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ABSTRACT 

 The purpose of this dissertation was to assess the vascular health of ambulatory children 

with spastic cerebral palsy (CP). The first study aimed to determine whether the size and 

hemodynamics of the popliteal artery are compromised in children with CP. The main finding 

was that children with CP had smaller diameter, no difference in oscillatory shear index, and 

higher shear rate than typically developing children. However, the difference in diameter was 

more evident in children with bilateral than unilateral CP, and no longer significant after 

adjusting for the smaller leg muscles in children with CP, indicating that the size of the popliteal 

artery tracks the size of the muscle. The relevance of the elevated shear rate in children with CP 

requires further study. The second study aimed to determine if the diameter and hemodynamics 

of the popliteal artery are related to physical activity and function in children with CP. The main 

findings were that the smaller artery diameter and higher shear rate in children with CP were 

associated with lower functional capacity, assessed via the 6-minute walk test. Shear rate was 



 
 

also inversely related to performance on the progressive lateral step-up test, a measure of 

functional muscle strength. However, neither diameter nor shear rate was related to physical 

activity. These results suggest that the limited functional capacity of children with CP may 

suppress popliteal artery growth. The relevance of the relationship between shear rate and 

functional capacity warrants further investigation. The third study aimed to determine whether 

blood pressure measurements are consistent across arms in children with CP. The main finding 

was that although high intraclass correlations between blood pressure measurements from the 

more- and less-affected arms indicated excellent agreement, 4 of 14 children with bilateral CP 

exhibited a pathologically significant inter-arm difference (>10 mmHg). Thus, assessing blood 

pressure in both arms may be necessary in children with bilateral CP. 

In conclusion, children with CP have disturbances in their vascular health that are related 

to their physical function, more evident in children with bilateral than unilateral CP, and require 

more attention from scientists and clinicians. 

 

INDEX WORDS: Cerebral palsy; popliteal artery; arterial diameter; shear rate; physical activity; 

blood pressure. 
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CHAPTER 1 

INTRODUCTION 

Cerebral palsy (CP) is a non-progressive motor disorder that occurs in the developing 

brain.3 Although the associated brain injury or malformation does not progress with time, 

degenerative changes appear much earlier in the lifespan of children with CP compared to the 

general population due to muscle weakness, impaired motor control,  and activity limitations.4 

Concurrently, compared to typical peers, an earlier onset of cardiovascular disease progression5,6 

and resultant increased cardiovascular disease-related mortality7,8 is observed in those with CP. 

Cardiovascular disease is the third most common cause of death in individuals with CP (15 %),9 

with mortality risk increasing as the severity of CP increase.7 Therefore, assessing cardiovascular 

risk factors in children with CP may provide an excellent window to understand the 

pathophysiology of cardiovascular disease in individuals with CP. 

Traditional cardiovascular disease risk factors, such as high blood pressure, high low-

density lipoprotein cholesterol, diabetes, smoking and secondhand smoke exposure, obesity, 

unhealthy diet, and physical inactivity, were recognized from the Framingham Heart Study.10 

Several systemic and scoping reviews have been conducted on traditional cardiovascular risk 

factors in individuals with CP.11-13 These reviews showed that individuals with CP have higher 

blood pressure and higher prevalence of hypertension compared to the general population,13 

reduced levels of physical activity throughout their lifespans,11,12 and elevated levels of low-

density lipoprotein cholesterol compared to reference values.12  
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In addition to traditional cardiovascular risk factors studied for decades, non-traditional 

risk factors, including artery diameter, have emerged as important predictors of cardiovascular 

disease in the general population.14-17 The incorporation of functional and structural arterial 

characteristics has the potential to improve the accuracy of cardiovascular disease predictions 

and improve the care for at-risk populations. Carotid artery diameter correlates with 

cardiovascular risk factors in adults17 and incidence of cardiovascular disease.18 Brachial artery 

diameter also correlates with cardiovascular risk factors.19 These alterations observed in the 

estimated artery diameter among individuals with cardiovascular risk factors can potentially 

indicate impaired vasoregulation, which is commonly associated with the progression of 

atherosclerosis.  

Shear stress plays a crucial role in maintaining vascular function, as consistent laminar 

shear stress protects against clotting,20 preserves endothelial wall integrity,21 and promotes the 

maintenance of vascular homeostasis.22 Additionally, shear stress has the ability to regulate 

artery diameter by influencing the production of vasoactive mediators23,24 and is a determinant of 

gene expression in endothelial cells.25 In clinical settings, shear stress is typically measured by 

estimating whole blood viscosity and shear rate based on the blood flow velocity and internal 

diameter of the artery.26 Engaging in physical activity can enhance vascular function and reduce 

the risk of cardiovascular diseases by inducing shear stress.27 Despite increased cardiovascular 

risk,28 shear rate is higher in those with spinal cord injury than in healthy adults,29 which 

suggests that individuals with activity limitations may develop an atheroprotective hemodynamic 

environment to compensate for the adverse effect of inactivity on cardiovascular risk. However, 

no such study has been conducted in children, adolescents, or adults with CP.  
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Specifically in individuals with CP, significant changes in non-traditional risk factors for 

cardiovascular disease were observed over 4 years, while no changes in traditional risk factors 

were observed.30 Considering higher levels of low-density lipoprotein cholesterol observed in 

individuals with CP compared to reference values,12 it is reasonable to emphasize the 

significance of closely monitoring non-traditional risk factors. However, studies on arterial 

structure and its hemodynamics are lacking in children with CP. A comprehensive literature 

search revealed only 5 studies on arterial structure and function in children with CP.30-34 Among 

these studies, only 3 studies reported artery diameter,31,33,34 and no study exists on arterial 

hemodynamics in children with CP. 

No group difference in carotid and brachial artery diameter between children with CP and 

controls was observed.33,34 In contrast, the diameter of the infrarenal abdominal aorta was 

smaller in children with CP than in controls.31 Consequently, it is suspected that the reduced 

exercise capacity resulting from activity limitations in children with CP may be responsible for 

the comparatively smaller infrarenal abdominal aorta diameter. Considering that the infrarenal 

abdominal aorta is responsible for supplying blood to the lower body, these results suggest that 

the use of arteries related to the blood supply to the lower limb may be more appropriate for 

investigating the relationship between vascular structure, physical activity, and cardiovascular 

risks in children with CP. This assumption is supported by the previous literature, which showed 

that a reduction in physical activity primarily affects the arteries perfusing the limbs exposed to 

the greatest reduction in activity.35 The popliteal artery supplies the blood to the lower limb 

muscles, including the hamstring, gastrocnemius, soleus, and plantar muscles, and represents the 

primary source of blood to the leg and foot.36 The relationship between the popliteal artery and 

physical activity has been demonstrated in other populations.37,38 However, no such study was 
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done in children, adolescents, or adults with CP. Therefore, the significance of assessing the 

relationship between popliteal artery diameter and its hemodynamics to activity limitations, 

which have been associated with the development of cardiovascular disease in children with CP, 

cannot be overstressed.   

Blood pressure is one of the traditional measures that demonstrate cardiovascular disease 

risk. Early identification and intervention of high blood pressure in children is required to reduce 

cardiovascular disease risk in the future. However, there is still no clear answer regarding which 

arm blood pressure measurement is more appropriate for children with CP. In the general 

population, for consistency and comparison with standard tables and for the possibility of 

coarctation of the aorta, the right arm is preferred for repeated measurements of blood 

pressure.39,40 On the other hand, in patients with hemiparesis, the nonparetic arm is preferred 

because the muscle tone in the paretic arm could influence blood pressure.41 Additionally, a 

Modified Ashworth Scale score greater than 2 is associated with significantly higher blood 

pressure in patients with hemiplegia.42 In children with CP, there is no widely accepted rule at 

the moment. In Noten’s review about blood pressure in adults with CP, only half of the included 

studies measured blood pressure in the least affected or unaffected arm. Others used the left or 

right arm regardless of the affected side.13 It is generally recommended to measure blood 

pressure in the right arm for consistency with standard reference tables. However, considering 

that spasticity could affect blood pressure measurements in children with CP, it may be more 

practical to measure blood pressure in the less-affected arm for these individuals and in the 

dominant arm for control subjects. This approach has been utilized in previous studies conducted 

in our lab despite the lack of conclusive evidence. 
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The purposes of this dissertation were following: 1) to determine if the diameter of the 

popliteal artery is compromised in children with CP relative to age-, sex-, and race-matched 

typically developing controls. We hypothesized that children with CP will have a smaller 

normalized popliteal artery diameter compared to typically developing controls regardless of 

normalization methods, 2) to determine if the shear rate and oscillatory shear index of the 

popliteal artery are higher and lower in children with CP relative to age-, sex-, and race-matched 

typically developing controls. We hypothesized that children with CP will show a higher shear 

rate and lower oscillatory shear index compared to typically developing children, 3) to determine 

if the diameter and hemodynamics of the popliteal artery are related to physical activity and 

function in children with CP. The study hypothesized that physical activity and functional tests 

of the lower limb would be directly related to the popliteal artery diameter and negatively related 

to the shear rate in children with CP, 4) to determine whether blood pressure measurement is 

consistent across arms in children with CP and to assess its impact on the diagnosis of elevated 

blood pressure or hypertension. We hypothesized that blood pressure in the more-affected arm 

would be higher than in the less-affected arm. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Cerebral Palsy (CP) 

In 2005, Bax proposed a definition for cerebral palsy (CP) as a group of irreversible 

disorders of the development of movement and posture, causing activity limitation attributed to 

nonprogressive disturbances occurring in the developing fetal or infant brain.3 CP is diagnosed 

based on motor function and posture disorders that occur in early childhood, and it is the most 

common cause of motor deficiency in young children, occurring in 2 to 3 per 1000 live births in 

most European countries.43 

 

2.1.1 Types of cerebral palsy 

The Surveillance of Cerebral Palsy in Europe has classified CP into three main groups 

based on neurological signs due to the disorders in the cerebral motor systems, spastic, ataxic, 

and dyskinetic CP. Spastic CP patients have increased tone and pathological reflexes. Their 

increased tone in spasticity is characterized by an increased resistance, which depends on the 

velocity of movement.44 Dyskinetic CP patients demonstrate involuntary, uncontrolled, 

recurring, and occasionally stereotyped movements. Ataxic CP patients show a loss of orderly 

muscular coordination so that their movements are performed with abnormal force, rhythm, and 

accuracy. They also show tremors and low muscle tone. Some patients even show mixed CP 

symptoms. In these cases, the child should be classified according to the dominant clinical 

feature.45 Spastic type of CP is predominant, with more than 80% of individuals with CP have 
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spasticity.46 Spastic CP is categorized based on the anatomical pattern of involvement. 

Hemiplegia involves one-half of the body, diplegia involves primarily the lower extremities with 

mild upper extremity involvement, and quadriplegia involves all four limbs. The focus of this 

literature review will be on children with spastic CP. 

 

2.1.2 Characteristics of Cerebral Palsy 

While symptoms may evolve throughout a lifetime, CP itself is non-progressive, meaning 

that it does not worsen over time. Degenerative changes seen throughout the lifetime of people 

with CP stem from activity limitations caused by CP. Thus, management of activity limitation 

would be the best treatment option.4 Activity limitation due to neural factors such as reduced 

motor drive, abnormal neural circuits, altered recruitment patterns, impaired reciprocal 

inhibition, and altered setting of muscle spindles47 causes several musculoskeletal deficiencies in 

children with CP. Their muscle showed reduced cross-sectional area,48 increased fat49 and 

collagen,50 and higher muscle spasticity51 than their typically developing peers. This 

deterioration in muscle quality creates a vicious cycle of lowering muscle quality again.47 These 

muscular weaknesses also alter the transmission of mechanical loading52 and hinder the growth 

of bone, leading to children with CP having underdeveloped bones53 compared to typically 

developing children. 

 

2.1.3 Motor function of cerebral palsy 

The ability to do tasks that involve large muscles in the torso, legs, and arms in people 

with CP is usually measured according to the gross motor function classification system 

(GMFCS).54 This system has a five-point scale indicating the different levels of motor function 
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deficit with emphasis on function in sitting and walking.55 GMFCS I indicates that the child has 

the ability to walk indoors or outdoors and climb stairs without limitations, but they perform 

those at reduced speeds compared to typically developing children. GMFCS II indicates that the 

child can walk indoors and outdoors without assistive devices but experiences limited walking 

on uneven surfaces, inclines, and crowded places. The difference between GMFCS I and II is the 

limited ability to run and jump. GMFCS III indicates that the child requires the help of assistive 

mobility devices, such as a crane and crutches, to walk indoors and outdoors. They might use 

wheeled assistive mobility devices such as wheelchairs and knee walkers to move a long 

distance. GMFCS IV indicates that the child needs a wheelchair to move around. The difference 

between GMFCS III and IV is the limitation of independent mobility in children with CP who 

have GMFCS IV. GMFCS V indicates that the child completely lacks the ability for independent 

mobility even with the use of assistive devices. The reliability and validity of GMFCS for 

children with CP have been proven to be excellent.56 

 

2.2 Cardiovascular Disease Risk Factors in the General Population 

2.2.1 Blood pressure 

Blood pressure is one of the traditional measures to demonstrate the cardiovascular 

disease risk. The prevalence of high blood pressure in children has increased significantly in 

Western countries,57,58 and this high blood pressure persists into adolescence and increased 

cardiovascular disease risks in adulthood.59-61 Early identification and intervention of high blood 

pressure in children is required to reduce cardiovascular disease risk in the future. 

The association between blood pressure in children and overweight/obesity is 

demonstrated by several studies.61-64 Falkner et al presented a positive association between blood 
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pressure and body mass index among children aged from 2 to 19 years.63 Juhola et al. showed 

that overweight/obesity in childhood could induce hypertension.61 Gialamas et al.62 suggested 

that body mass index is more positively related to blood pressure than height at 11 and 18 years. 

Furthermore, Imoisili et al.64 revealed that weight management intervention in the pediatric 

population could decrease blood pressure and body mass index. These studies displayed that 

blood pressure is highly associated with overweight / obesity in children and can be improved by 

weight management intervention. 

Blood pressure in children is also correlated with physical activity. Anderson et al.65  

showed a negative correlation between Physical activity and blood pressure in typically 

developing children. Mark & Janssen observed a negative dose-response relationship between 

physical activity and blood pressure in youth aged 8 to 17 years.66 They found that certain 

amounts of physical activity are required to affect blood pressure. Although Hatfield et al.67 

showed that total activity count might be more strongly associated with blood pressure than 

moderate to vigorous physical activity in U.S. adolescents, several studies reached at different 

conclusions. Hay et al.68 showed that the intensity of physical activity is associated with blood 

pressure, suggesting that vigorous types of physical activity should be encouraged to reduce 

cardiometabolic risk at young ages. Muller et al.69 also found that children who engaged in more 

moderate to vigorous physical activity had lower systolic blood pressure. Cao et al.70 

demonstrated that high-intensity interval training could significantly decrease systolic blood 

pressure compared to moderate-intensity continuous training. These studies suggested that 

certain amounts and intensity of physical activity are required to decrease blood pressure and 

cardiovascular disease risk. 
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These associations between blood pressure, physical activity, and overweight/obesity are 

also observed in children with CP. Due to the limitation in mobility reducing the amount of 

physical activity and subsequent overweight/obesity in children with CP, they have a higher 

cardiovascular disease risk compared to typically developing children.13,71,72 Ryan et al.71 

demonstrated that children with CP had a higher prevalence of elevated blood pressure and 

hypertension compared to typically developing children, and this higher prevalence is associated 

with their decreased total physical activity and increased time in sedentary activity. McPhee et 

al.73 also demonstrated that blood pressure in ambulatory persons with CP depends on GMFCS 

level. In their study, the group who could walk without limitations had lower blood pressure than 

those who walked with limitations. 

It is still controversial which arm blood pressure measurement is more appropriate for 

children with cerebral palsy. In the general population, for consistency and comparison with 

standard tables and for the possibility of coarctation of the aorta, the right arm is preferred for 

repeated measurements of blood pressure.39,40 On the other hand, in patients with hemiparesis, 

the nonparetic arm is preferred because the muscle tone in the paretic arm could influence blood 

pressure.41,74 Lin’s team found that a Modified Ashworth Scale of equal or more than 2 can 

elevate blood pressure significantly in patients with hemiplegia.42 In children with CP, there 

doesn't seem to be a widely accepted rule at the moment. In Noten’s review13 about blood 

pressure in adults with CP, only half of the included studies measured blood pressure in the least 

affected or unaffected arm. Others used the left or right arm regardless of the affected side. For 

comparison with standard reference tables, measuring blood pressure in the right arm would be 

ideal. However, there is a high possibility that spasticity might affect blood pressure in children 

with CP. Thus, if it is possible to directly compare the measured values of CP and typically 
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developing children without relying on standard tables, it is reasonable to measure blood 

pressure in the less-affected arm in children with CP and the dominant arm in typically 

developing children.  

The prevalence of hypertension in children and adolescents is increasing after an increase 

in the prevalence of obesity.58,75 In the general population, Song et al.75 reported that the global 

prevalence of hypertension increased from 2.42% in 6-year-olds and 4.51% in 14-year-olds to 00 

to 4.32% and 7.89%, respectively, from the year 2001 to 2015. Children with CP are considered 

at high risk for high blood pressure because of limited exercise capacity and the resulting 

overweight. However, studies related to the prevalence of hypertension in children with CP are 

poor. To the best of my knowledge, only Ryan et al.71 showed that the prevalence of pre- and 

hypertension in ambulatory children with CP are 11.6% and 10.5%, respectively. This higher 

prevalence of hypertension in children with CP compared to the general population continues to 

adulthood.13 Although limited results, these suggest that children with CP have an increased risk 

of hypertension, and appropriate preventive interventions should be introduced from an early age 

in this vulnerable population. 

 

2.2.2 Shear rate 

The endothelial cells that line the inner wall of the artery are able to detect a pressure 

pulse, which is the difference between diastolic and systolic blood pressure, as well as the 

tangential stress exerted by the flowing blood. This tangential stress is referred to as shear stress. 

Shear stress is a biomechanical force influenced by factors such as blood flow, vessel geometry, 

and fluid viscosity. It is typically quantified through computational fluid dynamics models and 

expressed in dyn/cm2.76 In clinical research, shear stress is commonly determined using whole 
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blood viscosity and shear rate, estimated from the measured blood flow velocity and the internal 

diameter of the artery.26 If it's not available to measure blood viscosity, a value of 3.5 cP can be 

used as a substitute in most cases. The provided value is calculated under the assumption that 

blood behaves as a Newtonian fluid in large vessels. Shear rate refers to the speed at which 

neighboring layers of fluid move in relation to one another, usually measured in reciprocal 

seconds. Assuming the blood to be an ideal Newtonian fluid characterized by constant viscosity, 

steady and laminar flow, and housed within a straight, cylindrical, and inelastic vessel, 

Poiseuille’s law can effectively calculate the shear rate as follows: 

𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =  
8 × 𝐵𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝑉𝑒𝑠𝑠𝑒𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 

Shear stress plays a crucial role in determining endothelial cell function and gene 

expression. It effectively regulates arterial diameter by influencing endothelial cells' production 

of vasoactive mediators.24,77 In normal laminar flow, shear stress is crucial for maintaining 

normal physiological vascular function, including anti-thrombotic, anti-inflammatory, anti-

proliferative, and vascular homeostasis. However, when blood flow is disturbed and becomes 

non-laminar, shear stress plays a vital role in the pathogenesis of atherosclerotic plaque, 

especially in areas with disturbed flow conditions characterized by low or oscillatory shear 

stress.78 

The biological function of blood vessels is regulated by shear stress, which plays a 

pivotal role in regulating both the normal functioning and dysfunction of the vessel wall through 

intricate molecular mechanisms. In vitro, shear stress levels of 1.079 to 1.5 Pa,80 prompt gene 

expression that protects against atherosclerosis. In contrast, a shear stress level of 0.4 Pa induces 

the expression of genes associated with atherosclerosis.80 Prolonged exposure to a 

physiologically relevant range of shear stress, particularly in straight sections of the artery 
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experiencing unidirectional laminar flow, encourages the development of important 

physiological characteristics in the artery wall, promoting an anti-inflammatory, anti-thrombotic, 

anti-proliferative, and anti-oxidative function.78 

The role of shear stress in regulating the inflammatory processes that initiate and enhance 

the growth of fibro-inflammatory lipid plaque is crucial. Shear stress has been found to influence 

vascular inflammation by modifying endothelial gene expression to a pro-atherogenic profile.81 

Studies have shown that non-laminar flow can lead to the gene expression of pro-inflammatory 

molecules in the vascular wall.25,81 Additionally, low shear stress affects leukocyte adhesion to 

activated endothelium through increased expression of adhesion molecules such as ICAM-1 and 

VCAM-1.82,83 

Endothelium responds to shear stress through various pathophysiological mechanisms, 

which depend on the type and magnitude of shear stress. When the vascular endothelium is 

exposed to shear stress within the normal range, it stimulates endothelial cells to release 

substances that have direct or indirect anti-thrombotic properties, such as prostacyclin,84 nitric 

oxide,85 calcium,86 and thrombomodulin.87 

Laminar shear stress has been found to inhibit the proliferation of endothelial and 

vascular smooth muscle cells.88,89 The activation and proliferation of vascular smooth muscle 

cells are known to play a crucial role in the development of atherosclerosis. It has been observed 

that areas with the lowest mean shear stress tend to have the greatest intima-media thickness. 

Studies have shown a negative correlation between intima-media thickness and shear stress in 

coronary arteries,90 carotid arteries,91 and femoral arteries.92 

Reactive oxygen species are known to enhance leukocyte adhesion molecule 

expression,93 promote smooth muscle cell proliferation and migration, induce lipid oxidation, 
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and disrupt vasomotor activity.94 Shear stress plays a role in regulating the oxidative state of the 

vascular wall, partly by controlling the expression of various oxidase systems. Endothelial cells 

exposed to oscillatory shear stress exhibit a significant increase in NAD(P)H activity and 

production of reactive oxygen species, in contrast to the anti-oxidative state induced by laminar 

flow.95 

Shear stress plays a crucial role in determining acutely and chronically arterial diameter. 

This adaptive process is essential for keeping mean wall shear stress within appropriate limits as 

required blood flow change.24,77,96 Elevated shear stress levels result in increased wall thickness 

and vessel dilation, allowing shear stress values to return to normal. On the other hand, low shear 

stress causes a reduction in vessel diameter and leads to intima-media hyperplasia. Therefore, 

shear stresses trigger vasoregulatory mechanisms that, coupled with changes in arterial diameter, 

work to maintain a mean shear stress level.97,98 Previous research, encompassing both animal99 

and human100 studies, has indicated that the expansion of the arterial lumen in large arteries 

persists until the wall shear stress reaches a normalized state. This luminal expansion typically 

occurs after the wall shear stress surpasses a certain threshold level.101 The flexibility of arterial 

diameter is evident in response to immediate changes in wall shear stress and adaptation to 

chronic variations. The radial artery diameter increases with sustained elevated shear stress,102 

while the carotid artery diameter decreases after a prolonged reduction in shear stress.103 This 

phenomenon has also been observed in endurance-trained athletes and paraplegic patients; the 

femoral artery diameter is notably larger in the former, reflecting the increased blood flow this 

artery must accommodate in athletes compared to paraplegic patients.104 Consequently, due to 

the smaller diameter, the shear rate is significantly higher in paraplegic patients compared to 

healthy controls, although it does not appear to be sufficiently high to trigger arterial diameter 
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expansion.104 Additionally, intima-media thickness is highest in the areas with the lowest mean 

wall shear stress. Intima media thickness and shear stress show a negative correlation in coronary 

arteries,90 carotid arteries,91 and femoral arteries.92 

 

2.2.3 Popliteal artery 

The popliteal artery starts from the distal end of the femoral artery at the adductor hiatus 

and continues to the anterior and posterior tibial arteries at the lower border of the popliteus 

muscle. It is located deep within the popliteal fossa, surrounded by the biceps femoris tendon and 

the two heads of gastrocnemius, covered by the popliteal vein, and crossed by the tibial nerve. 

The popliteal artery provides the blood to muscular branches, geniculate branches, and the 

anterior and posterior tibial arteries.105 It covers lower limb muscles, including the hamstring, 

gastrocnemius, soleus, and plantar muscles, and represents the major source of blood to the leg 

and foot.36 

Several studies demonstrate that Ultrasound measurement of blood flow,106 velocity,38 

and diameter of popliteal artery38,107 is reliable. Ultrasound is widely used to study the function 

and architectural properties of popliteal artery compared to the other peripheral arteries, such as 

femoral artery108,109 and brachial artery,35,110-112 and central arteries, such as aorta.113 

The diameter of the popliteal artery increases with age and is also related to body surface area 

and gender, with males having larger arteries than females.111,114,115 Popliteal arterial wall is also 

thickened with aging, like carotid artery, regardless of gender.116 Flow-mediated dilation of 

popliteal artery decreased with age, similar to, but not identical to, the brachial artery.117 Thijssen 

et al.110 showed that the differences in vascular function response between peripheral arteries, 

such as brachial, femoral, and popliteal arteries could be influenced by artery size. Jadidi et al.109 
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also demonstrated that the distinct physiological characteristic of popliteal artery is derived from 

the differences in diameter size between peripheral arteries. Although popliteal artery is 

considered a peripheral muscular artery, the characteristics of the popliteal arterial wall are 

similar to central elastic arteries such as aorta, increasing in diameter and decreasing in 

distensibility with aging and being affected by gender, whereas arterial walls of peripheral 

muscular artery such as brachial and femora artery are generally less affected by aging. These 

characteristics might contribute to its susceptibility to aneurysm development and peripheral 

vascular disease.109,113 However, aneurysm of the popliteal artery is now rare due to the reduced 

frequency of the horse riding and the wearing of high riding boots.105  

A sedentary lifestyle, lack of physical activity, or immobilization could induce alteration 

in the function and structure of popliteal artery and promote the development of cardiovascular 

disease. Compliance and diameter of popliteal artery were reduced with 12 days of 

immobilization, and blood flow and shear rate of popliteal artery were significantly reduced 

during the 3 hours of sitting but increased after 12 days of immobilization mainly due to reduced 

compliance and diameter. Flow-mediated dilation was also decreased during the 3 hours of 

sitting and following 5 days of reduced physical activity but increased after 12 days of 

immobilization.35,108,118 These alterations of popliteal artery properties due to immobilization are 

consistent with the alteration of popliteal artery properties in spinal cord injury patients. In SCI 

patients, the diameter was smaller, and velocity and shear rate were greater compared to healthy 

controls.29 These changes are favorable to an atheroprotective environment and expected to 

occur in children with CP also but have not been studied yet to our knowledge. Interestingly, the 

degree of hypertension also affects the diameter of popliteal artery. Pinto et al.119  showed that 

the diameter of popliteal artery was significantly lower in severe hypertensive patients than in 
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moderate and mild hypertensive patients. It suggested that the higher blood pressure in children 

with CP could be one of the reasons for the smaller diameter of popliteal artery in children with 

CP compared to typically developing children. 

Contrary to immobilization, exercise could induce positive arterial adaptation. 

Karagounis et al.120  showed that the diameter and blood flow velocity of popliteal artery were 

increased in elite Judo athletes compared to controls. The wall thickness of popliteal artery 

decreased after 24 weeks of training.111 Endothelial dysfunction due to 3 hours of sitting was 

prevented in the endurance training group.118 8 weeks of low volume high-intensity interval 

training increased the diameter of popliteal artery and decreased the shear rate.121 Not only long-

term exercise, but also short-term exercise has an impact. An acute bout of intense cycling 

exercise could increase the diameter and blood flow velocity of popliteal artery,112 and small 

amounts of leg movement, such as fidgeting, can prevent endothelial dysfunction due to 

prolonged sitting.122 These studies suggested that the function and structure of popliteal artery 

can be improved by exercise. 

