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Abstract  

Background: Bone health is often compromised after stroke with greater incidence of fracture 

on the paretic side. Unilateral alterations to paretic muscle are also a common sequela after 

stroke. Although the relationship between bone integrity and muscle strength post-stroke is 

well-established, the association between specific muscle material changes and the 

mechanical strength of bone is unknown. Moreover, alterations in bone tissue properties and 

their clinical correlates require further study. Objectives: The main objectives of this thesis 

project were (1) to investigate the impact of stroke on the bone properties of the distal radius 

and tibia using High Resolution – peripheral Quantitative Computed Tomography (HR-

pQCT), and muscle properties of the biceps brachii and the medial gastrocnemius, and (2) to 

identify the correlates of mechanical bone strength and muscle tissue alterations in people 

with chronic stroke. Methods: This was a cross-sectional project involving 64 participants 

with chronic stroke (age: 60.8±7.7 years, stroke duration: 5.7±3.9 years) and 64 age- and sex-

matched controls. Bilateral bone parameters of the distal radius and tibia were measured 

using HR-pQCT. Muscle architecture, stiffness and composition as well as brachial and 

popliteal artery vascular outcomes were evaluated using B-mode, elastography, pulse wave 

and color Doppler ultrasound. Other relevant clinical and functional outcomes were also 

assessed. A mixed design two-way repeated measures analysis of variance (ANOVA) was 

used to compare within and between group differences for all bilaterally assessed variables of 

the upper and lower limbs (p≤0.05). Post hoc analyses involved paired t-test for within-group 

differences and independent t-tests for between-group differences (p≤0.017). Pearson’s 

correlations were used to determine associations between the side-to-side difference (%SSD) 

in all bilaterally assessed variables (p≤0.05). Lastly, multiple regression was used to 

determine significant predictors of percent side-to-side difference (%SSD) in estimated 

failure load of the distal radius and tibia for the stroke group. Results: There was a significant 

side by group interaction effect for estimated failure load and all volumetric density, 

trabecular, and cortical bone parameters (p≤0.012) of the distal radius, with the exception of 

intra-cortical porosity (p=0.179). Post hoc analyses showed percent side-to-side differences 

in these outcomes occurred only in the stroke group. Muscle echo intensity (p=0.030), Motor 

Activity Log (MAL) (p=0.004), and Fugl-Meyer Motor Assessment (FMA) scores (p<0.001) 

were significant determinants of the percent side-to-side difference in estimated failure load 

of the distal radius. For the distal tibia, a significant side by group interaction effect was 

observed for estimated failure load (p≤0.001), cortical area and thickness (p≤0.001), and all 

volumetric density parameters (p≤0.009). Post hoc analyses revealed significant side-to-side 
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differences in these parameters for the stroke group but not for controls. Multivariate 

regression analyses showed that the 10-meter walk test (p=0.043) and the ankle clonus score 

of the Composite Spasticity Scale (p=0.032) scores were significant predictors of %SSD in 

estimated failure load (R2=0.213). Conclusion: This study showed that bone microstructure in 

the paretic upper limb and bone density and cortical macrostructure in the lower limb are 

significantly altered on the paretic side post-stroke. Muscle morphology, disuse, motor 

impairment, walking speed and spasticity are important correlates of distal radius and tibia 

bone strength and should be the potential targets for intervention to either maintain or 

improve bone health after stroke. 
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Chapter 1. Introduction 

 

1.1 Epidemiology of stroke 

There is an increased societal burden of disease and disability which accompanies 

age-associated declines in physical and psychological function. In just over two decades time, 

the number of elderly aged 65 and above in Hong Kong doubled from half a million in 1988 

to almost 1 million in 2008 (1). By 2036 it is projected to more than double again (i.e., 2.3 

million) (1). Given this demographic shift, the prevalence of stroke among the elderly is a 

concern. Globally, stroke is a leading cause of neurologically-related disability (2). The 

prevalence of stroke is rising in Hong Kong (1). By 2030, it’s estimated that the number of 

deaths due to stroke is expected to reach 8.2 million accounting for 12% of all deaths 

worldwide for that year. In Hong Kong, the number of community and institution-dwelling 

people aged 65 and above with stroke is projected to more than double between 2010 and 

2036 from 61,000 to 162,000 accounting for more than 5% of the population (1). Health care 

expenditures are also expected to rise. Approximately HKD$4,529 million will be spent on 

institutional care among people aged 65 and above with stroke in Hong Kong by 2036 (1). 

Conventional stroke rehabilitation commonly involves strategies for improving motor 

function (3) and neuroplasticity (4), as stroke is commonly classified as neurological condition. 

The musculoskeletal system however, has received relatively little attention and is often 

granted lower priority during treatment (5). A growing body of evidence suggests that both 

muscle and bone sustain considerable changes after stroke which may ultimately have 

substantial overall health implications (6).  

 

1.2 Muscle properties and alterations after stroke 

Muscle weakness is common after stroke (7). Associated lesions in the brain after 

stroke interrupt the descending motor pathways and produce varying degrees of 

neuromuscular impairment in the upper and lower extremities (8). Unilateral alterations in 

muscle structure (9), composition (10,11) and viscoelastic material characteristics (11) are often 

common corollaries resulting from neuromuscular impairment after stroke. These stroke-

related structural and morphological muscle alterations may cause functional and strength 

declines (12). In paretic muscles, physiological changes lead to diminished motor activation 

through the degeneration of high threshold motor units (13) and may reduce the overall 
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number of functional motor units resulting in shifts in fiber type expression (14). Changes in 

muscle cross-sectional area caused by atrophy (12) and altered composition from increased 

intramuscular adiposity (15) have also been reported which may worsen functional disability 

(15). Muscle spasticity is often evident post-stroke (16). These functional declines may also lead 

to further physiological changes within muscle such as altered sarcomere twitch dynamics 

(17), muscle fascicle shortening (9) , and intramuscular collagen accumulation (18,19).   Altered 

structural parameters, such as muscle pennation, fiber length (i.e., fascicle length) and 

thickness, have also been shown to be correlated with measures of spasticity (i.e., Modified 

Ashworth Scale) among individuals with stroke (20). Additionally, structural and physiological 

changes may also lead to the development of  painful contractures (21), thus potentially 

resulting in further loss of function over time. 

Muscle tissue stiffness is a biomechanical tissue property that may be an important 

determinant of stroke-related impairment (11). As the use of diagnostic musculoskeletal 

ultrasound increases in prevalence among physical medicine training programs (22) and in 

clinical settings (23), ultrasound systems with advanced tissue imaging capabilities for 

measuring muscle biomechanical properties may be useful in assessing tissue alterations in 

people with chronic stroke and other populations with neurological conditions (24,25). Until 

recently, in vivo assessment of muscle tissue stiffness was considered to be procedurally 

complex, ineffective in isolating specific tissue regions and may not be feasible across 

clinical settings (26,27). 

Ultrasound elastography provides a direct, non-invasive quantification of 

biomechanical stiffness in real-time for individual muscle sites (28). Elastography is a recently 

developed non-invasive ultrasound imaging modality used for in-vivo measurement of  tissue 

biomechanical properties (i.e., stiffness) in human subjects (11,29,30). The method of assessment 

involves the application of an acoustic radiation force impulses (AFRI) to induce shear waves 

in a tissue medium. Transverse and longitudinal particle motions are tracked in order to 

measure the shear wave propagation velocity and dispersion within the tissue. The resultant 

velocity can then be used to calculate a modulus or material stiffness value (i.e., shear 

modulus). Larger shear wave velocities and modulus values are generally representative of 

stiffer tissues. Shear wave elastography (SWE) and other ultrasound-based musculoskeletal 

elastography techniques have been used to examine populations with characteristic 

biomechanical tissue alterations such as individuals with cerebral palsy (31-37), Parkinson’s 

disease (38,39), myopathy (40) and Duchenne muscular dystrophy (41,42). To date, relatively few 

studies have involved the use of ultrasound elastography to measure muscle tissue stiffness in 
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people with stroke (10,11,43-47). Subject samples (n=3-31) and stage of stroke recovery since 

onset varied across these studies. An important study by Lee et al. measuring upper extremity 

muscle stiffness in a group of individuals with chronic stroke (n=16) showed that the shear 

wave velocity was significantly greater for muscles of the stroke-affected compared to the 

non-affected side (69.5% bilateral difference) (11). Wu et al. later confirmed these findings 

among patients with acute stroke (n=31) (43). In a more recent study by Gao et al examining 

the stiffness of the biceps brachii muscle among participants with chronic stroke (n=24) and 

controls, the muscles of paretic sides showed significantly greater stiffness compared to the 

non-paretic sides and the bilateral limbs of healthy controls (10).  

Several of the aforementioned studies also examined the association between muscle 

stiffness and clinical measures of function. A significant negative association between the 

side-to-side difference in muscle stiffness and Fugl-Meyer motor scores was identified, 

suggesting that paretic limb muscle stiffness may be closely related to functional deficits (11). 

However, these results were based on a small sample of individuals with chronic stroke 

(n=16). With regards to spasticity, a significant negative correlation has been demonstrated 

between stiffness and passive range of motion (R2 = −0.88, p < 0.001) in spastic upper limbs, 

as assessed with the Modified Ashworth and Tardieu Scales in people with chronic stroke. 

These findings elude to a potential relationship between stiffness and spasticity (10). Again, 

these results were based on only a moderate sample size (n=12 participants without spasticity, 

n=12 participants with spasticity). Additionally, the muscles of the lower extremity were not 

assessed in these studies. Alterations in the mechanical properties of lower limb muscles may 

affect walking ability post-stroke (48). Another study by Jakubowski et al showed that a 

similar pattern of unilateral muscle stiffness was evident for the paretic plantar and 

dorsiflexor muscles at varying ranges of motion and joint torque among individuals with 

chronic stroke (n=14) (45). No study has yet to assess muscle biomechanical properties using 

SWE in both the upper and lower extremities concomitantly. This may provide important 

information, as the resultant clinical implications may differ for the upper and lower limbs.     

 

1.3 Bone properties and alterations after stroke 

Accessory to the aforementioned changes incurred by muscle, detrimental alterations to 

bone structural properties are also evident post stroke (49-56). It is well know that the capacity 

of bone to fulfill its mechanical function is diminished in states of disease, such as 

osteoporosis (57). Stroke-related impairment and consequent hemiosteoporosis of paretic limbs 

may also exacerbate diminution of bone tissue integrity and proclivity to fracture (58,59) which 
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can lead to serious health consequences (60,61). Incident fractures are more likely occur in 

stroke survivors than age- and sex-matched individuals without a history of stroke (58). The 

direction of falls (62) and the site of fracture(63) are more likely to occur on the stroke-affected 

side. Moreover, stroke-related changes to bone are often evident even within the first year 

following stroke onset (59) and may be independent of other factors effecting bone metabolism 

such as body composition and weight (64). While disuse may be a main factor contributing to 

bone loss in the non-weight bearing paretic upper limb (54,65), abnormal gait patterns and 

differences in mechanical loading between the paretic and non-paretic sides appear to be 

important contributors to bone loss in the weight bearing lower limbs (66-68).  

Studies of areal bone mineral density (aBMD) using dual-energy X-ray absorptiometry 

(DXA) have shown that loss of bone density is more pronounced on the paretic side for 

multiple bone sites (i.e., humerus, radius, femur, tibia) based on stroke duration, with 

presumably greater bilateral deficits in bone parameters at a given measurement site as time 

from stroke onset increases (69). During the acute phase of stroke recovery (< 1 month) (65,66,70-

77), little or no bilateral difference was observable. During the subacute phase (1-6 months)  

(59,64,67,78-83)  bilateral differences were found between paretic and non-paretic sides in upper 

and lower limb bone sites. In cross-sectional studies involving patients in the chronic phase 

of stroke recovery (≥ 6 months) (49-51,54,68,84-89), a common finding for the upper limb was a 

lower aBMD on the paretic side relative to the non-paretic side at the site of the radius (82,83), 

humerus (59,82) and total arm (90,91). Similar findings were reported for the lower limb at the 

sites of the femur(78,82) and calcaneus(82). The results from longitudinal studies suggest that 

although the loss of bone density may be challenging to prevent (73), less bone loss was 

observed in patients following early motor recovery, mobilization, and weight-bearing(70,92).    

Although the use of DXA is common in clinical settings, a significant limitation of 

this imaging modality may be the inability to assess additional factors related to bone loss 

other than quantity (i.e., aBMD) (93). Methods used to assess bone geometry may be required 

for identifying patients most at risk of fracture (93).  Measures of bone geometry have been 

identified as important determinants of mechanical bone strength (94). Peripheral quantitative 

computed tomography (pQCT) has been used to examine the impact of stroke on both 

volumetric bone density and bone geometry (49-56,89,95,96). In studies involving people with 

chronic stroke, both bone mass and geometric properties were compromised in the paretic 

distal radius (49,52-54,96) and distal tibia (50,51,55,68,89,95,96) in comparison to the non-paretic side. 

These studies also showed lower bone strength indices in the paretic limbs.  
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According to a recent systematic review and meta-analysis on the impact of stroke on 

bone properties, the magnitude of bilateral difference in bone loss may be more pronounced 

for the upper limb compared to the lower limb (69). Recovery of bone in the upper limb (56)  is 

also less in comparison to the recovery of bone in the lower limb (97). The systematic review 

also highlighted the lack of studies reporting changes in bone microstructure post-stroke.(69) 

A significant limitation associated with previous studies involving the use of pQCT was 

the relatively low resolution of the scans (pixel size: 0.2-1.0mm) in comparison to high-

resolution peripheral quantitative computed tomography (HR-pQCT) (pixel size: 41-246μm). 

Previously it was not possible to measure microstructural bone parameters (i.e., cortical 

porosity, trabecular number, trabecular thickness, trabecular separation), which are important 

factors in determining mechanical bone strength (98,99). Another limitation of previous pQCT 

scanners is that they cannot be used for obtaining accurate measures of cortical thickness in 

people with stroke given the relatively thinner cortical shells of paretic sides despite no 

bilateral difference in total bone area (49). Accurate measures of cortical thickness may be 

particularly important for assessing the upper limb when considering that the distal radius is a 

site where Colles-type fractures are likely to occur (99,100). Additionally, deficits in 

microstructural bone parameters, such as intracortical porosity, have been shown to 

contribute to fracture in postmenopausal women (99). Fewer trabecular number and greater 

separation between trabeculae at the distal radius has been observed for osteopenic women 

who sustained a fracture, while their counterparts without fracture exhibited an opposing 

trend for these microstructural bone parameters (101). 

 HR-pQCT provides reliable and valid measurements of macrostructural, microstructural 

and mechanical bone strength parameters at the distal radius and tibia. The estimation of bone 

strength is calculated by converting bone images into 3-dimensional voxel reconstructions of 

cubic hexahedral elements for further analysis (i.e., finite element analysis) (101-105). The use 

of HR-pQCT for rendering mechanical strength estimates has been previously validated using 

experimental loading tests on cadaveric bones (100,106,107). Microstructural parameters have 

demonstrated good correlation with bone stiffness and post-yield strength following 

mechanical testing (100,108). HR-pQCT is considered to have greater sensitivity for 

discriminating fracture than DXA (102). The microstructure of distal bone sites has been 

shown to discriminate incident fracture in postmenopausal women independently of aBMD 

values generated by DXA (98). Microstructure has also been used to discriminate cases with 

prior fracture from controls without fracture history (109,110). However, microstructure alone 

may lack the sensitivity and specificity to fully distinguish fracture risk (111). Nevertheless, it 
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is an important predictor of mechanical bone strength and has clinical value in the assessment 

of stroke-related bone deficits. HR-pQCT has been used in large cohort trials involving a 

diverse range of populations (103-105,111-113) and for assessing the efficacy of intervention 

strategies (114). To date, no study has sought to investigate changes in bone microstructure 

post-stroke. 

 

1.4 The association between bone and muscle properties 

The premise of Wolff’s Law is that the ontogenous adaptation of bone tissue occurs in 

response to the stress stimulus, or external load enacted upon it (115). The ability of muscle to 

produce force plays a prominent role in the remodeling and adaptation response of bone 

tissue that muscle is invested in (116). Muscle structural parameters such as fiber pennation, 

fascicle length, and particularly volumetric parameters such as muscle cross-section area and 

thickness, have been shown to be important measures for predicting muscle force production 

capacity and muscle-bone strength index in animal models (116-118). Hence, the source of 

mechanical strain imposed through muscular contractions may prompt consequent alterations 

in bone quantity (i.e., volumetric density) and bone structure (i.e., geometry). This suggests 

that muscle function and the integrity of bone tissue may be interrelated. However, Wolff’s 

Law comprises both bone growth during modeling and the rate of turnover during remodeling 

which are subject to non-uniform, age-related influences, and should be considered as 

somewhat separate processes (115).  

The “muscle-bone” unit, a theory promulgated by Eckhard Schoenau, considers muscle 

and bone as a functional conglomerate (119). This concept, originally proposed in order to 

expound upon adolescent musculoskeletal development (119), has also been applied to the 

elderly (120,121), patients with impaired mobility (50,122), for discriminating between bone 

disorders across the lifespan (123), and for defining algorithms to assess bone health status 

among children with cerebral palsy (124). In the elderly, a significant correlation has 

previously been demonstrated between concentric muscle power during leg extension and the 

mid-tibial shaft bone strength index (120). Muscle cross-sectional area is also a strong predictor 

of tibial bone strength in adult and elderly males (121). A growing body of evidence suggests 

there is a connection between muscle mass, muscle force generation capacity and the 

integrity of bone tissue in people with stroke (49-56,120,122). This has been demonstrated in 

previous pQCT and DXA studies involving different bone sites such as the distal radius (49,85), 

the proximal femur (86,125) and the tibia post-stroke (122). Muscle mass has been shown to be an 

important clinical correlate of the bone strength index of the distal tibial diaphysis in people 
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with chronic stroke (50). The tibial diaphysis bone strength index was shown to be associated 

with lower leg muscle density in patients with subacute stroke as well (122). However, the 

relationship between bone integrity and other factors affecting muscle function, such as 

muscle stiffness (11,45), echo intensity (11), fascicle length (9), fiber pennation angle and 

spasticity (46), have not been examined in both the upper and lower limbs concomitantly. As 

stroke-related alterations in muscle mechanical (10,11), volumetric (i.e., atrophy) (46,126), and 

structural properties (9,17) have been shown to contribute to both upper and lower limb 

functional impairment, these factors may also have a direct impact on bone health.  

Although pQCT can be used to predict the biomechanical behavior of bone tissue and 

generate estimates of bone mechanical strength, it is not possible to estimate or predict 

muscle force generating capacity through any known diagnostic imaging tool (127) but rather 

with surrogate or proxy assessments used in conjunction (123). Therefore, validation of the 

muscle-bone unit theory in stroke using a singular imaging modality may not be feasible. 

Another limitation of pQCT is the inability to assess specific structural characteristics of 

muscle. Using pQCT, only a gross anatomical cross-sectional area of muscle and bone is 

rendered for a particular scan region. Ultrasound maybe be useful in assessing architectural 

parameters (i.e., muscle fiber pennation angle, fascicle length, thickness, cross-sectional area) 

of individual muscles which have a more direct physiological bearing on muscle force 

production (127). There is also evidence to support the use ultrasound for accurate measures of 

muscle volume, an important surrogate of force production capacity (128), in patients with 

acute (129) and subacute stroke (130).  

 

1.5 Implications  

While loss of bone density and muscle mass are expected with age, there is a significant 

disparity in the degree of loss between otherwise health elderly and those who have had a 

stroke (12,131,132). A recent systematic review on post-stroke physical activity by Fini et al. 

estimates that individuals with stroke spend more than 78% of their time being inactive and 

sedentary, regardless of the amount of time since stroke onset (133). These figures fall far short 

of the guideline recommendations for daily physical activity, placing individuals with stroke 

at even greater risk of developing additional health problems (134). As previously stated, 

muscle contractions and weight-bearing exercises provide essential sources of mechanical 

and compression stress that are necessary for maintaining bone. A growing body of evidence 

suggests there is a close relationship between muscle strength and bone health, particularly in 

the peripheral musculature of the upper and lower extremities affected by stroke (49-51,66,85,86). 
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A greater emphasis on maintaining muscle strength, and perhaps bone integrity as a result, 

post-stroke could potentially have important implications for reducing the prevalence of falls 

and fractures.   

Falling is common among community‐dwelling individuals with chronic stroke. The 

proportion of fallers can range from 43% to 70% within the first year post-stroke (62,135,136). 

The risk of repeated falls is more than 3 times higher four months post-stroke than for normal 

elderly (137). Walking is the most common activity associated with falls post-stroke, and may 

be attributable to between 39% - 90% of falls (137-140). Compared to normal elderly, the risk of 

fracture is 7 times higher 1 year post-stroke (63,141,142). The hip is the most common fracture 

site post-stroke, accounting for 30% to 58% of all fractures (63,143,144). The wrist is the second 

most common site, accounting for nearly 14% to 24% of all fractures (63,143). Consequences of 

post-stroke fractures include an increased risk of mortality (61), decreased mobility and 

independence (61), increased hospital stay durations (60), and higher economic burden placed 

upon the healthcare system (145).  

Community-dwelling stroke survivors play an essential role as research participants. 

Gaining a more thorough understanding of the changes incurred by the musculoskeletal 

system post-stroke will enable researchers and clinicians to develop intervention strategies 

that better assist patients in achieving their highest possible level of function. As patient 

education and information provision have been consistently identified as facilitators for 

physical activity reengagement post-stroke (146), the researchers hope that the findings of this 

project will provide important insights not only for clinicians, but for the study participants as 

well. 

 

1.6 Project significance  

The thesis project aimed to explicate stroke-related changes which may alter the 

normal biomechanical and structural properties of muscle and bone. Given that stroke is a 

heterogeneous condition with differing clinical presentations (e.g., severity of spasticity, 

motor impairment), it may be possible to identify functional impairments most associated or 

predictive of muscle and bone changes. Using ultrasound and computed tomography 

imaging, it is possible to examine (1) the viscoelastic, compositional, and architectural 

characteristics of muscle, (2) the structural, densiometric, geometric and strength parameters 

of bone, in addition to (3) the vascular function of the large peripheral arteries that supply 

these tissues. A comprehensive assessment of the upper and lower extremities provides novel 

insight as to the relationship between muscle alterations, the integrity of bone tissue after 
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stroke and their association with physical function and impairment. 

 

1.7 Aims of the thesis and flow of studies 

The primary aim of this project was to evaluate the impact of stroke on muscle and 

bone properties and the muscle-bone relationship. A secondary aim was to assess the degree 

of association between these properties and clinical measures of function and stroke-related 

impairment.  

A series of interrelated studies were designed to achieve the aforementioned aims. A 

schematic diagram (Figure 1) is used to illustrate the flow of the studies comprising this 

thesis. First, it is important to review the literature to identify the knowns and unknowns 

surrounding the reliability and validity of the ultrasound elastography technique when used in 

people with neurological disorders. Therefore, in Chapter 2 (Reliability & validity of 

ultrasound elastography for evaluating muscle stiffness among neurological populations: a 

systematic review & meta-analysis), a systematic review was undertaken to examine the 

psychometric properties of ultrasound elastography techniques in evaluating muscle stiffness 

among neurological populations. 

 Next, it is important to establish the reliability and validity of the ultrasound measures 

in individuals with chronic stroke, who are the main targets of our scientific investigations. 

Chapter 3 (Convergent validity and test-retest reliability of diagnostic ultrasound measures 

in the bilateral upper and lower extremities of individuals with chronic stroke using B-mode, 

elastography and Doppler) described a study in which the convergent validity and test-retest 

reliability of various ultrasound measurement parameters involving the bilateral biceps 

brachii (BB), brachial artery, medial gastrocnemius (MG) and popliteal artery were assessed 

among a cohort of individuals with chronic stroke. 

In Chapter 4 (Determinants of estimated failure load in the distal radius after stroke: 

an HR-pQCT study), High-Resolution peripheral Quantitative Computed Tomography (HR-

pQCT) was used to investigate the impact of stroke on the bone properties at the distal radius, 

and identify the relationship between the estimated failure load for the distal radius and 

muscle properties and other stroke-related impairments in individuals with chronic stroke. 

The design of the study described in Chapter 5 (Gait speed and clonus as 

determinants of estimated failure load in the distal tibia after stroke) was similar to that in 

Chapter 4. A cross-sectional study was undertaken to explore the influence of stroke on distal 

tibia bone properties and examine the association between estimated failure load and 

important clinical correlates among individuals with chronic stroke. 
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Finally, in Chapter 6 (Conclusion), the results of each thesis chapter are summarized 

with concluding remarks and future implications for research.  

 

Figure 1.1 Thesis flow diagram 
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1.8.1 Chapter 2 

Objective 1: To investigate the reliability and validity of ultrasound elastography for 

assessing muscle stiffness among populations with neurological conditions. 

Hypothesis 1.1: Based on previous studies in healthy populations, it was hypothesized that 

ultrasound elastography would demonstrate good reliability for assessing muscle stiffness 

among neurological populations. 

Hypothesis 1.2: Based on previous studies in populations with stroke, it was hypothesized 
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comparing muscle stiffness between groups and other clinically relevant assessments in 

populations with neurological conditions. 

 

1.8.2 Chapter 3 

Objective 2: To assess the convergent validity and test-retest reliability of multimodal 

ultrasound measures among individuals with chronic stroke.  

Hypothesis 2.1: The multimodal ultrasound measures would demonstrate good correlation 

with other measures assessing similar or related constructs. 

Hypothesis 2.2: By using acquisition procedures previously indicated for enhancing 

measurement reliability, it was hypothesized that the same measures obtained using B-Mode, 

elastography and Doppler ultrasound would demonstration moderate to good test-retest 

reliability.  

 

1.8.3 Chapter 4 

Objective 3: To assess the impact of stroke on muscle and bone properties and examine their 

relationship in the upper limb 

Hypothesis 3.1: The bone parameters of the distal radius on the paretic side of participants 

with chronic stroke measured by HR-pQCT would show significant side-to-side differences 

that would be greater than those of age- and sex-matched controls.  

Hypothesis 3.2: The biceps brachii muscle properties measured by ultrasound in participants 

with chronic stroke would demonstrate significant side-to-side differences that would be 

greater than those of age- and sex-matched controls.  

Hypothesis 3.3: The vascular values of the brachial artery in participants with chronic stroke 

would demonstrate significant side-to-side differences that would be greater than those of 

age- and sex-matched controls.  

Hypothesis 3.4: There would be a significant relationship between muscle measures of the 

biceps brachii and the estimated failure load of the distal radius for the stroke group. 

 

1.8.4 Chapter 5 

Objective 4: To assess the impact of stroke on muscle and bone properties and examine their 

relationship in the lower limb. 

Hypothesis 4.1: The bone parameters of the distal tibia on the paretic side of participants with 

chronic stroke measured by HR-PQCT would show significant side-to-side differences that 

would be greater than those of age- and sex-matched controls.  
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Hypothesis 4.2: The medial gastrocnemius muscle properties measured by ultrasound in 

participants with chronic stroke would demonstrate significant side-to-side differences that 

would be greater than those of age- and sex-matched controls.  

Hypothesis 4.3: The vascular values of the popliteal artery in participants with chronic stroke 

would demonstrate significant side-to-side differences that would be greater than those of 

age- and sex-matched controls.  

Hypothesis 4.4: There would be a significant relationship between muscle measures of the 

medial gastrocnemius and the estimated failure load of the distal tibia for the stroke group. 
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Chapter 2. Reliability & validity of ultrasound elastography for evaluating 

muscle stiffness among populations with neurological conditions: a 

systematic review & meta-analysis 

 

Abstract 

Background: Ultrasound elastography is an emerging diagnostic technology used to 

investigate biomechanical properties of the musculoskeletal system. Purpose: To 

systematically review the psychometric properties of the ultrasound elastography techniques 

in evaluating muscle stiffness among populations with neurological conditions. Data 

Sources: A systematic search of MEDLINE, EMBASE, CINAHL and Cochrane Library 

databases was performed on January 31, 2020 in accordance with PRISMA guidelines. This 

review was prospectively registered (PROSPERO registration #: CRD42017076571).  Data 

Selection: Using Covidence software, reviewers independently screened citations for 

inclusion. Peer-reviewed studies which evaluated in vivo muscle stiffness among populations 

with neurological conditions and reported relevant psychometric properties were considered 

for inclusion. Data Extraction: Twenty-one articles were included for final review. Data 

relevant to measurement technique, site and neurological condition were extracted. The 

Consensus-based Standards for the Selection of Health Measurement Instruments (COSMIN) 

checklist was used to rate methodological quality of included studies. Level of evidence for 

specific measurement outcomes was determined using a best-evidence synthesis approach. 

Data Synthesis: Reliability varied across populations, ultrasound systems and assessment 

conditions (i.e. joint/ body positions, active/ passive muscle, probe orientation) with most 

studies indicating moderate to good reliability (Intraclass Correlation Coefficient (ICC)=0.5-

0.9, n=13). Meta-analysis results showed good overall correlation across studies (r=0.78, 

95% Confidence Interval (CI)=0.64–0.86, p≤0.00) with no between-group difference based 

on population (Q=0.00, df=1, p=0.97). Convergent validity was demonstrated by strong 

correlations between stiffness values and measures of spasticity (n=5), functional motor 

recovery or impairment (n=5) and grey scale or color histogram pixel intensities (n=3). 

Discriminant or known-groups validity was also established for multiple studies indicating 

either significant between-group differences in stiffness values (n=12) or within-group 

differences between more- and less-affected limbs (n=6). Responsiveness was observed in all 

intervention studies reporting post-treatment stiffness changes (n=6). Conclusions: Overall, 

ultrasound elastography techniques show moderate reliability in evaluating in-vivo muscle 
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stiffness, good convergent validity with relevant clinical assessments, and good divergent 

validity in discriminating tissue changes within and between groups. Impact Statement: 

Ultrasound elastography will have clinical utility in assessing muscle stiffness, monitoring its 

temporal changes, and measuring the response to intervention in populations with 

neurological conditions.  

 

2.1 Introduction 

Altered muscle tissue mechanics and morphology are resultant corollaries among 

populations with neurological conditions and neuromuscular dysfunction (147,148). Macro- and 

microstructural changes have been observed across various strata of muscle tissue in 

populations with common neurological conditions such as stroke and cerebral palsy (CP) (149-

152). Although the mechanism remains unclear, additional alterations in the biomechanical 

properties of muscle tissue may be a secondary sequela either associated with or resulting 

from underlying neurological etiologies (i.e., phasic hyperreflexia, hypertonia) (34,153). 

Intramuscular collagen formation (154), extracellular matrix organization (155) and titin isoform 

diversity within fibers (156) are other factors thought to contribute to tissue alterations. The 

assessment of biomechanical properties, such as passive muscle stiffness, may have overt 

clinical value in determining tissue morphology and response to treatment or rehabilitation 

(157). Subjective evaluation of altered muscle properties in populations with neurological 

conditions using qualitative clinical assessments such as manual palpation and muscle testing 

or modified Ashworth (MAS) and Tardieu scales are indirect and suboptimal (158,159). Other 

quantitative assessments of these properties involving dynamometry and B-mode ultrasound 

can be procedurally complex, ineffective in isolating specific tissue regions and may not be 

feasible across clinical settings (26,27). 

Alternatively, elastography provides a direct, non-invasive stiffness quantification of 

individual muscle structures in real-time (28). As the use of diagnostic musculoskeletal 

ultrasound is becoming more prevalent in physical medicine and rehabilitation training 

programs (22) and in clinical physical therapy (23), ultrasound units with tissue imaging 

capabilities such as elastography may prove advantageous in monitoring transitory or 

progressive muscle changes associated with neurological conditions (24,25). Elastography has 

also demonstrated utility in evaluating responsiveness to invasive (34,37,160-163) and non-

invasive (164) clinical intervention strategies for reducing muscle stiffness and spasticity in 

populations with neurological conditions. 
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Ultrasound-based elastography methods developed as an outgrowth of tissue 

palpation and motion tracking techniques for identifying tissue masses harder and more 

resistant to displacement than surrounding reference tissues. Since the development of 

sonoelasticity imaging and static elastography in the early 1990’s for quantifying the 

distribution of the elastic modulus in soft tissues (165,166), ultrasound elastography (UE) 

methods have continued to evolve (29). Previous reviews have highlighted the utility of this 

technology for investigating the biomechanical properties of the musculoskeletal system 

(25,167-170). There are several different UE techniques capable of providing either quantitative 

or qualitative measures of these properties (28), each differing in frequency, method of 

excitation and interface (171). There is currently no consensus with regard to which method 

may be optimal for assessing muscle stiffness among populations with neurological 

conditions in vivo.   

As the development and modification of elastography for measuring specific tissue 

types (e.g., thyroid, breast, muscle) remains on-going (172), a general knowledge of its 

underlying mechanisms, technical limitations, measurement attributes and an appraisal of its 

potential clinical application is warranted. Briefly, the estimation of stiffness using 

elastography requires measuring tissue displacements in response to the application of a 

stress generated via mechanical, acoustic radiation or internal endogenous forces (171). 

Although UE systems demonstrate great potential in terms of clinical utility, their underlying 

accuracy is based upon non-biological material testing under absolute conditions (172,173). 

