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SUMMARY OF THESIS

T he association b e tw ee n  physical activ ity, delayed all-cause m o rta lity , decreased risk o f 

hypertension , coronary heart disease, stroke and typ e  II d iabetes m ellitus is w ell established. 

Physical activ ity has a positive e ffect on a n um ber o f card iom etabolic  risk factors in adults and 

children including systolic blood pressure, trig lycerides, high density lipoprote in -cho lestero l, 

plasm a glucose, insulin, and insulin resistance. It has been established th a t adults and children  

w ith  cerebral palsy p artic ipate  in less physical activ ity  than  th e ir  ab le-bod ied  peers. The aim  o f 

th is thesis was to  investigate th e  e ffect o f reduced partic ipation  in physical activ ity  on body  

com position , card ioresp irato ry fitness, and card iom etabolic  risk factors in adults and children  

w ith  cerebral palsy.

At th e  tim e  th a t th e  studies presented  in th is thesis com m enced, th e re  w ere  lim ited m ethods  

availab le  to  m easure physical activ ity in adults and children w ith  cerebral palsy. The lite ra tu re  

re v iew  presented in C hapter 3 identified  th re e  acce lerom etry-based  devices th a t provided  

estim ates o f energy expen d itu re  in intervals o f 1 m in ute  or less. These devices had not been  

directly  com pared in adults o r children w ith o u t cerebral palsy and th e re fo re  th e re  was no 

in fo rm atio n  about th e  concurren t va lid ity  o f th e m  in th e  general population.

In study 1 th e  criterion and concurrent va lid ity  of these th re e  devices, th e  RT3 acce lero m eter, 

th e  S ensew ear Pro Arm band (SW A) and th e  In te lligent Device fo r Energy Expenditure and 

Activ ity (IDEEA), was investigated in adults and children w ith o u t cerebral palsy. The results o f 

this study indicated th a t th e  SW A provided th e  best estim ate  o f energy expen d itu re  in adults  

and children w ith o u t cerebral palsy. H ow ever, even w hen th e  SW A d em o n stra ted  th e  best 

ag re em en t w ith  a criterion  m easure, during running, lim its o f ag reem en t ranged fro m  -29%  to  

13%  o f th e  m ean energy expenditure .

In study 2 th e  criterion  and concurrent va lid ity  o f th e  RT3, th e  SW A and th e  IDEEA was 

investigated in adults and children w ith  cerebral palsy. The RT3 provided th e  m ost accurate  

estim ation  o f energy expen diture  in com parison to  th e  gold standard. There was significant 

in ter-ind iv idual varia tio n , how ever, and th e  RTS und eres tim ated  energy expen d itu re  by up to  

37 .9%  in adults and up to  26 .9%  in children. The results o f this study indicated th a t caution m ust 

be used w hen using th e  RT3 to  es tim ate  energy expen diture  in adults and children w ith  cerebral 

palsy, particu larly a t an individual level.
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As a result of the findings in study 2 it was hypothesised that a large proportion of the error in 

energy expenditure estimation was associated with the inbuilt algorithms that convert raw data 

to energy expenditure. The RTS is a traditional accelerometer, which is conventionally used to 

quantify time spent in sedentary, light, moderate or vigorous activity by categorising raw 

accelerometer counts with count thresholds or 'cut-points'. In study 3 the accuracy of previously 

published cut-points for the RT3 at classifying physical activity intensity in adults and children 

with cerebral palsy was investigated. In children, the cut-points incorrectly classified moderate- 

to-vigorous activity as light activity 30% of the time. Published cut-points had a higher sensitivity 

value (83.9%) in adults, as a result of fewer incorrect classifications. A new moderate-to-vigorous 

cut-point o f 689 counts.min'^ was identified for children with cerebral palsy. The sample size was 

insufficient to cross-validate this cut-point however, and therefore requires cross-validation in 

an independent sample.

In study 4 everyday levels of physical activity were compared between adults with and w ithout 

cerebral palsy. Adults with cerebral palsy participated in less moderate, vigorous and total 

activity than adults w ithout cerebral palsy. Gross motor function was the main determinant of 

physical activity levels in people w ith cerebral palsy, and those w ith the highest gross motor 

function achieved similar levels of moderate, vigorous, and total activity as those w ithout 

cerebral palsy. Moderate physical activity was negatively associated w ith a number 

cardiometabolic risk factors.

In study 5 the prevalence of cardiometabolic risk factors in adults with cerebral palsy was 

investigated. More than a fifth  o f the relatively young cohort of adults w ith cerebral palsy had 

the metabolic syndrome and more than a third were centrally obese. The results of this study 

also indicated that waist circumference is a stronger predictor of cardiometabolic risk factors, 

including hypertension, dyslipidaemia, and insulin resistance in adults w ith cerebral palsy, 

compared to BMI, waist-hip ratio, and waist-height ratio.

In study 6 the association between physical activity, body composition and blood pressure was 

investigated in children w ith cerebral palsy. Total and central adiposity was associated with 

systolic blood pressure in children w ith cerebral palsy. Total physical activity, moderate-to- 

vigorous physical activity, and vigorous activity were negatively associated w ith high risk blood 

pressure values. Sedentary activity was positively associated with high risk blood pressure 

values.
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In study 7 the association between cardiorespiratory fitness, blood pressure, and body fat was 

investigated in children with cerebral palsy. Cardiorespiratory fitness was negatively associated 

with systolic blood pressure and body fat, particularly central adiposity. A large proportion o f the 

association between cardiorespiratory fitness and blood pressure was explained by the 

relationship between body fat and blood pressure. Total activity, sustained bouts of moderate- 

to-vigorous activity and vigorous activity alone, but not sedentary, light or moderate activity, 

were associated with cardiorespiratory fitness. Only vigorous physical activity differed across 

levels o f fitness, classified according to reference curves, highlighting the need for healthcare 

professionals to promote participation in vigorous physical activity among children with cerebral 

palsy.
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Chapter 1 Introduction

1.1 Definition of Cerebral Palsy

Cerebral palsy (CP) is defined as 'a group o f permanent disorders causing activity 

lim itation that are attributed to non-progressive disturbances that occurred in the 

developing feta! or infant brain' (Rosenbaum et al., 2007). The definition also states that 

'the motor disorders of CP are often accompanied by disturbances of sensation, 

perception, cognition, communication, and behaviour, by epilepsy, and by secondary 

musculoskeletal problems'. CP is an umbrella term that encompasses a variety of motor 

disorders. As such it is a heterogeneous condition in terms of aetiology, type and 

severity of impairment. Regardless of the cause or presentation of CP abnormal fine and 

gross motor functioning and organisation are the core features of CP.

To be considered CP, the disturbance that leads to motor disorders must occur w/ithin a 

time frame that results in interruption to the development o f the child. This allows CP to 

be distinguished from conditions w ith similar presentations that result from later- 

acquired lesions, when motor development is well established. It is usually expected 

that the motor impairments of CP will manifest before 18 months of age. There is no 

explicit upper age lim it specified however, to  determine when disturbances to the brain 

must occur in order to be considered CP.

1.1.1 Classification of cerebral palsy

Cerebral palsy covers a wide range of clinical presentations and accompanying 

impairments. Classification o f CP into subtypes is therefore necessary for a number of 

reasons. Firstly, classifying CP provides a description of the nature of the problem and its 

severity. This allows healthcare professionals to predict the current and future service 

needs of individuals with CP. W ithout classification, comparison of individuals with CP at 

one time-point is impossible because of the heterogeneity of the condition.

Classification also allows healthcare professionals to evaluate changes in an individual's 

condition across a number of time-points.
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Traditionally classification schemes focused on the distribution of the affected limbs 

(e.g. diplegia, hemiplegia), w ith a description of the predominant type of tone or 

movement abnormality (e.g. spastic, dyskinetic). This method of classification can be 

considered unreliable however as it introduces a lack of precision and clarity into the 

extent of involvement of each limb. For example, a person whose lower limbs are 

affected but who has no upper limb involvement may be classified w ith diplegia. 

Similarly a person whose four limbs are affected but their arms are not as severely 

affected as their legs may also be considered diplegic. W ithout an operational definition 

of the characteristics included in the classification scheme examiners may not classify 

the same individual in the same way. In 2006 experts developed 'The Definition and 

Classification o f Cerebral Palsy' document to provide a common conceptualisation about 

CP (Rosenbaum et al., 2007). This document clearly outlines the information required 

for classification and the four major components of classification. These components are 

1) motor abnormalities, 2) accompanying impairments, 3) anatomical and neuro

imaging findings, 4) causation and timing. The definition of each of these components 

and instructions on how to  apply them to the classification of CP will be discussed next.

1.1.1.1 The four components of classification

M otor abnormalities can be subdivided into i) the nature and typology o f the motor 

disorder and ii) functional m otor abilities. Cases of CP should be classified by the 

dominant type of tone or movement abnormality categorised as spasticity, dystonia, 

choreoathetosis, or ataxia. It is acknowledged however, that many people will have 

mixed presentations. It is therefore important to list any additional tone or movement 

abnormalities as secondary types.

Recognition and evaluation o f the functional consequences o f different health states has 

become of increasing importance to health professionals in recent years. CP is primarily 

defined by movement abnormalities that result in activity lim itation. It is therefore 

important to acknowledge and classify the functional consequences o f involvement of 

the upper and lower extremities. The Gross M otor Function Classification System 

(GMFCS) is widely used to classify individuals according to their functional mobility or 

activity lim itation (Palisano et al., 1997). The GMFCS is a quick, easy-to-use, valid and 

reliable measure of gross m otor function, which classifies children and adolescents on a 

scale o f 1 to 5. It places a particular emphasis on truncal control and walking. The
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GMFCS was initially developed for children up to 12 years of age. The categorisation of 

each child into level I to  V is based on functional limitations and the need for assistive 

technology, particularly mobility devices including wheeled mobility. Children classified 

as level I have minimal functional limitations whereas children classified as level V would 

be considered severely disabled and often unable to self-mobilise even in a power 

wheelchair. The classification of each child into level I to  V is dependent on age with 

separate descriptions provided for each level in age-bands of <2 years, 2-4 years, 4-6 

years, and 6-12 years. In 2007 an expanded and revised version of the GMFCS was 

released which revised the 6-12 year age-band of the GMFCS and included a 12-18 year 

age-band (Palisano et al., 2008). The purpose of this was firstly to distinguish between 

capability (what an individual can do in a natural environment) and performance (what 

an individual does in his/her current environment), and secondly to integrate the 

perspective that environmental and personal factors influence performance of gross 

motor function. As a result the distinctions between levels in the 6-12 year age-band 

were clarified by including only the methods of mobility most representative of each 

level. The differences between the 6-12 year age-band and the 12-18 year age-band are 

not pronounced, reflecting the fact that although children will usually continue to be 

capable of the methods of mobility they used at younger ages, environmental and 

personal factors may influence their choice of method in adolescence. A full description 

of the expanded and revised GMFCS can be found in Appendix 1. A version of the 

GMFCS has not been developed to classify physical functioning in adults with CP. 

However, descriptors for children have been successfully used to classify adults 

according to the gross motor function and mobility status (McCormick et al., 2007, 

Sandstrom et al., 2004).

The second component of classification is accompanying impairments. The definition of 

CP clearly recognises that the motor disorders of CP are often accompanied by other 

impairments that interfere w ith the ability to function in daily life. It is therefore 

important when classifying CP to note the presence or absence of epilepsy (defined as 

tw o or more afebrile, non-neonatal seizures), IQ (as a measure of presence/absence and 

severity of mental retardation), visual impairments, and hearing impairments.

The third component, anatomical and neuro-imaging findings, has historically been used 

to  classify CP. As mentioned previously however, traditional classification schemes 

focused on the distribution of the affected limbs. Although this is still considered a
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major component of classification the terms 'diplegia', 'hemiplegia' and 'quadraplegla' 

fail to  clearly define the level of involvement o f each limb, and notably om it a 

description of truncal or oropharyngeal involvement. Although these terms are firm ly 

rooted in research and clinical practice, the 2006 report recommends that the terms 

'unilateral' and 'bilateral' are used instead to differentiate betw/een patterns of 

involvement. It can still be difficult to  obtain clarity when implementing this system as 

some people w ith unilateral CP may also have a degree of motor involvement on the 

other side or people w ith bilateral CP may have asymmetry across sides. It is therefore 

important to include a description of the motor abnormality and functional motor ability 

with a description of anatomical distribution.

Neuro-imaging findings is also part o f this component. Although categorisation of CP 

according to neuro-imaging findings is desirable there is insufficient research to allow 

for classification of CP according to neuro-imaging at present.

Finally, cause and tim ing of the onset o f motor abnormalities is the fourth component of 

classification. Although efforts are made to investigate the cause of CP in individual 

cases it is often not possible to identify a cause. This makes categorisation of CP by 

cause unfeasible at present. Similarly it is difficult to identify the tim ing of an insult, w ith 

reasonably firm  evidence, in the majority o f cases. While adverse events that occur 

prenatally, perinatally, and postnatally should be recorded it cannot be assumed that 

such an event directly caused CP and therefore classifying CP by the tim ing o f insult 

would introduce the potential fo r error into the classification system.

1.1.2 Prevalence of cerebral palsy

CP is the most common form of childhood disability w ith prevalence rates o f 2 to  3 per 

1000 live births generally reported (Stanley, 2000). This figure varies between countries, 

birth-weights and gestational age-groups. Although the number of people w ith a 

diagnosis of CP currently living in the Republic of Ireland is unknown attempts have been 

made to  calculate prevalence rates o f CP in different parts of Ireland at different time 

periods. Between 1990 and 1999 the prevalence of CP was 1.88 per 1000 live births 

[95% confidence interval (Cl): 1.5 to 2.4] in the west of Ireland (counties Galway, Mayo 

and Roscommon) (Mongan et al., 2006). The rate of severe CP, defined as an IQ less 

than 5 and an inability to walk, was 0.26/1000 live births. Of the children diagnosed with 

CP, 68% were male and 32% were female. The majority of children were classified as
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bilateral spastic CP (51%), followed by unilateral spastic CP (32%), dyskinesia (9%), and 

hypotonia with ataxia (7%). Seven children (8%), all o f whom were classified as 

quadriplegic CP died between the ages of 2 yr 11 months and 10 yr 6 months. Of the 

remaining children, 26% had minimal gait abnormalities, 38% were able to walk 

independently w ithout a mobility aid but had some gait disturbances, 18% required a 

mobility aid, and 18% required wheeled mobility. Over half of the children (56%) had an 

intellectual impairment; 35% had an IQ less than 50,10% had an IQ 50 to 69, 10% had an 

IQ 70 to 84. Only one child had both visual and hearing impairments, 12% had visual 

impairment and 10% had hearing impairment. Sensory impairment was present in 21% 

of children. Thirty-one children (46%) had experienced seizure activity, 84% of whom 

still had seizure activity. Only 5% of children had a known postneonatal origin of CP that 

occurred between 7 months and 22 months.

Data from a collaborative network of 11 CP registers and surveys across Europe 

indicated that the overall prevalence rate for CP in the years 1980-1990 was similar to 

that reported in the west of Ireland [2.08/1000 live births (95% Cl 2.02 to 2.14)] (2002). 

Data collected from registers in Cork/Kerry and Northern Ireland indicated that the 

prevalence rate in these areas was 1.49 and 2.26, respectively. Similar to reports from 

the west of Ireland bilateral spastic CP was the largest subtype of CP across Europe 

(54.9%), followed by unilateral spastic CP (29.2%), dyskinesia (6.5%), ataxia (4.3%), 

unclassified (3.7%), and unspecified spastic CP (1.6%). The rate of severe CP in 

Cork/Kerry was similar to that in the west of Ireland (0.2 per 1000 live births).

1.1.3 Predictors of mortality among adults and children with cerebral palsy

It has been well reported that mortality among children with CP is related to the severity 

of their condition (Strauss et al., 1998, Evans and Alberman, 1991, Crichton et al., 1995, 

Blair et al., 2001a). Immobility, severe intellectual disability and feeding problems have 

all been associated with increased mortality in this population. Children w ithout severe 

impairments however, are expected to live well into adulthood (Strauss et al., 1998,

Blair et al., 2001a, Evans and Alberman, 1991). Less is known about the life expectancy 

of adults with CP. The majority of the information about mortality and causes of 

mortality in adults w ith CP has come from research conducted on a large database of 

adults with CP in California. Results from this database must be interpreted w ith caution 

however, as adults on the database were still receiving services. This suggests they may
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have been a more severely impaired population compared to  the general population of 

adults w ith CP.

As w ith children the most significant risk factors for mortality in adults were deficits in 

functional skills such as mobility and feeding (Strauss and Shavelle, 1998). Results from 

the Western Australia Cerebral Palsy Register, that included people aged up to 44 years, 

indicated that intellectual disability was the strongest predictor of mortality among 

adults and children with CP (Blair et al., 2001a). This study also found that severity of 

motor impairment increased the risk o f mortality, but only up to the age of 15 years. 

Mortality declined thereafter and remained steady for the next 20 years. Although this 

suggests that mortality may not be associated with motor impairment in middle-aged 

adults this study was unable to speculate on the association between motor impairment 

and mortality in adults over 44 years of age. Strauss et al. (2004) reported that 

ambulatory status was strongly predictive of mortality in older adults with CP. Adults 

who maintained a level of independent ambulation at 70 years of age had a survival rate 

of 75% compared to 85% in the general population. The survival rate was only 60% in 

adults who were non-ambulatory at age 70.

M ortality rate among adults with CP appears to be declining only in the most severely 

disabled individuals. Over the 20 year period from 1983 to 2002 mortality rates amongst 

adults who had severe motor impairments and were gastrostomy fed, fell by 50% 

(Strauss et al., 2007); the life expectancy of these individuals increased by approximately 

5 years. The same decline in mortality may not have been observed in the general 

population of adults w ith CP because high functioning adults w ith CP are reported to 

have a similar, albeit slightly lower, life expectancy to the general population (Strauss 

and Shavelle, 1998). The association between mobility and survival in older adults 

suggests that interventions to maintain mobility in this population may prolong the life 

span of people with CP.

1.2 Consequences of Cerebral Palsy

CP is considered a non-progressive condition, in so much as the pathophysiological 

mechanisms leading to CP are presumed to arise from a single, inciting event or discrete 

series of events, which are no longer active at the time of diagnosis. It is important,
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however, to recognise that CP is a life-long condition and an increased number of 

secondary conditions can manifest over the lifespan of a person with CP. The impact of 

CP on children results in poorer health, in terms of physical functioning, bodily pain, 

general health perceptions and family activities, compared to typically developing (TD) 

children (Parkes et al., 2009). Other secondary conditions reported by people w ith CP 

include fatigue, musculoskeletal conditions, chronic pain, depressive symptoms, and 

reduced participation (Turk, 2009, Majnemer et al., 2008).

The World Health Organisation's International Classification o f Functioning, Disability 

and Health (ICF) (World Health Organisation, 2001) provides a useful framework for 

comprehensively assessing the effect of disability on the individual. 'Impairments' are 

considered problems in body structures and functions, 'activity lim itations' are 

difficulties an individual may have in the execution of a task or action, and 'participation 

restrictions' are the problems an individual may experience in involvement in life 

situations. The consequences of CP will now be discussed in relation to the ICF 

framework.

1.2.1 Primary impairments associated w ith cerebral palsy

As discussed in Section 1.1.1.1 a number of motor abnormalities, and anatomical 

distributions of these abnormalities, are associated with CP. Spasticity is the most 

common clinical subtype of motor abnormality observed in CP (2002). Spasticity is a 

specific form of hypertonia that results from upper motor neurone lesion. CP is the most 

common condition associated w ith upper motor neurone lesion in children (National 

Collaborating Centre for Women's and Children's Health UK, 2012). Spasticity is defined 

by the presence of one or both of the following features: 1) abnormally increased 

resistance to externally imposed movement, which increases with increasing speed of 

stretch and varies with the direction of jo in t movement; 2) an abnormally increased 

resistance to externally imposed movement which increases rapidly beyond a threshold 

speed or jo int angle. It is presumed to be caused by a lesion of the pyramidal tract.

Other motor abnormalities observed in people with CP, such as dystonia, chorea and 

athetosis are caused by lesions to the extra-pyramidal tract and other motor tracts 

(Sanger et al., 2003). As discussed in Section 1.1.1.1 many people will have a mixed 

pattern of motor symptoms suggesting that although the primary lesion may be in one 

tract it will have secondary effects on the function o f other parts of the motor pathways.
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Additional components of upper m otor neurone lesion include reduced range of 

movement, muscle weakness, poor selective motor control, exaggerated deep tendon 

reflexes and difficulties with motor planning. Reduced range of movement, indicative of 

minimal fixed muscle contractures and marked spasticity, is a primary feature of CP. 

Stiffness is a predominant complaint amongst adults with CP (Jahnsen et al., 2004). 

Although clinicians often highlight reduced range of movement as a priority during 

rehabilitation, research suggests that muscle weakness and poor selective motor control 

are key contributors to  activity lim itation and reduced physical functioning in this 

population (Rose and McGill, 2005, Stackhouse et a!., 2005, Ostensjo et al., 2004). 

Significant reductions in muscle volumes have been reported in ambulatory adolescents 

and young adults w ith spastic unilateral CP (Lampe et al., 2006, Riad et al., 2012).

Muscle wasting was apparent in all lower limb muscles. On average, the percentage 

reduction in muscle volume (compared to the non-affected side) was larger in the lower 

leg muscles than the thigh musculature (Lampe et al., 2006, Riad et al., 2012).

Reductions in muscle volumes were associated with lower concentric muscle work on 

the affected side compared to the non-affected side (Riad et al., 2012). This suggests 

that even people with mild CP have significant reductions in muscle volume and 

strength. In addition to deficits in voluntary muscle activation, increases in antagonist 

coactivation have been reported in children with spastic diplegia (Stackhouse et al., 

2005). People with CP therefore have the additional problem of inhibiting antagonistic 

coactivation as well as producing voluntary contractions of an adequate force when 

trying to improve strength.

1.2.2 Activity limitation and cerebral palsy

Reductions in short-term muscle power and functional muscle strength have been 

associated with activity limitations, specifically activities in standing, walking, running 

and jumping, in children with minimal impairments (Verschuren et al., 2009). It is likely 

that this is partly due to the contribution of muscle weakness to delayed or absent 

balance reactions observed in children and adolescents with CP (Campbell and Ball, 

1978). Poor dynamic balance is associated w ith a slower speed and increased metabolic 

cost o f walking (Liao et al., 1997). Reduced muscle strength and inefficient concentric 

activity also have an independent effect on the normal gait cycle and gait efficiency.
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It has been widely reported that the energy cost of ambulation is increased in children 

w ith CP (Unnithan et al., 1996, Waters and Mulroy, 1999, Brehm et al., 2007, Dallmeijer 

and Brehm, 2011, Rose et al., 1993). Energy cost, defined as the energy used per unit of 

the distance covered during walking, is accepted as a measure of energy efficiency 

(Bowen et al., 1998). When net energy cost was examined (i.e. gross energy expenditure 

-  resting energy expenditure) the energy cost of ambulation was approximately 40% 

greater in children w ith CP (Brehm et al., 2007). Energy efficiency of gait is significantly 

associated w ith activity lim itation (Kerr et al., 2008). Both energy efficiency and activity 

lim itation differ across classifications of CP. Energy cost and activity lim itation is 

significantly higher in children with bilateral spastic CP compared to unilateral spastic CP 

(Kerr et al., 2008, Rose et al., 1993, Bell and Davies, 2010), and also in children classified 

as level III on the GMFCS compare to levels I and II (Kerr et al., 2008).

The energy efficiency of gait also varies with age. Kerr et al. (2011) reported that among 

children and adolescents with CP gait was most inefficient at age 12. This coincides with 

deterioration in gross motor skills from age 13 (Kerr et al., 2011). Possible explanations 

for functional declines in early adolescence are the onset o f puberty, the reduction in 

activity levels that is often observed in adolescence, the need to use wheeled mobility 

when transitioning to  secondary school, and the impact of increased school work on 

time spent on physiotherapy interventions. As might be expected surgery can positively 

impact change in net energy cost over time. The strongest predictor of an improvement 

in energy efficiency over time however is the baseline severity of impairment (Kerr et al., 

2011). Gross motor function declines more rapidly in children classified as level ill or IV 

compared to children at level I (Kerr et al., 2011).

1.2.3 Secondary conditions associated with cerebral palsy

A predominant complaint amongst adults with CP is an awareness of premature 

deterioration in function compared to their able-bodied peers (Horsman et al., 2010). 

This is often attributed to the secondary conditions of CP. The most common conditions 

are fatigue, pain and stiffness (Horsman et al., 2010; Jahnsen et al., 2004; Van Der Slot et 

al., 2012; Sandstrom et al., 2004; Turk et al., 1997; Riquelme et al., 2011; Engel et al., 

2004; Schwartz et al., 1999). The prevalence of pain reported among adults with CP 

ranges from 69% to 84% (Sandstrom et al., 2004; Engel et al., 2004; Turk et al., 1997; 

Hilberink et al., 2007). Chronic pain is reported by 28% to  75% of adults w ith CP and
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r e p o r t s  sugges t  it is e x p e r ie n c e d  daily and  can  be of  a m o d e r a te  to  se v e re  in tensity  (van 

Der Slot e t  a!., 2012; J a h n se n  e t  al., 2004; Engel e t  al., 2004; Riquelm e e t  al., 2011; 

S chw artz  e t  al., 1999). D iscrepancies  in r e p o r ts  o f  t h e  p rev a len c e  of  chronic  pain a re  

likely d u e  to  d if fe rences  in t h e  defin ition  of  chronic pain b e tw e e n  s tud ies .  Even th e  

low es t  ra te  o f  28%, h ow ever ,  w as  h igher  th a n  rep o r ts  in t h e  g en e ra l  adu l t  popu la t ion  

(Jahnsen  e t  al., 2004). D esp i te  t h e  high p rev a len c e  of  pain a m o n g  ad u l ts  w ith  CP it is 

poorly  recogn ised  and  t r e a t e d  in th is  p o pu la t ion  (Engel e t  al., 2004).

R iquelm e e t  al. (2011) r e p o r te d  th a t  pain did n o t  d iffer ac ross  ch i ldhood , ad o le sc en c e  

and  y o u n g  a d u l th o o d  in p e o p le  with  CP b u t  age  w as  a p red ic to r  o f  pain in ab le -b o d ied  

contro ls .  In c o n t ra s t  J a h n se n  e t  al. (2004) r e p o r te d  t h a t  t h e  m e a n  ag e  o f  pain d e b u t  

a m o n g  adu l ts  w ith  CP (age 18-72 years)  w as  21 ± 11 yr. The p reva lence  of  pain also 

a p p e a r e d  to  inc rease  with  age  b u t  did n o t  differ ac ross  g en d e r .  Adults w ith  CP rep o r t  

th a t  o v e re x e r t io n ,  fa t igue,  inactivity an d  cold w e a th e r  inc rease  pain. Rest, 

ph ys io therapy ,  m ed ica t ion ,  m o v e m e n t  and  exercise , and  w a rm  w e a th e r  a re  fac to rs  t h a t  

re d u c e  pain (Jahnsen  e t  al., 2004 , Schw artz  e t  a!., 1999). Pain has  b e e n  found  to  be 

significantly as so c ia te d  w ith  limited jo in t  range  of  m o v e m e n t  (ROM) (Jahnsen  e t  al., 

2004). Limited ROM in a t  leas t  o n e  jo in t  w as  r e p o r te d  by 86% of  adu l ts  w ith  CP; 15% 

re p o r te d  r e d u c e d  ROM in 5 or  m o re  jo in ts  ( Jahnsen  e t  al., 2004). Even a m o n g s t  high 

function ing  ad u l ts  w ith  CP (GMFCS level I an d  II) 77% ex p e r ien c ed  limited ROM in th e  

ankle  jo in t (Sands trom  e t  al., 2004).

Pain is also asso c ia te d  w ith  fa t igue  (Hilberink e t  al., 2007; J a h n se n  e t  al., 2003). Chronic 

fa t igue  is h igher  a m o n g s t  ad u l ts  w ith  CP c o m p a r e d  to  r e fe re n c e  va lues  fo r  th e  able- 

b o d ied  p o pu la t ion  an d  occu rs  in co m b in a t io n  w ith  chronic  pain in 34% o f  ad u l ts  w ith  CP 

(van Der Slot e t  al., 2012; J a h n se n  e t  al., 2003). A lthough o n e  s tu d y  r e p o r te d  th a t  fa t igue  

w as  n o t  as so c ia te d  with  GMFCS level (van Der Slot e t  al., 2012), J a h n se n  e t  al. (2003) 

r e p o r te d  t h a t  fa t igue  w as  m o s t  p rev a len t  a m o n g s t  p eo p le  with  m o d e r a te  m o to r  

im p a irm en ts .  This m ay  be b e c a u s e  of  an  im ba lance  b e tw e e n  m o to r  capac i ty  and  th e  

w o rk  load asso c ia te d  with  daily life. W hile t h e s e  individuals have  a g r e a t e r  en e rg e t ic  

cos t  o f  lo com otion  th a n  individuals w ith  mild CP th e y  a re  still try ing  to  k eep  up with 

th e i r  ab le -b o d ied  pee rs .  Fatigue w as  a s so c ia te d  with  a lack o f  physical activity (Jahnsen 

e t  al., 2003). This is likely b e c a u s e  re d u c e d  physical activity leads t o  a dec line  in 

ca rd io re sp ira to ry  f itness. In add i t ion ,  fa t igue  w as  asso c ia te d  w ith  low life sa tisfac tion .  

D e te r io ra t ion  in functional  skills w ith  ag e  m ay w id en  th e  gap  b e t w e e n  t h e  e n e rg e t ic  cos t
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of completing every day activities and the metabolic demands of daily life resulting in 

increased fatigue and decreased life satisfaction.

As well as the physical health consequences of CP, the physical limitations that result 

from CP often lead to isolation, loneliness and sometimes depression (Horsman et al., 

2010). Depressive symptoms occur more frequently in adults w îth bilateral spastic CP 

than normal references and are associated with chronic fatigue (van Der Slot et al., 

2012). There does not appear to be a difference in depressive symptoms amongst men 

and women. Participants classified as level III or IV on the GMFCS reported more 

depressive symptoms than adults in level I or II (van Der Slot et al., 2012). Depressive 

symptoms occurred in combination with chronic pain and fatigue in 16% of adults with 

bilateral spastic CP (van Der Slot et a!., 2012). In addition, many adults w ith CP 

experience fear and frustration because of the lack of knowledge surrounding age- 

related secondary conditions associated with CP (Moll and Cott, 2012). Many feel that 

by the time they appreciate the benefits of rehabilitation for preventing further decline 

in function rehabilitation services are often unavailable (Moll and Cott, 2012).

1.2,4 Participation restriction and cerebral palsy

The combination of the motor impairments and secondary conditions associated w ith 

CP can result in participation restriction. Unlike activity lim itation, participation 

restriction does not appear to be associated with energy efficiency (Kerr et al., 2008), 

reflecting the impact of contextual factors, i.e. personal and environmental factors, on 

activity performance. According to the ICF participation restriction are problems that a 

person may have w ith involvement in a particular life situation (World Health 

Organisation, 2001). This recognises that although a person may be capable of 

performing an activity in a natural environment they may not actually perform it in their 

current environment. A set of nine domains have been identified for recording activities 

and participation across different areas of life (World Health Organisation, 2001). These 

are learning and applying knowledge, general tasks and demands, communication, 

mobility, self-care, domestic life, interpersonal interactions and relationships, major life 

areas, and community, social and civic life. Capacity and performance can be recorded in 

each of these domains with much of the discrepancy between the two being explained 

by contextual factors. Additional impairments that accompany the motor disorders of CP
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may also affect participation in everyday activities. These include intellectual 

impairment, epilepsy, hearing and visual impairments.

Restricted mobility is viewed as a key barrier to  participation and independence by 

people w ith CP (Palisano et al., 2009). M obility across the lifespan of individuals w ith CP 

will therefore be discussed first in detail, before returning to  participation in the other 

domains.

1.2.4.1 Mobility and cerebral palsy

Ambulatory ability and mobility methods can vary considerably throughout the lifespan 

of an individual w ith CP in response to the ir motor impairments, their environment, and 

the demands o f daily life. In a retrospective study of children who were non-ambulatory 

at 2 years of age 10% could walk independently at age 6 to 7 years and 17% could walk 

with support (Wu et al., 2004). M otor milestones at age two, in particular sitting ability 

and ability to pull to  stand, absence o f spastic quadriplegia and absence of blindness 

were strong predictors of ambulation at age 6. Day et al. (2007) reported that if children 

were able to walk and climb stairs independently by age 10 years they were very likely 

to remain at this level of ambulatory ability by age 25 years (77% remained at this level). 

Children, who walked independently but required support to  climb stairs at age 10 

years, were likely to remain the same by age 25 years (i.e. a 54% chance of remaining 

stable). They had an approximately equal chance of improving or declining in ability. 

Variability in the prognosis for ambulatory ability at age 25 years exists in children who 

require support to walk at 10 years, which can largely be explained by the choice of 

mobility method at baseline. Children who used a wheelchair had a 34% chance of being 

non-ambulatory by age 25. Children who did not use a wheelchair at 10 years had a 

small chance o f regressing to a non-ambulatory state but had a 32% chance of improving 

their ambulatory ability by age 25.

Several studies have reported that the walking function of people w ith CP deteriorates 

in adulthood (Bottos et al., 2001; Sandstrom et al., 2004; Strauss et al., 2004; Opheim et 

al., 2009; McCormick et al., 2007). Sandstrom et al. (2004) reported that in a 

heterogeneous group of adults (mean age 32.9 ± 8.2 yr) a th ird experienced a decline in 

functional ability according to GMFCS level. Deterioration in mobility was predominant 

in GMFCS level I. This was supported by a study of 103 adults (mean age 22 yr), which 

reported that 60% of children who were classified as level I on the GMFCS at 12 years of
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age  had dec l ined t o  level II by 22 yea r s  of  age (McCormick e t  al., 2007) .  In general ,  

how/ever,  if a par t ic ipant  w as  walking w i th o u t  mobil i ty aids as a child (i.e. GMFCS level I 

o r  II) t h e  likelihood of  t h e m  having a similar s t a tus  as a youn g  adu l t  w as  88%. Day e t  al. 

(2007) r e p o r t e d  t h a t  a t  25 yea r s  of  age,  adu l t s  wi th  CP had  a g r e a te r  c h a n ce  of  

r emaining  a t  the i r  basel ine s t a tu s  ove r  t h e  following 15 years ,  c o m p a r e d  t o  t h e  10 year  

olds.  This ref lec ted t h e  smal l er  cha nce  of  improving a m bu la to ry  abili ty in youn g  

ad u l th o o d  c o m p a r e d  t o  chi ldhood.  Young adu l t s  w h o  walked  w i t h o u t  s u p p o r t  had  a 

slightly g r e a te r  ch an ce  o f  funct ional  decl ine t h a n  chi ldren w h o  walked  w i th o u t  su ppor t .  

This s tudy  did no t  classify mobil i ty accord ing  to  GMFCS level how ever ,  so it w as  no t  

r e p o r t e d  if adu l t s  a t  level I wou ld  decl ine to  level II. As wi th  chi ldren,  t h e  choice of  using 

a w hee lcha i r  w as  a s soc ia ted  wi th ch an ges  in mobil i ty s t a t us  in y o u n g  adu l t s  w h o  

requ i red  as s is tance  to  mobil ise.  Adults  w h o  used a whee lcha i r  a t  25 yea rs  of  age  w e r e  

unlikely to  improve over  t h e  following 15 yea r s  a n d  had  a g r e a te r  c h a n ce  o f  dec l ine  th a n  

t h o s e  w h o  did no t  use a whee lcha ir .  Type of  m o t o r  abnormal i ty ,  ana tom ic a l  dis t r ibut ion 

and  p r es e n ce  of  se izure activity w e r e  no t  a s socia t ed wi th chan ges  in a m b u la t o ry  s t a tus  

ove r  t im e  (Day e t  al., 2007).

Bo t tos  e t  al. (2001) r e p o r t e d  t h a t  walking funct ion  had d e t e r io r a te d  in 30.5% of  adu l t s  

wi th  CP ( m ea n  age  33 yr; r ang e  19 to  65 yr).  Of t h e  p eo p l e  w h o  h ad  on ce  b e e n  

in de pe n d e n t ly  mobi l e  44.8% re p o r te d  a decl ine in funct ional  ability. A loss of  mobil i ty 

w as  m o s t  c om m on ly  ob se rv e d  b e t w e e n  t h e  age o f  20  and  40  yea r s  (69%), wi th only 15% 

of  peop le  de t e r io ra t i ng  a f te r  40  yea rs .  Loss of  mobil i ty pr ior  to  age 20 yea r s  w as  t h e  

r esul t  of  psychiat ric p r ob le m s  o r  p r ob l em s  wi th surgery.  The peop le  w h o  re m a in ed  

i n de p en de n t ly  mobi l e  in ad u l th o o d  exp er i enced  funct ional  de t e r io ra t ion ,  as  s e e n  by a 

r educ t ion  in t h e  d i s t ance  th a t  th e y  could walk.  Diagnosis (i.e. hemiplegia ,  diplegia etc.) 

and  m o t o r  im p a i r m en t  w e r e  r e l a ted to  t h e  a c h ie v e m e n t  of  locomot ion  and  its 

m a in te n a n c e  in adu l t ho o d ;  intel lectual  s t a t us  w as  not .  The major i ty  of  adu l t s  w h o  had 

lost mobil i ty r e p o r t e d  being very f rus t r a t ed  a t  t h e  loss, b u t  bel i eved t h a t  t h e  ef for t  in 

chi ldhood and  ad o l es c en c e  to  achieve and  mainta in  i n d e p e n d e n t  mobil i ty a t  o n e  t im e  

w as  w or t h  it. Only 18% of  adu l t s  r e p o r t e d  being only mildly f ru s t r a t ed  wi th  the i r  loss of  

mobil i ty be cau se  t h e y  felt  t h e  e ffor t  t o  ma in ta in  walking w as  t o o  high o r  t h e  back pain 

t h e y  expe r i enc ed  while walking was  t o o  high.

O p h e im  e t  al. (2009) r e p o r t e d  a higher  level of  d e t e r i o r a t i on  in se l f - r epor ted  walking 

funct ion  (52%) in adul t s  wi th  CP ( m ea n  age 40  yr; r ange 24 to  76 yr). This r a te  of
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deterioration had increased in the same cohort from a report 7 years previously, when 

39% o f participants reported deterioration. Of the adults classified in level I on the 

GMFCS (79% of the total sample) 25% had declined to level II. Of the adults classified in 

level II (10% of the total sample) 43% had improved to level I. Some o f this change may 

be explained by error associated with self-reports of the initial GMFCS level. A decline in 

function was more common among people with bilateral CP. The median age for a 

decline in function among people w ith unilateral CP was 52 years; the median age of 

decline among people w ith bilateral CP was 37 years. Of the people who experienced 

deterioration in walking function, 65% attributed it to  impaired balance, 33% reported it 

was a result of reduced muscle strength, 28% reported it was a result of reduced 

cardiorespiratory fitness and walking speed, 24% reported that spasm, stiffness, pain 

and reduced training contributed to the deterioration. When Opheim et al. (2012) 

conducted a follow-up study to objectively investigate the effect of balance on 

deterioration in walking function in adults w ith spastic bilateral CP no differences in 

balance confidence, fear of falling, and balance ability were observed between the 

adults who had or had not experienced deteriorated walking function. There was large 

variability in balance scores among both groups. This suggests that social roles and 

contextual factors contribute to the complex relationship between walking deterioration 

and balance, and that balance rehabilitation alone may not prevent loss of mobility.

Strauss et al. (2004) investigated walking function in three groups of young, middle-aged 

and older adults w ith CP, Although 39% of young adults (20 yr) could walk 

independently w ithout support only 25% of older adults (60 yr) could walk w ithout 

support. The decline in rate of independent ambulation outweighed the mortality rate in 

the sample, eliminating the healthy survivor effect. The older adults were followed up 

15 years later and unlike the younger age groups, a dramatic decline in ambulation was 

noted. Out of the 70% of adults who had survived the majority were unable to walk 20 ft 

independently.

1.2.4.2 Participation in other domains

Imms et al. (2008) reported that children and adolescents with CP participate in a wide 

variety of activities at a relatively low intensity. A number of factors influence children's 

participation including anatomical distribution, low IQ, communication, and 

rehabilitation. The influence of each factor on participation depends on the domain of
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the activity. Anatomical distribution of CP and cognitive impairments are associated with 

participation in self-care, domestic life and social activities (Ostensjo et al., 2004, 

Voorman et al., 2006, Majnemer et al., 2008). Communication is associated with 

reduced participation in formal activities and involvement in self-improvement activities 

in older children (Majnemer et al., 2008). Attendance at rehabilitation services is 

associated with increased participation in skill-based activities, although children with 

CP are generally less involved in these activities (Majnemer et a!., 2008).

Many studies have reported that gross m otor function is associated with participation in 

physical activities in children and adolescents with CP (Ostensjo et al., 2004, Palisano et 

al., 2007, Schenker et al., 2005, Majnemer et a!., 2008, Voorman et al., 2006). Imms et 

al. (2008), however, observed a large variation in the diversity and intensity of activity 

amongst children classified as levels l-IV. Although only 58.89^ of children with CP 

participated in at least one organised sport at least once a week, apart from the case of 

severely impaired children (level V), motor impairment did not completely explain 

reduced participation in physical activity. This is supported by research that found 

participation in the domains of mobility and social function do not decline until late 

adolescence despite a decline in gait efficiency and gross motor skills being evident from 

early adolescence (Kerr et al., 2011).

In a study of children with CP in Ireland Me Manus et al. (2008) found that fewer 

children with CP play a sport 'a few times a week' compared to  TD children. The number 

of children playing a sport declined from 52.9% of children w ith a mild impairment to 

18.2% in moderately disabled children and 17.4% in severely disabled children. The level 

of participation in sport was reduced across all levels compared to TD children, o f whom 

79.3% of children played sport a few times a week. Interestingly, computer use was 

higher in children w ith CP w ith 65.4% of children with a mild disability, 73.9% of children 

with a moderate disability, and 60.9% of children w ith a severe disability using a 

computer a few times per week. Only 42.8% of TD children reported using a computer a 

few times a week. The sample of children with CP included in this study was relatively 

young with 40.8% of children aged 8-9 years, indicating that participation in sedentary 

activities was high even before adolescence, when sedentary time typically increases. 

Overall participation did not vary across age. Only a small proportion of children (23.5%) 

were 12 years of age or older however, so it is unclear if participation declined in 

adolescence.
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Pa r t i c i pa t i o n  in phys i ca l  e d u c a t i o n  (PE) is ge n e ra l l y  high a m o n g  c h i l d r e n  a n d  a d o l e s c e n t s  

w i th  CP (87%) (La u ru sc hk us  e t  al., 201 3 ) .  D i f f e r e nc es  a r e  o b s e r v e d  a c r o s s  GMFCS level ,  

h o w e v e r ,  w i th  94% o f  ch i l d r en  in level  I a n d  9 3%  in level  II p a r t i c i p a t i ng  in PE, c o m p a r e d  

t o  8 5 %  in level  III, 88 %  in level  IV a n d  52% in level  V. A l th ou gh  ch i l d r en  w i th  CP classi f ied 

a s  level  III a r e  ab l e  t o  p a r t i c i p a t e  in PE it is c l e a r  t h a t  m a n y  d o  no t .  A lack o f  e d u c a t i o n  

a m o n g  PE p ro v i d e r s  r eg a r d in g  a p p r o p r i a t e  a ct i vi t ies  t h a t  ch i l d r en  w i th  CP c an  

pa r t i c i p a t e  in, lack o f  s p a c e ,  o r  lack o f  faci l i t ies  a r e  poss ib l e  r e a s o n s  fo r  ch i l d r en  be ing  

e x c l u d e d  f r o m  PE. Age  is a l so  s i gni f i cant l y p r e d i c t i ve  o f  ch i l d r en  p a r t i c i pa t i n g  in PE w i th  

7 -11  y e a r  o ld s  m o r e  likely t o  p a r t i c i p a t e  t h a n  12 -1 7  y e a r  olds .  A l t h o u g h  t h i s  m a y  be  

s imi l a r  t o  o b s e r v a t i o n s  in TD c h i l d r e n  m a i n t a i n i n g  phys i ca l  ac t i vi t y leve l s  du r i n g  

a d o l e s c e n c e  is pa r t i cu l a r ly  i m p o r t a n t  in ch i l d r e n  w i th  CP t o  p r e v e n t  p r e m a t u r e  de c l i n e s  

in f u n c t i o n .  If ch i l d r en  w i t h  CP g e n e r a l l y  p a r t i c i p a t e  in less f o r m a l  phys i ca l  act i vi t ies ,  like 

s p o r t ,  t h a n  TD ch i l d r e n  PE m a y  b e  t h e  o n ly  o p p o r t u n i t y  t h e y  h a v e  t o  pa r t i c i p a t e  in 

s t r u c t u r e d  phys i ca l  act ivi ty.

A l t h o u g h  g ro s s  m o t o r  f u n c t i o n  d o e s  p lay  a ro le  in r e d u c e d  p a r t i c i pa t i o n  in physi ca l  

ac t i v i t y  a m o n g  ch i l d r e n  w i th  CP o t h e r  f a c t o r s  c l ea r ly  i n f l u enc e  pa r t i c i pa t i o n .  It h a s  b e e n  

r e p o r t e d  t h a t  e n v i r o n m e n t a l  f a c t o r s  su c h  a s  physi ca l  r e s t r i c t i ons  (e.g.  s t a i r s ,  u n e v e n  

su r f ac e s ) ,  t r a n s p o r t  r e s t r i c t i on s ,  cu l t u r a l  a n d  soc i e t a l  a t t i t u d e s  i m p a c t  ch i l d r en ' s  

p a r t i c i pa t i o n  in c o m m u n i t y - b a s e d  ac t i v i t i es  (S h i k ak o -T h o m a s  e t  al., 2008 ) .  P e r s on a l  

ch o i c e  a l s o  a p p e a r s  t o  b e  a key  f a c t o r  in pa r t i c i pa t i o n  in phys i ca l  ac t i v i t ie s  (Pa l is ano  e t  

al., 2007 ) .  A l th o ug h  a d o l e s c e n t s  r e p o r t e d  t h a t  t h e y  p a r t i c i p a t e d  in l ow  level s  o f  s p o r t  

a n d  p lay  act i vi t ies ,  t h e y  did n o t  r e p o r t  t h a t  t h e y  h ad  ' n o  o p p o r t u n i t y  t o  pa r t i c i p a t e ' ,  

i nd i ca t i ng  t h a t  t h e y  c h o s e  n o t  t o  (Pa l i s ano  e t  al. ,  2007 ) .  A r e c e n t  s t u d y  i n v e s t i g a t e d  t h e  

b a r r i e r s  t h a t  ch i l d r e n  a n d  a d o l e s c e n t s  w i th  CP ( age  7 -1 8  yea r s ) ,  a n d  t h e i r  p a r e n t s  f e l t  

p r e v e n t e d  t h e m  pa r t i c i pa t i n g  in physi ca l  ac t i vi t y (V e r sc h u r e n  e t  al. ,  2012 ) .  P e r s on a l  

f a c t o r s  f o r  n o t  pa r t i c i pa t i n g  in phys i ca l  ac t i vi t y i n c l ud ed  d e c r e a s e d  m o t i v a t i o n  o f  t h e  

chi ld,  f e e l i ng  i n s e c u re  o r  like a n  o u t s i d e r ,  t h e  p e r c e p t i o n  t h a t  s p o r t s  a r e n ' t  f un ,  a n d  t h a t  

l e a rn in g  t h e  m o t o r  skills r e q u i r e d  is t o o  t i m e  c o n s u m i n g .  E n v i r o n m e n t a l  ba r r i e r s  

i nc lu de d  p a r e n t s '  f e a r  o f  t h e i r  chi ld n o t  f i t t ing in, p a r e n t s '  di f f icul ty w i t h  w a t c h i n g  t h e i r  

chi ld s t r u gg l e  (i.e. losing) ,  lack o f  o p p o r t u n i t i e s ,  p e e r s  a t t i t u d e s  t o w a r d s  ch i l d r e n  w i th  

CP, s p o r t s  t e a m s  n o t  b e i ng  ' o p e n '  o r  n o t  ha v ing  a s u i t a b l e  level  f o r  ch i l d r en  w i th  CP, a n d  

t r a i n e r s  n o t  be i ng  a w a r e  o f  t h e  c o m p l e x i t y  o f  t h e  child.
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Although the influence of age on participation restriction in leisure activities has been 

reported in adolescents w/ith CP, little research has been conducted on participation 

restriction in adults with CP. Adults have reported that participation in physical activity is 

restricted by lack of knowledge, lack o f access to  healthcare support and rehabilitation, 

and social difficulties with attending gyms (Sandstrom et al., 2009). The weak 

relationship between motor impairments and participation restriction in adults and 

children with CP suggests that treatment o f impairments, as is the focus of 

rehabilitation, may not lead to improved participation. Environmental and personal 

factors must be addressed simultaneously when attempting to increase participation 

levels in this population.

Although reduced participation in physical activity has been reported by many studies, 

these studies provide little information about the frequency, duration or intensity of 

physical activity that people with CP participate in. One would expect that as a result of 

the motor impairments and secondary musculoskeletal conditions, leading to 

deterioration in mobility, people with CP would participate in low levels o f habitual 

physical activity at a low intensity. The next section will discuss this.

1.3 Physical Activity and Cerebral Palsy

Physical activity is defined as 'any bodily movement produced by skeletal muscle that 

results in energy expenditure' (Caspersen et al., 1985). The term physical activity 

therefore not only includes energy expended during exercise but also encompasses the 

energy cost of activities of daily living, fidgeting, spontaneous muscle contraction and 

maintaining posture. A useful formula to express the contribution of different 

components to the total energy expenditure due to physical activity is as follows:

k c a ls le e p " * ‘ I^ C a lo c c u p a t io n '* ' I^ C a lc o n d it io n in g '^ k c a lh o u s e h o ld " * ‘ I ^ C a l o t h e r ~ k c a l t o t a l  d a ily  p hysica l a c t iv ity

(Caspersen et al., 1985)

Many of the factors discussed already in this chapter may contribute to a reduction in 

habitual physical activity levels and increased sedentary behaviour in adults and children 

with CP. Other factors that may contribute to reduced physical activity levels and
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increased sedentary time in people disabilities include: (a) the perception that physical 

activity should be avoided to prevent pain and fatigue; (b) assistive technologies (such as 

pow/ered mobility devices); (c) overprotection of people w ith disabilities by family 

members, healthcare providers and personal assistants; (d) lack of access to exercise 

facilities; and (e) decreased opportunity to perform task-related physical activity such as 

housework or gardening (Rimmer et al., 2012).

1.3.1 Level of habitual physical activity in adults with cerebral palsy

Most information regarding physical activity levels in adults with CP is of a subjective or 

qualitative nature. Women w ith CP reported being more physically inactive than their 

able-bodied peers (Capriotti, 2006). Half of a sample of adults w ith an intellectual 

disability (including adults with CP) reported engaging in no exercise, and 43% reported 

in engaging in light exercise only (Janicki et al., 2002). Research also suggests that 

although adults with CP recognise the positive effect of physical activity on pain, 

stiffness, fatigue and general well-being they lack supportive healthcare and 

rehabilitation (Sandstrom et al., 2009). They therefore have little knowledge about the 

time, intensity and type of activities they should perform and often associate activity 

w ith pain and boredom, despite recognising the overall benefit (Sandstrom et al., 2009).

Only two studies have objectively measured habitual levels of physical activity in adults 

with CP. A study of 16 ambulatory adults with unilateral CP age 25-35 years and 16 age- 

and gender -matched control participants found no differences in the duration of 

dynamic activities between groups (van der Slot et al., 2007). Dynamic activities included 

walking, cycling and general movement e.g. moving around the kitchen during cooking. 

Everyday physical activity was measured with an 'Activity M onitor' fo r 48 hours during 

tw o randomly selected consecutive weekdays. This monitor provided information on 

duration, rate and moment of occurrence of activities associated w ith mobility (lying, 

sitting, standing, walking, cycling) and transitions between postures. Although the 

monitor has been validated in a number of populations it has not been validated in 

people with CP or people with other movement disorders. It was also unable to  provide 

information about the intensity of activity that allowed comparison w ith physical activity 

guidelines.

These adults with CP were independently mobile, and did not require the use of an aid 

or personal assistance. They also scored highly on a measure of functional independence
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and cognition. The similar duration of dynamic activities during a 24 hr period in each 

group (2 hr 32 min in adults with CP and 2 hr 41 min in adults w ithout CP) may therefore 

be expected. Interestingly, although more participants w ith CP were unemployed or 

worked part-time (50% worked part-time, 12.5% were unemployed) compared to 

control participants, participation in work was not related to everyday activity. The only 

factor found to determine physical activity levels was participation in sport. A negative 

correlation was also found between satisfaction with everyday level of physical activity 

and mean duration of dynamic activities in a day. Although adults with CP achieved 

similar levels of physical activity as adults w ithout CP they did report spending more 

time on non-intensive leisure activities such as watching TV.

A similar protocol was used to assess everyday physical activity levels in 56 adults with 

bilateral spastic CP using an Activity Monitor. Participants were 25-45 years and 

classified as GMFCS level I (23%), level II (50%), level III (20%) and level IV (7%). 

Participants classified as GMFCS level IV were non-ambulatory. Participants with CP had 

significantly shorter durations of dynamic activity and lower mean motility (which 

reflected both duration and intensity of activity) than able-bodied controls 

(Nieuwenhuijsen et al., 2009). Women w ith CP had shorter duration of activity and 

lower mean motility compared to control participants. Only mean m otility was lower in 

men with CP.

A comparison of these two studies revealed that adults with bilateral spastic CP were 

less active than adults with unilateral CP (115 min of dynamic activities per day 

compared to 152 min per day). This is likely to  be due to level of gross motor 

functioning. Adults with bilateral CP classified as GMFCS level I and II had significantly 

greater duration of dynamic activities and mean motility than participants classified as 

GMFCS level III and IV. When adults classified as GMFCS level I were compared to able- 

bodied adults everyday levels of physical activity were similar (mean duration of 

dynamic activities 10.3% vs 10.9%). Although not reported in the study by van der Slot et 

al. (2007), it was noted in a personal communication that adults with unilateral CP 

classified as GMFCS level I had similar levels of everyday activity compared to adults 

w ithout CP (11.1% vs 11.2%). Only 57% of adults with bilateral spastic CP achieved at 

least one 5 min bout of dynamic activity and only 39% achieved one or tw o 10 min bouts
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of dynamic activity. This would suggest that adults w ith bilateral CP aren't accumulating 

30 min of activity in 10 min bouts as the guidelines recommend.

Using activity data from ambulatory participants in the previous study Nieuwenhuijsen 

et al. (2011) investigated the association between fatigue, cardiorespiratory fitness and 

everyday levels of physical activity in adults w ith bilateral spastic CP. Objectively 

measured physical activity was not associated w ith fitness in men or women. Women 

who self-reported higher levels o f physical activity, however, had higher levels of fitness. 

This association was not found for men. The lack o f association between physical activity 

and fitness may be due to the potentially low intensity at which everyday activity is 

performed by adults with CP. The Activity Monitor used to  measure physical activity in 

this study did not quantify the intensity of everyday activity in terms of light, moderate 

or vigorous; the intensity of dynamic movement was however reported to  be lower than 

that of able-bodied controls. If everyday activity is performed at a low intensity it is 

unlikely to induce changes in cardiorespiratory fitness. Further investigation into the 

intensity o f everyday physical activity in adults w ith CP is required.

1.3.2 Level of habitual physical activity in children with cerebral palsy

A comprehensive review recently reported that children w ith CP participate in 

significantly less habitual physical activity than their TD peers (Carlon et al., 2012). In 

addition, children and adolescents w ith CP do not meet physical activity guidelines. Only 

seven studies, however, have quantitatively measured physical activity in this 

population. The samples included in these studies, the methods used to measure 

physical activity, and the parameters of physical activity that were reported varied 

between studies.

Three studies used a self-report measure to quantify physical activity (Zwier et al., 2010, 

Maher et al., 2007, Martin et al., 2012). Levels of light to  moderate physical activity were 

similar between 11 children w ith CP (9-16 yr) and 11 age- and sex-matched TD children 

(Martin et al., 2012). Children w ith CP spent significantly less time in vigorous physical 

activity. Despite this no differences were seen in any measured indices of vascular 

health between groups. The questionnaire used to  assess physical activity may not have 

been sensitive enough to  determine absolute differences in time spent in each physical 

activity intensity.
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In the study by Zwier et al. (2010) of 100 children (age 5-7 yr) w ith CP only 7% of 

children met the recommendation fo r physical activity. This was a relatively high 

functioning group of children with 56% of participants classified as level I on the GMFCS. 

The sample did however include children classified as level II (21%), III (17%) and IV (6%). 

A strength of this study was that it reported physical activity intensity. Physical activity in 

children with CP reached 18.1 MET.h.week‘\  which was significantly lower than the 31.9 

MET.h.week'^ achieved by TD children. Soccer and horse riding were the most frequently 

reported activities that children with CP participated in.

Maher et al. 2007 did not report physical activity intensity in a sample of 112 

adolescents with CP (11-17 yr). The sample included children in all levels o f the GMFCS. 

As a group, children with CP participated in less physical activity than their TD peers. 

Gross motor function was found to  be the strongest predictor of self-reported physical 

activity. Physical activity also declined with age. Unlike in children w ithout CP there was 

no gender-difference in physical activity levels. Children w ith CP spent 28.49 hr per week 

engaging in recreational screen time. This was similar to normative values. Unlike 

physical activity no relationship was found between sedentary behaviour and gross 

motor function or age. Gender was the only significant determinant of sedentary 

behaviour in adolescents w ith CP.

The influence of GMFCS on physical activity levels was supported by a study that 

objectively measured physical activity in 81 children using a pedometer (Bjornson et al., 

2007). When activity was averaged over five days children with CP had a lower daily 

walking activity than TD children. Children in level I, however, had a similar level of 

physical activity and intensity of physical activity as TD children. Children classified as 

level II and III were active at a lower intensity than their TD peers. Children in level III 

were the least active compared to their TD peers and peers with CP.

Stevens et al. (2010) reported an association between age and objectively measured 

physical activity in children w ith CP. Twenty-seven children (4-18 yr) wore a pedometer 

over four days to determine habitual physical activity levels. Young children (<10 yr) with 

CP had a similar number o f daily steps as TD children. Older children w ith CP (10-18 yr) 

took fewer steps daily, and displayed higher levels of inactivity and low-intensity activity. 

They also achieved lower relative levels of high intensity activity compared to older TD 

children and younger children with CP. Of the sample of children included in this study
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78% were classified as level I and the remainder were level II on the GMFCS. This 

suggests that personal and environmental factors play a role in participation in physical 

activity, independent of gross motor function, in adolescents with CP.

Two studies measured daily energy expenditure using the doubly labelled water method 

(Bell and Davies, 2010, van den Berg-Emons et al., 1995). Both studies reported that 

resting energy expenditure in ambulatory children w ith CP did not differ from that o f TD 

children but children with CP had a lower tota l energy expenditure. This indicates that 

children with CP have a lower energy expenditure as a result of decreased activity. 

Although Bell and Davies (2010) noted that children with diplegia were less physically 

active, had a slower walking velocity, and a higher energy expenditure of walking than 

children with hemiplegia, they did not find a significant correlation between the energy 

cost of walking and activity levels. This was in contrast to the finding of Maltais et al. 

(2005a) who found that the net energy cost of walking could be explained by the 

variance in physical activity levels. Maltais et al. (2005b) also found a positive 

relationship between habitual levels of physical activity and biomechanical walking 

economy.

Only one study has objectively measured physical activity in 31 children with CP using an 

accelerometer, an objective measure that records duration, frequency and intensity of 

everyday activity. Children w ith CP (mean age 7.41 ± 2.48 yr; GMFCS level l-lll) 

participated in less moderate-to-vigorous activity and spent more time in sedentary 

activity than a control group of TD children (Capio et al., 2012). Interestingly the authors 

found no association between age, BMI and total physical activity. Children w ith CP 

displayed lower scores for fundamental movement skills than TD children, which were 

found to be associated with lower levels of moderate-to-vigorous activity and higher 

levels o f sedentary activity. Specifically children displayed slower running speed, shorter 

jumping distance, greater error in throwing at a target and fewer successful ball catches 

(Capio et al., 2012). Bjornson et al. (2008) also reported that walking activity is positively 

associated w ith self-reported physical function in pre-adolescent children with CP.

Physical activity is strongly associated w ith cardiovascular disease (CVD), type II diabetes 

mellitus (T2DM) and obesity. Reduced levels of physical activity may therefore not only 

impact physical functioning in people w ith CP it may increase their risk of developing
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chronic disease. The next section w ill discuss the association between physical activity, 

T2DM and CVD.

1.4 Physical Activity and Cardiometabolic Risk Factors

CVD is a chronic disease tha t develops insidiously th roughout life. CVD, especially 

coronary heart disease, remains the leading cause o f death in Europe accounting fo r 

42% and 38% o f all prem ature deaths in wom en and men, respectively (Perk et al.,

2012). It also results in mass disability, w ith  levels o f d isability expected to  rise 

significantly in coming decades (Perk et al., 2012). CVD is strongly associated w ith  

lifestyle factors, particularly smoking, diet, physical inactivity, and psychosocial stress 

(WHO, 2003). M odifica tion o f lifestyle factors associated w ith  CVD therefore  plays a 

m ajor role in its prevention. Many o f the m odifiable risk factors associated w ith  CVD can 

also prevent T2DM. T2DM is a metabolic disorder th a t is characterised by high blood 

glucose in the context o f insulin resistance and relative insulin deficiency (Kumar, 2005). 

As well as having a 2 to  4 tim es higher risk o f coronary heart disease than the rest o f the 

population, people w ith  T2DM have a significantly higher risk o f cerebrovascular disease 

and peripheral vascular disease (Alberti et al., 2007). Many high-risk or 'p re-diabetic ' 

individuals have a clustering o f risk factors which are also risk factors fo r CVD (A lberti et 

al., 2009). The in terre lated risk factors fo r CVD and T2DM are often referred to  as 

cardiom etabolic risk factors.

Cardiometabolic risk factors include age, gender, blood pressure, obesity, increased 

plasma cholesterol, low-density lipoprotein cholesterol (LDL-C) and trigylcerides, and 

low levels o f high-density lipoprotein cholesterol (HDL-C). CVD and T2DM are a global 

problem and the prevalence o f these diseases w ill continue to  increase w itho u t effective 

preventive programmes (Federation, 2006). In daily practice prevention is usually 

targeted at m iddle- to  older-aged men and wom en w ith  established risk factors. As 

atherosclerosis is a progressive process, however, it has usually progressed to  an 

advanced stage before the symptoms o f CVD become apparent. Strategies to  prom ote 

healthy lifestyles and prevent CVD should there fore  be targeted at the general 

population and not just at those w ith  established risk factors.
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A recent costing report from the National Institute for Health and Clinical Excellence 

(NICE) (2010) stated that implementation of a population approach to the prevention of 

CVD w/ould result in significant savings in healthcare costs. Halving the number of CVD 

events across England and Wales (a population of 50 million) would result in savings of 

approximately £14 billion per year. Reducing mean population cholesterol or blood 

pressure levels by 5% would result in savings o f £0.7 billion and £0.9 billion respectively. 

Reducing cardiovascular risk by just 1% would result in savings o f approximately £250 

million per year.

Promoting participation in physical activity is a major component of preventive 

programmes. Regular participation in physical activity is associated w ith delayed all

cause mortality, and decreased risk o f hypertension, coronary heart disease, stroke and 

T2DM (USDHHS 2008, Luke et al., 2011, Blair et al., 2001b, Camhi et al., 2011). 

Population-based studies have also shown that physical activity has a positive effect on 

many cardiometabolic risk factors. Objectively measured moderate-to-vigorous physical 

activity is associated w ith lower systolic blood pressure (SBP), BMI, waist circumference, 

triglycerides, and higher HDL-C (Atienza et al., 2011, Luke et al., 2011). It is also 

associated with lower plasma glucose, insulin, and insulin resistance (Atienza et al.,

2011, Nelson et al., 2013).

In addition, associations between physical activity and less common markers of 

cardiometabolic disease risk, including high-sensitivity C-reactive protein (CRP), glycated 

haemoglobin (HbAiJ and serum 25 hydroxy-vitamin D (250HD), have been observed 

(Atienza et al., 2011, Loprinzi and Cardinal, 2013, Loprinzi et al., 2013, Scott et al., 2010). 

High-sensitivity CRP has been shown to be a risk factor that combines metabolic and 

low-grade inflammatory factors that underlie the development of unstable 

atherosclerotic plaques, with a magnitude of effect matching that o f classical major risk 

factors (2012a). The HbAjc assay reflects time averaged blood glucose during the 

previous 2-3 months and is used as the gold standard fo r long-term follow up of 

glycaemic control (Hanas and John, 2010). Low levels o f 250HD are associated with 

cardiovascular risk factors, including T2DM, dyslipidaemia, and arterial hypertension, 

and also predict cardiovascular events (Pludowski et al., 2013).

Reduced participation in physical activity is also associated w ith the metabolic 

syndrome, a term used to describe the presence of multiple cardiometabolic risk factors
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(Loprinzi and Cardinal, 2013, Camhi et al., 2011). These risk factors include obesity, 

dyslipidaemia, hyperglycaemia, and insulin resistance. There has been considerable 

disagreement over the terminology and diagnostic criteria related to the metabolic 

syndrome. In 2009, a jo int interim statement from the International Diabetes Federation 

Task Force on Epidemiology and Prevention (IDF), the National Heart, Lung, and Blood 

Institute (NHLBI), the American Heart Association (AHA), the World Health Federation 

(WMF), the International Atherosclerosis Society, and the International Association for 

the Study of Obesity proposed a common criteria for the clinical diagnosis of the 

metabolic syndrome (Alberti et al., 2009). The criteria are presented in Table 1.1. 

Although there is still some confusion over what waist circumference cut-off values 

should be used to define elevated waist circumference it is recommended that the IDF 

cut points of >94 cm for men and >80 cm for women, or the AHA/NHLBI cut points of 

>102 cm for men and >88 cm for women be used for people o f European origin.

1.4.1 Physical activity and cardiometabolic risk factors in childhood

It is important to recognise that CVD is partly a paediatric condition, as the onset of 

atherosclerosis has been observed from early childhood (Kavey et al., 2003). Andersen 

et al. (2011a) reported that clustering of risk factors for CVD had developed in 13.8% of 

children before the age o f 9 years. The retention of risk factors for CVD from childhood 

to  adulthood predicts CVD risk factors and CVD events in young adulthood (Morrison et 

al., 2012, Juhola et al., 2011). In particular there is tracking between childhood and 

adulthood cholesterol, overweight/obesity, blood pressure and triglycerides (Juhola et 

al., 2011, Chen and Wang, 2008). Children who retain high blood pressure and high 

triglycerides from childhood to  adulthood are also more likely to have adult T2DM, 

perhaps reflecting the presence of paediatric metabolic syndrome (Morrison et al., 

2012 ).

Risk for CVD appears to be attenuated when childhood risk factors are not maintained 

into adulthood however, highlighting the need for childhood screening fo r CVD risk 

factors (Morrison et al., 2012). Screening of blood pressure measurements at any age 

between 6 to 18 years is predictive of hypertension in adulthood (Juhola et al., 2011).

For lipid levels the age of screening does not appear to affect the predictive ability of 

tests in males. In females age 12 to 18 years appears to be an optimal time for screening
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Table 1.1 Criteria for Clinical Diagnosis of the Metabolic Syndrome

Measure Categorical Cut Points

Elevated waist circum ference* Population and country specific defin itions

Elevated triglycerides (drug trea tm en t fo r >150mg/dL (1.7mmol/L)

elevated triglycerides is an a lternate

indicator)

Reduced HDL-C (drug trea tm en t fo r <40mg/dL (1.0 m mol/L) in males;

reduced HDL-C is an a lternate ind ica to rt) <50mg/dL (1.3 m m ol/L in females

Elevated blood pressure (antihypertensive Systolic >130 and /or diastolic >85 mmHg

drug trea tm en t in a patient w ith  a h istory

of hypertension is an alternate indicatort)

Elevated fasting glucose (drug trea tm en t of >100 mg/dL

elevated o f elevated glucose is an alternate

indicator)

* l t  is recommended th a t the IDF cut points be used fo r non-Europeans and e ither the 

IDF or AHA/NHLBI cut points used fo r people o f European origin until more data are 

available

+The most commonly used drugs fo r elevated triglycerides and reduced HDL-C are 

fib ra tes and nicotinic acid. A patient taking 1 o f these drugs can be presumed to  have 

high trig lycerides and low HDL-C. High dose (j j - 3  fa tty  acids presumes high triglycerides. 

HDL-C, high-density lipoprote in  cholesterol.

(Juhola et al., 2011). As w ith  adults, in tervention  should occur im m ediately when a child 

o f any age presents as overweight in a medical setting.

The health benefits o f physical activ ity in children and adolescents are sim ilar to  those 

observed in adults. Physical activ ity is strongly associated w ith  an improved m etabolic 

p rofile  in children (Strong et al., 2005, Guinhouya et al., 2011, Brambilla et al., 2011). 

Ekelund et al. (2009) found th a t children w ith  the  m etabolic syndrome were 25% less 

physically active than children w ith o u t the m etabolic syndrome. In addition children 

w ith  a low physical activ ity score are 5.12 tim es (95% confidence intervals: 1.05-49.10) 

more likely to  develop the m etabolic syndrome as adolescents (M cM urray et al., 2008a).
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Andersen et al. (2006) similarly reported an increase in clustered risk for CVD in children 

and adolescents as physical activity levels decreased. The clustered risk score included 

SBP, triglycerides, TC/HDL-C ratio, insulin resistance, body fat measured by skinfolds, 

and aerobic fitness. When physical activity levels were divided into quintiles, risk was 

raised in the 1'* to 3'̂ '̂  least active quintiles compared to the most active quintile.

Children in the least active quintile had a 3.26 greater risk o f clustered CVD risk 

compared to children in the most active quintile. Nine year old children in the 4*  ̂

quintile were active at a moderate-to-vigorous intensity fo r 116 min/day. Fifteen year 

old adolescents in the 4'*' quintile achieved 88 min of moderate-to-vigorous physical 

activity daily. This suggests that children and adolescents may need approximately 90 

min of moderate-to-vigorous activity daily to reduce their clustered CVD risk.

Although physical activity is related to CVD risk in children many studies have reported 

only a modest dose-response relationship between total physical activity, moderate-to- 

vigorous activity, and blood pressure (Strong et al., 2005; Andersen et al., 2011b; Mark 

and Janssen, 2008). Physical activity appears to  have a stronger effect on SBP when 

predicting high risk values in children within the hypertensive range (Mark and Janssen, 

2008). Moderate-to-vigorous activity in particular is associated with a reduced risk of 

hypertension w ith considerably fewer minutes in moderate-to-vigorous activity, 

compared to time in total physical activity, required to reduce the likelihood of 

hypertension (Mark and Janssen, 2008). The amount of moderate-to-vigorous activity 

required to reduce blood pressure in children is still unclear. Some reports suggest at 

least 30 min of physical activity on at least 3 days per week, at an intensity sufficient 

enough to improve aerobic fitness, is required to reduce blood pressure in children with 

hypertension (Andersen et al., 2011b, Strong et al., 2005). However larger volumes of 

moderate-to-vigorous activity may be more beneficial. Children who are physically 

active at a moderate-to-vigorous intensity for 60 min daily reduce their likelihood of 

hypertension by a third compared to children who spend no time in moderate-to- 

vigorous activity (Mark and Janssen, 2008).

