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ABSTRACT

The overall aim of this thesis was to describe the development of hand function in children
with unilateral spastic cerebral palsy (CP), and to investigate its relation to brain lesion and
treatment. Effective hand use is necessary for task performance and independence in
everyday activities. Due to a lesion in the developing brain, children with unilateral CP have
difficulties in using the arm and hand on one side of the body, and this motor impairment
negatively influences their independence in everyday activities. Therefore, exploration of
hand function in children with unilateral CP is essential.

Development of hand function during childhood and adolescence was investigated in studies
I and 1V, using the Assisting Hand Assessment (AHA) and three other measures of hand
function. In study 1V, results from 96 children studied at age 18 months to 12 years showed
improved use of the affected hand over time, but to a varying extent. The development was
rapid at early age, and slowed down and levelled out to a stable performance as the child
grew older. Different developmental patterns were found, based on children’s ability.
Children with a higher AHA score at 18 months or on a higher MACS level had a faster
increase to a higher level. In study I, change in hand function over time in 11 adolescents
with unilateral CP 10-21 years of age was investigated. The hand function was found mainly
to remain stable during adolescence. Only grip strength increased with age.

Factors assumed to influence development as well as response to training were investigated in
studies Il and I11. In study I, the relation between response to constraint-induced movement
therapy (CIMT) and corticomotor organization and brain lesion characteristics was
investigated in 16 children aged 10-16 years. The children were evaluated using different
measures of hand function, and by transcranial magnetic stimulation to explore the type of
corticomotor projections as well as by structural magnetic resonance imaging to describe
characteristics of the brain lesion. The results showed that improvement after CIMT was
possible irrespective of the type of corticomotor projection and characteristics of the brain
lesion. In study 111, a possible effect of CIMT in infants below one year of age (baby-CIMT)
was explored by using a retrospective design. Use of the affected hand, measured by the
AHA at age two, was investigated in a group of 72 children where some had participated in a
baby-CIMT programme and others had not. A more favourable use of the affected hand at
age two was found in children who had received training before one year of age.

The overall clinical implications of this thesis are that children with unilateral CP increase the
use of the affected hand in bimanual activities at an early age and thereafter function at a
stable level. The AHA measure at 18 months can be used to predict the future use of the
affected hand. CIMT can be offered to children regardless of their underlying
pathophysiology, and when adjusted for infants it seems to be an applicable model for
improving hand function at young age.
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INTRODUCTION

1. INTRODUCTION

Effective use of the hands is essential for the performance of everyday tasks. Humans engage
in numerous occupations and activities throughout an ordinary day and throughout life, and a
large number of new activities are learned and included in our repertoire. Most of these require
the use of the hands, unimanually or bimanually.

Unilateral cerebral palsy (CP) is caused by a lesion to the immature brain, resulting in motor
impairment of one side of the body (Bax et al., 2006; Cans et al., 2007). Children with unilateral
CP have, to varying degree, difficulties in using the affected arm and hand. This asymmetry in
hand function influences the ability to use the two hands together in a smooth way.

Studying the development of hand function in children with unilateral CP is crucial for
prognostic and predictive purposes. One of the questions parents of children who are early
diagnosed with cerebral palsy ask is what to expect throughout childhood, adolescence and
adulthood (Novak, 2014). Investigating the development in hand function in a long-term
perspective both in children and adolescents helps clinicians to answer this question more
reliably. In studies | and IV of the thesis, the perspective of long-term development has been
explored.

Furthermore, parents and clinicians wish to know what interventions are most suitable for the
child (Novak, 2014) and when in a lifetime perspective different interventions should be
administered. One of the interventions shown to improve motor function in children and
adolescents with unilateral CP is constraint-induced movement therapy (CIMT) (Eliasson et
al., 2014a; Hoare et al., 2007; Novak et al., 2013; Sakzewski et al., 2014). However, individual
variation in training response has been noticed. Different factors have been investigated when
trying to identify which children benefit best from the intervention. In study II, training
response to CIMT in relation to brain lesion characteristics and corticomotor projections has
been explored. As mentioned, CIMT has shown a positive effect on motor function, but the
intervention has mainly been conducted involving children 2 years of age or older. In study 11,
the possible impact on hand function of CIMT administered in the first year of a child’s life
one year later has been investigated.
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1.1 HAND USE IN EVERYDAY LIFE

Our hands are the tools we commonly use in work- and school-related activities as well as in
self-care and play. Specific aspects of the hand function, such as the ability to grasp, bimanual
hand use, in-hand manipulation, etc. are reported to be necessary for increased independence
with increasing age in activities of daily living (Exner, 2005). These aspects are affected, to
various degrees, in children with unilateral CP, resulting in a negative influence on their
independence in everyday activities. An activity such as zipping a jacket, which requires good
fine motor performance is often difficult for children with unilateral CP (Dellatolas et al., 2005;
Ohrvall et al., 2010; Skold et al., 2004; Skold et al., 2007). The close relationship between
accurate hand function and performance in everyday life makes the exploration of hand
function in children with CP essential.

Performance of everyday tasks is the dynamic interaction between the person, the task and the
environment as visualized in the person-environment-occupation performance (PEO) model
(Law et al., 1996). Optimal occupational performance occurs when there is a balance between
these factors. The dynamic interaction between personal, environmental and occupational
factors indicates that a change in one dimension automatically affects the others (Christiansen
et al, 2011; Law et al., 1996). In this way, intervention aiming at improving function (person
dimension) will have an influence on occupational performance and probably also on the other
dimensions (environment and occupation dimensions). Hand function can be assumed to relate
mainly to the person dimension which constitutes functions of body and mind as well as
spiritual qualities.

The interaction between health conditions and function is described in the International
Classification of Functioning, Disability and Health (ICF) (World Health Organization, 2007).
This model is wide-spread in the health-care system around the world. The ICF describes
functioning as composing of body functions and body structures, activity and participation.
Furthermore, functioning is related to contextual factors. Hand-related categories can be found
within all components of functioning, described for example by “control of voluntary
movement” (body function), “fine hand use” and “self-care” (activity and participation) (World
Health Organization, 2007). In this way, limitations in hand function among children with
unilateral CP impact on a number of components of function and daily life.

In this thesis, different aspects of hand function have been studied. Some relate to body function
(grip strength and quality of movements) and others to activity and participation (use of the
affected hand). Even though environmental factors are known to influence performance, no
further investigation of this construct has been conducted in the thesis, but it needs to be taken
into consideration when interpreting the results of the studies.
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1.2 CEREBRAL PALSY

Cerebral palsy is caused by a lesion in the developing brain. It is the most common cause of
physical impairments in children in the western world (Mcintyre et al., 2011). In Sweden, the
prevalence is reported to be approximately 2/1,000 live births ("CPUP Annual Report 2014 ",
2014; Himmelmann et al., 2010; Himmelmann & Uvebrant, 2014).

1.2.1 Definition

The definition of CP, used today, was constructed in a consensus discussion at the International
Workshop on Definition and Classification of Cerebral Palsy in July 2004 (Rosenbaum et al.,
2007):

“Cerebral palsy (CP) describes a group of permanent disorders of the
development of movement and posture, causing activity limitation, that are
attributed to nonprogressive disturbances that occurred in the developing fetal
or infant brain. The motor disorders of cerebral palsy are often accompanied by
disturbances of sensation, perception, cognition, communication, and

behaviour, by epilepsy, and by secondary musculoskeletal problems.” (from
Rosenbaum et al. (2007))

Cerebral palsy is described as causing activity limitation, affecting the person’s everyday life.
Furthermore, the definition describes that, in addition to the motor problems, other functions
are also often affected. CP is commonly not diagnosed until a later age (Mclintyre et al., 2011,
Novak, 2014; Smithers-Sheedy et al., 2014). However, signs usually present during the first
months of a child’s life (Chen et al., 2013; Cioni et al., 2000; Guzzetta et al., 2003; Guzzetta et
al., 2010).

1.2.2 Aetiology

A large number of risk factors for the clinical diagnosis of CP have been reported. Maternal
factors, such as infection during pregnancy or a diagnosis of epilepsy or intellectual disability,
have been found to increase the risk of CP in the child. Also, twin births and some genetic
disorders are reported to result in an increased risk of CP (Bax et al., 2006; Himmelmann, et
al., 2011; O'Callaghan et al., 2011). Other risk factors related to the child have been identified.
Preterm birth is one of these. A younger gestational age is related to increasing prevalence of
CP (Bax et al., 2006; Himpens et al., 2008; Mclntyre et al., 2013; O'Callaghan et al., 2011).
For children born before week 28, the prevalence is 56-74/1,000 compared to 2-2.5/1,000 in
the total population (Himmelmann et al., 2010; Himmelmann & Uvebrant, 2014; Mclintyre et
al., 2013). Also, infection in the new-born child, intrapartum hypoxic event, low birth weight
and neonatal stroke have been reported to increase the risk of a CP diagnosis (Bax et al., 2006;
Dahlseng et al., 2013; Himmelmann et al., 2011; Mclintyre et al., 2013; O'Callaghan et al.,
2011; Wu et al., 2006a). Even though these individual factors have been identified, an increased
risk of developing CP is assumed to be the combination of multiple factors.
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1.2.3 Brain lesion characteristics

As mentioned earlier, CP is caused by a lesion in the immature brain. Specific structures of the
brain are more sensitive to insults during certain periods of maturation. Injuries occurring early
in pregnancy, during the first and second trimester, often result in maldevelopment.
Approximately 15% of children with unilateral spastic CP present with maldevelopment
(Krageloh-Mann & Cans, 2009). In the late second and early third trimester, the white matter
are reported to be more vulnerable to lesions. In unilateral spastic CP, periventricular white
matter injury is reported to be the underlying lesion in 12—45% of the children (Bax et al., 2006;
Himmelmann et al., 2010; Krageloh-Mann & Cans, 2009; Wu et al., 2006b). Cortical and
subcortical grey matter structures are more sensitive to lesions occurring late in the pregnancy,
around the time of birth. Grey matter lesions are reported to be the underlying cause in 31-42%
of the cases of unilateral CP (Bax et al., 2006; Himmelmann et al., 2010; Krageloh-Mann &
Cans, 2009; O'Shea, 2008). Abnormal neuroimaging findings has been reported in ~85% of the
children with CP when using conventional structural magnetic resonance imaging (MRI) as the
evaluation method. As a result, in ~15% of children with CP the underlying lesion is classified
as normal or unspecified (Bax et al., 2006; Krageloh-Mann & Cans, 2009; Krageloh-Mann &
Horber, 2007).

1.2.4 Classification

Cerebral palsy is broadly categorized into three subtypes, based on the main motor symptom;
spastic, dyskinetic and ataxic CP (Bax et al., 2006; Cans et al., 2007; Surveillance of Cerebral
Palsy in Europe (SCPE), 2000). Spastic CP is the most common subtype, affecting 70-80% of
the CP population. It can be either bilateral or unilateral. Dyskinetic CP and ataxic CP are less
common, occurring in approximately 15% and 5% respectively of the total population with CP
(Himmelmann et al., 2010; Himmelmann & Uvebrant, 2014; Jones et al., 2007).

The motor function in children with CP is commonly described using the Gross Motor Function
Classification System (GMFCS) (Palisano et al., 1997; Palisano et al., 2006; Palisano et al.,
2008) and the Manual Ability Classification System (MACS) (Eliasson et al., 2006a; Ohrvall,
et al., 2014). GMFCS describes the gross motor function of children with CP on a five-level
scale. Children at level I walk without restriction, whereas children at level V have severely
limited self-mobility even with the use of assistive technology (Palisano et al., 1997; Palisano
etal., 2008).

MACS describes how children with CP handle objects in everyday life, relating to the child’s
typical performance (Eliasson et al., 2006a). It consists of five levels of ability, where level |
indicates independence in handling objects in everyday life with only minor difficulty, whereas
children at level V need assistance in handling all objects in everyday activities (Table 1)
(Eliasson et al., 2006a). MACS is valid for use in children of 4-18 years of age with cerebral
palsy. It has been found to be stable over time in this age range (Ohrvall et al., 2014).
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Table 1. Description of each of the five levels of Manual Ability Classification System
(MACS).

MACS level Description*

I Handles objects easily and successfully

I Handles most objects but with somewhat reduced quality and/or
speed of achievement

1 Handles objects with difficulty; needs help to prepare and/or
modify activities

v Handles a limited selection of easily managed objects in adapted
situations
\ Does not handle objects and has severely limited ability to

perform even simple actions
* Adjusted from the original description of the five levels on MACS (Eliasson et al., 2006a),
collected from www.macs.nu

1.3 UNILATERAL SPASTIC CP

In this thesis, the focus is on studying hand function in unilateral spastic CP. Unilateral spastic
CP accounts for approximately 30% of the whole population of CP (Arner et al., 2008; Hagberg
et al., 2001; Himmelmann et al., 2010; Krageloh-Mann & Cans, 2009). Unilateral CP is, as
mentioned, characterized by motor impairment of one side of the body. Children with unilateral
spastic CP mostly present with a gross and fine motor function corresponding to levels I-111 on
GMFCS and MACS (Arner et al., 2008; Himmelmann et al., 2006). There is a small
predominance of right-side involvement (53%) and a small difference in gender distribution,
where CP is somewhat more common in boys (~60%) (Himmelmann et al., 2006;
Himmelmann & Uvebrant, 2014; Jarvis et al., 2005; O'Callaghan et al., 2011). The motor
problems in unilateral CP are in varying degrees accompanied by additional impairments, such
as epilepsy (~25%), attention deficits and intellectual disability (20-30%) (Bottcher et al., 2010;
Forsman & Eliasson, 2015; Himmelmann et al., 2006; Novak et al., 2012). Children with
unilateral CP present, in varying degrees, also with other additional problems such as
communication problems (20-30%), visual impairment (5-31%), hearing impairments (10—
40%), pain (50-75%), sleeping disturbances (20%—-40%) and nutritional problems (up to 30%)
(Bax et al., 2006; Newman et al., 2006; Novak et al., 2012; Pruitt & Tsai, 2009). All the above-
mentioned additional difficulties are assumed to affect hand function and performance.
However, the main focus in this thesis is to evaluate aspects of affected hand use in everyday
activities.

1.3.1 Cortical control of voluntary movements

When investigating hand function in children with a brain lesion, it is important to know how
the cortical control of voluntary movements typically occurs. The system responsible for motor
function has its primary location in the primary motor area (M1) placed anterior to the central
sulcus. However, other regions are also important for a well-functioning motor system. These
include the premotor areas, basal ganglia, thalamus, midbrain, cerebellum and the spinal cord.
The corticospinal tract, described in more detail in the chapter below, connects the components

5
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of the motor system. Movement commands are initiated in the motor cortex (M1 and premotor
areas) and projects by electrical signals through the corticospinal tract to the ventral horn in the
spinal cord. The motor system works in close relation with the sensory system. The primary
somatosensory area (S1) is located posterior to the central sulcus. Also, the thalamus, one of
the central nuclei, is important in the sensorimotor control of movements. The thalamus serves
as a relay station, regulating which inputs from the sensory system to proceed to the cerebral
cortex. The basal ganglia and cerebellum are important for movement quality, enhancing
smooth and well-timed hand and finger movements (Kandel et al., 2000; Martin, 2005;
Prodoehl et al., 2009).

