy. Lancet Neurol. 2017, 16, 741–749. [CrossRef]

20. Ballester-Plané, J.; Laporta-Hoyos, O.; Macaya, A.; Póo, P.; Meléndez-Plumed, M.; Toro-Tamargo, E.; Gimeno, F.; Narberhaus, A.;
Segarra, D.; Pueyo, R. Cognitive functioning in dyskinetic cerebral palsy: Its relation to motor function, communication and
epilepsy. Eur. J. Paediatr. Neurol. 2017, 22, 102–112. [CrossRef]

21. Cooper, M.S.; Mackay, M.T.; Fahey, M.; Reddihough, D.; Reid, S.M.; Williams, K.; Harvey, A.S. Seizures in Children With Cerebral
Palsy and White Matter Injury. Pediatrics 2017, 139, e20162975. [CrossRef] [PubMed]

22. Reid, S.M.; Dagia, C.D.; Ditchfield, M.R.; Reddihough, D.S. Grey matter injury patterns in cerebral palsy: Associations between
structural involvement on MRI and clinical outcomes. Dev. Med. Child Neurol. 2015, 57, 1159–1167. [CrossRef]

23. Mert, G.G.; Incecik, F.; Altunbasak, S.; Herguner, O.; Mert, M.K.; Kiris, N.; Unal, I. Factors Affecting Epilepsy Development and
Epilepsy Prognosis in Cerebral Palsy. Pediatr. Neurol. 2011, 45, 89–94. [CrossRef]

24. Pavone, P.; Gulizia, C.; Le Pira, A.; Greco, F.; Parisi, P.; Di Cara, G.; Falsaperla, R.; Lubrano, R.; Minardi, C.; Spalice, A.; et al.
Cerebral Palsy and Epilepsy in Children: Clinical Perspectives on a Common Comorbidity. Children 2020, 8, 16. [CrossRef]
[PubMed]

25. Sadowska, M.; Sarecka-Hujar, B.; Kopyta, I. Evaluation of Risk Factors for Epilepsy in Pediatric Patients with Cerebral Palsy.
Brain Sci. 2020, 10, 481. [CrossRef]

26. Szpindel, A.; Myers, K.A.; Ng, P.; Dorais, M.; Koclas, L.; Pigeon, N.; Shevell, M.; Oskoui, M. Epilepsy in children with cerebral
palsy: A data linkage study. Dev. Med. Child Neurol. 2021, 64, 259–265. [CrossRef]

27. Riikonen, R. Infantile Spasms: Outcome in Clinical Studies. Pediatr. Neurol. 2020, 108, 54–64. [CrossRef] [PubMed]
28. El Tantawi, N.T.; Elmegid, D.S.A.; Atef, E. Seizure outcome and epilepsy patterns in patients with cerebral palsy. Seizure 2019, 65,

166–171. [CrossRef]
29. Gotlib, D.; Ramaswamy, R.; Kurlander, J.E.; DeRiggi, A.; Riba, M. Valproic Acid in Women and Girls of Childbearing Age. Curr.

Psychiatry Rep. 2017, 19, 58. [CrossRef]
30. Påhlman, M.; Gillberg, C.; Himmelmann, K. One-third of school-aged children with cerebral palsy have neuropsychiatric

impairments in a population-based study. Acta Paediatr. 2019, 108, 2048–2055. [CrossRef]

170



J. Clin. Med. 2023, 12, 346
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Abstract: The aim of this study was to evaluate our institutions airway management and complica-
tions after submandibular duct relocation (SMDR). We analysed a historic cohort of children and
adolescents who were examined at the Multidisciplinary Saliva Control Centre between March 2005
and April 2016. Ninety-six patients underwent SMDR for excessive drooling. We studied details of
the surgical procedure, postoperative swelling and other complications. Ninety-six patients, 62 males
and 34 females, were treated consecutively by SMDR. Mean age at time of surgery was 14 years and
11 months. The ASA physical status was 2 in most patients. The majority of children were diagnosed
with cerebral palsy (67.7%). Postoperative swelling of the floor of the mouth or tongue was reported in
31 patients (32.3%). The swelling was mild and transient in 22 patients (22.9%) but profound swelling
was seen in nine patients (9.4%). In 4.2% of the patients the airway was compromised. In general,
SMDR is a well-tolerated procedure, but we should be aware of swelling of the tongue and floor of
the mouth. This may lead to a prolonged period of endotracheal intubation or a need for reintubation
which can be challenging. After extensive intra-oral surgery such as SMDR we strongly recommend
a extended perioperative intubation and extubation after the airway is checked and secure.

Keywords: Sialorrhea; cerebral palsy; submandibular duct relocation; postoperative management

1. Introduction

Drooling can be a serious problem in up to 58% of children and adolescents with
cerebral palsy (CP) and other neurodevelopmental disabilities [1]. Unintentional loss of
saliva may occur as a result of dysfunctional oral control, infrequent swallowing and
diminished oral sensitivity [1]. This can cause physical discomfort (i.e., maceration of the
skin) as well as emotional consequences (i.e., social isolation and lowered self-esteem).
Different treatment options have been suggested in the past, such as oral motor therapy,
behavioural treatment, systemic anticholinergic drugs, Botulinum Toxin injections and
surgical treatments [1]. Although invasive, surgery is considered to be the most effective
therapy to reduce drooling.

Submandibular duct relocation (SMDR) is a commonly performed procedure. During
this procedure both submandibular ducts are relocated towards the base of the tongue
and most often the sublingual glands are resected simultaneously. It involves relatively
extensive floor of mouth surgery. Complications following this surgery may include
postoperative pain, swelling of the submandibular gland, floor of the mouth and/or
tongue, ranula formation, xerostomia, wound infection, inflammation of a salivary gland
(sialadenitis), secondary bleeding or lingual nerve palsy [1–3]. Swelling of the floor of
the mouth or tongue is a relatively common side effect reported by researchers, which
could cause a life threatening airway obstruction in combination with difficult intubation
conditions. Reintubation in an emergency setting is already challenging but in combination
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with severe swelling in the oral cavity and an often spastic, physically and mentally disabled
child or young adult might make it impossible.

Although SMDR could cause a postoperative airway obstruction, most publications
only briefly mention this potential life-threatening complication or do not describe it at all.
A protocol of the postoperative period is rarely mentioned. To prevent airway obstruction
in case of floor of the mouth swelling, children in our centre are admitted to a paediatric
intensive care unit (PICU) and stay sedated and intubated for an extended period of time
after surgery. Post-operative prolonged intubation protects the airway from obstruction to
avoid potentially lethal respiratory problems in these already vulnerable children. Most
children that we treat for drooling have physical and/or mental disabilities. They wake up
after surgery and often do not understand what is happening. This could result in panic or
distress, which may lead to increased movement and agitation. Manual manipulation of
the intra-oral wounds or sutures may lead to haemorrhage. Disabilities of these children
often make it difficult for them to follow our instructions.

The aim of this study is to investigate the complications of SMDR and evaluate if
prolonged endotracheal intubation postoperatively is indicated to secure the airway.

2. Materials and Methods

2.1. Ethical Considerations

The present study was conducted in accordance with national and international ethical
standards, and the Regional Committee on Research Involving Human Subjects approved
the study. Before surgery informed consent was provided by caregivers for SMDR.

2.2. Patients

This study analysed a historic cohort of children and adolescents who were examined
at the Multidisciplinary Saliva Control Centre of the Radboud university medical centre
Nijmegen, the Netherlands, between March 2005 and April 2016. Ninety-nine patients had
SMDR with simultaneous excision of the sublingual glands for excessive drooling. We
excluded 3 patients because of their age (>24 years) [4]. All participants were considered to
have a safe pharyngeal phase of swallowing. None of the children had previous surgical
procedures of the floor of the mouth or for saliva control. Information was collected con-
cerning age at time of surgery, duration of surgery, postoperative management, duration
of intubation, and duration of hospital stay. Occurrence of tongue or floor of the mouth
swelling, stridor, postoperative pneumonia and atelectasis were reviewed. Any other com-
plications occurring during surgery or postoperatively were also identified. Co-morbidity
was assessed preoperatively by an anaesthesiologist using the ASA physical status.

2.3. Procedure

All surgery were performed under general anaesthesia by the same surgeon. After the
papillae of the submandibular ducts were located, the floor of the mouth was infiltrated
with Xylocaine 2% with Epinephrine 1:80,000, and an incision was made to create two
mucosal islands containing the papilla. The submandibular duct was freed from anterior
to posterior, taking special care to prevent damage to the lingual nerve. The sublingual
glands were resected bilaterally to prevent ranula formation. After submucosal re-routing
of the submandibular ducts to the oropharynx, the papillae were sutured at the base of the
tongue with a single stitch, posterior to the glossopharyngeal plica. Meticulous coagula-
tion was performed. We routinely prescribed a 7-day postoperative course of antibiotics
(amoxycilline/clavulanic acid) with 5 days of diclofenac for pain management [5].

Postoperative management changed in 2006. Before 2006 most patients returned to
the ward after surgery. In 2005 a life-threatening complication occurred (airway obstruc-
tion due to postoperative haemorrhage), which led to a change in our standard protocol
(meticulous bipolar coagulation, local anaesthetics with adrenalin, pre-emptive antibiotics
and prolonged intubation with overnight PICU stay). Since 2006 patients were observed
overnight at a PICU. Patients remained sedated and (endotracheally) intubated overnight.
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The next day swelling of the floor of the mouth and tongue was evaluated by a resident ENT
by intraoral assessment and in case of absent or minor swelling patients were extubated
after weaning.

2.4. Statistical Analysis

Descriptive statistics were employed to summarize patient characteristics. All statistical
analyses were performed using SPSS 20.0 for Windows (SPSS Inc, Chicago, IL, USA).

3. Results

Characteristics of the 96 patients included for analyses are shown in Table 1. The mean
surgical time was 92 min (range 42–193 min), with a mean duration of hospital stay of
4 days (range 2–11 days). All patients were intubated using a nasotracheal cuffed tube.
Sixty-two patients received pre-emptive steroids during or after surgery, of the remaining
patients 30 did not receive steroids, and of four patients there were no records available.
Ninety-three patients received antibiotic treatment during and after surgery, one patient
did not receive antibiotics, and of two patients there are no records.

Table 1. Demographic data.

No. Patients (Valid %) N = 96

Gender
Male 62 (64.6%)

Female 34 (35.4%)

Age
Mean (range) 14.9 (6–24)

Diagnosis
Cerebral palsy a

Bilateral paresis 61 (63.5%)
Unilateral paresis 4 (4.2%)

Other neurodevelopmental disabilities 31 (32.3%)

ASA grade
1 11 (11.5%)
2 53 (55.2%)
3 30 (31.3%)

Unknown 2 (2.1%)

GMFCS level (N = 65)
I 4 (6.2%)
II 8 (12.3%)
III 19 (29.2%)
IV 21 (32.3%)
V 13 (20.0%)

Epilepsy
Controlled 43 (44.8%)
Intractable 15 (15.6%)

No epilepsy 38 (39.6%)

Developmental age
<4 yrs 50 (52.1%)

4–6 yrs, IQ < 70 18 (18.8%)
4–6 yrs, IQ > 70 3 (3.1%)

>6 yrs 18 (18.8%)
Unknown 7 (7.3%)

a Confirmed by a paediatric neurologist. GMFCS = Gross Motor Function Classification System, only applicable
for children with cerebral palsy; I = Able to walk, II = Difficulty with uneven surfaces, III = Walks with assistive
mobility devices, IV = Walking ability severely limited with assistive devices, V = Impaired in all areas of motor
function; IQ = Intelligence Quotient.
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Six of the nine patients who had surgery in 2005, were extubated directly after surgery.
Since January 2006 all children (N = 87) were admitted to an PICU with prolonged sedation
and intubation after surgery. The mean duration of stay at the PICU was 33 h (range 8–148)
with a mean duration of intubation of 24 h (range 3–96). One patient had an unplanned
extubation, which was self-inflicted 3 h after surgery.

3.1. Complications concerning Airway Obstruction

A tree graph of complications is shown in Figure 1. Swelling of the floor of the mouth
or tongue was reported in 31 patients (32.3%). The swelling was mild and transient in
22 patients (22.9%) and profound swelling was seen in nine patients (9.4%). Floor of the
mouth swelling was mostly due to oedema. Haematoma was only reported in two patients.
Minor bleeding occurred in one patient, which stopped spontaneously without swelling of
the floor of the mouth. In one patient there were no records of swelling of the floor of the
mouth. 9.7% of the patients who received pre-emptive steroid had profound swelling, 6.7%
of the patients who did not receive pre-emptive steroids had profound swelling.

Figure 1. Complications. Tree graph of complications after SMDR.

In 2005 one of the patients, who was not admitted to a PICU immediately after surgery,
developed profound swelling of the tongue and neck, stridor and increasing respiratory
insufficiency within a few hours after surgery. The patient was rushed back to the OR,
where an awake flexible nasotracheal intubation was performed and corticosteroids were
given. The patient was admitted to the PICU, where he developed a pneumonia (possibly
due to aspiration) and stayed on mechanical ventilation for five days. The intraoral swelling
subsided and pneumonia was successfully treated with antibiotics. The patient left the
hospital 7 days after surgery.

In four out of the nine patients with profound intraoral swelling, prolonged intubation
was deemed necessary(4.2% of the 96 patients). These four patients were admitted to the
PICU directly postoperatively according to protocol. Three patients had swelling of the
floor of the mouth with tongue protrusion and were mechanically ventilated for 48 h, after
which the swelling had decreased. During mechanical ventilation one of these patients
developed a pneumonia, which was successfully treated with antibiotics. One patient had
swelling of the neck and floor of the mouth with tongue protrusion due to a haematoma
on the inferior part of the tongue and was mechanically ventilated for four days until the
swelling subsided. No reintubations were necessary.

In four out of the nine patients with profound intraoral swelling, prolonged intubation
was not deemed necessary (4.2% of the 96 patients). One patient had sufficient nasal
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flow/airway after extubation and was observed at the PICU for another 24 h, after which
the swelling had settled. In three patients the swelling was more anterior or caudal and did
not obstruct the airway.

3.2. Other Complications

Overall, patients experienced transient minor eating and drinking difficulties due to
pain and discomfort after the surgery. One child had postoperative eating difficulties that
necessitated tube feeding for three days. One child developed an atelectasis and postop-
erative pneumonia. One child experienced urinary retention one week postoperatively,
which required suprapubic catheterization. None of the children suffered from ranulas or
inflammation of the floor of the mouth. Four patients experienced transient minor nasal
bleeding due to the nasotracheal intubation. One patient had a pressure ulcer located at the
nose where the nasotracheal tube was positioned.

4. Discussion

SMDR is a well-tolerated procedure in children and adolescents. However, in our
cohort almost 10% of these patients developed profound swelling of the tongue and floor
of the mouth. In half of these cases a compromised airway was observed. Therefore, SMDR
seems to justify prolonged postoperative intubation.

The strength of our study is the study sample size. Our study also has limitations,
being the retrospective nature of the study, with a few missing data. We only provide
descriptive statistics and did not have a control group. Our main goal of this study was
to raise awareness of the risks involved in extensive floor of the mouth surgery related to
postoperative airway control.

What is the role of SMDR in the broad spectrum of treatment options for excessive
drooling? In our center a multidisciplinary team (a speech and language therapist, a psy-
chologist, a paediatric neurologist, and an otorhinolaryngologist) evaluates all of these
patients. In case of sufficient developmental age oral motor therapy and behavioral treat-
ment could provide a good option. In young children who are not suitable for behavioral
treatment with Botulinum Toxin injections can be effective. Botulinum Toxin injections
reduce the amount of saliva by inhibiting the parasympathetic release of acetylcholine.
This has shown to be effective in approximately 50% of children for 6–8 months. Although
the effect is temporary, repeated injections are possible. If a more definitive solution is
necessary surgery is an option. Our previous research showed that the effect of Botulinum
Toxin injections is not a predictor for outcome of SMDR [6]. In our center children with safe
oropharyngeal swallowing and non-progressive disease SMDR is the preferred surgical pro-
cedure. Due to the risk of aspiration in case of posterior drooling bilateral submandibular
gland excision provides a good alternative [7]. If SMDR or submandibular gland excision
have insufficient results, parotid duct ligation can be considered in addition.

Previous authors report that submandibular duct relocation with sublingual gland
excision is a relatively safe procedure, though complications that could lead to airway
obstruction are reported as well. Percentages reported of swelling of the floor of the mouth
and airway obstruction vary between 1.4% and 25% [8–12]. Overall transient swelling of
the tongue and floor of the mouth is mentioned by many authors. Although most studies
describe the minor and major postoperative complications, preventions or treatment are
scarcely mentioned.

Airway obstruction after floor of the mouth surgery can be a serious complication.
PICU admittance with prolonged intubation and sedation prevents agitation in these
children and can ease caregivers and surgeons’/anaesthesiologists’ worries. Especially
reintubation can be extremely difficult. With cerebral palsy being the leading diagnosis in
this group of patients they already experience the effects of hypoxia on a daily basis.

On the other hand, prolonged intubation with or without mechanical ventilation has
its disadvantages as well. Apart from the high costs associated with an overnight stay at a
PICU ward, it also has an impact on parents and caregivers to see their child sedated and
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intubated on an PICU bed. Prolonged mechanical ventilation is mostly well tolerated, but
has risks which could affect the health of the children. Mechanical ventilation could cause
atelectasis, pulmonary oedema, pneumonia and (adult) respiratory distress syndrome [13].
With mechanical ventilation there is a need for sedation, which could cause withdrawal
or delirium. It is important to avoid unnecessary mechanical ventilation. Also, there are
sometimes a limited number of PICU beds available, which could result in OR planning
problems or a need to reschedule surgery.

To date, no studies comparing postoperative PICU and non-PICU admission for SMDR
have been performed. Without PICU admittance it is questionable where children after
SMDR should be admitted. A child neurology ward has experience with these neurologically
disabled children but has little knowledge of airway problems. An Ear, Nose, and Throat ward
has knowledge about the procedure and airway problems but has little experience with these
vulnerable children often requiring special care. Without a safe alternative, PICU admission
might be the only option to maintain a safe airway postoperatively.

A relatively minor bleeding in the floor of the mouth could lead to substantial obstruc-
tion of the airway. In case of progressive swelling of the tongue or floor of the mouth a
regular transoral intubation quickly becomes impossible. The remaining options in this
case are awake flexible nasotracheal intubation or a challenging tracheotomy under local
anaesthesia/anaesthetics. Both of these options are not desirable in neurologically disabled,
often spastic, children. Cerebral palsy is often caused due to oxygen deprivation at birth. If
awake flexible nasal intubation fails, there is a chance that an emergency tracheotomy has
to be performed. A second time of oxygen deprivation should be avoided at all cost for
both medical as well as emotional reasons.

The consequences if reintubation and a tracheotomy in a life-threatening situation fail
are immense. There is no risk acceptable to possibly lose the life of one of these children.
In our series it is reasonable to expect that the 4.2% that could not be extubated after
prolonged intubation due to a compromised airway would have been candidates for a
challenging reintubation in the event we had extubated them directly postoperatively. To
lose a child with such a difficult airway in case reintubation fails is realistic and we can
question whether it is justified to take such a risk.

Our study and the literature indicate that there is a reasonable risk of postoperative
airway obstruction. In our view, the increased cost and added risk of minor complications
associated with PICU admittance outweigh the risk of postoperative oral-oropharyngeal
obstruction. As in most day-to-day situations, insurance against low-risk high-damage
events is preferable over a higher risk of inconvenience. Therefore, we think postoperative
PICU admittance is indicated.

Implications for Practice
SMDR is an effective treatment to decrease drooling in children and adolescents with

developmental disabilities. However, our case series shows a significant risk of postop-
erative airway obstruction in 9.4% of the patients necessitating prolonged intubation in
4.2%. In order to prevent a life threatening airway compromise we recommend SMDR to
be performed by an experienced surgeon with meticulous bipolar coagulation to prevent
haemorrhage, local anaesthetics with adrenalin, pre-emptive antibiotics, overnight nasotra-
cheal intubation and sedation. Only extubate the patient after the airway has been carefully
checked. In case of profound swelling further prolonged intubation and treatment with
steroids should be considered.
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Abstract: Only cross-sectional studies have demonstrated muscle deficits in children with spastic
cerebral palsy (SCP). The impact of gross motor functional limitations on altered muscle growth
remains unclear. This prospective longitudinal study modelled morphological muscle growth in
87 children with SCP (age range 6 months to 11 years, Gross Motor Function Classification System
[GMFCS] level I/II/III = 47/22/18). Ultrasound assessments were performed during 2-year follow-
up and repeated for a minimal interval of 6 months. Three-dimensional freehand ultrasound was
applied to assess medial gastrocnemius muscle volume (MV), mid-belly cross-sectional area (CSA)
and muscle belly length (ML). Non-linear mixed models compared trajectories of (normalized) muscle
growth between GMFCS-I and GMFCS-II&III. MV and CSA growth trajectories showed a piecewise
model with two breakpoints, with the highest growth before 2 years and negative growth rates
after 6–9 years. Before 2 years, children with GMFCS-II&III already showed lower growth rates
compared to GMFCS-I. From 2 to 9 years, the growth rates did not differ between GMFCS levels. After
9 years, a more pronounced reduction in normalized CSA was observed in GMFCS-II&III. Different
trajectories in ML growth were shown between the GMFCS level subgroups. These longitudinal
trajectories highlight monitoring of SCP muscle pathology from early ages and related to motor
mobility. Treatment planning and goals should stimulate muscle growth.

Keywords: cerebral palsy; ultrasound; piecewise model; muscle volume; cross-sectional area; GMFCS

1. Introduction

Skeletal muscle changes are frequently manifested in children with spastic cerebral
palsy (SCP) which interact with the neuromotor functioning throughout development [1–3].
However, the underlying mechanisms of this potential bilateral causations or associated
presence remain unknown. Additionally, neuromotor impairments, such as spasticity and
weakness, manifest from young ages, and result in heterogenous clinical presentations of
children with SCP [1,4–7]. To classify the children based on functional abilities in daily life,
the Gross Motor Function Classification System Expanded and Revised (GMFCS-E&R) is
frequently used [8]. The 5 GMFCS levels are defined using standardized descriptions for
which the lower levels indicate higher motor abilities. To reduce and manage the impact of
neuromotor impairments on the daily motor functioning, children with SCP are frequently
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treated at the muscular level (e.g., botulinum neurotoxin injection or casting) from young
ages [9].

In typical development, morphological muscle growth is triggered by body size
increases and responds to the demands through protein synthesis [10–12]. However, for
children with SCP, previous research highlighted lower increases in medial gastrocnemius
(MG) muscle volume (MV) with increasing age, which was unrelated to the rate of skeletal
growth and already presented at the age of 15 months [13]. Taking body length and
mass into account, MVs were found to reduce by 3% over a 6-month follow-up period
in 2–5 years old children with SCP [14]. Over the age ranges of 2 to 12 years, cross-
sectional investigations identified normalized medial gastrocnemius MV deficits of 22–57%
and shorter normalized muscle belly lengths (MLs) with deficits of 11–19% compared
to age-matched typically developing (TD) children [15–19]. Since the muscle is a very
plastic tissue, the observed muscular changes in SCP could reflect adaptations to the
functional demands including altered muscle tone and limited motor functioning [12].
Indeed, previous cross-sectional studies demonstrated increasing muscle pathology, such
as deficits in MV, anatomical cross-sectional area (CSA) and ML, in relation to higher
GMFCS levels [8,13,18,20,21]. Yet, research to date has not determined the impact of the
severity in motor impairments on the trajectory of altered muscle growth. Overall, these
previous cross-sectional observations highlighted significant alterations in the SCP muscle
from a young age, which were suggested to be multifactorial in origin, for example due to
impaired neural activation, inflammation and altered or non-use of the muscle [3,12,22–24].

Up to now, cross-sectional investigations have already suggested altered associations
between muscle morphology and age in SCP versus TD children [13,16]. These previous
studies assumed a linear trajectory of morphological muscle growth with age. However,
much uncertainty remains in the variability of the trajectories for altered muscle growth
over the time-span from infancy to school ages and between different levels of severity in
children with SCP [13,16,25]. Further, MV is frequently reported apart from the estimates
of muscle growth in the cross-sectional dimension (e.g., CSA) and longitudinal dimension
(e.g., ML). To delineate the muscle growth trajectories, repeated assessments over time per
individual are required. These longitudinal datasets generate child-specific profiles per
morphological measure. A better understanding of this time course may shed light on
opportunities for the planning, development and promotion of muscle growth strategies,
whether or not combined with the conventional therapeutic strategies.

The current prospective longitudinal study investigated morphological MG muscle
growth over a wide age span, including infants (6 months–2 years), preschool (2–5 years)
and school-aged SCP-children (6–11 years). The first objective was to model the muscle
growth trajectory with respect to age by using repeated muscle assessments. Growth in the
MG muscle morphology was expressed for different absolute and normalized outcomes.
Second, we aimed to compare the trajectories in muscle growth between the GMFCS levels
I and II–III. We hypothesized gradually increased morphological muscle outcomes (i.e.,
muscle volume, mid-belly cross-sectional area and belly length) with increasing age, with
lower muscle growth rates in children of the higher GMFCS levels.

2. Materials and Methods

2.1. Study Design and Participants

This prospective, observational cohort study was designed with a prospective lon-
gitudinal research protocol of repeated assessments and was conducted between April
2018 and March 2022. Over a follow-up period of 2 years, predefined intervals of minimal
6 months up to 2 years were set between the repeated assessments. These intervals further
depended on the timing of the regular clinical follow-up appointment during which the
assessments were performed. As a result, the observational data was included with 2 to
5 assessments per child. Via the Clinical Motion Analysis Laboratory (CMAL-Pellenberg)
and Cerebral Palsy Reference Center of the University Hospitals Leuven, children with a
diagnosis of SCP confirmed by a pediatric neurologist, were recruited. SCP-children aged
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between 6 months and 9 years at baseline, with bi- or unilateral involvement and with
GMFCS-E&R levels I to III, defined by the criteria per age-band [26], were included. Ad-
ditionally, the following exclusion criteria were applied at baseline and during follow-up:
(a) Botulinum neurotoxin type A (BoNT-A) treatment 10 months prior to the assessment
(b) serial casting 3 months prior to assessment and (c) history of orthopedic and/or neuro-
surgery. Considering potential change in GMFCS level over time, which could be expected
by consequence of motor development, especially at the youngest ages, the GMFCS level
at the last assessment was used to define subgroups. These subgroups, i.e., GMFCS level I
vs. level II & III, were selected to maximize the number of observations per group and to
reduce heterogeneity [7,27]. For the latter, it has been described that children with GMFCS
level I are more stable in motor function in comparison to children with levels II and III,
and this stability is found to be already established by the age of four years [7,27]. To
illustrate muscle deficits in the children with SCP, a retrospective dataset of cross-sectional
assessments in age-matched TD children were selected from the established reference
database at the CMAL-Pellenberg. This database included TD children with no history of
neurological, neuromuscular or orthopedic disorders. Criteria for selecting the TD children
for the current study were: (a) aged between 6 months and 9 years old and (b) assessments
collected with similar measurement equipment and protocol as applied for the SCP par-
ticipants. The study protocol was approved by the Ethical Commission UZ/KU Leuven,
Leuven, Belgium (S59945, S62187, S62645) and registered (NCT05197764). Written informed
consent was obtained for all participants.

2.2. Measurements

The three-dimensional freehand ultrasound (3DfUS), combining a conventional 2D US
device and a motion tracking system, was used. This technique has proven to be valid and
reliable for measuring healthy and pathological muscles, even from early ages [13,28–30].
The US device settings were kept constant throughout the study period. Details on the
3DfUS equipment and measurement protocol are given in previous studies [19,20]. While
positioned in prone, the most affected leg was measured in all SCP participants, whereas
a random leg was selected for TD children. The most affected leg was defined according
to the MG spasticity and ankle joint range of motion (ROM) measured during a stan-
dardized clinical examination (Modified Ashworth Scale and goniometry, respectively)
at the time of the baseline assessment [31]. The assessed leg remained the same for all
follow-up assessments. Three experienced researchers were involved in the assessments
with only 2 researchers for the same participant. Two of these researchers undertook the
data processing, one of whom performed the data analysis. During the processing of the US
images, the researchers were blinded to the GMFCS levels and timing of the assessment. All
involved researchers were extensively trained in the CMAL research group and followed
predefined guidelines and regular meetings to maximize similarities in the prescribed
acquisition and processing workflow [32]. The inter-rater and intra-rater inter-session
reliability was previously demonstrated with an intra-class correlation of minimal 0.95 [33].
Furthermore, the Portico (i.e., concave-shaped holder combined with concave gel pad) was
used to minimize inter-acquire differences in probe pressure [34]. STRADWIN software
(Version 6.0, Mechanical Engineering, Cambridge, UK) was used for both data acquisition
and processing. MV (in mL) was defined by manually drawing muscle segmentations
alongside the inner muscle border, starting from the medial femoral condyle until the last
image of the muscle belly before approaching the muscle tendon junction. Subsequently, a
cubic planimetry technique was applied for interpolation of the defined segmentations [35].
The mid-belly segmented anatomical CSA was extracted and is further referred to as the
CSA (in mm2). The ML of the MG muscle (in mm) was defined as the Euclidean distance
between the muscle origin at the most superficial aspect of the medial femoral condyle and
the muscle tendon junction. Accounting for inter-individual anthropometric variability and
in line with previous studies, ratio scaling was applied for which the MV was normalized
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to the product of body mass and length (nMV, mL/(kg·m)), CSA to body mass (nCSA,
mm2/kg) and ML to body length (nML, %) [14,36].

2.3. Statistical Analysis

Participant characteristics and muscle outcomes at the baseline assessment were sum-
marized by descriptive statistics reporting frequencies and median (interquartile ranges,
IQ1-IQ3). Non-normality was confirmed with Shapiro–Wilk’s test. Two subgroups con-
sidering the motor impairments were used: subgroup 1, GMFCS level I and subgroup 2,
GMFCS level II & III. To model the change in muscle morphology with respect to age,
non-linear mixed models were used [37,38]. These models accommodate (a) unbalanced
longitudinal datasets, resulting from variable spacing of follow-up intervals and different
numbers of follow-up assessments among the children with SCP, and (b) the correlation
between the repeated assessments taking the variance between and within the children
with SCP into account. Fixed effects were (a) the age (expressed in years) at the time of
assessments within each child, representing the time-effect and (b) covariate, representing
GMFCS with its specific subgroups to describe within-group and compare between-group
changes in the muscle growth. Random intercepts were added to model the variability
in the starting point between the children with SCP. To capture the changes in the tra-
jectory of morphological muscle growth with age, piecewise models were allowed. The
following workflow was used to construct these models: first, the average trend (i.e., mean
structure) was explored by performing Loess regressions and by plotting the observed
individual longitudinal trajectories. These explorations suggested piecewise trends, i.e.,
constatation of linear trends interrupted by breaking points. Second, residual trajectories
calculated from the Loess regressions and the observed variance function (i.e., the change
of the squared residuals over time) were explored, to define the random-effect structure. A
random intercept was selected based on the exploration closely approaching a constant
variance. Estimated starting values from the graphical explorations were used in the logistic
piecewise models to obtain the predicted intercept, regression coefficients, breakpoints at
specific ages, variance of the random intercept and measurement error.