Interventions such as whole-body vibration and electromyostimulation as well can 

improve the function and structure of popliteal artery. Menendez et al.123-125 performed several 

studies to analyze the effect of whole-body vibration and electromyostimulation on popliteal 

artery and showed that those interventions could increase blood flow velocity and diameter of 

popliteal artery in SCI patients and healthy controls. Szopa et al.126 also demonstrated that 

whole-body vibration training can increase the blood flow velocity of the popliteal artery in 

patients with myelomeningocele. Based on the results of these studies, the effect of whole-body 

vibration on the popliteal artery in children with CP can be expected. 
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2.3 Cardiovascular Risk Factors in Individuals with Cerebral Palsy 

Traditional cardiovascular disease risk factors, such as high blood pressure, high low-

density lipoprotein cholesterol, diabetes, smoking and secondhand smoke exposure, obesity, 

unhealthy diet, and physical inactivity, were recognized from the Framingham Heart Study.10 

Several systemic and scoping reviews have been conducted on traditional cardiovascular risk 

factors and lipid metabolic markers in individuals with cerebral palsy.11-13 These reviews showed 

that individuals with CP have a higher blood pressure and higher prevalence of hypertension 

compared to the general population,13 reduced levels of physical activity throughout their 

lifespan,11,12 and elevated levels of low-density lipoprotein cholesterol compared to reference 

values.12  

In addition to traditional cardiovascular risk factors that have been studied for decades, 

non-traditional risk factors such as carotid artery intima-media thickness, arterial stiffness, 

endothelial dysfunction, and reduced artery diameter have emerged as important predictors of 

cardiovascular disease.14-17 Especially in individuals with cerebral palsy, significant changes in 

non-traditional risk factors for cardiovascular disease were observed over 4 years, while no 

changes in traditional risk factors were observed.30 Considering higher levels of low-density 

lipoprotein cholesterol observed in individuals with CP compared to reference values,12 it is 

reasonable to emphasize the significance of closely monitoring non-traditional risk factors such 

as carotid intima thickness, artery stiffness, and endothelial function in this population. Another 

study showed that these non-traditional cardiovascular markers are evident in children and 

adolescents (10 - 18 yrs.) with cerebral palsy.34 These findings indicate that non-cardiovascular 

risk factors tend to advance more rapidly and at an earlier age among individuals with cerebral 

palsy in comparison to the general population.  
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There were 9 studies in the area of arterial structures and function for individuals with 

CP. Six studies primarily focused on arterial structure and function in individuals with CP as 

cardiovascular risk factors. In summary, there were inconsistent findings regarding whether 

individuals with CP had distinct arterial structures and function and higher non-traditional 

cardiovascular risk factors compared to their healthy peers. In general, children with CP have a 

higher carotid intima-media thickness and lower flow-mediated dilation than healthy peers,32,34 

but there is lack of evidence to determine those trends in adolescents and adults with CP. These 

trends are likely related to the GMFCS level and age of individuals with CP. 

In children with CP, two studies showed that children with CP have a higher average 

carotid intima-media thickness than controls,32,34 while the other study observed no difference 

between them33. One study also demonstrated that children with CP have a lower absolute and 

relative flow-mediated dilation compared to controls,34 while the other study did not find group 

differences in any flow-mediated dilation measurements between children with CP and 

controls.33 These inconsistencies might come from the difference in the GMFCS level of the 

participants in these studies. Studies demonstrating differences in carotid intima-media thickness 

between children with cerebral palsy and controls included children with CP with GMFCS IV 

and V as participants.32,34 One study in particular,32 having 72% of the participants with cerebral 

palsy at GMFCS IV and V levels, showed a more pronounced difference than another study,34 

having only 31% of participants at those levels. The study34 showing the difference in the 

brachial flow-mediated dilation, also included children with CP with GMFCS IV and V. The 

study33 that did not observe the group difference in carotid intima-media thickness and the 

brachial flow-mediated dilation only had children with CP with GMFCS I and II as participants. 

These results suggest that the ambulatory status of participants might affect the difference in 
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carotid intima-media thickness and brachial flow-mediated dilation in children with cerebral 

palsy. It is also plausible to infer that children with CP who are classified as GMFCS levels IV 

and V may exhibit increased cardiovascular risk factors in comparison to healthy peers. This 

result is consistent with the studies on general children, which showed that physical activity is 

related to arterial structure and function.127,128 There is no study on carotid distensibility in 

children with CP.  

Three studies compared the artery diameter of children with CP with healthy peers.31,33,34 

There is no group difference in carotid and brachial artery diameter in children with CP and 

controls.33,34 It is important to note, however, that none of the studies reviewed provided 

information regarding the manual ability of the participants, which may affect the size of artery 

diameter. Therefore, it is important to be cautious when applying these findings to the larger CP 

population. In contrast, the diameter of the infrarenal abdominal aorta is smaller in children with 

CP than in controls.31 While the diameter was not normalized with body surface area, it was 

noted that there was no discernible difference in body surface area between children with CP and 

controls. Consequently, it is suspected that the reduced exercise capacity resulting from activity 

limitations in children with CP may be responsible for the comparatively smaller infrarenal 

abdominal aorta diameter. Considering the fact that the infrarenal abdominal aorta is responsible 

for supplying blood to the lower body, these results suggest that the use of arteries related to the 

blood supply to the lower limb may be more appropriate for investigating the relationship 

between vascular structure, physical activity, and cardiovascular risks in children with cerebral 

palsy. 

In contrast to the findings in children with CP, research on arterial structure and function 

in adolescents and adults with CP yielded conflicting results, albeit all studies on this topic we 
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could find in this population were conducted by the same group of researchers.30,73,129 Their 

study included adolescents and adults with CP but lacked a control group from the general 

population. Data were compared between different GMFCS level groups or sessions four years 

apart. A study conducted on adults with CP discovered no differences between the GMFCS I and 

II group and the GMFCS III-V group regarding carotid intima-media thickness, carotid 

distensibility, or absolute and relative flow-mediated dilation of the brachial artery.129 However, 

another study found that adolescents and adults with CP classified as GMFCS I have a smaller 

carotid intima-media thickness than those classified as GMFCS II after adjusting for age,73 

although there were no noticeable differences in carotid distensibility, absolute flow-mediated 

dilation, or relative flow-mediated dilation. The inconsistent results observed in these studies 

could potentially be attributed to the age of the participants. Changes in arterial structure and 

function due to aging in individuals with CP tend to occur at a faster rate compared to the general 

population,30 as mentioned later in this paper. It is crucial to take into account the age of the 

participants and make necessary adjustments. Neglecting this step will lead to inaccuracies and 

errors in the data analysis, ultimately undermining the validity and reliability of the study. They 

also found that moderate-to-vigorous physical activity is inversely related with carotid intima-

media thickness in adolescents and adults with CP with GMFCS I and II.73 This finding is 

consistent with the study of general population.130  

In another study conducted by McPhee and team, carotid intima-media thickness, carotid 

distensibility, and brachial flow-mediated dilation were compared in adolescents and adults with 

CP over a period of 4 years.30 The study revealed significant differences in carotid intima-media 

thickness, absolute flow-mediated dilation, and relative flow-mediated dilation between the 
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baseline and follow-up assessments. No intersession difference in carotid distensibility was 

observed. While the impact of GMFCS 

GMFCS level on adolescents and adults with CP did not seem to be significant, the 

findings from these studies highlight that non-traditional cardiovascular risks such as carotid 

intima-media thickness and brachial flow-mediated dilation are more sensitive indicators of 

significant changes in cardiovascular risks associated with aging in this population, compared to 

traditional cardiovascular risk factors. Additionally, McPhee and colleagues posited that over 4 

years, carotid intima-media thickness and carotid distensibility in both adolescents and adults 

with CP exhibited higher rates of change compared to those in the general population. This 

statement seems reasonable, given that levels of physical activity have been shown to be 

inversely correlated with changes in carotid intima-media thickness over 8 years among the 

general population,131 as well as the general activity limitations faced by individuals with CP. 

However, they only compared their data with the data published on the general population. 

Future research involving the control group is imperative to further advance our understanding of 

the vascular structure and function as cardiovascular risk factors in adolescents and adults with 

CP. 

 

2.4 Physical Activity and Functional Tests of the Lower Limb in Children with Cerebral 

Palsy 

2.4.1 Physical activity 

The impact of physical activity on cardiovascular health and growth was demonstrated in 

several studies. Multiple studies suggest that regular physical activity is crucial for protecting 

children and teenagers against risk factors for cardiovascular disease. Engaging in higher levels 
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of moderate-to-vigorous physical activity, which includes vigorous physical activity, has been 

linked to improved cardiorespiratory fitness72,132 and a reduction in cardiometabolic risk 

factors.65-67,72,133,134 Especially vigorous physical activity appears to be more important than 

moderate-to-vigorous physical activity.68,135 Furthermore, studies showed that total activity count 

also has a similar or slightly more robust association with cardiometabolic disease risk factors 

compared to moderate-to-vigorous physical activity.66,67 Conversely, sedentary physical activity 

is associated with an increased risk of chronic diseases71,132,134 and impaired vascular function.35 

Additionally, maintaining higher levels of physical activity over the long term has been shown to 

result in improved physical fitness, reduced body fat, and better cardiovascular health in young 

individuals.136 To promote optimal health, it is recommended that children and adolescents 

participate in approximately 60 to 90 minutes of moderate-to-vigorous physical activity each 

day,65 including at least 20 minutes of vigorous physical activity.137 Some studies also suggest 

moderate-to-vigorous physical activity is vital in promoting bone strength and overall bone 

health.138-140 Gabel's study highlights the positive association between moderate-to-vigorous 

physical activity and bone strength, demonstrated by trabecular bone tissue volume and bone 

area.139 Another study shows that even small amounts of daily physical activity, such as 5-20 

minutes, can yield notable benefits for bone health.140 Overall, these studies underscore the 

significance of physical activity in promoting and maintaining bone health across different age 

groups. 

In studies involving children with disabilities, various methods were utilized to assess 

physical activity, including questionnaires, surveys, and interviews. However, an accelerometer 

physical activity monitor was the most frequently utilized method to objectively measure 

physical activity in ambulatory children.141 Several studies have been conducted to measure 
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physical activity in children with or without disabilities using various accelerometer monitors 

such as ActivPal,142 Actiwatch,143 RT3,144 ActiGraph GT1M,145 GT3X+,2,146 and GT9X147,148 

monitors. Overall, these studies demonstrate the feasibility and reliability of using 

accelerometers to measure physical activity in children and adolescents with disabilities. 

However, it is important to be cautious when applying these monitors to specific populations, as 

using specific cut-points for the general population with different subpopulations, such as 

children with CP, may lead to misclassification of physical activity intensity.144 

Several studies have shown that children with CP tend to have lower levels of physical 

activity compared to their typically developing peers.72,149-152 The amount of time spent in 

moderate-to-vigorous physical activities was significantly lower in children with CP,72,150,151 

while sedentary behavior was higher.72,150 Children with CP also accumulated less total activity 

and sustained bouts of moderate-to-vigorous activity.72 Elevated blood pressure values were 

associated with reduced time in physical activity and increased time in sedentary behavior in 

children with CP, highlighting the importance of promoting physical activity to reduce 

cardiometabolic disease risk in this population.153 Additionally, physical activity was related to 

the quality of life and happiness in individuals with CP.154 The studies also revealed that physical 

activity levels decreased as functional abilities (i.e., Gross motor function level) declined in 

children with CP.149,155,156 These findings underscore the need to promote and support physical 

activity in children with CP to improve their overall health and well-being. 

 

2.4.2 Lateral Step-up Test 

The lateral step-up test (LSUT) is a commonly used evaluation tool for assessing the 

functional muscle strength of the lower limbs. This test has been developed to evaluate the 
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strength of the lower limb muscles, both concentric and eccentric, along with assessing the 

balance and proprioceptive sense of an individual.157 It is particularly useful following a training 

protocol that emphasizes closed kinetic chain activities.158,159 This test can provide valuable 

insights into the effectiveness of a training program designed to improve lower extremity 

strength and function. 

The lateral step-up test is a highly reliable test that has been used and proven effective in 

a wide range of populations. These populations include healthy adults,157,158 older adults who 

have experienced hip fractures,160 patients who have undergone knee meniscectomy,161 chronic 

stroke survivors,162 and individuals with cerebral palsy.163,164 Additionally, the validity of the 

LSUT in adolescents with CP has been confirmed by comparing it to other functional 

measurements such as the time up and go test, time up and down stairs, sit to stand, gross motor 

function measure (GMFM-88), and knee muscle strength.163 

This test is performed in a closed kinetic chain, meaning the distal aspect of the extremity 

remains in contact with a stable object throughout the test. Clinical assessment of muscle 

strength is typically done manually or with a handheld dynamometer.165 However, this method 

measures open kinetic chain muscle strength and does not adequately assess strength changes 

incurred via closed kinetic chain exercise.158 Worrell166 showed the inability of the isokinetic 

dynamometer to detect increases in quadriceps performance and recommended using closed 

kinetic chain testing to assess the function of the lower extremity. Closed kinetic chain 

assessments are often considered more functional, as they involve movements similar to those 

used in daily activities.167 Also, lateral step-up creates more power and total work on the knee 

joint than forward step-up.168 Rosenthal159 showed that LSUT can be an alternative to isokinetic 

dynamometer testing, providing an objective clinical measure of work performance. The LSUT 
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is an effective method for evaluating an individual's ability to perform daily activities that 

require strength, stability, and balance in the lower body. 

The lateral step-up test is a commonly used assessment tool to measure the overall 

functional strength of lower limbs in children with cerebral palsy. The validity and reliability of 

the LSUT were verified in several studies. Chrysagis163 demonstrated that the LSUT is a valid 

measure for lower muscle function, correlating with gross motor function measure (GMFM-88 

(D & E)), time up and go test, time up and down stairs test, sit to stand test, and knee muscle 

strength within the appropriate range. Dallmeijer169 found a moderate relationship between 

isometric strength and mobility capacity assessed by LSUT in children with CP, particularly hip 

abductor and knee flexor strength, but not in typically developing children. Kimoto170 

demonstrated that the LSUT score exhibits a positive correlation with gait speed and step length 

and a negative correlation with heart rate during walking. Verschuren164 demonstrated excellent 

inter-tester reliability of the LSUT and poor-to-good reliability of hand-held dynamometry in 

children with CP. Several studies have been conducted to evaluate the efficacy of different 

training methods in improving muscle strength and gait function in children with cerebral palsy 

using the LSUT. These studies include strengthening exercises,171 interactive home-based 

training,172,173 group circuit exercise,174 community-based exercise,175 virtual and traditional golf 

training,176 and investigation of prefrontal cortex hemodynamic activity during a test of lower 

extremity functional muscle strength.177 They aimed to determine the feasibility and efficacy of 

these different forms of training to improve daily activities and overall functional lower limb 

strength in children with cerebral palsy. 

The lateral step-up test is a widely used measure, but its procedure is not consistent. 

Verschuren was the first to verify the validity and reliability of the LSUT in children with CP. In 
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his procedure, the test was performed with a 20 cm step, and the number of completed steps 

within 30 seconds was counted. Most studies have followed the procedure established by 

Verschuren.169,173,176,178 However, some studies have used different step heights,163,172,179 while 

others have used different test durations174 or both different step heights and test durations.175 

Previous studies utilizing LSUT have been limited by using a single-step height, which fails to 

capture the variability and complexity of real-world settings. To address this issue, Licea and 

Modlesky proposed a progressive LSUT that incorporates multiple step heights.177 By 

incorporating multiple steps in the test, it can better simulate the conditions where children with 

CP need to adapt to variable step heights. This incorporation will help the LSU test assess the 

lower limb function of children with CP more accurately, reflecting their activity capacity in a 

more realistic environment. 

The lateral step-up test consisted of four 20-second trials with increased step height for 

each trial (0, 10, 15, and 20 cm). For the trials of 10, 15, and 20 cm, the foot of the more-affected 

leg of children with CP and the non-dominant leg of controls were placed on a step platform and 

considered the tested limb. The participants were told to lift one of their resting limbs, place it 

next to the tested limb, and then return it to its original position. They were then instructed to 

repeat this movement as many times as possible. Before each trial, the child was instructed to 

stand still for 20 seconds while focusing on an "X" sign placed 4.5 meters away at eye level. The 

lateral step-up test scores were calculated using a scoring system based on the height of the steps. 

 

2.4.3 6 minute walk test (6MWT)  

The 6MWT is a widely used submaximal exercise test in clinical settings, which 

measures the distance an individual can walk within a period of six minutes.180 This test is 
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commonly used to objectively assess functional exercise capacity in daily activities in patients 

with cardiopulmonary disease, neuromuscular disease, and other chronic diseases. In this simple 

test, which does not require any special or complicated equipment, the participant is asked to 

walk along a 30-meter corridor for six minutes, and the primary outcome measure is the distance 

covered during this time.  

There were several suggestions of methods that can assess cardiorespiratory fitness 

without complex procedures and equipment. Balke181 suggested a 15-minute best-effort run test 

as a simple field test for the assessment of the physical fitness of the aviator. Cooper182 

developed a 12-minute field performance test to evaluate the level of physical fitness of healthy 

individuals. Later, it advanced to a 12-minute walking test for assessing exercise tolerance in 

patients with chronic bronchitis.183 However, walking for 12 minutes could be time-consuming 

for the investigator and exhausting for patients with respiratory disease. Thus, a 6-minute walk 

was suggested as an alternative method.184 Guyatt185 demonstrated that the 6MWT can be a 

measure of exercise capacity in patients with chronic heart failure also. Almost two decades after 

the adoption of the 6MWT, a review of functional walking tests concluded that the 6MWT is 

more reflective of activities of daily living than the other walk tests, such as 12-minute walk test, 

2-minute walk test, self-paced walk test, and shuttle walk test.186 The official guidelines for the 

6MWT were established by the American Thoracic Society in 2002180 and updated by the 

American Thoracic Society and European Respiratory Society in 2014.187 

The six-minute walk test is widely used to measure the response to interventions and to 

assess the functional status of heart or lung disease patients. This test is beneficial for conditions 

such as lung transplantation, lung resection, lung volume reduction surgery, pulmonary 

rehabilitation, chronic obstructive pulmonary disease, pulmonary hypertension, heart failure, 
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cystic fibrosis, peripheral vascular disease, fibromyalgia, and neuromuscular disease. 

Additionally, the six-minute walk test can predict morbidity and mortality for heart failure, 

chronic obstructive pulmonary disease, and primary pulmonary hypertension.180,188 

The six-minute walk test has also demonstrated good validity and reliability in the 

pediatric population.189-192. It is a relevant assessment that mirrors daily physical activities193 and 

the cardiorespiratory fitness of both healthy children189 and those with various illnesses.193,194 

The six-minute walk test was used in children with severe cardiorespiratory disease,195 

cardiovascular disease, atherosclerosis, hypertension, obesity in youth,196 cystic fibrosis, cerebral 

palsy, Duchene muscular dystrophy, obesity, end-stage renal disease, and pulmonary 

hypertension.197 

The six-minute walk test is a submaximal exercise test because patients do not reach 

maximal exercise capacity, choose their own exercise intensity, and can rest during the test.180 It 

measures the overall response of all the systems involved during exercise, including the 

pulmonary and cardiovascular systems, systemic circulation, peripheral circulation, blood, 

neuromuscular units, and muscle metabolism. It does not provide specific information on the 

function of individual organs and systems involved in exercise or the mechanism of exercise 

limitation. However, 6MWT distance showed good correlations with VO2max and VO2peak 

obtained in the laboratory in several studies.192,194,198-200 These results showed that 6MWT can be 

an affordable and simple tool for assessing cardiorespiratory fitness. Moreover, this test is 

preferable for evaluating the functional exercise level for daily physical activities, as most 

everyday activities are performed at submaximal exertion levels. Compared to other walking 

tests, the 6MWD test is more representative of activities of daily living, making it a better choice 

for assessing one's functional capacity.186 



30 

 

The American Thoracic Society published guidelines for the 6MWT in 2002180 and 

updated in 2014 with a subsequent joint with the European Respiratory Society.187 The 6MWT 

should be performed on a flat, straight course with a hard surface of 30 m or more. Patients 

should be encouraged every 60 seconds using standardized phrases, while other words of 

encouragement and nonverbal prompts should not be used. The primary outcome to be reported 

is a 6-minute walk distance, calculated by recording the number of laps and any additional 

distance covered and rounding to the nearest meter or foot. The six-minute walk test is a reliable 

and safe test with very few complications. While there is no analysis of general patients, a large 

study of outpatients with chronic respiratory disease showed that the most common adverse 

event during the test was oxygen desaturation below 80%, occurring in only 5% of cases.201 

Additionally, adverse events occurred in only 6% of testing. Overall, the test is considered safe 

with minimal risks. 

In patients with CP, the 6MWT indicates overall functional status rather than 

cardiorespiratory fitness. This is because the 6MWT performance requires the coordinated 

response of multiple body systems in this population, including the respiratory, cardiovascular, 

skeletal, nervous, and muscular systems.180 It is uncertain whether the 6MWT can accurately 

measure cardiopulmonary fitness in individuals with CP202 due to it being a submaximal exercise 

test, and several factors may affect the test results in people with CP. For instance, gait 

abnormalities caused by spasticity,203 impaired balance,204 and reduced muscle strength205 may 

decrease walking speed during the 6MWT. Therefore, the 6MWT test results could be more 

influenced by potential limits to walking speed than by cardiorespiratory fitness. However, using 

6MWT as a submaximal exercise test, which simulates daily life activities, is reasonable, as the 

Delphi study recommends.206 In children with CP, it has been found that the 6MWT is a reliable 
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tool for measuring walking capacity. The validity and reliability of this tool have been reported 

in children with CP,194,207 and reference values have been established for both typically 

developing children189,208 and children with CP.209,210 Fitzgerald et al.211 conducted a study in 

which they used 6MWT scores to measure walking abilities in children with CP across GMFCS 

levels I to III, as well as in typically developing children. The results showed significant 

differences in walking abilities between the groups. The six-minute walk test has been utilized as 

an adequate method to assess the effectiveness of various interventions aimed at improving the 

physical and functional abilities of children with CP.  It was possible to identify progress in 

walking ability for individuals undergoing physiotherapy for 12-24 weeks using the 6MWT.212 

Additionally, the improvement after treadmill training for 4-8 weeks could be identified using 

the 6MWT.213 One study was conducted using the 6MWT to observe the difference before and 

after the injection of botulin toxin. However, no changes were observed in the 6MWT results 

after five weeks from the injection.214 Research have shown that robotic intervention has 

significantly improved walking capacity in children with CP, as detected by the 6MWT.215,216 

Studies have shown that interventions utilizing internet-based or intensive short-duration virtual 

reality techniques for 4 to 20 weeks can lead to significant improvements in the 6MWT distance, 

particularly when engaged in games involving gross motor activities.217,218 The efficacy of 

walking abilities of WBV in children with CP can also be confirmed by improvements in 6MWT 

after at least four weeks of intervention.219 

The six-minute walk test has significance in measuring the maximum distance that 

children can walk in 6 minutes. However, over the years, it has been discovered that it can also 

be a valuable tool in assessing changes in motor function and walking efficiency in children with 
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cerebral palsy. This includes evaluating functional endurance, fatigue, posture, and stability after 

various interventions commonly used in this population of infants. 

 

2.5 Body Surface Area and Allometric Scale 

2.5.1 Body surface area (BSA) 

The BSA is the measured or calculated surface area of a human body and is widely used 

to normalize a number of variables in pharmacology to assess the pharmacokinetics and in cardio 

physiology to assess the normal development of the cardiovascular system and physiological 

function. It is still controversial to use BSA as a normalization index,220,221 especially in the 

overweight population222 and children.223 However, in pharmacology,  the body surface area 

could be the best indicator of metabolic mass, because it combines gender-related scaling to liver 

size which plays a main role in pharmacologic metabolism.224 Also, in cardio physiology, 

Sluysmans et al.225 demonstrated that BSA could be a better indicator of the size of each of the 

cardiovascular structures than other anthropometric parameters such as age, height, or weight. 

Although Batterham et al.226 suggested that fat-free mass is more appropriate to normalize the 

cardiac dimension data, reference standards for normality based on fat-free mass are lacking. 

Furthermore, several studies showed that BSA in children is significantly correlated with 

cardiovascular structural data such as diameters of the aorta,227 coronary artery,228 pulmonary 

artery,229 carotid artery,230 femoral artery,231 popliteal artery,115 and the size of heart.232 Thus, it is 

reasonable to use BSA to normalize the artery diameter for assessing the rate of cardiovascular 

development in children with CP. 

A number of studies used BSA for normalization. Naylor et al.233 adjusted the diameter of 

brachial and femoral artery for BSA and found that this adjustment diminished differences in 
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brachial artery diameters between athletes and controls, although adjusted femoral artery 

diameter was still significantly larger in athletes compared to controls. Lip et al.234 found a group 

difference in the size of the coronary artery between Indo-Asians and Caucasians. However, the 

difference in size was not significant after correction for BSA. Roman235 showed the size of the 

aortic root is influenced by gender. However, there are no differences in the size between 

genders when indexed for BSA. Not only the differences in the size of the artery but also the 

differences in cardiovascular responses to exercise, such as stroke volume and cardiac output 

between groups, disappeared after correction for BSA.236 Also, BSA can be used for the 

prediction of artery diameters such as popliteal artery,115 common femoral artery,237 and 

coronary artery.228 Sluysmans225 described BSA as one of the fundamental driving factors in 

cardiovascular allometry, especially in children.  

There are several formulas to calculate BSA. The oldest and most widely used formula 

for calculating BSA is the Du Bois formula.238 However, the number of participants used to 

calculate the formula in their article is relatively small and their study included only one child, 

and also it could not reflect the changes in body composition due to the different diet and life 

patterns of these days. These limitations might be one of the causes of the previously mentioned 

controversy related to BSA. Thus, it could be inappropriate to use the Du Bois formula on 

children.239 The formula developed by Haycock239-241 could be a better option when studying the 

pediatric population. Because Haycock’s formula is based on a considerably larger number of 

patients than Du Bois’ formula and the patients are ranged from premature infants to adults. 

Haycock formula: BSA = 0.024265 × 𝑊𝑒𝑖𝑔ℎ𝑡0.5378 × 𝐻𝑒𝑖𝑔ℎ𝑡0.3964  
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2.5.2 Allometric scale 

Data from physiological or pharmacological testing are commonly confounded by 

anthropometrics and inappropriate to interpret when the data are not normalized. Allometric 

scaling removes the influence of anthropometrics such as weight, height, or BSA on 

physiological measurements, makes it possible to compare the data among children of different 

ages, genders, and sizes, and also facilitates to distinguish pathologic changes from normal 

physiologic growth.242 Allometric scaling models use regression models to remove the potential 

confounders. There should be no significant correlation between the allometrically scaled 

dependent variables and the independent variable if the allometric scaling model is appropriate. 

These allometric models help to overcome the heteroscedasticity and skewness of variables and 

to reveal more unbiased relationships between variables. An allometric scale is generally used to 

assess pharmacokinetics assessment in pharmacology and to assess the normal development of 

the body and physiological function in physiology. 

Nevill et al. suggested the power function ratio standard (Y/𝑋𝑏) as a variable that 

normalized physiological measurements for individuals of various body sizes.  It is derived from 

the allometric model (Y = a × 𝑋𝑏 × 𝜖) that would remove the influence of the independent 

variable (X) on the dependent variable(Y). This allometric model can be analyzed using analysis 

of variance methods by taking logarithms of these variables. Also, as previously mentioned, the 

logarithmic transformation of variables could help to overcome the problems associated with 

linear regression, such as heteroscedasticity and non-normality. The log-log regression analysis 

provides the appropriate power for the normalized dependent variable independent from the 

independent variable.243 
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The allometric scale has been more widely used in physiological studies recently. Jaric et 

al. proposed allometric normalization as one of the standardized tests that normalize physical 

performance tests to body size.244 This normalization for body size allows for comparison among 

individuals of different ages and genders and for diagnosis of pathological alteration. Several 

studies suggested scaling exponents for the normalization in various areas such as muscle 

strength,245-247 peak jump force,248 body circumferences,249 body composition,250 ambulatory 

behavior,251 Maximal Oxygen Uptake,252,253 and body mass.254  Some studies also provide 

reference values independent from body size by using allometric scaling for 

diagnosis.229,249,255,256  

An allometric scale can be applied to study based on children also. Wren showed that 

allometric scaling for children could provide more appropriate normalized variables than a 

simple normalization method that just divides by a variable itself.257 Mahgerefteh et al.258 also 

demonstrated that Allometric normalization based on BSA for cardiac structural measurement is 

feasible in children with various body sizes. Several studies previously mentioned based on 

children could get meaningful data by using allometric scaling.251,253,255,256,259 

Physiological measurements require normalization for body size to appropriately 

compare the data between or within individuals and populations over time. The dilemma in 

power calculation for normalization is whether to perform the power calculation for the entire 

population to acquire general standards or for individuals to preserve the characteristics of each 

group. Heymsfield et al.250 suggested both ways would be plausible, but he also pointed out that 

the power calculation for the entire group would introduce an independent variable bias in the 

independent variable normalized index of interest. Batterham and George260 also showed that the 

allometric modeling based on entire groups could fail to provide the appropriate power for each 
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group. Heymsfield et al.254 made a separate regression model for each sex by race/ethnic group 

when they calculated the scaling exponent to demonstrate the difference between groups. Schuna 

et al.261 also made separate regression models for each of the sex and race/ethnic groups to 

observe the differences between groups. Especially in children with CP, Wren and Engsberg246 

showed that allometric scaling from typically developing children failed to eliminate the 

influence of body mass in children with CP, but allometric scaling from children with CP could 

abolish the influence of body mass. Thus, if the purpose of the study focused on a demonstration 

of the difference between groups, or if the allometric scale model based on the entire group fails 

to fulfill the underlying model assumption, it is appropriate to make separate allometric scale 

models for each group. 
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CHAPTER 3 

COMPROMISED SIZE AND ALTERED HEMODYNAMICS OF THE POPLITEAL 

ARTERY IN CHILDREN WITH CEREBRAL PALSY 

Lee, J., Batson, T., Modlesky, C.M. To be submitted to Hypertension 
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3.1 Abstract 

Background: Children with cerebral palsy (CP) experience an earlier onset of cardiovascular 

disease and increased cardiovascular mortality. However, the state of the structure and 

hemodynamics of the arteries that supply blood to the lower limb of children with CP is 

unknown. 