Attempts have been made to investigate the limitation of material linearity when using UE to 

evaluate muscle properties among healthy populations and populations with neurological 

conditions (47,174,175). However, differences in tissue type, geometry and activation remain 

confounding influences (176,177). There are also operator-dependent sources of error as well as 

measurement range capabilities to be considered (178-180).    

In the field of musculoskeletal elastography, a comprehensive review which 

systematically investigates the reliability and validity reported throughout the available 

literature is currently lacking. The primary objective of this review was to evaluate the 

evidence regarding the reliability and validity of UE for measuring muscle stiffness in 

populations with neurological conditions. Secondary objectives were to synthesize the 

information regarding measurement protocols, operators and equipment used for measuring 

muscle stiffness, and to assess study quality and level of evidence regarding stiffness 

measures. In healthy populations, UE has shown good reliability (30) and correlation with 

other measures assessing similar (181) or related physiological constructs (182,183) and measures 
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of physical function (184) and disability (185). Therefore, it was hypothesized that overall 

measurement reliability and validity of UE for measuring muscle stiffness in populations with 

neurological conditions would be good.      

 

2.2 Methods 

2.2.1 Data sources & searches 

A search was developed using the following concept domains as syntactic framework: 

(1) musculoskeletal stiffness, (2) ultrasound elastography and (3) validity and reliability. 

MEDLINE, EMBASE, CINAHL and Cochrane Library databases were searched. Paired and 

individual keywords, medical subject headings (MeSH), Embase subject headings (Emtree), 

field codes, boolean and proximity operators used in the search strategy syntax specific to 

each database are included in the supplementary appendices (Supplementary Appendix A). 

Results for each of the concept domains were combined to produce the final search results. In 

further refining the search, an additional filter was applied limiting the results to references 

with human subject populations published in English language journals between January 

1990 and January 2020. References of articles selected for inclusion were reviewed to 

identify other relevant publications for inclusion. Reference lists from review articles 

discussing musculoskeletal elastography were also searched. A forward search was 

performed before the final synthesis and analysis to include studies published after the initial 

search and data extraction. This review was conducted in accordance with PRISMA 

guidelines (186) and prospectively registered with PROSPERO (registration #: 

CRD42017076571). 

 

2.2.2 Study selection 

Using Covidence online data extraction and screening software (Cochrane software 

Csr. Melbourne, Victoria, Australia: Veritas Health Innovation, p. Available at 

www.covidence.org), two reviewers (TM, MH) independently screened titles and abstracts to 

determine propriety for inclusion. Hand-searched publications from reference lists were then 

entered into the full-text screening. Two reviewers (TM, SLT) then extracted relevant data 

independently. All missing or omitted data were requested from authors of included studies. 

Data were included under the contingency authors replied within a timeframe of 10 working 

days. Conflicts arising between reviewers were resolved through discussion or by consulting 

a third reviewer (MP, MY) to reach consensus.  
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Selection of studies was based on the following criteria. Inclusion criteria: 1. peer 

reviewed articles published in English between 1990-2020, 2. human subjects studied in vivo, 

3. studies investigated UE measurement properties for muscle, tendon, and/or fascia stiffness, 

4. data collection took place in research settings or across all stages of the continuum of care, 

5. subject populations with neurological conditions (i.e., stroke, spinal cord injury (SCI), CP, 

etc.), 6. muscle stiffness measured with UE was a primary or secondary diagnostic objective, 

7. measurement validity and/or reliability of UE was also a primary or secondary outcome, 8. 

studies reported reliability, convergent, discriminant, known-groups, or criterion validity as 

determined with the use of a comparator (i.e., previously validated diagnostic methods for 

evaluating tissue stiffness such as magnetic resonance elastography, electronic palpation 

imaging, biopsies, and histopathological samples, gelatine-based phantoms, and/or tissue 

equivalent phantoms) 9. study design was either a case-controlled diagnostic, prospective or 

retrospective cohort, cross-sectional or longitudinal, pre-post intervention or randomized-

controlled trial. Exclusion criteria: 1. published conference proceedings (i.e., presentations, 

posters, symposium, etc.) 2. book reports or chapters, 3. theses or dissertations, 4. unavailable 

in full text, 5. incorrect timeframe (i.e., before 1990), 6. involved animals or cadaver samples 

without comparative in vivo measures, 7. studies focused solely on the assessment of bone, 

cartilage, entheses, ligaments or joint capsules, 8. UE measured stiffness was not a primary or 

secondary outcome and 9. measurement properties were not a primary or secondary outcome. 

 

2.2.3 Data extraction & quality assessment 

The following items were extracted from included articles: 1. author information (i.e., 

names, title, year, location), 2. study design, 3. measurement reliability and validity, 4. 

diagnostic setting (i.e., inpatient, outpatient, laboratory), 5. ultrasound operator (i.e., 

technician, clinician, researcher), 6. ultrasound system and probe model, 6. probe alignment 

in relation to muscle fiber orientation (i.e., parallel, perpendicular or oblique), 7. muscle site, 

8. body position and joint angle during testing, 9. subject demographics and characteristics, 

10. measurement units (i.e., shear modulus (SM) in kilopascals (kPa) and/or shear wave 

velocity (SWV) in meters per second (m/s), strain ratio (SR), sonoelastographic index/score) 

and 11. details of image/data acquisition and processing (i.e., region of interest (ROI), 

number of trials, contact interface, software).  

Rating of methodological quality for included studies was performed independently 

by two reviewers (TM, SLT) using the COnsensus-based Standards for the selection of health 

Measurement INstruments (COSMIN) Risk of Bias checklist (July 2018 version). Although 
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originally intended for health-related patient-reported outcomes (187), the checklist also 

facilitates the election of quality scores for studies in which measurement properties are 

based on operator or clinician-assessed outcomes of function (188) and disability (189) in 

populations with neurological conditions. Of the items encompassing the checklist, Boxes 6, 

7, 8, 9a, 9b, 10a-10d were used to assess reliability, measurement error, criterion validity, 

convergent validity, discriminant or known-groups validity and responsiveness for each 

study, respectively. Other items contained within the checklist were omitted for the purposes 

of this review. The checklist uses a 4-point rating system in assigning ratings for each item. 

Ratings of 4, 3, 2 or 1 were deemed very good, adequate, doubtful or inadequate, 

respectively. In determining overall quality for each category, the lowest rating was used (i.e., 

worst score counts principle) (190,191). A third reviewer (MP, MY) was consulted regarding 

any discrepancies. The level of evidence for measurement property results was determined 

using a best-evidence synthesis approach (192) described in a previous systematic review of 

reliability, validity, and responsiveness for physical capacity tasks that assessed functioning 

in patients with low back pain (193). Criteria for strong, moderate, limited, unknown, or 

conflicting levels of evidence are also described in detail (193). Briefly, a positive, 

indeterminate or negative rating was first assigned according to an established criterion for 

rating measurement properties reported by Prinsen et al (194). Levels of evidence for 

measurement property ratings were then assigned according to measurement property rating 

consistency, combined sample size, and methodological quality for articles with similar or 

comparable outcome measures (i.e., quantitative or semi-quantitative estimates of muscle 

stiffness). 

 

2.2.4 Data synthesis & analysis 

A qualitative synthesis was conducted by tabulating data according to sample 

population, measurement site and UE technique. Comprehensive Meta-Analysis software 

(CMA version 3.0, Biostat Inc., Englewood, New Jersey, USA) was used for quantitative 

analyses. Subgroup analyses consisted of ≥3 homologous studies which assessed 

measurement reliability. Correlation coefficients (ICC) were transformed to Fisher’s Z scale 

for analysis (195). The software accommodates the combination of multiple outcomes (i.e., 

measurement sites, probe orientations or operators) which were pooled to calculate a single 

metric for analysis. Proportion of variance between studies was interpreted using Higgins’ I2 

statistic and 95% prediction intervals (PI) were calculated to express absolute estimates of 

heterogeneity for each subgroup analysis (196). A random effects model was chosen with the 
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assumption ICCs would vary between studies. Prior to subgroup analyses a univariate meta-

regression was performed to determine the effect of independent factors related to study 

design (i.e., ICC model and form) on overall correlation estimates (i.e., dependent factor) 

(197). 

 

2.3 Results 

2.3.1 Screening 

A flow diagram summarizing the screening process and results is provided in Figure 

1. A total of 21 articles involving 326 individuals with neurological conditions and 177 

control subjects met the criteria for final inclusion (10,11,24,31,34-36,38,39,41,43,45,46,153,160,161,163,164,198-

200). Excluded articles were either case studies (24,162) or did not report measurement validity 

or reliability (47).  

 

2.3.2 Study characteristics 

A summary of study characteristics and outcomes is provided in Table 2.1. Study 

designs varied in type and complexity. Most were observational studies of either cross-

sectional or longitudinal design (10,11,31,35,36,38,39,41,43-46,153,161,199,200) with two measuring 

reliability as a primary outcome (43,46). Six studies described the use of blinding procedures 

(39,43,160,163,198,200). Measures were conducted by a radiologist, physician or physiatrist, others 

described as examiner, experimenter or investigator, or were not explicitly stated. 

Neurological conditions investigated were stroke, CP, Duchenne muscular dystrophy (DMD) 

and Parkinson’s disease (PD). The medial gastrocnemius (MG), biceps brachii (BB) and 

tibialis anterior (TA) muscles were the most commonly assessed sites. Measures were 

collected during either passive or active muscle conditions with and without being 

concomitantly monitored by electromyography (EMG). One study used a constant-current 

stimulator to elicit contractions (199).  

 

2.3.3 Ultrasound system 

A summary of system specifications, settings, software, reported units and value 

ranges is provided in Table 2.2. UE systems varied across studies. All studies reported using 

linear array probes with frequencies ranging from 4-15MHz. Elastography methods involved 

either a dynamic time-course with an acoustic radiation force application, quasi-static time-

course with a mechanical force application or dynamic with mechanical force. Commonly 

used system settings were either standard musculoskeletal presets or shear wave elastography 
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(SWE) mode. Units were reported as quantitative (SM, SWV) or semi-quantitative estimates 

of muscle stiffness (SR or elastographic index/scores with either grey scale or color 

histogram pixel intensity values). 

 

2.3.4 Acquisition procedures 

A summary of probe placement, fixation, applied compression, contact interface, 

processing software and other image and data acquisition methods are found in Table 2.2. For 

most studies, probe placement during image capture was performed in parallel alignment 

with fascicle orientation. Two studies investigated parallel and perpendicular alignments 

(43,46). All studies used linear probes suitable for superficial structures. A transmission or 

stand-off gel couplant was used as the contact interface in several studies. The number of 

trials or single images captured for each muscle site ranged from 2-15. Selected ROIs ranged 

from 4.8mm in circular diameter to 30mm2 in size and varied in placement depth, number 

and shape.  

 

2.3.5 Reliability 

A summary of reported ICCs and additional reliability information is provided in 

Table 2.3. According to the 95% CI of ICC estimations, reported values <0.5, between 0.5-

0.75, between 0.75-0.9 and >0.90, were indicative of either poor, moderate, good, or 

excellent reliability, respectively. When considering all ICCs reported for studies, most 

demonstrated moderate to good reliability (ICC=0.5-0.9, n=13). However, two studies 

investigating reliability in patients with CP reported large variance in confidence intervals 

(95% CI = 0.33-0.84) (161,198). Another study among patients with stroke demonstrated a 

substantial variance in the range of reported ICCs (ICC = 0.00-0.87) (46). Of all the included 

studies, this was also the only study to report estimates of measurement error. Ranges for 

measurement error varied substantially based on differences in probe placement and muscles 

sites examined (SEM = 0.61-24.81) (46). One other study also assessed measurement 

reliability using different probe placements among patients with stroke, reporting 

considerably less variance in the range of ICCs (ICC = 0.55-0.85) (43) in comparison to the 

former (46). Comparative reliability of active versus passive muscle conditions could not be 

determined from the study which investigated these conditions concomitantly (153).  

A graphical summary of subgroup analyses is provided in Figure 2. As the results of 

the meta-regression showed no significant influence of ICC model and form on overall 

correlation (Q=1.85, df=2, p=0.40), population-based subgroup analyses were conducted. The 
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overall correlation across subgroups was good (n=8, r=0.78, 95% CI=0.64–0.86, p≤0.00) 

with no significant difference between groups based on population (Q=0.00, df=1, p=0.97). 

For studies involving people with CP (n=4, r=0.78, 95% CI=0.58-0.89, p≤0.00) and with 

stroke (n=4, r=0.77, 95% CI=0.56-0.89, p≤0.00), the correlation was good. However, 

estimates of absolute heterogeneity indicated a wide dispersion in reliability across studies 

involving patients with CP (95% PI=0.02-0.97). Proportion of variance was mostly 

attributable to sampling error rather than true correlation (31.5%) (I2=31.5, p=0.22). There 

was larger observed dispersion in estimates of absolute heterogeneity across studies involving 

patients with stroke suggesting greater variance in measures (95% PI=-0.52-0.99). Proportion 

of variance in true correlation was also larger (53.5%) with less attributed to error (46.5%) 

(I2=53.5, p=0.09). 

 

2.3.6 Convergent validity 

A summary of convergent validity and study comparators is provided in Table 2.3. 

Several studies reported correlations between muscle stiffness and standardized assessments 

of spasticity and functional motor recovery or impairment. In two studies involving subjects 

with PD, Unified Parkinson's Disease Rating Scale (UPDRS) scores were positively 

correlated with SM values (r=0.65, p≤0.00) (38) and negatively correlated with SR (r=−0.78) 

(39). For individuals with stroke, Fugl-Meyer assessment (FMA) scores were correlated with 

side-to-side difference (i.e., paretic and non-paretic) in SWV values (r2=0.33, p=0.02) (11) and 

values for paretic sides alone (r=−0.58) (45). Paretic side SWV values were positively 

correlated with MAS (r=0.66) and TS scores (r=0.54) and negatively correlated with Stroke 

Rehabilitation Assessment of Movement (STREAM) scores (r=-0.57) (43,153). For individuals 

with CP, several studies reported significant correlations not only between stiffness values 

and functional scores (161-163,198) but also gray scale or color histogram pixel intensities (160,163) 

. Correlation between stiffness and echo intensity (i.e., grey scale value) was also observed 

among people with stroke (r2=0.70, p≤0.00) (11). 

 

2.3.7 Divergent validity 

A summary of discriminant/known-groups validity is found in Table 2.3. In 

comparing people with CP to controls, stiffness was significantly greater for the CP group in 

several studies (p≤0.001) (35,36,160,198). SWV values were also significantly higher in more-

affected limbs (p≤0.024) (31). However, when stratified according to motor function (i.e., 

GMFCS Levels I and II), there were no significant differences in SWV between groups (31). 



45 
 

In individuals with PD, stiffness was significantly greater compared to controls (p≤0.05) 

(38,39), with no difference between markedly and mildly symptomatic limbs (p≤0.05) (38). 

Stiffness was significantly greater for people with DMD compared to controls across almost 

all muscle sites and conditions (p≤0.005) (41,199,200). For individuals with stroke, findings 

varied by condition (i.e., spasticity, joint angle, muscle site, activation) with significantly 

greater stiffness in paretic versus non-paretic limbs (p≤0.001) (11,153) and controls during 

passive muscle states (p≤0.001) (153). Differences in stiffness were also joint angle specific 

(10,43-45). 

 

2.3.8 Responsiveness  

A summary of responsiveness is found in Table 2.3. A total of five studies examined 

pre- to post-intervention changes in muscle stiffness (34,160,161,163,164). Most examined changes 

following botulinum toxin injections in people with CP (34,160,161,163). These studies reported 

significant reductions in stiffness values or scores/indices following treatment (p≤0.05). One 

study examined the effect of a robot-assisted stretching and joint mobility program in 

individuals with stroke and showed that SR values for the paretic Achilles tendon increased 

significantly from pre- to post-training (p=.045) (164). Additionally, two longitudinal studies 

examining the effect of disease progression in people with DMD showed SM values 

significantly increased between 0 (pre) and 12 months (post) (p<0.001) (41,199). 

 

2.3.9 Quality assessment & level of evidence 

A summary of the quality assessment, measurement property result ratings and level 

of evidence synthesis is provided in Table 2.4. Methodological quality ratings for reliability 

(Box 6) were adequate for most studies, with one study rated as doubtful due to an unclear 

description of testing conditions and time intervals between assessments (38). Measurement 

error (Box 7) assessed for one study was adequate (46). Criterion validity (Box 8) and 

responsiveness (Box 10a) using a criterion approach were not assessed due to a lack of 

concurrent comparators. Convergent validity (Box 9a) and discriminant/ known-groups 

validity (Box 9b) were very good or adequate for most studies. Two studies were rated as 

doubtful for convergent validity due to suboptimal analyses and inadequate reporting of 

outcomes (198,200). Three studies were rated doubtful or inadequate for discriminant/ known-

groups validity for inadequate reporting of relevant subgroup characteristics and suboptimal 

analyses (10,44,200). Responsiveness using a construct approach for outcome (Box 10b), 
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between subgroups (Box 10c) or pre-to-post intervention comparisons (Box 10d) was very 

good for all studies.  

Several studies stated a priori hypotheses (31,35,38,39,43,45,199,200). When not explicitly 

stated, the authors expectations or assumptions were compared to reported outcomes (i.e., 

correlations, between-group differences, pre-to-post intervention values) in determining 

measurement property result ratings for validity and responsiveness. Results of the best-

evidence synthesis suggest there is a moderate level of evidence for negative ratings of 

interrater reliability (ICC < 0.70) for stiffness estimates using quantitative UE methods. For 

intrarater reliability using quantitative methods, the level of evidence was moderate for 

positive ratings (ICC > 0.70). For semi-quantitative methods, the level of evidence for 

positive ratings was unknown for interrater reliability and limited for intrarater reliability due 

low total sample size (< 50). The level of evidence for an indeterminate rating of 

measurement error in one study using a quantitative method was unknown. For convergent 

validity (hypothesis testing) of quantitative methods, the level of evidence for positive ratings 

(i.e., mostly in accordance with hypotheses) was strong. The level of evidence for positive 

ratings was moderate for semi-quantitative methods due to sample size (< 100). For 

discriminant/ known-groups validity of quantitative methods, the level of evidence for 

positive ratings was strong. Limited level of evidence for positive ratings of semi-quantitative 

methods was also due to lower total sample size (< 50). The level of evidence for positive 

ratings of responsiveness of studies involving quantitative methods was limited. For semi-

quantitative methods, the level of evidence for positive ratings was moderate due to higher 

sample size (> 25).  

 

2.4 Discussion 

2.4.1 Reliability 

Studies reporting ICCs indicated mostly moderate to good measurement reliability 

overall. The methodological quality of most of these studies was also determined to be 

adequate. However, the results of the level of evidence synthesis suggest that evidence for 

intrarater reliability was stronger than interrater reliability for both quantitative and semi-

quantitative methods. The evidence also ranged from moderate for quantitative estimates of 

stiffness, to unknown for semi-quantitative estimates. Furthermore, estimates of measurement 

error were not reported in most studies that assessed measurement reliability. This is an 

important metric not only for reliability, but for interpreting clinically meaningful changes in 

health-related outcomes (201). Subgroup analyses demonstrated pooled estimates of reliability 
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were good overall with roughly equivocal correlations for CP and stroke subgroups. 

However, of the studies investigating reliability in people with stroke as a primary outcome 

(43,46), there was a large range in reported coefficients (ICC range=0.00-0.87). While the 

dispersion in estimates of heterogeneity were large for the CP subgroup (95% PI=0.02-0.97), 

the stroke subgroup was comparatively wider (95% PI=-0.52-0.99), suggesting the need for 

greater precision in measurement protocols. The variability in estimates may be attributable 

to differences in selected muscle sites, muscle activity, operator experience, probe alignment, 

ultrasound system and acquisition procedures used and subject age and gender.  

In adult populations without neurological conditions, stiffness measures have been 

shown to vary by depth, activity and joint angle. Using a curvilinear probe in deep 

penetration mode, Blain et al demonstrated greater reliability for the superficial erector spinae 

than deeper multifidus muscles (202). Alfuraih et al also reported better reliability for more 

superficial than comparatively deeper muscles (203). Generally, the greater the depth of a 

given anatomical structure, the greater the attenuation effect on acoustic pulse transmission 

and wave tracking (171), which may affect reliability (203). In isotropic tissues such as the 

thyroid, signal strength may diminish at depths between 4-6cm. In anisotropic tissues such as 

muscle, signal diminishment may occur at lesser depths (204). It is unknown to what degree 

signal attenuation and probe type and measurement depth affect reliability in populations 

with neurological conditions. Stiffness has also been shown to have a linear relationship with 

joint torque in passive and active muscle (177). The use of EMG may be particularly necessary 

in order to monitor muscle activation status when assessing patients with spasticity (i.e., 

stroke). Of the two studies investigating reliability in individuals with stroke as a primary 

outcome (43,46), only one involved the use of EMG during measures (43). The other, where 

stiffness was measured at multiple muscle sites and probe orientations, demonstrated 

considerable variance in estimates of reliability and measurement error (46). Although 

reliability was not a primary outcome, the study by Eby et al investigating muscle stiffness 

and torque response to passive elbow extension after stroke also incorporated the use of EMG 

and reported a comparatively smaller range of ICCs (ICC = 0.75-0.99) (44).   

The influence of age on the reliability of stiffness measures is inconclusive. Only one 

study examined age-related differences in muscle stiffness showing that lower limb SM at 

different lengths was correlated with age in individuals with DMD (r=0.55-0.74, p≤0.05) but 

not among controls (r<0.43) (41). However, these findings do not suggest age has any 

substantive impact on reliability. 
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The amount of previous training or experience in musculoskeletal ultrasound and 

elastography also appears to influence measurement reliability. The range of reported 

reliability estimates was greater for studies with poorly defined operator experience (ICC 

range=0.00-0.94) than those with clearly defined experience (ICC range=0.65-0.92). Among 

these studies, operators were described as radiologists, physicians or physiatrists with 2-17 

years of relevant experience.    

There was also considerable variance among studies using multiple probe 

orientations. Mathevon et al demonstrated slightly greater variance for measures in 

perpendicular (ICC range=0.00-0.73) compared to parallel probe alignments (ICC 

range=0.27-0.87) (46). Wu et al also showed greater intrarater and interrater reliability for 

parallel (ICC=0.85 and 0.76, respectively) compared to perpendicular alignments (ICC=0.71 

and 0.55, respectively) (43). As shear waves propagate longitudinally in alignment with 

muscle fiber direction, aligning the probe parallel to fibers may enhance measurement 

accuracy (205). Perpendicular alignments, in contrast, have shown greater dispersion of shear 

waves (174,206).  

Other aspects of measurement acquisition may also contribute to variability. ROI 

varied across most studies, which has been shown to influence values in regional tissue 

mapping studies (207). Lack of contact interface standardization is another source of 

variability, as differences in the use of transmission gel have been shown to influence 

consistency (203). Discrepancies in reported values between studies (i.e., kPa, m/s, etc.) is also 

problematic, as these values are related but separate phenomena (208). Tissue stiffness 

estimations are predicated upon static deformation models of elastic materials and are 

described as stress (i.e., the force per unit in a given area) divided by strain (i.e., the 

expansion per unit of length), which is the equivalent of an elastic modulus value (172). It is 

important to note that most UE systems operate under an assumption of material linearity 

wherein tissues are homogenous or structurally similar, isotropic (i.e., identical property 

values in all directions), and are non-viscous (i.e., identical fluid consistency) (171). Examples 

which fit these assumptions in an absolute sense would be materials such as metal or glass. 

However, muscle tissues are heterogeneous, anisotropic and viscoelastic given the variation 

in their structural composition and fluid consistency (169). For SWE systems, SWV is likely to 

be the most appropriate unit for interpretability across studies as this is a measure of shear 

wave propagation velocity (169). While the SM (i.e., stiffness estimation under the assumption 

of an absolute elasticity model) may be appropriate for isotropic tissues like the liver (209), 

muscle tissues are largely anisotropic due to fascicle order and orientation (210).  
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  Intersystem differences may also contribute to variance across studies. UE systems 

use their own unique algorithms for capturing images and calculating stiffness values and can 

be generally categorized by either quasi-static or dynamic means of excitation (171,211). 

Dynamic methods are complex involving a varying time-course force application in the form 

of vibration or an acoustic force pulse with a specific frequency (50 to 500 Hz) and often use 

ultrafast imaging of induced displacements or deformations (29,212). These deformation forces 

are sent through tissues as either compression waves with high propagation speeds (approx. 

1500 m/s) or shear waves with low propagation speeds (approx. 1—50 m/s) (213). Tissue 

displacements and wave velocities are then tracked and tissue stiffness estimations are 

generated based on tissue motion, frequency shifts or velocity changes (214). While static and 

dynamic methods are similar in that both use an external stress and follow changes in strain, 

the stress applied in dynamic methods is definable and less operator-dependent, thus holding 

to the proportionality of Hooke’s Law in the estimation of Young’s modulus and provide a 

more quantitative measure (213,215). Static methods provide semi-quantitative strain ratio based 

estimations through manual application of multi-compression cycles. However, long 

acquisition times and difficulties in producing artifact-free compression cycles are inherent 

technical challenges (206,215). In studies exploring intersystem comparisons using dynamic and 

static methods in tissue mimicking phantoms or muscle in vivo, dynamic methods have 

demonstrated slightly greater measurement reliability (178,179,216,217). In this review, fewer 

studies used systems requiring mechanical force application (i.e., tissue compression). 

Although these systems are associated with greater operator-dependent error, Wu et al and 

Mathevon et al reported the largest variance in reliability using SWE systems (ICC 

range=0.55-0.85 and 0.00-0.87, respectively) (43,46). Moreover, Gao et al reported good 

interrater (ICC=0.84) and intrarater reliability (ICC=0.88) using a strain system (39). Good 

intrarater reliability was also reported by Park et al (ICC=0.85, 0.87) and Kwon et al 

(ICC=0.81, 0.88) using sonoelastography systems (36,163). Furthermore, the operators in both 

of these studies were described as physiatrists with 16 to 17 years of experience in using 

musculoskeletal ultrasound (36,163). In comparison, Wu et al described the operator as a 

physiatrist with 2 years of experience in musculoskeletal ultrasound (43). The operator in the 

Mathevon et al study was described as an investigator with no mention of additional 

experience or training outside of the measures collected for the study (46). Although the risk of 

committing operator-related errors may be reduced with dynamic systems, it is reasonable to 

assume that acceptable levels of measurement reliability can be achieved with relevant 

training and experience in the use of other systems. 
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Taken together, the current evidence suggests UE has moderate reliability when used 

among populations with neurological conditions. Care should be taken to ensure 

measurement acquisition protocols are standardized. Reliability appears to be more difficult 

to achieve with multiple operators than in instances with a single operator. The use of EMG 

rather than visual confirmation of muscle activity status may also be an important 

consideration in assessing patients with characteristic spasticity or hypertonia. 

 

2.4.2 Validity 

As expected, convergent validity was observed in studies with strong correlations 

between stiffness and reduced functional motor recovery or increased impairment and 

spasticity. Additionally, strong correlations between stiffness and grey scale or color 

histogram pixel intensities were also observed. Higher echo intensity in musculoskeletal 

ultrasound is generally indicative of greater organizational density of collagen rather than the 

presence of fluid within tissues (218). For subjects with neurological conditions, this may 

represent changes in composition, fiber type distribution and intrinsic mechanical properties 

resulting from alterations in muscle tissue innervation (131,151). Tissue composition alterations 

were also evident in one study involving people with DMD which showed fatty replacement 

and patchy edema on muscle MRI scans in addition to increased SM values (200). However, 

there was no significant correlation between these parameters, perhaps due to the small 

cohort size. The SWE method used was also not found to have any clear diagnostic advantage 

or greater sensitivity in detecting early changes to muscle in comparison to MRI (200).  

Discriminant or known-groups validity was observed in more than half of included 

studies suggesting that UE may be useful in monitoring muscle pathology over time. The 

high degree of responsiveness observed across intervention studies also suggests that UE may 

be useful in evaluating responsiveness to treatment. However, there is no gold standard 

method for assessing muscle stiffness. While concurrent methods (i.e., echo intensity, 

spasticity and motor function scales) showed strong correlations with stiffness, they are 

separate constructs. Other methods such as myotonometry and portable hardness meters may 

be useful comparators and have been used to examine stiffness after stroke (219) and in 

patients with PD (220). Few studies have examined the validity of using myotonometry and UE 

concurrently (221). 
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2.4.3 Limitations of the studies reviewed 

Many studies did not clearly define operator experience which may influence 

measurement consistency. Of the included studies reporting estimates of reliability, most did 

not provide estimates for measurement error. Another limitation was the lack of concurrent 

comparators necessary for establishing criterion validity. Future research endeavors should 

explore the concomitant use of existing technologies (i.e., magnetic resonance elastography, 

myotonometry) in elucidating the validity of UE among populations with neurological 

conditions. Additionally, the concomitant use of EMG may be important not only for 

reliability, as previous described, but also measurement validity. Although there were strong 

correlations between clinical assessments of spasticity (i.e., FMA, MAS) and muscle stiffness 

measures (11,43,45,153), these assessments are limited in their ability to distinguish between 

active reflex or neurogenic components of stiffness and passive non-reflex mediated 

components (222). It is also unknown whether degenerative within-subject factors such as 

bilateral differences in motor-unit threshold and denervation of affected limbs (13) also 

contribute to muscle stiffness. When paired with UE, electrophysiological evaluation may be 

of value in this regard. 

 

2.4.4 Limitations of this systematic review 

As overall estimates of reliability were similar for CP and stroke subgroups, 

differences in measurement protocols may have contributed substantially to the observed 

heterogeneity between subgroups. These methodological differences negatively influence the 

interpretability of the review findings. Although the number of studies involving people with 

stroke and CP were sufficient for conducting subgroup analyses, the number of studies 

assessing reliability among other populations with neurological conditions (i.e., PD, DMD) 

were limited. To the knowledge of the authors, there is currently no research examining the 

use of UE in populations with other neurological conditions (i.e., SCI) not described in this 

review. This will require future investigation. There was also a paucity of studies examining 

UE responsiveness following non-invasive treatments for individuals with neurological 

conditions. This may be an important, yet unaddressed, aspect of the technology which 

translates to routine clinical application. Studies which assess pre- to -post changes in muscle 

stiffness following common non-invasive therapeutic modalities are needed moving forward. 

Lastly, only peer-reviewed articles published in English language journals were considered 

for inclusion. This may have introduced language bias and limited the number of potentially 

relevant studies for consideration.     
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2.5 Conclusion  

Overall, UE demonstrates moderate reliability in evaluating in-vivo muscle stiffness 

across a range of populations with neurological conditions. This method also demonstrates 

strong convergent validity with relevant clinical assessments, and strong divergent validity in 

discriminating tissue changes within and between groups. However, further investigation 

regarding UE systems, image acquisition procedures and the use of concurrent assessments 

may be warranted to standardize measurement protocols and potentially enhance reliability 

and validity.  
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Figure 2.1 Flow diagram 

Flow diagram illustrating article screening and selection in accordance with PRISMA 

guidelines (186). A total of 21 articles were included in the final review. 
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Figure 2.2 Forest plot 

Graphical summary of subgroup analyses for studies involving patients with CP or stroke. 