The observed morphological outcomes included the MV, nMV, CSA, nCSA, ML and
nML. The model with the jth observation in child i for GMFCS group g (GMFCS I = I and
GMFCS II–III = II–III to estimate the response was described as follows:

Responsijg = (α0g + a1ig) + β1g ∗ ageijg + ε(1)ijg if age < c1

Responsijg = (α0g + a1ig) + c1g ∗ (β1g − β2g) + β2g ∗ ageijg + ε(1)ijg if c1 ≤ age < c2

Responsijg = (α0g + a1ig) + c1g ∗ (β1g − β2g) + c2g ∗ (β2g − β3g) + β3g ∗ ageijg + ε(1)ijg if age ≥ c2

With α0 = intercept; a1i = random intercept; c1 = first breakpoint; c2 = second break-
point; β1 = regression coefficient of the slope before first breakpoint; β2 = regression
coefficient of the slope after first breakpoint and before second breakpoint; β3 = regression
coefficient of the slope after second breakpoint; ε(1)ijg = measurement error.

An F-test was used to test (a) if the slopes and the breakpoints differ from zero, and
(b) if the slopes before and after the breakpoint differ from each other, confirming the
non-linear trajectory. After formulating the piecewise regression model, so-called empirical
Bayes estimates were calculated and used to assess the potential presence of outliers, i.e.,
patients with an “exceptional” starting point and evolution over time. Further, the F-test
was used to compare the regression coefficients and breakpoints within and between the
GMFCS groups. p-values were set at <0.05.

To enhance interpretation of the intercept, the age at all assessments was subtracted
by 2 years, and therefore, the intercept represented the response’s value at the age of
2 years. The regression coefficients of the slope represent the magnitude of response in
morphological muscle growth per year. The observed individual outcomes, observed
individual trajectories, predicted individual trajectories and predicted average trajectory
per morphological muscle outcome were plotted. The observed individual trajectories
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were also presented per GMFCS level, providing descriptive results per GMFCS level
(Figure S1). The individual observed outcomes of 102 TD children were visualized with
grey dots combined with boxplots for median (interquartile ranges) per 1-year age groups,
illustrating a cross-sectional reference dataset compared to the longitudinal trajectories of
the SCP children. For the TD children, the median cross-sectional growth rate for a specific
age range was calculated as the median of the muscle outcome divided by the median age.
Illustrations of morphological growth trajectories in each GMFCS group of the children
with SCP compared to a retrospective dataset of cross-sectional assessments in TD children
were added in Figure S2 and Table S1. All analyses were performed in SAS® (Statistical
Analysis Software version 9.4, SAS Institute Inc., Cary, NC, USA).

3. Results

Patient characteristics at the time of baseline assessment are summarized in Table 1.
At the end of the follow-up, muscle data was collected until 10.3 years for GMFCS I and
11.1 years for GMFCS II–III (Figure 1). Only nine children changed from GMFCS level
during the follow-up for which the re-classification was performed around 2–3 years of
age. The study sample received standardized clinical care such as regular physical therapy,
orthotic devices and medical and orthopedic services (e.g., serial casting and/or BoNT-A
injections when indicated) within a multidisciplinary clinical setting (Table S2). The results
of the piecewise models for the subgroups in GMFCS levels are summarized in Table 2,
Figure 2 and Table S3. The comparisons of slopes and breakpoints between the groups are
presented in Table 3.

Table 1. Participant characteristics of the children with SCP at baseline assessment.

Group GMFCS I GMFCS II–III

Participants 47 40
Observations 130 104
Sex (male/female) 25/22 21/19
GMFCS level (I/II/III) 47/0/0 0/22/18
Involvement (unilateral/bilateral) 37/10 14 (II, = 10 & III = 4)/26 (II = 12 & III = 14)
History of BoNT-A injection 11 7
Antropometric & muscle outcomes
Age (y) 4.66 (2.25–6.83) 2.88 (1.47–4.81)
Body mass (kg) 18.0 (13.0–22.0) 12.5 (10.0–16.4)
Body length (cm) 104.7 (88.5–121.1) 90.0 (77.8–106.0)
MV (mL) 28.2 (16.7–38.4) 13.6 (7.4–25.5)
CSA (mm2) 335.6 (260.1–392.1) 205.5 (162.3–285.8)
ML (mm) 127.1 (99.2–144.9) 96.0 (82.8–127.1)
nMV (mL/kg·m) 1.45 (1.26–1.58) 1.12 (0.92–1.39)
nCSA (mm2/kg) 19.4 (16.1–22.1) 16.1 (13.8–19.0)
nML (%) 11.7 (11.3–12.6) 10.9 (9.8–11.9)

The frequencies are presented for the general characteristics. Anthropometric and muscle data are presented as
median (interquartile 1–interquartile 3). SCP, spastic cerebral palsy; GMFCS, gross motor function classification
system; BoNT-A, botulinum neurotoxin type A; y, years; kg, kilogram; cm, centimeter; MV, muscle volume; ml,
milliliter; CSA, anatomical cross-sectional area; mm, millimeter; ML, muscle belly length; n, normalized; kg,
kilogram; m, meter.

For the GMFCS Level I group, the MV increased with 12.8 mL/year (β1, p < 0.0001) up
to 2.1 years of age (c1). After these infant ages, an MV increase of 5.7 mL/year was found
until the age of 7.8 years (β2, p < 0.0001 and c2, respectively). From this second breakpoint
at these older ages, a growth rate of 3.1 mL/year was found (β3, p = 0.0024) which was
significantly lower compared to growth rates for the younger ages (β1 vs. β3 and β2 vs.
β3, p < 0.05, Table S3). On the other hand, after an increase in nMV of 0.83 mL/kg·m per
year until 2.1 years, the nMV showed a non-significant rate of −0.03 mL/kg·m per year
until the age of 8.0 years (β2, p = 0.0933 and c2). After this second breakpoint, a rate of
−0.12 mL/kg·m per year was found (β3, p < 0.0001) for which this linear trend showed
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significantly more decline compared to the muscle growth rates before 2 years and between
2 and 8 years old (β1 vs. β3 and β2 vs. β3, p < 0.05, Table S3). Similar to the growth rate
in MV, the trajectory of CSA growth showed two breakpoints (age 2.2 years and 6.7 years,
respectively) with only in the first and second linear trend, a significant yearly increase in
CSA (β1 = 158.4 mm2/year, p < 0.0001; β2 = 37.0 mm2/year, p < 0.0001, respectively). The
nCSA trajectory showed after an increase of 8.88 mm2/kg per year only 1 breakpoint at
the age of 2.1 years followed by decrease in nCSA per year (c1 and β2= −0.96 mm2/kg per
year, p < 0.0001, respectively).

 
Figure 1. Representation of the number of the performed longitudinal assessments at the different
ages for the group of children with spastic cerebral palsy (SCP) (n = 87) of gross motor function
classification system level I (blue) versus levels II–III (red). The x-axis represents the ages at the time
of the repeated assessment. On the y-axis, each participant is represented on one line, with each
dot representing the performed assessments. The children were further ordered with increasing
age. The group of GMFCS level I included 47 children with a total of 130 assessments (average
(range) of 2.8 (2–5) assessments per child and average time of 10 months (4–25 months) between the
assessments. The group of GMFCS level II–III included 40 children with a total of 104 assessments
(average (range) of 2.6 (2–5) assessments per child and average time of 9 months (4–25 months)
between the assessments).
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Table 2. Fixed effects of the piecewise model for muscle morphology in GMFCS subgroups (level I,
n = 47; levels II–III, n = 40).

Intercept Regression Coefficients (β) and Breakpoints (c)

Outcome Participants α0
β1 (CI)
p-Value c1

β2 (CI)
p-Value c2

β3 (CI)
p-Value

MV

13.2 12.8 (8.4–17.1) 2.12 * 5.7 (4.6–6.7) 7.82 * 3.1 (1.1–5.1)GMFCS I <0.0001 <0.0001 0.0024

α0
β1 (CI)
p-value c1

β2 (CI)
p-value

GMFCS 11.1 * 4.5 (3.8–5.2) 9.13 * −0.8 (−5.1–3.5)
II–III <0.0001 0.7154

α0
β1 (CI)
p-value c1

β2 (CI)
p-value c2

β3 (CI)
p-value

nMV
GMFCS I 1.57* 0.83 (0.55–1.11) 2.11 * −0.03 (−0.07–0.01) 8.04 * −0.12

(−0.18–−0.06)
<0.0001 0.0933 <0.0001

α0
β1 (CI)
p-value c1

β2 (CI)
p-value

GMFCS 1.25 * 0.28 (0.14–0.42) 2.69 * −0.07 (−0.10–−0.03)
II–III <0.0001 0.0003

α0
β1 (CI)
p-value c1

β2 (CI)
p-value c2

β3 (CI)
p-value

CSA
GMFCS I 241.1 * 158.4 (115.6–201.2) 2.18 * 37.0 (23.1–50.9) 6.71 * 6.96

(−8.35–22.3)
<0.0001 <0.0001 0.3688

GMFCS 209.5 * 88.6 (0.99–1.38) 2.27 29.8 (4.62–6.80) 9.13 * −28.3
(−66.8–10.3)

II–III <0.0001 <0.0001 0.1483

α0
β1 (CI)
p-value c1

β2 (CI)
p-value

nCSA

22.4 * 8.88 (5.42–12.3) 2.09 * −0.96 (−1.38–−0.54)GMFCS I <0.0001 <0.0001

α0
β1 (CI)
p-value c1

β2 (CI)
p-value c2

β3 (CI)
p-value

GMFCS 18.4 * 2.70 (0.21–5.19) 2.70 * −0.86
(−3.89–−1.14) 9.13 * −2.52

(−3.89–−1.14)
II–III 0.0336 0.0138 0.0005

α0
β1 (CI)
p-value c1

β2 (CI)
p-value

ML
95.9 * 14.2 (12.2–16.3) 5.11 * 6.80 (4.57–9.02)GMFCS I <0.0001 <0.0001

GMFCS 91.3 * 18.8 (11.2–26.5) 2.10 * 8.59 (7.56–9.62)
II–III <0.0001 <0.0001

nML

11.7 * 0.33 (0.07–0.58) 5.13 * −0.10 (−0.26–0.06)GMFCS I 0.0125 0.1977
β1 (CI)
p-value

GMFCS 10.8 * 0.12 (0.03–0.21)
II–III 0.0096

The asterisks (*) indicate significance level at p < 0.05 for α and c. p-values in bold indicate significance level at
p < 0.05. The following symbols represent: α = outcome at the age of 2 years, β = rate of change in muscle outcome
per year, and c = age (years) of the breakpoint. The numbers (in subscript) associated with symbols β and c refer
to the order of the observed growth ratio and breakpoint, respectively, e.g., β1 as the first ratio before the c1, the
first breakpoint. SCP, spastic cerebral palsy; GMFCS, gross motor function classification system; n, number; CI
95% confidence interval; MV, muscle volume; n, normalized; CSA, anatomical cross-sectional area; ML, muscle
belly length.
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Figure 2. Predicted average trajectories (bold solid line) for the (i) absolute and (ii) normalized muscle
morphology in SCP children with GMFCS level I (blue) and GMFCS level II–III (red). Observed
outcomes (dots) and individual predicted trajectories (lines) are presented. SCP, spastic cerebral
palsy; GMFCS, gross motor function classification system; MV, muscle volume; ml, milliliter; CSA,
anatomical cross-sectional area; mm, millimeter; ML, muscle belly length; n, normalized; kg, kilogram;
m, meters.

188



J. Clin. Med. 2023, 12, 1564

Table 3. Results of the comparison in slopes and breakpoints between the GMFCS subgroups.

Outcome GMFCS I vs. II–III Δ p-Value

MV

β1, I vs. β1, II–III 8.24 0.0003
β2, I vs. β1, II–III 1.16 0.0712
β3, I vs. β2, II–III 3.91 0.1069
c2, I vs. c1, II–III 1.31 0.0326

nMV

β1, I vs. β1, II–III 0.55 0.0007
β2, I vs. β2 II–III 0.04 0.1710
β3, I vs. β2, II–III 0.05 0.1272
c1, I vs. c1, II–III 0.58 0.0040
α1, I vs. α1, II–III 0.32 0.0056

CSA

β1, I vs. β1, II–III 69.8 0.0112
β2, I vs. β2, II–III 7.17 0.4328
β3, I vs. β3, II–III 35.2 0.0915
c1, I vs. c1, II–III 0.09 0.3783
c2, I vs. c2, II–III 2.66 0.0033

nCSA

β1, I vs. β1, II–III 6.18 0.0039
β2, I vs. β2, II–III −0.09 0.8168
β2, I vs. β3, II–III 1.56 0.0334
c1, I vs. c1, II–III 0.61 0.1152
α0, I vs. α0, II–III 3.97 0.0063

ML
β1, I vs. β1, II–III −4.61 0.2482
β2, I vs. β2, II–III −1.79 0.1384
c1, I vs. c1, II–III −3.01 <0.001

nML
β1, I vs. β1, II–III 0.21 0.1311
β2, I vs. β1, II–III −0.22 0.0146
α0, I vs. α0., II–III 0.91 0.0024

p-values in bold indicate significance level at p < 0.05. The following symbols represent: α = outcome at the age of
2 years, β = rate of change in muscle outcome per year, c = age (years) of the breakpoint, Δ = difference score,
I = GMFCS level I and II–III = GMFCS level II & III. The numbers (in subscript) associated with symbols β and c
refer to the order of the observed growth ratio and breakpoint, respectively, e.g., β1 as the first ratio before the c1,
the first breakpoint; GMFCS, gross motor function classification system; MV, muscle volume; n, normalized; CSA,
anatomical cross-sectional area; ML, muscle belly length.

After a significant MV increase with a rate of 4.5 mL/year (β1, p < 0.0001), children in
the GMFCS level II–III group showed only a breakpoint at the age of 9.1 years (c1) which
was followed by a rate of −0.8 mL/year (β2, p = 0.7154). The nMV showed increases of
0.28 mL/kg·m per year until the breakpoint at the age of 2.7 years (c1) and followed by
decreases of 0.07 mL/kg·m per year (β2, p = 0.0003). The trajectories for absolute and
normalized CSA were modelled with two breakpoints, around approximately 2 and 9 years
of age. During the (pre)school ages, nCSA decreased with significantly higher decline after
the age of 9.1 years (β2 vs. β3, p = 0.0424, Table S3).

Before the age of 2 years, children with GMFCS level I showed significantly higher
yearly increases for both absolute and normalized MV and CSA compared to level II–III
(β1, GMFCS-I vs. β1, GMFCS-II–III, Table 3, p < 0.05). After the age of 2 years, absolute MV and
CSA were significantly increasing in both GMFCS subgroups until the age of 6–9 years old.
However, GMFCS level I tended to have a higher absolute MV growth rate compared to
GMFCS level II–III (β2, GMFCS-I vs. β1, GMFCS-II–III =1.16 mL/year, p = 0.0712). Despite the
significant earlier second breakpoint for GMFCS levels I (Δ1.31 years for MV, p = 0.0326
and Δ2.66 years for CSA, p = 0.0033), no significant differences were found in the MV
and CSA growth rate at these oldest ages between the GMFCS subgroups (β3, GMFCS-I vs.
β2, GMFCS-II–IIII, p = 0.1069 and β3, GMFCS-I vs. β3, GMFCS-II–III, p = 0.0915, respectively). The
trajectory for nMV and nCSA showed decreased rates from the age of 2 years in both
GMFCS groups, with a significant higher decline in nCSA in children with GMFCS level
II–III after the age of 6–9 years compared to level I (β2, GMFCS-I vs.β3, GMFCS-II–III, p = 0.0334).
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Absolute ML increased with age, with significantly lower ML growth rate after the
age of 5.11 years in the GMFCS level I and after the age of 2.1 years in GMFCS levels II–III
(β1 vs. β2, p < 0.05). Normalized ML showed significant different rates with increasing
age between the GMFCS groups, for which the GMFCS levels I increased with 0.33%/year
until 4.88 years (β1, p = 0.0125) followed by a rate of −0.10%/year (β2, p = 0.1977), whereas
the levels II–III increased in nML with 0.12% per year from infancy to school ages, without
a breakpoint (β1, p = 0.0096).

4. Discussion

In this prospective longitudinal follow-up between 6 months and 11 years of age,
the trajectory of morphological muscle growth for children with SCP was observed as
piecewise profiles with increasing age, indicating linear trends interrupted with breakpoints.
Therefore, our hypothesis of gradual increases in muscle morphology with increasing age
could only be partially accepted as expressed by the changes in observed yearly muscle
growth rates before and after the breakpoints. Indeed, MV and CSA significantly increased
before the age of 2 years but this was followed by slower increases until the age of 6–7 years
for GMFCS level I and 9 years for GMFCS level II–III. Normalized MV and CSA also
increased during infancy but showed already reduced growth rates after the age of 2 years.
Furthermore, from 8–9 years of age, both the absolute and normalized MV and CSA
outcomes reduced per year, which is in contrast with the hypothesis of a linear trajectory of
muscle growth with increasing age. Absolute ML increased over the entire age range with
a breakpoint at the age of 5 years for GMFCS level I and 2 years for GMFCS level II–III,
whereas nML showed less increase after this age for GMFCS level I. Lower muscle growth
rates with increasing age in children of the higher GMFCS levels was hypothesized and
was only confirmed for the absolute morphological growth before the age of 2 years and
in teenagers. Next, the normalized MV and CSA outcomes reduced per year with a more
pronounced decrease in CSA normalized to changes in body dimensions for GMFCS level
II–III. Further, ML trajectories were different between the GMFCS levels and more specific,
after normalization for skeletal growth.

These results revealed higher rate of muscle growth in early years of life, with lower
growth rates for children with GMFCS level II–III compared to GMFCS level I. During
these youngest ages, the current MV increased with 12.8 mL per year for GMFCS level
I, which was slightly higher compared to the median growth rate of 10.3 mL per year.
This growth rate is computed by dividing the average MV of 15.45 mL to the time period
of 1.5 years to represent the 6 months to 2 years old TD children of our retrospective
cross-sectional database (Figure S2 and Table S1). Only one previous study reported a
cross-sectional growth rate for 8 months to 5-years-old children, with 8.16 mL/year for
TD and 3.84 mL/year for CP children [13]. The latter is comparable to the growth rate
of 4.5 mL/year in the current GMFCS level II–III children suggesting an early onset of
more pronounced growth deficits in children with more severe impairments. Furthermore,
the nMV rates of 0.83 mL/(kg·m) and 0.28 mL/(kg·m) per year were lower than our
cross-sectional TD growth rate of 1.17 mL/(kg·m) per year. No growth rates for nMV
during early ages have been previously reported. Nevertheless, growth rate calculated on
cross-sectional datasets assumed linear growth, whereas the current results revealed non-
linear trajectories of muscle growth with increasing age. However, caution is warranted
with the interpretation of observed increases in normalized muscle data. In the case of
optimal normalization for changes in body sizes, growth rates close to zero are expected,
representing harmonization between muscle and anthropometric growth [39]. The validity
of ratio-scaling in growing TD children, over a wide age range, has not yet been defined.
The body composition in children is assumed to change with less amount of fat mass after
the age of 2 years. Hence, normalization by taking body mass into account is considered
invalid during infancy [40]. Further, significantly lower intercepts for nMV, nCSA and nML
indicated that children with less motor abilities develop more muscle pathology already
early in life (Table 3). These observations suggest early mechanisms hampering the muscle
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growth, such as the contribution of neural alterations as a result of the brain lesion as well
as altered patterns of muscle use. However, limited muscle data on TD infants is available
to compare the current suggestion of an early onset of muscle alterations, especially in
GMFCS levels II–III. Further research also involving longitudinal assessments of TD infants
is required to explore the impact of normalization techniques and provide valid references
to investigate the onset and development of muscle alterations in infants with SCP.

Interestingly, from 2 years of age, similar muscle growth trajectories in (normalized)
MV and CSA for the GMFCS subgroups were found. The average MV rates of 5.1 mL/year
and 4.5 mL/year in GMFCS level I and level II–III, respectively, were comparable to earlier
reported MV growth rates based on 6 months and 12 months follow-up studies in 2–5 years
old children with SCP (6.0 mL/year and 6.6 mL/year, respectively) [14,41]. Furthermore,
hampered morphological muscle growth is more clearly highlighted by investigating
the changes in normalized MV and CSA compared to the investigation of the absolute
parameters. It should be noted that altered anthropometric growth indicated by shorter
body length and lower body mass, have already been shown in children with SCP compared
to TD peers [42]. These growth deficits were found to be associated with increasing age, as
well as with bilateral involvement and more severe gross motor impairments [43]. Although
anthropometric growth in children with minor motor impairments is close to age-matched
TD peers [42], the significant negative normalized muscle growth rates observed in the
current study for the GMFCS level I group showed that the muscle growth was not in
accordance with the skeletal growth. Since muscle morphological growth is assumed to be
triggered by anthropometric growth and patterns of muscle use which might be defined by
the gross motor functional abilities, the observed early presence of muscle pathology for
GMFCS level II–III and increasing deficits after accounting for normalization to changes
in body dimensions suggest that pathology-related biomechanical triggers contribute to
hampered muscle growth.

From the age of 6–9 years, hampered muscle growth was presented in both GMFCS
groups. Despite the lower number of data points at these older ages for children with
GMFCS levels I, the level of gross motor mobility in daily life is suggested to further
contribute to hampered growth as shown by the tendency of lower CSA growth and
significantly lower nCSA growth for GMFCS level II–III compared to level I. These findings
are in line with cross-sectional observations of significantly smaller MV and CSA in GMFCS
levels II compared to level I for 5–12 years old children [18]. However, the current data
set did not further distinguish the growth trajectories between GMFCS levels II and III for
which the function level and severity of neuromotor impairments could be quite different.
While the underlying mechanisms of these changes in trajectory between the GMFCS
levels are currently unclear, they might be attributed to less weight bearing activities,
reduced levels of physical activity, higher incidence of nutritional problems and increased
(secondary) musculoskeletal alterations, especially from 6 to 9 years [11].

The current findings also suggested a different trajectory for the growth in cross-
sectional and longitudinal dimension of the MG muscle, i.e., changes in CSA and ML,
respectively. For CSA, a growth trajectory with an early breakpoint at 2 years of age was
observed in both GMFCS groups, whereas the trajectory of ML showed a breakpoint at
the age of 4–5 years in GMFCS level I and at the age of 2 years in GMFCS level II–III.
The trajectories in CSA are aligned to the changes in MV, suggesting that alterations in
cross-sectional MG muscle growth may be associated to the change in overall MG muscle
size. This is in line with previous findings indicating that reduction in physiological CSA, a
determinant for force generation, is determined by reduced MV rather than by changes
in fascicle length [44,45]. Hence, clinical utility may be found in assessing only the mid-
belly anatomical CSA as primary outcome for monitoring the muscle status and treatment
follow-up.

With increasing age, evolution in neuromotor symptoms can be expected due to the
natural history of SCP in children. Interestingly, breakpoint models describing changes
in development at specific ages were already found in longitudinal follow-up studies for
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spasticity and lower limb ROM [5,6,46]. These previous studies showed that spasticity
increases to the age of 4 years, followed by a decrease each year until the age of 12 year [6].
Decreasing ankle joint ROM was reported up to 5 years of age, followed by further decrease
with age in GMFCS level I and II, while levels III showed increased ROM [5]. The current
study showed similar non-linear models for the ML outcomes in GMFCS level I with a
breakpoint at the age of 5.11 years. The nML changed from 0.33% per year to −0.10%
per year for GMFCS level I, whereas a constant increase of 0.12%/year was presented
for GMFCS level II–III. Therefore, the restricted ROM for GMFCS level I might result
from reduced growth of muscle length. Furthermore, these similarities in longitudinal
observations of neuromotor impairment and muscle development, including the breakpoint
at 5 years, support the hypothesis that formation of contractures is triggered by different
factors, of which spasticity is probably not the dominant one [46,47].

Over the last years, 3DfUS has already been extensively used mainly to describe
muscle deficits in children with SCP compared to TD children [48]. These cross-sectional
investigations included diverse age ranges and GMFCS levels resulting in variable results
of deficits (for example 22% for the age range 2–5 years and 41% for 5–12 years old
children) [16,19]. However, age-specific observations of hampered muscle growth for SCP
children were missing in these previous studies. Our findings, derived from longitudinal
models, emphasized the need for repeated assessments to accurately delineate muscle
growth. Furthermore, the current muscle growth trajectories can be used to monitor the
status of muscle pathology in individual children with SCP. The current results may support
the clinical decision making of therapy selection, goals and planning at specific ages and
for each GMFCS level with the aim of stimulating the muscle growth. For example, the
application of strength training, considering the appropriate age and cognitive functioning,
might be beneficial for maintaining the muscle size relative to the skeletal growth and might
be further combined with age- and child-specific prescription of protein intake to increase
the muscle size [49–51]. Beside interventions, the current observation of early muscle
alterations for higher GMFCS levels and the breakpoint in growth trajectory at a very
young age highlight the opportunity for prevention strategies aiming to maintain muscle
size and lengths comparable to TD children and preserve muscle growth during childhood,
e.g., intensive physical therapy with stimulation of lower leg movements and mechanical
loading and a nutritional plan. Previous studies focusing already on the impact of BoNT-A
injections, a frequently applied tone-reducing treatment, demonstrated hampered muscle
growth in response to the first BoNT-A treatment [14,52]. This post-treatment effect on
muscle growth was only assessed after 6 months for which the interference of BoNT-A
injection with the trajectory of muscle changes is yet unclear. Future intervention studies
could use the currently modelled muscle growth trajectories as a reference to assess the
effect of treatment on muscle morphology and could fine tune the timing of treatment in
relation to the potential hampered growth.

This study has some limitations to consider. First, the age-matched TD data could
not be included in the models due to the lack of longitudinal assessments. Yet, visual
inspection of cross-sectionally measured typical muscle morphology allowed one to judge
the overall level of alterations in the data of children with SCP (Figure S2). We included
children aged between 6 months and 9 years at baseline resulting in limited available data
points at the beginning and end of the age range. More longitudinal data before and after
this range is relevant to further enrich the muscle growth trajectories during the entire
childhood. Combined with longitudinal data of TD children, a focused analysis of the
muscle growth before 2 years of age and after 6 years of age would be interesting for
future research. Second, this unique longitudinal database is limited to provide trajectories
of medial gastrocnemius muscle growth for the specific diversity in SCP phenotypes
such as the level of motor abilities and the topographic classes. In this study, only the
GMFCS levels representing ambulant children with SCP were included. The GMFCS level
II and III were merged to ensure sufficient power for the data analysis and to provide
as much homogeneity as possible. By combining the data of children with GMFCS II

192



J. Clin. Med. 2023, 12, 1564

and III across the broad age range from 6 months to 11 years, children who function
at level II and use gait aids at younger ages when learning to walk, or walking longer
distances, are included. This is distinct from children functioning at level I, who walk
independently without the need for a gait aid. The current dataset was, however, limited
in data points after the age of 6 years to describe the trajectories of muscle growth per
GMFCS level. We only descriptively explored the muscle growth per GMFCS level with the
individual observed profiles (Figure S1), indicating similar trajectories in morphological
muscle growth. Nevertheless, it is important to further consider the potential heterogeneity
in muscle growth based on the specificity in gross motor abilities and limitations through
daily life per GMFCS level. Future studies should aim for more participants after the
age of 6 years and with equally distributed number of children over each of the three
ambulatory GMFCS levels in order to distinguish the models for muscle growth according
to the GMFCS level. Next, the muscle growth associated with the SCP topography i.e.,
unilateral versus bilateral SCP was also not specifically investigated. However, further
sub-analyses are important considerations due to the unbalanced number of participants
between the topographic classes. Anthropometric growth, lower limb strength and gait
were found to be less involved in unilateral compared to bilateral SCP, whereas only one
investigation showed more muscle growth deficits for this SCP motor type [53,54]. These
findings suggest the need to describe, in future research, separate muscle growth trajectories
for the children with uni- and bilateral SCP in interaction with GMFCS level. As a first
exploration, the observed individual trajectories per motor subtype for the current GMFCS
subgroups are provided in Figure 3. Visual inspection suggests less muscle growth in
children with bilateral SCP, especially for GMFCS level II–III of which 65% of the children
were bilaterally involved.

 

Figure 3. Observed individual trajectories for the (i) absolute and (ii) normalized muscle morphology
for children with unilateral SCP (n = 51) (grey) and children with bilateral SCP (n = 36) (green), in
GMFCS level I (light colors) and GMFCS level II–III (dark colors) group. GMFCS, gross motor function
classification system; SCP, spastic cerebral palsy; n, number; MV, muscle volume; ml, milliliter; CSA,
anatomical cross-sectional area; mm, millimeter; ML, muscle belly length; n, normalized.

Further, each muscle assessment during the follow-up was not accompanied with
evaluation of motor impairments and functioning such as assessment of strength, spasticity
and selective motor control as well as the gross motor function measure (GMFM). These
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clinical results combined with muscle growth data could create a comprehensive monitor-
ing of SCP muscle pathology, which may help to understand the underlying mechanisms of
altered muscle growth and eventually help to improve patient-specific treatment manage-
ment. Of note, in the current study, children who received BoNT-treatment were allowed
for further follow-up in cases when the BoNT-A treatment occurred minimal 10 months
prior to the assessment. The current database included 24 children who received BoNT-A
injection during the follow-up time. Our previous research highlighted that the muscle
recovery is still ongoing at 6 months post BoNT-A injections [14]. Despite the 10-month
interval between the BoNT-A treatment and muscle morphology assessments, which is
already longer than the frequently used criteria of an interval of 6 months, there is no
guarantee for full recovery of muscle growth at the follow-up assessment. Future studies
should investigate the prolonged impact of treatments. Long-term follow-up assessments
are essential to further understand if BoNT-A treatment is a confounding factor on the
currently established trajectories of muscle growth.