1.3.2 Corticomotor re-organization

The cortical control of hand and arm movements occurs through electrical signals sent in the
corticospinal fibres. The typical pattern of cortical control is through contralateral projections
of the corticospinal fibres, i.e. the right hemisphere controls the left hand and vice versa (Eyre
etal., 2001; Martin, 2005). There are however, a small number of fibres that project uncrossed,
i.e. ipsilateral projections, the right hemisphere has connection to the right hand. The
corticospinal fibres develop rapidly during pregnancy and the first two years of life. Migration
of the corticospinal axons from the cortex to the grey matter in the spinal cord is reported to
occur before week 24 of gestation. Dendritic growth accelerates in the third trimester of
pregnancy and remains active during the first year of life. From term until age 1-2 years, a
rapid myelination of the corticospinal axons occurs (de Graaf-Peters & Hadders-Algra, 2006;
Eyre, 2003; Martin, 2005). In infants, enlarged bilateral projections are seen, from each
hemisphere (Eyre, 2007; Martin, 2005). However, the ipsilateral projections withdraw during
the first two years, so that a primarily contralateral projection pattern is established. This
process seems to be activity-dependent (de Graaf-Peters & Hadders-Algra, 2006; Eyre, 2007;
Eyre et al., 2001; Martin et al., 2004; Martin et al., 2007).

In lesions in the developing brain, remaining ipsilateral projections may persist to a larger
extent (Figure 1) (Carr, 1996; Eyre, 2007; Eyre et al., 2007). This has, however, only been
found to be the case in unilateral lesions (Eyre et al., 2007). The re-organization has been
suggested to relate to different characteristics of the brain lesion (Holmstrom et al., 2010;
Staudt et al., 2004; Staudt et al., 2002). The few studies conducted suggest that lesion size as
well as location have an influence. For example, smaller lesions were found to relate more
often to a typical pattern of organization, i.e. contralateral projections (Figure 1), whereas larger
lesions and those involving the subcortical grey matter were reported to be more related to
ipsilateral projections. The timing of the lesion seems to have a smaller influence, since
ipsilateral projections has been found over different lesion types (Holmstrom et al., 2010;
Staudt et al., 2004; Staudt et al., 2002). The relation between brain lesion and re-organization
of the corticomotor projections needs further investigation.
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Contralateral Mixed Ipsilateral
projection projection projection

Figure 1. Schematic drawing of the organization of corticomotor projections in
relation to brain lesion. On the left, the typical pattern i.e. contralateral projection is
seen. In some brain lesions affecting the motor system, the ipsilateral projections from
the “healthy” hemisphere remain to a larger extent in addition to the typical
contralateral projections, a mixed projection pattern. Large lesions often result in a
complete loss of motor control from the damaged hemisphere. In those cases, the
ipsilateral projections from the healthy hemisphere take over the control of the
affected hand, an ipsilateral pattern.

1.4 HAND FUNCTION IN CHILDREN WITH UNILATERAL CP

Children with unilateral spastic CP have varying ability to use their affected hand due to the
motor impairment on one side of their body. The ability varies from good ability, only showing
some clumsiness in high precision tasks, to not using the arm and hand at all. Common features
of impaired hand function are muscle weakness (Duque et al., 2003; Klingels et al., 2012;
Mackenzie et al., 2009; Smits-Engelsman et al., 2004; Vaz et al., 2006), decreased range of
motion (ROM) and increased muscle tone (Arner et al., 2008; Klingels et al., 2012; Vaz et al.,
2006).

Children with unilateral CP have one well-functioning and one more affected hand. In tasks
that require the use of both hands, most children with unilateral CP initiate their more affected
hand but often in a less effective way (Krumlinde-Sundholm et al., 2007; Skold et al., 2007).
Difficulties in grasping and regulating the grip force in the affected hand are common among
children with unilateral CP (Dellatolas et al., 2005; Forssberg et al., 1999; Islam et al., 2011,
Mackenzie et al., 2009). Children with unilateral CP present with a sequential rather than a
smooth force regulation found in typically developing children (Eliasson et al., 1995; Forssberg
etal., 1991; Forssberg et al., 1999; Forssberg et al., 1992). They also use a larger safety margin
in applied grip force than typically developing children (Eliasson, 2006). This means that a
greater grip force is applied, increasing the risk of breaking fragile objects. Fine motor speed
and dexterity is often also affected (Duque et al., 2003; Sakzewski et al., 2010). Children with
unilateral CP present to a varying degree with decreased quality of upper limb movements on

7
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the affected side. This influences their performance in, for example, reaching for, grasping and
releasing objects (Hadders-Algra, 2013; Klingels et al., 2012; Law et al., 2008; Mackey et al.,
2014; Sakzewski et al., 2010). The quality of movements has been found to relate to level of
manual ability, where children with a high level of manual ability (MACS I) had a better quality
of movements (Mackey et al., 2014).

1.4.1 Influence of lesion characteristics and corticomotor re-organization

The pattern of corticomotor projections as well as the timing, size and location of the
underlying brain lesion have been shown to relate to the severity of hand motor impairments.
Primarily ipsilateral projections are reported to relate to poorer function and less use of the
affected hand (Eyre et al., 2007; Holmstrom et al., 2010; Staudt et al., 2002; Thickbroom et al.,
2001; van der Aa et al., 2013). The ipsilateral projection pattern is also suggested to relate to
poorer response to intensive training (Kuhnke et al., 2008). Regarding the influence of brain
lesion characteristics, children with periventricular white matter lesions have been found to
have less impact on their hand function than children with cortical/subcortical lesions (Feys et
al., 2010; Holmstrom et al., 2010; Mackey et al., 2014; Staudt et al., 2000). It is reported that
smaller lesions relate to a more favourable hand function than those of larger extent
(Holmstrom et al., 2010; Staudt et al., 2000). The lesion type has also been found to predict
different developmental patterns of hand use in children with unilateral CP. A more favourable
development was found among children with primary white matter damage compared to a
cortical grey matter lesion. The extent of volume reduction of basal ganglia and thalamus was
also related to different patterns of development of hand function (Holmefur et al., 2013).

1.4.2 Development during childhood and adolescence

Just as in typically developing children, children with unilateral CP are expected to learn new
skills due to development and maturation. Some studies have investigated the development of
hand function in a long-term perspective among children with unilateral CP (Eliasson et al.,
2006b; Fedrizzi et al., 2003; Hanna et al., 2003; Holmefur et al., 2010; Pagliano et al., 2001).
The majority of studies report improved function with age, at least for some aspects of hand
function. However, the studies have used different methods and measures to describe hand
function development, which makes conclusions difficult.

Previous investigations of the development of hand function during childhood showed a rapid
increase in function during the first years of life with a decreasing rate with age (Hanna et al.,
2003; Holmefur et al., 2010). However, differences in development pattern were found, based
on the severity of the children’s hand function (Hanna et al., 2003; Holmefur et al., 2010). In
Holmefur et al. (2010), the use of the affected hand was followed over time in children aged 1-
8 years with unilateral CP, using the Assisting Hand Assessment (AHA). The effect of severity
on development was investigated by grouping the children according to their MACS level (I-
I11) and 18-months AHA measure. The children were divided into two groups based on their
AHA-score at 18 months, high — “children who mostly use a grip for holding objects” and low
— “children who mostly do not hold objects with their affected hand” (Holmefur et al., 2010).
Distinct differences in development patterns were found between the two groups. Children with
better ability showed a more rapid increase to a higher level. This was also found when children
were grouped by their MACS level (Holmefur et al., 2010). Differences in development pattern
based on severity of hand function were also investigated in Hanna et al. (2003). They used the
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Peabody Developmental Motor Scales and the Quality of Upper Extremity Skills Test
(QUEST) to explore the development of general hand function and quality of movements of
the upper extremity in children with CP from 16 months to 5 years of age. They found a more
favourable development in children with a milder impairment. Among children with more
severe impairment, a so called ‘peak and decline’ pattern was found when using QUEST as the
evaluation measure (Hanna et al., 2003). A peak and decline pattern means that the child’s
function first increased but, after reaching a maximum, started to decrease. This pattern was
not observed for general hand function evaluated with the Peabody Developmental Motor
Scales, indicating that a possible worsening in function at an older age might relate to which
aspect of hand function is investigated. Studies using other evaluation measures have not
reported a decline in function at an older age (Eliasson et al., 2006a; Fedrizzi et al., 2003;
Holmefur et al., 2010; Pagliano et al., 2001). However, mainly children in preschool and early
school age have been investigated.

Three studies have included children of older age (Eliasson et al., 2006b; Fedrizzi et al., 2003;
Pagliano et al., 2001). In two of the studies, some individual improvement was reported from
before 4 years to after 11 years of age. However, at a group level both hand grip and
spontaneous use of the affected hand was shown to be unchanged (Fedrizzi et al., 2003;
Pagliano et al., 2001). The most recent study of development in adolescence explored the
change in fine motor speed and dexterity as well as precision grip control from age 6-8 years
to 19-21 years. Improved function for both parameters was found (Eliasson et al., 2006b).
However, when in the age range this improvement occurred is unclear. The different results
imply a need to investigate the development of hand function further. In studies | and IV of this
thesis, development during childhood and adolescence (age 1-21 years) has been investigated
for different aspects of hand function.

1.5 INTERVENTION FOR IMPROVING HAND FUNCTION

Several different approaches to improve hand function in children with unilateral CP are
reported to be used in clinical work. They aim at improving different aspects of hand function
with the common goal of enabling a greater independence in activities of importance for the
child and the family. The intervention which this thesis focus on is constraint-induced
movement therapy (CIMT).

CIMT is an intensive hand motor training for individuals with a unilateral impairment of the
upper extremities. The key elements of CIMT are 1) intensive structured training, and 2)
restraint of the less-affected hand (Eliasson et al., 2014a; Taub et al., 1994). CIMT was
developed from the phenomenon of ‘learned non-use’, which is defined as a “lack of use of the
involved limb ... as a result of initial unsuccessful attempts to use it” (Taube 1980, in Charles
and Gordon (2005)). The original model of CIMT developed for adults with stroke has been
adjusted to better fit children. A wide variety of models for the paediatric population have been
reported (Eliasson et al., 2014a). The adaptations regard both the type of restraint, the extent of
training and the training characteristics.

Different models of CIMT conducted in various contexts have been reported. The different
models can be categorized as “short-length, high duration or long-length, low-duration”. In
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short-length models, CIMT is administered over a period of 2-4 weeks, whereas in long-
length models the period of training ranges from 5 to 10 weeks. Both models include a wide
variety of therapy dosage (8-126 hours) (Sakzewski et al., 2014). The optimal dosage has
been discussed, but no conclusion have been reported. Training has mostly been conducted
in hospital or clinical settings, but also in the child’s home, at school or in community leisure
environments. After education and supervision, parents have been reported to be effective
providers of CIMT. Individualized therapy or CIMT provided in groups of children has been
presented. In most studies investigating the effect of CIMT, a removable restraint, such as a
glove, mitt, sling or splint has been used (Eliasson et al., 2014a; Sakzewski et al., 2014). These
types of restraints have predominantly been worn only during training. Some studies have used
non-removable casting, increasing the unstructured training of the affected hand.

Regardless of the modifications made, CIMT has been shown to be effective in improving hand
function in children with unilateral CP of different ages (Chen et al., 2014; Eliasson et al.,
2014a; Gordon et al., 2006; Hoare et al., 2007; Novak et al., 2013; Sakzewski et al., 2014). The
gains in function seen after CIMT have been found to transfer to improvements in bimanual
performance, measured with the AHA, and to effects in everyday life activities. Despite being
shown to be effective on a group level, individual variation in training response to CIMT is
probable, indicated by the large standard deviations reported in the majority of studies. The
usual time of follow up after CIMT is 6 months, where most studies report on sustained effect
(Case-Smith et al., 2012; Eliasson et al., 2014a; Lin et al., 2011; Sakzewski et al., 2011b).
Some studies have increased the time of follow up to 12 months after intervention (Charles &
Gordon, 2007; Sakzewski et al., 2011a; Taub et al., 2011). In two of them, a sustained effect
was seen (Charles & Gordon, 2007; Sakzewski et al., 2011a). Investigating the effect over even
longer follow-up periods is of interest, but holds some limitations (Eliasson et al., 2014a). In
study | of the thesis, hand function was investigated 6 years after a CIMT-program for
adolescents with unilateral CP.

1.5.1 Training response to Constraint-Induced Movement Therapy

Several factors have been investigated with the purpose of evaluating which children benefit
the best from CIMT (Chen et al., 2014; Eliasson et al., 2014a; Gordon et al., 2006; Kuhnke et
al., 2008; Sakzewski et al., 2011c). Potential predictors of outcome after CIMT have been
suggested to be age at training, sex, affected hand, baseline upper-extremity motor capacity
and characteristics of the underlying brain lesion. However, it has not been possible to draw
any conclusions based on the rather small number of studies directly investigating the question
of best responders to CIMT. One study investigated the relation between training response to
CIMT and characteristics of the underlying brain lesion and the type of corticomotor
organization (Kuhnke et al., 2008). They found that individuals with cortical/subcortical lesions
and a typical contralateral corticomotor projection pattern responded better to the training than
did individuals with periventricular white matter lesions and an ipsilateral projection pattern.
Individuals with the latter lesion characteristics even showed a slower performance after the
training (Kuhnke et al., 2008). Based on this, one can speculate on whether CIMT is an optimal
intervention for children with a re-organized corticomotor pattern i.e. ipsilateral projections. It
would be of great clinical importance to clarify the training response in relation to type of
corticomotor projection. In the thesis, this was addressed in study II.
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1.5.2 Constraint-Induced Movement Therapy in infants

For infants at risk of developing unilateral CP, there are only a few interventions for improving
hand function, and their effect is unclear (Blauw-Hospers et al., 2007; Spittle et al., 2012).
CIMT as an intervention for infants has only been investigated in some case studies (Coker et
al., 2009; Cope et al., 2008; Lowes et al., 2014). Due to the lack of assessments sensitive to
measuring change in hand function after intervention in such young children (Krumlinde-
Sundholm et al., 2015), the evaluation of the effect is difficult. Friel et al. (2012) administered
a CIMT-like intervention in kittens of different ages with the intention of testing the hypothesis
of better effect of early onset of training than training at older age. Only the group which had
early CIMT showed improved motor function, even though restoration of the motor system
was found in all kittens (Friel et al., 2012; Friel et al, 2014; Martin et al., 2011). From the
rationale of increased possibilities of plastic changes in the young brain, a modified version of
CIMT (baby-CIMT), adjusted to the young age of the children, was developed some years ago
(Eliasson et al., 2014b). In study 11 of the thesis, the possible effect of baby-CIMT in the first
year of life on hand function at two years of age was investigated.
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2. AIM

The overall purpose of this thesis was to describe the development of hand function in
children with unilateral spastic cerebral palsy and to investigate its relation to brain lesion and
treatment. This has been explored in four studies with the following specific aims.

Study |
The aim was to investigate the hand function in adolescents and young adults with unilateral
CP across a 6-year time frame.