Interventions to increase physical activity in children who have features o f the metabolic 

syndrome are effective at decreasing metabolic risk (Guinhouya et al., 2011). In most 

cases improvements in insulin dynamics, the metabolic syndrome and/or its main 

features are accompanied by an increase in cardiorespiratory fitness (Guinhouya et al., 

2011). Although improvements may also be associated w ith changes in adiposity
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(Guinhouya et al., 2011), physical activity can improve or maintain healthy insulin 

sensitivity in children and adolescents, independent of initial adiposity status or changes 

in adiposity for children of ail ages and ethnicities (Berman 2011). Two reviews 

suggested that children need at least 40 min of moderate activity per day, on five days 

per week for at least 4 months to  achieve improvements in lipid profile, specifically to 

increase HDL-C and decrease triglyceride levels (Andersen et al., 2006, Strong et al., 

2005).

The difference in levels of physical activity associated w ith reduced CVD risk between 

cross-sectional studies and interventional studies may be because participants included 

in interventional studies usually have established risk factors for CVD and low levels of 

cardiorespiratory fitness. A smaller volume and intensity of physical activity is therefore 

required to  improve cardiorespiratory fitness, which is a strong facilitator in the 

association between physical activity and CVD risk. In 2011 Resaland et al. conducted a 

school-based teacher-led exercise intervention to investigate the dose-response 

relationship between cardiometabolic risk factors and physical activity in a cohort of 

children from the general population. This study indicated that 60 min o f physical 

activity daily was required to  achieve benefits in the development in SBP, diastolic blood 

pressure, TC/HDL-C ratio, triglycerides and cardiorespiratory fitness in school children 

compared to a control group who received usual physical education.

1.4.2 The role of sedentary time in cardiometabolic disease risk

Sedentary behaviour has a large effect on major non-communicable diseases worldwide 

(Lee et al., 2012). A longitudinal study with a 21 year follow-up found that self-reported 

sedentary behaviour (i.e. a combination of time spent riding in a car and TV viewing) was 

a significant predictor of CVD mortality in men aged 20-84yrs (Warren et al., 2010). High 

physical activity levels were also related to lower CVD deaths regardless of time spent in 

inactivity. A possible explanation for not finding an independent association between 

sedentary behaviour and CVD mortality is that physical activity levels were assessed 

using a self-report measure. The differences between light physical activity and 

moderate-to-vigorous activity were also not examined. A large study on adults recently 

reported that objectively measured sedentary time was significantly associated with 

increased waist circumference, reduced HDL-C, and increased CRP, triglycerides, insulin, 

and insulin resistance, independent of exercise time (Healy et al., 2011). Breaks in
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sedentary time were also associated with a lower waist circumference, lower CRP and 

lower glucose levels, independent of time spent in sedentary behaviour (Healy et al., 

2011). This suggests that light activity may play a protective role in cardiometabolic 

health as it reduces time spent in inactivity.

When self-report and objective sedentary behaviour were measured in a large sample of 

adults, self-reported sedentary behaviour was associated w ith increased BMI, waist 

circumference, TC/HDL-C ratio, and T2DM, independent of moderate-to-vigorous 

activity (Stamatakis et al., 2012b). The association between objectively measured 

sedentary behaviour and cardiometabolic risk was found to  be less consistent that that 

between self-reported sedentary behaviour and risk. This may be explained by the 

inability of accelerometers to distinguish between sitting and standing sedentary 

behaviour, or to identify activity behaviours. When time spent in activity domains was 

looked at using self-report data, TV-viewing was strongly associated with 

cardiometabolic risk (Stamatakis et al., 2012b). It is possible that confounding factors 

such as snacking while watching TV or the influence of adverts on unhealthy behaviours 

could explain the particularly strong association between TV-viewing and 

cardiometabolic risk.

This association between cardiometabolic risk and TV-viewing was also found in older 

adults and in children, independent of moderate-to-vigorous activity (Stamatakis et al., 

2012a; Aadahl et al., 2007; Carson and Janssen, 2011). Interestingly only the type of 

sedentary behaviour i.e. TV-viewing, and not the volume or pattern of sedentary 

behaviour was related to cardiometabolic risk in children aged 6-19 years (Carson and 

Janssen, 2011). Unlike TV-viewing computer use was not associated with a high risk for 

cardiometabolic disease. This association between sedentary behaviour and 

cardiometabolic risk was not captured by an objective measure of sedentary behaviour. 

The inability of an objective measure to capture the risk associated with sedentary 

behaviour was supported by Ekelund et al. (2012) who did not find an association 

between objectively measured sedentary time and any cardiometabolic risk factor. The 

authors of this study did find an association between moderate-to-vigorous activity and 

waist circumference, SBP, insulin, triglycerides and HDL-C regardless of time spent being 

sedentary. As well as both having independent associations with cardiometabolic risk 

factors, moderate-to-vigorous activity and self-reported TV-viewing are poorly 

correlated (Carson and Janssen, 2011). Inactivity and moderate-to-vigorous activity
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should therefore be considered as tw o distinct concepts that require different policy and 

intervention to  change.

1.4.3 Physical activity guidelines for adults and children

The current American College o f Sports Medicine (ACSM) and World Health Organisation 

(WHO) guidelines for physical activity suggest that adults should participate in 150 min 

of moderate intensity physical activity per week or 75 min of vigorous physical activity 

per week, or a combination of the two, to reduce the ir risk of CVD and premature 

mortality (Garber et al., 2011, WHO, 2010). These are also the current guidelines for 

Ireland (Department of Health and Children, 2009). These guidelines are based on a 

number o f large prospective cohort studies of diverse populations that show an energy 

expenditure of approximately 1000 kcal.week'^ or 10 MET-hours per week of moderate 

intensity physical activity is associated with lower rates of CVD and premature mortality 

(Garber et al., 2011). Most of this data, however, was obtained from self-report 

measures of physical activity. Atienza et al. (2011) found that average daily minutes of 

self-reported moderate-to-vigorous activity in adults was 54.8 (SE 1.9) and average daily 

minutes of objectively measured moderate-to-vigorous activity was 6.7 (SE 0.3). Self- 

report measures clearly result in a large overestimation of time spent in physical activity. 

Until more studies use objective measures of physical activity to demonstrate the 

association between physical activity and health it is useful to equate specific amounts 

of physical activity to levels of cardiorespiratory fitness in order to clarify the amount of 

physical activity required to achieve health benefits. Results from a large study that 

reported the inverse association between fitness and CVD mortality rates noted that 

adults of a moderate fitness (the level required to  reduce risk) reported a weekly energy 

expenditure o f 8-9 MET.h.wk'^(Stofan et al., 1998).

The current guidelines indicate that moderate-to-vigorous activity should be 

accumulated in bouts of at least 10 min. The evidence for the benefits o f accumulating 

activity in 10 min bouts rather than shorter bouts is inconclusive however (Murphy et 

al., 2009). Two recent studies of over 4000 adults concluded that accumulating activity 

in bouts o f <10 min is highly beneficial for weight gain prevention and strongly 

associated w ith several biomarkers of cardiometabolic risk (Fan et al., 2013, Loprinzi and 

Cardinal, 2013). This suggests that every minute counts in the prevention of CVD and 

weight gain, and this message should be promoted.
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There are currently no physical activity guidelines for people w ith CP. Physical activity 

guidelines for adults aged over 65 years, and 50-64 years with clinically significant 

chronic conditions or functional limitations that affect movement ability, fitness or 

physical activity, are 150 min of moderate activity per week or 60 min of vigorous 

activity per week. It is suggested that this should be in addition to routine light activity, 

or moderate intensity activities that last fo r less than 10 min (Nelson et al., 2007). One 

study reported that only 2.5% of older adults met these guidelines when physical activity 

was objectively measured (Harris et al., 2009). This was substantially lower than the 

percentage of older adults who reported meeting physical activity guidelines (National 

Centre for Social Research, 2005). Increasing age, poor general health, disability, 

diabetes, higher BMI, low exercise self-efficacy and low perceived exercise control were 

all associated with lower levels of objectively measured physical activity (Harris et al., 

2009). It's not only important for older adults to maintain high levels of physical activity 

to prevent chronic disease, there's also substantial evidence that physical activity 

reduces risk of falls and injuries from falls, and prevents or mitigates functional 

limitations (Nelson et al., 2007). Although there is currently no evidence into the effect 

of physical activity on physical functioning in adults with CP it is likely that the benefits 

are similar to those observed in older adults.

In 2005 Strong et al. recommended that children and adolescents get 60 min of 

moderate-to-vigorous activity daily following a review of the dose-response relationship 

between activity and cardiometabolic risk factors. This recommendation was 

subsequently adopted by many countries including Ireland (Department o f Health and 

Children, 2009, US Department of Health and Human Services, 2008). In 2010 however, 

the WHO issued guidelines that children should achieve 90 min moderate-to-vigorous 

activity daily, resulting from 60 min of moderate-to-vigorous activity on top of activities 

of daily living (WHO, 2010). Although this has yet to be adopted as the national guideline 

in many countries it is likely to be a more accurate guideline as it accounts for the fact 

that even the most sedentary children accumulate around 30 to 40 min of moderate-to- 

vigorous activity a day when activity is objectively measured (Andersen et al., 2006).
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1.5 Physical Activity and Obesity

Physical activity also plays an important role in w/eight management (Donnelly et al., 

2009). Overweight and obesity are defined as abnormal or excessive fat accumulation 

that may impair health (WHO, 2011). Excess body fat is associated with numerous 

adverse health outcomes and all-cause and CVD mortality (Dudina et al., 2011, Poirier et 

al., 2006, Katzmarzyk et al., 2012). Between 4 and 6.5% of all deaths, 8.8-13.7% of CVD 

deaths and 2.4-3.9% of cancer deaths can be attributed to obesity (Faeh et al., 2011). 

The association between obesity and cardiovascular mortality appears to  be J-shaped, in 

that those underweight are at higher risk than those of a normal weight, and thereon 

the risk of CVD increases w ith increasing weight (Dudina et al., 2011, Song et al., 2012). 

There is conflicting evidence regarding whether overweight or obesity alone is 

associated w ith increased mortality. Some studies have found that overweight is not 

associated w ith excess mortality, and in fact modestly overweight people are in the 

lowest risk category (Faeh et al., 2011, Dudina et al., 2011, Song et al., 2012). Other 

studies have found an increased risk in those with a BMI > 25 kg.m‘  ̂(Katzmarzyk et al., 

2012). This discrepancy may be due to the relative risk of excess weight among different 

age groups. Being modestly overweight appears to have a protective effect against CVD 

in adults over 60 (Dudina et al., 2011). The relative risk associated w ith increased body 

weight is much greater in younger persons than older persons (Dudina et al., 2011, Ma 

et al., 2011). In addition, people who have an increased BMI in adolescence have a much 

greater risk of all-cause m ortality and coronary heart disease morbidity in adulthood 

(Ruiz et al., 2009).

The relationship between body weight and CVD mortality appears to be mediated 

through the effect of bodyweight on blood pressure and blood lipids (W illett et al., 

1999). BMI is positively associated w ith age, blood pressure, total blood cholesterol and 

the prevalence of T2DM and negatively associated with HDL-C (Dudina et al., 2011, 

Jousilahti et al., 1996). Weight reduction is also associated with improvements in total 

cholesterol, LDL-C, HDL-C, blood pressure, triglycerides, glucose, insulin and CRP (Dattilo 

and Kris-Etherton, 1992, Flechtner-Mors et al., 2000, Heilbronn et al., 2001, Kopp et al., 

2003, Lalonde et al., 2002, Wadden et al., 1999). Reducing excess adiposity should 

therefore be considered a powerful non-pharmaceutical method of reducing 

cardiovascular risk through its effect on individual risk factors.
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Physical activity is an important part of an effective weight management programme 

(Haskell et al,, 2007, Donnelly et al., 2009). Moderate-to-vigorous physical activity is 

associated with BMI and abdominal fat (Strath et al., 2008, Atienza et al., 2011, 

Stamatakis et al., 2009). Dose-response studies suggest that 150-250 min.week'^ of 

moderate-to-vigorous activity will result in only a modest weight loss (Donnelly et al., 

2009). Increasing physical activity to >250 min.week'^ will result in greater weight loss. 

Dietary intervention plays an equally important role in weight loss. The aim of any 

weight loss programme is to create an energy deficit. Physical activity and moderate diet 

restriction provide comparable weight loss if they create a similar energy imbalance. If 

diet restriction is severe physical activity does not appear to further increase weight loss 

(Donnelly et al., 2009). Randomised trials, where activity levels are increased but dietary 

intervention does not occur, often do not result in weight loss because increased energy 

expenditure is matched by increased calorific intake (Church et al., 2007, Dunn et al.,

2006). Physical activity alone, however, can result in increased muscle mass, reduced 

tota l adiposity and/or altered body fat distribution (Garber et al., 2011, Ness et al.,

2007). It is also important to note that physical activity can result in improvements in 

HDL-C, insulin resistance and triglycerides w ithout weight loss (Kraus et al., 2002, 

Donnelly et al., 2000, Duncan et al., 2003).

Interestingly the association between physical activity and adiposity appears to be 

dependent on weight status. In a detailed meta-analysis Kay and Fiatarone Singh (2006) 

found limited evidence that physical activity reduces abdominal and visceral fat. It also 

only appeared to be effective in overweight and obese participants. Hemmingsson and 

Ekelund (2007) observed a stronger relationship between BMI and all aspects of physical 

activity in obese people compared to  non-obese people. Particularly there was a strong 

association between vigorous activity and BMI. Although cross-sectional studies may 

suggest that there's a relationship between BMI and physical activity, and that this is 

stronger in obese people, causality cannot be inferred. A recent longitudinal study 

demonstrated that over a 20 month period objectively measured tota l physical activity 

and moderate-to-vigorous activity decreased more in obese women than in non-obese 

women (Tucker et al., 2013). Obesity therefore appears to be an independent risk factor 

fo r decreasing physical activity in middle-aged women. More longitudinal studies are 

required to investigate if obesity leads to a reduction in physical activity.
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Not only does physical activity facilitate weight loss, it is also important for the 

prevention of weight gain. Over a 30 year period, persistent leisure time physical activity 

was found to be associated w ith a decreased rate of weight gain and abdominal obesity 

(Waller et al., 2008). The ACSM position stand suggests that 150-250 min of moderate- 

to-vigorous activity per week may be sufficient to prevent weight gain (Donnelly et al., 

2009). Prevention of weight gain may be the easiest way to prevent the development of 

undesirable changes in cardiometabolic risk factors w ith age (Schubert et al., 2006, 

Lloyd-Jones et al., 2007, Norman et al., 2003).

1.5.1 Physical activity and obesity in children

The relationship between body composition and physical activity is similarly complex in 

children. Studies have reported conflicting results regarding differences in physical 

activity levels between normal weight and overweight/obese children. Some studies 

have reported that higher levels of physical activity are associated w ith lower body 

mass, BMI and percent body fat (W ittmeier et al., 2007, Rowlands et al., 1999, Hussey et 

al., 2007, Ness et al., 2007). Others have suggested that there is no consistent 

relationship between BMI and tota l activity (Vincent et al., 2003, Raustorp et al., 2004, 

Thompson et al., 2005). Some of this discrepancy may arise from differences observed 

between sexes. One study reported that physical activity and body composition were 

associated in boys but not girls (Hussey et al., 2007). The disagreement between studies 

may also result from the methods used to measure physical activity. Studies that have 

used pedometers to  measure activity have found no association between total activity 

and body composition (Vincent et al., 2003; Raustorp et al., 2004). However studies that 

have used accelerometers to  measure physical activity have reported that body 

composition is related to moderate-to-vigorous intensity activity, but not total activity 

(Ruiz et al., 2006; Trost et al., 2001; Dencker et al., 2008). Methods used to  measure 

body composition have also varied between studies, and may impact on results, w ith a 

stronger association between body fat and physical activity being observed in 

comparison to  BMI (Ness et al., 2007; Ruiz et al., 2006). This may be expected because 

o f the strong positive association between lean muscle mass and activity in children 

(Ness et al., 2007).

There is consistent evidence that vigorous physical activity is negatively associated w ith 

abdominal adiposity, and total body fat (Ruiz et al., 2006; Dencker et al., 2008; Hussey et
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al., 2007). Ruiz e t  al. (2006) r e p o r te d  th a t  th is  assoc ia t ion  w a s  n o t  p r e s e n t  fo r  to ta l  

physical activity, m o d e r a te  physical activity or  m o d e ra te - to -v ig o ro u s  activity. Children 

w h o  s p e n t  >40 min in v igorous physical activity p e r  day had  significantly low er  body  fa t  

t h a n  ch ild ren  w h o  s p e n t  10-18 min in v igorous activity. W h e n  p a t te r n s  of  activity a re  

ex a m in e d  in d e p th  o b e s e  children  exhibit f e w e r  b o u ts  o f  m o d e ra te - to -v ig o ro u s  and 

v igorous physical activity and  this  p red ic ts  g r e a te r  w e igh t gain o v e r t i m e  (Trost e t  al., 

2001; Dorsey e t  al., 2011; Janz e t  al., 2009). In add i t ion  o v e r w e ig h t /o b e s e  children 

pe r fo rm  a sm alle r  p ro p o r t io n  of m o d e ra te - to -v ig o ro u s  and  v igorous physical activity 

b o u ts  in co n secu t iv e  c lus te rs  (Dorsey e t  al., 2011). A g r e a te r  n u m b e r  of  v igorous physical 

activity b o u ts  a re  as so c ia te d  w ith  low er  BMI sc o re s  (Dorsey e t  al., 2011). This m ay be as 

a resu lt  o f  physical decond it ion ing .  O v e rw e ig h t /o b e se  ch ild ren  w h o  a re  unab le  to  

p e r fo rm  c o n t in u o u s  b o u ts  o f  v igorous in tensity  activity a re  likely to  be less fit, and  being 

less fit is a s so c ia te d  with  a larger fa t  m ass  and  la rger  gains in fa t  o v er  t im e  (Janz e t  al., 

2002; P a te  e t  al., 2006; Ruiz e t  al., 2006).

Tros t e t  al. (2001) fo u n d  th a t  as well as par t ic ipa ting  in less m o d e ra te - to -v ig o ro u s  

activity o b e s e  children  had  significantly low er  physical activity self-efficacy scores  

c o m p a r e d  to  n o n -o b e se  children. This ind icates  t h a t  o b e s e  children  a re  significantly less 

co n f id e n t  in th e i r  ability t o  o v e rc o m e  barr ie rs  t o  physical activity, ask  p a r e n ts  t o  provide  

o p p o r tu n i t i e s  for  physical activity, and  ch o o se  physically active pursu its  o v er  s e d e n ta ry  

o n es .  It is im p o r ta n t  t o  co n s id e r  t h e  im pact o f  th is  w h e n  prescrib ing exercise 

p ro g ra m m e s .  The ef fec t  o f  exercise  in te rv en t io n s  on body  co m p o s i t io n  is still unclear.  

S o m e  s tu d ie s  have r e p o r te d  th a t  exercise p ro g ra m m e s  re su l ted  in re d u c e d  BMI while 

o th e r s  r e p o r te d  t h a t  it re su l ted  in inc reased  m usc le  m a ss  b u t  no ch a n g e s  in w ais t 

c i rc u m fe ren c e  o r  BMI (Carrel e t  al., 2009, Resaland e t  al., 2011).The im p o r ta n c e  of 

reducing  bo d y  fa t  and  increasing lean m uscle  m a ss  in ch ild ren  th ro u g h  physical activity 

w i th o u t  chang ing  BMI, shou ld  h o w ev e r  be  em p h as ised .

S tra te g ie s  to  p re v e n t  o bes i ty  should  begin as early  as p reschoo l  age. A longitudinal s tudy  

following ch ild ren  f rom  birth t o  11 yea rs  d e m o n s t r a te d  t h a t  by age  11 t h e  m o s t  active 

ch ild ren  had  low er  BMIs and  less s u b c u ta n e o u s  fa t  th a n  ch ild ren  in t h e  low er  activity 

c a te g o r ie s  (M o o re  e t  al., 2003). A lthough s o m e  dec line in physical activity w as  o b se rv e d  

o v er  th e  11 yea rs  children  w h o  rem a in ed  m o s t  active had  m u c h  less body  fa t  by th e  

t im e  th e y  r e a c h e d  early  ad o le sc en c e .  In a s tudy  o f  children  aged  6-10 yea rs ,  physical 

activity did n o t  p red ic t  BMI a t  follow up (du ra tion  of  follow up: m ed ian  532  days) A large
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study of pooled activity data from 14 studies on children aged 4-18 years indicated that 

neither moderate-to-vigorous activity nor sedentary behaviour predicted w/aist 

circumference at follow-up (Ekelund et al., 2012). This may be explained by a sex 

difference in the influence of habitual physical activity on weight status. McMurray et al. 

(2008b) found that moderate physical activity and vigorous physical activity declined in 

children from age 9-11 years to 14-16 years by 67% and 70%, respectively. This decline 

in physical activity was only associated w ith changes in weight status in girls. Girls who 

became overweight during the follow-up period displayed greater declines in moderate 

and vigorous activity. Similarly girls who normalised their weight status over time had 

less o f a decline in moderate and vigorous activity.

1.5.2 Obesity and CP

It may be expected that because o f their reduced levels o f physical activity (see sections 

1.3.1 and 1.3.2) adults and children with CP are particularly vulnerable to developing 

obesity. Although historically children w ith CP were considered short and light for their 

age clinical observations suggest that the number o f overweight or obese people with 

CP is increasing. Despite this few studies have investigated the prevalence of obesity in 

people with CP. To provide a context fo r the following information the prevalence of 

obesity in the general population will be given.

As part of the National Health and Nutrition Examination Survey (NHANES) conducted in 

the United States the prevalence of overweight and obesity was reported in children, 

adolescents and adults over a number of years. The prevalence of overweight/obesity 

and obesity, respectively, from 2009-2010 data was 68.8% and 35.7% among adults 

(Flegal et al., 2012). This was higher than the prevalence of obesity reported in 1999- 

2000 (30.5%) (Hedley et al., 2004) The prevalence o f obesity was higher among women 

than men (35.8% vs 35.5%, respectively). For men, but not women, there was a 

significant linear increase in the prevalence of obesity over a 12 year period from 1999- 

2010. There was a similar increase in the prevalence of obesity between 1999-2000 and 

2009-2010 in male children and adolescents (2 to  19 years) but not in females (Ogden et 

al., 2012). In 2009-2010 the prevalence o f overweight and obesity in children and 

adolescents was 31.8% and the prevalence o f obesity was 16.9%. The prevalence of 

obesity was higher in boys than girls (18.6% vs 15.0%).
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The prevalence of obesity amongst adults in Ireland was reported in the 2007 Survey o f 

Lifestyle, Attitudes and Nutrition in Ireland. Thirty-six percent of adults were classified as 

overweight and 14% were obese. Overweight and obesity were more prevalent in men 

than in women. Forty-three percent of men had a BMI > 25 kg.m’  ̂compared to 28% of 

women. Sixteen percent of men had a BMI > 30 kg.m'^ compared to 13% o f women 

(Morgan K and R, 2008). In 2009 the Growing up in Ireland National Longitudinal Study 

reported that 19% of 9 year old children were overweight and 7% were obese (2009).

Using data collected in 2003-2004, Rogozinski et al. (2007) reported the prevalence of 

obesity in children w ith CP was 16.5%. This was a significant increase from a rate o f 7.7% 

observed in 1994-1997. An increase in height, weight, and percentage of children with 

unilateral CP accompanied this rise in obesity. When sorted for age there was an 

increase in obesity among children who were less than 8 years and who were between 8 

and 10 years, but not among children greater than 10 years. An increase in obesity was 

observed in both males and females. The prevalence increased overtim e in children 

classified as level I and II on the GMFCS but not III. This resulted in a prevalence o f 16.0% 

in the level I group and 21.1% in the level II group and 7.6% in the level 111 group in 2003- 

2004.

A retrospective study of children and adolescents with CP seen over 3 months in 2007 

found that 10.9% of children were overweight and 18.2% of children were obese 

(Hurvitz et al., 2008). The prevalence of overweight/obesity was higher among 

ambulatory children than non-ambulatory children, w ith 33%, 29% and 21% of children 

classified as level l-ll. III, and IV-V, respectively, classified as overweight or obese. Sex 

was not associated w ith obesity. There was a trend towards a greater risk of overweight 

among older children.

In a study of adolescents with intellectual disabilities the prevalence of obesity among 

adolescents w ith CP was 4.0% and overweight was 18.8%. This was lower than all other 

disability types. Overweight youths w ith CP had a significantly higher prevalence of 

hypertension, compared w ith their counterparts who fell into the normal weight 

category. The lower level of obesity reported in this study may be because of the 

relationship between severity o f CP and intellectual disability. Children w ith moderate- 

to-severe CP are more likely to  have an intellectual disability. They are also likely to be
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non-ambulatory and have low/ muscle mass. Therefore BMI may not be an accurate 

indicator of weight-related health status in this population.

There is no information on the prevalence of obesity in adults with CP. Hombergen et al. 

(2012) conducted a systematic review of the effect of CP on health-related fitness, 

including body composition. Conflicting evidence regarding body composition in adults 

compared to able-bodied peers was reported by four studies, of poor methodological 

quality, and therefore no conclusions could be drawn.

1.6 Physical activity and cardiorespiratory fitness

Physical activity and cardiorespiratory fitness are strongly interlinked. Cardiorespiratory 

fitness is a component o f health-related physical fitness. It is often referred to as 

'aerobic endurance' or 'aerobic capacity'. In combination with the other health-related 

components o f physical fitness, i.e. body composition and muscular fitness, 

cardiorespiratory fitness allows an individual 'to  carry out everyday tasks w ith vigor and 

w ithout (undue) fatigue' (Caspersen et al., 1985). Cardiorespiratory fitness is related to 

'the ability of the circulatory and respiratory systems to  supply fuel during sustained 

physical activity and to eliminate fatigue products after supplying fuel' (Caspersen et al., 

1985). In addition to the role of cardiorespiratory fitness in physical functioning there is 

strong evidence that cardiorespiratory fitness reduces the risk of all-cause and CVD 

mortality in men and women (Blair et al., 1989, Mitchell et al., 2010, Lee et al., 2011, 

Lyerly et al., 2009, Church et al., 2005).

The relative risk of CVD mortality attributable to low cardiorespiratory fitness is greater 

than that for, smoking, hypertension, obesity, high cholesterol and T2DM (Figure 1.1) 

(Blair, 2009). Despite this, unlike these other risk factors, cardiorespiratory fitness is 

rarely screened for in a clinical setting. A meta-analysis on the association of 

cardiorespiratory fitness with all-cause mortality and CVD events in healthy individuals, 

including 33 studies o f 102,980 participants, revealed that individuals w ith a low 

cardiorespiratory fitness had a substantially higher risk of all-cause m ortality and CVD 

events compared w ith individuals w ith moderate and high cardiorespiratory fitness 

(Kodama et al., 2009). Although few studies have investigated the long-term effect of 

improving cardiorespiratory fitness on health, those that have, have indicated that
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maintaining or improving cardiorespiratory fitness over time is associated with a 

reduced risk of all-cause and CVD mortality regardless o f w/eight gain (Blair et al., 1995, 

Erikssen et al., 1998, Lee et al., 2011). It is therefore important to prevent loss of 

cardiorespiratory fitness w/ith age to  reduce mortality risk.

□  Women

J l]___

Figure 1.1 Attributable fractions (%) for all cause deaths in 40 842 (3333 deaths) men 

and 12 943 (491 deaths) w/omen in the Aerobics Center Longitudinal Study. The 

attributable fractions are adjusted for ages and each other item in the figure. (Taken 

from Blair, 2009)

The protective effect of cardiorespiratory fitness on mortality is independent of a 

number of other risk factors including age, ethnicity, smoking status, alcohol intake, and 

other health conditions (Lee et al., 2010). Importantly the health benefits o f being fit are 

independent of body composition. Men and women who are overweight or obese, but 

who are at least moderately f it  have lower CVD mortality risk then people who are 

normal weight but unfit (Ortega et al., 2013, Lyerly et al., 2009, Church et al., 2005). 

Cardiorespiratory fitness also provides an explanation fo r what is sometimes known as 

the 'metabolicaliy healthy but obese phenotype', i.e. obese men and women who are 

obese but metabolicaliy healthy (Ortega and Andres, 1998).

Like physical activity cardiorespiratory fitness is also associated with cardiometabolic 

risk factors. Grundy et al. (2012) reported that triglycerides and non-HDL-C levels 

increase with decreasing cardiorespiratory fitness. HDL-C levels decreased with
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increasing fitness. The lowest quintile o f cardiorespiratory fitness had the highest SBP 

and the highest frequency of T2DM. There was also a strong negative association 

between the metabolic syndrome and fitness. Although this is likely to be due to 

physical activity the increase in self-reported activity across cardiorespiratory fitness 

quintiles was insufficient to  account fo r this strong relationship. Although people in the 

highest quintile of cardiorespiratory fitness reported the highest levels of moderate and 

high intensity physical activity, there was not a significant difference in activity levels 

across the lowest three quintiles (Grundy et al., 2012).

A strong relationship between cardiorespiratory fitness and the metabolic syndrome 

(both present risk and future risk) has also been reported for adolescents (Janssen and 

Cramp, 2008). As well as being predictive of the metabolic syndrome, cardiorespiratory 

fitness in childhood and adolescence is a predictor of abnormal blood lipids, high blood 

pressure and excess of overall and central adiposity in later life (Ruiz et a!., 2009). 

Clustering of risk factors for CVD have been shown to  be strongly related to low fitness 

in children as young as 6 years, and low fitness at 6 years is strongly related to risk 

factors at 9 years (Andersen et al., 2011a). As w ith adults, overweight children with a 

high level of cardiorespiratory fitness have similar risk of developing the metabolic 

syndrome as normal weight children w ith a low fitness level (Brambilia et al., 2011).

The association between physical activity and cardiorespiratory fitness however, is more 

complex than might be expected. Both physical activity and cardiorespiratory fitness are 

inversely associated w ith fatal and non-fatal health outcomes. The dose-response 

gradient fo r various health outcomes is stronger across cardiorespiratory fitness 

categories than across physical activity categories in adults and children (Blair et al., 

2001b, Berman et al., 2012). This does not necessarily mean that fitness is more 

important than physical activity in relation to health outcomes. Physical activity is the 

main determinant of cardiorespiratory fitness. The weaker relationship between 

physical activity and health outcomes is likely to  be due to the wide use of self-reported 

measures of physical activity. As discussed previously, self-reported physical activity is 

often grossly overestimated (Atienza et al., 2011), whereas cardiorespiratory fitness can 

be measured objectively w ith a criterion method.

The question over how much physical activity is required to improve cardiorespiratory 

fitness is also still being investigated. To date the majority of studies have been limited
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by the use of self-report measures of physical activity. It would appear that there is large 

variation in the amount of activity required to improve cardiorespiratory fitness and it 

may be unique to each individual. The current physical activity guidelines o f 150 min of 

moderate activity per week are thought to be sufficient to improve cardiorespiratory 

fitness in people with low cardiorespiratory fitness to a moderate level (Garber et al., 

2011). However one half of this level of activity may improve cardiorespiratory fitness in 

sedentary individuals (Church et al., 2007). In inactive children increases in spontaneous 

physical activity, rather than bouts of exercise training, may achieve improvements in 

fitness (Kristensen et al., 2010). A number of studies have reported that there is a 

stronger association between vigorous or hard activity and cardiorespiratory fitness 

compared to moderate activity (Gutin et al., 2005, Dencker et al., 2008, Denton et al., 

2013). Ruiz et al. (2006) reported that children who achieved >26 min o f vigorous 

physical activity per day had a higher cardiorespiratory fitness than those who achieved 

10-18 min.

1.6.1 Cardiorespiratory fitness in adults and children with cerebral palsy

Few studies have investigated cardiorespiratory fitness in adults with CP. Three studies 

reported that young men with CP were less fit than able-bodied men (Lundberg, 1978, 

Fernandez, 1990, Nieuwenhuijsen et al., 2011). One study found no difference in the 

level of cardiorespiratory fitness between men w ith CP and men w ithout CP (Tobimatsu 

et al., 1998). Participants reached peak heart rates of 110-198 bpm, however, indicating 

that not all participants were maximally exerted. The discrepancy between studies may 

be a result of the protocols employed to assess cardiorespiratory fitness. The limitations 

of using protocols developed for able-bodied people in people w ith CP w ill be discussed 

in the next chapter. Only one study has investigated the relationship between physical 

activity and cardiorespiratory fitness in adults w ith CP and found no association 

between objectively measured physical activity and cardiorespiratory fitness 

(Nieuwenhuijsen et al., 2011). This may be due to the low intensity at which adults with 

CP perform physical activity. As physical activity intensity was not assessed in this study 

this theory cannot be supported. Although a cross-sectional study was unable to find an 

association between cardiorespiratory fitness and physical activity a prospective study 

did report an improvement in cardiorespiratory fitness following an 8-week exercise 

programme (Pitetti, 1991). W ith appropriate exercise prescription it is therefore 

possible to improve cardiorespiratory fitness in this population.
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There is consistent evidence to suggest that children with CP have lower 

cardiorespiratory fitness than their TD peers (Unnithan et a!., 1998, Verschuren and 

Takken, 2010, Hoofwijk, 1995, Lundberg, 1978, Lundberg, 1984, van den Berg-Emons et 

al., 1996b). This reduced aerobic capacity is apparent even in children classified as level I 

and II on the GMFCS (Hoofwijk, 1995, Verschuren and Takken, 2010). Although one 

might expect fitness to vary w ith gross motor function, one study found no difference in 

the fitness level of children classified as level I and level II on the GMFCS (Verschuren 

and Takken, 2010). Similarly Parker (1993) only found moderate correlations between 

cardiorespiratory fitness and the sitting score and total score of the Gross M otor 

Function Measure (GMFM), a clinical measure designed to  evaluate change in gross 

m otor function. Verschuren et al. (2009) also found no relation between 

cardiorespiratory fitness, body composition and dimensions D and E o f the GMFM, 

which measure activities in standing, and walking, running and jumping, respectively. 

Therefore, although decreased cardiorespiratory fitness results in a greater physical 

strain on the body during walking, the expected relationship between cardiorespiratory 

fitness and function has yet to  be found. Although a number of studies have shown that 

aerobic exercise programmes result in improvements in cardiorespiratory fitness in both 

ambulatory and non-ambulatory children (Verschuren et al., 2007, Bilde et al., 2011, Van 

den Berg-Emons et al., 1998a) no study has investigated the association between 

cardiorespiratory fitness and habitual physical activity levels in children w ith CP.

1.7 Cerebral palsy and Cardiometabolic Risk Factors

In the preceding sections the association between reduced physical activity and 

cardiometabolic risk factors, obesity and cardiorespiratory fitness was discussed. In 

addition to reductions in physical activity (see section 1.3) and cardiorespiratory fitness 

(see section 1.6.1), the sarcopoenia and muscle wasting experienced by people with CP, 

beyond that which is associated with ageing may also contribute to  metabolic 

dysregulation (Peterson et al., 2012a). Sarcopoenia is paralleled with significant 

increases in adiposity, both intra- and extra-muscular (Peterson et al., 2012a). Increased 

adiposity is associated w ith cardiovascular risk and a reduction in muscle strength and 

quality. This excess mass increases the demand on the body and simultaneously
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decreases the ability of the musculature to react to  external forces associated with 

everyday activity, leading to further inactivity (Peterson et al., 2012a).

It may therefore be expected that adults and children with CP are at greater risk of 

cardiometabolic disease. CVD, T2DM, and hypertension are not, however, predominant 

health complaints among adults w ith CP (Turk et al., 2001, Turk, 1997). The most 

commonly reported health conditions among adults with CP include musculoskeletal 

problems, bladder and bowel problems, gastroesophageal problems, and dental 

problems (Turk, 1997, Turk et al., 2001, Turk et al., 1997, Murphy et al., 1995). Adults 

w ith CP perceived themselves as being generally healthy and their main concerns 

included musculoskeletal problems, weight control, or medication use (Turk, 1997). Self

perceived health ratings and life satisfaction are related to the presence o f pain or 

functional changes over time, but not to the severity of impairment (Sandstrom, 2007, 

Jahnsen et al., 2004). The severity of functional impairment however, and not a 

diagnosis of CP alone, was found to  be associated with the presence of a number of 

health disorders in older adults (Henderson 2009). A study of adults w ith intellectual 

disability (including adults with CP) reported that the health conditions associated with 

increasing age were sim ilarto that of the general population and included 

cardiovascular disease, respiratory problems, and hearing/vision problems (Janicki et al., 

2002 ).

Despite CVD not being a primary concern amongst adults w ith CP Strauss et al. (1999) 

reported a two-three fold greater death rate from coronary heart disease among adults 

with CP as compared to the general population. Preventive medicine services and 

participation in health promotion activities are also severely underutilised by adults with 

CP (Murphy et al., 1995, Turk, 1997, Turk et al., 2001). Adults with CP participate to  a 

limited extent in health screening activities and have less knowledge about 

cardiovascular risk factors (Capriotti, 2006). Despite the potential metabolic 

consequences of having CP (Bauman, 2009) few studies have investigated 

cardiometabolic risk factors in this population. One study reported that total 

cholesterol, LDL-C, HDL-C, triglycerides and blood pressure did not differ between a 

group of 100 children with CP (mean age 6.2 ± 2.1 yr) and 35 age- and sex-matched 

control children (Cece et al., 2012). Carotid intima-media thickness and CRP levels were 

greater in children with CP however, possibly indicating increased risk of atherosclerosis 

and coronary heart disease. More extensive prospective studies are required to  support
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this hypothesis. Although it may be expected that reduced physical activity levels from 

birth are responsible fo r endothelial dysfunction in this population this was not 

supported by a small study of children with CP (n = ll)  (Martin et al., 2012). These 

children had similar arterial health, including carotid intima-media thickness to  youth 

w ithout CP, despite lower levels of vigorous physical activity. Further investigation into 

the association between habitual physical activity, cardiorespiratory fitness, body 

composition and cardiometabolic disease risk among adults and children with CP is 

required.

1.8 Objectives of this Thesis

This thesis aims to investigate the effect of physical activity on body composition, 

cardiometabolic risk factors and cardiorespiratory fitness in adults and children with CP. 

Firstly the methods used to  quantify physical activity intensity in adults and children 

with CP will be examined.

Measures of the variables investigated are presented in Chapter 2 and 3. Study 1 

(Chapter 4) investigates the validity of advanced accelerometry-based devices at 

estimating energy expenditure in able-bodied adults and children. Study 2 (Chapter 5) 

investigates the validity of these devices in adults and children with CP. Study 3 (Chapter 

6) cross-validates count cut-off points to  quantify physical activity intensity using a 

triaxial accelerometer in adults and children with CP. Study 4 (Chapter 7) compares 

levels o f habitual physical activity between adults w ith and w ithout CP, and investigates 

the factors associated w ith habitual physical activity levels adults with CP. It also 

investigates the association between cardiometabolic risk factors, body composition and 

physical activity in adults w ith CP. Study 5 (Chapter 8) investigates the ability of 

anthropometric measures to indicate cardiometabolic risk factors in adults with CP. 

Study 6 (Chapter 9) investigates the association between physical activity, body 

composition and blood pressure in children w ith CP. The association between physical 

activity intensity and cardiorespiratory fitness is examined in study 7 (Chapter 10). In the 

discussion (Chapter 11) the results of the studies are considered together in the context 

o f previous research in this area and suggestions for future research are highlighted.
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Chapter 2 Methods

This chap ter w ill describe th e  m ain outcom e m easures used in this thesis and provide an 

evaluation  o f th e ir  psychom etric properties . The assessment o f habitual physical activ ity  

in people w ith  cerebral palsy (CP) is th e  prim ary th e m e  running th ro ug ho u t this thesis. 

O bjective and subjective m easures o f physical activ ity w ill be discussed in this chapter. 

The o th e r m ain o u tcom e m easures discussed in this ch ap ter are card ioresp irato ry  

fitness, body com position and physiological m arkers o f card iom etabo lic  risk. Each 

outcom e w ill be discussed in re la tion  to  th e ir  accuracy and feasib ility  in th e  CP 

population.

2.1 Validity and Reliability

A num ber o f factors w ere  taken  into  consideration w hen  choosing th e  m ost suitable  

m easurem ent tools to  investigate th e  outcom es o f this thesis. These included th e  

valid ity and re liab ility  o f th e  m easure, and th e  feasib ility  o f th e  m easure w ith  particu lar 

consideration to  its clinical u tility  in th e  CP population.

The va lid ity o f an instrum ent is th e  degree to  w hich it m easures w h a t it is in tended  to  

m easure. O bjective m easures requ ire d em onstra tion  o f criterion valid ity , ideally against 

a gold standard m easure. C riterion va lid ity  is th e  m ost p ow erfu l typ e  o f valid ity . It is an 

um brella  te rm  th a t encom passes predictive, concurrent, convergent and d iscrim inant 

valid ity  (A je tu n m o bi, 20 02 ). To establish criterion  va lid ity  a gold standard instrum ent, 

which m easures w h a t th e  n ew  ins tru m en t purports to  m easure, m ust exist (Aaronson, 

20 0 2 ). V alid ity  is established by exam ining th e  ex ten t to  w hich th e  new  ins tru m en t 

provides th e  sam e results as th e  gold standard (de V e t e t al., 20 03 ). This thesis w ill 

investigate th e  concurren t va lid ity  o f objective m easures o f physical activ ity  in adults  

and children w ith  CP. C oncurrent va lid ity  can be established by collecting data fro m  the  

new  m easurem ent ins tru m en t and th e  re ference standard sim ultaneously (A jetunm obi, 

2002 ).
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Although it is common to report correlations between measures when assessing the 

level o f agreement between tw o measures, this should be avoided; at least not as the 

only reported evaluation statistic (Staudenmayer et al., 2012). Limits of agreement 

(Bland and Altman, 1986) should be reported when evaluating the level of agreement 

between tw o measures (Innes and Straker, 1999b, de Vries et al., 2006). When assessing 

the validity of an instrument it is also vital that the sample population used to  validate 

the instrument is described in detail to  clarify the population to which the validity of the 

instrument applies (de Vet et al., 2003, Aaronson, 2002).

The reliability of an instrument is the degree to  which it is free from random error. 

Reliability must exist over time (test-retest reliability or intra-instrument reliability) and 

between measures (inter-instrument reliability) (Aaronson, 2002). As reliability is the 

extent to  which repeated measures yield the same outcome it is inextricably linked to 

validity. If one or both methods have poor reliability the agreement between measures 

will undoubtedly be poor (de Vet et al., 2003, Bland and Altman, 1986). The intra-class 

correlation coefficient (ICC) is considered an adequate measure of intra-instrument and 

inter-instrument reliability. A value of >0.70 is rated as good (Bland and Altman, 1996, 

Innes and Straker, 1999a, Aaronson, 2002). Other adequate measures of reliability are 

the kappa coefficient, the standard error of measurement, and the coefficient of 

variation (CV) (Innes and Straker, 1999a, Bland and Altman, 1986, de Vries et al., 2006).

2.2 Measurement of Cardiorespiratory Fitness

Physical fitness is defined as 'a set of attributes that people have or achieve tha t relates 

to the ability to  perform physical activity' (Caspersen et al., 1985). The components of 

physical fitness can be categorised into two groups: health-related physical fitness 

components and skill-related physical fitness components. Health-related components, 

which encompass cardiorespiratory fitness, body composition, and muscular fitness, is 

one of the strongest predictors of individual future health status (Thompson, 2010). The 

focus of the following section will be on cardiorespiratory fitness. The measurement of 

body composition will be discussed in section 2.3.

Cardiorespiratory fitness is related to 'the ability of the circulatory and respiratory 

systems to supply fuel during sustained physical activity and to eliminate fatigue

46



p ro d u cts  a f t e r  sup p ly in g  fu e l '  (C asp ersen  e t  al., 1 9 8 5 ) .  It can b e  m e a s u re d  in t h e  

l a b o r a to r y  o r  in t h e  f ie ld  d e p e n d in g  o n  t h e  e q u ip m e n t  ava ilab le ,  t h e  p a t ie n t  p o p u la t io n ,  

an d  t h e  e x p e r ie n c e  o f  t h e  tes te r .

2.2.1 Graded exercise testing

T h e  d ire c t  m e a s u r e m e n t  o f  m a x im a l  o xygen  u p ta k e  (V 0 2 m a x )  d ur in g  a m a x im a l  g ra d e d  

exerc ise  t e s t  is c o n s id e re d  t h e  c r i te r io n  m e a s u re  o f  c a rd io re s p ira to ry  f i tness  (T h o m p s o n ,  

2 0 1 0 ,  Heyw /ard , 2 0 1 0 ) .  S u b m a x im a l  g ra d e d  exerc ise  tes ts  can be used to  p re d ic t  

V 0 2 m a x , h o w e v e r ,  if it is n o t  feas ib le  t o  p e r fo r m  a m a x im a l  tes t .  V 0 2 m a x  d u r in g  a 

g ra d e d  exerc ise  te s t  re f lec ts  t h e  ab i l i ty  o f  th e  h ea r t ,  lungs an d  b lo od  t o  d e l iv e r  o xyg en  to  

t h e  w o r k in g  muscles . As V O a m ax  is t h e  p ro d u c t  o f  th e  m a x im a l  card iac  o u t p u t  and  

a r te r ia l -v e n o u s  o xyg en  d i f fe re n c e ,  it var ies  co n s id e rab ly  across p o p u la t io n s ,  p r im a r i ly  

f r o m  d if fe re n c e s  in m a x im a l  ca rd iac  o u tp u t .  V 0 2 m a x  can be expressed  in a b s o lu te  

(m l.m in '^ )  o r  re la t iv e  t e r m s  (m l .k g ‘\m in '^ ) .  As V O 2 is d irec t ly  re la te d  to  b o d y  size V O 2 it is 

typ ica l ly  expre ss e d  in re la t ive  te r m s .  T h e  m e a s u r e m e n t  o f  re la t ive  V 0 2 m a x  is t h e r e f o r e  

used to  classify c a rd io r e s p i ra to r y  f i tness  using s ta n d a rd  re fe re n c e s  (The  C o o p e r  Ins t i tu te  

fo r  A e ro b ic s  Research, 2 0 0 5 ) .

H is torica lly  t r u e  V 0 2 m a x  is d e t e r m in e d  by a p la te a u  in V O 2 d e s p i te  an  inc rease  in 

w o r k lo a d .  Research, h o w e v e r ,  suggests t h a t  th e  in c id ence  o f  a V O 2 p la te a u  is h ighly  

v a r ia b le  ( H e y w a r d ,  2 0 1 0 ) .  A p la te a u  in V O 2 is th e r e f o r e  no lon g er  a r e q u i r e m e n t  to  

in d ic a te  t r u e  V 0 2 m a x .  P eak o xyg en  c o n s u m p t io n  (V 0 2 p e a k )  a t ta in e d  d u r in g  a g ra de d  

tes t ,  i.e. t h e  h ighes t  ra te  o f  V O 2 m e a s u re d  d ur in g  an  exerc ise  tes t ,  is c o n s id e red  a valid  

index  o f  V 0 2 m a x  (H e y w a r d ,  2 0 1 0 ) .

If t h e  d ire c t  m e a s u r e m e n t  o f  V O 2 is n o t  fea s ib le ,  physiologica l m e a s u re s  [e.g. h e a r t - r a te  

(HR)]  o r  te s t  p e r fo r m a n c e  d a ta  (e.g . t i m e  to  vo l i t io n a l  fa t ig u e )  co l lec ted  d u r in g  g ra d e d  

m a x im a l  a n d  s u b m a x im a l  tes ts  can be used to  p re d ic t  V 0 2 m a x  (T h o m p s o n ,  2 0 1 0 ) .  As 

m a n y  ind iv idu als  m a y  n o t  a t ta in  a V O 2 p la te a u  a n u m b e r  o f  o th e r  cr ite r ia  shou ld  be used  

to  in d ic a te  t h a t  V 0 2 m a x  has b e e n  re a c h e d .  T h ese  inc lude:  1) fa i lu re  o f  HR to  increase  

w i th  in c reased  in tens ity ;  2) v e n o u s  la c ta te  c o n c e n t ra t io n  e x c ee d in g  Sm mol.L '^;  3) a 

re s p ira to ry  e x c h a n g e  ra t io  (RER) o f  > 1 .1 5 ;  4 )  ra t in g  o f  p e rc e iv e d  e x e r t io n  g r e a te r  th a n  17  

on t h e  o r ig ina l Borg scale (H e y w a r d ,  2 0 1 0 ) .  Sub jec t ive  signs o f  ex h a u s t io n  m a y  also be  

used to  in d ic a te  t h a t  an in d iv idu a l  has re a c h ed  V 0 2 p e a k .  T h ese  inc lude inab i l ity  to  keep
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up w i th  t h e  t re a d m i l l  speed  o r  m a in ta in  p eda l  f r e q u e n c y ,  h y p e rv e n t i la t io n  o r  re fusal to  

c o n t in u e  t h e  tes t .

G ra d e d  tests ,  b o th  m a x im a l  an d  s u b m a x im a l ,  can be c o n d u c te d  using a v a r ie ty  o f  m o d e s  

o f  exerc ise  an d  p ro tocols .  S o m e  c o m m o n ly  used m o d e s  o f  exerc ise  a re  t re a d m i l l  w a lk in g  

o r  ru n n in g  an d  s ta t io n a ry  cycling. T h e  Bruce P ro to co l  (Bruce  e t  al., 1 9 7 3 )  is a c o m m o n ly  

used e x a m p le  o f  a c o n t in u o u s  m a x im a l  t r e a d m i l l  exerc ise  te s t .  Both  t h e  t r e a d m i l l  speed  

an d  g ra d ie n t  increase  across w o r k lo a d s  in th is  p ro to c o l  until  th e  p a r t ic ip a n t  reaches  

vo l i t io n a l  fa t ig u e  o r  m e e ts  t h e  cri te r ia  fo r  t h e  a t t a in m e n t  o f  V 0 2 m a x  d escr ib ed  ab o ve .

T h e  decis ion  t o  c o n d u c t  a m a x im a l  o r  a s u b m a x im a l  exerc ise  te s t  d e p e n d s  large ly  o n  t h e  

reason  fo r  th e  tes t ,  t h e  p ro f i le  o f  th e  p a r t ic ip a n t ,  an d  t h e  e q u ip m e n t  a n d  p erson n e l  

av a ila b le .  A l th o u g h  a m a x im a l  te s t  p ro v id es  a m o r e  a c c u ra te  assessm en t  o f  V 0 2 m a x ,  

p ar t ic u la r ly  if a d ire c t  m e a s u r e m e n t  o f  V 0 2 m a x  and  a n a e r o b ic  th re s h o ld  is o b ta in e d ,  

m e d ic a l  superv is ion  m a y  be re q u ir e d  t o  c o n d u c t  such as te s t .  S u b m a x im a l  tes ts  usually  

ask p ar t ic ip a n ts  to  exerc ise  unt i l  t h e y  reach  8 0 %  o f  p re d ic te d  m a x im a l  HR. T h e  m a x im a l  

w o r k  ra te  is p re d ic te d  by e x t r a p o la t in g  HR o u t  to  t h e  p re d ic te d  m a x im a l  HR and  th e  

assoc ia ted  m a x im a l  w o r k  ra te .  As such, th e s e  tes ts  a s s u m e  t h a t  a s te a d y -s ta te  HR is 

ac h ie v e d  fo r  e ach  w o r k lo a d  an d  t h a t  t h e r e  is a c o n s ta n t  H R -w o r k lo a d  re la t ionsh ip .  

A lth o u g h  HR is th e  m a in  index  r e q u ir e d  to  p re d ic t  V O a m ax  o th e r  m e a s u re s  such as b lo od  

pressure ,  ra te  o f  p erc e iv e d  e x e r t io n  a n d  la c ta te  m a y  p ro v id e  t h e  re s e a rc h e r  w i th  

v a lu a b le  in fo r m a t io n  a b o u t  t h e  perso n 's  fu n c t io n a l  re sp o n se  to  exerc ise . S u b m a x im a l  

tes ts  w o r k  on  th e  a s s u m p t io n  t h a t  m e c h a n ic a l  e f f ic iency  du r in g  t r e a d m i l l  w a lk in g  o r  

cycling is c o n s ta n t  fo r  all ind iv iduals .  M a x im a l  o xyg en  c o n s u m p t io n  fo r  a p a r t ic ip a n t  w i th  

im p a ire d  m e c h a n ic a l  e ff ic iency ,  as a resu lt  o f  d isab ili ty ,  inact iv ity  o r  age, w il l  t h e r e f o r e  

be u n d e r e s t im a te d .  C a lcu la t io n  o f  m a x im a l  HR w i th  th e  use o f  p re d ic t io n  e q u a t io n s  can  

also in t r o d u c e  c o n s id e rab le  v a r ia b i l i ty  in to  t h e  accuracy  o f  t h e  e s t im a te d  V 0 2 m ax.

C a rd io r e s p ira to r y  f i tness  can b e  assessed in ch i ld re n  using t h e  s a m e  m e t h o d s  descr ib ed  

fo r  adu lts .  In t h e  la b o ra to r y  a t r e a d m i l l  m a y  be  t h e  b e t t e r  m o d e  o f  exerc ise  as ch ild ren  

can lose c o n c e n t ra t io n  w h e n  asked  t o  m a in ta in  a c o n s ta n t  p ed a l l in g  ra te  du r in g  a cycle  

e r g o m e t e r  tes t .  T h e  m o d if ie d  Bruce p ro to c o l  is a p p r o p r ia te  fo r  use in c h i ld ren  aged  4 - 1 8  

y ears  w i t h  age and  sex e n d u r a n c e  t i m e  re fe re n c e  va lu es  a va ilab le  (W e ss e l ,  2 0 0 1 ) .
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2.2.2 Field tests

Field tests are more practical, less expensive and less time consuming than a treadmill or 

cycle ergometer test. Walking and running tests are the most commonly used field tests 

to assess cardiorespiratory fitness. Examples of these tests are the 9 and 12min run 

tests, the 1.5 mile walk/run test and the Rockport One-Mile Fitness Walking Test. The 

multistage 20 m shuttle run test is a commonly used field test to estimate 

cardiorespiratory fitness in children (age 8-19 years) (Leger et al., 1988). It involves 

running betw/een two points, 20 m apart, to  the sound of a pre-recorded signal from a 

CD. The time between two consecutive signals shortens throughout the test until the 

participant can no longer keep up with the pace set by the CD. The maximal aerobic 

speed at the stage the participant finishes on is then used in combination with age to 

estimate V02max. Although many of these tests allow VOamax to be predicted, the 

correlation between the two tends to vary considerably (Heyward, 2010). The influence 

of several factors, besides the capacity of the cardiorespiratory system, on endurance 

running performance such as motivation, running efficiency and lactate threshold 

(Costill et al., 1973), should be taken into consideration.

2.2.3 The assessment of cardiorespiratory fitness in children w ith cerebral 

palsy

Although the relationship between cardiorespiratory fitness and cardiovascular disease 

has long been established, few studies have assessed cardiorespiratory fitness in adults 

and children w ith CP. As a result of this the clinlmetric properties, i.e. the validity, 

reliability and feasibility, of tests of cardiorespiratory fitness in this population have 

been under-evaluated. This section will identify tests that have been used to measure 

cardiorespiratory fitness in children with CP and a discussion of their clinimetric 

properties will be provided.

If a graded exercise test is to be used to measure V02max in children with CP the mode 

o f exercise and protocol used must be carefully considered. People with CP have a 

musculoskeletal system with different biomechanic and energetic properties compared 

w ith their typically developing peers (Rosenbaum et al., 2007). Measurement o f true 

cardiorespiratory fitness may therefore be masked by non-cardiorespiratory factors. 

Additional factors that can impact the results of exercise tests include the motor control 

of the person, their task understanding and sufficient familiarisation. It is vital that the
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valid ity  and re liab ility  o f graded exercise tes t protocols developed in th e  general 

popu lation  are established in people  w ith  CP before th e y  are used.

Eight studies m easured ca rd ioresp irato ry  fitness in am b u la to ry  children w ith  CP using a 

graded tre ad m ill test. See Table 2 .1  fo r in fo rm ation  on th e  exercise m odes and test 

protocols th a t have been used to  assess card ioresp irato ry fitness in children w ith  CP. 

T w o studies used a 'h a lf bruce' protocol (Bruce e t al., 19 73 ) and th e  rem ain ing six used a 

se lf-developed  tread m ill procotol. O nly tw o  studies defined  th e  criteria o f a tta in m e n t o f 

V 02m ax prior to  th e  com pletion  o f th e  tes t (Verschuren e t al., 2010a , Verschuren e t al., 

2 0 0 6 ). Indicators o f a tta in m e n t o f V 02m ax w ere  a HR > 180  bpm and RER > 0 .99 . Age was  

not found  to  predictive o f m axim um  HR in children w ith  CP (Verschuren e t al., 2011 ) and 

th e  fo rm u la  220-age was th e re fo re  inapp ro p ria te  to  use to  predict m axim um  HR. All 

subjects m et a t least one criteria  o f a tta in m e n t o f V 0 2 max during th e  graded tread m ill 

tes t. H oofw ijk  (1995 ) repo rted  th a t 4 /9  participants reached V O 2 p lateau  during the  

exercise tes t. M ea n  peak HR w as 189 ±  17 bpm . This is sim ilar to  th e  peak HR reported  

by (M a lta is  e t al., 20 05 a) (189  ±  12 bpm ). N e ith er study how ever reported  th e  num ber  

o f partic ipants w ho  reached a HR > 180 b p m  and th e re fo re  th e  num ber o f valid tests is 

unknow n.

Five studies used a cycle e rg o m e te r tes t to  assess card ioresp irato ry fitness in children  

w ith  CP. The level o f d isability am ong children ranged fro m  slight (no aids) to  fairly  

severe (w heelchair users). Parker (19 93 ) observed peak HR o f 195 ± 11 bpm  and 196  ± 5 

bpm  and an RER of 0 .8 7  ± 0 .0 4  and 0 .9 0  ±  0 .0 9 , in girls and boys respectively, using a 

se lf-developed  protocol. He rep o rted  sim ilar values fo r HR and RER in a second study 

(Lundberg, 1984). W hen  a protocol based on th e  M c M a s te r protocol (Bar-O r, 2004 ) was  

em ployed  much lo w er peak h eart-ra tes  w ere  observed (17 6  ±  11 bpm  and 168 ± 15  

bpm ) (van den Berg-Emons e t al., 1996b , Van den Berg-Emons et al., 1998a).

T w o  studies used an arm  e rg o m e te r tes t to  assess card ioresp irato ry fitness in non

am b u la to ry  children w ith  CP. O ne study did not repo rt any indicator o f a tta in m e n t o f 

V 02m ax (Parker, 1993 ). Van den Berg-Emons e t al. (19 98 a ), how ever, repo rted  th a t  

m ean peak HR was 125  ±  9 bpm . This increased to  143  ±  18 bpm fo llow ing  a 9 m onth  

u pp er lim b exercise p rogram m e suggesting th a t im proved muscle perfo rm ance  

co n trib u ted  to  any observed im p ro vem en t in card ioresp irato ry fitness. H ow ever, even  

a fte r  tra in ing  participants w e re  unable to  reach m axim al exertion  using th is protocol.
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In 2006, Verschuren et al. developed two 10m shuttle run tests (SRT) to measure 

cardiorespiratory fitness in children and adolescents (6 to 20 yr) classified as levels I and 

II in the GMFCS, The SRT demonstrated excellent validity compared to a graded 

treadmill test, w/ith similar V02peak values reported for both tests (1.7 ± 0.5 L.min'^s 

1.7 ± 0.05 L.min'^and 1.7 ± 0.6 L.min’  ̂vs 1.6 ± 0.6 L.min \  for children classified as 

GMFCS level I and II respectively). All participants reached HR >180 bpm and RER>1.0 

during the SRT. In fact participants attained a higher peak HR during the SRT compared 

to the treadmill test (200.6±6.7 bpm vs 192.9±6.2 bpm and 199.4±6.8 bpm vs 193.1±6.1 

bpm, for children classified as GMFCS level I and II respectively). As well as being a valid 

measure of cardiorespiratory fitness the SRT demonstrated good test-rest reliability with 

intraclass correlation coefficients of 0.87 or greater for HR and exercise time for both 

tests. Twenty-three out of 25 participants preferred the SRT over the treadmill test as 

they could try harder because they felt they were in control of the test and that they 

could stop at any time. It was not possible however to predict V02peak from SRT 

running speed. Therefore, although the SRTs demonstrate excellent validity, reliability 

and appear feasible it is not possible to obtain a measure of cardiorespiratory fitness 

that allows for comparison with TD children and adolescents. In 2010 however, SRT data 

was obtained on 306 children, adolescents and young adults with CP (6 to 20 yr) 

classified as GMFCS levels I and II (Verschuren et al., 2010a). This allowed reference 

values for cardiorespiratory fitness to be developed for children, adolescents and young 

adults with CP in order to classify them according to fitness. A 7.5 m SRT has been 

developed to assess cardiorespiratory fitness in children in level III of the GMFCS 

(Verschuren et al., 2011). Although this test is reliable it has not yet been validated. 

Reference data is also not available for this test and it is therefore impossible to classify 

children's cardiorespiratory fitness with the results from this test.
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Table 2.1 Methods used to assess cardiorespiratory fitness, and indicators of attainment of maximal aerobic capacity, in children with cerebral palsy

Study n Age GMFCS

Level

Protocol Criteria fo r a tta in m e n t  

o f V 0 2 max

M e e t criteria

Treadm ill

(G o rter e t a!., 2009 ) 13 8-1 3  yr; 1 and II 'ha lf Bruce' none NR

(Bilde e ta ! .,  20 11 ) 9 6-1 3  yr 1 and II Bruce none NR

(M alta is  e t a!., 2005a) 11 1 0 -1 6  yr 1 and II self-developed

protocol

none HR: 1 8 9 ± 1 2 b p m

(U nn ithan  e t a!., 1996 ) 9 12 .7  ±  2 .8  yr not specified; 

am bu lato ry

self-developed

protocol

none NR

(M assin and A llington, 1999 ) 15 4 -1 3  yr not specified; 

am bu lato ry

self-developed

protocol

none NR

(Verschuren e t a!., 2006 ) 25 7 -1 7  yr 1 and II self-developed

protocol

H R > 1 80 b p m

RE R >1.0

All partic ipants m et

criteria

HR:

19 2 .9  ± 6 .2  bpm  (level 1) 

19 3 .1  ± 6 .1  bpm  (level II)
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(Verschuren and Takken, 20 1 0 ) 24 7 -1 7  yr I and II

(H o o fw ijk , 1995 ) 9 1 0 -1 6  yr not specified;

am bulato ry  

w ith o u t aids

Bicycle e rg o m e te r

(Lundberg, 1984) 26 Di: 11 .5  ±  1.9 yr

Hem i: 12 .0  ± 0 .3  yr 

Dys: 11 .2  ± 2 .2  yr

not specified; 

Slight (no aids) 

to  fairly severe  

(non-

am bulatory)

self-developed

protocol

self-developed

protocol

protocol not 

reported

one of:

HR > 180  

RER >0 .99  

and:

one subjective ind icator  

none

All participants m et 

criteria

4 /9  partic ipants reached  

a V O 2 p lateau  

HR: 189 ± 17 bpm  

RER: 1 .1 4  ± 0 .0 6

none RER: 0 .9 0  ± 0 .0 4  (d iplegia)

0 .9 6  + 0 .03  

(hem ip legia)

0 .9 9  ± 0 .0 0
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(Lundberg, 1978) 9

(Van den Berg-Emons et al., 

1998a)

(van den Berg-Emons et al., 

1996b)

(Nsenga Leunkeu et al., 2012)

(dyskinesia)

11-12 yr

0 7-13 yr

protocol not 

reported

not specified;

Slight (no aids) 

to fairly severe 

(non-

ambulatory)

not specified; 10 Me Master 

ambulant,10 

non-ambulant

protocol-based

HR levelling

none

HR: 192-199 bpm 

HR: 195 ± 11 bpm (girls) 

196 ± 5 bpm (boys) 

RER: 0.87 ±0.04 (girls) 

0.90 + 0.09 (boys)

HR: 175 ±13 bpm

2 7-12 yr not specified; 

8 ambulant, 4 

non-ambulant

McMaster

protocol-based

none HR: 168 ±15 bpm

4 10-16 yr and self-developed

protocol

none HR: 148.4+ 25.1 bpm 

Borg scale: 12.4 ± 1.0
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Arm ergometry

(Van den Berg-Emons et al., 

1998a)

20 7-13 yr not specified; 10 

ambulant, 10 

non-ambulant

(Parker, 1993) 23 9 .3 ± 2 .0 y r

Mobile independently 

or w ith aids (including 

WC)

Field tests

(Verschuren et al., 2007) 68 12.1 ± 2.8 yr I and II

(Verschuren et al., 2009) 68 12.1 ± 2.8 yr I and I!

not specified; 

slight (no aids) 

to severe 

(wheelchair 

users)

(Dallmeijer and Brehm, 2011) 8 6-16 yr I and II

McMaster none

protocol

HR: 125±9  bpm

protocol of Bar- 

Or and Zwiren

10m SRT

10m SRT 

10m SRT

none

HR >180,

RER >1.0 

HR >180 

RER >1.0 

HR>190bpm 

RER >1.0

not reported

NR

NR

All participants met HR 

criterion
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4/7 met RER criterion

(Verschuren et al., 2011)

(Verschuren et al., 2006)

13 12 ± 3 y r

25 7-17 yr

(Verschuren et al., 2010b) 306 6-20 yr

I and

7.5m SRT

10m SRT

and 10m SRT

HR>180

HR>180bpm 

RER >1.0

HR >180 

and

subjective criteria

13/15 participants met 

criterion

All participants met 

criteria

HR: 200.6 bpm (level I) 

199.4 bpm (level II)

HR: 194 ±10 bpm

HR, heart rate; RER, respiratory exchange ratio; di, diplegia; hemi, hemiplegia; dys, dyskinesia; SRT, shuttle run test
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2.3 Measurement of Body Composition

2.3.1 Defining overweight and obesity in adults and children

BMt is commonly used to classify underweight, overweight and obesity in adults and 

children. BMI is calculated as weight (kg) divided by height squared (cm^). The Centre for 

Disease Control and Prevention (CDC), International Obesity Task Force (lOTF), and 

World Health Organisation (WHO) define overweight as >25 k g . m a n d  obesity as >30 

kg.m'^ in adults. To date there is no gold standard for defining overweight and obesity in 

children and adolescents. Although not ideal, the use of BMI has significant practical 

advantages: it is based on common anthropometric measures of weight and height, and 

it is familiar to many practitioners. BMI has been increasingly acknowledged as an 

acceptable indirect measure o f overweight and obesity in young people (Lobstein and 

Frelut, 2003). Sex and age have a significant effect on body composition in children 

however (Rolland-Cachera et al., 1982). BMI cut-off points for adults are therefore not 

appropriate for use in children.

Growth reference charts were published by the CDC (Kuczmarski et al., 2000), lOTF (Cole 

et al., 2000), and WHO (de Onis et al., 2007). The CDC and WHO curves were developed 

from data on children in the United States. The lOTF charts, for use in children and 

adolescents 2-18 years old, were developed from a database of 97,876 boys and 94,851 

girls from birth to 25 years from six countries (Brazil, Great Britain, Hong Kong, the 

Netherlands, Singapore and the USA). Centile curves were constructed using the LMS 

method, and BMI values o f 25 and 30 at 18 years of age for boys and girls were tracked 

back to define BMI values for overweight and obesity at younger ages. Prior to the 

development of the lOTF charts growth reference charts for British children were 

developed using data for weight, height, BMI and head circumference from 37 000 

children from surveys representative of England, Scotland and Wales (Cole et al., 1998). 

There are no generally agreed BMI criteria for classifying overweight/obesity in children 

of European origin. There is an emerging consensus however in favour of adopting 

criteria proposed by the lOTF. Overweight and obesity in children in this thesis is 

therefore defined by the lOTF criteria.

It has been suggested that BMI may not be a sensitive enough measure of the excess 

body fat associated w ith cardiometabolic dysregulation. Although BMI has many 

advantages as a measure of excess body fat, such as simplicity and reproducibility, a
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significant lim itation of BMI is its inability to differentiate between an elevated body fat 

content or increased lean mass (Franzosi, 2006, Romero-Corral et al., 2006). Romero- 

Corra! et al. (2010) demonstrated that normal-w/eight obesity (i.e. people w/ho have a 

normal weight based on BMI and a high body fat content) is strongly associated with 

cardiometabolic dysreguiation, a high prevalence of the metabolic syndrome, and an 

increased risk o f CVD mortality.

Many devices for measuring body fat percentage are not however widely available in 

clinical practice. There are also currently no recommended cut-off values to define high 

body fat percentage. This limits its use in health promotion campaigns. As a result of the 

lim itations of measuring body fat content in a clinical setting, simple anthropometric 

measures of abdominal fat have been suggested as methods of indicating obesity. Waist 

circumference is a useful indicator of abdominal adiposity, which is strongly associated 

with cardiometabolic risk factors, T2DM and CVD (Nesto et al., 2009). Abdominal 

adiposity has a particularly strong association w ith cardiometabolic risk, compared to 

BMI, because it is indicative of increased visceral adipose tissue. The endocrine actions 

of visceral fat cells have a direct impact on components of cardiometabolic risk i.e. 

promotion of insulin resistance, dyslipidaemia, and hypertension (Despres et al., 1990, 

Pouliot et al., 1992, Tchernof et a!., 1996).

A meta-analysis of 15 articles indicated that the risk o f incident CVD increases with 

elevations in both waist circumference (WC) and the ratio of waist and hip 

circumference (WHR) (de Koning et al., 2007). This relationship was not attenuated by 

the inclusion o f confounders such as smoking or blood lipids, suggesting that abdominal 

obesity is an independent risk factor for CVD over and above other abdominal obesity 

correlates. It has been suggested that WHR may be a superior predictor o f CVD risk 

because hip circumference is inversely associated with dysglycaemia, dyslipidaemia, 

T2DM, hypertension, CVD and death (Seidell et al., 2001, Seidell et al., 1997, Lissner et 

al., 2001, Okura et al., 2004, Heitmann et al., 2004). This is possibly due to its correlation 

w ith other anthropometric features such as increased hip subcutaneous fat, gluteal 

muscle and total leg muscle mass. Researchers conducting the meta-analysis found that 

the relative risk fo r WHR was greater than WC, although not statistically significantly.

In 2008 the WHO convened an expert consultation to develop recommendations for 

diagnostic criteria or classifications for abdominal obesity (WHO, 2008). The expert
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consultation agreed th a t WC, WHR and BMI are predictive o f the risk o f chronic disease 

and therefore  cu t-o ff points fo r WC and WHR can be used alone or in conjunction w ith  

BMI to  screen fo r disease risk. A num ber o f steps were required to  take before arriving 

at appropriate WHO recommendations however. As such curren t recomm endations do 

not currently exist. Based on a previous report from  the WHO Expert Consultation on 

Obesity (WHO, 2000), the recomm endations o ften a ttr ibu ted  to  WHO are shown in 

Table 2.2. The sex-specific cu t-o ff points cited in th is report are only an example and not 

WHO recommendations.

Table 2.2 World Health Organisation cut-off points and risk of metabolic complications

Indicator C ut-o ff points Risk o f metabolic com plications

W aist circumference >94 cm (M); >80 cm (W) Increased

W aist circumference >102 cm (M); >88 cm (W) Substantially increased

W aist-hip ratio >0.90 (M); >0.85 (W) Substantially increased

M, men; W, women

W aist-height ratio (WHtR) has been proposed as another simple anthropom etric 

measure o f cardiovascular risk in adults and ch i l d ren .  A recent meta-analysis o f 31 

studies reported tha t WHtR provides a superior too l fo r discrim inating obesity-related 

cardiom etabolic risk in adults, compared w ith  BMI and WC (Ashwell et a!., 2012). 

Analysis o f suggested cu t-o ff values from  34 analyses in 16 d iffe ren t papers showed the 

mean o f proposed boundary values fo r WHtR, in men and wom en, respectively was 0.52 

and 0.53 fo r T2DM, 0.53 and 0.50 fo r CVD, 0.50 and 0.50 fo r hypertension outcomes, 

0.49 and 0.49 fo r lipid outcomes, and 0.50 and 0.49 fo r m etabolic syndrome outcomes. 