Correlation coefficients were transformed to Fisher’s Z scale for analysis. Overall correlation 

across subgroups was r=0.78 (95% CI=0.64–0.86, p≤0.00).  
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Table 2.1 Study characteristics 

Study Sample Characteristics Measurement  

 

Neurological Group Control Group 
Muscle 
Site(s) Passive/ Active Body Position/ Joint Angle Assessor/ Blinding 

Bilgici 2018(a) - 
Cross sectional - 
(Turkey) 
 

17 patients w/ CP (32 legs)  
2 = hemiplegic  
MAS 1 = 3 (1.72 (0.35)), MAS 2 = 8 (2.79 
(0.61)), MAS 3 = 17 (3.31 (0.50)), MAS 4 = 
4 (4.37 (0.19)) 
m/f = 9/8  
age: 9.25 (2.68)y, range: 6–14y 
weight: 24.53 (7.77)kg, range: 17–45kg 

25 controls (50 legs)  
children of similar age w/o 
systemic/ neurological disease 
visiting hospital for other reasons 
m/f = 10/15 
age: 10.40 (2.76)y, range: 7-15y  
weight: 36.48 (13.42)kg, range: 20-
63kg 

MG  Passive, no EMG Prone position w/ feet in neutral position (0°) over the edge of the 
examination table 

Assessor: Radiologist w/ 4ys of UE experience  
Blinding: Blinded to patient MAS scores 

Bilgici 2018(b) – 
Pre-post 
intervention - 
(Turkey) 

12 patients w/ CP (24 legs)  
m/f = 6/6 
age: 8.58 (2.48)y, range: 6–14y  
weight: 21.83 (5.13)kg 

N/A MG  Passive, no EMG  Prone position w/ feet in neutral position (0°) over the edge of the 
examination table 

Assessor: Radiologist w/ 4ys of UE experience  
Blinding: Blinded to patient MAS scores 

Boyaci 2014 – Pre-
post intervention - 
(Turkey) 

16 CP children (25 legs) 
9 = diplegic, 7 = hemiplegic  
m/f = 11/5 
age: 48.87 (16.47)mo  
weight: 15.87 ± 3.55kg  

17 children w/o neurological history 
(34 legs)  
age: 45.52 (20.13)mo  
weight: 17.29 (5.92)kg 

MG, LG, 
SOL   

Passive, no EMG Prone position w/ feet over the edge of the examination couch Assessor: Radiologist w/ 6ys of ultrasound 
experience  
Blinding: Not explicitly stated  

Brandenburg 2018 
- Prospective 
longitudinal cohort 
(intervention) - 
(USA) 

9 children w/ spastic CP  
bilateral = 5, unilateral = 4 
GMFCS: level I = 4, level II = 3, level III = 2 
m/f = 5/4 
median age: 60 (35-92)mo, age range: 25-
105mo 
median BMI: 16.7 (15.9-17.9), BMI range: 
15.3–18.6 

N/A LG  
(most 
affected 
leg) 

Passive w/ sEMG (U-
Control; Thought 
Technology Ltd.) set at 
lowest scale range (X1, 
upper threshold 3.0)  

Prone position w/ feet over the edge of the examination table Assessor: Not stated, assumed to be the 
researcher  
Blinding: No explicitly stated   

Brandenburg 2016 
– Cross sectional - 
(USA) 

13 children w/ CP  
m/f = 7/6 
median age: 5y 1m, IQ range: 4y 4m-7y 
8m 

13 typically developing children  
m/f = 7/6  
median age: 5y 3m, IQ range: 4y 4m 
- 9y 4m 

LG  
(most 
affected 
leg) 

Passive w/ sEMG (U-
Control; Thought 
Technology Ltd.) set at 
lowest scale range (X1, 
upper threshold 3.0)  

Prone position w/ feet over the edge of the examination table Assessor: Not stated, assumed to be the 
researcher  
Blinding: Not explicitly stated  

Du 2016 – Cross 
sectional - (China) 

46 patients w/ PD (British Brain Bank 
clinical criteria) 
m/f = 27/19 
age: 47.9 (2.8)y  

31 healthy controls  
m/f = 18/13 
age: 46.7 (3.2)y  

BB Passive, no EMG  Supine position w/ limbs kept in full relaxation Assessor: Not stated, assumed to be 2 
researchers  
Blinding: Not explicitly stated  

Eby 2016 – Cross 
sectional  - (USA) 

9 subjects w/ chronic stroke  
m/f = 7/2 
age: 58.3y, range: 41-79y  

4 healthy controls  
m/f = 2/2 
age: 56y, range: 42-70y 

BB  
(long 
head) 

Passive w/ sEMG (MA-300, 
Motion Lab Systems) and a 
dynamometer 

80° and 150° elbow flexion/extension and at 3 preselected joint angles 
ranging btw 85° and 150° 

Assessor:  Not stated, assumed to be the same 
rater/ researcher  
Blinding: Not explicitly stated  

Gao 2018 - Cross 
sectional - (USA) 

8 patients w/ stroke  
m/f = 5/3 
age: 59y, range: 34-72y  

8 healthy controls  
m/f = 4/4 
age: 49y, range: 40-56y 

BB  Passive, w/ the use of 
VTIQ quality map to 
monitor patient or probe 
motion during image 
capture, no EMG  

Supine position w/ arm relaxed and forearm supinated Assessor: A single observer (J.G.) acquired VTIQ 
SWV images Blinding: Not explicitly stated  

Gao 2016 - Cross 
sectional - (USA) 

14 patients w/ PD  
disease duration: 78 (13)mo, range: 6-
134mo 
muscle rigidity scores: high (UPDRS III–IV) 
= 3, low (UPDRS I–II) = 11 
m/f = 8/6  
age: 61 (10)y, range = 41-78y  

10 healthy controls  
m/f = 5/5  
age: 60 ± 11y, range: 54-82y 

BB  Passive, probe and subject 
arms were held stable by 
the researchers to 
minimize movement 
during compression cycles, 
no EMG 

Supine position w/ arm relaxed, elbow extended and the forearm 
supinated (forearm elevated 15° from the bed) 

Assessor: Physician w/ experience in MSK 
ultrasound. For reliability measures, 2 observers 
assessed 10 healthy controls  
Blinding: Blinded to UPDRS motor score and 
disease duration, aware of symptomatic patients 
w/ PD 

Jakubowski 2017 - 
Cross sectional - 
(USA) 

14 subjects w/ chronic stroke  
stroke duration: 10.6 (7.3)y, range: 4.3-
29.3y  
FMA: 19.1 (6.1), range: 8-28 

N/A MG, TA Passive, w/ EMG (Bagnoli, 
Delsys Inc.)  

Seated w/  foot secured to a dynamometer (Biodex Medical systems 
Inc.) and knee in extension, bilateral ankle moved passively by the 
experimenter in 6 positions: neutral 90°, 15° PF, max DF, max PF, and 2 

Assessor: Described as an experimenter  
Blinding: Not explicitly stated  
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m/f = 6/8 
age: 60.1 (5.9)y, range: 46–68y  
height: 1.7 (0.1)m, range: 1.5-1.8m  
body mass: 77.6 (12.5)kg, range = 58.0–
96.4kg  

intermediate angles where the torque on the paretic side was btw max 
DF and neutral or max PF and neutral, respectively 

Kwon 2012 - Cross 
sectional - (South 
Korea) 

15 children w/ spastic CP  
(27 legs) 
diplegia = 12, hemiplegia = 3 
m/f = 10/5 
age: 58.7 (20.6)mo 

13 children w/o neurological or 
MSK disability (26 legs) 
m/f = 4/9 
age: 46.9 (20.2)mo 

MG, 
SOL 

Passive, no EMG Prone w/ feet hanging from the edge of an examination plinth  Assessor: Physiatrist (G.Y.P.) w/ 16ys of MSK 
ultrasound and 3ys of UE experience  
Blinding: Not explicitly stated  

Lacourpaille 2017 – 
Longitudinal - 
(France) 

10 patients w/ DMD (genetically 
confirmed)  
age: 13.6 (6.3)y, range: 7-23y 

9 age matched healthy controls MG, TA, 
VL, BB, 
TB, and 
ADM  

Passive for stiffness 
measures and active for 
EMD measures, a 
constant-current 
stimulator (Digitimer 
DS7A, Digitimer) was used 
to elicit contractions  

Seated. MG: knee flexed at 90° (shortened) or fully extended 
(stretched) w/ ankle in neutral, TA: knee extended fully w/ ankle in 
neutral or 20° PF, VL: knee fully extended or flexed at 90°, BB: elbow 
flexed at 90° or overextended w/ hand in neutral, TB: arm extended or 
abducted and flexed at 90°, ADM: hand in pronation w/ 5th finger in 
maximal abduction or in alignment w/ 5th metacarpal 

Assessor: Not stated, assumed to be the 
researcher.  
Blinding: Not explicitly stated  

Lacourpaille 2015 - 
Cross sectional - 
(France) 

14 patients w/ DMD  
age: 13.3 (5.9)y, range 5–22y 

13 age-matched healthy controls  
age: 12.8 (5.5)y, range 6-24y 

MG, TA, 
VL, BB, 
TB, and 
ADM 

Passive, no EMG Lying on a plinth. MG: knee flexed at 90° (shortened) or fully extended 
(stretched) w/ ankle in neutral, TA: knee extended fully w/ ankle in 
neutral or 20° PF, VL: knee fully extended or flexed at 90°, BB: elbow 
flexed at 90° or overextended w/ hand in neutral, TB: arm extended or 
abducted and flexed at 90°, ADM: hand in pronation w/ 5th finger in 
maximal abduction or in alignment w/ 5th metacarpal 

Assessor: Described as an examiner, assumed to 
be the researcher  
Blinding: Not explicitly stated 

Lee 2018 - Cross 
sectional - (USA) 

14 subjects w/ chronic stroke  
stroke duration: 10.2 (8.4)y, range: 2.1-
27.3y 
FMA: 19.6 (15.0), range: 4-48  
MAS range: 0-3  
TS: 1–3 muscle quality, 62°-145° catch 
angle for 3 speeds 
m/f = 5/9  
age: 58.9 (7.4)y  
height: 1.68 (0.10)m  
body mass: 85.5 (18.2)kg  

8 age- and sex-matched controls 
w/o neurological or muscular 
disorders m/f = 4/4  
age: 57.4 (7.4)y  
height: 1.68 (0.11)m  
body mass: 75.0 (12.0)kg 

BB  Active and Passive w/ 
sEMG (Bagnoli Delsys, Inc.)  

Seated in a dynamometer (Biodex Medical Systems Inc.), upper arm 
resting on a plastic support, forearm secured in a fiberglass cast w/ 
wrist and forearm in neutral position and placed in a ring-mount 
interface mounted on the table, shoulder positioned w/ humerus 
abducted 45° and  elbow at 90° of flexion 

Assessor: Not clearly stated, assumed to be the 
researcher.  
Blinding: Not explicitly stated  

Lee 2016 - Cross 
sectional - (USA) 

8 subjects w/ spastic hemiplegic CP  
GMFCS: level I = 3, level II = 5 
m/f = 5/3  
age: 9.4 (3.7)y  
height: 1.31 (0.17)m  
body mass: 33.3 (12.8)kg  

N/A MG and 
TA  

Passive w/ EMG  Seated in an IntelliStretch rotary actuator (IntelliStretch Rehabilitation 
Robot, Rehabtek LLC) to monitor ankle angle and torque continuously, 
knee placed in max extension w/ foot strapped to the device, MG and 
TA measures taken in 5 ankle positions (neutral, maximum DF, 
maximum PF, and 2 intermediary angles) 

Assessor: Not clearly stated, assumed to be the 
researcher.  
Blinding: Not explicitly stated  

Lee 2015 - Cross 
sectional - (USA) 

16 subjects w/ chronic stroke  
stroke duration: 11.6 (11.4)y, range: 1.9–
42.2y 
FMA: 19 (15), range: 4-48 
MAS range: 0-3  
TS: 1-3 muscle quality, 62°-145° catch 
angle for 3 speeds 
m/f = 6/10  
age: 60.7 (8.0)y  
height: 1.71 (0.15)m  
body mass: 85.5 (18.2)kg 

N/A BB  Passive w/ sEMG  Seated in a dynamometer (Biodex Medical Systems Inc.), upper arm 
resting on a plastic support, forearm secured in a fiberglass cast w/ 
wrist and forearm in neutral position and placed in a ring-mount 
interface mounted on the table, shoulder positioned w/ humerus 
abducted 45° and  elbow at 90° of flexion 

Assessor: Not clearly stated, assumed to be the 
researcher.  
Blinding: Not explicitly stated  

Mathevon 2018 – 
Observational/ 
Reliability - 
(France) 

14 subjects w/ stroke  
stroke duration: 39mo, range: 6-255mo 
paretic side left/right: 6/8 
m/f = 10/4  
age: 56.9 (10.8)y  
height: 170.9 (8.9)cm  
weight: 80.9 (13.2)kg 

N/A MG and 
TA  

Passive and during DF, no 
EMG 

TA at rest and max DF: Supine. MG at rest: prone w/ feet below the 
table and no hip rotation at maximum passive-ankle DF w/ full knee 
extension. Stretching was performed manually by a second investigator 
(L.F.A.) in all trials.  

Assessor: Described as an experimental 
investigator, assessed each patient twice at an 
interval of 1 week at the same time of the day 
Blinding: Not explicitly stated  

Park 2012 – Pre-
post intervention - 
(South Korea) 

17 children w/ CP  
diplegia = 12, hemiplegia = 5  
m/f = 10/7 

N/A MG  Passive, no EMG Prone w/ feet hanging from the edge of an examination table Assessor: Physiatrist w/ 17ys of MSK ultrasound 
and 4ys of RTS experience  
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age: 57 (22)mo, range: 26-110mo  
weight: 12.5kg, range: 11-15kg 

Blinding: image analysis conducted by another 
physiatrist  

Pichiecchio 2018 - 
Cross sectional - 
(Italy) 

5 children w/ DMD (clinical and 
molecular diagnosis of dystrophinopathy)  
m/f = 5/0  
median age: 48mo, range 38-59mo 
BMI <30 

5 age-matched healthy controls  
m/f = 4/1 
median age: 39mo, range: 39-47mo  
BMI <30 

GM, RF, 
VM, VL, 
AM, TA, 
and MG  

Passive, no EMG Supine on an examination bed (or in their mother’s arms) and then in 
prone position 

SWE Assessors: 2 radiologists (C.B., F.C.), w/ 5y 
of MSK ultrasound experience  
Blinding: blinded to subject characteristics  
MRI Assessors: 2 radiologists (A.P., F.A.), one w/ 
considerable expertise in neuromuscular 
disorders and the other, a resident, w/ 4ys of 
MRI  experience 

Shao 2019 - Pre-
post intervention 
(China) 

24 patients w/ mild hemiplegic stroke  
and impaired plantar flexion (MAS ≥ 2)   
stroke duration: 10.1 (3.7)mo 
m/f = 14/10  
age: 60.7 (8.8)y, range: 41–75y 

N/A AT Passive, no EMG Prone w/ feet hanging from the edge of an examination table Assessor: MSK radiologist w/ > 6y of MSK 
ultrasound imaging experience 
Blinding: Not explicitly stated 

Wu 2016 - Cross 
sectional - (Taiwan) 

31 patients w/ acute stroke  
stroke duration < 3m in 29 patients  
stroke duration: 8.4 (7.6)wks 
infarct = 19, hemorrhage = 12  
paretic right/left = 11/20  
m/f = 21/10  
age: 60.3 (13.0)y  
height: 164.7 (6.9)m  
weight: 63.4 (12.3)kg  

21 healthy controls  
m/f = 14/7 
age: 31.2 (7.9)y  
height: 168.5 (7.1)m  
weight: 168.5 (7.1)kg 

BB Passive w/ sEMG used to 
monitor muscle activity 

Supine on an examination bed w/ shoulders and elbows in a relaxed 
neutral position. SWV obtained  at 0° (full extension) and 90° of elbow 
flexion using an custom elbow stabilizer 

Assessor: Physiatrist w/ 2ys of MSK ultrasound 
experience (> 1000 cases), familiarized w/ the 
study protocol for optimization of SWV measures 
by examining 15 unimpaired subjects not 
included in the study (preliminary test) 
Blinding: Physical appearance of patients and 
controls prevented blinding of the rater to 
paretic limbs 
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Table 2.2 System specifications and acquisition procedures 
Study System Specifications Acquisition Method 

 
System Probe Settings/ Software Units Reported 

Probe 
Alignment ROI Number of Trials 

Transducer 
Pressure/ Placement 

Contact 
Interface Image Acquisition/ Processing 

Bilgici 
2018(a)  
 

Acuson S2000 US 
system (Siemens 
Medical)  

linear array 
(9L4) 

N/A SWV (m/s) (range 
of 0-9)  

parallel  ROI box 0.5 cm2 in size 
placed in the mid-section 
of the MG corresponding 
to the largest 
circumference  

5 measures for each 
muscle w/ the mean 
value used for analysis 

minimal 
compression applied 
w/ the probe weight 

N/A Value ‘‘x.xx’’ displayed in case of 
faulty measures, repeated until 
valid values were obtained 

Bilgici 
2018(b) 
 

Acuson S2000 US 
system (Siemens 
Medical)  

linear array 
(9L4) 

VTIQ software SWV (m/s) (range 
of 0-9)  

parallel  ROI box 0.5 cm2 in size 
placed in the mid-section 
of the MG corresponding 
to the largest 
circumference 

5 measures for each 
muscle w/ the mean 
value used for analysis 

minimal 
compression applied 
w/ the probe weight 

N/A Value ‘‘x.xx’’ displayed in case of 
faulty measures, repeated until 
valid values were obtained, VTIQ 
software 

Boyaci 2014 
 

Mylab Twice US 
system w/ 
sonoelastography 
and Doppler (Esaote) 

broadband 
linear array 
(12MHz) 

N/A ELX 2/1 Index and 
color pattern pixel 
intensities 

parallel  ROI of 7.5×7.5 mm2 in size, 
ELX 2/1 index calculated 
as a ratio of the elastic 
properties of the MG, LG 
and SOL w/in the ROI  

N/A N/A N/A Pixel color pattern in 0 to 255 
range, w/ median blue, green, and 
red pixel histogram intensities 
analyzed w/ ImageJ software 
(National Institutes of Health) 

Brandenburg 
2018  
 

Aixplorer US scanner 
(SuperSonic Imagine)  

linear array 
(SL15-4; 
SuperSonic 
Imagine) 

MSK preset SM (kPa)  parallel circular ROI w/ mean 
diameter of 4.8–5.0mm 
w/in the elastogram  

measures at 3 foot 
positions and repeated 
twice, average of 3 
measures used for 
analysis 

minimal pressure on 
skin by one of the 
examiners 

N/A Open-source imaging plug-in for the 
DICOM reader (OsiriX Imaging 
Software) used to measure 
modulus values w/in the ROI 

Brandenburg 
2016  
 

Aixplorer US scanner 
(version 4.0; 
SuperSonic Imagine)  

linear array 
(SL15–4; 
SuperSonic 
Imagine) 

MSK preset, SWE 
Optimization: Standard, HD/ 
Frame Rate: Balanced, 
Zoom: 120%, Smoothing: 5, 
Persistence: High 

SM (kPa)  parallel circular ROI w/ mean 
diameter of 4.8–5.0mm 
w/in the elastogram 

measures at 3 foot 
positions and repeated 
twice, average of 3 
measures used for 
analysis 

minimal pressure on 
skin by one of the 
examiners 

N/A Open-source imaging plug-in for the 
DICOM reader (OsiriX Imaging 
Software) used to measure 
modulus values w/in the ROI 

Du 2016 
 

Aixplorer US scanner 
(SuperSonic Imagine) 

linear array 
(4–15 MHz) 

MSK setting, Q-Box software SM (kPa) parallel 5mm diameter circle in 
the ROI center w/ 
homogeneous color 
distribution for a 3 
seconds minimum 

3 measures per muscle 
and side w/ the average 
3 measures used for 
analysis 

gently placed on skin 
w/o  compression 

N/A Q-Box software 

Eby 2016 
 

Verasonics US 
scanner (Verasonics 
Inc.) 

linear array 
(L7-4, Philips 
Healthcare) 

CUSE and SWE settings  SM (kPa) w/ color 
bar range 0-16 
(m/s)  

assumed to 
be parallel 

approx. 160 mm2 ROI 
using CUSE  

3 measures at 80° and 
150° elbow angles 

custom holder 
securely fixed to the 
arm maintaining 
continuous contact 
pressure 

transmission 
gel couplant 
applied 

Shear wave motion recorded using 
a high frame rate technique and 
calculated from image data based 
on one-dimensional autocorrelation 

Gao 2018 
 

Acuson S3000 HELX 
(Siemens Medical) 

linear array 
(9L4) 

pre-locked settings w/ 
mechanical index 1.1, depth 
4cm, scanning frequency 7 
MHz, Map D/Space time (0), 
total gain 0dB, dynamic 
range 70dB, single focus, 
harmonic imaging kept 
constant, VTIQ software 

SWV (m/s) parallel ROI of 1.5 × 1.5 mm, 1-3 
cm depth from the skin 
w/in a color coded SWV 
map 

10 trials w/ 5 ROIs of 
1.5cm depth and 5 ROIs 
of 2.0cm depth from 
skin surface at both 90° 
passive elbow flexion 
and max passive elbow 
extension (up to 180°) 

N/A transmission 
gel couplant 
applied 

VTIQ software 

Gao 2016 
 

Logic E9 US scanner 
(General Electric)  

linear array 
(L9-3) 

grayscale imaging settings 
for SE optimized for speckle 
tracking, high frame rate 
(N40 frames per second), 
single focus, turn off speckle 
reduction, low scanning 
frequency (6 MHz)  

SR parallel Reference strain 
standardized to 5mm axial 
region in subcutaneous 
tissue  (distance from skin 
to muscle)   

3 compression cycles w/ 
2 minute time interval 
btw trials 

sand bag (1.5 kg) tied 
to probe for constant 
compression, 5 
second compression 
cycles used to during 
tissue deformation 
sequence 

transmission 
gel couplant 
applied  

Strain of target muscle and 
reference tissues estimated w/ 2-D 
speckle tracking software 
(EchoInsight, Epsilon Imaging) 

Jakubowski 
2017 
 

Aixplorer US system  
(SuperSonic Imagine) 

linear array 
(4–15 MHz, 
Super 
Linear 15-4) 

N/A SWV (m/s) parallel ROI of 30mm width w/ 
depth set to muscle 
thickness  

3 trials per ankle 
position 

custom neoprene 
sleeve used to 
minimize probe 
movement 

N/A images manually cropped and 
exported for off-line processing 
using custom-written program in 
Matlab (Mathworks) 
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Kwon 2012 
 

Acuson S2000 US 
system w/ B-mode 
and DS (Siemens 
Medical) 

multi 
frequency 
linear  
(4–9 MHz) 

N/A SWV (m/s), SR,  
DS score and color 
pixel intensity 

parallel ROI of  5 x 5 mm2 for SWV 
acquisition, ROI for pixel 
analysis set to cover entire 
muscle, excluding 
hyperechoic epimysium 

2 trials w/ 2 
representative images 
taken during each  

compression 
adjusted according 
to quality factor 
display, factor ≥ 60 
indicated optimal 
compression 

N/A color pattern (0 to 255 pixel range) 
of images analyzed w/ Image J 
software (National Institutes of 
Health), median blue and red pixel 
intensities obtained w/ color 
histogram  

Lacourpaille 
2017 
 

Aixplorer US scanner 
(version 7, 
SuperSonic Imagine) 

linear array 
(4–15 MHz) 

SWE and research mode to 
acquire raw radio-frequency 
signals at 4 kHz, force and 
US data synchronized w/ 
transistor to transistor logic 
pulses 

SM (kPa)  parallel ROI corresponded to the 
largest muscular region 
w/o fascia 

10 trails for each muscle 
and position, then 
averaged to obtain 
representative values 

probe placed on 
thickest part of 
muscle belly 

N/A SSI recordings exported from 
system software (Version 7.0, 
SuperSonic Imagine) as mp4 and 
sequenced in jpeg format w/ 
custom program in Matlab (version 
10.0, Mathworks Inc.), color maps 
were converted to SM  

Lacourpaille 
2015 
 

Aixplorer US scanner 
(SuperSonic Imagine) 

linear array 
(4–15 MHz) 

SWE mode SM (kPa)  not stated, 
not inferable 
due to lack of 
images and 
figures 
depicting  
alignment 

N/A 10 trails for each muscle 
and position, then 
averaged to obtain 
representative values  

probe placed on 
thickest part of 
muscle belly 

N/A N/A 

Lee 2018 
 

Aixplorer US system 
(SuperSonic Imagine) 

Not explicitly 
stated 

N/A SWV (range 0-16 
m/s)  

parallel circular region w/ varying 
diameters w/in an ROI of 
12 x 12mm btw superficial 
and deep aponeuroses  

3 trials per % max 
voluntary contraction 

custom neoprene 
sleeve used to 
minimize probe 
movement 

N/A images cropped and muscle area 
w/in the ROI analysed w/ a custom 
program in Matlab (Mathworks 
Inc.)  

Lee 2016  
 

Aixplorer US system 
(SuperSonic Imagine)  

linear array 
(4–15 MHz, 
Super 
Linear 15-4) 

SSI software (Q Box) SWV (m/s)  parallel  circular region w/ varying 
diameters w/in an ROI of 
12 x 12mm, all manually 
cropped areas w/in the 
muscle used to calculate 
SWV spatial averages 

60 trials (2 legs, 2 
muscles, 15 trials per 
muscle) 

custom neoprene 
sleeve used to 
minimize probe 
movement, placed 
over muscle belly 
mid-region  

N/A image were analysed w/ custom 
program in Matlab (Mathworks 
Inc.), Q Box software used to 
generate SWV values w/ a quality 
factor > 0.8. 

Lee 2015 
 

Aixplorer US system 
(SuperSonic Imagine) 

linear array 
(4–15 MHz, 
SuperLinear 
15–4) 

SSI software (Q Box) SWV (m/s)  parallel ROI of 12 x 12mm placed 
in the mid-section btw 
superficial and deep 
aponeuroses 

N/A custom neoprene 
sleeve used to 
minimize probe 
movement 

N/A SWV and quality factor values in the 
ROI extracted and analysed w/ 
custom program in Matlab 
(Mathworks) 

Mathevon 
2018 
 

Aixplorer US scanner 
(version 6.1.1, 
SuperSonic Imagine) 

linear array 
(4–15 MHZ, 
SuperLinear 
15–4)  

2D muscle measures w/ B-
mode US, data processed w/ 
SSI software (Q-Box)   

SM (kPa)  parallel 
(sagittal) and 
perpendicular 
(axial)   

3 circular ROI (Q-boxes) 
positioned over the largest 
contiguous area possible 

mean value of 5 
measures over 5 
seconds used for 
analysis 

compression limited 
by a thick layer of gel 
and the support of 
the examin table 

transmission 
gel couplant 
applied  

data processed w/ system software 
(Q-Box) 

Park 2012 
 

Antares US system 
w/ B-mode and RTS 
(Siemens Medical) 

multi 
frequency 
linear  
(5-13 MHz) 

image color pattern 
analyzed w/ Image J 
software (National Institutes 
of Health) 

RTS score  
 

parallel ROI set to cover the entire 
muscle, excluding 
hyperechoic perimysium  

N/A manually adjusted 
compression, 
perimysium 
appeared yellow to 
red on RTS, w/ 
standardized color 
scale encoding 

N/A image color pattern analyzed w/ 
ImageJ software (National Institutes 
of Health), RTS score graded semi-
quantitatively as follows: 1 (purple 
to green: soft), 2 (green to yellow), 
3 (yellow to red), and 4 (red: hard) 

Pichiecchio 
2018 
 

Toshiba Aplio 500 
SWE US scanner 
(Toshiba Medical)  
 

multi 
frequency 
linear array 
(4-15 MHz) 

shear wave module (Toshiba 
Medical) 

SM (kPa)  Assumed to 
be parallel  

Circular ROI of 5mm w/ 
homogeneous stiffness 
values w/in an area void of 
tendon, fascial tissue  

N/A probe placed in a 
fixed position 

transmission 
gel couplant 
applied 

N/A 

Shao 2019 Acuson S2000 US 
system (Siemens 
Medical) 

linear array 
(5–14 MHz, 
Siemens) 

elastographic unit w/ strain 
quality indicator 
(proprietary software, 
Siemens)  

SR and elasticity 
score 

parallel Depth 3x AT thickness, SR 
ROI 2cm above insertion 
w/ corresponding deep fat 
reference area 

3 trials to calculate SR appropriate pressure 
applied  

10mm gel 
pad (SONAR-
AID)  

Score/ grade calculated accordingly: 
SR=B/A (fat-to-tendon SR), 
elasticity: 3=red (soft), 2=green/ 
yellow (medium), 1=blue (hard)  

Wu 2016 
 

Acuson S2000 US 
system (Siemens 
Medical)  

linear array 
(7-9 MHz, 
9L4, Siemens)  

Virtual Touch Quantification 
Technology (VTQ) (Siemens)  

SWV (m/s)  parallel 
(longitudinal) 
and 
perpendicular 
(transverse) 

ROI of 0.5 x 0.5cm in the 
mid-muscle belly  

5 trials per arm in each 
elbow posture and 
averaged for analysis 

probe held 
stationary during 
acquisition  

transmission 
gel couplant 
applied 

N/A 
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Table 2.3 Reliability and validity summary 
Study Reliability Validity  

  Convergent/ Concurrent Discriminant/ Known Groups Responsiveness Comparator(s) 

Bilgici 2018(a) Interrater Reliability: ICC=.65 
(agreement, 95% CI=.33–.84, p=.001) 

Convergent Validity: SWV values of MG correlated w/ ankle 
spasticity MAS scores (p=.001)  

Known Groups Validity: Mean SWV values for the MG in 
patients w/ CP (3.17±.81, min–max 1.291-4.540) were 
significantly higher than controls (1.45±.25, min–max .938–
2.080, p=.001) 

N/A Controls and MAS 

Bilgici 2018(b) Interrater Reliability: ICC=.65 
(agreement, 95% CI=.33–.84, p=.001)  

Convergent Validity: SWV values positively correlated w/ MAS 
score (q=.578, p=0.003) 

N/A Responsiveness: Significant difference in 
mean SWV values pre-BTA (3.20±.14) and 
post-BTA (2.45±.21, p=.001) 

SWV and MAS measured 
pre-BTA and 1 mo post 

Boyaci 2014 N/A Convergent Validity: ELX 2/1 index was correlated w/ median 
red pixel intensity in the CP group (r=.516, p=.008). Mean MAS 
for the ankle decreased, from 3.4 to 2.6 (p<.05). Mean MAS 
scores decreased significantly from pre- (3.44±.58) to post-trial 
(2.60±.64, p<.001), while mean GMFM scores increased 
significantly from pre- (54.28±19.19) to post-trial (59.03±16.49, 
p=.001) 

Known Groups Validity: ELX 2/1 indices of the CP group 
(MG=2.27±.88, LG=1.84±.85) were significantly higher than 
controls (MG=1.12±.27, LG=1.17±.39, p<.05) 

Responsiveness: ELX 2/1 indices in the 
GM and GL muscles in the CP group 
decreased significantly post-treatment 
(p<.05) 

Controls, pixel intensity, ELX 
2/1 index, MAS and GMFM 
scores measured pre-
procedure and 1 month post 

Brandenburg 
2018  

N/A Convergent Validity: Spearman rank correlations used to 
explore the relationship btw SM and continuous variables 
(BoNT-A dose, and ankle DF passive ROM). However, no 
outcomes were reported 

N/A Responsiveness: Despite no significant 
change in ankle ROM or spasticity, there 
was a significant difference in LG SM  
after BoNT-A injections 

MAS, max ankle DF ROM, 
GMFCS 

Brandenburg 
2016 

N/A Convergent Validity: No correlation btw SM values and GMFCS 
level, MAS grade, or history of calf muscle botulinum toxin 
injection. There was a significant difference in median ankle 
ROM btw the CP group (-12° to 20°) and controls (5° to 31°) 

Known Groups Validity:  SM at all 3 foot positions were 
significantly greater for CP children (20° PF = 15.0 (11.6, 
17.5),10° PF = 19.1 (15.0, 23.6), 0° PF = 28.9 (24.6, 44.2)) than 
controls (20° PF = 7.8 (6.1, 11.0),10° PF = 9.6 (7.3, 15.6), 0° PF = 
14.9 (10.9, 20.9)). CP children had greater variability in SM, 
indicated by larger SD for measures at all ankle positions 

N/A Healthy controls (age- and 
gender-matched typically 
developing children),  MAS, 
maximal ankle DF ROM, 
GMFCS  

Du 2016 (9 control subjects only)  
Interrater Reliability: ICC(3,2)=.74 (95% 
CI=.68–.78)  
Intrarater Reliability: ICC(3,1)=.78 (95% 
CI=.75–.82) 

Convergent Validity: Positive linear correlation found btw SM 
values and UPDRS motion scores in patients w/ PD (r=.646, 
p=.000) 

Known Groups Validity: Significant difference in SM of the BB 
btw PD (54.94±20.91) and controls (24.44±5.09, p<.05)  
Discriminant Validity: No significant difference btw remarkably 
(54.94±20.91) and mildly symptomatic arms (47.77±24.00, 
p<.05) 

N/A Remarkably and mildly 
symptomatic arms in 
patients w/ PD, btw patients 
and controls, and btw SM  
and UPDRS 

Eby 2016 Intrarater Reliability:  
ICC(1,1) range=.76-.99 at both 80° and 
150° for all subjects  
ICC(1,1) range=.75-.97 for 3 preselected 
joint angles  
(ICCs indicated consistent stiffness 
throughout testing for dominant sides of 
controls, but largely inconsistent stiffness 
for other study conditions)  

Convergent Validity: No association was found btw stroke 
mechanism, location, or hemisphere and MAS or FMA scores. 
SM values and torque during all 40°/sec trials: A= controls, w/ 
minimal torque and SM responses; y=17.394x + 7.898, R2=.103. 
B= S1, w/ strong torque and SM responses to passive 
extension; y=36.856x + 18.197, R2=.829, and C= S6, S3, S7, w/ 
strong torque response and minimal SM responses; y=2.712x + 
6.676, R2=.181. 

Known Groups Validity: Torque and passive stiffness increased 
minimally for controls and was most pronounced in 
contralateral limbs of subjects w/ stroke. Several patterns of 
SM and torque responses to passive elbow extension were 
identified, w/ a subset of several subjects displaying very strong 
torque response w/ minimal stiffness response 

N/A Healthy controls and 
velocity dependent torque 

Gao 2018 Intrarater Reliability:  
ICC=.94 (agreement, p<.001) for non-
spastic BB  
ICC=.82 (agreement, p<.01) for spastic BB 
Software Usage: VTIQ indicates SWV 
quality and reliability w/ homogeneous 
green color scale throughout image maps 

Convergent Validity: A strong negative correlation was found 
btw SWV and passive ROM (R2=−.88, p<.0001) in spastic upper 
limbs. The correlation btw mean SWV and other MAS and TS 
parameters was weak (p>.05). 