Study 11

The aim was to explore individual variation in outcome of hand function after constraint-
induced movement therapy (CIMT) in relation to the organization of corticomotor projection
and brain lesion characteristics in participants with unilateral CP.

Study 111
The aim was to explore the impact of a baby-CIMT programme on children’s hand function
at two years of age.

Study IV

The aim was to describe the development of hand function, particularly the use of the
affected hand in bimanual tasks, among children with unilateral CP age 18 months to 12
years.

12



METHOD

3. METHOD

3.1 STUDY OUTLINE

Included in this thesis are studies conducted with a number of different designs depending on
the aim of the study. In all the studies, children’s hand function was assessed. The Assisting
Hand Assessment (AHA) was used in all the studies. It measures how effectively children with
unilateral impairment use their affected hand in bimanual tasks. More information on AHA
and the other measurements of hand function is found in Chapter 3.5.1. A summary of the
methods of each study is given in Table 1.

Table 1. Overview of the method in each of the studies included in the thesis

Study Design Participants Measurements  Statistical analysis
I Descriptive n=11 Hand function - Friedman
median age 18y Imo  AHA ANOVA
(range 15y 5mo — 21y JTHFT - Wilcoxon
7mo), MUUL matched-pairs
MACS | (n=1), Grippit signed-rank test
MACS II (n=10) dynamometer
I Descriptive n=16, Hand function - Wilcoxon
mean age 13y (range  AHA matched-pairs
10-16y), JTHFT signed-rank test
MACS | (n=1), MUUL - Mann-Whitney U
MACS Il (n=15) Neuroimaging test
MRI - Spearman’s rho
Neurophysiology
TMS
11 Retrospective  n=72, Hand function - Mann-Whitney U
explorative mean age 21mo AHA test
(range 18-27mo) Neuroimaging - Pearson’s Chi?-test
MRI - Binary logistic
31 children had CT regression
participated in a
baby-CIMT
programme
v Prospective n=96, Hand function - Non-linear mixed
longitudinal median age 24moat  AHA effects model

inclusion (followed
between 18mo-12y)

MACS | (n=28)
MACS Il (n=45)
MACS 11l (n=16)

AHA = Assisting Hand Assessment, CIMT = Constraint-Induced Movement Therapy, CT =
Computer Tomography, JTHFT = Jebsen-Taylor Hand Function Test, MACS = Manual Ability
Classification System, MRI = Magnetic Resonance Imaging, MUUL = Melbourne assessment of
Unilateral Upper Limb function, TMS = Transcranial Magnetic Stimulation
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3.2 PARTICIPANTS

Children and adolescents with spastic unilateral CP were included in the studies. Some
participants have been included in more than one of the studies (Table 2). The children
investigated ranged in age from 1 to 21 years, covering a large part of the participants’
childhood and adolescence. The age range of children in each study is presented in Table 1,
above.

Table 2. Distribution of participants over the four studies

Study | Study Il Study Il Study IV
Study I (n=11) 11
Study Il (n=16) 10 16
Study 111 (n=72) 0 1 72
Study IV (n=96) 4 6 53 96

3.2.1 Study |

The study included adolescents from a CIMT day camp in 2005. Out of the 16 participants at
the day camp, 11 adolescents agreed to participate in a follow-up assessment of their hand
function six years after the camp. No inclusion criteria other than willingness to participate in
the follow up were defined. The participants were at a median age of 18 years and 1 month
(range 15y 5mo — 21y 7mo) at the time of the 6 year assessment. Four were female; the left
hand was affected in three of the participants and three of them had decreased sensation of the
affected hand. All but one were classified as MACS level Il, representing a moderate hand
function. The final participant was classified as MACS level I.

3.2.2 Study i

Participants from two CIMT day camps, one in 2005 (n=10) and one in 2011 (n=6) were
included in the study. The study included 16 children, of whom eight were female and nine had
right-side involvement. The mean age at training was 13 years (SD 2y, range 10-16y). Fifteen
children were classified as MACS level Il and one as MACS level 1. Ten children out of the
total 26 from the two day camps did not take part in the study due to declined participation
(n=6), epilepsy (n=2) and personal reason (n=2). Three of the participants included did not
participate in the TMS investigation, and for two participants MRI data were missing.

3.2.3 Study Il

A convenience sample of 72 children was included in the study based on the following criteria;
1) an AHA already conducted at approximately age 2 years, 2) information regarding
participation or not in a CIMT-program in the first year of life (baby-CIMT), and 3) a diagnosis
of unilateral CP. The children had been assessed with AHA at an average age of 21 months
(range 18-27mo). Thirty-one of the children had participated in a baby-CIMT programme and
41 had not. Thirty-four children were females and 27 had a left-side involvement. The average
gestational age of the children was week 37 (range week 25-43). For 50 of the children,
information from neuroimaging was available.
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3.2.4 Study IV

The study included a convenience sample of 96 children. Inclusion criteria were: a diagnosis
of spastic unilateral CP, age 10 or younger at recruitment and willingness to participate in at
least three data collection points during a minimum of 12 months. The children were recruited
at an age of 17-127 months (median 24mo). The majority of the children were recruited from
the Stockholm habilitation services. Twenty-seven of the children were born preterm (before
week 37). Forty-three were females and 60 had a right-side involvement. The children varied
in ability level; 28 children were classified as MACS level I, 45 as level Il and 16 as level IlI.
A majority of the children had received CIMT and/or medical treatment with botulinum toxin
injections or surgery of the upper limb as part of regular services.

3.3 DATA COLLECTION

Data were collected using different methods and instruments. The hand function was
investigated from different perspectives covering the use of the affected hand in bimanual tasks
(AHA), fine motor speed and dexterity (JTHFT), movement quality of the upper limb (MUUL)
and grip strength (Grippit). Brain lesion characteristics were investigated in two ways, using
neuroimaging (MRI or CT) and neurophysiological investigation (TMS). Some instruments
have been used in more than one study (Table 3). A more detailed description of the
measurements is presented in Chapter 3.5.

Table 3. Overview of the measurements used in the studies of the thesis

Measurements Study | Study | Study | Study
I I Il v

Assisting Hand Assessment (AHA) X X X X

Jebsen-Taylor Hand Function Test (JTHFT) X X

Melbourne assessment of Unilateral Upper Limb X X

function (MUUL)

Grippit dynamometer X

Magnetic resonance imaging (MRI) X X

Computer tomography (CT) X

Transcranial Magnetic Stimulation (TMS) X

3.3.1 Study |

Four aspects of hand function were evaluated for the participants in study I. The fine motor
speed and dexterity (JTFHT), use of the affected hand in bimanual task (AHA), movement
quality of the upper limb (MUUL) and grip strength (Grippit dynamometer) was measured for
all participants. All assessments were administered and analysed by an occupational therapist
not involved in the day camp. The adolescents were assessed three times in 2005 and one time
in 2011. The same measurements (JTHFT, AHA, MUUL and Grippit dynamometer) were
administered on every test occasion.
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3.3.2 Study i

Hand function of the participants in study Il was assessed twice, prior to and after the day camp,
using JTHFT, AHA and MUUL. An occupational therapist not involved in the day camp and
unaware of the participant’s individual goals with the training conducted the assessments. In
addition to the hand function measurements, 12 of the children were investigated with
transcranial magnetic stimulation (TMS, Chapter 3.5.2). The aim of the TMS-investigation was
to determine the corticomotor projection pattern of the participants. Prior to the investigation,
the participants were screened for eligibility, with children diagnosed with epilepsy or those
who had any metal implants (including braces) being excluded from the TMS investigation.
Structural magnetic resonance imaging (MRI, Chapter 3.5.2) was also collected for participants
eligible for the investigation. For participants with no prior MRI or an MRI before age 6 years,
new neuroimaging was conducted at the MR-centre at Karolinska University Hospital by
researchers involved in the study. The TMS and new MRI-investigations were administered
after the day camps had ended.

3.3.3 Study Il

In this study, earlier administered AHA-assessments at before 28 months of age were collected
and compiled. Children were screened for participation in a baby-CIMT programme or not.
Data for the no baby-CIMT group were mainly taken from other projects conducted before
baby-CIMT was introduced as an early intervention programme in the Stockholm region.
Children in the baby-CIMT group were recruited to the intervention from a follow-up
programme after preterm birth or neonatal stroke or from the Karolinska University Hospital,
due to asymmetric hand function. Their AHA-assessment at 18 months was administered as
part of ongoing projects. Information on the child’s brain lesion was collected from earlier
administered MRI or CT-scans, conducted as part of clinical work. For statistical purposes, the
children were grouped according to their AHA measure at 18 months, into four clinically
relevant functional levels (Chapter 3.5.1)

3.3.4 Study IV

The AHA was also used in study I1V. Children were assessed with the AHA at regular intervals
in the age 18 months to 12 years, according to a standardized protocol (see article V). Some
individual variation in the interval of data collection was seen. The AHA was conducted by
researchers linked to the study or by occupational therapists at the child’s local habilitation
centre. The AHA was analysed by experienced AHA raters. For statistical purposes the children
were grouped according to their MACS level as well as their AHA level at 18 months, using
the four functional levels defined in study 111 (Chapter 3.5.1).

3.4 INTERVENTION

3.4.1 Constraint-Induced Movement Therapy (CIMT)

CIMT is, as described in the background, an intensive hand training where the affected hand is
engaged in intense practice while the less-affected hand is restrained. In this thesis, two types
of CIMT have been used, CIMT day camp (studies I and Il) and baby-CIMT (study I1I).
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The CIMT day camp lasted for two weeks where participants were involved in intensive
practice of the affected hand for 7 hours/day for a total of 63 hours (Eliasson et al., 2009). The
less-affected hand was restrained by a stiff glove during the training. The children were
involved with leisure activities and an important aspect of the camp was that it should be
enjoyable for the participants. Before the camp the child had formulated individual goals for
which the training was adjusted. The camp leaders were physiotherapists and occupational
therapists working at the Stockholm habilitation services and volunteers with experience from
a CIMT day camp. For participation in the day camp, children had to have the ability to lift a
500 gram bottle with the affected hand and had to be motivated for the intense practice.

The baby-CIMT consisted of intense practice of the affected hand for 30 minutes per day, 6
days a week, in two six weeks periods with six weeks in between, in total 36 hours (Eliasson
et al., 2014b). The child’s less-affected hand was restrained with a soft restraint (a sock or
regular glove) during the training. Parents of the children conducted the training at home with
weekly guidance from an occupational therapist. The training was built upon the child’s
individual needs and goals and could, for example, include play stimulating supination of the
forearm. As with the training at the day camp, the practice in baby-CIMT should be enjoyable
for the child. Children were offered to participate in baby-CIMT on the criteria: a clear
asymmetric hand function and that the family was prepared to undergo the intense training.

3.4.2 Usual care in the hospital and at local habilitation services

All children in studies I, 11l and 1V received care from the hospital and local habilitation
services as part of clinical practice during the study period. According to the regional healthcare
programme for children and young people with cerebral palsy (Stockholms Léns Landsting,
2014) interventions are multi-professional. This programme works as guidelines on when in a
life time perspective different interventions should be offered. Interventions focused on motor
function are described in four topics: 1) medical treatment, 2) surgery, 3) training where the
child is an active participant and 4) adjustments of the environment. The focus of treatment
varies with the child’s age. The common focus of care in the first year of life is on following
the development of motor function and early detection of any atypical pattern or delay in motor
functions. As the child grows, the need of orthosis, medical treatment, specialized motor
interventions as well as assistive devices and/or adjustments in the environment is monitored.
The frequency of specialized interventions varies considerably. A minority of children undergo
surgery of the hand and arm, usually after the age of 10 years (Stockholms Lans Landsting,
2014). The most common form of care from hospital and local habilitation services is
counselling from the professions included in the child’s care (occupational therapists,
physiotherapist, speech and language therapists etc.). It is usually offered throughout the child’s
life with a frequency commonly of 1-2 times/month.

Since this thesis includes children born 1990-2011 and some children live outside Stockholm
County, the interventions included in the usual care from hospital and local habilitation services
may differ from those described above. However, all children are assumed, to a varying degree,
to have received counselling and been followed up by occupational therapists or
physiotherapists.
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3.5 MEASUREMENTS

Both clinical assessments of hand function, neuroimaging and neurophysiological measures
have been used in the studies, to various extents (Table 3).

3.5.1 Clinical measurements of hand function

The clinical assessments investigated four different aspects of hand function; use of the
affected hand in bimanual tasks (AHA), fine motor speed and dexterity (JTFHT), quality of
upper limb movements (MUUL) and grip strength (Grippit).

3.5.1.1 The Assisting Hand Assessment (AHA)

The AHA has been used in all four studies. It was developed with the aim of investigating how
effectively the affected hand is used in bimanual activities in individuals with a unilateral
impairment (Holmefur et al., 2009; Holmefur et al., 2007; Krumlinde-Sundholm, 2012;
Krumlinde-Sundholm et al., 2007). The children’s AHA is conducted in two different ways
depending on the child’s age. Children aged 18 months-5 years play freely with pre-selected
toys presented by the examiner in a standardized manner. Older children (6-12 years) play a
board game including the same toys in another context suitable for the children’s age. A version
for adolescents and young adults with unilateral CP is under construction, but a research
version of the AHA for this age group is available and has been used in studies | and Il. The
research version consists of the task of unwrapping and wrapping a gift. The adolescent is asked
to do as he/she usually does when wrapping gifts at home. The adolescent is encouraged to
perform the task to its end. The play, board game and gift wrapping is videotaped for later
scoring of 22 items on a four point scale. Children’s performance was in this thesis scored
according to AHA 4.4. A score of 1 generally means “does not do”, i.e. does not use the affected
hand, and 4 means “effective”, i.c. the affected hand is used well in bimanual tasks. The total
raw score is converted by means of a Rasch-analysis to interval scale AHA-units (0-100) where
a higher score indicates a better use of the affected hand in bimanual tasks. The smallest
detectable difference (SDD) has been calculated to 5 AHA units (Holmefur et al., 2009;
Krumlinde-Sundholm, 2012).

For statistical purpose in studies Il and 1V, the AHA-score at 18 months was used to group
children into four clinically relevant functional levels (AHA levels). The cut-off values were
determined in a consensus discussion by an expert group consisting of experienced
occupational therapists and AHA raters. Findings from an earlier study on the development of
hand function (Holmefur et al., 2010) guided the cut-off between moderate and low functional
levels. The cut-off differentiates between children who actively use grasp and those who do
not. The other cut-off values were decided based on clinically meaningful difference in
performance on AHA. The performance for children at each functional level is described
below.

e High functional level (63—100 AHA units): These children used both hands together in
play, spontaneously holding objects in the affected hand with a stable or nearly stable

grasp.
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e Moderate functional level (39-62 AHA units): These children often but not always
used the affected hand spontaneously. They grasped toys only from the well-
functioning hand. The grasp was unstable and a number of objects slipped.

e Low functional level (21-38 AHA units): These children commonly used one hand
only and needed help to perform bimanual play. They held only a few objects in the
affected hand, objects that they had placed there.

e Very low functional level (0—20 AHA units): These children consistently used one
hand only and needed help to perform bimanual play. At best, they could only hold
objects in the affected hand that were placed there by someone else, not initiating
purposeful movements with the affected hand.