The authors suggested the mean proposed boundary value (the firs t cu t-o ff level 

indicating risk) fo r WHtR o f 0.50 should be used as a public health too l fo r increased risk.

WC has also been shown to  be a highly sensitive and specific m arker o f upper body fat 

accumulation in children (Taylor et al., 2000). Cardiometabolic risk factors associated 

w ith  upper body fa t accumulation correlate w ith  WC in children and adolescents, 

independent o f BMI (Taylor and Hergenroeder, 2011, Flodmark et al., 1994, Freedman 

et al., 1999). As w ith  BMI, children's WC is age and sex specific and there fore  one cu t-o ff 

po in t cannot be applied to  all data. In 2001 McCarthy et al. developed WC percentiles in 

British children aged 5 to  16.9 yrs. Although these curves provide a relative indication of
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WC in children, cut-off points have not been developed to classify children as 

overweight or obese according to WC.

The utility of WHtR at predicting cardionnetabolic risk has also been reported in children 

and adolescents (McCarthy and Ashwell, 2006, Hara et al., 2002, Savva et al., 2000, 

Mokha et al., 2010). WHtR is a superior method of predicting cardiovascular risk factors 

in children, including triglycerides, LDL-C, artherogenic index, and clustered 

cardionnetabolic risk, compared to  BMI, percentage body fat, WC and WHR (Savva et al., 

2000, Hara et al., 2002, Mokha et al., 2010). In addition, WHtR not only detects central 

obesity and related adverse cardiometabolic risk among normal weight children, but a 

cut-off value of 0.50 also identifies those w ithout such conditions among children 

classified as overweight/obese according to BMI (Mokha et al., 2010).

2.3.2 Defining overweight and obesity in adults and children with cerebral 

palsy

There has been some debate regarding the use of BMI as a predictor of CVD risk in 

adults and children w ith CP (Peterson et al., 2013, Rimmer et al., 2010). People with CP 

are known to have significant muscle atrophy (Lampe et al., 2006, Riad et al., 2012) and 

intramuscular adipose tissue infiltration (Johnson et al., 2009), which may result in 

adults with excess body fat being classified as normal weight according to  BMI cut-off 

points. Despite this, the only studies to  report the prevalence of obesity among children 

with CP used BMI to define overweight and obesity (Rogozinski et al., 2007, Hurvitz et 

al., 2008).

One study has investigated the ability o f WC, WHR and BMI to indicate cardiometabolic 

risk in adults with CP. Peterson et al. (2012b) reported that WHR rather than BMI was 

associated w ith TC/HDL-C ratio, HDL-C, and triglycerides. BMI was influenced by gross 

motor function, with adults classified as GMFCS level IV-V having a lower BMI than 

adults in levels l-lll (24.2 ± 6.2 kg.m'^ vs 30.1 ± 7.6 kg.m'^). The association between 

simple anthropometric measures and other cardiometabolic risk factors such as insulin 

resistance has not been investigated. The ability of these measures to predict 

cardiometabolic risk in children has not been investigated either.
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2.4 Measurement of Physical Activity

There are many methods available to measure physical activity in the general 

population. Careful consideration should be given to several factors before choosing the 

most appropriate measure to address the research hypothesis. Physical activity is one of 

three components that contribute to tota l energy expenditure (EE) in humans. Basal 

metabolic rate (BMR) and thermogenesis provide the other two components of to ta l EE. 

BMR is defined as 'the energy expended when an individual is lying at complete rest, in 

the morning after sleep in the post-absorptive state'. Although the contribution o f BMR 

to total EE is variable across individuals it is thought to account for up to 60% of to ta l EE 

(Levine, 2005). Many factors can influence an individual's BMR including age, sex, lean 

body mass, race, climate and diabetic status (Morrison et al., 1996, Froehle, 2008,

Martin et al., 2004). Impaired cardiorespiratory fitness may also result in a reduced BMR 

(M iller et al., 2012). Thermogenesis is 'the energy expenditure above the metabolic rate 

in the resting state' (Jequier, 1983) and accounts for approximately 10% of total EE 

(Levine, 2005). Two main factors contribute to thermogenesis: food intake and cold 

exposure. The remainder of total EE is related to the energy expended during physical 

activity.

The magnitude of the energy expended during physical activity depends on the amount 

of muscle mass producing bodily movements and the intensity, duration and frequency 

of muscle contractions. These factors are often referred to  as the four dimensions of 

physical activity i.e. frequency, intensity, duration and mode (Howley, 2001). When 

choosing a measure of physical activity it is important to  consider whether it is the 

behaviour of physical activity that is being measured or the resulting energy cost of 

physical activity. Some measures of physical activity can only provide a description of 

the behaviour of physical activity such as 'occasional' or tim e spent in different 

activities. This provides inadequate information to  form  recommendations on how much 

physical activity is needed to  produce health benefits. It also does not allow for cross

study comparison. All measures of physical activity should therefore yield units of 

energy expenditure (EE) or should allow for easy conversion of physical activity 

dimensions to units of EE (Lamonte and Ainsworth, 2001). It is also important to 

consider the interval over which measurements are recorded by an instrument. Children 

in particular perform physical activity in short, sporadic bursts (Bailey et al., 1995). The
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measurement instrument must be sensitive enough to  capture the intensity of activity 

over a short period of time.

EE can be expressed as kilojoules (kJ) or kilocalories (kcal), where 4,184kJ is equal to 

Ikcal (Davidson, 1979). Although the kJ is technically the measure of EE, the kcal (a 

measure of heat) is historically used to report EE. Oxygen uptake (VO2 ), relative to body 

mass (ml oxygen.kg body size '\m in ’ )̂, is also used to  estimate the energy cost of 

activities. The metabolic equivalent (MET) classification system allows activities to be 

assigned a unit of physical activity intensity based on the required VO2 o f an activity. One 

MET is considered to be resting VO2 o f an individual. The standard resting VO2 of 

3.5ml.kg’^.min'^ is often used to  calculate the MET value of an activity by expressing 

their rate of VO2 as multiples of 1 MET.

Several methods of measuring physical activity and EE exist. These measures lie along a 

continuum of accuracy and feasibility, each w ith its strengths and weaknesses. A 

description of these methods and their limitations is provided below. As well as 

considering the construct to  be measured it is important to find an appropriate balance 

between accuracy and feasibility when selecting a measurement tool.

2.4.1 Criterion measures of physical activity

EE can be measured using one of three criterion methods: indirect calorimetry, direct 

calorimetry and doubly labeled water (DLW). Indirect calorimetry involves measuring 

VO2 and converting it to  EE using formulae. VO2 can be measured using one of several 

systems. The principal approaches to the measurement of EE using indirect calorimetry 

are to ta l collection systems, open-circuit indirect calorimeter systems, respiratory 

chambers and closed-circuit systems. Most of these require only moderate expertise 

and training to  use. The Douglas Bag is an example of a flexible total collection system 

where a subject breathes through a mouthpiece and the expired air is collected in a bag. 

After a timed collection period the volume of expired air in the bag is measured and a 

sample is analysed to determine oxygen and/or carbon dioxide concentrations. In an 

open-circuit system a participant inspires air and the expired gases are analysed. EE can 

be recorded for several hours or days using an open-circuit indirect calorimeter system. 

Expiratory collection open-circuit systems can be designed as portable devices giving 

them an advantage over other units of lending themselves to use in free-living 

conditions (Levine, 2005). The high cost of them, expertise needed to use them, and
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o ften  th e ir  bulkiness and re q u ire m en t to  w e a r a face mask m ake th e m  unsuitability fo r 

use o ver a long period o f tim e  and lim it th e ir  use in ep idem iological studies. Respiratory  

cham bers involve participants rem ain ing inside a gas-tight sealed co n ta iner o f known  

vo lum e fo r a m easured period o f t im e . M easuring  changes in oxygen and carbon dioxide  

concentra tions in th e  cham ber over this tim e  allows oxygen consum ption and carbon  

dioxide production to  be calculated. D irect ca lo rim etry  measures th e  rate o f heat loss 

fro m  th e  subject to  th e  ca lorim eter. D irect ca lorim eters are ex tre m e ly  expensive to  

build and requ ire  expertise to  establish and m ain ta in , yet o ffe r little  beyond less 

expensive indirect ca lorim eters (Levine, 20 05 ). For these reasons th e y  are not o ften  

used.

The DLW  m ethod  is considered a criterion  m ethod  o f m easuring th e  to ta l EE o f hum ans  

in free-liv ing  conditions. This techn iqu e is based on th e  th eo ry  th a t th e  rate o f carbon  

dioxide production by th e  body is re lated to  th e  rate o f oxygen and hydrogen  

elim inatio n  in body w a te r . In practice subjects consum e w a te r labelled w ith  non

radioactive isotopes (D 2 O) a fte r  baseline samples o f blood, urine o r saliva are taken . H 2 

and 0  in body w a te r  are tagged w ith  D2 and O 2 respectively. Sam ples o f blood, urine or 

saliva are th en  collected over 7-21days. Oxygen is e lim inated  fro m  th e  body in both  

body w a te r  and th ro ug h  carbon dioxide p roduction. The flow  o f hydrogen th rough  th e  

body h o w ever occurs only in body w a te r. D2 and 0  concentrations in th e  samples o f 

body w a te r  collected over th e  m easurem ent period allow  fo r calculation o f CO 2 

production  and EE (Speakm an, 1998 , Levine, 2 0 0 5 ). W hile  th e  DLW  m ethod  allows fo r  

accurate m easurem ent o f to ta l EE in free-liv ing  conditions over a period o f w eeks it does 

not give d eta iled  in fo rm ation  ab o ut th e  in tensity and tim e  o f activities.

D irect observation is considered a criterion m easure o f physical activity. The type, 

d uration  and frequ en cy o f physical activ ity can be m easured, as w ell as an estim ation  o f 

in tensity  using a coding system , w ith o u t imposing any en viron m enta l restrictions on th e  

individual. This m ethod  also provides in fo rm ation  on th e  social and physical context of 

activ ity. It can occur in a va rie ty  o f field  settings h o w ever th e  need fo r an observer to  be 

present o ften  restricts m easurem ents to  th e  classroom or occupational setting. M an y  

classification systems have been developed to  accurately capture e ith e r physical activ ity  

b ehav iour o r EE (Bailey e t al., 1995 , DuRant e t al., 1993 , M CKenzie, 1991 , Sharm a e t al., 

20 1 1 ). These systems require ex trem e diligence fro m  observers w ho  code activity
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perform ed during, o ften very short, periods o f tim e. Direct observation can therefore  

o ften be expensive as it is labor intensive, tim e consuming and requires expertise.

2.4.2 Subjective measures of physical activity

Subjective measures o f physical activ ity such as questionnaires, d iaries/log books and 

interviews are o ften  used to  collect physical activ ity data in studies o f populations 

because o f th e ir ease o f use (A insw orth, 2009, Lamonte and A insworth, 2001). Intensity 

can be calculated from  data collected by se lf-report measures by assigning a MET value 

fo r an activ ity using the com pendium  o f physical activities (Ainsworth et al., 2011). The 

subjective nature o f these measures can result in overestim ation o f m oderate-to- 

vigorous activ ity (Rutten et al., 2003, Atienza et al., 2011) and underestim ation o f 

habitual daily activ ity  (Bassett et al., 2000). As in form ation about the duration and 

in tensity o f physical activ ity is o ften overestim ated when se lf-report measures are used 

a stronger association exists between objectively-measured physical activ ity and 

cardiom etabolic risk factors (Atienza et al., 2011). The sporadic nature o f children's 

activ ity  can also make it d ifficu lt to  categorise and quantify physical activ ity using a 

subjective measure. It is there fore  advisable to  use objective measures o f physical 

activ ity to  reduce the impact o f recall bias on a study.

2.4.3 Objective measures of physical activity

The criterion measures o f physical activ ity  discussed in section 2.4.1 are considered 

objective measures o f physical activ ity. For the reasons discussed above, including cost 

and expertise required, they are o ften not feasible fo r use in large studies o f free-liv ing 

physical activity. A num ber o f m ethods have there fo re  been devised to  ind irectly 

estim ate EE and physical activ ity from  physiological measurements and o ther 

observations.

The potentia l o f using heart-ra te  (HR) to  predict EE has long been recognised by 

researchers. This potentia l is based on the fact th a t HR is linearly related to  EE (or 

oxygen consumption) over a large range o f activities (Christensen et al., 1983). The 

ability  o f HR to  predict EE, however, is lim ited by tw o  critical issues. Firstly the  linear 

relationship between HR and EE breaks down at resting levels and near maximal VO2. 

Secondly, the relationship between HR and EE varies considerably between individuals 

(Leonard, 2003). The 'flex-HR 'm ethod was developed to  address these problems by
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establishing the point of differentiation between resting and active levels of EE for each 

individual. EE is then determined by using one of two methods, depending on whether 

the HR lies above or below the flex point. This method requires the calibratation of HR 

against EE for each participant, which makes it a less suitable method to  estimate EE in 

studies of populations. Additional factors may also affect HR, such as stress, body 

composition and medication (Lamonte and Ainsworth, 2001). Alone, HR may not be an 

accurate enough or feasible method of measuring EE in population-based studies. Some 

researchers, however, have attempted to combine HR into a multi-sensor system in 

order to improve the estimation o f EE (Brage et al., 2005).

Motion sensors are mechanical devices that detect the body's movement. They can 

roughly be categorised as pedometers and accelerometers. Pedometers provide an 

objective measure of step count and distance covered by individuals. While they are 

useful motivational tools they are inaccurate at predicting exercise volume or EE 

(Kumahara et al., 2009, Garber et al., 2011, Ainsworth, 2009). Accelerometers measure 

the speed and magnitude of the body's movement. Unlike pedometers many 

accelerometers provide information about the intensity of physical activity as well as the 

duration, frequency and type of activity. They are usually small unobtrusive devices 

making them feasible fo r use in free-living conditions. The ability of accelerometers to  

provide objective physical activity data, often in small intervals, has led to  the 

recommendation that they be used in all population-based studies of physical activity 

(Colbert and Schoeller, 2011). Their superior accuracy and precision over other 

measures of physical activity means that they can address current questions in the field 

o f physical activity research, relating to the dose-response effect of physical activity and 

the effect of d ifferent patterns of activity on health.

2.4.4 Measurement of physical activity in people with cerebral palsy

This section will now examine the objective methods used to  measure physical activity 

in people w ith CP. The first step involved the identification of instruments that have 

been used to measure physical activity in children and adults with CP. The validity, 

reliability and feasibility of the included instruments in this specific population were also 

evaluated.
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2.4.4.1 Inclusion criteria and search strategy

To be included in this review instruments had to; 1) objectively measure physical activity 

as defined as 'any bodily movement produced by skeletal muscles that results in energy 

expenditure' (Caspersen et al., 1985); 2) report physical activity in terms o f frequency, 

duration, mode and intensity. Articles reporting on measures of physical fitness, 

functional ability or gait parameters were not included. Only full written reports in 

English were included.

A search of the electronic databases Pubmed, Embase and Cinahl was carried out in 

December 2009. A further search was conducted in May 2013. The aim of the search 

was to identify measures of physical activity whose clinimetric properties had been 

evaluated in people w ith CP. The following keywords and MESH terms, and 

combinations of these, were used in the search: 'habitual physical activity', 'physical 

activity', 'cerebral palsy', 'performance', 'psychometrics', 'clinimetrics', 'accelerometers', 

'accelerometry', 'activity monitors', 'monitoring', (monitoring, 

ambulatory/instrumentation), (monitoring, ambulatory/methods), (monitoring, 

physiologic/instrumentation), ('ambulatory monitoring'/exp OR 'accelerometer'/exp OR 

'accelerometry'/exp), (MH "accelerometers") OR (MH "motion analysis systems")' OR 

'(MH "accelerometers").

Titles and abstracts of all retrieved articles were screened and articles were excluded as 

appropriate. Following this, fu ll reports were obtained to  evaluate if the measurement 

instruments used met the inclusion criteria. The title  of possible measurement 

instruments were then used in a secondary search to identify articles that evaluated the 

clinimetric properties of these instruments in people w ith CP.

2.4.4.2 Results

The search resulted in 13 full reports on the evaluation of 10 objective measures of 

activity in children with CP. No evaluations of objective measures o f physical activity in 

adults w ith CP were identified. The measures identified were the Actigraph, RT3, 

Biotrainer, Caltrac and IDEEA accelerometers; the Uptimer; the Stepwatch, AMP and 

Dynaport Minimod pedometers; and the HR-flex method measured using a polar HR 

monitor.
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Valid ity

The va lid ity  o f 10 objective m easures o f physical activ ity has been evaluated  in children  

w ith  CP. O f these m easures none w e re  specifically designed to  m easure activ ity in this  

population. The va lid ity  o f th e  included m easures is presented  in Table 2 .3 . The valid ity  

o f these m easures was investigated against a criterion  m ethod  in children w ith  CP,

The Actigraph is th e  m ost w id e ly  used acce lero m eter fo r th e  assessment o f physical 

activ ity  in children w ith o u t CP due to  th e  large vo lum e o f validation  research conducted  

on it (M cC lain  and Tudor-Locke, 2 0 0 9 ). Tw o  studies have exam ined th e  va lid ity  o f the  

Actigaph in children w ith  CP. The Actigraph correctly identified  th e  tim e  children w ith  CP 

spent in m o d era te -to -v igo ro u s physical activ ity w hen  com pared  to  d irect observation  

(Capio e t al., 20 10 ) and indirect ca lo rim etry  (Clanchy e t al., 20 11 a ). The Actigraph's  

ag reem en t w ith  d irect observation was less accurate during fre e -p la y  (r = 0 .68; p <0 .01 ) 

th an  during structured  activities (r = 0 .72; p < 0 .001 ) (Capio e t al., 20 10 ). A lthough it m ay  

be able to  identify  tim e  spent in activ ity  th e  count o u tp u t fro m  th e  Actigraph rem ains  

m eaningless unless converted in to  a m ore in te rp re tab le  unit such as physical activ ity  

intensity o r EE. Rather th an  developing new  CP specific count thresholds, o r 'cu t-po ints ', 

to  identify  tim e  spent in sedentary  activity, light physical activ ity and m o d e ra te -to -  

vigorous activ ity  Clanchy e t al., (20 11 a) va lidated  published cut-poin ts fo r TD children in 

children and adolescents w ith  CP. The cut-points published by Evenson et al. (2008 ) 

w ere  found to  accurately identify  th e  tim e  children w ith  CP spend in light activ ity and 

m o d era te-to -v igo ro u s activity.

Four acce le rom eters  th a t provide a d irect o u tp u t o f EE w ere  evaluated  in ch ildren w ith  

CP. Good correlations w ere  rep o rted  fo r EE fro m  th e  IDEEA and EE fro m  an indirect 

ca lorim eter (rp= 0 .7 0 -0 .8 8 ; p < 0 .0 0 1 ) during several activities (Aviram  et al., 20 11 ). It 

o verestim ated  th e  energy cost o f a series o f free-liv ing  activities, how ever, as w ell as 

o verestim ating  th e  energy cost o f tread m ill w alking a t a co m fo rtab le  speed (p <0 .001 ).

In contrast, estim ated  EE did not d iffe r b e tw een  ind irect ca lorim etry  and th e  Caltrac and 

B iotrainer acce lerom eters (p = 0 .6 2 ) (N o rm an , 20 06 ). This study w as lim ited  by its small 

n um ber o f participants, h o w ever (n = 5). The lack o f ap p ro pria te  statistical analysis 

em ployed  by both o f these studies also makes it d ifficu lt to  co m m en t on th e  accuracy of 

these m onitors . N e ith e r study calculated th e  lim its o f ag re em en t b e tw ee n  th e
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accelerometer and the criterion measure (Bland and Altman, 1986) making it impossible 

to conclude if the level of disagreement between the measures is clinically relevant.

Although the RT3 accelerometer has been used to measure physical activity in children 

with CP its validity has not yet been established in this population (Maltais et al., 2005b). 

A pilot study was conducted to determine the relationship between RT3 measured 

physical activity and physical activity measured from HR monitoring. Although a good 

correlation was reported between the two methods (r = 0.88) only 11 participants were 

included in the study and little information was provided about the protocol or data 

analysis methods used. As a triaxial accelerometer, which measures accelerations in 

three directions, the RT3 offers a potential method o f improving the accuracy of physical 

activity monitoring in people w ith a movement disorder. Criterion validity o f the RT3 has 

yet to  be established, however, in people with CP.

The validity of three pedometers (Stepwatch, AMP, Minimod) was evaluated in children 

with CP. The Stepwatch pedometer was excellent at detecting steps (99.7 ± 2.9% 

accuracy) in 81 children with CP (Bjornson et al., 2007). The Dynaport Minimod 

pedometer was accurate at measuring distance walked and step count during 

continuous walking but was inaccurate at measuring these parameters during structured 

activity (Kuo et al., 2009). The AMP provided a better estimate of step count and 

distance during structured activity but compared less favourably to  the Minimod during 

continuous walking. Despite this a major lim itation of the Minimod, which should be 

considered if using it to  measure PA, was its failure to record 63% of data during stair 

ascent and 81% of data during stair descent. The Uptimer activity monitor was also 

validated as a measure of activity in children w ith CP. Although it was excellent at 

detecting time in the upright position (CCC = 0.98) (Pirpiris and Graham, 2004) it has 

similar limitations to  pedometers, notably its inability to  capture the energy cost of 

activity.

The psychometric properties of DLW have not been evaluated in adults and children 

with CP. It has, however, been used to assess tota l EE in this population (van den Berg- 

Emons et al., 1995, Stallings et al., 1996, Bandini et al., 1991, Johnson et al., 1997, Bell 

and Davies, 2010, Rieken et al., 2011). Van den Berg Emons (1996a) used DLW as a 

reference method to validate the HR-flex method as a measure of EE in children w ith CP. 

Although a good correlation (r;= 0.88; p <0.001) was found between HR monitoring and
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DLW limits of agreement were approximately ± 500 kcal/day and individual variation 

between the tw o methods ranged from -16.9% to  20.0%. Only nine children, six of 

whom were non-ambulant, participated in this study. Data from the full measurement 

period (3 d) was obtained from only four participants. It is difficult, therefore, to 

comment on the validity of this method when such a small and diverse sample was used.
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Table 2.3 Validity of objective measures of physical activity in children with cerebral palsy

Instrument Sample Reference

Method

Validity Study

IDEEA n = 21 ;4 -10yr 

GMFCS 

Level I: 38% 

Level II: 29% 

Level III: 33%

1C Free living activities 

rp=0.72**

IDEEA vs IC(kcal):

11.93 ±5.27 vs 7.15 ±3 .25**

Treadmill v>/alking

rp=0.70-0.88**

Aviram et al., 2011

IDEEA vs 1C (kcal):

2.25 ± 0.51 vs 1.71 ± 0.79** at a comfortable speed

2.47 ± 0.64 vs 2.43 ± 1.14 at 20-30% higher than comfortable speed.

Stepping

rp=0.75**

IDEEA vs 1C (kcal):

2.05 ±0.50 vs 1.81 ±0.97
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Actigraph

Actigraph

n = 29; 8-16 yr 

GMFCS 

Level I: 38%  

Level II: 52% 

Level III: 10%

n = 31; 6-14 yr 

GMFCS 

Level I: 45%  

Level II: 29% 

Level III; 26%

1C Validity of Evenson et al., (2008) cut-points for MVPA Clanchy et al., 2011

Sensitivity: 81.8%

Specificity: 100%

Classification accuracy: 90.9%

direct Structured activity (12 min) Capio et al., 2010

observation R̂  = 0 .6 3 **  

rp = 0 .7 9 **

LOA: -1.08 min to 1.15 min of MVPA

Free play (lOmin) 

r 2 =  o.4 7 * *  

rp = 0 .6 8 *

LOA: -7.6 min to 2.2 min of MVPA
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AMP

Minimod

Stepwatch 

(pilot study)

n = 20;

10.5 ± 3 yr 

GMFCS 

Level I: 25% 

Level II: 60% 

Level III; 15%

N = 20;

10.5 ± 3 yr 

GMFCS 

Level I: 25% 

Level II: 60% 

Level III; 15%

measuring 

wheel and 

manual step 

count

measuring 

wheel (m); 

manual step 

count

n = 81; 10-13 yr Manual step 

GMFCS count

Level I: 38%

Level II: 37%

Structured activity 

LOA: -19.2 m to 12 m 

LOA: -40 steps to 17.7 steps

Continuous walking 

LOA; -20.1 m to 10.5 m 

LOA; -16.9 steps to 10 steps 

Structured activity 

LOA: -27.9 m to 23.3 m 

LOA: -87.8 steps to 10.4 steps

Continuous walking 

LOA; -4.7 m to 4 m 

LOA; -4.1 steps to 3.3 steps

Accuracy 99.7 + 2.9%

Kuo et al., 2009

Kuo et al., 2009

Bjornson et al., 2007
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Level III: 25%

Caltrac and

Biotrainer

accelerometers

RT3

(pilot study)

Uptimer

HR-flex

N = 5; 7-18 yr 

GMFCS 

Level l-lll

n= 11;

10.6 to 16.3 yr 

GMFCS 

Level I and II

N = 50

n=9; 8-13 yr 

3 ambulant;

6 non-ambulant

1C ANOVA:p = 0.62

HR r = 0.8B

direct CCC = 0.98

observation Mean difference: 5 ± 42 s

LOA: -35 s to 45 st

DLW rs=0.88**

Individual variation (HR-DLW) 

-16.9% to 20%

LOA: -2.3 mJ.d  ̂to 2.1 mJ.d'^

Norman, 2006

Maltais et al., 2005

Pirpiris and Graham, 

2004

Van den Berg-Emons et 

al., 1996
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(549.4 kcal.d  ̂to 501.6 kcal.d

*p<0.01; **p<0.001.

t  approximation due to unclear graphs.

Tp= Pearson correlation coefficient; rs= Spearman's rho correlation coefficient.

GMFCS, Gross M otor Function Classification System; CCC, Concordance correlation coefficient; 1C, indirect calorimeter; HR, heart-rate; DLW, doubly-labelled 

water; MVPA, moderate-vigorous physical activity; LOA, limits of agreement; ANOVA, analysis of variance.
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Reliability

Reliability was only reported for three measures: the IDEEA, the Uptimer, and the HR- 

flex method. Excellent test-retest reliability was reported for the IDEEA across two tests 

(rp= 0.985 to  0.998) (Aviram et al., 2011). The tw o tests, however, were only separated 

by a ten minute interval during which time the IDEEA was not removed. This is not 

comparable to  the test-retest reliability of the monitor over a number of days when the 

monitor would have to  be removed and reattached for showering, water activities and 

possibly sleeping. Good inter-monitor agreement between the same lower limb and 

between two lower limbs was found for the Uptimer (ICC = 0.99) (Pirpiris and Graham, 

2004). It also has good test-retest reliability between two weekend days and two 

weekdays (ICC = 0.88) (Pirpiris and Graham, 2004). Limits of agreement between two 

monitors were -120 s to  131 s (-0.1% to 0.2% of mean time). This was better than the 

agreement between two days (limits of agreement -1031 s to  1210 s). Aggregating days, 

however, improved comparisons. Particularly aggregated weekdays had better 

agreement w ith aggregated weekend days (limits of agreement: -620 s to 635 s) (Pirpiris 

and Graham, 2004). Intra-individual variability fo r the HR-flex method was found to  be 

better in children with three sampling days as opposed to tw o days (5.9 ± 5.8% and 13.5 

± 6.3%, respectively; p <0.01) (Van den Berg-Emons et al., 1996a).

Feasibility

Only one study has examined the feasibility o f using any of these measures in children 

with CP. The Actigraph was tolerated well by ambulant and non-ambulant children with 

CP over a wear period of seven days (Gorter et al., 2012).

2.4.4.3 Conclusion and implications for future research

There is a lack of good quality research into valid and reliable objective measures of 

habitual physical activity in people w ith CP. In particular there is little published on 

measures that can provide information on the frequency, intensity and duration of 

activity in this population. These dimensions of physical activity need to  be assessed to 

allow for meaningful comparison w ith physical activity guidelines and to  investigate 

dose-response relationships between activity and health. There is an apparent scarcity 

of research into physical activity measures in adults with CP. Results obtained from
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these studies of children and adolescents should not be extrapolated to adults because 

of differences in body size, movement patterns and biomechanical efficiency.

The additional factors that should be considered when selecting a measurement 

instrument, including price, size, comfort, monitor malfunction and ease of use 

(Murphy, 2009, Trost et al., 2005), were underreported in these studies. It is of 

particular importance that the feasibility of measures of PA is reported on when they 

are used in a clinical population. A greater burden may be placed on people with CP to 

attach activity monitors or HR monitors than that which is placed on their TD peers. The 

discomfort associated with wearing an activity monitor may be heightened in individuals 

who already experience pain high levels of pain and increased touch sensitivity 

(Riquelme et al., 2011). An unobtrusive activity monitor can, however, place less of a 

burden on a participant than a lengthy questionnaire.

From this review the Actigraph appears to be a valid and feasible measure of activity 

duration and intensity in children with CP (Clanchy et al., 2011a, Capio et al., 2010, 

Gorter et al., 2012). The Actigraph is a traditional accelerometer, in that it measures the 

magnitude of the body's acceleration to provide an output in terms of accelerometer 

counts. Recent advances in technology and modelling techniques have led to  the 

development of new pattern recognition devices that provide alternative ways of 

measuring and evaluating physical activity. These advanced accelerometry-based 

devices use different inputs and may yield different outputs to traditional 

accelerometers. They may therefore improve on the assessment of physical activity, 

particularly in people w ith CP, whose biomechanical efficiency is different to that of 

able-bodied people. The IDEEA is one such device that demonstrated fair association 

w ith indirect calorimetry in children w ith CP (Aviram et al., 2011). Conclusions about the 

level of agreement between EE output from the IDEEA and EE from an indirect 

calorimeter cannot be drawn from this study, however, because of the statistical 

methods used. The IDEEA has also not been directly compared to a traditional 

accelerometer and therefore the benefit of using this device cannot be assumed. 

Because advanced accelerometry-based devices use principles and assumptions that are 

different to  those of traditional accelerometers, it is difficult to directly compare them. It 

is important that newly developed monitors demonstrate how they improve upon other 

currently available techniques however. A major challenge for the field o f physical
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activity research is to establish procedures that allow these new devices to  be directly 

compared to devices currently on the market.

The next chapter will identify advanced accelerometry-based devices that may 

potentially improve the assessment of physical activity in people w ith CP.
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Chapter 3 Estimation of energy expenditure by 

accelerometry-based devices.

This review has been published in Physical Therapy Reviews.

Ryan, J. and Gormley, J. (2013) Measurement o f energy expenditure by activity monitors. 

Physical Therapy Reviews. doi:10.1179/1743288X13Y.0000000063

3.1 Introduction

A review of the literature in the area of physical activity measurennent in adults and 

children with cerebral palsy (CP), discussed in Chapter 2, revealed that accelerometers 

appear to  be a feasible method of measuring activity in this population. The Actigraph, a 

traditional accelerometer, provided an accurate estimation of physical activity intensity 

in children with CP (Clanchy et al., 2011a). Recently advanced accelerometry-based 

devices have been developed that integrate physiological data from multiple sources to 

provide an estimation of energy expenditure (EE). These devices may improve the 

estimation of the energy cost of activities, particularly in people with movement 

disorders, as they don't just rely on movement data. To evaluate the advantage of using 

these monitors over traditional accelerometers the monitors must be validated 

simultaneously against a criterion measure and against devices already available.

This introduces the immediate matter o f deciding what outcome measure should be

used to  compare monitors. The output o f traditional accelerometers is generically

referred to  as 'counts'. Counts cannot be directly compared across different

accelerometers because o f differences in how the raw data is collected, processed,

filtered, and scaled (Chen and Bassett, 2005). The most appropriate outcome measure

to compare monitors across is EE (Welk et al., 2012). EE provides an indication of the

intensity of physical activity, which allows for comparison with physical activity

guidelines. There are also methods available to  provide appropriate criterion data, such

as indirect calorimetry or doubly-labelled water. This comparison is complicated,

however, by the influence of both the raw signals and the prediction equations used to

78



convert raw data into EE, on the final EE output. That been said, the output of many 

monitoring devices is influenced by multiple factors. For example the accuracy of the 

outcome from an automated sphygmomanometer (i.e. mmHg) varies on the basis of the 

quality of the blood pressure cuff as well as the precision o f the gauge. The outcome is 

standardised however and comparable across all blood pressure monitors. Similarly the 

direct outcome of EE from accelerometry-based devices provides a method of directly 

comparing devices regardless of the methods used to produce this outcome.

The aim of this chapter was firstly to identify accelerometry-based devices that provide 

direct outputs o f EE in epochs of one minute or less. It was deemed important to include 

monitors with the ability to provide data in small epochs as current guidelines suggest 

that physical activity can be accumulated in 10 min bouts throughout the day. Children 

perform activity in even shorter bursts (Bailey et al., 1995) and therefore a monitor 

should also be able to detect this. The second purpose o f this chapter was to examine 

the validity, reliability and feasibility of the selected monitors in apparently healthy 

adults and children.

3.2 Method

3.2.1 Inclusion criteria and search strategy

A comprehensive search of three electronic databases (Pubmed, Embase and Cinahl) 

was completed in April 2010 to identify activity monitors that met the above criteria. A 

further search was conducted in April 2012 to identify studies published in the interim. 

An initial search of commercially available activity monitors was conducted. The 

following Mesh terms and text words, and combinations o f these, were used in the 

search: 'accelerometer', 'activity monitor', '(monitoring, ambulatory/instrumentation)', 

'(monitoring, ambulatory/methods)', '(monitoring, physiologic/instrumentation)', 

'('ambulatory monitoring'/exp OR 'accelerometer'/exp OR 'accelerometry'/exp)', '((MH 

"accelerometers") OR (MH "motion analysis systems")' OR '(MH "accelerometers")'. 

References were also searched for appropriate articles.

Twenty five activity monitors were identified in this search: the RT3 accelerometer 

(formerly R3D), Personal Activity Monitor (PAM), Caltrac, Actiwatch, Actigraph, 

Biotrainer, Activtracer, Actitrac, Actical, Kenz Lifecorder EX, Actiheart, Actimarker,
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IDEEA, SWA, Actipal, Dynaport, GENEA, M in i-M otion logger, Actitra iner, M ini-Logger 

Series 3000, Actillum e, Z80/32KV1 activ ity m onitor, Tracmor, ADXL202, LSI.

A fu rthe r search was conducted to  identify  studies which had validated these m onitors. 

To be considered fo r inclusion va lidation studies had to  be conducted on healthy adults 

and children in the last ten years and the m on ito r had to  be evaluated against a 

criterion measure o f EE. This search revealed 66 validation studies on 13 monitors. 

Closer exam ination o f the studies revealed tha t seven m onitors did not provide a direct 

ou tpu t o f EE. Two m onitors gave estimates o f EE over to ta l wear tim e only. One 

m on ito r had not been validated in children. This resulted in three m onitors w ith  the 

ability  to  provide d irect outputs o f EE in epochs o f 1 min or less: the RT3 accelerometer, 

the Sensewear Pro Armband (SWA) and the In te lligent Device fo r Energy Expenditure 

and A ctiv ity  (IDEEA).

Twenty-five studies examined the va lid ity  o f the RT3, the SWA, and the IDEEA. A fu rthe r 

search produced eight published studies reporting on the re liab ility  o f these m onitors 

(see Table 3.1). Articles reporting on the va lid ity and re liab ility  o f the IDEEA as a 

measure o f physical activ ity (Zhang et al., 2003) and a gait analysis device (Gorelick et 

a!., 2009; M a ffiu le tti et al., 2008; Gardner et al., 2007) were not included. Five studies 

validating the vector count ou tpu t o f the RT3, but not EE, were also not included 

(Vanhelst et al., 2010a; Chu et al., 2007; Rowlands et al., 2004; Arvidsson et al., 2011b; 

Adolph et al., 2011).

Table 3.1 Studies reporting the validity and reliability of the RT3, SWA and IDEEA.

RT3 IDEEA SWA

Valid ity 8 4 17

Reliability 5 0 3

3.3 Results

3.3.1 Properties of the selected monitors

3.3.1.1 RT3 accelerometer

The RT3 (Stayhealthy Inc.) is a small (7.1 x 5.6 x 2.8 cm), ligh tw eight (65.2 g), 

unobtrusive device (Figure 3.1). The device consists o f a piezoelectric e lem ent and a 

seismic mass which generate a variable ou tpu t voltage signal when the  participant
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moves. The size o f th e  voltage is proportional to  th e  applied acceleration. The voltage is 

filte red , am plified  and sampled a t a rate o f IH z  to  convert th e  voltage signal to  a series 

of num bers called counts. The piezoelectric e lem en t is sensitive to  accelerations in 

th ree  dimensions i.e. th e  vertical plane (x), th e  an tero -p o sterio r plane (y) and the  

m edio -la tera l plane (z). A resulting vector m agnitude (V M ) is calculated as the square  

root o f the sum o f squared activity counts fo r each dim ension. The RTS can provide  

count data fo r each plane or fo r V M  in 1-m in o r 1-s epochs. Inbuilt proprietary  

algorithm s convert count data into to ta l EE and activity EE based on age, sex, height and 

w eight. Data can be recorded fo r up to  21 days.

Figure 3.1 RT3 accelerometer 

3.3.1.2 Sensewear Pro Armband

The SWA (Bodym edia, Inc.) is a lightw eight (83 g) activity m o n ito r th a t combines  

accelerom etry data, heat loss data, skin tem p e ra tu re  and galvanic skin response data to  

provide inform ation  on body position, step count and EE (Figure 3.2). Previous versions 

of th e  arm band (Pro 2) obtain accelerom etry data from  a biaxial accelerom eter. The  

n ew er Pro3 and mini version contain a triaxial acce lerom eter. Physiological data is 

incorporated w ith  inform ation about participants' sex, age, height and w eigh t to  predict 

EE w ith  th e  use o f inbuilt algorithm s. The m anufacturers o f th e  SWA periodically release  

softw are upgrades w ith  new  algorithm s which th ey  claim im prove th e  estim ation o f EE. 

Continuous data can be collected fo r 28 days. The m anufacturers suggest th a t the  

arm band is w orn  on th e  right arm  over th e  triceps muscle a t th e  m idpoint betw een  the  

acrom ion and th e  olecranon.
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Figure 3.2 Sensewear Pro Armband

3.3.1.3 Intelligent Device for Energy Expenditure and Activity

The IDEEA (M inisun, LLC) consists o f five sensors th a t are attached to  th e  chest, an terio r 

aspects o f both thighs and soles o f th e  fee t, and a data collection device (59 g) th a t is 

clipped to  the user's belt (Figure 3.3). The sensors contain biaxial accelerom eters which  

collect data and transm it it through th in , flexible w ires to  th e  recorder. Before each test 

th e  device is calibrated to  ensure correct p lacem ent o f th e  sensors. The IDEEA provides 

in form ation  regarding th e  type, duration, and estim ated  intensity o f each activity carried  

out by th e  user w hile  w earing th e  device. The IDEEA can store data 32 tim es per second 

fo r approxim ately 7 days. In fo rm ation  about age, sex, w eigh t, height and a subjective  

estim ation o f fitness level (1 -10) is incorporated w ith  activity m on ito r data to  provide  

estim ations o f EE w ith  th e  use o f inbuilt algorithm s. For fu rth e r in form ation  on each 

m o n ito r consult Table 3.2.
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Figure 3.3 Intelligent Device for Energy Expenditure and Activity
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Table 3.2 Overview of RT3, SWA and IDEEA specifications

Monitor Type Outcome measure Data storage Placement 

(d)

Weight Size (cm) 

(g)

Price (approximation)

RTS Triaxial Vector magnitude

accelerometer (counts), EE (kcal)

IDEEA Biaxial

accelerometer

EE(kcal),

Power (W),

Work (KJ),

Time spent in 

different activities 

(min),

Gait Parameters

7 (kcal/min) Right hip 

21 (counts)

65.2 7.1 X 5.6 X 2.8

5 sensors attached to anterior 

aspects of thighs, soles of feet 

and sternum.

Storage unit attached to waist.

59 7.0 X 5.4 X 1.7

Monitor: €476 

Monitor + docking station: 

€628

Monitor: €4,046

The price fo r second system

will be €2,426 within the same

order.

Each additional monitor will be 

significantly lower.

SWA Pro2: biaxial 

accelerometer

Pro 3 : triaxial 

accelerometer

EE (kcal, METs), 

sleep time (min), 

steps.

Activity duration 

(min)

28 Right arm over the triceps 

muscle

83 7.2 X 9.0 X 1.0 Armband: €324 

Professional software: 

€1,925.00
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3.3.2 Study characteristics

The RT3, the IDEEA and the SWA have been validated in both adults and children. The 

age of the sample population varied across studies. The monitor that was evaluated, the 

softw/are version (if applicable), the age of the sample population (mean ± sd or range) 

and the criterion measure of EE used in the study are reported for adults and children in 

Tables 3.3 and 3.4, respectively. Studies that assessed the validity or reliability of the 

monitor in overw^eight or obese individuals (as defined by BMI >25kg.m'^) exclusively 

were not included in this review as they were deemed to  be a clinical population. Such 

studies have limited utility because they provide no insight into how the monitors would 

perform in a diverse population that is more representative of the general population. 

Studies that included both normal weight and overweight individuals, however, were 

included in the review. The activities used to evaluate the monitors varied between 

studies. They could however be loosely categorised as the measurement of resting EE,

EE during treadmill locomotion, EE during free-living activities, and total EE/activity EE 

over a day or a continuous period during which numerous activities were performed.

Table 3.3 Previous literature investigating the validity of the SWA, the IDEEA and the 

RT3 in adults

Study Monitor n Age (yr) Reference

Method

(Johannsen et al., 2010) SWAn, (v7.1)and 

SWAb v 6 .1)

30 24-60 DLW

(Drenowatz and Eisenmann, 2011) SWA (v6.1) 20 24.3±2.8 1C

(Koehler et al., 2011) SWA3(v6.1) 14 30.4±6.2 DLW and 1C

(Mackey et al., 2011) SWA(v6.1)  

and SW A (vS .l)

19 78-89 DLW

(Berntsen et al., 2010) SWA (v5.1) 20 19-56 1C

(Heiermann et al., 2011) SWAj (v5.0) 49 60-87 1C
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(Berto li e t al., 2008) 

(M a lav o lti e t al., 2007 ) 

(Jakicic e t al., 20 04 )  

(Fruin and Rankin, 2004) 

(King e t al., 2004 )

(W h y b ro w  et al., 2012 ) 

(Zhang e t al., 2 0 0 4 )*  

(Lyden e t al., 2011 ) 

(M add ison  e t al., 2009 ) 

(H o w e e t al., 20 09 )  

(Jacobi e t al., 2007 )

(King e t al., 2004)

SW A (v4.0)

SW A (v4.0)

SW A (v3.2)

SW A (v l.O )

IDEEA

IDEEA

RT3

RTS

RT3

RT3

RT3

169 4 4 ± 1 2

99 38 ± 14

4 0  18 - 35

13 1 9 - 2 2

14 20  - 55

27 1 5 - 6 1

36 39 ± 1 0

2 1 2  2 0  - 60

10 29 .3  ± 5 .2

21 2 4 .7  ± 5 .4

1C

1C

1C

1C

SW A 21 2 4 .7  ± 5 .4  1C

(v not specified)

DLW and 1C

1C

27 4  38 .3  ± 12 .4  1C

1C

1C

1C

1C

*in c lud es adults and children.

SWAm, Sensew ear mini A rm band; SW A 3, Sensew ear Pro3 A rm band; SW A2, S ensew ear 

Pro 2 A rm band; v, version o f SW A so ftw are ; DLW, doubly labeled w a te r; 1C, indirect 

ca lorim etry .
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Table 3.4 Previous literature investigating the validity of the SWA, the IDEEA and the 

RT3 in children

Study M on ito r N Age (yr) Reference

M ethod

(Arvidsson et al., 2011a) SWA2 (v6.1) 26 8 -1 2 1C

(Calabro et al., 2009) SWA (v6.1) 

and SWA (v4.2)

22 9.4 ± 1.2 1C

(Arvidsson et a!., 2009a) SWA (v6.1) 

and SWA (v5.1)

20 1 4 -1 5 DLW

(Arvidsson et al., 2009b) SWA2(v5.1) 12 11 -1 3 1C

(Arvidsson et a!., 2007) SWA2 (v5.1) 20 11 -1 3 1C

(Dorm iny et al., 2008) SWA (v4.1) 21 1 0 -1 4 1C

(Arvidsson et al., 2011a) IDEEA 26 8 -12 1C

(Arvidsson et al., 2009b) IDEEA 12 11 -1 3 1C

(Hussey et a!., 2009) RT3 20 7 -1 2 1C

(Sun et al., 2008) RT3 27 12 -1 4 1C

(Kavouras et al., 2008) RT3 42 12.2 ± 

1.1

1C

SWA2 , Sensewear Pro 2 Armband; v, version o f SWA software; DLW, doubly labelled 

water;

1C, ind irect calorim etry.
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3.3.3 Validity

A summary o f the validity of these monitors during rest, treadmill locomotion, free- 

living activities and for total EE or activity EE can be seen in Appendix II.

3.3.3.1 Sensewear Pro Armband

Nine versions o f the SWA software have been evaluated. Note that some studies 

simultaneously examined the validity o f two versions of the SWA software (Arvidsson et 

al., 2009a, Calabro et al., 2009, Johannsen et al., 2010). Six studies looked at the validity 

of the SWA in children aged nine to  fifteen years against indirect calorimetry (Calabro et 

al., 2009, Arvidsson et al., 2009b, Dorminy et al., 2008, Arvidsson et al., 2007, Arvidsson 

et al., 2011a) and against doubly-labelled water (DLW) (Arvidsson et al., 2009a). Twelve 

studies validated the SWA in adults (Mackey et al., 2011, Heiermann et al., 2011, Fruin 

and Rankin, 2004, Malavolti et al., 2007, Bertoli et al., 2008, Johannsen et al., 2010, 

Jakicic et al., 2004, Drenowatz and Eisenmann, 2011, Koehler et al., 2011, Soric and 

Misigoj-Durakovic, 2010, Berntsen et al., 2010, King et al., 2004).

The SWA has been proposed as a novel device for measuring resting EE w ithout the 

need for expensive, often cumbersome, equipment (Bertoli et al., 2008). The 

disagreement between the SWA and a criterion measure, however, is too large for the 

SWA to credibly replace the current method of measuring resting EE in adults. 

Overestimations of resting EE by the SWA of 4% and 12% (p <0.001) (version 5.0 [v5.0] 

and version 4.0 [v4.0], respectively) were reported (Heiermann et al., 2011, Bertoli et 

al., 2008). Although Malavolti et al. (2007) found that the SWA (v4.0) underestimated 

REE and Fruin and Rankin (2004) found no difference between indirect calorimetry and 

the SWA (vl.O), all studies reported similarly large limits of agreement (LOA). LOA 

ranged from -13% to 15% of total EE (Fruin and Rankin, 2004) to -18% to 31% of total EE 

(Bertoli et al., 2008).

There is little evidence available on the ability o f the SWA to measure resting EE in 

children. One study evaluating the ability of the SWA to predict resting EE in children 

found that the SWA (v4.2) overestimated resting EE by 22%. (Dorminy et al., 2008). 

Three studies reported that resting EE was underestimated by the SWA by 0.2% to  32% 

(Arvidsson et al., 2007, Calabro et al., 2009, Arvidsson et al., 2009b). LOA were not
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reported in any study (Bland and Altman, 1986). Although it may be likely that similar 

results will be found to those reported in adults this should be investigated further.

Three studies reported that the SWA overestimated the energy cost o f treadm ill 

walking in adults (Jakicic et al., 2004, King et al., 2004, Fruin and Rankin, 2004). As well 

as overestimating the energy cost of walking by 38%, LOA for the SWA (vl.O) were -7%  

to  81% of the mean EE. Although Jakicic et al. (2004) calculated limit of agreem ent plots 

for treadm ill walking, the upper and lower LOA are not labelled, and therefore values 

cannot be reported. They do, however, display the increased variation between  

measures as intensity increases suggesting that the SWA becomes less accurate as 

intensity increases. An increased underestimation of EE by the SWA with increasing 

intensity was also found by Koehler et al. (2011) and Drenowatz and Eisenmann (2011) 

in endurance trained athletes. The SWA (v6.1) did not differ significantly from indirect 

calorimetry when athletes ran at speeds of up to 8.6 km.h'^ during a maximal treadm ill 

test (Koehler et al., 2011). However, it underestimated the energy cost of running at 

speeds of greater than 8.6 km.h'^ (p <0.001). It was reported that the SWA's (v6.1) 

estimation of EE plateaus at an intensity of 10 METs (Drenowatz and Eisenmann, 2011). 

Walking on an incline resulted in an underestimation of EE by the SWA and a large 

disagreement between measures (LOA: -73% to  30%) (Jakicic et al., 2004, Fruin and 

Rankin, 2004).

Four studies assessed the ability o f the SWA to estim ate EE during treadm ill locomotion 

in children. Despite conflicting results it would appear that the SWA (v5.1) is accurate at 

estimating EE during slow walking speeds but, similar to  adults, the SWA can 

underestimate EE by 9% to 43% as the intensity increases (Arvidsson et al., 2007). One 

study reported that the SWA (v6.1) accurately assessed EE for walking speeds of 3.2 

k m .h '\ 4 km.h'^ and 4.8 km.h'^ (Calabro et al., 2009). Another study, however, reported  

that the same version o f the SWA underestimated the energy cost o f walking by 10% to 

19% and that its accuracy was not associated with the speed of walking (Arvidsson et 

al., 2011a). This contradiction may be attributed to  the fact that the energy cost of 

walking will vary between individuals for a given speed. To account for this Dorminy et 

al. (2008) evaluated the SWA (v4.1) while running at 60% of maximal oxygen 

consumption (V02max). The SWA overestimated EE by 43% at this intensity with LOA of 

-1 .02 kcal.min'^ to 2.57 kcal.min'  ̂ (-19% to  47%).
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The SWA generally underestimates the energy cost of free-living activities. Four studies 

reported on the ability of the SWA to measure EE in children during free-living activities 

(Arvidsson et al., 2007, Calabro et al., 2009, Arvidsson et al., 2009b, Dorminy et al., 

2008). Disappointingly the use of an upper limb monitor did not improve the estimation 

of the EE during upper limb activities. In contrast to hip w/orn accelerometers the SWA 

overestimated the energy cost of upper limb activity. The SWA was unable to accurately 

estimate the EE o f stationary bicycling in children (p <0.01) (Calabro et al., 2009, 

Arvidsson et al., 2009b, Arvidsson et al., 2007) w ith the relative mean difference 

between measures ranging from -25% (Calabro et al., 2009) to -51% (Arvidsson et al., 

2009b). LOA were not reported.

Sedentary activities such as playing computer games, watching TV, reading and writing 

were overestimated by version 4.1 of the SWA (21.1%) (v4.1) (p<0.001) (Dorminy et al., 

2008). Version 5.1 o f the SWA underestimated the energy cost of sitting quietly 

(p<0.01) (Arvidsson et al., 2009b, Arvidsson et al., 2007). Similar sedentary activities 

were accurately assessed by version 6.1 however (Calabro et al., 2009), suggesting that 

the software upgrades may improve the SWA's estimation of EE.

The SWA (v5.1) accurately measured the EE o f children track walking at a slow and 

normal speed (Arvidsson et a!., 2007). Similar to treadmill locomotion, however, the 

SWA increasingly underestimated EE as the intensity of the exercise increased (p<0.01) 

(Arvidsson et al., 2007). The energy cost of stair walking and playing basketball in 

children was also underestimated by the SWA (v5.1) (p <0.01) (Arvidsson et al., 2009b, 

Arvidsson et al., 2007).

Of the free-living activities assessed in adults, arm ergometry was the only activity to be 

overestimated by the SWA (29%) (p <0.001) (Jakicic et al., 2004). The difference 

between measures increased as the magnitude of EE increased in adults (Fruin and 

Rankin, 2004, Jakicic et al., 2004, Koehler et al., 2011, Berntsen et al., 2010). The SWA 

underestimated the EE of a 30 min outdoor run by -3.5 METs with wide LOA reported 

(1.1 METs to 5.9 METs; mean EE not reported) (Drenowatz and Eisenmann, 2011). 

Energy expenditure during stationary cycling was also underestimated in adults by 8.8% 

to 28.9% during submaximal speeds and by 6.6 kcal.min'^ during a maximal cycle test 

(Fruin and Rankin, 2004, Jakicic et al., 2004, Koehler et al., 2011). Limits of agreement 

were wide during both submaximal speeds (-35% to 27%) (Fruin and Rankin, 2004) and
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during the maximal cycle test (-14.8 kcal.min'^ to 1.6 kcal.min'^; mean EE not reported) 

(Koehler et al., 2011).

Total EE was overestimated by the SWA in children (5% to 20%) (Dorminy et al., 2008; 

Arvidsson et a!., 2009a). Limits of agreement were similar for v6.1 and v5.1 (-10% to 

31% of mean EE and -26% to 15% of mean EE, respectively) (Arvidsson et al., 2009a). 

Conversely, total EE was underestimated by the SWA (v6.1) in adults w ith wide LOA 

reported in all studies (Koehler et al., 2011, Mackey et al., 2011, Johannsen et al., 2010). 

Using v7.0 of the SWA software reduced the mean difference between EE from the 

SWA and EE from DLW by 3.9% (from 4.0% to <0.1%) (Johannsen et al., 2010). Limits of 

agreement were similar for v7.0 and v6.1 o f the SWA (-27% to 19% and -23% to  21%, 

respectively) (Johannsen et al., 2010). The SWA also significantly underestimated 

activity EE (p<0.05) (Johannsen et al., 2010, Mackey et al., 2011). Limits of agreement 

for activity EE in older adults were considerably wider than those for total EE (-23% to 

21% vs -95% to 41%) (Mackey et al., 2011). Although LOA for total EE were similar in 

older adults and young adults, LOA for activity EE were not reported in young adults 

making it impossible to compare cohorts.

3.3.3.2 RTS

Three studies evaluated the ability of the RT3 to measure EE in children (Hussey et al., 

2009, Sun et al., 2008, Kavouras et al., 2008). Five studies examined the validity of the 

RT3 in adults (Maddison et al., 2009, Howe et al., 2009, King et al., 2004, Jacobi et al., 

2007, Lyden et al., 2011). The RT3 has not been validated as a measure of resting EE in 

children or adults. In general it appears that the RT3 overestimates the energy cost of 

treadmill activity or activities that involve lower limb activities. In contrast, the hip 

mounted accelerometer underestimates the EE of free-living activities, particularly 

activities of daily living, which involve large upper limb movements.

The RT3 overestimated the energy cost of children walking slowly on a treadmill by 54% 

(Sun et al., 2008). This overestimation increased with increasing speed. Although , 

Kavouras et al. (2008) also reported an overestimation of EE during treadmill running 

(7.8%) an underestimation of EE was reported during walking (-20.7%). Hussey et al. 

(2009) reported a difference between the RT3 and indirect calorimetry for treadmill 

walking at 6km.h'^ (p<0.05). Mean EE and mean bias between measures were not, 

however, clearly reported. While LOA were plotted in both these studies the upper and
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lower limits were unclearly labelled (Hussey et al., 2009, Kavouras et al., 2008). Similar 

to  the SWA, the RT3 is unable to  detect the energy cost of a person traversing a slope 

(Sun et al,, 2008, Kavouras et al., 2008).

The RT3 overestimated treadmill locomotion in adults (Lyden et al., 2011, Howe et al., 

2009, King et al., 2004, Jacobi et al., 2007). It appears that, although the RTS is unable 

to  detect a slope, the magnitude of the overestimation of EE during walking on level 

ground was so large that, in some cases, walking on a slope resulted in a smaller 

overestimation of EE rather than an underestimation o f EE (Lyden et al., 2011, Jacobi et 

al., 2007). Contrary to reports in children, Howe et al. (2009) did not find a relationship 

between the accuracy o f the RT3 and activity intensity.

Hussey et al. (2009) found no difference between the RT3 and indirect calorimetry 

when children were sitting (p <0.05) but did not report the mean bias. Sun et al. (2008), 

however, reported underestimations of EE by the RT3 in children o f 55% to 87% during 

activities such as sitting, standing and writing. The energy cost of children performing 

outdoor activities, most involving lower limb movement, was overestimated by the RT3 

by 25% to 214% (Sun et al., 2008). Overestimation of EE by the RT3 increased with 

increasing intensity. Only catching and throwing was underestimated by the RT3 (13%). 

Cycling at 25 W and 50 W was underestimated by 8% and 60%, respectively (Sun et al.,

2008). LOA for free-living activities were not reported.

The RT3 underestimated the energy cost of activities of daily living (Lyden et al., 2011, 

Howe et al., 2009). Activities w ith greater upper limb movement underestimated 

activity EE by 24.4% to 64.5% (Howe et al., 2009). No study plotted LOA for the 

agreement between RT3 predicted EE and criterion measured EE for treadmill or free- 

living activities.

The RT3 underestimated the tota l EE and activity EE of adults by 4% and 14%, 

respectively (Maddison et al., 2009). LOA for tota l EE were approximately -39% to 30% 

of mean EE (value of upper and lower limits not clearly labelled) (Maddison et al.,

2009). LOA were very wide fo r activity EE (-131% to  102%) (Maddison et al., 2009).

3.3.3.3IDEEA

The validity of the IDEEA was examined against indirect calorimetry in two studies of 

children (Arvidsson et al., 2011a, Arvidsson et al., 2009b), one study of adults
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(Whybrow et al., 2012) and one study of children and adults aged 15 to 61 years (Zhang 

et al., 2004). Only one study reported on the ability of the IDEEA to  predict resting EE.

Although a non-significant overestimation of resting EE (0.01 kJ.kg'^.min"^; 10%) was 

reported in children (Arvidsson et al., 2009b) LOA were not reported. The IDEEA 

underestimated EE by 4.2% during treadmill walking (Arvidsson et al., 2011a). The 

IDEEA proved more accurate than the SWA, which underestimated EE by 26.8% when 

the tw o monitors were evaluated simultaneously (Arvidsson et al., 2011a). The IDEEA 

was also more accurate than the SWA at higher speeds of track walking and running 

(Arvidsson et al., 2009b). Unlike the SWA, however, the IDEEA was unable to accurately 

predict the energy cost of slow or normal speeds o f walking. Despite this the IDEEA had 

closer agreement to indirect calorimetry than the SWA for tota l walk/run time (+3% vs. 

-12%). The IDEEA was accurate at predicting the energy cost of sitting and stair walking 

but underestimated EE during playing basketball and jumping on a trampoline (p 

<0.001) (Arvidsson et al., 2009b). Cycling was also underestimated by the IDEEA (p 

<0.01) (Whybrow et al., 2012, Arvidsson et al., 2009b). The IDEEA underestimated a 

combination of sedentary, free-living and locomotor activities in children by 12% (p 

<0.01) (Arvidsson et al., 2009b). Although this underestimation was smaller than the 

SWA's underestimation of EE for the same activities (-18%) LOA were not reported 

making it difficult to  comment on the level of agreement between the monitors and 

indirect calorimetry.

Two studies reported that the IDEEA's prediction of total EE did not differ from total EE 

measured with whole room calorimetry (Whybrow et al., 2012, Zhang et a!., 2004). The 

studies reported LOA of -0.233 kcal.min'^ to 0.118 kcal.min'^ (mean EE not reported) 

(Zhang et al., 2004) and -7.9 kJ.kg‘\2 2  hr'^ to 32.0 kJ.kg‘\2 2  hr'^ (-7% to 28%) (Whybrow 

et al., 2012). Doubly-labelled water measured total EE and activity EE were 

overestimated by the IDEEA by 27% and 74% (p<0.001) w ith LOA of -6% to  49% and - 

22% to 165%, respectively (Whybrow et a!., 2012).

3.3.4 Reliability

Only eight studies looked at the reliability of the RT3 and SWA. No study examined the 

reliability of the IDEEA. Six studies looked at intra-instrument reliability and four studies 

looked at inter-instrument reliability. A summary of the results is presented in Appendix



3.3.4.1 Sensewear Pro Armband

Fruin and Ranl<in (2004), and Heiermann et al. (2011) found excellent intra-instrument 

reliability for the SWA when predicting resting EE (r=0.93-0.98; p<0.01). A low 

measurement error (1.9%; 30.8 kcal.d'^) (Fruin and Rankin, 2004) and narrow LOA (-0.07 

kcal.min'^ to 0.10 kcal.min'^) (Heiermann et al., 2011) were reported between resting EE 

measurements over two days. Intra-instrument reliability o f the SWA (v6.1) between 

tw o 13 hr periods of rest, sedentary activities and exercise was high (ICC = 0.97) 

(Brazeau et al., 2011). The correlation between tw o periods of sedentary activity was 

low (ICC =: 0.62) compared to  walking (ICC = 0.95), playing basketball (ICC = 0.85) and 

lying (ICC = 0.98) (p <0.01 for all) (Brazeau et al., 2011).

3.3.4.2 RT3

The intra-instrument reliability of the RT3 was assessed in adults (Powell and Rowlands, 

2004) and children (Vanhelst et al., 2010a). No difference was found in the energy cost 

o f everyday activities between two consecutive days (Powell and Rowlands, 2004). In 

children, aged 10-16 yr, the coefficient of variation (CV) decreased from 17.3% ± 2.3 

during sedentary activity to  6.6% ±0.1 during vigorous activities (Vanhelst et al.,

2010b).

Two studies examining the intra-instrument reliability of the RT3 by simulating human 

movement with mechanically powered vibrations found contradictory results (Krasnoff 

et al., 2008, Powell et al., 2003). Krasnoff et al. (Krasnoff et al., 2008) reported excellent 

CVs (0.29% -1.81%) across VM counts of 22 RT3s . Larger CVs were reported in a study 

where 23 RT3s were individually vibrated at three frequencies (2.1 Hz, 5.1 Hz, 10.2 Hz) 

along the three axes (x, y and z) (0.00 - 67.8%) (Powell et al., 2003). Vibrations at lower 

frequencies (2.1 Hz), simulating sedentary activities, resulted in much greater CVs 

compared to vibrations at higher frequencies (0%-67.8% vs 0.3%-8.7% vs G.2%-3.7%).

Contradictory results were also reported for the inter-instrument reliability o f the RT3. 

Krasnoff et al. (Krasnoff et al., 2008) calculated CVs of 9.5% - 34.7% across VM counts 

and ICCs of 0.000 to  0.042. Coefficients of variation across all three axes (x, y, z) were 

13% -139%. Compared to this Powell et al. (Powell et al., 2003) found smaller CVs 

across all axes (4.2% - 38.5%) and larger ICCs (0.99; p <0.01).
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Reneman and Helmus (2010) were the only authors to report on the inter-instrument 

reliability of the RT3 in vivo. In a sample o f six people each carrying six monitors the 

inter-instrument reliability ICC was 0.80 (p <0.01) (95% confidence interval = 0.52 - 

0.95). Although the CIs were wide the lower lim it was above 0.50 indicating moderate 

reliability. This result was obtained after one accelerometer was excluded for providing 

abnormal outputs. As was reported in this and other studies, inaccurate data may be 

collected because of unusual outputs from a small number of monitors (Reneman and 

Helmus, 2010, Powell et al., 2003, Chu et al., 2007).

3.3.5 Feasibility

Only 15 articles gave feedback on the feasibility of the three monitors. High compliance 

rates (>95%) were reported for the SWA (Brazeau et al., 2011, Johannsen et al., 2010, 

Koehler et al., 2011, Fruin and Rankin, 2004). Over a 14 day period 85% of participants 

wore the SWA for greater than 90% of the time (Arvidsson et al., 2009a). Jakicic et al. 

Jakicic et al. (2004) reported 17% missing data and King et al. (King et al., 2004) 

reported 14% missing data. In the same study King et al. (2004) reported 5% missing 

data for the RT3. This was lower than the 13% reported by Maddison et al. (2009) and 

Lyden et al. (2011). Only one study reported on compliance with the RT3 which was 

12.3±2.1 out of 14 days (88%) (Maddison et al., 2009). Whybrow et al. (2012) reported 

that the IDEEA failed to record data for one person (6.7%). In the same study a 

compliance rate of 63% ± 5.3 was reported over a fourteen day period. Zhang et al. 

(2004) noted that participants gave positive feedback about the IDEEA. In a study 

comparing the IDEEA and the SWA, however, the authors commented that the SWA 

was more feasible than the IDEEA (Arvidsson et al., 2009b).

3.3.6 Conclusion and implications for future research

The large number of activity monitors commercially available is evident from the 

literature search conducted in this chapter. As well as the regular release of new 

monitors onto the market some manufacturers release multiple monitor models or 

upgraded versions of previously released models. While the influx of commercially 

available accelerometers may improve the quality of physical activity research it can also 

make monitor selection an intim idating task for researchers and clinicians. A systematic 

approach should therefore be employed to demonstrate that newly released monitors 

provide an advantage in terms of accuracy or feasibility over already available devices.
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As no study has simultaneously compared the monitors included in this review caution 

must be taken when recommending one monitor over another. Comment can be made, 

however, on the respective strengths and weaknesses of each monitor.

If a monitor is being used to predict EE it is imperative that it can accurately measure 

the underlying resting EE. Resting EE usually lies w ithin 10% of an individual's basal 

metabolic rate, which can account fo r up to  60% of tota l daily EE (Levine, 2005). No 

study has evaluated the ability o f the RT3 to measure resting EE. One study reported on 

the ability of the IDEEA to measure resting EE and although it appears accurate, LOA 

weren't reported. The SWA has been proposed as a novel device for measuring resting 

EE w ithout the need for expensive, often cumbersome, equipment (Bertoli et al., 2008). 

There is little evidence available on the ability of the SWA to measure resting EE in 

children, however, and the disagreement between the SWA and a criterion measure is 

too large for the SWA to be considered an accurate measure of adults' resting EE. A 

possible explanation for this is the small number of variables included in the monitors' 

prediction equations. Although information about the wearer's age, sex, weight and 

height are included in proprietary algorithms there is evidence to suggest that variables 

such as race, climate and diabetic status are significant predictors of basal metabolic 

rate (Morrison et a!., 1996, Froehie, 2008, Martin et al., 2004). Impaired 

cardiorespiratory fitness may also result in a reduced resting EE (M iller et al., 2012). The 

inclusion of objective measures of these variables in future prediction equations should 

be considered.

An essential problem w ith accelerometers is that there are unique relationships 

between movement and EE for different activities. Equations based on locomotion tend 

to underestimate the EE of lifestyle activities (Welk, 2005). The validity o f a monitor 

therefore depends on what activities are included in the validation protocol. While 

variation in study protocols helps to build evidence of validity and reliability, variation 

across studies can also hamper comparison between them. A major difficulty 

encountered when compiling this review was the lack o f similarities between validation 

protocols. Further disparity arose between data processing methods used by authors.

Despite conflicting results between studies it appears that the SWA is generally 

accurate or overestimates EE at lower speeds. As the speed, and therefore intensity 

increases, it underestimates the EE o f the activity. In fact it was unable to detect any
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increase in EE above an intensity of 10 MET (Drenowatz and Eisenmann, 2011). The 

difficulty with any monitor accurately estimating EE for running speeds is compounded 

by the large variation in oxygen uptake amongst individuals. Oxygen uptake is not a 

direct product of speed, and the variation amongst individuals is a result of 

biomechanical, physiological and other factors. During walking and running at a self

selected comfortable speed individuals select the stride length and stride frequency 

combination that minimises energetic cost (Holt et al., 1991). Increasing stride length to 

adapt to  an imposed speed results in a greater metabolic cost than adapting a high 

frequency/short stride length combination (Holt et al., 1991). The impact of stride 

frequency on accelerometer output has only been investigated in the RTS. The vector 

output from the RTS increases linearly with both speed and stride frequency (Rowlands 

et al., 2007). it may not, however, detect the increased energetic cost of a long stride 

length/low frequency gait for a given speed.

The SWA generally underestimates free-living activity, although version 6.1 appears to 

be accurate at measuring sedentary activity (Calabro et al., 2009). Similarly, the RTS 

overestimates the EE of treadmill activity but underestimates the EE of activities of daily 

living (Lyden et al., 2011, Howe et al., 2009). This may be because monitors worn on the 

hip or lower limbs underestimate the EE of upper limb activities. Disappointingly, use of 

the SWA, an upper limb monitor, did not improve detection of upper limb activity. The 

inability of these monitors to detect upper limb movement may also impact on the 

monitors' ability to  estimate running EE, as the presence of arm-swing reduces the 

metabolic cost of running (Arellano and Kram, 2011).

Only tw o studies provided a comparative evaluation of the SWA and the IDEEA 

(Arvidsson et al., 2011a; Arvidsson et al., 2009b). Although the IDEEA overestimated 

treadmill locomotion it was more accurate than the SWA. It was also more accurate 

than the SWA at measuring track locomotion and free-living activities in children. There 

is, however, generally a lack of published evidence on the IDEEA. In particular no study 

investigated the IDEEA's ability to  assess treadmill locomotion in adults.

All monitors were limited by their inability to detect the energy cost of cycling and of 

traversing a slope. It is possible that other environmental factors, which affect the 

energy cost of locomotion such as walking surface, weather conditions and footwear 

(M affiuletti et al., 2012) may also not be measured by the monitors. These monitors are
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also n o t  w a te r p ro o f  and  th e r e f o r e  c a n n o t  c a p tu re  t h e  EE of  w a te r  activities. T hese  

limitations, h ow ever ,  a re  in h e re n t  in t h e  m ajority  of  a c c e le ro m e te rs .

A criticism of m a n y  s tu d ie s  inc luded  in th is  review  w as  t h e  lack of a p p ro p r ia te  statistical 

analysis used  t o  r e p o r t  results .  LOA plots shou ld  be  r e p o r te d  in all s tud ies  w h e r e  th e  

a g r e e m e n t  b e tw e e n  tw o  m e th o d s  of  m e a s u r e m e n t  is being as sessed  (Bland and 

A ltman, 1986). M any s tu d ie s  in th is  review  did n o t  r e p o r t  LOA (Calabro e t  al., 2009; 

Arvidsson e t  al., 2009b; Arvidsson e t  al., 2011a ; Sun e t  al., 2008; King e t  al., 2004; Jacobi 

e t  al., 2007). W hile s o m e  p lo t ted  LOA th e y  did no t  r e p o r t  t h e  value of th e  limits, th e  

m e a n  bias, o r  t h e  m e a n  EE for  t h e  m e a s u r e m e n t  per iod  (Hussey e t  al., 2009; Malavolti 

e t  al., 2007; Jakicic e t  al., 2004; Kavouras e t  a!., 2008). This m akes  it im possib le to  

c o m m e n t  on t h e  accep tab il i ty  o f  t h e  a g r e e m e n t  b e tw e e n  m e asu res .  The im p o r ta n ce  of 

using LOA to  a s sess  a g r e e m e n t  b e tw e e n  m e a s u r e s  is h ighlighted in s tu d ie s  th a t  

r e p o r te d  on  to ta l  EE and  activity EE. All s tu d ie s  r e p o r te d  unac ce p ta b ly  w ide LOA for  all 

m o n ito rs  ( Jo hannsen  e t  al., 2010; Koehler e t  al., 2011; M ackey  e t  al., 2011; Arvidsson e t  

al., 2009a; W h y b ro w  e t  al., 2012; M add ison  e t  al., 2009). The d is a g re e m e n t  b e tw e e n  

m o n ito rs  and  cr iter ion  m e a s u r e s  w as  la rger  for  activity EE th a n  to ta l  EE (as large as - 

22% to  165% o f  m e a n  EE) ( Jo hannsen  e t  al., 2010; M ackey e t  al., 2011; W h ybrow  e t  al., 

2012 ) .