5. Conclusions

To our knowledge, this was the first study that performed repeated muscle assessments
over 2 years in an extended group of growing children with SCP and demonstrated
piecewise model for MG muscle growth. The study sample is believed to be representative
of the population of children receiving standardized clinical care in Belgium (Table S2).
After high rates of muscle growth during the first 2 years of life, the trajectory of absolute
MV and CSA changed, resulting in a slower gradual growth until 6–9 years, and subsequent
reduction in muscle size growth after 9 years. With increasing age, normalized MV and
mid-belly CSA represented a decrease in muscle morphology after approximately 2 years
of age. Children with GMFCS level II–III showed more muscle growth reduction compared
to children with level I. This lower growth rate started at a very young age. After infancy
until approximately 9 years of age, the trajectory of muscle growth did not differ greatly
between GMFCS levels. These longitudinal trajectories could be used to monitor the SCP
muscle pathology during childhood and to optimize treatment planning and goals aiming
to stimulate muscle growth.
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Abstract: (1) Background: Next to motor impairments, children with unilateral spastic cerebral palsy
(CP) often experience sensory impairments. Intensive bimanual training is well known for improving
motor abilities, though its effect on sensory impairments is less known. (2) Objective: To investigate
whether bimanual intensive functional therapy without using enriched sensory materials improves
somatosensory hand function. (3) Methods: A total of twenty-four participants with CP (12–17 years
of age) received 80–90 h of intensive functional training aimed at improving bimanual performance
in daily life. Somatosensory hand function was measured before training, directly after training, and
at six months follow-up. Outcome measures were: proprioception, measured by thumb and wrist
position tasks and thumb localization tasks; vibration sensation; tactile perception; and stereognosis.
(4) Results: Next to improving on their individual treatment goals, after training, participants
also showed significant improvements in the perception of thumb and wrist position, vibration
sensation, tactile perception, and stereognosis of the more affected hand. Improvements were
retained at six months follow-up. Conversely, proprioception measured by the thumb localization
tasks did not improve after training. (5) Conclusions: Intensive functional bimanual training without
environmental tactile enrichment may improve the somatosensory function of the more affected hand
in children with unilateral spastic CP.

Keywords: cerebral palsy; upper limb; sensory function; bimanual intensive functional therapy;
hand function

1. Introduction

Children with cerebral palsy (CP) often have motor and sensory impairments which
negatively impact upper limb function, causing limitations in daily activity and participa-
tion [1–4]. Intensive goal-oriented upper limb therapies are effective in promoting bimanual
performance and daily functioning [5,6]. These rehabilitation approaches mainly focused
on motor deficits. These days, however, there is increased attention on sensory impairments
because of the clear link between somatosensory impairment and poor hand function in
children with CP [7]. Conversely, the effects of rehabilitation interventions on changes in so-
matosensory hand function in children with CP are relatively understudied [8]. The studies
that have been published show varying effects. Charles et al. [9] reported an improvement
in two-point discrimination after constrain-induced movement therapy (CIMT) in three
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children with unilateral spastic CP. The less affected upper extremities of these children
were constrained six hours daily for 14 consecutive days. Charles and colleagues attributed
this improvement in tactile discrimination to an increase in tactile input and its subsequent
change in cortical receptor fields for the fingers. Matusz et al. [10] studied the effect of
hybrid CIMT on somatosensory hand function in ten children with CP. Their intervention
encompassed 120 h of CIMT, 22 h of goal-directed training and shaping, and 10 h of fine
motor activities that involved sensory feedback components such as temperature, texture,
light and deep pressure, and vibration. Reliable differences in stereognosis, grip, and pinch
tests were revealed between the more affected and less affected hands before but also after
CIMT. However, only grip strength in the more affected hand was influenced by CIMT.
Another study on the effects of hybrid CIMT is the study of Jobst et al. [11]. To optimize
potential changes in somatosensory function, somatosensory activities were enhanced
within the CIMT protocol, focusing on tactile, stereognosis, and proprioceptive modalities.
They detected a significant change in tactile registration in the affected hand, but not in
other aspects of clinical sensory functioning, i.e., 2-point discrimination, proprioception,
and kinesthesia. Maitre and colleagues [12] reported on the effects of a multi-component
intervention in infants (n = 37) aged 6 to 24 months. They studied somatosensory pro-
cessing using cortical event-related potential (ERP) responses for tactile stimulation of
the more affected hand at the contralateral and ipsilateral frontal scalp regions. Their
intervention improved somatosensory processing. Kuo et al. [13] investigated the effect
of a 90 h standardized hand-arm bimanual training program (HABIT), with and without
tactile training, in twenty children with unilateral spastic CP. They concluded that tactile
spatial resolution can improve after bimanual training and that intensive bimanual training
alone, or with the incorporation of materials with a diversity of shapes/textures, may drive
these changes. An intensive motor skill learning intervention involving both the upper-
and lower-extremities (HABIT-ILE), without a sensory enriched environment, showed an
improvement in stereognosis in the more affected hand in CP subjects, but no significant
change in tactile spatial discrimination [14].

In the present study, the effectiveness of a 15-day functional, intensive, goal-oriented,
clinical therapy program, focused on improving bimanual performance in daily activities
in children and adolescents with CP, aged between 11–20 years, on somatosensory perfor-
mance is investigated. We hypothesize that somatosensory function may improve after
intensive training, even without the addition of sensory-enriched material.

2. Materials and Methods

2.1. Patients

A convenience sample of children and adolescents, diagnosed with CP, who partici-
pated in a bimanual intensive functional training (BIMT) program for the first time between
2017 and 2021, was used. Inclusion criteria were: Gross Motor Function Classification
System (GMFCS) I-IV (able to stand/transfer independently), Manual Ability Classification
System (MACS) I-III (able to perform, at least partially independent, on manual tasks), be-
tween 11–20 years of age, unilateral or asymmetric bilateral CP (spastic/dyskinetic/ataxic),
and having clear treatment goals regarding bimanual performance tasks. Exclusion criteria
were: unable to sleep over at Adelante Paediatric Rehabilitation Centre for 15 days and
severe cognitive impairments that hinder active participation in the program. Inclusion for
BIMT was performed by a rehabilitation physician and his/her rehabilitation team.

We tried to retrospectively collect the brain MRI of each participant because children
with periventricular leukomalacia (PVL) lesions have significantly better hand function
and sensation scores than children with cortical-subcortical/middle cerebral artery (MCA)
lesions [15]. For the classification of the type of lesion, we used the classification introduced
by Himmelmann et al. [16]. Informed consent from parents and participants was obtained.

200



J. Clin. Med. 2023, 12, 1595

2.2. Bimanual Intensive Functional Training

The BIMT program is a 15-day clinical intervention for children and adolescents,
developed by researchers and clinical staff of Adelante Paediatric Rehabilitation Centre
in Houthem, the Netherlands. All the staff have over seven years of experience working
with children with unilateral spastic CP and are specialized in hand function problems
in these children. The program is based on motor learning principles and functional
therapy, according to the (inter)national guidelines in CP, i.e., the therapy is goal-directed,
using a context-based approach, aimed at the active participation of the child, focusing on
activity and participation, and incorporating parent involvement. The program focuses
on using both hands in numerous everyday two-handed skills. The affected hand is
considered the assisting hand in a stabilizing or supporting role. Potential candidates are
extensively screened before participation by members of our expert team. During this
screening, every participant formulated their treatment goals and needs. Together with
the therapist and parents, these goals were ranked in the top three. The performance
of these three goals was assessed, and after a task analysis, they were translated into
individualized goal-directed therapy sessions by experienced therapists. All training was
performed on-site. To encourage training intensity, all participants were paired with a
personal buddy who continuously prompted the participant to use both hands when
performing activities throughout the day. These buddies were interns in occupational
therapy, movement sciences, medicine, or sports training who followed a one-day training
program by experienced therapists. During the program, the students were supervised
by experienced therapists. In terms of manpower, one healthcare professional supervised
three participants.

Therapy starts from the moment of waking up, when self-care activities such as
dressing and grooming are practiced. As for breakfast activities, participants have to set
the table, prepare their breakfast, and clean up afterwards. All breakfast items are chosen
in such a way that two hands are needed to spread the bread, pour the milk, or get the
yogurt out of the package, for example. The breakfast session is followed by a therapy
block of 90–120 min in which the specific personal treatment goals are trained. In the
afternoon, activities that specifically focus on personal goals are alternated with group
activities (survival, sports, bimanual gaming, and recreational activities). The participants
are also involved in preparing lunch and dinner. To improve retention of the trained
skills in the home environment after the therapy program, in the intervening weekend,
participants train on personal goals together with their caregivers. This way, participants
receive a daily total of 6–7 h of intensive therapy, totaling 80–90 h for the entire program.

Before participating in this clinical BIMT program, these children received therapy
as usual. According to the Dutch guidelines for the treatment of children with CP, this
amounts to 30 min of therapy once or twice a week. Treatment is given based on requests
for help from the parents and/or the children themselves, or is based on the rehabilitation
team’s findings during regular examinations.

2.3. Somatosensory Function Testing

The tactile perception was measured using a monofilament task (MFT): We used
the 6.65 Semmes-Weinstein monofilament (SWM) [17] and tested nine palmar areas of
the affected hand in random order, with vision blocked. Participants were asked if they
felt the monofilament by saying ‘yes’, and, subsequently, to point out the location of
touch with their less affected hand while vision was restored. We chose to only use the
6.65 monofilament to reduce testing time and the burden to the participant. With this, we
deviated from the original protocol as described by Bell-Krotoski [18]. When participants
were able to identify the monofilament touch within a range of two centimeters, the
score was 1; when identified over two centimeters from the tested site, the score was 2.
Participants scored 3 if no administered stimulus was identified. A few practice trials
were given on the less affected hand until the procedure was understood. The MFT can be
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reliably performed in the vast majority of children aged four years and above [19] and is
recommended for assessing tactile function in children with cerebral palsy [20].

Vibration sense was measured using a vibration task (VT): A 128 Hz tuning fork was
placed on 18 areas of the affected hand. Participants had to report whether a vibration
was recognized in these 18 areas. The number of reported areas resulted in a final score
(i.e., score 0–18) [21].

Stereognosis was measured using a stereognosis task (SGT): Participants were asked
to identify three familiar items (marble, button, key) without vision after the assessor had
placed the item in the affected hand. If these three items were correctly identified, an extra
10 items were added (clothespin, comb, dice, screw, bolt, paperclip, rubber band, pen,
pencil, coin). The Jamar® Stereognosis Kit was used, including matching cards featuring
a drawing of the item to point at the item recognized, as recommended [20,22]. The total
number of correctly identified items was the final score (i.e., score 0–13).

Proprioception was measured using a thumb-wrist-position task (TWPT): The ther-
apist passively moved the participant’s wrist into dorsal or palmar flexion and the MCP
joint into extension or flexion with the participant’s vision blocked. Subjects were required
to verbally indicate the end joint position. Outcomes were rated as 1 (unable), 2 (unable to
identify either wrist or thumb end position), or 3 (able to correctly identify end position of
both thumb and wrist).

In addition to the TWPT used, proprioception was also measured using a thumb
localization task (TLT): With the participant’s vision blocked, the therapist passively moved
the participant’s non-dominant upper limb laterally from the midline. The participant was
asked to pinch the thumb of the non-dominant hand with the thumb and index finger of
their dominant hand [23]. The task was scored as 1 (unable to locate thumb position), 2
(difficulty locating thumb position), or 3 (no difficulty locating thumb position).

Data were collected at three different time points. Baseline measurements were
collected 14 days before the initial start of the therapy program (PRE). Post-intervention
measurements were taken on the last day of the program (POST). Follow-up measurements
were taken at six months follow-up (FOLLOW-UP). At all three measurement times, the
child was assessed by the same therapist, not the child’s own therapist. Therapists were
not blinded to the time of measurement.

2.4. Secondary Outcome Measures

Goal Attainment Scaling (GAS) is an evaluative tool to assess individual treatment
and/or intervention goals achieved during/after an intervention. The GAS consists of a
6-point scale, ranging from −3 to +2. A score of −2 represents the participant’s performance
at baseline, and improvements in the performance of the goal are scored ranging from −1
to +2, where the 0 score corresponds to the expected outcome and a score of −3 reflects
deterioration [24]. GAS has shown to be a sensitive and valid method for defining motor
function goals and shows excellent intra- and inter-rater reliability [25,26]. Changes of
two points or more are defined as a clinically relevant difference [27]. For each participant,
the most important rehabilitation goal was translated into a GAS by the participant’s
assigned therapist from Adelante. Predetermined criteria for the progress towards that
specific rehabilitation goal were defined. The individual’s performance of this goal was
filmed and scored by therapists who have vast expertise in working with children with
unilateral spastic CP and who are specialized in hand function problems in children. The
video recordings of one participant were scored by the same therapist, not the child’s
own therapist, on all three measurement time points. Therapists were not blinded to
previous outcomes.

Canadian Occupational Performance Measure (COPM) is a semi-structured interview
in which participants identify and rank their perceived hand function problems in every-
day bimanual activities. The approach of this measure corresponds to the goal-oriented
approach of the therapy program. The primary problem corresponds to the most important
rehabilitation goal. Participants were asked to rate their performance and satisfaction for
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each problem on a 10-point scale, resulting in a mean total performance and satisfaction
score. The COPM has good construct, content, and criterion validity. Test-retest reliability
is high (0.76–0.89), and other ICC values of reliability remain to be tested in this popula-
tion [28]. COPM performance and satisfaction were scored by the participants. Changes of
two points or more were classified as a clinically relevant difference [29].

Assisting Hand Assessment (AHA) is an evaluative tool to rate bimanual performance.
The AHA assesses the spontaneous use of the impaired hand in bimanual activities during
a semi-structured activity session, which is video recorded. Afterwards, 22 items describing
object-related hand actions were scored and converted to 0–100 logit-based AHA units [30].
We used the AHA 18–18 ‘Go-with-the-Floe’ board game in most cases, and in some partici-
pants, the Present task. A change of ±5 AHA units is considered the smallest detectable
difference [30,31]. The video recordings of the participant’s performance on the AHA were
scored by a selected group of therapists trained in the scoring of these videos. AHA scores
of one participant were scored by the same therapist, not the child’s own therapist, on all
three measurement time points. Therapists were not blinded to previous outcomes.

2.5. Data Analyses

Non-parametric statistics were used. To test overall improvement, a one-way analysis
of variance by ranks (Friedman) was applied with post hoc Wilcoxon analyses when a
significant effect was found. Data were analyzed using IBM SPSS Statistics version 27 (IBM
SPSS Statistics, IBM Inc., New York, NY, USA). Statistical significance was set at α = 0.05.
Multiple comparisons included the Bonferroni correction to avoid spurious false positives.

3. Results

3.1. Participants

Twenty-four children, 14 boys (58.3%) and 10 girls (41.7%), were analyzed. In 2017,
seven participants were included, five in 2018, five in 2019, three in 2020, and four partici-
pants in 2021. The mean age at baseline was 14.21 years (±1.62), ranging from 12 to 17 years.
Based on MRI data, we were able to perform a classification of 22 of the participants. Patient
characteristics of the study sample are presented in Table 1.

Table 1. Descriptive data of participants (n = 24).

Characteristics Group

Age (years) (mean, SD) 14.21 (±1.62)

Gender (n (%))

Male 14 (58.3)

Female 10 (41.7)

Type of CP (n (%))

Unilateral spastic 23 (95.8)

Bilateral spastic 1 (4.2)

MACS (n (%))

I 9 (37.5)

II 12 (50)

III 3 (12.5)

GMFCS (n (%))

I 20 (83.3)

II 4 (16.7)

Paretic hand (n (%))
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Table 1. Cont.

Characteristics Group

Right 15 (62.5)

Left 9 (37.5)

Lesion type (n (%))

WMI 8 (33.3)

CM 5 (20.8)

GMI 9 (37.5)

Unknown 2 (8.3)
Abbreviations used: MACS = Manual Ability Classification System; GMFCS = Gross Motor Function Classification
System; GMI = Gray matter injury; WMI = white matter injury; CM = cortical malformation.

3.2. Error Analysis

Post-intervention measurements were taken on the last day of the program so partici-
pants did not have to return to the rehabilitation center, especially for this. In some cases,
however, this led to time constraints for the therapists, which meant they had to make
choices about which test could be taken and which could not. This led to missing values
(time). A COVID infection in two children at follow-up also caused missing data (COVID).
One participant was hospitalized at follow-up (hospital). The reason for hospitalization
was not related to arm-hand function impairments or participation in our program. An
overview of the number of missing values per test on each of the three measurement points
is given in Table 2.

Table 2. The number of missing values per test, per measurement point.

PRE
n Missings

POST
n Missings

FOLLOW-UP
n Missings

TLT 1→1 (time) 1→1 (time)
4→1 (time)
2 (COVID)
1 (hospital)

SGT 0 0 3→2 (COVID)
1 (hospital)

MFT 0 0 3→2 (COVID)
1 (hospital)

TWPT 1→1 (time) 1→1 (time)
4→1 (time)
2 (COVID)
1 (hospital)

VT 1→1 (time) 0 3→2 (COVID)
1 (hospital)

GAS 0 0 3→2 (COVID)
1 (hospital)

COPM 0 0 3→2 (COVID)
1 (hospital)

AHA 0 0 3→2 (COVID)
1 (hospital)

Abbreviations used: TLT = thumb localization task; SGT = stereognosis task; MFT = monofilament task;
TWPT = thumb wrist position task; VT = vibration task; GAS = Goal Attainment Scaling; COPM = Canadian
Occupational Performance Measure; AHA = Assisted Hand Assessment.

3.3. Somatosensory Function

Changes in clinical somatosensory outcomes are summarized in Table 3.
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Table 3. Number and percentage of participants and their test scores at baseline, directly after BIMT,
and six months follow-up.

Score
PRE
n (%)

POST
n (%)

FU
n (%)

Overall
Difference

p

PRE-POST
Bonferroni

Difference p

POST-FU
Bonferroni

Difference p

PRE-FU
Bonferroni

Difference p

TLT 1 3 (13) 3 (13) 2 (10)

0.076 0.317 0.180 0.0592 3 (13) 1 (4.3) 0 (0)

3 17 (74) 19 (82.7) 18 (90)

SGT 0 13 (54.2) 7 (29.2) 7 (33.3)

0.018 * <0.001 * 0.411 0.009 *1–3 7 (29.1) 9 (37.4) 5 (23.8)

≥4 4 (16.7) 8 (33.3) 9 (42.9)

MFT 1 7 (29.2) 16 (66.7) 14 (66.7)

<0.001 * <0.001 * 0.317 <0.001 *2 11 (45.8) 8 (33.3) 7 (33.3)

3 6 (25) 0 (0) 0 (0)

TWPT 1 3 (13) 1 (4.3) 1 (5)

<0.001 * 0.059 1.00 0.0592 2 (8.7) 1 (4.3) 1 (5)

3 18 (78.3) 21 (91.3) 18 (90)

VT 0 3 (13) 0 (0) 0 (0)

<0.001 * 0.003 * 0.180 0.007 *1–10 5 (21.7) 0 (0) 1 (4.7)

11–18 15 (65.3) 24 (100) 20 (95.3)

Abbreviations used: TLT = thumb localization task; SGT = stereognosis task; MFT = monofilament task;
TWPT = Thumb wrist position task; VT = vibration task; PRE = baseline; POST = directly after the program;
FU = Follow-up six months after the program; * significant difference.

The participants showed increased scores on the somatosensory function tests over
time (p < 0.001), except for the thumb localization task. Multiple comparisons showed
that participants scored significantly better on the stereognosis task, monofilament task,
and vibration task between the PRE and POST measurements and between the PRE and
FOLLOW-UP measurements. Differences between POST and FOLLOW-UP scores were not
statistically significant.

3.4. GAS

GAS scores on the most important treatment goal, post-intervention and at follow-up,
are shown in Figure 1.

Overall, participants showed a better GAS score on the primary treatment goal over
time (p < 0.001). All participants, except one, exceeded the minimal clinical important
difference (MCID) of 2 points. Post hoc pairwise comparisons revealed a significant
difference between baseline and post-intervention (p < 0.001) and between baseline and
follow-up (p < 0.001). The difference in GAS scores between post-intervention and follow-
up was not significant (p = 0.480).

A list of the individual treatment goals for all participants is provided as supplemen-
tary information.

3.5. COPM

In total, 113 rehabilitation goals (17 × 5 + 7 × 4) were formulated using the COPM.
Seventeen participants formulated five goals, whereas seven participants formulated four
goals. The median and inter-quartile ranges of the weighted average COPM performance
and satisfaction scores, for all time points, are depicted in Figures 2 and 3. It should be
noted here that not all children were able to score their satisfaction with the achievement of
their treatment goal at baseline (n = 6).
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Figure 1. GAS score POST intervention and at FOLLOW-UP. Abbreviations: GAS = Goal Attain-
ment Scaling; POST = directly after the program; FOLLOW-UP = six months after the program;
* = significant difference p < 0.016 (Wilcoxon signed-rank test).

Figure 2. Boxplot of the weighted mean COPM performance score at baseline, post-intervention,
and follow-up. Abbreviations used: COPM = Canadian Occupational Performance Measure;
PF = Performance; PRE = baseline measurements; POST = directly after the program; FOLLOW-
UP = six months after the program; * = significant difference p < 0.016 compared to baseline (Wilcoxon
signed-rank test); circle identifies ouliers.
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Figure 3. Boxplot of the weighted mean COPM satisfaction score at baseline, post-intervention, and
follow-up. Abbreviations used: COPM = Canadian Occupational Performance Measure; SF = Sat-
isfaction; PRE = baseline measurements; POST = directly after the program; FOLLOW-UP = six
months after the program; * = significant difference p < 0.016 compared to baseline (Wilcoxon
signed-rank test).

Participants gave better COPM performance scores over time (p < 0.001). Post hoc
pairwise comparisons revealed a significant difference between pre- and post-intervention
(p < 0.001) and between pre-intervention and follow-up (p < 0.001). The difference between
post-intervention and follow-up was not significant (p = 0.064).

COPM satisfaction scores were significantly better over time (p < 0.001). Post hoc
analysis showed a significant increase in COPM satisfaction between PRE and POST scores,
as well as between PRE and FOLLOW-UP scores (p < 0.001). COPM satisfaction scores
between POST and FOLLOW-UP reveal a significant decrease (p = 0.007).

3.6. AHA

The unit scores on the AHA over time are shown in Figure 4.
Participants showed better AHA unit scores over time (p < 0.001). Post-intervention,

17/24 participants improved clinically meaningfully on the AHA with five or over five
units, and 7/24 improved, but under five units. Multiple comparisons showed an increase
in AHA scores between pre- and post-intervention (p < 0.001) and between pre-intervention
and follow-up (p < 0.001). The difference in AHA scores between post-intervention and
follow-up was not significant (p = 0.050).
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Figure 4. AHA unit scores at baseline, post-intervention, and follow-up. Abbreviations used:
AHA = Assisting Hand Assessment; PRE = baseline measurements; POST = directly after the
program; FOLLOW-UP = six months after the program; * = significant difference p < 0.016 (Wilcoxon
signed-rank test).

4. Discussion

Although the somatosensory function is important for motor output, changes in so-
matosensory function associated with rehabilitation interventions have been understudied.
The current study aimed to assess the effectiveness of a 15-day intensive functional clinical
therapy program on somatosensory function. This program was focused on improving
individual bimanual goals in children and adolescents with CP, GMFCS classification I-IV,
MACS I-III, aged between 11–20 years, unilateral or asymmetric bilateral CP, and clear
treatment goals on bimanual performance tasks. A significant improvement in personal
goals and a significant improvement in the AHA were found, suggesting improved hand
use of the more affected hand during bimanual task performance. Our results are consistent
with the findings in the literature, indicating that intensive bimanual therapy leads to
improvements in the bimanual performance of children and adolescents with USCP [32].
However, more importantly, somatosensory hand function also appears to improve as a
result of this type of intervention. Even though no tactile-directed training nor exposure to
special tactile-enriched materials were given during the intervention period, significant
improvements were observed on all but one somatosensory test.

4.1. Improvements in Primary and Secondary Outcome Measures

Vibration sense, tactile perception (measured by a modified version of the monofila-
ment test), stereognosis, and proprioception (measured by the thumb-wrist position task)
improved during the program. This effect was retained at six months follow-up. Regard-
ing proprioception, only a main effect of the intervention was found. Proprioception, as
measured with the thumb localization task, showed no significant improvement. It is
worthwhile noticing that at baseline, 74% of the participants already performed at the max-
imum level on this task. In hindsight, the thumb localization test may be less appropriate
to investigate possible impairments in proprioception in children with CP. These clinical
tools to quantify proprioception are known to lack sensitivity to small changes, offer poor
reliability, and carry the potential for examiner bias [33].
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The improvements in tactile perception and stereognosis, however, are promising
findings, as they are essential for the dexterous manipulation of objects [7,34] and activities
of daily life [35]. Somatosensory contributions to motor control in children with CP have
been investigated [36–38], and it is acknowledged that somatosensory impairment has an
effect on motor impairments in children with CP [7]. As mentioned before, studies on the
effects of rehabilitation interventions on somatosensory hand function in children with
CP are scarce and reveal varying results. In terms of intervention dose and content, our
clinical program is most similar to the HABIT program, studied by Kuo and colleagues [13].
In their study, twenty children with USCP were randomized to receive either bimanual
therapy (HABIT) or HABIT plus tactile training using tactile stimulating materials without
vision. The HABIT group received the same dosage of training with the same material, but
without specific tactile-directed training, i.e., standardized HABIT-full vision. Both groups
improved on the grating orientation task, while stereognosis of the more-affected hand
tended to improve, and no changes were found in the two-point discrimination task and
monofilaments. Saussez et al. [14] investigated a similar intervention also involving the
lower-extremities (HABIT-ILE) and without sensory enriched environment. They showed
an improvement in stereognosis in the more affected hand in CP subjects, but no significant
change in tactile spatial discrimination. Even though no additional sensory-enriched mate-
rial or specific tactile training was used in our program, changes in tactile perception were
found in addition to the improvement in stereognosis. These findings may be explained
by the fact that participants were trained extensively in sensorimotor integration rather
than just in sensory abilities. After all, goal-directed movements of the hand, which are
necessary to perform most tasks of daily living, involve interacting with and manipulating
objects in the environment and rely on sensorimotor integration. Intensive hand therapy is
known to induce neuroplastic changes. Functional Magnetic Resonance Imaging (fMRI) or
magnetoencephalography (MEG) after CIMT [39] or HABIT [40] demonstrated increased
activation in the primary somatosensory cortex and an increase in the activation and size
of the motor areas controlling the affected hand. Jobst et al. [11] were the first to demon-
strate simultaneous improvement in sensory tactile registration in the affected hand and
enhanced sensory processing in the contralateral primary somatosensory cortex after CIMT
in children with hemiplegic CP.

In addition to improvement in somatosensory hand function, intensive bimanual train-
ing resulted in improvements in performance of personal treatment goals, as reflected by a
higher GAS score, indicating a better execution of these activities in daily life. Most partici-
pants reached or exceeded their expected performance level, and the effect was retained at
follow-up. Similar effects were observed regarding personal rehabilitation goals, as gauged
using the COPM [41,42]. This finding is promising, since the improvement in the execution
of activities in daily life settings results in an increase in independence, benefitting partici-
pation and quality of life. We assume that training and focusing on improving child-specific
functional goals enhances the performance of these tasks in daily life. The satisfaction
scores of the COPM increased significantly immediately after BIMT, though a slight de-
crease was observed at six months follow-up. A recent report by Figueiredo et al. [43]
showed similar results in a group of children with bilateral CP participating in an intensive
90 h bimanual training program called HABIT. The group that performed the program
exhibited greater improvements in performance and satisfaction with the performance of
functional goals and functional skills than children who maintained their customary care
routines and are following the results found by Bleyenheuft et al. [44]. It is acknowledged
that targeting daily activities in individuals with CP is important [45,46]. Caregivers’ pri-
orities of children with CP report on activities of daily living, especially self-care, to be
the most frequent functional priority [46,47], while children’s ability to perform self-care
activities facilitates socialization with peers, participation in community activities, and
transition to independent living, as well as a reduction in caregiver’s burden [46]. Intensive
goal-oriented bimanual training of participants, with the engagement of their caregivers,
may play an important role in addressing this outcome.
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Spontaneous use of the affected hand in bimanual performance tasks (AHA) improved
to a clinically important difference after the program, and this effect was retained at
follow-up. These findings are in line with the findings of the above-mentioned study by
Kuo et al. [13].

4.2. Limitations

Direct comparison of our study results with the literature is difficult because of the
large variability in study design, patient characteristics, and sensory assessment methods
used. Even when the same sensory test is used, the method of administration and/or
the method of scoring may differ. To improve our understanding of somatosensory hand
function, we advocate for an international consensus on a clinically relevant core set with
uniformity in methodology and scoring.

In our study group, 20.8% of participants have cortical malformation, which is known
to result in less severe hand impairments than white or grey matter damage [48]. White mat-
ter lesions, in turn, lead to less severe hand function problems than grey matter lesions [15].
Participants with white matter damage and grey matter damage were approximately
equally distributed in our study group. However, the relatively small number of partici-
pants does not allow for an extensive multivariate analysis to look for group differences.

Our study is a non-blinded observational cohort study, lacking a formal control group.
Therefore, the level of evidence of the efficacy of our program is limited (level III on the
Oxford levels of evidence). However, studies reporting on the efficacy of intensive bimanual
training on sensory function in children and adolescents with CP are limited. Therefore,
this study adds to the evidence that functional, intensive, goal-directed therapy may be
effective in improving somatosensory hand function. Future studies including a larger
number of participants and a control condition (e.g., waiting list control group) are needed
to show the efficacy at a higher level of evidence, though complete blinded randomization
can never be accomplished due to the nature of the intervention.

Finally, we used a clinical measurement protocol to measure somatosensory hand
function. This protocol takes into account the testing time and burden for the participants,
because motor outcome measures at the ICF activity level were recorded in addition
to somatosensory measures. The advantage of this protocol is that it allows for proper
assessment of the participant’s hand function, and a disadvantage is that it deviates slightly
from the original protocol, especially regarding the Semmes-Weinstein monofilament test.
The fact that we asked the participants to point to the location of touch may have influenced
the reliability of the test [18].