Known Groups Validity: At 90°, there was no significant 
difference in SWV btw controls and spastic BB or btw non-
spastic and spastic BB. However, there was a significant 
difference btw controls and non-spastic BB based on 
Bonferroni correction. At max elbow extension, the difference 
in SWV btw healthy and spastic BB, and btw non-spastic and 
spastic BB, was significant (all values p<.01), but not significant 
btw controls and non-spastic BB (p>.05) 

N/A Controls (btw subjects), 
non-paretic arm (w/in 
subjects), SWV,  ROM, MAS, 
TS and echogenicity across 3 
groups (healthy, non-spastic 
and spastic BB muscles)  

Gao 2016 Intrarater Reliability:  
ICC=.88  
Interrater Reliability:  
ICC=.84 

Convergent Validity: A negative correlation was found btw SR 
values and UPDRS scores (r=−.78) 

Known Groups Validity: There was a significant difference in SR 
btw patients w/ PD (2.65±.36) and controls (3.30±.27). There 
was also no significant gender or side-to-side difference in SR 
among controls 

N/A Controls and UPDRS for 
muscle rigidity 

Jakubowski 2017 N/A  Convergent Validity: Weak correlations were found btw MG 
SWV and joint stiffness for non-paretic (r=.384, p=.001) and 
paretic sides (r=.363, p=.002). Ankle angle, joint torque, and 
fascicle strain were significantly correlated w/ MG and TA SWV. 
(SWV vs ankle angle: MG=.705, TA=−.574, p<.001), (SWV vs 
joint torque GM=.626, TA=−.475, p<.001), (SWV vs fascicle 
strain: MG=.665, TA=.397, p<.001). FMA score was correlated 

Discriminant Validity: There were significant increases of 
27.7% and 26.9% in SWV for the paretic compared to the non-
paretic MG at 90° (p=.033) and 15° PF (p=.001). However, no 
significant difference was found btw-sides for the TA. Paretic 
MG and TA SWV at torque-matched position btw max PF and 
neutral was 18.7% (p=.109) greater and 14.7% (p=.109) less 
than non-paretic sides. SWV of paretic MG and TA at torque-

N/A Joint torque, ankle angle, 
fascicle strain, and estimates 
of  clinical measures (FMA, 
passive/ active ROM), joint 
stiffness, muscle 
architecture (thickness, 
fascicle length, pennation 
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w/ SWV for the paretic TA at 15° PF (r=−.586, p=.035). No 
correlations were found for the MG at any ankle angle. As 
muscle thickness increased, SWV decreased for both non-
paretic (r=−.565, p=.035) and paretic MG (r=−.648, p=.012) at 
90° 

matched position btw neutral and max DF were 16.8% (p=.033) 
greater and 16.3% (p=.109) less than non-paretic sides. 
Stiffness estimates of paretic TA from torque and angle 
measures were significantly greater by 23.1% (p=.033) than 
non-paretic TA. No significant difference for MG 

angle) and stiffness on each 
leg and muscle 
independently 

Kwon 2012 Intrarater Reliability:  
ICC=.812 (repeated measures, CP group 
DS scores) 
ICC=.886 (repeated measures, control 
group DS scores) 

Convergent Validity: MAS score was positively correlated w/ 
the DS score (r=.712) and SWV (r=.710) and negatively 
correlated w/ SR (r=-0.766, p=.001) 

Known Groups Validity: MG DS score was significantly higher 
for the CP group than controls (2.5±.5 vs 1.1±.3, p=.01). MG 
SWV was also significantly higher for the CP group than 
controls (2.5±.7 vs 1.3±.4). SR was significantly lower for the CP 
group than that controls (.5±.4 vs 1.3±.8, p=.01) 

N/A Controls, MAS, SR (MG to 
SOL muscles), and DS score 
interpreted as: 1 (purple/ 
green =soft), 2 (green/ 
yellow= mostly soft), 3 
(yellow/ red= mostly hard), 
4 (red= hard) 

Lacourpaille 
2017 

N/A Convergent Validity: For controls, evoked max torque 
increased at T+12mo (+11.2±7.6%, d=2.1, p<.001) but Tm 
(p=.382) and EMD (p=.999) did not change. In contrast, DMD 
children showed no change in evoked max torque (p=.222) but 
both EMD (+12.9±11.3%, d=2.5, p<.001) and Tm (+10.1±21.6%, 
d=1.27, p=.003) were significantly longer at T+12 than T0. 

Known Groups Validity:  Muscle stiffness increased at T+12mo 
in DMD children for the TA (+75.1±93.5%, p=.043), MG 
(+144.8±180.6%, p=.050) and TB (+35.5±32.2%, p=.005). 
Analysis of SM maps for MG (stretched position) and TA 
(shortened position) and group (DMD, controls) showed 
significant time × group interaction for TA (p=.043) and TB 
(p=.005) and a significant time × length × group interaction for 
MG SM (p=.050). 

Responsiveness: TA (+75.1±93.5%, 
d=1.04, p=.009) and TB SM 
(+35.5±32.2%, d=.29, p<.001) were 
significantly higher at T+12 than T0 in 
DMD children, regardless of the muscle 
length, w/ no change for controls (all 
p>.369). Also a significant increase in GM 
SM (lengthened) at T+12 (p<.001) 
compared to T0 (+123.6±180.2%, d=1.05; 
in DMD but not controls (p>.715) 

Controls, electromechanical 
delay (EMD) and electrically 
induced maximal torque 
(elbow flexion) 

Lacourpaille 
2015  

N/A Convergent Validity: SM of the MG at both muscle lengths 
correlated w/ age in patients w/ DMD (lengthened: r=.74, 
p=.005 shortened: r=.55, p=.050). No significant correlation was 
found for controls (r<.43 in all cases). SM of GM at both lengths 
correlated w/ age in patients w/ DMD (long: r=.74, p=.005, 
short: r=.55, p=.050) No significant correlation was found for 
healthy participants (r<.43 in all cases). 

Known Groups Validity: SM was significantly higher in patients 
w/ DMD compared to controls for all muscles (main effect for 
group, p<.033 in all cases), except for ADM (p=.394). For 
lengthened muscle, SM of the TA (p=.005) and BB (p=.017) 
were significantly higher in patients w/ DMD than controls, but 
no difference btw groups for short TA (p=.991) and BB (p=.999). 
A significant group x muscle length interaction was found for 
TA (p=.026) and BB (p=.048). 

Responsiveness: Effect of DMD on 
changes in SM from T0 to T+12mo was 
moderate to large for all muscles 
(Cohen’s d range=.48-.99) except the 
ADM (d=.33) 

Controls, muscle length and 
age  

Lee 2018 No ICC reported for this study 
Preliminary Reliability Assessment: 
Repeatability and reliability of SWV was 
previously tested among 3 controls and 3 
subjects w/ stroke twice on separate 
days. 
ICC=.932, CV=4.5% (controls)  
ICC=.821, CV=6.5% (non-paretic side) 
ICC=.715, CV=9.2% (paretic side)  

Convergent Validity: As voluntary activation increased, SWV 
increased non-linearly, w/ an average power fit of R2=.83±.09 
for the non-paretic side, R2=.61±.24 for the paretic side, and 
R2=.24±.15 for controls. Passive SWV on the paretic side was 
correlated w/ MAS scores for the elbow extensors (p=.044) 

Known Groups Validity: Mean passive SWV across all subjects 
were significantly different btw the non-paretic (2.34±.41) and 
paretic sides (3.30±1.20, p<.001) and btw paretic sides and 
controls (2.24±.18, p<.001). There was no significant difference 
in SWV btw-sides or controls in active muscles (10, 25, 50, 75, 
100% max voluntary contraction).  
Discriminant Validity: Non-paretic arms showed significantly 
greater passive and active elbow ROM than paretic arms (non-
paretic: active=180±5° to 44±11°, passive=182±4° to 37±6°), 
(paretic: active= 145±27° to 59±10°, passive=175±8° to 45±7°), 
(active: p=.006), (passive: p=.001) 

N/A Voluntary muscle activation 
(active muscle condition 
only), MAS and ROM  

Lee 2016 No ICC reported for this study 
Preliminary Reliability Assessment: 
Repeatability and reliability of SWV was 
previously tested among 3 unimpaired 
subjects twice on separate days. 
ICC=.932, CV=4.5%  
 

Convergent Validity: MG and TA muscle thickness and fascicle 
length w/ the ankle at 90°, were significantly reduced on the 
more-affected side. There was no significant correlation btw 
SWV of the MG or TA and ankle ROM as indicated by max DF 
angle 

Known-Groups Validity: There was no significant difference in 
SWV btw CP children w/ GMFCS Levels I and II.  
Discriminant Validity: MG and TA SWV was significantly higher 
in the more- than less-affected limb (MG: S1, S3, S5–S8, TA: S3–
S8) at 90° in 6/8 subjects. Average difference was 14% (MG) 
and 20% (TA) greater in the more- than less-effected limbs, 
(more-affected MG=5.05±.55), (less-affected MG=4.46±.57, 
p=.024), (more-affected TA=3.86±.79) and (less-affected 
TA=3.22±.40, p=.03)  

N/A SWV, muscle thickness, 
fascicle strain, torque, and 
ankle angle and clinical 
assessments (ankle ROM 
and GMFCS Levels I and II) 

Lee 2015 No ICC reported for this study 
Preliminary Reliability Assessment: 
Repeatability and reliability was 
previously tested among 3 unimpaired 
subjects twice on separate days.   
ICC=.932, CV=4.5% (SWV)  
ICC=.882, CV=4.2% (Echo Intensity)  
Software Usage: Each value was 
accompanied by a “quality factor” 
indicating SWV reliability 

Convergent Validity: Btw-sides differences in SWV and echo 
intensity were strongly correlated (R2=.703, p=.002). A 
significant linear relationship was observed for the btw-sides 
difference in SWV and stroke duration (R2=.301, p=.03) as well 
as a linear relationship btw SWV and elapsed time since stroke 
onset. Btw-sides difference in SWV was significantly correlated 
w/ FMA score (R2=.327, p=.02) 

Discriminant Validity: Measures of SWV were 69.5 % greater in 
paretic (3.67±1.28) than non-paretic BB (2.23±.40, p=.001). 
Echo intensity was 15.5% greater in paretic (109.48±21.90) 
than non-paretic BB (83.03±28.96, p=.004). 

N/A Btw-sides comparison, FMA 
score, echo intensity  
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Mathevon 2018 Intrarater Reliability:  
Axial (rest):  
(CV= 53.91, SEM=20.02, ICC=.00, paretic 
MG), (CV=42.15, SEM=9.29, ICC=.73, non-
paretic MG), (CV=40.74, SEM=22.25, 
ICC=.64, paretic TA), (CV=37.00, 
SEM=24.81, ICC=.51, non-paretic TA) 
Sagittal (rest):  
(CV= 9.86, SEM=0.61, ICC=.87, paretic 
MG), (CV=17.64, SEM=1.70, ICC=.36, non-
paretic MG), (CV=15.60, SEM=2.09, 
ICC=.43, paretic TA), (CV=18.50, 
SEM=4.35, ICC=.27, non-paretic TA)  
Sagittal (max passive DF):  
(CV=40.58, SEM=18.21, ICC=.11, paretic 
MG), (CV=24.05, SEM=8.32, ICC=.30, non-
paretic MG) 
Other: CV for MG thickness and 
pennation angle were acceptable at rest 
and in DF on both sides. CV for TA 
thickness were acceptable for both sides, 
but not pennation angle on either side 

N/A N/A N/A Muscle thickness and 
pennation angle 

Park 2012  Intrarater Reliability (pre-intervention, 
repeated measures):   
ICC=.855 (RTS scores)  
ICC=.906 (red pixel intensity)  
ICC=.915 (blue pixel intensity) 
Intrarater Reliability (post-intervention, 
repeated measures): 
ICC=.878 (RTS scores) 
ICC=.912 (red pixel intensity)  
ICC=.926 (blue pixel intensity)  

Convergent Validity: RTS score was positively correlated w/ 
mean red pixel intensity in the MG (r=.756) and negatively 
correlated w/ mean blue pixel intensity (r=-.605). MAS score 
was positively correlated w/ RTS score (r=.778). There was no 
correlation btw RTS and GMFM scores. 

N/A Responsiveness: Mean RTS score of the 
MG before and at 4 weeks after 
intervention decreased significantly from 
3.4 to 1.5 (p=.05). 

Color pixel intensity, MAS 
and GMFM scores 

Pichiecchio 2018 N/A, no values from the statistical 
analyses were reported 

Convergent Validity: DMD children showed fatty replacement 
and patchy edema on muscle MRI and increased stiffness on 
SWE. However, there was no significant correlation btw 
stiffness values and MRI scores. Muscle MRI T1-w images 
showed fatty replacement in 3/5 children in the GM, w/ thigh 
and leg muscles affected in 2/5 children. Hyperintensity of STIR 
was identified in 4/5 children 

Known Groups Validity: Stiffness was moderately higher in 
DMD children compared to controls in the RF, VL, AM and GM 
muscles 

N/A Controls, MRI and NSAA 

Shao 2019 N/A Convergent Validity: positive correlation btw SR and 10MWT 
(r=.83, p=.009), and TUG scores (r=.87, p=.012), and moderately 
positive correlation btw elasticity score and 10MWT (r=.58, 
p=.048), and TUG scores (r=.62, p=.011) 

N/A Responsiveness: pre-training, SR were 
significantly lower for impaired 
(2.92±.83) than healthy AT (3.50±.64) 
(p=.009). Post-training, SR of impaired AT 
increased significantly by 9 wks 
(3.39±.75) compared to pre-training 
(2.92±.83) (p=.045) 

10MWT, TUG, AT length and 
thickness 

Wu 2016  Intrarater Reliability:  
ICC=.852 (95% CI=.565– .955, longitudinal 
axis)   
ICC=.711 (95% CI=.260–.907, transverse 
axis)  
Interrater Reliability  
ICC=.768 (95% CI=.373–.927, longitudinal 
axis)  
ICC=.552 (95% CI=.002–.846, transverse 
axis) 

Convergent Validity:  At 90°, paretic side SWV correlated 
positively w/ post stroke duration (r=.467, p=.008), MAS 
(r=.662, p=.001)and TS (r=.536, p=.002) and negatively w/ 
STREAM score (r=-.572, p=.001) 

Known Groups Validity: SWV was significantly greater on the 
paretic side than the non-paretic side at both 90° (2.23±.15 vs. 
1.88±.08, p=.036) and 0° (3.28±.11 vs. 2.93±.06, p=.002). For 
controls, SWV did not significantly differ btw-sides at 0° 
(p=.311) or 90° (p=.436) or btw males and females at 0° 
(2.94±.03 vs 2.96±.07, p=.831) or 90° (1.92±.06 vs 1.73±.06, 
p=.063). For the subgroup analysis conducted among 9 patients 
w/ no change in muscle tone (MAS score=0), SWV was 
significantly lower on the paretic than non-paretic sides at 90° 
(1.49±.06 vs 1.76±.16, p=.046), but not at 0° (2.90±.14 vs 
2.98±.11, p=.529) 

N/A Controls, Subgroup analysis 
for differences in SWV btw 
spastic and non-spastic 
patients w/ stroke (MAS 
score=0), Stroke duration, 
MAS, MTS, and STREAM 
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Table 2.4 Quality assessment and level of evidence synthesis  

UE Method Outcome Measure(s) Study 
Sample Size 

(Patients/Controls) 
Quality Rating (COSMIN)(187) Results Rating(194) Level of Evidence(192) 

Reliability 

       

Quantitative 

SWV (m/s) Bilgici 2018(a) 17/25 Adequate Interrater (-) 

Total N = 60/55, Interrater,  
Moderate (-); 

 
Total N = 63/46, Intrarater,  

Moderate (+) 

SWV (m/s) Bilgici 2018(b) 12/0 Adequate Interrater (-) 
SM (kPa) Du 2016 0/9 Doubtful Interrater (+), Intrarater (+) 
SM (kPa) Eby 2016 9/4 Adequate Intrarater (+) 

SWV (m/s) Gao 2018 8/8 Adequate Intrarater (+) 
SWV (m/s) Kwon 2012 15/13 Adequate Intrarater (+) 
SM (kPa) Mathoven 2018 14/0 Adequate Intrarater (-) 

SWV (m/s) Wu 2016 31/21 Adequate Interrater (-), Intrarater (+) 
       

       

Semi-Quantitative 

SR Gao 2016 14/10 Adequate Interrater (+), Intrarater (+) Total N = 14/0, Interrater,  
Unknown (+);  

 
Total N = 46/23, Intrarater,  

Limited (+) 

SR, DS score, color pixel intensity Kwon 2012 15/13 Adequate Intrarater (+) 

RTS score Park 2012 17/0 Adequate Intrarater (+) 

       

Measurement Error 

       
Quantitative SM (kPa) Mathoven 2018 14/0 Adequate (?) Total N = 14/0, Unknown (?) 

       

Hypothesis Testing (Convergent Validity)a1 

       

Quantitative 

SWV (m/s) Bilgici 2018(a) 17/25 Doubtful (+) 

Total N = 197/97, Strong (+) 

SWV (m/s) Bilgici 2018(b) 12/0 Very good (+) 
SM (kPa) Brandenburg 2018 9/0 Adequate (-) 
SM (kPa) Brandenburg 2016 13/13 Adequate (-) 
SM (kPa) Du 2016 46/31 Adequate (+) 
SM (kPa) Eby 2016 9/4 Adequate (+) 

SWV (m/s) Gao 2018 8/8 Adequate (+) 
SWV (m/s) Jakubowski 2017 14/0 Very good (+) 
SWV (m/s) Kwon 2012 15/13 Adequate (+) 
SM (kPa) Lacourpaille 2017 10/9 Very good (+) 
SM (kPa) Lacourpaille 2015 14/3 Adequate (+) 

SWV (m/s) Lee 2018 14/8 Adequate (+) 
SWV (m/s) Lee 2016 8/0 Very good (+) 
SWV (m/s) Lee 2015 16/0 Adequate (+) 
SM (kPa) Pichiecchio 2018 5/5 Doubtful (-) 

SWV (m/s) Wu 2016 31/21 Very good (+) 
       

       

Semi-Quantitative 

ELX 2/1 Index, color pixel intensity Boyaci 2014 16/17 Adequate (+) 

Total N = 86/40, Moderate (+) 
SR Gao 2016 14/10 Adequate (+) 

SR, DS score, color pixel intensity Kwon 2012 15/13 Adequate (+) 
RTS score Park 2012 17/0 Very good (+) 

SR, elasticity score Shao 2019 24/0 Very good (+) 
       

Hypothesis Testing (Discriminative/ Known-Groups Validity)a2 

       

Quantitative 

SWV (m/s) Bilgici 2018(a) 17/25 Very good (+) 

Total N = 198/123, Strong (+) 
SM (kPa) Brandenburg 2016 13/13 Very good (+) 
SM (kPa) Du 2016 46/31 Very good (+) 
SM (kPa) Eby 2016 9/4 Doubtful (+) 

SWV (m/s) Gao 2018 8/8 Doubtful (+) 
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SWV (m/s) Jakubowski 2017 14/0 Very good (+) 
SWV (m/s) Kwon 2012 15/13 Very good (+) 
SM (kPa) Lacourpaille 2017 10/9 Very good (+) 
SM (kPa) Lacourpaille 2015 14/3 Adequate (+) 

SWV (m/s) Lee 2018 14/8 Very good (+) 
SWV (m/s) Lee 2016 8/0 Very good (+) 
SWV (m/s) Lee 2015 16/0 Very good (+) 
SM (kPa) Pichiecchio 2018 5/5 Inadequate (-) 

SWV (m/s) Wu 2016 31/21 Very good (+) 
       

       

Semi-Quantitative 
ELX 2/1 Index, color pixel intensity Boyaci 2014 16/17 Very good (+)  

Total N = 45/40, Limited (+) 
 

SR Gao 2016 14/10 Very good (+) 
SR, DS score, color pixel intensity Kwon 2012 15/13 Adequate (+) 

       

Responsiveness 

       

Quantitative 

SWV (m/s) Bilgici 2018(b) 12/0 Very goodd (+) 

Total N = 36/22, Limited (+) 
SM (kPa) Brandenburg 2018 9/0 Adequated (-) 
SM (kPa) Lacourpaille 2017 10/9 Very goodc (+) 
SM (kPa) Lacourpaille 2015 14/13 Very goodc (+) 

       

       

Semi-Quantitative 
ELX 2/1 Index, color pixel intensity Boyaci 2014 16/17 Very goodb,d (+) 

Total N = 57/17, Moderate (+) RTS score Park 2012 17/0 Very goodb,d (+) 
SR, elasticity score Shao 2019 24/0 Very goodb,d (+) 

       
a1COSMIN Box 9a - Comparison with other outcome measures (Convergent validity) 

a2COSMIN Box 9b - Comparison between subgroups (Discriminative or known-groups validity) 

bCOSMIN Box 10b - Responsiveness (Construct approach - comparisons with other outcome measures)  

cCOSMIN Box 10c - Responsiveness (Construct approach - comparisons between subgroups)  

dCOSMIN Box 10d - Responsiveness (Construct approach - pre-to-post intervention)  

Results Rating: (+) = Positive, (?) = Indeterminate, (-) = Negative 



 

65 
 

Supplementary Appendix A. Database Search Syntax 
 

(MEDLINE - Ovid)   

Domain Concept: Musculoskeletal Stiffness  

1. Musculoskeletal Diseases/ or Musculoskeletal System/  

2. ((musc* or tendon* or fascia*) adj3 (stiff* or hard* or rigid* or propert* or mechani* or biomechani*)).ti,ab.  

3. (stiff* adj3 passive).ti,ab.  

4. muscle stiffness.ti,ab.  

5. tendon stiffness.ti,ab.  

6. fascia stiffness.ti,ab.  

7. 1 or 2 or 3 or 4 or 5 or 6 [muscle stiffness]  

Domain Concept: Ultrasound Elastography 

8. Ultrasonography/ or Image Interpretation Computer-Assisted/  

9. ((ultrasound* or ultrasonograph*) adj2 (elastograph*)).ti,ab.  

10. ((imag*) adj2 (displacement or strain)).ti,ab. 

11. ((shear wave) adj2 (speed* or modul* or measur* or imag*)).ti,ab.  

12. acoustic radiation force impulse imag*.ti,ab.  

13. shear wave elasticity imag*.ti,ab.  

14. supersonic shear imag*.ti,ab.  

15. shearwave dispersion ultrasound vibrometry.ti,ab.  

16. harmonic motion imag*.ti,ab. 

17. 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 [ultrasound elastography]  

Domain Concept: Validity & Reliability  

18. Diagnosis/ or Diagnosis, Computer-Assisted/ or Reproducibility of Results/  

19. ((diagnos* or measur*) adj3 (accura* or reproducib* or reliab* or valid*)).ti,ab. 

20. ((inter-operator* or intra-operator*) adj2 (reliab* or reproducib*)).ti,ab. 

21. reliability.ti,ab. 

22. validity.ti,ab. 

23. 18 or 19 or 20 or 21 or 22 [validity & reliability] 

Results: 

24. 7 and 17 and 23 ([muscle stiffness] and [ultrasound elastography] and [validity & reliability]) 

25. limit 24 to ([English language] and [human subjects] and [year 1990-current])  

 

(EMBASE - Elsevier)   

Domain Concept: Musculoskeletal Stiffness  

1. (musculoskeletal AND 'disease'/exp OR musculoskeletal) AND system (76,899) 

2. ('musc*' OR 'tendon*' OR 'fascia*') NEAR/3 ('stiff*' OR 'hard*' OR 'rigid*' OR 'propert*' OR 'mechani*' OR 

'biomechani*') 

3. 'stiff*' NEAR/3 ('passive') 

4. 'muscle stiffness':ab,ti 

5. 'tendon stiffness':ab,ti  

6. 'fascia stiffness':ab,ti  

7. 1 OR 2 OR 3 OR 4 OR 5 OR 6 [muscle stiffness]  

Domain Concept: Ultrasound Elastography 

8. 'ultrasound'/exp OR 'echography'/exp  

9. ('ultrasound*' OR 'ultrasonograph*' OR 'echograph*') NEAR/2 ('elastograph*)  

10. 'imag*' NEAR/2 ('displacement' OR 'strain')  

11. 'shear wave' NEAR/2 ('speed*' OR 'modul*' OR 'measur*' OR 'imag*')  

12. 'acoustic radiation force impulse imag*':ab,ti 

13. 'shear wave elasticity imag*':ab,ti  

14. 'supersonic shear imag*':ab,ti  

15. 'shearwave dispersion ultrasound vibrometry':ab,ti  

16. 'harmonic motion imag*':ab,ti  

17. 8 OR 9 OR 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16 [ultrasound elastography]  

Domain Concept: Validity & Reliability 

18. ('computer'/exp OR computer) AND assisted AND 'diagnosis'/exp OR 'reproducibility'/exp  

19. ('diagnos*' OR 'measur*') NEAR/3 ('accura*' OR 'reproducib*' OR 'reliab*' OR 'valid*')  

20. ('inter-operator*' OR 'intra-operator*') NEAR/2 ('reliab*' OR 'reproducib*')  

21. 'reliability':ab,ti  

22. 'validity':ab,ti  
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23. 18 OR 19 OR 20 OR 21 OR 22 [validity & reliability]  

Results: 

24. 7 AND 17 AND 23 ([muscle stiffness] and [ultrasound elastography] and [validity & reliability]) 

25. limit 24 to ([English language] and [human subjects] and [year 1990-current]) 

 

(CINAHL - Ebsco)   

Domain Concept: Musculoskeletal Stiffness  

1. MH Musculoskeletal Diseases+ OR MH Musculoskeletal System+ 

2. TI ((musc* or tendon* or fascia*) N3 (stiff* or hard* or rigid* or propert* or mechani* or biomechani*)) OR 

AB ((musc* or tendon* or fascia*) N3 (stiff* or hard* or rigid* or propert* or mechani* or biomechani*)) 

3. TI (stiff* N3 passive) OR AB (stiff* N3 passive) 

4. TI muscle stiffness OR AB muscle stiffness  

5. TI tendon stiffness OR AB tendon stiffness  

6. TI fascia stiffness OR AB fascia stiffness 

7. 1 or 2 or 3 or 4 or 5 or 6 [muscle stiffness] 

Domain Concept: Ultrasound Elastography 

8. MH Ultrasonography+ 

9. TI ((ultrasound* or ultrasonograph*) N2 (elastograph*)) OR AB ((ultrasound* or ultrasonograph*) N2 

(elastograph*)) 

10. TI ((imag*) N2 (displacement or strain)) OR AB ((imag*) N2 (displacement or strain))  

11. TI ((shear wave) N2 (speed* or modul* or measur* or imag*)) OR AB ((shear wave) N2 (speed* or modul* 

or measur* or imag*)) 

12. TI acoustic radiation force impulse imag* OR AB acoustic radiation force impulse imag*  

13. TI shear wave elasticity imag* OR AB shear wave elasticity imag*  

14. TI supersonic shear imag* OR AB supersonic shear imag*  

15. TI shear wave dispersion ultrasound vibrometry OR AB shear wave dispersion ultrasound vibrometry 

16. TI harmonic motion imag* OR AB harmonic motion imag*                                       

17. 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 [ultrasound elastography] 

Domain Concept: Validity & Reliability  

18. MH Reproducibility of Results+ 

19. TI ((diagnos* or measur*) N3 (accura* or reproducib* or reliab* or valid*)) OR AB ((diagnos* or measur*) 

N3 (accura* or reproducib* or reliab* or valid*)) 

20. TI ((inter-operator* or intra-operator*) N2 (reliab* or reproducib*)) OR AB ((inter-operator* or intra-

operator*) N2 (reliab* or reproducib*)) 

21. TI reliability OR AB reliability 

22. TI validity OR AB validity 

23. 18 or 19 or 20 or 21 or 22 [validity & reliability] 

Results: 

24. 7 and 17 and 23 ([muscle stiffness] and [ultrasound elastography] and [validity & reliability]) 

25. limit 24 to ([English language] and [human subjects] and [year 1990-current])    

 

(Cochrane Library - Wiley)  

Domain Concept: Musculoskeletal Stiffness 

1. [mh musculoskeletal diseases] 

2. [mh musculoskeletal system] 

3. 1 or 2 

4. (musc* or tendon* or fascia*) near/3 (stiff* or hard* or rigid* or propert* or mechani* or biomechani*):ti,ab 

5. stiff* near/3 (passive):ti,ab 

6. muscle stiffness:ti,ab 

7. tendon stiffness:ti,ab 

8. fascia stiffness:ti,ab 

9. 3 or 4 or 5 or 6 or 7 or 8 [muscle stiffness]  

Domain Concept: Ultrasound Elastography 

10. [mh ultrasonography] 

11. (ultrasound* or ultrasonograph*) NEAR/2 (elastograph*):ti,ab 

12. imag* near/2 (displacement or strain) 

13. shear wave near/2 (speed* or modul* or measur* or imag*) 

14. acoustic radiation force impulse imag*:ab,ti 

15. shear wave elasticity imag*:ab,ti 

16. supersonic shear imag*:ab,ti 
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17. shearwave dispersion ultrasound vibrometry:ab,ti 

18. harmonic motion imag*:ab,ti 

19. 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 [ultrasound elastography] 

Domain Concept: Validity & Reliability  

20. [mh reproducibility of results] 

21. (diagnos* or measur*) near/3 (accura* or reproducib* or reliab* or valid*):ti,ab 

22. (inter-operator* or intra-operator*) near/2 (reliab* or reproducib*):ti,ab 

23. reliability:ti,ab 

24. validity:ti,ab 

25. 20 or 21 or 22 or 23 or 24 [validity & reliability] (30,026)  

Results: 

26. 9 and 19 and 25 ([muscle stiffness] and [ultrasound elastography] and [validity & reliability]) 

27. limit 26 to [year 1990-current] 
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Chapter 3. Convergent validity and test-retest reliability of skeletal muscle 

measures among individuals with chronic stroke using B-mode, 

elastography and Doppler ultrasound  

 

Abstract  

Background: The large variability in musculoskeletal presentations between individuals with 

chronic stroke highlights the need for measurement precision when using diagnostic 

ultrasound to evaluate structural, material and vascular alterations. Purpose: To assess the 

test-retest reliability and convergent validity of various ultrasound measurement parameters 

involving the bilateral biceps brachii (BB), brachial artery, medial gastrocnemius (MG) and 

popliteal artery among chronic stroke survivors. Methods: A two-way mixed effects 

intraclass correlation coefficient (ICC) model was used for determining consistency between 

intersession measures performed by a single operator among 20 participants with chronic 

stroke (age: 58.1±7.1 years, post-stroke duration: 4.9±3.2 years). Greyscale, elastography, 

pulse wave and color Doppler ultrasound modes were used during acquisition. Convergent 

validity was assessed by examining the associations between ultrasound measures and 

assessments of related constructs. Results: ICC estimates ranged from moderate to excellent 

for mechanical (ICC=0.69–0.93), architectural (ICC=0.84–0.99) and vascular measures 

(ICC=0.62–0.95). There was a significant association between myotonometry and 

elastography measures of the paretic (r=0.750–0.843, p≤0.001) and non-paretic MG muscles 

(r=0.533–0.690, p≤0.015). Paretic BB elastography measures were correlated with scores of 

spasticity (Composite Spasticity Score: r=0.521–0.639, p≤0.018). Conclusions: The results 

indicate an acceptable level of intersession reliability is achievable for muscle and vascular 

measures using multimodal ultrasound among individuals with chronic stroke. Moderate 

correlations with myotonometry and spasticity were also observed, thus demonstrating 

convergent validity for ultrasound elastography measures. 

 

3.1 Introduction 

Unilateral alterations in muscle structure (9), composition (10,11), viscoelastic material 

characteristics (11) and microvasculature (223) are evident during the chronic stages of stroke 

recovery. Neurogenically modulated changes in paretic muscle tissue after stroke are 

mechanistically complex and often inconsistent with alterations typically ensuing disuse, 

over-stimulation or aging alone (131,147). Stroke produces segmental sarcomere abnormality 
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(17), reduced sarcomere serial number (224) diminished motor activation through the 

degeneration of high threshold motor units (13) and potential disruptions to normal 

intramuscular collagen formation and organization (154), extracellular matrix remodeling (225) 

and titin isoform expression (156). The use of assessment scales and clinical gradation of 

axiomatic neuromuscular dysfunction (i.e., spasticity severity and mechanical resistance to 

passive extensibility) are anchoring approaches that are diagnostically insufficient for 

evaluating variegated morphological phenomena in musculature among individuals with 

stroke.  

Prevalence in the use of diagnostic ultrasound systems with advanced tissue and 

blood flow imagining modalities is increasing among clinicians in physical medicine and 

rehabilitation (22,23). However, the applicability of these systems for identifying tissue 

pathology after stroke in conjunction with conventional assessments of spasticity, motor 

impairment and physical function remains relatively understudied. Moreover, our 

understanding of their psychometric properties, optimal measurement protocols and which 

auxiliary clinical assessments are ultimately most reflective of ultrasound findings, currently 

lacks uniformity (11,43) and is often based on compartmentalized findings involving relatively 

small subject samples (n=9)(44) (n=12)(10). 