Research  is n e e d e d  into t h e  in te r -m o n i to r  reliability o f  all m on ito rs .  This is o f  particu lar  

im p o r ta n c e  in ep idem iological s tu d ie s  t h a t  m ay  u se  multip le  m o n ito rs  to  m e a su re  

physical activity in specific p o p u la t ions .  As r e p o r te d  in s o m e  s tu d ie s  ina cc u ra te  da ta  

m ay be co l lec ted  b e c a u s e  o f  unusua l  o u tp u t s  f rom  a small n u m b e r  of  m o n ito rs  

(R en e m a n  and  Helmus, 2010; Powell e t  al., 2003; Chu e t  al., 2007). Ideally o n e  m o n ito r  

shou ld  be  used  on all su b je c ts  for  val idat ion  s tud ies .  W h e r e  m ultip le  m o n ito rs  a re  being 

used , m o n ito rs  should  be  ca l ib ra ted  prior  to  use. The feasibili ty o f  t h e s e  m o n ito rs  w as  

also u n d e r r e p o r te d .  A necdo ta l ly  m o n i to r  m alfunction  is c o m m o n  and  in fo rm ation  on 

th is  shou ld  be  included in all s tud ies .  In fo rm ation  on t h e  accep tab il i ty  o f  t h e  in s t ru m e n t  

including level o f  co m fo r t  and  to le ra n c e ,  refusal ra te  and  level of missing d a ta ,  and 

r e a so n s  fo r  b o th  shou ld  b e  given in all a c c e le ro m e te r  s tu d ie s  as th is  will s trongly 

in fluence a re se a rc h e rs  o r  clinicians choice  of  m o n i to r  (Aaronson, 2002).

W h e n  se lec ting  a m o n i to r  fo r  use  clinically or  in re se a rch  t h e  cha rac ter is t ics  o f  th e  

t a r g e t  popu la tion  shou ld  be  co n s id e red .  Com mercially  available EE e q u a t io n s  a s su m e
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that mechanical efficiency for performing a task is similar across populations. 

Characteristics such as age, body mass, disease status or mobility limitations may result 

in different physiological demands being placed on an individual for a given task, 

how/ever, resulting in an inaccurate prediction of EE. The inclusion of body mass in EE 

equations should account for the higher metabolic rate in obese individuals for all 

activities (Lafortuna et al., 2008). The relationship between EE and body mass varies in 

relation to the type of activity performed however, e.g. weightbearing vs. non- 

weightbearing activities (Lafortuna et al., 2010). Similarly the proprietary algorithms 

included in commercially available monitors may not be able to measure the increased 

energetic cost of ambulation in populations w ith gait abnormalities. It is recommended 

that accelerometers are specifically validated in these populations and that results from 

the healthy population are not be extrapolated to other populations.

In conclusion, a lack of consistency in protocols across studies means that, like other 

reviews of accelerometers (De Vries et al., 2009; Trost et al., 2005), this review did not 

find compelling or consistent enough evidence to support the use of one monitor over 

another. The next section of this thesis proposes to provide a comparative evaluation of 

the estimation of EE by accelerometry-based devices in apparently healthy individuals 

w ithout CP. The most objective method of establishing criterion and concurrent validity 

will be employed by simultaneously comparing the activity monitors' estimation of EE 

to a criterion measure.
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Chapter 4 Study 1: An evaluation of energy 

expenditure estimation by three activity monitors

This study has been published in the European Journal o f Sport Science.

Ryan, J. and Gormley, J. (2013). An evaluation o f energy expenditure estimation by three 

activity monitors. European Journal o f Sport Science. 

doi:10.1080/l 7461391.2013.776639

4.1 Objective

The aim of this study was to provide a comparative evaluation of three accelerometry- 

based devices at estimating energy expenditure (EE) in apparently healthy adults and 

children.

4.2 Methodology

4.2.1 Participants

Twenty-six adults (11 males, 15 females) and 22 children (11 males, 11 females) aged 6 

to 36 years were recruited through the Faculty of Health Sciences and local schools. 

Ethical approval fo r this study was granted by the Faculty Ethics Committee. The 

procedures and risks involved in the study were fully explained to  participants and their 

guardians, where appropriate, before w ritten informed consent was obtained. The 

sample size required fo r this study was generated from data collected on 32 adults in 

our laboratory. Based on a mean difference of 0.15 kcal.min'^ and a standard deviation 

o f 0.216 kcal.m in'\ between EE from the RT3 and indirect calorimeter at rest, 21 

participants in each group provided 80% power at the 0.05 a-level.

4.2.2 Instrumentation

The RT3 accelerometer, Sensewear Pro Armband (SWA) and Intelligent Device for 

Energy Expenditure and Activity (IDEEA) have been described in sections 3.3.1.1, 3.3.1.2,
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and 3.3.1.3, respectively. Resting EE and EE during the treadmill protocol were 

measured using the Cosmed Quark CPET (Rome, Italy) indirect calorimeter. The Quark 

CPET is a standard metabolic cart that measures ventilation and gas concentrations in 

expired air, using a flowm eter and gas analyser. The flowmeter consists of a 

bidirectional turbine and optoelectronic reader. The turbines were calibrated prior to 

each test session using a 3L syringe to ensure accurate volume measurements. Gas 

calibration, including room air calibration (assuming room air is 20.93% O2 and 0.03% 

CO2 ) and reference gas calibration (16% O2 , 5% CO2 ), was conducted prior to each test.

A pilot study was conducted on 13 participants to assess the validity of the Cosmed. 

Participants lay supine while oxygen consumption (VO2 ) was measured with the Cosmed 

and a douglas bag, for lOmins each, in a random order. The mean difference between 

the two methods was 0.21 ml.kg‘^.m in '\ A paired t-test indicated that there was no 

difference in VO2 between methods (p = 0.08). The 95% confidence intervals and Bland 

and Altman limits of agreement lay w ithin ±2 m l.kg'\m in'^ (-0.03 ml.kg‘\m in ‘  ̂to  0.45 

ml.kg'^.min'^ and -0.57 ml.kg'^.min'^ to 0.99 ml.kg'^.min \  respectively) indicating an 

acceptable level o f agreement between the two methods (Atkinson et al., 2005).

4.2.3 Protocol

Participants attended the laboratory in the morning, at least 12 hr post-prandial, and 

having refrained from caffeine, alcohol and vigorous exercise fo r 12 hr prior to the test. 

They were also asked to refrain from nicotine and moderate exercise for 2 hr prior to 

the test. A note was made of any recently taken medications (Compher et al., 2006). 

Height was measured using standard guidelines to the nearest 0.5 cm with a calibrated 

stadiometer (SECA). Weight (to the nearest 0.1 kg), BMI and body fat percentage were 

measured in bare feet and light clothing using the Multi-Frequency Body Composition 

Analyser MC-180MA (Tanita Corp, Tokyo),

Participants rested in a supine position for a minimum of 7 min while the activity 

monitors were initiated to record EE data every minute according to the manufacturer's 

specifications. The three activity monitors were attached to  the participants as per 

manufacturer's instructions. Resting EE was measured for a minimum of 15 min using a 

ventilated hood in a thermoneutral environment (20-25 °C) and in the absence of 

external stimuli (Compher et al., 2006).
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Following the measurennent of resting EE participants w ere given a 5 min familiarisation 

period with the treadm ill (Viasys LE 300 CE). They were then fitted with a soft flexible 

facemask that held the flow m eter. Each tim e the facemask was applied it was checked 

to  ensure there was an effective seal around the mouth. Each participant performed  

four activities of 5 min duration in a randomised order: 1. walking at 3 km.h’ ;̂ 2. walking 

at 5 km.h'^; 3. walking at 6 km.h'^on a 10% incline; 4. running at 9 km.h'^. Each activity 

was separated by a 5 min rest period in a seated position during which they were  

allowed to  breathe w ithout the facemask and drink w ater only. Participants were  

instructed not to hold onto the safety rail during treadm ill locomotion.

4.2.4 Data analysis

Data from  the three monitors and the indirect calorim eter were downloaded following  

completion of the experim ental protocol. Innerview Research Software version 6.1 was 

used to  estim ate EE from  the SWA. W eir's equation was used to calculate EE from  

oxygen uptake (W eir, 1949). Data from  the monitors w ere tim e synchronised with that 

from  the indirect calorim eter. The final 2 min of EE data (kcal.min'^) from supine lying 

and each treadm ill activity was used to validate the activity monitors. Data were  

examined visually to check for malfunctioning units, tim e synchronisation and abnormal 

outputs before statistical analysis.

Data are reported as mean ± standard deviation. The assumptions of normal 

distribution and equal variance were assessed using histogram plots and the Shapiro- 

W ilk test. Limit of agreem ent (LOA) plots were calculated to assess agreem ent between  

E E  from  each m onitor ( E E m o n i t o r ) and EE from  the indirect calorimeter ( E E i d  (Bland and 

Altm an, 1986). Bias was defined as the difference between E E m o n i t o r  and E E ic .  Pearson's 

product m om ent correlations or Spearman's rank correlations were performed between  

E E m o n i t o r A N D  EEicfor each activity. Statistical significance was considered at a two-sided  

p <0.05. All analyses w ere conducted using Analyse-lt for Microsoft Excel, version 2.26.

4.3 Results

Steady state resting EE data was not obtained on tw o adults and four children. 

Furtherm ore resting EE tests were not perform ed on three children as they refused to  

fast prior to  the test or w ere unable to to lerate the ventilated hood. RT3 malfunction

102



resulted in data from 5 adults being discarded. The IDEEA failed to  record data on 3 

participants. Five children were unable to complete 5 min running at 9 km.h ^ Listwise 

deletion procedures were therefore employed to  maximise sample sizes resulting in 

sample sizes ranging from n = 13 to n = 26.

Descriptive statistics fo r adults and children are provided in Table 4.1. Adults were 

relatively young and lean w ith only four males and one female classified as overweight. 

Two children were considered overweight and two were considered obese according to 

the 2007 WHO BMI z-score for children (Butte et al., 2007).

Table 4.1 Descriptive statistics for physical characteristics of adults and children

Adults (n = 26; 11 men) Children (n = 22; 11 boys)

Age (yr) 24.7 ±4.4 11.5 ±3.0

Weight (kg) 69.5 ±12.0 44.9 ± 13.9

Height (cm) 174.3 ±8.5 153.9 ± 16.4

BMI (kg.m'^) 22.8 ±2.9 18.4 ±3.0

Body Fat (%) 22.0 ±6.3 22.0 + 6.3

REE (kcal.d'^) 1397.2 ±283.6 1308.6 ±194.6

REE, resting energy expenditure.

Mean EE recorded by indirect calorimetry and the monitors are reported in Tables 4.2 

and 4.3. All monitors overestimated the energy cost o f inactivity in adults. Although the 

RT3 overestimated resting EE in children by 0.14 kcal.min'^ (15%) it displayed the 

narrowest LOA of the three monitors. In children, the IDEEA displayed a large 

overestimation o f REE (70%), wide LOA (-116% to  256% of mean EE), and a poor 

correlation with the indirect calorimeter (-0.52).

The IDEEA showed the smallest mean bias at 3 km.h'^(+0.8%), 6 km.h'^(-0.3%) and 9 

km.h'^ (+3%) in adults. The large standard deviation of the bias at 6 km. h'^ and 9 km .h '\ 

(±1.29 kcal.min'^ and ±2.24 kcal.min'^ respectively), however, resulted in wide LOA. The 

SWA, in fact, showed closest agreement with indirect calorimetry at 6 km.h \  6 km.h'^on 

an incline and 9 km .h '\ The RT3 overestimated the energy cost of all activities except 

walking on an incline. This overestimation of EE appeared to decrease w ith increasing 

speed, from +84% at 3 km.h'^ to +38% at 9 kmh‘\
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Table 4.2 Mean energy cost of rest and treadmill activities in adults as measured by 

the indirect calorimeter, SWA, RT3 and IDEEA

Indirect SWA RT3 IDEEA

Calorimeter (kcal.min") (kcal.min'") (kcal.min'")

Activity (kcal.min'")

(n = 24 to 26)

(n = 26) (n = 21) (n = 25)

Rest 0.97 ±0.22 1.11 ±0.18 1.26 ±0.19 1.28 ±0.18

3 km.h'^ 3.91 ±0.62 4.48 ± 0.94 4.36 ± 1.03 3.94 ±0.67

6 km/h'^ 6.28 ±0.93 6.19 ±1.18 8.99 ±2.20 6.26 ±1.51

6 km.h' 11.47 ±2.12 6.86 ±1.41 8.87 ±2.27 6.07 ±1.50

"@10%

incline

9 km.h'" 11.41 ±2.31 10.54 ±2.07 15.94 ±3.41 11.71 ±2.63

Table 4.3 Mean energy cost of rest and treadmill activities in children as measured by 

the indirect calorimeter, SWA, RTS and IDEEA

Indirect SWA RT3 IDEEA

Calorimeter (kcal.min") (kcal.min") (kcal.min")

Activity (kcal.min") (n = 17 to 22) (n = 17 to 22) (n = 15 to 20)

(n = 15 to 22)

Rest 0.91 ±0.14 0.79 ±0.23 1.01 ±0.17 1.60 ±0.71

3 km.h'" 3.22 ±0.67 3.21 ±1.59 3.30 ±0.93 3.22 ±0.45

6 km/h'" 5.37 ±1.28 4.73 ±1.69 6.49 ±2.11 5.14 ± 1.41

6 km.h'"@10% 7.91 ±2.56 5.00 ± 1.72 6.44 ±1.95 4.73 ±1.06

incline

9 km.h " 9.36 ±2.48 8.46 ±2.83 11.55 ±4.10 8.98 ± 1.15

Similar results emerged for children. Although the IDEEA showed the smallest mean bias 

at 3 km.h'^ (+0.3%), 6 km.h'^(-5%) and 9 km.h'^(-5%), a large standard deviation of the 

mean bias resulted in wide LOA. Limits were narrowest for the SWA at 6 km.h'^ and 9 

km.h'^. The RT3 also overestimated the energy cost of walking at 3 km.h'^ (2%), 6 km.h'^ 

(21%) and running at 9 km.h'^ (23%) in children. In contrast to adults the magnitude of 

the overestimation of EE increased as speed increased.
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All monitors were unable to detect the energy cost of traversing a slope. The RT3, 

however, displayed the smallest bias for this activity. This may be due to its large 

overestimation of the energy cost o f walking on level ground. Apart from the IDEEA at 

rest and at 6 km.h'^ on an incline, correlation coefficients between the three monitors 

and 1C were moderate to good (r = 0.63 to r = 0.91; p <0.01). The lower lim it of the 95% 

confidence interval was as low as 0.27, for the RT3 at 3 km .h '\ however, indicating a 

poor association between the monitor and indirect calorimeter. See Table 4.4 fo r more 

information.

Table 4.4 Limits of agreement and correlations between indirect calorimetry, the SWA, 

the RTS, and the IDEEA for the assessment of rest and treadmill activities (bias and 

LOA reported in kcal.min'^)

Adults

Bias LOA CC [95% Cl]

Children

Bias LOA CC [95% Cl]

Rest SWA 0.14 -0.07 to 0.35 0.86*

[0.71 to 0.94]

-0.07 -0.34 to 0.21 0.71*

[0.32 to 0.90]

RT3 0.28 0.08 to  0.48 0.87*

[0.68 to 0.95]

0.14 -0.07 to 0.34 0.78*

[0.45 to 0.92]

IDEEA 0.31 0.11 to 0.51 0.91*

[0.79 to 0.96]

0.64 -1.06 to 2.33 -0.52

[-0.83 to 0.04]

3km.h’^ SWA 0.56 -0.68 to  1.81 0.72*

[0.46 to 0.86]

-0.01 -2.32 to 2.29 0.75*

[0.47 to 0.89]

RT3 3.30 1.39 to 5.22 0.63*

[0.27 to 0.84]

0.07 -0.91 to  1.06 0.85*

[0.68 to 0.94]

IDEEA 0.03 -0.82 to 0.88 0.74*

[0.48 to 0.88]

0.01 -0.88 to  0.89 0.78*

[0.52 to 0.91]

6km.h'^ SWA -0.10 -1.62 to  1.43 0.78*

[0.57 to 0.91]

-0.64 -2.41 to 1.13 0.82*

[0.62 to  0.92]

RT3 2.66 -1.06 to 6.39 0.69*

[0.37 to 0.87]

1.12 -1.56 to 3.81 0.67*

{0.34 to  0.84]

IDEEA -0.02 -2.56 to 2.51 0.64*

[0.33 to  0.83]

-0.28 -2.15 to  1.59 0.75*

[0.46 to  0.90]

6km.h'^ 

(5) 10%

SWA -4.60 -7.36 t o -1.84 0.79*

[0.58 to 0.90]

-2.91 -6.18 to 0.37 0.71*

[0.42 to  0.87]
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RT3 -2.74 -6.57 to 1.09 0.66* -1.48 -5.13 to  2.18 0.67* [0.35 to

[0.33 to 0.85] 0.85]

IDEEA -5.29 -8.65 t o -1.94 0.74* -3.16 -7.29 to  0.98 0.56

[0.49 to 0.88] [0.16 to 0.80]

9km.h'^ SWA -0.87 -3.27 to 1.54 0.87* -0.91 -3.62 to  1.80 0.80*

[0.73 to 0.94] [0.53 to  0.93]

RT3 4.35 -1.02 to 9.72 0.68* 2.18 -2.33 to  6.70 0.83*

[0.36 to  0.86] [0.59 to  0.94]

IDEEA 0.33 -4.06 to 4.71 0.67* -0.48 -4.64 to  3.69 0.69*

[0.37 to 0.84] [0.27 to  0.89]

*p<0.01. Sample sizes range from n = 13 to  n = 26 for all activities.

LOA, limits of agreement; CC, correlation coefficient; Cl, confidence intervals.

4.4 Discussion

This study provides a comparative evaluation of three monitors that provide direct 

outputs of EE in small epochs. Results indicate that the SWA provides the best estimate 

of EE in both adults and children. The SWA demonstrated the closest agreement w/ith a 

criterion measure of EE for four out of five activities in adults and three out o f five 

activities in children.

The field of accelerometer research focuses, to  a large extent, on the use of counts to 

record physical activity data. Variation in methods of data collection, processing, 

filtering and scaling, how/ever, means that counts cannot be compared across different 

models of accelerometers (Chen and Bassett, 2005). Counts are also a meaningless value 

unless converted into a more interpretable unit. Recent research indicates that EE, as 

opposed to  time spent in activity, predicts health related outcomes (Garber et al., 2011). 

Reporting exercise volume in terms of EE may therefore provide data regarding the 

dose-response relationship between activity and health as well as providing a common 

unit against which both traditional accelerometers and newer accelerometry-based 

devices can be compared.

As reported in previous studies (Arvidsson et al., 2011a, Arvidsson et al., 2007), the 

SWA underestimated the energy cost o f treadmill activities in children. Although the
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magnitude of the underestimation was not the same across speeds, results from a 

previous study (Arvidsson et al., 2011a) and the current study agreed that the 

magnitude of the bias was independent o f speed. Critically, the non-systematic effect of 

speed on the bias between methods indicates that the bias cannot be easily corrected 

for by applying a correction factor. Activities were performed in a random order to 

reduce any sources of unknown bias on results. It is not known, however, if this 

randomisation impacted the association between speed and bias.

Comparisons of the IDEEA and the SWA in children have revealed the IDEEA to provide 

a better estimation of EE, in terms of mean bias, during track and treadmill locomotion 

(Arvidsson et al., 2011a, Arvidsson et al., 2009b). These studies did not report LOA, 

however. If conclusions from the current study were based on the mean bias alone, the 

IDEEA would be considered most accurate at 3 km.h‘\  6 km.h'^ and 9 km .h '\ The LOA 

clearly show, however, that there was closer agreement between the SWA and indirect 

calorimetry at 6 km.h'^and 9 km.h ^ demonstrating that bias alone does not accurately 

portray the level of agreement between measures. Sun et al. (2008) reported that the 

RTS overestimated the energy cost of children walking at 3 km.h'^ and 6 km.h'^ by 54% 

and 96%, respectively. Although the RTS also overestimated EE at these speeds in the 

current study, a smaller mean bias was found; +2% and +21%, respectively. Kavouras et 

al. (2008) and Hussey et al. (2009), however, reported that the RTS underestimated EE 

at 6 km.h \  As LOA were not reported by any of these studies it is difficult to comment 

on the ir findings in relation to  the results of this study.

Variations in statistical analysis aside, contradictory results between studies may be due 

to differences in the age range of participants. Although the SWA appeared the most 

accurate measure in both adults and children, LOA calculated in this study were wider 

fo r children than adults for all activities. The accuracy of proprietary equations depends 

on the sample population in which they are developed. Not only may equations 

developed on adults not be applicable to children, changes in children's walking 

patterns w ith age (Bjornson et al., 2011) may reduce the accuracy of the monitors 

across childhood and adolescence. The RTS, IDEEA and SWA have been validated in 

children aged 7-14 yr, 8-17 yr, and 8-15 yr, respectively (Hussey et a!., 2009, Sun et al., 

2008, Zhang et al., 2004, Kavouras et al., 2008, Arvidsson et al., 2011a, Arvidsson et al., 

2009b, Arvidsson et al., 2007, Arvidsson et al., 2009a, Calabro et al., 2009, Dorminy et
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al., 2008). This study provides a unique evaluation of these monitors in children aged 6 

to 17 years.

To date validation of the SWA (v6.1) during locomotion has only been conducted on 

endurance athletes (Drenowatz and Eisenmann, 2011, Koehler et al., 2011). Although 

the participants in the current study may be more representative of the general 

population, the results of the current study indicate that, as reported for endurance 

athletes, the SWA underestimates the energy cost of running. It has been suggested that 

the SWA's estimation of EE plateaus at an intensity equivalent of 10 MET (Drenowatz 

and Eisenmann, 2011). When adults in the current study were running at 9km.h'^ they 

were exercising at a mean intensity of 11.68 MET. Despite this, of all the activities, the 

SWA agreed best w ith 1C at 9km.h‘  ̂ (LOA: -29% to 13%), suggesting that exercising above 

10 MET did not decrease the accuracy of the SWA in this study. Although a newer 

version of the SWA software (v7.0) has been released since this study was conducted 

the manufacturers indicate that the algorithms included in v7.0 do not differ from those 

in v6.1 (written communication).

The three monitors assessed in this study provide an estimation of total EE which 

includes a resting EE component. As resting EE can account for up to 60% of total EE 

(Levine, 2005), if a monitor is unable to accurately predict resting EE it is likely that its 

measure of total EE will also be inaccurate. This is the first study to report on the ability 

of the RT3 to measure resting EE in adults and children. Only one study has evaluated 

the IDEEA as a measure of resting EE and although only a small overestimation of EE by 

the IDEEA was reported (10%) LOA were not calculated (Arvidsson et al., 2009b). The 

RT3 was the most accurate at measuring resting EE in adults and children in the current 

study. Despite this, EE was overestimated by 29% and 15% with LOA of 8% to  49% and - 

8% to  37% in adults and children, respectively. The large overestimation of resting EE, 

wide LOA (-116% to 256% of mean EE), and poor correlation (-0.52) observed for IDEEA 

data on children may have been caused by three extreme recordings for resting EE (0 

kcal.min \  2.33 kcal.min'^ and 3.59 kcal.min'^). As there was no explanation for these 

values and data recorded from the same children for the remaining activities was not 

extreme, the removal o f these children from data analysis was not justified. The decision 

not to  remove this data from analyses was supported by Arvidsson et al. (2009a) who 

also reported that the IDEEA gave extreme values for resting EE in children. Despite the 

small bias between the IDEEA and indirect calorimetry for many activities, the IDEEA
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needs to  be consistently accurate for it to  be considered an acceptable method of 

measuring EE. Monitor malfunction and non-compliance, although anecdotally common, 

are often underreported in studies. It is vital that information on the feasibility of 

monitors is included in reports as it is an important consideration in monitor selection 

(Trost et al., 2005).

Of the three monitors the IDEEA took the longest time to  initiate because of the 

calibration required. Some participants, particularly children, experienced discomfort 

from the foot sensors of the IDEEA. The IDEEA is also the most difficult of the monitors 

to attach. The difficulty involved in reattaching the monitor following washing may 

reduce compliance w ith it. There was no data missing for the analysis of the SWA. The 

armband occasionally became loose, however, and had to  be refitted. Participants 

generally remarked that the SWA and the RT3 were comfortable and discrete.

4.4.1 Limitations

This study is limited by the lack of free-living activities in the protocol. Locomotor 

activity, however, is the predominant activity in a person's day. Therefore the validation 

of accelerometers during this activity is of primary importance (Welk, 2005). The 

accuracy of a monitor should also be assessed across a range of physical activity 

intensities, including inactivity (Matthew, 2005), all of which were captured in this 

study. Future studies should comparatively evaluate these monitors during free-living 

activities.

A further lim itation of this study was the comparison of EE during steady-state exercise. 

Adults and children require 3-6 min to reach a steady-state work rate (Turley and 

Wilmore, 1997). Habitual physical activity is usually accrued in a sporadic manner, 

however, particularly by children (Mark and Janssen, 2009). Reliance on steady-state 

data means that the ability of activity monitors to  accurately record the energy cost of 

non-steady-state exercise during short bursts of activity was not tested. Also, as heart- 

rate was not monitored during the 5 min rest periods it is not known if participants fully 

recovered between activities. Research suggests that adults and children recover from 

submaximal exercise in 3-5 min, however (Turley and Wilmore, 1997).
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4.5 Conclusion

In conclusion, many factors are involved in selecting an activity monitor including the 

research hypothesis, feasibility, validity and the burden on participants and researchers 

(Welk, 2005). This comparative evaluation reveals that the SWA appears to  provide the 

most accurate estimation of EE in adults and children. It also appears to be a feasible 

method o f measuring habitual physical activity with little or no monitor malfunction or 

participant discomfort reported.

These results should not be extrapolated to people w ith cerebral palsy however. Not 

only may accelerometry-based devices be unable to detect the abnormal movement 

patterns associated w ith cerebral palsy the inbuilt proprietary algorithms may not be 

appropriate to  estimate the energy cost of locomotion for people with cerebral palsy. 

The next chapter will examine the criterion and concurrent validity o f the SWA, the RTS 

and the IDEEA at estimating energy expenditure in adults and children with cerebral 

palsy.
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Chapter 5 Study 2: Estimation of energy expenditure 

by accelerometry-based devices in adults and children 

with cerebral palsy

5.1 Introduction

Children w ith cerebral palsy (CP) have an increased energy cost of locomotion compared 

to  typically developing (TD) children (Brehm et al., 2007, Dallmeijer and Brehm, 2011). 

This increased energy cost of walking is associated with difficulties in performing 

everyday tasks (Kerr et al., 2008) and low levels o f habitual physical activity (Maltais et 

al., 2005a). Physical activity is not only important for the prevention o f chronic disease 

(Strong et al., 2005, Garber et al., 2011), it may stem the premature decline in function 

and loss of mobility experienced by many adults with CP (Damiano, 2006, Fowler et al., 

2007, Opheim et al., 2009, Bottos et al., 2001). Interventions such as surgery improve 

the energy efficiency of gait and gross motor function (Kerr et al., 2011). Further 

investigation is required however, into the effectiveness of interventions at increasing 

everyday physical activity. To accurately assess habitual physical activity valid and 

feasible tools are necessary to  estimate energy expenditure (EE) in people with CP. Few 

validated methods currently exist (Clanchy et al., 2011b).

Previous methods used to measure physical activity in people with CP include subjective 

questionnaires (Maher et al., 2007, Zwier et al., 2010, Martin et al., 2012), doubly- 

labelled water (DLW) (Bell and Davies, 2010, van den Berg-Emons et al., 1995), heart- 

rate (HR) monitoring (Maltais et al., 2005a, Van den Berg-Emons et al., 1998a), and 

pedometers (Bjornson et al., 2007, Stevens et al., 2010). Each of these has inherent 

limitations. Subjective measures are subject to recall bias (Bringolf-lsler et al., 2012) 

resulting in significant overestimation of daily moderate-to-vigorous activity (Atienza et 

al., 2011). They also may not capture the short, sporadic bursts of activity that children 

typically perform (Bailey et al., 1995). Although an objective measure of EE, DLW is an 

expensive technique and is often unfeasible to use in studies with large numbers of 

participants. In addition it does not provide information about patterns o f physical 

activity. HR is influenced by factors other than participation in physical activity, such as
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medication, environmental factors and emotional state, thereby reducing the accuracy 

of EE estimation from HR monitoring. There is also considerable inter-individual 

variation in the relationship between HR and EE. While individual calibration of HR 

against oxygen consumption [e.g. HR-flex method] can improve the accuracy of HR 

monitoring at measuring EE (Van Den Berg-Emons et al., 1996c) it reduces its feasibility 

in large, community-based studies. Pedometers are useful as motivational tools to 

monitor or promote activity but they provide little information about the intensity or 

energy cost of activity.

Accelerometry-based devices have been used to measure habitual physical activity in 

large population-based studies (Atienza et al., 2011, Luke et al., 2011). Although they 

have been validated for use in different segments of the population little has been done 

to test their use in adults and children w ith CP. Traditional accelerometers are worn on 

the hip and measure the magnitude o f the body's acceleration. Raw data are provided 

in terms of accelerometer 'counts'. Calibration is required to  convert counts into a 

meaningful estimate o f EE or to identify count cut-off points that allow categorisation of 

activity into light, moderate and vigorous intensity. Advances in technology and 

modelling techniques have led to  the development of new pattern recognition devices 

that provide alternative ways of measuring and evaluating physical activity. These 

advanced accelerometry-based devices use different inputs to as,sess physical activity. 

They may therefore improve the assessment of physical activity, particularly in people 

with CP, whose biomechanical efficiency is different to that of able-bodied people.

The Sensewear Pro Armband (SWA) (Bodymedia, Inc.) and the Intelligent Device for 

Energy Expenditure and Activity (IDEEA) (Minisun, LLC) are tw o such devices. The SWA is 

a multisensor device, worn on the upper arm that combines accelerometry data with 

information from several heat-related channels. Recent studies have demonstrated that 

it provides more accurate estimates o f EE than traditional accelerometers in adults and 

children (Ryan and Gormley, 2013, Welk, 2007). The inclusion of heat-related variables 

may also improve the estimation of the energy cost of locomotion associated with CP. 

The IDEEA collects data from five accelerometer sensors, which are attached to  the 

chest, anterior aspects of both thighs and soles of the feet. The ability of the IDEEA to 

detect 35 postures and define temporal-spatial gait parameters sets it apart from other 

accelerometers.
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Two recent studies have evaluated the valid ity o f the IDEEA and a trad itional 

accelerometer at assessing physical activity in children w ith  CP (Aviram et al., 2011, 

Clanchy et al., 2011a). W ith so many accelerometry-based devices on the market, 

however, it is no longer sufficient to  simply validate a m onitor. It is im portant to 

demonstrate tha t newly released models improve upon established devices.

5.2 Objective

The present study aims to  evaluate the valid ity o f advanced accelerometry-based 

devices at estimating EE in adults and children w ith  CP, compared to  a trad itional 

accelerometer. It is hypothesised tha t the advanced, m ultisensor devices w ill more 

accurately assess EE compared to  a trad itional accelerometer.

5.3 Methodology

5.3.1 Sampling and participants

Am bulant children (>6 years) and adults (>18 years) w ith  a medically confirmed 

diagnosis of CP were recruited fo r this study through the Central Remedial Clinic (CRC); a 

national centre tha t provides services fo r adults and children w ith  disabilities. Individuals 

w ith  a severe cognitive impairment, uncontrolled epilepsy or seizure activity, or an acute 

lower limb injury were excluded from  participating. Physiotherapists provided seventy- 

nine eligible participants w ith  inform ation about the study over a period o f nine months. 

Thirty-six people agreed to participate in the study.

Participants were classified as level I, II or III on the Gross M o to r Function Classification 

System (GMFCS) by th e ir physiotherapist. All participants completed the Physical 

Activity Readiness Questionnaire to  screen fo r conditions contraindicating participation 

in exercise (Shephard, 1988). The procedures and risks involved in the study were fu lly 

explained to  participants and the ir guardians, if the participant was under 18 years of 

age or had an intellectual disability. W ritten informed consent was provided before 

testing proceeded. Ethical approval fo r this study was granted by the Faculty o f Health 

Sciences and the CRC's ethics committee.
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5.3.2 Instrumentation

The RT3, SWA and IDEEA have been described in sections 3.3.1.1, 3.3.1.2, and 3.3.1.3, 

respectively. Oxygen uptake, m easured by the  Oxycon M ob ile  po rtab le  ind irec t 

ca lo rim e te r (Carefusion G erm any 234 GmBh, Hoechberg, Germany) (Figure 5.1), was 

converted  in to  EE using W eir's  equa tion  (W e ir et al., 2010). The Oxycon has been show/n 

to  be an accurate measure o f oxygen uptake (Rosdahl e t a!., 2010) and has been used 

previously as a c rite rion  m easure o f EE in ch ildren and adults (D renow atz and 

Eisenmann, 2011). It consists o f a so ft, flex ib le  facem ask and an analyser u n it (950g) th a t 

is a ttached to  a chest harness w o rn  by the  pa rtic ipan t (Figure 5.1). Expired a ir is 

channeled th rough  a b id irec tiona l d ig ita l vo lum e sensor. Gas concentra tions are 

co llected w ith  a Nafion sam pling tube . Partic ipants also w o re  a Polar hea rt-ra te  m o n ito r 

th ro u g h o u t th e  test. Gas, flo w  and hea rt-ra te  data w ere sent te le m e trica lly  to  the  

ca lib ra tion  and receiver u n it w hich is connected to  a personal co m p u te r be fore  being 

processed in the  PC-software (JLAB, Carefusion G erm any 234 GmbH, Hoechberg, 

Germ any). V o lum e ca lib ra tion , am b ien t gas ca lib ra tion  and reference gas ca lib ra tion  

(re ference gas tank: 16% O 2, 5% CO2 ) w e re  perfo rm ed im m ed ia te ly  p rio r to  each tes t 

using the  bu ilt- in  au tom ated  procedures.

Figure 5.1 Oxycon Mobile portable indirect calorimeter
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5.3.3 Protocol

Participants attended a physiotherapy gym on one occasion where their height, to  the 

nearest 0.5 cm, and weight, to the nearest 0.1 kg, (SECA, digital scales) were measured. 

The activity monitors and the Oxycon were configured for each participant using their 

anthropometric and demographic details, and attached to  each participant. In the case 

o f significant asymmetry the RT3 and SWA were attached to  the least affected side. 

Participants rested for 10 min before completing a series o f activities. Activities were 

selected following pilot testing to represent locomotor activity that covered a variety of 

intensities while still being safe for participants to complete. Activities included walking 

on a 70 m corridor at maximal effort for 6 min, and walking on a calibrated treadmill at 

treadmill speeds of 1.0 km.h'^ 2.0 km.h \  and 4.0 km.h'^ at a 0% incline, and 1.0 km.h'^ 

at a 5% incline. Children did not complete treadmill walking at 4.0 km.h'^. All participants 

were given a 5 min familiarisation period with the treadmill before completing the 

treadmill activities. Participants rested in a seated position between each activity until 

their heart-rate and oxygen consumption returned to baseline values.

5.3.4 Data processing

EE from the Oxycon was observed in 30-s epochs. Data from the SWA and RT3 were 

recorded in 1-min epochs. Data from the IDEEA were observed in 1-s epochs. The 

Oxycon and each activity monitor was synchronised with a single laptop clock and exact 

start and stop times of each activity were recorded from this clock. Following 

completion of the protocol data were downloaded from the three monitors. Data were 

examined visually to check for malfunctioning units, tim e synchronisation and abnormal 

outputs. One's child over-ground walking data and one adult's treadmill walking data at 

1.0 km.h’  ̂at 5% incline were removed because of a problem with the Oxycon during 

these activities. RT3 data were not obtained from one adult and IDEEA data were not 

obtained from tw o adults because of equipment malfunction. One child's SWA data for 

treadmill walking at 2 km.h'^and one adult's SWA data for treadmill walking at 1 km.h'^ 

and 1 km.h’  ̂at 5% incline were removed because of abnormal data obtained during 

these activities. Final sample sizes ranged from n=8 to n=18 for adults and n=10 to n=18 

for children. The final 2 min of EE data (kcal.min’ )̂ from each activity were extracted 

and averaged over the 2 min period. Mean EE, in kcal.min \  from each activity was used 

in data analysis.
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5.3.5 Statistical Analysis

Descriptive variables are presented as mean ± standard deviation. A one-way repeated 

measures ANOVA was used to detect differences in EE between methods (statistical 

significance was set at p <0.05). Post-hoc analyses using paired t-tests with the 

Bonferroni correction were conducted to  examine specific differences in EE between 

each monitor and the Oxycon. The mean absolute percentage error was calculated for 

individual activities based on the absolute value of the individual errors. This method 

reflects the true error in estimation and provides the most appropriate indicator of 

overall error.

Further analyses were conducted to examine the level of agreement between measures. 

Pearson product moment correlation coefficients were calculated to evaluate the 

association between EE from each monitor and the Oxycon. EE for each participant was 

averaged across each activity to provide three correlation coefficients for the RT3, SWA 

and IDEEA, respectively, fo r adults and children. Bland-Altman plots (Bland and Altman, 

1986) were also calculated to examine the level of agreement between each monitor 

and the Oxycon across the range of activities. Limits of agreement were calculated as 

1.96 SD from the overall mean bias between the Oxycon and each monitor. Statistical 

analysis was performed using Analyse-lt fo r Microsoft Excel, version 2.26.

5.4 Results

Descriptive characteristics for adults and children across GMFCS level are presented in 

Table 5.1. Participants were predominantly male (10 men and 10 boys). Fifteen adults 

(83%) and 13 children (72%) used no ambulatory aid. One adult walked with a 3- 

wheeled rollator, one adult walked with a stick, one adult and two children walked with 

2 elbow crutches and three children walked w ith the aid of a K-waiker. Seven children 

(39%) and ten adults (56%) had bilateral spastic CP; the remaining participants had 

unilateral spastic CP. Approximately 39% (n = 7) of adults were overweight or obese 

(BMI >25kg.m'^) and approximately 33% of children (n = 6) were classified as overweight 

or obese according to the lOTF criteria Due to  the variation in gross motor function 

between participants not all participants completed all treadmill activities: 14 adults 

completed treadmill walking at 1.0 km.h ^ 1.0 km.h'^ at 5% incline, and 2.0 km.h \



respectively; 9 adults completed treadm ill walking at 4.0 km .h’ ;̂ 15, 13 and 11 children, 

respectively, completed treadm ill walking at 1.0 km.h \  1.0 km.h'^ at a 5% incline, and 

2.0 km.h'^.

Repeated measures ANOVA revealed a significant m on ito r effect on EE fo r all activities 

except fo r over-ground walking in children. Post-hoc analyses fo r adults revealed tha t 

the SWA significantly underestim ated resting EE and overestim ated EE during treadm ill 

walking at 1.0 km.h'^ at 0% and 5% incline; the RT3 underestim ated EE during treadm ill 

walking at 1.0 km.h'^ at 0% and at 5% incline; the IDEEA underestim ated EE during over

ground walking (all p <0.01) (Table 5.2). In children, the SWA underestim ated resting EE 

and the RT3 underestim ated EE fo r all treadm ill activities (all p <0.01).
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Table 5.1 Characteristics of adults and children across levels of Gross Motor Function Classification System (GMFCS)

A d u l t s

All G M F C S  I G M F C S  11 G M F C S  I

C h i l d r e n

All G M F C S  I G M F C S G M F C S

A g e  (yr )  

W e i g h t  ( kg)  

H e i g h t  ( c m )  

B M I  ( k g . m  ^)

18

31.9 ±9.5

25.3 ±4.8

28.1 ±7.8

24.6 ±3.8

34.9 ± 10.7 39.0 ±8.5

18

11.4 + 3.2

10

11.5 ±3.8 10.0 ± 2.2

25.9 ±5.9 26.6 ±7.1 20.0 ±4.5 20.0 ±5.2 18.5 ±1.8

12.5 ±1.9

68.2 ±13.5 69.0 ± 13.3 67.8 ± 16.2 65.8 ±10.2 44.6 ± 16.9 46.5 ± 20.9 37.0 ± 12.0 47.3 ± 8.2

163.9 ± 10.3 166.6 + 9.3 162.0 ± 12.2 158.5 ± 9.2 147.0 ±18.5 149.5 ± 21.1 140.0 ±20.1 147.6 ± 10.3

21.9 ±4.7
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Table 5.2 M ean energy expenditure (kcal.min-1) for each activity and differences (kcal.min-1) betw een m ethods. All reported as mean ± SD

1C SWA IC-SWA RT3 IC-RT3 IDEEA IC-IDEEA

Adults

n 9 to 18 8 to 18 8 to 18 9 to 17 9 to 17 9 to 16 9 to 16

Rest 1.27 ±0.28 1.09 ±0.15 0.19 ±0.27* 1.21 ±0.16 0.04 ±0.24 1.07 ±0.45 0.22 ±0.42

Walk (overground) 6.69 ±2.04 6.88 ± 1.60 -0.85 ±2.32 7.52 ±2.25 -0.85 ±2.32 5.04 ± 1.14 1.78 ±2.22*

Walk (1.0 km.h \  0%) 3.14 ±0.84 5.32 ±2.48 -2.13 ±1.97* 2.14 ±0.54 0.99 ±0.48* 2.72 ± 1.17 0.40 ± 1.05

Walk (1.0 km.h ^ 5%) 3.45 ±0.85 6.09 ±2.72 -2.64 ±2.19* 2.08 +0.43 1.38 ±0.67* 2.59 ±1.09 0.91 ±1.06

Walk (2.0 km.h \  0%) 3.90 ±0.93 5.28 ± 2.89 -1.38 ±2.64 3.13 ±0.96 0.77 ±1.18 3.22 ±0.80 0.78 ±1.07

Walk (4.0 km.h \  0%) 5.10 ± 1.21 6.07 ± 1.97 -0.89 ± 2.09 4.98 ±0.93 0.12 ±0.83 4.48 ± 1.48 0.62 ± 1.90

Children

n 11 to 18 10 to 18 10 to 18 11 to 18 11 to 18 11 to 18 11 to 18

Rest 1.06 ±0.33 0.79 ±0.28 0.28 ±0.30* 1.03 ±0.19 0.04 ±0.25 1.49 ±0.81 -0.43 ±0.76

Walk (overground) 4.56 ± 1.47 4.39 ± 1.89 0.17 ±1.54 4.33 ± 1.64 0.23 ±0.92 3.92 ±1.46 0.64 ± 1.74
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Walk (1.0 km.h \  0%) 2.52 ±0.82 2.67 ± 1.00 -0.03 ±0.71

Walk (1.0 km.h \  5%) 2.73 ± 1.08 3.50 ± 2.04 -0.63 ± 1.43

W alk(2.0km .h \0 % ) 3.11 ± 1.29 3.57 ± 1.56 -0.28 ±1.31

1C, Oxycon indirect calorimeter

1.79 ±0.46 

1.86 ±0.52 

2.20 ±0.71

0.73 ±0.47* 

0.87 ±0.61* 

0.91 ±0.70*

2.50 ±0.58 

2.32 ±0.91 

2.83 ±0.69

0.02 ±0.78 

0.41 ±1.25 

0.28 ±1.10
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In adults, the mean absolute percentage e rro r fo r individual activities ranged from  8.2% 

to  74.9% fo r the SWA (mean 35.5%), from  0.4% to  37.9% fo r the RT3 (mean 17.2%), and 

from  8.4% to  24.5% fo r the IDEEA (mean 16.3%). The errors in EE fo r the SWA and the 

RT3 were  largest fo r treadm ill w^alking at 1.0 km .h'^at 0% incline and at 5% incline.

Errors in EE estimates from  the IDEEA did not vary considerably across activities (Figure 

5.2). In children, the mean absolute percentage e rror fo r individual activities ranged 

from  0.9% to  23.0% fo r the SWA (mean 12.4%), from  2.5% to  26.9% fo r the RT3 (mean 

17.0%), and from  1.0% to  46.5% fo r the IDEEA (mean 12.5%) (Figure 5.3). The e rror in EE 

estim ation from  the IDEEA was much larger fo r rest compared to  treadm ill activities. 

This may be a ttribu ted  to  an extrem e value o f 4.41 kcal.m in’  ̂recorded by the IDEEA fo r 

one child. When th is was removed the mean absolute percentage e rror reduced from  

46.5% to  36.2% fo r rest, and from  12.5% to  10.5% fo r all activities combined.

□  ID E E A

Activity

Figure 5.2 Mean absolute percentage error of the SWA, RT3 and IDEEA for adults
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Figure 5.3 Mean absolute percentage error of the SWA, RT3 and IDEEA for children

Correlation coefficients between each monitor and the 1C for adults were 0.27 (95% Cl: - 

0.23 to  0.65), 0.60 (95% Cl: 0.16 to 0.84) and 0.22 (95% Cl: -0.31 to 0.65) for the SWA, 

RT3 and IDEEA, respectively. For children correlation coefficients were 0.79 (95% Cl: 0.52 

to 0.92), 0.93 (95% Cl: 0.82 to 0.97) and 0.28 (-0.22 to 0.66) for the SWA, RT3 and IDEEA, 

respectively. In adults, the overall mean bias and the limits of agreement were smallest 

fo r the RT3 (0.4 kcal.min'^ and -2.4 kcal.min’  ̂to 3.1 kcal.min‘\  respectively) (Figure 4.4 

B). In children, EE from the SWA demonstrated the smallest mean bias against EE from 

1C (-0.05 kcal.min’ )̂ (Figure 4.5 A). The limits of agreement were narrowest for the RT3, 

however (-0.9 to 1.9 kcal.min'^) (Figure 4.5 B).
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5.5 Discussion

The purpose of this study was to evaluate the validity o f accelerometry-based devices at 

estimating EE in adults and children w ith CP. Although advanced accelerometry-based 

devices were hypothesised to  be more accurate at estimating EE than a traditional 

accelerometer, the RT3 accelerometer demonstrated better agreement with the 

criterion measure, w ith mean correlation coefficients of 0.60 and 0.93 for adults and 

children, respectively. The narrowest limits of agreement, for all activities combined, 

were also calculated for the RT3, fo r adults and children. Despite this the RT3 

significantly underestimated EE for both adults and children (mean difference = 0.35 ± 

1.42 kcal.m in'\ and 0.50 ± 0.71 kcal.min \  respectively, p <0.05). There was also large 

inter-individual variation in estimates o f EE, with limits o f agreement ranging from -60% 

to 77%, of total EE, fo r adults and from -33% to  71%, of tota l EE, for children.

The RT3 underestimated EE for tw o  out of six activities for adults and three out of five 

activities for children. The error in EE estimation from the RT3 ranged from -37.9% to 

+16.7% for adults, and from -26.9% to -2.5% for children, implying that caution must be 

taken when using the RT3 to estimate EE. Validation studies of the RTS in able-bodied 

adults have reported that the RT3 overestimated EE by 21% to 25% during ambulatory 

activities on level ground (Howe et al., 2009). Overestimations of up to 108% have been 

observed for typically developing (TD) children walking on level ground (Sun et a!., 2008, 

Ryan and Gormley, 2013); no study reported the mean absolute percentage error 

however. It is possible that the increased energy cost of locomotion associated with CP 

(Brehm et al., 2007, Dallmeijer and Brehm, 2011) counteracted the tendency for the RT3 

to  overestimate the EE of locomotion in able-bodied people, reducing the magnitude of 

the error in overestimation or resulting in an underestimation for some activities. As 

expected, and in agreement w ith research in able-bodied adults and children (Lyden et 

al., 2011, Sun et al., 2008, Ryan and Gormley, 2013, Jakicic et al., 2004), the RT3 was 

unable to detect the increased energy requirement o f walking on a slope.

In contrast to the results of the current study, the SWA provided the best estimation of 

EE in adults and children w ithout CP (Ryan and Gormley, 2013). Unlike the RT3, the SWA 

overestimated EE for three out of five activities fo r children with CP and five out of six 

activities for adults w ith CP. Although an overestimation o f EE may be counterintuitive, 

considering the higher EE of walking that's associated with CP, it is likely a result of the
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adaptations made to armswing in order to compensate for paresis. In children with 

unilateral CP, armswing on the least affected side is over 50% larger than the armswing 

of TD children (Meyns et al,. 2011). Children with bilateral CP also increase their 

armswing length when attempting to increase walking speed to  compensate for the 

inability to increase leg swing length (Meyns et al., 2011). Validation studies of the SWA 

in adults w ith multiple sclerosis and in adults with chronic stroke reported similar 

overestimations o f EE during ambulation (Coote and O'Dwyer, 2012, Manns and 

Haennel, 2012), w ith larger overestimations reported for adults with multiple sclerosis 

who had minimal impairments compared to those who required a mobility aid (Coote 

and O'Dwyer, 2012).

To date no study has validated accelerometers in adults with CP and only two have 

evaluated their validity in children. Clanchy et al. (2011a) validated count cut-off points 

fo r a hip-worn, traditional accelerometer for estimating activity intensity in children with 

CP. Differences in how raw data are collected, processed, filtered, and scaled means 

that counts cannot be directly compared across accelerometers (Chen and Bassett, 

2005), and it is unknown how this monitor performs in comparison to other 

accelerometers in children with CP. Aviram et al. (2011) reported significantly better 

correlation coefficients for the association between EE from the IDEEA and EE from 

indirect calorimetry (0.70-0.88; p<0.001), than those calculated in the current study. The 

children in the study by Aviram et al. (2011) were significantly younger than the children 

in the current study (mean 6.41 ± 1.90 yr; range 4-10 yr), which may have contributed to 

the discrepancy in the results between studies. Other possible reasons for the 

contradictory results include differences in the level o f motor impairment in the 

samples, differences in the intensities of the activities included in the protocol, and 

differences in the methods used to  extract data. The inaccuracy of the IDEEA in the 

current study may also be due to values of 0 kcal.min'^ been recorded for two people at 

rest and for one person for walking at 1.0 km.h’  ̂at 0% and at 5% incline. No explanation 

could be provided for these abnormal values, and normal values were recorded for 

these participants during the remaining activities. These values were therefore included 

in the analysis. If these values were removed from analysis the mean absolute 

percentage error for the IDEEA reduced from 16.3% to  11.9%, the mean bias reduced 

from 0.8 kcal.min'Ho -0.7 kcal.min‘\  but the correlation coefficient improved only 

marginally to  0.26, and the upper and lower limits o f agreement remained the same.
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Previous studies have reported obtaining extrenne values from the IDEEA, w ith no 

explanation for them (Arvidsson et al., 2009a, Ryan and Gormley, 2013). Although 

removing these values may improve the validity of the IDEEA, validity is inextricably 

linked to reliability. The IDEEA needs to be consistently accurate if it is to  be considered 

an acceptable measure of EE.

A strength of this study was the use o f a standardised protocol of locomotor activities. 

This protocol facilitated comparison w ith a number of validation studies of the RT3, SWA 

and IDEEA in able-bodied adults and children who used track and treadmill walking 

protocols. Locomotor activities are also the primary activities performed in everyday life, 

particularly of the activities that are performed at a moderate-to-vigorous intensity. 

Validation of activity monitors against these activities is therefore of primary 

importance. The use of a reference method of oxygen uptake was also a strength of this 

study, as it allowed the criterion validity as well as the concurrent validity o f the 

monitors to be evaluated.

5.5.1 Limitations

Although this study provides a comprehensive evaluation of the validity of these 

monitors during locomotor activity, caution should be used if drawing conclusions about 

the performance of these monitors during free-living activity. Also as the sample in the 

current study included individuals w ith a range of functional ability it was necessary to 

include a range of intensity levels in order to comprehensively evaluate these monitors 

in all participants. This resulted in a reduction in the number of participants completing 

certain activities and the small sample size did not allow for subgroup analysis across 

levels of functional ability.

5.6 Conclusion

Movement abnormalities associated with CP may diminish the ability of accelerometry- 

based devices to estimate EE in this population. Although multi-sensor, accelerometry- 

based devices have the potential to improve the estimation o f EE in people with 

movement disorders, the results of the current study indicate that a traditional 

accelerometer provides a more accurate estimate of EE in adults and children w ith CP.

All three monitors show large errors for estimating EE and wide limits o f agreement 

however, and should therefore be used w ith caution, particularly when used at an
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individual level. The authors hypothesise that a large degree of the error is a result of 

the inaccuracy o f inbuilt algorithms that were calibrated against data collected in people 

w ithout CP. W ith calibration of CP-specific equations, these monitors may still have the 

potential to accurately estimate EE in adults and children w ith CP.
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Chapter 6 Study 3: Ability of cut-points for the RT3 

accelerometer to detect moderate-to-vigorous physical 

activity in ambulatory children and adults with cerebral 

palsy

6.1 Introduction

Research in to  hab itual levels o f m o d era te -to -v igo ro u s activ ity  (M V P A ), and th e  effects o f 

in te rven tio ns on levels o f M V P A  in adults and children w ith  cerebral palsy (CP), is 

curren tly  lim ited  by th e  lack o f valid and feasib le m easurem ent tools (Clanchy e t al., 

20 11 b ). A cce lero m etry  has gained recognition  as a p o tentia lly  valid and objective  

m ethod  o f m easuring physical activ ity  w ith o u t im posing a large burden on participants. 

Despite th e  large num ber o f acce le rom eters com m ercially  availab le only one  

ac ce le ro m e ter has been va lidated  as a m easure o f physical activ ity in children w ith  CP to  

d ate  (Clanchy e t al., 20 11 a ). As a result, researchers and clinicians w ishing to  m easure  

physical activ ity  in this popu lation  are  unable to  consider o th e r im p o rtan t factors, such 

as price and ease o f use, w hen  choosing a m o n ito r. In C hapter 4  w e reported  th a t  

accelerom etry-based  devices provide an inaccurate es tim ate  o f energy expen d itu re  (EE) 

in adults and children w ith  CP. This is likely due to  th e  use o f p ro p rie ta ry  algorithm s th a t  

have been calibrated  on data collected in ab le -b od ied  adults and children. Calibrating  

pred iction  equations on data collected fro m  adults and children w ith  CP m ay im prove  

th e  ab ility  o f acce le rom eters  to  d e tec t th e  in tensity o f activ ity  in th is population.

The RT3 acce le ro m eter is a tra d itio n a l acce le ro m eter th a t was shown in C h apter 4  to  

provide th e  best ag reem en t w ith  EE fro m  a criterion  m etho d  in adults and children w ith  

CP. A lthough th e  RT3 provides a d irect o u tp u t o f EE, as a trad itio n a l acce le ro m eter it 

also provides raw  data  in counts per unit tim e . This is a m eaningless value unless 

converted  in to  an in te rp re ta b le  unit. It is th e  convention  to  apply count thresholds or 

'cu t-po in ts ' to  acce le ro m eter counts in o rd er to  express raw  data as m inutes spent in 

varying intensities o f physical activ ity. The RT3 has previously been used in this w ay to  

m easure M V PA  in typ ically  develop ing  (TD) children and adults (Hussey e t al., 2007 ,
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Feeney et al., 2011). Two cut-points for MVPA have been derived in TD children 

(Vanhelst et al., 2010a, Rowlands et al., 2004) and one cut-point for MVPA has been 

derived in able-bodied adults (Rowlands et al., 2004). The altered relationship between 

energy expenditure and locomotion observed in children w ith CP may affect the 

relationship between RT3 counts and physical activity intensity however (Dallmeijer and 

Brehm, 2011). W ithout validation these cut-points cannot be applied to people with CP.

6.2 Objective

The current study was conducted to assess the ability of published RT3 cut-points to 

detect MVPA in ambulatory children and adults w ith CP. This study also aimed to 

determine if detection of MVPA could be improved by developing a new cut-point for 

this population.

6.3 Method 

6.3.1 Participants

Children (>6 years) and adults (>18 years) with a medically confirmed diagnosis of CP, 

and classified as level l-lll on the GMFCS were recruited for this study through the 

Central Remedial Clinic (CRC). Individuals with a severe cognitive impairment, 

uncontrolled epilepsy or seizure activity, or an acute lower limb injury were excluded 

from participating. Physiotherapists provided seventy-nine eligible participants with 

information about the study over a period of nine months. Thirty-six people agreed to 

participate in the study.

Participants completed the Physical Activity Readiness Questionnaire to  screen for 

conditions contraindicating participation in exercise (Shephard, 1988). The procedures 

and risks involved in the study were fully explained to  participants and their guardians, if 

the participant was under 18 years of age or had a cognitive deficit. W ritten informed 

consent was provided before testing proceeded. Ethical approval for this study was 

granted by the Faculty o f Health Sciences and the CRC's ethics committee.
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6.3.2 Instruments

The RT3 has been described in section 3.3.1.1. In the current study VM data, in 

counts.min \  collected throughout the protocol were used in data analysis. Oxygen 

consumption (VO2 ), measured w ith the Oxycon Mobile portable indirect calorimeter (1C) 

was used as the criterion measure of physical activity intensity. For more information on 

the Oxycon see Chapter 5, section 5.3.2. The RTS and the Oxycon were initiated using 

software uploaded on the same laptop. Exact start and stop times of each activity were 

noted from the laptop clock.

6.3.3 Procedures

Participants' height, to the nearest 0.5 cm, and weight, to the nearest 0.1 kg, (SECA, 

digital scales) were measured. The RT3 and 1C were configured for each participant using 

their height, weight, sex and age, and attached to each participant. The RT3 was 

attached to  the right hip, or the least affected side of the body in the case of participants 

with significant asymmetry, in the mid-axillary line. Participants then completed a series 

of activities. The activities included a 10 min rest period, a 6 min over-ground walking 

trial, and four, 5 min, treadmill activities at 1.0 km .h '\ 2.0 km .h '\ 4.0 km.h'^and 6.0 

km.h'^. As it is known that accelerometers do not detect the increased energy cost of 

walking on an incline, data collected during treadmill walking at 1.0 km.h'^ at 5% incline 

in study 2, were not included in data analysis. The over-ground walking tria l was 

completed on a 70 m corridor. Participants were instructed to "walk as far as possible 

for 6 min" in order to maximally exert themselves. A researcher walked behind the 

participant during the trial to  monitor comfort and give standardised verbal 

encouragement. All participants were given a 5 min familiarisation period w ith the 

treadmill before completing the treadmill activities. Participants rested in a seated 

position between each activity until their heart-rate and VO2 returned to  baseline values.

6.3.4 Data Processing

On completion of the protocol, data were downloaded from the RT3. VM data from the 

RT3 and VO2 data from the Oxycon were examined visually to check for any indication of 

equipment malfunction. The final 2 min of VO2 and VM data for each activity were 

extracted and used in data analysis. Data are expressed as the mean VO2 and mean VM 

per minute (ml.kg.min'^ and counts.m in'\ respectively). Metabolic equivalent (MET)
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v a lu e s  w e re  c a lcu la te d  fo r  each  a c tiv ity  by d iv id in g  V O 2 by res tin g  m e ta b o lic  ra te  (R M R ).  

R M R  w as  p re d ic te d  fo r  each  p a rtic ip a n t fro m  th e ir  sex, age an d  w e ig h t  using th e  O x fo rd  

e q u a tio n s  (H e n ry , 2 0 0 5 ) .  M E Ts and  c o rre s p o n d in g  V M  (co u n ts .m in '^ ) w e re  th e n  

c a te g o ris e d  as ligh t physical a c tiv ity  (LPA) and  M V P A  using age -s p e c ific  M E T  th re s h o ld s .  

For c h ild re n  LPA w as  d e fin e d  as 2 .0 -2 .9  M E T ; M V P A  w as  d e fin e d  as > 3 .0  M E T . For a d u lts  

a g ed  1 8 -3 9  y ears  LPA w as  2 .4 -4 .7  M E T ; M V P A  w as  > 4 .8  M E T . For a d u lts  aged  4 0 -6 4  

y e a rs  LPA w as  2 .0 -3 .9  M E T ; M V P A  w as  > 4 .0  M E T  (G a rb e r e t  a l., 2 0 1 1 ) . M e a n  V M  

c o u n ts .m in '^ w e re  also c lassified  as ligh t o r  m o d e ra te -to -v ig o ro u s  acco rd in g  to  th e  c u t-  

p o in ts  id e n tif ie d  in T a b le  6 .1 , fo r  c h ild re n  and  a d u lts  re s p e c tiv e ly . A v e ra g e  v e lo c ity  o f  

e ach  p a r tic ip a n t d u rin g  th e  o v e r-g ro u n d  w a lk in g  tr ia l w as  c a lc u la te d  by d iv id in g  th e  to ta l  

d is ta n c e  c o m p le te d  by 6  m in .

6.3.5 Data Analysis

M e a n  ±  s ta n d a rd  d e v ia tio n s  a re  re p o r te d  fo r  all va lu e s . T h e  a b ility  o f  p u b lish ed  c u t-  

p o in ts  to  d e te c t  M V P A  in c h ild re n  and  a d u lts  w ith  CP w as  assessed using a c lass ificatio n  

analys is  w h e re b y  th e  s e n s itiv ity  and  sp e c ific ity  o f  th e  c u t-p o in ts  w e re  d e te rm in e d . False  

p os itives  w e re  d e fin e d  as m in u te s  in LPA in c o rre c tly  c lassified  as M V P A . False n eg a tiv e s  

w e re  d e fin e d  as t im e  in M V P A  in c o rre c tly  c lass ified  as LPA. In a d d itio n  C o h en 's  kappa  

c o e ffic ie n t w a s  used to  assess th e  d e g re e  to  w h ic h  th e  p ub lish ed  c u t-p o in ts  a p p lie d  to  

th e  s a m p le  o f  c h ild re n  and  a d o le s ce n ts  w ith  CP. G o o d  a g re e m e n t w a s  c o n s id e red  as k 

> 0 .7 0 .

A re c e iv e r  o p e ra tin g  c h a ra c te ris tic  (ROC) curve  analys is  w as  c o n d u c te d  to  d e r iv e  a n e w  

RT3 c u t-p o in t  th a t  cou ld  a c c u ra te ly  d e te c t  M V P A  in c h ild re n  and  a d u lts  w ith  CP. A  curve  

w as  c a lc u la te d  by assigning an  in d ic a to r v a r ia b le  to  co u n ts  acco rd in g  to  th e ir  

c o rre s p o n d in g  M E T  in te n s ity  c lass ificatio n  (i.e . 1 = M V P A , 0  = LPA). S en s itiv ity , s pec ific ity  

and  a re a  u n d e r th e  ROC cu rve  (A U C ) va lu e s  w e re  also  c a lc u la te d  fo r  th e  ROC c u rv e -  

d e r iv e d  c u t-p o in t to  d e te rm in e  c lass ificatio n  accuracy . S en s itiv ity , sp e c ific ity , and  A U C  

v a lu e s  o f  > 0 .9 0  (9 0 % ) w e re  c o n s id e red  e x c e lle n t, 0 .8 0 -0 .8 9  (8 0 -8 9 % ) g o o d , and  0 .7 0 -  

0 .7 9  (7 0 -7 9 % ) fa ir . A  d e ta ile d  e x p la n a tio n  o f  ROC cu rve  analysis , in re la t io n  to  

a c c e le ro m e te r  c a lib ra tio n , is p ro v id e d  e ls e w h e re  (Jago e t a l., 2 0 0 7 , W e lk , 2 0 0 5 ) .

A n alyses  w e re  c o n d u c te d  using M e d C a lc  fo r  W in d o w s , ve rs io n  1 2 .2 .1 .0  (M e d C a lc  

S o ftw a re , M a r ia k e rk e , B e lg iu m ) and  A n a ly s e -/t  fo r  M ic ro s o ft  Excel, ve rs io n  2 .2 6 .  

S ta tis tic a l s ign ificance  w as  se t a t  an a lp h a  leve l o f  < 0 .0 5 .
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Table 6.1 Moderate-to-vigorous physical activity cut-points for the RT3 accelerometer 

derived in able-bodied children and adults

Author Sample Criterion Activities

measure

Analysis Cut-point

(Rowlands

a!., 2010a)

n = 19 1C Sitting quietly, Multiple >970

19 boys, 0 hopscotch. regression counts.min'^

girls kicking a ball. Analysis

Mean age: four treadmill

9.5 ± 0.8 yr activities at 4, 

6, 8, and 

lOkm.h'^

oIIc None Resting, Receiver >950

20 boys, 20 playing a operating counts.min‘^

girls parlour game. characteristic

Age range: kicking a ball. curve analysis

10-16 yr four treadmill 

activities at 

1.5, 3, 4, and 

6 km.h'^

n = 15 1C Sitting quietly. Multiple >984

15 men, 0 hopscotch, regression counts.min’^

girls kicking a ball. Analysis

Mean age: four treadmill

20.7 ± 1.4 activities at 4,

yr 6, 8, and 

10 km.h'^

1C, indirect calorimeter

6.4 Results

Thirty-six adults and forty-three children w/ere identified as eligible to participate in the

study, 18 adults and 18 children agreed to  participate. RT3 data were not obtained from

one adult because of equipment malfunction. Due to the range o f motor impairment in

the sample not all participants completed every activity. In addition the Oxycon Mobile

134



fa iled  to  record data fo r one partic ipan t during th e  over-ground w alking tria l. A t least 

one bout o f M VPA was recorded in all participants how ever, resulting in 49  bouts o f 

M V P A  fo r adults and 30  bouts o f M V P A  fo r children.

Partic ipants' (9 m en and 10 boys) age, height, w e ig h t and B M I across GMFCS level are  

presented  in Tab le 6.2 . F ifteen adults (88% ) and 13 (72% ) children used no am bu lato ry  

aid. O ne adu lt w alked  w ith  a 3 -w h ee led  ro lla tor, 1 adu lt w alked  w ith  a stick, tw o  

children w alked w ith  2 e lb ow  crutches and th re e  children w alked  w ith  th e  aid o f a K- 

w alker. Seven children (39% ) and 9 adults (53% ) had b ilatera l spastic CP; th e  rem ain ing  

participants had un ilatera l spastic CP. A p p ro xim ate ly  41%  (n = 7) o f adults w ere  

o verw e igh t o r obese (B M I > 25k g .m ‘ )̂ and ap p ro xim ate ly  33%  o f children (n = 6) w ere  

classified as overw eigh t o r obese according to  th e  IOTP criteria  (Cole e t al., 2000 ). V O 2 in 

ml.kg.m in'^ and METs, and V M  recorded fo r all activ ities are  presented  in Table 6.3 . 

Increases in M ET values coincided w ith  an increase in V M  counts across activities. The  

tw o  cut-points fo r children d etec ted  21 o u t o f 30  bouts (70 .0% ) o f M VP A  in children and 

adolescents w ith  CP (see Table 6 .4 ). A kappa coeffic ient o f 0 .5 5  (95%  Cl: 0 .3 2  - 0 .77; p 

< 0 .0 0 0 1 ) was calculated fo r th e  Vanhelst cu t-p o in t. The kappa coeffic ient fo r th e  

Rowlands cu t-p o in t was 0 .5 9  (95%  Cl: 0 .3 8  - 0 .80 ; p < 0 .0 0 0 1 ). The ROC curve analysis 

iden tified  an optim al cu t-p o in t of 68 9  counts .m in '^for d iscrim inating b e tw ee n  M V PA  

and LPA. This threshold  resulted in a sensitivity o f 83 .3% , a specificity o f 86 .7%  and an 

AUC value o f 89 .6%  (95%  Cl = 77 .4  - 96 .6% ).

The cu t-po in t fo r adults d etec ted  83 .9%  o f M V P A  in adults w ith  CP (Table 6 .4 ), resulting  

in a kappa coeffic ient o f 0 .7 3  (95%  Cl: 0 .57  - 0 .88; p < 0 .0 0 0 1 ). ROC curve analysis derived  

a cu t-p o in t o f 11 00 .5  counts .m in ’  ̂(Table 6 .4 ), w hich resulted in an AUC o f 91 .8%  (95%

Cl: 8 1 .5 -9 7 .4 % ) .
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Table 6.2 Descriptive characteristics for participants across Gross M otor Function Classification Scale (GMFCS) level

Total GMFCS Level! GMFCS Level!! GMFCS Level

Children

n 18 10 4 4

Age(yr) 11.4 ±3.2 11.5 ±3.8 10.0 ±2.2 12.5 ± 1.9

Height (cm) 147.0 ± 18.5 149.5 ±21.1 140.0 ± 20.1 147.6 ±10.3

Body mass (!<g) 44.6 ± 16.9 46.5 ±20.9 37.0 ± 12.0 47.3 ±8.2

BM!(kg.m'^) 20.0 ±4.5 19.8 ± 5.2 18.5 ± 1.8 21.9 ±4.7

Adults

~n 17 9 7 1

Age(yr) 31.9 ±9.8 28.1 ±7.8 34.9 ±10.7 45*

Height (cm) 68.7 ± 13.7 166.± 6 9.3 162.0 ±12.2 152*

Body mass (kg) 163.9 ± 10.7 69.0 ± 13.3 67.8 ± 16.2 73*

BMI(kg.m'^) 25.6 ±4.8 24.6 ± 3.8 25.9 ± 5.9 31.6*

*unable to calculate mean ± standard deviation as there was only one person in this group
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Table 6.3 Mean walking speed, oxygen consumption, and VM  counts for rest, the over-ground walking trial, and treadmill activities

Speed km.h^ n (GMFCS level [l/ ll/ lll]) VO2 ml.kg.min^ VO2  METs VM counts.min^

Children

Activity

Rest 18 (10/4/4) 5.4 ± 1.6 1.2 10.3 9.3115.4

Over-ground walking 3.6 ± 1.3 17 (9/4/4) 22.4 ±6.0 5.011.1 2027.7 1724.0

Treadmill walking 1.0 15(9/3/3) 11.7 + 2.5 2.610.5 464. 71  166.1

Treadmill walking 2.0 11 (7/3/2) 13.7 + 2.5 3.110.8 678.31201.8

Treadmill walking/jogging 4.0 5(5 /0 /0 ) 15.915.7 3.511.1 1402.4 1 352.9

Treadmill walking/jogging 6.0 2(2 /0 /0 ) - - -

Adults

Activity

Rest 17 (9/7/1) 3 .811.0 1.210.3 13.6127.2

Over-ground walking 4 .211 .2 17 (9/7/1) 20.317.4 6 .411.9 2515.71858.8

Treadmill walking 1.0 15 (9/6/0) 10.413.5 3.311.1 448.01292.3

Treadmill walking 2.0 14 (9/5/0) 12.714.5 4.011.3 894.51467.5

Treadmill walking/jogging 4.0 9(8 /1 /0) 17.113.6 5.511.1 1575.81269.4

Treadmill walking/jogging 6.0 5 (5 /0 /0 ) 25.715.3 8.111.7 3493.712032.2
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Note: unable to  calculate mean and standard deviation for children during treadmill walking/jogging at 6.0 km.h'^ due to the small number of participants who 
completed this activity
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Table 6.4 Sensitivity and specificity for the cut-points developed in the current study 

and for published cut-points calibrated on able-bodied children and adults

Study Cut-point (counts.min'^) Sensitivity (%) Specificity (%)

Children

Current study >689 83.3 86.7

Rowlands et al. (2004) >970 70.0 94.4

Vanhelst et al. (2010) >950 70.0 88.9

Adults

Current Study >1100.5 83.9 88.9

Rowlands et al. (2004) >984 83.9 88.6

6.5 Discussion

The aim of the present study was firstly to evaluate the ability of RT3 cut-points, 

calibrated in able-bodied children and adults, to detect MVPA in children and adults 

with CP. As expected, increasing MET values corresponded with increasing VM counts 

across all activities. Only 70% of MVPA was detected when published cut-points were 

applied to RT3 data recorded in children with CP however. The health benefits 

associated with MVPA are not associated with light physical activity or total physical 

activity (Janssen and Leblanc, 2010). It is therefore important that a measure of physical 

activity can discriminate between light and moderate-to-vigorous physical activity. If a 

published RTS cut-point is used to  measure activity in children and adolescents with CP, 

incorrect classification of MVPA may moderate the association between activity and 

health in this population. However, when a published cut-point was applied to RT3 data 

recorded in adults w ith CP 83.9% of MVPA was detected. An equally high level of 

specificity was observed suggesting that this cut-point is appropriate for use in adults 

w ith CP.