5. Conclusions

Somatosensory function, including tactile perception, vibration sense, stereognosis,
and position sense of the more affected hand in children and adolescents with unilateral
spastic CP may improve after bimanual intensive functional training, without environmen-
tal tactile enrichment. A possible explanation for this might be that goal-directed training
enhances sensorimotor integration.
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Abstract: Background: We aimed to describe the burden, severity, and underlying factors of associ-
ated impairments among children with cerebral palsy (CP) in rural Bangladesh. Methods: This study
reports findings from the Bangladesh Cerebral Palsy Register—the first population-based surveillance
of children with CP in any LMIC, where children with confirmed CP aged < 18 years are registered by
a multidisciplinary team following a standard protocol. Associated impairments were documented
based on clinical assessment, available medical records, and a detailed clinical history provided by the
primary caregivers. Descriptive analysis, as well as unadjusted and adjusted logistic regression, were
completed using R. Results: Between January 2015 and February 2022, 3820 children with CP were
registered (mean (SD) age at assessment: 7.6 (5.0) y; 39% female). Overall, 81% of children had ≥1
associated impairment; hearing: 18%, speech: 74%, intellectual: 40%, visual: 14%, epilepsy: 33%. The
presence of a history of CP acquired post-neonatally and having a gross motor function classification
system levels III–V significantly increased the odds of different types of associated impairments in
these children. Most of the children had never received any rehabilitation services and were not
enrolled in any mainstream or special education system. Conclusions: The burden of associated
impairments was high among children with CP, with comparatively low receipt of rehabilitation and
educational services in rural Bangladesh. Comprehensive intervention could improve their functional
outcome, participation, and quality of life.

Keywords: associated impairment; comorbidities; register; children; cerebral palsy; low- and middle-income
country

1. Introduction

Cerebral palsy (CP) refers to a heterogeneous group of disorders, characterized by
motor deficits and functional difficulties such as sensory and cognitive impairment, caused
by non-progressive but permanent insults to the developing brain [1]. In the past few
years, data from CP registers in low- and middle-income countries (LMICs) have improved
the understanding of the epidemiology of CP in LMICs [2,3]. The limited available evi-
dence indicates that the burden of CP is high in LMICs, and most children have severe
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functional impairment with relatively low access to any rehabilitation services or assistive
devices [2–4].

Data from high-income countries suggest that children with CP often present with
associated impairments [5,6]. In a recent study using data from the Norwegian Patient
Registry, it was reported that 95% of children with CP in Norway had at least one comorbid-
ity [5]. A similarly high burden was reported in Australia [6]. Data from the Australian CP
Register (ACPR) show that 48% of children with CP had an intellectual impairment, 61%
had speech impairment, 12% had hearing impairment, 36% had visual impairment, and
28% had epilepsy [6]. The authors also reported a higher prevalence of associated impair-
ments among children with more severe gross motor function limitations [6]. Although it is
expected that the condition among children with CP in LMICs is likely to be worse due to a
lack of early intervention and rehabilitation services, there is limited data available on the
burden of associated impairments among children with CP in low-resource settings [7,8].

In 2015, the Bangladesh CP Register (BCPR: the first population-based surveillance of
children with CP in any LMIC) was established in rural Bangladesh [9]. The BCPR enabled
the first population-based estimation of the prevalence of CP (i.e., 3.4 per 1000 children) and
provided an understanding of the epidemiology of CP among children in Bangladesh [10].
Furthermore, the data enabled the team to tailor need-based services for children with CP
in the country [11–14].

The presence of associated impairments can complicate the management of children
with CP, especially in LMICs, which often lack the necessary resources required to ade-
quately manage the additional burden of disease, leading to negative impacts on health and
functional outcome. Estimation of the burden of associated impairments and identification
of children more vulnerable to associated impairments could support the development
of comprehensive programs and guide adequate resource allocation/mobilization and
needs-based service provision for children with CP in LMICs. In this study, we aimed to
describe the burden, severity, and underlying factors of associated impairments among
children with CP in rural Bangladesh.

2. Materials and Methods

The BCPR is an ongoing population-based surveillance of children with CP living in
rural areas of Bangladesh [9,10].

2.1. Study Participants and Study Area

The study participants are children with confirmed CP aged < 18 years, registered
in the BCPR as per the strict clinical definition adopted from the Surveillance of Cerebral
Palsy in Europe (SCPE) and Australian Cerebral Palsy Register (ACPR), and a standard
protocol published previously [9,15,16]. Children included in this study were recruited from
18 sub-districts of Bangladesh. The study area covers approximately 803,320 households,
with an approximate total population of 3,492,088 and a child population of 1,416,254 [17].

2.2. Screening and Identification of Children with CP from Community

BCPR uses the key informant method (KIM) to identify children with suspected CP
from the community [9,10]. KIM is a valid and widely practiced method that involves
the capacity development of local community volunteers known as key informants (KIs)
to identify children with suspected CP in their communities via structured training [18].
Following training, the KIs are given 4–6 weeks to identify and list children with suspected
CP in their communities [18]. Once identified, the KIs with support from the community
mobilizers (paid project staff) invite/bring these children with their caregivers/families to
the nearest medical assessment camps for a confirmed diagnosis, registration in the BCPR
and services [9,10,18]. More details are available in our previous publications [9,10]. Since
its establishment, the BCPR team has trained over 2000 KIs in the surveillance area.
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2.3. Multi-Disciplinary Medical Assessment

Children with suspected CP identified by the KIs underwent a thorough neurodevel-
opmental assessment, performed by a multidisciplinary medical assessment team com-
prising of a paediatrician, a physiotherapist, a counsellor, and a nutritionist. Detailed
information about socio-demographic characteristics, pre-, peri and postnatal characteris-
tics, clinical characteristics, nutritional status, rehabilitation, and educational status were
documented using the BCPR registration form. The detailed medical assessment proce-
dure is available in our previous publications [9,10] and has been briefly discussed in the
subsequent sections.

2.3.1. Socio-Demographic Characteristics

The mothers or primary caregivers accompanying children with CP were interviewed,
and the responses were documented following standard reporting guidelines of the census
and the demographic and health survey in Bangladesh [17,19].

2.3.2. Known Risk Factors

Data on selected known risk factors of CP were documented by reviewing avail-
able medical records and obtaining a detailed clinical history provided by the moth-
ers/caregivers. The components of a pre- and perinatal history such as antenatal care
practices (ANC), gestational age, birth weight, attendant of childbirth, history of any com-
plications during delivery, history of febrile illness during pregnancy or labour, history of
intrapartum-related neonatal respiratory depression (IPR NRD), and early feeding difficul-
ties were documented following the standard guideline. A child was considered preterm
if born before 37 weeks of gestation and was considered to have low birthweight if the
birthweight was <2500 g [20]. A child was classified as having a history of intrapartum-
related neonatal respiratory depression if they failed to cry at the time of birth, experienced
delayed onset of breathing (>1 min), or required assistance to initiate breathing (rang-
ing from drying, stimulation, milking the umbilical cord, or mouth-to-mouth breaths)
following birth [21]. Probable intrapartum-related neonatal respiratory depression was
defined as neonatal respiratory depression among infants born at term without congenital
malformations [21].

2.3.3. Predominant Motor Type, Topography, and Motor Impairment Severity

The predominant motor type of CP and topography were assessed at the time of
registration following the ACPR and SCPE classification [15,16]. Gross Motor Function
Classification System (GMFCS) level and Manual Ability Classification System (MACS)
level were used to document motor impairment severity using standard guidelines [22,23].

2.3.4. Associated Impairments and Epilepsy

The presence and severity of associated impairments (i.e., visual, hearing, speech,
and intellectual impairments) and epilepsy were primarily documented based on clinical
assessment by the paediatrician and review of any previous medical records and a detailed
clinical history provided by the caregivers in the absence of medical records as described in
the subsequent sections.

Visual impairment: The presence of visual impairment was recorded based on the
assessment of visual acuity and functional vision (including counting fingers, perceiving
hand motions, and light perception). In addition, the available medical records were
reviewed, and a clinical history was obtained from the primary caregivers. The severity of
visual impairment was documented as “some impairment” or “functionally blind” [10].

Hearing impairment: Physical examination (both naked eye examination of the exter-
nal ear and otoscopic examination) was performed to identify any signs of ear discharge,
visual identification of any structural defects, impacted cerumen or foreign objects, perfora-
tion, or any other abnormalities of the tympanic membrane and for any conditions that may
be contributing to hearing loss requiring further evaluation and treatment. Furthermore,
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distraction testing was performed to identify signs of hearing impairment among young
children and a whispered voice test was performed for children who could communicate to
identify signs of any hearing loss [24,25]. The child’s response to name calls and perception
of other sounds (e.g., loud noises, clapping) was also observed during the assessment. Any
previous history of infection and conditions (e.g., pain, drainage) of the ear and use of
any hearing loss intervention were assessed thoroughly by asking the primary caregiver
and reviewing available medical records. The severity of hearing impairment was further
classified as “some impairment” or “bilateral deafness” [10].

Speech impairment: The presence of speech impairment was documented based on
speech and language assessment, review of medical records, and clinical history provided
by the primary caregivers of children. Receptive and expressive language, conversational
speech quality, and naming quality of the children were evaluated. The severity of speech
impairment was classified as “some impairment” or “non-verbal” [10].

Intellectual impairment: The presence and severity of intellectual impairment was
determined following the definitions/criteria of the Diagnostic and Statistical Manual of
Mental Disorders, 5th Edition (DSM-5) [26], which places emphasis on a child’s adap-
tive functioning and their performance in daily activities/usual life skills. The assessor
interviewed the caregivers to determine if the child had any difficulties in adaptive be-
haviour, conceptualization, daily communication and comprehension, concentration on
daily tasks, learning new skills, relationships, and other practical areas of living [26].
If the caregiver responded yes, then the severity of intellectual impairment was docu-
mented as follows: (i) mild— “Can live independently with minimum levels of support”,
(ii) moderate—“Independent living may be achieved with moderate levels of support,
such as those available in group homes”, and (iii) severe/profound—“Requires daily assis-
tance with self-care activities and safety supervision/requires 24-hour care” [26]. Relevant
medical records were also reviewed if available [10].

Epilepsy: Diagnosis of epilepsy was made based on the history of tonic–clonic seizures
by interviewing the primary caregivers and reviewing available medical records. In con-
sultation with a paediatric neurologist, a child was documented as having active epilepsy
if s/he presented with a history of one or more unprovoked seizures in the preceding
three months of data collection at medical assessment camps and after the neonatal pe-
riod [10,13].

2.4. Data Management and Analysis

Data management and analyses were completed using R (version 4.2.1). Descriptive
(such as mean, standard deviation, proportions with 95% confidence intervals; CI) and
bivariate analysis (cross-tabulation with chi-square and Fisher’s exact test as appropriate)
were completed to describe the socio-demographic characteristics, the burden of differ-
ent impairments, and the potential underlying factors of different types of impairments
among children with CP in Bangladesh. Unadjusted and adjusted logistic regression (OR
and aOR respectively) were completed to control potential confounding factors and iden-
tify the predictors of different forms of associated impairments among children with CP
in Bangladesh.

2.5. Ethical Considerations

Ethics approval for BCPR was obtained from the Human Research Ethics Committee
of Bangladesh Medical Research Council (BMRC) (southasia-irb-2014-l-01), Cerebral Palsy
Alliance (EC00402; ref no. 2015-03-02), and the Asian Institute of Disability and Develop-
ment (AIDD) (southasia-irb-2014-l-01). Informed written consent was obtained from the
primary caregiver/parents of the children prior to registration in the BCPR. A participant
information sheet written in the Bengali language was provided to each of the primary
caregivers/parents of children with CP registered in the BCPR.
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3. Results

Between January 2015 and February 2022, 3820 children with clinically confirmed
CP were registered in the BCPR. The mean (SD) age at assessment was 7.6 (5.0) y and
39% female.

3.1. Cohort Profile
3.1.1. Socio-Demographic Characteristics

Most children were aged below 10 years (69.4%) at the time of registration into the
BCPR. The majority of their parents had received at least some formal schooling (76% of
the mothers and 67% of the fathers). Of all, 92% of families had a monthly income less than
15,000 BDT (~146 USD) (mean (SD) monthly family income: 9953 (7301) BDT ~68 (71) USD).
Only 29% of the families were living in semi-permanent or permanent houses. Although
98% of the household had access to tube wells for collecting drinking water, nearly half
(43%) did not have any access to sanitary toilets. (Table 1).

Table 1. Cohort profile (socio-demographic characteristics, predominant motor type, topography,
and GMFCS level).

Characteristics n (%), N = 3820

Age in years, n = 3809 1

0–4 1412 (37.1)
5–9 1231 (32.3)
10–14 836 (21.9)
15–18 339 (8.7)

Gender, n = 3820

Female 1485 (38.9)
Male 2335 (61.1)

Maternal literacy, n = 3813 1

No formal schooling 915 (24.0)
Literate 2898 (76.0)

Paternal literacy, n = 3793 1

No formal schooling 1242 (32.7)
Literate 2551 (67.3)

Monthly family income, BDT (~ USD), n = 3787 1,2

<15,000 (~<146) 3475 (91.8)
15,000–25,000 (~146–243) 234 (6.2)
>25,000 (~>243) 78 (2.1)

Accommodation type, n = 3764 1

Temporary shelter (jhupri) 17 (0.5)
Non-permanent (kutcha) house 2654 (70.5)
Semi-permanent (semi-pucca) house 868 (23.1)
Permanent brick (pucca) house 225 (6.0)

Source of drinking water, n = 3809 1

Other sources 5 (0.1)
Tap water 79 (2.1)
Tube well 3725 (97.8)

Access to sanitation, n = 3758 1

No toilet facility 68 (1.8)
Non-sanitary latrine 1551 (41.3)
Sanitary latrine 2139 (56.9)
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Table 1. Cont.

Characteristics n (%), N = 3820

Predominant motor type, n = 3820

Spastic 3059 (80.1)
Dyskinesia 244 (6.4)
Ataxia 184 (4.8)
Hypotonia 333 (8.7)

Spastic topography, n = 3059

Unilateral 854 (27.9)
Bilateral 2205 (72.1)

GMFCS level, n = 3782 1

I–II 1097 (29.0)
III–V 2685 (71.0)

1 Missing data; 2 1 USD ~ 103 BDT.

3.1.2. Predominant Motor Type, Topography and GMFCS Level

Most children in our cohort had spastic CP (80%) and more than two-thirds of them
(72%) had spastic bilateral CP. The majority of children also represented severe functional
impairment; 71% of children had GMFCS level III–V (Table 1).

3.2. Presence of Associated Impairments

Table 2 summarizes the presence of different forms of associated impairments among
participating children. Overall, 82% [95% CI 80.5, 82.9] had at least one type of associated
impairment. Hearing impairment was documented in 18% [95% CI 17.2, 19.7] children;
of them 4% [95% CI 3.5, 4.8] had bilateral deafness. Speech impairment was identified in
74% [95% CI 73.1, 75.8] of children and 41% [95% CI 39.2, 42.3] of them were non-verbal.
Overall, 40% [95% CI 38.5, 41.7] of children had confirmed intellectual impairment, and
of them, 8% [95% CI 7.5, 9.3] had severe intellectual impairment. Visual impairment was
identified in 14% of the children, including 5% [95% CI 4.7, 5.4] of children with functional
blindness. Epilepsy was present in 33% [95% CI 31.3, 34.3] of the children and was reported
to have resolved by the age of 5 in 9% [95% CI 8.3, 10.2] of children.

Table 2. Presence of associated impairments among children with CP in Bangladesh.

Associated Impairment n % [95% CI]

Number of associated impairments, n = 3820
None 697 18.2 [17.0, 19.5]
1–2 2658 69.6 [68.1, 71.0]
≥3 465 12.2 [11.2, 13.2]
Hearing impairment, n = 3811 1

None 3109 81.6 [80.3, 82.8]
Some impairment 529 13.9 [12.8, 15.0]
Bilateral deafness 156 4.1 [3.5, 4.8]
Unknown 17 0.4 [0.3, 0.7]
Speech impairment, n = 3818 1

None 974 25.5 [24.1, 26.9]
Some impairment 1263 33.1 [31.6, 34.6]
Nonverbal 1557 40.8 [39.2, 42.3]
Unknown 24 0.6 [0.4, 0.9]
Visual impairment, n = 3786 1

None 3219 85.0 [83.8, 86.1]
Some impairment 355 9.4 [8.5, 10.3]
Functionally blind 178 4.7 [4.7, 5.4]
Unknown 34 0.9 [0.6, 1.2]
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Table 2. Cont.

Associated Impairment n % [95% CI]

Intellectual impairment, n = 3629 1

None 1193 32.9 [31.3, 34.4]
Mild 418 11.5 [10.5, 12.6]
Moderate 735 20.3 [19.0, 21.6]
Severe 302 8.3 [7.5, 9.3]
Unconfirmed/unknown 981 27.0 [25.6, 28.5]
Epilepsy, n = 3812 1

No 2187 57.4 [55.8, 58.9]
Currently present 1251 32.8 [31.3, 34.3]
Resolved by age 5 years 351 9.0 [8.3, 10.2]
Unknown 23 0.6 [0.4, 0.9]

1 Missing data.

3.3. Relationship between Predominant Motor Type and Topography of CP, GMFCS Level, and
Associated Impairments

Hearing impairment is significantly (p < 0.001) higher among children with Ataxia
(29%) compared to other predominant motor types (10% among unilateral spastic CP, 21%
among bilateral spastic CP, 19% among dyskinetic CP, and 15% among hypotonic CP).
The proportion of speech impairment ranges between 73% and 80% among children with
bilateral spastic CP, dyskinesia, ataxia, and hypotonia, and is significantly (p < 0.001) lower
among children with unilateral CP (56%). Visual impairment is present in 17% of children
with bilateral spastic CP and 13% of children with dyskinesia. Intellectual impairment is
more common among children with bilateral spastic CP (62%), dyskinesia (63%), and ataxia
(63%). Furthermore, 39% of children with ataxia and 37% of children with bilateral spastic
CP have epilepsy.

All types of associated impairments are more common among children with GMFCS
level III–V compared to children with GMFCS level I–II. Among children with GMFCS level
I, 7% have hearing impairment, 58% have speech impairment, 5% have visual impairment,
34% have intellectual impairment, and 20% have epilepsy, whereas these percentages are
28%, 91%, 24%, 78%, and 49% (p < 0.001) among children with GMFCS level V, respectively.
(Figure S1).

3.4. Predictors of Associated Impairments

Tables S1 and 3 show findings from unadjusted and adjusted logistic regression.

3.4.1. Hearing Impairment

The odds of hearing impairment are significantly higher among children who acquired
CP post-neonatally (aOR, 95% CI: 2.96 (2.33–3.74)), ataxic children (aOR, 95% CI: 2.48
(1.60–3.82)), and children with GMFCS level III–V (aOR, 95% CI: 2.64 (2.01–3.50)) when
adjusted for antenatal care visits, birth attendants, and history of IPR NRD.

3.4.2. Speech Impairment

The odds of speech impairment are significantly higher among children who have a
history of IPR NRD (aOR, 95% CI: 2.31 (1.93–2.77)), acquired CP post-neonatally (aOR, 95%
CI: 1.43 (1.11–1.86)), and have GMFCS level III–V (aOR, 95% CI: 2.51 (2.07–3.04)). Further-
more, compared to unilateral spastic CP, children with bilateral spastic CP, dyskinesia CP,
ataxia, and hypotonic have significantly higher odds of speech impairment when adjusted
for other factors.

3.4.3. Visual Impairment

Unskilled birth attendants (aOR, 95% CI: 1.90 (1.43–2.51)), history of IPR NRD (aOR,
95% CI: 1.38 (1.09–1.77)), post-neonatally acquired CP (aOR, 95% CI: 2.27 (1.74–2.94)),
and GMFCS level III–V (aOR, 95% CI: 2.58 (1.90–3.55)) are significant predictors of visual
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impairment among children with CP in the cohort when adjusted for antenatal care visits
and predominant motor type or topography.

Table 3. Predictors of associated impairments among children with CP in rural Bangladesh.

Factors Hearing Speech Visual Intellectual Epilepsy

Antenatal care visits
Adequate Ref Ref Ref Ref Ref

Inadequate 0.41
(0.34–0.50)

0.94
(0.78–1.13)

0.46
(0.37–0.57)

0.87
(0.72–1.06)

0.95
(0.81–1.12)

Childbirth attended by
Doctor/midwife Ref Ref Ref Ref Ref
Skilled birth
attendant/TBA

0.98
(0.79–1.21)

1.34
(1.12–1.61)

0.88
(0.70–1.11)

1.04
(0.86–1.26)

0.67
(0.56–0.79)

Family members 2.09
(1.61–2.71)

1.15
(0.89–1.49)

1.90
(1.43–2.51)

1.80
(1.39–2.35)

1.09
(0.88–1.36)

History of birth-related complications
No N/A Ref N/A Ref Ref

Yes N/A 1.17
(0.98–1.39) N/A 1.14

(0.95–1.37)
1.17
(1.00–1.37)

History of IPR NRD
No Ref Ref Ref Ref Ref

Yes 1.13
(0.91–1.41)

2.31
(1.93–2.77)

1.38
(1.09–1.77)

2.01
(1.64–2.47)

1.47
(1.23–1.77)

Timing of brain injury
Pre and perinatal Ref Ref Ref Ref Ref

Postnatal 2.96
(2.33–3.74)

1.43
(1.11–1.86)

2.27
(1.74–2.94)

3.26
(2.48–4.33)

1.73
(1.39–2.14)

Predominant motor type and topography
Spastic—Unilateral Ref Ref Ref Ref Ref

Spastic—Bilateral 1.30
(0.97–1.75)

1.87
(1.51–2.31)

1.30
(0.95–1.79)

1.84
(1.45–2.33)

1.28
(1.03–1.58)

Dyskinesia 1.43
(0.92–2.20)

4.43
(2.87–7.07)

1.16
(0.71–1.88)

2.30
(1.52–3.53)

1.62
(1.16–2.26)

Ataxia 2.48
(1.60–3.82)

1.91
(1.31–2.84)

0.93
(0.52–1.59)

2.01
(1.35–3.01)

1.01
(0.69–1.47)

Hypotonia 1.03
(0.66–1.57)

1.59
(1.16–2.19)

1.30
(0.83–2.03)

1.25
(0.87–1.79)

1.11
(0.80–1.51)

GMFCS level
I–II Ref Ref Ref Ref Ref

III–V 2.64
(2.01–3.50)

2.51
(2.07–3.04)

2.58
(1.90–3.55)

2.00
(1.62–2.46)

1.95
(1.60–2.38)

3.4.4. Intellectual Impairment

Similar to visual impairment, unskilled birth attendants (aOR, 95% CI: 1.80
(1.39–2.35)), history of IPR NRD (aOR, 95% CI: 2.01 (1.64–2.47)), CP acquired post-neonatally
(aOR, 95% CI: 3.26 (2.48–4.33)), and GMFCS level III–V (aOR, 95% CI: 2.00 (1.62–2.46)) are
significant predictors of intellectual impairment among children with CP in the BCPR
cohort. Additionally, when adjusted for other factors, the odds of intellectual impairment
are 1.8 times higher among children with bilateral spastic CP, 2.3 times higher among
children with dyskinesia, and 2.0 times higher among children with ataxia than children
with unilateral CP.

3.4.5. Epilepsy

The odds of epilepsy are significantly higher among children with a history of IPR
NRD (aOR, 95% CI: 1.47 (1.23–1.77)), CP acquired post-neonatally (aOR, 95% CI: 1.73
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(1.39–2.14)), have bilateral spastic CP (aOR, 95% CI: 1.28 (1.03–1.59)), dyskinetic CP (aOR,
95% CI: 1.63 (1.16–2.26)), and GMFCS level III–V (aOR, 95% CI: 1.95 (1.60–2.38)).

3.5. Rehabilitation and Education Status of Children with CP According to the Presence of
Different Associated Impairments

More than half (54.3%) of the children with at least one or more associated impair-
ments have never received any rehabilitation. The proportion of children who have ever
received any rehabilitation is lowest among children with hearing impairment and is high-
est among children with epilepsy. Furthermore, among school-aged children, only 6.2%
with hearing impairment, 9.7% with speech impairment, 7.5% with visual impairment, 12%
with intellectual impairment, and 9.2% with epilepsy are enrolled in any mainstream or
special education schools (Table 4).

Table 4. Rehabilitation and education status of children with different forms of associated impairments.

Rehabilitation and
Education Status

Hearing Speech Visual Intellectual Epilepsy

No Yes No Yes No Yes No Yes No Yes

N 3109 685 974 2820 3219 533 1193 1455 2538 1251

Ever received
rehabilitation
services

1776
(58%)

273
(40%)

525
(54%)

1522
(54%)

1770
(55%)

251
(48%)

667
(56%)

749
(52%)

1341
(53%)

705
(57%)

p-value <0.001 >0.9 <0.001 0.03 0.044

Enrolled in main-
stream/special
schools

534
(19%)

40
(6.2%)

324
(37%)

251
(9.7%)

532
(18%)

38
(7.5%)

339
(31%)

156
(12%)

468
(20%)

106
(9.2%)

p-value 1 <0.001 <0.001 <0.001 <0.001 <0.001
1 Pearson’s chi-squared test.

4. Discussion

In this study, we reported population-based data on the frequency and severity of asso-
ciated impairments among children with CP in rural Bangladesh. We found a substantially
high burden of associated impairments among participating children. We also identified
several factors that increased the odds of different types of associated impairments among
children with CP registered in the BCPR. Unfortunately, the majority of the children with
mild to severe associated impairments never received any rehabilitation services and the
school enrolment rate was also low among those with multiple associated impairments
compared to children with no associated impairments registered in the BCPR.

Speech impairment is the most common form of associated impairment among chil-
dren with CP registered in the BCPR, followed by intellectual impairment and epilepsy. The
findings are consistent with previously reported data from both LMICs and HICs [6,8,27–29].
In a population-based study in Uganda, intellectual impairment and epilepsy were reported
among 75% and 45% of children in the cohort, respectively [27]. A few other studies in
Vietnam, Moldova, and Ethiopia also reported a similarly high burden of speech and
intellectual impairments among children with CP, however, those studies were conducted
in hospital-based settings [8,28,29]. When compared to other HICs (such as west Sweden,
Norway, and Australia), the proportion of severe intellectual impairment is slightly higher
in Bangladesh (29%) compared to west Sweden (21–26%) and Australia (22%), but is similar
to Norway (31%) [6,30,31]. The proportion of epilepsy observed among children with CP
in Bangladesh (33%) is also similar to that reported in western Sweden (33–34%), Nor-
way (28%), and Australia (28%) [6,30,31]. Interestingly, the proportion of severe speech
impairment/non-verbal among children with CP is substantially higher in Bangladesh
(41%) compared to Australia (24%) or Norway (28%) [6,30,31]. These differences could
be attributed to the differences observed in functional impairment severity, motor type,
etiology, diagnosis age, and rehabilitation status of children with CP in these countries.
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Nevertheless, caution should be taken when comparing or interpreting these findings
from different countries and regions due to the differences in data collection methods and
study populations. More research is required to understand the regional similarities and
differences in the profile of associated impairments among children with CP in LMICs such
as Bangladesh.

The presence and severity of different types of associated impairments among children
in our cohort vary according to their predominant motor type and topography. Speech,
intellectual impairments, and epilepsy are more prevalent among children with bilateral
spastic CP and dyskinetic CP, whereas hearing impairment is more common among chil-
dren with ataxic CP. Similar findings were reported in Uganda (an LMIC) [27], Canada,
and Sweden (HICs) [32,33], However, in Australia, speech and hearing impairment, and
epilepsy were more common among children with dyskinetic CP, as well as among children
with bilateral spastic CP [6].

All types of associated impairments are significantly higher among children with
GMFCS level III to V. The findings are consistent with population-based data from Aus-
tralia (i.e., ACPR), Sweden, and Uganda [6,27,33]. One possible explanation for this is
that children with more severe motor impairment have suffered a more severe insult to
the developing brain, resulting in a higher degree of brain injury that leads to more ex-
tensive disruption of white matter pathways, causing an increased number of associated
impairments [34].

A positive relationship is observed between the presence of intellectual impairment
or epilepsy and a history of IPR NRD in a child registered in the BCPR. History of IPR
NRD is a strong indicator for adverse peri/neonatal events such as hypoxic–ischaemic en-
cephalopathy (HIE) in newborns, and the risk is even higher in LMICs such as Bangladesh
where homebirths in the absence of medical professionals are commonly observed. A posi-
tive relationship between a history of such adverse peri/neonatal events and gross motor
function limitation, as well as a high burden of associated impairments, was previously
reported in Sweden [33]. However we could not establish this causal relationship in this
study and need further exploration.

Interestingly, the odds of different associated impairments, including hearing impair-
ment, are significantly higher among children with postnatally acquired CP. One possible
explanation for this may be that the auditory system is less susceptible than the brain to
damage from perinatal hypoxia in the absence of associated ischemia. However, such
ischemia is likely to be a complication of postnatal insults to the brain, such as cardiovas-
cular instability due to sepsis, or repeated respiratory failures, thus, ensuring a greater
association with hearing loss [35].

Our data show that nearly half of our study participants have never received any
rehabilitation services. Developing needs-based rehabilitation services (including assistive
devices) could improve the functional outcome and participation of these children (i.e.,
children with CP and other associated impairments) in daily activities. The very low school
enrolment rate in this cohort is likely to be attributed to the limited functional capacity and
lack of inclusive education system in the country. Similar findings were reported in other
LMICs [2]. Such inequality in meeting the basic needs, e.g., health care, education, and
inclusiveness, eventually makes these children vulnerable to falling into the vicious cycle
of poverty, disability, and inequity in low-resource settings of LMICs.

Despite our considerable effort, the study has several limitations. Firstly, with the
absence of adequate medical records and access to advanced diagnostic tools/equipment,
it is difficult to apply the adopted case definitions and documentation of severity in a
consistent manner for all children, especially for those with severe motor impairment
and clinical complications. This may also have led to an underestimation of the true
burden and misclassification of severity in very young children or children with severe
intellectual impairments. Second, we used the key informant method to identify children
with suspected CP from the community. Although KIM is a cost-effective method compared
to door-to-door surveys, it is possible that due to a lack of expertise, the KIs may have
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missed a few milder cases of CP. This may also slightly influence the proportion of gross
motor function limitation levels and severity of different associated impairments among
registered children. Third, in the absence of medical records, we had to mostly rely
on mother/caregiver-reported clinical history to determine the aetiology, timing, and
potential causes of the brain injury that led to CP. As a result, we could not establish the
confirmed underlying causes of different types of associated impairments among children
with CP registered in the BCPR. Finally, as mentioned in the methods, the BCPR is an
ongoing surveillance, and we have not achieved complete case ascertainment in some
of the surveillance sites. Hence, we could not report the population-based prevalence of
different associated impairments among children with CP in rural Bangladesh.