3.5.1.2 Jebsen-Taylor Hand Function Test (JTHFT)

The JTHFT examines the speed and dexterity in seven quantitative time-based fine motor tasks
(Taylor et al., 1973). One of the tasks, the writing task, was excluded when JTHFT was used
in this thesis. The participant sits at a table and is instructed to perform the task at hand as
rapidly and as accurately as possible. Two trials of each task were recorded. If the participant
was not able to finish the task before the maximum time, here set to 120 seconds, the task was
stopped and the participant received a time of 120s on that task. The time on each task was
added together to a total time of maximum 720 seconds. A smallest detectable difference for
JTHFT has not been established (Gilmore et al., 2010a; Klingels et al., 2011).

3.5.1.3 Melbourne assessment of Unilateral Upper Limb function (MUUL)

The MUUL measures the quality of upper limb movements in 16 unimanual tasks, including
reach, grasp, release, manipulation and functional tasks like, bringing a biscuit to the mouth,
etc. (Randall et al., 2001). It is a standardized, criterion-based test where the scoring is done
from the video-recording of the session. The final result is presented as a percentage of total
possible points. A high percentage indicates a good quality of movements. The smallest
detectable difference is reported to be 9% (Gilmore et al., 2010a; Klingels et al., 2008).

3.5.1.4 Grippit dynamometer

The Grippit dynamometer is used to assess the grip strength of children and adults with
different impairments (Hager-Ross & Rosblad, 2002; Nordenskiold & Grimby, 1993). It
consists of a force handle placed vertically on a board. The handle is moveable sideways to
allow a comfortable position for the participant. The participant is instructed to squeeze the
handle as hard as possible for 10 seconds. The device records the maximum, mean and
endurance, and present these in Newtons on a screen. After a rest of 60 seconds, the next trial
starts with the same instructions. Three trials on each hand were recorded. Norm values have
been presented for children 4-16 years and for adults 2069 years (Hager-Ross & Rosblad,
2002; Nordenskiold & Grimby, 1993). No reports of a smallest detectable difference in relation
to intervention are available.

3.5.2 Neuroimaging and neurophysiological assessment

Neuroimaging techniques were used in both study Il and 111 so as to explore the influence of
brain lesion characteristics. In study Il, both magnetic resonance imaging (MRI) conducted as
part of clinical work and as administered by the authors of the study was included. Study II
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also included investigation with transcranial magnetic stimulation (TMS) for determining the
pattern of corticomotor projection. In study Ill, neuroimaging administered with MRI or
computer tomography (CT) as part of clinical work was used. MRI and TMS are described in
more detailed below.

3.5.2.1 Magnetic Resonance Imaging (MRI)

Conventional structural MRI has been used in study Il and I1l. The MRI investigations were
performed on either a 3T or 1.5T scanner, and the investigation included T1 and T2 sequences.
The images were visually analysed by two experienced neuroradiologists on a protocol
developed earlier by a consensus group and used in previous publications (Holmefur et al.,
2013; Holmstrom et al., 2010). The findings were grouped according to the basic pattern of
brain damage as follows: white matter damage of immaturity (WMDI), focal infarct or
maldevelopment (Krageloh-Mann, 2004). The lesion was also classified according to the
location (unilateral or bilateral), severity of white matter reduction and involvement (i.e.
volume reduction) of cerebral nuclei. In study 1, only the basic pattern of damage was used
in the statistical analysis. It was categorized as either WMDI, focal infarct or other (including
maldevelopment as well as normal findings).

3.5.2.2 Transcranial Magnetic Stimulation (TMS)

TMS is a non-invasive method where a magnetic pulse generates an electrical response in the
stimulated area in the cortex (Barker et al., 1985; Ziemann, 2011). The electrical response, if
large enough and if stimulation of the motor cortex occurs, can be read as a motor-evoked
potential (MEP) by surface electrodes placed on the targeted muscle. Single-pulse TMS, used
in study I1, was conducted by a Magpro X-100 stimulator and a figure-of-eight coil (Model C-
B60, Medtronic Inc., Minneapolis, MN, USA). MEPs were recorded simultaneously on both
hands by surface electrodes placed on the abductor pollicis brevis and the first dorsal
interosseous. A previously developed protocol was used to reliably establish the type of
corticomotor projection pattern with as few stimulations as possible (Holmstrom et al., 2010).
An absence of response was confirmed when 100% stimulator output could not generate any
MEPs in any of the muscles. The corticomotor projection pattern was categorized depending
on the stimulation response as contralateral, mixed or ipsilateral (see Chapter 1.3.2).

3.6 STATISTICAL ANALYSIS

Several different statistical methods have been used to analyse the data in the four studies. The
statistical method was chosen based on the aim of the study as well as sample size and the data
fulfilling the assumptions for parametric tests or not. In studies I and 11, non-parametric tests
have been used due to the small sample size and non-normalized data. In study IlI, non-
parametric tests were used for comparison of demographical data of the baby-CIMT and no
baby-CIMT groups. The identification of a possible effect of baby-CIMT was done using a
parametric binary logistic regression. Data in study IV were analysed by a non-linear mixed
effects model. Additional analysis has also been conducted (see Chapter 3.6.3). A p-value
<0.05 was thought to be statistically significant for all the tests conducted.

20



METHOD

3.6.1 Exploration of change over time

3.6.1.1 Wilcoxon matched-pairs signed-rank test and Friedman two-way ANOVA

Wilcoxon matched-pairs signed-rank test was used in studies | and 11 with the aim of detecting
change between two test occasions. In study I, median performance for each of the hand
function tests was calculated on a group level on each occasion. To explore possible changes
in hand function in a 6 years perspective, the Wilcoxon matched-pairs signed-rank test was
used comparing performance on the first and last occasion. In addition, Friedman two-way
ANOVA was used to detect differences in performance between the four data points. The
Wilcoxon test was also used in study Il in order to explore the effect of the training on a group
level, comparing performance on each assessment prior to and after the two week CIMT day
camp.

3.6.1.2 Non-linear mixed effects model

Non-linear mixed effects model was used in study IV to statistically describe the development
pattern of children over different levels of ability. The children were grouped according to their
MACS level as well as their AHA measure at 18 months, using the four functional levels
describe in Chapter 3.5.1.1. Two models were applied to the data, a stable limit and a peak and
decline model. Both models assume a rapid increase in function in early years. For the stable
limit model, this is followed by a stable level of ability. In the peak and decline model, instead
a decrease and later a plateau follows after the child has reached its highest performance. The
formula for each model can be found in article IV (at the end of this thesis). Akaikes
Information Criteria (AIC) values of the two models were compared for each subgroup (MACS
and AHA levels) so as to establish which model best fitted the data. Limit and rate of
development were presented and an age-90 was calculated to more easily interpret the rate of
development in the stable limit model. Age-90 represents the age at which children reach 90%
of their estimated limit. The limit of development will also be termed as the children’s final
performance on AHA. Developmental curves were produced for each subgroup (MACS and
AHA levels). Comparison between the levels within the two subgroups was conducted to detect
possible different development patterns.

3.6.2 Comparison between groups
3.6.2.1 Mann-Whitney U test

Mann-Whitney U test was used to detect any differences in demographic data between the
baby-CIMT and no baby-CIMT group in study Ill. It was further used in study Il for
comparison of training response between subgroups of brain lesion characteristics, investigated
with MRI. The subgroups are presented in Chapter 3.5.2.1.

3.6.2.2 Pearson’s Chi*-test

Differences in demographic data between the groups in study Il (i.e. baby-CIMT and no baby-
CIMT) was further investigated using the Pearson’s Chi-test. The variables investigated with
this statistical test were gender, presence of MRI and affected side (right or left hand).
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3.6.2.3 Spearman’s rho

In study I1, Spearman’s rho was used to investigate the relation in training response, on a group
level, over the different tests (AHA, JTHFT and MUUL). Training response was described as
change in the percentage of baseline performance of each test.

3.6.2.4 Binary logistic regression

To explore the possible effect of baby-CIMT on future hand function, in study Ill, binary
logistic regression was carried out. Two outcomes were investigated: high function versus
lower function and very low function versus higher function. In the binary logistic regression,
a possible effect of the basic pattern of brain lesion was controlled for.

3.6.3 Additional analysis

In addition to the statistical test used in study I, the ratio between grip strength in the affected
and the less-affected hand for each data point was calculated. For study I, individual training
response was calculated for each test and described as a percentage of baseline performance.
This information was used to describe individual training response within each corticomotor
projection pattern in relation to the smallest detectable difference (SDD) of each of the clinical
assessments. See Chapter 3.5.1 for information on the SDD of each test. In study Ill, a visual
inspection of the proportional distribution over the four AHA levels was conducted in order to
detect differences between the baby-CIMT and no baby-CIMT groups.

3.7 ETHICAL CONSIDERATIONS

Studies I, Il and I11 were approved by the Stockholm Regional Ethical Review Board and study
IV by the Ethical Review Board at Karolinska Hospital in Stockholm. The studies were
conducted in accordance with the ethical principles of the Declaration of Helsinki. Participants
and guardians (where appropriate) were given both oral and written information on the studies
and on what was expected of them. Written consent was obtained from the participants or
guardians, for younger children. Participation in the studies was voluntary, and the participant
could at any time withdraw participation without giving any explanation.

Extra attention should be paid to the ethical consideration regarding MRI and TMS
investigations in children and adolescents in study 1l. MRI is commonly used as part of clinical
practice in children with cerebral palsy or other diagnosis requiring this investigation. The MRI
and TMS investigations conducted in study Il were administered at the Karolinska University
Hospital by persons with experience of those investigations in children. The children and
adolescents were thoroughly informed of the MRI and TMS procedure prior to the
investigation. They had the opportunity to visit the scanner before the MRI-session in order to
get used to the equipment and environment. One of the researchers was sitting by the participant
during the whole session, to observe any discomfort or other possible risks. At any discomfort,
the researcher by the participant tried to calm him/her down and if necessary the scanning was
paused or aborted. TMS is used in clinical practice with adults. It has, however, been used in
children with unilateral CP in one previous study by our research group with no reported
adverse events (Holmstrom et al., 2010). The participants could chose to watch a movie during
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the investigation. During the session, one of the researchers paid extra attention to the
participant’s reaction to the investigation. At signs of discomfort, the investigation was paused
and, if necessary, ended. Precaution was taken prior to the MRI and TMS investigation by
screening the participants for eligibility according to a safety check-list.
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4. SUMMARY OF RESULTS

A summary of the findings of the four studies included in the thesis is presented below in two
main topics; development of hand function (studies I and 1V) and training response in relation
to brain lesion and age (studies Il and 111). The main findings in each topic are presented at the
end of each section.

4.1 DEVELOPMENT OF HAND FUNCTION

4.1.1 Development during childhood

The development during childhood, 18 months to 12 years, was described based on analysis of
702 AHA data points (study V). On a group level, the children showed a rapid increase in
function during their early years followed by a stable level until age 12. The development was
further explored by comparing development patterns for children with different abilities
(described by AHA and MACS levels). This revealed a significantly higher developmental rate
and final performance on AHA in children with higher ability, indicating a more favourable
development pattern.

The limit of development on AHA differed between levels when grouping the children using
their AHA results at 18 months (Figure 2, Table 4). Children with a high function reached a
significantly higher performance than children with a moderate function (p<0.001). A
difference was also found between children with moderate and low function (p<0.001). Low
and very low levels presented with similar final performance on AHA (p=0.230) but still lower
than for the other two levels (Figure 2, Table 4).

Table 4. Developmental limit and rate on the Assisting Hand Assessment (AHA),
interpreted as final performance and age-90, for each of the levels in the two subgroups

Final performance on AHA, Age-90,
mean AHA units months
AHA levels
High 82 29
Moderate 65 32
Low 54 46
Very Low 50 100
MACS levels
I 77 33
I 59 38
11 50 56

Significant difference in final AHA performance was seen for high compared to moderate and
moderate compared to low AHA level as well as between all MACS levels. Developmental rate,
interpreted as age-90, differed significantly between AHA levels moderate — low and low — very low
and between MACS levels 11 and I1I.
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Developmental rate differed between all AHA levels except for high compared to moderate
function. This indicates a similar development pattern among children who use active grasp
(high and moderate AHA level), though with a higher final performance in high functioning
children. Another way of describing the developmental rate is by the children’s age-90, i.e. the
age at which children in the different levels reached 90% of their limit of development (a stable
level). This occurred at different ages for the different levels. Children with a very low function
needed distinctly longer time to reach 90% of their limit compared to children with better initial
ability (Figure 2, Table 4).
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Figure 2. Development of use of the affected hand, measured with the Assisting Hand
Assessment (AHA) for children (n=96) when grouped according to the four AHA levels;
high, moderate, low and very low. The children’s individual performance (solid, coloured
lines) as well as average performance for each AHA level (black, dotted lines), in the age
range 18 months to 12 years (i.e. 156 months, x-axis), is presented. The vertical lines
indicate the age at which the children in the different levels reached 90% of their limit of
development on AHA (age-90).
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Differences in the limit of development on AHA were also found when grouping the children
based on their MACS level (p<0.05, Table 4). A higher MACS level (i.e. better manual ability)
was associated with a higher final performance (Figure 3). The rate of development was found
to differ between the two lower levels (MACS Il and 111, p=0.048), whereas the two highest
levels (MACS I and I1) showed a similar rate (p=0.148). The children reached a stable level of
performance in the age range 33 to 56 months (Table 4). Children with a better manual ability
(MACS level I and 1) had a faster increase in function than children with poorer ability (MACS
level 111, Figure 3).
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Figure 3. Development of use of the affected hand from 18 months to 12 years for children
(n=89) divided into levels of the Manual Ability Classification System (MACS). Assisting
Hand Assessment (AHA) units, range 0-100, are presented on the y-axis and the age in
months on the x-axis. Solid, coloured lines represent the development trajectory for each
child and the black, dotted lines are average development of children in the different
MACS levels. The vertical lines indicate the age at which the children in the three MACS
levels reached 90% of their final performance (age-90).

4.1.2 Development during adolescence

Development during adolescence was explored by measures of hand function on four occasions
during a 6-year period in 11 adolescents with unilateral CP 16-21 years of age at last occasion
(study I). Over the 6-year period, a stable level of performance on AHA was found (62—63
AHA units, p=0.72). The fine motor speed and dexterity also showed a stable level in the 6-
year time frame (123-117 seconds, p=0.80). The adolescents showed an increase in grip
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strength for both the less-affected (94.4%, p=0.008) as well as the affected hand (+80.9%,
p=0.02, Figure 4). The proportional increase was similar for the two hands, indicated by a stable
ratio between the hands (see Article I). The data on the quality of movements of the affected
limb showed a small decrease in the older ages (-6%), although it was not a statistically
significant decline (p=0.15). Nor did it exceed the smallest detectable difference (£ 9%). Study
I also aimed to describe the long term effect after a CIMT day camp. Participants were assessed
prior to, and 2 weeks, 6 months and 6 years after the camp. The participants only showed
improved performance on the JTHFT (baseline — 2 weeks after the camp) and for grip strength
(baseline — 6 years after the camp). The improvement on JTHFT directly after the camp (123-
109 seconds, p=0.021) was not sustained at the 6 months follow-up. Grip strength did not
improve directly after the camp, but from a 6-year perspective, indicating that the improvement
is probably due to development rather than as an effect of the intervention.
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Figure 4. Change in grip strength, measured with the Grippit dynamometer, in a 6-
year time frame, presented for the affected (turquoise) and the less-affected (pink)
hand. Median value for the group (n=11) is reported as Newton (y-axis) for each test
occasion (x-axis). Grip strength of the less-affected hand at 6 months was not
measured. A significant increase of grip strength was seen for both the less-affected
(p=0.008) and the affected hand (p=0.02) from baseline to the 6-year assessment.

