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Preface

This Edited Volume is a collection of reviewed and relevant research chapters concerning
the developments within cerebral palsy. The book features scholarly contributions
from various authors and is edited by an expert in the field. Each contribution comes
as a separate chapter complete in itself but directly related to the book’s topics and
objectives.

The book includes the following chapters:
1. Deep Brain Stimulation in Cerebral Palsy
2. Neurosurgical Management of Spasticity

3. Neurodevelopmental, Neurobehavioral, and Psychosocial Aspects of Cerebral
Palsy

4.Influence of Robotic Interventions on Gait Improvement in Children with
Cerebral Palsy

5.Hand Splinting

The target audience comprises scholars and specialists in the field.
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Chapter

Deep Brain Stimulation in Cerebral
Palsy

Daniela Munoz-Chesta and Monica Troncoso-Schifferli

Abstract

Dystonia is a movement disorder defined by involuntary, sustained, or inter-
mittent muscle contractions, typically described as repetitive, twisted postures.
Dyskinetic cerebral palsy is the most common cause of acquired dystonia in children.
Dystonia in patients with cerebral palsy can affect function, pain, comfort, and
quality of life. Pharmacological treatment is often unsatisfactory. Deep brain stimula-
tion (DBS), a surgical neuromodulation therapy, has been reported to be an effective
treatment for dystonia in patients with cerebral palsy. Multiple clinical variables
have been associated with improved outcomes, including diminished disease dura-
tion, decreased surgical age, heightened frequency of irregular intraoperative GPi
microelectrode firing, and the absence of enduring skeletal abnormalities. These
characteristics may operate as positive prognostic indications for the therapeutic
effectiveness of DBS. Conversely, large cerebral lesions, the intensity of dystonia,
and accompanying spasticity may hinder therapeutic efficacy. At present, there are
no defined eligibility requirements for DBS. Evidence indicates that DBS not only
facilitates motor enhancements in dystonia in patients with cerebral palsy but also
significantly improves quality of life.

Keywords: dystonia, dyskinesia, cerebral palsy, deep brain stimulation,
neuromodulation

1. Introduction

The most prevalent non-genetic cause of acquired dystonia is cerebral palsy (CP)
[1]. Between 4% and 17% of CP patients experience different dyskinetic move-
ment disorders, such as chorea, athetosis, and/or dystonia [2]; these patients are
categorized as having dyskinetic cerebral palsy. Dyskinetic cerebral palsy is the most
common cause of acquired dystonia in children [1]. Dystonia is defined as “move-
ment disorder characterized by sustained or intermittent muscle contractions causing
abnormal, often repetitive, movements, postures, or both. Dystonic movements are
typically patterned, twisting, and may be tremulous. Dystonia is often initiated or
worsened by voluntary action and is associated with overflow muscle activation” [3].
In patients with dystonia secondary to CP, all four extremities are typically involved,
with the upper body being most prominently affected. Dystonia in CP patients is
associated with pain and musculoskeletal abnormalities, which may have an impact
on quality of life and social involvement [4].
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The treatment of dyskinetic CP is challenging and pharmacological interventions
are frequently ineffective [5]. Deep brain stimulation (DBS), a surgical neuromodula-
tion therapy, has been reported to be an effective treatment for dystonia in patients
with CP [6-8].

2. Deep brain stimulation

Deep brain stimulation (DBS) is an effective neuromodulatory therapy that,
through the stereotactic implantation of quadripolar electrodes, delivers chronic
stimulation to specific intracranial targets. Actually, DBS is widely used in movement
disorder patients.

In 1997, the FDA approved DBS for essential tremor and Parkinson-related tremor.
More widespread cases of Parkinson’s disease (PD) were approved in 2002, and in
2003, DBS was approved for dystonia on humanitarian grounds [9].

Although early promising research showed effectiveness and safety in treating
patients with “primary” dystonia in both adults and children [10], during the past
20 years, surgical indications have expanded to include “secondary” dystonia, with
varying and more distinct outcomes.

3. Mechanism of action

It is still unclear exactly what mechanism makes deep brain stimulation (DBS)
effective. Deep brain stimulation (DBS) is believed to operate via a multimodal
process, as suggested by a singular theory derived from several preclinical and clinical
investigations aimed at elucidating its mechanisms [11]. A prominent perspective
on this concept posits that the therapeutic effects of DBS arise from alterations in
the activity of the target network [11, 12]. Consequently, identifying suitable target
networks is essential for enhancing treatment outcomes [13], reinforcing the notion
that DBS is classified as a form of network therapy.

4. Target selection

The globus pallidus internus (GPi) is currently the predominant target chosen
for deep brain stimulation (DBS) therapy in CP and was initially documented in the
treatment of dystonia [10]. Pallidal stimulation is extensively utilized in neuromod-
ulation therapy for dyskinetic disorders, mostly due to its effectiveness in improv-
ing voluntary movements [14]. The majority of neurons in the globus pallidus are
GABAergic [15]. The posteroventral GPi has become the specific target selected for
the surgical treatment of most types of dystonia, including dystonia secondary to
CP (Figure 1) [14].

Less often, other targets, such as the subthalamic nucleus (STN) [16] and par-
ticular thalamic regions, such as the ventral intermediate nucleus (Vim), ventral oral
anterior (Voa), and ventral oral posterior (Vop) [17], have been reported to be effec-
tive in treating dystonia linked to cerebral palsy (Figure 2). In addition, deep brain
stimulation of the dentate nuclei of the cerebellum in patients with CP appears to be
safe and demonstrates initial signs of clinical benefit [18]. Currently, limited research
on multitarget DBS has been documented in patients with CP [19].
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Figure 1.
Bilateral placement of DBS leads in the globus pallidus internus (GPi) in a patient with dystonic cevebral palsy.

Thalamus

Subthalamic Globus pallidus
nucleus interna

Figure 2.
Main DBS targets reported in cerebral palsy-velated dystonia.

5. DBS surgery

DBS implantation is considered a stereotaxic neurosurgery procedure. Frame-
based stereotaxis employs a rigid frame fixed to the skull. Before surgery, detailed
imaging investigations, such as magnetic resonance imaging (MRI) and computed
tomography (CT), are performed to identify precise target locations in the brain.
During the procedure, a neurophysiological confirmation of the correct target can
be done with microelectrode recording. Once the target is confirmed, permanent
electrodes are inserted, successful placement is supported by testing electrical
impedances, and side effects are assessed by test stimulation. Final electrode posi-
tion can be determined with a postoperative CT scan; the scan can be overlaid on the
preoperative MRI to confirm placement. Postoperative CT also allows exclusion of
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Stimulator
leads

Extensions

Neurostimulator

Figure 3.
Schematic vepresentation of the components of a Deep Brain Stimulation (DBS) system.

hemorrhage. After the electrode implantation, they are connected to a pulse genera-
tor, which is usually placed in the chest; the generator implantation procedure and
attachment to the connectors in the scalp via subcutaneously tunneled extension leads
can be performed at the same time as permanent lead implantation, or in a separate
procedure (Figure 3).

6. Programming

No defined guidelines exist for the postoperative therapy of patients with CP
dystonia, especially regarding programming.

In programming DBS, four characteristics must be addressed for all patients:
electrode configuration (contacts), amplitude, pulse width, and frequency (Figure 4)
[20]. Programming regimens differ based on the clinician’s expertise and patients’
responses, with amplitudes from 1.0 to 6.5 V, pulse widths from 60 to 240 ps, and
frequencies from 30 to 185 Hz [20]. The frequency of each programming session
depends on the patient’s answers, clinical assessments, and the particular require-
ments associated with their condition. Consistent follow-up evaluations are crucial
for achieving optimal therapeutic results.

7. Efficacy for dystonia

The Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) [21] is the predomi-
nant instrument for evaluating the severity of dystonia. It has been employed by

1



Deep Brain Stimulation in Cerebral Palsy
DOI: http://dx.doi.org/10.5772/intechopen.1010681

Pulse width (us)

Duration of each stimulus

-
Amplitude
(Volts or miliamps)
Intensity of stimulation
Rate (Hz)

Number of pulses per second

Figure 4.
Parameters to define during DBS programming.

numerous physicians and researchers to assess the therapeutic outcomes of DBS in
cases of severe dystonia [22-24], including dystonia secondary to CP [6, 17, 22]. The
BFMDRS consists of two clinician-assessed subscales: a movement subscale (MS),
derived from patient evaluation, and a disability subscale (DS), based on the patient’s
self-reported difficulty in everyday activities. The BFMDRS has exhibited strong
internal consistency, inter-rater reliability, and responsiveness in therapy investiga-
tions [25].

In contrast to the evident enhancement shown in Parkinson’s disease, essential
tremor, or primary dystonia, deep brain stimulation in secondary dystonia frequently
yields advantages that are challenging to discern or measure [1, 22, 26].

In dystonia secondary to cerebral palsy, most research on Gpi DBS reveals a
reduction in dystonia severity; however, clinical efficacy studies show highly variable
results.

Elia et al. performed a literature review evaluating the efficacy of deep brain
stimulation (DBS) for dystonia in individuals with cerebral palsy (CP), analyz-
ing 124 patients across 12 trials published between 2009 and 2017. The review
consistently indicated a decrease in motor symptoms of dystonia in all studies
utilizing bilateral globus pallidus internus (GPi) DBS. Furthermore, a wide range
of improvements in dystonia among CP patients was noted, with enhancements
varying from a minimal 1.2% improvement in movement, as assessed by the
Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS), to a substantial reduc-
tion in dystonia severity of up to 49.5% [20].

Furthermore, Koy et al. conducted a meta-analysis. Twenty publications
involving 68 patients with cerebral palsy who had deep brain stimulation were
evaluated using the Burke-Fahn-Marsden Dystonia Rating Scale. The majority of
the articles were case reports, indicating significant heterogeneity in scores and
follow-up duration. They reported a mean improvement of 23.6% (P < .001) in
the movement scale and a mean improvement of 9.2% (P < .001) in the disability
score on the Burke-Fahn-Marsden Dystonia Rating Scale at a median follow-up
of 12 months. A substantial negative connection existed between the severity of
dystonia and clinical outcomes (P < .05) [6].

In a separate recent study, Koy demonstrated that long-term DBS in pediat-
ric patients with CP could have positive effects lasting up to 36 months. Motor
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improvement may not manifest within the initial postoperative year, indicating a
possible but postponed impact of DBS on hyperkinetic movements [7].

The variability in these reported responses is mainly based on the fact that the
studies conducted to date are quite heterogeneous and include patients with different
severities of dystonia, variable ages, different causes of cerebral palsy, and different
follow-up times [6, 17, 22, 27].

Several clinical factors have been associated with improved outcomes: reduced
disease duration, younger surgical age, increased irregular intraoperative GPi micro-
electrode firing frequency, and the absence of permanent skeletal abnormalities may
act as favorable prognostic indicators for the therapeutic efficacy of DBS [28-31].
Conversely, cerebral lesions, dystonia severity, and associated spasticity may hinder
therapeutic response [6, 31-33]; nevertheless, no set eligibility criteria currently exist.

Interesting, in cerebral palsy patients undergoing deep brain stimulation, even in
the absence of apparent changes in motor symptoms or motor score improvement,
patients frequently report enhanced ease of movement, more frequent and prolonged
episodes of relaxation, and improved capacity to execute certain motor tasks [34].

8. Efficacy for other symptoms

Several studies indicate beneficial effects of DBS in pain perception, comfort,
and particularly on overall quality of life [22, 35-37], even in patients where motor
improvement measured by the BEMDRS scale is not evident [36]. Additionally, some
studies have suggested improvements in speech and swallowing [8, 32], however,
additional research is required to ascertain the actual impact of DBS on these specific
issues.

Reports indicate that DBS may enhance several facets of psychological aspects,
particularly with respect to interpersonal sensitivity, depression, paranoid ideation,
and psychotic symptoms [22]. A cohort study examining children with dyskinetic
cerebral palsy revealed that perceptual reasoning, improved post-DBS treatment,
although overall cognitive function remained the same [15, 38].

The extent of benefit of DBS for non-motor symptoms remains ambiguous; the
few studies conducted to date vary in the measured variables used to assess improve-
ment in these symptoms. More prospective and homogeneous studies are needed on
this topic.

9. Risks of DBS

Deep brain stimulation (DBS) surgery in CP patients, although invasive, fre-
quently exhibits minimal complication rates. Adverse effects may be transitory, per-
sistent, occur during surgical interventions, be associated with devices, or generated
by stimulation, such dysarthria, paraesthesia, or loss of balance [39]. The primary
adverse effects include infection, cerebral bleeding, electrode displacement, and
hardware malfunctions [39]. The complication rate in pediatric patients undergoing
DBS appears to be elevated compared to adult patients with ET or Parkinson’s disease
receiving DBS, particularly in those under the age of 10 [31]. This can be elucidated
by the fact that patients receiving DBS at a young age typically present with Gross
Motor Function Classification System (GMFCS) levels 4 or 5, indicating significant
physical impairment accompanied by distracting symptoms such as immobility, sleep
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disturbances, and feeding difficulties, which contribute to malnourishment and
diminished immunity, thereby increasing the likelihood of complications [31, 40].

In general, few significant surgical consequences have been documented for DBS
treatment in cerebral palsy or other dystonic conditions. Numerous studies have sug-
gested that DBS therapy is advantageous for CP patients.

10. Conclusions and future considerations

Despite the fact that the results of DBS in cerebral palsy are less consistent than
in patients with monogenetic dystonia, DBS is considered a safe and effective treat-
ment in patients with CP. The significant variation in results in this group of patients
underscores the necessity for careful candidate selection for this intervention.
Several critical characteristics, including severe and debilitating dystonia without
significant underlying neurological diseases like spasticity or ataxia, are associated
with improved results. Nevertheless, further investigation is necessary to clarify the
influence of factors such as age at onset, duration of symptoms, and the patient’s age
during surgery.

Extensive, long-term, multicenter clinical trials could improve our comprehen-
sion of this neurosurgical intervention for patients with cerebral palsy by determin-
ing clinical determinants of positive results. Furthermore, it is crucial to consider
improvements in the quality of life of patients and their caregivers, which may be
more significant than the motor improvements achieved through this intervention.
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Chapter

Neurosurgical Management
of Spasticity

Ziyad Makoshi

Abstract

Cerebral palsy is the most common cause of motor disability in children. Its
associated movements disorders are variable, but spasticity is the most common type
identified on clinical assessment. Spasticity can involve any or all of the extremities,
and its presence can lead to a negative impact on function and quality of life. Several
treatments, both medical and surgical have been developed over the years to help
relieve spasticity and improve function. These are often used in combination based
on recommendations from a multidisciplinary team assessment to what best suits
a particular individual. Neurosurgery interventions for spasticity include baclofen
pump placement and selective dorsal rhizotomies.

Keywords: spasticity, rhizotomy, baclofen, cerebral palsy, GMFCS

1. Introduction

The ability to move our limbs with ease allows us to engage in a multitude of
activities and careers. A small increase in muscle tone (hypertonia) or hyperkinetic
movements (e.g., dystonia) can lead to difficulties with everyday tasks, especially in
children, including running, playing, or climbing stairs. It is important to recognize
that these movement disorders can occur for many reasons, and there are several
types that require an accurate diagnosis and do not always occur in isolation. The Task
Force on Childhood Motor Disorders provides a consensus definition on three com-
mon types; spasticity, rigidity, and dystonia [1].