The second aim o f the study was to  determine if the development of a new cut-point 

could improve detection o f MVPA in children and adults with CP. ROC curve analysis 

demonstrated that the RT3 could successfully distinguish between LPA and MVPA in 

children with CP. The cut-point of 689 counts.min'^ resulted in an AUC of 89.6% (95% Cl: 

77.4-96.6%) indicating excellent classification accuracy. The cut-point yielded by ROC 

curve analysis was lower than the published cut-points resulting in a higher sensitivity



(83%) but lower specificity (87%). It is up to the researcher when choosing a cut-point to 

determine if a lower sensitivity or a lower specificity is more acceptable, in this case the 

authors believe that it is important that a cut-point can correctly identify MVPA and 

therefore a lower cut-point is more appropriate.

Three factors may have contributed to the discrepancy between the ROC curve-derived 

cut-point and the published cut-points. Firstly, the Rowlands cut-point for children was 

originally identified using multiple linear regression analysis. Cut-points derived from 

regression analysis are generally higher than those derived from ROC curve analysis 

(Welk, 2005). It has been illustrated that regression analysis results in accelerometer 

cut-points that exhibit high specificity values but relatively low sensitivity values when 

cross-validated in an independent sample (Welk, 2005). This is apparent in the current 

study in which the Rowlands cut-point exhibited excellent specificity (94%) but only fair 

sensitivity (70%), indicating poor discriminative ability of the cut-point. As the Rowlands 

cut-point has not been cross-validated in a group of TD children as part of the original 

study or in subsequent studies, its rate of misclassification in the current sample cannot 

be compared to  that in a sample of TD children and adolescents.

Unlike the Rowlands cut-point the Vanhelst cut-point was derived using an ROC curve 

and therefore the discrepancy between cut-points cannot be attributed to differences in 

analysis. The discrepancy, however, may have resulted from the different methods used 

to classify physical activity intensity. In the current study indirect calorimetry was used 

as the criterion measure of EE in orderto  capture individual variation in metabolic cost.

A criterion measure of EE was not used to  classify physical activity intensity when 

calibrating the Vanhelst cut-point; instead activities were classified as light, moderate 

and vigorous according to the expected MET value of the activity. This method may have 

resulted in misclassification o f some activity intensities. Cross-validation of the Vanhelst 

cut-point in an independent sample of TD children, however, resulted in excellent 

sensitivity (98%), good specificity (84%), and excellent agreement between the 

calibration and validation groups ( k  = 0.91) (Vanhelst et al., 2010a). This suggests that a 

cut-point of 950 counts.min'^ is appropriate to discriminate between LPA and MVPA in 

TD children but does not appear sensitive enough to differentiate between LPA and 

MVPA in children and adolescents with CP.
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The more liberal cut-point for MVPA yielded in the current study may be explained by 

the altered relationship between energy expenditure and ambulation in children and 

adolescents w ith CP. Children w ith CP have a slower maximal walking speed than their 

TD peers (Dallmeijer and Brehm, 2011). The energy cost of locomotion is also 

approximately 40% higher in children w ith CP (Brehm et al., 2007). As a result it is likely 

that children w ith CP will reach a moderate-to-vigorous level of intensity at a slower 

walking speed. This slower walking speed results in the RT3 undergoing a smaller 

acceleration, leading to a proportionally lower RT3 count output. Published cut-points 

may therefore be too high to  detect MVPA in children with CP and a lower cut-point 

may be necessary to avoid misclassifying MVPA in this population.

The energy cost of walking, however, increases with severity of functional impairment 

(Kerr et al., 2008). The higher functional ability of the adults w ith CP, compared to 

children in the current study, may explain why a cut-point developed in able-bodied 

adults was able to accurately identify MVPA in adults with CP, but not children. However 

the acceptable agreement observed between the published cut-point and data collected 

in adults with CP should be interpreted w ith caution. The lower confidence interval of 

the kappa coefficient was 0.57, indicating poor agreement.

The ability of a published cut-point to  detect MVPA in adults with CP may also be 

explained by the use of age-specific MET thresholds to classify activity intensity. These 

thresholds classify the relative intensity of an activity, which is known to vary w ith age 

(Knaggs et al., 2011), therefore improving the precision of individual estimates of activity 

intensity. Age-specific MET thresholds are not available for children. It must also be 

noted that MET thresholds used to define physical activity intensity in an able-bodied 

population may not be appropriate to use in people with CP because of the increased 

metabolic cost of activity (Bell and Davies, 2010). As a MET threshold to identify MVPA 

in adults and children with CP has not been defined the thresholds used in the current 

study were deemed the most appropriate method of classifying activity intensity.

The ROC curve-derived cut-point fo r adults with CP was approximately 100 counts.min'^ 

higher than the published cut-point. Despite this the tw o cut-points had a similar level of 

sensitivity and specificity. This difference in the cut-points may be a result of the 

activities included in the protocol. Accelerometers are known to overestimate the 

energy cost of locomotor activities, and hence yield higher accelerometer cut-points
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(W e lk ,  2 0 0 5 ) .  T h e y  a r e  a l s o  k n o w n  t o  u n d e r e s t i m a t e  t h e  e n e r g y  c o s t  o f  f r ee - l iv in g  

a c t iv i t i e s  (W elk ,  2 0 0 5 ) .  W h e n  c a lib r a t in g  a c u t - p o i n t  in a b l e - b o d i e d  a d u l t s ,  R o w la n d s  

in c lu d e d  t w o  f r e e - l iv in g  a c t iv i t i e s  ( h o p s c o t c h  a n d  kicking a f o o t b a l l )  w h ic h  p r o b a b ly  

c o u n t e r e d  t h e  h igh  c o u n t  o u t p u t  f r o m  t h e  RT3 d u r in g  l o c o m o t o r  a c t iv i t i e s  a n d  r e d u c e d  

t h e  f ina l  c u t - p o in t .  T h e  a p p r o p r i a t e n e s s  o f  u s in g  t h e s e  f r e e - l iv in g  a c t iv i t i e s  t o  c a l ib r a te  

an a c c e l e r o m e t e r  c u t - p o i n t  is q u e s t i o n a b l e  g iv e n  t h e  sm a l l  l ik e l ih o o d  o f  a d u l t s  

p e r f o r m i n g  t h e s e  a c t iv i t i e s  in e v e r y d a y  life . A s id e  f r o m  th is ,  1 0 0  c o u n ts .m in '^  is 

a p p r o x i m a t e ly  e q u i v a l e n t  t o  a r e s t in g  v a lu e  o f  V O 2 , a n d  t h e r e f o r e  did  n o t  re su l t  in a 

s ig n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  s e n s i t iv i t y  o r  sp e c i f ic i ty  v a l u e s  o f  c u t - p o in t s .

T h e  A c t ig ra p h  a c c e l e r o m e t e r  is t h e  o n ly  a c c e l e r o m e t e r  t h a t  h a s  b e e n  v a l id a t e d  a s  a 

m e a s u r e  o f  p h y s ica l  a c t iv i ty  in t e n s i t y  in c h i ld r e n  a n d  a d o l e s c e n t s  w i t h  CP t o  d a t e  

(C la n ch y  e t  a!., 2 0 1 1 a ) .  A p u b l i s h e d  c u t - p o i n t  fo r  t h e  A c t ig ra p h  ( E v e n s o n  e t  al.,  2 0 0 8 )  

e x h i b i t e d  g o o d  s e n s i t i v i t y  (8 1 .8 % ) a n d  e x c e l l e n t  s p e c i f ic i ty  (1 0 0 .0 % ) fo r  d e t e c t i n g  M VPA  

in a s a m p l e  o f  c h i ld r e n  a n d  a d o l e s c e n t s  w i t h  CP. T h e  s a m p l e  o f  c h i ld r e n  u s e d  t o  v a l id a t e  

t h e  A ct ig ra p h  w a s  m o r e  a b le  t h a n  t h a t  in t h e  c u r r e n t  s tu d y ,  h o w e v e r ,  w i t h  o n ly  10% (vs.  

22% ) o f  p a r t ic ip a n ts  c la s s i f ie d  a s  GMFCS le v e l  111, a n d  o n ly  14%  (vs .  28% ) req u ir in g  a 

m o b i l i t y  aid. This  v a r ia t io n  in t h e  e n e r g y  c o s t  o f  l o c o m o t i o n  a m o n g s t  c h i ld r e n  w i t h  CP is 

c a p t u r e d  by t h e  c u r r e n t  s tu d y .

6.5.1 Limitations

T h e  p r e s e n t  s t u d y  h a s  s o m e  l im i t a t io n s  t h a t  s h o u l d  b e  a d d r e s s e d .  T h e  u s e  o f  l o c o m o t o r  

a c t iv i t i e s ,  b o t h  s t a n d a r d i s e d  a n d  s e l f - s e l e c t e d ,  a l l o w e d  all p a r t ic ip a n t s  t o  r e a c h  a l e v e l  o f  

M VPA, r e g a r d le s s  o f  t h e i r  d e g r e e  o f  m o t o r  i m p a i r m e n t .  O n ly  t h r e e  p a r t ic ip a n ts ,  

h o w e v e r ,  r e a c h e d  a v i g o r o u s  i n t e n s i t y  l e v e l  (> 6 . 0  MET). M o d e r a t e  a n d  v i g o r o u s  MET  

t h r e s h o l d s  w e r e  t h e r e f o r e  c o m b i n e d  a n d  c o m p a r e d  t o  a s in g le  c u t - p o i n t  fo r  MVPA.  

A l t h o u g h  t h i s  a l l o w s  f o r  c o m p a r i s o n  t o  t h e  c u r r e n t  p h y s ica l  a c t iv i ty  g u i d e l in e s  for  

c h i ld r e n  a n d  a d u l t s  (US D e p a r t m e n t  o f  H ea l th  a n d  H u m a n  S e r v ic e s ,  2 0 0 8 )  f u t u r e  s t u d i e s  

s h o u l d  i n v e s t i g a t e  t h e  ab i l i ty  o f  t h e  RTS t o  d e t e c t  v i g o r o u s  p h y s ica l  a c t iv i ty  in c h i ld re n  

a n d  a d u l t s  w i t h  CP. In a d d i t io n ,  a l t h o u g h  a g e ,  s e x  a n d  w e i g h t  s p e c i f i c  R M R v a lu e s  w e r e  

u s e d  t o  c a lc u la t e  MET v a l u e s ,  in d iv id u a l  m e a s u r e m e n t  o f  RMR m a y  h a v e  i m p r o v e d  t h e  

e s t i m a t i o n  o f  a c t iv i ty  in t e n s i t y .  E q u i p m e n t  a n d  t i m e  l im i t a t io n s  p r e v e n t e d  RMR 

m e a s u r e m e n t s  f r o m  b e i n g  p e r f o r m e d .  Finally, w h i l e  t h e  s a m p l e  s iz e  is s im i la r  t o  t h a t  o f  

o t h e r  v a l id a t io n  a n d  c a l ib r a t io n  s t u d i e s  ( R o w la n d s  e t  al . ,  2 0 0 4 ,  H u s s e y  e t  al .,  2 0 0 9 ,
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Clanchy et al., 2011a) it is acknowledged to be small. As a result we were unable to 

perform subgroup analysis according to GMFCS level. The demographic characteristics 

o f the participants indicate that the sample o f children was diverse enough to capture 

the natural variability within the target population of ambulatory children w ith CP, 

however, particularly the different levels of functional ability. On the other hand the 

sample of adults included a high proportion of people with minimal impairments and 

therefore the results of this study should not be extrapolated to  a more severely 

disabled population of adults with CP.

6.6 Conclusion

In conclusion, the RTS presents as an objective and feasible method of measuring 

physical activity in ambulatory children and adults with CP. RT3 counts increased in line 

w ith increasing physical activity intensity. Participants were also compliant w ith the 

device and no monitor malfunction was observed. Using published cut-points to classify 

physical activity intensity may result in an underestimation of MVPA in children with CP. 

A cut-point of 689 counts.min’  ̂is presented to potentially improve the detection of 

MVPA in ambulatory children and adolescents with CP and allow the RT3 to be used in 

future studies of habitual levels of MVPA. Cross-validation o f this cut-point is however, 

required in an independent sample of ambulatory children w ith CP. A published cut- 

point developed in able-bodied adults demonstrated an acceptable level o f agreement 

w ith data collected on adults with CP and presents as a potential method of classifying 

MVPA in this population.
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Chapter 7 Study 4: Physical activity and 

cardiometabolic risk factors in adults with cerebral palsy

7.1 Introduction

Although cerebral palsy (CP) is a non-progressive disorder, it is well reported that adults 

with CP experience a number o f secondary conditions w ith age. These include pain, 

fatigue, stiffness, and poor balance (Opheim et al., 2009, Van Der Slot et al., 2012, 

Sandstrom et al., 2004), and can lead to a decline in physical functioning and loss of 

mobility from early adulthood. Between 30% and 52% of adults with CP reported 

experiencing deterioration in walking function (Bottos et al., 2001, Opheim et al., 2009). 

Loss o f mobility is most commonly observed between the age of 20 and 40 years (Bottos 

et al., 2001). Deterioration in physical functioning over time may lead to difficulties 

performing everyday activities and potentially an inactive lifestyle.

Only tw o studies have objectively measured physical activity in adults w ith CP to date 

and have reported conflicting results (Nieuwenhuijsen et al., 2009, van der Slot et al., 

2007). Van der Slot et al. (2007) reported that ambulatory adults with unilateral spastic 

CP were as active as their able-bodied peers. Nieuwenhuijsen et al. (2009) found that 

ambulatory and non-ambulatory adults w ith bilateral spastic CP were less active than 

their able-bodied peers. Gross motor function was a significant predictor o f physical 

activity in both studies, and adults w ith minimal impairments achieved similar levels of 

physical activity to adults w ithout CP. Although these studies provided information 

about total physical activity in adults w ith CP, time spent in individual domains of 

activity such as sedentary behavior, light activity and moderate-to-vigorous activity was 

not investigated.

Decreased levels of moderate-to-vigorous physical activity and increased sedentary 

behaviour are both independently associated w ith risk factors for cardiovascular disease 

(CVD) and type II diabetes mellitus (T2DM) including obesity, dyslipidemia, 

hypertension, insulin resistance, hyperglycemia, and increased inflammatory markers 

(i.e. C-reactive protein) (Loprinzi et al., 2013, Luke et al., 2011, Camhi et al., 2011, Healy
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et al., 2011). The current American College of Sports Medicine (ACSM) guidelines 

recommend that adults accumulate 150 minutes of moderate activity or 75 minutes of 

vigorous activity per week to  reduce their risk of cardiovascular disease and premature 

mortality (Garber et al., 2011). The potentially increased risk of adults w ith CP 

developing CVD or T2DM as a result of reduced activity levels has led to  a comparison 

been made to spinal cord injury -  a population known to  have insulin resistance, 

dyslipidemia, and an elevated presence o f T2DM (Bauman, 2009). Despite this no study 

has investigated levels of moderate-to-vigorous activity and their association with 

cardiometabolic risk factors in adults with CP.

7.2 Objective

The purpose of this study was two-fold. Firstly the aim was to assess everyday levels of 

physical activity, and sedentary behaviour among adults w ith CP, compared to adults 

w ithout CP, and the factors associated with physical activity. The second aim of this 

study was to examine the relationship between physical activity and cardiometabolic 

risk factors in adults with CP. The objectives of the study were as follow:

1) To compare everyday levels of sedentary behaviour, light, moderate and 

vigorous physical activity in adults with CP to age- and sex-matched adults 

w ithout CP.

2) To determine the factors that influence everyday levels of sedentary, moderate 

and vigorous activity in adults w ith CP.

3) To investigate the association between physical activity and body composition, 

systolic blood pressure (SBP), diastolic blood pressure (DBP), tota l cholesterol 

(TC), high-density lipoprotein cholesterol (HDL-C), TC/HDL-C ratio, low-density 

lipoprotein cholesterol (LDL-C), triglycerides, glucose, insulin, insulin resistance, 

glycated haemoglobin (HbAic), C-reactive protein (CRP), and 25-hydroxyvitamin 

D levels (250HD).
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7,3 Method

7.3.1 Participants

Adults (>18 years) with a medically confirmed diagnosis of CP, classified as level l-V in 

the Gross M otor Function Classification System (GMFCS) (see section 1.1.1.1) were 

recruited for this study. Adults with a severe cognitive impairment and pregnant women 

were excluded from participating in this study. Study 4 will only include data collected 

from ambulatory adults w ith CP (i.e. GMFCS levels l-lll). A nationwide strategy was 

employed to recruit adults with CP into this study. A list of registered General 

Practitioners (GPs) in the Republic of Ireland was obtained from the Irish College of 

General Practitioners website. Letters were sent to  1367 GPs providing them with 

information about the study and the inclusion/exclusion criteria. GPs were requested to 

identify suitable candidates and provide them w ith Participant Information Leaflets 

(PILs).

Managers of community-based physiotherapy services in 10 Health Service Executive 

(HSE) areas (Meath, Wicklow, Kildare/West Wicklow, Dublin North Central, North West 

Dublin, Dun Laoghaire, Dublin South City, Dublin South East, Dublin West, Dublin South 

West) were contacted regarding the study and asked to provide contact details for all 

physiotherapists working in these HSE areas. Four managers responded to the request 

and physiotherapists working in these areas were informed about the study and 

requested to give suitable candidates PILs. Permission was obtained from the Irish 

Society of Chartered Physiotherapists to email members who belonged to the Chartered 

Physiotherapists in Community Care and Charted Physiotherapists in Private Practice 

employment groups, and the Chartered Physiotherapists in Intellectual Disability 

interest group, who were provided w ith information about the study and requested to 

give suitable candidates PILs. A letter with information about the study, flyers and PILs 

were sent to disability officers in nine Institutes o f Technology and six Universities in 

Ireland w ith the request to supply information to suitable candidates. Physiotherapy 

managers in 14 acute hospitals in Ireland were informed about the study and asked to 

provide colleagues w ith information about the study and identify potential participants.

Services that provided assistance to people w ith disabilities were informed about the

study by post, telephone and email and asked to  give potential participants PILs. A page

providing information about the study was established on Facebook. Facebook groups
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associated w ith physical activity, public health and CP were asked to share a link to the 

page w ith their nnembers. An ad was also placed on Facebook, which targeted adults 

(>18 years) with a disability who lived in Ireland. A separate webpage was created on 

the Trinity College website to  provide potential participants with more information 

about the study and allow them to  conveniently contact the researcher. Finally, letters 

and PILs were sent to 263 adults with CP who were on the database of the Central 

Remedial Clinic (CRC). Ethical approval fo r this study was granted by the Faculty of 

Health Sciences and the CRC's ethics committee.

7.3.2 Measurements 

7.3.2.1 Body composition

Standing height (i.e. stature) was measured using a portable stadiometer (Invicta Plastics 

Ltd., Leicester, England). Participants were asked to stand as upright as possible w ithout 

shoes, w ith their heels together and their head in the Frankfurt Plane (i.e. an imaginary 

horizontal line running between the ear hole and the lower border of the eye). Height 

was read at the end of a gentle inspiration to the nearest mm. Body mass was measured 

to  the nearest 0.1 kg in bare feet and light clothing using an electronic platform scale 

(SECA 635). BMl was calculated as kg.m'^. Overweight and obesity were identified as a 

BMI >25 kg.m'^ and >30 kg.m'^ respectively.

Waist circumference (WC) was measured, on bare skin, to  the nearest 0.1 cm midway 

between the lower rib margin and the iliac crest at the end of gentle expiration. Hip 

circumference (HC) was measured to the nearest 0.1 cm at the end of gentle expiration 

around the maximum circumference of the buttocks. For females this is usually at groin 

level. For males it is normally about 2-4 inches below the navel. Participants wore 

minimal clothing. Both WC and HC measurements were taken with the subject standing 

erect w ith arms hanging loosely from the body. The mean o f two measurements was 

used for both WC and HC. Waist-hip ratio (WHR) was calculated by dividing WC by HC. 

Waist-height ratio (WHtR) was calculated by dividing WC by height.

7.3.2.2 Cardiometaboiic risk factors

Blood pressure was measured from the right arm or the least affected side, in the case 

of significant asymmetry, using the Omron 705 IT BP monitor. The Omron 705 IT has 

demonstrated excellent validity in adults under the British Hypertension Society criteria
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(El Assaad et al., 2003; Coleman et al., 2006). Participants rested in a seated position 

with their back supported for at least five minutes prior to the measurement been 

taken, as recommended by the 2012 Canadian Hypertension Education Program 

(Daskalopoulou et al., 2012). The appropriate cuff size was selected for the participant 

based on their arm circumference. The cuff was placed so that the lower edge was 3cm 

above the elbow crease and the bladder was centred over the brachial artery. The 

measurement was taken with the participant's legs uncrossed and their arm bare and 

supported w ith the cuff at heart level. Participants were asked not to talk while the 

measurement was being taken. Three measurements were taken at a 1-2 min interval. 

The average o f the last two measurements was used in data analysis.

Blood was drawn following an overnight fast and processed according to  standard 

procedures in the Central Pathology Laboratory at St. James's Hospital. Insulin was 

measured by electrochemiluminescence immunoassay (Elecsys Insulin Assay, Roche 

Diagnostics GMBH). Enzymatic, colorimetric assays (Roche/Hitachi cobas c systems) 

were used to measure fasting glucose, TC, HDL-C and triglycerides. LDL-C was calculated 

using the Friedewald equation. High performance liquid chromatography (Arkray/Adams 

A le HA-8160 Analyser System) was used to measure HbAi,. and CRP was measured by 

particle enhanced immunoturbidimetric assay (Roche/Hitachi cobas c systems). 250HD 

was measured on the API 4000 LC/MS/MS system (Norwolk, Connecticut).

The metabolic syndrome, a term used to  describe the presence of multiple 

cardiometabolic risk factors, was defined according the Joint Interim Statement of the 

IDF Task Force on Epidemiology and Prevention, National Heart, Lung and Blood 

Institute, American Heart Association, World Heart Federation, International 

Atherosclerosis Society and International Association for the Study o f Obesity (Alberti et 

al., 2009). The criterion for the clinical diagnosis of the metabolic syndrome requires the 

presence of any three o f the following: 1) central obesity (WC >94 cm for men and >80 

cm fo r women, IDF cut points fo r people of European origin); 2) increased triglycerides 

>150 mg/dL, use of lipid medications or self-reported diagnosis o f hypertriglyceridemia; 

3) low HDL-C (<40 mg/dL for men and <50 mg/dL for women), or drug treatm ent for 

reduced HDL-C; 4) increased blood pressure (systolic pressure >130 mmHg and/or 

diastolic pressure >85 mmHg), or current usage of hypertensive drug treatm ent in a 

patient with a history of hypertension; and 5) high fasting blood glucose (>100 mg/dL), 

current use of anti-diabetic medication or previously diagnosed diabetes.
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The Homeostasis Model Assessment index (M atthew s et al., 1985) was used to  evaluate 

insulin resistance. The model describes the interactions between glucose and insulin 

dynamics using the following formula: [fasting insulin (mU.L^) x fasting glucose (mmol.L' 

^)]/22.5. It is suitable for use in people with glucose intolerance, mild to m oderate  

diabetes and other insulin resistant conditions.

7.3.2.3 Physical activity

Physical activity was measured in am bulatory participants with the RT3 accelerom eter 

(Stayhealthy Inc). The RTS has been described in detail in section 3.3.1.1. Physical 

activity data for age- and sex-matched control participants w ithout CP (age-matched to 

within 5 years) were also obtained from  a database collected between 2009 and 2013. 

All participants were asked to w ear the RT3 for 7 days on their right hip (or least 

affected side in the case of significant asymmetry) in the midaxillary line. Participants 

were told to wear the RT3 for waking hours and only to  remove it for bathing and 

swimming. Participants were asked to record the times that they removed the monitor 

and the activities they completed while not wearing the m onitor. Vector magnitude 

count data were collected in 1-min epochs.

Valid activity data w ere defined as having at least four days data, of at least 10 hours 

w ear tim e per day (Ward et al., 2005). Sedentary activity was defined as <100  

counts.min \  light activity (LPA) was defined as 100-984 counts.m in '\ m oderate activity 

(MPA) was defined as 984-2341 counts.min ^ vigorous activity (VPA) was defined as 

>2341 counts.min'^ (Rowlands et al., 2004). Data are presented as tim e spent in light, 

m oderate and vigorous activity accumulated in 1-min intervals. Time spent in m oderate- 

to-vigorous activity accumulated in 10-m in intervals (MVPA) is also presented as the 

current ACSM guidelines indicate that m oderate-to-vigorous activity should be 

accumulated in bouts of at least 10 minutes (Garber et al., 2011). W e allowed for one 

minute of activity below the m oderate activity count threshold before the bout was 

considered to be ended. Percentage tim e spent in sedentary activity (i.e. minutes spent 

in sedentary activity/total w ear tim e) and mean activity counts per minute (counts.min' 

)̂ are also presented. Finally the percentage of adults with and w ithout CP meeting the 

ACSM recommendation for physical activity was calculated.
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7.3.2.4 Procedure

The procedure involved participants presenting to the exercise laboraton/ in the Trinity 

Centre of Health Sciences on one morning follow/ing a 12 hour overnight fast.

Participants were allow/ed to drink w/ater during the fast and medications for 

cardiovascular stability were permitted (i.e. anti-hypertensive medications). Participants 

were informed of the testing procedures before w ritten informed consent was obtained. 

In the case of participants w ith a mild to moderate cognitive impairment their guardians 

also provided written informed consent. Participants were classified according to the 

GMFCS and according to the classification system from the Surveillance of Cerebral Palsy 

in Europe (see section 1.1.1.1) (Rosenbaum et al., 2007), in which the dominant type of 

tone or movement abnormality associated w ith CP is categorised as spastic, dystonic, 

choreoathetoid, or ataxic; spastic CP is further classified as unilateral or bilateral. This 

information was confirmed with their physiotherapist when in doubt and where 

available. Information was also obtained from participants about their current 

employment status, history of cardiovascular disease and T2DM, and current use of 

medication. Employment status was subdivided into i) in full-time employment/full-time 

student, ii) in part-time employment/part-time student, iii) unemployed. Part-time 

employment was defined as working three days or less per week.

Following a period of rest in a seated position participants' blood pressure was 

measured. Secondly, anthropometric data including body mass, stature, WC and HC 

were measured. Following this a fasting venous blood sample was obtained by a 

researcher trained in venepuncture. Participants were then provided w ith water and a 

snack before being given the RT3 with written and verbal instructions on how to  use it. 

Participants were also provided w ith a stamped addressed envelope to return the 

monitor to  the researcher.

7.3.3 Data Analysis

Statistical analysis was performed using Analyse-it for Microsoft Excel (version 2.20) and 

IBM SPSS Statistics (version 19). The distribution o f the data was checked for normality 

by the Kolmogorov-Smirnov test. The logarithm function was applied to TC/HDL-C ratio, 

insulin, HOMA-IR and 250HD to transform this data to a normal distribution. Means and 

standard deviations were computed for each o f the normally distributed continuous 

variables. Means and standard deviations of TC/HDL-C ratio, insulin, HOMA-IR and
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250H D  are  p r e s e n te d  in t h e  original scale. M ed ians  and  in te rq u a r t i le  ranges  w e re  

c o m p u te d  for  sk ew ed  d a ta .  P revalence  d a ta  is p re s e n te d  as  p e rc en ta g es .  The following 

th r e e  cut-offs w e r e  applied  t o  CRP to  ca te g o ris e  risk of  deve lop ing  CVD: 1. <0.1 mg.dL'^ 

(low risk); 2. 0 .1-0 .3  mg.dL'^ (ave rage  risk); 3. >0.3 mg.dL'^ (high risk) (Loprinzi e t  al., 

2013). H yper tens ion  w as  def ined  as systolic b lood p re ssu re  (SBP) >140 m m H g or 

d iastolic b lood p re s su re  (DBP) >90 mmHg, as p e r  t h e  2013  ESH/ESC G uidelines for th e  

M a n a g e m e n t  o f  Arterial H yper tens ion  (M ancia, 2013). P eop le  w h o  re p o r te d  taking any  

h y p e r te n s io n  lowering m ed ica tion  w e r e  au tom at ica l ly  classified as hyper tens ive .  The 

p re s e n c e  or  a b s e n c e  of  ca rd io m etab o l ic  risk fac to rs  w as  def ined  accord ing  to  labo ra to ry  

re fe re n c e  values .  Peop le  w h o  r e p o r te d  tak ing  any cho les te ro l  m e d ica t io n  w e re  

au tom at ica l ly  classified as having a b n o rm a l  TC, TC/HDL-C ratio, HDL-C and  LDL-C. 

Insufficient 250H D  w as  def ined  as  <50nm ol/L  (Nowson an d  M argerison ,  2002; van d e r  

Mei e t  al., 2007).

D ifferences b e tw e e n  c o n t in u o u s  var iab les  with  a norm al d is t r ibu t ion  w e r e  d e t e r m in e d  

by in d e p e n d e n t  t - te s t s  and  o n e -w a y  analysis o f  var iance (ANOVA). D ifferences b e tw e e n  

c o n t in u o u s  var iab les  with a skew ed  d is tr ibu t ion  w e re  d e t e r m in e d  by M a n n -W h itn e y  U 

te s t s  and  Kruskal-Wallis o n e -w ay  analysis o f  variance .  P e a r so n 's  t e s t  w as  used  for 

co m p ar iso n  of i n d e p e n d e n t  g ro u p s  o f  ca tegorica l  d a ta .

Two pr im ary  m ultip le  reg ress ion  ana ly ses  w e re  p e r fo rm ed .  The first analysis w as  used  to  

d e te r m in e  t h e  fac to rs  t h a t  w e re  asso c ia te d  with  t im e  s p e n t  in m o d e ra te - to -v ig o ro u s  

physical activity (ac cum ula ted  in b o u ts  o f  >10 min), in ad u l ts  w ith  CP. Each of th e  

in d e p e n d e n t  var iab les  (age, sex, BMI, e m p lo y m e n t  s ta tu s ,  GMFCS classification, 

d iagnostic  classification, in te llec tual s ta tu s )  w e r e  e n t e r e d  in to  a s e p a r a te  regress ion  

m ode l.  D um m y ind ica to r  var iab les  w e r e  c re a te d  for ca tegorical  variab les  with  m o re  th a n  

tw o  ca tegories .  T hese  d u m m y  var iab les  w e re  t r e a t e d  as o n e  variable, w h e r e  all o r  n o n e  

of  t h e  d u m m y  var iab les  pe r ta in ing  t o  an  in d e p e n d e n t  var iab le  w e re  e n t e r e d  in to  th e  

m ode l a t  o n e  t im e .  Dum m y ind ica to r  variab les  for  GMFCS w e r e  de f ined  as: 1. 1 if GMFCS 

level I, 0 o th e rw ise ;  2 . 1  if GMFCS level III, 0 if o th e rw ise .  D um m y indicator  var iab les  for  

e m p lo y m e n t  s ta tu s  w e r e  de f ined  as: 1 . 1  if in full- time e m p lo y m e n t ,  0 o th e rw ise ;  2 . 1  if 

u n e m p lo y ed ,  0 o th e rw ise .  D um m y ind ica to r  var iab les  fo r  d iagnostic  classification w e re  

de f ined  as: 1 . 1  if un ila te ra l spas tic  CP, 0 o th e rw ise ;  2 . 1  if 'o th e r '  (i.e. dystonic, 

c h o r e o a th e to id ,  o r  ataxic), 0 o th e rw ise .  Significant var iab les  w e re  e n t e r e d  in to  th e  final 

m ode l.
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The second analysis was performed to  determine the association between each 

cardiometabolic outcome (i.e. BMI, WC, WHtR, WHR, SBP, DBP, TC, HDL-C, TC/HDL-C 

ratio, LDL-C, triglycerides, insulin, plasma glucose, HbAic, HOMA-IR, CRP, 250HD) and 

physical activity outcome. The independent variables (i.e. physical activity outcome) 

included in the analyses were percentage time in sedentary behaviour, LPA, MPA, VPA, 

MVPA, and mean counts.min^. Separate regression analyses were conducted for each 

dependent variable (i.e. cardiometabolic outcome) using the following model: block 1: 

age, sex, GMFCS; block 2: independent variable. GMFCS was entered as two dummy 

indicator variables as defined above. When SBP or DBP was the dependent variable of 

interest the model included drug therapy (i.e. self-report of taking any hypertension 

lowering medication coded as 1 if yes or 0 if no) in block 1. When TC, HDL-C, LDL-C, or 

TC/HDL-C ratio was the dependent variable, drug therapy (i.e. self-report of taking any 

cholesterol medication coded as 1 if yes or 0 if no) was included in block 1.

These analyses were repeated firstly w ithout adjusting fo r GMFCS level. They were then 

repeated w ithout controlling for GMFCS level and additionally controlling for total 

physical activity (mean counts.min’ )̂. Variance inflation factors <5 suggested that 

multicollinearity was not an issue.

Logistic regression analyses were conducted to  investigate the association between the 

metabolic syndrome, high risk CRP (dependent variables) and each physical activity 

component (independent variables). Analyses were initially controlled for age and sex 

before additionally controlling fo r tota l activity. Statistical significance was set at p 

<0.05. The R square, F value, and where appropriate, the R square change and F change, 

o f the final model are presented. Statistical significance was set at p<0.05. The 

significance level was adjusted using the Bonferroni correction for multiple comparisons.

7.4 Results

Fifty-five adults were recruited fo r this study. Forty-three participants responded to 

letters sent via the CRC (16% response rate). Seven participants received information 

about the study from their GP. Five participants were recruited by word-of-mouth. The
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n u m b e r  of  adu l t s  wi th  CP living in t h e  Republic of  Ireland is un k n o w n  and  t h e r e f o r e  we  

w e r e  unab le  to  calculate t h e  p r opor t ion  o f  adu l t s  w h o  pa r t i c ipa ted  in this  study.  

Informat ion w as  also not  avai lable on  t h e  n o n - re s p o n d e r s  and  th e re fo r e  w e  c a n n o t  

c o m p a r e  cha racter i st i cs  b e t w e e n  r e s p o n d e rs  and  no n- re sp on d er s .

Physical activity d a t a  w e r e  col lected on fo r ty -one  a m b u la t o ry  par t ic ipant s  and  fo r ty-one  

age-  and  se x- ma tc h ed  adu l t s  w i t h o u t  CP. Two adu l t s  (5%) w e r e  taking an t ihyp er t en s iv e  

med ica t ion .  Thre e  adul t s  (7.3%) w e r e  tak ing  cholest e ro l  med ica t ion .  A value for  p lasma 

g lucose was  missing for  o n e  pe r son  and t h e  HbAicassay w a s  missing for  o n e  pe r s on  d u e  

to  process ing  e rrors .  One pe r son  re p o r te d  a pre-diagnos is  o f  type  I d i a b e t e s  mellitus.  

This pe r son  w as  r em o v e d  f rom all ana lyses  of  blood b i om ar k er s  of  g lucose me t abo l i sm  

(i.e. p l a sma  glucose,  insulin, HOMA-IR, HbAiJ and  t h e  me tab o l i c  sy nd ro me .  Par t ic ipant  

character i st i cs  a re  p r e se n te d  by GMFCS level in Table 7.1.  Th er e  w as  no  significant 

di f fe rence in sex ac ross  GMFCS level. Adults in GMFCS level I w e r e  y o u n g e r  th a n  adul ts  

in level II (p <0.001);  t h e r e  w as  no di f fe rence in age b e t w e e n  adu l t s  in levels I a nd  III or  

in levels II and III. The re  was  also no  d if fe rence in BMI ac r oss  GMFCS level.
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Table 7.1 Participants' physical and demographic characteristics by Gross M otor 

Classification System level

Total GMFCS level 

1

GMFCS level 

II

GMFCS level 

III

(n = 41)

mIIc (n = 18) (n = 10)

Male, female 19, 22 9,4 7, 11 3,7

Age, mean (SD), yr S6.5 (12.5) 27.6(10.8) 43.4(11.0) 35.6 (10.0)

Age, range, yr 18-62 18-53 25-62 18-54

Height, mean (SD), cm 16S.85

(10.9)

170.8 (11.9) 163.7 (7.3) 155.0 (9.1)

Body mass, mean (SD), kg 65.9 (13.1) 72.6 (15.3) 65.3 (8.6) 58.4 (13.3)

Diagnostic Classification, n

(%)

Spastic 37 (90.2) 13 (100.0) 14 (77.8) 10 (100.0)

Unilateral 15 (40.5) 10(76.9) 4(22.2) 1 (10.0)

Bilateral 22 (59.5) 3 (23.1) 10(55.6) 9 (90.0)

Other 4 (9.8) 0 (0.0) 4 (22.2) 0 (0.0)

Employment status, n (%)

Full-time 22 (53.7%) 10(76.9) 9 (50,0) 3 (30.0)

Part-time 8 (19.5%) 0(0.0) 4 (22.2) 4 (40.0)

Unemployed 11 (26.8%) 3 (23.1) 5 (27.8) 3 (30.0)

^Data from non-spastic forms of CP were combined to form one group due to the small 

number of participants with ataxic, dystonic, or choreoathetoid CP.

All participants wore the RTS for a median (IQR) of 7.0 (1.0) days. Adults with CP wore 

the RTS for a median (IQR) tim e of 840.5 (88.5) min per day; adults w ithout CP wore the 

RTS for a mean time of 841.2 (59.S) min per day. There was no significant difference in 

wear time between groups (p = 0.53). A summary of physical activity outcomes across 

GMFCS are presented in (Table 7.2).

Adults w ith CP spent more time in sedentary behaviour and less time in LPA, MPA, VPA, 

and MVPA than adults w ithout CP. They also participated in significantly less total 

activity (mean counts.min'^). MPA, VPA, MVPA and counts.min'^ declined across GMFCS 

levels I, II and III, respectively. Post-hoc analysis revealed that adults in level I spent

154



significantly more time in MPA, MVPA and had higher counts.min'^ than adults in level III 

(p <0.01 for all). There were no significant differences between any adjacent GMFCS 

level fo r MPA, VPA, MVPA or counts.min'^ after the significance level was adjusted for 

multiple comparisons. There was no difference in time in any physical activity outcome 

between adults w ith CP in level I and age- and sex-matched control participants. A trend 

towards a significant difference for VPA was observed however (p = 0.57). Adults in level 

II spent more time in sedentary behaviour (p <0.001) and less time in LPA than control 

participants (p <0.01). They also had lower mean counts.min'^ than adults w ithout CP (p 

<0.01). There was no difference in MPA, VPA or MVPA between adults in GMFCS level II 

and control participants however. Adults in level ill spent significantly more time in 

sedentary activity, less time in LPA, MPA, VPA, MVPA, and had lower mean counts.min'^ 

than control participants (p <0.01 for all).

Adults w ith unilateral spastic CP spent less time in sedentary behaviour and more time 

in MPA, VPA and MVPA than adults with bilateral CP. They also had significantly higher 

mean counts.min'^. Data from adults with non-spastic forms of CP were excluded from 

the analysis due to the small numbers of adults in this group (n = 4).

Twenty-two adults w ithout CP (53.7%) and ten adults with CP (24.4 %) met the ACSM 

guideline for physical activity (x  ̂= 7.38, p <0.01). The number of adults meeting the 

guideline declined across GMFCS level I, II and III [n = 7 (53.8%), n = 3 (16.7%), n = 0 

(0.0%), respectively; x^= 9-92, p = 0.007]. Adherence to vigorous activity guidelines was 

not calculated due to the small quantity of vigorous activity achieved by adults w ith CP. 

Multiple regression analysis of each potential explanatory variable revealed that sex, 

GMFCS level, and diagnostic classification were significantly associated with MVPA 

(Table 7.3). When these three variables were included in the final model only GMFCS (1) 

(i.e. dummy variable defined as 1. if GMFCS level I or 0. if other) was significantly 

associated w ith MVPA accounting for 29% of the variance (Table 7.4).

Cardiometabolic risk factors are summarised across GMFCS level in Table 7.5. The 

prevalence o f the metabolic syndrome was 20.5%, overweight/obesity according to BMI 

was 41.5%, central obesity was 36.6%, hypertension was 17.1%, high TC was 29.3%, low 

HDL-C was 9.8%, high LDL-C was 26.8%, high CRP was 14.6%, high fasting glucose was 

7.3%, high triglycerides was 14.6%, high insulin was 4.9%, low 250HD was 58.5%. There 

was no difference in any risk factor across GMFCS levels. Regression analyses revealed
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th a t when age, sex and GMFCS level were adjusted fo r there  was a trend tow ards a 

significant association between MPA and WC and WHtR (Table 7.6).When age and sex 

only were adjusted fo r MPA was significantly associated w ith  WHtR (Table 7.7). When 

to ta l activ ity was add itiona lly controlled fo r MPA remained associated w ith  WHtR (Table 

7.8). Significant associations were also observed between MPA and WC, systolic blood 

pressure and diastolic blood pressure when the analysis was adjusted fo r age, sex and 

to ta l activ ity (Table 7.8). Logistic regression analysis revealed tha t neither physical 

activ ity  nor sedentary behavior was associated w ith  the metabolic syndrome or high risk 

CRP.
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Table 7.2 Physical Activity Measures for adults w/ithout CP and for adults with CP by Sex, Age, GMFCS, Diagnostic Classification, Weight Status, and 

Employment Status. Data presented as mean (SD) unless stated otherwise

Sedentary Light activity Moderate activity Vigorous activity Mod and Vig in 10-min Mean counts

behaviour (%) (min.d *) (min.d *) (min.d^) bouts (min.d^) per min

Adults w ithout CP 49.9 (9.5) 337.26 (94.0) 50.8 (38.8)+ 18.3 (22.8)+ 24.9 (27.6)+ 315.6(135.8)+

Adults w ith CP 63.3 (10.3) 260.7 (72.0) 33.3 (36.4)+ 5.2 (7.4)+ 6.1 (23.4)+ 218.3 (105.4)

p value <0.0001 <0.0001 0.0007 0.0004 0.0021 <0.0001

Sex

Men (n = 19) 62.3(11.3) 260.2 (73.0) 41.5(26.9) 5.6 (12.3)+ 12.6(32.3)+ 241.6 (120.4)

Women (n = 22) 64.1(9.5) 261.2 (72.9) 29.2(21.0) 2.7 (6.7)+ 0.0 (16.8)+ 198.1 (88.4)

p value 0.5687 0.9654 0.1072 0.3077 0.0271 0.1910

Age

18-35 yr (n = 19) 63.1 (9.4) 232.3 (112.4)+ 39.1 (20.3) 6.7 (15.3)+ 12.6 (24.3)+ 243.1 (112.4)

36-62 y r(n  = 22) 63.4 (11.2) 266.2 (76.9) 21.5(39.2) + 2.6 (5.9)+ 0.0 (17.0)+ 196.9 (96.4)

p value 0.9092 0.4967 0.1781 0.0120 0.0592 0.1636

GMFCS

Level 1 (n = 13) 62.0(9.9) 246.8 (66.8) 45.5 (17.5) 14.7 (27.4)+ 27.4(21.6) 278.7 (122.6)

Level II (n = 18) 61.0(9.8) 282.2 (70.1) 37.7 (28.0) 4.3 (3.1) 6.5(17.0)+ 214.3 (82.5)

Level III (n = 10) 69.2 (10.3) 240.2 (78.4) 16.2 (14.0) 1.2 (5.6)+ 0.0 (0.5)+ 147.0 (74.3)
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p value 0.1082 0.2411 0.0105 0.0280 0.0009 0.0085

Diagnostic

Classification

Spastic (n = 37) 64.2 (10.1) 255.5 (71.4) 29.3(36.4)t 5.0(7.5)t 6.0(23.5)+ 206.1 (142.6)+

Unilateral (n = 15) 60.0(7.0) 265.6 (61.0) 42.4(18.7) 8.6 (19.3)+ 24.0(21.9) 273.2 (107.5)

Bilateral (n = 22) 67.0(11.0) 248.6 (78.3) 17.6(27.9)t 2.0 (5.3)+ 0.0 (7.1) 171.2 (87.6)

p value 0.0347 0.4855 0.0085 0.0133 0.0037 0.0032

Other (n = 4)" 54.9 (9.4) 208.6 (68.0) 55.8 (25.3) 4.8 (3.5) 12.8(9.6) 271.4 (72.8)

Weight Status

Normal (n = 24) 61.9 (10.2) 289.3 (136.l ) t 38.9 (26.2) 5.7 (6.5)+ 8.2(23.7)+ 229.7 (91.8)

Overw/eight/obese 65.2 (10.4) 240.2 (64.0) 29.2 (21.0) 1.1 (7.7)+ 1.4(20.3)+ 171.8 (151.3)+

(n = 17)

p value 0.3110 0.1530 0.2137 0.0980 0.3826 0.1947

Employment status

Full-time (n = 22) 62.3(9.4) 271.5(68.4) 41.3 (24.7) 5.2 (10.2)+ 16.5 (27.2)+ 228.9 (89.9)

Part-time (n = 8) 68.8(11.6) 232.6 (69.7) 17.7 (17.7) 3.0(3.2) 1.3 (9.9)+ 156.4 (92.2)

Unemployed 61.3 (10.6) 259.4 (81.4) 34.7 (23.5) 5.8 (6.7)+ 7.0 (9.9)+ 242.1 (132.5)

(n = l l )

p value 0.2327 0.4344 0.0609 0.3733 0.3233 0.1718

158



tvariable not normally distributed; data presented as median (IQR). ‘’Data from non-spastic forms of CP excluded from the analysis due to  the small numbers in 

this group.
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Table 7.3 Multiple regression analyses for each potential explanatory variable on 

moderate-to-vigorous activity (10-min bouts)

Explanatory variable B(SE)" B p value

Age -0.217 (0.226) -0.152 0.342

Sex 11.430 (5.346) 0.324 0.039

GMFCS level

GMFCS(l) 17.173 (5.450) 0.454 0.003

GMFCS (2) -8.851 (5.905) -0.216 0.142

Diagnostic Classification

Diagnostic Classification (1) 17.360 (5.433) 0.475 0.003

Diagnostic Classification (2) 6.221 (8.819) 0.105 0.485

Employment status

Employment status (1) 4.161 (6.504) 0.118 0.526

Employment status (2) -8.218 (8.184) -0,185 0.322

BMI 0.042 (0.797) 0.008 0.958

^Unstandardised coefficients, ^standardised coefficients.

B, beta coefficient; SE, standard error.
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Table 7.4 Results obtained from linear regression analysis assessing the association 

between physical activity parameters and personal and cerebral palsy-related factors

Unstandardised

Coefficients

B(SE)

Standardised

Coefficients

B T p value

GMFCS (1) 14.286 (6.503) 0.378 2.197 0.035

GMFCS (2) -6.734(6.331) -0.164 -1.064 0.295

Diagnostic Classification (1) 7.478 (6.108) 0.205 1.224 0.229

Diagnostic Classification (2) 5.414(8.705) 0.091 0.622 0.538

R square=0.358; F=5.024, p <0.01; n=41. B, beta coefficient; SE, standard error.
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Table 7.5 Cardiometabolic risk factors among participants with cerebral palsy 

presented across Gross M otor Function Classification System levels I, II and III

Total Level 1 Level II Level III

BMl, mean (SD), kg.m'^ 24.5(3.6) 24.7 (3.8) 24.4 (3.0) 24.2 (4.5)

BMI >25 kg.m ^  n (%) 17 (41.5) 7 (53.8) 5 (27.8) 5 (50.0)

Central obesity^ n (%) 15 (36.6) 4 (30.8) 7 (38.9) 4 (40.0)

WC, mean (SD), cm 82.9(11.5) 83.3 (13.5) 83.6(10.1) 80.9 (12.1)

WHR, mean (SD) 0.85 (0.09) 0.85 (0.10) 0.85 (0.09) 0.86 (0.08)

WHtR, mean (SD) 0.51 (0.07) 0.49 (0.07) 0.51 (0.06) 0.52 (0.07)

Systolic BP, mean (SD), mmHg 126.6 127.2 127.1 125.0 (7.6)

(13.9) (17.2) (14.6)

Diastolic BP, mean (SD), mmHg 75.7(9.2) 72.2 (12.0) 78.4 (8.3) 75.4 (4.5)

Total Cholesterol, 4.63 (0.88) 4.38 (0.92) 4.89 (0.93) 4.49 (0.68)

mean (SD), mmol.L'^

HDL-Cholesterol 1.57 (0.38) 1.41 (0.36) 1.66 (0.36) 1.64 (0.38)

mean (SD), mmol.L'^

TC/HDL-C ratio, mean (SD) 2.95 (1.29) 3.32 (1.17) 2.95 (1.17) 2.75 (1.35)

LDL-cholesterol, mean (SD), 2.66 (0.76) 2.54 (0.84) 2.84 (0.71) 2.50 (0.74)

mmol.L'^

Triglyceridet, median (IQR), 0.8 (0.4) 0.95 (0.51) 0.81 (0.25) 0.75 (0.29)

mmol.L'^

Plasma Glucoset, 84.6 (10.8) 84.6(9.6) 85.5 (9.6) 81.9 (9.6)

median (IQR), mg.dL'^

Insulin, mean (SD), mU.L'^ 8.5 (1.7) 8.1 (1.7) 8.5 (1.8) 9.1 (1.5)

HOMA-IR, mean (SD) 1.86(1.78) 1.70 (1.74) 1.91 (1.95) 2.04(1.48)

HbAic, mean (SD), mmol.mol'^ 26.5(2.8) 31.2 (1.8) 32.1(3.5) 32.9(2.6)

C-reactive Protein

<0.1 mg.dL‘\  n { %) 25(61.0) 8 (61.5) 10 (55.6) 7 (70.0)

0.1-0.3 mg.dL'\ n(%) 10 (24.4) 4 (30.8) 3 (16.7) 3 (30.0)

>0.3 mg.dL'\ n (%) 6 (14.6) 1(7.7) 5 (27.8) 0 (0.0)

250H vitamin D, mean (SD), 42.7(1.7) 39.8(1.5) 42.7 (2.0) 47.5 (1.5)

nmol.L'^

^Defined as waist circumference >80 cm for women or >94 cm for men; tvariables w ith a 

skewed distribution.
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Table 7.6 Results obtained from the linear regression assessing the association 

between physical activity parameters and waist-to-height ratio (Model 1) and waist 

circumference (Model 2) adjusting for age, sex and GMFCS level.

Unstandardised

Coefficients

B(SE)

Standardised

Coefficients

B p value

Model 1

Age 0.003 (0.001) 0.578 0.001

Sex 0.047 (0.018) 0.367 0.013

GMFCS (1) 0.019 (0.025) 0.135 0.458

GMFCS (2) 0.024 (0.023) 0.158 0.319

MPA -0.001 (0.000) -0.288 0.068

Model 2

Age 0.440 (0.130) 0.478 0.002

Sex 14.686 (2.798) 0.645 0.000

GMFCS (1) 3.092 (3.840) 0.127 0.426

GMFCS (2) -0.438 (3.616) -0.17 0.904

MPA -0.114 (0.063) -0.241 0.081

Model 1: R square = 0.397; R square change = 0.061; F = 4.618, p = 0.002; n = 41. Model 

2: R square = 0.539; R square change = 0.043; F = 8.177, p <0.001; n = 41.

B, beta coefficient; SE, standard error.
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Table 7.7 Results obtained from the linear regression assessing the association 

between physical activity parameters and waist-to-height ratio (Model 1) adjusting for 

age and sex.

Unstandardised

Coefficients

B(SE)

Standardised

Coefficients

B p value

Model 1

Age 0.003 (0.001) 0.509 0.000

Sex 0.049 (0.017) 0.381 0.008

MPA -0.001 (0.000) -0.314 0.026

Model 1: R square = 0.377; R square change = 0.091; F = 7.455, p = 0.001; n = 41. 

B, beta coefficient; SE, standard error.
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Table 7.8 Results obtained from the linear regression assessing the association 

between physical activity parameters and waist-to-height ratio (Model 1), waist 

circumference (Model 2), systolic blood pressure (Model 3), diastolic blood pressure 

(Model 4), adjusting for age, sex and total activity (mean counts.min'^).

Unstandardised

Coefficients

B(SE)

Standardised

Coefficients

B p value

Model 1

Age 0.003 (0.001) 0.538 0.000

Sex 0.050 (0.017) 0.384 0.007

Mean counts.min'^ 0.000 (0.000) 0.269 0.250

MPA -0.001 (0.001) -0.538 0.028

Model 2

Age 0.419 (0.103) 0.455 0.000

Sex 15.393 (2.577) 0.676 0.000

Mean counts.min'^ 0.042 (0.021) 0.386 0.054

MPA -0.244 (0.093) -0.518 0.012

Model 3"

Age 0.357 (0.162) 0.308 0.047

Sex 10.978 (4.329) 0.375 0.023

Antihypertensive Medication 4.659 (9.821) 0.073 0.638

Mean counts.min‘^ 0.069 (0.034) 0.523 0.048

MPA -0.337 (0.150) -0.592 0.031

Model 4"

Age 0.314 (0.109) 0.427 0.007

Sex 0.810 (2.839) 0.045 0.777

Antihypertensive Medication 6.465 (6.439) 0.154 0.322

Mean counts.min’^ 0.046 (0.022) 0.530 0.044

MPA -0.239 (0.098) -0.636 0.020

^additionally adjusted for antihypertensive medication

Model 1: R square = 0.397; R square change = 0.061; F = 4.618, p = 0.002; n = 41. Model 

2: R square = 0.575; R square change = 0.082; F = 12.171, p = 0.000; n = 41. Model 3: R 

square = 0.283; R square change = 0.104; F = 2.756, p = 0.033; n = 41. Model 4: R square 

= 0.293; R square change = 0.120; F = 0.2897, p = 0.027; n = 41.
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B, beta coefficient; SE, standard error.

7.5 Discussion

The results of the current study indicate that adults with CP spend more time in 

sedentary activity and less time in physical activity than adults w/ithout CP. These 

findings are in agreement with previous studies of adults and children with CP 

(Nieuwenhuijsen et al., 2009; Maher et al., 2007; Zwier et al., 2010). This is the first 

study however, to quantify the time that adults with CP spend in light, moderate and 

vigorous intensity activity. When taken as a group, adults with CP spend less time in all 

intensities of physical activity compared to age- and sex-matched able-bodied mates. In 

addition, a significantly smaller proportion of adults with CP meet physical activity 

guidelines compared to  adults w ithout CP. The quantity and intensity of physical activity 

achieved by adults w ith CP was strongly associated with gross motor function. MPA was 

negatively associated with a number of cardiometabolic risk factors suggesting that this 

population is at increased risk o f developing chronic disease as a result of reduced levels 

of activity.

The current guidelines recommend that adults achieve 150 minutes of moderate activity 

per week, or approximately 21 minutes per day, accumulated in bouts of at least 10 min 

(Garber et al., 2011). Adults with CP in the current study only achieved 6.1 minutes of 

MVPA per day. It is not possible to compare this to the level of physical activity reported 

in other studies of adults with CP because of differences in how activity was measured 

and defined. The use o f an accelerometer in the current study provides empirically 

relevant data that allows for comparison w ith data collected by large research groups 

(such as the National Health and Nutrition Examination Survey). As a group, adults with 

CP accumulated significantly less MVPA than adults w ithout CP. Adults in GMFCS level I, 

however, accumulated 27.4 min per day, resulting in more than half of these adults 

meeting the guideline. Previous studies have also reported that adults and children in 

level I achieved similar levels of physical activity as able-bodied peers (Nieuwenhuijsen 

et al., 2009; Maher et al., 2007; Bjornson et al., 2007).

Adults in level II of the GMFCS spent more time in sedentary activity, and less time in 

light activity and tota l activity (as indicated by mean counts.min'^) than adults w ithout 

CP. Interestingly they accumulated similar levels of MPA and VPA as control participants. 

It may be possible that adults w ith mild-to-moderate impairments try  to  keep up with
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their able-bodied peers and participate in everyday life. In fact 50% of adults in level II 

were in full-time employment. Trying to balance the workload of daily life w ith the 

greater energetic cost of locomotion associated with CP (Kerr et al., 2008) may result in 

an energy imbalance. Chronic fatigue is a primary complaint amongst adults with CP, 

and it is particularly prevalent among those with moderate motor impairments (Jahnsen 

et al., 2003; van Der Slot et al., 2012). Adults classified in level II may reduce their light 

activity and increase sedentary activity in an attempt to preserve energy. These results 

should be interpreted with caution however, as despite achieving similar levels of MPA 

and VPA as able-bodied participants only 16.7% of adults classified in level II met the 

recommendation fo r physical activity. It is well reported that adults with CP have low 

levels of cardiorespiratory fitness (Fernandez, 1990). This may prevent them from 

accumulating MVPA in bouts of 10 minutes or more. An exercise intervention may be 

required to improve cardiorespiratory fitness in deconditioned adults w ith CP in order to 

increase everyday levels o f MVPA.

As expected, adults in GMFCS level 111 participated in the least amount of physical 

activity; no adults in this group met the physical activity guideline. As well as 

accumulating little or no MVPA they spent a large proportion of the day in sedentary 

behaviour. There is evidence in the general adult population that sedentary behaviour is 

strongly associated with T2DM and cardiometabolic risk factors, independent of time in 

MVPA (Stamatakis et al., 2012; Healy et al., 2011). In the current study however, 

sedentary behaviour was not associated with any cardiometabolic risk factor. This may 

be because the relationship between objectively measured sedentary behaviour and 

cardiometabolic risk factors is less consistent than that between self-reported sedentary 

behaviour and risk factors (Stamatakis et al., 2012). Some research suggests that the 

type of sedentary behaviour, in particular TV-viewing, rather than the volume of 

sedentary behavior is associated with cardiometabolic risk factors (Stamatakis et al., 

2012; Carson & Janssen, 2011). This information was not captured by accelerometry in 

the current study.

Although no association was observed between sedentary behavior and 

cardiometabolic risk factors, MPA was negatively associated with a number of risk 

factors. This is in contrast to a recent study in Dutch adults w ith CP that was unable to 

find an association between physical activity and cardiovascular risk factors (van der Slot
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et al., 2013). This is lii<ely because the association between each component of physical 

activity and risk factors was not investigated by van der Slot et al. (2013).

The association between physical activity and risk factors may be mediated through 

the effect of excess adiposity on cardiometabolic disease. In the current study MPA was 

associated w ith measures o f central adiposity but not BMI. Similarly, anthropometric 

measures of central obesity, but not BMI, are associated w ith cardiometabolic risk 

factors in adults with CP (Peterson et al., 2012), possibly because BMI is unable to 

identify excess adiposity in adults w ith reduced muscle mass. Future studies 

investigating the effect of exercise interventions in adults w ith CP should evaluate 

changes in abdominal adiposity and subsequent changes in cardiometabolic risk.

An unexpected finding of this study was the high prevalence of insufficient serum 

250HD among adults with CP. The prevalence o f insufficient 250HD, defined as 

<50nmol/L (Nowson and Margerison, 2002, van der Mei et al., 2007), was 58.5%. This 

was considerably higher than levels o f 250HD insufficiency reported in the general Irish 

population (Hill et al., 2006). Maintaining adequate levels of 250HD may be particularly 

important for adults with CP as low 250HD is associated w ith inferior balance, gait 

speed, muscle mass, muscle function, and risk of fractures in older adults (Scott et a!., 

2010; Gerdhem et al., 2005). Although the current study found no association between 

physical activity and 250HD, a prospective study of older adults found that baseline 

physical activity levels are predictive of future 250HD (Scott et a!., 2010). Adults w ith CP 

may therefore be at greater risk of 250HD insufficiency. This is an area that requires 

further research.

7.5.1 Limitations

There are a number o f limitations to this study that warrant discussion. Although 

everyday physical activity was strongly associated with GMFCS and cardiometabolic risk 

factors the direction of causality cannot be assumed given the cross-sectional design of 

this study. Deterioration in gross motor function may be accelerated by reduced 

participation in physical activity. There is currently no information about the effect of 

physical activity on physical functioning in adults with CP. As the secondary conditions 

experienced by adults with CP, such as pain, stiffness and loss of mobility, are often 

likened to  premature aging however, inferences may be made from research on older
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adults. Physical activity prevents or mitigates functional lim itations in older adults 

(Nelson et al., 2004; Keysor, 2003; Pahor et al., 2006). It also reduces risk of falls and 

injuries from falls (Panel on Prevention of Falls in Older Persons, American Geriatrics 

Society and British Geriatrics Society, 2011). Regular physical activity may therefore 

delay the deterioration in walking function experienced by many adults with CP, 

particularly the significant proportion who report declining from level I to  level II on the 

GMFCS (Sandstrom et al., 2004; McCormick et al., 2007; Opheim et al., 2009).

Another lim itation of this study was that cardiometabolic risk factors were not 

measured in adults w ithout CP and could therefore not be compared across populations. 

There was also no assessment of dietary intake so this potential confounder could not 

be controlled for.

. The small sample size limits the ability to extrapolate these results to a wider 

population of adults w ith CP. The sample size may also have been insufficient to detect 

significant associations. Despite every effort being made to  trace and recruit adults with 

CP into this study there was low participation. Similar issues with recruitment have been 

identified in other studies of adults with CP (Van Der Slot et al., 2012, Nieuwenhuijsen et 

al., 2009). Reasons for non-participation were not reported. There could be a number of 

reasons that contributed to the low participation such as lack of transport, not having a 

family member or friend to accompany them and not being able to take time o ff work. 

Some of these issues were raised by participants who contacted the researcher for 

further information about the study. Although these issues could be overcome it is likely 

that some people who received the study invite did not contact the researcher for 

further information. In addition, many people who participated in the study were 

currently availing of services in the Central Remedial Clinic and had a good relationship 

w ith the members of staff who sent them the study invite. A large proportion o f adults 

w ith CP do not receive rehabilitative services. International research reported that less 

than one-third of adults with CP are under the regular control of a rehabilitation 

physician (Hilberink et al., 2007). These people who received the study invite may not 

have participated because they had no relationship with staff in the Central Remedial 

Clinic or fe lt aggrieved by the lack of services available fo r them. As a result of the low 

participation there may have been some selection bias in the sample. In particular adults 

with an interest in preventive health and being physically active may have been more 

likely to participate.
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The use o f an accelerometer to measure physical activity in this study resulted in data 

being captured from one point in time. This may not have been a true representation of 

participants' habitual activity and wearing the monitor may have motivated them to 

exercise. Participants were however, unable to  see the volume of activity they were 

completing while wearing the monitor.

The use of an accelerometer may be viewed as a strength of this study as research in the 

general population suggests that there is a stronger association between accelerometer- 

measured physical activity data and cardiometabolic risk factors in comparison to self- 

report measures (Atienza et al., 2011). This however could not be verified in the current 

study as self-reported physical activity was not recorded.

7.6 Conclusion

The results of this study suggest that a large proportion of adults with CP do not 

meet physical activity guidelines. As well as spending less time in total physical activity, 

adults w ith CP spent less tim e in MPA and VPA, and more time in sedentary behaviour 

than their able-bodied peers. The negative association between MPA and 

cardiometabolic risk factors suggests that policy and intervention should be 

implemented to increase MPA in adults w ith CP in order to reduce cardiometabolic 

disease risk in this population.
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Chapter 8 Study 5: A comparison of body mass index, 

waist circumference, waist-hip ratio and waist-height 

ratio as predictors of cardiometabolic risk factors in 

adults with cerebral palsy

8.1 Introduction

The results of Chapter 7 indicate that ambulatory adults with CP do not meet physical 

activity guidelines. It is likely that even less non-ambulatory adults meet these 

guidelines. Reduced participation was negatively associated with a number of risk 

factors fo r cardiovascular disease (CVD) and type II diabetes mellitus (T2DM). This 

supports the hypothesis that the two- to three-fold greater mortality rate as a result of 

coronary heart disease reported among adults with cerebral palsy (CP) compared to 

adults w ithout CP (Strauss et al., 1999), is a result of reduced physical activity. Despite 

this increased risk there are currently no national screening programmes that monitor 

cardiometabolic risk in this population. Indeed little is known about the prevalence of 

cardiometabolic risk factors in this population. Preventive programmes are a vital 

component of reducing the prevalence of CVD and T2DM worldwide (Federation, 2006). 

As atherosclerosis is a progressive process, however, it has usually progressed to an 

advanced stage before the symptoms of CVD become apparent, and preventive 

programmes are implemented.

Obesity is an independent risk factor for CVD mortality (Romero-Corral et al., 2010, 

Dudina et al., 2011, Faeh et al., 2011). The relationship between obesity and CVD is 

mediated through the negative effect of excess adiposity on cardiometabolic risk factors 

including blood pressure, blood lipids, insulin resistance (IR), plasma glucose, and C- 

reactive protein (CRP) (Dattilo and Kris-Etherton, 1992, Flechtner-Mors et al., 2000, 

Heilbronn et al., 2001). Recognising obesity in adults w ith CP is an important step to 

identifying those with increased risk of CVD. Although body mass index (BMI) is 

historically used to  classify obesity, a significant lim itation of BMI is its inability to 

differentiate between an elevated body fat content and increased muscle mass
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(Franzosi, 20 06 , R om ero-Corral e t al., 20 06 ). N orm al w e ig h t obesity (i.e. people w ho  

have a norm al w eigh t based on BM I cu t-o ff points and a high body fa t con ten t) is 

strongly associated w ith  card iom etab o lic  dysregulation, a high prevalence o f the  

m etab o lic  syndrom e, and an increased risk o f CVD m o rta lity  (Rom ero-C orra l e t al.,

2 0 1 0 ). The ability o f BM I c u t-o ff points to  identify  card iom etabo lic  risk m ay be fu rth e r  

com prom ised in adults w ith  CP, a population know n to  have reduced muscle volum es  

(Riad e t al., 20 12 , Lam pe e t al., 2 0 0 6 ). Accurately m easuring body fa t co n ten t in a clinical 

setting  is not always feasib le . S im ple an th ro p o m etric  m easures such as waist 

circum ference (W C), w aist-h ip  ra tio  (W H R ), and w ais t-h e igh t ratio  (W H tR ) have 

th e re fo re  been adopted  as quick indicators o f abdom inal obesity in th e  general 

p opulation. N ot only are th ese  m easures quick and easy to  use, research suggests th ey  

are superior tools, in com parison to  B M I, fo r identify ing  card iom etabo lic  risk (Ashwell et 

al., 2 0 1 2 , de Koning e t al., 2 0 0 7 ).

To d ate , only one study has investigated th e  ab ility  o f sim ple an th ro p o m etric  m easures  

to  p red ict card iom etabo lic  risk am ong adults w ith  CP (Peterson e t al., 20 12b ). W HR was 

found to  be a significant p red ic to r o f h igh-density lipoprote in  cholestero l (HDL-C), to ta l 

ch o lestero l/h ig h -d en s ity  lip o pro te in  cholestero l (TC/HDL-C) ratio, and trig lycerides. The 

association b e tw ee n  an th ro p o m e tric  m easures and o th e r card iom etab o lic  risk factors, 

in particu lar blood pressure, insulin resistance, glucose, and in flam m ato ry  m arkers, has 

not been investigated in adults w ith  CP.

8.2 Objective

The first aim  o f this study w as to  investigate th e  prevalence o f card iom etabo lic  risk 

factors in a sam ple o f adults w ith  CP. The second aim  was to  investigate associations 

b e tw e e n  sim ple indicators o f adiposity and card iom etabo lic  risk factors in this  

popu lation .

8.3 Method 

8.3.1 Participants

R ecru itm ent fo r Study 5 was described in C hapter 7 section 7 .4 .1 .
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8.3.2 Measurements

8.3.2.1 Body Composition

Stature, body mass, WC, WHR and WHtR were measured in participants as described in 

Chapter 7 section 7.4.2.1. In the case o f non-am bulatory participants stature was 

predicted from  knee height using equations developed by Chumlea et al. (1994). Knee 

height was measured w ith  the knee and ankle held at 90°, from  the posterior surface o f 

the th igh, just proximal to  the patella, to  the  sole o f the foot, using a calipers. To 

measure body mass in non-am bulatory participants, participants sat on a chair placed on 

the scale, which did not influence weight due to  the pre-TARE function. BMI was 

calculated as kg.m'^. Overweight and obesity were identified as a BMI >25 kg.m'^ and 

>30 kg.m '^ respectively.

8.3.2.2 Cardiometabolic risk factors

Blood pressure, to ta l cholesterol (TC), HDL-C, triglycerides, low density lipoprotein 

cholesterol (LDL-C), CRP, glucose, and insulin were measured as described in section 

7.4.2.2. The m etabolic syndrome and HOMA-IR were also calculated as described in 

section 7.4.2.2.

Hypertension was defined as systolic blood pressure (SBP) >140 mmHg or diastolic blood 

pressure (DBP) >90 mmHg, as per the 2013 ESH/ESC Guidelines fo r the Management o f 

A rteria l Hypertension (Mancia, 2013). People who reported taking any hypertension 

lowering medication were autom atica lly classified as hypertensive. The presence or 

absence o f TC, HDL-C, LDL-C, triglycerides, glucose, and insulin was defined according to  

laboratory reference values. High risk CRP was defined as >0.3 mg.dL'^ (Loprinzi et a!., 

2013). Insulin resistance was defined by the 75*^ percentile o f HOMA-IR o f the 

participants being studied (HOMA-IR = 2.51) (Balkau and Charles, 1999). People who 

reported taking any cholesterol medication were autom atically classified as having 

abnormal TC, TC/HDL-C ratio, HDL-C and LDL-C.

Smoking behavior was assessed in a face-to-face interview . Smoking was recorded as 

yes/no and classified as heavy (>20 cigarettes/day) or not.

8.3.2.3 Procedure

The procedure used in study 4b is outlined in section 7.4.2.3.

173



8.3.3 Data Analysis

The distribution o f the data was checked for normality by the Kolmogorov-Smirnov test. 

The logarithm function was applied to  TC/HDL-C ratio, insulin, and HOMA-IR to 

transform this data to  a normal distribution. Means and standard deviations were 

computed for each of the normally distributed continuous variables. Means and 

standard deviations of TC/HDL-C ratio, insulin, and HOMA-IR are presented in the 

original scale. Medians and interquartile ranges were computed for skewed data. 

Prevalence data are presented as percentages. The following three cut-offs were applied 

to CRP to  categorise risk of developing CVD: 1, <0.1 mg.dL'^ (low risk); 2, 0.1-0.3 mg.dL'^ 

(average risk); 3, >0.3 mg.dL'^ (high risk) (Loprinzi et al., 2013). Differences between 

continuous variables w ith a normal distribution were determined by independent t- 

tests. Differences between continuous variables with a skewed distribution were 

determined by Mann-Whitney U tests. Pearson's test was used for comparison of 

independent groups of categorical data. Pearson's partial correlation test (controlled for 

sex) was used to examine correlations between gross motor functioning and each 

anthropometric measure.

Linear regression analyses was performed to determine the association between each 

cardiometabolic outcome (i.e. SBP, DBP, TC, HDL-C, TC/HDL-C ratio, LDL-C, triglycerides, 

insulin, plasma glucose, HOMA-IR, CRP) and anthropometric measures (BMI, WC, WHR, 

WHtR). Separate regression analyses were conducted for each dependent variable (i.e 

cardiometabolic outcome) using the following model: block 1: age, sex, ambulatory 

status; block 2: independent variable (i.e. anthropometric measure). When SBP or DBP 

was the dependent variable of interest the model included drug therapy (i.e. self-report 

of taking any hypertension lowering medication coded as 1 if yes or 0 if no) in block 1. 

When TC, HDL-C, LDL-C, or TC/HDL-C ratio was the dependent variable, drug therapy 

(i.e. self-report of taking any cholesterol medication coded as 1 if yes or 0 if no) was 

included in block 1. The R-square value, R square change, and F value were calculated. 

Coefficients and standard errors in the final models are presented.

A receiver operating characteristic (ROC) curve analysis was conducted to  compare the 

anthropometric measures at predicting the presence o f cardiometabolic risk factors. An 

area under the ROC curve (AUC) of >0.90 is considered excellent; 0.80 - 0.90 is 

considered good; 0.70 - 0.80 is considered fair. All analyses were performed using
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Analyse-it fo r M icrosoft Excel (version 2.20) and IBM SPSS Statistics (version 19). 

Statistical significance was set at p <0.05.

8.4 Results

Fifty-five adults were recruited fo r th is study. Forty-three participants responded to  

letters sent via the CRC (16% response rate). Seven participants received inform ation 

about the study from  th e ir GP. Five participants were recruited by w ord-o f-m outh . 