Objects: The aims of this study were to determine whether the size and hemodynamics of the 

popliteal artery are compromised in children with CP and to determine whether the expected 

effects persist after adjusting for fat-free soft tissue and lower limb muscle size. 

Methods: Ambulatory children with spastic CP (5-11 y) and age-, sex-, and race-matched 

typically developing control children participated (n = 28/group). The popliteal artery diameter, 

blood flow velocity, mean shear rate, and oscillatory shear index, and gastrocnemius muscle 

volume were determined in both lower limbs using ultrasound. Muscle mass of leg was 

estimated using dual-energy X-ray absorptiometry. Resting systolic blood pressure, diastolic 

blood pressure, and heart rate were assessed using standard procedures. 

Results: There were no group differences in physical characteristics. When controlling for BMI, 

diastolic blood pressure was higher in children with CP than controls (p = 0.041). Children in the 

bilateral CP subgroup had a higher systolic and diastolic blood pressure percentile than controls 

(both p < 0.05). Popliteal diameter of the more-affected lower limb in children with CP was 

smaller than controls. It was no longer different when statistically controlled for gastrocnemius 

muscle volume or leg muscle mass. When controlling for age, mean shear rate in the popliteal 

artery of the more-affected limb was higher in children with CP (p = 0.44), while there was no 

group difference in oscillatory shear index in either limb (both p > 0.05). The mean shear rate 

was higher in the popliteal artery of the more-affected limb in children with bilateral CP than 
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children with unilateral CP (p = 0.039) and in the non-dominant limb in controls (p = 0.004). 

There were no group differences in blood velocity or blood flow in either limb in any subgroup 

(all p > 0.05).  

Conclusion: Children with CP have a smaller popliteal artery with altered hemodynamics 

compared to typically developing children, which is linked to their small leg muscles. These 

observations provide insight into the non-traditional cardiovascular disease risk in children with 

CP. Further studies on the endothelial function and intima-media thickness of the popliteal artery 

in children with CP are warranted. 

Keywords: Cerebral palsy, popliteal artery, arterial diameter, shear rate, cardiovascular disease 

risk factor 

 

3.2 Introduction 

Cerebral palsy (CP) is a non-progressive motor disorder.3 Although the associated brain 

injury or malformation does not progress with time, degenerative changes appear much earlier in 

the lifespan than in the general population due to muscle weakness, impaired motor control,  and 

activity limitations.4 Concurrently, compared to neurotypical peers, an earlier onset of 

cardiovascular disease progression5,6 and resultant increased cardiovascular disease-related 

mortality7,8 is observed in those with CP. Cardiovascular disease is the third most common cause 

of death in individuals with CP,9 and the mortality increases with the severity of their CP.7 

Therefore, assessing cardiovascular risk factors may provide insight into the pathophysiology of 

cardiovascular disease in individuals with CP. Many of the traditional cardiovascular disease risk 

factors that have been observed in the general population, such as high blood pressure, high low-

density lipoprotein cholesterol, diabetes, smoking and secondhand smoke exposure, obesity, 
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unhealthy diet, and physical inactivity,10 are also present in individuals with CP;11,12,262 however, 

they may be more profound and emerge earlier.262-264 In addition to traditional cardiovascular 

risk factors, non-traditional risk factors are viewed as important predictors of cardiovascular 

disease in the general population.14-17 Non-traditional risk factors, such as arterial structure and 

function, have the potential to improve the accuracy of cardiovascular disease prediction and the 

care for at-risk populations. Damage to the arteries underlies the pathophysiology of 

atherosclerosis, which is widely recognized as the primary cause of cardiovascular morbidity and 

mortality.265 Atherosclerosis limits blood flow to tissue downstream by narrowing the lumen of 

arteries,266 causes the formation of a thrombus,267 provides a site for embolism,268 or leads to the 

formation of an aneurysm.269 Brachial19 and carotid17 artery diameter directly correlate with 

cardiovascular risk factors in adults, and greater carotid artery diameter is associated with a 

higher incidence of cardiovascular disease.18  The increased artery diameter among individuals 

with cardiovascular risk factors may indicate impaired vasoregulation,17,270 which is commonly 

associated with the progression of atherosclerosis.271 

The observation that non-traditional risk factors display alterations, such as increased 

intima-media thickness and reduced flow-mediated dilation, sooner than traditional risk factors, 

suggests that non-traditional risk factors may offer earlier detection of cardiovascular disease in 

adults with CP.30 Considering that elevated blood pressure has been reported in children with 

CP,262 as well as a higher prevalence of pre-diabetes and dyslipidemia,264 it is reasonable to 

explore the state of non-traditional risk factors in children with CP. However, studies examining 

the arterial structure and its hemodynamics in children with CP are lacking. A comprehensive 

literature search revealed only 5 studies on arterial structure and function in children with CP.30-

34 Among these studies, only 3 assessed arterial diameter,31,33,34 and no study examined arterial 
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hemodynamics. The studies that examined arterial diameter did not detect a group difference in 

carotid or the brachial artery diameter between children with CP and controls,33,34 on the other 

hand, a small diameter of the infrarenal abdominal aorta has been reported in children with CP.31 

Consequently, it is suspected that the reduced exercise capacity resulting from activity 

limitations in children with CP272 may contribute to the comparatively smaller infrarenal 

abdominal aorta diameter.31 Considering that the infrarenal abdominal aorta supplies blood to the 

lower body and the deficits in fat-free soft tissue mass, a surrogate of muscle size, are greater in 

the lower limbs than the upper limbs of children with CP,273 it is plausible that the vascular 

structure in the lower limbs is impaired and linked to the elevated cardiovascular risk in children 

with CP. This idea is supported by evidence that a reduction in physical activity primarily affects 

the arteries perfusing the limbs exposed to the greatest reduction in activity.35 Children with CP, 

even those with a mild form, have low participation in physical activity.274 Furthermore, the 

popliteal artery supplies the blood to the lower limb muscles including the hamstring, 

gastrocnemius, soleus, and plantar muscles, and represents the primary source of blood to the leg 

and foot.36 Children with CP have substantially smaller muscles in the leg.275,276 In addition, the 

deficits in arterial diameter in groups with extreme disuse, such as spinal cord injury,277 are no 

longer present when the muscle size deficit is statistically controlled. Moreover, a direct 

relationship between the popliteal artery diameter and physical activity has been demonstrated in 

other populations.38  

Several studies have reported that the conduit arteries of individuals with significant 

physical activity limitations, such as adults with spinal cord injury, have a high shear rate and a 

reduced diameter.29,104,278,279 Shear stress is an important factor that determines the structure and 

function of arteries.280 It is possible that the small arterial diameter is thought to offset the effects 
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of reduced physical activity on artery function.281 However, this was observed under a heated 

conditions. Similar observations are anticipated in children with CP. However, no studies have 

examined the structure or function of the popliteal artery in children, adolescents, or adults with 

CP. Therefore, assessing the popliteal artery diameter and its hemodynamics, which have been 

associated with the development of cardiovascular disease in children with CP, is warranted.   

 The aim of this study was to determine whether the size and hemodynamics of the 

popliteal artery are compromised in children with CP and whether the expected effects persist 

after adjusting for lower limb muscle size. We hypothesized that that popliteal artery would have 

a smaller diameter, a higher mean shear rate, and a lower oscillatory shear index compared to 

matched controls. We also hypothesized that the expected deficits in popliteal artery structure 

would be reduced or eliminated when statistically controlled for muscle size. 

 

3.3 Methods 

3.3.1 Participants 

Children with spastic CP who were 5-11 years of age and ambulatory without an assistive 

device were recruited as part of a randomized controlled trial from Children's Healthcare of 

Atlanta, local schools, pediatric rehabilitation centers, and the Cerebral Palsy Foundation through 

the use of fliers and social media platforms. Typically developing children who were similar to 

children with CP in age (± 1.5y), sex, and race, between the 5th and 95th sex- and age-based 

percentiles for height and body mass, and not participating in high-level sports were recruited 

using the same methods and from the same areas as children with CP. Exclusion criteria for all 

participants included prior fracture in both femurs or tibias, currently taking bisphosphonates, 
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orthopedic surgery within the last 6 months, a baclofen pump in the abdomen, and botulinum 

toxin treatment within the last year. 

 

3.3.2 Anthropometrics  

Height was measured to the nearest 0.1 cm using a stadiometer (Seca 217; Seca GmbH & 

Co. KG., Hamburg, GER) while participants were in an erect standing position. Body mass was 

measured to the nearest 0.1 kg using a digital scale (Detecto 6550, Cardinal Scale, Webb City, 

MO). Height and body mass were measured while children wore minimal clothing without shoes 

or braces. 

 

3.3.3 Blood pressure and Heart rate 

Resting systolic blood pressure, diastolic blood pressure, and heart rate were measured 

from the less-affected arm in children with CP and the dominant arm in controls with an 

oscillometric blood pressure device (Suntech 247; Suntech, Morrisville, NC). The appropriate 

size cuff was chosen based on the mid-arm circumference measured using a soft tape measure 

and placed over the brachial artery. Participants rested in a seated position with their backs 

supported and legs uncrossed for at least 5 minutes before two measurements were obtained at a 

1-minute interval. Four measurements (twice in the morning and twice after 2 hours in the supine 

position) were obtained during a 2-day period. Mean arterial pressure was calculated as 

follows:  Mean arterial pressure (mmHg) = Diastolic blood pressure (mmHg) + 1/3(Systolic 

blood pressure (mmHg) – Diastolic blood pressure (mmHg))   
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3.3.4 Artery structure and function, and muscle size 

The diameter and blood flow velocity of the popliteal artery, and cross-sectional area and 

volume of the gastrocnemius were assessed in a prone position using ultrasound imaging 

(ACUSON S2000 Ultrasound System; Siemens Healthcare; Erlangen, GER) on the more- and 

less-affected limbs in children with CP and on the non-dominant and dominant limbs in controls 

after 30 minutes of bed rest. Video clips for estimating the diameter of the popliteal artery were 

recorded longitudinally for 18 seconds from the popliteal fossa using a 9L4 linear transducer in 

the cardiovascular mode. Video clips for assessing the blood flow velocity of the popliteal artery 

were recorded for 15 seconds at the same location using the same probe and mode with the pulse 

wave setting. All video clips were processed using FMD Studio within the Cardiovascular Suite 

software (Quipu srl; Pisa, Italy). FMD Studio has been validated, and its overall intra-day 

variability of artery diameter estimates is CV = 3 %.282 All video clips from all the participants 

were collected and analyzed by one researcher. For analysis, the diameter of the popliteal artery 

was statistically controlled for gastrocnemius muscle volume or leg muscle mass283 using 

allometric scaling.242 To assess the hemodynamics of the popliteal artery, the mean shear rate, 

which reflects the shear stress to the vessel wall, was calculated using the following equation: 

Mean shear rate (s-1) = (4 × Blood flow velocity (mm/s)) / Artery diameter (mm) 

The oscillatory shear index, indicating the degree of blood flow disruption, was 

calculated using the following equation: 

Oscillatory shear index = |Retrograde shear rate (s-1) | / (|Antegrade shear rate (s-1) | + 

|Retrograde shear rate (s-1) |) 

Cross-sectional area of the gastrocnemius was determined using a 9L4 linear transducer 

in the musculoskeletal mode and the panoramic setting. Panoramic images of the gastrocnemius 
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were collected at 25, 50, and 75 % of muscle belly length (2 sets of images per site), which was 

measured from the most proximal edge of the medial tibial condyle to the distal insertion of the 

medial gastrocnemius. The medial tibial condyle was located by palpating the knee, while the 

distal insertion of the medial gastrocnemius was located using ultrasound imaging. All images 

were processed using ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA) by 

the same researcher. The cross-sectional area was determined by multiplying pixel size by the 

number of pixels within the outlined muscle region. The muscle volume of gastrocnemius was 

calculated by multiplying the average CSA of the three sites by the muscle belly length. 

 

3.3.5 Leg muscle mass 

Muscle mass of the leg was estimated using dual-energy X-ray absorptiometry (Horizon 

A, Whole Body Analysis; Hologic Inc., Bedford, MA). A whole-body scan was conducted using 

the standard procedure. When necessary, children were secured using the BodyFIX.284 Fat-free 

soft tissue from the knee joint to ankle joint was determined from the whole-body scan. As 

previously described, leg muscle mass was estimated using fat-free soft tissue mass determined 

at the level of the middle-third of the tibia from the whole-body scan and a statistical model 

developed and cross-validated using children with CP (see below):283  

Leg muscle mass (g) = 0.986 × Fat-free soft tissue mass (g) – 24.577 

Because the model above is based on fat-free soft tissue mass from a different version of 

a dual-energy X-ray absorptiometry (Hologic Discovery W) than used in the present study, a 

calibration equation was developed using data from 14 individuals who were tested on each 

instrument within a 1-week period (Fat-free soft tissue mass Discovery W (g) = 1.063× Fat-free 

soft tissue mass Horizon A (g) - 0.486, r2 = 0.997) 
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3.3.6 Statistical analysis 

Data was analyzed using Statistical Package for the Social Sciences (SPSS 28. IBM, 

Armonk, NY, USA). Children with CP and controls were matched for age, sex, and race using 

the case-control matching option. Children with CP were divided into two groups according to 

their CP subtype for subgroup analysis (i.e., unilateral and bilateral CP). Variables were checked 

for normality by examining skewness, kurtosis, and by the Shapiro-Wilk test. Independent t-tests 

were performed to assess differences in height, body mass, and BMI compared to the 50th age- 

and sex-based percentiles. Analysis of covariance was used to determine group differences. Age 

was used as a covariate to statistically control for its effect on group differences. Given that BMI 

is a strong indicator of blood pressure62 and BMI percentile is the standard measure for 

classifying overweight and obesity,285 if there were group differences in BMI or BMI percentile, 

or if the BMI percentile varied from the 50th age- and sex-based percentiles, they were 

separately included as a covariate in an analysis of covariance model to ascertain any inter-group 

difference. Analysis of covariance and linear mixed effect models were used to determine group 

differences between the two CP subgroups and controls. Benjamin-Hochberg procedure was 

used for adjustment for multiple comparisons. The false discovery was set to 10%.  The alpha 

level was set at 0.05. 

 

3.4 Results 

3.4.1 Physical characteristics 

Twenty-eight children with CP and 28 age-, sex-, and race-matched controls participated 

in this study. Physical characteristics of the participants are reported in Table 1. There were no 

differences in age, height, height percentile, body mass, body mass percentile, BMI, or BMI 
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percentile between children with CP and controls. Also, children with unilateral CP and children 

with bilateral CP were not different from controls in age, height, height percentile, body mass, 

body mass percentile, BMI, or BMI percentile. There was no difference in systolic and diastolic 

blood pressure, or mean arterial pressure between children with CP and controls (d = 0.26, 0.47, 

and 0.40, p = 0.344, 0.091, 0.147, respectively); however, when BMI percentile was statistically 

controlled, children with CP exhibited significantly higher diastolic blood pressure compared to 

controls (p = 0.041). Children with CP had a higher heart rate than controls (d = 0.60, p = 0.029). 

In subgroup analysis, children with unilateral CP had a higher heart rate than controls (d 

= 0.71, p = 0.030), while children with bilateral CP had a higher systolic (d = 0.74, p = 0.014) 

and diastolic (d = 0.74, p = 0.039) blood pressure percentile than controls. Children with CP had 

lower gastrocnemius volume and leg muscle mass than controls in the more-affected leg (d = 

0.93 and 0.83, p = 0.001 and 0.003, respectively) and lower gastrocnemius volume and leg 

muscle mass than controls in the less-affected leg (d = 0.62 and 0.50, p = 0.026 and 0.032, 

respectively). Compared to controls, children with unilateral CP had lower gastrocnemius 

volume and leg muscle mass in the more-affected leg (d = 0.85 and 0.68, p = 0.004 and 0.036, 

respectively). However, there was no significant difference in gastrocnemius volume or leg 

muscle mass (d = 0.35 and 0.23, p = 0.272 and 0.471, respectively) in the less-affected leg 

between children with unilateral CP and controls. Children with bilateral CP had lower 

gastrocnemius volume and leg muscle mass in both legs compared to controls (d range: 088 – 

1.19, all p < 0.05). 
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Table 1. Physical characteristics, blood pressure, and muscle estimates of children with cerebral palsy 

(CP) and typically developing control children (Con) 

 All CP (n = 28) Unilateral CP (n=16) Bilateral CP (n = 12) Controls (n = 28) 

Age (y) 8.8 ± 2.2 8.9 ± 2.1 8.6 ± 2.4 8.4 ± 2.2 

Sex (boys/girls) 14/14 8/8 6/6 14/14 

Race (White/Black/Asian) 24 / 3 / 1 14/2/0 10/1/1 24/3/1 

GMFCS (I/II) 23/ 5 15 / 1 8 / 4 0 / 0 

Height (m) 1.31 ± 0.14 1.33 ± 0.14 1.29 ± 0.15 1.32 ± 0.15 

Height (%) 47 ± 33 54 ± 34 38 ± 33* 62 ± 26 

Body mass (kg) 28.6 ± 9.1 28.6 ± 8.6 28.6 ± 10.0 29.5 ± 10.4 

Body mass (%) 41 ± 30 41 ± 28 41 ± 35 54 ± 27 

BMI (kg/m2) 16.4 ± 2.7 16.0 ± 2.1 16. 9 ± 3.4 16.5 ± 2.5 

BMI (%) 40 ± 30 36 ± 27 46 ± 33 50 ± 28 

Systolic BP (mmHg) 106 ± 11 106 ± 12 107 ± 8 103 ± 8 

Diastolic BP (mmHg) 65 ± 9 64 ± 8 66 ± 10 62 ± 6 

MAP (mmHg) 79 ± 9 78 ± 9 80 ± 9 76 ± 6 

Systolic BP (%) 73 ± 23 68 ± 28 81 ± 11* 68 ± 20 

Diastolic BP (%) 68 ± 21 65 ± 22 72 ± 20* 59 ± 17 

Heart rate (BPM) 89 ± 12* 89 ± 8* 90 ± 16 83 ± 9 

Gastrocnemius volume (cm3)     

     More-affected/non-dominant 76.1 ± 30.3* 77.4 ± 29.9* 74.4 ± 32.1* 112.9 ± 48.4 

     Less-affected/dominant 88.1 ± 33.9* 98.2 ± 31.8 74.6 ± 33.0* 112.4 ± 45.0 

Leg muscle mass (g)     

     More-affected/non-dominant 236.8 ± 103.9* 228.3 ± 111.8* 189.3 ± 76.3.1* 295.2 ± 94.7 

     Less-affected/dominant 215.7 ± 101.9* 272.4 ± 109.6 198.8 ± 88.9*† 298.8 ± 98.7 

Values are means ± SD, % reflects the percentile relative to age- and sex-based norms; GMFCS = gross motor function 

classification scale; BMI = body mass index; BP = blood pressure; MAP = mean arterial pressure; Gastrocnemius volume is 

estimated from ultrasound; Leg muscle mass is estimated from dual X-ray absorptiometry; *Different compared from 

controls, p < 0.05. †Different from children with unilateral CP, p < 0.05  

 

 

3.4.2 Popliteal artery diameter 

Popliteal arterial diameter of the more-affected leg in children with CP was smaller than 

that in controls (d = 0.84, p = 0.001; Figure 1). However, the difference was no longer 

statistically significant when normalized for gastrocnemius volume (d = 0.44, p = 0.090) or leg 

muscle mass (d = 0.44, p = 0.081). There was no difference in popliteal diameter of the less-

affected leg in children with CP and the dominant leg of control children, regardless of 

normalization (all p > 0.05). Group comparisons of popliteal artery diameter are reported in 

Figure 1. 
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Fig. 1. Popliteal diameter in the more-affected leg of children with cerebral palsy (CP) compared to the 

non-dominant leg of typically developing controls (Con) and in the less-affected leg of children with CP 

compared to the dominant leg of Con. FFST norm = normalized with fat-free soft tissue; Gastroc volume 

norm = normalized for gastrocnemius muscle volume estimated from ultrasound; leg muscle mass = 

normalized for leg muscle mass estimated from dual-energy X-ray absorptiometry; *Group difference, p 

< 0.05.   
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Subgroup comparisons of popliteal artery diameter are reported in Figure 2. In the more-

affected leg, popliteal artery diameter was lower in children with unilateral CP (d = 0.66, p = 

0.004) and bilateral CP (d = 1.10, p = 0.001) than controls. No significant group difference was 

observed in the popliteal artery diameter when normalized for gastrocnemius muscle volume (p 

= 0.152) or leg muscle mass (p = 0.178).  

In the less-affected leg, popliteal artery diameter was lower in children with bilateral CP 

than controls (d = 0.68, p = 0.030), but it was not different between children with unilateral CP 

and controls (d = 0.06, p = 0.977). The difference in children with bilateral CP was no longer 

statistically significant when normalized for gastrocnemius volume or leg muscle mass (all p > 

0.05). There was no significant difference in popliteal diameter in either leg between children 

with unilateral CP or bilateral CP regardless of normalization (all p > 0.05).  
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Fig. 2. Popliteal diameter in the more- and less-affected leg of children with unilateral and bilateral 

cerebral palsy (CP) compared to the non-dominant and dominant leg of typically developing controls 

(Con), respectively. Gastroc volume norm = normalized for gastrocnemius volume estimated from 

ultrasound; Leg muscle mass norm = normalized for leg muscle mass estimated from dual-energy X-ray 

absorptiometry; *Group difference, p < 0.05. 

 

 

3.4.3 Blood velocity 

Group comparisons of blood velocity in the popliteal artery are reported in Figure 3. 

There were no differences in positive, negative, or mean blood velocity between children with 
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CP and controls in either leg (d range = 0.08 – 0.47, p range = 0.09 – 0.76). Subgroup 

comparisons of blood velocity in the popliteal artery are reported in Figure 4. There were no 

differences in positive, negative, or mean blood velocity between children with unilateral CP, 

bilateral CP, and controls in either limb (d range = 0.02 – 0.73, p range = 0.17 – 0.34). 

 

Fig. 3.  Blood velocity in the more-affected leg of children with cerebral palsy (CP) compared to the non-

dominant leg of typically developing controls (Con) and in the less-affected leg of children with CP 

compared to the dominant leg of Con. 
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Fig. 4.  Blood velocity in the more- and less-affected legs of children with unilateral and bilateral cerebral 

palsy (CP) compared to the non-dominant and dominant legs of typically developing control children 

(Con), respectively. 
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3.4.4 Mean shear rate & oscillatory shear index  

Group comparisons of mean shear rate and oscillatory shear index in the popliteal artery 

are reported in Figure 5. Mean shear rate in the more-affected leg of children with CP was higher 

than that in the non-dominant leg of controls when age was statistically controlled (d = 0.46, p = 

0.044), but there was no group difference in mean shear rate in the less-affected leg between 

children with CP and controls (d = 0.18, p = 0.604). There was no group difference in oscillatory 

shear index in the more-affected or the less-affected leg between children with CP and controls 

(d = 0.36 and 0.18, p = 0.189 and 0.506, respectively). 

 

Fig. 5. Shear rate and oscillatory shear index in the more-affected leg of children with cerebral palsy (CP) 

and the non-dominant leg in typically developing control children (Con) and in the less-affected leg of 

children with CP compared to the dominant leg of Con; *Group difference, p < 0.05 
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Subgroup comparisons of mean shear rate and oscillatory shear index are reported in 

Figure 6. There was no significant difference in the mean shear rate of the popliteal artery in 

either leg between children with unilateral CP and controls (d < 0.60, p > 0.05). Mean shear rate 

of the popliteal artery in the more-affected leg in children with bilateral CP was higher than in 

children with unilateral CP (d = 0.73, p = 0.039) and in the non-dominant leg in controls (d = 

0.94, p = 0.004). In the less-affected leg, children with bilateral CP had a higher mean shear rate 

than children with unilateral CP (d = 1.11, p = 0.022), but there was not a significant difference 

in mean shear rate between children with bilateral CP and controls (d = 0.31, p = 0.294). No 

significant group differences in oscillatory shear index were observed in any subgroup analysis 

(all p > 0.05). 

 

Fig. 6. Shear rate and oscillatory shear index in the more- and less-affected legs of children with 

unilateral and bilateral cerebral palsy (CP) compared to the non-dominant and dominant legs of typically 

developing controls (Con), respectively. *Group difference, p < 0.05 
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3.4.5 Blood flow  

Group comparisons of blood flow are presented in Figure 7. Blood flow of the more-

affected limb in children with CP was lower than that of the non-dominant limb in controls, but 

the difference was not statistically significant (d = 0.47, p = 0.063). There was also no group 

difference in blood flow in the less-affected leg of children with CP compared to the dominant 

leg in controls. There was no difference in blood flow in either limb in any subgroup analysis (all 

p > 0.05). 

 
Fig. 7. Blood flow in the more- and less-affected legs of children with unilateral and bilateral cerebral 

palsy (CP) and the non-dominant and dominant limb of typically developing control children (Con), 

respectively. 

 

 

3.5 Discussion 

 This is the first study to assess the size and hemodynamics of the popliteal artery in 

ambulatory children with CP. Consistent with our hypothesis, popliteal artery diameter was 

smaller in children with CP than in typically developing control children. The deficit was 

observed in the more-affected limb in children with unilateral CP, and in both limbs in children 

with bilateral CP. However, the size discrepancy was no longer present when it was statistically 

controlled for gastrocnemius volume or leg muscle mass suggesting that the deficit was primarily 
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due to their smaller leg muscle size and reduced metabolic demands on the lower limbs. The 

other primary observation was that the mean shear rate was higher in the more-affected limb of 

children with CP. However, when subgroup analysis was performed, the higher shear rate was 

present in children with bilateral CP but not in children with unilateral CP. There is evidence that 

a higher shear rate induced through exercise or through other interventions can protect against 

atherosclerosis.80,281 However, the relevance of a high shear rate during rest is unclear. The 

observations are important because cardiovascular disease is the third leading cause of death in 

individuals with CP7 and understanding whether non-traditional markers contribute to the 

development of the disease is essential. Furthermore, it is important to understand whether 

physiological adaptations occur to offset disease progression.  

 Although the popliteal artery diameter was still smaller children with CP after statistically 

controlling for fat-free soft tissue, it was no longer present after controlling for gastrocnemius 

volume estimated using ultrasound or leg muscle mass estimated using dual-energy X-ray 

absorptiometry. This result is consistent with a previous report of a smaller femoral artery in 

individuals with spinal cord injury compared to controls without a spinal cord injury, which was 

no longer present after controlling the artery diameter for lower limb muscle volume.277 Fat-free 

soft tissue estimates from dual X-ray absorptiometry have been suggested as a substitute for 

measuring the muscle mass of the appendicular in healthy adults286 and children with CP.287 

However, the disappearance of the deficit upon adjusting the popliteal diameter for 

gastrocnemius muscle volume and leg muscle mass, but not fat-free soft tissue, raises 

uncertainties regarding the use of fat-free soft tissue as a substitute for assessing appendicular 

muscle mass in children with CP.  It is important to consider that children with CP may have had 

additional contributing factors to their smaller popliteal diameter aside from their compromised 
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muscle mass. Children with CP, especially bilateral CP, do not have the opportunity to grow in a 

typical manner during their development. Moreover, previous literature demonstrated that 

adolescents who experienced intrauterine growth restriction had a smaller popliteal artery 

diameter and abdominal aorta than typically developing adolescents, although they were healthy 

without any significant past medical history.288 These observations could potentially extend to 

children with CP because 38 % of children with CP experienced intrauterine growth 

restriction.289 However, it's important to interpret this information with caution, as the proportion 

of children with CP in the present study who experienced intrauterine growth restriction is 

unknown. 