Spasticity is identified by resistance to passive movement across a joint, and
resistance increases with the speed of movement, i.e., so-called “velocity-dependent
hypertonia.” Rigidity is different in that the hypertonia is present in both passive
and active movement similar at any speed, and involves both agonist and antagonist
muscles evident by immediate resistance with reversal in the direction of movement.
Dystonia is recognized by the presence of involuntary sustained or intermittent
muscle contractions causing twisting and repetitive movements, abnormal postures,
or both and occurs during voluntary (active) movement [1]. Identifying and distin-
guishing the presence of one or more of these on clinical exam is important in the
management of individuals with movement disorders.

This distinction is not always easy in children or individuals who cannot cooperate
with the examiner. Hypotonia can sometimes be mistaken with hypertonia if the child
actively resists the examiner during perceived “passive” range of motion. In these
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circumstances, patience and timing when the child is distracted or relaxed may offer
a more reliable assessment, and asking the care giver about their experience during
passive movement of the limb when caring for the child and observations when the
child is active can be a hint to the nature of the muscle tone. The presence of fixed
contractures is another limitation to the examination of tone and should be taken into
consideration.

When considering the cause of hypertonia in particular, any injury along the
central nervous system (CNS) can lead to a disruption in the balanced excitatory-
inhibitory control on downstream pathways, with a net loss of inhibitory control
leading to hyperexcitability. This explanation is overly simplistic and the pathways
responsible for these movement disorders are better reviewed elsewhere [2]. However,
this illustrates that many possible causes of hypertonia exist, including trauma (e.g.,
traumatic brain or spinal cord injury, iatrogenic), demyelination (e.g., multiple
sclerosis), stroke (e.g., hemorrhagic or ischemic), CNS infections (e.g., congenital or
post-natal), certain metabolic and genetic disorders, and perinatal CNS injury [3].
Injury to the developing brain causing a clinical manifestation as the child grows has
been broadly grouped under the umbrella term cerebral palsy (CP).

2. Cerebral palsy: Historical perspective and current definitions

Debate on the causes of hemiplegia were presented early in the 1800s based on
post-mortem pathology reports describing contralateral atrophy of the brain in
hemiplegic individuals [4]. In the mid-1800s, an orthopedic surgeon by the name
of William Little, with a keen interest in orthopedic foot deformities' and through
meticulous history taking, clinical examination, and documentation discovered a pos-
sible correlation between perinatal injury and prematurity with later development of
spasticity and movement disorders among other clinical manifestations [5]. His work
and lectures on the topic lead to the eponymous referral by others as “Little’s disease”
[6]. The term cerebral palsy was soon introduced by Sir William Osler in his 1889
publication “The Cerebral Palsies of Children” and his classification by distribution
and location is still used today in a modified fashion [7]. By the end of the nineteenth
century, Sigmund Freud had published several writings on CP making major contri-
bution in the neuropathology of the disease and dividing the etiology into congenital,
perinatally acquired, and postnatally acquired [8]. Their contributions, among many
others, led to thousands of publications on the topic in the early twentieth century [9].

Many definitions of CP with various iterations and updates have occurred since
then [10, 11]. More recently, the Surveillance of Cerebral Palsy in Europe (SCPE)
network recommended that centers continue to use their definition of choice,
but that it include five main components: “CP is a group of disordersi.e. it is an
umbrella term; it is permanent but not unchanging; it involves a disorder of move-
ment and/or posture and of motor function; it is due to a non-progressive interfer-
ence/lesion/abnormality; this interference/lesion/abnormality is in the developing/
immature brain” [12]. In 2005, the Executive Committee for the Definition of
Cerebral Palsy offered the following: “[CP] describes a group of disorders of the
development of movement and posture, causing activity limitation, that are attrib-
uted to non-progressive disturbances that occurred in the developing fetal or infant

! This should come as no surprise as he too suffered from club foot after contracting poliomyelitis and had
another surgeon perform a tendon release on him with much relief.
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brain. The motor disorders of cerebral palsy are often accompanied by disturbances
of sensation, cognition, communication, perception, and/or behavior, and/or by a
seizure disorder” [13]. These broad definitions reflect the many issues an individual
with CP may encounter, and the need for a multidisciplinary approach to improve
functionality and quality of life.

3. Cerebral palsy and spasticity: Classification and assessment scales

The incidence of CP appears to be around 2-3 per 1000 live births in developed
countries [12], but shows wider variability and higher numbers in developing coun-
tries [14-16]. It is almost certain that health care provides will encounter at least
one patient in their practice with CP. Various classification schemes exit based on
several domains proposed by the American Academy for Cerebral Palsy, of which
three have been recommended clinicians use; based on motor symptoms, topographi-
cal involvement, or etiology [17]. The SCPE classifies CP by motor symptoms into
spastic (unilateral or bilateral), dyskinetic (dystonic or choreo-athetotic), ataxic, and
non-classifiable [12]. The Executive Committee for the Definition of Cerebral Palsy—
recognizing the limitations in prior classifications, proposed four main components:
motor abnormalities (i.e., the tone, type of movement disorder, and functional motor
abilities), associated impairments (i.e., non-motor neurodevelopmental, sensory, or
cognitive problems), anatomical and radiological findings, causation and timing (if
known). To help provide best practice recommendations for baclofen treatment, an
expert panel critically reviewed the definition of spasticity used above given its con-
straint and proposed the following: “[spasticity is] disordered sensori-motor control,
resulting from an upper motor neuron lesion, presenting as intermittent or sustained
involuntary activation of muscles,” thereby providing a more general definition for
use in clinical practice [18].

Spasticity is by the far the most common motor manifestation of CP (~85%) and
spastic diplegia the most common subtype (50-60%) [19]. Classifying spasticity
shows some heterogeneity across centers [20], but a common and long standing
approach is based on limb involvement into spastic hemiplegia, diplegia, and quad-
riplegia. In the pursuit of treating spasticity in individuals diagnosed with CP, the
provider should be aware of some key points. It is important to note that classifica-
tion is based on the predominant motor type, but that mixed types (e.g., spastic-
dyskinetic) are not uncommon [21]. Muscle tone appears to increase during the first
4 to 5 years of life with some decrease thereafter until early teenage years with no
significant change thereafter [22-24]. While gross motor functional status appears to
peak around 6 to 7 years of age [25, 26], in those more severely affected it may occur
much earlier [27] and with some decline thereafter into early adulthood [26].

Several measures have been developed for the assessment of spasticity and motor
function to categorize severity, functional status, response to therapy, and to stan-
dardize reporting. In 1964, during his work with individuals suffering from multiple
sclerosis, Bryan Ashworth described the Ashworth scale to grade spasticity [28]. This
5 point scale, from 0 to 4, was modified in 1987 by adding a 1+ description to increase
sensitivity (Table 1) [29]. To assess changes over time or with intervention, the gross
motor function measure (GMFM) was developed in 1989 [30], which includes two
versions and is now in its third edition [31]. The GMFM-88 is the original 88-item
measure, includes five domains, and can be used for children with more complex
disability including those requiring mobility aids. Item are scored O to 3 and then
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0 No increase in muscle tone

1 Slight increase in muscle tone, manifested by a catch and release or by minimal resistance at the end of the
range of motion when the affected part/s is/are moved in flexion or extension.

1+ Slight increase in muscle tone, manifested by a catch, followed by minimal resistance throughout the
remainder (less than half) of the ROM.

2 More marked increase in muscle tone through most of the ROM, but affected part(s) easily moved.
3 Considerable increase in muscle tone, passive movement difficult.
4 Affected part(s) rigid in flexion or extension

Table 1.

Modified Ashworth Scale for spasticity grading [29].

summed to calculate raw and percent scores for each domain; percent scores are then
averaged to obtain an overall total score. In an effort to grade the functional status in
children across different age groups, the gross motor classification system (GMFCS)
was published in 1997 and includes levels 1 and 2 for those independently ambula-
tory, level 3 if assistance is required, and levels 4 and 5 whom are non-ambulatory
[32]. The GMFM-66 is a 66 item subset of the original GMFM-88 that requires less
time, and can be used to follow change over time or to compare patterns of change.

A program is used to calculate a score from 0 to 100 and based on the child’s GMFCS
level and age, the score can then be plotted on the corresponding motor growth curve
to help predict likely motor development. Familiarity with these assessment tools
provides the reader with the necessary knowledge to interpret clinical reports and
studies as will be used here.

4. Spasticity: Neurosurgical management—Baclofen pumps

y-Aminobutyric acid, or GABA, is the major inhibitory neurotransmitter in the
CNS [33]. The receptor subtype involved in spasticity is GABAg [34], however, GABA
which was first synthesized in 1883 is a poor therapeutic option as it does not cross
the blood brain barrier (BBB) [35]. It wasn’t until 1962, that p-(4-chlorophenyl)-y-
aminobutyric acid (B-(4-chlorophenyl)-GABA), later to be known as baclofen, was
first synthesized and was able to penetrate the BBB [36]. Originally meant to treat
epilepsy, its clinical use for spasticity became quickly apparent and it was approved
by the FDA for this use in 1977 (interestingly, this was several years before the GABAg
receptor it worked on was discovered). Oral baclofen was not without its limitations;
including multiple dose requirements per day with only a small portion crossing
the BBB [36], and its central depression effects (sedation, confusion, somnolence)
[37]. To minimize these effect and optimize its muscle relaxant potential, intrathecal
baclofen was approved by the FDA in 1992 for spasticity of spinal origin and in 1996
for spasticity of cerebral origin. It is available under several trade names including
Lioresal (oral), Gablofen (injectable), Kemstro (disenegrating formulation), Lioresal
intrathecal and Ozobax (oral solution).

2 Although it was later in the 1950s and 1960s that it was demonstrated to exist in mammalian CNS and its
inhibitory action on neuronal activity.
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4.1 Mechanism

Baclofen works on GABAp receptors located in the cortex and spine, its activation
leads to hyperpolarization of the neuron, which leads to inhibition of neurotrans-
mitter release, thereby blocking mono- and polysynaptic reflexes in the spine that
mediate spasticity resulting in reduced muscle tone [38]. Dosing is in micrograms
rather than milligrams for oral dosing (100th of the dose), reaching four times the
concentration of an oral route in the cerebrospinal fluid (CSF) [39], faster acting
within 30 to 60 minutes [40], with maximum effect around 4 hours after bolus injec-
tion and gone by 8-10 hours [41]. While intrathecal infusion onset of action occurs
at 6-8 hours and reaches peak effect at 2448 hours, with a half-life of approximately
5 hours [42]. Patients often do not require multiple other medications for spasticity
as can be needed for oral baclofen. A programable baclofen pump has been developed
by several manufactures. The basic components of the pump include a programmable
reservoir that has a port for transcutaneous filling of the pump with baclofen, a
catheter connected to the pump through a port, often with a port access to allow CSF
aspiration, and a catheter that is placed within the intradural space to allow delivery
of the drug directly into the CSF. The average life of a programmable baclofen pump
is approximately 6 years but varies considerably and at this time requires surgical
replacement when the battery is near depletion.

4.2 Indications

Indications for baclofen pump consideration include severe spasticity that has
failed medical management (i.e., poor response, intolerance, side effects). Severe
spasticity has been considered an Ashworth score > 3, however, some have argued
that “severe” should apply to any individual severely affected by spasticity in a nega-
tive manner in regard to their functionality, care, or quality of life [43]. Most provid-
ers will then proceed with a trial of intrathecal baclofen (25-100 pg based on weight
and response) and assess the patient over several hours for any improvement in tone
(ideally an improvement of 2 or more points on the Ashworth scale) and sometimes
function [44, 45]. Several benefits exist with this approach including identifying a
response dose, tolerability, and expectations, as well as serving as a basis for daily
dose initiation once the pump is implanted (generally double the positive trial dose
per day). Others argue that a trial may not accurately predict long term benefits in all
patients and requires a separate procedure [44], and proceeding with placement can
be for those meeting clinical criteria. For those with spastic diplegia, selective dorsal
rhizotomy can be considered.

4.3 Evidence

The work by Dralle et al. in the 1980s and Albright et al. in 1991 showing the ben-
efit in tone reduction of intrathecal baclofen injection compared to placebo in indi-
viduals with CP, paved the way for its use in clinical practice and formed the basis for
trial dosing still used today [46-48]. A Cochrane review included mostly intrathecal
trial studies and concluded that a significant improvement in spasticity was evident
short term but could not comment on long term results [49]. The work by Albright
and colleagues during the 1990s continued to mount evidence for the benefits of
baclofen pump placement in tone reduction for individuals with CP suffering from
spasticity [50-52]. Longer term follow up studies confirmed ongoing improvement
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in tone reduction and quality of life scores [53-55]. It is important to note that the
majority of these individuals had spastic diplegia or spastic quadriplegia involvement.
A recent meta-analysis and system review found that intrathecal baclofen treatment
leads to a significant improvement in tone reduction and likely some motor function
improvement in certain individuals, however the rate of complications was 40%

and this will be discussed in more detail below [56]. Clinical evidence of intrathecal
baclofen use in various conditions has been well reviewed elsewhere [57, 58].

Two other considerations regarding the effects of baclofen pump placement
are whether any changes in the rate of scoliosis progression or need for orthopedic
surgery occurs. A recent meta-analysis on scoliosis progression found evidence that
baclofen pump treatment may accelerate worsening of the curve [59], and perhaps
the current state of evidence is best summed as baclofen pump placement may or
may not effect development of scoliosis, but may contribute to its progression in
individuals with pre-exiting scoliosis. In regard to the need for further orthopedic
surgery, despite an early publication that it does decrease this rate [60], several
studies thereafter suggest that it does not ultimately change the need for orthopedic
surgery [61, 62]. Rather than this being a goal of baclofen pump placement, ortho-
pedic surgery should be thought of as another component of managing individuals
with spasticity especially once tone reduction is achieved and joint mobility remains
limited due to contractions or muscle/tendon shortening and may be preventing
further improvement in function.

Even if a baclofen pump is deemed to be a good option for the patient, certain
patient related factors may increase the risk of complications so much so that a pump
may be contraindicated. This includes body habitus, e.g., small size for pump place-
ment (although prior tissue expander use has been described [63]), severe spinal
deformity limiting the abdominal area for the pump to safely be implanted, malnutri-
tion and low weight increasing the risk of skin breakdown. If all these factors align
and this opens the door for discussing this option with patients and families, several
considerations should be taken into account by the health care provider. The com-
mitment, resources, and support needed to manage a baclofen pump program are
paramount because pump malfunction or delayed refill/pump replacement can be life
threatening. Any physician or centers that decide to provide this service to patients
should consider the following:

* Establishing a multidisciplinary team for correct and accurate diagnosis of spas-
ticity related conditions including CP, and to identify appropriate candidates,

* A clinic setting and provider(s) trained and able to monitor reservoir
volume status and provide refills in a timely manner to avoid risk of baclofen
withdrawal,

* A surgeon trained and competent in placement, management of complications,
and replacement of baclofen pumps,

* Aninpatient team (e.g., physiatrist) familiar with baclofen pump management
and able to interrogate and investigate possible pump malfunction, and

* Hospitalist/intensivists familiar with baclofen withdrawal symptoms for early
identification and immediate oral and intravenous medical management and
close monitoring
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4.4 Surgical technique and nuances
4.4.1 Planning

Best practice for surgical implantation is well described elsewhere [64], a brief
description is presented here along with evidence of benefit/risk for each step where
available. A detailed preoperative history and examination is paramount, the surgeon
should be aware of prior surgeries that may impact positioning, incisions, and tun-
neling. These include prior ventricular peritoneal shunts (VPS) that may traverse the
abdominal incision site, scoliosis surgery, and epilepsy surgery implants such as Vagus
Nerve Stimulators that are affected by cautery.