5. Conclusions

Associated impairments are commonly observed among children with CP in rural
Bangladesh. The presence and severity of different associated impairments are also in-
fluenced by the motor and clinical characteristics of CP among children. It is therefore
important to undertake a comprehensive approach for early intervention and rehabilitation
services to address the needs for both motor function as well as associated impairments
among children with CP. Unfortunately, the lack of service provision delays the initiation of
early intervention and limits the opportunity of improving the functional capacity of these
children and the scope for their participation in daily activities. Capacity development of
mid-level rehabilitation workers, innovations to improve accessibility to assistive devices,
and undertaking a community-based approach are some potential strategies to improve
the situation in the country.
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Abstract: Emotion regulation difficulties are associated with many neurological conditions and
negatively impact daily function. Yet little is known about emotion regulation in adults with cerebral
palsy (CP). Our aim was to investigate emotion regulation in adults with CP and its relationship
with condition-related and/or socio-demographic factors. In a cross-sectional study of adults with
CP, participants completed a survey containing the Difficulties in Emotion Regulation Scale (DERS),
Depression Anxiety and Stress Scale-21 (DASS-21), and socio-demographic and condition-related
questions. Descriptive statistics, chi-squared and Mann–Whitney tests were performed. Of the
42 adults with CP (x31.5 years, SD13.5) that were tested, 38 had within normal limits DERS total
scores; however, a significantly higher proportion of participants experienced elevated scores (i.e.,
more difficulties with emotion regulation) than would be expected in the general population across
five of the six DERs subdomains. Moderate–extremely severe depression and anxiety symptoms
were reported by 33% and 60% of participants, respectively. The DERS total scores for participants
with elevated depression, anxiety, and stress scores were significantly higher than the DERS totals
score for those without elevated depression, anxiety, and stress scores. DERS and DASS-21 scores
did not differ significantly by condition-related nor socio-demographic characteristics. In conclusion,
emotion regulation difficulties were associated with elevated symptoms of depression and anxiety,
which were overrepresented in the adults with CP participating in this study.

Keywords: cerebral palsy; disability; emotion regulation; depression; anxiety

1. Introduction

Cerebral palsy (CP) is an umbrella term for a group of non-progressive motor dis-
orders resulting from damage to or maldevelopment of the immature brain [1]. These
disorders are permanent but not unchanging and are frequently accompanied by other
conditions, including emotional and behavioural difficulties [1]. Preschool children with
CP have been shown to experience more emotional/behavioural difficulties than their
peers [2]. Similarly, a large European study of primary school aged children with CP
found almost one third had emotion difficulties and 40% had significant social impairments
as a result of their emotional or behavioural problems [3]. Other studies of school aged
children with CP from Australia and Canada have also identified higher rates of emotional,
behavioural, and social difficulties compared with typically developing children [4,5]. A
recent study comparing associations between emotion knowledge and emotion regulation
abilities of 36 children with CP with 45 typically developing children demonstrated that
children with CP exhibited poorer emotion knowledge and poorer emotion regulation
skills than their typically developing peers, and that there was an association between
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emotion regulation abilities and emotion knowledge [6]. However, less is known about
how emotional difficulties manifest and impact people with CP in adulthood.

Emotion regulation (ER) refers to how we ‘influence which emotions we have, when
we have them, and how we experience and express them’ [7]. It involves a series of
processes, including: a situation, cognitively attending both to the situation and our
emotions, appraising our emotions in the situation, and developing a response. Being able
to intrinsically experience and regulate our emotions provides us with a feeling of control
and allows us to respond to the demands of daily life in a socially acceptable manner [8].
This is useful in education, employment, and in building and maintaining relationships
across a lifespan [9–11].

ER difficulties are associated with a range of conditions. More than half of all psy-
chological diagnostic categories (e.g., anxiety and mood disorders) and all personality
disorders include ER difficulties as part of the symptomatology required to meet diagnostic
criteria [7,12]. ER difficulties are also associated with executive functions and attention
deficit hyperactive disorder (ADHD). Given people with CP are more likely to have co-
occurring ADHD than the general population, and people with ADHD are at increased
risk of experiencing psychological symptoms in adulthood such as anxiety and depression,
examining the occurrence of ER difficulties in adults with CP is warranted.

The neural underpinning of ER is also important to examine when considering the
likelihood of associations between ER difficulties and CP in adulthood. A model proposed
by Etkin et al. (2015) describes how predictions, prediction errors, and valuations contribute
towards two forms of ER: model-free regulation and model-based regulation [13]. However,
the way in which the neural systems and associated brain regions involved in ER are
affected in many conditions is still unclear. It is acknowledged that the dorsal anterior
cingulate, insula, amygdala, and periaqueductal grey are all associated with emotional
reactivity. Similarly, ER evidence from fields such as Tourette Syndrome, depression,
anxiety, traumatic brain injury, and Parkinson’s disease suggest that components of the
basal ganglia, the amygdala, and/or the connections between these regions play a key role
in emotion regulation [14,15]. However, little is known about CP and ER. Some forms of
CP, particularly dyskinetic CP, are caused by damage to the basal ganglia [16]. Moreover,
brain pathology for people with CP occurs in early development [17], likely impacting
plasticity and experiential learning pathways. A recent study examining neural circuitry
in adults with CP demonstrated associations between level of functional connectivity in
brain regions associated with ER and social skills, and participant well-being scores [18].
As regions of the brain known to control ER have been associated with CP, it is reasonable
to hypothesise that adults with CP may experience an increased incidence of ER difficulties
than expected in the general population.

Research is required to better understand ER and the relationship between ER and
clinical and socio-demographic factors in adults with CP. This is necessary to determine
whether there is a need for services and screening to support adults with CP and to assist
in managing these challenges. In this study, we aimed to (1) investigate self-reported
ER difficulties in adults with CP, and (2) to determine whether ER was associated with
other demographic and condition-related factors, including symptoms of mood difficulties
(depression, anxiety, and stress), ambulatory status, communication level, living arrange-
ments, employment status, etc. It was hypothesised that (1) adults with CP are more likely
to experience ER difficulties than the general population, and (2) that ER difficulties are
associated with mood and condition-related factors and socio-demographic factors such as
ambulatory status and employment status, respectively.

2. Materials and Methods

2.1. Study Design

This was a cross-sectional study design. The research question was initiated by co-
author FG who has a lived experience of CP. Key stages of study design and interpretation of
results were informed by lived experience and current best research practice. Methodology
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and data are reported according to the CHERRIES (Checklist for Reporting Results of
Internet E-Surveys) statement [19].

2.2. Ethics

Ethical approval was granted by the Cerebral Palsy Alliance Human Research Ethics
Committee (3 November 2018), Victorian Cerebral Palsy Register Governance, and Queens-
land Cerebral Palsy Register Steering Committee, with data collected throughout 2019. All
participants were provided a participant information sheet outlining study protocol and
informed consent was obtained.

2.3. Participants, Procedures and Measures

The study was advertised in the NSW/ACT CP Register newsletter and via a study
flyer (Appendix A Figure A1). To be eligible, participants were required to have a confirmed
diagnosis of CP, be aged ≥ 18 years, and have no/mild intellectual impairment as recorded
in the CP register. No incentives were offered for participation in the study.

Participants completed a voluntary 15-min paper or online survey. The survey in-
cluded questions related to socio-demographic and clinical condition, including gender,
age, residential postcode, employment status, living arrangements, primary support
person, Gross Motor Function Classification System-Expanded and Revised (GMFCS-
E&R) [20] level, predominant CP motor type, Communication Function Classification Sys-
tem (CFCS) [21] level, use of Augmentative and Alternative Communication (AAC), receipt
of supports/services, and history of any psychological disorder/s, e.g., anxiety/depression.
Descriptors were provided alongside classification systems such as the GMFCS and CFCS
to allow participants to self-select their level if they did not already know it. Moreover,
questions around communication and AAC were asked using branching logic, and partici-
pant responses were checked for consistency. See Supplementary Materials for a full copy
of the survey.

Other items included the Depression Anxiety and Stress Scale short-form (DASS-21) [22]
and the Difficulties of Emotion Regulation Scale-36 (DERS) [23]. The DASS-21 is a validated
self-report measure of psychological distress widely used in research and clinical practice.
Using a four-point Likert scale 0–3 (never, sometimes, often, almost always) individuals rate
their responses to 21 items. Seven items contributed to each of the sub-scales: depression,
anxiety, and stress. Cut-off scores have been developed for each sub-scale to indicate mild,
moderate, severe, and extremely severe scores. Cut-off scores indicate symptoms relative
to the general population, rather than level of severity of a diagnosable disorder, i.e., ‘mild’
indicates mildly elevated symptoms of depression compared to the general population, not
that the individual meets diagnostic criteria for depression in the mild range. The DASS-21
was adapted from the DASS-42 and has demonstrated adequate construct validity and high
reliability (0.88 depression, 0.82 anxiety, and 0.90 stress) [22].

DERS is a validated 36-item self-report measure of emotion regulation. Using a five-
point Likert scale 1–5 (almost never, sometimes, about half of the time, most of the time,
almost always) participants rate responses. Responses were tallied to obtain a total score
and six sub-scale scores: non-acceptance of emotional responses (nonaccept), difficulties
engaging in goal directed behaviour (goals), impulse control difficulties (impulse), lack of
emotional awareness (awareness), limited access to ER strategies (strategies), and lack of
emotional clarity (clarity) [23]. Higher scores indicate greater difficulties with ER. Total
and sub-scale scores can be converted into age and gender adjusted T-scores, with a mean
of 50 and a standard deviation (SD) of 10 [24]. Validity and reliability of DERS is well
established, with good internal consistency (Cronbach’s α ranging from 0.80 to 0.89) and
test–retest reliability for total DERS scores being 0.88 [23].

Online open survey data were collected using REDCap electronic data capture tool,
hosted by The University of Sydney. A response was required for all items on the DASS-21
and DERS and participants were able to progress through the survey and review their
previous responses at their own pace. The survey was completed by five individuals prior
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to study commencement to review functionality and acceptability. A copy of the survey
is available in Supplementary Materials. In line with ethical requirements, participants
who endorsed items suggesting that they were a safety risk to themselves or others were
contacted by a registered psychologist and offered support and/or links to services.

2.4. Statistical Analyses

Employment was collapsed into two categories based on participant responses: ‘Em-
ployed’ = full-time, part-time, casual, volunteer, student; ‘Unemployed’ = unemployed,
retired. Similarly, living situation was collapsed into four categories: ‘Alone’; ‘Share house’
= share house or supported accommodation; ‘With spouse’ = with or without children;
‘Other family’ = living with parents, living with other children alone or living with other
family. GMFCS was collapsed into two categories: ‘Ambulant’ = GMFCS level I or II;
‘Supported mobility’ = GMFCS levels III, IV and V. DASS-21 scores were categorised into
normal, mild, moderate, severe, and extremely severe groups [22]. Scores were then further
collapsed into two groups: “Low” = normal and mild scores and “Elevated” = moderate,
severe, extremely severe, based on normative data. “Elevated” scores therefore indicate that
an individual endorses feelings of depression equal to or more often/severe than 88 percent
of the normative sample, feelings of anxiety equal to or more often/severe than 92 per-
cent of the normative sample, and feelings of stress equal to or more often/severe than
89 percent of the normative sample [22]. These cut-offs were selected as they are considered
clinically significant. DERS-36 total scores and sub-scale scores were converted to age and
gender adjusted T-scores [24]. DERS T-scores were categorised into two groups; “WNL”
(within normal limits) = those who scored ≤ 1.5 SD above the mean (a T-score of ≤65), and
“Elevated” = those who scored more than 1.5 SD above the mean (a T-score of >65).

Data were analysed using SPSS (Version 24). Descriptive and frequency statistics
were run for all variables. Means and proportions were calculated for DASS-21 and DERS
sub-scales, and chi-squared tests were performed on DERS scores to compare whether
the current sample proportions differed from expected population proportions, based on
normative data. Mann–Whitney tests were conducted to examine the relationship between
Total DERS scores and DASS-21 sub-scales, with significance set to p = 0.05. Mean total
DERS T-scores by DASS-21 sub-scale category were calculated and plotted onto a bar
graph. Where sample sizes allowed (n ≥ 5), Mann–Whitney tests were performed to
examine relationships between clinical and socio-demographic factors and DASS-21 and
DERS scores.

3. Results

After eliminating any duplicate responses, there were 48 respondents who participated
in the survey; two were ineligible, two declined consent, and two were incomplete. There
were n = 42 participants with complete data which were included in the analyses. Table 1
outlines the participant characteristics.

The mean age of participants was 31.5 years (SD 13.48) and 43 percent were males.
The majority of participants had spastic hemiplegia and were ambulant (Table 1). Most
participants reported that they were effective communicators with no intellectual im-
pairment. When examining socio-demographic factors, n = 24/42 (58%) of participants
were living with other family members, with the majority of this group living with their
parents. Seventy percent of participants were engaged in some form of employment
(including volunteer work or study); however, only 22.5 percent of participants were work-
ing full-time. Just over 40 percent of participants had received a formal diagnosis of a
psychological disorder.
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Table 1. Participant characteristics.

Characteristics Total n = 42

Females; n (%) 24 (57.1)
Age; Mean (SD); Range 31.50 (13.48); (18–72)

CP Type/topography ++ n (%)
Spastic 30 (73.2)

Hemiplegia 15 (50.0)
Diplegia 8 (26.7)

Quadriplegia 7 (23.3)
Dyskinesia 4 (9.7)

Ataxia 1 (2.4)
Mixed 5 (12.2)

Unknown 1 (2.4)
Intellectual Ability n (%)

No impairment 37 (88.1)
Mild impairment 5 (11.9)

Functional Communication Level ++ n (%)
Effective communicator 33 (80.5)

Slow but effective communicator 6 (14.6)
Effective communicator with familiar people 2 (4.9)

Inconsistent communicator 0
Seldom effective communicator 0

AAC; N (%)
Use AAC 6 (14.3)

GMFCS level; n (%)
I 14 (33.3)
II 13 (31)
III 4 (9.5)
IV 6 (14.3)
V 5 (11.9)

Gross Motor Function; n (%)
Ambulant 27 (64.3)

Supported mobility 15 (35.7)
Employment Status + n (%)

Employed 28 (70.0)
Unemployed 12 (30)

Living Arrangement ++ n (%)
Alone 7 (17.1)

Share house 5 (12.2)
With spouse 5 (12.2)
Other family 24 (58.5)

Primary Support Person; n (%)
Parent 22 (52.4)

I do not have a primary support person 13 (31.0)
Partner/spouse 2 (4.8)

Sibling 1 (2.4)
Caseworker/advocate/other 4 (9.6)
Psychological Disorder; n (%)

Diagnosed psychological disorder 17 (40.5)
Routine Services; n (%)

Receiving routine services 18 (42.9)
+ N = 40; ++ N = 41.

Examination of self-reported ER using the DERS found that only four participants
reported experiencing total elevated DERS scores. Due to small sample size in the elevated
group, it was not possible to examine statistical significance. However, when examining
sub-scale scores, a higher proportion of participants experienced elevated scores across
all sub-scale areas, except lack of emotional clarity, than would be expected in the general
population (Table 2).
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Table 2. Means and proportions of depression, anxiety, stress and emotion regulation scores.

DERS Scores
Raw DERS T-Scores

Mean (SD) Mean (SD)
WNL 1

N (%)
Elevated 2

N (%)
p-Value

Total 81.93 (30.30) 50.95 (14.87) 38 (90.5) 4 (9.5) Not able to compute
Nonaccept 14.69 (6.99) 55.52 (14.64) 32 (76.2) 10 (23.8) <0.001
Goals 13.45 (5.29) 49.67 (12.32) 36 (85.7) 6 (14.3) 0.048
Impulse 12.50 (6.31) 51.28 (13.26) 36 (85.7) 6 (14.3) 0.048
Awareness 13.45 (5.53) 51.52 (13.51) 36 (85.7) 6 (14.3) 0.048
Strategies 17.86 (8.26) 52.25 (12.76) 35 (83.3) 7 (16.7) 0.010
Clarity 9.98 (4.41) 49.04 (11.36) 37 (88.1) 5 (11.9) 0.175

DASS-21 Scores

Mean SD Range
n (%) Scoring in Ranges

Normal Mild Moderate Severe Extremely Severe

Depression 5.71 3.897 0–18 19 (45.2) 9 (21.4) 8 (19.0) 5 (11.9) 1 (2.4)
Anxiety 7.10 4.143 2–19 10 (23.8) 7 (16.7) 9 (21.4) 6 (14.3) 10 (23.8)
Stress 5.62 4.654 0–20 29 (69.0) 8 (19.0) 0 (0.0) 4 (9.5) 1 (2.4)

1 WNL = “within normal limits”; 2 Elevated => 1.5 SD from normative mean, 6.68 percent of the normative
population would be expected to experience emotion regulation scores 1.5 SD above the mean. Chi-squared
goodness-of-fit test performed on DERS scores compared whether sample proportion differed from expected
population proportion, based on normative data.

When examining results from the DASS-21 (Table 2) the data for symptoms of de-
pression indicated that 67% percent of participants reported symptoms in the ‘normal–
mild’ range with 33% above this range (moderate–extremely severe). In terms of anx-
iety, 40% reported symptoms of anxiety in the ‘normal–mild’ range with the remaining
60% with reported symptoms in the ‘moderate–extremely severe’ range. The majority (88%)
of participants reported symptoms of stress in the ‘normal–mild’ range.

There was a significant positive relationship between depression, anxiety, and stress,
and total DERS scores. DERS total scores for participants with elevated depression, anxiety,
and stress scores was significantly higher than the DERS totals score for those without
elevated depression, anxiety, and stress scores (Table 3, Figure 1).

Table 3. Non-parametric relationship between depression, anxiety, and stress and total emotion
regulation T-scores.

DASS Low Group DASS Elevated Group
Change Statistic

DERS Total T-Score DERS Total T-Score

N Median IQR N Median IQR p-Value

Anxiety 17 42.85 16.64 25 56.82 16.86 0.001
Depression 28 43.16 15.94 14 62.18 16.29 <0.001

Stress 37 49.74 17.65 5 71.64 29.27 0.002

Note: ‘Low Group’ refers to scores on the DASS that are ≤mild range; ‘Elevated Group’ refers to scores on the
DASS that are ≥moderate range. Mann–Whitney tests were conducted to examine the relationship between Total
DERS scores and DASS-21 sub-scales, with significance set to p = 0.05.

When examining DERS total T-scores, depression, anxiety, and stress scores by gen-
der and employment status, there were no significant differences across groups (Table 4).
Similarly, when examining factors relating to motor condition, there was no significant dif-
ference in scores across groups for gross motor function, communication level, or whether
or not participants were receiving routine services. Those who had a history of a diagnosed
psychological disorder obtained significantly higher DERS total T-scores, anxiety, and stress
scores than those who had no history of a diagnosed psychological disorder. There was no
difference between groups for depression scores.
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Figure 1. Mean total emotion regulation scores by level of depression, anxiety, and stress.

4. Discussion

To date, there has been little research investigating ER in adults with CP. To begin to
explore these factors we conducted a cross-sectional survey of adults with CP with no/mild
intellectual impairment. Self-reported ER scores varied widely, with 90% of participant
total scores falling within normal limits. However, when examining ER sub-scale scores,
a higher proportion of participants scored in the elevated range across all sub-scales,
except emotional clarity, than would be expected in the general population. Worryingly,
moderate-extremely severe symptoms of depression and anxiety were common; however,
most participants’ stress scores fell within normal limits. A clear positive relationship was
observed between mood and ER scores, whereby people with elevated depression, anxiety,
and stress scores experienced more ER difficulties than those without elevated depression,
anxiety, and stress scores. Apart from having a diagnosed psychological disorder, no other
clinical or socioeconomic factors were associated with the DERS or DASS-21 scores in
this sample.

A statistically significant proportion of the total group had elevated sub-scale scores for
nonacceptance of emotional responses (n = 10, 24%), difficulties engaging in goal-directed
behaviour (n = 6, 14%), impulse control difficulties (n = 6, 14%), lack of emotional awareness
(n = 6, 14%), and limited access to ER strategies (n = 7, 17%). Lower acceptance of emotions,
not having strategies, or using less effective ER strategies have been associated with higher
depressive symptoms [25,26]. This relationship between ER and mood disorders has
been observed in other diagnostic groups, including individuals with traumatic brain
injury and eating disorders, [27,28] and suggests that use of effective ER strategies (e.g.,
mindfulness practices and meditation) may have a role to play in the management of mood
disorders [29].

It is understood that adults with CP experience higher rates of mood disorders than
the general population [30–32]. Here we found that one third of participants had depression
scores falling in the moderate to extremely severe range and more than half had anxiety
scores in the moderate to extremely severe range. Whilst data are not diagnostic in nature
and therefore not directly comparable, this is considerably higher than what might be
expected from population estimates of 10% percent of Australians with depression and 13%
percent with anxiety disorder [33]. Interestingly, adults with CP in this study were no more
likely to experience stress than the general population. Whilst stress of caregivers of people
with CP has been well researched, evidence examining stress in adults with CP is scarce.

The multi-factorial mechanisms responsible for high rates of depression and anxiety
in CP are not well understood. In some instances, the brain injury or maldevelopment
responsible for an individual’s CP may also predispose them to mood disorders and emo-
tion dysregulation [30]. Brain injuries or maldevelopments common in CP can impact the
frontal cortex, cerebellum, and limbic system, all of which have important roles in how we
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regulate emotions, mood, and behaviour [30,34]. Moreover, given that the underlying brain
injury or maldevelopment responsible for a person’s CP occurs in or before infancy, and
ER development occurs across childhood, adolescence, and young adulthood, early injury
may have downstream developmental effects. Beyond a biological predisposition, there
are a number of other environmental factors that may contribute to mood disorders and
associated emotion dysregulation in CP such as pain, social isolation, and marginalisation.

Pain and mood disorders such as depression often co-occur in the general population,
with the relationship between pain and mood being bidirectional [35,36]. Chronic pain is
reported in both adults and children with CP at a higher rate than the general population,
with studies across the world reporting that 33–84% of participants with CP experience
pain [30,37–39]. Whilst there is little research describing the contribution of pain to depres-
sion in CP, management of pain is essential to support both a good quality of life and to
promote mental well-being.

Social isolation and loneliness are also risk factors for mood disorders [40,41]. Whilst
not investigated in this study, there is research to suggest that adults with CP experience
more social isolation and loneliness than adults without disability [42]. It is hypothesised
that this relates to barriers faced in regards to social integration, forming relationships,
finding employment, communication, accessing transport for activities outside the home,
and having limited accommodation options/choice, all of which can contribute to social
isolation [41–43]. In addition to improving quality of life, strategies to support social
connectedness may reduce the risk of mood disorders and associated emotion dysregulation
in CP.

Strengths and Limitations

To the best of our knowledge, this is the first study to investigate the relationship
between ER, mood, and socio-demographic and condition related factors in adults with CP.
The research question for this study was originally initiated by author FG who has a lived
experience of CP. We found that adults with CP in this study had increased experiences of
emotional dysregulation than the general population, had elevated symptoms of depression
and anxiety, and that increasing symptoms of depression, anxiety, and stress were associated
with poorer emotion regulation. In terms of limitations, this was a preliminary study
which aimed to examine ER across adults with CP, and no matched comparison group
was included in the design. We did not specifically target any CP motor subgroups for
recruitment. The small number of respondents meant it was not statistically viable to
investigate ER or mood in some subgroups of interest. Future studies could specifically
recruit a sample of adults with dyskinetic CP to investigate emotion dysregulation and
mood disorders amongst adults with dyskinetic CP, given dyskinetic CP frequently involves
damage to the basal ganglia [44]. As data for this study were collected by a self-report
survey, eligibility criteria were limited to individuals with no/mild intellectual impairment,
excluding participation for people with CP who had moderate and severe intellectual
impairments. Understanding ER and mood in adults with CP and intellectual impairment
is also important and should be considered in future research. There was a high proportion
of participants (n = 17, 40%) who reported having a diagnosed psychological disorder.
This highlights a possible self-selection bias with participants who are aware of, or who
are experiencing difficulties in this area of their lives potentially being more likely to
respond to the study invitation. Conversely, there may have been an underrepresentation
of participants with psychological and emotion regulation difficulties who may have chosen
not to participate. Finally, the survey was sent to everyone within the eligible age range on
the CP registers. The response rate of 42, although expected for a survey study with no
immediate benefit for participants, is low. Results, therefore, may not be representative of
the broader CP in adulthood population. Finally, data were collected in 2019 before the
COVID-19 pandemic. Marginalised groups, including people with disability, have been
disproportionately negatively affected by the COVID-19 pandemic and associated societal
and policy changes [45]. Similarly, mental health difficulties have increased as a result of
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the COVID-19 pandemic; therefore, these rates may now be higher than when the data
were collected.

5. Conclusions

This is the first study investigating ER amongst adults with CP. Here we observed
that the majority of participants had total ER scores within normal limits. However,
more participants than expected based on the general population had elevated sub-scale
scores, indicating difficulties accepting emotional responses, engaging in goal-directed
behaviour, controlling impulses, a lack of emotional awareness, and low belief in and
knowledge of strategies to help regulate emotions. Worryingly, a higher proportion of
participants reported symptoms of depression than the general population and a relatively
high proportion reported symptoms of anxiety. In this study, we found a clear positive
relationship between mood and ER scores, whereby participants with elevated depression,
anxiety, and stress symptoms reported more ER difficulties than those who did not have
elevated depression, anxiety, or stress symptoms. Considering the relationship between
mood and ER, use of ER strategies (e.g., mindfulness) may be helpful tools for people with
CP and mood difficulties. In the absence of known prevention strategies, screening of
emotion regulation and mood difficulties as part of routine health reviews with appropriate
onward referral and support should be evaluated.
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Abstract: Hip displacement is the second most common musculoskeletal deformity in children with
cerebral palsy. Hip surveillance programs have been implemented in many countries to detect hip
displacement early when it is usually asymptomatic. The aim of hip surveillance is to monitor hip
development to offer management options to slow or reverse hip displacement, and to provide the
best opportunity for good hip health at skeletal maturity. The long-term goal is to avoid the sequelae
of late hip dislocation which may include pain, fixed deformity, loss of function and impaired quality
of life. The focus of this review is on areas of disagreement, areas where evidence is lacking, ethical
dilemmas and areas for future research. There is already broad agreement on how to conduct hip
surveillance, using a combination of standardised physical examination measures and radiographic
examination of the hips. The frequency is dictated by the risk of hip displacement according to the
child’s ambulatory status. Management of both early and late hip displacement is more controversial
and the evidence base in key areas is relatively weak. In this review, we summarise the recent literature
on hip surveillance and highlight the management dilemmas and controversies. Better understanding
of the causes of hip displacement may lead to interventions which target the pathophysiology of
hip displacement and the pathological anatomy of the hip in children with cerebral palsy. We have
identified the need for more effective and integrated management from early childhood to skeletal
maturity. Areas for future research are highlighted and a range of ethical and management dilemmas
are discussed.

Keywords: cerebral palsy; hip displacement; hip surveillance; GMFCS; adductor-psoas release; hip
reconstruction; guided growth; salvage surgery

1. Introduction

Hip displacement (HD) is common in non-ambulatory children with cerebral palsy
(CP) and may result in pain, limitations in sitting ability and impaired Health Related
Quality of Life (HRQoL) [1,2]. In a large, population-based study, the prevalence of HD,
defined as migration percentage (MP) > 30%, was 35% for the whole CP population, rising
to 90% for children at Gross Motor Function Classification System (GMFCS) Level V [3].
Prevalence was related in a linear fashion to GMFCS Level but not to motor type [1,3]. In
recent years, there has been an increasing interest in hip surveillance (HS) and preventive
and reconstructive surgery [4,5]. Reports from single-site studies, state-wide studies,
national studies and systematic reviews are largely positive about the benefits of HS in
detecting HD in CP [5–10]. However, questions remain pertaining to the HS process, the
efficacy of non-operative treatments, the efficacy of soft tissue releases in younger children,
the timing and dose of reconstructive osteotomies and the need for salvage procedures (i.e.,
joint resection). The common association of multiple co-morbidities, leading to a higher
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risk of post-operative medical complications, further impacts clinical decision-making [1].
The frailty of some children with severe CP raises clinical and ethical questions about
surgical management. The purpose of this review is to identify areas where knowledge is
lacking and where future research efforts might be focused to help answer these questions
(Figure 1).

Figure 1. Hip surveillance, research and interventions. Copyright Bill Reid, Pam Thomason and
Kerr Graham, RCH Melbourne. Hip surveillance for children with CP improves the knowledge and
research base. It can help us understand why hips dislocate and effects of intervention on the natural
history of hip migration. Hip surveillance usually leads to interventions, which can be proactive or
reactive and include both non-operative and operative approaches. Hip surveillance, research and
outcome studies are inextricably linked. Each informs the other.

2. Hip Surveillance for Children with Cerebral Palsy

Detecting a disease early—when it may be easier to treat—is intuitively attractive, but
the benefits and potential harms require careful evaluation. Screening and surveillance
programs can be successful, but there may be unintended consequences. It has been stated
that: ‘all screening programs do harm . . . some do good as well’ [1,11,12].

HS for children with CP involves both clinical and radiographic examinations based on
a risk assessment linked to gross motor function, rather than the development of symptoms,
to help subvert a natural history typified by painful osteoarthritis and impairment [1,5–11].
This may prevent some children from developing symptomatic dislocation if HS detects
HD early enough for treatment to make a difference in outcome (Figure 2). Although
the reported prevalence of pain in children with CP and dislocated hips is variable, it
reached >80% in some studies [13,14]. However, given that some with HD may never
develop pain, children may be subjected to physical, emotional and financial harms from
interventions that may have little clinical impact [11]. As with many screening programs,
the trade-offs between potential benefits and harms relating to HS is complex and not fully
understood [11,12] (Figure 2).