Eleven adults (20%) were on antihypertensive drug trea tm en t and five adults (9%) were 

taking cholesterol medication. There was no significant difference in the proportion o f 

people taking antihypertensive m edication or cholesterol medication between 

am bulatory and non-am bulatory groups. Only one person reported smoking (less than 

20 cigarettes per day). A value fo r CRP and insulin was missing fo r one non-am bulatory 

person and a value fo r plasma glucose was missing fo r one am bulatory person, as a 

result o f processing errors. One person reported a pre-diagnosis o f type I diabetes 

m ellitus. This person was removed from  all analyses o f blood biomarkers o f glucose 

metabolism  (i.e. plasma glucose, insulin, HOMA-IR) and the metabolic syndrome. Hip 

circumference was not obtained from  tw o  non-am bulatory adults because of significant 

contractures.

The demographic and diagnostic d istribu tion  o f participants is presented in Table 8.1. 

There was significantly less females in the non-am bulatory group compared to  the 

am bulatory group (p <0.05). There was no difference in age between the tw o  groups. 

The prevalence o f the m etabolic syndrome in the to ta l cohort was 22.6% (Table 8.2). 

The prevalence o f the m etabolic syndrome was higher in non-am bulatory people 

compared to  am bulatory people (not statistically significant). The prevalence o f 

hypertension, hypertriglyceridem ia and low HDL-C was also higher in non-am bulatory 

participants (Table 8.2). Only the prevalence o f low HDL-C was significantly d iffe ren t 

between groups (p <0.05).
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Table 8.1 Demographic and diagnostic distribution of participants by ambulatory 

status

Total 

(n = 55)

Ambulatory 

(n = 41)

Non-Ambulatory 

(n = 14)

Males, females 31, 24 19, 22 12, 2

Age, mean (SD), yr 37.5(13.3) 36.5 (12.5) 40.3 (15.7)

Age, range, yr 18-65 18-62 18-65

Diagnostic Classification, n (%)

Spastic CP 49 (89.1) 37 (90.2) 12 (85.7)

Unilateral 15 (30.6) 15 (40.5) -

Bilateral 34 (69.4) 22 (59.5) 12 (100.0)

Other" 6 (10.9) 4 (9.8) 2 (14.3)

GMFCS, n (%)

1 13 (23.6) 13 (31.7) -

II 18 (32.7) 18 (43.9) -

III 10(18.2) 10(24.4) -

IV 8 (14.5) - 8 (57.1)

V 6 (10.9) - 6 (42.9)

Employment status, n (%)

Full-time 25 (45.5) 22 (53.7) 3 (21.4)

Part-time 8 (14.5) 8 (19.5) -

Unemployed 22 (40.0) 11 (26.8) 11 (78.6)

^Dyskinetic and ataxic CP were combined to  form one group due to the small numbers 

of participants with these diagnoses.
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Table 8.2 Participants' anthropometric measures and cardiometabolic outcomes by ambulatory status

Total Ambulatory Non-Ambulatory

Height, mean (SD), cm 163.3 (10.0) 163.9 (10.9) 161.7 (7.0)

Weight, mean (SD), kg 64.9 (14.0) 65.9(13.1) 61.9(16.5)

BMI, mean (SD), !<g.m'^ 24.2 (4.4) 24.5 (3.6) 23.6(6.2)

BMI >25 kg.m ^  n (%) 18(32.7) 14(34.1) 4 (28.6)

BMI >30 kg.m ^  n (%) 4(7.3) 3(7.3) 1(7.1)

Central obesity^ n (%) 20(36.4) 15 (36.6) 5 (35.7)

WHR, mean (SD) 0.87 (0.09) 0.85 (0.09) 0.92 (0.10)

WHtR, mean (SD) 0.51 (0.08) 0.51(0.07) 0.53 (0.11)

Systolic BP, mean (SD), mmHg 126.2 (14.3) 126.6 (13.9) 125.1 (15.8)

Diastolic BP, mean (SD), mmHg 76.0 (9.8) 75.7 (9.2) 76.6 (11.9)

Hypertension (%)*’ 11 (20.0) 7 (17.1) 4 (28.6)

Total Cholesterol, mean (SD), mmol.L'^ 4.5 (0.9) 4.6 (0.9) 4.2 (0.9)

Hypercholesterolaemia, n (%) 16 (29.1) 12(29.3) 4(28.6)

HDL-Cholesterol, mean (SD), mmol.L^ 1.48 (0.39) 1.57 (0.38) 1.21 (0.29)

Low HDL-Cholesterol, n (%) 9 (16.4) 4(9.8) 5 (35.7)
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TC/HDL-C, mean (SD) 3.1 (1.3) 3.0 (1.3) 3.5 (1.3)

LDL-cholesterol, mean (SD), mmol.L^ 2.64(0.77) 2.66 (0.76) 2.56 (0.82)

High LDL-C, n (%) 15 (27.3) 11 (26.8) 4 (28.6)

Triglyceridet, median (IQR), mmol.L'^ 0.8 (0.5) 0.8 (0.4) 0.8 (1.1)

Hypertriglyceridemia, n (%) 9 (16.4) 6 (14.6) 3 (21.4)

Plasma Glucose+, median (IQR), mg.dL'^ 84.6 (10.8) 84.6 (10.8) 84.6 (10.8)

Hyperglycaemia, n (%) 3(5.7) 3 (7.7) 0 (0.0)

Insulin, mean (SD), mU.L'^ 8.1 (1.7) 8.5 (1.7) 7.7 (3.9)

HOMA-IR, mean (SD) 1.74(1.74) 1.86(1.78) 1.45 (1.62)

High C-reactive Protein 9 (16.4) 6 (14.6) 3(21.4)

Metabolic syndrome, n (%) 12 (22.6) 8 (20.5) 4(28.6)

^Defined as waist circumference >80 cm for women or >94 cm for men; ‘’ including participants on anti-hypertensive medication; ^variables with a skev^ed 

distribution.

178



Only 4 participants (7.3%) were obese according to BMI cut-offs. The prevalence of 

elevated waist circumference, however, was 35.4%. BMI ranged from 12.3 kg.m'^ to 36.8 

kg.m'^; WC ranged from 64 cm to 126.5 cm; WHR ranged from 0.68 to 1.11; WHtR 

ranged from 0.36 to 0.81. BMI, WHtR, the prevalence of overweight/obesity (defined by 

BMI >25 kg.m'^), and the prevalence of central obesity (defined by WC >80/94 cm for 

women and men, respectively) did not differ between ambulatory and non-ambulatory 

participants. Non-ambulatory participants had a higher WHR (p <0.05) than ambulatory 

participants. Pearson's partial correlations revealed GMFCS was associated with HC (r = - 

0.356; p <0.05) and WHR (r = 0.287; p <0.05), when adjusted for sex.

The significant associations found between anthropometric measures and 

cardiometabolic outcomes are presented in Tables 8.3, 8.4 and 8.5. WC was associated 

w ith HOMA-IR, triglycerides, and SBP. WHR and WHtR were associated w ith HOMA-IR 

and triglycerides. BMI was associated w ith HOMA-IR only.

Table 8.3 Results obtained from the linear regression assessing the association 

between anthropometric measures and HOMA-IR

Unstandardised

Coefficients

B(SE)

Standardised

Coefficients

B P-value

Model 1

Waist circumference 0.009 (0.003) 0.480 0.001

Model 2

BMI 0.025 (0.007) 0.451 0.001

Model 3

Waist-hip ratio 1.018 (0.438) 0.405 0.024

Model 4

Waist-height ratio 1.340 (0.394) 0.446 0.001

Model 1: R square = 0.294; R square change = 0.160; F = 5.216, p <0.01. Model 2: R 

square = 0.311; R square change = 0.176; F = 5.642, p <0.01. Model 3: R square = 0.231; 

R square change = 0.086; F = 3.596, p <0.05. Model 4: R square = 0.297; R square change 

= 0.163; F = 5.292, p <0.01. B, beta coefficient; SE, standard error.
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Table 8.4 Results obtained from the linear regression assessing the association 

between anthropometric measures and triglycerides

Unstandardised Standardised

Coefficients Coefficients

B(SE) B P-value

Model 1

Waist circumference 0.020 (0.006) 0.450 0.003

Model 2

Waist-height ratio 3.033 (0.993) 0.407 0.004

Model 3

Waist-hip ratio 2.741 (1.033) 0.452 0.011

Model 1: R square = 0.142; R square change = 0.140; F = 4.913, p <0.01. Model 2: R

square = 0.277; R square change = 0.135; F = 4.784, p <0.01. Model 3: R square = 0.266;

R square change = 0.108; F = 4.353, p <0.01 B, beta coefficient; SE, standard error.

Table 8.5 Results obtained from the linear regression assessing the association 

between anthropometric measures and systolic blood pressure

Unstandardised Standardised

Coefficients Coefficients

B(SE) B P-value

Model 1

Waist circumference 0.376 (0.151) 0.352 0.016

Model 1: R square = 0.337; R square change = 0.084; F = 4.992, p <0.01. B, beta 

coefficient; SE, standard error.

The AUC for BMI, WC, WHR and WHtR at predicting the presence of cardiovascular risk 

factors are shown in Table 8.7. ROC curve analysis was not performed on insulin and 

glucose due to  the small number of people defined as having abnormal levels of these 

risk factors (n = 2 and n = 3, respectively). The AUC for hypertension, high TC, high 

HOMA-IR, high LDL-C, and for the presence of two or more risk factors were highest for 

WC (0.681-0.763). The AUC for low HDL-C and high triglycerides were highest for WHtR 

(0.711 and 0.816, respectively).
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Table 8.6 Area under curves (95% Cl) for anthropometric measurements

BMI WC WHR WHtR

Hypertension 0.693* 0.747* 0.726* 0.694*

AUC (95% Cl) (0.505-0.881) (0.541-0.952) (0.530-0.922) (0.491-0.898)

HighTC 0.627 0.681* 0.634 0.641

AUC (95% Cl) (0.462-0.791) (0.525-0.837) (0.465 - 0.804) (0.479 - 0.804)

Low HDL-C 0.624 0.692 0.708 0.711*

AUC (95% Cl) (0.416-0.833) (0.527-0.857) (0.531-0.886) (0.522-0.901)

High LDL-C 0.652 0.713* 0.688* 0.667

AUC (95% Cl) (0.481 - 0.822) (0.545-0.882) (0.518-0.857) (0.495-0.839)

High 0.681 0.791** 0.731* 0.816**

triglycerides 

AUC (95% Cl)

(0.482-0.880) (0.643 - 0.940) (0.558 - 0.903) (0.657 -0.975)

High HOMA-IR 0.599 0.725* 0.715* 0.599

AUC (95% Cl) (0.425-0.774) (0.553 -0.897) (0.530 - 0.900) (0.425-0.774)

High CRP 0.587 0.587 0.605 0.580

AUC (95% Cl) (0.386-0.787) (0.403 - 0.770) (0.402 - 0.808) (0.392-0.768)

2+ risk factors 0.750** 0.763** 0.681 0.737*

AUC (95% Cl) (0.613-0.887) (0.618-0.909) (0.518-0.844) (0.594-0.881)

*p<0.05; **p<0.01

8.5 Discussion

The prevalence of the metabolic syndrome in this relatively young cohort of adults with 

CP was 22.6%. The prevalence of the metabolic syndrome in ambulatory adults with CP 

was similar to that reported in a population of Irish adults aged 50-69 years (21%)
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(Villegas e t  al., 2004) and  an  A m erican  popu la t ion  age  >20 yea rs  (21.8%) (Beltran- 

S anchez  e t  al., 2013). The p rev a len c e  of  28.6% r e p o r te d  in n o n -a m b u la to ry  ad u l ts  w ith  

CP w a s  significantly h igher th a n  p rev a len c e  r e p o r te d  in Irish and  w h i te  A m erican  adu l ts  

(Beltran-Sanchez e t  al., 2013; Villegas e t  al., 2004). As well as  having h igher  c lu s te red  

c a rd io m e tab o l ic  risk, n o n -a m b u la to ry  ad u l ts  had  a h igher  p rev a len c e  of a n u m b e r  of 

individual risk fac to rs  c o m p a re d  to  a m b u la to ry  adu l ts .  Worryingly, a l though  16 

par t ic ipan ts  (29.1%) had e le v a te d  levels o f  to ta l  cho les te ro l ,  only 5 par t ic ipan ts  w e r e  on 

m e d ica t io n  fo r  dyslip idaemia. This highlights t h e  n e e d  fo r  sc reen ing  p ro g ra m m e s  to  

m o n i to r  ca rd io m e tab o l ic  risk a m o n g  adu l ts  w ith  CP.

A r e c e n t  s tu d y  inves tiga ted  t h e  p rev a len c e  of  card iovascu la r  d ise ase  risk fac to rs  in a 

Dutch p o p u la t ion  of adu l ts  w ith  CP (age 25-45 yr; m e a n  age  36.6  yr) (Slot e t  a!., 2013). 

A lthough  t h e  p reva lence  of  h y p e r te n s io n  in t h e  Dutch c o h o r t  w as  h igher  th a n  th a t  in th e  

c u r re n t  s tu d y  (25.6%) t h e  p rev a len c e  of  e le v a te d  TC, hyperg lycaem ia ,  and  low HDL-C 

w as  low er  (7.0%, 0.0% and  11.6%, respectively).  This is likely b ec a u s e  th e  Dutch c o h o r t  

w as  mildly a f fec ted  c o m p a re d  t o  t h e  c u r r e n t  sam p le ,  w ith  only tw o  adu l ts  classified as 

n o n -am b u la to ry .

The p rev a len c e  of  obes ity ,  de f ined  by BMI, w as  h igher in bo th  Dutch adu l ts  w ith  CP 

(18.5%) an d  t h e  g ene ra l  Irish adu l t  p o p u la t io n  (25%) (M organ  e t  al., 2008) c o m p a re d  to  

t h e  c u r r e n t  sam ple .  D espite  a relatively low p rev a len c e  of obes ity ,  t h e  p reva lence  of  

e le v a te d  w ais t  c i rcum ference  in t h e  c u r re n t  s tu d y  w as  36.4%. The re la t ionsh ip  b e tw e e n  

o bes i ty  and  CVD m orta li ty  is w ell-e s tab lished  (Poirier e t  al., 2006; Katzmarzyk e t  al., 

2012; Dudina e t  al., 2011). The assoc ia tion  b e tw e e n  o bes i ty  and  m orta l i ty  is m e d ia te d  

th ro u g h  t h e  e f fec t  of excess  ad iposity  on  b lood p ressu re ,  b lood lipids, insulin sensitivity, 

p lasm a glucose,  and  in f lam m ato ry  m a rk e rs  (Dattilo and  Kris-Etherton, 1992; F lechtner- 

M ors  e t  al., 2000; Heilbronn e t  al., 2001). The f indings of  th is  s tu d y  ind icate  t h a t  BMI, 

WC, WHR and  WHtR a re  a s so c ia te d  w ith  c a rd io m e tab o lic  risk fac to rs  in ad u l ts  w ith  CP. 

This is in a g r e e m e n t  with  p rev ious s tu d ie s  o f  t h e  g en e ra l  p o p u la t io n  (Schneider  e t  al., 

2007; Can e t  al., 2009; A ekplakorn  e t  al., 2006). Of t h e  a n th ro p o m e tr ic  m e a s u re s  

e x a m in e d  in th is  s tu d y  WC is t h e  b es t  rela tive p red ic to r  o f  c a rd io m e tab o l ic  risk fa c to rs  in 

ad u l ts  w ith  CP as ind icated  by ROC curve  analysis. The finding t h a t  WC is a b e t t e r  

p re d ic to r  o f  ca rd io m e tab o l ic  risk is s u p p o r te d  by t h e  finding t h a t  m o re  th a n  a fifth o f  t h e  

c u r re n t  sa m p le  had  c lu s te re d  c a rd io m e tab o l ic  risk, d e s p i te  a relatively low p rev a len c e  of  

obes ity .
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Although BMI has  t radi t ional ly  be e n  used t o  def ine  overw e i gh t /ob es i ty ,  indicators  of  

a b d o m in a l  obes i ty  (i.e. WC, WHtR and  WHR) have be e n  s h o w n  to  be super io r  indicators  

of  ca rd io metabo l i c  risk f ac to r s  in t h e  genera l  popu la t ion  (Wang  e t  al., 2005;  Despres  and 

Lemieux,  2006;  Ashwell  e t  al., 2012;  Snijder  e t  al., 2003).  It is likely t h a t  this  is b ec a u s e  

cent ral  ad iposi ty  p rov ides  an  indicat ion of  visceral  ad i pose  t i s sue  (VAT). It is well 

r ecogn i sed  t h a t  CVD has  an  in f l ammato ry  c o m p o n e n t  (Libby, 2002;  Wil lerson and  

Ridker,  2004).  The sec re t ion  of  p ro in f l amm ato ry  cytokines  and  ad ipok ines  f rom VAT 

c on t r ib u t e  to  insulin r es is t ance,  hyper t e ns i on  and  dys l ipidaemia (Despres  e t  al., 2008),  

and  m a y  p rovide t h e  link b e t w e e n  cent ral  obes i ty  and  CVD. Imaging t e ch n iq u e s  such as 

m a gn e t i c  r e so n a n c e  imaging,  abdominal  co m pu ted  tomography ,  and  dual  en e r g y  x-ray 

a b s o rp t i o m e t ry  provide  ac cu ra te  m e a s u r e m e n t s  o f  VAT b u t  a re  expens ive  and  o f t en  

unfeasible to  use  in t h e  clinical set t ing.  The cons i s t en t  a s socia t ion  b e t w e e n  WC and  

ca rd iom et abo l i c  risk f ac tor s  in this  s tudy sugges ts  t h a t  WC prov ides  a proxy m e a s u r e  of 

VAT a m o n g  adu l t s  wi th  CP a nd  can be  used t o  identify t h o s e  a t  risk of  CVD and T2DM.

Th er e  has  b e e n  s o m e  d e b a t e  r egarding  t h e  use  o f  BMI as a p red ic to r  of  CVD risk in 

adu l ts  wi th CP (Pe te r son  e t  al., 2013,  R immer  e t  al., 2010).  A p rev ious  s tudy  re p o r te d  

t h a t  BMI w as  n o t  a s soc ia t ed  wi th ca rd io metabo l i c  risk f ac tor s  in adul t s  wi th  CP 

( Pe te r son  e t  al., 2012);  h o w e v e r  insulin r es is t ance w as  n o t  o n e  of  t h e  risk f ac tors  

inves t igated .  People  wi th CP a re  know n to  have  significant musc le  a t r op h y  (Lampe e t  al., 

2006,  Riad e t  al., 2012)  and  in t r amuscu la r  ad ip ose  t i s sue infi l trat ion ( Johnson e t  al., 

2009) ,  which  may  resul t  in adu l t s  wi th excess body  fat  being classified as nor mal  we igh t  

according  t o  BMI cut -of f  points .  Despi te  this,  BMI cut -of f  point s  a re  still u sed t o  r epo r t  

t h e  p reva lence  of  obes i ty  a m o n g  adul ts  a nd  chi ldren wi th  CP (Slot e t  al., 2013,

Rogozinski e t  al., 2007,  Hurvitz e t  al., 2008) .  Although t h e s e  s tud ies  highlight t h e  

significant  p r ob l em  of obes i ty  a m o n g  peop le  wi th  CP th e  e x t e n t  of  t h e  p r ob le m  m a y  in 

f act  be  u n d e r e s t i m a te d .  The resul t s  of  this  s tudy indicate t h a t  WC is a b e t t e r  p red ic to r  of  

hyp er t e ns ion ,  dysl ipidaemia,  and insulin r e s i s t ance in adu l t s  wi th CP th a n  BMI. Defining 

obe s i ty  accord ing  to  WC m a y  th e r e f o r e  p rovide a m o r e  a c cu r a t e  dep ict ion  o f  obes i ty-  

r e l a t ed  ca r d iom etabo l i c  risk in adu l t s  wi th  CP. Thresho lds  of  80  cm for  w o m e n  and  94 

cm for  m e n  have  b e e n  p r o p o se d  for  classifying abd om ina l  obes i ty  in ab le -bod ied  adu l t s  

of  Europe an  origin (Alberti e t  al., 2009).  Fur the r  r e sea rch  is r equ i red  to  d e t e r m i n e  if 

t h e s e  th re sh o ld s  a re  a pp r o p r ia t e  for  classifying abd om in a l  obes i ty  in adul t s  wi th  CP.
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In agreement w ith previous research (Peterson et al., 2012b) WHR was associated w ith a 

number o f cardiometabolic risk factors; however the relative predictive power of WHR 

was not as high as WC. It has been suggested that, compared to WC, WHR is a superior 

predictor of CVD risk in the general population because it includes a measure of HC. HC 

is inversely associated w ith hyperglycaemia, dyslipidaemia, diabetes, hypertension, CVD 

and death (Seidell et al., 2001, Seideil et al., 1997, Lissner et a!., 2001, Okura et al., 2004, 

Heitmann et al., 2004). In this study the predictive power of WHR may have been 

influenced by the its association w ith gross motor function. This association was a result 

of the inverse relationship between HC and GMFCS - a not unexpected relationship 

considering the correlation of HC w ith gluteal muscle and tota l leg muscle mass (Seidell 

et al., 1989, Seidell et al., 1997), which atrophy in non-ambulatory adults (Wu and Bogie, 

2013). As well as being influenced by gross motor function, WHR is more difficult to  

perform and a less reliable measure than WC in the general population (Kushi et al., 

1988, Rimm et al., 1990). Difficulty w ith obtaining HC measurements from non

ambulatory participants or participants with significant contractures may increase the 

potential for error when measuring WHR in adults w ith CP. In contrast WC is a simple 

and feasible measure to take on ambulatory and non-ambulatory adults in a clinical 

setting.

8.5.1 Limitations

There are several limitations to this study. The number of adults w ith CP living in the 

Republic of Ireland is unknown and therefore it was not possible to  calculate the 

proportion of adults who participated in the current study. It was also not possible to 

obtain information about the non-responders to  this study and therefore not possible to 

compare characteristics between responders and non-responders. Limitations 

associated w ith sample size and sample characteristics are discussed in Chapter 7 

section 7.5.1. As a result of the small sample size we were unable to adjust for sex when 

conducting ROC curve analysis. However, only WC and WHR are known to  be associated 

with sex. Adjusting for sex would therefore likely improve the predictive power of these 

measures. It is unlikely that the order of outcomes would be any different.
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8.6 Conclusions

The results of this study indicate that the prevalence of the metabolic syndrome in this 

relatively young cohort of adults w ith CP was similar to that in a population of older, 

able-bodied, adults. This has significant implications for the ir long-term health, and 

highlights the need for risk factor screening and preventive strategies from young 

adulthood.

WC provides an indicator of hypertension, dyslipidaemia and insulin resistance in adults 

w ith CP regardless of age, sex or gross motor functioning, above the information that is 

obtained from BMI. It therefore presents as a quick and easy clinical measure of 

cardiometabolic disease risk, which should be used instead o f or in conjunction with 

BMI, when identifying adults with CP at risk of CVD and T2DM.
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Chapter 9 Study 6: The relationship between physical 

activity, body composition and blood pressure in 

children with cerebral palsy

9.1 Introduction

Children with cerebral palsy (CP) participate in low levels of everyday physical activity 

compared to  their typically developing (TD) peers (Carlon et al., 2012). In particular they 

accumulate less moderate and vigorous activity and spend more time in sedentary 

activities like sitting and lying (Capio et al., 2012, Martin et al., 2012). Physical inactivity 

is contributing to  the growing epidemic of childhood obesity. Although children with CP 

were historically thought of as short and light for their age, the prevalence of obesity in 

this population has significantly increased in recent years. In 2003-2004 the prevalence 

of obesity was 16.5%, an increase of 7.7% over the previous decade (Rogozinski et al., 

2007). In 2007 a prevalence o f 18.2% was reported (Hurvitz et al., 2008). Perhaps 

counter intuitively the prevalence of obesity was highest among ambulatory children 

w ith minimal impairments (22.7%) who would be expected to be more active than non 

ambulatory children (Hurvitz et al., 2008). Moderate-to-vigorous physical activity 

(MVPA), particularly sustained bouts of MVPA, are required to prevent weight gain in 

children (Dorsey et al., 2011, Trost et al., 2001, Ness et al., 2007). The motor 

impairments associated with CP, including muscle weakness, poor selective motor 

control, spasticity and decreased balance (Rose and McGill, 2005, Stackhouse et al.,

2005, Ostensjo et al., 2004), may prevent children from accumulating habitual physical 

activity of this intensity.

The epidemic of overweight and obesity in TD children is contributing to the increased 

number of children w ith high blood pressure values (Thompson et al., 2007). The 

prevalence o f hypertension in children and adolescents ranges from 2% to  5% (Shay et 

al., 2013, McNiece et al., 2007, Acosta et al., 2012), and increases progressively with 

body mass index (BMI) (Sorof et al., 2004). The prevalence of 'pre-hypertension', a 

classification created to  identify those at greater risk of developing hypertension, ranges 

from 12% to 20% (McNiece et al., 2007, Shay et al., 2013, Zhu et al., 2007). Elevated
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blood pressure in childhood is associated w ith the development o f atherosclerosis 

(Berenson et al., 1998, Mahoney et al., 1996), particularly when combined with 

childhood obesity (Raitakari et al., 2003). Children who retain high blood pressure from 

childhood to  adulthood are also more likely to have adult type II diabetes mellitus 

(T2DM) (Morrison et al., 2012). Physical activity is a primary therapeutic intervention for 

the prevention and treatment of obesity and hypertension in childhood (National High 

Blood Pressure Education Program Working Group on High Blood Pressure in Children 

and Adolescents, 2004).

9.2 Objective

The aim of this study was three-fold. Firstly the aim was to  investigate the prevalence of 

obesity and hypertension among a cohort of ambulatory children w ith CP. The second 

aim was to investigate the number of children meeting current physical activity 

guidelines of 60 min of moderate-to-vigorous activity per day. The third aim of this study 

was to investigate the association between physical activity, obesity and blood pressure 

in children with CP.

9.3 Methods 

9.3.1 Participants

Ambulatory children w ith CP were recruited for this study from eight centres throughout 

the Republic of Ireland that provide services for adults and children w ith disabilities. The 

centres were as follows: the Central Remedial Clinic (CRC), Clontarf; CRC, Scoil Mochua; 

Enable Ireland, Cork; Enable Ireland, Kerry; Enable Ireland, Bray; Enable Ireland, 

Sandymount; Enable Ireland, Kildare; Enable Ireland, Tallaght.

Children were age 6 to 17 years and classified as level I, II or III on the Gross Motor 

Function Classification System (GMFCS) ® (see section 1.1.1.1). Children were also 

classified according to the classification system from the Surveillance of Cerebral Palsy in 

Europe (see section 1.1.1.1) {Rosenbaum et al., 2007), in which the dominant type of 

tone or movement abnormality associated with CP is categorised as spastic, dystonic,
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choreoathetoid, or ataxic; spastic CP is further classified as unilateral or bilateral. 

Exclusion criteria for this study were pregnancy, a severe intellectual disability, or having 

undergone surgery in the previous six months. Physiotherapists in Enable Ireland centres 

provided suitable children and the ir guardians with participant information leaflets 

(PILs). The database of the CRC, Clontarf and Scoil Mochua, was searched to identify 

children who met the inclusion/exclusion criteria. This resulted in 227 children; letters 

and PILs were sent to these children and their guardians. Ethical approval for this study 

was granted by the Faculty of Health Sciences' ethics committee, the CRC's ethics 

committee, and the Enable Ireland Research Ethics and Quality Committee.

9.3.2 Measurements 

9.3.2.1 Body composition

Standing height was measured using a portable stadiometer (Invicta Plastics Ltd., 

Leicester, England). Participants were asked to stand upright w ithout shoes, with their 

heels together and their head in the Frankfurt Plane (i.e. an imaginary horizontal line 

running between the ear hole and the lower border of the eye). Height was read at the 

end of a gentle inspiration to the nearest 0.1 cm. Body mass was measured to the 

nearest 0.1 kg in bare feet and light clothing using an electronic platform scale (SECA 

635). BMI was calculated as kg.m'^. Height was expressed as standard deviation scores 

(zHeight) using the 1990 British Growth References (Cole et al., 1998). BMI was 

expressed as standard deviation scores using the lOTF growth charts (Cole et al., 2000). 

Overweight and obesity were defined according to lOTF criteria.

Waist circumference (WC) was measured on bare skin, to the nearest 0.1 cm, midway 

between the lower rib margin and the iliac crest at the end of gentle expiration. The 

measurement was taken w ith the subject standing erect w ith arms hanging loosely from 

the body. The measurement was taken tw o times and the mean of the two 

measurements was used in data analysis. Waist-height ratio (WHtR) was calculated by 

dividing waist circumference by height.

9.3.2.2 Blood pressure

Blood pressure was measured from the right arm or the least affected side, in the case

of significant asymmetry, using the Omron 705 IT BP monitor. The Omron 705 IT has

been validated as an accurate device for blood pressure measurement in children and
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adolescents (Stergiou et al., 2006). Participants rested in a seated position with their 

back supported for at least five minutes prior to  the measurement being taken, as 

recommended by the 2012 Canadian Hypertension Education Program (Daskaiopoulou 

et al., 2012). The appropriate cuff size was selected for the participant based on their 

arm circumference. Cuff sizes were 17-22 cm, 22-32 cm, and 32-42 cm. The cuff was 

placed so that the lower edge was 3cm above the elbow crease and the bladder was 

centred over the brachial artery. The measurement was taken w ith the participant's legs 

uncrossed, and their arm bare and supported with the cuff at heart level. Participants 

were asked not to talk while the measurement was being taken. Up to four attempts 

were made to collect three measurements at a 1-2 min interval. The average of the last 

tw o measurements was used in data analysis. Systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) were expressed as standard deviation scores (zSBP and zDBP, 

respectively) developed from data collected in nearly 23, 000 British children and young 

people (Jackson et a!., 2007). Children with SBP or DBP above the 98'^ centile were 

classified as hypertensive and children with SBP or DBP between the 91'* and 98*̂  ̂

centiles were classified as 'pre-hypertensive'.

9.3.2.3 Physical activity

Participants' everyday physical activity levels were measured with the RT3 

accelerometer (Stayhealthy Inc). The RT3 has been described in detail in section 3.3.1.1. 

All participants were asked to wear the RT3 for 7 days on their right hip (or least 

affected side in the case of significant asymmetry) in the midaxillary line. Participants 

were told to wear the RT3 for waking hours and only to remove it fo r bathing and 

swimming. Participants were asked to record the times that they removed the monitor 

and the activities they completed while not wearing the monitor. Vector magnitude 

count data were collected in 1-min epochs.

Valid activity data were defined as having at least four days data, of at least 10 hours 

wear time per day (Ward et al., 2005). Sedentary activity was defined as <41 counts.min' 

\  light activity (LPA) was defined as 41-950 counts.m in'\ moderate activity (MPA) was 

defined as 950-3410 counts.min‘\  vigorous activity (VPA) was defined as >3410 

counts.min’^(Vanhelst et al., 2010a). Data are presented as time spent in LPA, MPA,

VPA, and moderate-to-vigorous activity (MVPA) accumulated in 1-min bouts. Time spent 

in MVPA accumulated in 10-min bouts is also presented. One minute of activity below

189



the moderate activity count threshold was allowed for before the bout was considered 

to be ended. Percentage time spent in sedentary activity (i.e. minutes spent in sedentary 

activity/total wear time) and mean activity counts.min'^ are also presented. Finally the 

percentage o f children meeting the guideline of 60 min of MVPA activity per day was 

calculated (WHO, 2010).

9.3.2.4 Procedures

Testing took place at the sites named in section 9.1.1. Participants and their guardians 

were informed of the testing procedures before written consent was obtained from 

guardians and w ritten assent was obtained from children. Following a period of rest in a 

seated position participants' blood pressure was measured. Body mass, height, and WC 

were measured. Participants were then provided w ith the RT3 and written and verbal 

instructions on how to  use it. Participants were also provided w ith a stamped addressed 

envelope to return the monitor to the researcher.

9.3.3 Data Analysis

The distribution of the data was checked for normality using the Kolmogorv-Smirnov 

test. Age, WC, WHtR, MPA, VPA, mean counts.min'^ MVPA (1-min bouts) and MVPA (10- 

min bouts) were non-normaily distributed. MPA, VPA, counts.m in'^ MVPA (1-min bouts) 

and MVPA (10-min bouts) were subsequently square-root transformed. Means and 

standard deviations (SD) are presented for each continuous variable w ith a normal 

distribution. Medians and interquartile ranges (IQR) are presented for continuous 

variables with a skewed distribution. Prevalence data are presented as percentages. 

One-way analysis of variance tests, w ith post-hoc LSD tests, were used to  determine 

differences in normally distributed continuous variables across GMFCS levels. Kruskal- 

Wallis one-way analysis of variance was used to  investigate differences across GMFCS 

level for continuous variables with a skewed distribution. Independent t-tests were used 

to investigate sex differences between normally distributed continuous variables. Sex 

differences between continuous variables with a skewed distribution were determined 

by Mann-Whitney U tests. Pearson's test was used for comparison of the prevalence 

rates.

Bivariate correlation coefficients (Spearman's rho) were calculated to investigate the 

association between age and zBMI, WC, WHtR, zSBP, zDBP, and each physical activity
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component. Three primary multiple linear regression analysis were used to investigate 

the association between blood pressure, markers of total and central adiposity, and 

physical activity outcomes controlling for age, sex, and GMFCS level. The first analysis 

examined the association between blood pressure (zSBP and zDBP) and markers of body 

fat. Each marker of body fat was examined in a different regression model. The second 

analysis investigated the association between blood pressure and physical activity 

outcomes. The third analysis investigated the association between markers of body fat 

(zBMl, WC, WHtR) and physical activity outcomes. Each physical activity outcome was 

examined in a different regression model. Finally, logistic regression was used to 

examine the relationship between each physical activity parameter and elevated blood 

pressure (i.e. pre-hypertension or hypertension). Statistical significance was set at p 

<0.05. Analyses were performed using SPSS, version 19.

9.4 Results

Blood pressure was not obtained from four children (one child in GMFCS level I and 

three children in GMFCS level III). WC, and hence WHtR, was not obtained from 2 

children (both level III in the GMFCS). Participants' characteristics (n = 90) are presented 

across GMFCS level (Table 9.1). There was no difference in age across GMFCS level. 

Children in level I o f the GMFCS were significantly taller than children in level III (p 

<0.001). Table 9.2 presents participants' zBMI, WC, WHtR, zSBP and zDBP. In GMFCS 

level I, boys had a higher zSBP than girls (p <0.05); there were no other sex differences 

w ithin GMFCS levels. Across GMFCS level, girls in level II had a smaller WHtR and zBMI 

than girls in level I (p <0.05 for both), and a smaller WHtR than girls in level III (p <0.05). 

Fourteen children (15.5%) were classified as overweight. A further three children (3.3%) 

were classified as obese (two in GMFCS level I and one in level II). All children with 

obesity were male. Eleven children (19.3%), 3 children (21.4%), and 3 children (15.8%) 

were classified as overweight/obese in GMFCS level I, II and III, respectively; there was 

no significant difference in the prevalence of overweight/obesity across GMFCS level (x  ̂

= 1.84, p = 0.912). Six girls (18.2%) and 11 boys (19.3%) were classified as 

overweight/obese; there was no difference in overweight/obesity across sex (x^= 0.017, 

p = 0.896). Nine children (10.5%) were classified as hypertensive and 10 children 

(11.6%) were classified as pre-hypertensive. The nine children with hypertension and six
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of the children with pre-hypertension were in GMFCS level I. Among children classified 

as overweight/obese, 6 children (35.2%) were pre-hypertensive or hypertensive.

Valid activity data were collected on 73 children. There was no difference in age, zBMI, 

WC, WHtR, zSBP or zDBP between children w ith and w ithout activity data. 

Approximately 75% of children met the guideline of 60 minutes of MVPA per day. This 

declined across GMFCS level w ith 88%, 55%, and 47% of children in level I, II and III, 

respectively, meeting the guideline (x  ̂= 12.600, p <0.01). One-way analysis of variance 

revealed there was a significant difference in time spent in sedentary activity, MPA, VPA, 

MVPA, MVPA (10-min bouts) and total activity (mean counts.min'^) across GMFCS level 

(Table 9.3). Children in level I spent more time in MPA, VPA, MVPA, MVPA (10-min 

bouts) total activity and less time in sedentary activity than children in level III (p <0.01 

for all). Children in level I also spent more time in MVPA (10-min bouts) than children in 

level II (p <0.05).

Table 9.1 Characteristics of participants across levels of the Gross M otor Function 

Classification System. Data presented as mean (SD) unless otherwise stated

All GMFCS 1 GMFCS II GMFCS III

N 90 57 14 19

Age, yr 10.0(6.0)t 10.0(6.0)t 10.1 (2.9) 11.8 (4.0)

zHeight -0.30(1.28) 0.04 (1.10) -0.42 (1.44) -1.21 (1.25)

Males:females 57:33 38:19 9:5 10:9

Classification o f CP, n (%)

Spastic unilateral 48 (53.3) 42 (73.7) 5 (35.7) 1(5.3)

Spastic bilateral 39 (43.3) 14(24.6) 8(57.1) 17 (89.5)

Non-spastic 3(3.3) 1 (1.8) 1(7.1) 1(5.3)

tdata not normally distributed, median (IQR) presented

Age was positively correlated w ith WC (0.625, p <0.01) and zDBP (r = 0.261, p <0.05). 

Age was negatively correlated w ith LPA (r = -0.266, p <0.05) MPA (r = -0.445, p <0.01), 

MVPA (r = -0.398, p <0.01), counts.min'^(r = -0.422, p <0.01), and positively correlated 

with sedentary activity (r = 0.532, p <0.01).

When age, sex and GMFCS were controlled for zSBP, but not zDBP, was positively 

associated with zBMI (P = 0.249, p <0.05; R square change = 0.059) and WC (P = 0.324, p 

<0.05; R square change = 0.062). Figure 9.1 shows the relationship between zSBP and



WC, and between zSBP and zBMI. There was no association between zSBP, zDBP and any 

physical activity outcome. Similarly, there was no association between any measure of 

body fat and any physical activity parameter. Logistic regression revealed that the 

likelihood of hypertension increased with decreasing time in MVPA, VPA and total 

activity, and increasing time in sedentary activity (p <0.05 for all) (Table 9.4).
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Table 9.2 Participants' physical characteristics across Gross M otor Classification System (GMFCS) level. Data presented as mean (SD) unless stated otherwise

N zBMI WC WHtR zSBP zDBP

GMFCS level 1 Male 38" 0.33 (1.20) 66.8 (10.5) 0.45 (0.06) -0.14 (1.23) 0.98 (1.40)

Female 19 0.43 (0.95) 63.5 (10.2) 0.44 (0.05) -0.82 (0.99) 0.40(1.38)

All 57 0.36(1.11) 65.7 (10.4) 0.44 (0.07)t -0.37 (1.19) 0.78 (1.41)

GMFCS level II Male 9 0.54(1.35) 61.4(9.5) 0.44 (0.06) -0.73 (0.82) 0.74(0.58)

Female 5 -0.87 (0.99) 54.5(2.0) 0.39 (0.03) -0.86 (1.41) 0.74(0.51)

All 14 0.03(1.38) 59.0(8.3) 0.41 (0.06)t -0.78 (1.02) 0.74(0.53)

GMFCS level III Male i o ‘’ 0.31 (0.79) 64.9(8.2) 0.45 (0.03) -0.73 (0.51) 0.48 (0.57)

Female 9" 0.22 (1.04) 60.6(7.6) 0.46(0.03) -1.42 (0.86) 0.89 (0.88)

All 19 0.27 (0.89) 63.1 (8.0) 0.45 (0.03) -1.04 (0.75) 0.66 (0.73)

^one value missing from  zSBP and zDBP; one value missing from  zSBP and zDBP; tw o  values missing from  zSBP, zDBP, WC and WHtR. 

td a ta  not norm ally d istributed, presented as median (IQR).

zBMI, z-scores fo r BMI; WC, waist circum ference; WHtR, waist-height ratio; zSBP, z-scores fo r systolic blood pressure; zDBP, z-scores fo r diastolic blood 

pressure.
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Table 9.3 Physical activity outcomes across levels of the Gross M otor Function Classification System (GMFCS). Data presented as mean (SD) unless stated 

otherwise

n

Sedentary 

Activity (%)

Light

Activity (min)

Moderate 

Activity (min)

Vigorous 

Activity (min)

Mod-to-vig 

Activity (min)

Mod-to-vig activity 

(10-min bouts) (min)

Mean

Counts.min^

GMFCS level 1 49 31.7 (12.2) 410.4 (69.1) 94.0(4.8) 7.5 (2.3) 102.8(5.8) 37.2 (6.7) 431.1 (15.7)

GMFCS level 11 9 37.2 (11.9) 404.6 (69.4) 63.4(6.9) 3.0 (4.0) 68.0(9.1) 15.0(10.1) 321.6 (14.8)t

GMFCS level III 15 42.3 (15.8) 390.2 (110.3) + 56.5 (9.2) 2.2 (1.4) 59.5(9.8) 13.4(7.3) 284.5 (24.0)

p value 0.022 0.197 0.005 0.013 0.005 0.003 0.006

tskewed distribution, data presented as median, (IQR). 

Mod, moderate; Vig, vigorous
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Table 9.4 Odds ratios (OR) and 95% confidence intervals (Cl) for physical activity outcomes in hypertensive children

Independent variable 

(normotensive vs. hypertensive)

OR 95% Cl P-value

Sedentary activity 1.066 1.001-1.135 0.047

Light activity 0.999 0.990-1.007 0.739

Moderate activity 0.678 0.460-0.999 0.050

Vigorous activity 0.606 0.372-0.986 0.044

Moderate-to-vigorous activity 0.701 0.494-0.994 0.046

Moderate-to-vigorous activity

(10-min bouts) 0.771 0.579-1.026 0.075

Mean counts.min‘^ 0.758 0.602-0.955 0.019
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9.5 Discussion

This is the first study to demonstrate that anthropometric measures of tota l and central 

adiposity are positively associated w ith blood pressure in children and adolescents with 

CP. This is consistent with findings in TD children (Schiel et al., 2006; Ruiz et al., 2007; 

Rosner et al., 2000; Bluher et al., 2013). In addition, elevated blood pressure in children 

and adolescents with CP is associated w ith decreased time spent in MVPA, VPA, and 

to ta l activity, and increased time spent in sedentary activity. Increasing physical activity 

and decreasing sedentary activity should therefore be a primary aim of rehabilitation in 

order to  prevent children w ith CP developing elevated blood pressure.

The prevalence of overweight/obesity in the current study was 18.9%. In agreement 

w ith previous research (Rogozinski et al., 2007; Hurvitz et a!., 2008) overweight/obesity 

was highest among children w ith minimal impairments (19.3% in GMFCS level I and 

21.4% in GMFCS level II). This was lower, however, than the prevalence reported among 

a cohort of US children with CP (29.1%) (Hurvitz et al., 2008) and lower than that 

reported among TD children in the Republic of Ireland (23% and 28% among boys and 

girls, respectively) (Whelton et al., 2007). A convenience sample was recruited for this 

study and it is possible that participants were healthier than the general population of 

children with CP as they had to volunteer to have their body composition and physical 

activity measured.

Despite the relatively low prevalence of overweight/obesity, 10% of children had 

elevated blood pressure. This is higher than recent reports in TD children, with values 

ranging from 2.9% to 4.9% in Irish and American children and adolescents (Kilbride et al., 

2013; Shay et al., 2013). A significant proportion of children with overweight/obesity 

had elevated blood pressure. The prevalence rate of elevated blood pressure among 

these children (35.2%) was similar to the prevalence of hypertension reported in TD 

children with obesity (25% to 51%) (Finucane et al., 2008; Genovesi et al., 2008; Sorof et 

a!., 2002). Although this suggests that classification of weight status into normal-weight 

or overweight/obese may be clinically useful fo r identifying children at increased risk of 

obesity hypertension, the prevalence of hypertension is known to increase across the 

entire range o f BMI values (Rosner et al., 2000; Sorof et al., 2002). A simple threshold 

may not be adequate to  define risk o f hypertension among children. Furthermore, the
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results of this study indicate that BMI may not be the best anthropometric indicator of 

elevated blood pressure in children w îth CP.

The use of BMI cut-offs to define overw/eight/obesity is limited by its inability to 

distinguish between people with excessive adiposity and those w ith large muscle mass. 

BMI is a poor predictor of body fat in children with CP (Kuperminc et al., 2010), possibly 

because it does not recognise that children with CP have reduced muscle volumes 

compared to age-matched able-bodied peers (Lampe et al., 2006). Applying BMI cut-off 

points developed in the general population to children w ith CP may result in incorrect 

classification of children w ith excess body fat as 'normal' weight. Normal-weight obesity 

(i.e. a normal body weight according to BMI but a high body fat percentage) is prevalent 

among the general population and is associated with cardiometabolic dysregulation, a 

high prevalence of the metabolic syndrome, and an increased risk o f CVD mortality 

(Romero-Corral et al., 2010).

In the current study, a stronger association was observed between systolic blood 

pressure and WC, compared to BMI. In Chapter 8, WC was also found to be more 

strongly associated w ith cardiometabolic risk in adults w ith CP. WC provides an indicator 

of visceral adipose tissue (Taylor et al., 2000), which is associated w ith increased 

cardiometabolic risk in children (Taylor and Hergenroeder, 2011, Lee et al., 2006). 

Classifying obesity among children with CP according to WC thresholds may provide a 

more accurate indicator o f those at risk of cardiometabolic disease compared to  BMI. 

However, the clinical utility of WC is currently limited by the lack of consensus regarding 

what threshold should be used to classify central obesity in children. It has been 

suggested that WHtR >0.50 is a clinically useful threshold o f identifying TD children of a 

normal-weight who have increased cardiometabolic risk (Mokha et al., 2010). However, 

the results of this study and others (Sijtsma et al., 2013, Bluher et al., 2013) indicate that 

WHtR is not superior to  WC or BMI in predicting blood pressure in TD children or 

children with CP.

Not unexpectedly, a linear relationship between physical activity and systolic blood 

pressure or diastolic blood pressure was not found in the current study. Studies 

investigating the association between objectively measured physical activity and blood 

pressure in TD children have found inconsistent results (Andersen et al., 2006, Gaya, 

2009). This is likely because the relationship between blood pressure and physical
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activity appears to be non-linear (Marl< and Janssen, 2008). There is significant evidence 

that physical activity has a greater effect on blood pressure values in the high risk range 

(Mark and Janssen, 2008). This also appears to  be the case in children and adolescents 

with CP. The non-linear relationship observed among children with CP may also be due 

to the method used to  measure physical activity. As a single cut-off point was used to 

classify physical activity in all children the accuracy of physical activity classification may 

have differed across GMFCS levels. Discrepancies in the accuracy of physical activity 

measurement among children could explain why a linear relationship between physical 

activity and blood pressure was not observed.

A study of the dose-response relationship between blood pressure and physical activity 

in TD children reported that both tota l activity and MVPA were associated w ith elevated 

blood pressure values (Mark and Janssen, 2008); however considerably fewer minutes 

were required in MVPA than tota l physical activity to reduce the likelihood of 

hypertension. Unlike the current study, the independent association between VPA,

MPA and blood pressure was not investigated. The results of the current study indicate 

that although total activity, moderate-to-vigorous activity, and vigorous activity alone 

were negatively associated w ith elevated blood pressure moderate activity alone was 

not. This finding is in agreement research in TD children that suggests that VPA, but not 

MPA, is associated with lower cardiometabolic risk in children (Hay et al., 2012, Ried- 

Larsen et al., 2013). It is possible that VPA is acting on blood pressure through its effect 

on body fat. Unlike the current study, studies of TD children have found an association 

between VPA and body fat, above that of MPA (Dencker et al., 2008, Hussey et al., 2007, 

Dorsey et al., 2011). It is possible that an association between physical activity and 

anthropometric measures was not observed in the current study because of the small 

number of children w ith overweight/obesity who had valid activity data (n=12), and the 

heterogeneity of the sample. Age, sex, and GMFCS level are known to affect physical 

activity volume and intensity (Hussey et a!., 2007, Trost et a!., 2002, Stevens et al., 2010, 

Maher et al., 2007). As a result o f the relatively small sample size, these factors may 

have masked the association between physical activity and obesity.

A strength of this study was the use of an accelerometer to measure physical activity. 

This provides empirically relevant data that allows for comparison w ith national 

guidelines and with data collected in population based-studies such as the National 

Health and Nutrition Examination Survey. Only one study has used an accelerometer to
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measure physical activity in children with CP to  date however (Capio et al., 2012), which 

makes it difficult to  directly compare these findings the results of other studies. In 

agreement w ith previous research in children and adolescents with CP, total physical 

activity declined with age (Maher et al., 2007, Stevens et al., 2010), and sedentary 

activity increased with age (Stevens et al., 2010). This is the first study however, to 

demonstrate that VPA was not independently associated w ith age. This may explain why 

BMI was not positively associated w ith age despite the negative association between 

to ta l activity and age.

This is the first time information about the number of children with CP meeting the 

physical activity guideline of 60 minutes of MVPA daily has been provided. Although 77% 

of children met the guideline, this is smaller than the 90% of TD adolescents who met 

the guideline when physical activity was measured by the same method (Denton et al., 

2013). The mean time spent in moderate activity was also less than that reported for TD 

children (boys 114.3 min and girls 96.6 min) when physical activity was measured by the 

same method. The fact that even the most sedentary children spend 30-40 min in MVPA 

when measured w ith accelerometry (Andersen et al., 2006) is accounted for in recent 

WHO guidelines that recommend that children obtain 60 minutes of MVPA daily on top 

of their activities o f daily living (WHO, 2010). This recommendation has yet to  be 

adopted as national guidelines. However it is probably a more suitable guideline given 

that clustered cardiovascular risk is raised in children who accumulate less than 90 

minutes of MVPA per day (Andersen et al., 2006). Of concern, children in level II and III 

only accumulated 68 and 60 min, respectively, of MVPA per day. Despite this, the 

prevalence of hypertension was higher among children in level I who accumulated more 

MVPA. This finding is difficult to  explain. It may be because the smaller proportion of 

participants in levels II and III, compared to  level I, resulted in a biased sample. It is also 

possible that, as discussed in Chapter 6, using a single set o f cut-off points to  classify 

physical activity intensity among all children w ith CP resulted in an underestimation of 

physical activity intensity among children in level III, who use significantly more energy 

to  walk at a given speed compared to  children in level I and II (Kerr et al., 2008). 

Development of specific cut-off points according to  GMFCS level may improve physical 

activity classification in this population.
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9.5.1 Limitations

There are a num ber o f lim ita tions to  th is study tha t require discussion. As m entioned in 

section 9.5 valid activ ity data were  obtained on a re lative ly small number o f participants 

w/ith overweight/obesity. Also, a large proportion o f children were  in level I o f the 

GMFCS, compared to  level II or III, w/hich lim its the ability  to  compare results across 

GMFCS level. In addition the cut-points applied to  activ ity data to  define sedentary, 

light, moderate and vigorous activ ity were calibrated on TD children. They may 

there fore  underestim ate the in tensity o f activity perform ed by children w ith  CP, 

particularly children in GMFCS level III, who use greater energy during walking compared 

to  TD children and to  children in level II and III (Brehm et al., 2007).Finally, although th is 

study found a high prevalence o f children w ith  blood pressure values in the hypertensive 

range it cannot be diagnosed as hypertension w itho u t elevated readings on at least 

three occasions. The presence o f elevated blood pressure is known to  decrease between 

the firs t and th ird  readings (Sorof et al., 2004). However, when blood pressure was 

assessed on one occasion in TD Irish children the prevalence o f elevated blood pressure 

was lower than tha t in the current study (4.9%) despite more children being classified as 

overweight/obese (28%).

9.5.2 Conclusion

In conclusion, to ta l and central adiposity are associated w ith  systolic blood pressure in 

children w ith  CP. Although decreased tim e in to ta l physical activ ity and MVPA are 

associated w ith  elevated blood pressure in children w ith  CP, the strongest association 

was observed fo r VPA alone. This has significant im plications fo r exercise prescription in 

children w ith  CP and suggests th a t healthcare professionals should be prom oting 

partic ipation in vigorous activities, such as sport, rather than partic ipation in m oderate 

activities, such as play, in th is population.
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Chapter 10 Study 7: The relationship between physical activity 

and cardiorespiratory fitness in children with cerebral palsy.

10.1 Introduction

It is well reported that children w ith cerebral palsy (CP) participate in reduced levels of everyday 

physical activity compared to their typically developing (TD) peers (Carlon et al., 2012; Maher et al., 

2007; Zwier et al., 2010). Physical inactivity can lead to deconditioning and is likely responsible for 

the low levels of cardiorespiratory fitness evident in this population (Unnithan et al., 1998; 

Verschuren and Takken, 2010; Hoofwijk, 1995). In 2003 the American Physical Therapy Association's 

Section on Pediatrics and its Research committee highlighted the critical need to identify and 

promote effective interventions to improve cardiorespiratory fitness in children with CP (Fowler et 

al., 2007). Cardiorespiratory fitness plays an important role in daily physical functioning in adults 

and children with CP. Reduced cardiorespiratory fitness, in combination with the increased cost of 

locomotion associated with CP, increases the physical strain of comfortable walking in children with 

CP (Dallmeijer and Brehm, 2011). Adults with CP cite poor endurance as a reason for deterioration in 

walking function and premature loss of mobility (Opheim et al., 2009). In addition, there is 

substantial evidence that low cardiorespiratory fitness in childhood is associated with obesity, 

hypertension, dyslipidaemia, insulin resistance and the metabolic syndrome (Andersen et al., 2011a; 

Janssen and Cramp, 2007; Klasson-Heggebo et al., 2006; Brage et al., 2004).

Cardiorespiratory fitness has been shown to track between childhood and young adulthood 

(Campbell et al., 2001). It is therefore vital that intervention to improve fitness occurs in childhood. 

There is evidence that aerobic exercise interventions can improve cardiorespiratory fitness in 

children with CP (Butler et al., 2010, Verschuren et al., 2007). This does not carryover to habitual 

levels of physical activity however, and as a result, decreases in cardiorespiratory fitness are 

observed at follow-up assessment (Verschuren et al., 2007; van den Berg-Emons et al., 1998). More 

information is required about the association between habitual physical activity and 

cardiorespiratory fitness in children with CP in order to guide clinicians about the volume and 

intensity of physical activity that they should be promoting.

Vigorous physical activity is more strongly associated v^ith cardiorespiratory fitness in TD children, 

compared to moderate activity (Denton et al., 2013; Dencker and Andersen, 2011; Hussey et al.,
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2007). The motor impairments associated w ith CP, including muscle weakness, poor selective motor 

control, spasticity and decreased balance (Rose and McGill, 2005; Stackhouse et al., 2005; Ostensjo 

et al., 2004), may however prevent children accumulating habitual activity of an adequate intensity 

to improve cardiorespiratory fitness. Increased sedentary behaviour, such as time spent sitting or 

lying, has recently been identified as a possible contributor to low cardiorespiratory fitness in 

children, independent of moderate-to-vigorous physical activity (Santos et al., 2013; Sandercock and 

Ogunleye, 2013; Sandercock and Ogunleye, 2012). Sedentary behaviour is higher among children 

w ith CP compared to  TD children (Stevens et al., 2010; Me Manus et al., 2008) and increases with 

age, disproportionately to the increase observed in TD adolescents (Stevens et al., 2010). 

Intervention to  reduce sedentary behaviour may therefore be a feasible and effective method of 

improving cardiorespiratory fitness in children with CP.

10.2 Objective

The first aim of this study was to investigate the association between cardiorespiratory fitness, blood 

pressure and body fat in children with CP. The second aim of this study was to determine the 

intensity o f habitual physical activity (i.e sedentary, light, moderate or vigorous) that is associated 

w ith cardiorespiratory fitness in children w ith CP.

10.3 Methods

10.3.1 Participants

The method used to recruit for Study 5 was described in Chapter 9 section 9.3.1. Only children in 

level I and II o f the GMFCS are included in study 7 because, at present, there is no valid field test of 

cardiorespiratory fitness in children classified as level III.

10.3.2 Measurements

10.3.2.1 Body composition

The methods used to  measure body composition are described in Chapter 9 section 9.3.2.1.

10.3.2.2 Blood pressure

The method used to  measure blood pressure is described in Chapter 9, section 9.3.2.2.
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10.3.2.3 Cardiorespiratory fitness

Cardiorespiratory fitness was reflected by the level achieved on the 10 m shuttle run test (SRT) 

(Verschuren et a!., 2006). This test is described fully in Appendix XI. A 10 m walkway was marked out 

in a quiet area. Children were asked to walk between the two markers at a set incremental speed 

determined by a signal. The test starts at a speed of 5 km.h'^ for children classified in GMFCS level I, 

and at 2 km.h’  ̂for children in GMFCS level II. The speed increases by 0.25 km.h'^ every minute. 

Heart-rate was monitored throughout the test using a polar heart rate monitor. The criteria for a 

valid test were a maximal heart-rate >180 bpm plus a subjective indication of fatigue such as 

shortness o f breath or unwillingness to continue. The psychometric properties o f this test were 

presented in section 2.2.3.

10.3.2.4 Physical activity

Physical activity was measured using the RT3 accelerometer. The procedures used to collect and 

define activity data are described in Chapter 9 section 9.1.2.3.

10.3.2.5 Procedures

The procedure used in study 7 is outlined in Chapter 9 section 9.1.2.4. In addition, cardiorespiratory 

fitness was measured using the 10 m SRT.

10.3.3 Data Analysis

The distribution of the data was checked for normality by the Kolmogorov-Smirnov test. Age, waist 

circumference (WC), waist-height ratio (WHtR), moderate physical activity (MPA), vigorous physical 

activity (VPA), moderate-to-vigorous activity in 10-min bouts (MVPA), and mean counts.min'^ were 

non-normally distributed. Age was log transformed. MPA, VPA, MVPA and mean counts.min'^ were 

square-root transformed for the main analyses. Mean and standard deviations (SD) are presented 

for normally distributed continuous data. Median and interquartile ranges (IQR) are presented for 

non-normally distributed continuous variables. Independent t-tests were used to assess differences 

across sex for age, z-scores for height (zHeight), z-scores for BMI (zBMI), z-scores for systolic blood 

pressure (zSBP), z-scores for diastolic blood pressure (zDBP), light physical activity, MPA, MVPA VPA, 

counts.m in'\ percentage sedentary time and cardiorespiratory fitness. Mann-Whitney U test was 

used to  assess sex differences for WC and WHtR. Bivariate correlation coefficients were calculated to 

assess correlations between cardiorespiratory fitness and age, zHeight, WC, WHtR, zBMI, zSBP and 

zDBP.
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Multiple regression analysis was used to investigate the association between cardiorespiratory 

fitness and markers of to ta l and central adiposity, when controlling for age, sex, and GMFCS level. 

Each marker of body fat was examined in a different regression model. Multiple regression analysis 

was also performed to  determine the association between cardiorespiratory fitness and blood 

pressure (zSBP and zDBP), after controlling for age, sex and GMFCS level. Follow-up regression 

analyses were performed to examine whether the association was independent of body fat by 

additionally controlling for BMI, WC and WHtR in separate analyses. A final linear regression analysis 

was performed to examine the association between cardiorespiratory fitness and physical activity 

outcomes. Each physical activity outcome was examined in a different regression model. Children 

were then stratified into tertiles according to  their degree of cardiorespiratory fitness using 

reference centile curves for the 10-m SRT based on sex, GMFCS level, and height (Verschuren et al., 

2010a). A one-way analysis of variance was used to compare zBMI, WC, WHtR, zSBP, zDBP and 

physical activity components across tertiles, w ith LSD post-hoc tests as appropriate. The level of 

significance was set at p <0.05. Analyses were performed using SPSS, version 19.

10.4 Results

Seventy-one children were recruited for this study. Four children were removed from analysis as 

they did not reach a maximal heart-rate >180 bpm during the SRT. Physical activity data were not 

obtained on twelve children; four children did not meet the criteria for valid wear-time; eight 

children returned monitors w ithout any data because of interference w ith the monitor or battery 

malfunction. This resulted in a total sample size of n = 55.

Descriptive statistics are presented in Table 10.1. No significant sex differences were found fo r age, 

zHeight, zBMI, WC, WHtR, zDBP, LPA, MPA, VPA, MVPA, percentage sedentary time, counts.min'^ 

and cardiorespiratory fitness. zSBP was significantly higher in males than females (p <0.05).
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Table 10.1 Characteristics of participants (n=55)

Malesifemales 34:21

Age, y:mo, mean (SD) 11:1(0.1)

zHeight, cm, mean (SD) -0.01 (1.21)

zBMI, mean (SD) 0.25(1.16)

Waist circumference, cm, median (IQR) 65.0 (15.0)

Waist-height ratio, median (IQR) 0.43 (0.07)

zSBP, mean (SD) -0.37(1.21)

zDBP, mean (SD) 0.84(1.33)

GMFCS level, n (%)

Level I 45 (81.8)

Level II 9 (16.4)

Classification of cerebral palsy, n (%)

Spastic unilateral 38(59.1)

Spastic bilateral 15(27.3)

Non-spastic 2 (3.6)

zBMI, z-scores for BMl; zSBP, z-scores for systolic blood pressure; zDBP, z-scores for diastolic blood 

pressure; GMFCS, Gross M otor Function Classification System

The mean (SD) level achieved on the SRT test was 9.0 (4.0) min. According to  reference centile 

curves 8 children (14.5%), 24 children (43.6%), and 23 children (41.5%) were categorized as low, 

middle and high fitness, respectively. Percentage time spent in sedentary behaviour, time spent in 

each component of physical activity, and mean counts.min \  fo r the total sample and across fitness 

tertiles are presented in Table 10.2.
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Table 10.2 Percentage time spent in sedentary behavior, time spent in each component of physical activity, and mean counts.min-1 across 

cardiorespiratory fitness tertiles. Data presented as mean (SD).

Cardiorespiratory 

fitness fertile

Percentage sedentary 

time (%)

LPA (min) MPA (min) VPA (min) MVPA (min) Mean

counts.min^

Low/ 29.0(7.7) 420.2 (33.9) 88.3 (4.3) 4.2 (1.0) 24.2 (4.4) 407.9 (12.8)

Middle 33.6(12.8) 407.2 (65.3) 83.7 (5.7) 4.9 (2.2)* 28.0(6.7) 383.1 (16.8)

High 32.8(12.2) 406.9 (74.0) 95.3(6.2) 10.6(3.5)* 44.9 (9.7) 453.7 (20.7)

All 32.6(11.9) 409.0 (65.0) 89.1 (5.6) 6.9 (2.8) 34.0 (8.0) 415.6 (17.9)

*Significant difference between variables, p<0.05

LPA, light physical activity; MPA, moderate physical activity; VPA, vigorous physical activity; MVPA, moderate-to-vigorous physical activity in 10-min bouts
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The level achieved on the SRT was positively associated with age (r = 0.608, p <0.01), 

and negatively associated w ith zBMI (r = -0.459, p < 0.01) and WHtR (r = -0.519, p <

0.01). The multiple regression analysis revealed that zBMI, WC, and WHtR were 

negatively associated w ith cardiorespiratory fitness (p <0.01 for all) after controlling for 

age, sex, and GMFCS level (Table 10.3). Regression analysis also revealed that zSBP, but 

not zDBP, was negatively associated with cardiorespiratory fitness (p <0.05) (Table 10.3). 

The significant association between zSBP and cardiorespiratory fitness remained when 

WHtR was included in the model (p <0.05), but not when WC or zBMI were added.

When the association between cardiorespiratory fitness and physical activity domains 

was examined cardiorespiratory fitness was associated with total activity (mean 

counts.min'^) (p <0.05), MVPA (p <0.05) and VPA (p <0.01) (Table 10.3). Vigorous 

physical activity accounted for 12.5% of the variance in cardiorespiratory fitness. 

Cardiorespiratory fitness was not associated with time spent in sedentary, light, or 

moderate activity.
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Table 10.3 Results from linear regression analyses showing the associations between 

measures of body fat, blood pressure, physical activity and cardiorespiratory fitness.

Unstandardised

Coefficients

B(SE)

Standardised

Coefficients

B R square 

change

zBMI -1.176 (0.324) -0.345** 0.109

Waist circumference -0.201 (0.042) -0.517** 0.165

Waist-height ratio -29.846 (6.123) -0.436** 0.168

zSBP -826 (0.340) -0.252* 0.055

zSBP" -0.575 (0.323) -0.176 0.025

zSBP'’ -0.446 (0.308) -0.136 0.015

zSBP" -0.600 (0.291) -0.183* 0.015

Mean counts.min‘^ 0.242 (0.101) 0.259* 0.054

Mod-to-vig physical activity 0.387 (0.145) 0.276* 0.065

Vigorous physical activity 0.883 (0.223) 0.372** 0.125

*p<0.05, **p<0.01.
All analyses controlled for age, sex and GMFCS level.

^Analysis was additionally controlled for zBMI. '^Analysis was additionally controlled for 
waist circumference. “̂ Analysis was additionally controlled for waist-height ratio. 
zBMI, z-scores for BMI; zSBP, z-scores for SBP; mod-to-vig, moderate-to-vigorous.

When children were stratified according to  cardiorespiratory fitness there was no 

difference in age, zDBP, percentage sedentary time, LPA, MPA, MVPA or counts.min'^ 

across tertiles. Children in the most f it  tertile spent significantly more time in VPA 

compared to children in the middle tertile  ^p <0.05) (Figure 10.1). Children in the least 

fit tertile  had a significantly higher zBMl, WC and WHtR than children in the middle and 

high tertile  (p <0.01 for all) (Figure 10.2). Children w ith the lowest fitness also had the 

highest zSBP, although this did not reach statistical significance (p = 0.09). Table 10.4 

shows zBMI, WC, and WHtR by tertiles of cardiorespiratory fitness.
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Table 10.4 BMI, waist circumference, and waist-height ratio across cardiorespiratory 

fitness tertiles. Data presented as mean (SD) unless otherwise stated

zBMI WC (cm) WHtR

Low cardiorespiratory fitness 1.79 (0.49) 76.2 (8.9) 0.54 (0.04)

Middle cardiorespiratory fitness 0.24 (1.07) 63.0(10.8) 0.44 (0.06)

High cardiorespiratory fitness -0.06 (l.OO)t 61.0 (12.5)t 0.42 (0.03)

tdata not normally distributed, presented as median (IQR).

zBMI, z-scores for BMI; WC, waist circumference; WHtR, waist-height ratio.
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Figure 10.1 Time spent in vigorous physical activity per day across low, middle and 

high fitness
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10.5 Discussion

This is t h e  first s tu d y  t o  ex a m in e  t h e  re la t ionsh ip  b e tw e e n  ca rd io re sp ira to ry  f itness, 

ad iposity  and  b lood p re ssu re  in ch ild ren  with  CP. Central ad iposity  and  systolic b lood 

p re s s u re  w e r e  negatively  a s so c ia te d  with  ca rd io re sp ira to ry  f itness. In add i t ion ,  children 

in t h e  low es t  f i tness  level had th e  h ighes t  WC, WHtR and  BMI. In a g r e e m e n t  with 

re se a rc h  in TD children  (Dencker e t  al., 2008, Hussey e t  al., 2007, Gutin e t  al., 2005), 

v igorous  activity bu t no t light o r  m o d e r a te  activity, w as  positively a s so c ia te d  with 

ca rd io re sp i ra to ry  f i tness  in ch ild ren  w ith  CP. H ea lthcare  profess iona ls  shou ld  th e re fo r e  

be  p ro m o t in g  part ic ipa tion  in v igorous  activities, like spor t ,  r a th e r  t h a n  m o d e ra te  

activities, like play, in o r d e r  t o  im prove  ca rd io re sp ira to ry  f itness, and  t h e  assoc ia ted  

ca rd io m etab o l ic  risk profile o f  ch ild ren  with  CP.

Children with  CP a re  know n to  have  low levels o f  ca rd io re sp ira to ry  f itness  in com par ison  

t o  th e i r  TD p e e rs  (Verschuren an d  Takken, 2010, van d en  Berg-Emons e t  al., 1996b). 

A lthough  it has  b e e n  h y p o th e s ise d  t h a t  th is  has  a nega tive  e ffec t  on  th e i r  

ca rd io m e tab o l ic  hea lth  (Fowler e t  al., 2007) th is  is t h e  first s tudy  to  d e m o n s t r a te  th e  

as soc ia t ion  b e tw e e n  c a rd io re sp ira to ry  fitness, b lood p re ssu re  and  body  fa t  in children 

w ith  CP. The s t ro n g e s t  re la t ionsh ip  b e tw e e n  a n th ro p o m e tr ic  m e a s u r e s  and  

ca rd io re sp i ra to ry  f itness  w as  o b se rv e d  for  WC. This is in a g r e e m e n t  with  a s tu d y  of TD 

ch ildren  (Klasson-Heggebo e t  al., 2006) and  is likely b e c a u s e  WC is an  ind ica to r  of 

visceral ad ip o se  t issue .  Visceral ad ip o se  t is sue  is as soc ia ted  with  a n u m b e r  of  risk fac to rs  

fo r  ca rd iovascu la r  d isease ,  including b lood p ressu re ,  tr iglycerides, insulin res is tance ,  and  

t h e  m e tab o l ic  sy n d ro m e ,  in children  and  a d o le sc e n ts  (Kwon e t  al., 2011; Kim and  Park, 

2008). In C h a p te r  9, th e  assoc ia t ion  b e tw e e n  b lood p re ssu re  and  body  fat, particularly 

ce n tra l  adiposity , w as  d e m o n s t r a t e d  in children  with  CP. In addition ,  exercise  

in te rv en t io n  is know n to  red u c e  visceral a d ip o se  t is sue  in t h e  a b s e n c e  o f  w e igh t  loss 

(Kay and  F ia ta rone  Singh, 2006).  In t h e  c u r re n t  s tudy , a l th o u g h  bo th  ce n tra l  ad iposity  

an d  systolic b lood p re ssu re  w e re  a s so c ia te d  w ith  ca rd io re sp ira to ry  f itness ,  th e  

as so c ia t io n  b e tw e e n  b lood p re ssu re  and  ca rd io re sp ira to ry  f itness  w as  n o t  in d e p e n d e n t  

o f  body  fat.  This ind icates  t h a t  im proving  ca rd io re sp ira to ry  f itness  m ay  re d u c e  systolic 

b lood  p re ssu re  in children  with  CP largely th ro u g h  its positive e f fec t  on  b o d y  fat.

Blood p re ssu re ,  particularly  systolic b lood  p ressu re ,  and  obes ity  a re  know n t o  track  from  

ch i ldhood  to  a d u l th o o d  (Chen an d  W ang, 2008; Juhola e t  al., 2011). Children w h o  d o n ' t
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retain childhood risk factors into adulthood however, can reduce the likelihood of 

developing adult type II diabetes mellitus in young adulthood (Morrison et a!., 2012). 

Implementation of risk factor screening and preventive programmes in childhood is 

therefore essential to reduce the risk of adult cardiometabolic disease. Early 

intervention may be even more important in children with CP who are known to have 

low levels of cardiorespiratory fitness in childhood (Verschuren and Takken, 2010), and 

who report premature loss of mobility (Bottos et al., 2001) and reduced participation in 

habitual physical activity in adulthood (Nieuwenhuijsen et al., 2009).

Total activity, sustained bouts of moderate-to-vigorous activity and vigorous activity 

alone were positively associated with cardiorespiratory fitness suggesting that 

participation in any kind of physical activity should be encouraged among children with 

CP. Only vigorous physical activity however differed significantly across fitness levels 

when fitness was classified according to reference centile curves. This suggests that 

when promoting physical activity to improve cardiorespiratory fitness, and by 

association reduce cardiometabolic risk, in children with CP, a particular emphasis 

should be placed on vigorous physical activity. Children are encouraged to reduce 

sedentary time because of its association with cardiometabolic disease risk factors 

(Carson and Janssen, 2011, Chapter 9). Reducing sedentary activity may not however 

improve cardiorespiratory fitness in children with CP. The lack of an association between 

sedentary activity and fitness observed in this study is in agreement with a recent study 

in TD children (Denton et al., 2013). Previous studies were unable to  find a relationship 

between physical activity and cardiorespiratory fitness in children or adults w ith CP 

(Nieuwenhuijsen et al., 2011; Maltais et al., 2005a). This is likely because the methods 

used to measure physical activity were unable to  distinguish between different domains 

of physical activity. A strength of the current study was the use of an accelerometer, 

which allowed differentiation between light, moderate and vigorous physical activity.