4.4.2 Setup

The patient is positioned in the left lateral decubitus position (unless there is a
clinical indication to place the pump on the left side, e.g., ileotomy, severe dextrocar-
dia, VPS tubing) with the head supported toward anesthesia in a neutral position.
The surgical bed should allow for the fluoroscopy machine to easily move across the
torso during placement and advancement of the intrathecal catheter for appropriate
and accurate positioning (although some centers place catheters based on preopera-
tive measurements without routine intraoperative fluoroscopy [65]). The author uses
this position for pump replacements as well to be prepared for any revision on the
catheter side if ever needed without breaking sterility. An axillary roll is placed under
the left (dependent) upper chest to prevent compression of the brachial artery and
plexus. The hips and knees are gently flexed and all pressure points should be appro-
priately padded including between the knees and the dependent lateral aspect of the
knee and ankle.

4.4.3 Incisions

Two incisions are marked, the first across the abdomen along the right sub-
costal space (the length slightly longer than the diameter of the pump being used
which is selected based on patient weight, body habitus, and desired volume)
and a second along the midline lumbar spine at L2-3 or L3-4 (Figures 1 and 2).
Variations to this approach may be needed based on prior incisions or surgeries in
the abdomen (e.g., laparotomy scars, feeding tubes) and if any concern, general
surgery should be consulted for assistance. In regard to the lumbar incision, some
prefer to place the incision off midline but there is a concern if the child requires
spine surgery in the future for deformity which is not uncommon that a prior
incision may be missed and vascular supply to the skin compromised. In a similar
fashion, any prior spine surgery incisions should be taken into consideration dur-
ing planning.

4.4.4 Preparation

The surgical sites are prepped and draped in a sterile fashion to allow access to the
abdomen, right flank, and lumbar spine (Figures 1 and 2). Perioperative antibiotics
and double gloving are recommended based on VPS data [66, 67]. The baclofen pump
is programmed in its sterile container prior to opening it onto the sterile field, after
which the reservoir is filled based on the pump size (volume) selected—if performing
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Figure 1.
Right decubitus positioning of a patient for baclofen pump placement. An L3—4 incision is marked. Appropriate
padding of all pressure points and axillary voll is important to avoid any neurovascular compression.

Figure 2.
Right subcostal abdominal incision measured to the size of the baclofen pump to be used.

the procedure for the first time, communication with the pharmacist to prepare

baclofen for intrathecal use in the appropriate volume can save time and allow for
more efficiency.
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4.4.5 Surgical steps part 1 - spinal portion

Starting with the lumbar incision is recommended [68] as this is the part of the
procedure most likely to encounter any problems. The lumbar incision is carried out
in the interspinous space to the level of the fascia. The Tuohy needle is then placed
under fluoroscopic guidance into the interspinous space one to two levels above to
create some distance between the incision and the dural entry point using an off-
midline entry—this is based on consensus recommendations rather than clinical data
[68]. Tactile feedback and return of CSF along with correlated position on X-ray
confirm entry in the intradural space (Figure 3). The catheter with the stylet in place
is then passed under fluoroscopy guidance to the desired level (lower thoracic spine
for spastic diplegia and upper thoracic spine for spastic tetraplegia or quadriplegia)
(Figure 4).

4.4.6 Nuances for catheter placement

Resistance encountered during placement can be managed by gently rotating the
catheter between the thumb and index finger and trying to slowly advance again (if
caught on a nerve root or dentate ligament). If the catheter needs to be withdrawn for
any reason, this should be done with the Tuohy needle to avoid tearing the catheter
along the edge of the needle. The needle is then withdrawn with careful control of the
catheter to avoid pull out and an anchor (often provided as part of the set) is passed
along the catheter into the fascial opening and sutured in place to minimize risk of

Figure 3.
Paramedian insertion of the spinal needle to pass the intrathecal catheter under fluoroscopy. Note the drop of CSF
along the needle confirming entry into the thecal sac.

19



Cerebral Palsy — Clinical Presentation, Treatments, and Outcomes

Figure 4.
Location of the catheter tip (blue arrow) during advancement under fluoroscopy to the desived level based on the
indication for the baclofen pump.

out-migration of the catheter (Figure 5). CSF should be seen to be dripping from the
distal end of the catheter during and the end of this part of the procedure to confirm
patency (techniques in the absence of CSF flow have included contrast injection
under fluoroscopy to document a myelogram [69], or a hemilaminectomy to confirm
dural entry). Other options if lumbar access is not possible include cervical placement
[70] and intraventricular placement [71].

4.4.7 Surgical steps part 2 - abdominal portion

The abdominal incision is opened and dissection carried down to fascia. Both
subcutaneous and subfascial placement are described and each carry benefits and
risks. For children under 50 pounds, a subfascial dissection should be considered to
minimize risk of skin breakdown [72, 73], however risk of migration into the intra-
peritoneal cavity has been reported [74]. Submuscular placement in older children
and adults with very low weights has also been described [75]. The size of the pocket
created should allow the baclofen pump to be placed deep enough without the edge of
the device causing pressure on the incision. The distal catheter is then tunneled in the
subcutaneous tissue across the right flank toward the abdominal incision and attached
to the baclofen pump catheter through a connector (Figure 6).

4.4.8 Pump placement and closure

The pump is then placed into the pocket created in the abdomen and the reservoir
port should be facing outward to allow refilling, and the catheter access port rotated
away from the incision to allow aspiration without a needle passing close to the

20



Neurosurgical Management of Spasticity
DOI: http://dx.doi.org/10.5772/intechopen.1010933

Figures.
Attachment of the anchor which serves to fill the hole within the fascia and minimize visk of a CSF leak, and
suturing of the anchor to the fascia to minimize risk of migration of the catheter. Note the drop of CSF along the

catheter confirming the trip is within the thecal sac.

Figure 6.
Tunneling from the abdominal cavity to the spinal cavity to pass the catheter.

incision (Figure 7). The pump is then anchored in at least three of the suture loops to
minimized risk of rotation. This is suspected when the reprogramming or refills are
unsuccessful (other techniques to minimize the risk of rotation or flipping include
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Figure7.

Catheter port attached to the baclofen pump with the silk ties in place to minimize risk of rotation or flipping of
the pump. Note positioning of the access port away from the incision to minimize risk of infection when access is
needed percutaneously.

avoiding an oversized pocket size, and a sock placed over the pump to promote
scarring down) [76]. Any excess catheter is tucked behind the pump in a relaxed loop
to minimize risk of kinking or injury during revision. Aspiration of CSF from the
access port prior to closure confirms patency of the system and should aspirate freely
and with minimal resistance depending on the size of needle used. The use of topical
antibiotics has been described by some to decrease the risk of surgical site infections
[77]. It is important that good wound care be discussed with the patient and family
during the healing process to minimize risk of surgical site complications and identify
any wound issues early.

4.5 Complications, workup, and management

Complications unfortunately are not uncommon with baclofen pumps and
patients and their families should be educated to monitor for signs and symptoms for
early identification and treatment. The rate varies across studies, but it is estimated
that1in 4 to 1in 5 individuals will have a baclofen pump related complication.

These complications are also more common in the pediatric age group than in adults
[76, 78]. Complications can be thought of in two broad categories, potentially avoid-
able (patient selection and surgical technique related as was presented above) and
system related, which can be further divided into catheter, pump, and cavity related
issues (abdominal and intradural) and will be elaborated on here. Any individual
with a suspected pump malfunction should have a thorough history and clinical exam
completed and medically stabilized, if necessary, prior to proceeding with further
investigations.

Catheter related complications appear to be the most common reason for pump
malfunction in children and adults and tend to occur several months or years after
surgery [65, 76, 79, 80]. These can include fracture, kinking, detachment, occlusion or
migration (iatrogenic injury has also been seen with scoliosis surgery and placement
of drains where the trocar cuts the catheter during tunneling). Signs and symptoms
can either be a decrease in the effectiveness of the baclofen dose with poor response to
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dose increase if some baclofen is still making its way into the intradural space or acute
baclofen withdrawal if minimal to no baclofen is being delivered. Identification of this
issue will often require imaging: multiple view X-rays, fluoroscopy, and CT * intra-
thecal safe dye and radionucleotide studies are all options to investigate the entire
length of the catheter for any leakage, increased resistance to injection, fracture,
kinking, migration, or detachment [81]. The CSF access port should be tapped first to
confirm patency, aspirate to rule out any CSF infection, and remove baclofen within
the catheter prior to injection to avoid delivering an overdose during testing, if CSF
cannot be aspirated then it is recommended not to proceed with any contrast studies
[82]. Treatment involves surgical revision of the catheter. Microfractures can also
occur and are difficult to diagnose as the workup may appear “normal” but the patient
can exhibit intermittent signs of baclofen withdrawal [83]. Additionally, arachnoid
adhesions around the catheter tip can form in long standing pumps and lead to
intermittent alternating hyper- and hypotonia episodes based on random delivery of
baclofen into the intradural space through the adhesions. Therefore, if a full workup
has not identified the issue but symptoms persist, surgical exploration and revision
may be necessary.

Pump related complications are less common. These can include a low volume pump
[84], empty baclofen pump, failure of low battery alarm, rotating or “flipped” pump
[76], stalled rotor or unknown causes [85]. These can be assessed by interrogating the
pump including checking residual volume against calculated residual (less evidence
is available for what might suggest a pump malfunction but +15% may be a reason-
able estimate for a functioning pump in an asymptomatic patient [86]), imaging, and
surgical exploration and possible revision if symptoms persist. Temperature may also
affect the flow rate of the pump.

Cavity related complications are the second most common cause of revisions and
the most common cause for early readmission, more specifically wound and infection
related episodes [87]. Protocol initiation has been shown to help decrease the rate
of infection [88]. Subfascial placement in children and low weight individuals has
been another method shown to decrease the rate of wound complications [72]. Early
lumbar pseudomeningoceles occur most commonly in pediatric patients and can
often be managed conservatively with bed rest and pressure dressings. Late presenta-
tions should raise the suspicion of catheter migration [76]. Abdominal collections
early may be related to seromas or hematomas, but an infection should be ruled
out on clinical grounds with imaging and aspiration if needed. Late presentations
may be a sign of catheter dislodgement or fracture causing leakage. Superficial and
deep wound infections should be managed with appropriate antibiotic coverage and
if pump system contamination is suspected or wound breakdown is evident then
consideration for surgical revision is warranted.

4.6 Troubleshooting and caution

In regard to baclofen pump dosing, the provider should be aware of how to iden-
tify and manage withdrawal, toxicity, and tolerance [42, 82]. Signs and symptoms of
withdrawal and toxicity can overlap in the late stages to include nausea and vomit-
ing, altered mental status or coma, tremor, seizures, respiratory failure, cardiac and
autonomic dysfunction, while multi-organ failure has been reported with baclofen
withdrawal [42, 89], and death. Unfortunately, many centers do not have established
protocols for managing baclofen withdrawal [90].
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Withdrawal; a decrease or—even more severe, a complete cessation of baclofen
has resulted in significant morbidity and in mortality [91]. Causes can include
failure to refill the pump, pump malfunction, catheter fracture/obstruction, arach-
noid scarring, and at times is hard to definitively identify a cause. Early or milder
symptoms can include pruritus, hyperthermia, hypertonia, and rhabdomyolysis.
When suspicion is present that baclofen withdrawal has occurred/is occurring, rapid
management is of the utmost importance. This includes supportive therapy as needed
with close cardiorespiratory monitoring, beginning oral/enteral baclofen, the use
of intravenous benzodiazepams as needed, and potentially intrathecal injection/
infusion of baclofen while the pump is investigated for malfunction as above [82].
Symptoms and signs of baclofen withdrawal include early and late presentations, but
the timing between the first appearance of symptoms which can occur within hours
and life-threatening status can be 1 to 3 days.

Toxicity is more difficult to relate to any specific dose as this can vary from one
individual to another and unlike oral baclofen, blood levels are a less accurate rep-
resentation of the true CNS concentration. Causes can include pump malfunction,
pump settings with recent adjustments being higher than tolerated, injecting into
the access port and delivering a bolus dose. Signs and symptoms more suggestive of
overdose include hypothermia, hypotonia, and hyporeflexia. Management includes
supportive therapy with close cardiorespiratory monitoring as needed, discontinua-
tion of baclofen until symptoms resolves (by stopping pump or aspirating reservoir to
empty pump), consideration of lumbar puncture or CSF aspiration from access hub
for CSF withdrawal to decrease the CSF concentration of the drug (20-30 mL), and
intravenous benzodiazepams for any seizures.

Tolerance is even less defined, and is considered when higher doses are needed
over time to achieve similar results, however, the main reason for such presentation
should always be pump malfunction until proven otherwise through a stepwise
approach. Once patency and appropriate function is confirmed, a lumbar puncture
bolus trial can be attempted and in the absence of a good response this may be a
consideration [89].

5. Spasticity: Neurosurgical management—Selective dorsal rhizotomy
5.1 History, mechanism, and indications

In order to understand the mechanism behind selective dorsal rhizotomy, a more
detailed understanding of spasticity is needed. Charles Sherrington published his
work in physiology through animal trials in 1898, whereby disconnecting the cortex
from the spine at the level of the brainstem, led to “rigidity” in the limbs that was
then relieved by sectioning of the innervating peripheral nerve [92]. Several years
later, Liddell and Sherrington showed the importance of the stretch reflex [93]. There
is a positive linear correlation between the speed of stretching the muscle and EMG
activity found in the muscle, similar to what is appreciated in clinical practice, and
therefore spasticity is considered a velocity-dependent phenomenon [94]. Although
our understanding of spasticity drivers continues to evolve, the likely mechanism
involves a loss of control of the spinal reflex where afferent neurons stimulate alpha
motor neurons without the dampening effect of the spinal, suprasegmental, or
supraspinal pathways due to some injury along these tracts (chief among them the
reticulospinal tract) [95]. Taking advantage of this understanding of spasticity,
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many surgeons used neurotomy during the 1920 to 1970s to treat spasticity with good
results, including cervical and lumbar procedures, most notable of whom was Otfrid
Foerster [96]. However, the side effect profile at the time, including sensory and
proprioception loss, bladder denervation, and atrophy as well as the introduction of
other procedures and medications (e.g., Baclofen, Botulinum toxin, and Dantrolene)
may have limited its further spread and utilization by the end of the twentieth cen-
tury. A more detailed account of the evolution of selective dorsal rhizotomy (SDR) is
presented elsewhere [97, 98].

As the understanding and utilization of neuromonitoring and stimulation contin-
ued to advance and become incorporated into spasticity surgery [99-101], Warwick
Peacock described a multi-level approach to selectively section the exiting dorsal
nerve roots thereby minimizing the complications of prior techniques [102]. He was
recruited from Cape Town to University of California, Los Angeles and introduced
his technique to centers across the United States [97]. The two major contributions
thereafter came from T.S. Park who performed the procedure similar to its original
description at the level of the conus but used EMG guided sectioning of the dorsal
nerve roots [103], and from Marc Sindou from Lyon, France who performed a key-
hole interlaminar dorsal rhizotomy to minimize disruption of the posterior elements
of the spinal column [104]. A review of these and other techniques are presented
elsewhere [105].