4.1.3 Summary of findings on development of hand function

Findings from the two studies (I and 1V) allow a description of the development from early age
to young adulthood. The main findings were that use of the affected hand increased rapidly at
a younger age. During older school age and adolescence, a stable level of performance was
found for use of the affected hand and fine motor speed and dexterity. Even though a stable
level of performance mainly was seen in older age, children can still learn new skills and can
improve their function by intervention, as indicated by the significant improvement in speed
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and dexterity in adolescents after the day camp. An increase in grip strength during adolescence
was seen for both hands.

The other main finding was that children with different initial abilities differed in
developmental rate and limit on AHA. This means that the course of development can be
predicted, based on the child’s use of the affected hand at 18 months. Performance on AHA at
18 months can thus be used to predict future use of the affected hand in bimanual tasks,
enabling clinicians to give parents more reliable information on what to expect.

4.2 CIMT IN RELATION TO BRAIN LESION AND AGE

4.2.1 Training response in relation to brain lesion characteristics

Individual outcome after a CIMT day camp was investigated in 16 children age 10-16 years
(study 11). Training response was explored in relation to brain lesion characteristics and
corticomotor projection patterns. Individual variations in training response to CIMT were
found among the participants in the study (JTHFT —12 to +54%, AHA -3 to +7 units and
MUUL -3 to +7%). Improved hand function after CIMT was found for children regardless of
type of corticomotor projection and underlying brain lesion characteristics. On JTHFT
improvement was seen among participants within all corticomotor projection patterns; i.e.
contralateral, mixed and ipsilateral (Figure 5). Minor improvements were seen on the AHA and
MUUL. Only 5 participants improved more than the smallest detectable difference (SDD) on
AHA (5 AHA units) and none for the MUUL (SDD = 9%). The children with a change
exceeding the SDD on AHA had ipsilateral or mixed pattern.
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Figure 5. Percentage improvement on Jebsen-Taylor Hand Function Test (JTHFT) for
participants with different corticomotor projection patterns. Letters on the x-axis
represent each investigated participant (n=13). The figure shows that improvement
after constraint-induced movement therapy is not dependent on the type of
corticomotor projection. The figure is collected from Islam et al. (2014), p. 5
(Developmental Medicine and Child Neurology).
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Improvements on one test were not automatically related to improvements on the other tests,
as indicated by the low correlations between training responses for each test (see Article I1).
This means that children respond differently to CIMT on different aspects of hand function.

4.2.2 Training response in relation to age at intervention

Performance on AHA at two years of age was explored for 72 children, of whom 31 had
participated in a baby-CIMT programme within their first year of life (study I11). Children who
had participated in baby-CIMT had a more favourable use of their affected hand at age two
than did children who had not participated in baby-CIMT. Analysis of the distribution over the
four AHA levels revealed a higher proportion of children with high functional level in the baby-
CIMT group (36%) compared to the no baby-CIMT group (12%, Figure 6). The proportion of
children with a very low function, an ineffective use of the affected hand, was at age two in the
baby-CIMT group 16% and in the no baby-CIMT group 27%.
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Figure 6. Difference in proportional distribution of children at each functional level
between the baby-CIMT and no baby-CIMT groups.

The logistic regression, controlling for differences in basic pattern of brain lesion between the
groups, supported the findings of better use of the affected hand among children with baby-
CIMT, at least among high performing children. Children who had participated in baby-CIMT
were 6 times more likely to have a high functional level compared to children without baby-
CIMT (p=0.001). The odds of having a very low function were not significantly different
between the baby-CIMT and no baby-CIMT groups (p=0.084), despite the differences
observed on visual inspection of the proportional distribution (Figure 6). In analysis of the odds
of having very low function, the brain lesion seemed to “over rule” the effect of the
intervention. Children who presented with white matter damage of immaturity (WMDI) were
less likely, than children with focal infarct to have a very low function (p=0.038), indicating a
lower risk of performing poorly.
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4.2.3 Summary of findings for CIMT in relation to brain lesion and age

Findings from studies Il and I11 give insight on outcome after CIMT in relation to brain lesion
and age. The main finding was that individual improvement is possible regardless of underlying
brain lesion characteristics and type of corticomotor projection (study II). This indicates that
training response is multifactorial, not only explained by brain lesion characteristics or type of
corticomotor projection.

The second main finding were that children who had participated in baby-CIMT had a more
favourable hand function at age two than children with no baby-CIMT (study I11). This means
that CIMT adjusted for infants is a possible treatment for improving hand function in children
with risk of developing unilateral CP.
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5. DISCUSSION

This thesis has explored the development of hand function in children and adolescents with
unilateral cerebral palsy. Furthermore, the relation between brain lesion characteristics and
treatment was investigated as well as the possible effect of treatment administered at an early
age. Some important findings have emerged from the studies included in the thesis. These
findings will be discussed here in relation to current knowledge, clinical relevance and the need
for further research.

5.1 CHANGE IN HAND FUNCTION OVER TIME

5.1.1 Development to a stable level of performance

Children were found to increase their use of the affected hand over time, with a rapid increase
in early years which slowed down and levelled out with age (study 1V). The result is of clinical
relevance, indicating that children with unilateral CP already early in life have a well-
established way of using the affected hand. This information can be used by clinicians in their
communication with parents, but also provides a reference when evaluating interventions
aimed at improving the use of the affected arm and hand in a long-term perspective. The pattern
of an increased function followed by a mainly stable level of performance is in agreement with
recently conducted studies on fine and gross motor development (Holmefur et al., 2010; Smits
et al., 2013). However, it partly contradicts the findings in Hanna et al. (2003). They found a
reduced function in older age when using QUEST to evaluate the development of hand
function. However, QUEST measures a different aspect of hand function than what was
investigated in study IV, namely the quality of movements. In the small sample of adolescents
investigated in study I, a stable performance on AHA and in fine motor speed and dexterity
was found over a 6-year period from early adolescence to young adulthood. In Eliasson et al.
(2006b), an increased fine motor speed and dexterity was found in the period 6-8 to 19-21
years. The somewhat different findings might indicate that development of this aspect of hand
function mainly occurs before the teenage years. Grip strength increased during adolescence in
both the affected as well as the less-affected hand. This pattern of increased grip strength is in
accordance with typical development, where a rapid increase in grip strength occurs in
adolescence (De Smet & Vercammen, 2001; Hager-Ross & Rosblad, 2002). The pattern of
development during adolescence, described by findings from study I, should be interpreted
with caution due to the small sample of participants. Continuous investigation of development
of different aspects of hand function in a long-term perspective during childhood and
adolescence is needed in order to confirm the findings presented in this thesis.

The increased performance in AHA with age, found in study IV, probably relates in part to
increased cognitive abilities. Children learn as they grow older how to use their affected
arm/hand in a more effective way. Also, the increased input from the environment might partly
explain the rapid increase in AHA at early age. As the child grows, an enlarged environmental
stimulus occurs, the child starts preschool and takes part in play in the playground.
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The finding in study I, of a similar increase in grip strength in the affected and the less-affected
hand, was somewhat surprising. Grip strength, which is classified as a body function in ICF, is
influenced by factors at a body structure level such as forearm muscle characteristics and hand
size (Hager-Ross & Rosblad, 2002; Neu et al., 2002). In children with unilateral CP those
factors are known to be impaired in the affected hand (Demir et al., 2006; Vaz et al., 2006).
Based on this, one might have expected a smaller increase in grip strength in the affected than
in the less-affected hand. The change over time in quality of movements, investigated in study
I, migth be influenced by the development of contractures, to various degrees. It is, therefore,
of great importance to know more about the growth of limbs and the development of
contractures for children with CP and to relate this to the development hand function.

5.1.2 Prediction of development using AHA-score at 18 months

In study 1V, it was possible to identify different development patterns based on the child’s
ability, using MACS level and AHA-score at 18 months. Children reached a stable level of
function at various ages based on their ability level. The differences in pattern based on ability
are in accordance with findings in a previous study by Holmefur et al. (2010). However,
children in our study in general reached their stable level at an earlier age than children in the
previous study, both when grouping the children by MACS level and AHA-score at 18 months.
In our study it was possible to describe the children’s performance at 18 months using four
functional levels (AHA levels), compared to the two group division presented in Holmefur et
al. (2010). This enabled a more differentiated description of development patterns for children
with various abilities. Compared to the previous study (Holmefur et al., 2010), the most
prominent difference applies to children with lower ability, who did not use grasp at 18 months.
These children, in Holmefur et al. (2010), presented with a stable level at 87 months of age
which can be compared to age 46 months for children with low AHA level and age 100 months
for children with very low AHA level in our study.

Children with a better ability in general reached a higher limit of development. It should be
noted that children “started off” with different ability, so the differences in final performance
might not be that surprising. Based on this, a rather interesting finding was seen for children
with very low function. They needed, as mentioned, a longer time to reach a stable level;
however, they developed to the same limit as children with low function, who initially had
better use of their affected hand. The reason for this pattern of development needs to be further
investigated. Characteristics of the underlying brain lesion might influence the development.
From a previous study, it is known that specific characteristics of the brain lesion relate to
different patterns of development of hand function (Holmefur et al., 2013). A more favourable
development was found among children with primary white matter damage compared to a
cortical grey matter lesion affecting the media cerebri artery territory. Differences were also
found based on the degree of involvement of cerebral nuclei (Holmefur et al., 2013). These
findings highlights the need of exploring the possible impact of characteristics of the
underlying brain lesion also in our sample of children.

Taken together, the findings of different development patterns for children with different AHA-
score at 18 months indicate that these AHA levels can be used to predict future function. It
means that clinicians, by conducting an AHA at an early age in children with unilateral CP,
can acquire a picture of the child’s expected development, which can be used in the
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communication with parents. Over the studies, children in various ages (1-21 years) have been
included. This has provided information on development in a long-term perspective,
throughout childhood and adolescence. It has been stated that parents early in their child’s life
have questions on expected future function (Novak, 2014). Findings from study IV give
insights into what could be an expected development of use of the affected hand for children
with different abilities. For families with a child with unilateral CP, this information might help
in giving realistic expectations of their child’s ability in bimanual activities.

5.2 TRAINING RESPONSE TO CIMT

5.2.1 CIMT, corticomotor organization and brain lesion characteristics

Findings from study Il showed that children could improve from CIMT regardless of their
pattern of corticomotor projection and the characteristics of the brain lesion. This is important
from a clinical perspective. Children with cortical/subcortical or larger lesions or ipsilateral
corticomotor projections are assumed to have a more impaired function but our findings
indicate that children with these lesion characteristics can still benefit from intervention. One
other study investigating the relation between the outcome after CIMT and corticomotor
projections and characteristics of the brain lesion came to a somewhat different conclusion
(Kuhnke et al., 2008). They found participants with an ipsilateral projection to present with a
slower performance after CIMT. The different findings between the studies might be due to the
use of different assessments for evaluating the training response, but also due to differences in
the samples investigated. The study by Kuhnke et al. (2008) included participants with specific
combinations of basic pattern of brain lesion and type of corticomotor projection pattern.
Individuals with cortical/subcortical lesion and contralateral projection pattern were compared
to those with unilateral periventricular lesion and ipsilateral projection pattern. In our study
participants were recruited with the main aim to participate in the training, i.e. the recruitment
criteria did not specify any basic pattern of brain lesion or corticomotor projection. Children in
our study were also younger at time of training than in the study by Kuhnke et al. (2008). Based
on these differences and the small sample size in both studies, the influence of corticomotor
projection patterns and brain lesion characteristics on training response has to be further
investigated.

5.2.2 CIMT and age at administration

Age as a factor possibly influencing outcome after CIMT has been investigated in some studies
(Chen et al., 2014b; Gordon et al., 2006; Sakzewski et al., 2011c). Of these, two came to the
conclusion that an older age at training was related to better response (Chen et al., 2014b;
Sakzewski et al., 2011c), whereas the third study found that children could benefit from CIMT
regardless of age at training (4-8 versus 9-13 years) (Gordon et al., 2006). Our findings in study
I11, showing a probably positive effect of early administered CIMT, support the assumption
that CIMT can be effective regardless of age. The findings from study 111 add to the knowledge
on the effect of early training (Blauw-Hospers et al., 2007; Spittle et al., 2012). However, few
children have as yet been included in early hand function intervention, and the studies have
used different evaluation measures and study designs (Coker et al., 2009; Cope et al., 2008;
Lowes et al., 2014). Continuous exploration of the effect of early hand function intervention is
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essential. Whether an earlier start of CIMT, during the period of most rapid maturation of the
corticomotor system, will result in a better effect than intervention later in life remains to be
answered. It is possible that intervention early in life will have the potential to influence the
development of the corticomotor system towards a more favourable pattern, and thereby have
a long-term effect (Basu, 2014). The possibility to identify children early who are likely to
develop CP is also important from the perspective of administering and evaluating early
intervention (Jones et al., 2007; Novak, 2014).

In study Ill, investigating the effect of baby-CIMT, the possible confounding effect of brain
lesion was controlled for. Somewhat different results were found for a high compared to very
low function. Visual analysis of the proportional distribution was in favour of the baby-CIMT
group at both these functional levels. But when controlling for the basic pattern of brain
damage, a positive effect of baby-CIMT was only seen for children with high function. The
reasons for this are not clear. It was not possible to control for any other characteristics of the
brain lesion. Such an analysis might possibly reveal a different influence of the brain lesion on
the effect of early intervention. Characteristics of the brain lesion in relation to CIMT
administered in both infants and older children have to be further investigated so as to clarify
the possible impact on training response.

5.2.3 Training response relates to multiple factors

Findings from study Il indicate that training response to CIMT depends on numerous factors.
Besides brain lesion characteristics, the pattern of corticomotor projection and age, already
discussed, the child’s motivation for the training is assumed to be of importance (Gilmore, et
al., 2010Db). Children also have different skills and experiences when entering the intervention
and have varying contextual support during the training, which might influence the outcome.
Further, cognitive ability are assumed to influences the outcome after CIMT (Eliasson et al.,
2014a). However, the findings in study Il indicate that improvement after CIMT is possible
even when the cognitive abilities assumed to be needed for participation are not yet developed.
However, it should be noted that the intervention was adapted to the young age of the child.
The knowledge of primary predictors of positive change is still limited (Eliasson et al., 2014a).