 Children with bilateral CP had smaller popliteal arterial diameter when presented in 

absolute diameter or normalized to leg muscle size in the more- and less-affected legs than 

control children, while children with unilateral CP only had a smaller popliteal diameter in their 

more-affected leg. This result is expected because, in contrast to the more-affected leg, the less-

affected leg in the children with unilateral CP is either unaffected or has limited affection and the 

gastrocnemius muscle volume of the less-affected leg in the children with unilateral CP did not 

differ from those of the dominant leg in controls. In children with bilateral CP, 33% (n = 4 of 12) 

were at GMFCS level 2, and the rest were at GMFCS level 1. On the other hand, in children with 

unilateral CP, only 6 % (n = 1 of 16) were at GMFCS level 2, and the rest were at GMFCS level 

1. This unsurprisingly suggested that children with bilateral CP have more activity limitations 

compared to children with unilateral CP and controls which may have contributed to the small 

popliteal artery. These results suggest that the level of physical activity may have contributed to 

the small diameter of the popliteal artery. An inverse relationship between physical activity and 

artery diameter has been demonstrated in healthy populations290 and individuals with spinal cord 
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injury patients.291 However, no such study has been done in children with CP. Further study on 

the relationship between physical activity and artery diameter in children with CP is warranted.

 There were no significant differences in blood velocities between children with CP and 

controls. However, artery diameter was lower in children with CP. Because mean shear rate is 

established based on blood flow velocity and artery diameter, these results suggest that the 

elevated shear rate observed in children with CP was mainly due to the reduced arterial diameter 

rather than increased blood velocity. This observation contradicts the previous literature on 

adults with spinal cord injury, which reported that the increased mean shear rate in the popliteal 

artery was mainly due to higher mean blood velocity.29 The difference between the observation 

in the previous literature and the present study may be attributed to the variations in the types of 

plegia among the participants. The previous literature specifically excluded individuals with 

hemiplegia but included those with paraplegia and tetraplegia. In the present study, half of 

children with CP had hemiplegia. Shear stress or shear rate plays a critical role in regulating the 

normal function of the vascular system and the pathophysiology that promotes atherogenesis280.  

High-shear stress induces atheroprotective endothelial gene expression, while low-shear stress 

stimulates the expression of an atherogenic phenotype.87,281,292,293 Another study demonstrated 

that increased shear stress can prevent impairment in popliteal artery wall function caused by 

physical inactivity.281 However, the shear rate in these studies was induced intentionally through 

exercise or interventions, whereas the shear rate in the present study reflects resting conditions. 

Therefore, caution should be given when interpreting the results of the present study. Our 

hypothesis was that children with CP would have a higher mean shear rate and lower oscillatory 

shear index compared to typically developing children due to their reduced artery diameter and 

activity limitation. Although there was significantly higher mean shear rate in the more-affected 
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leg in children with CP than that in the non-dominant leg in controls, as expected, there was no 

significant difference in oscillatory shear index in either leg between children with CP or 

controls. This result is partially consistent with a previous study that reported reduced artery 

diameter and increased shear rate,29,291 as well as a reduced oscillatory shear index29,291 after 

inactivity due to spinal cord injury. Considering that all children with CP who participated in this 

study were ambulatory, it is possible that the smaller activity limitations of our participants were 

enough to mitigate a reduction in lower oscillatory shear index. However, whether a reduction 

develops as the children approach and enter adulthood requires further investigation. 

 Contrary to children with unilateral CP, children with bilateral CP exhibited a higher 

mean shear rate of the popliteal artery in the more-affected leg relative to controls. Children with 

bilateral CP also showed a higher mean shear rate of the popliteal artery in the less-affected leg 

than in children with unilateral CP. Given that children with bilateral CP have a greater activity 

limitation and smaller leg muscle mass than children with unilateral CP, these results suggest 

that a certain level of physical activity and restriction of artery diameter growth are required to 

demonstrate a higher shear rate. Further research is needed to understand the factors that 

contribute to the development of a higher resting shear rate in children with bilateral CP and its 

impact on the development of cardiovascular disease. 

 There are some limitations to consider in this study. First, the sample size was modest, 

although the effect size was large enough to detect a difference in artery diameter between 

children with CP and typically developing controls. Second, the limited sample size hindered 

comparisons based on GMFCS level, which is indicative of activity limitations. Only 5 out of 28 

participants with CP were classified as GMFCS level 2. Third, although body surface area is a 

strong predictor of popliteal artery diameter,115 according to previous literature, utilizing a 
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formula based on body surface area may not be suitable for evaluating energy expenditure in 

children with CP.294 Therefore, we used muscle size to normalize artery diameter, as it may 

provide a more effective means of evaluating the relevant physiological parameters. Lastly, we 

did not match the participants for height, which is positively associated with popliteal artery 

diameter.115 Children with CP are generally shorter than typically developing children due to 

their hindered growth. Matching for height would have resulted in a comparison group that was 

different from the general population of children and made the difference in artery diameter even 

more distinct. 

 

3.6 Conclusion 

 The results of the present study suggest that children with CP have a smaller popliteal 

artery diameter compared to typically developing controls. However, this difference was no 

longer present once adjustments were made to account for muscle size. This suggests that the 

reduced artery size is mainly due to their reduced leg muscles. Children with CP also showed a 

higher mean shear rate compared to controls. The relevance of these results is unclear, but it may 

reflect a disturbance in the hemodynamics of the popliteal artery.73 in children with CP. Further 

studies on the endothelial function and intima-media thickness of the popliteal artery in children 

with CP are warranted. 
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CHAPTER 4 

DIAMETER AND HEMYDYNAMICS OF THE POPLITEAL ARTERY 

 AND THEIR RELATIONSHIP WITH PHYSICAL ACTIVITY AND FUNCTION 

 IN CHILDREN WITH CEREBRAL PALSY 

Lee, J., Batson, T., Modlesky, C.M. To be submitted to Hypertension 
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4.1 Abstract 

Background: The reason individuals with cerebral palsy are at increased risk of cardiovascular 

disease is still not apparent, although their limited mobility may play a role. The popliteal artery 

represents the primary source of blood to the lower limb. A relationship between the popliteal 

artery diameter, shear rate, and physical activity has been demonstrated in both those with 

limited mobility and the general population. However, no such study has been conducted in 

children, adolescents, or adults with CP. 

Objective: The aim of this study was to determine the relationship between popliteal artery 

diameter and physical activity and function as well as between shear rate and physical activity 

and function in children with CP. The study hypothesized that physical activity and functional 

tests of the lower limb would be directly related to the popliteal artery diameter and negatively 

related to the shear rate in children with CP.  

Methods: Children with spastic CP (n = 28) who were 5-11 years of age and age-, sex-, and race 

matched typically developing control children (n = 28) participated in the study. Physical activity 

was assessed using accelerometer-based monitors worn on the hip. Functional muscle strength 

was assessed using a progressive LSUT (LSUT).177 6-minute walk test (6MWT) was used to 

assess walking capacity. The diameter and blood flow velocity of the popliteal artery were 

estimated using ultrasound imaging. The shear rate was calculated.  

Results: There were no group differences in physical characteristics. Children with CP had 

lower gastrocnemius volume than controls in the more- and less-affected legs (p < 0.05). 

Smaller popliteal artery diameter was observed in the more-affected leg of children with CP (p < 

0.05). In bilateral CP, popliteal diameter was also smaller in the less-affected leg (p < 0.05). 
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Children with bilateral CP had a higher mean shear rate than those with unilateral CP or controls 

in the more-affected leg (p < 0.05). Children with CP had lower total physical activity counts, 

LSUT scores, and 6MWT distance than controls (all p < 0.05). Children with bilateral CP had 

significantly lower LSUT scores and 6MWT distance compared to children with unilateral CP 

and controls (all p < 0.05). Children with unilateral CP had lower LSUT scores than controls (p < 

0.05) but did not differ significantly in other activity measures (p > 0.05). Popliteal artery 

diameter was positively related to 6MWT distance in children with CP (p < 0.05) but not in 

controls. Shear rate was inversely related to LSUT scores and 6MWT distance in children with 

CP (all p < 0.05), while no such relationships were observed in controls (all p > 0.05). In 

multivariate models, 6MWT was the most significant predictor of popliteal diameter in CP 

children, while LSUT score and 6MWT were predictors for shear rate (all p < 0.05). 

Conclusion: Children with CP, especially bilateral CP, exhibit lower muscle volume, altered 

vascular measures, and lower physical activity compared to controls. Popliteal diameter and 

shear rate were related to lower limb function rather than physical activity in children with CP. 

Distance walked during the 6-minute walk test was a significant predictor of vascular measures 

in CP children. These results suggest that interventions to improve lower limb function, such as 

walking performance, may have beneficial effects on vascular health. 

Keywords: Cerebral palsy, popliteal artery, shear rate, physical activity, 6-minute walk test, 

lateral step-up test 
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4.2 Introduction 

Cerebral palsy (CP) is a neurological disorder arising from non-progressive brain insult 

or malformation during fetal development, birth, or early childhood.3 Individuals with CP may 

experience degenerative changes much earlier in their lifespan than those in the general 

population due to various factors such as muscle weakness, impaired motor control, and activity 

limitations. Although the underlying brain injury or malformation does not progress over time, 

the effects of these factors can lead to the early onset of degenerative changes.4 Furthermore, an 

earlier onset of cardiovascular disease progression5,6 and resultant increased cardiovascular 

disease-related mortality7,8 is observed in those with CP compared to healthy peers. Children 

with CP demonstrated higher visceral adiposity264 and higher blood pressure.262 Though their 

limited mobility may play a role,11 the reason individuals with CP are at increased cardiovascular 

disease risk is still not apparent. For example, the relationship between physical activity and 

traditional markers of cardiometabolic disease, such as blood pressure, fasting blood glucose and 

low-density lipoprotein cholesterol, is inconsistent in children with CP, with some studies 

suggesting it weak or undetectable.262,264 

Several studies have demonstrated the relationship between cardiovascular risk and 

physical activity in children with CP.71,72 However, they only assessed the cardiovascular disease 

risk with traditional markers (i.e., blood pressure, body mass index, waist circumference) rather 

than the vascular structure and hemodynamics, although non-traditional risk factors such as 

carotid artery intima-media thickness and artery diameter reduction have emerged as important 

predictors of cardiovascular disease.14-17 Some studies assessed the vascular structure and 

function in children with CP,31,34,295 but they mostly focused on the brachial artery. The brachial 

artery would be sufficient to assess the general vascular function in children with CP. However, 
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its location presents a drawback in evaluating the relationship with physical activity. This 

assumption is supported by the previous literature, which showed that a reduction in physical 

activity primarily affects the arteries perfusing the limbs exposed to the greatest reduction in 

activity.35 Also, no group difference in carotid and brachial artery diameter between children 

with CP and controls was observed.33,34 Another reported that children with CP have a smaller 

diameter of the abdominal aorta compared to healthy peers.31 In this study, the researchers 

suspected the reduced exercise capacity resulting from activity limitations in children with CP 

may be responsible for the comparatively smaller abdominal aorta diameter. Due to the 

infrarenal abdominal aorta being responsible for supplying blood to the lower body, these results 

suggest that the use of arteries related to the blood supply to the lower limb may be more 

appropriate for investigating the relationship between vascular structure, physical activity, and 

cardiovascular risks in children with cerebral palsy. The popliteal artery supplies blood to the 

lower limb muscles and represents the primary source of blood to the leg and foot.36 A 

relationship between the popliteal artery and physical activity has been demonstrated in both 

those with activity limitation37 and the general population.38 However, no such study has been 

conducted in children, adolescents, or adults with CP.  

Shear stress plays a crucial role in maintaining vascular function, as consistent laminar 

shear stress protects against clotting,20 preserves endothelial wall integrity,21 and promotes the 

maintenance of vascular homeostasis.22 Additionally, shear stress has the ability to regulate 

artery diameter by influencing the production of vasoactive mediators23,24 and is a determinant of 

gene expression in endothelial cells.25 In clinical settings, shear stress is typically measured by 

estimating whole blood viscosity and shear rate based on the blood flow velocity and internal 

diameter of the artery.26 Engaging in physical activity can enhance vascular function and reduce 
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the risk of cardiovascular diseases by inducing shear stress.27 Despite increased cardiovascular 

risk,28 shear rate is higher in those with spinal cord injury than in healthy adults,29 which 

suggests that individuals with activity limitations may develop an atheroprotective hemodynamic 

environment to compensate for the adverse effect of inactivity on cardiovascular risk. However, 

no such study has been conducted in children, adolescents, or adults with CP.  

  Therefore, the aim of study was to determine if the artery diameter and hemodynamics of 

popliteal artery are related to physical activity and function.33,34 The aim of this study was to 

examine the relationship between popliteal artery diameter and physical activity and function as 

well as between shear rate and physical activity and function in children with CP. The study 

hypothesized that physical activity and functional tests of the lower limb would be directly 

related to the popliteal artery diameter and negatively related to the shear rate in children with 

CP. Assessing the relationship between cardiovascular disease risk and physical activity in 

younger individuals with CP can offer valuable insights into the pathophysiology of 

cardiovascular disease in this particular demographic. 

 

4.3 Methods 

4.3.1 Participants 

Children with spastic CP who were 5-11 years of age and ambulatory without an assistive 

device were recruited in a cross-sectional trial from Children's Healthcare of Atlanta, local 

schools, pediatric rehabilitation centers, and the Cerebral Palsy Foundation through the use of 

fliers and social media platforms. Typically developing children who were similar to children 

with CP in age (±1 yrs.), sex, and race, between the 5th and 95th sex- and age-based percentiles 

for height and body mass, and not participating in high-level sports were recruited using the 
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same methods and from the same areas as children with CP. Exclusion criteria for all participants 

included prior fracture in both femurs or tibias, currently taking bisphosphonates, orthopedic 

surgery within the last 6 months, a baclofen pump in the abdomen, and botulinum toxin 

treatment within the last year. 

 

4.3.2 Anthropometrics  

Height was measured to the nearest 0.1 cm using a stadiometer (Seca 217; Seca GmbH & 

Co. KG., Hamburg, GER) while participants were in an erect standing position. Body mass was 

measured to the nearest 0.1 kg using a digital scale (Detecto 6550, Cardinal Scale, Webb City, 

MO). Height and body mass were measured while children wore minimal clothing without shoes 

or braces. 

 

4.3.3 Ultrasound 

The diameter and blood flow velocity of the popliteal artery were recorded in a prone 

position using ultrasound imaging (ACUSON S2000 Ultrasound System; Siemens Healthcare; 

Erlangen, GER) on both sides in children with CP and controls after 30 minutes of bed resting. 

The diameter of the popliteal artery was recorded for 18 seconds from the popliteal fossa 

longitudinally using a 9L4 linear transducer in the cardiovascular mode. The blood flow velocity 

of the popliteal artery was recorded for 15 seconds at the same location using the same probe in 

the cardiovascular mode with the pulse wave setting. All video clips were processed using FMD 

studio of the Cardiovascular suite (Quipu srl; Pisa, Italy). FMD Studio has been validated, and its 

overall intra-day variability for assessing artery diameter was CV = 3 %.282 All video clips from 

all the participants were collected by one researcher. To assess the hemodynamics of the 
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popliteal artery, the shear rate, reflecting the shear stress to the vessel wall, was calculated with 

the diameter and blood flow velocity. The Oscillatory Shear Index, indicating the degree of 

blood flow disruption, was also calculated with positive and negative shear rates. 

 

4.3.5 Physical activity 

Physical activity was assessed using the Actigraph GT9X activity monitor (Pensacola, 

FL). The monitor is equipped with a gyroscope, magnetometer, and triaxial accelerometer and 

measures acceleration between ± 8 g at a sampling rate of 30 to 100 Hz. The excellent validity of 

accelerometers to differentiate physical activity intensity in children with brain injury was 

demonstrated previously.296 Participants wore the monitor on the hip of the more-affected side in 

children with CP and the non-dominant side in controls. Physical activity data was recorded for 

four days (i.e., three weekdays and one weekend day) while the participants wore the monitor 

continuously for 24 hours. Participants and their guardians were asked to remove the monitor 

only during bathing, showering, or swimming. These records were compared with the children’s 

activity logs with assistance from their guardians, and the graphical output was generated using 

software provided by the manufacturer to verify the integrity of the physical activity data. If an 

issue was detected, the participant was asked to wear the monitor again. The total vector 

magnitude activity counts per day was reported as total physical activity. Physical activity 

intensity was determined for the hip physical activity data with Evenson’s cut points1,2 and used 

for analysis. 
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4.3.6 Lateral step-up test (LSUT) 

Functional strength assessment of the more-affected leg (MAL) in children with CP and 

non-dominant leg in controls was done using a progressive LSUT.177 The LSUT consisted of 

four 20-second trials with progressively increasing step heights (i.e., 0, 10, 15, and 20 cm). More 

than 30 seconds of rest was given between each trial. Participants were asked to stand with the 

less-affected leg (LAL) on the adjacent floor and the MAL on the step. They were instructed to 

keep their feet parallel and shoulder-width apart. They were also advised to maintain the position 

of the right foot in the same location on the steps for each level. Participants were instructed to 

move the LAL to the step and then bring the LAL back down to the floor by bending the MAL. 

One movement of the LAL from and back to the floor is considered one repetition of the test. 

Participants were asked to keep their hips, knees, and feet facing forward and avoid turning on 

the step during the test. Participants were then instructed to perform as many repetitions as they 

could at each level of the test without using any support. If support was required, any repetition 

that was not completed independently (e.g., assisted by an administrator's hand) was recorded 

but not included in their total step count. The test measured performance based on the total 

number of steps completed within a 20-second time limit. Before the test, the administrator 

demonstrated the lateral step-up technique visually and verbally and allowed practice attempts to 

ensure proper form. 

 

4.3.7 6-minute walk test (6MWT) 

Walking capacity was assessed using the 6-minute walk test (6MWT).194,207 A loop of two 110-

foot hallways and two 28-foot hallways was used as a track. Traffic cones were used to modify 

the turnaround points. All testing was conducted and assessed in the same looped corridor with a 
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flat, obstacle-free surface. The children were instructed to walk as far as possible without 

running around a track for 6 minutes. Standard encouragements were provided every minute, 

such as "you are doing well, you have 5 minutes to go." and "Keep up the good work. You have 

2 minutes left." The administrator followed and monitored the children during the assessment to 

ensure compliance. The distance covered during 6 minutes were recorded. Good validity and 

test-retest reliability of the 6MWT in individuals with CP has been demonstrated.190,194,207 

 

4.3.8 Statistical analysis 

Data was analyzed using Statistical Package for the Social Sciences (SPSS 28. IBM, 

Armonk, NY, USA). Children with CP and controls were matched for age, sex, and race using 

the case-control matching option. Children with CP were divided into two groups according to 

their CP type for subgroup analysis (i.e., unilateral and bilateral CP). Variables were checked for 

normality by examining skewness, kurtosis, and the Shapiro-Wilk test. Independent t-tests were 

used to determine group differences in normally distributed data. Mann-Whitney U tests were 

used to determine group differences in non-normally distributed data. Bivariate linear regression 

analysis was used to determine if the diameter and shear rate of the popliteal artery were related 

to physical activity and functional tests of the lower limb (LSUT and 6MWT). Multivariate 

linear regression was used to assess the relationships between popliteal diameter, hemodynamic 

responses to physical activity, LSUT scores, and 6MWT distance while accounting for age and 

gastrocnemius muscle volume. Interaction tests were conducted, and interaction terms were 

included in the models if they were statistically significant. The alpha level was set at 0.05. 
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4.4 Results 

4.4.1 Physical characteristics 

 Twenty-eight children with CP and 28 age-, sex-, and race-matched controls participated 

in this study. Physical characteristics of the participants are reported in Table 2. There were no 

group differences in age, height, height percentile, body mass, body mass percentile, BMI, or 

BMI percentile between children with CP and controls or between children with unilateral CP 

and children with bilateral CP.  Children with CP had lower gastrocnemius volume than controls 

in the more-affected- (d = 0.93, p = 0.001) and less-affected (d = 0.62, p = 0.026) leg. Compared 

to controls, children with unilateral CP had lower gastrocnemius volume in the more-affected leg 

(d = 0.85, p = 0.004) while there was no difference in the less-affected leg (d = 0.35, p = 0.272). 

Children with bilateral CP had lower gastrocnemius volume in the more-affected (d = 0.91, p = 

0.006) and less-affected (d = 0.88, p = 0.013) leg compared to controls.  

In the more-affected leg, popliteal arterial diameter was smaller in children with CP than 

in controls (d = 0.84, p = 0.001) and it was significantly smaller in children with unilateral CP (d 

= 0.66, p = 0.004) and bilateral CP (d = 1.10, p = 0.001) than controls. In the less-affected leg, 

popliteal artery diameter was smaller in children with bilateral CP than controls (d = 0.68, p = 

0.030). 

 In the more-affected leg, children with bilateral CP had a higher mean shear rate 

compared to children with unilateral CP (d = 0.73, p = 0.039) and controls (d = 0.94, p = 0.004). 

In the less-affected leg, mean shear rate was higher in children with bilateral CP than those with 

unilateral CP (d = 1.11, p = 0.022), but not controls (d = 0.31, p = 0.294). 
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Table 2. Physical characteristics, muscle estimates, diameter, and shear rate of popliteal artery 

in children with cerebral palsy (CP) and typically developing control children (Con) 

 All CP (n = 28) Unilateral CP (n = 16) Bilateral CP (n = 12) Con (n = 28) 

Age (y) 8.8 ± 2.2 8.9 ± 2.1 8.6 ± 2.4 8.4 ± 2.2 

Sex (boys/girls) 14/14 8/8 6/6 14/14 

Race (White/Black/Asian) 24 / 3 / 1 14/2/0 10/1/1 24/3/1 

GMFCS (I/II) 23/ 5 15 / 1 8 / 4 0 / 0 

Height (m) 1.31 ± 0.14 1.33 ± 0.14 1.29 ± 0.15 1.32 ± 0.15 

Height (%) 47 ± 33 54 ± 34 38 ± 33* 62 ± 26 

Body mass (kg) 28.6 ± 9.1 28.6 ± 8.6 28.6 ± 10.0 29.5 ± 10.4 

Body mass (%) 41 ± 30 41 ± 28 41 ± 35 54 ± 27 

BMI (kg/m2) 16.4 ± 2.7 16.0 ± 2.1 16. 9 ± 3.4 16.5 ± 2.5 

BMI (%) 40 ± 30 36 ± 27 46 ± 33 50 ± 28 

Gastrocnemius volume (cm3)     

     more-affected leg / 

     non-dominant 

76.1 ± 30.3* 77.4 ± 29.9* 74.4 ± 32.1* 112.9 ± 48.4 

     less-affected leg / 

     dominant 

88.1 ± 33.9* 98.2 ± 31.8 74.6 ± 33.0* 112.4 ± 45.0 

Popliteal diameter (mm)     

     more-affected leg / 

     non-dominant 

3.31 ± 0.63* 3.41 ± 0.68* 3.18 ± 0.56* 3.84 ± 0.62 

     less-affected leg / 

     dominant 

3.43 ± 0.50 3.61 ± 0.45 3.20 ± 0.48 3.58 ± 0.59 

Mean shear rate (s-1)     

     more-affected leg / 

     non-dominant 

128 ± 56 111 ± 46 149 ± 62*† 105 ± 41 

     less-affected leg / 

     dominant 

120 ± 46 101 ± 40 146 ± 42† 129 ± 57 

Values are means ± SD; % reflects the percentile relative to age- and sex-based norms; GMFCS = gross motor 

function classification scale; BMI = body mass index; Mean shear rate was measured from the popliteal artery; 

*Different compared with controls, p < 005, †Different compared with unilateral CP, p < 0.05. 
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4.4.2 Differences in physical activity and functional tests 

 Differences in physical activity and functional tests between children with CP and 

controls are shown in Figure 8 and between children with unilateral and bilateral CP and controls 

are shown in Figure 9. Compared to controls, children with CP had significantly lower total 

physical activity, light physical activity, LSUT score, and 6MWT distance (d = 0.54, 0.62, 1.42, 

and 0.66, respectively, all p < 0.05) and higher sedentary physical activity (d = 0.65, p = 0.019). 

They also showed a trend of lower moderate physical activity (d = 0.47, p = 0.088) and 

moderate-to-vigorous physical activity (d = 0.43, p = 0.116) than controls, but they were not 

statistically significant. Children with bilateral CP had significantly lower 6MWT distance than 

children with unilateral CP (d = 1.20, p = 0.004) and controls (d = 1.18, p = 0.002). They also 

had more sedentary activity, less light activity, and lower LSUT scores than controls (d = 0.78, 

0.81, and 1.82, respectively, all p < 0.04). Children with unilateral CP had lower LSUT scores 

than controls (d = 1.32, p = 0.001), but there was no group difference in any other physical 

activity variables or 6MWT distance (all p > 0.05).  
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Fig. 8. Differences in physical activity and functional tests between children with cerebral palsy (CP) and 

typically developing controls (Con). Physical activity intensity was determined with Evenson’s cut 

points,1,2 PA: physical activity; MVPA: moderate-to-vigorous physical activity; LSUT = lateral step-up 

test; 6MWT = 6-minute walk test; *p < 0.05. 
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Fig. 9. Differences in physical activity and functional tests between children with unilateral and bilateral 

cerebral palsy (CP) and typically developing controls (Con). Physical activity intensity was determined 

with Evenson’s cut points,1,2 PA: physical activity; MVPA: moderate-to-vigorous physical activity; LSUT 

= lateral step-up test; 6MWT = 6-minute walk test; *p < 0.05. 
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4.4.3 Popliteal artery diameter and hemodynamics: relationships with physical activity, 

lateral step-up test, and 6-minute walk test 

 Scatter plots illustrating the bivariate relationships between artery diameter and shear rate 

with physical activity, LSUT, and 6MWT are shown in Figure 10. Linear regression analysis 

revealed no significant interactions between side and physical activity, side and LSUT score, or 

side and 6MWT for popliteal diameter (p = 0.969, 0.261, and 0.322, respectively) or shear rate (p 

= 0.895, 0.754, and 0.995, respectively). Thus, data from the more-affected and less-affected side 

were combined for analysis. In the combined sides, popliteal diameter was significantly and 

directly related to 6MWT in children with CP (p < 0.001), while it was significantly and directly 

related to LSUT scores in controls (p < 0.01). Mean shear rate showed a significant inverse 

relationship with both LSUT score and 6MWT in children with CP (p = 0.001 and 0.006, 

respectively), while no significant relationships were found in controls (all p > 0.05). 
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Fig. 10. Scatter plot demonstrating the relationship between diameter and shear rate of popliteal artery 

and physical activity and functional tests of lower limb in children with cerebral palsy (CP) and typically 

developing control children (Con). No significant side by physical activity, LSUT score, or 6MWT 

distance interaction were detected (all p > 0.05), therefore, the regression equation and associated 

regression line are reported for the combined sides (the more- and less-affected leg). 
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Multivariate linear regression models for the combined sides are presented in Table 3. 

When age and gastrocnemius muscle volume were included in the model with physical activity, 

LSUT score, or 6MWT, 6MWT was the only significant predictor of popliteal diameter in 

children with CP (p = 0.005). The LSUT score was a significant predictor of mean shear rate in 

children with CP when age and gastrocnemius volume were included in the model (p = 0.032). 

Age and 6MWT distance were also a significant predictor of shear rate (p = 0.036 and 0.035, 

respectively) in children with CP when they were included in a model with gastrocnemius 

volume. No significant predictors were detected for popliteal diameter or shear rate in controls 

(all p > 0.05). Gastrocnemius muscle volume was not a significant predictor in any models. 
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Table 3. Statistical models for predicting popliteal diameter and shear rate using age, 

gastrocnemius muscle volume, physical activity, and functional tests in children with cerebral 

palsy   

Outcome measure Coefficients β t SE p Std β Model R2, adj R2 

Popliteal diameter       0.208, 0.163** 

 Age (y) 0.060 1.231 0.049 0.224 0.227  

 Muscle volume (g) 0.004 1.355 0.003 0.181 0.248  

 Physical activity 3.23e-7 1.098 <0.001 0.277 0.144  

       0.191, 0.144* 

 Age (y) 0.044 0.921 0.047 0.361 0.165  

 Muscle volume (g) 0.006 1.704 0.003 0.094 0.318  

 LSUT score -4.39e-4 -0.158 0.003 0.875 -0.025  

       0.306, 0.266*** 

 Age (y) 0.050 1.171 0.043 0.247 0.191  

 Muscle volume (g) 0.003 0.869 0.003 0.389 0.149  

 6MWT (m) 0.001 2.950 <0.001 0.005 0.368  

Mean shear rate       0.189, 0.142* 

 Age (y) -8.025 -1.817 4.417 0.075 -0.340  

 Muscle volume (g) -0.191 -0.659 0.290 0.513 -0.122  

 Physical activity 1.72e-7 0.006 <0.001 0.995 0.001  

       0.258, 0.215** 

 Age (y) -6.248 -1.537 4.065 0.130 -0.264  

 Muscle volume (g) 0.017 0.061 0.280 0.951 0.011  

 LSUT score -0.524 -2.200 0.238 0.032 -0.326  

       0.256, 0.213** 

 Age (y) -8.60 -2.153 3.996 0.036 -0.364  

 Muscle volume (g) -4.92e-4 -0.002 0.278 0.999 -3.14e-4  

 6MWT (m) -0.053 -2.168 0.025 0.035 -0.280  

Muscle volume = gastrocnemius muscle volume; Physical activity in counts/day; LSUT = lateral step-up test; 

6MWT = 6-minute walk test; *p < 0.05, **p < 0.01, ***p < 0.001 
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4.5 Discussion 

 A novel observation in the present study, but consistent with our hypothesis, was that the 

small diameter of popliteal artery in children with CP was directly related to their functional 

capacity, as assessed by the 6MWT. These results indicate that children with CP who perform 

better on the 6MWT tend to have a larger popliteal artery diameter and suggest that the smaller 

diameter of the popliteal artery in children with CP might be due to their mobility limitation. 