Indications to perform SDR are not standardized [106], but candidates are gener-
ally divided into two main groups. The first are individuals with spastic diplegia that
are ambulatory. The objective here is to improve functional outcomes and alleviate
lower limb tone that may be limiting certain activities and to assist with mobility. Often
done before 12 years of age, there is no definitive answer regarding optimal timing.

The youngest age for consideration of the procedure is thought to be 2-3 years of age
and many believe 4-6 years is ideal as children are motivated and have not yet started
school and earlier intervention may help prevent musculoskeletal changes that occur
with spasticity over time, but it is also performed in older children and adults with good
results [107, 108]. One study with a smaller sample size did raise the concern for decline
in function after SDR in individuals with spastic diplegia who had surgery between 10
and 20 years of age [109], but this has not been reported by others.

To obtain the best outcome in these individuals, appropriate selection is impor-
tant. Firstly, individuals should be assessed by a multidisciplinary team to confirm the
diagnosis and that spasticity of the lower extremities is the major component of their
hypertonia as other types of hypertonia will not respond to the procedure and those
with a prominent dystonia component may worsen after SDR. Secondly, the ability
from the patient and commitment from the family to be involved in postoperative
rehabilitation as the decrease in tone will often lead to a decline in function before
gains are achieved with training. Thirdly, that the child is not using their hypertonia
to compensate for any muscle weakness thereby having a positive effect on function
which would worsen if the tone were decreased and conversely that contractures or a
limited range of motion is present to prevent optimal physiotherapy that may benefit
from orthopedic intervention prior to SDR. The second group are non-ambulatory
individuals (GMFCS 4 and 5), who more often have spastic tetraplegia or quadriple-
gia. In these individuals, SDR may play a role in facilitating care for bathing, transfers,
and seating as severe spasticity and clonus can make these daily tasks challenging,
and improving their quality of life. This may be an option for individuals who are
not candidates for baclofen pumps and whose main concerns are the spasticity of the
lower more so than the upper limbs.
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5.2 Evidence and long-term outcomes

A meta-analysis of three randomized control trials (RCT) that included indi-
viduals with GMFCS 1 to 4, comparing SDR and physiotherapy with physiotherapy
alone, showed that SDR and physiotherapy significantly reduce tone based on the
Ashworth score and improve GMFM scores at 9-12 months compared to physio-
therapy alone, providing class 1 evidence for its application in spasticity [110].

A more recent RCT also found that SDR followed by physiotherapy had better
function at 1 year than physiotherapy alone in ambulatory children [111]. An
observational study in the United Kingdom over a 2 year period including children
GMFCS 2 and 3 found a significant improvement in GMFM-66 scores and qual-

ity of life scores in those undergoing SDR, which helped pass a national policy

to fund this procedure in eligible children [112]. Longer term studies at 5 years
[113], 10 years [114], 15 years [115], and even 20 years [108] reported sustained
benefit in regard to decreased tone and functional scores. However, the evidence
for its effect on long-term functional outcome remains less conclusive based on
current publishes studies. One long term study found that 5-10 years after SDR,
some individuals had more than expected improvement in function, and that no
individual had any worse than expected outcomes. A matched cohort survey that
examined individuals who underwent SDR and those who did not, found similar
improvement in gait at 10 to 18 years in both groups but significantly less interven-
tions in the SDR group [116]. This study was limited by a smaller sample size of 35
individuals. A similar study assessed 88 individuals with CP and was a case-control
study for SDR and non-SDR groups and found that those who underwent SDR as
children had a positive functional impact compared to their matched control group
[117]. A systemic review concluded that as of 2018, no high quality studies were
available to make definitive statements about long term benefits of the procedure,
but shorter term evidence of its benefit are more robust [118]. This is likely related
to variability across studies in regard to selection criteria, GMFCS levels included,
surgical technique and outcome measures. In addition to its effects on the lower
limbs, suprasegmental effects to decrease tone in the upper extremities has also
been noted by several groups over the years [119].

The effect of SDR on the rate of orthopedic surgeries for spasticity is variable as
some groups may require less lifetime interventions while others have similar rates
to their non-SDR cohorts and this is likely related to age at surgery and ambulatory
status. Some evidence suggests that younger age for SDR (2-4 years) may decrease
the need for orthopedic surgeries [108]. Others found similar findings in those aged
4-5 year compared to their cohorts who did not have an SDR [116], and potentially
in children younger than 10 years [115]. Further high quality studies are needed, but
there may be a benefit in decreasing the number of orthopedic interventions needed
for children with a good functional status and ambulation if SDR is done early.

Whether SDR accelerates scoliosis or increases the need for surgical intervention is
also less clear and likely similarly related to natural history of individuals with CP, age
at surgery, functional status, and preoperative curve [120]. Some evidence suggests
that SDR does not worsen the natural history [121], while others concluded that
multi-level approaches may increase the risk while single levels approaches may be
protective [108]. A retrospective study comparing single and multi-level approaches
found only a difference in length of stay favoring the single level approach [122].
Some evidence also shows that SDR helps improve bladder function in regard to
urgency, frequency, and incontinence [123].
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5.3 Surgical techniques, postoperative pain control, and complications

The surgical techniques for SDR have been reported elsewhere, and exposure of
the target nerves can be through a single (Figures 8-10) or multiple level approach
through a laminectomy, laminoplasty, or keyhole approach [105, 124, 125]. Here we
will discuss the evidence and reports of variations in the surgical techniques.

The basis of the surgical approach for SDR is to selectively section enough rootlets
at any given level to achieve a decrease in the targeted muscle tone—this involves
sectioning enough rootlets at each level to achieve an effective long-term response and
to avoid sectioning too many rootlets to cause more profound hypotonia and loss of
sensation/proprioception. The best percentage to cut is unknown but often guided
by ambulatory status (more conservative) and non-ambulatory status (more aggres-
sive) as these two groups have different goals from SDR. Some advocate a standard
sectioning of ~%rd of each sensory nerve [124], but reports vary widely (from 0% to
90%) based on EMG response [121, 126], while some have modified their technique
over time and varies based on level [127, 128]. A comparative study between section-
ing 50% of target nerve roots versus less than 50% showed a potential benefit in
gait secondary to improved ankle power in the more conservative approach [129].
However, no definitive data exists to know the optimal number of rootlets to section
and is likely patient and nerve root per patient specific and further data is needed to
clarify this further.

SDR includes sectioning from L2 to S1 and many recommend including L1 and
S2 roots as well. Including L1 in the rhizotomy is recommended as this may be a
contributor to hip flexor spasticity [124], although some have found no significant
difference in sectioning versus preservation [130]. Not including S2 in SDR has been
showed to sometimes result in persistence of increased ankle tone in some individuals

100%
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Figure 8.
Epidural ultrasound after opening the interlaminar space to confirm transitional level of the conus and cauda
equina.
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Figure 9.
Single level laminectomy at the level of the transition and the dura is open to expose the intradural components.
Seen on the left-hand side is the conus and on the vight-hand side is the cauda equina.

Figure 10.
Silastic sheet used to isolate the right dovsal nerve roots. Smaller midline lower sacral nevve roots are spared and
note included in the rhizotomy.

postoperatively and therefore is recommended to be included in the SDR with similar
precautions to ensure no lower sacral nerves are included [113, 130].

Intraoperative neuromonitoring (IONM) is often used during SDR. A rhizotomy
probe (right angle stimulator with a cathode and anode) can be used to localize the
nerve root based on EMG response, followed by dividing the nerve root into rootlets
and stimulating each rootlet at 50 Hz and grading the response from 0 to 4 based on
prior descriptions by Phillips and Park (Figures 11 and 12) [131]. This should be per-
formed at a center where the neurosurgeon and neuromonitoring team are familiar
with the procedure, stimulation parameters and interpretation of the responses, tak-
ing into account the patient specific preoperative assessment. Many consider grades 3
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and 4 (more severe) to be included in the rhizotomy while 0-2 (normal to moderate)
may be preserved, the percentage of course differing across centers based on the
above discussion. However, IONM is also debated to its usefulness by some [132, 133],
but there exists several publication in strong support of its use [104, 125, 134, 135].
Postoperative pain control is important as patients can experience a burning
dysesthesia in the lower extremities after the procedure. A recent systematic review
on various options including pumps and epidural analgesia is reported [136], and
multi-modal analgesia including epidural administration of non-opioid drugs
likely has the best response and lower side effect profile. SDR has been shown to
be a safe procedure, but complications from SDR are not uncommonly reported
across studies although these are generally mild. Two systemic reviews examined

Figure 11.

Stimulation of the nerve root to identify the level and confivm that a dorsal nerve root is selected and not a ventral
nerve root.

Figure 12.
After separating the nerve root into rootlets and stimulating the rootlet to identify abnormal from a normal
response, the rootlet is then cut.

29



Cerebral Palsy — Clinical Presentation, Treatments, and Outcomes

published reports and complications can include constipation, bladder dysfunc-
tion, and sensory changes in less than 10-15% [118, 137].

6. Other neurosurgical options for spasticity

Several case series have investigated the cerebellar dentate nuclei as a target for
deep brain stimulation in individuals with CP and movement disorders. The cerebel-
lums’ role in movement and its cortical and subcortical connections through the supe-
rior cerebellar peduncle form the basis of this targeting. Several studies have shown
a positive effect in lowering muscle tone, improvement in dystonia, and quality of
life for individuals with CP [138-142]. However, further evidence is needed prior
to including this as an option in the neurosurgeon’s armamentarium for managing
spasticity.

7. Conclusions

Spasticity is the most common movement disorder present in individuals with
CP and can have a negative impact on function and quality of life. Two neurosurgi-
cal procedures are available to help manage spasticity, Baclofen pumps which are
areversible intervention and selective dorsal rhizotomy which is a non-reversible
intervention. Baclofen pumps for appropriately selected candidates can make a
meaningful impact on spasticity control and quality of life, especially for spasticity
involving all four limbs, but requires close monitoring and follow up. SDR is proven
to be effective in spasticity relief of the lower extremities and improved function
and quality of life with potential suprasegmental effects in the upper extremities.
Its effect on the rate of orthopedic surgeries, scoliosis surgery, and bladder func-
tion varies based on available reports and further high-quality research is needed.
Referral to a specialized center for individuals with CP for multidisciplinary assess-
ment can help provide patients and their families with available options to help
achieve better outcomes.
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Chapter

Neurodevelopmental,
Neurobehavioral, and Psychosocial
Aspects of Cerebral Palsy

Ratnadeep Biswas

Abstract

Cerebral palsy (CP) is a group of permanent movement disorders caused by
non-progressive disturbances in the developing brain. While motor impairments
such as spasticity and dyskinesia are hallmark features, CP also encompasses the
significant neurodevelopmental and neurobehavioral challenges. Cognitive deficits,
ranging from mild intellectual disabilities to specific impairments in memory,
attention, and executive functioning, are common and often exacerbated by
comorbidities such as epilepsy or sensory impairments. Language and communica-
tion difficulties, including dysarthria and expressive-receptive language disorders,
further hinder academic and social integration. Learning disabilities, compounded
by motor and cognitive limitations, necessitate individualized educational plans
and assistive technologies to support academic success. Behavioral comorbidities,
such as attention-deficit/hyperactivity disorder (ADHD) and autism spectrum
disorder (ASD), are prevalent in CP, complicating social interactions and academic
progress. Management strategies include behavioral therapies such as applied
behavior analysis and, when necessary, pharmacological interventions such as stim-
ulant medications. Neurobehavioral assessments in CP are challenging due to motor
and sensory impairments, requiring adapted tools and multidisciplinary collabora-
tion for accurate evaluation. Psychosocial and emotional well-being is significantly
impacted, with individuals often experiencing frustration, low self-esteem, and
social isolation. Families also face emotional, financial, and social burdens, neces-
sitating family-centered care approaches, including respite care, parent training
programs, and support groups.

Keywords: cerebral palsy, neurodevelopmental disorders, cognition disorders,
language disorders, learning disabilities, individualized education program,
neuropsychological tests, quality of life
1. Introduction

Cerebral palsy (CP) is a heterogeneous group of permanent movement disorders
that manifest in early childhood, stemming from non-progressive disturbances in the

developing fetal or infant brain. These disturbances can occur prenatally, perinatally,
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or postnatally and are often associated with a wide range of etiologies, including pre-
natal infections, birth complications, neonatal stroke, and genetic factors [1]. While
CP is primarily defined by its motor impairments—such as spasticity, dyskinesia, or
ataxia—it is increasingly recognized as a condition with multifaceted neurodevelop-
mental and neurobehavioral implications [2]. These implications extend far beyond
motor dysfunction, significantly influencing cognitive, linguistic, and learning
abilities, as well as emotional and social functioning.

The neurodevelopmental and neurobehavioral challenges associated with CP
are profound and pervasive. Cognitive deficits, which range from mild intellectual
disabilities to specific impairments in executive functioning, memory, and attention,
are common and can profoundly affect a child’s ability to learn and interact with their
environment. Language and communication difficulties, often exacerbated by motor
speech disorders such as dysarthria, further compound these challenges, creating
barriers to academic achievement and social integration. Additionally, learning dis-
abilities, which may involve difficulties with reading, writing, and mathematics, are
frequently observed in children with CP, necessitating tailored educational interven-
tions and support systems [2].

Behavioral comorbidities, such as attention-deficit/hyperactivity disorder
(ADHD) and autism spectrum disorder (ASD), are also prevalent in individuals with
CP. These conditions not only exacerbate existing cognitive and social challenges
but also introduce new layers of complexity to the management and care of affected
individuals [3]. For instance, ADHD, characterized by inattention, hyperactivity, and
impulsivity, can hinder academic progress and social interactions, while ASD, with
its core deficits in social communication and repetitive behaviors, can further isolate
children with CP from their peers. Understanding and addressing these behavioral
comorbidities is critical for developing effective, holistic intervention strategies.

Conducting neurobehavioral assessments in individuals with CP presents unique
challenges. Traditional assessment tools, which often rely on fine motor skills, verbal
responses, or sustained attention, may not be suitable for children with significant
motor or sensory impairments [4]. This can lead to underestimation of cognitive
abilities and misdiagnosis of behavioral conditions. As a result, there is a pressing
need for adapted and tailored evaluation tools that account for the physical and sen-
sory limitations of individuals with CP. Collaborative, multidisciplinary approaches
involving psychologists, speech therapists, occupational therapists, and educators are
essential to ensure accurate and comprehensive assessments.

Beyond the individual, CP has far-reaching implications for the psychosocial and
emotional well-being of both patients and their families. Children and adolescents
with CP often face social isolation, low self-esteem, and emotional distress due to
their physical and cognitive limitations [5]. These challenges can persist into adult-
hood, affecting independence, employment, and quality of life. Families of children
with CP also experience significant emotional, financial, and social burdens. Parents
may grapple with stress, anxiety, and depression, while siblings may feel neglected
or overwhelmed by the demands of caregiving [6]. Addressing these psychosocial
challenges requires a family-centered care approach that prioritizes the needs and
well-being of both the individual with CP and their support network.