To date, few studies have assessed the reliability of musculoskeletal ultrasound 

elastography as a primary outcome in individuals with stroke (43,46). Although multiple 

measurement sites were assessed, these were either exclusively upper (43) or lower limb 

muscles (46) and thus have differing clinical implications. In studies assessing muscle 

architecture post-stroke, the number which have examined muscles of the lower limb 

(45,46,126,226-228) are disproportionately greater than those for upper limb muscles (9,224). Perhaps 

of even greater paucity, are studies designed to comprehensively examine measurement 

reliability in both the upper and lower bilateral limbs of individuals with chronic stroke (129), 

none of which have done so with multiple ultrasound modalities. Furthermore, studies 

assessing ultrasound measurement reliability in populations with neurological conditions 

seldom report estimates of measurement error or relative dispersion in standard deviation 

(229), which are important for interpreting changes in measurement outcomes (201). 

In terms of validating measures obtained using ultrasound, a number of viable 

assessments exist which may be useful in ascertaining related clinical information. Although 

ultrasound elastography is an objective means of quantifying musculoskeletal stiffness, the 

limited portability and high cost of scanner systems make ultrasound-based measures difficult 

to administer in a variety of clinical settings. Several studies have investigated the use of 
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myotonometers to assess muscle stiffness in patients with stroke (219,230-232). While similar 

studies have examined the relationship between stiffness measures obtained using both 

ultrasound elastography and either hand-held durometers (233) or myotonometers (181,221) in 

healthy individuals, there is a lack of research validating the concurrent use of these devices 

among populations with neuromuscular dysfunction (i.e., stroke, Parkinson’s Disease, 

muscular dystrophy). Evidence suggests that alterations in muscle tissue composition may 

also reflect viscoelastic material changes. Both body mass index (BMI) and echo intensity 

have been shown to be significantly correlated with elastography measures (10,11,234). 

However, more information is needed regarding the use of comprehensive body composition 

testing in conjunction with ultrasound elastography and echo intensity measures among 

individuals with chronic stroke.  

Muscle architecture, particularly muscle thickness, pennation angle and cross sectional 

area, are important correlates of peak muscle force production capability (128,235). While cross 

sectional area measures in the upper (236) and lower limbs (237) using panoramic or extended 

field-of-view (EFOV) ultrasound have been shown to be reproducible in healthy individuals, 

there are no studies examining the use of this technique in conjunction with measures 

strength after stroke. Although EFOV has also been used to assess muscle fascicle length in 

the upper limb after stroke (9,224), test-retest reliability and correlation with joint-angle specific 

measures of peak force in this population are not well-established.    

Diminished cardiorespiratory fitness (238) and consequently adverse peripheral vascular 

adaptations in paretic limbs (i.e., reduced arterial diameter and blood flow volume)(239,240) are 

also acknowledge sequela resulting from inactivity after stroke. However, little is known 

about the reliability of vascular ultrasound measures and their correlation with common 

clinical indices of peripheral vascular disease (241,242).  

 

3.1.1 Objectives 

Given the aforementioned limitations and nescience in this area of research, the 

current study aimed to assess the test-retest reliability of ultrasound measurement parameters 

involving the muscles of the bilateral upper and lower limbs, as well as the peripheral arteries 

within relative proximity that supply them, among a group of chronic stroke survivors. The 

association between these measures and other clinical tests evaluating similar or related 

physical outcomes was also assessed.  
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3.2 Methods 

 

3.2.1 Participants 

A total of 20 community-dwelling individuals with chronic stroke were recruited 

through convenience sampling between April and December 2018. Prior to data collection, 

participants were screened by phone for possible inclusion. Informed consent was obtained 

on the day of the initial functional assessment. The study was approved by the Human 

Subjects Ethics Sub-committee of the University (reference number HSEARS20171212003 

on January 2, 2018) and the Clinical Research Ethics Committee of the hospital (Joint 

Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics 

Committee, CREC reference number 2017-711 on April 10, 2018). All procedures were 

conducted in accordance with the Helsinki Declaration for human experiments. The inclusion 

criteria were as follows: (1) history of chronic stroke (onset > 6 months), (2) > 18 years of 

age, (3) community-dwelling, (4) able to achieve 60° of passive elbow flexion and 0° of 

passive ankle plantar-dorsiflexion, and (5) an Abbreviated Mental Test (AMT) score ≥ 6 (243). 

The exclusion criteria were as follows: (1) diagnoses of other neurological conditions, (2) any 

serious musculoskeletal dysfunctions, disorders or conditions (e.g. amputations, joint 

replacements, etc.), (3) severe contractures prohibiting passive elbow flexion or ankle 

plantar-dorsiflexion in the desired testing range, (4) other serious contraindications for study 

participation.  

 

3.2.2 Procedures 

Ultrasound measures were conducted in the university imaging laboratory. Measures 

for the second session (T2) were obtained between 7-14 days after the first session (T1). All 

other physical assessments and the collection of demographic information, medical history, 

and stroke-specific measures of spasticity and motor recovery were performed by a physical 

therapist one day prior to the first ultrasound assessment (T1). Each ultrasound measurement 

session was approximately 2 hours in duration, conducted at the same time of day, within the 

same room kept at an average temperature of 25°C. Measures were performed by a single 

operator with three years of experience in musculoskeletal, elastography and vascular 

ultrasound (TM). The assessment sequence for each session (i.e., paretic versus non-paretic 

side, upper versus lower limb) was randomized to minimize the order effect. Participants 

were instructed to remain relaxed during ultrasound assessments. Surface electromyography 

(sEMG) (Bagnoli EMG system, Delsys Inc, Natick, Massachusetts, USA) was used to 
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confirm passive muscle status. Using LabVIEW software (National Instruments Co., Austin, 

Texas, USA), a low-pass filter (<10Hz) was applied for wave rectification of signals and a 

notch filter was applied (50, 100, 150Hz) to maintain signal strength and reduce noise during 

assessments. After preparing the skin (i.e., shaving, abrading, sterilization and applying 

transmission gel), a sensor (SX230, Biometrics Ltd, Gwent, UK) was affixed to the surface 

with die cut medical adhesive tape. During ultrasound assessments, sEMG signals were 

simultaneously monitored to confirm the absence of muscle contractions. In the event of 

contracture or spastic responses, images or recordings were discarded and retaken. 

An AixPlorer ultrasound unit (AixPlorer, Supersonic Imagine, Aix en-Provence, 

France), coupled with a linear transducer array (4–15 MHz, SuperLinear, 15-4, Vermon, 

France) was used to measure muscle stiffness, architecture, echo intensity and arterial blood 

flow of the upper limb (biceps brachii (BB) muscle, brachial artery) and lower limb (medial 

gastrocnemius (MG), popliteal artery) on both the paretic and non-paretic sides. Super-

compound and high penetration modes were set at a medium frame rate to optimize image 

resolution and visualization of anatomical boarders. To facilitate transmission and reduce 

probe compression during measures, a 2mm thick gel couplant layer served as the interface 

between the skin and probe. Measurements were performed while participants were lying in 

either a supine position for upper limb assessments or prone position for the lower limb 

assessments. The ankle joint was maintained in a neutral plantar-dorsiflexion (0⁰) fixed by an 

anchored device with restricted eversion, inversion and rotation and the elbow joint was 

maintained in 60° of flexion with the shoulder abducted in 45° using a custom arm 

immobilization device. The proximal one third (i.e., 33%) of the total tibial length measured 

from the base of the distal Achilles tendon, at the level of the inferior boarder of the lateral 

malleolus up to the midline of the popliteal crease, served as the measurement site for the 

MG (46). The site for the BB muscle was the distal third (i.e., 66%) of the total humeral length 

between the coracoid process of the scapula and the crease of cubital fossa on the radial side 

(43). With the exception of intramuscular blood perfusion, all vascular measures were taken at 

the popliteal artery on the fossa near the popliteal crease or at the brachial artery on the 

medial aspect of the upper arm at the level of the BB measurement site. The average of 3 

trials for each parameter measured was used for the analysis. 

 

3.2.3 Muscle stiffness (elastography) 

Muscle stiffness was measured in elastography mode with shear wave velocity (m/s) 

and shear modulus (kPa) values generated using a Q-box trace function (Supersonic Imagine, 
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Aix en-Provence, France). Assuming linearity in the material behavior of tissues (i.e., 

isotropic, linear and homogenous), the shear modulus values are directly related to 

orthogonal shear wave propagation velocities (244). The conversion from shear wave velocity 

to modulus is performed using the following equation (E=3 p V2
s). E is the Young’s modulus, 

which is set equal to 3 as a constant representing Poisson’s ratio for strain. p represents an 

assumed tissue density of approximately 1 g/cm3
 (1000 kg/m-3 for muscle density) under an 

assumption of elastic linearity and constant muscle mass density. V2
s represents the 

propagation velocity of shear waves generated by the transducer (172,203). The region of 

interest (ROI) was a rectangular area of 1.89cm2 and 1.23cm2 for BB and MG measures, 

respectively. Each image was captured after a consistent and stable color distribution was 

observed. As stiffness values vary substantially depending on probe orientation (205,245), each 

elastogram was captured with the probe aligned parallel to the muscle fiber orientation and 

after a consistent, stable color distribution was observed. 

 

3.2.4 Echo intensity (B-mode ultrasound) 

Echo intensity was measured using B-mode with a standardized gain of 50% in the 

same orientation and ROI used to capture each elastogram for the BB (1.89 cm2) and MG 

muscles (1.23cm2). To ensure the ultrasound beam was aligned with minimum anisotropy, 

the probe was angled cranially and caudally within the scan plane until a maximal echo 

intensity (i.e., brightness) was observed. Gray-scale pixel values were calculated with an 

impixel function in Matlab (version R2018a, Mathworks, Natick, Massachusetts, USA). 

Darkest and lightest pixels were represented by upper and lower value limits of 0 and 255, 

respectively. Moderate to good test-retest reliability has been reported for single transverse 

image echo intensity measures of the BB ((ICC 2,1 = 0.82) (236) and gastrocnemius muscles 

((ICC 2,1 = 0.76) (246) among healthy individuals. 

 

3.2.5 Muscle architecture (B-mode ultrasound) 

Measures of muscle thickness (cm), cross-sectional area (cm2), and fascicle length (cm) 

for the BB and MG were obtained using B-mode. The muscle fascicle pennation angle (n°) of 

the MG, defined as the angle of fascicle insertion into the deep aponeurosis (247), was also 

measured using the hip angle function (Supersonic Imagine, Aix en-Provence, France). As 

the BB is categorized as a fusiform muscle and has minimal structural pennation (248), 

pennation angle was only measured for the MG. Measures of pennation angle and muscle 

thickness were single transverse images. The MG muscle thickness was the vertical distance 
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between the superficial and deep aponeurosis in the scan plane center, excluding the 

encapsulating fascia, (249,250) using a distance/ length function (Supersonic Imagine, Aix en-

Provence, France). The muscle thickness of the most anterior portion of the elbow flexors 

(BB and brachialis) was the vertical distance between the adipose tissue to muscle interface 

and the muscle to humerus bone interface (236). MG fascicle length measures were obtained 

using the distance/ length function by selecting an intact muscle fiber with full visual 

continuity from the superficial aponeurosis and deep aponeurosis at the center of the image 

pane. The fascicle length can also be estimated using the following equation: fascicle length 

= muscle thickness - (sin pennation angle)-1 (251). The fascicle length of the BB long head 

were measured according to the protocol described in studies by Nelson et al (9,252). A 

panoramic image capture function (Supersonic Imagine, Aix en-Provence, France) was used 

while continuously scanning the length of the muscle head from proximal to distal 

attachments. The probe was maintained in a longitudinal direction with a parallel alignment 

to the fascicle orientation. Muscle cross sectional area of the BB and MG was also measured 

using panoramic image capture. For the BB, a foam padded adhesive probe support was 

placed in line with the muscle circumference (i.e., axis of the upper arm at the distal 66% of 

the total humeral length) in order to maintain probe perpendicularity, reduce translation and 

ensure clarity during panoramic image capture. The probe was moved from the medial to 

lateral aspect while continuously scanning the muscle in alignment with the probe support. 

Using the polygon/ perimeter trace function (Supersonic Imagine, Aix en-Provence, France), 

the area within fascial border of the BB muscle was manually selected. Similar to the cross 

sectional area measurement protocol for the MG described by Rosenburg et al (237), an 

adhesive probe support was placed in line with the muscle circumference (i.e., axis of the 

lower leg at the proximal 33% of the total tibial length) and continuous scanning was 

performed from the medial (tibia) to lateral side (border of the lateral gastrocnemius and 

peroneal muscle). The area within fascial border of the MG was then traced. 

 

3.2.6 Vascular measures (Doppler ultrasound) 

For the brachial artery (at the anatomical site previously specified), peak systolic 

velocity (cm/s) was measured with pulse wave Doppler ultrasound. The probe was initially 

placed transversely along the medial aspect of the upper arm. For measuring the peak systolic 

velocity of the popliteal artery (site previously specified), the probe was placed in a sagittal 

orientation on the popliteal fossa at the approximate level of the popliteal crease. After visual 

confirmation of the artery was confirmed with color Doppler in the transverse image plane, 
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the probe was then rotated sagittally and tilted to visualize the artery longitudinally. Then an 

electronic calliper was positioned in the center of the artery. The sample volume was 

standardized at 0.5mm for the brachial artery and 1.0mm for the popliteal artery. Doppler 

steering and fine angle correction were adjusted to optimize angle-to-flow at an insonation ≤ 

60°. The auto-trace function was applied in estimating the full range of positive and negative 

flow. Three consistent spectral waveform cycle readings were used to calculate measures.  

Blood flow volume (mL/min) for the brachial and popliteal arteries were derived from 

peak systolic velocity estimates. Within the same image, arterial diameter (AD) (cm) was 

measured by placing the calipers at each end of the superior and inferior borders of the 

endothelial wall. Using the system tools, the arterial blood flow volume was calculated 

(Supersonic Imagine, Aix en-Provence, France).  

The vascular index was used to estimate intramuscular blood perfusion. The 

measurement was first proposed as qualitative grading scale for measuring exercise-induced 

changes in muscle blow flow using power Doppler by Newman et al (253) and was later 

adapted and refined as a semi-quantitative approach for estimating thyroid vascularity by 

Ying et al (254). The later method, involves calculation of vascular index as a ratio of color 

pixels to the number of total pixels within a given ROI. The semi-quantitative approach has 

shown a strong correlation with the previous qualitative grading method when measuring the 

same construct in plantar fascia (r = 0.70, p = 0.001) as well as good intrarater (ICC = 0.88) 

and moderate interrater (ICC = 0.61) reliability (255). The method used in the current study 

was adapted from the protocol described in detail by Huang et al (223). The probe was placed 

on the BB or MG muscle belly in a transverse orientation (site previously specified for B-

mode and elastography measures). Using the color flow imaging mode (CFI) to map Doppler 

signal strength from flow movement rather than frequency shifts, the rectangular ROI was 

placed within the fascial borders of the muscle and standardized according to a frame rate of 

11 Hz, a 50% gray-scale gain, and a color gain range of 70 - 85%. Standardization was based 

upon a preliminary trial cohort of 10 subjects with chronic stroke that did not participate in 

the reliability study. For each participant, color gain was increased to 85% and gradually 

reduced until color noise was either not discernible or reached the lower gain limit (70%). 

Color gain was then kept the same for the opposing limb. Image and data processing were 

performed using custom scripts in Matlab (version R2018a, Mathworks, Natick, 

Massachusetts, USA). Doppler recordings were exported in .avi format and sequenced as 

individual frames in .png format to reduce the influence of file compression on image quality. 

Frames captured at the upper range of the color flow spectrum (i.e., 2.0 cm/s) were then 
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selected and the ROI manually trimmed. The ratio of color to total pixels within the ROI was 

calculated (254). The highest vascular index from each of the three recorded trials was 

identified and used to calculate the mean for further analysis.  

 

3.2.7 Dyanmic muscle stiffness (myotonometry) 

 Dynamic stiffness (N/m) was also measured using a MyotonPRO device (Myoton AS, 

Tallinn, Estonia). Durometry and myotonometry are superficial administered mechanical 

deformation techniques which provide an additional quantification of muscle tissue stiffness. 

Measures were performed by placing the probe applicator at center point of the ultrasound 

probe site. The device has demonstrated excellent within-session reliability for testing the BB 

muscle ((ICC 3,2) = 0.97 – 0.99) in healthy subjects (256) and excellent intra-rater reliability 

for the MG muscle in patients with spinal cord injury (ICC 3,1) = 0.88 – 0.97) (257). 

 

3.2.8 Muscle strength (dynamometry) 

Isometric peak torque (N/m) of the ankle plantar-flexors and elbow flexors was 

measured bilaterally using a dynamometer system (Humac Norm Systems, Stoughton, 

Massachusetts, USA) and defined as the maximal sustained torque for 250 milliseconds (258). 

Three trials were performed for each limb with a 1-minute rest interval between each. The 

isometric peak torque was tested in 0° (neutral position) of ankle plantar-dorsiflexion and 60° 

of elbow flexion with 45° of shoulder abduction. Isometric strength testing conditions have 

previously demonstrated a relatively smaller degree of measurement error in comparison to 

isokinetic strength testing (259). Elbow flexion torque has been shown to be greatest in 56° for 

healthy individuals (260) and 60° for paretic arms in individuals with stroke (261). The ankle 

angle was selected based on anatomical models accounting for force-length properties at joint 

positions predicted to be optimal for isometric force production,  and clinic relevance when 

performing manual muscle testing (262). Elbow and ankle angles also corresponded to the joint 

fixation positions assumed during ultrasound assessments.  

 

3.2.10 Ankle-brachial index 

The ankle-brachial index (ABI) is a ratio of the ankle systolic pressure over the 

brachial systolic pressure and is often used as an indicator of peripheral vascular disease, 

atherosclerosis, and functional impairment (242). ABI was assessed using an IntelliSense 

Omron HEM 907XL oscillometric blood pressure monitor (Omron Healthcare, Kyoto, 

Japan). Following a 10-minute rest period, during which patients assumed a supine position, 
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blood pressure measurements for the brachial artery at the upper arm and the dorsalis pedis 

and posterior tibial arteries at the ankle were taken on the paretic and non-paretic sides. For 

ankle measures, the cuff was placed superior to the medial and lateral malleoli for ankle 

measures and at the mid-portion of the upper arm for arm measures. Blood pressures were 

measured twice on each side. A third confirmatory measure was taken in the event that 

systolic measures differed by more than 10 mmHg (263). If the two initial measures were 

consistent (≤ 10 mmHg), the higher of the two systolic arm and ankle measurements were 

used to calculate the ABI for each leg (i.e., systolic pressure of the ankle divided by the 

systolic pressure of the arm) (264).  

 

3.2.13 Stroke-related impairments 

Demographic information was collected during the initial session. Stroke 

characteristics were classified by type (ischemic vs hemorrhagic) and location according to 

the Oxfordshire Community Stroke Project Classification (OCSP): (1) total anterior 

circulation syndrome, (2) partial anterior circulation syndrome, (3) lacunar syndrome, or (4) 

posterior circulation syndrome. (265). The Fugl-Meyer motor assessment (FMA) was used to 

determine the degree of motor impairment in the paretic upper and lower extremities. Motor 

scores ranged from 0-66 and 0-34 for the upper and lower extremities, respectively. Higher 

scores were indicative of greater motor impairment (266). Spasticity of the paretic elbow 

flexors and ankle plantar-flexors was measured using the Composite Spasticity Scale (CSS) 

(267). The CSS is scored on an ordinal scale from 0-16, with higher scores indicting greater 

spasticity. The scale is comprised of three components (1) biceps/ Achilles tendon jerk (score 

range of 0-4, 5-point scale), (2) resistance to full range of passive joint displacement for 

elbow flexion/ ankle dorsiflexion (score range of 0-8, 5-point scale doubly weighted), and (3) 

the duration and amount of wrist/ ankle clonus elicited (score range of 1-4, 4-point scale) (268). 

The Motor Activity Log (MAL) was used to determine perceived frequency and quality of 

paretic arm usage during 30 functional activities of daily living (4). Mean scores from the 

Amount of Use (AOU) and Quality of Movement (QOM) scales were used for analysis. 

Lower scores indicate greater perceived impairment. 

 

3.2.14 Statistical analysis  

All analyses were conducted using SPSS (version 23.0, SPSS Inc., Chicago, Illinois, 

USA). A two-way mixed effects intraclass correlation coefficient (ICC) model was used for 

determining consistency between intersession measures performed by a single rater among a 
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random sample of 20 subjects. Ratings of reliability were based on ICC estimates with a 95% 

confident interval, standard error in measurement (SEM) and coefficient of variation (%CV). 

ICC values of less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and greater than 

0.90 indicate poor, moderate, good, and excellent reliability, respectively (269). A value of 

10% was used as the upper limit of acceptability for %CV (229). Normality and homogeneity 

of variance were tested with Shapiro-Wilks and Levene’s tests, respectively. Paired t-tests 

were used to compare mean differences between limbs and Pearson’s correlations were used 

to assess the relationship between ultrasound measures and other assessments for evaluating 

similar or related measurement constructs (i.e., dynamic stiffness using myotonometry, 

spasticity with the CSS and systemic vascular function with the ABI) at a significance level 

of p ≤ 0.05. In the event that either the assumptions of normality or variance were not met, a 

non-parametric equivalent was used (i.e. Wilcoxon Signed-Rank, Spearman’s Rho).  

  

3.3 Results 

 

3.3.1 Participant characteristics 

A total of 20 participants with chronic stroke completed all assessments. A summary 

containing demographic, medical and stroke-specific characteristics is provided in Table 3.1. 

The number of participants presenting with right or left side hemiparesis was equivalent. Just 

over half had a hemorrhagic stroke (n = 11). Of the participants with an ischemic stroke (n = 

9), the majority were classified as partial anterior circulation syndrome (PACS) (n = 8). 

Average FMA upper (38.4 ± 18) and lower extremity (26.2 ± 5.5) scores suggest moderate 

motor impairment (8) with mild spasticity (270) based on CSS upper (9.3 ± 2.7) and lower limb 

(7.7 ± 2.3) scores. Average ratings of perceived paretic arm usage frequency was minimal 

(MAL - AOU = 1.3 ± 1.4) and movement quality was low (MAL - QOM = 1.4 ± 1.5).  

 

3.3.2 Muscle stiffness and echo intensity 

 A summary of within-subject comparisons and reliability analysis results for muscle 

stiffness and echo intensity is shown in Table 3.2. For the lower limb at T1 and T2, 

significant between-sides differences were observed for the shear modulus, shear wave 

velocity and echo intensity of the MG muscles.  For the upper limb at T1 and T2, between-

sides differences were also significant for dynamic stiffness and echo intensity of the BB 

muscles. The SEM was consistently below the standard deviation for all measures. The ICCs 

ranged from moderate to excellent (ICC = 0.69 – 0.93) with acceptable %CV for all shear 
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wave velocity and echo intensity measures. Several %CV were > 10% suggesting temporal 

reliability for shear modulus and dynamic stiffness in paretic and non-paretic limbs was 

suboptimal.     

 

3.3.3 Muscle architecture 

The results of within-subject comparisons and reliability for muscle architecture are 

provided in Table 3.3. Significant between-sides differences were found for MG and BB 

muscle size (i.e., muscle thickness, cross sectional area) at both T1 and T2. Bilateral 

differences in fascicle length and pennation angle of the MG muscle were seen only at T2 

and T1, respectively. Between-sides difference in fascicle length of the BB muscle was only 

observed at T1. SEM was consistently lower than standard deviations with acceptable %CV 

for all measures. ICC values were good to excellent (ICC = 0.84 – 0.99).    

 

3.3.4 Vascular measures 

Table 3.4 shows the within-subject comparisons and reliability results for vascular 

measures. Significant between-sides differences at both T1 and T2 were observed for the 

arterial diameter and vascular index of the brachial and popliteal arteries. Significant 

differences in blood flow volume of the brachial artery were only at found at T2. The ICC 

estimates were moderate to excellent (ICC = 0.62 – 0.95). The SEM was consistently lower 

than standard deviations with acceptable %CV across all peak systolic velocity and arterial 

diameter measures. For all blood flow volume and most vascular index measures, %CV 

surpassed the acceptable upper limit. The %CV for the non-paretic muscle vascular index 

was comparably lower than that of the paretic muscle. The opposite was observed for blood 

flow volume, indicating poorer temporal reliability for the arterial blood flow volume on the 

non-paretic side. 

 

3.3.5 Correlations 

Mostly consistent correlations found at both time points (i.e., T1 and T2) between 

ultrasound measures and other assessment variables are presented in this section. A summary 

of all correlations with significant results is provided in Tables 3.5-3.7. There was a 

significant association between elastography measures and dynamic stiffness in the paretic (r 

= 0.750 – 0.843, p ≤ 0.001) and non-paretic GM muscles (r = 0.533 – 0.690, p ≤ 0.015) at 
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both T1 and T2 (Table 3.6). The dynamic stiffness was also correlated with shear wave 

velocity of paretic BB muscles at T2 only (r = 0.452, p = 0.045) (Table 3.5). 

Additionally, scores of upper limb spasticity (CSS – Upper Limb Total: r = 0.625 – 

0.639, p ≤ 0.003; CSS – Resistance to Displacement: r = 0.521 – 0.603, p ≤ 0.018) were 

correlated with elastography measures of paretic BB muscles at T1 and T2 (Table 3.5). The 

isometric peak torque of the elbow flexors was significantly correlated with the muscle 

thickness (r = 0.550 – 0.756, p ≤ 0.024) and cross sectional area (r = 0.498 – 0.867, p ≤ 

0.025) of the paretic and non-paretic BB at T1 and T2. Correlations between elbow flexor 

peak torque and fascicle length (r = 0.453 – 0.651, p ≤ 0.045) were only observed for the 

non-paretic BB at both T1 and T2 (Table 3.5). Ankle plantarflexor isometric peak torque was 

also correlated with the muscle thickness of the paretic and non-paretic MG (r = 0.481 – 

0.579, p ≤ 0.032) and fascicle length of the paretic MG (r = 0.458 – 0.570, p ≤ 0.042) at both 

time points (Table 3.6).  

Correlations between ultrasound measures and the ABI (of paretic and non-paretic 

sides) were largely inconsistent across sites and sessions. Of the vascular measures taken, 

ABI was only found to be correlated with the vascular index of paretic MG muscles at T1 (r 

= 0.690, p = 0.001) and non-paretic brachial artery blood flow volume at T1 (r = 0.539, p = 

0.014) (Table 3.7).  

 

 

3.4 Discussion 

3.4.1 Test-retest reliability  

The results of this study indicate acceptable test-retest reliability for most measures in 

the bilateral upper and lower limbs assessed. ICC estimates ranged from moderate to 

excellent for muscle stiffness and echo intensity (ICC = 0.69 - 0.93), muscle architecture 

(ICC = 0.84 - 0.99) and vascular measures (ICC = 0.62 - 0.95). The shear modulus (%CV = 

6.30 - 15.11), dynamic stiffness (%CV = 9.68 - 14.69), vascular index (%CV = 9.73 - 20.25) 

and blood flow volume (%CV = 13.33 - 22.57) parameters had the largest estimates of 

relative variance across all measures. The ICC estimate for shear wave velocity of the paretic 

BB in this study (ICC = 0.80, 95% CI: 0.50 - 0.92) was comparable to the estimate for 

intrarater reliability reported by Wu et al for the same longitudinal (i.e., sagittal) probe 

orientation (ICC = 0.85, 95% CI: 0.57 - 0.96) (43). For the shear modulus of the paretic MG, 

our estimate (ICC = 0.81, 95%CI: 0.52 - 0.92) was also comparable to a previously reported 

estimate by Mathevon et al for measures at rest (ICC = 0.87) (46). Measures of muscle 
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thickness have been shown to be a reliable method of assessing muscle size across several 

sites after stroke (46,129). The reliability of paretic MG pennation angle measures in the current 

study (ICC = 0.88, 95% CI: 0.70 – 0.95) was comparable to a previously reported estimate by 

Mathevon et al (ICC = 0.94) (46).  

Reliability estimates obtained for cross sectional area and fascicle length measures using 

the panoramic image capture modality and vascular measures obtained using pulse wave 

Doppler (i.e., peak systolic velocity, blood flow volume, arterial diameter) were presumably 

novel features of the current study. Panoramic cross sectional area measures have 

demonstrated good to excellent reliability for BB (46) and MG (237) muscles among healthy 

subjects but the reliability of this measure in individuals with stroke has not been assessed 

previously. Additionally, panoramic or EFOV techniques have been used for obtaining 

bilateral fascicle length measures of the BB after stroke (9). However, measurement reliability 

was not reported. The ICC estimates obtained for vascular index measures of the upper and 

lower limb muscles in the current study (ICC = 0.73 – 0.88) were lower than the pilot trial 

results of intersession reliability for the paretic MG reported by Huang et al (ICC = 0.93, 

95% CI: 0.89 - 0.96) (223) and comparable to the intrarater reliability for plantar fascia 

measures reported by Chen et al (ICC = 0.88) (255).    

 

3.4.2 Convergent validity       

Although consistent correlations were only observed between CSS (i.e., upper limb total 

score) and elastography measures of the paretic upper limb in the current study, pennation 

angle and muscle thickness have also been shown to be positively correlated and fascicle 

length negatively correlated with other measures of spasticity (i.e., Modified Ashworth Scale) 

post-stroke (20). Of the spasticity subscales comprising the CSS, resistance to displacement 

(i.e., passive extensibility) was the only consistent correlate of elastography measures. This 

may indicate a relationship between mechanical resistance and viscoelastic material 

alterations in the paretic upper limb.  

Given that no gold standard method exists for assessing muscle stiffness, dynamic 

stiffness using myotonometry offers a similar measurement construct related to elastography 

which is also non-invasive and clinically feasible. Our findings suggest a moderate 

correlation between these measures in the bilateral lower limb but not the upper limb. 

Previous studies examining the association between elastography measures and dynamic 

stiffness in several muscle regions and different contractile intensities (r = 0.23 - 0.71, p < 

0.05) by Kelly et al (181) and the gastrocnemius muscle and Achilles tendon (r = 0.46 - 0.54, p 
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< 0.05) by Feng et al (221) have also demonstrated moderate to strong correlations. Other 

commercial durometer devices have shown considerably weaker correlation with 

elastography measures (r=0.085-0.208, p=0.115-0.694) (233). There was no significant 

correlation observed between myotonometry and echo intensity of the upper and lower limb 

muscles perhaps suggesting that dynamic stiffness measures may reflect a closer relationship 

with paretic tissue compliance and extensibility rather than compositional change. 

As expected (128), volumetric architectural measures (i.e., muscle thickness, cross 

sectional area) were consistent correlates of isometric strength. However, other architectural 

parameters such as fascicle length and pennation angle, were not as consistently correlated 

across sites and time points. Shorter fascicles in paretic BB (9) and MG muscles (271) have 

been shown to be associated with higher levels of motor impairment which may impact 

muscle force-generating capacity after stroke. Studies reporting comparatively lower resting 

pennation angle measures of paretic MG muscles suggest this structural parameter may also 

influence impairment (46,126). However, the degree to which pennation angle contributes to 

strength or functional impairment after stroke is not conclusive (45,228,271) and may be 

secondary to the role of shorter fascicle length and reductions in muscle volume. Our findings 

appear to reflect this to some extent as well. 

Although there were significant intra-limb differences observed for arterial diameter 

and vascular index (p ≤ 0.05), correlations between vascular measures and ABI were largely 

inconsistent across measurement sites and time points. However, this may have been due to 

the average ABI of this group of subjects (paretic side = 1.11 ± 0.09, non-paretic side = 1.17 

± 0.06), which was within a normal range (0.90 to ≤ 1.40) and not indicative of peripheral 

artery disease or systemic dysfunction (< 0.40) (241). As overall cardiovascular fitness 

decreases after stroke, comparatively lower metabolic demand of paretic muscles results in 

unilateral vascular remodeling and reductions in flow volume (240,272). Consequently, the 

results of the current study suggest that reduced intramuscular blood perfusion in paretic 

limbs may be influenced by both localized and systemic changes in metabolic demand.      

 

3.4.3 Limitations 

While the sample recruited for this study (n=20) was larger than in previous studies 

examining measurement reliability as a primary outcome by Mathevon et al (n=14) (46) and 

Wu et al (n=12) (43), it was still relatively small compared to recommended sample sizes for 

ICC estimates (n=30) (269), as well as SEM and %CV (n=50) (229). The number of 

measurement sessions was also limited considering that multiple follow-ups are common 



 

83 
 

when monitoring temporal muscle tissue changes. Measuring the response to intervention in 

populations with stroke or other neurological conditions may warrant multiple follow-up 

sessions (34,164). Interrater reliability was also not assessed. Although follow-up sessions may 

be conducted by the same clinician or operator, variance in measures among multiple 

operators is justification for further examination in future studies. Finally, with regards to 

measurement acquisition procedures, there is tremendous variability throughout the available 

literature (203). The authors attempted to incorporate procedural aspects that would enhance 

reliability (i.e., standardized probe orientation, gel layer, ROI size and depth).   