Another novel observation, but consistent with our hypothesis, was that the high shear rate in the 

popliteal artery of children with CP was inversely related to their functional capacity, as assessed 

by the 6MWT, as well as the LSUT, which is more strongly related to functional muscle 

strength. This result suggests that the higher shear rate observed in children with CP may also be 

related to their mobility limitation, with a greater emphasis on more vigorous activities that 

require greater force generation. However, the relevance of the latter result is unclear. 

Interestingly, no relationships between the vascular measures and measures of functional 

capacity were observed in controls. Contrary to the study's hypotheses, neither the popliteal 

artery diameter nor the shear rate was associated with physical activity in children with CP. 

Controlling for age and gastrocnemius muscle volume, 6MWT emerged as the sole significant 

predictor of popliteal artery diameter in children with CP. This result suggests that children who 

exhibit the poorest lower limb function tend to have smallest popliteal arteries. Additionally, 

LSUT score and 6MWT distance were identified as significant predictors of mean shear rate of 

popliteal artery in children with CP, with age also playing a role in influencing shear rate. This 

observation underscores the importance of lower limb function in vascular function among 

children with CP. In contrast, no significant predictors for popliteal diameter or shear rate were 
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found in controls, indicating that these relationships are particularly relevant to children with CP 

in the present study. 

 The 6MWT is an indicator of one's overall exercise capacity, encompassing the 

pulmonary, cardiovascular, and neuromuscular systems rather than focusing on a single limb in 

the general population.68,132,152,180 The 6MWT is a widely used submaximal exercise test in 

clinical settings, which measures the distance an individual can walk within 6 minutes.180 In 

children with CP, the 6MWT is a reliable tool for measuring walking capacity. The validity and 

reliability of this tool have been reported in children with CP,194,207 and reference values have 

been established for both typically developing children189,208 and children with CP.209,210 

Fitzgerald et al.211 conducted a study in which they used 6MWT scores to measure walking 

abilities in children with CP across GMFCS levels I to III, as well as in typically developing 

children. The results demonstrated significant differences in walking abilities between the 

groups. In the present study, 6MWT distance was directly related to popliteal artery diameter and 

inversely related to the shear rate in children with CP. However, these relationships were not 

observed in controls. The present findings are partially inconsistent with prior literature, which 

demonstrated a weak correlation between 6MWT distance and the results of cardiopulmonary 

exercise testing in ambulatory individuals with CP.202 The prior study concluded that the 6MWT 

is more appropriate for measuring walking capacity than cardiorespiratory fitness in persons with 

CP. Their conclusion appears plausible since the individuals with CP did not achieve VO2 peak 

during the 6MWT. However, the present study demonstrated that, in children with CP, 6MWT 

distance is related to artery diameter and the shear rate of the lower limb, which are directly 

related to cardiorespiratory adaptation. Thus, further studies are needed to determine the role of 

the 6MWT in the assessment of the cardiorespiratory system in children with CP.  
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Unexpectedly, physical activity, which was represented by total physical activity counts, 

did not relate to the diameter and shear rate of popliteal artery in the present study. This is 

inconsistent with previous studies which showed that physical activity can have a positive impact 

on cardiovascular health by affecting the artery diameter in general populations136 and patients 

with spinal cord injuries.297 Considering that one study was conducted in a healthy population 

without mobility limitations,136 and the other involved an intervention of cycling training in 

patients with spinal cord injury,297 it is possible that habitual physical activity alone may not be 

sufficient to induce changes in the diameter and shear rate of the popliteal artery in children with 

CP. Unlike the controlled exercise interventions or the active, mobility-unrestricted individuals 

in these previous studies, children with CP have mobility limitations that may limit the vascular 

adaptations typically associated with physical activity.  

The lateral step-up test is a widely utilized assessment tool for measuring the functional 

muscle strength of the lower extremities.157 The LSUT score showed a direct relationship with 

popliteal artery diameter in the control group, while no such relationship was observed in 

children with CP. It is possible that the relationship between the LSUT score and the popliteal 

artery diameter in controls is due to muscle size, as muscle strength is related to the LSUT 

score,162 and muscle size is related to artery diameter.298 The absence of a relationship between 

the popliteal diameter and the LSUT score in children with CP implies that other variables might 

affect the diameter of the popliteal artery in children with CP apart from muscle size. Limited 

mobility or growth disturbance before birth could be the factors for the smaller artery observed 

in this study. The results of the present study highlight the need for further exploration of such 

factors to better understand the underlying pathophysiology of CP. In children with CP, there 

was an inverse relationship between the LSUT score and shear rate. However, this relationship 
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was not present in the control group. This result is consistent with a previous study in individuals 

with spinal cord injury, which reported that an increase in shear rate was accompanied by a 

decrease in muscle volume.277,299,300 

There are some limitations that should be mentioned. First, our sample size was relatively 

small, although it is large enough to detect the relationships between artery diameter, shear rate, 

physical activity, and functional tests. Second, the physical activity data from the monitor worn 

on the ankle may be more appropriate for analyzing the relationship between physical activity 

and variables from the popliteal artery due to their proximity. However, there are no established 

cut points for activity intensity for monitors worn on the ankle. 

 

4.6 Conclusion 

 The observation that popliteal diameter and shear rate were related to lower limb function 

but not physical activity in children with CP suggests that lower limb function is a better 

indicator of cardiovascular risk in children with CP than physical activity. The results also 

suggest that the 6MWT distance is a significant predictor of vascular measures in CP children. 

Lastly the results suggest that the limited functional capacity of children with CP may suppress 

popliteal artery growth.  
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CHAPTER 5 

INTER-ARM DIFFERENCE IN BLOOD PRESSURE MEASUREMENT 

IN CHILDREN WITH CEREBRAL PALSY 

Lee, J., Batson, T., Modlesky, C.M. To be submitted to Hypertension 
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5.1 Abstract 

Background: Children with CP are at higher risk for elevated blood pressure and hypertension, 

which is linked to their higher levels of adiposity and is consistent with their limited exercise 

capacity. Children with CP often have one side of the body that is more affected. This impact 

may affect blood pressure assessments, typically taken from one side of the body. However, the 

appropriate arm to measure blood pressure in children with CP remains uncertain. 

Objective: The aim of the study was to determine whether blood pressure measurements are 

consistent across arms in ambulatory children with CP. We hypothesized that blood pressure in 

the more-affected arm would be higher than in the less-affected arm and would result in a greater 

number of children classified as having elevated blood pressure or hypertension. 

Methods: Ambulatory children with spastic CP (5 - 11 years) and age-, sex-, and race-matched 

typically developing children were included in the study (n = 33/group). The gross motor 

function classification level, the Modified Ashworth Scale, and the type of CP were assessed. 

Resting systolic and diastolic blood pressure were measured in both arms.  

Results: There was no significant inter-arm difference in blood pressure in children with CP or 

controls (all p > 0.05). Among 33 children in each group, 4 children with CP (all with bilateral 

CP) demonstrated a pathologically significant difference in inter-arm blood pressure (>10 

mmHg) and none in the controls. There was no significant inter-arm difference in blood pressure 

in children with unilateral CP (n = 19) and bilateral CP (n = 14; all p > 0.05). In children with 

CP, 21 % were classified as having elevated blood pressure and 12 % as having hypertension 

when using the blood pressure percentile from the more-affected arm. When using the less-

affected arm, a similar proportion were classified as having elevated blood pressure (18 %) and 

hypertension (15 %). In the control group, 9% were classified as having elevated blood pressure 
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and 6% as having hypertension when using the non-dominant arm. When using the dominant 

arm, a similar proportion was classified as having elevated blood pressure (9 %) and 

hypertension (3 %). Children with CP had higher diastolic blood pressure, mean arterial pressure, 

and diastolic blood pressure percentile on the more-affected arm and higher diastolic blood 

pressure on the less-affected arm (all p < 0.05) compared to controls. 

Conclusion: In most instances, blood pressure measurements taken from the more- and less-

affected arms yield similar results in children with CP. However, almost 30 % of children with 

bilateral CP exhibited a pathologically significant inter-arm difference (>10 mmHg). Thus, 

assessing blood pressure in both arms may be necessary in children with bilateral CP. 

Keywords: Cerebral palsy, blood pressure, inter-arm difference 

 

5.2 Introduction 

Children with CP are at a higher risk for elevated blood pressure, which is associated 

with their excess adiposity, especially in the viscera,262 and is consistent with their limited 

exercise capacity.301 Whether it is associated with low participation in physical activity is 

unclear.71 Researchers demonstrated that blood pressure in ambulatory persons with CP 

depended on GMFCS level.73 However, it is likely linked to mobility limitation, as there is 

evidence that those who walk without limitations have lower blood pressure than those with 

limitations.71,73,153 Furthermore, the higher prevalence of hypertension in children with CP 

compared to the general population continues to adulthood,13 which is also reported in the 

generation population.59-61 Blood pressure is a traditional measure demonstrating cardiovascular 

disease risk. Early identification and intervention of high blood pressure in children may reduce 

cardiovascular disease risk in the future. 
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  One concern about blood pressure measurement in children with CP is the arm used to 

represent blood pressure status best. In the general population, for consistency and comparison 

with standard tables and for the possibility of coarctation of the aorta, the right arm is preferred 

for repeated measurements of blood pressure.39,40 On the other hand, in patients with 

hemiparesis, the nonparetic arm is preferred because the muscle tone in the paretic arm could 

influence blood pressure.41 Additionally, a rating greater than 2 on Modified Ashworth Scale is 

associated with significantly higher blood pressure in patients with hemiplegia.42 In children with 

CP, there is no widely accepted rule yet. In a review about blood pressure in adults with CP,13 

only half of the included studies measured blood pressure in the least affected or unaffected arm. 

Others used the left or right arm regardless of the affected side. Although it is generally 

recommended to measure blood pressure in the right arm for consistency with standard reference 

tables,40 considering that spasticity could affect blood pressure measurements in children with 

CP, it may be more practical to measure blood pressure in their less-affected arm. In a recently 

published study,262 elevated blood pressure was detected in children with CP when it was 

assessed on the less-affected arm. The aim of the present study was to determine whether blood 

pressure measurement is consistent across arms in ambulatory children with CP and to assess its 

impact on the diagnosis of elevated blood pressure or hypertension. We hypothesized that the 

blood pressure in the more-affected arm would be higher than in the less-affected arm leading to 

a greater number of participants diagnosed with elevated blood pressure or hypertension. 
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5.3 Methods 

5.3.1 Participants 

Ambulatory children with spastic CP (5 - 11 y) were recruited as part of a randomized 

controlled trial from the Children’s Healthcare of Atlanta, local schools, pediatric rehabilitation 

centers, and the Cerebral Palsy Foundation using fliers and social media platforms. Typically 

developing children who were matched with children with CP in terms of age (± 1.5y), sex, and 

race, falling within the 5th to 95th percentiles for height and body mass based on sex and age, 

and not engaged in high-level sports, were recruited as controls during the same period, using the 

same methods and from the same locations as children with CP. All participants were required to 

meet certain exclusion criteria, including no current use of medicine that could affect blood 

pressure, no orthopedic surgery or injury within the last 6 months, no presence of a baclofen 

pump in the abdomen, and no botulinum toxin treatment within the last year. Parents or 

guardians provided written informed consent, and children provided oral assent before testing. 

The study was approved by the institutional review board at the University of Georgia. 

 

5.3.2 Anthropometrics 

Height was assessed in an erect standing position with a stadiometer (Seca 217; Seca 

GmbH & Co. KG., Hamburg, GER) to the nearest 0.1 cm. Body mass was assessed with a digital 

weight scale (Detecto 6550, Cardinal Scale, Webb City, MO) to the nearest 0.1 kg. Height and 

body mass were measured while children wore minimal clothing without shoes or braces. Body 

mass index (BMI) was calculated based on height and body mass. 
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5.3.3 Gross Motor Function Classification System (GMFCS) 

Gross motor function was assessed by a health professional using the GMFCS.54 Ratings 

of I and II on the GMFCS indicate gross motor independence, such as independent ambulation, 

with limited ability of speed, balance, and coordination. GMFCS III demonstrates the use of 

assistive devices, and GMFCS IV and V reveal wheelchair-empowered mobility. In this study, 

only those children who were GMFCS levels I and II participated, suggesting all of the 

participants could ambulate independently. 

 

5.3.4 Modified Ashworth Scale 

The Modified Ashworth Scale was performed on children with CP to assess the spasticity 

of their lower limbs. This five-point ordinal scale (0: normal muscle tone, 1: Slight increase in 

tone, 2: More marked increase in tone, but limb easily flexed, 3: Considerable increase in tone, 4: 

limb rigid in flexion) measures resistance encountered during manual passive muscle 

stretching.302 The same rater performed all assessments on ankle plantar flexor muscles 

bilaterally using standardized procedures. 

 

5.3.5 Type of cerebral palsy 

The type of CP (i.e., unilateral and bilateral) was assessed by a health professional. 

Children with unilateral CP were affected on one side of the body, and children with bilateral CP 

were affected on both sides of the body. 
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5.3.6. Blood pressure measurements 

Resting systolic and diastolic blood pressure were measured from both arms in children 

with CP and control with an oscillometric blood pressure device (Suntech 247; Suntech, 

Morrisville, NC). The appropriate size cuff was chosen based on the mid-arm circumference and 

placed over the brachial artery. Participants rested in a seated position with their back supported 

and legs uncrossed for at least 5 minutes before two measurements were obtained at a 1-minute 

interval. Four measurements (twice in the morning and twice after 2 hours of bed rest) were 

obtained during a 2-day period. Evidence shows that the first blood pressure measurement may 

be higher than subsequent measurements.40 However, in our preliminary analysis, there were no 

significant differences between blood pressure measurements in this study. Therefore, an average 

of 4 measurements was used in the data analysis. Mean arterial pressure was calculated as 

follows:  Mean arterial pressure = diastolic blood pressure + 1/3(systolic blood pressure – 

diastolic blood pressure)  

The occurrence of hypertension and elevated blood pressure was identified according to 

the American Academy of Pediatrics’ 2017 clinical practice guideline.40 Age- and sex-based 

pediatric blood pressure reference charts were used to calculate the blood pressure percentile. 

Systolic or diastolic blood pressure more than or equal to the 90th percentile but less than the 

95th percentile was classified as elevated blood pressure and systolic or diastolic blood pressure 

more than or equal to the 95th percentile was classified as hypertension. 
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5.3.7 Statistical analysis 

Data were analyzed using Statistical Package for the Social Sciences (SPSS 28. IBM, 

Armonk, NY, USA). Variables were checked for normality by examining skewness, kurtosis, 

and the Shapiro-Wilk test. Independent t-tests were used to determine group and subgroup 

differences in normally distributed data. Mann- Whitney U tests were used for non-normally 

distributed data and Tanner stage. One-sample t-tests were conducted to determine if height, 

body mass, and BMI were different from the 50th age- and sex-based percentiles.  A group-by-

arm two-way analysis of variance with repeated measures on arm was used to determine if there 

were inter-arm differences in BP and if the differences were consistent across groups. A CP 

subtype-by-arm two-way analysis of variance with repeated measures on arm was used to 

determine if the suspected inter-arm differences in BP in children with CP were consistent across 

children in the unilateral and bilateral CP subtypes. Fisher’s exact tests were used to determine if 

the prevalence of elevated blood pressure or hypertension was different between groups. 

Intraclass correlation coefficient test was conducted to verify the consistency of measurements 

from the more-affected and less-affected arm. Values are presented as mean ± SD unless stated 

otherwise. Alpha level was set at 0.05. Cohen’s d of 0.2, 0.5, and 0.8 were used to represent 

small, medium, and large effect sizes, respectively.303 
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5.4 Results 

Thirty-three children with CP and 33 age-, sex-, and race-matched controls participated in 

this study. Of the 33 children with CP, 19 were classified as unilateral CP, and 14 were classified 

as bilateral CP. The physical characteristics of the groups are reported in Table 4. There were no 

group differences in age, sex, race, height, body mass, or BMI (all p > 0.05). However, there was 

a trend for a lower BMI percentile in children with CP (p = 0.100). 

 

 

  

Table 4. Physical characteristics of children with cerebral palsy (CP) and typically 

developing children (Con). 

Variable CP (n = 33) Unilateral CP (n = 19) Bilateral CP (n = 14) Con (n = 33) 

Age (y) 8.7 ± 2.2 8.9 ± 2.2 8.4 ± 2.2 8.5 ± 2.2 

Sex (M/F) 18/15 10/9 8/6 18/15 

Race (White/Black/Asian) 29/3/1 18/1/0 11/2/1 29/3/1 

Height (m) 1.30 ± 0.14 1.32 ± 0.13 1.28 ± 0.14 1.32 ± 0.15 

Height (%) 48 ± 34 53 ± 33 41 ± 36 59 ± 28 

Body mass (kg) 27.8 ± 7.1 27.8 ± 6.9 27.8 ± 7.8 29.1 ± 10.3 

Body mass (%) 43 ± 29 39 ± 24 48 ± 35 54 ± 29 

BMI (kg/m2) 16.1 ± 2.3 15.7 ± 1.9 16.8 ± 2.8 16.6 ± 2.6 

BMI (%) 39 ± 31 32 ± 26 49 ± 34 52 ± 30 

GMFCS (I/II) 28/5 18/1 10/4 - 

Values are mean ± SD. % reflects the percentile relative to sex- and age-based norms; BMI: body mass index; 

Gross Motor Function Classification System. 
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Inter-arm comparisons of blood pressure measurements in children with CP and controls 

are reported in Figure 11. There was no significant inter-arm difference in blood pressure in 

children with CP (all p > 0.05) or controls (all p > 0.05). Out of the 33 children in each group, 4 

children with CP (12%) exhibited an inter-arm blood pressure difference (>10 mmHg), all of 

which had bilateral CP. None of the children in the control group showed such a difference. 

 

Fig. 11.  Comparison of inter-arm blood pressure in children with cerebral palsy (CP) and typically 

developing control children (controls). BP: blood pressure; Systolic or diastolic blood pressure more than 

or equal to the 90th percentile but less than the 95th percentile was classified as elevated blood pressure, 

and systolic or diastolic blood pressure more than or equal to the 95th percentile was classified as 

hypertension 
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Inter-arm comparisons of blood pressure measurements in children with unilateral CP 

and bilateral CP are reported in Figure 12. No significant inter-arm difference in blood pressure 

was observed in either CP subtype (all p > 0.05).  

 

Fig. 12. Comparison of inter-arm blood pressure in children with unilateral and bilateral cerebral palsy 

(CP). BP: blood pressure; Systolic or diastolic blood pressure more than or equal to the 90th percentile 

but less than the 95th percentile was classified as elevated blood pressure, and systolic or diastolic blood 

pressure more than or equal to the 95th percentile was classified as hypertension 
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The intraclass correlation coefficient (ICC) values for inter-arm blood pressure 

measurements demonstrated excellent reliability, with an ICC of 0.930 for systolic blood 

pressure and 0.914 for diastolic blood pressure. These findings indicate a high degree of 

consistency between measurements obtained from the two arms. Scatterplots in Figure 13 

demonstrate strong relationships between blood pressure measurements from each arm in both 

groups. 
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Fig. 13. Scatter plots and Bland-Altman plot for the inter-arm blood pressure measurements in children 

with cerebral palsy (CP) and typically developing control children (controls). BP: blood pressure; X-axis: 

average of two measurements; Y-axis: blood pressure measurements from the more-affected arm in 

children with CP or non-dominant arm in controls - blood pressure measurements from the less-affected 

arm in children with CP or dominant arm in controls. 
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When elevated blood pressure and hypertension were classified using blood pressure 

percentile from the more-affected arm in children with CP and non-dominant arm in controls, 7 

children were classified as having elevated blood pressure (21 %), and 4 children were classified 

as having hypertension (12 %) in children with CP (n = 33), and 3 children were classified as 

having elevated blood pressure (9 %) and 2 children were classified as having hypertension 

(6 %) in controls (n = 33). When elevated blood pressure and hypertension were classified using 

blood pressure percentile from the less-affected arm in children with CP and the dominant arm in 

controls, 6 (18 %) children were classified as having elevated blood pressure, and 5 (15 %) 

children were classified as having hypertension in children with CP (n = 33), and 3 (9 %) 

children were classified as having elevated blood pressure and 1 (3 %) child was classified as 

having hypertension in controls (n = 33). 

Children with CP showed a higher diastolic blood pressure, mean arterial pressure, and 

diastolic blood pressure percentile on the more-affected arm (d = 0.663, 0.549, and 0.726, all p < 

0.05, respectively) and higher diastolic blood pressure on the less-affected arm (d = 0.528, p = 

0.039) compared to controls.  

No significant difference in the prevalence of elevated blood pressure or hypertension 

was observed between children with CP and controls (p > 0.05). In children with unilateral CP, 

the prevalence of elevated blood pressure or hypertension was similar to that of the controls (p > 

0.05). In contrast, children with bilateral CP exhibited a higher prevalence of elevated blood 

pressure or hypertension compared to the controls (p < 0.05). 
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Fig.14. Comparison of blood pressure in children with cerebral palsy (CP) and controls (Con). Systolic or 

diastolic blood pressure more than or equal to the 90th percentile but less than the 95th percentile was 

classified as elevated blood pressure, and systolic or diastolic blood pressure more than or equal to the 

95th percentile was classified as hypertension. *group difference, p < 0.05 
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5.5 Discussion 

To our knowledge, this is the first study to determine whether there are differences in 

inter-arm blood pressure measurement in children with CP. No significant inter-arm difference in 

blood pressure measurement in ambulatory children with spastic CP and typically developing 

controls were observed in the study. This result is inconsistent with the previous literature that 

observed a higher blood pressure measurement from the spastic arm in patients with 

hemiplegia42 and the literature observed a higher prevalence of inter-arm blood pressure 

difference in post-stroke patients with hemiparesis.304,305 This result is partially consistent with 

previous literature that showed no consistent lateralization of blood pressure in young 

populations.306 Four children with CP showed a significant inter-arm blood pressure difference 

(≥ 10 mmHg, 12 %), and no typically developing control showed a significant inter-arm blood 

pressure difference. This prevalence is lower than the previous literature in young healthy 

participants (21.4 %).306 This inconsistency probably results from differences in the methodology 

applied. In this study, an average of 4 measurements for each arm were used for analysis, while 

previous literature used the average of 2 measurements.306 Karagiannis also averaged their blood 

pressure measurement as done in this study and got a 4.7% prevalence of a significant inter-arm 

blood pressure difference in middle-aged adults (54 ± 18.28y).307 More studies on the occurrence 

of a significant inter-arm blood pressure difference are warranted.  

In subgroup analysis, children with unilateral and bilateral CP did not demonstrate inter-

arm differences in blood pressure. We had anticipated that the inter-arm difference in blood 

pressure would be more pronounced in children with unilateral CP, attributed to their hemiplegic 

symptoms. However, contrary to our expectations, neither group showed a significant inter-arm 

difference in blood pressure. Interestingly, the four participants who exhibited a significant inter-
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arm blood pressure difference were children with bilateral CP. This suggests that the severity or 

type of CP might affect the prevalence of the inter-arm blood pressure difference in children with 

CP. Given that inter-arm blood pressure differences are positively associated with multiple 

cardiovascular diseases,308 this result suggests that children with bilateral CP, who showed great 

mobility limitation, might have more distinct cardiovascular risk factors. However, further 

studies with a larger sample size may be needed to confirm this observation. 

 When elevated blood pressure and hypertension were classified using the blood pressure 

percentile from each arm, the blood pressure percentile from the more-affected arm classified 

one less child with CP as hypertension and one more child with CP as elevated blood pressure, 

while it classified one more control as hypertension in controls, compared to using the blood 

pressure percentile from the less-affected arm. However, no significant differences in the 

prevalence of elevated blood pressure or hypertension were observed between children with CP 

and controls. Moreover, the ICC indicated high consistency between measurements obtained 

from the two arms. These results suggest that the choice of arm for blood pressure measurement 

might not affect the detection of elevated blood pressure and hypertension in these children 

significantly. Clinical practice guidelines for screening and management of high blood pressure 

in children and adolescents strongly recommend measuring blood pressure in the right arm 

unless the child has atypical aortic arch anatomy.40 Considering the local impact of spasticity on 

blood pressure measurement42 from the more-affected arm, utilizing the less-affected arm for 

blood pressure measurement might be more appropriate to identify elevated blood pressure and 

hypertension in children with CP. However, because it is unclear if potential increases in blood 

pressure due to spasticity contribute to cardiovascular disease risk, caution should be used when 

interpreting the results and making appropriate recommendations. 
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Children with CP exhibited higher blood pressure compared to age- sex- and race-

matched controls. This result is consistent with the previous study in our lab.262 The differences 

in blood pressure measurement between children with CP and controls were more distinct on the 

more-affected arm than the less-affected arm, although there was no significant inter-arm 

difference in blood pressure in either group. This suggests that a local factor could affect the 

blood pressure in children with CP and could slightly raise the blood pressure in the more-

affected arms. It supports the idea that spasticity on the arm might affect blood pressure.42 

However, further studies are required to elucidate it. 

It is important to note certain limitations that were not previously mentioned. One of the 

main limitations of this study is the relatively small sample size, which could impact the 

generalizability and strength of the results. In the subgroup analysis, unilateral CP encompassed 

monoplegia and hemiplegia, while bilateral CP included diplegia and quadriplegia. In children 

with monoplegic and diplegic CP, the measurement of blood pressure in both arms might not be 

affected by CP. However, further subgroup analyses were constrained due to the limited sample 

size. Nonetheless, the sample size was sufficient to exhibit the difference in blood pressure 

between children with CP and the control group. Secondly and lastly, spasticity was not assessed 

for the upper limb where the blood pressure was measured, as conducted in the study by Lin.42 

Consequently, the effect of spasticity on the blood pressure measurements in children with CP 

could not be determined. However, no inter-arm difference in blood pressure was observed in 

any group in this study. Therefore, this limitation may not have impacted the conclusion. 
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5.6 Conclusion 

The results of the study suggest that in most instances, blood pressure measurement taken 

from the more- or less-affected arms is similar in ambulatory children with spastic CP. However, 

almost 30 % of children with bilateral CP exhibited a pathologically significant inter-arm 

difference (>10 mmHg). Thus, assessing blood pressure in both arms may be necessary in 

children with bilateral CP. In addition, studies determining the impact and relevance of spasticity 

on arm blood pressure measurement in children with CP are warranted. 
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CHAPTER 6 

CONCLUDING SUMMARY 

The overall objective of this dissertation was to assess the vascular health of children 

with CP. A brief summary of all the three specific aims is below. 

Summary of specific aim 1: The aim of the first study was to determine whether the size 

and hemodynamics of the popliteal artery are compromised in children with CP and whether the 

expected effects persist after adjusting for lower limb muscle size. The main finding was that 

children with CP have a smaller popliteal diameter and higher shear rate compared to typically 

developing controls, which is linked to their small leg muscles. These findings may provide 

mechanistic insights for elevated cardiovascular disease risk in children with CP. 

Future direction: This study only assessed the diameter and shear rate as a vascular health 

parameter. Future studies should look into the variables related to endothelial function, such as 

flow-mediated dilation and intima-media thickness. These additional measures will provide a 

more comprehensive overview of the vascular health in children with CP.  

Summary of specific aim 2: The aim of the second study was to examine the relationship 

between popliteal artery diameter and physical activity and physical function as well as between 

shear rate and physical activity and function in children with CP. The main findings were 

popliteal diameter and shear rate were related to lower limb function rather than physical activity 

in children with CP. 6-minute walk test distance was a significant predictor of vascular measures 

in CP children. These results suggest that the limited functional capacity of children with CP may 

suppress popliteal artery growth. 
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Future direction: This study only assesses physical activity from the monitor worn on the 

hip due to the lack of appropriate cut-points for physical activity intensity in children with CP. 