This chapter aims to provide a comprehensive exploration of the neurodevelop-
mental and neurobehavioral aspects of cerebral palsy. It will delve into the cogni-
tive, language, and learning deficits commonly associated with CP, examining how
cerebral injury impacts these domains and the resulting challenges in academic and
social settings.
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By integrating current research and clinical insights, this chapter seeks to provide
a holistic understanding of the neurobehavioral challenges in cerebral palsy and
to offer practical, evidence-based approaches to their management. Through this
exploration, we aim to improve outcomes and enhance the quality of life for individu-
als with CP and their families, fostering resilience, independence, and inclusion in all
aspects of life.

2. Cognitive deficits in cerebral palsy
2.1 Impact of cerebral injury on cognition

The specific location and extent of the brain injury are critical determinants of the
cognitive outcomes in individuals with CP. For instance, injuries to the prefrontal cor-
tex may impair executive functioning, while damage to the temporal or parietal lobes
can affect language processing and spatial reasoning [7]. These cognitive deficits
are not uniform; they vary widely depending on the nature and severity of the brain
injury, leading to a spectrum of cognitive profiles in individuals with CP [8].

Cognitive deficits in CP can range from mild to severe and often encompass dif-
ficulties in attention, memory, executive functioning, and problem-solving skills [9].

Attention deficits, for example, may manifest as an inability to sustain focus on
tasks or heightened distractibility, which can significantly impact learning and
academic performance [10].

Memory impairments, particularly in working memory, can hinder the ability to
retain and manipulate information, further complicating educational and daily living
tasks [11].

Executive functioning deficits, which include challenges with planning, organiza-
tion, and cognitive flexibility, are also common and can affect a child’s ability to adapt
to new situations or solve problems effectively [12].

Research has consistently shown that children with CP tend to exhibit lower IQ
scores compared to their typically developing peers [13]. However, it is important
to recognize that cognitive abilities in CP are highly variable. While some children
may experience significant intellectual disabilities, others may have average or even
above-average intelligence despite their motor impairments [14]. This variability
underscores the complexity of CP as a condition and highlights the importance of
avoiding generalizations about cognitive potential. For example, a child with severe
spastic quadriplegia may have intact cognitive abilities, while a child with milder
motor impairments may struggle with significant cognitive challenges.

The heterogeneity of cognitive profiles in CP is further influenced by the presence
of comorbid conditions, such as epilepsy, sensory impairments, or behavioral disor-
ders such as ADHD and ASD. These comorbidities can exacerbate cognitive difficul-
ties, creating additional barriers to learning and social interaction [15]. For instance,
children with CP and epilepsy may experience cognitive decline over time due to the
cumulative effects of seizures on brain function [7]. Similarly, sensory impairments,
such as hearing or vision loss, can limit access to environmental stimuli, further
hindering cognitive development.

In conclusion, the impact of cerebral injury on cognition in individuals with CP
is profound and multifaceted. The location and extent of the brain injury play a
crucial role in determining cognitive outcomes, which can range from mild deficits to
significant intellectual disabilities. However, the heterogeneity of cognitive profiles
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in CP underscores the need for individualized assessment and intervention strategies.
By leveraging early intervention, adaptive assessment tools, and multidisciplinary
approaches, it is possible to support the cognitive development of children with CP
and help them reach their full potential [16].

2.2 Language and communication challenges

Language and communication difficulties are prevalent among individuals with
CP, especially those with more pronounced motor impairments. These challenges
often stem from a combination of the primary brain injury and the secondary effects
of motor and sensory limitations [17, 18]. For instance, dysarthria, a motor speech
disorder commonly associated with CP, can significantly impair speech clarity,
making verbal communication laborious and sometimes unintelligible. This disorder
arises from weakened or uncoordinated muscles involved in speech production,
further complicating the ability to express oneself effectively [19].

Beyond motor speech disorders, children with CP frequently encounter broader
language-related issues, including delays or disorders in both expressive and receptive
language skills. Expressive language deficits may manifest as difficulties in forming
sentences, using appropriate vocabulary, or conveying thoughts coherently, while
receptive language challenges can hinder the understanding of spoken or written
language [20]. These impairments not only affect academic performance but also
impede social interactions, potentially leading to feelings of isolation or frustration.
The cumulative impact on a child’s quality of life underscores the importance of
timely and targeted interventions.

Speech and language therapy plays a pivotal role in mitigating these challenges.
By addressing these communication barriers proactively, caregivers and professionals
can foster greater independence and improve the long-term prospects for individuals
with CP [19].

2.3 Learning deficits and academic challenges

Learning challenges in children with CP are often complex and interconnected,
stemming from a combination of cognitive, language, and motor impairments [21].
These difficulties can manifest in various academic domains, including reading, writ-
ing, and mathematics. For example, fine motor impairments may hinder handwrit-
ing, while cognitive or language delays can affect comprehension, problem-solving,
and the ability to follow complex instructions [22]. Such barriers frequently result in
academic underachievement, necessitating targeted interventions to help children
reach their full potential.

To address these challenges, individualized education plans (IEPs) are widely
utilized to tailor educational strategies to the specific needs of children with CP
[23]. IEPs are designed to accommodate a child’s unique strengths and weaknesses,
incorporating modifications such as extended time for tests, simplified assign-
ments, and the integration of assistive technologies like speech-to-text software or
adaptive keyboards [24]. These tools not only facilitate learning but also empower
children to participate more actively in classroom activities, fostering a sense of
inclusion and confidence.

By addressing learning deficits through personalized and multidisciplinary
approaches, children with CP can achieve meaningful academic progress and build a
foundation for lifelong learning.
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3. Behavioral characteristics and comorbidities

Behavioral challenges are a significant concern for individuals with CP, with
ADHD and ASD being among the most frequently observed comorbidities [25].
These conditions can compound the existing physical and cognitive challenges associ-
ated with CP, necessitating tailored interventions to address their unique impact.

3.1 ADHD in cerebral palsy

Children with CP are at a heightened risk of developing ADHD, with prevalence
rates estimated to be between 15% and as high as 40%, significantly higher than in
the general population [3, 26]. ADHD in CP is typically characterized by symptoms
of inattention, hyperactivity, and impulsivity, which can further complicate academic
performance and social interactions. For instance, inattention may hinder a child’s
ability to focus during classroom activities, while hyperactivity and impulsivity can
disrupt peer relationships and group tasks. These behavioral challenges often overlap
with the motor and cognitive impairments of CP, creating a multifaceted barrier to
learning and development. Early diagnosis and intervention, including behavioral
therapy and, in some cases, medication, are essential for managing ADHD symptoms
and improving functional outcomes [15, 27].

3.2 Autism spectrum disorder in cerebral palsy

Autism spectrum disorder is another common comorbidity in children with CP,
with prevalence rates ranging from 6 to 8%, with odds roughly five times greater
than those without CP [3, 28]. The co-occurrence of CP and ASD presents unique
challenges, as the social communication deficits characteristics of ASD are often
exacerbated by the motor and language impairments associated with CP. For example,
a child with both conditions may struggle to use gestures or facial expressions to
communicate, further isolating them from social interactions. Additionally, sensory
processing issues, common in ASD, can be intensified by the physical limitations
of CP, leading to heightened frustration or anxiety. Early identification of ASD in
children with CP is critical, as it allows for the implementation of targeted interven-
tions, such as social skills training and sensory integration therapy, to address these
overlapping challenges [28].

3.3 Management strategies for behavioral challenges

Effectively addressing behavioral challenges in children with CP requires a multi-
faceted approach that combines therapeutic, educational, and, when necessary, phar-
macological interventions. Given the high prevalence of these comorbidities, tailored
strategies are essential to improve behavioral outcomes and enhance quality of life.

3.3.1 Behavioral thevapy

Behavioral therapy is a cornerstone of managing behavioral challenges in children
with CP, particularly for those with ADHD or ASD [29]. Applied behavior analysis
(ABA) is one of the most widely used and evidence-based approaches. ABA focuses on
teaching new skills, reducing problematic behaviors, and improving social interactions
through structured, goal-oriented interventions [30, 31]. For example, ABA can help
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children with CP and ASD develop communication skills or reduce repetitive behav-
iors, while also addressing impulsivity and inattention in those with ADHD [32].

Parent training programs are another critical component of behavioral therapy.
These programs equip parents with the tools and strategies needed to reinforce
positive behaviors and manage challenging ones at home. By fostering consistency
between therapy sessions and daily life, parent training enhances the effectiveness of
behavioral interventions and supports long-term progress [32, 33].

3.3.2 Pharmacological interventions

In cases where behavioral therapy alone is insufficient, pharmacological interven-
tions may be considered, particularly for children with CP and ADHD. Stimulant
medications, such as methylphenidate, have been shown to effectively reduce symp-
toms of inattention, hyperactivity, and impulsivity in this population [34]. These
medications can help children focus better in school, improve their ability to follow
instructions, and enhance their overall functioning.

However, the use of stimulant medications requires careful monitoring due to
potential side effects, such as decreased appetite, sleep disturbances, or increased
anxiety. Healthcare providers must weigh the benefits and risks on an individual
basis, ensuring that medication is part of a comprehensive treatment plan that
includes behavioral and educational supports [35].

4. Neurobehavioral assessments in cerebral palsy

Assessing neurobehavioral functioning in individuals with CP is a complex process
that requires careful consideration of the unique challenges posed by motor and sen-
sory impairments. Traditional assessment tools often fall short in accurately captur-
ing the cognitive, language, and behavioral abilities of children with CP, necessitating
the use of adapted and multidisciplinary approaches.

4.1 Challenges in assessment

Conducting neurobehavioral assessments in children with CP is inherently
difficult due to the interplay of motor, sensory, and communication impairments.
Many standardized assessment tools rely on fine motor skills, verbal responses, or the
ability to remain seated for prolonged periods—tasks that can be particularly chal-
lenging for children with CP. For instance, a child with severe spasticity may struggle
to manipulate objects or point to answers, while a child with dysarthria may have
difficulty providing verbal responses. These limitations can lead to an underestima-
tion of cognitive abilities and result in inaccurate diagnoses or misclassification of
developmental delays [4, 36].

4.2 Tailored evaluation tools

To overcome these challenges, researchers and clinicians have developed and
adapted assessment tools specifically designed for children with CP. Instruments such as
the Bayley Scales of Infant and Toddler Development (Bayley-III) and the Mullen Scales
of Early Learning are widely used to evaluate developmental milestones in young chil-
dren with CP [37, 38]. These tools have been modified to account for motor and sensory
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limitations, enabling a more accurate assessment of cognitive and language abilities. For
example, alternative response methods, such as eye gaze or switch-activated devices,
can be incorporated to accommodate children with severe physical impairments [39].

In addition to standardized assessments, qualitative measures play a crucial role in
understanding a child’s functioning in real-world contexts. Parent and teacher reports
provide valuable insights into how the child performs in everyday settings, offering a
more holistic view of their strengths and challenges. These reports can complement
formal assessments by highlighting areas of need that may not be evident in a clinical
setting [40, 41].

4.3 Collaborative assessment approaches

A comprehensive understanding of a child’s neurobehavioral profile often requires
input from a multidisciplinary team, including psychologists, speech therapists,
occupational therapists, and educators. Collaborative assessments ensure that all
aspects of the child’s development are considered, from cognitive and language skills
to social and emotional functioning. This team-based approach not only improves the
accuracy of the assessment but also helps in developing individualized intervention
plans that address the child’s specific needs [42].

5. Psychosocial and emotional well-being

The psychosocial and emotional well-being of individuals with CP is profoundly
influenced by the neurodevelopmental and neurobehavioral challenges associated
with the condition. These challenges can affect not only the individuals themselves
but also their families, creating a ripple effect that necessitates comprehensive sup-
port systems and interventions [43].

5.1 Impact on patients

Children with CP often face significant emotional and psychosocial challenges due
to their physical and cognitive limitations. Feelings of frustration, low self-esteem,
and social isolation are common, particularly when communication or mobility bar-
riers hinder their ability to participate in social activities or achieve age-appropriate
milestones [44]. The presence of comorbid conditions, such as ADHD or ASD, can
further compound these difficulties, leading to heightened emotional distress and
behavioral challenges.

Asindividuals with CP transition into adolescence and adulthood, they may encoun-
ter additional psychosocial hurdles. These can include difficulties in securing employ-
ment, establishing independent living arrangements, and navigating social relationships.
The transition to adulthood is often particularly challenging, as support systems that
were available during childhood may no longer be accessible. Mental health support,
including counseling and psychotherapy, plays a critical role in addressing these chal-
lenges, helping individuals build resilience and improve their emotional well-being [45].

5.2 Impact on families

The emotional, financial, and social burdens of caring for a child with CP can
significantly impact families. Parents often experience high levels of stress, anxiety,
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and depression, particularly when they face challenges in accessing appropriate ser-
vices or balancing caregiving responsibilities with other life demands [46]. Siblings
of children with CP may also be affected, as they may feel neglected or overwhelmed
by the additional attention and resources directed toward their sibling with a dis-
ability. These dynamics can strain family relationships and disrupt the overall family
equilibrium [47].

5.3 Family-centered care and support strategies

Family-centered care is a cornerstone of effective CP management, emphasizing
the importance of involving families in decision-making processes and providing
holistic support. This approach recognizes that the well-being of the child with CP is
closely tied to the well-being of their family. Collaborative care models, which involve
healthcare providers, educators, and families working together, have been shown to
improve outcomes for the child while also enhancing the emotional and social health
of the entire family.

Support strategies for families may include access to respite care, which offers tem-
porary relief for caregivers, allowing them to recharge and attend to their own needs.
Parent training programs, such as the Stepping Stones Triple P (Positive Parenting
Program), equip parents with practical strategies for managing their child’s behavior
and fostering positive family interactions [48]. Additionally, support groups—both
in-person and online—provide families with a sense of community, enabling them to
share experiences, resources, and coping strategies [49, 50].

6. Conclusions

Cerebral palsy is a complex condition that encompasses a wide range of neuro-
developmental and neurobehavioral challenges. Cognitive, language, and learning
deficits are common in individuals with CP and can significantly impact academic
achievement and social interaction. Behavioral challenges, such as ADHD and autism,
are also prevalent and require tailored management strategies, including behavioral
therapy and pharmacological interventions.

Conducting neurobehavioral assessments in individuals with CP can be challeng-
ing due to motor and sensory impairments, highlighting the need for tailored evalua-
tion tools. The psychosocial and emotional well-being of both patients and families is
a critical consideration, and family-centered care approaches are essential for provid-
ing comprehensive support.

This chapter has provided a comprehensive overview of the neurobehavioral
challenges in cerebral palsy and evidence-based approaches to their management. By
addressing these challenges through individualized assessment, intervention, and
support, we can improve outcomes and enhance the quality of life for individuals
with CP and their families.
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Chapter

Influence of Robotic Interventions
on Gait Improvement in Children
with Cerebral Palsy

Lihua Jin, Caixia Zhao, Binjing Dou, Juchuan Dong
and Ping He

Abstract

For individuals with cerebral palsy (CP), walking ability is of critical importance,
as highlighted by the focus on gross motor function within their primary outcome
measure, the Gross Motor Function Classification System (GMFCS). This focus
underscores the intricate connection between walking ability and participation, activ-
ity, and physical function. Despite extensive and prolonged therapeutic interven-
tions, rehabilitation efforts often fail to produce significant improvements in walking
ability for individuals with CP. Recently, robotic-assisted gait training (RAGT) has
emerged as a promising therapeutic modality for enhancing walking capabilities in
this population. RAGT offers the potential for personalized interventions by adjusting
parameters such as assistance level, resistance, and body weight support to cater to
the specific needs of individuals with CP. Nevertheless, the evidence supporting the
efficacy of RAGT remains limited. This chapter comprehensively reviews the chal-
lenges associated with walking in individuals with CP, explores the potential benefits
and various forms of RAGT, and discusses future research directions.