Clinicians who have embraced hip surveillance may have been influenced historically
by the miseries of neglected hip dislocation in teenagers and young adults with severe
CP. On top of marked restrictions in gross motor function and the inability to walk, the
development of HD can be a source of pain, impair the ability to sit comfortably and
significantly reduce quality of life [2,6].
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Figure 2. The benefits and harms of hip surveillance. Copyright Bill Reid, Kate Willoughby and Kerr
Graham, RCH Melbourne. Some of the potential benefits and harms of hip surveillance are shown as
a ‘see-saw’ or ‘teeter-totter’. Through hip surveillance, early identification of hip displacement and
referral to orthopaedics provide options for surgical management. This, in turn, introduces additional
potential harms and benefits. There is strong evidence that the benefits outweigh the harms for
children with cerebral palsy as a population. The benefit to harm experience however is not just for
study cohorts or populations, but is experienced by individual children and their families. While
early bony surgery is safe and effective in the short term, the associated harm is a high recurrence
and surgery revision rate. This could be reduced, perhaps, through ‘temporising’ surgical options
such as adductor-psoas muscle release (APR) and/or guided growth. As noted elsewhere, surgery is
safer and more successful when conducted in the context of an experienced, multidisciplinary team
which includes high volume, experienced surgeons.

3. Lessons from the History of Hip Surveillance

The first studies on the aetiology and prevention of hip dislocations in children with
CP were published more than 70 years ago. Dr. Mercer Rang was one of the first clinicians
to advocate for hip surveillance for children with CP and to develop educational materials
to promote the concept. He educated clinicians and parents about HD, advocating for
yearly clinical and radiographic examinations for children with CP and severe limitations
in walking [15]. This remains the core of contemporary hip surveillance [6–10].

Dr Rang produced instructive posters to remind all staff of their responsibility to
check children for silent hip dysplasia on a regular basis. He called this approach ‘The
Art of Preventive Orthopaedics’. He wryly observed that ‘he had not met a child with CP
who had been helped by having a dislocated hip’ [15]. In 1985, he published a study of
adductor release surgery in children with CP [16]. This is one of the many studies on the
treatment of HD prior to the introduction and widespread use of the GMFCS, a valid and
reliable classification of functional severity [1,17]. This makes the data harder to interpret by
contemporary standards, given the less reliable classification used at the time emphasizing
motor type and topographical patterns [1,18]. At a mean follow-up of approximately
4 years, Dr Rang and his colleagues reported good outcomes in 80% of children and
identified predictive factors for success or failure following adductor surgery [16]. Implicit
in Dr. Rang’s publications was the principle that dislocation could be prevented in the
majority of children with CP by a single, well-timed soft tissue surgery, adductor-psoas
release (APR). Unfortunately, a large recent population-based study incorporating the
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GMFCS does not support this optimistic view of APR surgery, which in turn changes the
benefit-to-harm calculation with respect to the application of HS to determine the need and
timing of surgery for HD [19] (Figure 2).

HS programs were introduced and refined in Southern Sweden (CPUP) and in Aus-
tralia over the past 20–30 years [6–9]. HS has also been endorsed and supported by
numerous professional bodies including the Australian Academy of Cerebral Palsy and
Developmental Medicine (AusACPDM), the American Academy of Cerebral Palsy and
Developmental Medicine (AACPDM) and the Paediatric Orthopaedic Society of North
America (POSNA) [7,9,20]. HS programs have been introduced in many other countries as
well, including the United Kingdom, Canada and India [5,19,21,22].

Children with developmental dysplasia of the hip (DDH) are screened most intensively
in the neonatal period because the majority of hips are unstable at birth. Children with
CP usually have normal hips at birth, and surveillance rather than screening is applied
for children who are considered to be at high risk of HD, especially those who are non-
ambulant (GMFCS IV and V) [3,23]. Clinical examination—involving the assessment of
hip adductor and flexor contractures—is important in the overall assessment of the child,
but it is unreliable in detecting hip displacement and incomplete without radiology [15,23].
HS programs are based on regular high-quality radiographs of the hips with the timing
and frequency determined by studies which have identified the relative risk according to
GMFCS level [3,23]. The extent that the femoral head is uncovered by the acetabular roof
is measured from pelvic radiographs using the migration percentage (MP), a quantitative
measure of HD with face validity and acceptable reliability [20,22–25]. The predictors and
associations of HD in CP have been studied and reported but there is no universally agreed
threshold for MP to define significant HD, to indicate referral to orthopaedic surgeons, or
to determine the need for preventive, reconstructive or salvage surgery [24–26].

Within a MP threshold range of 30–40%, referral to an orthopaedic service is usually
advised [20–23]. Unlike DDH, non-operative treatments for cerebral palsy hip displacement
(CPHD) are relatively ineffective [27]. That said, operative treatments are invasive and
have substantial failure rates and risks of medical and surgical complications [1,28,29].
The preventive APR surgery, initially advocated by Dr. Rang, has a high failure rate in
recent, longer-term studies [16,19,30–32]. It is now apparent that a substantial percentage
of children with severe CP (GMFCS IV and V) will require bony reconstructive surgery to
maintain good ‘hip health’ [32]. Some may require revision or repeated episodes of bony
reconstructive surgery to achieve acceptable hip morphology at skeletal maturity [30–32]
(Figure 3). This knowledge contributes to the ethical and clinical dilemmas surrounding HS
and the management of asymptomatic HD in young people with CP. How many operations
are acceptable to children, parents and surgeons for a condition which, at the time of first
diagnosis, is often asymptomatic [1,3]?

Figure 3 illustrates the journey of a child with CP, from birth towards skeletal maturity
as a road travelled with various exits and destinations. There is an interaction between
hip surveillance and options for preventive and reconstructive surgery, with the goal of
avoiding salvage surgery and reaching skeletal maturity with good hip health, defined in
broad terms a pain-free, mobile hip with morphology at Melbourne Cerebral Palsy Hip
Classification Scale (MCPHCS) Grades 1–3 (Supplementary Materials S1).

At birth, the hip is normal. In early childhood, hip displacement is usually silent and
the rate of increase in MP can be between 6% and 12% per annum, for children functioning
at GMFCS V.

The option for children of BoNT-A and bracing of the hip has been shown to be
ineffective: ‘wrong way, go back!’
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Figure 3. The hip surveillance journey. Copyright Bill Reid, Pam Thomason and Kerr Graham, RCH
Melbourne.

The second preventive option is adductor psoas release (APR) surgery. In some
children, APR surgery can stop the progression of MP and in others the rate of progression
is reduced. After APR surgery, the number of hips which will stabilise for the long-term is
not clearly known. APR surgery has been used for approximately 80 years and the results
in the literature are mixed. In contrast, the third preventive option, ‘guided growth’ is a
minimally invasive, relatively new intervention which may have a major impact on the
femoral deformity, in younger children who are growing rapidly. Studies to date are short-
term and many questions remain unanswered. This technology requires both long-term
studies and controlled studies to define its role.

As indicated in the figure, hip surveillance should continue and if there is a continued
progression in MP after APR or guided growth, the next exit is for bony reconstructive
surgery. This is most often between the ages of 6 and 12 years, before irreversible femoral
head damage occurs. Severe femoral head damage may leave salvage surgery as the only
option. The road in the diagram is shown to narrow, indicating that in the second decade
the hip and the child may run out of time and out of options. By the time of the adolescent
growth spurt, some hips will have dislocated and have irreversible damage leaving salvage
surgery as the only option for the hip, the child and the family.

4. How Do We Judge the Success of Hip Surveillance?

The goal of HS can be defined narrowly as: the detection of significant HD in children
with CP within a given population. This can facilitate timely referral to an orthopaedic
surgeon and the option for early intervention. Using such criteria, Kentish and colleagues
demonstrated that this goal could be achieved in a large state with low population density
and maintained over a 5-year period, despite the many geographical and health care
delivery challenges [7]. However, it may not be logical to separate the process of HS
from the outcome of management of HD. The purpose of HS is not referral alone, but
instead is to facilitate the maintenance of ‘hip health’ in the most vulnerable children with
CP [13]. Good ‘hip health’ describes a hip which is pain-free and mobile, without significant
fixed deformity. Good ‘hip health’ facilitates comfortable sitting, standing and walking
in some children. It also facilitates activities of daily living (ADLs) such as dressing,
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bathing and perineal hygiene. The hip morphology required to meet these demands
varies by GMFCS level and has not yet been precisely defined. Hips with MP < 40% and
which are Grades 1–3 according to the Melbourne Cerebral Palsy Hip Classification Scale
(MCPHCS E&R, Supplementary Materials S1) have a combination of good or acceptable
hip morphology and low pain scores. These children and youth are typically able to sit
comfortably with few restrictions [13,33] (Figure 3).

There are several population-based studies which show that HS improves the outcome
of CPHD, favouring preventive and reconstructive procedures over salvage surgery [6,8,34].
Prior to HS, children with CP in one tertiary centre were presenting for salvage surgery
at a rate of 4–8 per annum. After the introduction of HS, the rates for preventive and
reconstructive surgeries increased while salvage surgery was temporarily eliminated [6].
In Southern Sweden, the 20-year results of hip surveillance, combined with a responsive
surgical program, resulted in very low rates of dislocated hips and salvage surgery [8]. A
contrary view was expressed by Larsen et al. who reported that HS had failed to reduce
hip pain in adolescents at long-term follow-up [35]. Perhaps it was the surgical program
that failed to reduce hip pain rather than the HS [35].

5. Net Zero Is Neither Possible Nor Desirable

A reasonable goal of HS would be detection of all hips with MP > 30% and referral
for assessment and consideration of orthopaedic surgery [6–10]. This should result in
a reduction in late dislocations and the need for salvage surgery to its lowest possible
level [6,8,32,34]. Achieving a zero rate of late hip dislocation—and the associated salvage
surgery—is probably not attainable. Children with advanced hip disease may move from a
country or state without HS to one with state-wide HS [8]. The parents of some children
with CP are willing to have their children enrolled in a HS program but decline the op-
tion of invasive surgery, especially when their children are asymptomatic. A number of
children at GMFCS V have limited life expectancy and may be too frail for bony recon-
structive surgery [1,36]. There is a danger that frail children detected by HS as having
progressive increase in MP might be offered invasive surgery and suffer premature mor-
tality. Every child with CP is a candidate for HS but some may not be candidates for hip
surgery [28,29,35] (Figure 2). Approximately 20% of children with severe CP suffer prema-
ture mortality by the age of 4 years, without prior surgical intervention [1,36]. Withholding
surgical intervention for children with severe CP and HD presents an ethical dilemma, as
it is difficult to determine which children would be at higher risk of mortality after hip
surgery. The complication rate after hip surgery in non-ambulant children is high and
when ‘failure to cure’ is included, the complication rate rose to 54% in one study [28].

6. Knowledge Gaps with Respect to Hip Surveillance

Given the high prevalence of CPHD in non-ambulant children, those functioning at
GMFCS IV and V have been the focus of research in this area [3]. Although the prevalence is
lower in ambulant children, the sequelae of late dislocation are magnified by higher functional
demands and communication ability [1,3,17,18]. The majority of children with hemiplegia
function at GMFCS level I or II, rarely, if ever, suffer hip dislocation [1,3,18]. Late-onset,
symptomatic hip subluxation in the second decade, however, can be a problem in children
with Type IV hemiplegia, according to the Winters Gage Hicks Classification (WGH) [37].
These children have flexion, adduction and internal rotation alignment of the hip and may
present de novo with hip pain if not under regular HS. Although the prevalence is low, we
are not aware of population-based studies which identify the precise rate of HD in Type IV
hemiplegia. Smaller studies of surgical outcomes of symptomatic HD in Type IV hemiplegia
suggest that this can be a difficult management problem, often requiring major reconstructive
surgery [37]. A better understanding of the natural history of HD in hemiplegia would be
very useful to guide the practice of HS for these children, the largest subgroup of children with
CP [3,38]. Although the Type IV hemiplegia phenotype can be recognised by a combination
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of clinical examinations and three-dimensional gait analysis, the WGH Types are overlapping,
not discrete and there are problems with the reliability of the classification [1,38].

Ambulant children with diplegia (GMFCS I-III) have lower rates of HD but natural
history, optimum HS guidelines and clinical management have not been well studied [3].
Miller and colleagues recently reported four children with asymmetric diplegic CP func-
tioning at GMFCS levels II and III, with the more involved hip showing rapid, progressive
displacement at a later age [39]. They noted the current HS guidelines may not adequately
identify HD in children with asymmetric diplegia and pelvic obliquity. Modifications to
current HS guidelines may be warranted [39].

It has been assumed that the risk of progressive HD is negligible after triradiate
cartilage (TRC) closure—a proxy for the onset of skeletal maturity—and thus HS could
safely be discontinued after that point [9]. A recent large study, however, has demonstrated
that there is a risk of further hip displacement in children with CP after closure of the TRC
especially for those with risk factors including male gender, pelvic obliquity, high MP and
no prior surgery [40]. For those youth at risk, the authors suggested that HS be continued
up until age 18 years, with at least an x-ray every 2 years [40].

7. Hip Surveillance Leads to Bony Reconstructive Surgery When Children
Are Younger

The treatment effects of all interventions are weak in comparison to the biomechan-
ical forces which predispose the hip to primary or recurrent displacement [3]. Most
operative interventions lead to an improvement in MP or a reduced rate of progres-
sion in MP [16,19,30–32] (Figure 3). Despite the release of adductors, flexors and prox-
imal hamstrings, there is a tendency to progressive HD and, if HS is neglected, disloca-
tion [19,28,32,33]. Recent thinking points to abnormalities in proximal femoral growth
secondary to a lack of functional ambulation, rather than muscle imbalance due to spastic
contractures alone, as being causative for CPHD [41]. Management must include strategies
which ensure stable, pain-free hips with good morphology, after skeletal maturity [13].
Outcome studies with follow-up to an age younger than skeletal maturity are provisional,
at best (Figure 3).

Early detection of HD by HS leads to early referral to orthopaedic surgery. When
APR is the first-choice preventive option, early failure will often lead to consideration of
bony reconstructive surgery (BRS) at an earlier age [13,19] (Figure 3). This might seem to
be a good thing, with early bony correction of proximal femur and acetabular deformities
intuitively leading to better outcomes. However, the success of bony reconstructive surgery
is inversely related to the age at surgery [28,30,32]. Younger children have more years of
growth ahead of them during which re-displacement may occur [33,40]. This is logical when
it is remembered that the factors which contribute to hip displacement—such as adductor
spasticity, weakness of the hip abductors and limited weight-bearing—remain present and
largely unchanged after orthopaedic surgery [1,3,17]. The risk period for recurrence is
mainly, but not exclusively, related to the interval between bony reconstructive surgery and
skeletal maturity [40].

8. The Cause of Hip Displacement in Children with Cerebral Palsy: Spasticity
or Weakness?

Hip displacement and dislocation have historically been linked to muscle imbalance
across the hip joint and spasticity in the hip adductors and flexors [15,16,42]. There is
evidence from musculoskeletal modelling to support the role of muscle imbalance and
increased contact forces [42]. However, modelling depends on forces measured during gait,
and extrapolation of these data to the non-ambulant child are problematic. In recent years
the emphasis has shifted to include the role of abnormal proximal femoral geometry. In
population-based studies of CPHD, the prevalence of displacement (MP > 30%) was directly
related to GMFCS level, but not to motor type [3]. Mean femoral neck anteversion (FNA)
and neck shaft angle (NSA) increased stepwise from GMFCS I to V [43,44]. In children with
hypotonia, the prevalence of CPHD was the same as for children with hypertonia [3,41].
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These data suggest that activity limitations may make a stronger contribution to HD than
adductor spasticity [1,3,17,41–43]. A fundamental question is whether abnormal femoral
geometry is a primary response to activity limitations and hip abductor weakness, or
a secondary response to spastic contractures of the hip adductors and flexors [3,39,42].
Ulusaloglu and colleagues compared proximal femoral and acetabular geometry in non-
ambulatory children with spastic CP (GMFCS IV, V) to non-ambulatory children with
spinal muscular atrophy (SMA, Types I and II). They reported an earlier onset of HD in
SMA, with similar radiographic features in the two groups, despite CP being characterised
by spasticity and SMA by hypotonia [41]. A recent study identified laxity of the capsule and
ligaments as the primary pathology in HD in children with CP, but offered no supporting
evidence [45]. Whilst joint laxity is a fundamental factor in DDH there is no clinical or
experimental evidence to suggest that it plays a primary role in CPHD [3,39,41,42,45].
Understanding pathological anatomy and pathophysiology of CPHD is important as it
may have a major role in the design, planning and selection of management strategies
(Figures 3 and 4).

Figure 4. The pathophysiology of hip displacement in children with cerebral palsy. Copyright Bill
Reid, Jason Howard and Kerr Graham, RCH Melbourne.

The cause of hip displacement in children with severe CP has been considered to
be secondary to the positive features of the UMN Syndrome, which include adductor
spasticity and contractures of the hip adductors and flexors. This leads to muscle imbalance
across the hip joint. More recently, the negative features of the UMN Syndrome have also
been considered and these include profound alterations in proximal femoral geometry. It is
hypothesised that abductor weakness and limitations in weight-bearing lead to persistence

246



J. Clin. Med. 2023, 12, 1651

of femoral neck anteversion (FNA), progressive lateral tilting of the proximal femoral
epiphysis leading to increasing head shaft angle (HSA) and coxa valga or increased neck
shaft angle (NSA). Probably it is a combination of both the positive and negative features
of the UMN Syndrome which have such a strong deleterious effect on the growing hip in
children with severe CP. Guided growth may be a logical intervention to directly address
abnormal proximal femoral geometry.

The emphasis on adductor spasticity and contracture has led to an emphasis on
abduction bracing, spasticity reduction by injections of Botulinum Neurotoxin A (BoNT-A)
and APR surgery [45–47]. The outcomes of these interventions, in comparison to bony
reconstructive surgery which addresses the abnormal proximal femoral geometry, are
unpredictable and often disappointing [48]. The identification of persistent or recurrent
coxa valga and secondary acetabular dysplasia in non-ambulant children with CP, suggests
a possible role for guided growth of the proximal femur [49,50]. We suggest that muscle
imbalance and abnormal proximal femoral geometry acting together may contribute to
CPHD which we suggest is a more accurate term than ‘spastic hip disease’ [1,3,41,44].

9. The Natural History of Hip Displacement in Children with Cerebral Palsy

There are few studies of the natural history of hip displacement in children with CP
since children who are receiving HS are usually offered early intervention, while those
not receiving HS tend to present late, often with an established, painful dislocation [51].
What is known is that most hips in children with CP are normal at birth, although a
very small number have congenital dislocations, such as in DDH [51]. In a large study of
untreated children with CP, dislocation occurred in 10% of children by progressive lateral
displacement of the femoral head from the acetabulum [51]. This resulted in secondary
acetabular dysplasia, femoral head deformity and frank arthrosis [6]. The prevalence of
painful degenerative arthritis in this cohort was very high, with the majority presenting
around the time of the pubertal growth spurt requiring salvage surgery [6]. More recently,
Terjersen reported a cohort of 76 children with CP who were followed for five years before
treatment [52]. Age and ambulatory ability were the main predictors of the speed of HD.
Children who could not walk had a 12% increase in MP per annum compared to 2% in
children who could walk, with or without support [52]. In CPHD, abductor weakness and
ambulatory ability may be more important than adductor spasticity [1,43].

For children functioning at GMFCS Level V, the annual increase in MP in one study
was 6.2%. The annual increase in femoral neck shaft angle was 3.4 degrees. This confirms
the contributions of progressive coxa valga to lateral displacement of the femoral head from
the acetabulum and secondary acetabular dysplasia. [53]. Fortunately, in a comprehensive
review, Lins and colleagues have demonstrated that this bleak natural history can be
favourably improved by appropriate HS and timely intervention [54].

10. Non-Operative Treatment for Early CPHD

Specialised seating and orthotic systems have been trialled for children with severe
CP with varying outcomes with respect to managing HD. The majority of studies were
uncontrolled and had short-term follow-up [25]. There is limited evidence that specialised
seating and orthotic devices can prevent progressive HD in non-ambulant children with
CP [25]. Given the strong natural history leading to hip dislocation, it would be surprising
if these forces could be negated by an orthotic device. It would also seem improbable, from
first principles, that the progressive coxa valga seen in non-ambulatory children with CP
could be reversed by non-operative means [43–45].

Despite this, a recent study of a novel hip brace reported slowing of HD by daily wear
of at least 12 h [45]. Unfortunately, participants were not matched in terms of baseline MP.
The authors suggest that a primary aetiological factor in CPHD is laxity of the joint capsule
and surrounding ligaments. It was claimed that the brace was designed to reduce coxa valga
but no evidence was offered in support of this improbable claim [45]. Given the failure of
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other non-operative modalities over the long-term, despite short-term success, longitudinal
follow-up of this cohort is awaited with interest [13,45,46].

11. Injections of Botulinum Neurotoxin A Combined with Bracing

Injection of botulinum toxin A (BoNT-A) to the hip adductors, hip flexors and ham-
strings has been practiced for many years for the reduction of focal spasticity in children
with CP [46,47]. However, the evidence that repeated injections of BoNT-A can prevent
or even slow HD is mixed. Repeated injections of BoNT-A combined with an abduction
brace did not prevent progressive HD in a large, randomised clinical trial of three years
duration [46]. There was a delay in progression to surgery but no difference in long-term
outcomes. The outcomes reported were: the amount of surgery required, final hip mor-
phology and pain levels [13]. There are several short-term studies which reported more
favourable outcomes but without a control group and long-term follow-up, so the evidence
is not compelling [47]. At the population level, injections of BoNT-A had no impact on the
prevalence of CPHD or scoliosis [55].

12. Adductor-Psoas Releases for CPHD: 80% Success or 80% Failure?

Both Silver et al. and Presedo et al. reported high success rates from early adductor
surgery in non-ambulant children with CP [16,56]. However, these early studies pre-date
the use of the GMFCS to stratify patient risk, and both studies had relatively short-term
follow-up. With a combination of risk stratification by GMFCS and long-term follow-up,
the 60–80% success rate of soft tissue surgery is replaced by a 60–80% failure rate in children
functioning at GMFCS IV and V [17,28]. This led Shore and colleagues to the conclusion
that ‘adductor surgery works least for those children who need it most’ [17].

When hip surveillance leads to the identification of early hip displacement in children
with no symptoms, it would be ideal to offer a minimally invasive soft tissue surgical
approach with good long-term outcomes [11,15]. Adductor surgery seems to work best
for younger children with MP between 30% and 50% and abduction <30 degrees [15,30,31]
(Figure 5). For many children, a temporary improvement or decreased progression rate in
MP can be anticipated after APR. With long-term follow-up, the improvement in MP may
continue in ambulant children but a relapse is common after 3–10 years, with continued
progression of hip displacement in non-ambulant children [17].

 

Figure 5. Hip surveillance and response to interventions for hip displacement for a child from age
1–13 years. Copyright Kate Willoughby, RCH Melbourne. The red line shows serial MP for the
left hip; the blue line shows serial MP for the right hip, over time. This figure shows the interplay
between the hip surveillance and management pathways of a girl who functioned at GMFCS IV and
had regular HS and multiple interventions over a 13-year period.
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Hip surveillance commenced according to national guidelines with the first radiograph
soon after her first birthday. No benefit was gained from repeated injections of BoNT-A
and bracing, with progression in MP recorded (a). The treatment with BoNT-A was during
the era when the efficacy of this intervention for hip displacement was undecided. APR
surgery at 2 years of age (b) resulted in a stable MP for only 2 years. Rapid progression in
MP led to bilateral VDROs at age 4 years (c) and the MPs returned to zero. Guided growth
may have been a better option at such a young age. MPs gradually increased over the
next 6 years and a second episode of bony reconstructive surgery was performed at age
11 years (d), followed by posterior spinal fusion at age 13 years (e). Approaching skeletal
maturity, the patient has a level pelvis, mobile pain-free hips which are MCPHCS Grade 3.
This has been achieved at significant cost to the child, family and the health care service.
More durable interventions and fewer episodes of major intervention are required.

The contemporary view of APR surgery as a primary intervention for HD is that it is a
useful intervention, but more often to delay the need for bony reconstructive surgery than
a means to achieve long-term hip stability in non-ambulant children [43] (Figures 3 and 5).
More prospective studies are required to see if there are sub-groups of non-ambulant
children who by virtue of age, low MP or other factors might respond more favourably to
APR surgery [11,16,30,31]. Chemo-denervation of the obturator nerve at the time of APR
surgery may reduce post-operative pain and spasm, and might prolong the effect on hip
stability [43]. However, no comparative studies or clinical trials have been conducted.

13. Guided Growth and Proximal Femoral Geometry in CPHD

Given the limited efficacy for APR in non-ambulant children, and the relatively high
recurrence rate after reconstructive osteotomies for younger children (<6 years old), the
most optimal treatment of early detected CPHD has yet to be determined [28,32,56,57]. To
avoid major, invasive bony reconstructive surgery, there has been an increased interest
in recent years in using guided growth in the proximal femur to correct some of the
bony deformities that develop in non-ambulant children [44]. These include coxa valga,
a horizontal tilt to the proximal femoral epiphysis and increased neck-shaft-angle (NSA).
Increased head-shaft angle (HSA) is another useful radiological index to describe the
abnormal proximal femoral geometry in children with CP, defined as the angle between the
proximal femoral growth plate and the femoral shaft [58]. In typically developing children,
HSA starts high and decreases over time, consistent with the acquisition of weight-bearing
and ambulation [59]. Concurrently, femoral NSA also decreases, likely related to this
medialisation of the proximal femoral physis. By contrast, in children with CP, the HSA
starts high and remains high, associated with increased coxa valga, progressive increase
in MP and secondary acetabular dysplasia [41,59]. These changes have been theorised to
be linked to abnormal joint forces and result in these changes in proximal femoral growth,
and thus geometry [41,44,59].

If abnormal growth is the primary driver, then interventions which modulate the growth
of the proximal femur—by reversal of coxa valga—would seem logical. In addition, guided
growth has the potential to provide dynamic correction of proximal femoral deformity during
growth in contrast to the acute but static correction offered by hip reconstruction [43,48]. Hsieh
and colleagues reported the use of inferomedial screw epiphysiodesis of the proximal femur to
reduce the lateral physeal tilt, in the proximal femoral physis [60]. In their study, they reported
significant decreases in HSA, MP and AI following guided growth, with longer duration of
follow-up and smaller index MP having better outcomes. Further, in their comparative study
of adductor surgery, Sheu and colleagues reported significant reductions in MP and a lower
rate of MP > 40% in the group augmented with proximal femoral guided growth [61]. The

249



J. Clin. Med. 2023, 12, 1651

reduction in MP, though significant, was relatively modest in this study, perhaps related to the
older age at index procedure (mean 8.1 years). A recent systematic review investigating the
role of guided growth in children with CP (178 hips) also reported significant reductions in MP
(35% to 26%), HSA (162◦ to 149◦) and AI (22◦ to 18◦), but the mean age at surgery was quite
high at 7.2 years. The studies also included many ambulant children who are known to be
at low risk of progressive hip displacement, and the mean follow-up was too short for strong
recommendations [40,50].

Given these promising outcomes, coupled with limited efficacy for APR alone for
non-ambulant children with early HD, two of our authors’ (JJH, BJS) institutions have
maintained typical indications for APR surgery (MP > 40% or MP > 30% and progressive)
but have augmented this treatment with the use of guided growth. This is achieved with the
percutaneous placement of a cannulated screw across the inferomedial proximal femoral
physis (Figure 6). For children under 5 years of age, substantial improvements in MP
have been realised with this additional treatment, along with a low complication rate.
Future comparative studies are planned to substantiate these favourable early results and
to determine the longer-term outcomes of this minimally invasive treatment. Whether
it will offer a convincing role as an index surgery for hip displacement remains to be
seen. Inserting a screw across the proximal femoral physis every 12 to 24 months carries
some risks of general anaesthesia, but much less than what would be expected from early
reconstructive osteotomies [50].

Figure 6. Guided growth in the management of the younger child with early, severe hip displacement.
Copyright Jason J Howard, Nemours Children’s Hospital. Serial radiographs of a 3-year-old boy with
severe cerebral palsy, functioning at GMFCS V, with progressive hip displacement, left greater than
right. (A) Pre-operative AP radiograph, MP: right 34%, left 67%. (B,C) Intra-operative fluoroscopic
images showing bilateral hip arthrograms and inferomedial proximal femoral screw epiphysiodesis
also known as ‘guided growth’. (D) Five-month post-operative follow-up radiograph. (E) Twelve-
month post-operative follow-up radiograph. Note that the epiphysis has ‘grown off’ the screw
bilaterally due to high growth velocity at this early age. (F) Sixteen-month post-operative follow-up
radiograph, post screw exchange. MP: right 25%, left 27%. Images courtesy Jason J. Howard.
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14. Bony Reconstructive Surgery for CPHD

At present, the gold standard intervention for the prevention of progressive hip dis-
placement and for the correction of hip dislocation is a one-stage hip reconstruction [43,48].
This consists of a bilateral adductor lengthening, bilateral varus derotation osteotomies
of the proximal femur (VDRO) and pelvic osteotomy or acetabuloplasty, when indicated.
There are many cohort studies which report a high success rate in terms of improved hip
morphology at medium- to long-term follow-up. However, many studies report high rates
of complications including mortality [28,29,62–66]. In one study, the mortality rate was 4%
and the overall complication rate was 25%, rising to 68% in children with gastrostomies or
tracheostomies [62]. These rates may not be acceptable to the parents of children with CP
who have asymptomatic hip dysplasia detected by routine HS.

Recurrent hip displacement and avascular necrosis are two of the most disappointing
late outcomes after reconstructive surgery [28,62–66]. Earlier studies of AVN after hip recon-
struction in children with CP used or adapted the classifications for AVN in DDH [64,65].
In contrast, Park and colleagues devised a new classification and reported a prevalence of
43% [66]. They reported both risk factors and outcomes.

Despite the significant morbidity and mortality which is associated with bony recon-
structive surgery, this surgery has been reported to have good short-term and long-term
outcomes [43,48]. Bony reconstructive surgery may be preferable to the uncertain results
of salvage hip surgery [1,6,43]. For parents and carers to make an informed choice, the
treating team must be aware of their teams’ success rate, failure rate and complication
rate [48,57].

The components of a full hip reconstruction are typically adductor lengthening, VDRO
and acetabuloplasty. The indications for open reduction and capsulorraphy are not well-
defined and there is little published evidence to guide decision-making. Rates for capsulo-
tomy and capsulorraphy vary in the literature and may be related to the utilisation of hip
surveillance and the severity and duration of hip dislocation for the specific patient and for
the population of children with CP [43,48,57]. Dynamic arthrography is a promising tool
to guide intra-operative decision-making as to when acetabuloplasty may be required in
BRS, after VDRO. Arthrographic assessment of the labrum after VDRO provides objective
information to help surgeons standardise decision-making regarding the indications for
acetabuloplasty [43].