Future studies should look into physical activity from the monitor worn on the ankle, which 

might provide more related data to the activity limitation of the lower limb in children with CP, 

with an appropriate cut-point for children with CP.   

Summary of specific aim 3: The aim of the third study was to verify the inter-arm 

differences in blood pressure measurements between the more-affected and less-affected arms in 

ambulatory children with spastic CP. The main finding was that blood pressure measurement 

taken from the more- or less-affected arms is similar in ambulatory children with spastic CP. 

However, almost % of children with bilateral CP (n = 4 of 14) exhibited a pathologically 

significant inter-arm difference (>10 mmHg). Thus, assessing blood pressure in both arms may 

be necessary in children with bilateral CP. In addition, studies determining the impact and 

relevance of spasticity on arm blood pressure measurement in children with CP are warranted. 

Future direction: This study only classifies the type of CP into bilateral CP and unilateral 

CP due to the small sample size. Future studies should look into further subdivided CP types 

such as monoplegia, hemiplegia, diplegia, triplegia, and quadriplegia. Furthermore, this study did 

not assess the Modified Ashworth Scale from the upper limb, which would affect the blood 

pressure measurements. Future studies should determine if there is a relationship between muscle 

spasticity of the upper limb and inter-arm blood pressure difference in children with CP. 

In conclusion, children with CP have a smaller popliteal diameter and higher shear rate 

compared to typically developing peers. Physical function can alter these adaptations in children 

with CP. Strategies that can improve vascular health in children with CP are needed.  



106 

 

 

 

References 

1. Evenson KR, Catellier DJ, Gill K, Ondrak KS, McMurray RG. Calibration of two 

objective measures of physical activity for children. J Sports Sci. Dec 2008;26(14):1557-

65. doi:10.1080/02640410802334196 

2. Matey-Rodriguez C, Lopez-Ortiz S, Penin-Grandes S, et al. Validation and Determination 

of Physical Activity Intensity GT3X+ Cut-Points in Children and Adolescents with 

Physical Disabilities: Preliminary Results in a Cerebral Palsy Population. Children 

(Basel). Feb 27 2023;10(3)doi:10.3390/children10030475 

3. Bax M, Goldstein M, Rosenbaum P, et al. Proposed definition and classification of 

cerebral palsy, April 2005. Dev Med Child Neurol. Aug 2005;47(8):571-6. 

doi:10.1017/s001216220500112x 

4. Wimalasundera N, Stevenson VL. Cerebral palsy. Pract Neurol. Jun 2016;16(3):184-94. 

doi:10.1136/practneurol-2015-001184 

5. Rimmer JH, Yamaki K, Lowry BM, Wang E, Vogel LC. Obesity and obesity-related 

secondary conditions in adolescents with intellectual/developmental disabilities. J 

Intellect Disabil Res. Sep 2010;54(9):787-94. doi:10.1111/j.1365-2788.2010.01305.x 

6. van der Slot WM, Roebroeck ME, Nieuwenhuijsen C, et al. Cardiovascular disease risk 

in adults with spastic bilateral cerebral palsy. J Rehabil Med. Sep 2013;45(9):866-72. 

doi:10.2340/16501977-1185 

7. Strauss D, Cable W, Shavelle R. Causes of excess mortality in cerebral palsy. Dev Med 

Child Neurol. Sep 1999;41(9):580-5. doi:10.1017/s001216229900122x 



107 

 

8. Ryan JM, Peterson MD, Ryan N, et al. Mortality due to cardiovascular disease, 

respiratory disease, and cancer in adults with cerebral palsy. Dev Med Child Neurol. Aug 

2019;61(8):924-928. doi:10.1111/dmcn.14176 

9. Duruflé-Tapin A, Colin A, Nicolas B, Lebreton C, Dauvergne F, Gallien P. Analysis of the 

medical causes of death in cerebral palsy. Annals of physical and rehabilitation medicine. 

2014;57(1):24-37. doi:10.1016/j.rehab.2013.11.002 

10. Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. 

Prediction of coronary heart disease using risk factor categories. Circulation. May 12 

1998;97(18):1837-47. doi:10.1161/01.cir.97.18.1837 

11. Ryan JM, Allen E, Gormley J, Hurvitz EA, Peterson MD. The risk, burden, and 

management of non-communicable diseases in cerebral palsy: a scoping review. Dev Med 

Child Neurol. Aug 2018;60(8):753-764. doi:10.1111/dmcn.13737 

12. McPhee PG, Claridge EA, Noorduyn SG, Gorter JW. Cardiovascular disease and related 

risk factors in adults with cerebral palsy: a systematic review. Dev Med Child Neurol. 

Aug 2019;61(8):915-923. doi:10.1111/dmcn.14028 

13. Noten S, van den Berg-Emons RJG, Thorpe DE, et al. Blood pressure in adults with 

cerebral palsy: a systematic review and meta-analysis of individual participant data. J 

Hypertens. Oct 1 2021;39(10):1942-1955. doi:10.1097/HJH.0000000000002912 

14. Goff DC, Lloyd-Jones DM, Bennett G, et al. 2013 ACC/AHA Guideline on the 

Assessment of Cardiovascular Risk. Circulation. 2014;129(25_suppl_2):S49-S73. 

doi:doi:10.1161/01.cir.0000437741.48606.98 

15. Arnett DK, Evans GW, Riley WA. Arterial stiffness: a new cardiovascular risk factor? Am 

J Epidemiol. Oct 15 1994;140(8):669-82. doi:10.1093/oxfordjournals.aje.a117315 



108 

 

16. Salonen R, Tervahauta M, Salonen JT, Pekkanen J, Nissinen A, Karvonen MJ. 

Ultrasonographic manifestations of common carotid atherosclerosis in elderly eastern 

Finnish men. Prevalence and associations with cardiovascular diseases and risk factors. 

Arterioscler Thromb. Oct 1994;14(10):1631-40. doi:10.1161/01.atv.14.10.1631 

17. Jensen-Urstad K, Jensen-Urstad M, Johansson J. Carotid artery diameter correlates with 

risk factors for cardiovascular disease in a population of 55-year-old subjects. Stroke. Aug 

1999;30(8):1572-6. doi:10.1161/01.str.30.8.1572 

18. Sedaghat S, van Sloten TT, Laurent S, et al. Common Carotid Artery Diameter and Risk 

of Cardiovascular Events and Mortality: Pooled Analyses of Four Cohort Studies. 

Hypertension. Jul 2018;72(1):85-92. doi:10.1161/HYPERTENSIONAHA.118.11253 

19. Maruhashi T, Soga J, Fujimura N, et al. Brachial artery diameter as a marker for 

cardiovascular risk assessment: FMD-J study. Atherosclerosis. Jan 2018;268:92-98. 

doi:10.1016/j.atherosclerosis.2017.11.022 

20. Ando J, Tsuboi H, Korenaga R, et al. Shear stress inhibits adhesion of cultured mouse 

endothelial cells to lymphocytes by downregulating VCAM-1 expression. Am J Physiol. 

Sep 1994;267(3 Pt 1):C679-87. doi:10.1152/ajpcell.1994.267.3.C679 

21. Niwa K, Kado T, Sakai J, Karino T. The effects of a shear flow on the uptake of LDL and 

acetylated LDL by an EC monoculture and an EC-SMC coculture. Ann Biomed Eng. Apr 

2004;32(4):537-43. doi:10.1023/b:abme.0000019173.79939.54 

22. Dhawan SS, Avati Nanjundappa RP, Branch JR, et al. Shear stress and plaque 

development. Expert Rev Cardiovasc Ther. Apr 2010;8(4):545-56. doi:10.1586/erc.10.28 



109 

 

23. Koller A, Huang A. Development of Nitric Oxide and Prostaglandin Mediation of Shear 

Stress–Induced Arteriolar Dilation With Aging and Hypertension. Hypertension. 

1999;34(5):1073-1079. doi:doi:10.1161/01.HYP.34.5.1073 

24. Busse R, Fleming I. Pulsatile stretch and shear stress: physical stimuli determining the 

production of endothelium-derived relaxing factors. J Vasc Res. Mar-Apr 1998;35(2):73-

84. doi:10.1159/000025568 

25. Brooks AR, Lelkes PI, Rubanyi GM. Gene expression profiling of human aortic 

endothelial cells exposed to disturbed flow and steady laminar flow. Physiol Genomics. 

2002;9(1):27-41. doi:10.1152/physiolgenomics.00075.2001 

26. Hoeks A, Reneman R. Flow patterns and arterial wall dynamics. 2001:77-87. 

27. Green DJ, Smith KJ. Effects of Exercise on Vascular Function, Structure, and Health in 

Humans. Cold Spring Harb Perspect Med. Apr 2 

2018;8(4)doi:10.1101/cshperspect.a029819 

28. Myers J, Lee M, Kiratli J. Cardiovascular disease in spinal cord injury: an overview of 

prevalence, risk, evaluation, and management. Am J Phys Med Rehabil. Feb 

2007;86(2):142-52. doi:10.1097/PHM.0b013e31802f0247 

29. Bell JW, Chen D, Bahls M, Newcomer SC. Altered resting hemodynamics in lower-

extremity arteries of individuals with spinal cord injury. J Spinal Cord Med. Mar 

2013;36(2):104-11. doi:10.1179/2045772312Y.0000000052 

30. McPhee PG, MacDonald MJ, Cheng JL, Dunford EC, Gorter JW. Emerging evidence for 

accelerated ageing and cardiovascular disease in individuals with cerebral palsy. J 

Rehabil Med. 2019-7-8 2019;51(7):525-531. doi:doi:10.2340/16501977-2564 



110 

 

31. Okutan H, Savas S, Baykal B, Savas C, Buyukyavuz I, Gulsoy U. Diameter of the 

infrarenal abdominal aorta in children with cerebral palsy. Ann Vasc Surg. May 

2005;19(3):343-6. doi:10.1007/s10016-005-0007-3 

32. Cece H, Yetisgin A, Abuh, et al. Evaluation of carotid intima-media thickness, a marker 

of subclinical atherosclerosis, in children with cerebral palsy. Pediatric Radiology. 2012 

2012;42(6):679-684. doi:doi:10.1007/s00247-012-2361-y 

33. Martin AA, Cotie LM, Timmons BW, Gorter JW, MacDonald MJ. Arterial Structure and 

Function in Ambulatory Adolescents with Cerebral Palsy Are Not Different from Healthy 

Controls. International Journal of Pediatrics. 2012 

2012;2012doi:doi:10.1155/2012/168209 

34. Hammam N, Becher H, Andersen J, Manns PJ, Whittaker JL, Pritchard L. Early 

indicators of cardiovascular disease are evident in children and adolescents with cerebral 

palsy. Disabil Health J. 2021-10 2021;14(4):101112. doi:doi:10.1016/j.dhjo.2021.101112 

35. Boyle LJ, Credeur DP, Jenkins NT, et al. Impact of reduced daily physical activity on 

conduit artery flow-mediated dilation and circulating endothelial microparticles. J Appl 

Physiol (1985). Nov 2013;115(10):1519-25. doi:10.1152/japplphysiol.00837.2013 

36. Moore KL, Agur AMR. Essential clinical anatomy. 3rd ed. Lippincott Williams & 

Wilkins; 2007:xx, 692 p. 

37. Venturelli M, Amann M, Trinity JD, Ives SJ, Richardson RS. Spinal cord injury and 

vascular function: evidence from diameter-matched vessels. J Appl Physiol (1985). Mar 1 

2021;130(3):562-570. doi:10.1152/japplphysiol.00329.2020 



111 

 

38. Villar R, Hughson RL. Repeatability of popliteal blood flow and lower limb vascular 

conductance at rest and exercise during body tilt using Doppler ultrasound. Physiol Meas. 

Mar 2013;34(3):291-306. doi:10.1088/0967-3334/34/3/291 

39. National High Blood Pressure Education Program Working Group on High Blood 

Pressure in C, Adolescents. The fourth report on the diagnosis, evaluation, and treatment 

of high blood pressure in children and adolescents. Pediatrics. Aug 2004;114(2 Suppl 4th 

Report):555-76.  

40. Flynn JT, Kaelber DC, Baker-Smith CM, et al. Clinical Practice Guideline for Screening 

and Management of High Blood Pressure in Children and Adolescents. Pediatrics. Sep 

2017;140(3)doi:10.1542/peds.2017-1904 

41. Dewar R, Sykes D, Mulkerrin E, Nicklason F, Thomas D, Seymour R. The effect of 

hemiplegia on blood pressure measurement in the elderly. Postgrad Med J. Nov 

1992;68(805):888-91. doi:10.1136/pgmj.68.805.888 

42. Lin C-M, Lo H-Y, Lee W-K, Chen M-T. Effect of Arm Spasticity Grade on Blood 

Pressure Measurement. 上臂痙攣程度對於血壓量測的影響. 台灣復健醫學雜誌. 

2013;41(3):173-180. doi:10.6315/2013.41(3)03 

43. Surveillance of Cerebral Palsy in E. Surveillance of cerebral palsy in Europe: a 

collaboration of cerebral palsy surveys and registers. Surveillance of Cerebral Palsy in 

Europe (SCPE). Dev Med Child Neurol. Dec 2000;42(12):816-24. 

doi:10.1017/s0012162200001511 

44. Sanger TD, Delgado MR, Gaebler-Spira D, Hallett M, Mink JW, Task Force on 

Childhood Motor D. Classification and definition of disorders causing hypertonia in 

childhood. Pediatrics. Jan 2003;111(1):e89-97. doi:10.1542/peds.111.1.e89 



112 

 

45. Sadowska M, Sarecka-Hujar B, Kopyta I. Cerebral Palsy: Current Opinions on 

Definition, Epidemiology, Risk Factors, Classification and Treatment Options. 

Neuropsychiatr Dis Treat. 2020;16:1505-1518. doi:10.2147/NDT.S235165 

46. Hollung SJ, Vik T, Wiik R, Bakken IJ, Andersen GL. Completeness and correctness of 

cerebral palsy diagnoses in two health registers: implications for estimating prevalence. 

Dev Med Child Neurol. Apr 2017;59(4):402-406. doi:10.1111/dmcn.13341 

47. Mockford M, Caulton JM. The pathophysiological basis of weakness in children with 

cerebral palsy. Pediatr Phys Ther. Summer 2010;22(2):222-33. 

doi:10.1097/PEP.0b013e3181dbaf96 

48. Barrett RS, Lichtwark GA. Gross muscle morphology and structure in spastic cerebral 

palsy: a systematic review. Dev Med Child Neurol. Sep 2010;52(9):794-804. 

doi:10.1111/j.1469-8749.2010.03686.x 

49. Johnson DL, Miller F, Subramanian P, Modlesky CM. Adipose tissue infiltration of 

skeletal muscle in children with cerebral palsy. J Pediatr. May 2009;154(5):715-20. 

doi:10.1016/j.jpeds.2008.10.046 

50. Booth CM, Cortina-Borja MJ, Theologis TN. Collagen accumulation in muscles of 

children with cerebral palsy and correlation with severity of spasticity. Dev Med Child 

Neurol. May 2001;43(5):314-20. doi:10.1017/s0012162201000597 

51. Engsberg JR, Olree KS, Ross SA, Park TS. Quantitative clinical measure of spasticity in 

children with cerebral palsy. Arch Phys Med Rehabil. Jun 1996;77(6):594-9. 

doi:10.1016/s0003-9993(96)90301-9 



113 

 

52. Singh H, Whitney DG, Knight CA, et al. Site-Specific Transmission of a Floor-Based, 

High-Frequency, Low-Magnitude Vibration Stimulus in Children With Spastic Cerebral 

Palsy. Arch Phys Med Rehabil. Feb 2016;97(2):218-23. doi:10.1016/j.apmr.2015.08.434 

53. Modlesky CM, Subramanian P, Miller F. Underdeveloped trabecular bone 

microarchitecture is detected in children with cerebral palsy using high-resolution 

magnetic resonance imaging. Osteoporos Int. Feb 2008;19(2):169-76. 

doi:10.1007/s00198-007-0433-x 

54. Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B. Development and 

reliability of a system to classify gross motor function in children with cerebral palsy. 

Dev Med Child Neurol. Apr 1997;39(4):214-23. doi:10.1111/j.1469-8749.1997.tb07414.x 

55. Wood E, Rosenbaum P. The gross motor function classification system for cerebral palsy: 

a study of reliability and stability over time. Dev Med Child Neurol. May 

2000;42(5):292-6. doi:10.1017/s0012162200000529 

56. Bodkin AW, Robinson C, Perales FP. Reliability and validity of the gross motor function 

classification system for cerebral palsy. Pediatr Phys Ther. Winter 2003;15(4):247-52. 

doi:10.1097/01.PEP.0000096384.19136.02 

57. Feber J, Ahmed M. Hypertension in children: new trends and challenges. Clin Sci (Lond). 

May 14 2010;119(4):151-61. doi:10.1042/CS20090544 

58. Din-Dzietham R, Liu Y, Bielo MV, Shamsa F. High blood pressure trends in children and 

adolescents in national surveys, 1963 to 2002. Circulation. Sep 25 2007;116(13):1488-

96. doi:10.1161/CIRCULATIONAHA.106.683243 

59. Ewald DR, Haldeman Ph DL. Risk Factors in Adolescent Hypertension. Glob Pediatr 

Health. 2016;3:2333794X15625159. doi:10.1177/2333794X15625159 



114 

 

60. Magnussen CG, Smith KJ. Pediatric Blood Pressure and Adult Preclinical Markers of 

Cardiovascular Disease. Clin Med Insights Blood Disord. 2016;9:1-8. 

doi:10.4137/CMBD.S18887 

61. Juhola J, Oikonen M, Magnussen CG, et al. Childhood physical, environmental, and 

genetic predictors of adult hypertension: the cardiovascular risk in young Finns study. 

Circulation. Jul 24 2012;126(4):402-9. doi:10.1161/CIRCULATIONAHA.111.085977 

62. Gialamas A, Kinnell A, Mittinty MN, Davison B, Singh G, Lynch J. Association of 

anthropometric measures and cardiovascular risk factors in children and adolescents: 

Findings from the Aboriginal Birth Cohort study. PLoS One. 2018;13(6):e0199280. 

doi:10.1371/journal.pone.0199280 

63. Falkner B, Gidding SS, Ramirez-Garnica G, Wiltrout SA, West D, Rappaport EB. The 

relationship of body mass index and blood pressure in primary care pediatric patients. J 

Pediatr. Feb 2006;148(2):195-200. doi:10.1016/j.jpeds.2005.10.030 

64. Imoisili OE, Lundeen EA, Freedman DS, et al. Body Mass Index and Blood Pressure 

Improvements With a Pediatric Weight Management Intervention at Federally Qualified 

Health Centers. Acad Pediatr. Mar 2021;21(2):312-320. doi:10.1016/j.acap.2020.11.026 

65. Andersen LB, Harro M, Sardinha LB, et al. Physical activity and clustered cardiovascular 

risk in children: a cross-sectional study (The European Youth Heart Study). Lancet. Jul 22 

2006;368(9532):299-304. doi:10.1016/S0140-6736(06)69075-2 

66. Mark AE, Janssen I. Dose-response relation between physical activity and blood pressure 

in youth. Med Sci Sports Exerc. Jun 2008;40(6):1007-12. 

doi:10.1249/MSS.0b013e318169032d 



115 

 

67. Hatfield DP, Chomitz VR, Chui K, Sacheck J, Economos CD. Exploring New 

Relationships Between Physical Activity Volume and Intensity and Cardiometabolic Risk 

in U.S. Adolescents. J Phys Act Health. Sep 2015;12(9):1312-9. doi:10.1123/jpah.2014-

0418 

68. Hay J, Maximova K, Durksen A, et al. Physical activity intensity and cardiometabolic 

risk in youth. Arch Pediatr Adolesc Med. Nov 2012;166(11):1022-9. 

doi:10.1001/archpediatrics.2012.1028 

69. Muller I, Walter C, Du Randt R, et al. Association between physical activity, 

cardiorespiratory fitness and clustered cardiovascular risk in South African children from 

disadvantaged communities: results from a cross-sectional study. BMJ Open Sport Exerc 

Med. 2020;6(1):e000823. doi:10.1136/bmjsem-2020-000823 

70. Cao M, Tang Y, Li S, Zou Y. Effects of High-Intensity Interval Training and Moderate-

Intensity Continuous Training on Cardiometabolic Risk Factors in Overweight and 

Obesity Children and Adolescents: A Meta-Analysis of Randomized Controlled Trials. Int 

J Environ Res Public Health. Nov 12 2021;18(22)doi:10.3390/ijerph182211905 

71. Ryan JM, Hensey O, McLoughlin B, Lyons A, Gormley J. Reduced moderate-to-vigorous 

physical activity and increased sedentary behavior are associated with elevated blood 

pressure values in children with cerebral palsy. Phys Ther. Aug 2014;94(8):1144-53. 

doi:10.2522/ptj.20130499 

72. Ryan JM, Hensey O, McLoughlin B, Lyons A, Gormley J. Associations of sedentary 

behaviour, physical activity, blood pressure and anthropometric measures with 

cardiorespiratory fitness in children with cerebral palsy. PLoS One. 

2015;10(4):e0123267. doi:10.1371/journal.pone.0123267 



116 

 

73. McPhee PG, Wong-Pack M, Obeid J, MacDonald MJ, Timmons BW, Gorter JW. 

Differences in cardiovascular health in ambulatory persons with cerebral palsy. J Rehabil 

Med. Nov 7 2018;50(10):892-897. doi:10.2340/16501977-2491 

74. Moorthy SS, Davis L, Reddy RV, Dierdorf SF. Blood pressure monitoring in hemiplegic 

patients. Anesth Analg. Feb 1996;82(2):437. doi:10.1097/00000539-199602000-00066 

75. Song P, Zhang Y, Yu J, et al. Global Prevalence of Hypertension in Children: A 

Systematic Review and Meta-analysis. JAMA Pediatr. Dec 1 2019;173(12):1154-1163. 

doi:10.1001/jamapediatrics.2019.3310 

76. Resnick N, Yahav H, Shay-Salit A, et al. Fluid shear stress and the vascular endothelium: 

for better and for worse. Prog Biophys Mol Biol. Apr 2003;81(3):177-99. 

doi:10.1016/s0079-6107(02)00052-4 

77. Koller A, Huang A. Development of nitric oxide and prostaglandin mediation of shear 

stress-induced arteriolar dilation with aging and hypertension. Hypertension. Nov 

1999;34(5):1073-9. doi:10.1161/01.hyp.34.5.1073 

78. Cunningham KS, Gotlieb AI. The role of shear stress in the pathogenesis of 

atherosclerosis. Lab Invest. Jan 2005;85(1):9-23. doi:10.1038/labinvest.3700215 

79. Topper JN, Cai J, Falb D, Gimbrone MA, Jr. Identification of vascular endothelial genes 

differentially responsive to fluid mechanical stimuli: cyclooxygenase-2, manganese 

superoxide dismutase, and endothelial cell nitric oxide synthase are selectively up-

regulated by steady laminar shear stress. Proc Natl Acad Sci U S A. Sep 17 

1996;93(19):10417-22. doi:10.1073/pnas.93.19.10417 

80. Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in atherosclerosis. 

JAMA. Dec 1 1999;282(21):2035-42. doi:10.1001/jama.282.21.2035 



117 

 

81. Nagel T, Resnick N, Dewey CF, Jr., Gimbrone MA, Jr. Vascular endothelial cells respond 

to spatial gradients in fluid shear stress by enhanced activation of transcription factors. 

Arterioscler Thromb Vasc Biol. Aug 1999;19(8):1825-34. doi:10.1161/01.atv.19.8.1825 

82. Chiu JJ, Lee PL, Chen CN, et al. Shear stress increases ICAM-1 and decreases VCAM-1 

and E-selectin expressions induced by tumor necrosis factor-[alpha] in endothelial cells. 

Arterioscler Thromb Vasc Biol. Jan 2004;24(1):73-9. 

doi:10.1161/01.ATV.0000106321.63667.24 

83. Walpola PL, Gotlieb AI, Cybulsky MI, Langille BL. Expression of ICAM-1 and VCAM-

1 and monocyte adherence in arteries exposed to altered shear stress. Arterioscler Thromb 

Vasc Biol. Jan 1995;15(1):2-10. doi:10.1161/01.atv.15.1.2 

84. Frangos JA, Eskin SG, McIntire LV, Ives CL. Flow effects on prostacyclin production by 

cultured human endothelial cells. Science. Mar 22 1985;227(4693):1477-9. 

doi:10.1126/science.3883488 

85. Rubanyi GM, Romero JC, Vanhoutte PM. Flow-induced release of endothelium-derived 

relaxing factor. Am J Physiol. Jun 1986;250(6 Pt 2):H1145-9. 

doi:10.1152/ajpheart.1986.250.6.H1145 

86. Helmlinger G, Berk BC, Nerem RM. Calcium responses of endothelial cell monolayers 

subjected to pulsatile and steady laminar flow differ. Am J Physiol. Aug 1995;269(2 Pt 

1):C367-75. doi:10.1152/ajpcell.1995.269.2.C367 

87. Malek AM, Jackman R, Rosenberg RD, Izumo S. Endothelial expression of 

thrombomodulin is reversibly regulated by fluid shear stress. Circ Res. May 

1994;74(5):852-60. doi:10.1161/01.res.74.5.852 



118 

 

88. Liu SQ. Focal expression of angiotensin II type 1 receptor and smooth muscle cell 

proliferation in the neointima of experimental vein grafts: relation to eddy blood flow. 

Arterioscler Thromb Vasc Biol. Nov 1999;19(11):2630-9. doi:10.1161/01.atv.19.11.2630 

89. Akimoto S, Mitsumata M, Sasaguri T, Yoshida Y. Laminar shear stress inhibits vascular 

endothelial cell proliferation by inducing cyclin-dependent kinase inhibitor 

p21(Sdi1/Cip1/Waf1). Circ Res. Feb 4 2000;86(2):185-90. doi:10.1161/01.res.86.2.185 

90. Wentzel JJ, Janssen E, Vos J, et al. Extension of increased atherosclerotic wall thickness 

into high shear stress regions is associated with loss of compensatory remodeling. 

Circulation. Jul 8 2003;108(1):17-23. doi:10.1161/01.CIR.0000078637.21322.D3 

91. Gnasso A, Carallo C, Irace C, et al. Association between intima-media thickness and wall 

shear stress in common carotid arteries in healthy male subjects. Circulation. Dec 15 

1996;94(12):3257-62. doi:10.1161/01.cir.94.12.3257 

92. Kornet L, Hoeks AP, Lambregts J, Reneman RS. In the femoral artery bifurcation, 

differences in mean wall shear stress within subjects are associated with different intima-

media thicknesses. Arterioscler Thromb Vasc Biol. Dec 1999;19(12):2933-9. 

doi:10.1161/01.atv.19.12.2933 

93. Hwang J, Saha A, Boo YC, et al. Oscillatory shear stress stimulates endothelial 

production of O2- from p47phox-dependent NAD(P)H oxidases, leading to monocyte 

adhesion. J Biol Chem. Nov 21 2003;278(47):47291-8. doi:10.1074/jbc.M305150200 

94. Batty M, Bennett MR, Yu E. The Role of Oxidative Stress in Atherosclerosis. Cells. Nov 

30 2022;11(23)doi:10.3390/cells11233843 

95. De Keulenaer GW, Chappell DC, Ishizaka N, Nerem RM, Alexander RW, Griendling 

KK. Oscillatory and steady laminar shear stress differentially affect human endothelial 



119 

 

redox state: role of a superoxide-producing NADH oxidase. Circ Res. Jun 1 

1998;82(10):1094-101. doi:10.1161/01.res.82.10.1094 

96. Koller A, Kaley G. Shear Stress Dependent Regulation of Vascular Resistance in Health 

and Disease: Role of Endothelium. Endothelium. 1996/01/01 1996;4(4):247-272. 

doi:10.3109/10623329609024701 

97. Glagov S, Zarins C, Giddens DP, Ku DN. Hemodynamics and atherosclerosis. Insights 

and perspectives gained from studies of human arteries. Arch Pathol Lab Med. Oct 

1988;112(10):1018-31.  

98. Zarins CK, Weisenberg E, Kolettis G, Stankunavicius R, Glagov S. Differential 

enlargement of artery segments in response to enlarging atherosclerotic plaques. J Vasc 

Surg. Mar 1988;7(3):386-94.  

99. Kamiya A, Togawa T. Adaptive regulation of wall shear stress to flow change in the 

canine carotid artery. Am J Physiol. Jul 1980;239(1):H14-21. 

doi:10.1152/ajpheart.1980.239.1.H14 

100. Zarins CK, Zatina MA, Giddens DP, Ku DN, Glagov S. Shear stress regulation of artery 

lumen diameter in experimental atherogenesis. J Vasc Surg. Mar 1987;5(3):413-20.  