Keywords: cerebral palsy, robotic-assisted gait training, physical therapy,
neurorehabilitation, motorskills

1. Introduction

Cerebral palsy (CP), caused by brain damage prenatally, perinatally, or postnatally,
is the most common cause of childhood movement and posture-related disability.
Motor impairments manifest in approximately 80% of children with CP, resulting in
secondary complications such as hip pain, dislocation, balance issues, hand dysfunc-
tion, and equinus deformity [1]. The brain damage associated with CP can result in
positive symptoms, including muscle spasms and hypertonia, and/or negative symp-
toms, such as muscle weakness, loss of motor control, muscle wasting, and impaired
balance reactions. The predominant motor disorders associated with CP include
spasticity and abnormalities in muscle tone, which are commonly associated with
challenges in coordination, strength, and selective motor control. These conditions
can result in spasticity-induced deformities of the bones and joints, as well as pain and
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functional impairment [2]. Muscle injuries arising from spasms, weakness, abnormal
tone, or pain can further diminish joint range of motion and selective motor control.
Consequently, difficulties regulating the flexion angles of the lower limb joints,
specifically the hip, knee, and ankle, impede the ambulatory capabilities of affected
children, thereby impacting on daily activities. Gait abnormalities, including crouch
gait, toe walking, and scissoring, are frequently observed in children with CP and are
often linked to diminished participation in daily activities and social interactions,
underscoring the importance of maintaining and enhancing walking ability through-
out all stages of CP management.

Abnormal gait associated with CP can present in various forms, which are pre-
dominantly categorized as pathological gait patterns. For example, individuals with
spastic CP display a reduction in the muscle volume of the gastrocnemius and tibialis
anterior, accompanied by an increased echo intensity, indicative of abnormal ankle gait
characteristics [3]. Patients with CP also exhibit a reduced number of muscle synergies
during gait, indicating the adoption of a simplified control strategy during ambula-
tion, potentially linked to diminished neuromuscular control complexity. Among
younger patients with CP, the most prevalent gait abnormality is true equinus gait [4].
At this developmental stage, the patient’s body weight is relatively low, and the muscle
strength of the hip and knee joints remains robust; however, plantar flexion is caused
by the shortening of the gastrocnemius muscle group. This abnormal gait is character-
ized by forefoot contact during the stance phase, with normal flexion and extension
of the hip and knee joints. As patients with CP age, their body weight increases,
concurrent with the shortening or weakening of the proximal muscles. This results in
significant flexion of the hip and knee joints during the single-stance phase, resulting
in a gait pattern that resembles a jump. As this proximal muscle weakness progresses,
supporting the body weight becomes increasingly complicated, resulting in a more
pronounced flexion of the hip and knee joints, leading to the development of a distinct
equinus gait. Eventually, when patients with CP experience dorsiflexion of the foot and
ankle, along with severe flexion of the hip and knee joints, the gait transitions into a
crouch gait. Crouch gait, the ultimate developmental stage of gait dysfunction in these
patients, is also the prevalent gait abnormality observed in children with CP [5]. These
disparate gait patterns all develop as compensatory mechanisms for insufficient muscle
strength to support body weight. However, all are unsustainable and tend to deteriorate
as the patient grows and gains weight, ultimately resulting in a loss of motor function.
Consequently, it is imperative to devise strategies aimed at maintaining long-term gait
function to enhance the rehabilitation outcomes of patients with CP.

In this chapter, we discuss the use of robotic-assisted gait training (RAGT) as the
potential intervention in the improvement of locomotor function in patients with CP.

2. Gait enhancement strategies in children with CP

Due to the heterogeneous nature of CP, patients with CP exhibit a diverse array
of associated challenges and motor impairments that necessitate evaluation and
intervention by a multidisciplinary team of specialists. Enhancing gait is a critical
therapeutic objective in CP management; however, conventional gait rehabilitation
methods are often unsustainable for patients. While early initiation of rehabilita-
tion, particularly through a combination of physical and occupational therapy, may
enhance outcomes [6], conventional rehabilitation approaches have demonstrated
limited efficacy in the treatment of CP. This limitation is especially pertinent given
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that rehabilitation largely depends on the brain’s neuroplasticity, which tends to be
less responsive to interventions in adult individuals with CP [7]. Notably, adults with
CP may derive cardiovascular benefits from physical therapy interventions, such as
aerobic exercise and resistance training; however, significant improvements in walk-
ing ability are unlikely to be achieved [8]. Other potential strategies include surgical
interventions, whose effects are often transient, losing efficacy as children grow

and develop, and manual assistance, which is limited by its demanding, intensive,
and continuous nature. Robotic technology is an innovative rehabilitation approach
that employs computer-controlled systems to facilitate motor learning and cortical
reorganization, thereby enhancing limb function.

3. Anintroduction to RAGT

Prior studies have shown that gait rehabilitation incorporating functional move-
ments has greater efficacy than training employing nonfunctional movement pat-
terns. RAGT offers precise and intensive task-specific training, while simultaneously
collecting data from multiple sensors to accurately capture patient information, such
as limb kinematics, kinetics, electromyography (EMG) pattern, electroencephalogra-
phy (EEG) patterns, and energy expenditure, during practice. Thus, the implementa-
tion of robotic-assisted therapy has the potential to alleviate skilled therapists from
the physical demands associated with direct hands-on therapy. Furthermore, RAGT
offers repetitive, continuous, graded, and task-specific training aimed at improving
gait function by establishing conditions conducive to motor learning principles, such
as intensity, repetition, task specificity, and engagement. As such, this rehabilitation
strategy facilitates neuroplastic changes and enhances non-locomotor recovery in
children with CP experiencing movement disorders of a central origin.

Repetitive RAGT fosters functional network reorganization within the sensorimo-
tor cortex and stimulates neuroplasticity [9] while enhancing functional connectivity
between the frontal and parietal regions [10]. The mechanisms by which RAGT influ-
ences the brain are intricate, involving multiple neural pathways and cortical regions.
Early initiation of RAGT following brain injury can markedly expedite the bilateral
reorganization of motor-related brain areas [11]. Studies employing functional near-
infrared spectroscopy (fNIRS) to monitor changes in the cerebral cortex during RAGT
have revealed that prompt RAGT intervention can significantly enhance cortical
activation associated with motor control; indeed, this activation extends beyond the
motor areas to encompass various functional brain regions [12]. Furthermore, RAGT
has the potential to modulate the overall efficiency of brain networks, facilitating the
restoration of normal brain network organization, and thereby promoting functional
recovery [13]. Together, these findings indicate that RAGT holds significant potential
for improving motor function and quality of life among children with CP.

RAGT integrates exoskeleton technology with information control systems to aid
in human movement through precise mechanical devices. This approach necessitates
interdisciplinary expertise, encompassing biomechanics, robotics, information
science, and artificial intelligence. Typically, these robotic systems are outfitted with
sensors capable of performing real-time, high-precision assessments of patients’
rehabilitation status, including metrics such as joint range of motion, force output,
walking speed, and step length. Furthermore, these systems can autonomously adapt
to each patient, based on individual data, thereby allowing the personalization of
rehabilitation programs [14].
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4. Forms of RAGT

Functionally, RAGT can be categorized into two primary types: traction-type and
exoskeleton-type. The defining characteristic of traction-type RAGT is its ability to
facilitate the training of the hip, knee, and ankle joints by directing movement of
the patient’s feet. The end-effector traction-type robot does not require alignment of
its hardware system with the patient’s joint structure, thereby enhancing its user-
friendliness. Consequently, this type of rehabilitation robot is recognized for its high
safety standards during training sessions. In contrast, exoskeleton-type RAGT is char-
acterized by a more intricate structure with advanced functionalities and capabilities.
Compared to traction-type robots, exoskeleton-type can interpret each patient’s
movement intentions, simulating and controlling multiple joints based on normal
gait patterns, thereby offering personalized support. Consequently, exoskeleton-type
RAGT is regarded as an emerging research direction and developmental trend within
the rehabilitation domain.

RAGT integrates bilateral robotic orthoses, body weight support (BWS), and a
treadmill. As a computerized system, it allows for the adjustment of BWS to ensure
an upright posture and precise lower limb loading. The orthoses used in RAGT
facilitate leg movements within the sagittal plane, following repeatable, pre-
defined trajectories of the hip and knee joints. Simultaneously, footplates maintain
passive ankle dorsiflexion, thereby assisting individuals with CP in performing
ambulation. RAGT offers a controlled and safe therapeutic environment, enabling
patients to participate in prolonged training sessions through numerous repeti-
tions of steps while promoting repeatable, kinematically consistent symmetrical
gait patterns [15].

5. Clinical utility of RAGT

The most commonly employed form of RAGT in clinical practice involves the
use of tethered exoskeleton systems, which exert force through a rigid, articu-
lated frame that facilitates the movement of the patient’s legs across one or more
planes via a body weight support system [16], such as the Lokomat (Hocoma
AG, Volketswil, Switzerland) system. Nevertheless, current supporting evidence
remains insufficient to demonstrate that these systems yield superior therapeutic
outcomes in terms of gross motor function and walking ability compared with con-
ventional physiotherapy [17]. The primary limitation of these systems includes their
reliance on predetermined fixed trajectories or timings, which restricts the patient’s
active participation consequently diminishing muscle activity. Furthermore, when
patients attempt to walk actively and resist the device, abnormal muscle activation
patterns may develop [18]. In contrast, untethered exoskeletons, such as ReWalk
(ReWalk Robotics Inc., Marlborough, MA, USA), Indego (Parker Hannifin Corp,
Mayfield Heights, OH, USA), Hybrid Assistive Limb (HAL, Cyberdyne Inc.,
Tsukuba, Japan), and Ekso (Ekso Bionics, Richmond, CA, USA), are wearable sys-
tems comprising articulated suits that are self-powered and equipped with advanced
control algorithms. These systems, which are used for gait assistance and rehabilita-
tion, provide task-specific overground training to offer patients a more liberated
and realistic walking experience.
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6. Clinically available RAGT devices

Various RAGT devices offer stability and partial body weight support for
pediatric patients engaged in overground walking training. By enabling the
individualized control of each joint, these devices can operate in multiple modes,
including position control, resistance, and zero-force control, thereby allowing
movements to be tailored to each patient’s current capabilities and enhancing
the system’s modularity [19], as exemplified by devices such as the CP Walker.
The Innowalk Pro (IP) [20] is a standing apparatus designed to facilitate move-
ment across different spatial dimensions. This device adjusts the child’s range of
motion, frequency, and functionality during use to optimize therapeutic outcomes
[21]. The Walkbot-K system includes both adult and pediatric exoskeleton RAGT
models, with the pediatric version specifically designed for children with CP.

This device can automatically adjust leg length to fit the child, thereby promoting
functional improvement, while providing real-time assessments of muscle tone,
muscle strength, and gait [22]. The pediatric knee exoskeleton (P.REX) is the sec-
ond prototype of a tethered knee exoskeleton; the PREX comprises an untethered
device capable of delivering consistent knee extension torque throughout various
movement phases [23]. The Honda Walking Assist (HWA) device, a wearable
exoskeleton robot developed by Honda R&D Co., Ltd., was designed to facilitate
bilateral hip flexion and extension during ambulation. Notably, the HWA targets
a single joint without constraining the degrees of freedom of other joints, thereby
permitting a high degree of movement and enhancing motor learning efficacy.
HWA has been shown to significantly reduce energy expenditure in healthy young
adults and can improve hip kinematic symmetry and step length in individu-

als with hemiparesis. Considering that the majority of children with CP exhibit
bilateral neurological involvement and complicated lower limb symptoms, the
HWA holds potential to aid these children in acquiring symmetrical gait patterns
by supporting bilateral hip movements [20].

7. Clinical evidence supporting the utility of RAGT

Numerous studies investigating RAGT in populations with CP have employed
systems using tethered exoskeletons, reporting consequent enhancements in gait
speed, endurance, and gross motor function [24]. However, meta-analytical evalu-
ations have deemed these findings statistically insignificant. A recent systematic
review has highlighted that the evidence supporting the efficacy of RAGT for chil-
dren with gait disorders, particularly CP, remains weak and inconsistent, with RAGT
not demonstrating superior outcomes compared to traditional physical therapy [25].
Additional research has shown that RAGT does not significantly enhance standing
ability or gait function in patients with CP classified as levels III to IV on the Gross
Motor Function Classification System (GMFCS) [26]. Additionally, when motor
function levels were not taken into account, randomized controlled trials assessing
gait training interventions in patients with CP indicated that RAGT did not dem-
onstrate superiority over conventional physical therapy [27]. Furthermore, studies
have indicated that the harness-provided weight support and treadmill belt move-
ment may render RAGT training more demanding and intense than overground
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walking [28]. Finally, the observed improvements in gait function may not translate
effectively to overground walking, as treadmill training lacks task specificity for
real-world environments.

In addition to RAGT application as a standalone intervention, promising outcomes
have been observed for the combination of RAGT with other therapeutic modalities.
For example, the integration of RAGT with botulinum toxin A (BoNT-A) enhanced
gross motor function measure scores in children with CP, although RAGT did not
amplify the anti-spasticity effects of BONT-A. Nevertheless, its adjunctive use resulted
in significant improvements in motor skills and gait in this population [29]. The
combination of RAGT with virtual reality (VR) has further been reported to increase
patient engagement and enjoyment during training, thereby effectively enhancing
gait in children with CP [30]. Furthermore, RAGT in conjunction with noninvasive
brain stimulation (NIBS) has shown the potential to improve lower limb function in
various neurological populations [31]. Specifically, the combination of RAGT with
repetitive transcranial magnetic stimulation (rTMS) can modulate cortical motor
inhibition, resulting in gait improvements [32]. Additionally, the use of RAGT along-
side transcranial direct current stimulation (tDCS) enhances balance and functional
performance in individuals with CP [33].

Despite some skepticism, the beneficial effects of RAGT on various bodily func-
tions in patients with CP cannot be dismissed. These benefits include improvements
in joint range of motion [34-36], muscle tone [35]. muscle strength [34], balance
[26], and short-term and long-term gait parameters, particularly gait speed [37].
Additionally, enhancements in gross motor function [26], particularly in patients
classified as GMFCS levels IV and V, gait kinematics [38, 39], reduced metabolic
cost during walking [40], and improved motor performance and endurance [16]
have been observed. RAGT facilitates task-oriented repetitive movements, muscle
strengthening, and motor coordination, all of which positively influence energy
efficiency, gait speed, and balance control [41]. Given that long-term motor func-
tional impairments can result in psychological issues, such as anxiety and depression,
which may further exacerbate physical motor function, the efficacy of interventions
targeting mental health is critical in the rehabilitation process. RAGT has been shown
to enhance psychological well-being in patients with neurological impairments and
positively affect short-term depressive symptoms.