 

3.5 Conclusion 

The results indicate an acceptable level of intersession reliability is achievable for 

muscle and vascular measures in paretic and non-paretic limbs using several diagnostic 

ultrasound modalities among individuals with chronic stroke. Ultrasound measures also 

demonstrated moderate correlation with similar measurement constructs using clinically 

viable assessments of tissue stiffness, composition, and vascular function as possible 

comparators.   
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Table 3.1 Participant Characteristics 
  N=20 

D
em

o
g

ra
p
h

ic
 I

n
fo

rm
at

io
n

 &
  

F
u

n
ct

io
n

al
 I

m
p

ai
rm

en
t 

 
  

Sex (men/women), n 12/8 

Age, years 58.1 ± 7.1 

Hand dominance (Left/ Right/ Equivalent), n 1/19/0 

Leg dominance (Left/ Right/ Equivalent), n 3/16/1 

BMI (kg/m2) 23.2 ± 2.3 

ABI (Paretic/ Non-Paretic) 1.11 ± 0.09/1.17 ± 0.06* 

IPT – Elbow (Paretic/ Non-Paretic) 18.34 ± 7.12/ 29.51 ± 10.58* 

IPT – Ankle (Paretic/ Non-Paretic) 40.26 ± 18.26/ 67.60 ± 27.88* 

AMT (out of 10) 9.2 ± 1.3 

FAC (out of 6) 5.8 ± 0.5 

PASE 98.6 ± 76.2 

10MWT 0.89 ± 0.33 

  

C
o

m
o

rb
id

it
y
 

  

Total number of comorbidities per person 1.2 ± 1.5 

Hypertension, n 8 

Hyperlipidemia, n 4 

Cardiac arrhythmia, n 1 

Diabetes mellitus, n 2 

Ischemic heart disease, n 1 

  

M
ed

ic
at

io
n

s 

  

Total number of medications per person 3.7 ± 2.2 

Antihypertensive agents, n 12 

Hypolipidemic agents, n 11 

Hypoglycemic agents, n 2 

Anticoagulants, n 4 

  

S
tr

o
k

e 
 

C
h

ar
ac

te
ri

st
ic

s 

  

Paretic Side (Left/ Right), n 10/10 

Stroke Type (Ischemic/ Hemorrhagic), n 9/11 

Stroke Duration, years 4.8 ± 3.2 

Stroke Location (TACS/ PACS/ LS/ PCS/ Hemorrhagic) 1/ 8/ 0/ 0/ 11 

CSS - Upper Limb (1-16) 9.3 ± 2.7 

CSS - Lower Limb (1-16) 7.7 ± 2.3 

FMA - Upper Extremity (0-66) 38.4 ± 18.0 

FMA - Lower Extremity (0-34) 26.2 ± 5.5 

MAL - Amount of Use 1.29 ± 1.38 

MAL – Quality of Movement 1.35 ± 1.45 

  

   

B
o

d
y

 

C
o

m
p

o
si

ti
o

n
  Body Fat (%) 26.44 ± 7.95 

Basil Metabolic Rate (kcal) 1236.81 ± 172.37 

Fat Mass (kg) 15.58 ± 6.10 

Fat Free Mass (kg) 44.34 ± 6.99 

Total Body Water (kg) 31.14 ± 4.54 

Visceral Fat Rating 9.75 ± 3.02 

 Impedance (Ω) 650.40 ± 68.33 

   

*Significant at p ≤ 0.05 (Paired t-test) 

Abbreviations: Ω = unit of resistance to electrical current, BMI = Body Mass Index, AMT = Abbreviated 

Mental Test, ABI = Ankle-Brachial Index, IPT = Isometric Peak Torque, TACS = Total Anterior Circulation 

Syndrome, PACS = Partial Anterior Circulation Syndrome, LS = Lacunar Syndrome, PCS = Posterior 

Circulation Syndrome, CSS = Composite Spasticity Scale, FMA = Fugl-Meyer Assessment, MAL = Motor 

Activity Log 
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Table 3.2 Muscle stiffness and echo intensity 
   T1 T2    

Measure Side Site Mean SD Mean SD ICC (95% CI) %CV SEM 
S

M
  

(k
P

a)
 

         

NP BB 29.17 16.90 25.11 15.72 0.81 (0.53, 0.93) 14.25 4.99 

P BB 32.72 15.15 30.88 16.75 0.78 (0.45, 0.91) 15.11 5.28 

NP MG 46.06 16.18 53.71 13.75 0.71 (0.26, 0.89) 10.19 5.73 

P MG 75.93‡ 59.56 84.12‡ 78.85 0.81 (0.52, 0.92) 6.30† 16.24 

         

S
W

V
  

(m
/s

) 

         

NP BB 2.91 0.84 2.73 0.72 0.80 (0.51, 0.92) 7.02† 0.25 

P BB 3.15 0.76 3.05 0.84 0.80 (0.50, 0.92) 7.54† 0.25 

NP MG 3.79 0.76 4.13 0.54 0.69 (0.21, 0.88) 5.74† 0.26 

P MG 4.75‡ 1.48 4.76‡ 1.36 0.93 (0.84, 0.97) 3.27† 0.20 

         

D
S

  

(N
/m

) 

         

NP BB 202.15 19.06 206.75 20.54 0.77 (0.42, 0.91) 9.68† 6.69 

P BB 222.15* 29.78 231.50* 35.22 0.84 (0.59, 0.94) 14.31 9.34 

NP MG 309.80 36.64 322.35 46.85 0.82 (0.55, 0.93) 13.18 12.58 

P MG 331.60 56.99 324.05 39.54 0.74 (0.35, 0.90) 14.69 17.65 

         

E
I 

         

NP BB 104.63 10.81 104.19 11.45 0.84 (0.59, 0.94) 5.89† 3.16 

P BB 112.35* 10.36 109.75‡ 10.68 0.84 (0.60, 0.94) 5.07† 2.98 

NP MG 77.03 22.50 78.09 22.37 0.88 (0.70, 0.95) 8.00† 5.52 

P MG 95.24* 22.60 95.24* 17.43 0.89 (0.73, 0.96) 4.23† 4.71 

         

*Significant at p ≤ 0.05 (Paired t-test) 
‡Significant at p ≤ 0.05 (Wilcoxon test) 
†Coefficient of variance (%CV) ≤ 10% 

SM = Shear Modulus, m/s = meters/ second, SWV = Shear Wave Velocity, kPa = kilopascals, NP = Non-

Paretic, P = Paretic, Biceps Brachii = BB, Medial Gastrocnemius = MG, DS = Dynamic Stiffness, N/m = 

Newton/ meters, EI = Echo Intensity 
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Table 3.3 Muscle architecture 

   T1 T2    
Measure Side Site Mean SD Mean SD ICC (95% CI) %CV SEM 

M
T

  

(c
m

) 

         

NP BB 2.72* 0.39 2.72* 0.33 0.98 (0.96, 0.99) 1.69† 0.03 

P BB 2.54 0.43 2.54 0.44 0.99 (0.97, 1.00) 1.40† 0.03 

NP MG 1.74* 0.25 1.73* 0.25 0.99 (0.97, 1.00) 1.53† 0.02 

P MG 1.50 0.23 1.50 0.21 0.99 (0.98, 1.00) 1.67† 0.02 

         

C
S

A
  

(c
m

2
) 

         

NP BB 9.45* 2.29 9.70* 2.41 0.98 (0.94, 0.99) 2.61† 0.25 

P BB 7.63 2.04 7.75 2.05 0.95 (0.88, 0.98) 3.04† 0.31 

NP MG 9.86* 2.50 9.72* 2.55 0.98 (0.96, 0.99) 1.99† 0.23 

P MG 7.98 2.03 8.05 1.96 0.98 (0.94, 0.99) 2.37† 0.22 

         

F
L

  

(c
m

) 

         

NP BB 11.48* 1.28 11.82 1.39 0.92 (0.78, 0.97) 2.47† 0.26 

P BB 10.37 1.64 11.28 1.84 0.90 (0.09, 0.97) 2.64† 0.40 

NP MG 4.85 0.47 5.00* 0.45 0.84 (0.59, 0.94) 3.05† 0.13 

P MG 4.63 0.75 4.71 0.57 0.89 (0.73, 0.96) 3.92† 0.15 

         

P
A

 

         

NP MG 20.18* 2.32 18.97 2.44 0.92 (0.79, 0.97) 3.62† 0.49 

P MG 18.68 2.24 18.08 2.34 0.88 (0.70, 0.95) 4.60† 0.56 

         

*Significant at p ≤ 0.05 (Paired t-test) 
‡Significant at p ≤ 0.05 (Wilcoxon test) 
†Coefficient of variance (%CV) ≤ 10% 

MT = Muscle Thickness, CSA = Cross Sectional Area, cm = centimeters, FL = Fascicle Length, PA = 

Pennation Angle   
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Table 3.4 Vascular measures 
   T1 T2    

Measure Side Site Mean SD Mean SD ICC (95% CI) %CV SEM 
P

S
V

  

(c
m

/s
) 

         

NP BB 73.72 14.84 74.62 18.42 0.83 (0.56, 0.93) 3.24† 4.95 

P BB 74.37 16.33 73.99 14.15 0.76 (0.40, 0.91) 4.18† 5.27 

NP MG 45.57 16.55 43.11 11.07 0.87 (0.68, 0.95) 3.81† 3.55 

P MG 45.51 15.63 46.29 11.94 0.85 (0.62, 0.94) 5.03† 3.82 

         

V
fl

o
w

  

(m
L

/m
in

) 

         

NP BB 41.90 20.32 43.65* 21.47 0.77 (0.41, 0.91) 15.41 7.17 

P BB 37.25 21.63 32.10 15.36 0.67 (0.17, 0.87) 13.33 7.60 

NP MG 34.57 25.34 32.12 21.55 0.92 (0.80, 0.97) 22.57 4.68 

P MG 29.67 15.49 33.03 13.46 0.62 (0.06, 0.85) 20.15 6.29 

         

A
D

  

(c
m

) 

         

NP BB 0.36* 0.06 0.36* 0.06 0.92 (0.79, 0.97) 2.94† 0.01 

P BB 0.32 0.05 0.31 0.05 0.89 (0.72, 0.96) 3.51† 0.01 

NP MG 0.56* 0.11 0.54‡ 0.12 0.90 (0.75, 0.96) 3.32† 0.03 

P MG 0.52 0.11 0.52 0.10 0.95 (0.87, 0.98) 3.79† 0.02 

         

V
I 

         

NP BB 0.71* 0.37 0.70‡ 0.29 0.73 (0.31, 0.89) 12.67 0.12 

P BB 0.33 0.16 0.35 0.21 0.74 (0.35, 0.90) 20.25 0.07 

NP MG 1.40‡ 0.59 1.46‡ 0.48 0.88 (0.70, 0.95) 9.73† 0.13 

P MG 0.63 0.43 0.73 0.41 0.85 (0.63, 0.94) 18.10 0.11 

         

*Significant at p ≤ 0.05 (Paired t-test) 
‡Significant at p ≤ 0.05 (Wilcoxon test) 
†Coefficient of variance (%CV) ≤ 10% 

PSV = Peak Systolic Velocity, cm/s = centimeters/ second, Vflow = Blood Flow Volume, mL/min = 

milliliters/ minute, AD = Arterial Diameter, VI = Vascular Index 
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Table 3.5 Correlations for upper limb muscle measures 

   Paretic Side Non-Paretic Side 

Variable Session Site Measure r p Measure r p 

         

Myotonometry (Upper Limb)       

  T2 BB SWV 0.452 0.045*    

         

Spasticity (Upper Limb)       

CSS - UL - RTD         

 T1 BB SM 0.521 0.018* - - - 

   SWV 0.540 0.014* - - - 

         

 T2 BB SM 0.603 0.005** - - - 

   SWV 0.579 0.007** - - - 

         

CSS - UL - Total         

 T1 BB SM 0.639 0.002** - - - 

   SWV 0.633 0.003** - - - 

         

 T2 BB SM 0.637 0.003** - - - 

   SWV 0.625 0.003** - - - 

         

IPT (Upper Limb)         

         

 T1 BB MT 0.550 0.012* MT 0.736 0.000** 

   CSA 0.498 0.025* CSA 0.867 0.000** 

      FL 0.651 0.002** 

         

 T2 BB MT 0.618 0.024* MT 0.756 0.000** 

   CSA 0.622 0.003** CSA 0.815 0.000** 

      FL 0.453 0.045* 

         

* Correlation significant at p < 0.05 

** Correlation significant at p < 0.01 

Biceps Brachii = BB, Medial Gastrocnemius = MG, T1 = Session 1, T2 = Session 2  

SM = Shear Modulus, SWV = Shear Wave Velocity, MT = Muscle Thickness, FL = Fascicle Length, CSA = 

Cross Sectional Area, IPT = Isometric Peak Torque, CSS - UL - RTD = Composite Spasticity Scale - Upper 

Limb - Resistance to Displacement, CSS - UL - Total = Composite Spasticity Scale - Upper Limb - Total 
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Table 3.6 Correlations for lower limb muscle measures 

   Paretic Side Non-Paretic Side 

Variable Session Site Measure r p Measure r p 

         

Myotonometry (Lower Limb)       

 T1 MG SM 0.762 0.000** SM 0.574 0.008** 

   SWV 0.798 0.000** SWV 0.533 0.015* 

         

 T2 MG SM 0.843 0.000** SM 0.690 0.001** 

   SWV 0.750 0.000** SWV 0.688 0.001** 

         

         

IPT (Lower Limb)         

 T1 MG MT 0.496 0.026* MT 0.481 0.032* 

   CSA 0.503 0.024* CSA 0.458 0.042* 

   FL 0.570 0.009**    

         

 T2 MG MT 0.556 0.011* MT 0.579 0.007** 

   FL 0.458 0.042* CSA 0.532 0.016* 

         

* Correlation significant at p < 0.05 

** Correlation significant at p < 0.01 

Biceps Brachii = BB, Medial Gastrocnemius = MG, T1 = Session 1, T2 = Session 2  

SM = Shear Modulus, SWV = Shear Wave Velocity, MT = Muscle Thickness, FL = Fascicle Length, CSA = 

Cross Sectional Area, IPT = Isometric Peak Torque 
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Table 3.7 Correlations for vascular measures 

   Paretic Side Non-Paretic Side 

Variable Session Site Measure r p Measure r p 

         

ABI (Upper Limb)         

 T1 BB    Vflow 0.539 0.014* 

         

ABI (Lower Limb)         

 T1 MG VI 0.690 0.001**    

         

* Correlation significant at p < 0.05 

** Correlation significant at p < 0.01 

Biceps Brachii = BB, Medial Gastrocnemius = MG, T1 = Session 1, T2 = Session 2  

ABI = Ankle – Brachial Index, Vflow = Blood Flow Velocity, VI = Vascular Index 
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Chapter 4. Determinants of estimated failure load in the distal radius after 

stroke: an HR-pQCT study 

 

Abstract 

Bone health is often compromised after stroke and the distal radius is a common site of 

fragility fractures. The macro- and mircoproperties of bone tissue after stroke and their 

clinical correlates are understudied. The objectives of the study were to use High-Resolution 

peripheral Quantitative Computed Tomography (HR-pQCT) to investigate the impact of 

stroke on the bone properties at the distal radius, and to identify the correlates of the 

estimated failure load for the distal radius in people with chronic stroke. This was a cross-

sectional study of 64 participants with chronic stroke (age: 60.8±7.7 years, stroke duration: 

5.7±3.9 years) and 64 age- and sex-matched controls. Bilateral bone structural, densiometric, 

geometric and strength parameters of the distal radius were measured using HR-pQCT. The 

architecture, stiffness and echo intensity of the bilateral biceps brachii muscle and brachial 

artery blood flow were evaluated using diagnostic ultrasound. Other outcomes included the 

Fugl-Meyer Motor Assessment (FMA), Motor Activity Log (MAL), and Composite 

Spasticity Scale. The results revealed a significant side (paretic vs non-dominant, non-paretic 

vs dominant) by group (stroke vs control) interaction effect for estimated failure load and all 

volumetric density, trabecular, and cortical bone parameters (p≤0.012) with the exception of 

intra-cortical porosity (p=0.179). Post hoc analysis showed percent side-to-side differences in 

these outcomes occurred only in the stroke group. Muscle echo intensity (p=0.030), MAL 

(p=0.004), and FMA scores (p<0.001) were significant determinants of the percent side-to-

side difference in estimated failure load of the distal radius. This was the first study to show 

bone microstructure is altered in upper limb post-stroke. We found that the paretic distal 

radius had compromised bone structural properties and lower estimated failure load 

compared to the non-paretic side. Muscle morphology, disuse, and motor impairment are 

important correlates of distal radius bone strength and should be the potential targets for 

intervention to improve bone health post-stroke. 

 

4.1 Introduction 

The economic implications of stroke are large, with long-term and indirect 

expenditures increasing for stroke-related health care (273). The musculoskeletal system has 

been shown to undergo substantial change after stroke (6), with bone loss prevention often 
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being under prioritized during recovery (5). Reduced bone mass and altered geometry, which 

compromise bone strength, are among the more serious complications after stroke (49,274). 

Along with advanced age and female sex, reduced bone strength is an important factor related 

to upper limb fragility fractures after stroke (58). While dual-energy x-ray absorptiometry 

(DXA) is often used in the clinical assessment of total and site-specific areal bone mineral 

density (aBMD) post-stroke (59,80), peripheral quantitative computed tomography (pQCT) can 

be used to examine compartmentalized volumetric density and geometry of both trabecular 

and cortical bone at peripheral skeletal sites (52,80,275). It has also been used in research 

investigating specific musculoskeletal conditions such as adolescent idiopathic scoliosis, 

psoriatic arthritis and hip fracture (276-278). As DXA lacks the ability to assess bone loss 

factors beyond bone quantity (i.e. aBMD), other methods used to assess bone architecture are 

needed for effectively identifying patient groups at risk of fracture (93).    

Several studies have used pQCT to examine bone properties of the upper limb post-

stroke (49,52,54,80,96,279). At the distal radius site (i.e., epiphysis), a consistent finding was a 

lower BMD on the paretic side, with no significant side-to-side difference in total area (52,54). 

Previously, it was not possible to evaluate bone microstructure (e.g., cortical porosity, 

trabecular number, thickness and separation) using pQCT (49). Bone microstructure is another 

important factor determining bone fragility (98,99,101). Among large prospective cohort studies, 

microstructure is consistently shown to be a predictor of fracture risk estimation in other 

populations (103-105). Thus, examining bone microstructure using high-resolution peripheral 

quantitative computed tomography (HR-pQCT) should be of value in the study of bone 

health among individuals with stroke. Measures of bone density, architecture and mechanical 

properties using HR-pQCT have also demonstrated moderate to good correlation with those 

of DXA (R2=0.69-0.80) and micro-computed tomography (R2=0.59-0.96) (280).  

Previous studies have shown that neuromuscular and vascular factors have either been 

moderately associated with (ρ=0.569-620, p≤0.009) or predictive of (β=364, p=0.002) 

compressive bone strength indices (cBSI) among patients with stroke using pQCT (52,54). It is 

unknown whether these factors are also correlated with bone microstructure and mechanical 

properties measured with HR-pQCT. The aims of this study were to investigate the impact of 

stroke on bone properties of the distal radius and to examine the association between the 

estimated failure load and common clinical indicators of physical function during the chronic 

stage of recovery. The wrist region is the second most frequent site of fragility fractures post-

stroke (58). As changes in peripheral bone sites have been shown to be more pronounced in the 

upper limb than lower limb following stroke (96), the distal radius was examined in this study.  
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4.2 Methods 

4.2.1 Participants 

Individuals with chronic stroke and age- and sex-matched controls without prior 

stroke history were recruited from the general public, community self-help groups and an 

existing patient database. Relevant medical history and demographic data were obtained by 

phone interviews. Recruitment of participants commenced April 11, 2018 and ended 

February 28, 2019. A total of 67 stroke and 66 control participants were screened prior to 

data collection which was conducted from June 1, 2018 to March 30, 2019. From the stroke 

group, one person was excluded due to a congenital bone deformation in the tibia and two 

others withdrew from the study before all of the assessments were conducted. From the 

control group, one person was excluded due to a previous Achilles tendon repair surgery and 

another person was excluded due to an essential tremor. Study approval was granted by the 

Human Subjects Ethics Sub-committee of the University (reference number 

HSEARS20171212003 on January 2, 2018) and the Clinical Research Ethics Committee of 

the hospital (Joint Chinese University of Hong Kong-New Territories East Cluster Clinical 

Research Ethics Committee, CREC reference number 2017-711 on April 10, 2018). Informed 

consent was obtained for all participants prior to data collection. All procedures were 

conducted in accordance with the Helsinki Declaration for human experiments.  

For between-group comparisons of bone variables, a priori power analysis was done 

using GPower 3.1 software (Heinrich Heine Universitat Dusseldorf, Germany) (281). Based on 

a previous pQCT study by Pang et al. (52), the side × group interaction effect for the bone 

strength index of the radius yielded an effect size of f=0.25. Assuming the same effect size, 

an alpha of 0.05, and a power of 0.8, a minimum of 49 participants per group were required. 

For the hierarchical regression analysis in predicting %SSD of estimated failure load among 

individuals with stroke, a separate power analysis was done using the Free Statistics 

Calculators version 4.0 (https://www.danielsoper.com/statcalc/calculator.aspx?id=16). A 

previous pQCT study found that various stroke impairment variables (e.g., motor impairment, 

strength, paretic upper limb usage, spasticity) were associated with the side-to-side difference 

in cortical thickness and bone mineral content of the radius (R2 change = 0.20-0.26, 

equivalent to effect sizes f2= 0.25-0.35) (49). Therefore, assuming an effect size of f2=0.25, an 

alpha of 0.05, and a power of 0.8, a minimum sample size of 61 individuals with chronic 

stroke would be required to detect a significant effect of 5 impairment variables (e.g., muscle 

https://www.danielsoper.com/statcalc/calculator.aspx?id=16
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parameters measured by ultrasound, spasticity, etc.), after accounting for the effect of age, 

sex, post-stroke duration and body mass index (BMI). 

After considering the two power analyses above, we aimed to recruit a minimum of 

61 individuals with stroke, and 61 control participants. 

 

4.2.2 Inclusion & exclusion criteria 

The inclusion criteria for the stroke group were: (1) history of chronic stroke (onset>6 

months), (2) age>18, (3) community-dwelling, (4) able to reach 60° of passive elbow flexion, 

(5) Abbreviated Mental Test (AMT) score ≥6 (243). The exclusion criteria were: (1) diagnoses 

of other neurological conditions, (2) significant musculoskeletal conditions (e.g. 

amputations), (3) metal implants in distal radius, (4) upper extremity fracture within the past 

12 months, (5) diagnosis of osteoporosis, (6) severe contractures prohibiting the individual 

from reaching 60° of passive elbow flexion, (7) other serious illnesses that precluded 

participation in the study. The control group had the same eligibility criteria with the 

exception of prior stroke history.  

 

4.2.3 Measurement procedures 

HR-pQCT 

Bone imaging was conducted at a bone imaging center in a local hospital by an 

experienced technician (VWYH, LQ). HR-pQCT (XtremeCT II, Scanco Medical AG, 

Brüttisellen, Switzerland) was used to measure bone properties of the bilateral distal radius. 

A summary description of all HR-pQCT variables collected is provided in the supplementary 

appendices (Supplemental Table 4.1). The scan region was fixed at 9.0 mm (distal radius) 

proximal from the mid-joint line. Length of the scan region spanned 10.2 mm proximally 

(i.e., 168 slices stacked). A fixed rather than relative offset distance (i.e., %-length method) 

was used as the relative method entails accurate limb length measurement prior to scanning, 

and assumes proportionality between limb length and bone regions of the epiphysis, 

metaphysis and diaphysis (282). Standard analysis of 3D bone volumetric density, geometry, 

trabecular microarchitecture and cortical parameters was conducted using Image Processing 

Language software (IPL v5.08b, Scanco Medical AG, Brüttisellen, Switzerland). The 

forearm, wrist and hand were immobilized prior to placement within the scanner gantry using 

a formable padded cast provided by the manufacturer in order to standardize anatomical 

orientation and minimize motion during acquisition. To confirm image quality, motion 

grading guidelines were followed (283). Scans with a motion artefact score of 5 were excluded 
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(282). The second generation scanner (XtremeCT II) has demonstrated excellent 

reproducibility (284). In the current study, the root mean squared percent coefficient of 

variation (CV%RMS) of short term precision for the radius among a cohort of 30 healthy 

individuals were 0.21-0.94% for geometric measures. The corresponding values for density 

and microstructural parameters were 0.29-0.95% and 0.52-3.36%, respectively. This scanner 

has comparatively higher resolution (isotropic voxel size of 61 μm for XtremeCT II and 82 

μm for XtremeCT I) and has demonstrated excellent agreement with the previous-generation 

scanner for most densitometric measures (285).   

 

Estimated Failure Load 

All micro-finite element (µFE) analyses were performed using the FE-solver provided by the 

manufacturer. CT images were segmented using a dual-threshold technique and converted 

into an FE mesh. A voxel-by-voxel conversion approach was used to convert each voxel into 

a cubic hexahedral finite element for analysis. Boundary conditions of the uniaxial 

compression test were applied to all elements with a Young’s modulus of 10 GPa and a 

Poisson’s ratio of 0.3 assigned (100). Pistoia’s criterion was adopted and the estimated failure 

load (N) was expected when >2% of the elements were strained beyond a critical limit of 

7000 microstrain (100). These settings were selected based on several validation studies using 

experimental loading tests on cadaveric bones (100,106,107). Similar settings have been applied 

in previous clinical studies to predict fracture risk (278).  

 

Ultrasound  

To measure various aspects of muscle properties (stiffness, echo intensity, cross-

sectional area, circulation), ultrasound imaging was conducted in a muscle imaging lab of the 

University by an operator with 3 years of relevant experience (TM). An Aixplorer ultrasound 

scanner (Aixplorer, SuperSonic Imagine, Aix en-Provence, France) coupled with a linear 

array probe (4-15 MHz, SuperLinear, 15-4, Vermon, France) was used. For each parameter, 

the average of 3 measures was used for the analysis. A standoff gel couplant layer of 

approximately 2mm thickness served as the interface between the probe and skin surface to 

minimize probe compression on muscle during measurements. Surface electromyography 

(sEMG) (Bagnoli EMG system, Delsys Inc, Natick, Massachusetts, USA) was used 

concomitantly to confirm muscle relaxation. In the event of contracture or spastic response, 

images were retaken. A low-pass filter <10Hz was applied for wave rectification of all real-

time sEMG signal data using LabVIEW software (National Instruments Co., Austin, Texas, 
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USA). A notch filter was also applied at 50, 100 and 150Hz frequencies to preserve sEMG 

signal integrity and suppress powerline and harmonic noise during image capture. Following 

skin preparation (i.e., shaving, abrading, sterilization and conductive gel), a sensor (SX230, 

Biometrics Ltd, Gwent, UK) was placed on the skin surface of the muscle and affixed using a 

die cut medical grade adhesive tape. A bilateral comparison of muscle parameters is shown in 

Supplemental Figure 1.  

 

Muscle stiffness: The shear modulus (kPa) and shear wave velocity (m/s) of the biceps 

brachii muscles were measured using a standard musculoskeletal imaging preset in shear 

wave elastography mode. Shear wave velocity is a measure of shear wave dispersion through 

tissue and is used to calculate modulus values (i.e., ratio of stress to strain) as an estimate of 

stiffness (172). While both these measures are directly related to biomechanical tissue 

properties, discrepancies in the interpretability of reported values between studies have been 

identified as problematic and should therefore not be used interchangeably (208). To aid in the 

interpretation and comparison of results across studies, both values were collected and used 

for analysis. During image acquisition, participants were placed in a supine position with the 

shoulder abducted 45° and elbow joint immobilized at 60° of flexion using an external 

fixation device. Measurement sites were standardized at the lower third of the humerus 

(approximately 66% of the total length) according to an adapted procedure used by Wu et al 

(43). The probe was placed in parallel alignment to the muscle fascicle direction. The region of 

interest (ROI) was standardized for all measures (1.89 cm2 area with an approximate depth of 

1 cm below the subcutaneous tissue layer). Individual images were captured after a consistent 

and stable color distribution was observed. All values were generated using a Q-box Trace 

function (Supersonic Imagine, Aix en-Provence, France) during image processing. 

 

Echo intensity: Muscle echo intensity was measured using B-mode ultrasound. For each 

measurement, the probe was angled cranially and caudally until maximal echo intensity was 

observed in the scanning plane. Gray-scale analysis was conducted with an impixel 

calculation function using a customized program written in Matlab (version R2018a, 

Mathworks, Natick, Massachusetts, USA). The ROI (1.89 cm2 area) was the same as each 

elastogram captured (11). Gray-scale values were standardized at a gain of 50% for all 

measures, with darkest and lightest pixels represented by values of 0 and 255, respectively. 
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Muscle cross-sectional area: Muscle cross-sectional area (MCSA) (in cm2) of the biceps 

brachii was measured using a panoramic image capture function in B-mode ultrasound at the 

measurement site previously specified for muscle stiffness measures. A foam padded 

adhesive probe support was placed in line with the muscle circumference to reduce probe 

translation and ensure clarity during image capture. Using the perimeter trace function 

(Supersonic Imagine, Aix en-Provence, France), a muscle region from the medial to lateral 

borders was manually selected. 

 

Vascular measures: Vascular parameters were also measured as previous work has indicated 

that the influence of these factors on bone strength are regional and more pronounced in the 

epiphysis than diaphysis (51,55). Peak systolic velocity (cm/s) of the brachial artery was 

measured using pulse wave Doppler ultrasound by initially placing the probe transversely 

along the medial aspect of the upper arm (measurement site previously stated). The probe 

was then rotated sagittally and tilted to visualize the artery longitudinally. An electronic 

calliper was then placed in the artery center, and the sample volume was standardized at 

0.5mm. Angle correction and steering were adjusted to optimize angle-to-flow (≤ 60° 

insonation). Spectral waveform cycles with 3 consistent readings were used to calculate each 

measurement trial. Blood flow volume (mL/min) for the brachial artery was derived from 

peak systolic velocity. Within the same image pane, arterial diameter (cm) was measured by 

placing the calipers at each end of the superior and inferior borders of the endothelial wall. 

Flow volume was then calculated using the system tools (Supersonic Imagine, Aix en-

Provence, France). 

 

Functional assessment procedures 

Measures of functional and stroke-specific impairments were conducted in a 

university laboratory by a physical therapist. For muscle strength and touch pressure 

threshold parameters, the average of 3 trials were used for the analysis. Functional 

assessments were conducted on a separate day prior to ultrasound assessments to minimize 

the influence of strength testing on muscle, vascular and elastography outcomes.  All 

functional assessments were obtained for both control and stroke groups (i.e., physical 

activity level, muscle strength, touch pressure threshold) with the exception of spasticity, 

motor impairment and paretic limb usage. These stroke-specific assessments were only 

conducted among participants with stroke.  
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Spasticity: The composite spasticity scale (CSS) was used to measure elbow flexor spasticity 

(score range: 1-16). The CSS has shown high test-retest reliability in previous studies 

examining spasticity among patients with stroke (ICC=0.97) (268,270). 

 

Upper limb motor impairment: The Fugl-Meyer Motor Assessment (FMA) is a stroke-

specific assessment used to evaluate the motor impairment of the paretic arm for reflex, 

neuromuscular coordination and volitional movement with and without accompanying 

synergies (score range: 0-66). FMA has demonstrated high inter-rater reliability (ICC=0.97) 

in patients with stroke (286). 

 

Paretic limb use: The Motor Activity Log (MAL) questionnaire served as a subjective 

appraisal of paretic arm usage frequency during 30 functional activities according to the 

Amount of Use (AOU) scale. Mean scores from the 30-item scale were used for analysis. 

Among patients with stroke, the MAL-AOU scale has shown high internal consistency 

(Cronbach’s α=0.88) (4). 

 

Physical activity level: An adapted version of the 12-item Physical Activity Scale for the 

Elderly (PASE) was used to evaluate general physical activity level. Scores are calculated by 

weights and frequency values which correspond to each activity type assessed, with higher 

scores indicating higher activity level. This version has been previously validated in elderly 

Chinese populations and has demonstrated good test-retest reliability (ICC = 0.81) and fair to 

moderate association with other clinically relevant measures of function (287). 