15. Bilateral Surgery for Unilateral Hip Displacement?

In children who are functioning at GMFCS IV and V HD may, on MP alone, appear
to be unilateral or asymmetric (Figure 7). Some children may present with MP > 40% in
only one hip but both hips have similar degrees of increased femoral neck anteversion
and coxa valga. Increased MP may be related to the severity of adductor spasticity and
contracture, but abnormalities in proximal femoral geometry seem to be more related to
the biomechanical environment of the growing hip. Specific factors include GMFCS level,
hip abductor weakness and limitations in weight bearing [3,17,44]. Unilateral APR or bony
reconstructive surgery are associated with a high rate of displacement in the contralateral
hip in long-term follow-up [1,43]. Most surgeons recommend bilateral APR and bilateral
reconstructive surgery [43,48,67–69]. Bilateral surgery is more durable, maintains symmetry
and has only marginal increased risks of morbidity [68,69] (Figure 7).
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Figure 7. Bilateral surgery for unilateral CPHD. Copyright Kerr Graham, RCH Melbourne. These are
the radiographs of a boy aged 10 years, GMFCS IV with clinical and radiographic unilateral (left)
CPHD. The top image is immediately pre-operative. The middle image is 7 days after bilateral APR,
bilateral VDRO and left San Diego Acetabuloplasty. The bottom image is at 2-year follow-up, after
removal of implants. Bilateral surgery gives the best opportunity for symmetry and durability of
outcome with marginal increases in surgical adverse events and morbidity.

16. Reconstructive Surgical Outcomes and Surgeon Volume

An additional clinical and ethical dilemma is posed by the observation by Shore and
colleagues that the outcomes of reconstructive surgery in children with CP are influenced
by surgeon volume [57]. In a large study from a specialist tertiary centre, surgeon volume
was an independent predictor of the need for surgical revision [57]. The importance of
surgeon volume has been identified in many areas of surgical practice. The importance of
surgeon volume to outcomes requires further study in CPHD. For the present, we suggest
that when children with CPHD require surgery, it should ideally be by a high-volume
surgeon, working in a specialised tertiary centre, well-supported by a multidisciplinary
medical, anaesthetic and pain management team [43,57,63].

17. Scoliosis and Pelvic Obliquity

The group of children with CP who are most at risk of developing hip displace-
ment/dislocation in the first decade of life are also the children who are most at risk of
developing scoliosis in the second decade of life [70,71]. The careful work done through hip
surveillance and by the hip reconstruction surgeon can be undone by the sudden develop-
ment of scoliosis and pelvic obliquity [70–74]. Surgery to correct scoliosis usually involves
instrumentation and arthrodesis of the spine from T2 to the pelvis [70]. Hips which have
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previously been managed by ‘successful’ reconstructive surgery can become symptomatic
all over again, following loss of motion in spinal segments after surgery for scoliosis [72].
Despite this, a recent study has reported that scoliosis surgery did not influence a change in
MP postoperatively—neither positively nor negatively—regardless of the extent of pelvic
obliquity correction [75]. The ideal alignment of the spine–pelvic–femoral axis requires
further elucidation [74].

18. Femoral Head Deformity: Salvage or Reconstruction?

With respect to bony reconstructive surgery, one of the unknowns is the degree of
femoral head deformity which is amendable to reconstruction versus progressing to salvage
surgery. Prior to the long-term outcome study by Rutz and colleagues, many surgeons
lacked confidence in the ability of the femoral head to remodel following reconstructive
surgery [45]. Probably, too many femoral heads have been excised and this may have led
to too many children being subjected to salvage surgery [40,43].

A recent study of non-ambulant children with CP investigated the status of femoral
head deformity at skeletal maturity, finding an MP > 30% at triradiate cartilage closure was
associated with a ‘more severe’ outcome at final follow-up [76]. This more severe head
shape was also associated with a higher risk of worse osteoarthritis by Tönnis grading.
Interestingly, the authors found that prior reconstructive surgery had no impact on head
shape at skeletal maturity which they felt was likely due to a lack of complete containment
of the femoral epiphysis. Additional work is required to precisely define the degree of
femoral head deformity which is amendable to reconstructive surgery versus the degree of
deformity which would be better managed by a salvage surgical option [45,76].

19. Palliation of CPHD and the Role of Salvage Surgery

Some clinicians are not convinced by the value of hip surveillance and the need for
bony reconstructive surgery in the management of CPHD in the non-ambulant child. This
is supported by the observation that not all dislocated hips will be symptomatic and
therefore some adopt a reactive approach, meaning to offer intervention only when hips
become symptomatic [5]. The only hips in our centre which did not become symptomatic
at long-term follow-up were a minority of children with early, complete, bilateral dislo-
cations [6,13]. It might be appropriate to consider a reactive approach for asymptomatic,
bilateral dislocations, especially in frail children functioning at GMFCS V with limited life
expectancy [36].

The range of surgical procedures described for salvage of a painful dislocated hip in
children with CP include at least eight widely used and radically different procedures,
from arthrodesis, excision arthroplasty, osteotomy, to total joint replacement [43]. When
multiple surgical procedures are offered to treat a single condition, it is often an indication
that no one procedure is very effective or acceptable to the target population. The majority
of outcome studies from salvage surgery are relatively small case series. There are few
comparative studies and follow-up has generally been short- to medium-term. The majority
of studies lack adequate documentation of pain before and after surgery as well as valid
patient reported outcome measures (PROMS) [43,77–80]. A notable exception was the
study by Koch et al. [79]. They compared the outcomes of three surgical groups to injection
of the painful hip with local anaesthetic and corticosteroid. The study was strengthened
by a standardised approach to surgery and routine use of visual analogue scales (VAS) to
assess pain. The disadvantage of injecting the hip was the need for repeated injections
which became less effective over time. Both resection arthroplasty and interposition arthro-
plasty were effective in reducing pain scores and were supported by parental satisfaction
scores [79].

The recent publication of a study which reported racial disparities in both the risk of
requiring a salvage procedure and the rate of post-operative complications points to yet
another clinical and ethical dilemma in the management of CPHD which, to date, has gone
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unrecognised and unreported [80]. As this is the first report of this important ethical issue,
further studies are required.

20. Summary, Conclusions and Future Directions

The purpose of this review is not to undermine confidence in HS, which we think
offers the only realistic opportunity to learn about natural history and risk factors for hip
displacement in children with CP. This information gives clinicians and parents the ability
to have a conversation regarding management options which are not available once a hip
dislocates and has reached the ‘point of no return’ in terms of femoral head deformity.
However, there are many unanswered questions regarding hip surveillance and the surgical
management of hip displacement which require further study.

There is a remarkable level of agreement and congruence in HS guidelines from
many countries around the world for children with bilateral, severe CP, GMFCS IV and
V. In contrast HS protocols for ambulant children are lacking in strong evidence and
this is reflected in uncertainty and variation in HS protocols. This is the key area for
future research.

We do not question the need to refer children with hip displacement to orthopaedic
surgeons for surgery for the prevention of progressive hip displacement or the reconstruc-
tion of displaced hips. It is rather a plea for controlled studies, long-term outcome studies,
patient reported outcome measures and family centred studies.

Key areas for future studies include identifying better preventive strategies to avoid
BRS, or at least to delay BRS until older age when outcomes are more predictable. The
long-term results of APR surgery require further study. The potential role for guided
growth as a preventive strategy requires urgent investigation. This would ideally be in
the form of comparative surgical studies and clinical trials which include patient-reported
outcomes and long-term follow-up.
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Abstract: The participation of adolescents with cerebral palsy (CP) within the community is reduced
compared to their peers and is a barrier to their socialization, self-determination and quality of life.
Patient and Public Involvement (PPI) is a key strategy for successful interventions, especially when
involvement of the stakeholders takes place at all stages of the research. Co-design can be crucial
for success as researchers, patients with CP and their families work together to bring the necessary
elements to the interventions to be designed. The objectives will be: (1) To co-design an intervention
aimed at improving the participation of adolescents with significant motor disabilities within the
community in partnership with adolescents with CP, families and rehabilitation professionals. (2)
To assess the feasibility of the co-design process in partnership with interested parties. The study
will be based on Participatory Action Research (PAR) and will be held in Spain and Brazil. In
both countries, the study will be carried out remotely with nine adolescents aged 12 to 17 years
with CP, Gross Motor Function Classification System (GMFCS) levels IV–V, their families and six
health professionals (physiotherapists and occupational therapists). Different dialogue groups will
be created to involve adolescents, families and health professionals to the research’s project. To
manage their involvement in the co-design process, the Involvement Matrix (IM) will be used, and
according to the IM phases, four steps will be included in the research: (1) Preparation; (2) Co-design;
(3) Analysis: results of the intervention protocol and the study’s feasibility and (4) Dissemination
of results. Partnering with the public to design an intervention to improve participation can bring
better results compared to protocols designed only by health professionals. In addition, it will allow
for knowing the needs of adolescents with CP in terms of participation within the community. The
study will also explore which roles were chosen by all participants and how they felt while actively
participating in the process of co-designing an intervention protocol and their own perspectives on
the use of the involvement matrix.

Keywords: cerebral palsy; co-design; intervention; participation; involvement matrix; public and
patient involvement; adolescents
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1. Introduction

Cerebral palsy (CP) is one of the most common physical disabilities, affecting approxi-
mately 2–3/1000 children [1]. It describes a group of permanent disorders that affect the
development of movement and posture and contribute to activity limitations [1,2]. CP is
a chronic health condition, which can increase the risk of developing problems related
to mental health, chronic pain, fatigue and stress. These are highly comorbid in these
patients, reducing their possibilities of interacting in the community [3]. Adolescents with
CP experience limitations in their performance of day-to-day activities and restrictions on
their participation in home, school and community life [4].

The International Classification of Functioning, Disability, and Health (ICF) by the
World Health Organization (WHO) defines participation as a person’s involvement in life
situations (WHO, 2001) [5]. Recently, participation has been understood from a Family
of Participation-related Constructs (fPRC) perspective, which describes participation in
terms of attendance (being there) and involvement (level of engagement) [6]. Participation
is context-dependent and may predominantly be influenced by characteristics of the envi-
ronment over characteristics of the individual, focuses on the societal level and is related to
quality of life [7,8]. The participation of young people with CP within the community is
reduced compared to their peers and is an impediment to socialization, self-determination
and quality of life of the individual [8,9]. Participation depends on different factors such as
children’s gross motor function and adaptive behavior for participation. Children’s ability
to communicate and family support are important considerations for improving children’s
social skills in life situations [10]. Thus, understanding the needs for participation within
the community of adolescents with CP who have severe motor disabilities, giving them a
voice through a collaborative process, can contribute to the success of the intervention.

A participative methodology facilitates democratic dialogue in the development and
implementation of interventions and service improvement directed to that specific public,
as they can share their real needs. Patient and public involvement (PPI) comprises the active
involvement of patients and members of the public in the design and research process [11].
It aims to ensure that research is relevant to the intended audience and that their views are
taken into account. PPI in research is currently being defined as “research being carried out
‘with’ or ‘by’ members of the public rather than ‘to’, ‘about’ or ‘for’ them” [12]. End-users
are most often involved only in the early stages and/or in the final stages of research [13].
However, PPI can take place at any stage of the research process, from the development of
the initial research questions through to specific aspects of study design, including data
analysis and dissemination [11–13].

According to Bailey et al. (2015) [13], involving children and young people with
disabilities in research is of vital importance as they are in an ideal position to opine on
what works for them and their families. When dealing with young people with chronic
diseases, researchers argue that the PPI improves the relevance and quality of projects and
contributes to the personal development of this public. In addition, there seems to be a
consensus that the involvement of young people with chronic diseases should become
an integral and standard element of the projects that affect them. Van Schelven et al.
(2020) [14] stated that these young people have always had a passive role in health and
social assistance projects, as research subjects, recipients of an intervention and users of an
instrument and that nowadays there is a growing consensus that they should be actively
involved in matters that concern them.

In this sense, the Involvement Matrix (IM) [15] was developed to support conversation
and discussion about roles and expectations, aiming for sustainable partnerships in research.
This tool was jointly built by researchers and patients in the Netherlands to promote the
collaboration of patients (from the age of 12) in projects and research. Using the IM ensures
that the public is included in all phases of the research project and in an orderly manner,
according to their preferences and interests [16]. The IM includes five roles for involvement
(Listener, Co-thinker, Advisor, Partner, and Decision-maker) over three main phases of
research projects (Preparation, Execution, and Implementation) [16,17]. This tool aims to
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support PPI in research projects, allowing different levels of involvement, which is useful to
clarify the expectations during the process. It can be used prospectively to discuss strategies
to be developed with the patients in different phases of projects, and retrospectively to
discuss if the strategies were carried out satisfactorily [16,17].

Involving patients, caregivers and health professionals in the early stages of inter-
vention development and evaluation is widely recognized as a good practice to elicit
the opinions of users and professionals in order to create a credible and motivating pro-
gram [17–22]. McDermott et al. (2010) [23] further state that the views of users and
professionals are integral in the development of an intervention, which can help to clarify
the mechanisms by which the intervention works, identify potential barriers to change,
provide information about individual needs to users, and explore questions that can be
used to develop and refine the intervention model.

Few studies [14,24] using a participative methodology have involved children and
adolescents with more severe disabilities such as CP GMFCS level IV–V as active partici-
pants in research. In addition, it is known that interventions for children and adolescents
with CP, especially at levels with greater dependence such as GMFCS levels IV and V, are
strongly focused on components of the ICF such as function and structure, rather than
activity, participation and contextual factors (physical environment, social environment,
attitudinal environment, and personal factors unrelated to a child’s health condition). Thus,
our objective will be to co-design an intervention to promote participation of young people
with CP levels IV and V in partnership with the public and to assess the feasibility of the
co-designing process in partnership with interested parties.

2. Materials and Methods

2.1. Study Design

The study will be based on the Participatory Action Research (PAR) [25], a term that
encompasses numerous approaches to research in which researchers work collaboratively
with stakeholders through an iterative cycle of fieldwork or practice, reflection, planning,
research and action [12]. It is supported by a recommendation to execute research “with”
people rather than “about” people. PAR is a qualitative research approach that seeks to
maximize the participation of the people whose lives are researched about. It includes
people affected by the research topic as researchers themselves [26]. To achieve this, young
people with chronic conditions (cerebral palsy GMFCS levels IV–V), their families and
health professionals will be involved. In this way, it is intended to be able to allow the
public to whom the intervention is directed to decide on its execution based on their needs
and expectations, obtaining results according to their perspectives and actually based
on their own experiences [27]. Being able to involve the participants themselves in the
initial stage of the research allows it to be targeted to their objectives and not those of the
researcher. It gives validity and objectivity to the intervention by focusing on the user. In
addition, involving families and health professionals allows for a greater awareness of the
youth’s own reality. Thus, researchers and the public have a shared role and this allows
the co-design of a viable intervention, whose objective is to make it possible to improve
participation within the community [19].

2.2. Setting and Participants

This study was approved by the Ethics Committee of FIDMAG in Brazil (CAEE:
51319321.1.0000.5568) and Hermanas Hospitalarias (FIDMAG hospitable sisters Research
Foundation) in Spain (PR-2022-07) according to the World Medical Association’s Declara-
tion of Helsinki. Before the study began, the written informed consent of all participants:
adolescents, families and pediatric physiotherapist and occupational therapist will be
requested.

This research will be carried out remotely (online) in Brazil and Spain, with nine
adolescents aged 12 to 17 years, diagnosed with CP, GMFCS level IV and V, their families
and six health professionals (physiotherapists and occupational therapists) in each country.
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The sample size is based on research by Brooks et al. [28]. This study is also a co-design
study involving youth with neuro-disability, parents and physicians. The sample they
recruited has characteristics similar to those of this project. In this protocol, the sample will
be recruited from different centers in Brazil and Spain.

Selection Criteria
Inclusion Criteria

Adolescents with CP from 12 to 17 years old, levels IV–V within the Gross Motor Func-
tion Classification System (GMFCS). They must have sufficient communication skills with
support as needed, for example from using augmentative and alternative communication
(AAC), help from another person or sign language translator. Other inclusion criteria are:
participation of their family members, physiotherapists and occupational therapists who
agree to participate in the study.

Exclusion Criteria

Adolescents who do not have the possibility of communicating with any AAC because
there is no communicative interaction or functional communication, a problem answering
questions and collaborating, other health conditions such as spina bifida or muscular
dystrophy, and families, physiotherapists and occupational therapists who do not have
time to participate in the meetings. Any participant who does not agree to sign the informed
consent form will be excluded.

2.3. Recruitment

Recruitment will be intentional, as it is understood that the selection of participants
in qualitative research often involves objective sampling, prioritizing the inclusion of
information-rich cases from which much can be learned about issues of central importance.
Importantly, purposeful sampling is highly adaptable and therefore applicable to many of
the varied goals of engaging patients and the public as research partners.

Adolescents and their families will be recruited through known support networks, as-
sociations, philanthropic institutions and social networks. Rehabilitation professionals will
be recruited for having previous experience working with the ICF participation constructs
(the consultation of this information will be through publications, clinical background,
ICF-attended courses or congress presentations by the professional).

2.4. Setting

The research will be carried out in Brazil and Spain, online, to facilitate the execution
of the meetings. In this way, it will be possible to compare the participation of the same
population in different countries, the influencing factors and how the approach works
according to the perspectives of the parties involved in the research.

2.5. Assessment Tools

To manage the involvement of the public in this research we will use the “Involve-
ment Matrix” (IM) (Figure 1) with the adolescents, their families and the rehabilitation
professionals [16].
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Figure 1. Involvement Matrix; Accessed on 1 March 2019, www.kcrutrecht.nl/involvement-matrix. ©
Center of Excellence for Rehabilitation Medicine Utrecht, used with permission.

Initially, the tool will be translated into Spanish and Portuguese simultaneously and
cross-culturally adapted for its proper use, as recommended by the Dutch team that
developed the IM. This includes the five roles for involvement represented in Figure 2.
When using the IM, all participants involved in the research project will fit into one of these
roles, according to their preferences on each study phase [17]:

• Listener is a less active role but certainly not less important in the project;
• Co-thinker can also involve asking questions and giving feedback, as well as giving

an opinion when asked;
• Advisor gives feedback from project leaders to patients on whether or not advice has

been followed at any time;
• Partner is valuable not only at the start of a project but also at the intermediate and

final phases. The partner has the same function as the main researcher;
• Decision-maker requires project leaders to have a ‘hands off’ attitude.

Figure 2. Illustration of the five roles for involvement in the Involvement Matrix. Accessed on
1 March 2019, www.kcrutrecht.nl/involvement-matrix. © Center of Excellence for Rehabilitation
Medicine Utrecht, used with permission.

To evaluate the participation and the environmental barriers of adolescents in the
community, we will use the Participation and Environment Measure for Children and
Youth (PEM-CY) [29,30]. The PEM-CY is a parent-report instrument that examines par-
ticipation and environment across three settings: home, school and community. It can
be used to improve our understanding of the participation of children and young people
with and without disabilities aged from 5 to 17 years and the environmental factors that
support or hinder their participation in the home, school and community. It provides
an overall environmental supportiveness score, as well as sub-scores that summarize the
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impact of particular features of the environment on participation in a given setting and
the adequacy of available resources. For this research, only the community section of the
PEM-CY will be used, considering the Spanish and Portuguese versions of the scale for the
respective countries. A previously trained research assistant will pass the questionnaire to
the adolescent and his/her caregiver so that the answers reflect the thinking of both, and
not just the caregiver, as the scale recommends. The use of PEM-CY helps adolescents and
their families to understand what it means to participate in the community, in addition to
what can help or hinder participation.

2.5.1. Qualitative Tools

Semi-structured interviews will be conducted with adolescents, families and health
professionals, in order to identify their opinions on the intervention proposal, as well as on
the design of the study aimed at the PPI in research. The interview guide for adolescents,
families and health professionals is presented in Figure S1 (Supplementary Materials).

Research Phases

This research will be conducted based on the phases suggested by the IM, having the
following steps: preparation, co-design, analysis and dissemination of results (Figure 3) [17].
The objectives are related to the different phases included in the IM (phase 1 to phase 3).
The main objective “To co-design an intervention aimed at improving the participation
of adolescents with significant motor disabilities within the community in alliance with
adolescents with CP, families and rehabilitation professionals” will be achieved from phase
1 to phase 2 of the IM, according to the Preparation and Execution parts in the IM.

To reach this objective we will answer the following research questions:

• What are the needs of adolescents with CP within the community?
• What barriers do you find in enhancing your participation in leisure activities?
• What are your perspectives on how to improve your participation?
• Do families and health professionals have the same perspectives on participation in

the community as adolescents with CP?

The secondary objective “To assess the feasibility of the co-design process in partner-
ship with interested parties” will be obtained in the last phase of IM, related to Implementa-
tion in IM. To reach this objective, we will answer the next research questions: Is it feasible
to involve young people with CP, their families and professionals in the research? Is it
possible to carry out their involvement in all phases of the study? Would the role in which
they choose to become involved in the investigation be the right one?

Figure 3. Research steps in the different phases of the Involvement Matrix.
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2.5.2. Phase (1) Preparation Phase-Step 1
(1.1) Involvement Matrix Translation

The preparation phase corresponds with Step 1 in the research project, PREPARATION.
Phase 1 begins with the translation of the IM into Portuguese and Spanish and, later, its
back-translation being later sent to the original authors to release the use of the tool in the
research. The process will be similar and concomitant in both countries. The translations
into Portuguese and Spanish will be performed by two pediatric physiotherapists inde-
pendently. When all documents are ready, two versions will be analyzed by five pediatric
physiotherapists and three online meetings will be performed to discuss the versions and
consider changes to include in the final version to be understood in Spanish and Portuguese.
When the meetings are over and we have the best and correct version for both countries,
the final version will be back-translated into English by a pediatric physiotherapist. Finally,
the back-translated version will be sent to the authors for checking and permission to use
in both countries.

(1.2) Participants’ Recruitment

The recruitment of participants will be carried out intentionally, as explained in
Section 2.1. Table 1 illustrates the details of this process in both countries and Table 2 shows
the content and number of meetings that will be held with the different participants in the
research project.

Table 1. Recruitment process that will be addressed in both countries.

Country Spain Brazil

Places of recruitment

Fundació Aspace Catalunya
em Barcelona

(Aspace
Foundation-Catalonia)

Associations, support
networks and social networks

Type of meetings Remote Remote

Number of Adolescents with
CP 9 9

Number of families of
adolescents with CP 9 9

Health professionals: PTs 3 3

Health professionals: OTs 3 3

Table 2. Duration and content of the meetings that will be held in the research project in both
countries.

Country Spain Brazil Description
Duration of Each

Group (min)

Presentation meeting 1 1 Presentation of the project and the IM to all
stakeholders 60

Discussion
groups-Participation 2 2 Presentation of the concept of participation based on

the ICF and its meaning in practice 60–90

PEMCY questionnaire 9 9 Application of the PEM-CY community session 60–90

Discussion
groups-Participation +

PEMCY results
2 2 Discussion of the concept of participation now based

on the results of the application of PEM-CY 60–90
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Table 2. Cont.

Country Spain Brazil Description
Duration of Each

Group (min)

Discussion Group-What
is a community

participation
intervention?

1 1
Discussion about what is an intervention aimed to

improve the participation of young people with
disabilities in the community

60–90

Discussion
Group-intervention

draft
2 2

Co-design of an intervention draft aimed at the
participation of young people with CP GMFCS IV-V

in leisure activities
60–90

Meetings with the
external public 1 1

Presentation of protocol results so far and capture
criticism and suggestions from an external group

made up of adolescents with CP GMFCS IV and V
60

Discussion Group-final
version 3 3

Co-design of final version with all ingredients that
should be present in the intervention for CP to

increase the community participation
60–90

Semi-structured
interviews and

open-ended questions
24 24 A guide with questions will be used 60–90

(1.3). Discussion/Development/Group Meetings (Shown in Figure 4)

A first meeting will be held for the presentation by the responsible researcher of the
research project to all the participants, where we will use the IM in order to facilitate the
discussion about what roles and responsibilities the participants would like to have within
the project and how to achieve this in practice.

Subsequently, focus groups will be organized to discuss the concept of participation
focused on the ICF with the project participants, divided into three groups: adolescents,
their families and health professionals. To support the participation of adolescents with
CP in remote meetings, open questions will be established, asking them who wants to
participate first so as not to generate rejection. If participation is not forthcoming, direct
and more specific questions will be asked so that they can participate. In addition, if the
adolescent wishes, the presence of a caregiver will always be allowed so that they can have
the security and calm of being able of becoming involved in the meeting. They will be
given enough time to communicate and their word will be respected.

A health professionals’ discussion group 1 will be created with all the health profes-
sionals to discuss the concept of PARTICIPATION. At first, they will be asked for their
thoughts, and their understanding of the construct of participation (what they understand
by “participation” according to their knowledge? What do they think about it? What do
they know about it?). Afterwards, a dialogue will be opened between the attendees, using
games and activities to create the understood concept of participation and building its defi-
nition. The Adolescents and Families (discussion group 2) will be created by adolescents
and their families to reflect deeply and according to their own experiences on PARTICI-
PATION: What are their perspectives? How do they think it influences their condition?
What barriers are present? As in the previous discussion group (health professionals), a
dialogue will be performed to create the concept of participation and building its definition
according to adolescents’ and families’ perspectives. In order to assess the participation
and environment of the participating adolescents, the “community” session of the PEM-CY
will be used [29,30]. This instrument considers the perception of parents and/or guardians
to obtain information about involvement, frequency and desire for change in participation,
as well as barriers and facilitators of the environment. To encourage the involvement of
adolescents, researchers will be present online with families and adolescents when the
questionnaire is answered by parents, to facilitate the inclusion of the adolescents’ voices if
they have a desire for change.
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After that, a meeting with health professionals (discussion group 1) will be held in
order to present the result of the application of the PEM-CY questionnaire (community
section). In addition, a meeting will be held to present these results with the adolescents and
their families with the same purpose (discussion group 2). The presentation of the results
of the PEM-CY (community section) will allow an understanding of what the restrictions
of adolescents are in that context to analyze the barriers. Additionally, it could be possible
to think of different strategies to favor their execution and how to design interventions to
promote participation in the community.

At the end of the preparation phase, a meeting will be held with all participants (discus-
sion group 3) in a focus group format, to think more easily about which ingredients should
be part of the intervention protocol in terms of components, people involved and place of
performance. It will provide a collaborative discussion about models of intervention to
promote participation, taking components of the Pathways and Resources for Engagement
and Participation (PREP) as an example [31]. PREP was developed in Canada and has
been used as an evidence-based approach to enhance participation through modifying the
environment, however, the research of Anaby et al. [32] includes adolescents with moderate
motor impairment. Using PREP as an example will help adolescents, families and profes-
sionals to think more easily about which ingredients should be part of the intervention
protocol in terms of components, people involved and place of performance [32,33].

Figure 4. Step 1 of project’s research in phase 1 of the Involvement Matrix: PREPARATION.
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2.5.3. Phase (2) Execution Phase-Step 2 (Shown in Figure 5)

The Execution phase corresponds with Step 2 in the research project, CO-DESIGN. This
phase is characterized by the stage where the participants will co-design an intervention
protocol that encourages the participation of adolescents with CP GMFCS IV and V in
leisure activities. It will initially consist of two brainstorming meetings (draft versions)
where all participants will discuss and build necessary ingredients for an intervention
protocol that will promote the participation of adolescents in the selected leisure activities.

(2.1) Intervention Checking

After the draft versions obtained in both meetings, a group external to the project (two
adolescents, two family members and four health professionals, two OT and two PT) will
be invited to express their opinion on the intervention protocol’s preliminary version.

After this stage, the intervention protocol proposal to increase the participation in
leisure activities of adolescents with GMFCS IV and V will end with three meetings.

(2.2) Co-Design Evaluation

At the end of this phase 2, Execution in the IM, semi-structured interviews and open
questions (Figure S1) for all participants will be carried out to identify the experience in
the use of the IM and their roles in the co-design of the intervention protocol. To obtain
information (co-design evaluation follow-up) from the intervention protocol application, to
identify the strengths and limitations that occurred in its implementation, and to maintain
their involvement in research and co-working to collect needs from the same population
and other issues, different dialogue groups will be built to continue the discussion. These
dialogue groups, constituted of adolescents with CP, families, health professionals and
researchers will continue co-designing and co-working in relation to their own needs and
to have a voice in the community, increasing the visibility of these young people and their
families in society, as well as their engagement in research.

Figure 5. Step 2 of project’s research (co-design) in phase 2 of Involvement Matrix: EXECUTION.
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3. Analysis Procedure

3.1. Data Analysis of Co-Design Experiences and Role

The sample descriptive analysis will be performed through the SPSS statistical pro-
gram [34]. For qualitative analysis, we will conduct an inductive thematic analysis of
qualitative data collected in verbatim transcripts of audio recordings of meetings, materials
used during the meetings and responses to open-ended questions to analyze members’
perceptions, barriers and facilitators to patient involvement in the co-design and in the IM
use [35]. Analysis will be conducted during the course of the study by H.R.B using the
N-Vivo software (QSR International, NVivo Qualitative Data Analysis Software) [36].

The content of the analysis will be shared with the participants of the process, so that
they can give their opinion, suggest changes, and validate the results.

3.2. Participation of the Public in the Selection and Dissemination of Results and Analysis of the
Feasibility of the Co-Design of the Study and Strategies of Dissemination
Phase (3) Implementation Phase-Step 3 and Step 4
Feasibility and Acceptability Analysis

Finally, the feasibility and acceptability (of PPI) on the participants’ involvement in the
co-design of the final version of the intervention protocol will be analyzed, in the following
aspects: evaluation of data collection (“How appropriate are the data collection procedures
and purpose of the study?”). Follow-up questions address the participants’ ability to
answer and be involved in the phases of the co-design (e.g., comprehension, capacity), the
appropriateness of the amount of data collection, whether they are relatively complete and
usable and if the use of the Involvement Matrix is appropriate to involve participants in
a structured way and to co-design an intervention protocol; evaluation of acceptability
and adequacy, of the study’s co-design and study’s procedures (“Are the study procedures
suitable for and acceptable to participants?”). Meetings attendance, and engagement; time,
capacity and understanding of the procedures and co-design; acceptability and satisfaction
of the co-design to participants; evaluation of resources and the ability to manage and
implement the study, adherence to the project (through attendance at meetings depending
on the role acquired and execution of the phases and sub-phases corresponding to the IM),
evaluation of the preliminary participants’ opinions on involvement in the study (“Does
the research team have the resources and ability to manage the study and intervention?”).
Follow-up questions address whether or not the research team has the space, administrative
capacity, expertise, skills and time to conduct the study; ethics in implementing the study;
budgetary considerations.