The variability in RAGT outcomes between disparate studies may be attrib-
uted to differences in parameter settings, as RAGT combined with virtual reality
achieved enhanced efficacy at improving BWS when body weight was reduced by
30% [30]. Additionally, the efficacy of RAGT may be influenced by the training
mode employed. For example, the motor and constraint-induced movement therapy
(CIMT) modes were more effective at enhancing balance and gait [42]. The inten-
sity and frequency of RAGT are critical determinants of rehabilitation outcomes,
which may directly impact alterations in patients’ motor function. Tailoring the
intensity of RAGT based on the GMFCS level presents a promising interven-
tion strategy, as higher-intensity training has shown more substantial effects in
individuals classified at GMFCS levels IT and III. However, prior studies on RAGT
have employed diverse training protocols and implemented differing procedures,
complicating the comparison of results across studies. This heterogeneity in training
protocols may have contributed to the limited clinical evidence supporting RAGT.
Nevertheless, compared to other robotic interventions, such as patient-guided
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suspension systems and end-effector devices, RAGT has been shown to offer
comprehensive control over leg joint angles and torques, making it the preferred
robotic solution for training patients with severe motor impairments due to brain
injury [43].

8. Integration of RAGT with additional interventional modalities

Within conventional rehabilitation frameworks, RAGT is frequently integrated
with traditional physical therapy techniques, such as joint and muscle relaxation
exercises, to improve joint flexibility. These exercises may be administered either
prior to or following RAGT to enhance the therapeutic outcomes of both physi-
cal therapy and RAGT. This combined approach has been shown to consistently
increase lower limb muscle strength, mitigate muscle atrophy, and enhance muscle
endurance in patients. Additionally, the concurrent use of RAGT with pharmaco-
logical interventions is prevalent in clinical settings, particularly as patients with CP
often require ongoing oral medications, including antiepileptics and muscle relax-
ants. The administration of these medications during RAGT sessions can enhance
safety and improve patient adherence to RAGT movement protocols, thereby
augmenting the efficacy of the training. In addition to the interventions outlined
in Section 7 that can be integrated with RAGT, the RAGT apparatus itself, when
equipped with training modules, offers potential benefits for patients with central
nervous system injuries. For example, beyond the conventional linear walking
patterns associated with traditional RAGT, the incorporation of motion capture
devices for multi-directional tracking—including left, right, and bilateral multi-
stage trajectories—can accommodate patients at various stages of injury recovery
[44]. Furthermore, the integration of RAGT with acupuncture therapy may offer
promise, potentially assisting patients with abnormal gait and walking difficulties
[45]. With advancements in Transcutaneous Spinal Cord Stimulation (tSCS) tech-
nology, its combined application with RAGT has demonstrated improvements in
gait-related parameters for patients with CP, such as enhanced upright posture and
reduced crouching [46]. Nevertheless, the empirical support for these adjunctive
treatment methods remains limited. Electromyography (EMG), when integrated
with RAGT, emerges as a promising auxiliary instrument for assessing the origins
of abnormal postures during gait interventions and for informing clinical deci-
sions on targeted combined approaches [47]. However, the technical complexity of
EMG poses significant challenges to its widespread application in clinical settings.
Consequently, further investigation is warranted to identify more feasible enhance-
ments for RAGT modules and its combined approaches to improve therapeutic
efficacy.

9. Accessibility of RAGT

In recent years, RAGT has been increasingly investigated for its application
in pediatric rehabilitation within several advanced nations, yielding significant
outcomes that affirm its technical feasibility, clinical efficacy, and potential for
promising development. The global exchange of medical technology has facilitated
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opportunities for the introduction of RAGT equipment in developing countries.
International medical aid initiatives and charitable organizations may contribute to
this effort by donating or funding the acquisition of RAGT equipment for health-
care facilities in these regions, thereby progressively improving local accessibility.
Although certain developing countries have endeavored to independently design and
adapt RAGT equipment, achieving therapeutic benefits for patients with cerebral
palsy [48, 49], the high costs associated with RAGT equipment and its maintenance,
coupled with the operational complexity and requirement for specialized personnel,
constrain its widespread adoption in grassroots hospitals and less developed regions
[50]. Furthermore, the unequal distribution of treatment resources, particularly for
rehabilitation technologies such as RAGT that necessitate substantial financial and
technical investment, exacerbates existing regional disparities [51]. One approach to
mitigating this disparity involves developing specialized expertise to serve regional
populations using shared resources.

10. Conclusion

In summary, although significant strides have been made in the development of
sophisticated motor learning-driven controllers aimed at enhancing gait rehabilita-
tion, we believe that exoskeleton technology remains a sufficiently expansive and
fruitful area of research. Given the myriad benefits associated with improved walk-
ing ability in patients with CP, as well as the promising functional enhancements
reported by various RAGT systems, further exploration in this domain is likely to
yield additional advantages for ambulatory function [52]. However, in order to fully
clarify the benefits of RAGT, further multicenter studies with large sample sizes
and uniform methodologies should be conducted. In addition, further investigation
is required to clarify the optimal timing and rehabilitation strategies to maximize
gait rehabilitation in patients with CP. Furthermore, we propose that as artificial
intelligence progresses, future research should advance toward more structured
and standardized investigations to elucidate and expand the RAGT functionalities
advantageous for CP patients.
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Hand Splinting
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Abstract

Cerebral palsy often results in impaired hand function, limiting an individual’s
ability to participate in daily activities and impacting their overall quality of
life. Hand splinting is a crucial therapeutic intervention that can significantly
enhance hand function, reduce deformity, and promote independence. However,
effective hand splinting requires a comprehensive understanding of the underlying
principles, techniques, and considerations. This chapter provides a detailed and prac-
tical guide to hand splinting for individuals with cerebral palsy. It covers the various
types of hand splints, including their indications, advantages, and limitations. The
chapter also discusses essential considerations and tips in splint making, assessment,
and fitting to ensure optimal outcomes. Additionally, it outlines wearing schedules
and strategies for promoting compliance and effective use. Finally, the chapter high-
lights recent advancements in hand splinting, providing readers with a comprehensive
understanding of current best practices. By combining theory, practical guidance,
and evidence-based recommendations, this chapter serves as an invaluable resource
for healthcare professionals seeking to enhance hand function and improve the lives
of individuals with cerebral palsy. The information presented in this chapter will
enable occupational therapists, physiotherapists, and other healthcare professionals
to design and implement effective hand splinting interventions, ultimately improving
the functional abilities and quality of life of individuals with cerebral palsy.

Keywords: cerebral palsy, hand splinting, splint, orthotics, neurological recovery,
rehabilitation, hand function

1. Introduction

Hand splinting is a pivotal intervention in managing children with cerebral palsy
(CP), a condition marked by motor impairments resulting from non-progressive dis-
turbances in the developing brain. The upper limbs, particularly the hands, are often
significantly affected, leading to challenges in achieving functional independence.
Abnormal postures, such as thumb adduction and wrist flexion, can impede the abil-
ity to perform daily activities, necessitating effective management strategies [1].

The primary objective of hand splinting is to enhance hand function by addressing
muscle tone irregularities, joint alignment issues, and overall dexterity. Splints serve a
variety of purposes, including immobilizing joints to prevent contractures, providing
support during functional tasks, and facilitating movement through dynamic designs.
Consequently, they are not only instrumental in improving physical capabilities but
also in promoting meaningful participation in daily activities.
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Recent reviews suggest that while hand splints can yield moderate improve-
ments in upper limb skills when combined with therapy, these benefits often
diminish once splint use is discontinued [2]. This highlights the importance of
integrating splinting within a comprehensive therapeutic framework tailored to
each child’s specific needs. Additionally, the implementation of splinting requires
careful consideration of potential drawbacks, such as discomfort and esthetic
concerns.

This chapter delves into the principles of hand splinting for children with CP,
focusing on splint types, fabrication techniques, and evidence-based practices.
Furthermore, it explores emerging trends in splint design, including advancements
in 3D printing technology. By gaining a nuanced understanding of hand splinting,
occupational therapists can better support children with cerebral palsy in achieving
their functional goals and enhancing their quality of life.

2. Understanding splint: Definition and its application

Mosby’s Medical, Nursing, and Allied Health Dictionary (2002) defines a splint
as “an orthopedic device for immobilization, restraint, or support of any body
part” [3].

The text also defines orthosis as “a force system designed to control, correct, or
compensate for a bone deformity, deforming forces, or forces absent from the body”
[4] Today, these healthcare field terms are often used synonymously. Technically,
the term splint refers to a temporary device that is part of a treatment program. In
contrast, the term orthosis refers to a permanent device to replace or substitute for
loss of muscle function.

Splints and orthoses not only immobilize but also mobilize, position, and protect
ajoint or specific body part. Splints range in design and fabrication from simple to
complex, depending on the goals established for a particular condition [5].

In CP, hand splints may be commonly used as a therapeutic modality to assist
with developmentally meaningful skills. Hand splints (orthoses or upper limb
splints) are removable external devices designed to support a weak or ineffective
joint or muscle. Under the ICF framework, hand splints may be classified as an envi-
ronmental factor (such as physical support) influencing the overall interaction of
ICF domains that can impact a child’s body function and structure as well as activity
and participation [4].

3. Aims of hand splinting
* Prevent contractures and joint deformities.
* Maintain joint integrity and ROM.
* Balance muscle tone and reduce hypertonicity.
* Position limbs for functional use.
* Manage pain, edema, and hygiene.

* Enhance cosmesis and appearance [5].

70



Hand Splinting
DOI: http://dx.doi.org/10.5772/intechopen.1009227

4. Assessment and goal setting

Before implementing splinting interventions, a comprehensive assessment must
be conducted [6]. This includes evaluating:

* Range of motion

* Muscle tone

 Functional abilities

* Specific goals related to daily activities

The use of a Standardized Scale like MACS (Manual Ability Classification System)
is reccommended for a comprehensive assessment [7].

4.1 Levels of manual ability classification system (MACS) scale

Handles objects easily and successfully. At most, limitations in the ease of
performing manual tasks require speed and accuracy. However, any limitations in
manual abilities do not restrict independence in daily activities [7].

Handles most objects but with somewhat reduced quality and/or speed of achieve-
ment. Certain activities may be avoided or be achieved with some difficulty, alterna-
tive ways of performance might be used but manual abilities do not usually restrict
independence in daily activities.

Handles objects with difficulty and needs help to prepare and/or modify activities.
The performance is slow and achieved with limited success regarding quality and
quantity. Activities are performed independently if they have been set up or adapted.

Handles a limited selection of easily managed objects in adapted situations. Performs
parts of activities with effort and with limited success. Requires continuous support and
assistance and/or adapted equipment, for even partial achievement of the activity.

Does not handle objects and has severely limited ability to perform even simple
actions. Requires total assistance.

The goal-setting process for hand splinting involves identifying the individual’s
specific hand function deficits and priorities, and then setting Specific, Measurable,
Achievable, Relevant, and Time-bound (SMART) goals [8] focused on improving hand
positioning, range of motion, strength, dexterity, and functional ability. Goals may
target specific hand splinting outcomes, such as reducing contractures, improving grasp
and release, or enhancing finger isolation, and are regularly reviewed and revised every
3-6 months to assess progress, identify challenges, and adjust the splinting intervention
asneeded [8].

Setting clear, measurable (SMART) goals is essential for evaluating the effective-
ness of the splinting intervention.

5. Considerations for splint design

1. The desired joint position should be clearly defined before starting the splint
fabrication process to ensure the splint will support proper alignment and effec-
tively address the needs of children with cerebral palsy [3].
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2. The splint should be designed to counteract deforming forces and maintain
proper joint alignment, which is crucial for managing deformities in children
with cerebral palsy [4].

3. Liners should be used to reduce friction and protect the skin from irritation,
particularly when the splint is worn for extended periods [4].

4. A NuStim wrap provides additional cushioning, enhancing patient comfort and
supporting skin protection during prolonged splint use [3].

5. Applying a powder like Curash helps control moisture and prevent skin break-
down, which is essential for children with sensitive skin [3].

6.Each joint should be molded individually for better accuracy and fit, reheating
and remolding the material as necessary to achieve the desired position and sup-
port.

7. Strapping should be adjusted to keep the limb securely within the splint, espe-
cially when aiming to reduce hypertonicity or manage contractures.

8. Proper strapping prevents the splint from slipping distally, ensuring it remains in
the correct position and maintains its therapeutic effectiveness [4].

9.The strapping system should allow free movement of unaffected joints to en-
hance functionality and reduce unnecessary restrictions.

10. Straps should be placed carefully to avoid excessive pressure on bony promi-
nences, which could lead to discomfort or skin damage.

11. Wider straps help distribute pressure more evenly, improving comfort and re-
ducing the risk of pressure sores, particularly for children with cerebral palsy [3].

12. Care should be taken to avoid hyperextension in vulnerable joints like the thumb
MCP, PIP joints, and the first web space, which are prone to deformities in chil-
dren with cerebral palsy [3].

13. The design should focus on preserving the first web space and the natural arches
of the hand to support proper hand function, which is crucial for children with
cerebral palsy.

14. Finger dividers made from materials like thermoplastic, sponge, or Otoform K
should be used to create comfortable, functional dividers that prevent contrac-
tures and promote hand function [4].

15. A splint with an extended lever arm requires less force to achieve the desired
therapeutic effect, making it easier to manage muscle tone and deformities in
children with cerebral palsy.

16. Adding contours to the splint design enhances strength and durability, reducing
bulk while improving comfort and support.
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17. Distributing pressure over a larger surface area decreases discomfort and reduces
the risk of skin breakdown, which is particularly important for children with
cerebral palsy.

18. The splint design should balance opposing forces to provide stability and func-
tional positioning, helping improve mobility and prevent deformities in children
with cerebral palsy [3].

Thus, splints for children with cerebral palsy should ensure proper joint alignment,
comfort, and functionality, with features such as customized molding, secure strapping,
and skin protection. Design elements such as pressure distribution, preserved hand
arches, and balanced forces enhance therapeutic effectiveness and prevent deformities.

6. Hints for orthotic fabrication for children with increased tone

Fabricating an orthosis on a child with increased tone is challenging with experience,
therapists gain insight into methods that optimize the process. The following are hints
[4] for the novice therapist who is fabricating an orthosis for a child with increased tone:

* Choose a quiet location, and minimize other activities.

* Be conscious of lighting and room temperature.

* Invite parents/caregivers to assist if they can calmly help.

* Position the child comfortably so that muscle tone is as close to normal as possible.

¢ Speak calmly and slowly, and handle the child’s extremity gently

* Use soft music, sing, or read a story for a calming effect.

* Do not use toys to distract the child because they can cause overexcitement,
resulting tone a crossover effect and increase.

* Prevent any sudden quick movements.

* Have parents assist in keeping the arm and specifically the elbow stable on the
surface.

* Avoid touching the palm. First, abduct the thumb out of the palm, and flex the
wrist to normalize tone as much as possible. Then try extending the wrist while
avoiding the palm as much as possible.

7. Splint-wearing schedule for hypertonicity

The splint-wearing schedule for individuals with hypertonicity, especially children
with cerebral palsy, should be tailored to manage muscle tone effectively and promote
functional balance [7]. Below are the recommended schedules for different levels of
hypertonicity (Refer Table 1):
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Condition Schedule

Continuous low-load Apply a gentle, consistent stretch through splints to reduce spasticity and muscle tone,
stretch ideally for extended periods during the day or night.