101. Brownlee RD, Langille BL. Arterial adaptations to altered blood flow. Can J Physiol 

Pharmacol. Jul 1991;69(7):978-83. doi:10.1139/y91-147 

102. Girerd X, London G, Boutouyrie P, Mourad JJ, Safar M, Laurent S. Remodeling of the 

radial artery in response to a chronic increase in shear stress. Hypertension. Mar 

1996;27(3 Pt 2):799-803. doi:10.1161/01.hyp.27.3.799 



120 

 

103. Langille BL, O'Donnell F. Reductions in arterial diameter produced by chronic decreases 

in blood flow are endothelium-dependent. Science. Jan 24 1986;231(4736):405-7. 

doi:10.1126/science.3941904 

104. Schmidt-Trucksass A, Schmid A, Brunner C, et al. Arterial properties of the carotid and 

femoral artery in endurance-trained and paraplegic subjects. J Appl Physiol (1985). Nov 

2000;89(5):1956-63. doi:10.1152/jappl.2000.89.5.1956 

105. Ellis H, Mahadevan V. Clinical Anatomy : Applied Anatomy for Students and Junior 

Doctors. John Wiley & Sons, Incorporated; 2013. 

106. Labropoulos N, Watson WC, Mansour MA, Kang SS, Littooy FN, Baker WH. Acute 

effects of intermittent pneumatic compression on popliteal artery blood flow. Arch Surg. 

Oct 1998;133(10):1072-5. doi:10.1001/archsurg.133.10.1072 

107. Zwiers I, Hoogland CM, Mackaay AJ. Reliability of Ultrasound Diameter Measurements 

in Patients with a Small Asymptomatic Popliteal Artery Aneurysm: An Intra- and Inter-

observer Agreement Study. Eur J Vasc Endovasc Surg. Mar 2016;51(3):410-4. 

doi:10.1016/j.ejvs.2015.12.004 

108. Rakobowchuk M, Crozier J, Glover EI, et al. Short-term unilateral leg immobilization 

alters peripheral but not central arterial structure and function in healthy young humans. 

Eur J Appl Physiol. Feb 2011;111(2):203-10. doi:10.1007/s00421-010-1636-y 

109. Jadidi M, Razian SA, Anttila E, et al. Comparison of morphometric, structural, 

mechanical, and physiologic characteristics of human superficial femoral and popliteal 

arteries. Acta Biomater. Feb 2021;121:431-443. doi:10.1016/j.actbio.2020.11.025 



121 

 

110. Thijssen DH, Dawson EA, Black MA, Hopman MT, Cable NT, Green DJ. Heterogeneity 

in conduit artery function in humans: impact of arterial size. Am J Physiol Heart Circ 

Physiol. Nov 2008;295(5):H1927-34. doi:10.1152/ajpheart.00405.2008 

111. Green DJ, Swart A, Exterkate A, et al. Impact of age, sex and exercise on brachial and 

popliteal artery remodelling in humans. Atherosclerosis. Jun 2010;210(2):525-30. 

doi:10.1016/j.atherosclerosis.2010.01.048 

112. Rossi P, Gargne O, Ayme K, Gavarry O, Boussuges A. Inter-limb changes in arterial 

function after intense cycling exercise. Int J Sports Med. Oct 2014;35(11):889-93. 

doi:10.1055/s-0033-1363983 

113. Debasso R, Astrand H, Bjarnegard N, Ryden Ahlgren A, Sandgren T, Lanne T. The 

popliteal artery, an unusual muscular artery with wall properties similar to the aorta: 

implications for susceptibility to aneurysm formation? J Vasc Surg. Apr 2004;39(4):836-

42. doi:10.1016/j.jvs.2003.12.005 

114. Macchi C, Giannelli F, Catini C, Gulisano M, Pacini P, Brizzi E. The original calibre of 

the lower limbs arteries as a possible risk factor for complications of atherosclerosis: a 

statistical investigation in 90 subjects by echocolor-doppler. Ital J Anat Embryol. Oct-Dec 

1994;99(4):219-28.  

115. Sandgren T, Sonesson B, Ahlgren AR, Lanne T. Factors predicting the diameter of the 

popliteal artery in healthy humans. J Vasc Surg. Aug 1998;28(2):284-9. 

doi:10.1016/s0741-5214(98)70164-8 

116. van den Munckhof I, Scholten R, Cable NT, Hopman MT, Green DJ, Thijssen DH. 

Impact of age and sex on carotid and peripheral arterial wall thickness in humans. Acta 

Physiol (Oxf). Dec 2012;206(4):220-8. doi:10.1111/j.1748-1716.2012.02457.x 



122 

 

117. Parker BA, Ridout SJ, Proctor DN. Age and flow-mediated dilation: a comparison of 

dilatory responsiveness in the brachial and popliteal arteries. Am J Physiol Heart Circ 

Physiol. Dec 2006;291(6):H3043-9. doi:10.1152/ajpheart.00190.2006 

118. Morishima T, Tsuchiya Y, Ueda H, Tsuji K, Ochi E. Sitting-induced Endothelial 

Dysfunction Is Prevented in Endurance-trained Individuals. Med Sci Sports Exerc. Aug 

2020;52(8):1770-1775. doi:10.1249/MSS.0000000000002302 

119. Pinto A, Scaglione R, Galati D, et al. Evaluation of regional haemodynamics and 

alterations of vascular wall of the lower limbs in hypertensive subjects. Eur Heart J. Nov 

1995;16(11):1692-7. doi:10.1093/oxfordjournals.eurheartj.a060796 

120. Karagounis P, Maridaki M, Papaharalampous X, Prionas G, Baltopoulos P. Exercise-

induced arterial adaptations in elite judo athletes. J Sports Sci Med. 2009;8(3):428-34.  

121. Madsen SM, Thorup AC, Overgaard K, Bjerre M, Jeppesen PB. Functional and structural 

vascular adaptations following 8 weeks of low volume high intensity interval training in 

lower leg of type 2 diabetes patients and individuals at high risk of metabolic syndrome. 

Arch Physiol Biochem. 2015;121(5):178-86. doi:10.3109/13813455.2015.1087033 

122. Morishima T, Restaino RM, Walsh LK, Kanaley JA, Fadel PJ, Padilla J. Prolonged 

sitting-induced leg endothelial dysfunction is prevented by fidgeting. Am J Physiol Heart 

Circ Physiol. Jul 1 2016;311(1):H177-82. doi:10.1152/ajpheart.00297.2016 

123. Menendez H, Ferrero C, Martin-Hernandez J, Figueroa A, Marin PJ, Herrero AJ. Chronic 

effects of simultaneous electromyostimulation and vibration on leg blood flow in spinal 

cord injury. Spinal Cord. Dec 2016;54(12):1169-1175. doi:10.1038/sc.2016.60 



123 

 

124. Menendez H, Ferrero C, Martin-Hernandez J, Figueroa A, Marin PJ, Herrero AJ. Acute 

effects of simultaneous electromyostimulation and vibration on leg blood flow in spinal 

cord injury. Spinal Cord. May 2016;54(5):383-9. doi:10.1038/sc.2015.181 

125. Menendez H, Martin-Hernandez J, Ferrero C, Figueroa A, Herrero AJ, Marin PJ. 

Influence of isolated or simultaneous application of electromyostimulation and vibration 

on leg blood flow. Eur J Appl Physiol. Aug 2015;115(8):1747-55. doi:10.1007/s00421-

015-3161-5 

126. Szopa A, Domagalska-Szopa M, Siwiec A, Kwiecien-Czerwieniec I. Effects of Whole-

Body Vibration-Assisted Training on Lower Limb Blood Flow in Children With 

Myelomeningocele. Front Bioeng Biotechnol. 2021;9:601747. 

doi:10.3389/fbioe.2021.601747 

127. Veijalainen A, Tompuri T, Haapala EA, et al. Associations of cardiorespiratory fitness, 

physical activity, and adiposity with arterial stiffness in children. Scand J Med Sci Sports. 

Aug 2016;26(8):943-50. doi:10.1111/sms.12523 

128. Pahkala K, Heinonen OJ, Simell O, et al. Association of physical activity with vascular 

endothelial function and intima-media thickness. Circulation. Nov 1 2011;124(18):1956-

63. doi:10.1161/CIRCULATIONAHA.111.043851 

129. McPhee PG, Gorter JW, Cotie LM, Timmons BW, Bentley T, MacDonald MJ. 

Associations of non-invasive measures of arterial structure and function, and traditional 

indicators of cardiovascular risk in adults with cerebral palsy. Atherosclerosis. 2015 

2015;243(2):462-465. doi:doi:10.1016/j.atherosclerosis.2015.09.035 



124 

 

130. Nordstrom CK, Dwyer KM, Merz CN, Shircore A, Dwyer JH. Leisure time physical 

activity and early atherosclerosis: the Los Angeles Atherosclerosis Study. Am J Med. Jul 

2003;115(1):19-25. doi:10.1016/s0002-9343(03)00242-0 

131. Pae BJ, Lee SK, Kim S, et al. Effect of physical activity on the change in carotid intima-

media thickness: An 8-year prospective cohort study. PLoS One. 2023;18(6):e0287685. 

doi:10.1371/journal.pone.0287685 

132. Denton SJ, Trenell MI, Plotz T, Savory LA, Bailey DP, Kerr CJ. cardiorespiratory fitness 

is associated with hard and light intensity physical activity but not time spent sedentary in 

10-14 year old schoolchildren: the HAPPY study. PLoS One. 2013;8(4):e61073. 

doi:10.1371/journal.pone.0061073 

133. Ekelund U, Sardinha LB, Anderssen SA, et al. Associations between objectively assessed 

physical activity and indicators of body fatness in 9- to 10-y-old European children: a 

population-based study from 4 distinct regions in Europe (the European Youth Heart 

Study). Am J Clin Nutr. Sep 2004;80(3):584-90. doi:10.1093/ajcn/80.3.584 

134. Judice PB, Hetherington-Rauth M, Northstone K, et al. Changes in Physical Activity and 

Sedentary Patterns on Cardiometabolic Outcomes in the Transition to Adolescence: 

International Children's Accelerometry Database 2.0. J Pediatr. Oct 2020;225:166-173 

e1. doi:10.1016/j.jpeds.2020.06.018 

135. Ried-Larsen M, Grontved A, Moller NC, Larsen KT, Froberg K, Andersen LB. 

Associations between objectively measured physical activity intensity in childhood and 

measures of subclinical cardiovascular disease in adolescence: prospective observations 

from the European Youth Heart Study. Br J Sports Med. Oct 2014;48(20):1502-7. 

doi:10.1136/bjsports-2012-091958 



125 

 

136. Kujala UM, Leskinen T, Rottensteiner M, et al. Physical activity and health: Findings 

from Finnish monozygotic twin pairs discordant for physical activity. Scand J Med Sci 

Sports. Sep 2022;32(9):1316-1323. doi:10.1111/sms.14205 

137. Jimenez-Pavon D, Konstabel K, Bergman P, et al. Physical activity and clustered 

cardiovascular disease risk factors in young children: a cross-sectional study (the 

IDEFICS study). BMC Med. Jul 30 2013;11:172. doi:10.1186/1741-7015-11-172 

138. Tan VP, Macdonald HM, Kim S, et al. Influence of physical activity on bone strength in 

children and adolescents: a systematic review and narrative synthesis. J Bone Miner Res. 

Oct 2014;29(10):2161-81. doi:10.1002/jbmr.2254 

139. Gabel L, Macdonald HM, Nettlefold L, McKay HA. Physical Activity, Sedentary Time, 

and Bone Strength From Childhood to Early Adulthood: A Mixed Longitudinal HR-

pQCT study. J Bone Miner Res. Jul 2017;32(7):1525-1536. doi:10.1002/jbmr.3115 

140. Jain RK, Vokes T. Physical activity as measured by accelerometer in NHANES 2005-

2006 is associated with better bone density and trabecular bone score in older adults. 

Arch Osteoporos. Mar 2 2019;14(1):29. doi:10.1007/s11657-019-0583-4 

141. Ganz F, Hammam N, Pritchard L. Sedentary behavior and children with physical 

disabilities: a scoping review. Disabil Rehabil. Oct 2021;43(20):2963-2975. 

doi:10.1080/09638288.2020.1723720 

142. Bania T. Measuring physical activity in young people with cerebral palsy: validity and 

reliability of the ActivPAL monitor. Physiother Res Int. Sep 2014;19(3):186-92. 

doi:10.1002/pri.1584 

143. Puyau MR, Adolph AL, Vohra FA, Butte NF. Validation and calibration of physical 

activity monitors in children. Obes Res. Mar 2002;10(3):150-7. doi:10.1038/oby.2002.24 



126 

 

144. Ryan J, Walsh M, Gormley J. Ability of RT3 accelerometer cut points to detect physical 

activity intensity in ambulatory children with cerebral palsy. Adapt Phys Activ Q. Oct 

2014;31(4):310-24. doi:10.1123/apaq.2013-0088 

145. Gorter JW, Noorduyn SG, Obeid J, Timmons BW. Accelerometry: a feasible method to 

quantify physical activity in ambulatory and nonambulatory adolescents with cerebral 

palsy. Int J Pediatr. 2012;2012:329284. doi:10.1155/2012/329284 

146. Mitchell LE, Ziviani J, Boyd RN. Variability in measuring physical activity in children 

with cerebral palsy. Med Sci Sports Exerc. Jan 2015;47(1):194-200. 

doi:10.1249/mss.0000000000000374 

147. Rhudy MB, Dreisbach SB, Moran MD, Ruggiero MJ, Veerabhadrappa P. Cut points of 

the Actigraph GT9X for moderate and vigorous intensity physical activity at four 

different wear locations. J Sports Sci. Mar 2020;38(5):503-510. 

doi:10.1080/02640414.2019.1707956 

148. Ajja R, Wikkeling-Scott LF, Brazendale K, Hijazi R, Abdulle A. Accelerometer measured 

physical activity patterns of children during segmented school day in Abu Dhabi. BMC 

Pediatr. Apr 17 2021;21(1):182. doi:10.1186/s12887-021-02639-7 

149. Bjornson KF, Belza B, Kartin D, Logsdon R, McLaughlin JF. Ambulatory physical 

activity performance in youth with cerebral palsy and youth who are developing 

typically. Phys Ther. Mar 2007;87(3):248-57. doi:10.2522/ptj.20060157 

150. Capio CM, Sit CH, Abernethy B, Masters RS. Fundamental movement skills and physical 

activity among children with and without cerebral palsy. Res Dev Disabil. Jul-Aug 

2012;33(4):1235-41. doi:10.1016/j.ridd.2012.02.020 



127 

 

151. Okur EO, Inal-Ince D, Saglam M, Vardar-Yagli N, Arikan H. Physical activity patterns in 

children with cerebral palsy and typically developing peers. Physiother Theory Pract. Jul 

12 2019:1-9. doi:10.1080/09593985.2019.1641863 

152. Keawutan P, Bell K, Davies PS, Boyd RN. Systematic review of the relationship between 

habitual physical activity and motor capacity in children with cerebral palsy. Res Dev 

Disabil. Jun 2014;35(6):1301-9. doi:10.1016/j.ridd.2014.03.028 

153. Ryan JM, Crowley VE, Hensey O, Broderick JM, McGahey A, Gormley J. Habitual 

physical activity and cardiometabolic risk factors in adults with cerebral palsy. Res Dev 

Disabil. Sep 2014;35(9):1995-2002. doi:10.1016/j.ridd.2014.03.051 

154. Maher CA, Toohey M, Ferguson M. Physical activity predicts quality of life and 

happiness in children and adolescents with cerebral palsy. Disabil Rehabil. 

2016;38(9):865-9. doi:10.3109/09638288.2015.1066450 

155. van Wely L, Becher JG, Balemans AC, Dallmeijer AJ. Ambulatory activity of children 

with cerebral palsy: which characteristics are important? Dev Med Child Neurol. May 

2012;54(5):436-42. doi:10.1111/j.1469-8749.2012.04251.x 

156. Wentz EE, Bjornson KF, Kerfeld CI, Cicirello N, Fiss AL. Walking Performance, 

Physical Activity, and Validity of the Early Activity Scale for Endurance in Young 

Children with Cerebral Palsy. Phys Occup Ther Pediatr. 2020;40(5):557-570. 

doi:10.1080/01942638.2020.1720055 

157. Ross M. Test-retest reliability of the lateral step-up test in young adult healthy subjects. J 

Orthop Sports Phys Ther. Feb 1997;25(2):128-32. doi:10.2519/jospt.1997.25.2.128 



128 

 

158. Reynolds NL, Worrell TW, Perrin DH. Effect of a Lateral Step-up Exercise Protocol on 

Quadriceps Isokinetic Peak Torque Values and Thigh Girth. J Orthop Sports Phys Ther. 

1992;15(3):151-5. doi:10.2519/jospt.1992.15.3.151 

159. Rosenthal MD, Baer LL, Griffith PP, Schmitz FD, Quillen WS, Finstuen K. 

Comparability of Work Output Measures as Determined by Isokinetic Dynamometry and 

a Closed Kinetic Chain Exercise. Journal of Sport Rehabilitation. 01 Aug. 1994 

1994;3(3):218-227. doi:10.1123/jsr.3.3.218 

160. Sherrington C, Lord SR. Reliability of simple portable tests of physical performance in 

older people after hip fracture. Clin Rehabil. Aug 2005;19(5):496-504. 

doi:10.1191/0269215505cr833oa 

161. Bremander AB, Dahl LL, Roos EM. Validity and reliability of functional performance 

tests in meniscectomized patients with or without knee osteoarthritis. Scand J Med Sci 

Sports. Apr 2007;17(2):120-7. doi:10.1111/j.1600-0838.2006.00544.x 

162. Kwong PWH, Ng SSM. Reliability of the Lateral Step-Up Test and Its Correlation with 

Motor Function and Activity in Chronic Stroke Survivors. Biomed Res Int. 

2020;2020:7859391. doi:10.1155/2020/7859391 

163. Chrysagis N, Skordilis EK, Tsiganos G, Koutsouki D. Validity evidence of the Lateral 

Step Up (LSU) test for adolescents with spastic cerebral palsy. Disabil Rehabil. Jun 

2013;35(11):875-80. doi:10.3109/09638288.2012.711896 

164. Verschuren O, Ketelaar M, Takken T, Van Brussel M, Helders PJ, Gorter JW. Reliability 

of hand-held dynamometry and functional strength tests for the lower extremity in 

children with Cerebral Palsy. Disabil Rehabil. 2008;30(18):1358-66. 

doi:10.1080/09638280701639873 



129 

 

165. Bohannon RW. Considerations and Practical Options for Measuring Muscle Strength: A 

Narrative Review. Biomed Res Int. 2019;2019:8194537. doi:10.1155/2019/8194537 

166. Worrell TW, Borchert B, Erner K, Fritz J, Leerar P. Effect of a lateral step-up exercise 

protocol on quadriceps and lower extremity performance. J Orthop Sports Phys Ther. 

Dec 1993;18(6):646-53. doi:10.2519/jospt.1993.18.6.646 

167. Negrete R, Brophy J. The Relationship between Isokinetic Open and Closed Chain Lower 

Extremity Strength and Functional Performance. Journal of Sport Rehabilitation. 01 Feb. 

2000 2000;9(1):46-61. doi:10.1123/jsr.9.1.46 

168. Wang MY, Flanagan S, Song JE, Greendale GA, Salem GJ. Lower-extremity 

biomechanics during forward and lateral stepping activities in older adults. Clin Biomech 

(Bristol, Avon). Mar 2003;18(3):214-21. doi:10.1016/s0268-0033(02)00204-8 

169. Dallmeijer AJ, Rameckers EA, Houdijk H, de Groot S, Scholtes VA, Becher JG. 

Isometric muscle strength and mobility capacity in children with cerebral palsy. Disabil 

Rehabil. Jan 2017;39(2):135-142. doi:10.3109/09638288.2015.1095950 

170. Kimoto M, Okada K, Sakamoto H, Kondou T. The association between the maximum 

step length test and the walking efficiency in children with cerebral palsy. J Phys Ther 

Sci. May 2017;29(5):822-827. doi:10.1589/jpts.2017.822 

171. Lee JH, Sung IY, Yoo JY. Therapeutic effects of strengthening exercise on gait function 

of cerebral palsy. Disabil Rehabil. 2008;30(19):1439-44. 

doi:10.1080/09638280701618943 

172. Bilde PE, Kliim-Due M, Rasmussen B, Petersen LZ, Petersen TH, Nielsen JB. 

Individualized, home-based interactive training of cerebral palsy children delivered 

through the Internet. BMC Neurol. Mar 9 2011;11:32. doi:10.1186/1471-2377-11-32 



130 

 

173. Lorentzen J, Greve LZ, Kliim-Due M, Rasmussen B, Bilde PE, Nielsen JB. Twenty 

weeks of home-based interactive training of children with cerebral palsy improves 

functional abilities. BMC Neurol. May 10 2015;15:75. doi:10.1186/s12883-015-0334-0 

174. Blundell SW, Shepherd RB, Dean CM, Adams RD, Cahill BM. Functional strength 

training in cerebral palsy: a pilot study of a group circuit training class for children aged 

4-8 years. Clin Rehabil. Feb 2003;17(1):48-57. doi:10.1191/0269215503cr584oa 

175. Auld ML, Johnston LM. "Strong and steady": a community-based strength and balance 

exercise group for children with cerebral palsy. Disabil Rehabil. 2014;36(24):2065-71. 

doi:10.3109/09638288.2014.891054 

176. Gercek N, Tatar Y, Uzun S. Alternative exercise methods for children with cerebral palsy: 

effects of virtual vs. traditional golf training. Int J Dev Disabil. 2022;68(6):933-942. 

doi:10.1080/20473869.2021.1926853 

177. Licea J, Khan OA, Singh T, Modlesky CM. Prefrontal cortex hemodynamic activity 

during a test of lower extremity functional muscle strength in children with cerebral 

palsy: A functional near-infrared spectroscopy study. Eur J Neurosci. Jan 2024;59(2):298-

307. doi:10.1111/ejn.16211 

178. Gillett JG, Lichtwark GA, Boyd RN, Barber LA. Functional Capacity in Adults With 

Cerebral Palsy: Lower Limb Muscle Strength Matters. Arch Phys Med Rehabil. May 

2018;99(5):900-906 e1. doi:10.1016/j.apmr.2018.01.020 

179. V VANT, Alemdaroglu-Gurbuz I, Hanssen B, et al. Reliability of functional tests of the 

lower limbs and core stability in children and adolescents with cerebral palsy. Eur J Phys 

Rehabil Med. Oct 2021;57(5):738-746. doi:10.23736/S1973-9087.21.06627-2 



131 

 

180. Laboratories ATSCoPSfCPF. ATS statement: guidelines for the six-minute walk test. Am 

J Respir Crit Care Med. Jul 1 2002;166(1):111-7. doi:10.1164/ajrccm.166.1.at1102 

181. Balke B. A Simple Field Test for the Assessment of Physical Fitness. Rep 63-6. Rep Civ 

Aeromed Res Inst US. Apr 1963:1-8.  

182. Cooper KH. A means of assessing maximal oxygen intake. Correlation between field and 

treadmill testing. JAMA. Jan 15 1968;203(3):201-4.  

183. McGavin CR, Gupta SP, McHardy GJ. Twelve-minute walking test for assessing 

disability in chronic bronchitis. Br Med J. Apr 3 1976;1(6013):822-3. 

doi:10.1136/bmj.1.6013.822 

184. Butland RJ, Pang J, Gross ER, Woodcock AA, Geddes DM. Two-, six-, and 12-minute 

walking tests in respiratory disease. Br Med J (Clin Res Ed). May 29 

1982;284(6329):1607-8. doi:10.1136/bmj.284.6329.1607 

185. Guyatt GH, Sullivan MJ, Thompson PJ, et al. The 6-minute walk: a new measure of 

exercise capacity in patients with chronic heart failure. Can Med Assoc J. Apr 15 

1985;132(8):919-23.  

186. Solway S, Brooks D, Lacasse Y, Thomas S. A qualitative systematic overview of the 

measurement properties of functional walk tests used in the cardiorespiratory domain. 

Chest. Jan 2001;119(1):256-70. doi:10.1378/chest.119.1.256 

187. Holland AE, Spruit MA, Troosters T, et al. An official European Respiratory 

Society/American Thoracic Society technical standard: field walking tests in chronic 

respiratory disease. Eur Respir J. Dec 2014;44(6):1428-46. 

doi:10.1183/09031936.00150314 



132 

 

188. Bellet RN, Adams L, Morris NR. The 6-minute walk test in outpatient cardiac 

rehabilitation: validity, reliability and responsiveness--a systematic review. 

Physiotherapy. Dec 2012;98(4):277-86. doi:10.1016/j.physio.2011.11.003 

189. Geiger R, Strasak A, Treml B, et al. Six-minute walk test in children and adolescents. J 

Pediatr. Apr 2007;150(4):395-9, 399 e1-2. doi:10.1016/j.jpeds.2006.12.052 

190. Maher CA, Williams MT, Olds TS. The six-minute walk test for children with cerebral 

palsy. Int J Rehabil Res. Jun 2008;31(2):185-8. doi:10.1097/MRR.0b013e32830150f9 

191. Morinder G, Mattsson E, Sollander C, Marcus C, Larsson UE. Six-minute walk test in 

obese children and adolescents: reproducibility and validity. Physiother Res Int. Jun 

2009;14(2):91-104. doi:10.1002/pri.428 

192. Jalili M, Nazem F, Sazvar A, Ranjbar K. Prediction of Maximal Oxygen Uptake by Six-

Minute Walk Test and Body Mass Index in Healthy Boys. J Pediatr. Sep 2018;200:155-

159. doi:10.1016/j.jpeds.2018.04.026 

193. Valerio G, Licenziati MR, Tortorelli P, Calandriello LF, Alicante P, Scalfi L. Lower 

Performance in the Six-Minute Walk Test in Obese Youth With Cardiometabolic Risk 

Clustering. Front Endocrinol (Lausanne). 2018;9:701. doi:10.3389/fendo.2018.00701 

194. Nsenga Leunkeu A, Shephard RJ, Ahmaidi S. Six-minute walk test in children with 

cerebral palsy gross motor function classification system levels I and II: reproducibility, 

validity, and training effects. Arch Phys Med Rehabil. Dec 2012;93(12):2333-9. 

doi:10.1016/j.apmr.2012.06.005 

195. Nixon PA, Joswiak ML, Fricker FJ. A six-minute walk test for assessing exercise 

tolerance in severely ill children. J Pediatr. Sep 1996;129(3):362-6. doi:10.1016/s0022-

3476(96)70067-7 



133 

 

196. Paridon SM, Alpert BS, Boas SR, et al. Clinical stress testing in the pediatric age group: a 

statement from the American Heart Association Council on Cardiovascular Disease in the 

Young, Committee on Atherosclerosis, Hypertension, and Obesity in Youth. Circulation. 

Apr 18 2006;113(15):1905-20. doi:10.1161/CIRCULATIONAHA.106.174375 

197. Bartels B, de Groot JF, Terwee CB. The six-minute walk test in chronic pediatric 

conditions: a systematic review of measurement properties. Phys Ther. Apr 

2013;93(4):529-41. doi:10.2522/ptj.20120210 

198. Dourado VZ, Nishiaka RK, Simoes M, et al. Classification of cardiorespiratory fitness 

using the six-minute walk test in adults: Comparison with cardiopulmonary exercise 

testing. Pulmonology. Nov-Dec 2021;27(6):500-508. doi:10.1016/j.pulmoe.2021.03.006 

199. Manttari A, Suni J, Sievanen H, et al. Six-minute walk test: a tool for predicting maximal 

aerobic power (VO(2 ) max) in healthy adults. Clin Physiol Funct Imaging. May 31 

2018;doi:10.1111/cpf.12525 

200. Ross RM, Murthy JN, Wollak ID, Jackson AS. The six minute walk test accurately 

estimates mean peak oxygen uptake. BMC Pulm Med. May 26 2010;10:31. 

doi:10.1186/1471-2466-10-31 

201. Jenkins S, Cecins N. Six-minute walk test: observed adverse events and oxygen 

desaturation in a large cohort of patients with chronic lung disease. Intern Med J. May 

2011;41(5):416-22. doi:10.1111/j.1445-5994.2010.02169.x 

202. Slaman J, Dallmeijer A, Stam H, et al. The six-minute walk test cannot predict peak 

cardiopulmonary fitness in ambulatory adolescents and young adults with cerebral palsy. 