The relationship between vigorous physical activity and cardiorespiratory fitness 

observed in this study has serious implication for the prescription of physical activity in 

children with CP. Although current guidelines recommend that children w ith a disability 

accumulate 60 min of moderate-to-vigorous activity daily, where possible (WHO, 2010), 

only vigorous activity or sustained bouts of moderate-to-vigorous activity are associated 

w ith cardiorespiratory fitness. In fact, children with the lowest fitness accumulated 88.3 

minutes of moderate activity per day, which was not significantly different to that of
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children with the highest fitness (p = 0.685). This indicates that children with CP may 

achieve the physical activity guideline yet have low cardiorespiratory fitness. Children in 

the middle and highest fitness tertile, in the current study, accumulated approximately 5 

and 11 minutes of vigorous activity daily, respectively, and had a lower BMI and WC 

than children in the least fit tertile. Research in TD children suggests that achieving more 

than 7 minutes of vigorous physical activity daily is associated with a reduced likelihood 

o f being overweight and having hypertension (Hay et al., 2012).

Vigorous activity is equivalent to  >6 METs, and includes activities involving a hard effort 

like running, jumping and skipping (Ainsworth et al., 2011). It is recognised that there is 

heterogeneity among children w ith CP and not all children may be able to  reach activity 

of a vigorous intensity. The children in this study however had very minimal 

impairments. The results indicate that while these children can accumulate VPA, many 

may not accumulate adequate levels. In children, vigorous activity is mainly accumulated 

through participation in sport and physical education (PE). There is consistent evidence 

tha t participation in sport is low among children w ith CP (Imms et al., 2008; Palisano et 

al., 2007; Me Manus et al., 2008). Only 52.9% of children with a mild impairment report 

participating in sport a few times a week, compared to  79.3% of TD children (Me Manus 

et al., 2008). Personal and environmental factors play a key role in determining the 

extent to which children and adolescence with CP participate in sport. Barriers that 

children report include feeling insecure or like an outsider, the perception that sports 

aren't fun, and that learning the motor skills required is too time consuming (Verschuren 

et al., 2012). Parents are also reluctant to  let their child w ith CP participate in sport as 

they fear their child won't fit in, they have difficulty w ith watching their child struggle 

(i.e. losing) or not being picked for a team, and are aware that sports teams do not have 

a suitable level fo r children w ith CP (Verschuren et al., 2012). In order to improve and 

maintain cardiorespiratory fitness in children w ith CP a holistic approach is required 

from  early childhood to overcome these barriers.

10.6 Limitations

There are a number of limitations to this study. Notably, the cross-sectional design does 

not allow a causal relationship to  be inferred from the results. For example, although it 

is possible that participation in vigorous physical activity improves fitness it is also
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poss ib le  t i ia t  h av in g  a high fitn e ss  leve l e n a b le s  c h ild re n  to  p a r tic ip a te  in m o re  v ig o ro u s  

p hysical a c tiv ity . S o m e s tu d ies  h ave  re p o r te d  a d iffe re n c e  in th e  assoc ia tio n  betv^een  

physical a c tiv ity  in te n s ity  and  c a rd io re s p ira to ry  fitn ess  b e tw e e n  girls and  boys (D e n to n  

e t  a l., 2 0 1 3 ) .  T h e  re la t iv e ly  sm all s a m p le  size in th e  c u rre n t  s tu d y  d id  n o t a llo w  fo r  

s e p a ra te  ana lyses  to  b e  p e r fo rm e d  by sex. R egression  ana lyses  w e re  h o w e v e r  a d ju s te d  

fo r  sex. T h e  SRT te s t  in th e  c u r re n t  s tu d y  d oes  n o t a llo w  fo r  p re d ic tio n  o f  V O 2 fro m  th e  

le v e l a c h ie v e d  on  th e  te s t. Levels o f  c a rd io re s p ira to ry  f itn e s s  p re s e n te d  in th e  c u rre n t  

s tu d y  a re  th e re fo r e  re la t iv e  to  c h ild re n  w ith  CP o n ly  and  d o  n o t g ive  an in d ic a tio n  o f  th e  

a b s o lu te  fitn ess  o f  th e  c o h o rt. In a d d itio n , a s ing le  set o f  c u t-p o in ts , d e v e lo p e d  on  T D  

c h ild re n , w as  used to  c lassify physical a c tiv ity  in th is  s tu d y . As in d ic a te d  in C h a p te r  6, 

th is  m a y  h ave  re s u lte d  in th e  u n d e re s tim a tio n  o f  physical a c tiv ity  in te n s ity  in s o m e  

c h ild re n , p a r tic u la r ly  th o s e  in G M FC S  leve l II. A lso th e  s a m p le  w as  lim ite d  to  c h ild re n  in 

G M FC S  levels  I and  II as th e re  is no  v a lid a te d  fitn ess  te s t  fo r  c h ild re n  in G M FC S  leve ls  III, 

IV an d  V . T h e  resu lts  o f  th is  s tu d y  th e re fo r e  c a n n o t be g e n e ra lis e d  to  th e  g re a te r  

p e d ia tr ic  CP p o p u la tio n . S o m e re p o rts  suggest h o w e v e r  th a t  a p p ro x im a te ly  60 %  o f  

c h ild re n  w ith  CP a re  c lassified  in G M FC S  levels  I and  II (A u s tra lia n  C e re b ra l Palsy 

R eg is ter, 2 0 1 3 ) .

10.7 Conclusions

C h ild re n  w ith  CP a re  k n o w n  to  h ave  re d u c e d  levels  o f  c a rd io re s p ira to ry  fitn e ss  re la tiv e  

to  T D  c h ild re n . This s tu d y  d e m o n s tra te s  th a t  c h ild re n  w ith  CP w ith  lo w  c a rd io re s p ira to ry  

fitn e ss  h ave  in c reased  b od y  fa t  and  b lo od  p ressu re . S cre en in g  fo r  risk fa c to rs  and  

p re v e n tiv e  p ro g ra m m e s  sho u ld  th e re fo r e  be im p le m e n te d  in th is  p o p u la tio n  fro m  an  

e a r ly  age. W h e n  p ro m o tin g  physical a c tiv ity  in c h ild re n  w ith  CP, h e a lth c a re  p ro fess ion a ls  

sho u ld  p lace an  em p h a s is  on  p a r tic ip a tio n  in v ig o ro u s  a c tiv ity , like s p o rt, r a th e r  th a n  

ligh t, o r m o d e ra te  a c tiv ity .
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Chapter 11 Discussion

11.1 Introduction and Main Findings

The association between reduced physical activity, all-cause mortality, hypertension, 

coronary heart disease, stroke and type I! diabetes mellitus (T2DM) is well established 

(Chapter 1, section 1.4). Physical activity has a positive effect on a number of 

cardiometabolic risk factors in adults and children including systolic blood pressure 

(SBP), triglycerides, high density lipoprotein-cholesterol (HDL-C), plasma glucose, insulin, 

and insulin resistance (Chapter 1, section 1.4 and 1.4.1). It also plays an important role in 

preventing obesity (Chapter 1, section 1.5). In addition to the role of physical activity in 

reducing the risk of chronic disease, physical activity is associated w ith physical function 

(Chmeio et al., 2012). It has been established that adults and children w ith CP 

participate in less physical activity than their able-bodied peers (Chapter 1, section 1.3.1 

and 1.3.2). As a result of reduced physical activity levels, the 2003 American Physical 

Therapy Association Section on Paediatrics and its Research Committee determined that 

there was a critical need to  identify and promote effective physical fitness interventions 

for children with CP (Fowler et al., 2007). However, almost a decade on there is still little 

information about the association between physical activity and physical fitness in 

people w ith CP. The aim of this thesis was to investigate the association between 

physical activity, body composition, cardiorespiratory fitness, and cardiometabolic risk 

factors in adults and children with CP.

At the time that the studies presented in this thesis commenced, there were limited 

methods available to  measure physical activity in adults and children with CP (Clanchy et 

al., 2011b). While studies had used self-report measures, pedometers, activity monitors, 

and heart-rate monitoring to  measure physical activity in adults and children with CP, 

few of these methods had been validated in this population. Accelerometers present as 

objective measures of physical activity duration, frequency and intensity that are 

feasible to  use in large samples (Chapter 2, section 1.3.4.3). The abnormal movement 

patterns associated w ith CP, as well as the increased energy expenditure during 

locomotion, mean that accelerometers may not be accurate at measuring physical 

activity in this population. New accelerometry-based devices that combine information 

from multiple sensors were identified as potential methods of improving the estimation
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of  en e r gy  e x p e n d i t u r e  (EE) in this  popula t ion .  The l i t erature r eview pr e se n te d  in C h a p t e r  

3 ident if ied t h r e e  a c ce le ro m e t r y -b a se d  devices t h a t  p rovide e s t i m a te s  o f  EE in intervals  

of  1 m in u t e  or  less. These devices  had  no t  b e e n  directly c o m p a r e d  in adu l t s  or  chi ldren 

w i t h o u t  CP and  t h e r e f o r e  t h e r e  w as  no  in fo rm at ion  a b o u t  t h e  co n c u r re n t  validity of  

t h e m  in t h e  gen era l  populat ion .

In s tu dy  1 t h e  cr i ter ion and  co n c u r re n t  validity of  t h e  RTS a c ce le ro m e te r ,  t h e  S e n s e w e a r  

Pro A rm b an d  (SWA) and  t h e  Intel l igent Device for  Energy Expend i tu re  and  Activity 

(IDEEA) w a s  invest iga ted  in adul t s  and  chi ldren w i t h o u t  CP. The resul ts  of  this  s tudy  

indicated  t h a t  t h e  SWA provided t h e  be s t  e s t i m a te  of  EE in adu l t s  and  chi ldren w i th ou t  

CP. However ,  even  w h e n  t h e  SWA d e m o n s t r a t e d  t h e  bes t  a g r e e m e n t  wi th  a cr i ter ion 

m e as ur e ,  dur ing running,  limits of  a g r e e m e n t  r ange d  f rom -29% t o  13% of  t h e  m e a n  EE.

In s tudy  2 t h e  cr i t er ion and  co n c u r re n t  validity of  t h e  RT3, t h e  SWA and  t h e  IDEEA was 

invest iga ted  in adu l t s  and  chi ldren wi th CP. The RT3 p rovided t h e  m o s t  ac cur a t e  

e s t im a t ion  o f  EE in com par i so n  to  t h e  gold s t a nd ard .  There  w as  significant in te r 

individual var iat ion,  how ever ,  and  t h e  RT3 u n d e r e s t i m a te d  EE by up to  37.9% in adul ts  

and  up to  26.9% in chi ldren.  The resul ts  o f  this  s t udy  indicated  t h a t  caut ion m u s t  be 

used  w h e n  using t h e  RT3 to  e s t i m a te  EE in adu l t s  and  chi ldren wi th CP, part icularly at  an 

individual level.

The RT3 is a t r adi t ional  ac ce le ro me te r ,  wh ich is conven t iona l ly  used to  indicate t he  

qu an t i ty  of  t i m e  t h a t  individuals sp e n d  in se de n t a ry ,  light, m o d e r a t e  o r  vigorous activity. 

In o r d e r  to  t r an s l a t e  t h e  coun t  o u t p u t  of  a c c e le ro m e te r s  into a m o r e  mean ingful  unit  

cu t -poin ts  are  appl i ed  to  r aw da ta .  The accuracy  of  previously pub l i shed cu t -po int s  a t  

e s t ima t ing  physical  activity intens i ty was  invest iga ted  in s tu dy  3. In chi ldren,  t h e  

publ ished cu t -po int s  incorrect ly classified m o d e ra te - to - v ig o r o u s  activity as  light activity 

30% of  t h e  t im e .  Publ ished cu t -poin t s  had  a higher  sensit ivi ty value (83.9%) in adul ts ,  as 

a r esul t  of  f e w e r  incorrec t  classifications.  A n e w  mo d e ra te - to - v ig o r ou s  cu t -poin t  of  689 

coun ts .min '^  w as  ident i f ied for  chi ldren wi th  CP. The sa m p le  size was  insufficient  to  

cross-val idate this  cu t -po int  ho weve r ,  and  t h e r e f o r e  r equ i res  cross-val idated  in an 

i n d e p e n d e n t  sample .

In s tudy  4 eve ry day  levels of  physical activity w e r e  c o m p a r e d  b e t w e e n  adu l t s  wi th and 

w i t h o u t  CP. Adults  wi th CP w e r e  less act ive t h a n  adul t s  w i t h o u t  CP. Gross m o t o r  

func t ion  was  t h e  main d e t e r m i n a n t  of  physical activity levels in peop le  wi th  CP, and
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those w ith the highest gross motor function achieved similar levels o f light, moderate 

and vigorous activity as those w ithout CP. Moderate physical activity was negatively 

associated w ith a number of cardiometabolic risk factors.

In study 5 the prevalence of cardiometabolic risk factors in adults with CP was 

investigated. More than a fifth  o f a relatively young cohort of adults with CP had the 

metabolic syndrome and more than a third were centrally obese. The results of this 

study also indicated that waist circumference (WC) is a stronger predictor of 

cardiometabolic risk factors, including hypertension, dyslipidaemia, and insulin 

resistance in adults with CP, compared to BMI, waist-hip ratio (WHR), and waist-height 

ratio (WHtR).

In study 6 the association between physical activity, body composition and blood 

pressure was investigated in children w ith CP. Total and central adiposity was 

associated w ith SBP in children with CP. Total physical activity, moderate-to-vigorous 

physical activity, and vigorous activity were negatively associated with high risk blood 

pressure values. Sedentary activity was positively associated w ith high risk blood 

pressure values.

In study 7 the association between cardiorespiratory fitness, blood pressure, and body 

fa t was investigated in children with CP. Cardiorespiratory fitness was negatively 

associated with systolic blood pressure and body fat, particularly central adiposity. The 

association between cardiorespiratory fitness and blood pressure was not independent 

o f body fat. Total activity, sustained bouts of moderate-to-vigorous activity and vigorous 

activity alone, but not sedentary, light or moderate activity, were associated with 

cardiorespiratory fitness. Only vigorous physical activity differed across levels of fitness, 

classified according to reference curves.
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11.2 Analysis of Key Points

11.2.1 Measuring physical activity in people with cerebral palsy

Accelerometers provide physical activity data that allow/s fo r comparison w/ith physical 

activity guidelines and are also a feasible method of quantifying physical activity in 

adults and children with CP (Gorter et al., 2012). In addition, they provide empirically 

relevant data because large-scale studies o f free-living populations, including NHANES, 

are using them to establish the association between physical activity and health. 

Concurrent validation of three accelerometry-based devices revealed that the SWA was 

the best device at estimating EE in adults and children w ithout CP. However, when 

evaluated in adults and children with CP, the SWA overestimated the cost of 

locomotion. Comparatively, the RT3 provided a better estimate of EE. The large variation 

in individual estimates however, suggests that the RTS should be used with caution if 

being used to estimate EE in adults and children with CP. The literature on validation of 

accelerometers has typically demonstrated that monitors are valid fo r group level 

estimates but are of limited utility for individual estimation (Welk et al., 2012).

An essential problem w ith accelerometers is that there is a large variation in oxygen 

uptake among individuals for a given activity. Oxygen uptake is not a direct product of 

speed, and the variation among individuals is a result of biomechanical, physiological 

and other factors. Body mass (Peyrot et al., 2012), age (Hall et al., 2013), gait 

parameters (Holt et al., 1991) and environmental factors all influence oxygen uptake in 

the general population. There are also unique relationships between movement and EE 

for different activities. The activities used to calibrate the inbuilt equations of the three 

accelerometry-based devices in study 1 and 2 are unknown. It is reasonable to think that 

they were calibrated against locomotor-based activities as these are the most commonly 

performed activities, which exceed resting levels of EE, in daily life. Equations based on 

locomotion tend to underestimate the EE of lifestyle activities (Welk, 2005). Even if 

equations are individually calibrated for different activities, the relationship between EE 

and activity varies depending on body mass e.g. weightbearing versus non- 

weightbearing activities (Lafortuna et al., 2010). W ith so many variables affecting 

energy output it may be too much to expect accelerometers to  provide accurate point 

estimates of EE for individuals. In addition to the lim itations of accelerometry-based 

devices in the general population, the in-built equations used to estimate EE are unlikely
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to account for the increased metabolic cost of locomotion that is evident among adults 

and children with CP. Study 2 demonstrated that there was a large degree of error in the 

EE estimates from these devices for adults and children w ith CP.

From the results of study 2 it was hypothesised that the inbuilt proprietary algorithms, 

and not the raw data, was the largest contributor to  error. Using raw data to  categorise 

activity according to intensity has the potential to  provide an estimate of the range of EE 

that reduces the degree of error associated w ith point estimates of EE. Only one study 

has used an accelerometer (the Actigraph) to measure physical activity intensity in 

children with CP in this way (Capio et al., 2012). Published cut-points validated by 

Clanchy et al. (2011a), were used to classify activity in this study. Although published 

cut-points for the Actigraph were reasonably accurate at classifying physical activity 

intensity in children with CP (81.8% sensitivity) this was not the case in study 3. 

Classifying moderate-to-vigorous activity according to  a published cut-point for the RTS 

resulted in only 70% sensitivity. The most likely explanation fo r the disagreement 

between the two studies is the characteristics of the sample. In addition to the factors 

that influence oxygen uptake that are mentioned above, the variation in oxygen uptake 

among children with CP is influenced by the additional factors of gross motor function, 

type and anatomical distribution of motor abnormality (Kerr et al., 2008). A larger 

proportion of children in study 3, compared to  the Actigraph validation study, were 

classified in GMFCS level III and used a mobility aid. Differences in the gross motor 

function of the sample would also explain why a published cut-point accurately classified 

moderate-to-vigorous physical activity in adults with CP in study 3, who as a group had 

minimal impairments.

Although published cut-points fo r accelerometers may accurately classify physical 

activity intensity in people with minimal impairments, the rate of misclassification is 

likely to increase among people w ith more severe impairments, whose oxygen uptake is 

greater fo r a given activity (Kerr et al., 2008). Ideally accelerometer cut-points should be 

calibrated for each individual against oxygen uptake in order to  optimally measure 

physical activity. This reduces the feasibility of using accelerometers, however, and is 

quite impractical if they are to be used in population-based studies. A more feasible 

method of improving the ability of accelerometers to identify physical activity intensity 

in people w ith CP would be to calibrate individual cut-points for each level of the 

GMFCS, thereby accounting for a large part of the variation in oxygen uptake. The
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sample size in study 3 did not allow this to be done. Until this is done, accelerometers 

should continue to be used to  measure physical activity in people with CP as they offer 

many advantages over the other available methods. The lim itations of using 

accelerometers to measure physical activity in people w ith CP should be acknowledged, 

however, and results should be interpreted w ith caution.

11.2.2 Measuring body composition in people with cerebral palsy

An aim of this thesis was to  examine the association between physical activity and body 

composition in adults and children w ith CP. In order to investigate this association, 

accurate measures of obesity must be determined in people w ith CP. The term 'body 

composition' refers to  the relative proportions of fat, bone and muscle mass in the 

human body. Excess body fat i.e. obesity, is strongly and positively associated with blood 

pressure, total blood cholesterol, type II diabetes, and all-cause and cardiovascular 

disease mortality (Dudina et al., 2011, Jousilahti et al., 1996, Katzmarzyk et al., 2012). As 

a direct method of measuring body composition (i.e. chemical analysis of a cadaver) is 

not possible, and indirect methods such as hydrodensiometry, MRI scans, dual-energy x- 

ray absorptiometry (DXA), DLW and plethysmography are often unfeasible, quick, 

clinical methods are required to indicate obesity-related cardiometabolic risk. Doubly 

indirect methods, which include skinfolds and bioelectrical impedance analysis (BIA), are 

sometimes used as an alternative method of measuring body composition in the field. 

The validity of these measurements in adults and children w ith CP is limited (Macedo et 

al., 2008, Hildreth et al., 1997, van den Berg-Emons et al., 1998b, Stallings et al., 1995, 

Gurka et al., 2010, Bell et al., 2012). Furthermore not all healthcare professionals are 

trained in these methods or have the necessary equipment available to them.

Historically BMI has been used as a quick method of defining excess body fat. Even in 

the general population, however, BMI is unable to  identify those with excess body fat 

who are at risk of CVD mortality (Romero-Corral et al., 2010). This is likely because BMI 

is unable to differentiate between muscle mass and excess body fat. The inability to 

differentiate between muscle mass and fat mass may be a particular lim itation to using 

BMI to define obesity in adults and children with CP who are known to have reduced 

muscle volumes (Lampe et al., 2006) and intramuscular adipose tissue (Johnson et al., 

2009). Indeed BMI was a poor predictor of body fat in children with CP (R  ̂= 0.27) and
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show ed poor ag reem en t w ith  percen tag e body fa t by DXA (kappa value <0 .7 ). 

(K uperm inc e t al., 20 10 ).

Indices o f centra l obesity have been proposed as a lte rn a tive  m ethods o f defining obesity  

in th e  general population  (Ashwell e t al., 2012 , de Koning e t al., 20 0 7 ). In fac t W C, ra th er  

th an  B M I, is included in th e  jo in t in te rim  s ta tem en t on th e  d efin ition  o f th e  m etabolic  

syndrom e (A lberti e t a!., 2 0 0 9 ), h ighlighting th e  im portance o f abdom inal obesity in 

indicating fu tu re  risk o f T 2 D M  and CVD. In study 5 W C, W H R , W H tR , and BM I w ere  

associated w ith  card iom etabo lic  risk factors in adults w ith  CP. This m ight be expected, as 

any m easure o f obesity w ill cap tu re  th e  increased risk o f card iom etabo lic  disease 

associated w ith  excess body fa t, to  som e ex ten t. This has been shown in th e  general 

p op u la tio n  (Schneider e t al., 2007 , Can e t al., 2009 , A ekplakorn e t a!., 20 0 6 ). O f these  

m easures, how ever, W C had th e  best predictive ab ility  fo r indicating high cholestero l, 

insulin resistance, and high SBP. The results o f study 5 suggest th a t W C  can be used to  

provide a quick and sim ple ind icator o f card iom etabo lic  disease risk in adults w ith  CP, 

above th a t w hich w ould  be o b ta in ed  fro m  m easuring B M I. This is m ost likely because 

W C  is a m ore sensitive ind icator o f visceral adipose tissue, w hich m ay be high in 

individuals w ith  CP despite having m uscle w asting in th e ir  ex trem ities .

S im ilar results w ere  observed in children w ith  CP. In study 6 and 7 both W C and BM I 

w e re  associated w ith  blood pressure and low  card ioresp irato ry fitness in children. A 

stron g er association, how ever, was observed b etw ee n  W C and SBP and b e tw ee n  W C  

and card ioresp irato ry fitness, com pared  to  B M I. This suggests th a t W C m ay be a m ore  

clinically useful m easure to  o b ta in  w h en  assessing card iom etabo lic  risk in children w ith  

CP as w ell as adults. This m ay also explain w hy, despite th e  re la tively low  prevalence o f 

o verw e ig h t and obesity am ong children and adults w ith  CP respectively, th e  prevalence  

o f hypertension  and th e  m etabolic  syndrom e was re la tively high.

The use o f W C  is lim ited  h o w ever by th e  lack o f consensus regarding w h a t threshold  

should be used to  classify centra l obesity. In adults th e  IDF recom m end 80  cm fo r  

w o m e n  and 9 4  cm fo r m en. The W H O  recom m ends 88  cm fo r w o m en  and 102  cm fo r  

m en. Thresholds fo r th e  general popu lation  m ay not be applicable fo r adults w ith  CP.

T he sm all sam ple size in study 4  did not allow  fo r identification  o f an o ptim a l threshold  

th a t  w ou ld  indicate abdom inal obesity in adults w ith  CP. Sim ilarly, it was not possible to  

id en tify  op tim a l cu t-o ff points fo r W C  in children w ith  CP. W C g ro w th  percentiles

224



developed on American children suggest that adolescents exceed adult WC thresholds 

between the 75*  ̂and the 90'^ percentile (Fernandez et al., 2004, Cook et al., 2009). 

Absolute cut-offs of >80.5 cm for males and >81 cm for females have been suggested for 

American adolescents As the WC threshold for adult females of European origin are 

80 cm, these thresholds may not be appropriate for use in Irish children and 

adolescents. McCarthy et al. developed waist circumference percentiles in British 

children age 5.0 to 16.9 yr. These were developed on data collected in 1988 however 

and may be out of date, as 76% of Irish children had a WC greater than the 75'^ 

percentile (Hussey et al., 2007). Cut-off points for defining central obesity were also not 

provided with these percentiles.

Studies that previously reported the prevalence o f obesity in children with CP defined 

obesity using BMI thresholds developed in the general population (Rogozinski et al., 

2007, Hurvitz et al., 2008). Using WC thresholds developed in the general population to 

define central obesity in adults with CP may therefore be acceptable at present until 

further evidence emerges.

11.2.3 Physical activity in adults with cerebral palsy

In agreement w ith previous research (Nieuwenhuijsen et al., 2009) the results of study 4 

indicated that adults with CP participate in less physical activity than adults w ithout CP. 

This is the first study to  demonstrate that not only are adults with CP less active than 

adults w ithout CP, they spend less time in moderate and vigorous activity. When 

analysed according to GMFCS level however, adults with CP classified in GMFCS level I 

participated in similar levels of moderate, vigorous and tota l activity as adults w ithout 

CP. In fact GMFCS level was the only factor significantly associated with moderate, 

vigorous and total activity. Although adults in GMFCS level II participated in less total 

activity than adults w ithout CP they participated in similar levels of moderate and 

vigorous activity. This is possibly because they have minimal impairments and are trying 

to  keep up with able-bodied persons on a daily basis. As a result, it is likely that they 

spend more time in sedentary behaviour than adults w ithout CP in order to  conserve 

energy and reduce the chronic fatigue experienced by many adults w ith CP (van der Slot 

et al., 2012). Despite accumulating similar levels o f moderate and vigorous activity as 

adults w ithout CP adults in level II still only accumulated 6.5 minutes of moderate-to- 

vigorous activity daily. This is well below the recommended 21 minutes daily (150

225



minutes per week). They also only achieved 4.3 minutes of vigorous activity daily. 

Vigorous activity is required to improve cardiorespiratory fitness in adults (Ceaser et al., 

2013). Low levels of vigorous activity may therefore lead to deconditioning, which 

prevents adults w ith CP accumulating sustained bouts of moderate-to-vigorous activity.

Not unexpectedly, no adults in GMFCS level III met physical activity guidelines. This is a 

worrying observation, which may have a detrimental effect on their health. It may be 

expected that adults w ith poor gross motor function are unable to participate in many 

day-to-day activities of a moderate-to-vigorous nature because of their physical 

impairments. However a number of environmental factors also contribute to the 

inability o f people with poor gross motor function participating in physical activity. 

Mobility preferences are linked to considerations regarding safety, practicality, or social 

acceptability (Palisano et al., 2009). Mobility is important for self-sufficiency and 

independence and therefore using assistive devices like wheeled mobility may allow 

individuals w ith CP to participate efficiently in daily life. This however, feeds into a 

negative cycle of reduced participation in habitual physical activity, deconditioning, 

deterioration in mobility and reduced activity.

As gross m otor function declines and adults require the use of assistive devices, physical 

restrictions and transport restrictions may also impact on their access to exercise 

facilities (Shikako-Thomas et al., 2008). As well as problems w ith accessibility, adults 

with CP report experiencing social difficulties with attending gyms and that they 'feel 

out o f place' there (Sandstrom et al., 2004). Not only do they feel unable to  attend 

public gyms but many adults with CP report not having access to appropriate healthcare 

or rehabilitation supports (Sandstrom et al., 2009, Moll and Cott, 2012). They therefore 

feel like they have insufficient knowledge about the frequency, intensity and type of 

activities that they should perform (Sandstrom et al., 2009). Adults who reported 

deterioration in walking function attributed it to  impaired balance, reduced muscle 

strength, reduced cardiorespiratory fitness and walking speed, and pain and stiffness 

(Opheim et al., 2009). Only a small proportion of adults attributed deterioration in 

walking function to  reduced training. It appears that adults w ith CP are unaware of the 

positive influence of physical activity on all of these factors (Wong et al., 2003, 

Goodpasteret al., 2008, Panel on prevention of falls in older persons, American 

Geriatrics Society and British Geriatrics Society, 2011) and therefore the potential ability 

of physical activity to stem the decline in function. People w ith CP should be educated
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about the role of physical activity in managing their condition throughout their lifetime. 

If, as is common, access to rehabilitation is no longer available to adults w ith CP when 

they reach 18 years of age, it is important that they are educated on the type, quantity 

and intensity of physical activity that they should perform while they are still attending 

rehabilitative services. The burden on these services may be significantly reduced if 

preventive programmes are in place and adults with CP only require minor modifications 

to  their exercise programme over time.

Low levels of cardiorespiratory fitness among adults with CP (Fernandez, 1990, 

Nieuwenhuijsen et al., 2011) may be a barrier to increasing habitual levels of physical 

activity. The small quantity of sustained bouts moderate-to-vigorous activity recorded in 

adults in level II and III in study 4 suggests that the adults in this study were 

deconditioned. Targeted interventions may therefore be necessary to improve physical 

activity levels and cardiorespiratory fitness in adults with CP with poor baseline levels of 

fitness. Improvements in cardiorespiratory fitness following interventions do not 

however, necessarily translate into increased habitual physical activity (Butler et al., 

2010). While exercise programmes may be initially beneficial to increase activity in 

sedentary adults with CP a holistic approach that tackles the personal and 

environmental factors associated w ith reduced participation in physical activity is 

required in conjunction with these programmes.

11.2.4 Physical activity in children with cerebral palsy

As w ith adults, moderate, vigorous and total activity decreased with decreases in gross 

m otor function among children. Sedentary activity increased with decreases in gross 

motor function. Children who participate in low levels of moderate-to-vigorous activity 

are at increased risk of cardiometabolic disease (Chaput et al., 2013, Ekelund et al.,

2012, Andersen et al., 2006). This relationship is independent of time spent in sedentary 

activity. However, sedentary activity is also associated with cardiometabolic risk factors 

(Stamatakis et al., 2012, Carson and Janssen, 2011, Chaput et al., 2013) and may be a 

more feasible method of reducing cardiometabolic risk in children with moderate 

impairments.

There are contradictory reports as to whether the association between sedentary 

activity and cardiometabolic risk factors is independent of moderate-to-vigorous 

activity. The discrepancy may be a result o f the different methods used to measure
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sedentary activity. Volume of sedentary activity, as measured by accelerometry, does 

not appear to  be associated w/ith risk factors, independent of physical activity The 

association between TV-viewing and risk factors is however independent of physical 

activity The same association was not found for PC time or game time (Stamatakis 

et al., 2012), suggesting that confounding factors, such as consumption of high energy 

food or the influence of TV advertisements on unhealthy behaviours, may contribute to 

this relationship. The specific domain of TV-viewing was not measured as part of this 

thesis. Little information is available regarding specifically TV-viewing in children with 

CP. Computer use is high among children w ith CP however, w ith 65.4% of children with a 

mild disability and 73.9% o f children with a moderate disability using a computer a few 

times per week compared to  only 42.8% o f TD children (McManus et a!., 2008). An 

average screen time of 28.6 h per week was reported among adolescents w ith CP, which 

although high, is similar to normative values in TD adolescents

Overall, 75% of children w ith CP met the guideline of 60 min of moderate-to-vigorous 

activity daily. This declined significantly across GMFCS level resulting in only 47% of 

children in level III meeting the guideline. Although this might seem relatively high, 90% 

of TD children age 10-14 years met the guideline when activity was measured with the 

RTS (Denton et al., 2013). This is similar to the rate among children in level I of the 

GMFCS (88%), and supports evidence that children in level I are as active as TD children 

(Bjornson et al., 2007), at least at a moderate-to-vigorous level.

11.2.5 Cardiometabolic risk factors in adults with cerebral palsy

It was hypothesised that adults and children w ith CP would have increased risk of 

cardiometabolic disease as a result o f being inactive. The results o f this thesis support 

this hypothesis. Moderate physical activity was negatively associated with a number of 

cardiometabolic risk factors. The prevalence of the metabolic syndrome in adults with 

CP was also higher than that in a population o f older Irish adults. This suggests that 

young and middle-aged adults w ith CP have a similar level of cardiometabolic risk to that 

of older able-bodied adults. The prevalence of the metabolic syndrome and a number of 

individual cardiometabolic risk factors was higher in non-ambulatory adults compared to 

ambulatory adults. As physical activity was not measured in non-ambulatory adults this 

cannot be attributed to differences in physical activity levels, although it is a plausible 

explanation. Even among young ambulatory adults, the prevalence of the metabolic
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syndrome was similar to that in older able-bodied adults. The prevalence of the 

metabolic syndrome or individual risk factors did not differ across GMFCS levels l-lll, 

however, despite adults in level III participating in reduced levels of physical activity.

This may be because the method used to measure physical activity underestimated the 

energy expenditure in adults in level III, who are known to  expend more energy for a 

given activity than adults in level I and II (Kerr et al., 2008).

Although the prevalence of the metabolic syndrome was high in adults with CP, the 

prevalence of individual risk factors was relatively low compared to  Irish and white 

American adults (Villegas et al., 2004, Morgan et al., 2008, Beltran-Sanchez et al., 2013). 

This would suggest that although, fewer adults w ith CP have individual risk factors, 

those that have risk factors have clustering of a number o f factors, which is particularly 

detrimental for their health. It is important to identify people with the metabolic 

syndrome in order to  aggressively intervene and prevent further adverse changes in 

their metabolic state. Worryingly, despite the high prevalence of the metabolic 

syndrome, few adults were receiving lipid lowering medication. This may be because of 

the relatively young age of the cohort, who wouldn't typically be screened for 

cardiometabolic risk factors. The results o f this thesis indicate that adults w ith CP have 

increased risk for CVD and T2DM, and screening for risk factors should occur from early 

adulthood.

11.2.6 Cardiometabolic risl< factors in children with cerebral palsy

A high prevalence of elevated blood pressure was observed among children with CP 

(21.1%), particularly among children in level I of the GMFCS (26.8%). This was despite a 

relatively low prevalence of overweight/obesity. Physical activity was not found, 

however, to be associated with blood pressure, throughout the range of values. There is 

conflicting evidence regarding the association between physical activity and blood 

pressure in TD children. Some studies have found a weak relationship between 

moderate-to-vigorous physical activity and systolic and diastolic blood pressure (Janssen 

et al., 2013, Andersen et al., 2006, Mark and Janssen, 2008). Others have found a weak 

relationship between moderate-to-vigorous activity and DBP only (Knowles et al., 2013, 

Chaput et al., 2013) or between moderate-to-vigorous activity and SBP only (Ekelund et 

al., 2012).
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A stronger relationship has been observed between physical activity and blood pressure 

in the high risk range (Mark and Janssen, 2008, Kelley et al., 2003). This is in agreement 

w ith the findings in the current study, which demonstrated that moderate-to-vigorous 

activity, vigorous activity, and tota l activity, were negatively associated with elevated 

blood pressure in children with CP. The strongest relationship was found between 

decreased vigorous activity and elevated blood pressure and moderate activity alone 

was not associated w ith blood pressure. Few studies have examined the independent 

relationship o f moderate and vigorous activity with cardiometabolic risk in TD children. 

When this was investigated in TD children similar results were found; vigorous activity 

but not moderate activity reduced the risk of being overweight and having elevated 

blood pressure (Hay et al., 2012). Mean exposure to vigorous physical activity, but not 

moderate-to-vigorous activity, during childhood is also associated w ith reduced 

clustered cardiometabolic risk in adolescence (Ried-Larsen et al., 2013).

Nine children in GMFCS level I (16%) had blood pressure values in the hypertensive 

range despite 88% meeting the physical activity guidelines. This may be because children 

in level I meet the guidelines by accumulating moderate physical activity rather than 

vigorous activity. Only one study has reported the difference in vigorous physical activity 

between 11 children w ith CP and 11 TD children, using a self-report measure (Martin et 

al., 2012). As expected, children w ith CP participated in less vigorous physical activity 

than TD children. Despite this no differences were seen in any measured indices of 

vascular health between groups. The questionnaire used to assess physical activity may 

not have been sensitive enough to determine absolute differences in time spent in each 

physical activity intensity. The small number of children in the study may also have 

affected the results of the study.

The hypothesis that children w ith CP participate in less vigorous activity, despite 

meeting physical activity guidelines, is supported by the fact tha t even children w ith low 

cardiorespiratory fitness accumulated, on average, 88 minutes of moderate activity per 

day; not significantly different to the time accumulated by the most fit children. They did 

however accumulate less vigorous physical activity. An examination of the differences in 

objectively measured vigorous physical activity between children with and without CP is 

required. The reason why the prevalence of hypertension was higher among children in
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level I, despite higher activity levels, Is difficult to  explain. It may be that the small 

number of participants that were In level II and III resulted In a biased sample. A likely 

explanation is that using a single set o f cut-off points to classify physical activity Intensity 

resulted In Intensity being underestimated In children in level II and III. Children in level 

ill use significantly more energy to  walk at a given speed compared to children In level I 

and II (Kerr et al., 2008). Inaccurate classification of physical activity Intensity In some 

GMFCS levels may also explain why a linear relationship between blood pressure and 

physical activity was not observed. In light of this, caution must be taken when 

interpreting the results of Chapters 9 and 10. Although vigorous activity may be 

important to improve cardiorespiratory fitness and reduce cardiometabolic risk factors It 

is still unclear what constitutes vigorous physical activity or how to  measure habitual 

vigorous activity in children with mild to moderate Impairments.

Lifestyle factors, particularly dietary habits, may also have contributed to the high 

prevalence of elevated blood pressure in children In level 1. Children in level I may have 

similar unhealthy lifestyle habits to TD children, more so than children In level III who 

are more severely disabled. As well as possibly having similar lifestyle habits to  TD 

children, it is likely that children In level I also participate in less vigorous activity than TD 

children. This would increase their risk of cardiometabolic disease.

As well as being associated w ith elevated blood pressure, vigorous activity is required to 

improve cardiorespiratory fitness in children w ith CP. This adds to the large volume of 

evidence that indicates that children require high Intensity physical activity to improve 

cardiorespiratory fitness (Hay et al., 2012, Denton et al., 2013, Aires et al., 2010, Parikh 

and Stratton, 2011). Cardiorespiratory fitness, unlike physical activity, was associated 

w ith total and central adiposity, and systolic blood pressure. Although this would 

Indicate that fitness is more important than physical activity fo r health In children with 

CP, the two concepts cannot be separated. Physical activity Is the principal determinant 

In cardiorespiratory fitness, albeit In combination with a genetic component. The most 

likely explanation as to  why fitness, but not activity, was associated with 

cardiometabolic risk is that there is less error associated w ith the method used to 

measure fitness.

Research in the general population also Indicates that there is a stronger dose-response 

relationship between fitness and health, because until recently, measurement of
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physical activity has relied on self-report tools (Blair et al., 2001). This inevitably leads to 

misclassification o f physical activity. Most studies investigating the relationship between 

cardiorespiratory fitness and health have used objective, laboratory-based methods to 

measure fitness, w/hich reduce misclassification. Although an objective method was used 

to measure physical activity in children w ith CP, the significant variation in the energy 

cost of locomotion w ithin this population may have resulted in a number of 

misclassifications.

11.2.6.1 Are the guidelines for physical activity appropriate for adults with 

cerebral palsy?

Only 24.4% of adults w ith CP met the guideline of 150 min of moderate physical activity 

accumulated in bouts of 10 minutes, as recommended by the ACSM. The proportion of 

people meeting the guideline declined significantly across GMFCS. Despite adults in 

GMFCS level II only spending 6.5 minutes in moderate-to-vigorous physical activity, 

16.3% met the guideline. This was a result of the significant variation in time spent in 

moderate-to-vigorous activity w ithin the group. No adults in level III achieved 150 

minutes of moderate activity in 10 minute bouts. They did, however, accumulate 16.2 

minutes of moderate activity per day in 1 minute bouts suggesting that 21 minutes of 

moderate activity daily (150 minutes weekly) in 1 minute bouts is not an unfeasible 

target. The fact that virtually no adults in level III accumulated moderate-to-vigorous 

activity in 10 minute bouts suggests that this group is deconditioned. The health benefits 

of accumulating activity in 10 minute bouts rather than 1 minute bouts are still under 

debate (Murphy et al., 2009). Recent studies have shown, however, that there are 

benefits associated w ith accumulating moderate-to-vigorous activity in bouts of less 

than 10 minutes (Loprinzi and Cardinal, 2013, Fan et al., 2013).

There are currently no physical activity guidelines for people w ith CP. The results o f this 

thesis indicate that there's a high prevalence o f clustered cardiometabolic risk among 

ambulatory adults w ith CP and that physical activity is negatively associated with 

cardiometabolic risk factors. Although physical activity differed across GMFCS levels 

however cardiometabolic risk factors did not. This is likely because the energy 

expended by adults in GMFCS level III was underestimated by the method used to 

measure physical activity.
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The results o f study 4 Indicate tha t the guideline fo r apparently healthy adults o f 150 

nnin o f m oderate-to-vigorous activ ity daily, accumulated in 10-min bouts, is feasible fo r 

adults in GMFCS level I and II to  achieve but not level III. Physical activity guidelines fo r 

adults aged over 65 years, and 50-64 years w ith  clinically significant chronic conditions 

or functiona l lim ita tions th a t affect m ovem ent ability, fitness or physical activity, are 

also 150 min o f m oderate activ ity per week. It is suggested th a t th is should be in 

addition to  routine light activity, or m oderate intensity activities th a t last fo r less than 10 

m in (Nelson et al., 2007). Only 2.5% o f o lder adults met these guidelines w/hen physical 

activ ity was objective ly measured (Harris et al., 2009). This is only slightly higher than 

the proportion  o f adults in level III who achieved th is guideline. These guidelines have 

been developed largely from  in form ation obtained from  se lf-report measures o f physical 

activ ity. The inaccuracy o f se lf-report measures means tha t, even in the general 

population, these recommendations may not be optim al fo r reducing cardiom etabolic 

risk. W ith  a large volume o f research regarding the relationship between objectively 

measured physical activ ity and health emerging in recent years, particularly from  

NHANES, reevaluation o f the guidelines is required.

11.2.6.2 Are the guidelines for physical activity appropriate for children with 

cerebral palsy?

The guidelines fo r children recommend achieving 60 m inutes o f m oderate-to-vigorous 

physical activity daily. Results from  this thesis underscore the importance o f 

emphasising vigorous activity, rather than m oderate activ ity, in physical activ ity 

guidelines fo r children w ith  CP. Up to  now most studies have only investigated levels o f 

to ta l physical activity, m oderate activity, and inactiv ity in children w ith  CP. Although 

to ta l activ ity has some benefits and is associated w ith  reduced m etabolic cost o f walking 

(Maltais et al., 2005) and improved biomechanical walking economy (Maltais et al., 

2005b) in children w ith  CP, the results o f th is thesis indicate tha t vigorous activity, rather 

than to ta l activity, is more strongly associated w ith  reduced cardiom etabolic risk and 

improved cardiorespiratory fitness. Improving cardiorespiratory fitness also reduces the 

physical strain o f walking in children w ith  CP (Dallmeijer and Brehm, 2008), hence 

improving th e ir ab ility  to  function in day-to-day life. In study 7, children in the highest 

fitness fe rtile  accumulated approxim ately 11 m inutes o f vigorous activity per day. 

Children in the m iddle fitness fe rtile  accumulated approxim ately 5 m inutes o f vigorous 

activ ity per day, and had a lower BMI and WC than children in the lowest fitness fe rtile .
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Research in TD children that demonstrated that children require at least 7 minutes of 

vigorous physical activity daily to reduce their risk of being overweight and having 

elevated systolic blood pressure This also seems to be a reasonable guideline in 

children with CP.

Although the results of this thesis indicate that children w ith CP in level I and II of the 

GMFCS have the physical capability to  achieve 7 minutes of vigorous activity a day, 

children w ith disabilities face unique environmental and personal barriers when trying 

to  increase their physical activity. Long-term aerobic exercise interventions can improve 

cardiorespiratory fitness in children w ith CP (Butler et a!., 2010). This does not carryover 

to  increased habitual physical activity, however (Butler et al., 2010), and therefore 

improvements are likely to be transient. Indeed evaluation of fitness programmes 

revealed decreased levels o f cardiorespiratory fitness at follow-up A more holistic 

approach is required to  increase participation in physical activity, particularly vigorous 

activity. Children accumulate the majority of vigorous activity during participation in 

sport. A recent study o f children w ith CP found that fundamental movement skills 

proficiency, particularly product-orientated outcomes, is associated w ith participation in 

sport (Capio et al., 2012). As this was a cross-sectional study it is difficult to  determine 

the direction of causality. The finding would suggest however that rehabilitation should 

include training programs to  improve fundamental movement skills. Improvements have 

been shown to  be possible in children w ith disabilities (Capio et al., 2013).

Even children with the physical capability of participating in sport often chose not to. 

Despite many children w ith CP recognising the benefits of physical activity, they report a 

number o f personal and environmental barriers that prevent them from participating 

(Verschuren et al., 2012). These include physical and psychological factors like feeling 

like an outsider, the perception that sports aren't fun, fatigue, and feeling that the time 

required to learn a skill is too long. Environmental factors include the lack of 

opportunities to  participate in sport, the lack o f accessibility, negative attitudes of their 

peers, and trainers not being properly informed about the child's condition or how to 

include the child in the team. Parents are also concerned about their children 

participating in sport because their child might not f it in or be bullied, they were 

hesistant to  ask a trainer to  support their child, and they did not like observing their 

child struggling w ith sport (i.e. losing). These factors reflect the anecdotal information 

from participants in the current thesis. Adults reported that not being included in sports,
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not being picked for teams, and being unable to keep up w ith their peers when in 

school, resulted in them losing motivation to participate in sport and ultimately giving 

up. Parents struggled with encouraging their child to keep up participation in sport when 

they saw their child was not being accepted by their peers or was having difficulty 

keeping up w ith others. In addition, even children who enjoyed participating in sport 

reported not being picked for school teams and finding it difficult to find appropriate 

organisations where they could play w ith children at a similar level to them. Besides the 

Football Association of Ireland's CP team there are few sports teams dedicated to 

children with CP. Even children who were members of the football team reported 

wanting to participate in other sports but not having the opportunity to.

Unlike exercise programmes, there is limited evidence behind the effectiveness of 

traditional therapeutic approaches in children w ith CP Rehabilitative programmes 

should be modified to reflect this so that children w ith CP are obtaining the maximal 

benefit out of the limited time they have in rehabilitation. However, improvements 

made in rehabilitation may not carry over to increased participation in everyday activity 

and improved cardiorespiratory fitness. If rehabilitation is to have a long-term benefit 

for children with CP rehabilitative services need to expand their support to  include 

supervised sports or training programmes in schools or in the community that allow 

children with CP to play with other children of a similar ability. Healthcare professionals, 

who are knowledgeable about the child's disability and are educated to prescribe 

appropriate exercise, should be leading these programmes. This will make participation 

in sport more enjoyable and less intimidating for children w ith CP and their parents.

11.3 Critical Analysis of this Work

There are a number of limitations to  the work in this thesis. A convenience sample was 

recruited for all studies in this thesis. This method of recruitment was adopted because 

of the limited access to adults and children with CP. There is no current register of 

people w ith CP in the Republic of Ireland. The number o f adults and children w ith CP in 

Ireland is therefore unknown. The majority of rehabilitative services are only provided 

up until age 18 years, which makes it particularly difficult to  contact adults w ith CP. 

International research reported that less than one-third o f adults with CP are under the 

regular control of a rehabilitation physician (Hilberink et al., 2007). Despite every effort
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b e in g  m a d e  to  t ra c e  and  re c ru i t  a d u l ts  w i th  CP in to  th is  s tud y  p a r t ic ip a t io n  w as  low .  

S im i la r  issues w i th  r e c r u i tm e n t  h av e  b e e n  id e n t i f ie d  in o th e r  s tud ies  o f  adu lts  w i th  CP 

(V a n  D e r  Slot e t  al., 2 0 1 2 ,  N ie u w e n h u i js e n  e t  al., 2 0 0 9 ) .  A d u lts  w h o  w e r e  h ea l th  a w a r e  

a n d  in te re s te d  in o b ta in in g  in fo r m a t io n  a b o u t  t h e i r  risk fac to rs  m a y  h av e  b e e n  m o re  

l ike ly  t o  p a r t ic ip a te  in s tu d ies  4  an d  5, w h ic h  could  h av e  b iased t h e  results. Similarly,  

c h i ld re n  an d  t h e i r  p a re n ts  had  t o  v o lu n t e e r  to  p a r t ic ip a te  and  as a resu lt  t h e  c o h o r t  in 

s tu d ie s  6  and  7  m a y  h ave  b e e n  re la t iv e ly  h e a l th y  c o m p a r e d  to  t h e  g e n e ra l  p o p u la t io n  o f  

c h i ld re n  w i th  CP. This w o u ld ,  h o w e v e r ,  m e a n  t h a t  t h e  p re v a le n c e  o f  c a rd io m e ta b o l ic  risk 

fa c to r s  a re  in fa c t  h ig h er  th a n  in d ic a te d  in th is  thesis .

This  m e t h o d  o f  r e c r u i tm e n t  a lso re s u l te d  in a large n u m b e r  o f  ch i ld re n  classified in level  

I c o m p a r e d  to  levels II and  III ( 6 3 %  vs. 1 6 %  and  2 1 % ) .  T h e r e  is no  in fo r m a t io n  a b o u t  th e  

p r e v a le n c e  o f  ch i ld ren  w i th  CP, in ea c h  level o f  t h e  G M FC S , in I re lan d  t o  c o m p a r e  th is  to .  

D a ta  o b ta in e d  in A ustra l ia ,  p e r ta in in g  to  b ir ths  b e t w e e n  1 9 9 3  an d  2 0 0 6 ,  s h o w  t h a t  o f  

a m b u la t o r y  c h i ld ren  w i th  CP 5 0 %  a re  in level I, 3 5 %  a re  in level II an d  1 5 %  are  in level III
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T h e  c r i te r io n  m e t h o d  o f  m e a s u r in g  c a r d io r e s p i ra to r y  f i tness  is t h e  d ire c t  m e a s u r e m e n t  

o f  V O 2  d u r in g  a g ra d e d  m a x im a l  exerc ise  tes t .  M e a s u r in g  V O 2 d u r in g  t h e  SRT w a s  n o t  

fe a s ib le .  T h e  d a ta  o b ta in e d  f r o m  t h e  SRT c a n n o t  be c o n v e r te d  to  V O 2 . R e fe re n c e  va lues  

d e v e lo p e d  on a re p re s e n ta t iv e  s a m p le  o f  c h i ld ren  w i th  CP t h r o u g h o u t  E u ro p e  w e r e  

t h e r e f o r e  re l ied  on to  classify f i tness . W h i le  th e s e  a l lo w  fo r  c lass if ication  o f  t h e  re la t ive  

f i tn e ss  o f  c h i ld ren  w i th  CP t h e  a b s o lu te  f i tness o f  t h e  c h i ld ren  is u n k n o w n .  F u r th e rm o re  

th is  te s t  is n o t  a c c e p ta b le  f o r  use in a d u lts  w i th  CP o r  in ch i ld ren  in G M F C S  level III. A 

t r ia l  w a s  c o n d u c te d  using a SRT in ch i ld re n  in level III (V e rs c h u re n  e t  al., 2 0 1 1 ) .  The  

resu lts  in d ic a te d  t h a t  t h e  m a jo r i t y  o f  ch i ld re n  cou ld  n o t  reach  a HR o f  > 1 8 0 b p m  and  

t h e r e f o r e  results w e r e  in a c c u ra te .  This  te s t  has also n o t  b ee n  v a l id a te d  in ch ild ren  w i th  

CP a n d  t h e r e  a re  no r e fe re n c e  va lu e s  a v a ila b le  fo r  it. S im ilar ly  a t r ia l  w a s  c o n d u c te d  

using t h e  SRT t o  assess c a rd io r e s p i ra to r y  f i tn ess  in a d u lts  w i th  CP. This  t e s t  has b ee n  

v a l id a te d  on a d u lts  up to  t h e  age  o f  2 0  years . T h e  results  o f  t h e  t r ia l  in d ic a te d  th a t  it w as  

a fe a s ib le  m e t h o d  o f  assessing f i tness  in y o u n g  a du lts  w i th  CP b u t  t h a t  f e w e r  m id d le -  

a g e d  and  o ld e r  adu lts  w i th  CP w e r e  a b le  to  reach  a h e a r t - r a te  o f  > 1 8 0  b p m .

T h e  l im ita t io n  o f  using a c c e le r o m e te r  c u t -p o in ts  t h a t  h ave  b e e n  d e v e lo p e d  in ab le -  

b o d ie d  p e o p le  t o  e s t im a te  e n e r g y  e x p e n d i tu r e  in p e o p le  w i th  CP has b e e n  discussed at
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length. It should be noted, however, that this may have resulted in an underestimation 

of physical activity intensity in people with CP, particularly those w ith greater functional 

limitations. There are also a number of limitations to using accelerometers. A large 

proportion of activity data obtained from children was not valid or was missing (17%). 

This was despite several children wearing the monitor more than once in an attempt to 

obtain valid data. Reports of missing data have ranged from 8% to 32% in TD children 

(Dencker et al., 2008; Hussey et al. 2007; Chaput et al., 2013; Ekelund et al., 2012). 

Accelerometers also cannot capture swimming or water activities. Adolescents with CP 

report participating in swimming more than TD adolescents (Maher et al., 2007), which 

may have resulted in an underestimation of time in physical activity. Only 16 (21.3%) 

children in study 6 reported swimming for between 1 and 3 hours a week, with the 

majority (n = 14) only swimming for one hour. Only 6 adults (14.6%) reported swimming 

for between 1 and 3 hours in study 4. Accelerometers also provide information about 

volume of sedentary activity only and not type of activity. The lim itation o f this is 

discussed in section 11.2.4. Accelerometers also only provide an indication of habitual 

physical activity as they are worn for typically seven days.

Finally, all of the studies conducted in this thesis were of a cross-sectional design. 

Therefore a conclusion cannot be drawn regarding the direction o f causality between 

any o f the associations found in this thesis. For example overweight/obese children with 

CP may reduce their levels of physical activity and as a result their cardiorespiratory 

fitness decreases, or children w ith low fitness may become overweight/obese as a result 

of participating in low levels o f physical activity.

11.4 Future Research

There is potential for future research arising from the results presented in this thesis. 

Further research is required to  identify an association between physical activity and 

cardiometabolic risk factors in adults w ith CP. A comparison of cardiorespiratory fitness 

to  cardiometabolic risk factors in this population may provide more conclusive results 

because of the error involved in measuring physical activity in adults with CP. The 

association between physical activity and cardiorespiratory fitness in adults has only 

been investigated in one study and the method used to  measure activity in this study did 

not distinguish between different intensities of physical activity (Nieuwenhuijsen et al.,
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20 11 ). It is likely th a t th e  results found fo r children in ch ap ter 10 are sim ilar to  those in 

adults w ith  CP but this requires verification.

Future research should investigate if physical activ ity  and card ioresp irato ry fitness are  

associated w ith  o th e r risk factors fo r card iom etabo lic  disease in children w ith  CP such as 

blood lipids o r insulin resistance. In ad d ition , this study only investigated th e  role o f tw o  

com ponents o f physical fitness (card io resp irato ry fitness and body com position) in 

protecting  against cardiovascular risk factors as th e  m ajo rity  o f research to  date  has 

focused on these areas. There is em erging  evidence th a t m uscular fitness protects  

against cardiovascular risk factors in adults and children (A rtero  e t a!., 2 0 1 2 ). This is an 

area th a t requires investigation in people w ith  CP. Longitudinal studies are also required  

to  deduce th e  d irection  o f causality o f th e  associations b etw ee n  physical activ ity, body  

com position , and card ioresp iratory fitness. In te rven tio na l studies are requ ired  to  

investigate if exercise program m es can reduce ca rd iom etabo lic  risk factors in adults and 

children w ith  CP.

11.5 Conclusion

In sum m ary, th e  findings o f this thesis ind icate th a t adults w ith  CP, particu larly  adults in 

GMFCS levels II and III, partic ipate  in reduced levels o f m o d era te , vigorous, and to ta l 

physical activ ity. Reduced m o d era te  physical activ ity was associated w ith  increases in a 

n um ber o f card iom etabo lic  risk factors. There  was no d iffe ren ce h o w ever in th e  levels or 

prevalence o f card iom etabo lic  risk factors across GMFCS level, despite d ifferences in 

habitual physical activity. The prevalence o f th e  m etabolic  syndrom e was re la tive ly  high, 

h ow ever, am ong this re la tive ly  young cohort o f adults. The prevalence o f clustered risk 

and individual risk factors was higher am ong n on -am b u la to ry  adults w ith  CP, com pared  

to  am b u la to ry  adults.

O f concern, although nearly 30%  o f adults had h yp ercholestero laem ia, only 30%  o f  

these adults w e re  on cholestero l m edication . This suggests th a t risk factors fo r  

card iom etab o lic  disease are not iden tified  in th is popu lation . Preventive screening m ay  

not have occurred in this cohort because o f th e  re la tive ly  young age o f these adults or 

possibly because o f th e  re la tively low  prevalence o f obesity. The results o f this thesis  

ind icate th a t w aist c ircum ference, h ow ever, is a b e tte r ind icator o f card iom etab o lic  risk
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in adults w ith CP, than BMI. All screening should therefore include measurement of 

waist circumference, instead of or in conjunction with BMI. This may improve early 

detection of those at risk of cardiometabolic disease.

Similarly, a stronger association was observed between waist circumference and 

elevated blood pressure in children with CP, compared to BMI. Waist circumference also 

increased as cardiorespiratory fitness decreased. Physical activity is a primary 

intervention for reducing elevated blood pressure and improving cardiorespiratory 

fitness in children with CP. Time spent in total activity, moderate-to-vigorous activity 

and vigorous activity alone was strongly, inversely associated w ith both elevated blood 

pressure and cardiorespiratory fitness in children w ith CP. Moderate activity alone was 

not. Healthcare professionals should therefore be promoting participation in vigorous 

physical activity, such as sport, rather than moderate activity, among children with CP 

from a young age.
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Appendices

Appendix I Gross M otor Function Classification System 

Introduction and User Instructions:

The Gross M otor Function Classification System for Cerebral Palsy is based on self

initiated movement with particular emphasis on sitting (truncal control) and walking. 

When defining on a 5-level classification system, our primary criterion was that the 

distinctions in motor function

between levels must be clinically meaningful. Distinctions between levels of motor 

function are based on functional limitations, the need for assistive technology including 

mobility devices (such as walkers, crutches, and canes) and wheeled mobility, and, to  a 

much lesser extent, quality of movement. Level I includes children with neuromotor 

impairments whose functional limitations are less than what is typically associated with 

cerebral palsy and children who have traditionally been

diagnosed as having "minimal brain dysfunction" or "cerebral palsy of minimal severity." 

The distinctions between levels I and II, therefore, are not as pronounced as the 

distinctions between the other levels, particularly for infants less than 2 years of age.

The focus is on determining what level best represents the child's present abilities and 

lim itations in motor function. Emphasis is on the child's usual performance in home, 

school, and community settings. It is therefore important to classify on ordinary 

performance (not best capacity), and not to include judgements about prognosis. 

Remember the purpose is to classify a child's present gross motor function, not to 

judge quality of movement or potential for improvement. The descriptions of the 5 

levels are broad and are not intended to describe the function of individual children. For 

example, an infant with

hemiplegia who is unable to  crawl on hands and knees, but otherwise fits the 

description of level 1, would be classified in level I. The scale is ordinal, w ith no intent 

that the distance between levels be considered equal or that children w ith cerebral 

palsy are equally distributed among the 5 levels. A summary o f the distinctions between 

each pair of levels is provided to  assist in determining the level that most closely 

resembles a child's current gross motor function. The title  fo r each level represents the 

highest level o f mobility that a child will achieve between 6-12 years of age. We 

recognize that classification of motor function is dependent on age, especially during
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infancy and early childhood. For each level, therefore, separate descriptions are 

provided for children in several age bands. The functional abilities and limitations for 

each age interval are intended to  serve as guidelines, are

not comprehensive, and are not norms. Children below age 2 should be considered at 

their correct age. An effort has been made to emphasize children's function rather than 

their limitations. Thus, as a general principle, the gross motor function of children who 

are able to  perform the functions described in any particular level will probably be 

classified at or above that level; in contrast, the gross motor function of children who 

cannot perform the functions of a particular level will likely be classified below that 

level.

LEVEL I—Walks without restrictions; limitations in more advanced gross motor skills.

Before 2nd birthday: Infants move in and out of sitting and floor sit w ith both hands free 

to manipulate objects. Infants crawl on hands and knees, pull to  stand and take steps 

holding onto furniture. Infants walk between 18 months and 2 years of age w ithout the 

need for any assistive mobility device.

From age 2 to  4th birthday: Children floor sit w ith both hands free to manipulate 

objects. Movements in and out of floor sitting and standing are performed w ithout adult 

assistance. Children walk as the preferred method of mobility w ithout the need for any 

assistive mobility device.

From age 4 to  6th birthday: Children get into and out of, and sit in, a chair w ithout the 

need for hand support. Children move from the floor and from chair sitting to standing 

w ithout the need for objects fo r support. Children walk indoors and outdoors, and climb 

stairs. Emerging ability to run and jump.

From age 6 to 12: children walk indoors and outdoors, and climb stairs w ithout 

limitations. Children perform gross m otor skills including running and jumping but 

speed, balance, and coordination are reduced.

LEVEL II—Walks without assistive devices; limitations walking outdoors and in the  

community.

Before 2nd birthday: Infants maintain floor sitting but may need to use their hands for 

support to maintain balance. Infants creep on their stomach or crawl on hands and 

knees. Infants may pull to  stand and take steps holding onto furniture.

From age 2 to  4th birthday: Children floor sit but may have difficulty w ith balance when 

both hands are free to manipulate objects. Movements in and out o f sitting are
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performed w ithout adult assistance. Children pull to  stand on a stable surface. Children 

crawl on hands and knees w ith a

reciprocal pattern, cruise holding onto furniture and walk using an assistive mobility 

device as preferred methods of mobility.

From age 4 to 6th birthday: Children sit in a chair w ith both hands free to manipulate 

objects. Children move from the floor to  standing and from chair sitting to standing but 

often require a stable surface to push or pull up on with the ir arms. Children walk 

w ithout the need for any assistive mobility device indoors and for short distances on 

level surfaces outdoors. Children climb stairs holding onto a railing but are unable to run 

or jump.

From age 6 to  12: children walk indoors and outdoors, and climb stairs holding onto a 

railing but experience limitations walking on uneven surfaces and inclines, and walking 

in crowds or confined spaces. Children have at best only minimal ability to perform gross 

motor skills such as running and jumping.

Distinctions between levels I and II:

Compared with children in level I, children in level II have limitations in the ease of 

performing movement transitions; walking outdoors and in the community; the need for 

assistive mobility devices when beginning to  walk; quality of movement; and the ability 

to  perform gross motor 

skills such as running and jumping.

LEVEL III—Walks with assistive mobility devices; 

limitations walking outdoors and in the community.

Before 2nd birthday: Infants maintain floor sitting when the low back is supported. 

Infants roll and creep forward on their stomachs. From age 2 to 4th birthday: Children 

maintain floor sitting often by

"W -sitting" (sitting between flexed and internally rotated hips and knees) and may 

require adult assistance to assume sitting. Children creep on their stomach or crawl on 

hands and knees (often w ithout reciprocal leg movements) as their primary methods of 

self-mobility. Children may pull

to stand on a stable surface and cruise short distances. Children may walk short 

distances indoors using an assistive mobility device and adult assistance for steering and 

turning.
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From age 4 to 6th birthday: Children sit on a regular chair but may require pelvic or 

trunk support to  maximize hand function. Children move in and out o f chair sitting using 

a stable surface to push on or pull up with their arms. Children walk with an assistive 

mobility device on level surfaces and climb stairs with assistance from an adult. Children 

frequently are transported when travelling for long distances or outdoors on uneven 

terrain.

From age 6 to  12: children walk indoors or outdoors on a level surface w ith an assistive 

mobility device. Children may climb stairs holding onto a railing. Depending on upper 

limb function, children propel a wheelchair manually or are transported when traveling 

for long distances or outdoors on uneven terrain.

Distinctions between levels I! and III:

Differences are seen in the degree of achievement o f functional mobility. Children in 

level III need assistive mobility devices and frequently orthoses to  walk, while children in 

level I! do not require assistive mobility devices after age 4.

LEVEL IV—Self-mobility with limitations; children are transported or use power 

mobility outdoors and in the community.

Before 2nd birthday: Infants have head control, but trunk support is required for floor 

sitting. Infants can roll to supine and may roll to prone.

From age 2 to 4th birthday: Children floor sit when placed, but are unable to maintain 

alignment and balance w ithout use of their hands for support. Children frequently 

require adaptive equipment fo r sitting and standing. Self-mobility fo r short distances 

(within a room) is achieved through rolling, creeping on stomach, or crawling on hands 

and knees w ithout reciprocal leg movement.

From age 4 to 6th birthday: Children sit on a chair but need adaptive seating for trunk 

control and to  maximize hand function. Children move in and out of chair sitting with 

assistance from an adult or a stable surface to  push or pull up on with their arms. 

Children may at best walk short distances with a walker and adult supervision but have 

difficulty turning and maintaining balance on uneven surfaces. Children are transported 

in the community. Children may achieve self-mobility using a power wheelchair.

From age 6 to  12: Children may maintain levels of function achieved before age 6 or rely 

more on wheeled mobility at home, school, and in the community. Children may achieve 

self-mobility using a power wheelchair.
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Distinctions between levels III and IV:

Differences in sitting ability and mobility exist, even allowing for extensive use of 

assistive technology. Children in level III sit independently, have independent floor 

mobility, and walk w ith assistive mobility devices. Children in level IV function in sitting 

(usually supported), but independent mobility is very limited. Children in level IV are 

more likely to be transported or use power mobility.

LEVEL V—Self-mobility is severely limited even with the use of assistive technology.

Before 2nd birthday: Physical impairments lim it voluntary control of movement. Infants 

are unable to maintain antigravity head and trunk postures in prone and sitting. Infants 

require adult assistance to roll.

From age 2 to 12: Physical impairments restrict voluntary control of movement and the 

ability to maintain antigravity head and trunk postures. All areas of motor function are 

limited. Functional limitations in sitting and standing are not fully compensated for 

through the use of adaptive equipment and assistive technology. At level V, children 

have no means o f independent mobility and are transported. Some children achieve 

self-mobility using a power wheelchair w ith extensive adaptations.

Distinctions between levels IV and V:

Children in level V lack independence even in basic antigravity postural control. Self 

mobility is achieved only if the child can learn how to operate an electrically powered 

wheelchair.
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Appendix II Results of 25 studies reporting on the validity of the SWA, the IDEEA and the RT3.

Monitor Sample Ref. Validity
Rest___________________Treadmill_______________ Free-living activities_______ TEE__________________

SWAm n=30; DLW Not reported Not reported Not reported Mean; 2774±576kcal.d^
(v7.1)

24-60yrs Bias: -22+310kcal.d^

(-0 .1%)

LOA: -630to585kcal.d^ 

ICC: 0.85

AEE

Mean: 983±486kcal.d^ 

Bias: -119±286kcal.d^ 

(-12%)*

LOA: not reported 

ICC: 0.63

SWAa n=30; DLW Not reported Not reported Not reported Mean: 2774±576kcal.d^
(v6.1)

Study

(Johannsen et 
al., 2010)

(Johannsen et 
al., 2010)
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24-60yrs

SWA (v6.1) n=20; 1C Not reported

24.3±2.8yr

65% V02 max 

Mean: 10.89 METs 

Bias: -1.5 METs

Bias: -112±325kcal.d’^

(-4%)

LOA: -749 to 525kcal.d‘^

ICC: 0.80

AEE

Mean: 983±486kcal.d ^

Bias: -123±278kcal.d'^

(-13%)*

LOA: not reported 

ICC: 0.63

(Drenowatz and 
Eisenmann, 
2011)

Run (30mins) Not reported

Mean: 13.23 METs 

Bias: -3.5 METs
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(-14%)*

LOA: -1.7 to 

4.8METS

75% V02 max 

Mean: 12.48 METs 

Bias: -2.9 METs 

(-23%)*

LOA: -0.1 to 

5.8 METs

85% V02 max 

Mean: 14.09 METs 

Bias: -4.6 METs 

(-33%)*

LOA: 1.2 to 8.0 METs

(-26%)*

LOA: 1.1 to 5.9 METs

fp '. 0.66
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SWAb n-lA; DLW Not reported  Not reported
(v6.1) 30.4±6.2yr

SWA (v6.1)

1C Not reported

n=19; DLW Not reported

78-89yrs

Maximal test  

Mean: not reported 

Bias:-4.5kcal.min’'** 

L0A:-11.4 to 

2.4kcal.min'^

Not reported

Not reported

Maximal cycle tes t  

Mean: not reported  

Bias: -6.6kcal.min^** 

LOA:-14.8 to  

1.6kcal.min'^

Not reported

Mean: 3620±900kcal.d ‘̂  

Bias: -65±665kcal.d'^ 

( -2 % ) * *

LOA: -1368 to  

1238kcal.d'^ 

r: 0.73

Not reported

Mean: 2040±472kcal.d’̂  

Bias: -28±225kcal.d'^

(Koehler e t al., 
2011 )

(Mackey et al., 
2011 )
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SWA (v5.1) n=19; DLW Not repo rted

78-89yrs

Not reported Not reported

( + 1%)

LOA: -478 to  422kcal.d ‘̂  

ICC: 0.896

AE E

M ean: 583±242kcal.d'^ 

Bias: -156±198kcal.d  ̂

(-27%)*

LOA: -552 to  240kcal.d ‘̂  

ICC: 0.645

M ean: 2040±472kcal.d ‘̂  

Bias: +25+211kcal.d'^ 

(+ 1%)

LOA: -397 to  447kcal.d'^ 

ICC: 0.904

(M ackey e t al., 
2011 )
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SWA(v5.1) n=20;

19-56yrs

1C Not reported Not reported Lifestyle and sporting 

activities (120mins) 

Mean; not reported 

Bias; -43.4+261.0kcal 

(-9%)

LOA; -304.5 to 

217.6i<cal 

ICC; 0.73

AEE

Mean; 583±242kcal.d * 

Bias: -108±185kcal.d^ 

(-19%)*

LOA: -478 to 262kcal.d'^ 

ICC; 0.720

Not reported (Berntsen et al., 
2010)
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SWAj
(v5.0)

n=49; 1C

60-87yrs

M ean:

1377±228kcal.d ^

Not reported

SWA (v4.0)

Bias;

+167±271kcal.d ’̂
(+12%)**

LOA:-438 to

lOSkcal.d^

rp: 0.61

n=169; 1C M ales Not reported
44±12yrs

M ean: 1784±283kcal.d

Bias:+108kcal.d^
(+6%)**

LOA:-330 to

545kcal.d’^

LCCC: 0.583

Not reported

Not reported

Not reported

Not repo rted

(H eierm ann e t 
al., 2011)

(Bertoli e t ai., 
2008)
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Females

Mean; 1409±188kcal.d
1

Bias: +55kcal.d'^ 

(+4%)**

LOA: -269 to 

378kcal.d'^

LCCC: 0.579

SWA (v4.0) n=99; 1C Mean: 1700±330kcal.d Not reported
38±14yrs ^

Bias; Not reported

(approx. 160kcal.d'^

[-9%] calculated

from reported

Not reported Not reported (Malavolti et al., 
2007)
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SWA (v3.2)

means)

LOA: approx.