Children with unilateral CP may have impairments additional to the motor problem. In the
studies for this thesis, children were reported to have additional difficulties to various degrees.
Sensory deficits were reported in some participants in study 1. Sensory deficits have been found
to relate to poorer fine motor dexterity (Krumlinde-Sundholm & Eliasson, 2002). This might
also have implications for response to training regarding fine motor speed and dexterity. No
exploration of training response in relation to sensory deficits was conducted in this thesis.
However, findings from one previous study found visual-motor ability to relate to response to
a home-based CIMT programme (Chen et al., 2014b). Further research is needed to identify
which children benefit best from the intervention, and how factors within the person as well as
environmental factors influence the effect of training.
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5.3 HAND FUNCTION AND EVERYDAY LIFE PERFORMANCE

The increased use of the affected hand with age found in study IV does probably improve the
child’s performance in everyday tasks. Also improvement in JTHFT and in grip strength found
in studies I and 11 of this thesis might result in better occupational performance. Occupational
performance is a combination of personal factors, the task at hand and the environment in which
the task is performed (see Chapter 1.1). James et al. (2015) investigated the relation between
activities of daily living and upper limb function in children with unilateral CP. They found
performance on AHA to be correlated with AMPS motor skills, i.e. the actions a person
performs in order to move him/herself or task objects. A better AHA score indicated better
AMPS performance (James et al., 2015). Also, the speed and dexterity, grip strength and
stereognosi have been found to be important for execution of everyday task (Arnould et al.,
2014; Arnould et al., 2007; James et al., 2015; Klingels et al., 2012). It is important to notice
from findings of previous studies that performance in everyday task only to 46-66% is
explained by the above mentioned hand function aspects (Arnould et al., 2014; Arnould et al.,
2007; James et al., 2015; Klingels et al., 2012). This indicates that other factors also influence
occupational performance, in accordance with the PEO model (Law et al., 1996). Further
studies are needed to clarify the relation between improvements in hand function and possible
improvements in occupational performance.

5.4 METHODOLOGICAL CONCIDERATIONS

Both studies I and 11, investigating changes in a 6-year perspective, as well as training response
in relation to brain lesion characteristics and corticomotor projections, included quite a small
sample of children. The small sample size might influence the trustworthiness of the results.
Further, the small sample size makes findings from the two studies hard to generalize to the
whole population of children and adolescents with unilateral CP. This highlights the need of
future studies of a larger group of children so as to confirm the results of the studies. Children
in both studies were also quite homogeneous, all but one presenting with MACS level I1. All
studies included a convenience sample of children with unilateral spastic CP, which might
induce a risk of bias.

The retrospective design in study Il might not be assumed to be the optimal design when
evaluating the effect of an intervention. However, in the light of the lack of valid assessments
evaluating change in hand function in infants (Krumlinde-Sundholm et al., 2015) the design
can be seen as a strength. The design allowed for the use of an assessment validated for children
with unilateral CP at this age. Another strength of the design was that only children with a
confirmed diagnosis were included in the study. Retrospective designs do not include a baseline
measure per se. The children were selected on criteria not including any specification on degree
of severity, gender, birth weight, etc.; therefore the sample can be assumed to be randomly
selected. This reduces the risk of systematic inclusion bias. Matching of the children was not
possible due to the small sample and uncertainty of what factors to match the children on.

In many of the studies, non-parametric statistical methods have been used, mostly due to the
small sample sizes. In study I, the possible bias of the small sample was addressed by using the
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median value, instead of mean value, in the statistical analysis of change over time. In study Il,
the data were mainly analysed visually based on few participants in each subgroup. This
allowed for a description of individual training response, but lowers the possibility of coming
to any conclusions about the effect of the investigated factors on a group level. In study IlI,
investigating the possible effect of baby-CIMT, logistic regression was used to be able to
control for any confounding effect of basic pattern of brain lesion. However, for only 50 of the
72 participants in study 11, information regarding the brain lesion was available. One can argue
that the logistic regression should only have been conducted using children for which
neuroimaging information was present. However, by doing this the results would probably
been biased, since all the children with high functional level in the no baby-CIMT group would
have been excluded. Therefore, multiple imputation was used so as also to be able to include
children where information on the brain lesion was not available.

Neuroimaging used in study Il and 111 was visually analysed by experienced neuroradiologists
on a previously established protocol. Different characteristics of the brain lesion were identified
and classified. Reliable determination of the basic pattern of damage is possible by using only
visual analysis. However, for analysis of other characteristic this is probably not sensitive
enough method. More advanced methods such as diffusion tensor imaging would probably
give better information on, for example, white matter integrity (Holmstrom et al., 2011). In the
studies of the thesis, the neuroimaging used was mainly conducted as part of clinical work,
including mostly structural MRI sequences administered at different ages of the children.
Future studies including more structured and detailed information from neuroimaging data are
needed.

Finally, when analysing the data in study Il and IV, exploring the possible effect of baby-
CIMT as well as longitudinal development of use of the affected hand, the AHA results of
the children at 18 months, grouped into four functional levels, were used. It should be stated
that the AHA levels are only relevant to the children included in the studies. Further research
is needed to clarify whether this division is also useful for other children with unilateral CP.
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6. CONCLUSIONS AND CLINICAL IMPLICATION

The studies included in this thesis have contributed to the knowledge of the development of
hand function during childhood and adolescence in children with unilateral CP. The studies
have further provided information on the relation of training response and brain lesion
characteristics, and the effect of both early and later CIMT programme. The findings are of
high clinical relevance enabling the provision of prognostic information to parents and
clinicians regarding the child’s hand function in a life time perspective.

The development of the use of the affected hand was found to differ for children with
different AHA-score at 18 months. Thereby, the child’s AHA measure at 18 months can be
used for the prediction of future hand function. The pattern of development was characterized
by a rapid increase of use of the affected hand during the early years which slowed down and
levelled out as the children grew older. An investigation of development in a small sample
of adolescents and young adults indicated that the hand function was kept stable during
adolescence. Interestingly, the grip strength increased by age in both the affected and non-
affected hand. Although a general stable level seems to be present at an older age, it is
important to notice that children can still learn new skills important to them in daily life and
take advantage of intervention.

Factors such as brain lesion characteristics and pattern of corticomotor projection have
previously been found to influence the child’s hand function. However, our findings show
that there were still possibilities for children with different brain lesion characteristic and
corticomotor projection patterns to improve their hand function by training. This indicates
that training response is probably multifactorial, and not explained by single factors. The
findings further indicate that CIMT can be offered to children with unilateral CP irrespective
of their underlying pathophysiology.

CIMT in infants was found to be an applicable intervention model for improving hand
function. Children who had participated in a baby-CIMT programme within their first year
of life were more likely to have a favourable hand function at age two years. The findings
indicate that CIMT, when adjusted to the young age of the participants, can be offered to
children younger than one year of age.
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/. FUTURE RESEARCH

From the studies of this thesis, new research questions have taken shape. Regarding
development of hand function, further investigation over a longer time frame, especially during
adolescence, is needed. When conducting these studies, investigation of more than one aspect
of hand function is suggested to be included, since different aspects seem to develop somewhat
differently. Development of hand function is probably influenced by other factors, for example,
development of grip strength is related to the growth of the upper limb. The quality of
movements is assumed to be affected by decreased ROM and the development of contractures.
Brain lesion has also been found to influence the development of hand function. Therefore, it
is of great importance to investigate the development of hand function in relation to those
factors.

It is still not clarified which factors influence the outcome after CIMT but the training response
Is most likely multifactorial. Even though we did not find any relation between individual
training response and specific brain lesion characteristics or corticomotor projection pattern,
these factors probably have an influence. At what age CIMT is administered might be another
factor influencing training response. Further investigation is needed of whether early
intervention is more efficient than intervention administered at older age. Also, exploration of
the relation between the early onset of CIMT and the development of the corticomotor system
IS essential.

38



ACKNOWLEDGEMENT

8. ACKNOWLEDGEMENTS

Having this opportunity to become a piece of the great world of researchers has enriched my
life, both in terms of increased knowledge but also by the large amount of people that | have
come to know. The support from all of you around me have been of great importance in
making of this thesis. Thank you!

Especially thanks to:
The participating children and adolescents and their families for letting me meet with you and
for reminding me of why this work is important.

My main supervisor Ann-Christin Eliasson for opening the door to the research world and
handling me excellent support along the way of becoming a PhD. Thank you for sharing your
deep knowledge on children with cerebral palsy and for your patience with me in times when
I have been stubborn. Also thank you for introducing me to your broad network of researcher
around the world. You are an inspiration and have encouraged me to continue this important
work.

My co-supervisor Marie Holmefur for your support and encouragement to keep forward.
Thank you for superb guidance when struggling with longitudinal data and for inspiring
phone calls and meetings. Thank you for the feedback on the content of this thesis, for taking
time to it even though you had a fully booked schedule.

My co-supervisor Mats Blennow for introducing me to the world of neonatal care. For taking
time for me during these years and for handling me opportunities to present my work to a
broader context.

My mentor Lisbeth Claesson for being an inspiration and an excellent teacher during my
years of becoming an occupational therapist. | am grateful for our lunch meetings.

The co-authors of the articles of this thesis. Hans Forssberg for your critical eyes on the
manuscript and for sharing your experiences of international collaborations. Annika Kits for
your excellent work in analysing our MRI data and in a simple way explaining the findings to
me as a novice in neuroimaging. Linda Holmstrom and Mominul Islam for collecting and
processing the data with me, for sharing your knowledge on neuroanatomy and
neurophysiology but not least for all the inspiring lunches and fikas.

All colleagues at floor 7. Linda Ek for being an exceptional room-mate at the WFOT
congress and for all discussions and lunch walks. Johan Géverth for always smiling and
making me feel confident in my work. Sermin Tiikel for your positive view on life and for
your really good knowledge in statistics. Lena Sjostrand and Britt-Marie Zethraeus for
helping with data collection and for supporting me in rough times. Nelli Kalnak for
interesting discussions over the coffee table. | am grateful for the new friendship. Lena
Krumlinde-Sundholm for your help with AHA related questions. All other colleagues in the
research group for contributing with critical comments on my manuscripts and presentations
and for interesting discussions; Kristina Vroland-Nordstrand, Anna Ullenhag, Ann-Marie
Ohrvall, Emma Hjalmarsson, Jenny Hedberg, Ann-Kristin Elvrum, Katarina Allbrink-
Oscarson, Dan Jacobsson, Ulrike Ryll, Gunvor Lilleholt Klevberg, Kristina Tedroff, Kristina

39



ACKNOWLEDGEMENT

Lowing, Anna-Clara Esbjornsson, Maria Ortqvist, Elin L66f, Cecilia Lidbeck, Marie
Eriksson, Josefine Eriksson Naili, Eva Mostrom, Asa Bartonek and Eva Weidenhielm
Brostrom.

None-Marie Kemp for invaluable administrative support but also for the many lunches that
we have shared during this almost five year long journey. Mikael Reimeringer for your
problem solving skills when computers, cameras and data bases have made my life more
complicated. Astrid Haggblad for keeping track of and reminding me of all important dead-
lines linked to the research education.

Gustav Hakansson for collaboration in the still unfinished neonatal stroke study. I'm looking
forward to the further work with the study.

All the occupational therapists in the habilitation services helping me with recruitment and
data collection. Thanks to my former colleagues at Habiliteringscenter Flemingsberg for barn
och ungdom. Thanks to all my co-workers at the Astrid Lindgrens Children’s hospital for
your support during the last 1% year. Also a special thanks to Eva Pontén for sharing your
deep knowledge on hand surgery in children with CP and for always making my work feel
important.

My best friends Sofia, Therese and Jennie who have been with me through ups and downs
and handled support and encouragement through this journey. Whom | can call in the middle
of the night when | need emotional support and whom | know will always be there for me.
You are so very important to me!

My beloved brother Niklas and his wife Karolina and my wonderful sister Lisa and her Jesper
for many nice dinners and fun times throughout the years. Thank you for being there for me
and cheering on me during this last months of finalizing this work. You’re the best!

Finally a huge thanks to my mother Helena and father Ola whom have given me a safe place
to come to when things were rough but also for teaching me to take my own decisions and
supporting me in becoming the person I am today. ..... I love you from the bottom of my
heart!

I am grateful for the financial support from the following sources making the work with the
projects of this thesis possible; Karolinska Institutet (KID funding), Stockholms County
Council (ALF funding), Vetenskapsradet, Stiftelsen Frimurare Barnhuset in Stockholm,
Majblommans Riksforbund, Stiftelsen Samariten, Eva och Oscar Ahréns Stiftelse and
Hjarnfonden.

40



REFERENCES

9. REFERENCES

Arner, M., Eliasson, A. C., Nicklasson, S., Sommerstein, K., & Hagglund, G. (2008). Hand
function in cerebral palsy. Report of 367 children in a population-based longitudinal
health care program. J Hand Surg Am, 33(8), 1337-1347.

Arnould, C., Bleyenheuft, Y., & Thonnard, J. L. (2014). Hand functioning in children with
cerebral palsy. Front Neurol, 5, 48.

Arnould, C., Penta, M., & Thonnard, J. L. (2007). Hand impairments and their relationship
with manual ability in children with cerebral palsy. J Rehabil Med, 39(9), 708-714.

Barker, A. T., Jalinous, R., & Freeston, I. L. (1985). Non-invasive magnetic stimulation of
human motor cortex. Lancet, 1(8437), 1106-1107.

Basu, A. P. (2014). Early intervention after perinatal stroke: opportunities and challenges.
Dev Med Child Neurol, 56(6), 516-521.

Bax, M., Tydeman, C., & Flodmark, O. (2006). Clinical and MRI correlates of cerebral palsy:
the European Cerebral Palsy Study. JAMA, 296(13), 1602-1608.

Blauw-Hospers, C. H., de Graaf-Peters, V. B., Dirks, T., Bos, A. F., & Hadders-Algra, M.
(2007). Does early intervention in infants at high risk for a developmental motor
disorder improve motor and cognitive development? Neurosci Biobehav Rev, 31(8),
1201-1212.

Bottcher, L., Flachs, E. M., & Uldall, P. (2010). Attentional and executive impairments in
children with spastic cerebral palsy. Dev Med Child Neurol, 52(2), 42-47.

Cans, C., Dolk, H., Platt, M. J., Colver, A., Prasauskiene, A., & Krageloh-Mann, 1. (2007).
Recommendations from the SCPE collaborative group for defining and classifying
cerebral palsy. Dev Med Child Neurol Suppl, 109, 35-38.

Carr, L. J. (1996). Development and reorganization of descending motor pathways in children
with hemiplegic cerebral palsy. Acta Paediatr Suppl, 416, 53-57.

Case-Smith, J., DeLuca, S. C., Stevenson, R., & Ramey, S. L. (2012). Multicenter
randomized controlled trial of pediatric constraint-induced movement therapy: 6-
month follow-up. Am J Occup Ther, 66(1), 15-23.

Charles, J., & Gordon, A. M. (2005). A critical review of constraint-induced movement
therapy and forced use in children with hemiplegia. Neural Plast, 12(2-3), 245-261.

Charles, J. R., & Gordon, A. M. (2007). A repeated course of constraint-induced movement
therapy results in further improvement. Dev Med Child Neurol, 49(10), 770-773.