 

Muscle strength: Isometric peak torque (N/m) of the elbow flexors was assessed using a 

dynamometer (Humac Norm Systems, Stoughton, Massachusetts, USA) in 60° of elbow 

flexion and 45° of shoulder abduction. Measurement error has been shown to be smaller for 

isometric than isokinetic testing conditions (259). A 60° angle was used for testing based on 

evidence suggesting elbow flexion torque is greatest in 56° for healthy individuals (260) and 

60° for paretic arms in participants with stroke (261). Wrists were used as the contact interface 

between participants and the dynamometer handle due to impairments in grip strength or 

dexterity of paretic hands. The wrist was held in place by elastic straps. A triangular support 

cushion was also placed in the lower-axilla region to maintain a 45° angle of shoulder 

abduction. 
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4.2.4 Statistical analysis 

The following analyses were performed using SPSS (version 23.0, SPSS Inc., 

Chicago, Illinois, USA) at a significance level of 0.05 (two-tailed). Independent t, Mann-

Whitney U and χ2 tests were used for comparing baseline between-group differences for 

participant characteristics according to continuous, ordinal and nominal levels of data, 

respectively. A two-way factorial repeated measures analysis of variance (ANOVA) [within-

subject factor: side (paretic vs non-paretic for stroke group or dominant vs non-dominant for 

control group), between-subject factor: group (stroke vs control)] was performed for HR-

pQCT, ultrasound and isometric peak torque variables that were assessed bilaterally. A 

significant F-ratio for the ANOVA results represents a difference between at least two of the 

means (i.e., largest vs smallest). For an F > 4.3 (i.e., critical value), the between-sides or 

between-group effect was significant at p<0.05, with larger F values representing greater 

difference within (i.e., side) or between group means. Following the ANOVA, post hoc 

paired t-tests were used to compare between the two sides. Post hoc independent t-tests were 

also used to compare the percent (%) side-to-side difference (%SSD) between the stroke and 

control groups. A more stringent significance level of 0.017 (Bonferroni’s correction: 0.05/3) 

was used for post hoc tests to adjust for multiple comparisons. The following formula was 

used in calculating %SSD: 

 

Non-paretic or Dominant side −  Paretic or Non-dominant side

Non-paretic or Dominant side
 ×  100 

 

Pearson’s r was used to determine the bivariate correlation between the side-to-side 

difference (%SSD) in estimated failure load of the distal radius and the %SSD of other 

variables. Relationships between variables were defined as having minimal or no correlation 

(r=0.00-0.25), fair (r=0.25-0.50), moderate to strong (r=0.50-0.75) or very strong correlation 

(r > 0.75) (288).  As %SSD calculations were not suitable for stroke-specific assessment 

outcomes with only measurements on the paretic side (i.e., CSS, FMA and MAL-AOU), raw 

values were used to assess their correlation with the %SSD in estimated failure load. 

Correlations were also used to examine the association between all bone parameters and other 

continuous variables (e.g., stroke onset duration, physical activity level and BMI). Mann-

Whitney U tests were used to determine differences in the %SSD in estimated failure load for 

stroke participant subgroups categorized according to alcohol, tobacco and supplement usage.  
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A subgroup analysis was conducted using dichotomous grouping based on average 

stroke duration (i.e., below or above 5.8 ± 4.0 years) and using tertiles of comparable subject 

groupings according to stroke onset chronology (i.e., </= 3 years (n=19), 4-5 years (n=21), 

and >/= 6 years (n=24)). Between-group differences in all bone parameters were assessed 

with independent t-tests for dichotomous grouping and one-way ANOVA for tertiles.  

Hierarchical multiple regression analysis was used to identify significant determinants 

of the %SSD in estimated failure load (dependent variable) for the stroke group. The choice 

of independent variables was based on both physiological relevance and results of the 

bivariate correlation analysis. Prior to the regression analysis, separate bivariate correlation 

analyses were performed to assess the degree of association among the independent variables 

(e.g., ultrasound and clinical outcomes). Variables with a correlation >0.6 were used in 

separate regression models to avoid multicollinearity (52). Variables that were significantly 

associated with the %SSD in estimated failure load in the bivariate correlation analysis 

(p<0.05), along with sex, age and post-stroke duration, were forced into each regression 

model using the enter method. Failure load is considered a material parameter accounting for 

material behavior (yield, post-yield) and loading (magnitude of applied force) required to 

strain bone tissue beyond a critical limit (100). Estimated failure load has been shown to be a 

better predictor of incident fracture than volumetric density (109) and bone morphometry 

measures alone (100). The identification of failure load thresholds suggestive of higher fracture 

risk have been described in a multicenter prospective study involving large cohorts of elderly 

men and women (113). This study showed estimated failure load to be the strongest correlate 

with incident fracture (113). Stroke-related impairment and consequent hemiosteoporosis of 

paretic limbs may also exacerbate proclivity to fracture (58). Although estimated failure load is 

essentially a material parameter and not a direct determinant of fracture risk, the amount of 

bilateral difference in estimated failure load among individuals with stroke, in comparison to 

that of age and gender-matched controls, may provide a meaningful comparison of 

hemiparetic bone status which differs from previous estimates of bone strength (e.g., 

compressive bone strength index, polar stress-strain index) (49,52,54,96).  

 

4.3 Results 

4.3.1 Participant characteristics 

A summary of participant characteristics is provided in Table 4.1. A total of 64 

participants with stroke and 64 healthy controls completed all the assessments. No significant 

differences were found for sex (p=0.858), age (p=0.306) or limb dominance (p=0.319) 
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between stroke and control groups. There was also no significant difference in alcohol 

(p=0.276), tobacco (p=0.428) or supplement usage (vitamin D: p=1.000; calcium: p=0.188) 

between groups. For female participants, there was no significant difference between groups 

for time since menopause onset (p=0.787). For the stroke group, the mean scores for the CSS 

(8.6±2.5), FMA (35.9±18.9) and MAL-AOU (1.3±1.3) indicated mild spasticity, a moderate 

degree of motor impairment, and minimal perceived usage frequency of the paretic arm, 

respectively. A significant between-group differences in the total number of comorbidities 

and medications were also observed (p<0.001). 

 

4.3.2 HR-pQCT variables 

There was a significant significant side × group interaction effect for estimated failure 

load (F=80.0, p<0.001). A significant interaction effect was also observed for all volumetric 

density (F=55.7-100.1, p<0.001), macrostructural (F=7.06-50.6, p≤0.009), and 

microstructural parameters (F=6.44-15.6, p≤0.012) with the exception of intracortical 

porosity (F=1.82, p=0.179) (Table 4.2). Post hoc paired t-tests showed significant differences 

in cortical area, trabecular area, number and separation, and estimated failure load parameters 

between the two sides in both the stroke and control groups (p≤0.017). In addition, all 

volumetric density parameters and cortical thickness demonstrated significant side-to-side 

differences in the stroke group (p≤0.017), but not in controls. On the other hand, the cortical 

perimeter showed a side-to-side difference in the control group (p≤0.017), but not the stroke 

group. With the exception of intracortical porosity and trabecular thickness, post hoc analyses 

showed significant differences in %SSD of all bone parameters between the stroke and 

control groups (p≤0.017) (Table 4.2). The HR-pQCT images obtained from a representative 

participant with stroke and gender matched control participant are displayed in Figure 4.1. 

 

4.3.3 Other variables 

For other bilaterally measured ultrasound and functional variables, there was a 

significant side × group interaction effect for MCSA (F=25.5, p≤0.001), echo intensity 

(F=17.8, p≤0.001), peak systolic velocity (F=5.0, p≤0.027) and isometric strength (F=69.7, 

p≤0.001). Shear modulus (F=1.5, p=0.214), shear wave velocity (F=1.5, p=0.223), and blood 

flow volume (F=0.98, p=0.324) showed no significant interaction effects (Table 4.3). Post 

hoc paired t-tests showed significant side-to-side differences for MCSA, echo intensity and 

isometric strength in the stroke group (p≤0.017), but not controls. Post hoc independent t-

tests also showed significant between-group differences in %SSD for MCSA, echo intensity, 
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and isometric strength, (p≤0.017) (Table 4.3). Bilateral ultrasound images obtained from a 

representative participant with stroke are displayed in Figure 4.2. 

 

4.3.4 Subgroups  

There was also no association between stroke duration and all other bone parameters 

(r=-0.214 – 0.218, p≤0.893) (Supplemental Table 4.4). When participants were grouped 

dichotomously according to below or above average stroke duration, independent t-test 

showed no significant differences in all bone variables between groups (Supplemental Table 

4.2). For tertile subdivision of comparable group numbers (i.e., </= 3 years (n=19), 4-5 years 

(n=21), and >/= 6 years (n=24)), one-way ANOVA results showed no significant between-

groups difference for all bone variables (Supplemental Table 4.3).  

 

4.3.5 Relationship to %SSD of estimated failure load and regression analysis 

For the bivariate correlation analyses (Table 4.4) the %SSD in estimated failure load 

showed a fair correlation with CSS (r=0.295, p=0.018) and moderate correlation with FMA 

(r=-0.541, p<0.001) and MAL-AOU (r=-0.453, p<0.001). There was also minimal to fair 

correlation between the %SSD in estimated failure load and shear modulus, shear wave 

velocity, echo intensity, (r=-0.247 - -0.296, p≤0.049) and blood flow volume (r=0.249, 

p≤0.047). There were no correlations between the %SSD in estimated failure load and stroke 

onset duration, BMI or PASE (r=-0.130 – 0.017, p≤0.898). There were no differences in 

the %SSD in estimated failure load for subgroups categorized according to alcohol, tobacco, 

and supplement usage (Supplemental Table 4.5).  

Among the independent variables considered for the regression analysis, there was a 

moderate to strong association of FMA with MAL-AOU (r>0.7, p<0.001) and CSS (r>-0.6, 

p<0.001) (Table 4.5). Hence, separate regression models were used to avoid 

multicollinearity. After accounting for sex, age, stroke duration and BMI, MAL-AOU (β=-

0.400, p=0.004) and echo intensity (β=-0.251, p=0.033) (model 1) and FMA-UL (β=-0.524, 

p<0.001) (model 2) remained independently associated with the %SSD in estimated failure 

load measured at the distal radius. Overall, the two models explained approximately 31.2-

37.6% of the variance in the %SSD in estimated failure load (Table 4.6).  

 

4.4 Discussion 

All HR-pQCT variables, except intracortical porosity, demonstrated significant 

interaction effects, indicating that stroke had a substantial impact on bone density, 
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macrostructure and most microstructure variables. Among the various potential clinical 

correlates, differences in muscle morphology (echo intensity), motor impairment severity 

(FMA), and perceived usage frequency (MAL-AOU) emerged as the predominant 

determinants of the %SSD in estimated failure load at the distal radius. 

 

4.4.1 Side-to-side differences in HR-pQCT variables 

Side-to-side differences in volumetric density parameters (4.6%-23.1%, p≤0.017) 

(i.e., lower cortical, trabecular and total vBMD in paretic limbs) are largely consistent with 

previous pQCT studies in populations with stroke (52,80,96). Previously it has been problematic 

to measure cortical area and thickness parameters at the distal radius due to thin cortical 

shells on the paretic side and the lower resolution of previous pQCT scanners (52). In the 

present study using HR-pQCT, these parameters were significantly diminished on the paretic 

side (14.4%-15.1%, p≤0.017). The detrimental impact of stroke on geometric and structural 

bone parameters of the radius have also been reported previously (49).  

In terms of bone microstructure, the deficits on the paretic side were more evident in 

trabecular number (12.3%, p≤0.017) and separation (24.3%, p≤0.017) than other trabecular 

parameters (i.e., trabecular thickness and intracortical porosity). Significantly lower number 

and greater average distance between trabeculae may indicate substantial loss of trabeculae 

on paretic sides and reduced connectivity with greater heterogeneous distribution of 

trabecular bone. When assessed collectively, trabecular vBMD and separation appear to show 

the largest %SSD (>20%) relative to other parameters measured, and may contribute more to 

the large %SSD in estimated failure load of the radius (stroke: 23.8% vs controls: 2.9%). 

Similar changes in these parameters have been observed when comparing premenopausal and 

postmenopausal osteopenic or osteoporotic women (p<0.01), with significantly greater loss 

and more heterogenous distribution of trabeculae for the radius among fractured osteopenic 

women compared to unfractured women (p<0.02) despite similar spine and hip bone density 

(101). Low trabecular number in the radius has also been shown to be highly associated with 

increased osteoporotic, vertebral and non-vertebral fracture risk (Hazard Ratio=1.46-1.80 per 

SD, p≤0.01) in a large prospective trial of elderly men (111). In recent meta-analyses, 

trabecular vBMD in particular, as well as the ratio of trabecular to total bone volume (i.e., 

trabecular bone volume fraction (BV/TV)), was strongly associated with fracture (109,110). 

However, trabecular microstructure alone may lack the sensitivity and specificity to fully 

distinguish fracture risk (111). Though not exclusively for the identification of Colles-type 

fractures of the radius, material bone parameters derived from the µFE analysis have been 
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suggested to be superior to vBMD and microstructure for separating fragility fracture cases 

from controls at multiple bone sites (289). However, the degree to which compromised 

microstructural properties contribute to fracture risk in individuals with stroke remains 

unaddressed by the current study.  

 

4.4.2 Echo intensity 

Echo intensity is a sonographic measure of grayscale pixel intensity (i.e., ratio of dark 

to light pixels) often used for assessing muscle mechanical properties and morphological 

differences relative to a reference tissue. Higher echo intensity (i.e. hyperechoic or brighter  

image) represents compositional changes in fluid content, intramuscular fat accumulation, 

fibrous connective tissue (i.e., collagen density) (290) and possible alterations in fiber type 

distribution and innervation (i.e., denervation) (48). In the present study, paretic biceps brachii 

muscles had significantly higher echo intensity than non-paretic muscles and the bilateral 

muscles of controls. Similar findings have been reported in previous studies on lower and 

upper limb muscles post-stroke. Barenpas et al showed that higher echo intensity of the 

paretic medial gastrocnemius muscle was fairly correlated with reduced gait speed (r=-0.40, 

p=0.04) and moderately correlated with stroke onset duration (r=0.57, p<0.01) (48). In another 

study by Lee et al, muscle echo intensity was strongly correlated with passive muscle 

stiffness of the paretic biceps brachii post-stroke (R2=0.703, p=0.002) (11). The identification 

of muscle echo intensity as a significant predictor of the estimated failure load (R2=0.374, 

p=0.050) is a potentially distinguishing element of the current study. Although the magnitude 

of the bivariate correlation with the %SSD in estimated failure load (r=-0.296, p=0.017) was 

only fair and also comparatively lower than that of FMA (r=-0.541, p<0.001) and MAL-AOU 

(r=-0.453, p<0.001), it suggests that stroke-related changes in the biomechanical properties of 

muscle and bone may be somewhat interrelated. A possible conjecture of this finding is that 

interventions which modify muscle echo intensity, and perhaps muscle stiffness, may be 

useful for improving bone strength in individuals with stroke. Some preliminary research in 

this area is emerging. Implanted peroneal functional electrical stimulation (FES) has been 

shown to be effective in reducing paretic tibialis anterior muscle echo intensity of people with 

chronic stroke exhibiting foot drop (291). Whether the same technique can modify the echo 

intensity of the paretic upper limb muscles will require further study. There is also a need to 

search for other therapeutic interventions that are effective in modulating the mechanical 

properties of the muscle and consequently improving bone strength in the paretic upper limb.  
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4.4.3 Upper limb motor recovery 

FMA score was also moderately associated with the %SSD in estimated failure load 

(β=-0.524, p<0.001), possibly suggesting that better motor recovery, as indicated by higher 

FMA scores, was associated with less compromised bone strength on the paretic side (i.e., 

lower %SSD in estimated failure load). A previous study reported only fair association 

between Wolf Motor Function Test scores and %SSD in cortical bone mineral content 

(BMC) (r=-0.415, p<0.005), cortical thickness (r=-0.415, p<0.005) and no association with 

the %SSD in polar stress-strain index p-SSI (r=-0.150) of the radius diaphysis (49). Another 

study showed only fair association between FMA scores and the stress-strain index of the 

paretic radius midshaft (R2=0.38, p=0.04) (279). Whether or not rehabilitation interventions 

with motor training components can potentially influence bone strength after stroke is 

difficult to determine based on the inconsistencies in reported associations. However, a study 

involving a 6-month comprehensive motor exercise program was shown to be effective in 

increasing trabecular bone content (p=0.048) and cortical bone thickness (p=0.026) of the 

paretic tibia in people with chronic stroke (3). A similar program targeting the neuromotor 

system which can enhance bone strength in upper limb sites, awaits further study. 

 

4.4.4 Perceived paretic upper limb use 

Lower MAL scores, indicative of greater perceived paretic arm disuse, demonstrated 

a fair association with higher %SSD in estimated failure load (β=-0.400, p=0.004). As stated 

previously, paretic arm motor impairment, of which disuse is a major component, has been 

identified as a correlate of BMC loss in the paretic distal radius (r=-0.415, p<0.005) and 

reduced bone stress-strain index in the midshaft of the paretic radius (R2=0.38, p=0.04) 

(49,279). This suggests that more frequent paretic arm usage during daily activities may be an 

important prescriptive element. During acute and subacute stages of stroke recovery, failed 

attempts to use the paretic arm in daily activities reinforce psychological patterns of disuse 

often termed the “learned non-use” phenomenon. Constraint-induced movement therapy, 

although commonly used to overcome non-use (4), has not been explored as a potential 

intervention for improving bone strength post-stroke. 

 

4.4.5 Other variables 

 Previous pQCT studies in populations with stroke have shown a fair association 

between bone strength and vascular elasticity indices (large arteries: r=0.332, p=0.007; small 

arteries: r=0.517, p<0.001) in the paretic radius (52), and also a fair to moderate association 
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between the bone strength index of the paretic tibia and peak oxygen consumption (VO2) 

(r=0.454-0.596, p≤0.012) (50) (r=0.615, p<0.05) (51). However, blood flow volume was not 

determined to be a significant predictor of estimated failure load in the current study. One 

rather perplexing result of the current study was the lack of correlation between elbow 

flexion strength and %SSD in estimated failure load. Muscle strength has consistently proven 

to be a strong correlate and predictor of bone geometry, density and strength in the paretic 

radius (49,52,85). This is perhaps explained by the different muscle groups tested. In the present 

study, mean peak torque during elbow flexion was the only measure of paretic arm strength. 

As the biceps brachii and the brachial artery were the main muscle and vascular structures 

measured during ultrasound assessments, we felt the measurement of elbow flexor strength 

was appropriate. Previous research showed that the degree of strength impairment in elbow 

flexion (25.6% of normal) was similar to that in more proximal (shoulder abduction; 23.6% 

of normal) and distal (wrist extension; 25.6% of normal) muscle actions. However, in our 

study, the %SSD in elbow flexion strength reported here (31.6%±49.7%) was less 

pronounced than that of the composite muscle strength (inclusive of grip strength) 

(38.5%±35.2%) previously reported (49). This may partly explain why we were unable to 

identify a significant relationship between elbow flexion strength and %SSD in estimated 

failure load. 

The effect of spasticity on estimated failure load was diminished in the multivariate 

regression. Previous studies examining the impact of spasticity and bone properties post-

stroke have produced mixed results (49,52,55,80,85). There were also methodological differences 

between spasticity measures in the present study (i.e., CSS) compared to previous studies 

(i.e., Modified Ashworth Scale) in which spasticity was a significant correlate of bone 

density and geometry (49). The Modified Ashworth Scale is only used to evaluate resistance to 

passive movement whereas the CSS is a more comprehensive multi-component scale for 

assessing additional neurogenic aspects of spasticity (i.e., tendon jerk and wrist clonus). 

 

4.4.6 Limitations 

In this study, the standard µFE analysis with the same linear elastic modulus 

assignment was used for all participants. Other studies have used non-linear approaches (i.e., 

models using asymmetric, bilinear yield strain criteria) with higher and lower modulus values 

for cortical and trabecular bone elements, respectively (107,292,293). Although the elastic 

modulus of cortical and trabecular tissues have been shown to differ based on modulus 

direction (294), there appears to be support for the use of linear µFE analysis for estimating 
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bone strength in specific instances where moduli of homogeneous tissue and scaled CT-

attenuation models were compared using both non-linear and linear analyses (107). Although 

more computationally intensive, non-linear µFE analysis may offer a more direct estimate of 

bone mechanical strength properties. Therefore, given the anticipated low volumetric bone 

density of the paretic side (52,54,80,96), particularly for cortical bone (52,54), the use of a non-

linear and/or density-dependent modulus in the µFE analysis of bone strength properties 

among stroke groups may warrant future investigation.  Limb length differences between 

subjects and groups is also a potential confounding element associated with the fixed offset 

distance scanning protocol used in this study (282). Although several studies to date have used 

a fixed offset approach to standardize measures (99,104,105,111,276-278), it may be important to 

consider the limitations associated with both fixed and relative offset methods based on 

factors influencing limb length for a given subject sample (282). There are also a number of 

confounding factors influencing bone status and metabolism (e.g., associated comorbidities, 

medication, BMI, physical activity level) which were not accounted for in the regression 

models given the limited sample size. The number of predictors was restricted to six in each 

model allowing for approximately 10 observations per variable (295) assuming low variance (n 

≥ 8, with additional degrees of freedom for covariates) (296). Future studies with a larger 

sample size are needed. Furthermore, participants from the stroke and control groups were 

only recruited through a non-probability sampling method and results may not be 

generalizable to individuals with diverse clinical presentations. Finally, this cross-sectional 

study cannot prove a causal relationship between stroke-related impairment and distal radius 

fracture. The relationship between estimated failure load and incident fracture in people with 

stroke will require further investigation. 

 

4.5 Conclusion 

This study showed that bone density, macrostructure and microstructure of the paretic 

distal radius were compromised in individuals with chronic stroke. There was a substantially 

lower estimated failure load for the paretic compared to the non-paretic side. The degree of 

motor recovery, perceived frequency of paretic arm use, and muscle morphology were 

emergent correlates of estimated failure load in the distal radius. The clinical relevance of 

these factors for improving bone strength after stroke remains unaddressed and will require 

further study. 
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Table 4.1 Characteristics of participants 

  Stroke (n=64) Control (n=64) p 

     

D
em

o
g

ra
p
h

ic
s 

Sex (men/women), n 38/26 39/25 0.858 

Age, years 60.8 ± 7.7 59.4 ± 7.8 0.306 

Menopause (women), years 12.4 ± 13.1 11.5 ± 9.9 0.787 

Education, years 9.8 ± 3.7 11.8 ± 3.7 0.002b 

Hand dominance (Left/Right/Equivalent), n 1/62/1 2/62/0 0.319 

Body mass index (kg/m2) 24.3 ± 3.1 23.4± 2.8 0.081 

AMT (out of 10) 9.3 ± 1.1 9.9 ± 0.4 <0.001b 

PASE 114.7 ± 87.4 142.2 ± 79.4 0.065 

     

S
tr

o
k

e 

C
h

ar
ac

te
ri

st
ic

s 

    

Paretic Side (Left/Right), n 36/28 - - 

Type of Stroke (Ischemic/Hemorrhagic), n 41/23 - - 

Stroke duration, years 5.8 ± 4.0 - - 

CSS (1-16) 8.6 ± 2.5 - - 

FMA (0-66) 35.9 ± 18.9 - - 

MAL-AOU (0-5) 1.3 ± 1.3 - - 

    

C
o

m
o

rb
id

it
y
 

    

Total number of comorbidities per person 1.3 ± 1.3 0.6 ± 0.9 <0.001b 

Hypertension, n 37 22 0.006b 

Hyperlipidemia, n 21 4 <0.001b 

Cardiac arrhythmia, n 1 0 0.315 

Diabetes mellitus, n 14 8 0.150 

Ischemic heart disease, n 1 0 0.315 

    

M
ed

ic
at

io
n

s 

    

Total number of medications per person 4.5 ± 3.1 0.9 ± 1.2 <0.001b 

Antihypertensive agents, n 42 16 <0.001b 

Hypolipidemic agents, n 41 10 <0.001b 

Hypoglycemic agents, n 10 6 0.259 

Anticoagulants, n 23 3 <0.001b 

Antispasmodic agents, n 6 0 0.011a 

PPI/ Gastric agents, n  25 2 <0.001b 

SSRI/ Antidepressants, n 8 1 0.016a 

    

O
th

er
 

    

Alcohol history (yes/no), n 14/50 24/40 0.053 

Alcohol consumption (drinks/day) 0.2 ± 0.3 0.1 ± 0.3 0.276 

Smoking history (yes/no), n 15/49 14/50 0.833 

Tobacco use (packs/day) 0.7 ± 0.4 0.6 ± 0.3 0.428 

Daily Vitamin D supplementation (yes/no), n 4/60 4/60 1.000 

Daily Calcium supplementation (yes/no), n 3/61 7/57 0.188 

    
a p ≤ 0.05 Statistically significant 
b p ≤ 0.01 Statistically significant 

AMT = Abbreviated Mental Test, PASE = Physical Activity Scale for the Elderly, PPI = Proton Pump 

Inhibitor, SSRI = Selective Serotonin Reuptake Inhibitor, CSS = Composite Spasticity Scale, FMA = Fugl-

Meyer Assessment, MAL = Motor Activity Log (Amount of Use) 
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Table 4.2 Comparison of HR-pQCT variables 

Stroke Group (n=64) Control Group (n=64) 
Main Effect: 

Side (Within) 

Main Effect: 

Group (Between) 

Side × Group 

Interaction Effect 

Parameter Paretic Non-Paretic SSD (%) Non-Dominant Dominant SSD (%) F p F p F p 

D
en

si
ty

 

Total vBMD (mg HA/cm3) 

292.0 ± 83.5 352.8 ± 62.8a 18.1 ± 13.7b 339.4 ± 60.0 337.9 ± 62.3 -0.84 ± 6.83 91.5 <0.001c 1.97 0.163 100.1 <0.001c 

Cortical vBMD (mg HA/cm3) 

871.1 ± 75.2 912.0 ± 53.0a 4.6 ± 4.7b 914.9 ± 55.4 913.0 ± 51.5 -0.21 ± 2.36 46.3 <0.001c 4.89 0.029c 55.7 <0.001c 

Trabecular vBMD (mg HA/cm3) 

116.3 ± 49.3 147.0 ± 36.1a 23.1 ± 21.7b 137.3 ± 38.5 139.5 ± 39.6 0.74 ± 10.24 75.9 <0.001c 0.92 0.339 57.4 <0.001c 

M
ac

ro
st

ru
ct

u
re

 

Cortical Area (mm2) 

56.7 ± 15.6 66.3 ± 13.7a 15.1 ± 12.4b 65.6 ± 12.6 67.3 ± 14.2a 1.89 ± 6.85 97.4 <0.001c 4.34 0.039c 47.9 <0.001c 

Cortical Perimeter (mm) 

66.2 ± 8.4 66.2 ± 8.3 0.04 ± 3.84b 66.9 ± 8.5 68.1 ± 7.7a 1.85 ± 3.26 8.53 0.004c 0.76 0.385 7.06 0.009c 

Cortical Thickness (mm) 

1.04 ± 0.26 1.21 ± 0.20a 14.4 ± 13.3b 1.18 ± 0.18 1.19 ± 0.20 -0.04 ± 8.3 60.3 <0.001c 3.09 0.081 50.6 <0.001c 

M
ic

ro
st

ru
ct

u
re

 

Trabecular Area (mm2) 

194.1 ± 51.8a 187.9 ± 53.3 -4.25 ± 10.5b 194.8 ± 56.6 199.9 ± 50.6a 3.1 ± 7.7 0.14 0.708 0.47 0.494 13.3 <0.001c 

Trabecular Number (1/mm) 

1.08 ± 0.28 1.23 ± 0.20a 12.3 ± 16.5b 1.20 ± 0.19 1.24 ± 0.19a 2.75 ± 9.19 44.7 <0.001c 3.23 0.075 15.6 <0.001c 

Trabecular Thickness (mm) 

0.22 ± 0.02 0.23 ± 0.02 0.50 ± 6.29 0.23 ±0.02a 0.22 ± 0.02 -1.03 ± 3.77 0.001 0.981 0.09 0.765 6.44 0.012c 

Trabecular Separation (mm) 

0.98 ± 0.47a 0.78 ± 0.20 -24.3 ± 36.0b 0.80 ± 0.17 0.77 ± 0.20a -4.3 ± 15.2 25.5 <0.001c 4.63 0.033c 13.8 <0.001c 

Intra-cortical Porosity  (%) 

0.010 ± 0.0064 0.011 ± 0.0069 3.13 ± 50.7 0.0095 ± 0.0064 0.0093 ± 0.0059 7.03 ± 41.7 0.62 0.432 1.05 0.308 1.82 0.179 

µ
F

E
  

Estimated failure Load (N) 

2980 ± 1066 3865 ± 949a 23.8 ± 15.1b 3738 ± 983 3868 ± 1033a 2.9 ± 8.5 144.4 <0.001c 4.81 0.030c 80.0 <0.001c 

Value expressed as mean ± SD unless otherwise indicated 
ap ≤ 0.017 Statistically significant between-sides difference (post hoc paired t-test) 
bp ≤ 0.017 Statistically significant side-to-side difference between two groups (post hoc independent t-test) 
cp ≤ 0.05 Statistically significant results (two-way repeated measures ANOVA) 

vBMD = Volumetric Bone Mineral Density, HA = Hydroxyapatite, N = Newtons, µFE = Finite Element Analysis 
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Table 4.3 Comparison of ultrasound and functional impairment variables  

Stroke Group (n=64) Control Group (n=64) 
Main Effect: 

Side (Within) 

Main Effect: 

Group (Between) 

Side × Group 

Interaction Effect 

Measures Paretic Non-Paretic STSD (%) Non-Dominant Dominant STSD (%) F p F p F p 

U
lt

ra
so

u
n

d
 

Cross-Sectional Area (cm2) 

7.60 ± 2.18 8.93 ± 2.38a 13.7 ± 16.1b 8.32 ± 2.72 8.55 ± 2.73 2.28 ± 10.1 50.4 <0.001c 0.15 0.695 25.5 <0.001c 

Shear Modulus (kPa) 

37.6 ± 22.2 32.2 ± 20.0 -44.5 ± 104.7 26.9 ± 15.1 25.9 ± 16.0 -29.1 ± 98.9 3.39 0.068 13.0 0.003c 1.5 0.214 

Shear Wave Velocity (m/s) 

3.34 ± 0.97 3.06 ± 0.92 -15.1 ± 38.6 2.83 ± 0.77 2.76 ± 0.83 -8.7 ± 36.5 4.64 0.033c 9.73 0.002c 1.5 0.223 

Echo Intensity 

113.4 ± 12.7a 104.8 ± 12.4 -9.18 ± 13.9b 96.5 ± 14.0 98.6 ± 15.2 0.86 ± 15.8 6.42 0.013c 32.3 <0.001c 17.8 <0.001c 

Peak Systolic Velocity (cm/s) 

77.4 ± 15.4 76.8 ± 15.1 -2.65 ± 19.9 73.7 ± 17.4 78.3 ± 15.2a 5.35 ± 16.3 2.95 0.088 0.19 0.663 5.0 0.027c 

Blood Flow Volume (mL/min) 

42.5 ± 23.2 49.7 ± 23.3 -2.78 ± 88.5 30.6 ± 19.8 41.8 ± 22.6a 11.6 ± 61.7 19.9 <0.001c 8.75 0.004c 0.98 0.324 

IP
T

 Isometric Peak Torque (N/m) 

18.4 ± 9.3 29.6 ± 11.2a 31.6 ± 49.7b 26.5 ± 10.3 27.0 ± 11.1 -0.14 ± 11.6 84.0 <0.001c 2.48 0.118 69.7 <0.001c 

Value expressed as mean ± SD unless otherwise indicated  
ap ≤ 0.017 Statistically significant between-sides difference (post hoc paired t-test) 
bp ≤ 0.017 Statistically significant side-to-side difference between two groups (post hoc independent t-test) 
cp ≤ 0.05 Statistically significant results (two-way repeated measures ANOVA) 

kPa = Kilopascals 
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Table 4.4 Correlates of side-to-side difference in estimated failure load 
 

Variables r p  
S

tr
o

k
e 

 

Im
p

ai
rm

en
t 

    

Stroke duration -0.130 0.306 

CSS  0.295 0.018* 

FMA  -0.541 0.000** 

MAL - AOU -0.453 0.000** 

   

O
th

er
  

   

Isometric Peak Torque (%SSD) 0.171 0.176 

BMI 0.017 0.893 

PASE 0.016 0.898 

Total Comorbidities  -0.102 0.422 

Total Medications -0.160 0.206 

Alcohol Consumption 0.030 0.920 

Tobacco Usage -0.105 0.709 

   

    

U
lt

ra
so

u
n

d
  Cross-Sectional Area (%SSD) 0.074 0.559 

Echo Intensity (%SSD) -0.296 0.017* 

Peak Systolic Velocity (%SSD) 0.056 0.660 

Blood Flow Volume (%SSD) 0.249 0.047* 

Shear Wave Velocity (%SSD) -0.274 0.029* 

Shear Modulus (%SSD) -0.247 0.049* 

    

*Significant correlation at the 0.05 level (2-tailed) 

**Significant correlation at the 0.01 level (2-tailed) 

%SSD= percent side-to-side difference, CSS = Composite Spasticity Scale, FMA = Fugl-Meyer Assessment-

Upper Limb, MAL-AOU = Motor Activity Log-Amount of Use 
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Table 4.5 Correlation among predictor variables 

 CSS FMA 
MAL-

AOU 
EI Vflow SWV SM 

CSS - - - - - - - 

FMA -0.670** - - - - - - 

MAL-

AOU 
-0.526** 0.780** - - - - - 

EI -0.053 0.126 0.064 - - - - 

Vflow 0.079 -0.130 -0.199 -0.116 - - - 

SWV -0.370** 0.305* 0.136 0.244 -0.162 - - 

SM -0.381** 0.299* 0.135 0.227 -0.126 0.977** - 

*Significant correlation at the 0.05 level (2-tailed) 