Dissemination Strategies (Shown in Figure 6)

The data analysis and dissemination will be carried out jointly with the research
participants. To obtain information about the experience of involvement (strengths and
limitations) in the intervention protocol, different dialogue groups will be formed. These
dialogue groups, constituted of adolescents with CP, families, health professionals and
researchers will continue co-designing and co-working in relation to their own needs and
to have a voice in the community, increasing the visibility of these young people and their
families in society, as well as their engagement in research.

The advisor, co-thinker and the researcher will select the most relevant results to be
disseminated related to their interest and to give more support to adolescents who share the
same condition (CP). The information will be analyzed and organized through the partners
and decision-makers to be published in different ways: papers, websites, congresses. The
results of semi-structured interviews, open questions and experience of the use of the
involvement matrix and their role in the co-design will be disseminated according to their
roles (partners and decision-makers). Adolescents with CP and their families will create
dialogue groups to give support to the public with the same characteristics.
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Figure 6. Steps 3 and 4 of project’s research in phase 3 of Involvement Matrix: IMPLEMENTATION.

Coordination Brazil–Spain to Analyze the Data and Interpretation of Results from the
Research Project

For the execution of both projects in Brazil and Spain, continuous coordination will
be carried out between the responsible researchers on a weekly basis. For this, points
of reflection will be established on which were the chosen roles, how the participants
are involved in the meetings, structuring the meetings so that the same concepts can
be addressed and can also be adjusted to the needs of the participants involved in each
project. A comparison of the profiles that collaborate in the co-design is created in order
to have information when interpreting the data and to see whether, therefore, personal
characteristics can influence the planning, adherence and design of the protocol.

At the end of the project, the barriers encountered by the participants from Brazil
and those from Spain will be compared. What were ingredients introduced to encourage
community participation of adolescents for each country? Were there similarities in the
choice? How was the implementation developed in each country.

4. Time Line

The study commenced in October 2022 with the first two tasks included in Figure 4, of
Step 1 of Phase 1. An action schedule summarized in Table 3 is planned.

Table 3. Anticipated time line of the project.

Oct–Dec
2022

Jan–Mar
2023

Apr–Jun
2023

Jul–Sep 2023
Oct–Dec

2023
Jan–Mar

2024

Phase 1. Step 1 X X

Phase 2. Step 2 X X

Phase 3
Step 3 X

Step 4 X

X: Execution time of the phase/step corresponding to the research project.
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5. Discussion and Perspectives

The purpose of this paper is to present a protocol involving adolescents with CP,
GMFCS levels IV–V, their families and health professionals. The aim is to co-design a
preliminary protocol about the ingredients that should be included in the intervention
to improve the participation of these adolescents in the community, considering various
perspectives. Public and patient perspectives can be sought through their involvement and
through participating in interviews or focus groups to provide data for others to analyze,
interpret and act on [37].

PPI offers a methodology where researchers are in a continuous and reciprocal rela-
tionship with participants and make decisions with them about the research. The research
is carried out with them and therefore satisfies their wishes, favoring its implementation in
the population that shares the same condition [37,38]. This interaction can better ensure that
research incorporates the participants’ voices including their priorities and preferences [39].

Researchers should involve the public and patients and to plan potential roles, respon-
sibilities and tasks for their study as early as possible [39]. Therefore, the IM is a very useful
tool that allows the participation of the public from an early stage in the design of the
research project. In addition, it offers the possibility of choosing the role with which they
want to get involved in the different stages of the design, creating learning opportunities
for all participants according to their interest. It offers the opportunity to create an orderly
and coordinated work together with the researcher and the participants to promote the
co-design of the research [17,39].

The design of a preliminary intervention protocol that encourages the participation
in leisure activities of adolescents with a chronic condition within the community will
allow professionals and families from Brazil and Spain to consider their lived experiences.
Using this study, it could be possible to guide the intervention based on their real needs,
motivations and interests. The implementation in both countries will allow a comparison of
the differences and similarities between both preliminary intervention protocols designed,
the needs of some adolescents with CP regarding participation in the community, what
were the roles chosen by all the participants, the relationships and dialogues established in
the different dialogue groups created and the results obtained regarding the co-design of
the intervention protocol and their own perspectives on the use of the IM [14,40,41].

The ultimate goal of an intervention should be to increase patient participation, but
based on their own interests, hence the need to give them a voice. Considering that the
study population has several factors present (communication problems, mobility, etc.) that
limit their ability to be heard, it will allow them to feel motivated by entering the co-design
of the research and will encourage their families and the health professionals to consider
their needs. In addition, their active participation in disseminating the results will make
it possible for the designed intervention protocol to be accepted by other young people
with CP GMFCS IV and V and to create dialogue groups that give this group a “voice”,
making it possible to improve life conditions. In order to increase the participation in most
of adolescents with CP levels GMFCS IV–V, with profound intellectual disability (IQ < 25),
or with communication impairments, we will facilitate their inclusion in research through
different strategies through the results in this preliminary pilot study. The adolescents with
severe disabilities will be able to watch images of the ingredients of the leisure activities
chosen by the participants in this pilot study and videos of the adolescents performing the
activities in the community, and we will record the behavior and reaction to these stimuli:
facial and body response of motivation, rejection, etc., which will indicate their satisfaction
or not with the activities. In addition, information will be collected with the help of their
families in order to know their tastes regarding different leisure activities in the community
and, therefore, to be able to co-design a program of ingredients of leisure activities that
would increase their participation in the community.

As perspectives that will be obtained after this research project based on the PPI, the
following topics could be included:
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• What is the current participation of young people of adolescents with CP within the
community like?

• Detection of barriers present in the community;
• Facilitators that increase participation: Improvements in access, adaptations and

resources for participation according to the needs of young people with CP;
• Places within the community where the participation of young people with CP is

encouraged (schools, leisure places, home, etc.);
• Role that the family and health professionals should have in the implementation

of leisure activities within the community to encourage the participation of young
people;

• Usefulness of the involvement of the PPI in the co-design of the intervention program
to encourage the participation of young people with CP (GMFCS IV-V) within the
community;

• Feasibility of co-designing the intervention protocol to encourage the participation of
young people with CP (GMFCS IV-V) within the community;

• What should an intervention protocol to improve participation for adolescents GMFCS
IV–V be like?

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12010182/s1, Figure S1: Open questions for participants.
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Abstract: Sialorrhea is common in children with neurodevelopmental disabilities (NDD) and is
reported in >40% of children with cerebral palsy (CP). It causes a range of complications, including
significant respiratory morbidity. This single-center retrospective chart review aims to document
sublingual atropine (SLA) utilization to guide further study in establishing its role in secretion
management for children with NDD. A chart review was completed for patients with NDD ≤ 22 years
of age treated with SLA at a free-standing children’s hospital between 1 January 2016 and 1 June
2021. Descriptive statistics were generated to summarize findings. In total, 190 patients were
identified, of which 178 met inclusion criteria. The average starting dose for SLA was 1.5 mg/day, or
0.09 mg/kg/day when adjusted for patient weight. Eighty-nine (50%) patients were prescribed SLA
first line for secretion management while 85 (48%) patients tried glycopyrrolate prior to SLA. SLA
was used after salivary Botox, ablation, and/or surgery in 16 (9%) patients. This study investigates
SLA as a potential pharmacologic agent to treat sialorrhea in children with NDD. We identify a range
of prescribing patterns regarding dosing, schedule, and place in therapy, highlighting the need for
further evidence to support and guide its safe and efficacious use.

Keywords: atropine; cerebral palsy; sialorrhea; pediatric; drooling; sublingual; developmental
disorders; neurodevelopmental disorders

1. Introduction

Sialorrhea, or excessive drooling, is a common problem for children with neurodevel-
opmental disabilities (NDD), particularly those with motor disabilities. Prevalence among
children with cerebral palsy (CP), the most common motor NDD, is over 40% [1]. The
term CP describes “a group of permanent disorders of the development of movement and
posture, causing activity limitation, that are attributed to nonprogressive disturbances that
occurred in the developing fetal or infant brain. The motor disorders of cerebral palsy are
often accompanied by disturbances of sensation, perception, cognition, communication,
and behavior, by epilepsy, and by secondary musculoskeletal problems [2].” In the US, the
prevalence of CP is estimated between 1.5 and 4 per 1000 live births [3]. Other childhood
motor disabilities in which sialorrhea is common include the muscular dystrophies, spinal
muscular atrophy, sequelae of traumatic brain injury, and neurodegenerative conditions
such as Rett syndrome and the leukodystrophies. Children with craniofacial abnormalities,
airway abnormalities, or tracheostomies may also have significant sialorrhea. Finally, drool-
ing is a common symptom amongst people with intellectual disability disorder, and it is a
reasonably common side effect of medication commonly used in children with neurologic
disorders, including benzodiazepines and atypical neuroleptics.

Sialorrhea can manifest anteriorly, as spillage of saliva over the lips, or posteriorly, with
pooling of secretions in the oropharynx. Anterior sialorrhea tends to be associated with
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skin breakdown and irritation, odor, and can impact social relationships and self-esteem.
Posterior sialorrhea can have serious medical sequelae, such as difficulty with airway
clearance, chronic aspiration, and recurrent pneumonia [4]. Pulmonary issues are a leading
cause of morbidity in children with complex medical conditions, accounting for 29% of
hospitalizations in the population [5–7]. Respiratory disease is also the most common cause
of death for both children and adults with CP, underscoring the importance of providing
effective interventions, such as sialorrhea reduction, to curb pulmonary complications [8,9].

Both anterior and posterior sialorrhea affect the health and quality of life of children
and their families. As such, numerous strategies were developed in an effort to reduce
symptoms. Common approaches to management range from least to most invasive. These
typically include behavioral interventions, pharmacologic treatments, targeted salivary
gland injections with botulinum toxin, and finally, surgeries, which include salivary duct
ligation, re-routing, or gland excision [10]. Ultrasound-guided salivary gland ablation
using ethanol is an emerging intervention [11]. Treatment appears to be effective with all
agents, but studies are heterogeneous, with generally low-level evidence and inconsistency
in outcome measures [10–15].

Behavioral treatments for sialorrhea are based on principles of behavior modification
and include reinforcement, prompting, self-management, extinction, overcorrection, in-
struction, and fading. These are discussed in a recent systematic review, which concluded
that “Low-level evidence suggests behavioural interventions may be useful for treatment
of drooling in children with neurodisability [15]”.

Among pharmacologic agents used to treat sialorrhea, anticholinergics are the most
common. Glycopyrrolate, scopolamine, trihexyphenidyl, and benztropine are the most
studied agents [10,16–21]. More recently, sublingually administered atropine (SLA) ap-
peared in the literature [22]. As a newer agent to be utilized in this context, atropine’s
recommended dosing and place in treatment is still being established.

Atropine competitively blocks acetylcholine from binding to muscarinic receptors in
the central nervous system, smooth muscle, and secretory glands. Submucosal glands are
innervated by parasympathetic neurons and predominantly have M1 and M3 muscarinic
receptors. Activation of these receptors by acetyl choline is blocked by atropine, inhibiting
secretions from the nose, mouth, pharynx, and bronchi. Ultimately, this leads to drying of
the mucus membranes in these areas [23,24].

Injectable forms (intramuscular (IM), intravenous (IV), and subcutaneous (SubQ)) of
atropine have an approved indication to inhibit salivation and secretions in the preopera-
tive/intraoperative setting. Recommended dosing for inhibition of salivation in infants,
children, and adolescents is 0.02 mg/kg/dose administered IM, IV, or SubQ. Doses may be
repeated every 4 to 6 h as needed for secretions. The maximum total dose for infants and
children less than 12 years of age is 1 mg per procedure, while the maximum total dose for
children greater than or equal to 12 years of age is 2 mg per procedure [25].

A study completed by Volz-Zang and colleagues assessed how oral versus intramus-
cular administration of atropine affected the heart rate and salivary flow in seven healthy
adults. They found that a 0.03 mg/kg dose of atropine administered orally demonstrated
an 84.3% maximum reduction in salivary flow. The orally administered dose did not cause
a significant increase in heart rate, especially when compared to intramuscular administra-
tion of the medication. They attributed their findings to low absorption of the oral dose
and to lower vagal tone in the salivary glands compared to the heart [26]. Schwartz et al.
additionally demonstrated systemic bioavailability of SLA at 60%, which is achieved via
an intravenous route in healthy adults [27]. Whether there is a direct local effect on the
salivary glands remains unclear. Available studies suggest a more limited side effect profile
for SLA compared to alternative agents, such as glycopyrrolate and scopolamine, which
have well-documented potential effects of constipation, urinary retention, and behavioral
changes, among others [28–31]. The reduced systemic absorption, the report to date of min-
imal adverse effects, and the rapidity of a drying effect from the sublingual administration
of atropine make it an attractive option for treating children with sialorrhea.
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Most reports of using SLA in the literature are in palliative settings for adults, case
reports involving pediatric patients, or for the treatment of pharmacologically induced
sialorrhea [32–34]. In a pediatric case report, dosing of SLA for sialorrhea was reported as
atropine 0.5% ophthalmic drop, given as one drop (0.25 mg) sublingually every six hours
as needed. Based on the need for suctioning, it was estimated that the onset of action was
between 15 and 30 min and the duration of action was approximately 4 h [33].

Two prospective studies evaluated efficacy in pediatric patients with NDD [30,31].
Dias et al. performed an uncontrolled open clinical trial of 33 children with cerebral
palsy, 25 of whom completed the study. Significant reduction in drooling was reported
as reflected in the validated parent reported Drooling Impact Scale across all but two
variables [30,35]. Norderyd et al. evaluated 19 children in a prospective single system
design where participants served as their own controls, 11 of whom completed the study.
Significant reduction in drooling was measured using the Visual Analogue Scale, another
parent reported instrument [31]. Both studies found tolerable adverse effects [30,31]. Dias’
study identified fever and flushing (1), irritability (1), flushing and irritability (1), and
flushing and angioedema (1) in 4 of 33 patients [30]. Norderyd reported that excessive
dry mouth occurred most frequently (7), followed by difficulty with voiding, constipation,
and behavioral changes (3 in each case). All side effects disappeared with cessation of
treatment [31]. Azapagasi et al. conducted a retrospective chart review of 25 hospitalized
children receiving SLA for 7 days, 20 of whom had outcome data available. Significant
reduction in the Teacher Drooling Scale, a 5-point reporting scale, was reported over a
two-day period (p < 0.001). Side effects were not reported [36].

The literature for SLA is thus sparse and the evidence is generally of a low level.
Although it paints an optimistic view of the potential for SLA to be used in the treatment of
sialorrhea in children and young adults with NDD, further study is clearly warranted. The
current study was undertaken to describe use of SLA, including dosing regimens and place
in therapy, in an effort to glean patterns of real-world use and to inform potential dosing
regimens for prospective study.

2. Materials and Methods

This study is a retrospective electronic chart review evaluating SLA use for sialorrhea
within a free-standing children’s hospital. Data were extracted from our electronic health
record for patients who received an outpatient prescription order for atropine 1% oph-
thalmic solution, atropine 0.5% ophthalmic solution, and/or atropine 0.5% oral solution
(compounded at our institution once the 0.5% ophthalmic solution was discontinued by
manufacturers in 2014) for sublingual administration between 1 January 2016 and 1 June
2021. Patients with NDD of childhood, an umbrella term for conditions associated with
neurologic impairment that impacts physical, cognitive, linguistic, and behavioral devel-
opment and function, were eligible. Inclusion criteria included being 22 years of age or
younger at therapy initiation and being treated with SLA either alone or in conjunction
with other anti-cholinergic therapies for secretion management. Exclusion criteria included
use of SLA for other indications, absence of NDD, age > 22 years at treatment initiation,
incomplete data, and/or patients with protected chart information.

Patient information including date of birth, sex, and unifying diagnosis was collected
to describe our population. For the first and last SLA prescription listed in the patient’s chart,
date of prescription, patient dosing weight, medication, dose, and frequency were collected.
Doses were calculated based on product concentration and assuming the established criteria
that 20 drops is equal to one milliliter of clear solution [37]. For daily dose and weight-based
dose calculations, all “as needed” doses were considered to be given as scheduled, and
doses were rounded to the maximum dose if a dosing range was given. Additional analysis
was completed to assess if dosing differed depending on the patient’s age at the start of
therapy (<1 year, 1–<3 year, 3–<12 year, and ≥12 year) to incorporate common age cut offs
for dosing of another anticholinergic agent, glycopyrrolate, in other studies.
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A manual chart review of all medication history was performed to identify whether
the patient previously received alternative anticholinergic therapies for the treatment
of sialorrhea (i.e., glycopyrrolate, scopolamine, trihexyphenidyl, and/or benztropine).
Timing of when these agents were utilized for secretion management in relation to SLA
therapy was assessed. A manual chart review was also completed to evaluate prior
administration of salivary gland botulinum toxin injection, salivary gland surgery, and/or
salivary gland ablation.

Descriptive statistics were generated to summarize our findings. Data are presented as
means, ranges, and percentages. A two-tailed paired t-test was completed to assess signifi-
cance of change from starting to final dose. This study was approved by the Institutional
Review of Nationwide Children’s Hospital and a waiver of consent was granted.

3. Results

On initial chart review, 190 eligible patients were prescribed SLA for the treatment
of sialorrhea. Seven patients were excluded due to missing or incomplete chart data,
3 patients were removed due to protected chart information, and 2 were removed due to
the absence of a neurodevelopmental diagnosis. The remaining 178 patients were included
in the analysis. Patient demographic information is included in Table 1. The average
age at initiation of atropine was 7.8 years, and 96 patients were male (54%). Ninety-eight
patients (55%) had a confirmed diagnosis of cerebral palsy (CP). It is quite possible that
children with some of the diagnoses listed, such as brain injury or genetic disorder, met
criteria for a diagnosis of CP but did not carry the diagnosis in their chart, resulting in
an underestimate of this subpopulation. Almost half of the initial prescriptions (n = 88,
49.4%) were generated through the pulmonary service. Fifty-five prescriptions (30.9%) were
written by the complex care division, which cares for children with medical complexity.
The remaining prescriptions were written by various subspecialties, including neonatal
services, neurology, acute care, physical medicine, aero-digestive, palliative care, and
otorhinolaryngology, or at discharge from the general pediatric hospital service.

Table 1. Demographic information.

Total n = 178
n (%)

Age in years at initiation of atropine
Average (range) 7.8 (2 months–22 years)
<1 year 21 (11.8%)
1–<3 years 26 (14.6%)
3–<12 years 80 (44.9%)
>12 years 51 (28.7%)

Gender
Male 96 (54%)
Female 82 (46%)

Underlying Diagnosis
Cerebral Palsy 98 (55.1%)
Genetic/syndromic disorder 35 (19.7%)
Neuromuscular disease 17 (9.6%)
Neurodegenerative condition 11 (6.2%)
Brain injury 5 (2.8%)
Developmental disorder 4 (2.2%)
Multiple congenital anomalies 4 (2.2%)
Unknown/other 4 (2.2%)

Dose and dosing frequency of SLA ranged greatly among patients [Table 2]. Doses
ranged from 1 to 3 drops given at a time, and frequency ranged from every 4 to every
24 h, often accompanied by indications of “may increase up to X” for both dosing and
scheduling. The most common starting frequency was written as twice daily (n = 63, 35.4%)
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and approximately one-third of the prescriptions were written for “as needed” (PRN)
dosing. Final dosing strategies were also quite varied and open to adjustment.

Table 2. SLA dosing by drop.

Initial n = 178
n (%)

Final n = 178
n (%)

Drops per dose
Atropine 0.5%
1 drop 9 (5%) 0 (0%)
2 drop 6 (3.4%) 1 (0.56%)
Atropine 1%
1 drop 125 (70.2%) 126 (70.8%)
2 drop 36 (20.2%) 47 (26.4%)
3 drop 2 (1.12%) 3 (1.7%)
4 drop 0 (0%) 1 (0.56%)

Frequency of dosing
QDay 44 (24.7%) 37 (20.8%)
BID 63 (35.4%) 60 (33.7%)
TID 38 (21.3%) 42 (23.6%)
4 times daily 19 (10.7%) 25 (14%)
6 times daily 14 (7.9%) 14 (7.9%)

Total drops per day
Atropine 0.5%
1 drop 2 (1.1%) 0 (0%)
2 drop 3 (1.337%) 0 (0%)
3 drop 1 (0.56%) 0 (0%)
4 drop 1 (0.56%) 1 (0.56%)
6 drop 5 (2.8%) 0 (0%)
12 drop 3 (1.7%) 0 (0%)
Atropine 1%
1 drop 36 (20.2%) 31 (17.4%)
2 drop 51 (28.7%) 48 (27%)
3 drop 24 (13.5%) 28 (15.7%)
4 drop 25 (14%) 31 (17.4%)
6 drop 17 (9.6%) 21 (11.8%)
8 drop 7 (3.9%) 10 (5.6%)
9 drop 1 (0.56%) 1 (0.56%)
12 drop 2 (1.1%) 7 (3.9%)

Rx written as PRN 66 (37%) 79 (44.4%)
Abbreviations: QDay, once daily; BID, twice daily; TID, three times daily; and Rx, prescription.

The most common starting dose was atropine 1% drops, 2 total drops per day, re-
gardless of age or weight at the start of therapy, and ranged up to 12 drops per day.
Dosing by drop was converted to mg/day as well as mg/kg/day to allow for analysis
of weight-based treatment strategies and for direct comparison to results of prior studies.
It is important to note that prescriptions were not written in a weight-based manner, but
rather reflected the practicality of using doses standardized by common concentration and
drop volume. The difference between average starting and final mg/day was significantly
different (1.5 mg vs. 1.8 mg, p ≤ 0.001), but when adjusted for patient weight, there was no
significant difference based on mg/kg/day (p = 0.635). Upon examining the variance in
mg/kg dosing between initial and final prescriptions for SLA, 128 patients (72%) had no
change in dose, while 40 patients (22%) had an increase in dose. By comparison, mg/kg
dosing remained consistent.

Initial and final sublingual atropine dosing, expressed as drops, are presented in this
table and resemble the “real life” approach to dosing this medication. Please note that all
doses provided as ranges were rounded up for the purpose of analysis.
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We found that SLA dosing for sialorrhea management in this population was quite vari-
able. For ease of analysis, a side-by-side table is provided [Table 3] to allow for comparison
of prescribing patterns in this study with the three studies previously mentioned [30,31,36].

Table 3. Comparison of available data. “Side-by-side” comparison of patient populations, products
used, directions for use, and dosing data found in our study versus that available in the litera-
ture. Some calculations were completed to extrapolate directions/doses from their original form to
ease comparison.

Study Our Study Dias et al. [30] Norderyd et al. [31] Azapagasi et al. [36]

Population ≤22 years with NDD
(n = 178)

2-17 years with CP
(n = 25)

5–18 years with disabilities
(final study group n = 11)

PICU patients 3–78 months
(n = 20, of whom 19/20
had a NDD)

Product
atropine 0.5% ophthalmic drop;
atropine 1% ophthalmic drop;
atropine 0.5% oral solution

atropine 0.5% ophthalmic drop atropine 1% ophthalmic drop atropine sulfate ampoule

Directions Varied/retrospective
observation, initial dosing

Give 1 drop SL TID at 6h
intervals for patients 10–19 kg
Give 2 drops SL TID at 6h
intervals for patients ≥20 kg

After 3 weeks of no treatment,
Give 1 drop QDay for
4 weeks followed by 1 drop
BID for 4 weeks

0.02 mg/kg/dose 4-6 times
daily for 7 days
Minimum dose was 0.25 mg,
Maximum dose was
0.03 mg/kg
(per author)

Drops/dose 1–3 drops 10–19 kg: 1 drop
≥20 kg: 2 drop 1 drop N/A

Frequency QDay-6 times daily TID QDay-BID 4–6 times daily

mg/day 0.25–6 mg/day
Average: 1.5 mg/day

10–19 kg: 0.75 mg/day *
≥20 kg: 1.5 mg/day * 0.5–1 mg/day † 1 mg/day ‡-range unknown

mg/kg/day 0.01–0.49 mg/kg/day
Average: 0.091 mg/kg/day

10–19 kg: 0.04–0.075
mg/kg/day *
≥20 kg: ≤0.075 mg/kg/day *

NA 0.08–0.18 mg/kg/day §

* Calculations were made by extrapolating on the reported data to allow comparison in discussion with the
primary author. † Calculation was made by extrapolating on the reported data to allow comparison. ‡ Dose based
on reported 0.25 mg minimum dose given 4 times daily. § Dose based on giving 0.02 mg/kg/dose 4 times daily to
0.03 mg/kg/dose 6 times daily to determine minimum and maximum dosing strategies. Abbreviations: NDD,
Neurodevelopmental Disability; CP, Cerebral Palsy; PICU, Pediatric Intensive Care Unit; SL, sublingual; TID,
three times daily; h, hour; kg, kilogram, QDay, once daily; BID, twice daily.

When compared to other anticholinergic therapies used for sialorrhea, SLA was
prescribed as a first or second line agent for the majority of patients in this study [Figure 1].

Eighty patients (44.9%) were on SLA in addition to at least one other anti-cholinergic
therapy (atropine with glycopyrrolate, scopolamine, benztropine, and/or trihexyphenidyl)
at some point during their course of treatment with atropine. Anticholinergic therapies
trialed prior to atropine are summarized in Figure 2. Glycopyrrolate was used prior to SLA
in 85 (47.8%) patients and scopolamine was used prior to atropine in 20 (11.2%).

Sixteen patients underwent more invasive therapies prior to the initiation of SLA. All
patients who had medication data available in the chart (n = 13) trialed glycopyrrolate,
while two patients trialed scopolamine in addition to glycopyrrolate prior to moving
towards more invasive therapy options and, subsequently, onto SLA. Invasive treatments
included: salivary gland ablation (n = 7 patients, 3.9%), submandibular salivary gland
surgery (n = 4, 2.2%), botulinum toxin injection into the salivary glands (n = 3, 1.7%),
salivary gland botulinum toxin followed by ablation (n = 1, 0.6%), and salivary gland
surgery followed by ablation (n = 1, 0.6%).
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Figure 1. SLA place in therapy. SLA’s place in therapy relative to alternative anticholinergic medica-
tions, including glycopyrrolate, scopolamine, benztropine, and trihexyphenidyl. Percentages do not
total 100 due to rounding.
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Figure 2. Pharmacologic sialorrhea treatment regimens in relation to SLA.
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4. Discussion

This study presents a single institution’s real-world practice in relation to already avail-
able literature in order to advance the breadth and depth of literature available regarding
the use of SLA in the treatment of sialorrhea in children and young adults with NDD. Two
previous prospective small cohort studies and one retrospective study suggest the potential
efficacy of SLA for this purpose. Our study evaluated the current prescribing practice of
SLA in children and young adults with NDD to understand the scope of need to establish
prescribing guidance and safety profiles. We did not evaluate efficacy in drooling reduction,
nor did we evaluate adverse events, as that information was not available through chart
review in a standardized manner.

We found significant variability in actual practice among prescribers, and there was
no institutional standardized dosing guidance. Initial doses ranged from one to three drops
and frequencies ranged from as needed to six times daily. Although six times daily dosing
was infrequent (n = 14, 7.9%), this same pattern was seen in the Azapagasi study [31]. The
dosing range, in mg/day, documented in our study far exceeded that studied in the three
previously mentioned cohorts [28,29,31]. However, our calculations assumed that all doses
written for “as needed” were given at scheduled dosing intervals. Although this possibly
falsely elevated upper limits of actual practice, the prescriptions were, importantly, written
to allow for this possibility. Despite the wider range of dosing prescribed, most regimens
were in keeping with the Dias and Norderyd studies [28,29]. More than 90% of regimens
were written for 1–2 drops per dose of the atropine 1% solution (0.5 mg/drop), and >80%
were written for up to TID dosing frequency. Overall, weight-based doses remained fairly
stable from initial to final prescriptions, potentially reflecting the expected weight gain of
growing children during the study period.

While it was not possible to assess for side effects in our study, those observed in
other studies were reversible and of minimal impact [22,28,29]. Anticholinergic side effects,
including urinary hesitancy or retention, constipation, flushing, and the desired effect of
decreased saliva production, are the most commonly reported side effects from SLA in this
setting. Some of the more serious potential side effects include arrhythmias, ataxia, and
respiratory failure [20] and were not reported to date in this body of literature. The limited
available data suggest that the dosing regimens explored thus far may be useful in defining
a safe range for assessing efficacy and safety. Future studies will require monitoring for the
full constellation of potential adverse effects.

Despite a lack of established safety or dosing guidance, SLA is a tool frequently used
in the treatment of sialorrhea in children with NDD. At our institution, atropine was used
as a first-line anti-cholinergic agent in patients 50% of the time, and second to other anti-
cholinergic treatments 50% of the time, generally after glycopyrrolate, which is the only
agent that carries an FDA approval for chronic drooling in children ages 3 to 16 years.
Atropine in the dosage form described in this study is dispensed in a dropper bottle and is
typically administered into the eyes. When prescribed for administration via the sublingual
route, there is risk of misuse, accidental overdose, or toxicity. Prescribers, nursing staff,
and consumers/patients should receive thorough education regarding SLA indication, use,
administration, and side effects. It should also be recommended to store the dropper bottle
in a child-proof container and keep out of reach of small children.

This descriptive medication use evaluation is a first step in examining actual SLA
use in children and young adults with NDD. There are several limitations to this study.
Our work reflects local prescribing habits at a single institution. However, SLA is used
widely for this application without guidelines, and it is possible to surmise that similar
variability in practice might exist more broadly. Based on the data available for this study,
it was not possible to evaluate efficacy, side effects, adherence to therapy, or rationale
for therapy cessation. Outside records were not reviewed to obtain previous exposure to
anticholinergic agents, botulinum toxin, surgery, and/or ablation outside of our institution.
Additionally, to capture the maximum potential dosing made by prescribers, our dosing
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may be overestimated as we rounded up on dosing intervals and assumed scheduled doses
when prescriptions were written on an “as needed” basis.

5. Conclusions

Our study summarizes the data for SLA use within a single institution. It documents
that SLA is commonly used to treat drooling in children and young adults with NDD and
that the prescribing practices are highly variable. We identify a lack of consistency regarding
dosing, schedule, and place in therapy for SLA use in this population. Importantly, it draws
attention to the wide practice variation that often evolves in the absence of guidelines.
Efficacy, dosing regimens and adverse events of SLA require additional exploration. Further
rigorous prospective study is necessary to establish the safety and efficacy of SLA for
the treatment of sialorrhea in children and young adults with NDD. We hope that this
preliminary study will form the basis for a randomized control trial of SLA in comparison
to a more established therapy, such as enteral glycopyrrolate.
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