Chen, Y. P., Pope, S., Tyler, D., & Warren, G. L. (2014a). Effectiveness of constraint-
induced movement therapy on upper-extremity function in children with cerebral
palsy: a systematic review and meta-analysis of randomized controlled trials. Clin
Rehabil. 28(10), 939-953

Chen, C. L., Lin, K. C., Kang, L. J., Wu, C. Y., Chen, H. C., & Hsieh, Y. W. (2014b).
Potential predictors of functional outcomes after home-based constraint-induced
therapy for children with cerebral palsy. Am J Occup Ther, 68(2), 159-166.

Chen, C. Y., Lo, W. D., & Heathcock, J. C. (2013). Neonatal stroke causes poor midline
motor behaviors and poor fine and gross motor skills during early infancy. Res Dev
Disabil, 34(3), 1011-1017.

41



REFERENCES

Christiansen, C., Baum, C. M., & Bass, J. (2011). The Person-Environment-Occupational
Performance (PEOP) model. In E. A. S. Duncan (Ed.), Foundations for Practice in
Occupational Therapy (5th ed., pp. 93-104). Edinburgh: Elsevier/Churchill
Livingstone.

Cioni, G., Bos, A. F., Einspieler, C., Ferrari, F., Martijn, A., Paolicelli, P. B., . . . Prechtl, H.
F. (2000). Early neurological signs in preterm infants with unilateral
intraparenchymal echodensity. Neuropediatrics, 31(5), 240-251.

Coker, P., Lebkicher, C., Harris, L., & Snape, J. (2009). The effects of constraint-induced
movement therapy for a child less than one year of age. NeuroRehabil, 24(3), 199-
208.

Cope, S. M., Forst, H. C., Bibis, D., & Liu, X. C. (2008). Modified constraint-induced
movement therapy for a 12-month-old child with hemiplegia: a case report. Am J
Occup Ther, 62(4), 430-437.

CPUP Annual Report 2014 (2014). Lund.

Dahlseng, M. O., Andersen, G. L., Irgens, L. M., Skranes, J., & Vik, T. (2013). Risk of
cerebral palsy in term-born singletons according to growth status at birth. Dev Med
Child Neurol, 56(1), 53-58.

de Graaf-Peters, V. B., & Hadders-Algra, M. (2006). Ontogeny of the human central nervous
system: what is happening when? Early Hum Dev, 82(4), 257-266.

De Smet, L., & Vercammen, A. (2001). Grip strength in children. J Pediatr Orthop B, 10(4),
352-354.

Dellatolas, G., Filho, G. N., Souza, L., Nunes, L. G., & Braga, L. W. (2005). Manual skill,
hand skill asymmetry, and neuropsychological test performance in schoolchildren
with spastic cerebral palsy. Laterality, 10(2), 161-182.

Demir, S. O., Oktay, F., Uysal, H., & Seluk, B. (2006). Upper extremity shortness in children
with hemiplegic cerebral palsy. J Pediatr Orthop, 26(6), 764-768.

Duque, J., Thonnard, J. L., Vandermeeren, Y., Sebire, G., Cosnard, G., & Olivier, E. (2003).
Correlation between impaired dexterity and corticospinal tract dysgenesis in
congenital hemiplegia. Brain, 126(Pt 3), 732-747.

Eliasson, A. C. (2006). Normal and Impaired Development of Force control in precision grip.
In A. Henderson & C. Pehoski (Eds.), Hand function in the child (2nd ed., pp. 45-62).
St. Louis: Elsevier Moshy.

Eliasson, A. C., Krumlinde-Sundholm, L., Rosblad, B., Beckung, E., Arner, M., Ohrvall, A.
M., & Rosenbaum, P. (2006a). The Manual Ability Classification System (MACS)
for children with cerebral palsy: scale development and evidence of validity and
reliability. Dev Med Child Neurol, 48(7), 549-554.

Eliasson, A. C., Forssberg, H., Hung, Y. C., & Gordon, A. M. (2006b). Development of hand
function and precision grip control in individuals with cerebral palsy: a 13-year
follow-up study. Pediatrics, 118(4), 1226-1236.

Eliasson, A. C., Forssberg, H., lkuta, K., Apel, 1., Westling, G., & Johansson, R. (1995).
Development of human precision grip. V. anticipatory and triggered grip actions
during sudden loading. Exp Brain Res, 106(3), 425-433.

42



REFERENCES

Eliasson, A. C., Krumlinde-Sundholm, L., Gordon, A. M., Feys, H., Klingels, K., Aarts, P.
B., ... European network for Health Technology, A. (2014a). Guidelines for future
research in constraint-induced movement therapy for children with unilateral cerebral
palsy: an expert consensus. Dev Med Child Neurol, 56(2), 125-137.

Eliasson, A. C., Sjostrand, L., Ek, L., Krumlinde-Sundholm, L., & Tedroff, K. (2014b).
Efficacy of baby-CIMT: study protocol for a randomised controlled trial on infants
below age 12 months, with clinical signs of unilateral CP. BMC Pediatr, 14(1), 141.

Eliasson, A. C., Shaw, K., Ponten, E., Boyd, R., & Krumlinde-Sundholm, L. (2009).
Feasibility of a day-camp model of modified constraint-induced movement therapy
with and without botulinum toxin A injection for children with hemiplegia. Phys
Occup Ther Pediatr, 29(3), 311-333.

Exner, C. E. (2005). Development of Hand Skills. In J. Case-Smith (Ed.), Occupational
Therapy for children (5th ed., pp. 304-355). St. Louis: Elsevier Mosby.

Eyre, J. A. (2003). Development and plasticity of the corticospinal system in man. Neural
Plast, 10(1-2), 93-106.

Eyre, J. A. (2007). Corticospinal tract development and its plasticity after perinatal injury.
Neurosci Biobehav Rev, 31(8), 1136-1149.

Eyre, J. A., Smith, M., Dabydeen, L., Clowry, G. J., Petacchi, E., Battini, R., . .. Cioni, G.
(2007). Is hemiplegic cerebral palsy equivalent to amblyopia of the corticospinal
system? Ann Neurol, 62(5), 493-503.

Eyre, J. A,, Taylor, J. P, Villagra, F., Smith, M., & Miller, S. (2001). Evidence of activity-
dependent withdrawal of corticospinal projections during human development.
Neurology, 57(9), 1543-1554.

Fedrizzi, E., Pagliano, E., Andreucci, E., & Oleari, G. (2003). Hand function in children with
hemiplegic cerebral palsy: prospective follow-up and functional outcome in
adolescence. Dev Med Child Neurol, 45(2), 85-91.

Feys, H., Eyssen, M., Jaspers, E., Klingels, K., Desloovere, K., Molenaers, G., & De Cock, P.
(2010). Relation between neuroradiological findings and upper limb function in
hemiplegic cerebral palsy. Eur J Paediatr Neurol, 14(2), 169-177.

Forsman, L., & Eliasson, A. C. (2015). Strengths and challenges faced by school-aged
children with unilateral CP described by the Five To Fifteen parental questionnaire.
Dev Neurorehabil, Early online 1-9.

Forssberg, H., Eliasson, A. C., Kinoshita, H., Johansson, R. S., & Westling, G. (1991).
Development of human precision grip. I: Basic coordination of force. Exp Brain Res,
85(2), 451-457.

Forssberg, H., Eliasson, A. C., Redon-Zouitenn, C., Mercuri, E., & Dubowitz, L. (1999).
Impaired grip-lift synergy in children with unilateral brain lesions. Brain, 122 ( Pt 6),
1157-1168.

Forssberg, H., Kinoshita, H., Eliasson, A. C., Johansson, R. S., Westling, G., & Gordon, A.
M. (1992). Development of human precision grip. Il. Anticipatory control of
isometric forces targeted for object's weight. Exp Brain Res, 90(2), 393-398.

Friel, K., Chakrabarty, S., Kuo, H. C., & Martin, J. (2012). Using motor behavior during an
early critical period to restore skilled limb movement after damage to the
corticospinal system during development. J Neurosci, 32(27), 9265-9276.

43



REFERENCES

Friel, K. M., Williams, P. T., Serradj, N., Chakrabarty, S., & Martin, J. H. (2014). Activity-
Based Therapies for Repair of the Corticospinal System Injured during Development.
Front Neurol, 5, 229.

Gilmore, R., Sakzewski, L., & Boyd, R. (2010a). Upper limb activity measures for 5- to 16-
year-old children with congenital hemiplegia: a systematic review. Dev Med Child
Neurol, 52(1), 14-21.

Gilmore, R., Ziviani, J., Sakzewski, L., Shields, N., & Boyd, R. (2010b). A balancing act:
children's experience of modified constraint-induced movement therapy. Dev
Neurorehabil, 13(2), 88-94.

Gordon, A. M., Charles, J., & Wolf, S. L. (2006). Efficacy of constraint-induced movement
therapy on involved upper-extremity use in children with hemiplegic cerebral palsy is
not age-dependent. Pediatrics, 117(3), 363-373.

Guzzetta, A., Mercuri, E., Rapisardi, G., Ferrari, F., Roversi, M. F., Cowan, F., . .. Cioni, G.
(2003). General movements detect early signs of hemiplegia in term infants with
neonatal cerebral infarction. Neuropediat, 34(2), 61-66.

Guzzetta, A., Pizzardi, A., Belmonti, V., Boldrini, A., Carotenuto, M., D'Acunto, G., . ..
Cioni, G. (2010). Hand movements at 3 months predict later hemiplegia in term
infants with neonatal cerebral infarction. Dev Med Child Neurol, 52(8), 767-772.

Hadders-Algra, M. (2013). Typical and atypical development of reaching and postural control
in infancy. Dev Med Child Neurol, 55, 5-8.

Hagberg, B., Hagberg, G., Beckung, E., & Uvebrant, P. (2001). Changing panorama of
cerebral palsy in Sweden. VIII. Prevalence and origin in the birth year period 1991-
94. Acta Paediatr, 90(3), 271-277.

Hager-Ross, C., & Rosblad, B. (2002). Norms for grip strength in children aged 4-16 years.
Acta Paediatr, 91(6), 617-625.

Hanna, S. E., Law, M. C., Rosenbaum, P. L., King, G. A., Walter, S. D., Pollock, N., &
Russell, D. J. (2003). Development of hand function among children with cerebral
palsy: growth curve analysis for ages 16 to 70 months. Dev Med Child Neurol, 45(7),
448-455.

Himmelmann, K., Ahlin, K., Jacobsson, B., Cans, C., & Thorsen, P. (2011). Risk factors for
cerebral palsy in children born at term. Acta Obstet Gynecol Scand, 90(10), 1070-
1081.

Himmelmann, K., Beckung, E., Hagberg, G., & Uvebrant, P. (2006). Gross and fine motor
function and accompanying impairments in cerebral palsy. Dev Med Child Neurol,
48(6), 417-423.

Himmelmann, K., Hagberg, G., & Uvebrant, P. (2010). The changing panorama of cerebral
palsy in Sweden. X. Prevalence and origin in the birth-year period 1999-2002. Acta
Paediatr, 99(9), 1337-1343.

Himmelmann, K., & Uvebrant, P. (2014). The panorama of cerebral palsy in Sweden. XI.
Changing patterns in the birth-year period 2003-2006. Acta Paediatr, 103(6), 618-
624.

Himpens, E., Van den Broeck, C., Oostra, A., Calders, P., & Vanhaesebrouck, P. (2008).
Prevalence, type, distribution, and severity of cerebral palsy in relation to gestational
age: a meta-analytic review. Dev Med Child Neurol, 50(5), 334-340.

44



REFERENCES

Hoare, B., Imms, C., Carey, L., & Wasiak, J. (2007). Constraint-induced movement therapy
in the treatment of the upper limb in children with hemiplegic cerebral palsy: a
Cochrane systematic review. Clin Rehabil, 21(8), 675-685.

Holmefur, M., Aarts, P., Hoare, B., & Krumlinde-Sundholm, L. (2009). Test-retest and
alternate forms reliability of the assisting hand assessment. J Rehabil Med, 41(11),
886-891.

Holmefur, M., Kits, A., Bergstrom, J., Krumlinde-Sundholm, L., Flodmark, O., Forssberg,
H., & Eliasson, A. C. (2013). Neuroradiology can predict the development of hand
function in children with unilateral cerebral palsy. Neurorehabil Neural Repair, 27(1),
72-78.

Holmefur, M., Krumlinde-Sundholm, L., Bergstrom, J., & Eliasson, A. C. (2010).
Longitudinal development of hand function in children with unilateral cerebral palsy.
Dev Med Child Neurol, 52(4), 352-357.

Holmefur, M., Krumlinde-Sundholm, L., & Eliasson, A. C. (2007). Interrater and intrarater
reliability of the Assisting Hand Assessment. Am J Occup Ther, 61(1), 79-84.

Holmstrom, L., Lennartsson, F., Eliasson, A. C., Flodmark, O., Clark, C., Tedroff, K., . ..
Vollmer, B. (2011). Diffusion MRI in corticofugal fibers correlates with hand
function in unilateral cerebral palsy. Neurology, 77(8), 775-783.

Holmstrom, L., Vollmer, B., Tedroff, K., Islam, M., Persson, J. K., Kits, A., . .. Eliasson, A.
C. (2010). Hand function in relation to brain lesions and corticomotor-projection
pattern in children with unilateral cerebral palsy. Dev Med Child Neurol, 52(2), 145-
152.

Islam, M., Gordon, A. M., Skold, A., Forssberg, H., & Eliasson, A. C. (2011). Grip force
coordination during bimanual tasks in unilateral cerebral palsy. Dev Med Child
Neurol, 53(10), 920-926.

James, S., Ziviani, J., Ware, R. S., & Boyd, R. N. (2015). Relationships between activities of
daily living, upper limb function, and visual perception in children and adolescents
with unilateral cerebral palsy. Dev Med Child Neurol, early online.

Jarvis, S., Glinianaia, S. V., Arnaud, C., Fauconnier, J., Johnson, A., McManus, V., . ..
Krageloh-Mann, 1. (2005). Case gender and severity in cerebral palsy varies with
intrauterine growth. Arch Dis Child, 90(5), 474-479.

Jones, M. W., Morgan, E., Shelton, J. E., & Thorogood, C. (2007). Cerebral palsy:
introduction and diagnosis (part ). J Pediatr Health Care, 21(3), 146-152.

Kandel, E., Schwartz, J. H., & Jessell, T. M. (2000). Principles of neural science (4th ed.).
New York: McGraw-Hill.

Klingels, K., De Cock, P., Desloovere, K., Huenaerts, C., Molenaers, G., Van Nuland, 1., . . .
Feys, H. (2008). Comparison of the Melbourne Assessment of Unilateral Upper Limb
Function and the Quality of Upper Extremity Skills Test in hemiplegic CP. Dev Med
Child Neurol, 50(12), 904-9009.

Klingels, K., Demeyere, I., Jaspers, E., De Cock, P., Molenaers, G., Boyd, R., & Feys, H.
(2012). Upper limb impairments and their impact on activity measures in children
with unilateral cerebral palsy. Eur J Paediatr Neurol, 16(5), 475-484.