-506 to 182kcal.d H

rp! 0.86

n=40; 1C Not reported

18-35yrs

Walking(5) 4.82km.h^ 

on 0%. 5%. 10% 

incline

Mean: not reported 

Bias: -14.9±17.5kcal 

(-6.918.5%)**

LOA: not reported 

ICC: 0.77

^  0% incline 

Mean: not reported 

Bias: +1.3±0.5kcal.min

Cycling Not reported

Mean: not reported 

Bias: -32.4±18.8kcal 

(-28.9+13.5%)**

LOA: not reported 

ICC: 0.28 

Stepping

Mean: not reported 

Bias:-28.2±20.3kcal 

(-17.7111.8%)**

LOA: not reported

(Jakicic et al., 
2004)
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1 *

LOA; not reported 

ICC: 0.72

(5) 5% incline 

Mean: not reported 

Bias:

-0.3+0.6kcal.min^* 

LOA: not reported 

ICC: 0.76

(5) 10% incline 

Mean: not reported 

Bias: -2.4kcal.min'^* 

LOA: not reported 

ICC: 0.66

ICC: 0.63

Arm ereometry 

Mean: not reported 

Bias: +21.7±8.7kcal 

(+29.3±13.8%)** 

LOA: not reported 

ICC: 0.63
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SWA (vl.O) n=13; 1C Mean: 1.3±0.1kcal.min
1

19-22yrs
Bias: not reported 

(approx. Okcal.min’  ̂

calculated from 

reported means)

LOA; -0.17 to 

0.20kcal.min'^ 

rp: 0.76

Walking(5)4.83km.h'* 

Mean: approx. 

4kcal.min^

Bias; +38%*

LOA: -0.29 to

3.25kcal.min^

rp:0.69

Walking(5)6.44km.h 

Mean: approx. 

6kcal.min'^

Bias: +14%*

LOA: -1.90 to 

3.62kcal.min'^ 

rp: 0.54

Cycling (40mins) Not reported (Fruin and
Rankin, 2004)

Early stage (1-lOmins)

Mean:

9.4±1.5kcal.min'^

Bias: -8.8%

LOA: not reported 

rp:0.11

Mid stage (21-23mins)

Mean: 9.3±1.4kcal.min'^

Bias: -4.0%

LOA: -3.26 to

2.52kcal.min'^

rp:0.12
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SWA (v n=21; 1C Not reported
24.7±5.4yrs

not
specified)

Walking(a6.44km.h'^on 
5% incline

Mean: approx.

8.5kcal.min'^

Bias: -22%*

LOA: -6.24 to

2.52kcal.min^

rp: 0.47

Walking (S) 3.24 to 

12.84km.h^

Mean: 3.31±0.33 to 

14.88±1.77kcal.min ' 

Bias: not reported 

Approx. +1.25 to 

3.71kcal.min^ (+8 to

Late stage (31-40mins)

Mean: 9.2±1.8kcal.min^ 

Bias -1.3%

LOA: not reported 

rp: 0.03

Not reported Not reported (King et al.,
2004)
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59% )* *

LOA: not reported 

rp.0.65 to 0.85

SWA2
(v6.1)

SWA (v6.1)

n=26 (11 1C Not reported

normal

BMI);

8-12yrs

n=22; 1C Rest
9.4±1.2yrs

Mean:
1.18±0.31kcal.min'^

Bias:

Walking (5) 2, 4, 5. 
Skm.h'^

Mean: not reported  

Bias: -26.8±9.1% #

Bias @ 2,4 ,5 ,6km.h‘^ 

-10±32% , -15±17%, 

-17±15% , -19±13%

LOA: not reported

Walking (5) 3.2km.h~^

Mean:2.25±0.61kcal.m i
n - '

Bias:

-0.02±0.70kcal.m inM -

Not reported Not reported (Arvidsson et 
al., 2011a)

Colouring

Mean:
1.25±0.32kcal.min'^

Bias:

Resting, free-living and 

treadm ill activities 

(41mins)

Mean: Not reported

(Calabro et al., 
2009)
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-0.25±0.26kcal.m in^ 0.8%)

(-20.7%)* LOA; not reported

LOA: not reported

Walking (3> 4km. 

Mean:

2.49±0.45kcal.min'^ 

Bias: +0.02kcal.min^ 

(+0 .8%)

LOA: not reported

Walking (5) 4.8km.h'^ 

Mean:

2.67±0.55kcal.min^

Bias;
+0.09±0.83kcal.min'^
(+3%)

LOA: not reported

-0.05±0.95kcal.m in^

(-4.0%)

LOA: not reported

Computer games 

Mean:
1.13±0.44kcal.min^

Bias;

-0.05±0.95kcal.m in‘^

(-4.9%)

LOA: not reported

Cycling

Mean:
3.99+1.35kcal.min'^

Bias:

-1.00±1.28kcal.min'^

Bias; -0.13kcal.min 

(-16.3±12.4%)

LOA: -0.78 to  

1.04kcal.m in’  ̂

rp; 0.71
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SWA (v4.2) n=22;
9 .4±1.2yrs

1C Rest

M ean :
1 .18±0 .31kcal .m in^

Bias:

-0 .38±0.41kcal.min '^

(-3 2 %)*

LOA: n o t  r e p o r te d

Walking (5) 3 .2km .h^

M ean:2 .25±0.61kcal.m i
n^

Bias:+0.79±0.91kcal.mi
n^(+35% )*

LOA: no t re p o r te d

Walking (5) 4km.h'^ 

M ean:

2 .49±0.45kcal.min'^

Bias:
+0 .68±0.99kcal.m in^

(+27%)*

LOA: n o t  re p o r te d

( -25%)*

LOA: n o t  r e p o r te d

Colouring

M ean:
1 .25±0.32kcal.m in^

Bias: +0.28±0.67kcal.min
1

( + 22 %)*

LOA: no t re p o r te d

C o m p u te r  g am es  

M ean:
1.13±0.44kcal.min'^

Bias:

-0 .02±0.38kcai.m in^

( - 2%)

Resting, free-living and  (Calabro e t  al.,
2009)

treadm ill  activities 

(41mins)

M ean : N ot r e p o r te d  

Bias: +0.39kcal.min'^

(+32%)**

LOA: -1.46 to  

0 .69kcal .m in^  

rp: 0 .72
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Walking (5) 4.8km.h

Mean:

2.67±0.55kcal.min^

Bias:
+0.97±1.25kcal.min

(+36%)*

LOA: not reported

SWA (v6.1) n=20; DLW Not reported

14-15yrs

Not reported

LOA: not reported

Cycling

Mean:
3.99±1.35kcal.min‘^

Bias:

-0.10±1.64kcal.min^

(-3%)

LOA not reported

Not reported Mean: 194±31kJ.kg.d^

Bias: -10±21kJ.kg.d'^ 

(5%)*

LOA: -20 to 60kJ.kg.d^ 

r: 0.74

(Arvidsson et 
al., 2009a)
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SWA (v5.1) n= 20; DLW Not reported  Not reported

14-15yrs

SWAz
(v5.1)

n=12; 1C

ll -1 3 y rs

Mean:

O.lOiO.Ol 

kJ.kg. \m in '^

Bias:

-O.OliO.Ol

k J .k g \m in ’^

( -10%)*

LOA: not reported

Not reported

Not reported  Mean: 194±31kJ.kg.d'^

Bias: +17±20kJ.kg.d’  ̂

(+9%)*

LOA:-50 to  30kJ.kg.d  ̂

r: 0.79

Free-living activities Not reported

(48mins)

Mean: 25±2.8kJ.kg.min^

Bias: -4.49±2.65kJ.kg ^

(-18%)*

LOA: not reported

Track walk and run 

Mean: 11.6±1.3kJ.kg

(Arvidsson et 
al., 2009a)

(Arvidsson et 
al., 2009b)
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Bias:-1.39±kJ.kg^ (- 
12%)*

LOA: no t re p o r te d

Sitting

M ean:

0 .1 2 ± 0 .0 2 k J .k g \m in ^  

Bias: -0.03±0.02kJ.kg'^ 

(-25%)*

LOA: n o t  re p o r te d

Cycling

Mean:

0 .5 1 ± 0 .0 6 k J .k g \m in ^  

Bias: -0 .25kJ.kg '\m in '^  

(-49%)*

LOA: no t r e p o r te d
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SW A 2 (v5 .1 ) n=20; 1C

l l-1 3 y r s

M ean: W alking  (® 2 and

4.3±0 .5kJ .m in  ^ 3km .

Bias: -O.ykJ.min^ M ean : 11.8±2.8kJ.m in

(0 .2 % )** and 12.4±2 .6kJ .m in^

LOA: not repo rted Bias:

+1.3+3.1kJ.m in^

(+11% ) and

+0.1±2 .9kJ .m in ‘^

(+0.8% )

LOA: not reported

W alk ing /ru nn ing  (5) 

4km.h~^ to  10km . 

M ean:

12.8±2.4kJ.m in'^

Sitting N ot reported  (Arvidsson et
a l ,  2007 )

M ean: 5.6±0.5kJ.m in'^

 ̂ Bias: -2.0±0.9kJ.m in'^

(-3 6 % )**

LOA: not reported

Cycling

M ean:

23.5±3 .8kJ .m in^

Bias: -12 .0±3 .7kJ .m in  ^

(-5 1 % )**

LOA: not reported

306



SWA (v4.1) n=21; 1C

10-14yrs

Resting m e tabo l ic

ra te

M ean :
1.05±0.24kcal.min '^  

Bias: +22%**

LOA: n o t  r e p o r te d

Sleeping

t o  26.1±4.7kJ.min'^ 

Bias:

-1.2±2.6kJ.min'^ 

(-9%)* to  

- l l . l± 3 .5 k J .m in '^  

(-43%)**

LOA: n o t  re p o r te d

60% V 02 max 

(30mins)

M ean :

5.49±1.92kcal.m in^  

Bias: +0.78kcal.min'^ 

(+14%)**

LOA:

-1 .02-2 .57kcal.min'^
M ean :

S ed en ta ry  activities 

M ean:

1.61±0.24kcal.min'^

Bias: +0.34kcal .m in^

(+21%)**

LOA:-O.25to
0.93kcal.min'^

TEE (23hours)

M ean : 1 .42±0.23kcal .m in‘  ̂

Bias: +0.28kcal.min'^ 

( +20%)**

LOA: n o t  r e p o r te d

(Dorminy e t  al., 
2008)
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0.92+0.21kcal.min‘  ̂

Bias: +16%**

LOA: not reported

IDEEA n=14; DLW Not reported

20-55yrs

Not reported Not reported TEE

Mean: 139±20kJ.kg \d '^ 

Bias: +38kJ.kg \d ^  

(+27%) ♦♦

LOA: 8.4 to 

67.8kJ.kg\d’^

LCCC: 0.280

AEE

Mean: 2.3±1.3MJ.d'^ 

Bias:+1.7MJ.d'^(+74%)** 

LOA: -0.5to3.8MJ.d'^

(Whybrow et 
aL, 2012)
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1C

IDEEA n=26 1C Not repo rted

(11 norm al 
BMI);

8-12yrs

Walking (S 2, 4, 5, 
6km.h'^

M ean: not reported  

Bias: +4.2±9.6%# 

Bias @ 2,4,5,6km.h ’ 

+15±19%, +1±16%, 

-5±13%, -10±13%, 

respectively

LCCC: 0.083

Cycling

M ean: 22.8±4.61kJ.min^ 

Bias-14.Skcal.min’  ̂

(-63%)**

LOA: not reported  

Not reported

TEE (22hours)

M ean: 116± llkJ.kg   ̂

Bias: +12.1kJ.kg'^ 

( + 10%)**

LOA: -7.9 to  32.0kJ.kg  ̂

LCCC: 0.484

Not reported

(W hybrow e t 
al., 2012)

(Arvidsson et 
al., 2011a)
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LOA: no t r e p o r te d

IDEEA n=12;

l l - 1 3 y r s

1C M ean :

O.lOiO.Ol

kJ.kg '\m in '^

Bias:

+0 .0110 .03  

kJ.kg \ m i n ‘  ̂

( + 10%)

LOA: n o t  r e p o r te d

Not r e p o r te d Free-living activities Not re p o r te d

(48mins)

M ean:

2 5 .0 ± 2 .8 k J .k g \m in ‘̂

Bias: -2.90kJ.kg^

( -12%) *

LOA: n o t  re p o r te d

Track walk and  run 

M ean:

11.6+1.3kJ.kg \m in '^

Bias:

0.29±0.95kJ.kg-^+3% )*

LOA: no t re p o r te d

(Arvidsson e t  
ai., 2009b)
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Sitting

Mean:

0 .12± 0 .02kJ .kg \m in '^  

Bias: -0 .02+0.03kJ.kg^ 

(-17%)*

LOA: no t re p o r te d

Cycling

M ean:

0.51±0.06kJ.kg \nnin   ̂

Bias: approx. 

-0.31kJ.kg ^min'^ 

(-61%)*

LOA: no t re p o r te d
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IDEEA n=27; 1C Not reported

15-61yrs

Not reported

Subsample WR 1C Not reported  
of n=10;

20-53years

Not reported

Not reported

Not reported

Resting, free-living and 

treadmill activities 

(SOmins)

Mean: not reported

Bias: -0.075kcal.mln'^

LOA: -0.599 to  
0.449kcal.min^

Accuracy: 98.9±6.0%

r: 0.973

Mean: not reported

Bias: -0.057i<cal.min‘̂

LOA: -0.233 to  
O .llSkcal.min^

Accuracy: 95.1±2.3%

r: 0.959

(Zhang e t  al., 
2004)

(Zhang e t  al., 
2004)
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RT3 n = 2 0 ;  1C N o t  r e p o r te d  W a lk ir iE  (5) 3km.h~^

7 -1 2 y r s  M e a n :  ap p ro x .

2 k c a l . m i n ' t  

Bias: ap p ro x .  

O k c a l .m in ^ t  

LOA: app ro x .  -2 .5  to  

0 .7 5 k c a l .m in 'H  

fpi  0 .5 6

W a lk in g  (5) 6km .h '^  

M e a n :  ap p ro x .  

4 k c a l .m in ’H  

Bias: app ro x .

- I k c a l . m i n ' H *

LOA: ap p ro x .  -3  to  

O.Skcal.m in  H

Sitt ing  N o t  r e p o r te d

M e a n  EE: n o t  r e p o r te d

Bias: no s ignificant

d i f fe re n c e  (va lue  not

re p o r te d )

LOA: n o t  r e p o r te d

(H ussey  e t  al., 

2 0 0 9 )
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Walking (S Skm.h'^on a
10% incline 

Mean :  approx.  

Skcal .min'^t  

Bias: no significant 

d i f fe rence  (value no t  

r epo r t ed )

LOA: no t  r ep or t ed

Running (5) 9km.h'^ 

Mean :  approx.  

6 . 5kca l .min^ t

Bias: no significant 

d i f fe rence (value not  

r epor t ed )

LOA: not  r ep or t ed
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fp: 0.84

RTS n=27; 1C Not r e p o r te d

12-14yrs

Walking (5) 3km .h '^on  
0. 5, 10% incline

M ean:

1 .40±0.30kcal.m in^  to

2 .23±0.37kcal.m in^

Bias: +0.75 to

-O.SOkcal.min'^ (+54% 
to  -22%)#

LOA: n o t  re p o r te d

Running (5) 6km.h'^ 

M ean :

3 .25±0.62kcal.m in^  

Bias: + 3 .1 2 k c a l .m in '  

(+96%)#

S ed en ta ry  activities Not re p o r te d

M ean: 0 .60±0.10  to  

1.04+0.25kcal.min'^

Bias:-0.52 to  

-0.57kcal.min'^

(-55% to  -87%)#

LOA: no t r e p o r te d

Cycling (5) 25W  and  SOW 

M ean : 1 .19+0.36 and  

2 .40±0.43kcal.m in ’̂

Bias: -0 .10 and 

-1 .44kcal/m in ’̂  (-8 and  

-60%)#

(Sun e t  al., 
2008)
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LOA: not reported

Running (S 8km.h'^ 

Mean:

3.92+0.60kcal.min^ 

Bias: +4.22kcal.min'^ 

(+108%)#

LOA: not reported

LOA: not reported

Catch and throw  

Mean:
0.92±0.16kcakmin'^

Bias: -0.122kcaLmin^ 

(-13%)#

LOA: not reported

Lower limb outdoor 

activities

Mean: 0.88±0.18 to

2.34±0.31kcal.min ^

Bias: +0.334 to

+5.017kcal.min'^ (+33 to 
+214%)#

LOA: not reported
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RT3 n=42; Not r e p o r te d  Walking (aAkm.h"*
1 2 .2 ± l . ly r s

M ean : 0 .106±0.017  

kcal.kg^ m in’^

Bias:

-0 .0 2 2 k c a l .k g \m in ^

(-20.7%)*

LOA: n o t  re p o r te d

Walking (5) 4km .h '^on  
6% incline

M ean :0 .119+ 0 .018

kcal.kg‘\ m i n ‘^

Bias: app rox im ate ly

-0 .0 3 6 k c a i .k g '\m in ‘̂

(-30%)

LOA: no t re p o r te d

Not re p o r te d Not re p o r te d (Kavouras e t  al., 
2008)
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Walking (5) 6km.h'^ 

M ean : 0 .140±0 .020  

kcal.kg '\min '^

Bias: -0 .004 

kcal.kg‘\ m i n ^

( - 2 .8%)

LOA: n o t  re p o r te d

Walking (5) 6 k m . o n  
6% incline

M ean:

0 .156±0.22

kcal.kg \m in '^

Bias; app rox im ate ly

-0 .019kcal.kg '\m in '^

( -12%)
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LOA; no t re p o r te d

RT3

Running (S) 8km.h'^ 

M ean : 0 .21710 .028  

kcal.l<g \ m i n ^

Bias:

0 .0 1 7 k c a l .k g \m in ^

(+7.8%)*

LOA: no t re p o r te d

n=^274; 1C Not r e p o r te d  W alk ing /runn ing  (5)
38 .3+12.4yrs

4 .8 2 k m .h ' \  

5 .6 k m .h ' \

8km.

M ean : n o t  re p o r te d  

Bias +0.9 to

S e v e n te e n  activities of 
daily living

M ean : n o t  re p o r te d

Bias: -1.6kcal

LOA: no t re p o r te d

RMSE: 3.8

Variety of  treadm ill  and  

activities o f  daily living 

M ean : n o t  r e p o r te d  

Bias: -Q.Skcal 

LOA: n o t  r e p o r te d  

RMSE: 2.9

(Lyden e t  al., 
2011)
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+1.8kcal*

LOA: no t re p o r te d  

RMSE; 1.3 to  2,9

W alk ing /runn ing  (S

4 .82km .h  \  5.6km.h'^ 
and  8 k m . o n  3% 
incline

M ean : n o t  re p o r te d  

Bias: -0.4kcal* to  

+0.2kcal

LOA: n o t  re p o r te d  

RMSE: 1.9 to  2.4

All treadm ill  activity 

M ean : n o t  r e p o r te d  

Bias: +0.5kcal*

W ashing dishes

M ean : no t  r e p o r te d  

Bias: -0.6kcal 

LOA: no t re p o r te d  

RMSE: 1.0

Ascending stairs 

M ean: n o t  re p o r te d  

Bias: -7.6kcal 

LOA: no t r e p o r te d  

RMSE: 7.9
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RT3

RT3

LOA: n o t  r e p o r te d  

RMSE: 1.8

n=36; 1C Not r e p o r te d  Not re p o r te d
39±10yrs

n=212; 20- 1C Not r e p o r te d  W alk ing /runn ing  (5)
60yrs

4 . 8 2 k m . h \

Not re p o r te d  TEE

M ean : 12809kJ.d'^

Bias: -539kJ.d.‘M-4%)#

LOA: approx . -SOOOkJ.d^ to  
3900kJ.d'^

AEE

IVIean: 3448kJ.d ^

Bias: -485kJ.d'^ (-14%)#

LOA: approx . -4500kJ.d '^ to  
3500kJ.d^

Various activities o f  daily Treadmill and  activities of
daily living

living

(M addison  e t  
al., 2009)

(Howe e t  al., 
2009)
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5.61km.h'\

8.03km.h'^

Mean: 3.5+0.1 to 

9.3+0.Ikcal.m in^

Bias:

+0.86±0.06kcal.min^ to

1.91±0.16kcal.min^ 
(+21 to +25%)**

LOA: not reported

Walking/running (5) 

4.82km.h'\

5.61km.h'\ 8.03km.h ^ 
all at 3% incline

Mean: 4.6±0.1 to

10.8±0.2kcal.min'^

Bias; -0.38±0.08

Mean: 5.1±0.1kcal.min‘  ̂

Bias: -1.75±0.11kcal.min‘  ̂

(-34.3%)**

LOA: not reported

Mean: 5.6+O.lkcal.min'^ 

Bias:

-0.47±0.06kcal.min’^

(-8.4%)*

LOA: not reported
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kcal.min'^** to

+0.30±0.15

kcal.min'^*

(-9%** t o +3%*)

LOA: not reported

All treadmill activity

Mean; 6.0±0.1kcal.min 
1

Bias:
+0.54±0.05kcal.min^

(+9% )* *

LOA: not reported
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RT3

RT3

n=10; 1C Walking(q) 2km.h \
29.3±5.2yrs

3km .h'\ 4 k m . o n  

4% incline 

Mean; not reported 

Bias: +45.7±67.2% 

LOA: not reported

n=21; 1C Not reported WaikinK/running (5)
24.7±5.4yrs 3.24 to 12.84km.h ^

Mean: 3.67±0.61 to

16.71±2.22kcal.min'^

Bias: not reported

Approx. +0.94 to

3.61kcal.min'^ (+12

to 57%)**

LOA: not reported

rp.0.18 to 0.75

Not reported Not reported

(Jacobi et a!., 
2007)

(King et al., 
2004)
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*p<0.05, **p < 0 .001

+ approximation, axes unclearly labelled.

# p value not reported.

TEE, total energy expenditure; AEE, activity energy expenditure; Bias, mean bias (istandard deviation) between methods (m onitor-reference); LOA, limits of 

agreement; M ean, mean energy expenditure (±standard deviation) of measurement period as measured by reference method; rp, Pearson's product-m om ent 

correlation co-efficient; LCCC, Lin's concordance correlation coefficient; ICC, intraclass correlation coefficient; RMSE, root mean square error
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Appendix III Results from eight studies reporting on the reproducibility of the SWA and RT3

M o tio n  Sensor__________________ Sam ple__________________________________ Reproducibilitv Study

SW A3 (v6 .1 )

SW A (v5 .0 ) 

SW A (v l.O )

RTS

RT3

RT3

n = 34; 18 - 45  yr

n = 49; 60  - 87  yr 

n = 13; 1 8 - 2 5 y r

n = 60; 10 - 1 6  yr 

n = 6; 36 .1  ±  9 .4  yr; 

n = 6 m onitors

n = 22 m onitors

RT3 n = 1; 24  yr; 

n =8 m onitors

rp = 0 .8 2 *

ICC 2d = 0 .6 2 *  - 0 .9 8 *

rp 2d = 0 .9 8 *  

rp2d = 0.93*

LOA 2d̂  -0 .07  kcal.m in^ to  0 .1 0  kcal.m in' 

CV: 6.6%  -1 7 .3 %

IC C =0.80*

rp = 0 .7 8 t

In tra -ins tru m en t CV : 0 .29%  -1 .8 1 %

inte r-ins tru m en t CV: 9.5%  - 34 .7%

In tra -ins tru m en t ICC = 0 .0 0 0  - 0 .0 4 2 t

In te r-ins tru m en t CV: 1.5% -14 .4%

(Brazeau e t al., 2011 ) 

(H e ie rm an n  e t al., 2011)

(Fruin and Rankin, 2004) 

(Vanhelst e t al., 20 10 b )

(R enem an and Helm us, 2010 )

(Krasnoff e t al., 2008 )

(Pow ell and Rowlands, 2004)
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RTS n = 23 monitors Inter-instrum ent ICC = 0 .99*

Inter-instrum ent CV: 4.2% - 26.7%

_______________   Intra-instrum ent CV: 0.00% - 67.8%_____________ (Powell et al., 2003)____________

*p<0.01; t  p value not reported.

rp, Pearson's product-m om ent correlation co-efficient; LOA, limits of agreement; SW A3, pro3 armband; CV, coefficient of variation; d, day; s, sampling times
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Appendix IV Raw energy expenditure data from adults in study 1

A B C D E F G H 1 J K
1 ID EErest EE3km EE6km EE6km10% EE9km SW Arest SWA3km SWA6km SWA6km10% SWA9km

2 A01 0 97 3,16 4 90 9.00 9 18 0 98 3.69 4 79 4 89 8 64
A02 0 75 3 87 5.51 11 88 10.60 0 96 3 68 6 31 8 04 8.60

4 A03 0 92 3,68 6 61 10.40 10 62 1 06 3 69 6 56 6 62 10 22
5 A04 0,69 3 34 4 88 9 96 7 99 0 93 3.97 4 59 6 62 8 70
6 A05 0 72 3 83 6 32 11.30 10 13 0 98 4 00 6.70 6.24 9 46
7 A06 1 29 4.25 6 11 11 84 12.19 1.34 4 00 6 26 6.43 11 16
8 A07 1 20 4 97 8 22 13 49 14.60 1 32 5 08 7 46 8 22 12 67
9 A03 1 11 3 12 5.88 11.41 11 01 1.00 4.07 6.86 7.01 989
10 A09 1,06 3 64 6.95 10.71 10.06 1 16 3.71 4.96 4 89 10 27
11 A10 0 88 3.62 4 92 8 98 9.24 1 00 3 40 4 64 5.06 9.60
12 A l l - 4.25 6 68 12.14 13 17 1.20 3.86 6.52 6 31 10 41
13 A12 1 39 4 96 841 15 44 16 98 1 48 5.91 7 62 7.73 14 63
14 A13 1 19 4 74 7 38 14 01 16.05 1 38 6 48 8 50 7 37 12 77
15 A14 1 08 4 57 7 34 14.41 14 96 1 15 4 67 6 69 8 37 12 06
16 A15 0 93 3 92 5 83 12 36 12 35 1 04 4 08 6 61 6 88 10 74
17 A16 0 61 3 34 5 80 7 19 8 63 0.96 3 71 6 67 5 93 8 44
18 A17 1 01 4 60 6 90 11 10 11.27 0 99 6 46 6 37 8 04 9 99
19 A18 1 09 4 04 6 33 14 06 11 96 1 27 4 77 6 14 9 82 10 22
20 A19 0 92 3 43 6 31 13 15 11 98 1 26 4 70 7 26 7 49 12 74
21 A20 1 04 4 69 6.91 13 37 12.88 1 25 6.86 7 31 8 81 13 80
22 A21 0 73 3.22 6 76 8 62 8.66 0.92 4 99 8.11 7 22 8 93
23 A22 - 4 39 621 11 72 12 23 1 20 6 09 6 71 7 28 12 19
24 A23 1.33 4.50 7.36 13.53 13.12 1 38 6 66 8.33 8 97 14.65
25 A24 0 85 3 45 5 39 10 03 9 95 0 96 3 80 6 26 5 03 8 64
25 A25 0 78 3 17 6 05 841 8 84 0 87 3 66 4 94 4 84 6 93
27 A26 0 74 3 00 6 61 9 69 9 32 0 92 3 59 6 12 5 38 8 09

L M N  o j P Q  R S T U

R T 3 fe s t RT3 3km RT3 6km RT3 6ktn10% RT3 9km IDEEA rest IDEEA 3km IDEEA6km IDEEA 6km10% IDEEA 9km

- 1.49 2.96 3.00 4 22 7.27
1 07 3 41 6 80 11 62 13 36 1 07 3 20 6 19 10.70 9.68|

1 18 3 62 6 01 5 62 12 00

■ 1 05 3.01 4 49 4 25 8.80
1 10 4 19 9 69 8 78 15 14 1 10 344 6.34 4 87 10 10
1 44 3 84 7 34 6 96 14 48 1.67 4 62 7 71 6 79 16.60

- - 1.41 4 30 6 70 6 46 14 60

- - 1.40 3.39 5.48 8.01 9.37
1.26 3.62 6.62 6.88 13.48 1.29 3.47 4 82 4.37 13.30
1.10 2 68 6 51 6 69 13.18 1 18 3.46 6.10 4.74 10.60
1 35 5.55 9 51 9.18 16.76 1.37 4.11 6.42 6.75 12.40
1 63 4 81 10 42 10 15 16 54 1 62 4 99 7 30 7 34 9 65
1 64 5 46 9 75 9 65 22 15 1 49 4 86 7 80 6 91 17 30
1 28 4 25 9 68 10 06 16 58 1 48 4 61 6 73 6.77 13 20
1 19 4 27 9 60 8 42 16 26 1 26 4 12 6.31 6 13 11 70
1 07 3 60 7 86 7 02 13 91 1.07 3 44 6 79 5 11 9 66
1 14 6 78 9 42 9 26 13 79 1 19 4 20 6 62 6 41 10 80
1 37 4 03 10 32 12 97 16 44 - -

1 42 4 24 9 28 9 00 17 27 1 40 4 40 8 19 6 86 14 00
1 45 6 53 14 84 13 64 25.19 1 36 4.66 7.66 6.78 14 10
1 06 5 69 12 73 10 77 16.70 1.03 3.68 10 10 6.30 10.60
1 36 4 92 9 40 8 37 17 21 1.40 4 76 6.73 6.35 14.10
1 53 4 90 9 87 9 94 20.43 1.45 4 96 7 99 7.59 14.80
1 09 3 62 6 99 7 12 13 13 1 10 3 46 5 19 4 64 11 20
0 99 3 65 6 66 6 49 12 03 1 12 2 81 4 33 3 96 8 13
1 04 2 91 6 72 5 37 10 74 1 07 4 13 5 56 4 95 9 18
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Appendix V Raw energy expenditure data from children in study 1

1 ID Eerest EE3km EE6km :IE6km10°/ EE9km SWArest SWA3km SWA6km 3WA6km10"/< SWA9km

2 C01 1.07 3 17 5 68 9.79 1049 0 88 3 28 5 07 5 44 9 48
3 C02 - 3 6 2 5 29 8 34 8.46 4.20 501 5 48 9 13
4 C03 3.16 5.39 8 5 5 8 44 5 40 4 15 8 13 7.59
5 C04 2 19 3 53 3 5 9 0 38 0 84 1 89 1 96

6 C05 1 91 2.60 2 6 9 0 45 1 27 2 45 2 48
7 C06 0.67 2 51 4 99 6.58 6.25 0.56 2.04 3 11 3 29 3 9 6
8 C07 0 8 5 3 14 4.08 8 12 8 36 0 74 3 2 9 4 86 5 2 3 8 06
9 COS 0 85 2 40 4 32 6 2 5 6 22 0 59 1.93 2 87 4 27 4 86
10 C09 0.77 2.44 3.97 4.44 - 0.51 0.98 3 06 2.76 -

11 CIO 321 5.17 5.67 7.21 0.76 2.59 3 45 3.67 6.19
12 C11 0 87 3 02 5 19 8 38 8 75 0 78 2 09 3 57 4 15 6 48
13 C12 1 21 321 5 39 8 43 9.45 0.96 4 21 5.76 6.05 10.07
14 C13 0.79 3.33 5.43 7.44 7.86 0.77 3 0 7 3 7 2 3 8 7 6.08
15 014 0.89 3 76 5.68 7 54 0 94 3 58 5 16 4 33 -

16 015 0 90 3 37 6.59 10 11 - 0 94 1 70 4 46 4 89
17 016 0.86 3.30 5.16 8.53 8 9 9 0 86 1 11 4 99 5 6 8 8 50
18 017 0 9 3 4.91 8.00 13 33 16.26 1.10 4 93 7 6 5 7.65 14 46
19 018 3 2 9 5.18 8 81 8 47 0 92 3 7 9 5.38 4 67 9 2 0
20 C19 1 04 381 7 76 10.75 10.30 0 92 4 64 8.57 8 57 9 04

21 020 1 10 4 25 7 26 12.21 12.31 1 28 6 54 7.05 5 7 2 14 50
22 021 3 25 5.16 7 7 9 8.76 4 89 593 6 05 8 96
23 022 0.87 3 4 2 5.66 8 2 8 9 0 0 0.82 4.25 581 5.74 7 2 0

RT3rest RT33km RT36km RT36km 10%  RT39km IDEEArest IDEEA3km IDEEA6km IDEEA6km 10%  IDEEA9km

1 12 2 76 5 56 705 11.19 1.12 321 4 98 4 44 9 00

- 3.56 6.19 584 1088 - 3.71 5.56 5.41 10.80

3.21 6.07 5.68 11 82 3.26 5.40 5 27 961

0 6 9 2 06 3 82 4 06 1 92 2 34 3 66 3 3 5

0 83 2 01 4.55 5 00 1 65 2 50 4.06 3 88 -

0 8 2 2 24 5.34 5.76 7 2 9 1 74 3 14 5.12 5.24 6 8 7

0 98 3 24 5.16 5 44 8 86 .

0 8 6 2 47 5 63 7 0 3 8 44 3 5 9 3 12 3 97 3.96 6 1 3

0 79 2 17 4.72 4.30 1.73 2 97 3.71 3.77 -

0.99 3 3 7 6 20 5 2 8 10.59 1.45 301 4 6 2 4.35 7.72

1 00 3 64 6 40 6 82 1231 1 29 3 03 4 75 4 30 8 29

1 19 3 73 7 0 7 644 11 72 1.28 3 7 2 5.57 4 80 11.90

1.01 222 2.96 3.32 5.01 2.33 2 9 6 5.32 4.69 8 5 3

1 02 5 45 9 94 804 1 34 3 21 4 38 4 48

1 02 3 43 7 45 9 64 - 1 79 3 22 4 96 4 58

1.08 3 33 6 64 5.96 10 12 0.00 3 1 5 4 80 4 29 8.81

1.25 5.14 1207 11.89 2 24 3 1 48 3 9 3 10.30 8.40 10.20

1 08 3 34 6 7 6 6 56 1021 1 90 331 4 42 4 33 7 72

1.13 3 94 9.35 9.58 1234 1.07 3 2 0 5 8 5 6.10 9.25

1 43 4 57 9 3 5 5.90 19 62 1.47 4 36 6.43 4.41 9.92

3 49 5 79 6 2 2 12 40 3 1 0 4 92 4 49 9 92

1 02 3.18 5 82 5.81 11.09 - -
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a 
a

Appendix VI Raw energy expenditure data for adults in study 2

t- B C D E F S H I J K L M  N 0  P a R S T l V ' A ' X f
I D EE 5M V/r SWA 6M V /r RT3 SHV/T IDEE& 6MV/1 EE rest SWA re tt RT2 rss t IDEEfc res EE 1kni S V /lkm  RF3 1km IDEEA 1km EE 1km 5% S W M km S S  RT3 1kni5% DEEA Ikm S ' EE 2kni SW& 2ltm RT3 2km IDEEA 2ltm EE 4km SWA 4km RT3 4km IDEEA 4km
3PA01 I 53 '2 5 3 93 BE6 • 16 1 22 1 41 142
3PA02 3 17S12 5 95 3 02 4 66 ■ 16 1 16 1 29 1 36 2 9/ 1 62 2 07 2 8 4 53 5 27 3 03 3 56 7 91 £ 69 6 49 4 j2
3PA03 6 D2 613 5 96 6E6 0 36 1 1 09 0
3PAW i  779 6 23 8 5 5 75 0 33 106 1 19 1 2 2 57 i  3 1 7 f 3 28 3 37 4 S3 172 3 23 :  99 364 2 29 3 19 5 08 4 57 4 47 4
3PA05 6 03b 8 4 8 6 6 76 ■ 29 123 142 141 3 4 - 6 63 2 2E 3 97 3 36 717 2 3 26 4 44 346 6 99 39 -

;P A 06 8.35 8.65 333 7 1 9 - .3 ' 1.4 1.5 1.48 3.97 6 05 28£ 4.26 i.3 8 10.63 2.76 4 19 4.22 736 3.65 4.4 534 S.63 6.61 6C9
:P A 07 £ 2 5 23 52S 4 2 • 31 394 1 09 1 01 3 12 7 65 2 £ 2 58 3 29 7 62 2 08 2 EG 4 07 796 2 67 2 33 312 £ 07 4 16 3 £9
CPA08 7 7 61 3 46 • 31 1 02 1 29 .

: p a o 9 E 6 1081 3 57 3.-9 • 46 1 08 1 22 1 32 4 9 i 10 03 2 71 3 66 i  36 10 05 2 49 3 66 t  08 13 71 2 7« 2 54
3PA10 i  35 5 13 3 61 5 0 33 3 99 1 06 1 09 2 48 4 51 1 9 ' 2 77 3 35 6 53 1 95 2 £2 :  29 3 61 2 63 2 31 4 68 £ 12 456 3 78
::p a i i 6 38 6 25 3 06 611 '  29 1 03 1 12 096 2 33 2 03 1 6 : 2 47 2 46 2 11 1 66 2 : 6 2 52 3 3 2 72 2 31 332 :  39 4 13 3 23
3PA12 6.32 6.25 3 61 4.76 M 2 1 1.09 0 2.66 1.66 0 3.53 1.67 0 ;.82 0.9 3.3/ 2.78 4 83 £.33 i2S,

CO

3PA13 13 13 8 02 3 28 6 £6 1 3 1 01 1 22 1 3
::p a i 4 i  53 t- 3 384 • 36 3 91 C 98 2 09 2 93 1 69 2 22 2 69 1 47 5 64 3 61 2 26
::p a i 5 6 76 '.4 3 506 4 64 ■ 47 1 3 1 27 127 2 83 2 81 1 9f 3 46 3 14 3 1 197 2 49 :  39 5 43 2 7- 3 39 511 £ 76 4 62 4 45
:p a i 6 6 32 6G2 3 25 5 : 7 1 399 109 1 1 2 3 - 6 63 1.8? 1 97 2 32 7 22 247 2 27 2 93 7 81 3 06 ■ 33 4 4 9 4 4 8 14
:p a i 7 6 36 8 43 1103 ' 18 134 147 4 4 ' 6 3 3 i£ ■=24 5 24 279 4 02 176 4 K

CO i . n 4.33 4 96 311 1.3 3 93 1 0.9 3 .6 i 632 1.9; 1.62 3.76 6.21 1.99 1 76 4.63 22 2.65 2.36
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Appendix VII Raw energy expenditure data for children in study 2

A B  C D E F G H  I J K L M N O P Q R  S T U

ID EE_6MW T SWA__6MWT RT3._6MWT DEEA__6MW EE rest SWA_rest RT3_rest IDEEA_rest E E Jkm SWA_1km RT3_1km IDEEA__1 km EE 1km5% SWA 1km5% RT3_1km5%DEEA__1km5" EE 2km SWA_2km RT3_2km lDEEA_2km

CPC02 4,29 2.55 3.89 3 6 9 06 4 0,76 0 95 1 75 2.35 2 59 1,64 2.84 - 32 3 2.98 2,27 2 99

CPC03 291 2 47 281 2 47 1 60 0 89 0 99 1 54 - - -
CPC04 4 26 2 95 3 21 2 82 1 22 0 81 1 10 1 06 4 46 - 5 28

CPC05 4 47 581 49 3 3 79 0,63 0 92 1 04 1 07 22 6 3 43 1,68 2.5 64 3 17 1,68 2 15 2 36 3 6 7 2 31 28 2

CPC06 3 10 2 36 3 57 291 0 80 0 45 081 1 03 1 68 1 42 1 31 1 94 - - - - - - - -

CPC 08 2 17 6 32 2 12 2 84 0 74 0 44 0 83 1 03 1 14 1 40 1 17 1 99 1 02 37 1 15 2 1 32 - 1 30 208

CPC11 7 44 7 37 631 3 9 1 25 0 93 1.10 1.13 352 2 37 2.30 2,11 3.73 6 9 9 2 30 2.19 4.60 6 62 3 16 2.93

CPC 12 3 76 5 37 4.37 3 61 0 89 0 62 0.88 1 03 1 50 1 97 1 27 2 14 60 90 1 27 2.14 1 86 231 1 70 2.15

CPC13 4 59 2 42 3 52 3 53 0 87 0 48 0 84 1 27 2 05 1 65 1 36 2 05 69 58 1 20 1 95 1 93 1 72 1 42 1 8

CPC14 5.19 5.06 465 3.79 1 18 0.91 1 12 1.03 2.67 3 96 1 59 2.7 2,78 3,65 1.63 2.7 3.48 5.55 1.98 2.76

CPC15 55 4 5 62 6,61 4 57 1 50 1,25 1 51 1 58 4.15 4 22 2 72 3 48 4.71 8.25 2 99 33 6 5 25 3 2 9 3.62 3.72

CPC16 - - 0 94 0 75 0 97 1 99 1 78 1 35 1 61 2 87 84 2 11 1 57 2 73 2 29 1 88 1 81 3 54

CPC17 2 40 1 59 2 24 6 2 0 68 0,25 0 70 1 19

CPC18 5.97 4 31 4 31 2,17 1 22 0,85 1.07 1 04 3.19 2,31 2,00 2.05 3,47 1,98 213 2.04 - - - -

CPC 19 5 77 6 66 4 67 4 4 1 37 1 15 1 27 4 41 3 11 2 84 2 08 2 42 35 8 3 00 2 07 2 86 - - - -

CPC20 6 84 7 08 8 13 7 59 1 40 1 18 1 21 1 44 2 87 271 1 58 3 89 3 08 3 60 1 96 3 89 3 36 4 13 2 01 3 9

CPC21 4 09 3 13 2.62 2 5 0 73 1 00 1 08 1 12 2 44 3 37 2 23 2.02 3,21 3,37 2 26 0 4 58 3,54 2 64 2 46

CPC22 4.76 3.63 5.64 59 3 1 48 05 0 0 98 2,19 3.09 273 2 34 2.49 3.09 2 69 1.93 2.15 - - -
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Appendix VIII Raw oxygen uptake and vector magnitude count data for adults in study 3

A
1 ID

B 1 
V02rest

C
V021km

D
V022km

E
V024km

F G 
V026km \/026MWT

2 CPA01 2.8 20.2 23.7 - - 19.3
3 CPA02 3.1 8.2 13.2 24.9 - 17.0
4 CPA03 2.7 - - - - 26.7
5 CPA04 3.7 9.7 12.2 19.0 26.9 21.2
6 CPA05 3.2 8.6 11.2 - - 38.8
7 CPA06 4.4 10.1 10.3 13.7 22.7 16.4
8 CPA07 5.8 10.5 14.9 19.0 - 13.6
9 CPA08
10 CPA09 3.8 13.2 14.6
11 CPA10 3.4 8.9 11.3 16.5 - 34.3
12 CPA11 5.3 9.1 10.1 14.9 22.0 23.1
13 CPA12 4.0 9.1 13.7 17.3 34.4 14.1
14 CPA13 3.9 - - - - 12.6
15 CPA14 3.8 7.4 9.5 - - 17.7
16 CPA15 3.6 6.9 8.2 12.8 - 21.4
17 CPA16 3.6 8.1 10.1 15.9 22.3 17.8
18 CPA17 2.6 9.9 9.1 - - -

19 CPA18 5.9 15.9 20.8 _ _ 15.5

H I  J K L M
Vmrest VM1km VM2km VM4km VM6km VM6MWT

0.0 1407.5 2221.5 - - 2863.5
0.0 297.1 660.8 1970.9 - 2553.1
2.5 - - - - 1787.5
0.0 228.9 451.2 1345.5 2488 2 2998.6
0.0 278.2 1510.1 - - 2339.2
0.0 412.5 619.9 1520.1 2079.4 2387.2

41.9 529.2 750.7 1420.3 - 1921.2

7.8 549.0 _ _ 862.1
0.0 404.7 725.3 1619.4 - 2562.5

46.3 309.2 869.2 1594.3 2871.4 3606.8
0.0 260.4 1015.8 1878.3 7075.5 3845.9

31.5 - - - - 3364.4
0.0 337.5 602.1 - - 1344.2
1.5 210.0 445.5 1100.5 - 1479.7
0.0 370.0 912.6 1732.6 2954.0 3767.6
0.0 580.9 765.8 - - 2743.4

99.9 544.1 973.2 - - 2339.7
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Appendix IX Raw oxygen uptake and vector magnitude count data for children in study 3

A B C D E F G H I J K L M

1 ID V02rest V026MWT V021km ECMCMo>

V024km V026km Vmrest VM6MWT VM1km VM2km VM4km VM6km
2 CPC02 3.2 27.8 11.7 15.8 - - 4.0 1997,0 474.9 901.5 - -

3 CPC03 7.1 13.3 - - - - 4.0 1089.7 - - - -
4 CPC04 5.9 20.4 - - - - 36.3 1367.9 - - - -
5 CPC05 2.7 18.0 9.2 9.6 7.3 18.5 3.0 2038.0 338.3 669.4 961.7 3128.4
6 CPC06 7.2 26.8 15.1 - - - 0.0 3136.2 563.6 - - -
7 CPC08 7.4 23.2 10.6 12.0 20.5 - 16.0 1537.1 418.4 570,4 1277.1 -
8 CPC11 5.3 29.5 14.4 18.3 - - 0.0 2773.2 636.3 1096.8 - -
9 CPC12 5.7 24.2 10.8 12.0 - - 4.7 3039.9 345.3 721.4 - -
10 CPC13 7.2 36.2 16.2 15.3 - - 0.0 2831.4 547,5 615.7 - -
11 CPC14 4.8 21.4 10.8 14.2 21.7 - 3.8 1900.1 255.7 465.3 1928.8 -
12 CPC15 3.8 14.3 10.5 13.7 - - 1.5 1665.1 396.3 689,4 - -
13 CPC16 5.6 - 10.4 13.0 15.5 - 51.8 - 541,7 689.3 1350.2 -
14 CPC17 6.6 23.1 - - - - 0.0 1901.7 - - - -
15 CPC18 5.7 26.5 14.1 - - - 0.0 1877.0 538.8 - - -
16 CPC19 3.9 16.9 9.3 - - - 34.4 1314.0 339.7 - - -
17 CPC20 4.8 23.2 9,5 11.2 14.6 20.9 1.5 2395.2 191.6 334.6 1494.3 1833.2
18 CPC21 2.6 13.9 8.5 15.6 - - 0,0 698.0 525.1 707.8 - -

19 CPC22 7.2 23.0 14.8 _ - - 6.5 2908.7 857.0 - - -
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Appendix X Raw data for adults in study 4 and 5

; B c D E F G H . 1 J K L M N .1 0 P Q R S T U V W  ! X Y Z A A AB AC
1 ID Code Sex Age GMFCS SBP DBP Height Weight WC HC Cho HDLC NonMDL LDLCALC THR TRIG CRP mg/dL GLUR HBA1C INSULIN HOMA-IR VitD Sed PA LPA MPA VPA MVPA bouts Mean counts tota l v/ear

2 SI 1 53 1 1A6 00 96.00 169.90 94 40 101.50 103.00 5.78 112 4 66 3.70 5.20 2 08 2 00 5,00 35.00 10.30 2.34 85.00 408 239.43 62.14 16 71 30 86 359.02 726.29
3^ S2 0 40 2 107 00 67.00 154.50 63 00 73.00 102.25 4.90 1 68 3 22 298 2.90 0 53 1 00 4 30 35.00 4.60 0 90 76.00 488.86 311 29 65.57 8 43 24 286 27 874 14
4. S3 1 24 1 160 00 9100 177.50 88 70 102 30 109 50 5 20 1 14 406 3 50 460 1 21 1 00 4 80 31 00 26,10 5 69 4900 376 9 273 6 44 86 70 57 70 86 55243 752.14
5 “ 34 0 37 3 11900 85.00 153.50 43 70 68.00 84.00 3 43 148 1,95 1.62 2.30 0 72 1 00 - 32.00 4 80 55.00 584,71 298 71 11 71 1 43 0 147.86 89657
6 85 0 38 3 126 00 70.00 141.50 55 30 81.25 99.00 4.73 2.02 2,71 2.41 2.30 066 1 00 4 60 35.00 10.10 2.11 36.00 705.86 175 1.43 0.14 0 68.86 882 57
7 S6 0 54 3 11600 79.00 154 00 45 50 66.00 86.00 4.98 1.23 3.75 3 44 400 0 67 2 00 4 50 37 00 490 1,00 88.00 45586 358 14 48.57 6 6.14 304,48 869.57
8 37 1 58 5 125 00 74,00 166.00 58 90 76.00 87.00 402 1 35 2.67 2 33 300 0 75 3 00 4 30 33 00 3,30 0.65 32.00 - -

9 38 1 40 3 124.00 78.00 169.00 8120 98.00 105 00 4 85 126 3.59 3.16 3 80 0 93 200 500 29.00 12.80 2.91 37.00 6194 144 1 4 0 0 64,02 764 6
10 39 1 57 2 120 00 74.00 162.00 72 80 99.00 101.50 5 19 174 3 45 3.05 300 0 87 1 00 4 30 30 00 6.10 1.19 28.00 551.43 242 30 0 1 43 171,76 823 29
11 SIO 1 38 5 124 00 72,00 168,00 49 40 88.00 • 4.62 129 3.33 2.94 360 0 85 2 00 5 00 37.00 7.60 1 73 38.00 -

12 S11 
13"? S12

1 35 2 127 00 82.00 174,00 73 30 87 00 9 6 X 5 74 1 70 404 3,75 3.40 0 62 1 00 5.00 28 00 11.30 2.57 64.00 488.33 232 33 33 33 5.83 7 221,31 759 83
0 29 2 126 00 87 00 162.50 59 20 87.00 95 00 3.15 117 1.99 1,78 2.70 046 1 00 4.50 27.00 4.10 0 84 16.00 475.5 200.25 37.75 7.5 6 21084 721

14 313 1 54 2 11300 69.00 174.50 75 60 89 00 97 50 5 76 185 3.91 3.54 3 10 080 1 00 1580 35 00 4 10 2 94 90 00 50071 337 57 57 5 24 14 25803 896
15 314 1 34 2 129 00 76.00 177.00 73 90 93.00 98 50 4.42 156 2.86 2.49 280 080 1 00 2,80 2600 5 80 0 74 38.00 529 255 6 14 6 8 6 12.6 176,04 812
16 315 0 24 4 109 00 61.00 153.10 5800 79,00 90,00 3,62 1 36 2.26 1.99 2.70 0 59 1 00 3.70 31 00 10.20 1.72 44,00
17 316 0 46 2 127 00 69 00 165 00 54 90 7300 93,00 5 32 1 84 3 48 3 20 290 060 1 00 4 60 32 00 6 80 1 42 57 00 545 323 14 1 14 0 1592 883 71
18 317 1 41 4 117.00 69.00 172.50 66 20 79.00 87.50 5.36 0 87 4 49 3.71 6 20 169 2 00 4 60 31.00 4 80 1,00 56.00 -

19 318 1 57 4 130.00 B5.00 161.00 42 00 62.00 73.00 4.42 1 33 3.09 2.67 3 30 0 92 1 00 4.70 36.00 3 80 0.81 26 00
20 319 1 39 5 118.00 88,00 161.00 56 80 100.00 • 3.30 0.57 2.73 1.59 5 80 2 48 2 00 5 00 30.00 650 1,48 62.00
21 820 1 27 1 149 00 84.00 171.50 80 60 10100 102 50 5 65 1 25 4 40 3.89 4 50 1 10 1 00 4 40 2900 8 00 1 60 34 00 540 29 30371 2929 1 14 1 57 170 5 874 57
22 321 1 44 4 159 00 105.00 170.00 6010 71.00 91.00 492 1 32 360 3 35 370 0 55 1 00 5.00 35 00 6.50 1.48 62.00 - - -

23 S22 0 44 2 139.00 85.00 167.00 6800 83.00 103.00 5.60 1.26 4.34 3.73 4.40 1 32 3 00 4 70 37 00 9,70 2.07 35,00 372,2 279 8 41 2 5.2 15 4 280.99 698 4
24 823 1 18 1 124 00 57 00 184 50 92 50 93.50 108 50 3 32 110 2 22 1.86 300 0 79 1 00 4 40 31 00 6 90 1 38 40 00 511 71 286 71 48 43 17 29 18 43 281 13 86429
25 324 1 19 4 133 00 78.00 161.00 72.50 92.00 90 00 4 51 1.24 3 27 2.94 3 60 0 72 1 00 4 40 32.00 12.20 2.44 58.00
26 S25 0 36 3 134 00 72 00 152 00 50 50 76.50 85.00 4 65 2 10 2 55 2.19 2 20 0 78 1 00 34.00 670,50 190 50 7 67 0.50 0 00 97 92 869 17
27 326 1 64 4 148 00 75 00 157,00 90 80 126.50 113 50 6 15 1 75 4 40 3 96 174 5 40 - -
28 S27 1 25 1 132 00 60.00 180.00 8180 81.00 90 50 3 68 152 2,16 1.92 2 40 0 53 1 00 4 90 2800 4 70 1 05 44.00 610.71 177 00 22 43 0 43 0 00 128.66 810,57
29 328 0 60 2 166 00 87 00 167.50 75 20 96.00 112,50 5.70 187 383 3.32 3.00 300 2 00 5 50 36 00 1420 3,55 77.00 398 40 232 00 36 40 0 80 10 00 206.07 667.40
30 329 0 36 3 11600 73 00 148.00 5600 85.00 93 50 438 1 39 2.99 2.63 3 20 3 20 1 00 4 40 30.00 1240 2,48 26.00 485.00 280.29 22,29 7.71 0 00 20884 795 29
31 330 0 30 e. 109 00 6100 152.00 53 80 80.50 92.00 4 18 1 55 2 63 2.38 2.70 0 55 1 00 4 40 28 00 9 50 1 90 40 00
32 S31 1 41 3 137 00 74,00 158.50 80 40 103.50 101.50 4.94 1.16 3.78 3.26 430 1 12 1 00 510 35.00 13,40 3.11 36.00 47229 362.14 20.71 6.71 8 194.12 861,86
33 332 0 52 2 142 00 85.00 155.00 54 80 68.00 91.00 6 98 2 83 4.15 3.72 2 50 0 93 2 00 4 80 36.00 1670 3 64 9800 51586 324 49 29 6 14 0 255.51 895.29
34 333 1 65 4 137 00 88.00 165.00 75.40 101.00 95.00 3 00 0 98 2.02 1.18 3.10 1 82 3 00 4 80 35.00 17.10 3.73 39.00
35 334 1 33 2 112 00 68 00 166.50 66.00 82.00 92.50 4.14 1 27 2 87 2 50 3 30 0 81 300 4 50 4 30 088 75 00 381 00 401 29 86 57 5.57 9 43 346,67 87443
36 S35 1 19 1 129.00 72 00 180.50 69 90 74.50 93 50 2.93 1 13 1 80 1.58 2.60 0 47 2 00 4 30 31 00 8.20 1.60 36 00 453 67 320 83 44.17 5 33 14.5 231.33 835.33
37 S36 1 34 4 109 00 7200 167.00 80 40 89.00 90 50 4 58 0 97 3 61 3.12 4 70 107 3 00 4 70 27 00 8 60 1 84 33 00
38 337 1 18 3 134 00 73.00 171.00 62 70 77.50 93.50 3.46 196 1.50 1.20 1.80 0 65 1 00 3 60 31.00 8,50 1.39 4600 643 1895 6 67 0 83 0 89.92 839.83
39 838 0 41 2 125 00 78.00 159.00 72 00 87.00 10150 3.61 140 2.21 1.55 2.60 1 43 3 00 500 33.00 43 80 9,95 82.00 598 17 228.67 11 0 0 119.63 838.67
40 839 0 19 1 103 00 6100 161 50 5100 64 00 94,00 4 77 1 88 2 89 2 56 2 50 0 71 2 00 5 00 31 00 1200 2 73 54 00 480 29 311 14 67 11 26 57 287 26 869 43

41 340 0 22 3 12100 78.00 153.00 48 50 72.00 88 50 5.4? 2.13 3.36 3.00 2.60 0 79 1 00 4 70 34.00 8.00 1.71 68.00 575 206 5 22 5 2.83 0 157.08 807,17

42 341 0 33 2 114 00 74.00 156.50 55 50 73,00 94 00 5.13 172 341 3.09 300 0 70 1 00 490 32.00 9 10 2,03 13.00 443 35257 48 29 6 71 23 14 245.92 850,71

43 342 0 23 1 105 00 63.00 162.50 54 40 67 50 93 00 3 86 166 2.20 1.89 2 30 0 68 1 00 4 40 31.00 7 60 1 52 16 00 502 71 184 57 51 43 42 29 45 57 390 43 777.14
44 343 1 33 5 129 00 79 00 161.00 74 80 97 00 102 00 3 45 1 16 2 29 193 3 X 0 78 1 00 4 80 25 00 6 10 1 33 78 00
45 344 0 25 2 130 00 88.00 158.50 46 90 67.00 86 00 464 1,43 3.21 2.73 3.20 105 3 00 4 50 35,00 10,20 2,09 14.00 625.75 1935 11 1.25 2 5 11257 831 5
46 345 1 43 1 134.00 76.00 179.00 83 00 93.00 101.50 3.55 1.23 2.32 1.96 290 0 78 2 00 5.90 34.00 7.20 1.93 50.00 372 29 253.71 61.71 2 57 3743 274 79 690 29

4 7 846 1 62 2 138 00 74 00 167 00 67 70 95 50 93 50 4  40 1 59 3 81 2 38 280 0 93 3 00 5 80 32 00 11 20 2 95 51 00 369 14 356 57 106 86 8 29 48 14 407 06 840 86

48 347 1 22 1 126.00 70.00 186.50 72.70 79.50 98.00 3,70 2 12 1.58 1.38 1,70 0 4 4 1 00 4 70 32.00 3.80
n

0.81 28.00 633,17 201,17 52.83 41.5 55 33 320.63 928.83
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A B C 0 E F G H 1 J K L M N 0 P Q R S T U V W X 1 Y 1 Z AA AB
5 0 S49 1 44 2 1^2.00 96 00 170 00 6^.70 85.50 91.00 3.78 1.63 2.15 1.79 2 30 0 79 1 00 5,20 31.00 9 3 0 2 2 0 19.00 761 57 156.86 15 86 4 14 0 105 42
51 S50 0 24 1 114 00 67 00 160 SO 5810 70.50 9S.00 A 95 1 81 3 la 2 87 2 70 0 58 1 00 4 10 30  00 3 70 0 69 6 6 0 0 471 57 3 3 5 5 7 52  29 23 43 21 29 321 22

52 S 5 t 0 40 1 111.00 7400 146 70 56.90 81.50 98.50 4.89 0.92 3 97 3.14 5 30 181 3 0 0 4 50 31 00 11 80 2 4 1 33.00 590.5 112.25 4,25 0 25 0 6 7 1 5

53 S52 1 22 1 120.00 67 00 159 80 59.60 73 50 88 50 4 65 1 39 3 26 2.75 3 30 1 11 1 00 4 80 31 00 9.60 2 09 29 00 617 209 50  43 1 4 7 1 3 4  29 238 39
5d S53 1 18 5 104.00 66 00 149 00 27 40 54 00 66 00 3.24 1 20 204 180 2 70 0  52 1 00 4 40 31 00 4 10 0 82 1 1 2 0 0
55 S54 0 41 2 111 00 73.00 158 50 58 90 74.00 101.00 5.22 1.^9 3.73 3 35 3.50 0  82 1 00 3 80 27 00 6 50 1.12 56 00 507.67 386,17 3,67 0 0 1 4 7 4

56
57

S55 0 52 2 119.00 80.00 152.40 73.70 93.00 11^.00 A.30 1.80 2.50 2.14 2A0 0 79 2.00 4 8 0 33.00 11 00 2 40 37 00 557.33 264 ,50 15,83 2 6 7 0 0 0 146 39

AC 
938 43
8 82  86 
707.25 
8 92  57

897.5  
840  50
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Appendix XI Instructions for Shuttle Run Test

Tests: Two shuttle run tests (SRT) for GMFCS level I (SRT-I) and level II (SRT-II) 

Measurement: aerobic capacity

Population: children, adolescents, and young adults who had cerebral palsy and who 
were classified at Gross M otor Function Classification System (GMFCS) levels I and II 
Equipment Required: flat, nonslip surface; marking cones; measuring tape; 2 shuttle run 
test CDs; CD player; recording sheets; heart rate monitor 
Preparations and Conditions
SRT-I and SRT-II: The course is 10 m long. Mark each end of the course w ith the marking 
cones and measuring tape.
Participants should wear sports clothing and shoes, and use their own personal walker 
and orthoses if applicable. Each participant also should wear a heart rate monitor. 
Shuttle Run Test I and II Protocol
Participants walk or run between 2 markers at a set incremental speed.
GMFCS Protocols
There are 2 CDs for the shuttle run tests. Shuttle run test I (SRT-I) is for children, 
adolescents, and young adults classified at GMFCS level I. The SRT-I starts at a speed o f 5 
km/h. Shuttle run test II (SRT-II) is for children, adolescents, and young adults classified 
at GMFCS level II. The SRT-II starts at 2 km/h. Speed is increased by 0.25km/h every 
minute in each test. Each CD begins with a brief introduction to the test. The 
introduction is followed by a 5-second countdown to the start of the test. Thereafter, 
the CD emits a single beep at regular intervals.
• The walking or running pace is determined by a series of beeps on the accompanying 
CD.
• The participant should walk or run to  the opposite end of the course when the first 
beep sounds. The participant should then continue walking or running at this speed, 
aiming at the opposite end of the course each time there is a beep.
• The participant should always place 1 foot either on or behind the 10-m mark at the 
end o f each shuttle. If the participant arrives at the end o f the shuttle before the beep 
sounds, then he or she should turn around, wait for the beep, and resume an adjusted 
walking or running speed.
• The walking or running speeds at the start o f the test are very slow. On the SRT-I and 
the SRT-II, the participant has 7.2 and 18 seconds, respectively, to walk or run the 10-m 
shuttle.
• The walking or running speed is gradually increased. After each minute, the time 
interval between beeps decreases. The first speed is referred to as "level 1," the second 
speed is referred to as "level 2," and so on.
• Each level lasts approximately 1 minute, and each CD continues up to  level 23. The end 
o f each shuttle is denoted by a single beep; the end of each half level is denoted by a 
double beep; and the end of each level is denoted by a double beep and by the 
commentator on the CD.
• The test is finished when the participant is more than approximately 1.5 m (no 
markers necessary) away from the marker 2 consecutive paced signals w ithin 1 level.
• The participant is instructed to  walk or run for as long as possible, until he or she can 
no longer keep up w ith the speed set by the CD, at which point he or she should 
voluntarily w ithdraw from the test. In some cases, the person conducting the test may
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need to  w ithdraw  the participant when it becomes apparent that he or she is dropping 
behind the required pace and is unable to  reach the marker on 2 consecutive shuttles.
•  The test result is measured in units of a "level" (e.g., 13) and a "half level" (e.g., 14.5). 
The final level that a participant has completed is recorded on a recording sheet.
•  The heart rate is read from the wrist monitor at the end of the test and recorded on a 
recording sheet. This heart rate can be used to determ ine w hether a participant has 
perform ed maximally (a heart rate o f >180 bpm).

Some participants find it difficult to  coordinate the ir walking or running speed with the  
pace of the audio signal.
Therefore, it is recommended that someone assist participants during the first stages of 
the test. Once participants understand the instructions, they can continue the test 
without assistance. Participants who continue to  experience difficulty pacing themselves 
should be accompanied throughout the test. In this situation, an additional person is 
required to accompany a participant to ensure the reliability and validity of the test.
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Appendix XII Raw data for children in studies 6 and 7

1
A

ID
B

Sex
c j

GMFCS
D

Age
E

SBP
F

DBP

'1
G

Height
H

W eight

1
WC

J
HC

2 T1 1 1 8 113 63 137 34.4 65.5 74
3 T2 0 1 7 91 63 136 37.6 71.5 75.5
A T3 1 1 10 116 70 146.5 41 66.5 82.5
5 T5 0 1 7 87 52 131.5 27.5 56 68
6 T6 0 2 16 92 64 140.5 33.2 56.5 72.5
7 T7 1 1 9 100 52 133 25 53.5 59
8 T8 1 1 8 87 48 125.5 25.4 55.5 62.5
9 T9 1 1 12 132 53 163 65 89.5 97
10 TIO 1 1 8 100 56 132.5 27.6 56 66
11 T i l 1 1 13 139 75 158 68.6 86 98.5
12 T12 1 2 10 108 68 149 44.7 63.5 80.5
13 T13 1 1 14 128 75 172.5 51.4 65 85
14 T14 1 7 97 69 112 24.1 59.0 67.5
15 T15 1 1 6 100 62 120.8 24.7 58.0 64.5
16 T16 1 1 9 105 66 138.7 40.6 71.5 81
17 T17 1 1 11 113 89 161.6 45.6 65 81
18 T18 0 1 12 101 62 153.5 47.7 71.5 88.5
19 T19 1 14 102 58 151.3 44.7 66.5 76.5
20 T20 1 8 92 54 126 24 53 66
21 T21 0 1 7 123 83 124.5 29.9 65.5 72.5
22 T22 1 1 15 117 55 171.6 55.1 68 86
23 T23 0 10 103 64 138.2 30.3 51.5 67
24 T24 0 1 9 105 66 126 24.6 52 63
25 T25 0 6 105 63 118.5 27.1 61 66
26 T29 1 1 8 98 42 128.5 25.1 56.5 61.5
27 T30 0 1 17 129 65 169.2 67.5 76.5 98.5
28 T31 1 1 14 106 51 164.5 46.6 65.5 81
29 T32 1 2 7 98 56 130.5 23.6 50.5 61

evel

L
Sed PA

M
LPA

N
MPA

O
VPA

P
MVPA

Q
bouts

R 1 S 
mean counts Total w ear tim e

4 208.71 423.86 92.86 3.43 96.29 39.29 405.09 728.71
3 145.67 427.00 82.67 1.50 84.17 13.67 413.89 657.00
5 261.14 488.00 57.86 3.71 61.57 31.14 285.07 810.57
5 167.60 505.40 80.80 4.60 85.40 24.20 400.41 758.40

13.5
C

248.50 515.50 18.75 0.00 18.75 5.00 234.62 783.00
D

10 95.50 531.67 118.50 7.17 125.67 25.00 496.85 752.83
5 251.71 461.71 51.71 2.00 53.71 14.71 275.03 767.00
5 371.17 276.83 73.00 3.17 76.17 19.83 287.59 724.17
8

16
228.83 399.83 104.33 15.67 120.00 50.33 495.44 748.67

9 400.43 342.86 29.00 0.00 29.00 15.29 171.82 772.29
7.5 206.71 453.43 69.14 0.29 69.43 5.29 330.29 729.71
5.0
10

76.43 446.00 155.71 11.00 166.71 55.00 671.94 689.14

10
Q

319.00 316.25 74.75 1.00 75.75 33.75 289.18 711.00

17.5
12

352.29 477.43 62.86 0.29 63.14 17.43 259.46 893.00

3 244.86 445,00 92.86 5.71 98.57 28.29 392.08 788.43
13 337.14 474.29 72.14 4.29 76.43 28.00 298.79 887.86

7 257.29 452.29 60.57 0.43 61.00 5.29 293.10 770.57
4 133.43 491.57 161.00 5.86 166.86 47.14 574.15 791.86

4.5 217.14 466.29 68.29 0.14 68.43 9.43 322.34 751.71
6 174.17 481.5 136.67 4.67 141.33 32.83 514.99 797

9.5 164.75 477.5 84.25 1.25 85.5 33.75 388.08 727.75
4.5

13.5
98 558 69.5 2.33 71.83 6.67 404.45 727.83
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A B L. ..C_J D E F G H 1 J
59 T62 1 3 8 100 55 137 38.8 65.5 76.5
60 T63 1 3 17 116 69 165.5 49,9 70 84
61 T64 1 1 10 94 59 138 36.9 68.5 78.5
62 T65 1 1 17 124 66 170 61.3 76 93
63 T66 1 1 11 109 58 152 41.5 66.5 76.5
64 T67 1 2 14 117 64 167 60.9 72 87
65 T68 3 16 - - 154 45 - -

66 T69 1 1 8 92 48 130 28.3 59 66.5
67 T70 2 12 120 66 149 31.3 53.5 70.5
68 T71 1 1 10 84 51 145 30 53.5 69.5
69 T72 1 3 14 116 68 157.5 48.1 70.5 79.5
70 T73 1 7 85 46 120 22 52 60.5
71 T74 1 1 17 114 69 162.5 56.6 74 87.5
72 T75 1 3 16 124 55 180 65.1 73 84
73 T76 0 1 15 106 57 163 52.5 67 88.5
74 T77 0 2 11 105 65 140 30.7 55 72,5
75 T78 0 3 13 109 65 152 56.2 70.5 96
76 T79 0 3 15 98 66 152 45.1 68.5 86.5
77 T80 0 3 11 90 50 139 29.7 56.5 69.5
78 T81 1 3 13 109 61 141 37.7 64.5 72.5
79 T82 0 2 9 102 55 130.5 29 56 67
80 T83 0 1 10 103 55 137.1 32.1 60 73
81 T84 1 1 15 128 66 168.5 69.6 84 97
82 T85 1 1 7 90 48 114.2 18.2 50.5 59
83 T86 1 1 14 122 66 171 53.3 68.5 84.5
84 T87 1 3 7 97 62 122.4 25 60.5 61
85 T88 0 3 6 89 69 108 19 51.5 56.5
86 T89 0 1 9 102 56 129 27.9 57 67
87 , T90 1 1 8 -  - 123.3 25.8 57.5 65.5

L M N 0 P Q R
7 305.57 392.71 47 00 0.57 47.57 9.43 238.75

9.5 455.43 318.29 31.71 3.71 35.43 14.71 202.87
5.5 273.43 324.00 102.14 16.86 119.00 75.57 527.96

17.5 464.43 363.00 50.29 13,57 63.86 38.43 281.78
12 285.50 344.67 87.67 13,33 101.00 41.17 440.20

14.5 320.29 423.71 77.14 12.57 89.71 26.14 362,34
565.71 310.43 27.57 2.14 29.71 5.71 155,12

9 137.40 373.60 119.80 11.60 131.40 76.60 595,11
10.5 444.86 276.71 45.14 0.57 45.71 12.29 201,63

12 266.43 378.57 87.57 8.14 95.71 39.57 419,30
19 509.50 267.25 51.75 1.75 53.50 8.25 204,78
10 207.00 446.60 87.80 7.80 95.60 29.80 409,64
16 153.40 405.20 230.00 40.60 270.60 178.20 927,78
16 419.86 387.43 34.71 2.86 37.57 3.14 197,09
15 401.86 358.14 74.71 14.71 89.43 36.57 372,60
11 273.50 407.83 67.17 3.00 70.17 7.17 324,77

5 301.50 431.75 23.50 0.75 24.25 0.00 181,51
7.5 382.43 292.86 23.86 0.57 24.43 3.86 169,30
4.5
13 136.00 401.17 188.00 36.83 224.83 123.67 862,70
10 226.71 463.14 88.57 13.43 102.00 35.43 446,05

6 347.33 374.17 45.50 1.50 47.00 8.83 238,55
1.5
15 334.40 277.40 74.20 16.00 90.20 37.40 431,22

6
8

198.29 412.57 113.00 0.86 113.86 35.86 422,36

6
2 190.86 420.00 111.00 5.71 116.71 35.00 474,12

745.85
809.14
716.86 
891.43 
731.67
833.71 
906.29 
642.40
758.71
741.14 
830.25
749.20
829.20
845.00
849.00 
751.33

757.50
682.71

762.00
791.86
784.00

702.00
724.71

727.57
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88 T91 1 3
89 T9 2 1 2
90 T93 1 1
91 T94 0 1

7 -
6 94 60

12 109 72
7 96 34

123.2 22 50.5 57
127.7 23.3 50.5 58.5
163.5 47.5 68 80
123.2 22.1 52 61

53.86 385.43
10.5 286.00 353.67

8 231.29 399.00
4 118.43 344.00

245.00 10.43 255.43 108.
70.33 5.67 76.00 31.

152.86 21.86 174.71 97.
170.43 25.86 196.29 94.

14 879.48 694.43
17 321.57 716.00
14 640.49 804.86
71 688.75 658.86
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