Arch Phys Med Rehabil. Nov 2013;94(11):2227-33. doi:10.1016/j.apmr.2013.05.023 



134 

 

203. Goh HT, Thompson M, Huang WB, Schafer S. Relationships among measures of knee 

musculoskeletal impairments, gross motor function, and walking efficiency in children 

with cerebral palsy. Pediatr Phys Ther. Winter 2006;18(4):253-61. 

doi:10.1097/01.pep.0000233054.26082.4e 

204. Nelson JA, Boyer ER. Perceived Limitations of Walking in Individuals With Cerebral 

Palsy. Phys Ther. Jul 1 2021;101(7)doi:10.1093/ptj/pzab102 

205. Kimoto M, Okada K, Sakamoto H, Kondou T, Kawanobe U. Relationship between 

walking efficiency and muscular strength of the lower limbs in children with cerebral 

palsy. J Phys Ther Sci. Mar 2019;31(3):232-235. doi:10.1589/jpts.31.232 

206. Verschuren O, Ketelaar M, Keefer D, et al. Identification of a core set of exercise tests for 

children and adolescents with cerebral palsy: a Delphi survey of researchers and 

clinicians. Dev Med Child Neurol. May 2011;53(5):449-56. doi:10.1111/j.1469-

8749.2010.03899.x 

207. Thompson P, Beath T, Bell J, et al. Test-retest reliability of the 10-metre fast walk test and 

6-minute walk test in ambulatory school-aged children with cerebral palsy. Dev Med 

Child Neurol. May 2008;50(5):370-6. doi:10.1111/j.1469-8749.2008.02048.x 

208. Cacau LA, de Santana-Filho VJ, Maynard LG, Gomes MN, Fernandes M, Carvalho VO. 

Reference Values for the Six-Minute Walk Test in Healthy Children and Adolescents: a 

Systematic Review. Braz J Cardiovasc Surg. Sep-Oct 2016;31(5):381-388. 

doi:10.5935/1678-9741.20160081 

209. Fiss AL, Jeffries L, Bjornson K, Avery L, Hanna S, Westcott McCoy S. Developmental 

Trajectories and Reference Percentiles for the 6-Minute Walk Test for Children With 



135 

 

Cerebral Palsy. Pediatr Phys Ther. Jan 2019;31(1):51-59. 

doi:10.1097/PEP.0000000000000552 

210. Martakis K, Stark C, Rehberg M, Semler O, Duran I, Schoenau E. Reference Centiles to 

Monitor the 6-minute-walk Test in Ambulant Children with Cerebral Palsy and 

Identification of Effects after Rehabilitation Utilizing Whole-body Vibration. Dev 

Neurorehabil. Jan 2021;24(1):45-55. doi:10.1080/17518423.2020.1770891 

211. Fitzgerald D, Hickey C, Delahunt E, Walsh M, O'Brien T. Six-Minute Walk Test in 

Children With Spastic Cerebral Palsy and Children Developing Typically. Pediatr Phys 

Ther. Summer 2016;28(2):192-9. doi:10.1097/PEP.0000000000000224 

212. Cohen-Holzer M, Sorek G, Schweizer M, Katz-Leurer M. The influence of a constraint 

and bimanual training program using a variety of modalities on endurance and on the 

cardiac autonomic regulation system of children with unilateral cerebral palsy: A self-

control clinical trial. NeuroRehabilitation. 2017;41(1):119-126. doi:10.3233/NRE-

171463 

213. Swe NN, Sendhilnnathan S, van Den Berg M, Barr C. Over ground walking and body 

weight supported walking improve mobility equally in cerebral palsy: a randomised 

controlled trial. Clin Rehabil. Nov 2015;29(11):1108-16. doi:10.1177/0269215514566249 

214. Williams SA, Reid S, Elliott C, Shipman P, Valentine J. Muscle volume alterations in 

spastic muscles immediately following botulinum toxin type-A treatment in children with 

cerebral palsy. Dev Med Child Neurol. Sep 2013;55(9):813-20. doi:10.1111/dmcn.12200 

215. Sukal-Moulton T, Clancy T, Zhang LQ, Gaebler-Spira D. Clinical application of a robotic 

ankle training program for cerebral palsy compared to the research laboratory 



136 

 

application: does it translate to practice? Arch Phys Med Rehabil. Aug 2014;95(8):1433-

40. doi:10.1016/j.apmr.2014.04.010 

216. Conner BC, Remec NM, Orum EK, Frank EM, Lerner ZF. Wearable Adaptive Resistance 

Training Improves Ankle Strength, Walking Efficiency and Mobility in Cerebral Palsy: A 

Pilot Clinical Trial. IEEE Open J Eng Med Biol. 2020;1:282-289. 

doi:10.1109/ojemb.2020.3035316 

217. Mitchell LE, Ziviani J, Boyd RN. A randomized controlled trial of web-based training to 

increase activity in children with cerebral palsy. Dev Med Child Neurol. Jul 

2016;58(7):767-73. doi:10.1111/dmcn.13065 

218. Brien M, Sveistrup H. An intensive virtual reality program improves functional balance 

and mobility of adolescents with cerebral palsy. Pediatr Phys Ther. Fall 2011;23(3):258-

66. doi:10.1097/PEP.0b013e318227ca0f 

219. Cheng HY, Ju YY, Chen CL, Chuang LL, Cheng CH. Effects of whole body vibration on 

spasticity and lower extremity function in children with cerebral palsy. Hum Mov Sci. Feb 

2015;39:65-72. doi:10.1016/j.humov.2014.11.003 

220. Slone TH. Body surface area misconceptions. Risk Anal. Aug 1993;13(4):375-7. 

doi:10.1111/j.1539-6924.1993.tb00736.x 

221. Heaf JG. The origin of the 1 x 73-m2 body surface area normalization: problems and 

implications. Clin Physiol Funct Imaging. May 2007;27(3):135-7. doi:10.1111/j.1475-

097X.2006.00718.x 

222. Lopez-Martinez M, Luis-Lima S, Morales E, et al. The estimation of GFR and the 

adjustment for BSA in overweight and obesity: a dreadful combination of two errors. Int 

J Obes (Lond). May 2020;44(5):1129-1140. doi:10.1038/s41366-019-0476-z 



137 

 

223. Johnson TN. The problems in scaling adult drug doses to children. Arch Dis Child. Mar 

2008;93(3):207-11. doi:10.1136/adc.2006.114835 

224. Daugirdas JT, Levin NW, Kotanko P, et al. Comparison of proposed alternative methods 

for rescaling dialysis dose: resting energy expenditure, high metabolic rate organ mass, 

liver size, and body surface area. Semin Dial. Sep-Oct 2008;21(5):377-84. 

doi:10.1111/j.1525-139X.2008.00483.x 

225. Sluysmans T, Colan SD. Theoretical and empirical derivation of cardiovascular 

allometric relationships in children. J Appl Physiol (1985). Aug 2005;99(2):445-57. 

doi:10.1152/japplphysiol.01144.2004 

226. Batterham AM, George KP, Whyte G, Sharma S, McKenna W. Scaling cardiac structural 

data by body dimensions: a review of theory, practice, and problems. Int J Sports Med. 

Nov 1999;20(8):495-502. doi:10.1055/s-1999-8844 

227. Kaiser T, Kellenberger CJ, Albisetti M, Bergstrasser E, Valsangiacomo Buechel ER. 

Normal values for aortic diameters in children and adolescents--assessment in vivo by 

contrast-enhanced CMR-angiography. J Cardiovasc Magn Reson. Dec 5 2008;10:56. 

doi:10.1186/1532-429X-10-56 

228. Dallaire F, Dahdah N. New equations and a critical appraisal of coronary artery Z scores 

in healthy children. J Am Soc Echocardiogr. Jan 2011;24(1):60-74. 

doi:10.1016/j.echo.2010.10.004 

229. Voges I, Boll C, Caliebe A, Gabbert D, Uebing A, Krupickova S. Reference Values for 

Ventricular Volumes and Pulmonary Artery Dimensions in Pediatric Patients with 

Transposition of the Great Arteries After Arterial Switch Operation. J Magn Reson 

Imaging. Oct 2021;54(4):1233-1245. doi:10.1002/jmri.27602 



138 

 

230. Kojo M, Yamada K, Izumi T. Normal developmental changes in carotid artery diameter 

measured by echo-tracking. Pediatr Neurol. Mar 1998;18(3):221-6. doi:10.1016/s0887-

8994(97)00195-1 

231. Fang XQ, Zhang H, Zhou JM. Angiography in pediatric patients: Measurement and 

estimation of femoral vessel diameter. Medicine (Baltimore). Jul 31 2020;99(31):e21486. 

doi:10.1097/MD.0000000000021486 

232. Wang SS, Hong WJ, Zhang YQ, et al. Regression equations for calculation of z scores for 

echocardiographic measurements of left heart structures in healthy Han Chinese children. 

J Clin Ultrasound. Jun 2018;46(5):328-333. doi:10.1002/jcu.22579 

233. Naylor LH, Spence AL, Donker SCM, Thijssen DHJ, Green DJ. Is there an athlete's 

artery? A comparison of brachial and femoral artery structure and function in male 

strength, power and endurance athletes. J Sci Med Sport. Jul 2021;24(7):635-640. 

doi:10.1016/j.jsams.2021.02.010 

234. Lip GY, Rathore VS, Katira R, Watson RD, Singh SP. Do Indo-Asians have smaller 

coronary arteries? Postgrad Med J. Aug 1999;75(886):463-6. 

doi:10.1136/pgmj.75.886.463 

235. Roman MJ, Devereux RB, Kramer-Fox R, O'Loughlin J. Two-dimensional 

echocardiographic aortic root dimensions in normal children and adults. Am J Cardiol. 

Sep 1 1989;64(8):507-12. doi:10.1016/0002-9149(89)90430-x 

236. Vinet A, Nottin S, Lecoq AM, Obert P. Cardiovascular responses to progressive cycle 

exercise in healthy children and adults. Int J Sports Med. May 2002;23(4):242-6. 

doi:10.1055/s-2002-29076 



139 

 

237. Sandgren T, Sonesson B, Ahlgren R, Lanne T. The diameter of the common femoral 

artery in healthy human: influence of sex, age, and body size. J Vasc Surg. Mar 

1999;29(3):503-10. doi:10.1016/s0741-5214(99)70279-x 

238. Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and 

weight be known. Archives of Internal Medicine. Jun 1916;17(6):863-871. 

doi:10.1001/archinte.1916.00080130010002 

239. van der Sijs H, Guchelaar HJ. Formulas for calculating body surface area. Ann 

Pharmacother. Feb 2002;36(2):345-6. doi:10.1345/aph.1A134 

240. Haycock GB, Schwartz GJ, Wisotsky DH. Geometric Method for Measuring Body-

Surface Area - Height-Weight Fromula Validated in Infants, Children, and Adults. 

Journal of Pediatrics. 1978;93(1):62-66. doi:10.1016/s0022-3476(78)80601-5 

241. Nafiu OO, Owusu-Bediako K, Chiravuri SD. Effect of Body Mass Index Category on 

Body Surface Area Calculation in Children Undergoing Cardiac Procedures. Anesth 

Analg. Feb 2020;130(2):452-461. doi:10.1213/ANE.0000000000004016 

242. Nevill AM, Holder RL. Scaling, normalizing, and per ratio standards: an allometric 

modeling approach. J Appl Physiol (1985). Sep 1995;79(3):1027-31. 

doi:10.1152/jappl.1995.79.3.1027 

243. Nevill AM, Ramsbottom R, Williams C. Scaling physiological measurements for 

individuals of different body size. Eur J Appl Physiol Occup Physiol. 1992;65(2):110-7. 

doi:10.1007/BF00705066 

244. Jaric S, Mirkov D, Markovic G. Normalizing physical performance tests for body size: a 

proposal for standardization. J Strength Cond Res. May 2005;19(2):467-74. 

doi:10.1519/R-15064.1 



140 

 

245. Zoeller RF, Ryan ED, Gordish-Dressman H, et al. Allometric scaling of biceps strength 

before and after resistance training in men. Med Sci Sports Exerc. Jun 2007;39(6):1013-9. 

doi:10.1249/mss.0b013e3180423aad 

246. Wren TA, Engsberg JR. Normalizing lower extremity strength data for children, 

adolescents, and young adults with cerebral palsy. J Appl Biomech. Aug 2009;25(3):195-

202. doi:10.1123/jab.25.3.195 

247. Meylan CM, Cronin J, Hopkins WG, Oliver J. Adjustment of measures of strength and 

power in youth male athletes differing in body mass and maturation. Pediatr Exerc Sci. 

Feb 2014;26(1):41-8. doi:10.1123/pes.2013-0029 

248. Fricke O, Stabrey A, Tutlewski B, Schoenau E. Mechanographic analyses in pediatrics: 

allometric scaling of 'peak jump force' and its relationship to 'maximal isometric grip 

force' in childhood and adolescence. Klin Padiatr. Dec 2009;221(7):436-9. 

doi:10.1055/s-0029-1238315 

249. Heymsfield SB, Heo M, Pietrobelli A. Are adult body circumferences associated with 

height? Relevance to normative ranges and circumferential indexes. Am J Clin Nutr. Feb 

2011;93(2):302-7. doi:10.3945/ajcn.110.005132 

250. Heymsfield SB, Heo M, Thomas D, Pietrobelli A. Scaling of body composition to height: 

relevance to height-normalized indexes. Am J Clin Nutr. Apr 2011;93(4):736-40. 

doi:10.3945/ajcn.110.007161 

251. Lim J, Schuna JM, Jr., Busa MA, et al. Allometrically Scaled Children's Clinical and 

Free-Living Ambulatory Behavior. Med Sci Sports Exerc. Dec 2016;48(12):2407-2416. 

doi:10.1249/MSS.0000000000001057 



141 

 

252. Lolli L, Batterham AM, Weston KL, Atkinson G. Size Exponents for Scaling Maximal 

Oxygen Uptake in Over 6500 Humans: A Systematic Review and Meta-Analysis. Sports 

Med. Jul 2017;47(7):1405-1419. doi:10.1007/s40279-016-0655-1 

253. Werneck AO, Conde J, Coelho ESMJ, et al. Allometric scaling of aerobic fitness outputs 

in school-aged pubertal girls. BMC Pediatr. Apr 8 2019;19(1):96. doi:10.1186/s12887-

019-1462-2 

254. Heymsfield SB, Hwaung P, Ferreyro-Bravo F, Heo M, Thomas DM, Schuna JM, Jr. 

Scaling of adult human bone and skeletal muscle mass to height in the US population. Am 

J Hum Biol. Jul 2019;31(4):e23252. doi:10.1002/ajhb.23252 

255. Abuli M, Grazioli G, Sanz de la Garza M, et al. Aortic root remodelling in competitive 

athletes. Eur J Prev Cardiol. Sep 2020;27(14):1518-1526. 

doi:10.1177/2047487319894882 

256. Hegde SV, Lensing SY, Greenberg SB. Determining the normal aorta size in children. 

Radiology. Mar 2015;274(3):859-65. doi:10.1148/radiol.14140500 

257. Wren TA, Engsberg JR. Normalizing lower-extremity strength data for children without 

disability using allometric scaling. Arch Phys Med Rehabil. Nov 2007;88(11):1446-51. 

doi:10.1016/j.apmr.2007.06.775 

258. Mahgerefteh J, Lai W, Colan S, et al. Height Versus Body Surface Area to Normalize 

Cardiovascular Measurements in Children Using the Pediatric Heart Network 

Echocardiographic Z-Score Database. Pediatr Cardiol. Aug 2021;42(6):1284-1292. 

doi:10.1007/s00246-021-02609-x 



142 

 

259. Nevill AM, Duncan MJ, Lahart IM, Davies P, Ramirez-Velez R, Sandercock G. Scaling 

children's waist circumference for differences in body size. Am J Hum Biol. Nov 

2017;29(6)doi:10.1002/ajhb.23037 

260. Batterham AM, George KP. Allometric modeling does not determine a dimensionless 

power function ratio for maximal muscular function. J Appl Physiol (1985). Dec 

1997;83(6):2158-66. doi:10.1152/jappl.1997.83.6.2158 

261. Schuna JM, Jr., Peterson CM, Thomas DM, et al. Scaling of adult regional body mass and 

body composition as a whole to height: Relevance to body shape and body mass index. 

Am J Hum Biol. May-Jun 2015;27(3):372-9. doi:10.1002/ajhb.22653 

262. Lee J, Batson T, McCully KK, Shen Y, Modlesky CM. Elevated blood pressure in 

children with cerebral palsy and its relationship with adiposity and physical activity. 

Disability and Health Journal. 2024/05/24/ 2024:101643. 

doi:https://doi.org/10.1016/j.dhjo.2024.101643 

263. Durufle-Tapin A, Colin A, Nicolas B, Lebreton C, Dauvergne F, Gallien P. Analysis of the 

medical causes of death in cerebral palsy. Ann Phys Rehabil Med. Feb 2014;57(1):24-37. 

doi:10.1016/j.rehab.2013.11.002 

264. Batson T, Lee J, Kindler JM, Pollock NK, Barbe MF, Modlesky CM. Cardiometabolic 

Risk and Its Relationship With Visceral Adiposity in Children With Cerebral Palsy. J 

Endocr Soc. Feb 9 2023;7(4):bvad014. doi:10.1210/jendso/bvad014 

265. Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology of 

Atherosclerosis and the Potential to Reduce the Global Burden of Atherothrombotic 

Disease. Circ Res. Feb 19 2016;118(4):535-46. doi:10.1161/CIRCRESAHA.115.307611 



143 

 

266. Wada T, Kodaira K, Fujishiro K, Okamura T. Correlation of common carotid flow 

volume measured by ultrasonic quantitative flowmeter with pathological findings. Stroke. 

Mar 1991;22(3):319-23. doi:10.1161/01.str.22.3.319 

267. Badimon L, Vilahur G. Thrombosis formation on atherosclerotic lesions and plaque 

rupture. J Intern Med. Dec 2014;276(6):618-32. doi:10.1111/joim.12296 

268. Amarenco P, Cohen A. Atherosclerosis of the aortic arch: a possible new source of 

cerebral embolism. Ann Cardiol Angeiol (Paris). May 1994;43(5):278-81. 

L'atherosclerose de la crosse de l'aorte: une nouvelle source possible d'embolie cerebrale.  

269. Zarins CK, Glagov S, Vesselinovitch D, Wissler RW. Aneurysm formation in 

experimental atherosclerosis: relationship to plaque evolution. J Vasc Surg. Sep 

1990;12(3):246-56.  

270. Jensen-Urstad K, Johansson J, Jensen-Urstad M. Vascular function correlates with risk 

factors for cardiovascular disease in a healthy population of 35-year-old subjects. J Intern 

Med. Jun 1997;241(6):507-13. doi:10.1111/j.1365-2796.1997.tb00009.x 

271. Reddy KG, Nair RN, Sheehan HM, Hodgson JM. Evidence that selective endothelial 

dysfunction may occur in the absence of angiographic or ultrasound atherosclerosis in 

patients with risk factors for atherosclerosis. J Am Coll Cardiol. Mar 15 1994;23(4):833-

43. doi:10.1016/0735-1097(94)90627-0 

272. Stevens SL, Holbrook EA, Fuller DK, Morgan DW. Influence of age on step activity 

patterns in children with cerebral palsy and typically developing children. Arch Phys Med 

Rehabil. Dec 2010;91(12):1891-6. doi:10.1016/j.apmr.2010.08.015 

273. Zhang C, Colquitt G, Miller F, Shen Y, Modlesky CM. Preferential deficit of fat-free soft 

tissue in the appendicular region of children with cerebral palsy and proposed statistical 



144 

 

models to capture the deficit. Clin Nutr. May 2020;39(5):1541-1550. 

doi:10.1016/j.clnu.2019.06.020 

274. Bauman WA. The potential metabolic consequences of cerebral palsy: inferences from 

the general population and persons with spinal cord injury. Dev Med Child Neurol. Oct 

2009;51 Suppl 4:64-78. doi:10.1111/j.1469-8749.2009.03430.x 

275. Elder GC, Kirk J, Stewart G, et al. Contributing factors to muscle weakness in children 

with cerebral palsy. Dev Med Child Neurol. Aug 2003;45(8):542-50. 

doi:10.1017/s0012162203000999 

276. Malaiya R, McNee AE, Fry NR, Eve LC, Gough M, Shortland AP. The morphology of 

the medial gastrocnemius in typically developing children and children with spastic 

hemiplegic cerebral palsy. J Electromyogr Kinesiol. Dec 2007;17(6):657-63. 

doi:10.1016/j.jelekin.2007.02.009 

277. Olive JL, Dudley GA, McCully KK. Vascular remodeling after spinal cord injury. Med 

Sci Sports Exerc. Jun 2003;35(6):901-7. doi:10.1249/01.MSS.0000069755.40046.96 

278. Boot CR, Groothuis JT, Van Langen H, Hopman MT. Shear stress levels in paralyzed legs 

of spinal cord-injured individuals with and without nerve degeneration. J Appl Physiol 

(1985). Jun 2002;92(6):2335-40. doi:10.1152/japplphysiol.00340.2001 

279. West CR, Alyahya A, Laher I, Krassioukov A. Peripheral vascular function in spinal cord 

injury: a systematic review. Spinal Cord. Jan 2013;51(1):10-9. doi:10.1038/sc.2012.136 

280. Reneman RS, Arts T, Hoeks AP. Wall shear stress--an important determinant of 

endothelial cell function and structure--in the arterial system in vivo. Discrepancies with 

theory. J Vasc Res. 2006;43(3):251-69. doi:10.1159/000091648 



145 

 

281. Teixeira AL, Padilla J, Vianna LC. Impaired popliteal artery flow-mediated dilation 

caused by reduced daily physical activity is prevented by increased shear stress. J Appl 

Physiol (1985). Jul 1 2017;123(1):49-54. doi:10.1152/japplphysiol.00001.2017 

282. Bianchini EC, A.; Venneri, L.;Faita, F.;Giannarelli, C.;Gemignani, V.;Demi, M. 

Assessment of Cardiovascular Risk Markers from Ultrasound Images: System 

Reproducibility. Computers in Cardiology. 2008;(35):105−108.  

283. Zhang C, Whitney DG, Singh H, et al. Statistical Models to Assess Leg Muscle Mass in 

Ambulatory Children With Spastic Cerebral Palsy Using Dual-Energy X-Ray 

Absorptiometry. J Clin Densitom. Jul - Sep 2019;22(3):391-400. 

doi:10.1016/j.jocd.2018.12.004 

284. Rawal R, Miller F, Modlesky CM. Effect of a novel procedure for limiting motion on 

body composition and bone estimates by dual-energy X-ray absorptiometry in children. J 

Pediatr. Oct 2011;159(4):691-4 e2. doi:10.1016/j.jpeds.2011.05.040 

285. Hampl SE, Hassink SG, Skinner AC, et al. Clinical Practice Guideline for the Evaluation 

and Treatment of Children and Adolescents With Obesity. Pediatrics. Feb 1 

2023;151(2)doi:10.1542/peds.2022-060640 

286. Heymsfield SB, Smith R, Aulet M, et al. Appendicular skeletal muscle mass: 

measurement by dual-photon absorptiometry. Am J Clin Nutr. Aug 1990;52(2):214-8. 

doi:10.1093/ajcn/52.2.214 

287. Duran I, Martakis K, Rehberg M, Stark C, Koy A, Schoenau E. The Appendicular Lean 

Mass Index Is a Suitable Surrogate for Muscle Mass in Children with Cerebral Palsy. J 

Nutr. Oct 1 2019;149(10):1863-1868. doi:10.1093/jn/nxz127 



146 

 

288. Brodszki J, Lanne T, Marsal K, Ley D. Impaired vascular growth in late adolescence after 

intrauterine growth restriction. Circulation. May 24 2005;111(20):2623-8. 

doi:10.1161/CIRCULATIONAHA.104.490326 

289. Wu YW, Croen LA, Shah SJ, Newman TB, Najjar DV. Cerebral palsy in a term 

population: risk factors and neuroimaging findings. Pediatrics. Aug 2006;118(2):690-7. 

doi:10.1542/peds.2006-0278 

290. Bleeker MW, De Groot PC, Poelkens F, Rongen GA, Smits P, Hopman MT. Vascular 

adaptation to 4 wk of deconditioning by unilateral lower limb suspension. Am J Physiol 

Heart Circ Physiol. Apr 2005;288(4):H1747-55. doi:10.1152/ajpheart.00966.2004 

291. De Groot PC, Van Kuppevelt DH, Pons C, Snoek G, Van Der Woude LH, Hopman MT. 

Time course of arterial vascular adaptations to inactivity and paralyses in humans. Med 

Sci Sports Exerc. Dec 2003;35(12):1977-85. doi:10.1249/01.MSS.0000099088.21547.67 

292. Laughlin MH, Newcomer SC, Bender SB. Importance of hemodynamic forces as signals 

for exercise-induced changes in endothelial cell phenotype. J Appl Physiol (1985). Mar 

2008;104(3):588-600. doi:10.1152/japplphysiol.01096.2007 

293. Pan S. Molecular mechanisms responsible for the atheroprotective effects of laminar 

shear stress. Antioxid Redox Signal. Jul 2009;11(7):1669-82. doi:10.1089/ars.2009.2487 

294. Lee SP, Cheung KM, Ko CH, Chiu HC. Is there an accurate method to measure metabolic 

requirement of institutionalized children with spastic cerebral palsy? JPEN J Parenter 

Enteral Nutr. Jul 2011;35(4):530-4. doi:10.1177/0148607110387435 

295. Martin AA, Cotie LM, Timmons BW, Gorter JW, Macdonald MJ. Arterial structure and 

function in ambulatory adolescents with cerebral palsy are not different from healthy 

controls. Int J Pediatr. 2012;2012:168209. doi:10.1155/2012/168209 



147 

 

296. Baque E, Sakzewski L, Trost SG, Boyd RN, Barber L. Validity of Accelerometry to 

Measure Physical Activity Intensity in Children With an Acquired Brain Injury. Pediatr 

Phys Ther. Oct 2017;29(4):322-329. doi:10.1097/PEP.0000000000000439 

297. Gerrits HL, de Haan A, Sargeant AJ, van Langen H, Hopman MT. Peripheral vascular 

changes after electrically stimulated cycle training in people with spinal cord injury. Arch 

Phys Med Rehabil. Jun 2001;82(6):832-9. doi:10.1053/apmr.2001.23305 

298. Huonker M, Schmid A, Schmidt-Trucksass A, Grathwohl D, Keul J. Size and blood flow 

of central and peripheral arteries in highly trained able-bodied and disabled athletes. J 

Appl Physiol (1985). Aug 2003;95(2):685-91. doi:10.1152/japplphysiol.00710.2001 

299. de Groot PC, Bleeker MW, van Kuppevelt DH, van der Woude LH, Hopman MT. Rapid 

and extensive arterial adaptations after spinal cord injury. Arch Phys Med Rehabil. May 

2006;87(5):688-96. doi:10.1016/j.apmr.2006.01.022 

300. Olive JL, McCully KK, Dudley GA. Blood flow response in individuals with incomplete 

spinal cord injuries. Spinal Cord. Dec 2002;40(12):639-45. doi:10.1038/sj.sc.3101379 

301. Zwier JN, van Schie PE, Becher JG, Smits DW, Gorter JW, Dallmeijer AJ. Physical 

activity in young children with cerebral palsy. Disabil Rehabil. 2010;32(18):1501-8. 

doi:10.3109/09638288.2010.497017 

302. Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale of muscle 

spasticity. Phys Ther. Feb 1987;67(2):206-7. doi:10.1093/ptj/67.2.206 

303. Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. L. Erlbaum 

Associates; 1988:xxi, 567 p. 



148 

 

304. Peng HP, Tao L, Tang M, Su H. Inter-arm blood pressure difference in post-stroke 

patients with hemiparesis. J Hum Hypertens. Mar 2024;38(3):228-231. 

doi:10.1038/s41371-023-00886-y 

305. Gaynor E, Brewer L, Mellon L, et al. Interarm blood pressure difference in a post-stroke 

population. J Am Soc Hypertens. Sep 2017;11(9):565-572 e5. 

doi:10.1016/j.jash.2017.06.008 

306. Grossman A, Prokupetz A, Gordon B, Morag-Koren N, Grossman E. Inter-arm blood 

pressure differences in young, healthy patients. J Clin Hypertens (Greenwich). Aug 

2013;15(8):575-8. doi:10.1111/jch.12125 

307. Karagiannis A, Tziomalos K, Krikis N, Sfikas G, Dona K, Zamboulis C. The unilateral 

measurement of blood pressure may mask the diagnosis or delay the effective treatment 

of hypertension. Angiology. Sep-Oct 2005;56(5):565-9. 

doi:10.1177/000331970505600507 

308. Heshmat-Ghahdarijani K, Ghasempour Dabaghi G, Rabiee Rad M, Bahri Najafi M. The 

Relation Between Inter Arm Blood Pressure Difference and Presence of Cardiovascular 

Disease: A Review of Current Findings. Curr Probl Cardiol. Nov 2022;47(11):101087. 

doi:10.1016/j.cpcardiol.2021.101087 

 

 