45



REFERENCES

Klingels, K., Jaspers, E., Van de Winckel, A., De Cock, P., Molenaers, G., & Feys, H.
(2011). A systematic review of arm activity measures for children with hemiplegic
cerebral palsy. Clin Rehabil, 24(10), 887-900.

Krageloh-Mann, 1. (2004). Imaging of early brain injury and cortical plasticity. Exp Neurol,
190 Suppl 1, 84-90.

Krageloh-Mann, 1., & Cans, C. (2009). Cerebral palsy update. Brain Dev, 31(7), 537-544.

Krageloh-Mann, 1., & Horber, V. (2007). The role of magnetic resonance imaging in
elucidating the pathogenesis of cerebral palsy: a systematic review. Dev Med Child
Neurol, 49(2), 144-151.

Krumlinde-Sundholm, L. (2012). Reporting outcomes of the Assisting Hand Assessment:
what scale should be used? Dev Med Child Neurol, 54(9), 807-808.

Krumlinde-Sundholm, L., Ek, L., & Eliasson, A.-C. (2015). What assessments evaluate use
of hands in infants? A literature review. Dev Med Child Neurol, 57, 37-41.

Krumlinde-Sundholm, L., & Eliasson, A. C. (2002). Comparing tests of tactile sensibility:
aspects relevant to testing children with spastic hemiplegia. Dev Med Child Neurol,
44(9), 604-612.

Krumlinde-Sundholm, L., Holmefur, M., Kottorp, A., & Eliasson, A. C. (2007). The
Assisting Hand Assessment: current evidence of validity, reliability, and
responsiveness to change. Dev Med Child Neurol, 49(4), 259-264.

Kuhnke, N., Juenger, H., Walther, M., Berweck, S., Mall, V., & Staudt, M. (2008). Do
patients with congenital hemiparesis and ipsilateral corticospinal projections respond
differently to constraint-induced movement therapy? Dev Med Child Neurol, 50(12),
898-903.

Law, K., Lee, E. Y., Fung, B. K., Yan, L. S., Gudushauri, P., Wang, K. W., ... Chow, S. P.
(2008). Evaluation of deformity and hand function in cerebral palsy patients. J Orthop
Surg Res, 3, 52.

Law, M., Cooper, B., Strong, S., Stewart, D., Rigby, P., & Letts, L. (1996). The Person-
Environment-Occupation Model: A Transactive Approach to Occupational
Performance. Can J Occup Ther, 63(1), 9-23.

Lin, K. C., Wang, T. N.,, Wu, C. Y., Chen, C. L., Chang, K. C., Lin, Y. C., & Chen, Y. J.
(2011). Effects of home-based constraint-induced therapy versus dose-matched
control intervention on functional outcomes and caregiver well-being in children with
cerebral palsy. Res Dev Disabil, 32(5), 1483-1491.

Lowes, L. P., Mayhan, M., Orr, T., Batterson, N., Tonneman, J. A., Meyer, A., . .. Case-
Smith, J. (2014). Pilot Study of the Efficacy of Constraint-Induced Movement
Therapy for Infants and Toddlers with Cerebral Palsy. Phys Occup Ther Pediatr.
34(1), 4-21.

Mackenzie, S. J., Getchell, N., Modlesky, C. M., Miller, F., & Jaric, S. (2009). Using
grasping tasks to evaluate hand force coordination in children with hemiplegic
cerebral palsy. Arch Phys Med Rehabil, 90(8), 1439-1442.

Mackey, A., Stinear, C., Stott, S., & Byblow, W. D. (2014). Upper limb function and cortical
organization in youth with unilateral cerebral palsy. Front Neurol, 5, 117.

46



REFERENCES

Martin, J. H. (2005). The corticospinal system: from development to motor control.
Neuroscientist, 11(2), 161-173.

Martin, J. H., Chakrabarty, S., & Friel, K. M. (2011). Harnessing activity-dependent plasticity
to repair the damaged corticospinal tract in an animal model of cerebral palsy. Dev
Med Child Neurol, 53 Suppl 4, 9-13.

Martin, J. H., Choy, M., Pullman, S., & Meng, Z. (2004). Corticospinal system development
depends on motor experience. J Neurosci, 24(9), 2122-2132.

Martin, J. H., Friel, K. M., Salimi, I., & Chakrabarty, S. (2007). Activity- and use-dependent
plasticity of the developing corticospinal system. Neurosci Biobehav Rev, 31(8),
1125-1135.

Mclntyre, S., Morgan, C., Walker, K., & Novak, I. (2011). Cerebral palsy--don't delay. Dev
Disabil Res Rev, 17(2), 114-129.

Mclntyre, S., Taitz, D., Keogh, J., Goldsmith, S., Badawi, N., & Blair, E. (2013). A
systematic review of risk factors for cerebral palsy in children born at term in
developed countries. Dev Med Child Neurol, 55(6), 499-508.

Neu, C. M., Rauch, F., Rittweger, J., Manz, F., & Schoenau, E. (2002). Influence of puberty
on muscle development at the forearm. Am J Physiol Endocrinol Metab, 283(1), 103-
107.

Newman, C. J., O'Regan, M., & Hensey, O. (2006). Sleep disorders in children with cerebral
palsy. Dev Med Child Neurol, 48(7), 564-568.

Nordenskiold, U. M., & Grimby, G. (1993). Grip force in patients with rheumatoid arthritis
and fibromyalgia and in healthy subjects. A study with the Grippit instrument. Scand
J Rheumatol, 22(1), 14-19.

Novak, I. (2014). Evidence-Based Diagnosis, Health Care, and Rehabilitation for Children
With Cerebral Palsy. J Child Neurol, 29(8), 1141-1156.

Novak, 1., Hines, M., Goldsmith, S., & Barclay, R. (2012). Clinical prognostic messages from
a systematic review on cerebral palsy. Pediatrics, 130(5), 1285-1312.

Novak, I., Mcintyre, S., Morgan, C., Campbell, L., Dark, L., Morton, N., . . . Goldsmith, S.
(2013). A systematic review of interventions for children with cerebral palsy: state of
the evidence. Dev Med Child Neurol, 55(10), 885-910.

O'Callaghan M, E., Maclennan, A. H., Gibson, C. S., McMichael, G. L., Haan, E. A,
Broadbent, J. L., . .. Dekker, G. A. (2011). Epidemiologic Associations With
Cerebral Palsy. Obstet Gynecol, 118(3), 576-582.

O'Shea, T. M. (2008). Diagnosis, treatment, and prevention of cerebral palsy. Clin Obstet
Gynecol, 51(4), 816-828.

Ohrvall, A. M, Eliasson, A. C., Lowing, K., Odman, P., & Krumlinde-Sundholm, L. (2010).
Self-care and mobility skills in children with cerebral palsy, related to their manual
ability and gross motor function classifications. Dev Med Child Neurol, 52(11), 1048-
1055.

Pagliano, E., Andreucci, E., Bono, R., Semorile, C., Brollo, L., & Fedrizzi, E. (2001).
Evolution of upper limb function in children with congenital hemiplegia. Neurol Sci,
22(5), 371-375.

47



REFERENCES

Palisano, R., Rosenbaum, P., Walter, S., Russell, D., Wood, E., & Galuppi, B. (1997).
Development and reliability of a system to classify gross motor function in children
with cerebral palsy. Dev Med Child Neurol, 39(4), 214-223.

Palisano, R. J., Cameron, D., Rosenbaum, P. L., Walter, S. D., & Russell, D. (2006). Stability
of the Gross Motor Function Classification System. Dev Med Child Neurol, 48(6),
424-428.

Palisano, R. J., Rosenbaum, P., Bartlett, D., & Livingston, M. H. (2008). Content validity of
the expanded and revised Gross Motor Function Classification System. Dev Med
Child Neurol, 50(10), 744-750.

Prodoehl, J., Corcos, D. M., & Vaillancourt, D. E. (2009). Basal ganglia mechanisms
underlying precision grip force control. Neurosci Biobehav Rev, 33(6), 900-908.

Pruitt, D. W., & Tsai, T. (2009). Common medical comorbidities associated with cerebral
palsy. Phys Med Rehabil Clin N Am, 20(3), 453-467.

Randall, M., Carlin, J. B., Chondros, P., & Reddihough, D. (2001). Reliability of the
Melbourne assessment of unilateral upper limb function. Dev Med Child Neurol,
43(11), 761-767.

Rosenbaum, P., Paneth, N., Leviton, A., Goldstein, M., Bax, M., Damiano, D., . . . Jacobsson,
B. (2007). A report: the definition and classification of cerebral palsy April 2006. Dev
Med Child Neurol Suppl, 109, 8-14.

Sakzewski, L., Gordon, A., & Eliasson, A. C. (2014). The State of the Evidence for Intensive
Upper Limb Therapy Approaches for Children With Unilateral Cerebral Palsy. J
Child Neurol. 29(8), 1077-1090.

Sakzewski, L., Ziviani, J., Abbott, D. F., Macdonell, R. A., Jackson, G. D., & Boyd, R. N.
(2011a). Equivalent retention of gains at 1 year after training with constraint-induced
or bimanual therapy in children with unilateral cerebral palsy. Neurorehabil Neural
Repair, 25(7), 664-671.

Sakzewski, L., Ziviani, J., Abbott, D. F., Macdonell, R. A., Jackson, G. D., & Boyd, R. N.
(2011b). Randomized trial of constraint-induced movement therapy and bimanual
training on activity outcomes for children with congenital hemiplegia. Dev Med Child
Neurol, 53(4), 313-320.

Sakzewski, L., Ziviani, J., & Boyd, R. N. (2011c). Best responders after intensive upper-limb
training for children with unilateral cerebral palsy. Arch Phys Med Rehabil, 92(4),
578-584.

Sakzewski, L., Ziviani, J., & Boyd, R. (2010). The relationship between unimanual capacity
and bimanual performance in children with congenital hemiplegia. Dev Med Child
Neurol, 52(9), 811-816.

Skold, A., Josephsson, S., & Eliasson, A. C. (2004). Performing bimanual activities: the
experiences of young persons with hemiplegic cerebral palsy. Am J Occup Ther,
58(4), 416-425.

Skold, A., Josephsson, S., Fitinghoff, H., & Eliasson, A. C. (2007). Experiences of use of the
cerebral palsy hemiplegic hand in young persons treated with upper extremity
surgery. J Hand Ther, 20(3), 262-272.

48



REFERENCES

Smithers-Sheedy, H., Badawi, N., Blair, E., Cans, C., Himmelmann, K., Krageloh-Mann, 1., .
.. Wilson, M. (2014). What constitutes cerebral palsy in the twenty-first century? Dev
Med Child Neurol, 56(4), 323-328.

Smits-Engelsman, B. C., Rameckers, E. A., & Duysens, J. (2004). Late developmental
deficits in force control in children with hemiplegia. Neuroreport, 15(12), 1931-1935.

Smits, D.-W., Gorter, J. W., Hanna, S. E., Dallmeijer, A. J., Van Eck, M., Roebroeck, M. E., .
... on behalf of the, P. P. S. G. (2013). Longitudinal development of gross motor
function among Dutch children and young adults with cerebral palsy: an investigation
of motor growth curves. Dev Med Child Neurol, 55(4), 378-384.

Spittle, A., Orton, J., Anderson, P., Boyd, R., & Doyle, L. W. (2012). Early developmental
intervention programmes post-hospital discharge to prevent motor and cognitive
impairments in preterm infants. Cochrane Database Syst Rev, 12.

Staudt, M., Gerloff, C., Grodd, W., Holthausen, H., Niemann, G., & Krageloh-Mann, I.
(2004). Reorganization in congenital hemiparesis acquired at different gestational
ages. Ann Neurol, 56(6), 854-863.

Staudt, M., Grodd, W., Gerloff, C., Erb, M., Stitz, J., & Krageloh-Mann, 1. (2002). Two types
of ipsilateral reorganization in congenital hemiparesis: a TMS and fMRI study. Brain,
125(Pt 10), 2222-2237.

Staudt, M., Niemann, G., Grodd, W., & Krageloh-Mann, I. (2000). The pyramidal tract in
congenital hemiparesis: relationship between morphology and function in
periventricular lesions. Neuropediatrics, 31(5), 257-264.

Stockholms L&ns Landsting. (2014). Regional Healthcare programme for children and young
people with Cerebral Palsy Stockholm.

Surveillance of Cerebral Palsy in Europe (SCPE). (2000). Surveillance of cerebral palsy in
Europe: a collaboration of cerebral palsy surveys and registers. Dev Med Child
Neurol, 42(12), 816-824.

Taub, E., Crago, J. E., Burgio, L. D., Groomes, T. E., Cook, E. W., 3rd, DeLuca, S. C., &
Miller, N. E. (1994). An operant approach to rehabilitation medicine: overcoming
learned nonuse by shaping. J Exp Anal Behav, 61(2), 281-293.

Taub, E., Griffin, A., Uswatte, G., Gammons, K., Nick, J., & Law, C. R. (2011). Treatment of
congenital hemiparesis with pediatric constraint-induced movement therapy. J Child
Neurol, 26(9), 1163-1173.

Taylor, N., Sand, P. L., & Jebsen, R. H. (1973). Evaluation of hand function in children. Arch
Phys Med Rehabil, 54(3), 129-135.

Thickbroom, G. W., Byrnes, M. L., Archer, S. A., Nagarajan, L., & Mastaglia, F. L. (2001).
Differences in sensory and motor cortical organization following brain injury early in
life. Ann Neurol, 49(3), 320-327.

van der Aa, N. E., Verhage, C. H., Groenendaal, F., Vermeulen, R. J., de Bode, S., van
Nieuwenhuizen, O., & de Vries, L. S. (2013). Neonatal neuroimaging predicts
recruitment of contralesional corticospinal tracts following perinatal brain injury. Dev
Med Child Neurol, 55(8), 707-712.

Vaz, D. V., Cotta Mancini, M., Fonseca, S. T., Vieira, D. S., & de Melo Pertence, A. E.
(2006). Muscle stiffness and strength and their relation to hand function in children
with hemiplegic cerebral palsy. Dev Med Child Neurol, 48(9), 728-733.

49



REFERENCES

World Health Organization. (2007). International classification of functioning, disability and
health : children & youth version : ICF-CY. Geneva.

Wu, Y. W, Croen, L. A, Shah, S. J., Newman, T. B., & Najjar, D. V. (2006a). Cerebral palsy
in a term population: risk factors and neuroimaging findings. Pediatrics, 118(2), 690-
697.

Wu, Y. W, Lindan, C. E., Henning, L. H., Yoshida, C. K., Fullerton, H. J., Ferriero, D. M., . .
. Croen, L. A. (2006b). Neuroimaging abnormalities in infants with congenital
hemiparesis. Pediatr Neurol, 35(3), 191-196.

Ziemann, U. (2011). Transcranial magnetic stimulation at the interface with other techniques:
a powerful tool for studying the human cortex. Neuroscientist, 17(4), 368-381.

Ohrvall, A.-M., Krumlinde-Sundholm, L., & Eliasson, A.-C. (2014). The stability of the
Manual Ability Classification System over time. Dev Med Child Neurol, 56(2), 185-
189.

50