Encourage antagonist Regularly remove the splint to allow active use of antagonist muscles, promoting
muscle use functional balance and muscle control.

Contractures Combine night splinting with daytime use or other interventions to optimize results in

managing hypertonicity and preventing muscle contractures.

Mild hypertonicity Use splints during short activity sessions for individuals whose hypertonicity appears
only during activity, enhancing control and preventing excessive muscle tightness.

Severe hypertonicity Prolonged splint use is recommended for individuals with moderate-to-severe
hypertonicity even at rest to maintain joint alignment and reduce tone.

Table 1.
Hand splinting schedules for different levels of hypertonicity.

This schedule ensures a balanced approach to managing hypertonicity, allowing
for proper muscle function and effective reduction of spasticity.

8. Categories of hand splints

In the management of children with cerebral palsy (CP), a wide range of hand
splints constructed from various materials are employed in clinical practice. These
splints generally serve two overarching purposes, aligning with distinct domains of
the International Classification of Functioning, Disability, and Health (ICF): the body

function and structure domain and the activity and participation domain (Figure1) [4].

8.1 Non-functional hand splints

The first category, non-functional hand splints [3], primarily focuses on improving
outcomes related to the body function and structure domain of the ICF. These splints
are designed to address issues such as muscle contractures, abnormal muscle tone,
and joint deformities.

Examples include:

* Resting hand splints: These are used to prevent or correct muscle contractures by
maintaining the hand in a neutral or stretched position.

HAND SPLINTS

Non-Functional Hand Splints

Functional Hand Splints

Figure 1.
Categories of hand splints.
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* Supination casts: These are employed to lengthen muscles or inhibit excessive
muscle tone [4].

Due to their design, non-functional splints often restrict voluntary hand
movements, making them unsuitable for use during daily activities. As a result,
they are typically worn at night or for short durations (i.e., for a week) to achieve
specific therapeutic goals, such as increasing muscle length or reducing muscle
tightness.

Non-functional splints can also be categorized based on their intended duration of
use:

* Removable splints: Prescribed for long-term use, these splints aim to stretch
muscles over time, serving as a preventive measure against contractures.

o Serial casts: These are applied for short-term use to achieve immediate muscle
stretching while minimizing potential adverse effects, such as muscle weakness
due to prolonged immobilization. The expectation is that serial casting will result
in medium- to long-term improvements in muscle length following the removal
of the cast [4].

8.2 Functional hand splints

The second category, functional hand splints [3], is designed to enhance the
outcomes in the activity and participation domain of the ICF. These splints support
specific functional tasks and activities by improving upper limb positioning and
stability, enabling children to better perform activities such as writing, feeding, or
other daily tasks. An example of a functional splint is the Wrist Cock-Up Splint, which
stabilizes the wrist joint and positions it optimally during functional activities, such
as handwriting or utensil use during meals.

Unlike non-functional splints, functional splints are worn during task perfor-
mance to promote engagement in meaningful activities. They are prescribed to
facilitate optimal functional outcomes by improving the biomechanics of upper limb
movements.

9. Hand splints widely used for cerebral palsy

9.1 Functional resting splint

* This splint is commonly recommended for individuals with moderate-to-severe
increased tone or significantly decreased tone.

* It prevents contractures and maintains hygiene by positioning the wrist at 30°
extension, metacarpophalangeal joints at 50° flexion, and interphalangeal joints
at a progressive 10°-30° flexion (Figure 2) [4].

9.2 Wrist extension splint

e Itisused to support wrist extension in individuals with cerebral palsy, this splint
is designed to maintain alignment.
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Figure 2.
Functional vesting splint.

* Research indicates that neutral wrist splints are generally more acceptable to
patients, with higher compliance levels compared to wrist extension splints
(Figure 3) [4].

9.3 Weight-bearing splint

* This splint aids in therapeutic activities requiring weight-bearing.

* It positions the wrist in approximately 90° extension and aligns the digits for
stability.

Figure 3.
Wrist extension splint.

Figure 4.
Weight-bearing splint.

76



Hand Splinting
DOI: http://dx.doi.org/10.5772/intechopen.1009227

e Itis particularly valuable during therapy sessions focused on improving weight-
bearing tasks (Figure 4) [6].

9.4 Anti-spasticity splint

* Highly effective in addressing spasticity, this splint facilitates wrist extension,
finger abduction, and thumb abduction using finger troughs.

* Its benefits include positioning the hand functionally, improving hygiene, and
applying prolonged stretch (Figure 5) [6].

9.5 Serpentine splint
Designed to minimize thumb adduction contractures, this splint wraps around the
thumb from the hypothenar region, across the dorsum, and through the web space to

the thenar eminence.

* It allows wrist movement while providing thumb stability during functional
activities, effectively preventing deformities (Figure 6) [4].

9.6 Volar splint

* The resting volar splint was one of the earliest splint designs that attempted to
reduce spasticity by placing a muscle under constant stretch with increased tone.

¢ Targets muscle spindles to reduce their sensitivity to stretching, potentially
improving motor control in individuals with cerebral palsy (CP).

Figure 5.
Anti-spasticity splint.

Figure 6.
Serpentine splint.
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» Commonly used for managing wrist and finger flexor spasticity in CP [4].
9.7 Dorsal splint

* Facilitates extensor muscle activation by stimulating the dorsal forearm while
inhibiting flexor muscles.

* Particularly beneficial in CP cases with excessive wrist and finger flexion due to
spasticity.

* Enhances balance between flexors and extensors for improved hand positioning
(Figure7) [4].

9.8 Finger spreader

* A foam device is recommended to encourage finger extension and inhibit flexor
spasticity.

* Prevents the hand from assuming a tight fist posture, a common issue in children
with CP.

* Supports better functional hand positioning for daily tasks (Figure 8) [4].

Figure7.
Volar and dorsal splint.
Q-
\ . y
’ !
Figure 8.
Finger spreader.
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9.9 Firm cone

* Inserted in the palm to counteract flexor spasticity by applying pressure to the
flexor surfaces.

* Useful for managing severe hand spasticity in CP but requires careful monitoring
to avoid excessive pressure or discomfort.

* Helps open the hand, enabling better hygiene and functional engagement
(Figure 9) [6].

9.10 MacKinnon splint

* Applies pressure on the volar side of the metacarpal heads, activating intrinsic
hand muscles.

* Reduces tone in the adductor pollicis and finger flexors, improving thumb and
finger positioning in CP.

* Supports functional hand use by facilitating grasp and release actions
(Figure 10) [6].

9.11 Orthokinetic cuff

* The system was created using an Ace bandage with both elastic and nonelastic
components.

Figure 9.
Firm cone splint.

Figure 10.
MacKinnon splint.
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* It was constructed using a variation of the continuous fold-over method, consist-
ing of three layers.

* Nonelastic Velfoam was sewn into the pieces, and the cuff was designed to fit
snugly around the upper forearm, aligning with the muscle bellies of the wrist
and finger extensors in the elastic (active) area [4].

¢ It helps reduce spasticity and improve voluntary movement in children with
cerebral palsy (CP). The design enhances wrist extension, facilitating functional
activities such as reaching and grasping [6].

9.12 Short opponens thumb splint

* This splint was made of arthroplasty, with particular consideration provided to
holding the thumb out of palmar adduction-opposition by having leverage over
the eminence of the thenar.

* Both the thumb MP and IP joints were strengthened but enough of the thumb
pad was left exposed to allow an opposite grip to be used.

* The orthoplast proceeded over the hand dorsum, stopping over the eminence of
the hypothenar. This portion has been stabilized with a Velcro strap to the thumb
portion (Figure 11) [4].

9.13 Lycra orthoses
* Inthe last 10 years, many types of Lycra-based orthosis have emerged, with
styles ranging from full-body suits to smaller garments such as sleeves/gloves
and leggings. Children with CP demonstrate practical benefits when using Lycra
orthosis as they provide compression and proprioceptive feedback.

¢ Improve postural control and upper limb function in children with CP.

* The versatile design supports both gross and fine motor tasks by enhancing
muscle alignment and reducing involuntary movements [4].

Figure 11.
Short opponens thumb splint.
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Figure 12.
WETA orthosis.

9.14 WETA orthosis (wrist extension thumb abduction orthosis)

* Specifically designed to counteract spastic patterns such as wrist flexion, ulnar
deviation, and thumb adduction in CP (i.e., a hand that experiences wrist
flexion, ulnar deviation, ulnar flexion, and thumb adduction).

* Enhances hand positioning for improved grasp and manipulation of objects.

* Effective in promoting wrist stability and facilitating purposeful hand use in
hypertonic conditions (Figure 12) [6].

10. Innovations in design

Recent advancements have introduced concepts such as tone-reducing, inhibitive,
neurophysiological, or dynamic designs for casts, splints, and orthoses. These designs
aim to influence spasticity and muscle tone, offering potential therapeutic benefits.
While widely adopted in certain clinical settings, there is currently insufficient
evidence to confirm their superiority over traditional biomechanical designs.

10.1 Recent advances in hand splinting

3D-printed dynamic upper extremity orthoses (DUEOs) are transforming the
management of children with cerebral palsy by providing highly customized solu-
tions that enhance both comfort and functionality [9]. For example: A 3D-printed
finger splint was made to correct the dystonia-induced swan neck and Boutonniere
deformities.

Unlike traditional orthotic devices, which can be cumbersome and less adaptable,
3D-printed orthoses are lightweight and specifically tailored to fit the unique anatomy
of each child. This level of personalization not only improves the overall fit but also
optimizes pressure distribution, thereby reducing the risk of skin irritation and
enhancing user compliance [9].

In addition to their comfort advantages, 3D-printed orthoses demonstrate notable
durability and ease of modification. The advanced materials utilized in 3D printing
are engineered to withstand regular use while maintaining structural integrity over
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time. Moreover, the rapid production capabilities inherent in 3D printing allow for
swift adjustments to the orthosis as a child’s needs evolve, ensuring ongoing effective-
ness throughout their development. Overall, 3D-printed dynamic upper extremity
orthoses represent a significant advancement in orthotic technology, integrating
enhanced comfort with functional support to improve the quality of life for children
with upper extremity impairments.

11. Hand-based adaptations in cerebral palsy

Individuals with cerebral palsy often experience hand function deficits, impact-
ing their ability to participate in daily activities. Hand-based adaptations, including
splinting and assistive technology, play a crucial role in enhancing hand function,
independence, and quality of life.

11.1 HAAT model

The Human Activity Assistive Technology (HAAT) model provides a framework
for understanding the complex interactions between the individual, activity, and
assistive technology. This model guides the selection and implementation of hand-
based adaptations, ensuring a person-centered approach [10].

11.2 Hand-based adaptations

In addition to splinting, various hand-based adaptations can be used to enhance
hand function and independence:

1. Adaptive utensils and devices [10]: Utensils with angled or bent handles, con-
toured or thickened handles, or lightweight materials.

2. Assistive technology [10]: Adaptive keyboards, mouse devices, and tablet or
smartphone adaptations.

3.Daily living aids [10]: Dressing aids, bathing aids, and feeding aids with adapted
handles or grips.

4.Recreational and leisure aids [10]: Adaptive sports equipment, hobby aids, and
game and puzzle aids.

11.3 Intervention implementation

Effective implementation and monitoring of hand-based adaptations requires a
comprehensive individualized assessment to identify strengths, needs, and goals. A
device trial and evaluation ensure proper fit and effectiveness. Training and educa-
tion on device use and maintenance are provided to the individual, family, and
caregivers. Regular follow-up and monitoring enable adjustments and ensure contin-
ued effectiveness, ultimately enhancing hand function, independence, and quality of
life for individuals with cerebral palsy.
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12. Chapter summary

This chapter provides a comprehensive guide to hand splinting for individuals
with cerebral palsy. It discusses the need for splinting in individuals with CP. The
chapter covers various aspects of hand splinting, including types of splints, consid-
erations, and tips for splint making, assessment, goal setting, and wearing schedules.
Additionally, it highlights recent advancements in hand splinting, aiming to equip
healthcare professionals with the knowledge and skills necessary to improve hand
function and quality of life for individuals with cerebral palsy.

Acronyms and abbreviations

CP Cerebral Palsy

ICF International Classification of Functioning, Disability, and Health
MACS Manual Ability Classification System

SMART Specific, Measurable, Achievable, Relevant, and Time-bound
DUEOs Dynamic Upper Extremity Orthoses

Author details

N.S. Krishna* and S.G. Praveen
KMCH College of Occupational Therapy, Coimbatore, India

*Address all correspondence to: drkrishnansk@gmail.com;
krishna.ns@kmchcot.ac.in

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited. ) NN
83


http://creativecommons.org/licenses/by/4.0
https://krishna.ns@kmchcot.ac.in
mailto:drkrishnansk@gmail.com

Cerebral Palsy — Clinical Presentation, Treatments, and Outcomes

References

(1] The upper limb in cerebral palsy.
Hand Clinics. 2003;19:4

[2] Basu AP, Pearse ], Kelly S,

Wisher V, Kisler J. Early intervention
to improve hand function in
hemiplegic cerebral palsy. Frontiers in
Neurology. 2015;5:281. DOI: 10.3389/
fneur.2014.002811F:2.7Q2B3

[3] Coppard B, Lohman H. Introduction
to Splinting: A Clinical Reasoning and
Problem-Solving Approach. 3rd ed. St.
Louis: Mosby Elsevier; 2008

[4] Coppard BM, Lohman H.
Introduction to Orthotics: A Clinical
Reasoning and Problem-Solving
Approach. 5th ed. St. Louis: Mosby
Elsevier; 2019

[5] Jackman M, Novak I, Lannin N.
Effectiveness of hand splints in children
with cerebral palsy: A systematic review
with meta-analysis. Developmental
Medicine and Child Neurology.
2014;56(2):138-147. DOI: 10.1111/
dmcn.12205

[6] Case-Smith J, O'Brien JC.
Occupational Therapy for Children and
Adolescents. 8th ed. St. Louis: Elsevier;
2020

[7] Eliasson et al. The manual ability
classification system (MACS) for
children with cerebral palsy: Scale
development and evidence of validity
and reliability. Developmental Medicine
and Child Neurology. 2006;48:549-554

[8] Crepeau EB, Cohn ES, Schell BAB.
Willard and Spackman's Occupational
Therapy. 10th ed. Philadelphia:

Lippincott Williams & Wilkins; 2003

84

[9] Yang YS, Tseng CH, Fang WC,
Han IW, Huang SC. Effectiveness

of a new 3D-printed dynamic hand-
wrist splint on hand motor function
and spasticity in chronic stroke
patients. Journal of Clinical Medicine.
2021;10(19):4549. DOI: 10.3390/
jem10194549

[10] Christiansen CH, Baum CM, Bass JD.
Occupational Therapy: Performance,
Participation, and Well-Being. 4th ed.
SLACK Incorporated: Thorofare (NJ);
2015



	Cerebral Palsy - Epidemiology, Etiology, Clinical Presentation, Treatments, and Outcomes
	Contents
	Preface
	Chapter 1 - Deep Brain Stimulation in Cerebral Palsy
	Chapter 2 - Neurosurgical Management of Spasticity
	Chapter 3 - Neurodevelopmental, Neurobehavioral, and Psychosocial Aspects of Cerebral Palsy
	Chapter 4 - Influence of Robotic Interventions on Gait Improvement in Children with Cerebral Palsy
	Chapter 5 - Hand Splinting