**Significant correlation at the 0.01 level (2-tailed) 

CSS = Composite Spasticity Scale, FMA = Fugl-Meyer Assessment, MAL-AOU = Motor Activity Log-

Amount of Use, EI = Echo Intensity, Vflow = Blood Flow Volume, SWV = Shear Wave Velocity, SM = Shear 

Modulus 
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Table 4.6 Regression models for predicting percent side-to-side difference in estimated 

failure load 

Predictor 
F 

Change 
R2 B 95%CI Beta p 

Model 1 
Sex (Men=0, Women=1) 

7.466 

0.037 

2.484 -4.545, 9.514 0.081 0.482 

Age 0.040 -0.433, 0.513 0.020 0.866 

Post-Stroke Duration -0.652 -1.559, 0.255 -0.171 0.155 

BMI  -0.042 -1.215, 1.131 -0.008 0.943 

Motor Activity Log 

0.312 

-4.640 -7.726, -1.555 -0.400 0.004b 

Echo Intensity (%SSD) -0.273 -0.523, -0.024 -0.251 0.033a 

Composite Spasticity Scale 0.546 -1.157, 2.249 0.089 0.523 

 

Model 2 
Sex (Men=0, Women=1) 

15.535 

0.037 

3.362 -3.092, 10.025 0.110 0.305 

Age 0.055 -0.380, 0.475 0.028 0.795 

Post-Stroke Duration -0.565 -1.360, 0.345 -0.148 0.167 

BMI  -0.257 -1.368, 0.855 -0.052 0.646 

Echo Intensity (%SSD) 

0.376 

-0.239 -0.476, 0.003 -0.220 0.047a 

Fugl-Meyer Assessment -0.419 -0.592, -0.246 -0.524 <0.001b 

     
ap ≤ 0.05 Statistically significant 
bp ≤ 0.01 Statistically significant 

B = Unstandardized regression coefficient, Beta = Standardized regression coefficient, 95%CI = 95% 

confidence interval 
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Figure 4.1 Bilateral comparison of bone parameters 
HR-pQCT generated 3D rendering of the distal radius bone for a representative female participant with flaccid left arm hemiparesis (upper panel) and a healthy female 

control participant (lower panel). The sagittal cut plane was standardized at a depth of 30% with the wider epiphyseal portion of the radius oriented superiorly and the 

diaphyseal portions inferiorly. There are comparatively fewer trabeculae with reduced density and network connectivity on the paretic side. Thinning of the cortical shell is 

also more pronounced on the paretic side as indicated by a darker spectral color gradient. The upper panel shows a bilateral view of the (A) trabecular segment and (B) 

cortical thickness of the non-paretic radius compared to the (C) trabecular segment and (D) cortical thickness of the paretic radius and the lower panel shows the (E) 

trabecular segment and (F) cortical thickness of the dominant radius relative to the (G) trabecular segment and (H) cortical thickness of the non-dominant radius.   
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Figure 4.2 Bilateral comparison of muscle parameters 
Ultrasound generated images of the BB muscles for a representative male participant with left arm hemiparesis. There are comparatively greater compositional tissue changes 

and stiffness for the paretic BB muscle. The upper panel shows the ROI (1.89cm2) used to calculate SWV (0-11.2 m/s) and SM values (0-350 kPa). Highest and lowest 

stiffness values are represented by red and blue pixels, respectively. Non-paretic muscle (A) was less stiff than paretic (B).  The lower panel shows the same ROI was used to 

calculate EI values (0-255). Highest and lowest grayscale pixel intensities are represented by white and black pixels, respectively. Similar to stiffness, non-paretic muscle (C) 

showed comparatively lower EI than paretic (D). 
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Supplemental Table 4.1 HR-pQCT variable summary 

Category Parameter  Description  
D

en
si

ty
 

  

Total volumetric bone mineral density 

(Tt.vBMD), mg HA/cm3 Mean bone density of the total bone segment 

Cortical volumetric bone mineral density 

(Ct.vBMD), mg HA/cm3 
Mean density of the cortical bone compartment 

Trabecular volumetric bone mineral density 

(Tb.vBMD), mg HA/cm3 

Mean density of the trabecular bone 

compartment 

  

M
ic

ro
st

ru
ct

u
re

 

  

Trabecular number (Tb.N), 1/mm Mean number of trabeculae per unit of length 

Trabecular thickness (Tb.Th), mm 

 

Mean thickness of trabeculae 

 

Trabecular separation (Tb.Sp), mm Mean distance between trabeculae 

Intracortical porosity (Ct.Po), % 

 

Percentage of bone mineral content within a 

1mm cortical area slice (voxel-based method) 

  

M
ac

ro
st

ru
ct

u
re

 

  

Trabecular area (Tb.Ar), mm2 
Cross-sectional measure of the trabecular bone 

area 

Cortical area (Ct.Ar), mm2 
Cross-sectional measure of the cortical bone 

area 

Cortical perimeter (Ct. Pm), mm Periosteal perimeter of cortical bone 

Cortical thickness (Ct.Th), mm 
Mean thickness of the cortical area, irrespective 

of intracortical pore topography (direct method) 

  

µ
F

E
 

  

Failure load (FL), N 

 

Failure occurs when 2% of the bone tissue 

under strain exceeds the critical limit (7000 

mstrain) 
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Supplemental Table 4.2 Between-group differences for %SSD bone parameters based on 

stroke duration 

Parameter 

Below Average 

N=40 

Above Average 

N=24 
 95% CI 

Mean ± SD Mean ± SD Sig Lower Upper 

       

%
S

S
D

 

D
en

si
ty

 

      

Total vBMD 18.70 ± 14.31 17.17 ± 12.99 0.669 -5.61 8.68 

Cortical vBMD 4.52 ± 4.50 4.65 ± 5.10 0.918 -2.57 2.32 

Trabecular vBMD 22.68 ± 21.70 23.80 ± 22.20 0.845 -12.41 10.19 

      

      

%
S

S
D

 

M
ac

ro
st

ru
ct

u
re

       

      

Cortical Area 14.81 ± 13.09 15.48 ± 11.32 0.834 -7.11 5.76 

Cortical Perimeter -0.02 ± 4.05 0.15 ± 3.54 0.868 -2.17 1.83 

Cortical Thickness 14.40 ± 13.76 14.39 ± 12.79 0.997 -6.91 6.93 

      

      

%
S

S
D

 

M
ic

ro
st

ru
ct

u
re

       

Trabecular Area -5.01 ± 10.51 -2.98 ± 10.63 0.459 -7.48 3.42 

Trabecular Number 11.02 ± 16.31 14.35 ± 16.96 0.438 -11.88 5.21 

Trabecular Thickness 1.46 ± 5.64 -1.09 ± 7.09 0.117 -0.66 5.76 

Trabecular Separation -22.46 ± 38.10 -27.35 ± 32.67 0.602 -13.78 23.56 

Intracortical Porosity 2.92 ± 46.21 3.47 ± 58.36 0.967 -26.91 25.79 

      

%
S

S
D

 

µ
F

E
 

      

      

Failure Load 24.47 ± 16.08 22.53 ± 13.56 0.622 -5.90 9.78 

      

p < 0.05 Statistically significant difference between subgroups (independent t-test) 

%SSD= percent side-to-side difference, Below Average = ≤ 5 years since stroke onset, Above Average = > 5 

years since stroke onset 
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Supplemental 4.3 Between-group difference tertile stroke duration subgroups  

 Perimeter 

Group 1 

Mean ± SD 

(N=19) 

Group 2 

Mean ± SD 

(N=21) 

Group 3 

Mean ± SD 

(N=24) 

F Sig 

       

%
S

S
D

 

D
en

si
ty

       

Total vBMD 17.71 ± 15.08 19.61 ± 13.89 17.17 ± 12.99 0.184 0.832 

Cortical vBMD 3.13 ± 4.10 5.78 ± 4.57 4.65 ± 5.10 1.629 0.204 

Trabecular vBMD 21.97 ± 22.25 23.33 ± 21.72 23.80 ± 22.20 0.038 0.963 

      

       

%
S

S
D

 

M
ac

ro
st

ru
ct

u
re

       

      

Cortical Area 12.48 ± 11.01 16.92 ± 14.68 15.48 ± 11.32 0.657 0.522 

Cortical Perimeter 0.84 ± 3.82 -0.80 ± 4.19 0.15 ± 3.54 0.923 0.403 

Cortical Thickness 11.53 ± 13.38 17.00 ± 13.91 14.39 ± 12.79 0.840 0.437 

      

      

       

       

%
S

S
D

 

M
ic

ro
st

ru
ct

u
re

       

Trabecular Area -5.75 ± 12.26 -4.34 ± 8.89 -2.98 ± 10.63 0.361 0.698 

Trabecular Number  8.54 ± 15.89 13.25 ± 16.74 14.35 ± 16.96 0.707 0.497 

Trabecular Thickness  1.79 ± 5.99 1.16 ± 5.43 -1.09 ± 7.09 1.297 0.281 

Trabecular Separation  -16.76 ± 26.69 -27.61 ± 46.16 -27.35 ± 32.67 0.585 0.560 

Intracortical Porosity -5.26 ± 49.71 10.32 ± 42.65 3.47 ± 58.36 0.465 0.630 

      

       

%
S

S
D

 

µ
F

E
 

      

      

Failure Load 24.37 ± 14.49 24.57 ± 17.75 22.53 ± 13.56 0.121 0.886 

      

       

p < 0.05 Statistically significant difference between subgroups (one-way ANOVA) 

Group 1 = ≤ 3 years since stroke onset, Group 2 = 4-5 years since stroke onset, Group 3 = ≥ 6 years since 

stroke onset 
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Supplemental Table 4.4 Correlates of stroke duration 

Parameter  r Sig 

    

%
S

S
D

 

D
en

si
ty

 

   

Total vBMD -0.130 0.304 

Cortical vBMD 0.145 0.253 

Trabecular vBMD -0.017 0.893 

   

   

%
S

S
D

 

M
ac

ro
st

ru
ct

u
re

    

   

Cortical Area 0.048 0.709 

Cortical Perimeter 0.019 0.880 

Cortical Thickness 0.031 0.805 

   

   

%
S

S
D

 

M
ic

ro
st

ru
ct

u
re

    

Trabecular Area 0.218 0.083 

Trabecular Number 0.101 0.426 

Trabecular Thickness -0.214 0.089 

Trabecular Separation -0.096 0.449 

Intracortical Porosity 0.060 0.639 

   

%
S

S
D

 

µ
F

E
 

   

   

Failure Load -0.130 0.306 

   

    

Significant correlation at the 0.05 level (2-tailed) 

%SSD = percent side-to-side difference 
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Supplemental 4.5 Differences in %SSD in estimated failure load for subgroups according to 

alcohol, tobacco and supplement usage (participants with stroke)     

 N 
Mean 

Ranks 

Sum of 

Ranks 
p 

     

Non-drinker 50 33.10 1655.00 
0.626 

Drinker 14 30.36 425.00 

     

Non-smoker 49 33.20 1627.00 
0.585 

Smoker 15 30.20 453.00 

     

     

No supplement usage 61 32.31 1971.00 
0.742 

Calcium (daily) 3 36.33 109.00 

     

No supplement usage 60 32.38 1943.00 
0.862 

Vitamin D (daily) 4 34.25 137.00 

     

Significant correlation at the 0.05 level (2-tailed) 

%SSD = percent side-to-side difference 
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Chapter 5. Gait speed and spasticity as determinants of estimated failure 

load in the distal tibia after stroke  

 

Abstract  

Background: Lower extremity bone health is often compromised after stroke. Altered macro- 

and microstructural properties of bone tissue may have important neuromuscular and 

functional correlates. Purpose: (1) To explore the influence of stroke on distal tibia bone 

properties and, (2) examine the association between estimated failure load and important 

clinical correlates in people with chronic stroke. Methods: 64 individuals with stroke (age: 

60.8±7.7 years, stroke duration: 5.7±3.9 years) and 64 age- and sex-matched controls were 

recruited for this cross sectional study. Bone parameters of the distal tibia were measured 

bilaterally using High Resolution peripheral Quantitative Computed Tomography (HR-

pQCT). Muscle architecture, stiffness and echo intensity of the medial gastrocnemius muscle 

and blood flow of tibial artery were assessed with ultrasound. Clinically relevant measures of 

function were assessed using the 10 meter walk test (10MWT), Fugl-Meyer Motor 

Assessment (FMA), Brief BESTest and Composite Spasticity Scale (CSS). Results: A 

significant side-group interaction effect was observed for estimated failure load (p≤0.001), 

cortical area and thickness (p≤0.001), and all volumetric density parameters (p≤0.009). Post 

hoc analyses of side-to-side differences in these parameters were also significant for the 

stroke group but not for controls. The 10MWT (p=0.043), and CSS scores for ankle clonus 

(p=0.032) were significant predictors of percent side-to-side difference in estimated failure 

load. Conclusion: The paretic distal tibia showed compromised bone density and cortical 

macrostructure, contributing to a comparatively lower estimated failure load than that of the 

non-paretic tibia. Gait speed and spasticity appear to be strong correlates of bone strength in 

the distal tibia. Future intervention strategies with the aim of preserving or improving bone 

strength should incorporate elements which target these functional limitations. 

 

5.1 Introduction 

The musculoskeletal system endures considerable change after stroke (6). The 

relationship between muscle function and bone integrity post-stroke is evident (50,51,122), with 

declines in bone strength identified as a major risk factor for fracture (297). Although fracture 

risk has been shown to increase after stroke (143,298), preventative measures for reducing bone 

loss in the chronic stages of stroke are often under underemphasized during recovery (5). 
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Moreover, both fall proclivity(62) and incidence of fracture(63) are more likely to occur on the 

paretic side highlighting the deleterious nature of progressive unilateral bone loss after stroke. 

Fractures occurring in the lower limb after stroke, especially the hip (5,274), often result in 

protracted hospitalization (297) loss of mobility, (299) and death (61). Thus, factors influencing 

bone loss, and consequently bone strength, are of particular relevance for individuals with 

chronic stroke (6).   

Previous studies have examined paretic lower limb bone status using either peripheral 

quantitative computed tomography (pQCT) or dual-energy X-ray absorptiometry (DXA) 

(3,50,51,55,56,80,95,96). A consistent finding is lower cortical bone mineral density and 

compromised bone geometry of the paretic tibia. DXA provides clinically relevant 

assessment of areal bone mineral density (aBMD) post-stroke (59,80), but lacks the sensitivity 

to evaluate compartmental bone segments independently (93). Although more often used for 

research purposes, pQCT scans not only provide estimates of bone density and but also 

geometry(50,51), an important determinant of bone strength (93). A limitation of previous pQCT 

studies was the inability to examine bone microstructure, which is relevant to the 

investigation of bone fragility (101). Microstructure (104,105,111,300) and estimated failure load 

(105,300,301) of the tibia have been shown to important determinants of incident fracture in large 

prospective trials.  

Bone microstructure and estimated failure load can be assessed using high-resolution 

peripheral quantitative computed tomography (HR-pQCT). To the knowledge of the authors, 

there are currently no studies which have utilized HR-pQCT to examine the bone properties 

of the lower limb among individuals with chronic stroke. Additionally, in previous studies 

using pQCT, neuromuscular and vascular factors have been identified as important clinical 

correlates of the bone strength index in people with stroke (52,54). The association between 

HR-pQCT bone measures of the tibia and clinically relevant measures of dysfunction and 

impairment after stroke are unknown.  

The objective of this study was to examine the impact of stroke on the bone properties 

of the distal tibia and the association between estimated failure load and important clinical 

correlates in people with chronic stroke. It was hypothesized that compromised bone status 

would be more evident on the paretic side in comparison to the non-paretic side and matched 

controls. It was also hypothesized that the side-to-side difference in estimated bone failure 

load would be strongly correlated with neuromuscular factors and stroke-related lower limb 

impairment.    
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5.2 Methods 

5.2.1 Participants 

Individuals with chronic stroke and age- and sex-matched controls without prior 

stroke history were recruited through convenience sampling. Recruitment occurred between 

April 11, 2018 and February 28, 2019. prior to data collection, 67 individuals with stroke and 

66 healthy controls were screened by phone between June 1, 2018 to March 30, 2019. 

Demographic and medical data were also collected during the initial screening. Among the 

participants with stroke, an individual was excluded due to a congenital tibial bone 

deformation and two others withdrew of their own volition prior to completing all 

assessments. Among the healthy controls, an individual was excluded for an Achilles tendon 

repair and another for an essential tremor. The study was approved by the Human Subjects 

Ethics Sub-committee of the University (reference number HSEARS20171212003 on 

January 2, 2018) and the Clinical Research Ethics Committee of the hospital (Joint Chinese 

University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee, 

CREC reference number 2017-711 on April 10, 2018). Prior to data collection, informed 

consent was obtained for all participants. Assessment procedures were conducted according 

to the Helsinki Declaration for human experiments.  

 

5.2.2 Inclusion & exclusion criteria 

Stroke group inclusion criteria: (1) history of chronic stroke (onset > 6 months), (2) > 

18 years of age, (3) residing within the local community, (4) able to achieve 0° of passive 

ankle plantar-dorsiflexion required for conducting ultrasound and isometric strength 

assessments, (5) Abbreviated Mental Test (AMT) score ≥6 (243). Stroke group exclusion 

criteria: (1) diagnoses of other neurological conditions, (2) musculoskeletal conditions, 

disorders or dysfunctions (e.g. limb amputation), (3) metal implants in the distal tibia, (4) 

lower extremity fracture within the previous 12 months, (5) prior diagnosis of osteoporosis, 

(6) other serious illnesses that precluded study participation. The control group eligibility 

criteria were the same with the exception of previous stroke history.  

 

5.2.3 Procedures 

HR-pQCT 

Bone imaging was conducted at a bone imaging center in a local hospital by an 

experienced technician (VWYH, LQ). High Resolution peripheral Quantitative Computed 

Tomography (HR-pQCT) (XtremeCT II, Scanco Medical AG, Brüttisellen, Switzerland) was 
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used to measure bone properties of the bilateral distal tibia. The scan region was fixed at 22 

mm proximal from the mid-joint line. Length of the scan region spanned 10.2 mm proximally 

(i.e., 168 stacked slices). Standard 3D analysis of all bone parameters was performed with the 

Image Processing Language software (IPL v5.08b, Scanco Medical AG, Brüttisellen, 

Switzerland). Cortical porosity was calculated by a relative void-voxel based method and 

cortical thickness was calculated using a direct method (302). The root mean squared percent 

coefficient of variation (CV%RMS) of short term precision for the distal tibia among a cohort 

of 30 healthy individuals were 0.21-0.75% for cortical and trabecular bone morphometry, 

0.30-0.74% for volumetric density, 7.82%-23.88% for cortical porosity and 0.56-2.18% for 

trabecular microarchitecture parameters.  

 

Finite Element Analysis 

All micro-finite element (µFE) analyses were performed using the FE-solver provided by the 

manufacturer (Scanco Medical AG, Brüttisellen, Switzerland). CT images were segmented 

using a dual-threshold technique and converted into an FE mesh. A voxel-by-voxel 

conversion approach was used to convert each voxel into a cubic hexahedral finite element 

for analysis. Boundary conditions of the uniaxial compression test were applied to all 

elements with a Young’s modulus of 10 GPa and a Poisson’s ratio of 0.3 assigned (100). 

Pistoia’s criterion was adopted and the estimated failure load (N) was expected when >2% of 

the elements were strained beyond a critical limit of 7000 microstrain (100). These settings 

were selected based on several validation studies using experimental loading tests on 

cadaveric bones (100,106,107). Similar settings were applied in previous clinical studies to predict 

fracture risk (278).  

 

Ultrasound measures 

An AixPlorer ultrasound unit (AixPlorer, Supersonic Imagine, Aix en-Provence, 

France), set the standard musculoskeletal preset, with a linear transducer array (4–15 MHz, 

SuperLinear, 15-4, Vermon, France) was used to measure medial gastrocnemius muscle 

architecture, stiffness, echo intensity and blood flow of the popliteal artery on both the paretic 

and non-paretic sides. Measures were conducted at the same imaging lab of the university by 

a single operator with three years of relevant experience in musculoskeletal, elastography and 

Doppler ultrasound techniques (TM). Musculoskeletal ultrasound settings were standardized 

to include supercompound and high penetration modes at a medium frame rate in order to 

enhance visualization of structural boarders and optimize image resolution. To minimize 
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probe compression on the muscle during measures, a 2mm thick gel couplant layer served as 

the interface between the probe and skin. All measures were assessed with participants lying 

in a prone position. For muscle stiffness, echo intensity and architecture measures using B-

mode or elastography, the probe was placed on the medial gastrocnemius muscle in a sagittal 

orientation at the proximal one third (i.e., 33%) of the total tibial length as measured from the 

base of the distal Achilles tendon, at the level of the inferior boarder of the lateral malleolus 

up to the midline of the popliteal crease. For blood flow measures of the popliteal artery 

using pulse wave Doppler mode, the ultrasound probe was placed in a sagittal orientation on 

the popliteal fossa, at the approximate level of the popliteal crease. For all measures, the 

ankle was maintained in a neutral dorsiflexion/ plantarflexion (90⁰) fixed by an anchored foot 

board device with restricted eversion, inversion and rotation. Surface electromyography 

(sEMG) (Bagnoli EMG system, Delsys In, Massachusetts, USA) readings were taken during 

ultrasound measures in order to confirm the absence of muscle contractions. In the event of 

contraction, images were discarded and retaken. The average of three measures was used in 

the analysis of all muscle and vascular measures.   

 

Muscle stiffness: Muscle stiffness was assessed using elastography mode. The shear wave 

velocity (m/s) and shear modulus (kPa) values were generated using a Q-box trace function 

(Supersonic software, Aix en-Provence, France). The region of interest (ROI) for each 

elastogram was a standardized area of 1.23 cm2 at an approximate depth of 1cm below the 

subcutaneous skin layer. Each elastogram was captured when a stable color distribution was 

observed. 

 

Echo intensity: Echo intensity (EI) of the medial gastrocnemius was determined using B-

mode ultrasound and a post-processing function with a customized program written in Matlab 

(version R2018a, Mathworks, Natick, Massachusetts, USA). The acquisition and analysis of 

the ultrasound images were adapted from the protocol described by Lee et al, in that the ROI 

was the same as each elastogram captured (11). A standardized grey scale gain of 50% was 

used for all measurements. Darkest pixels have a value of 0 and brightest pixels have a value 

of 255 (black = 0, white = 255), respectively. To ensure the ultrasound beam was aligned 

with minimum anisotropy, the transducer was angled cranially and caudally until a scan plane 

with maximal EI of the muscle was obtained. 
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Muscle architecture: Fascicle length (FL) and pennation angle (PA) for the medial 

gastrocnemius were obtained using B-mode ultrasound. The muscle fascicle length (FL) (cm) 

was measured using a distance/ length function (Supersonic software). An intact muscle fiber 

with full visual continuity from the superficial aponeurosis and deep aponeurosis at the center 

of the image pane was selected. Muscle pennation angle (PA) (°) was measured using the hip 

angle function (Supersonic software). The degree of pennation is defined as the angle of the 

muscle fascicle insertion into the deep aponeurosis (247). 

 

Blood flow: In assessing popliteal artery peak systolic velocity (PSV) (cm/s), the probe was 

placed in a sagittal orientation on the popliteal fossa, approximately at the level of the 

popliteal crease. The probe was then rotated and tilted for optimal visualization of the artery. 

A low wall filter was applied and the pulse repetition frequency (PRF) scale was adjusted to 

avoid aliasing and artifact. The electronic caliper was placed in the center of the artery. Then 

fine angle correction and steering adjustments were applied to optimize the degree of angle-

to-flow (≤ 60⁰ angle of insonation) in order to reduce measurement error. The inversion 

function (Supersonic software) was used when necessary for producing a positive Doppler 

shift. The auto-trace function (Supersonic software) was applied for the full range of positive 

and negative flow. Visual confirmation of spectral wave forms with 3 consistent readings 

were selected for calculating each measure. Blood flow volume (mL/min) for the popliteal 

artery was derived from PSV and arterial diameter (cm) measures. Arterial diameter was 

measured by placing each end of the electronic calipers at the superior and inferior boarders 

of the endothelial walls of the artery. All stroke-specific and functional impairment measures 

were conducted in a separate laboratory of the university by a physical therapist and are 

described below.  

 

Stroke-Specific Assessments 

Stroke characteristics: Demographic information was collected during the initial screening. 

Lower limb dominance was determined using a ball kicking task (303). Information regarding 

stroke type, location, and duration since onset, was obtained from medical records and brain 

scan findings (e.g., CT, MRI). Stroke type was classified by subgroup (ischemic vs 

hemorrhagic) and location according to the Oxfordshire Community Stroke Project 

Classification (OCSP): (1) total anterior circulation syndrome, (2) partial anterior circulation 

syndrome, (3) lacunar syndrome, or (4) posterior circulation syndrome. Despite previously 

observed limitations in differentiating small cortical and subcortical infarcts (304), the OCSP 
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has been shown to be useful as a common clinical classification tool in predicting stroke size 

and site (265). 

 

Motor function recovery: The Fugl-Meyer motor assessment (FMA) was used to determine 

the degree of motor impairment in the paretic lower limb. The motor scores for the lower 

limb ranged from 0-34. The FMA has demonstrated high inter-rater reliability (ICC=0.92-

0.99) (286,305) and test-retest reliability (ICC=0.97) (266).  

 

Spasticity: Spasticity of the ankle plantar-flexors was measured using the Composite 

Spasticity Scale (CSS) (score range: 1-16) developed by Chan (267). The CSS is an ordinal 

scale comprising three clinical components (1) Achilles tendon jerk (score range of 0-4, 5-

point scale), (2) resistance to full range of passive joint displacement for ankle dorsiflexion 

(score range of 0-8, 5-point scale doubly weighted), and (3) the duration and amount of ankle 

clonus elicited (score range of 1-4, 4-point scale). The CSS has previously demonstrated 

good to excellent reliability (ICC = 0.80 – 0.97) (268).  

 

Other Measures  

Cognition: An adapted version of the 10-item Abbreviated Mental Test (AMT) was used in 

determining the level of cognitive impairment for each participant. This version has been 

previously validated among geriatric patients (306) and elderly individuals in residential care 

homes in Hong Kong (243) and has demonstrated excellent test-retest and inter-rater reliability 

(ICC = 0.99) (243).  

 

Physical activity level: An adapted Chinese version of the 12-item Physical Activity Scale for 

the Elderly (PASE-C) was used to assess general physical activity level. Higher scores 

indicated higher activity level. The original version of the scale has been previously validated 

using accelerometry (307) and actigraph monitoring data (308). The version of the PASE used in 

this study has been previously validated in elderly Chinese populations (287) and has 

demonstrated good test-retest reliability (ICC = 0.81) and fair to moderate association with 

other clinically relevant measures of physical function (287). 

 

Walking status: The 10 meter walk test (10MWT) at a safe maximal speed was used to assess 

walking velocity (309). The average duration for completing the 10MWT varies. Normative 

data reported by Severinsen et al (310) suggests an average score of 0.84 ± 0.3 m/s for 
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populations with stroke. Clinical assessment of walking status has been shown to have 

excellent test-retest reliability for both comfortable (ICC=0.94) and fast gait speeds 

(ICC=0.97) in people with stroke (309).  

The Functional Ambulation Category (FAC) is a subjective 6-level visual measurement 

of general walking ability based upon patient walking independence or the amount of 

assistance required. The FAC has demonstrated excellent reliability (Cohen’s k = 0.950 for 

test-retest reliability and k = 0.905 inter-rater reliability), and good responsiveness (100% 

sensitivity, 78% specificity) among populations with stroke. (311) FAC scores have also been 

shown to have good concurrent (Spearman’s rho = 0.901 - 0.952, respectively) and predictive 

validity and are correlated with walking velocity (i.e., gait speed, and stride length) as 

measured by the 10MWT (311,312).  

 

Balance: Functional balance was measured using the 6-item Brief-BESTest. Each item is 

rated on a 3-point ordinal scale. The total score ranges between 0 and 28, with higher scores 

indicating better balance ability. The Brief-BESTest has shown high interrater reliability 

(ICC = 0.82-0.88) and the ability to differentiate fall status (sensitivity = 81%, specificity = 

73%) among patients with COPD when compared to the BESTest, Mini-BESTest and Berg 

Balance Scale (313). The Brief-BESTest has demonstrated comparable reliability to the 

BESTest (r=0.95, p<0.001) and Mini-BESTest (r=0.94, p<0.001) and moderately high 

predictive ability (sensitivity=0.76, specificity=0.84) in determining falls among patients with 

Parkinson’s disease (314). The Brief-best test has also demonstrated good intra-rater (ICC2,1 = 

0.974) and inter-rater (ICC2,1 = 0.980) reliability and internal consistency (Cronbach’s alpha 

= 0.818), as well as moderate to very strong correlation with other clinical measures of 

physical function (r = 0.547– 0.911, p < 0.001) among individuals with chronic stroke (315).        

 

Muscle strength: To assess muscle strength, isometric peak torque during maximal voluntary 

contraction of the ankle plantar-flexors was measured bilaterally using a dynamometer 

system (Humac Norm Systems, Stoughton, Massachusetts, USA). Peak torque was defined as 

the maximum sustained torque value for a period of 250 milliseconds (258). During testing, 

participants were instructed to perform an isometric contraction to maximal volition. Verbal 

encouragement from the assessor was provided in order to elicit maximal effort. A total of 3 

trials was conducted for each limb with a 1-minute rest period between trials to minimize 

fatigue. Peak torque was tested in 0° (neutral position) of ankle plantar-dorsiflexion. Joint 

angle and contraction type have been shown to contribute to the activation and peak force 
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production of plantar flexor muscles during both isokinetic and isometric contractions after 

stroke (316). Consequently, muscle length may influence the capacity to generate maximal 

isometric contraction, as shorter muscle length has been associated with reduced isometric 

force production post-stroke (7,261,317,318). This angle was chosen according to objective 

anatomical models accounting for force-length properties at joint positions that were 

predicted to be optimal for isometric torque production, clinic relevance in manual muscle 

testing (262) and to match the fixed joint angle used during the ultrasound measures. Smaller 

relative measurement errors have also been reported for isometric testing when compared 

with isokinetic testing conditions (259). As safety was a concern associated with maximal 

voluntary strength testing, participants were instructed to avoid performing the Valsalva 

maneuver during testing. This was a necessary precaution as systemic arterial blood pressure 

is known to be higher for resistance exercises performed in supine positions (319). Isokinetic 

dynamometer strength testing among people with chronic stroke has demonstrated good 

inter-rater reliability for ankle plantarflexion assessments (ICC = 0.85) (320).  

 

Sensory function: Hemiplegic pain in the upper and lower limb is a common sequela post 

stroke (321,322) and may be the result of central neuropathic pain without any obvious 

nociceptive or neurogenic origin (323,324). Loss of motor function has been shown to be 

predictive of pain post-stroke (325). This suggests a potential link between pain, sensation, and 

function as impairment to cutaneous sensation is known to be associated with motor 

dysfunction(326). In animal limb suspension models, electrical stimulation of the dorsal root 

ganglion was shown to prevent bone loss during prolonged unloading of the tibia (327). The 

extent to which pain and sensory threshold influence bone integrity post-stroke is unknown.  

Touch pressure threshold (TPT) was assessed using Semmes-Weinstein 

monofilaments (Homecraft Rolyan, Patterson Medical Co., Sutton-in-Ashfield, UK) on the 

plantar surface of the hallux. This is an important area to examine sensory deficit, as a lack of 

sensation and functional strength in the hallux may greatly impair balance (328,329). During 

testing, participants were blindfolded and placed in a comfortable supine lying position. A 

monofilament of medium diameter was applied perpendicular to the skin surface of the tested 

area. Participants were instructed to give a verbal indication of when the monofilament was 

first felt making contact with the skin in the region tested. If touch pressure sensation was 

consistently reported, a monofilament with the next smaller diameter was used for testing. 

This process continued until participants no longer consistently reported the sensation of 
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touch pressure. If touch pressure was not reported despite the monofilament making contact 

with the skin, a monofilament with the next greater diameter was used.  

To evaluate pain pressure threshold (PPT), a handheld Baseline dolorimeter device 

(Baseline Evaluation Instruments, PTS, Italy) with a 10kg (22lb) maximum resistance was 

used. The PPT was defined as “the minimal pressure that causes a change in sensation from 

pressure to pain” (330). The point of interface between the device and skin surface was a flat 

circular probe with a standardized circumference of (1.52 cm2) covered by a rubber 

applicator. The probe was placed perpendicular to the surface the skin at the tender point and 

pushed until subjective pain threshold was reached. The tender point site for the lower limb 

was located at the mid-tibial shaft, as measured by the distance between the lateral malleolus 

and fibular head. The applicator was placed in between the tibialis anterior muscle and the 

palpable spine of tibia bone (331). Participants assumed a supine position with legs fully 

extended and supported by the examination table. To ensure perpendicular application of the 

device interface to the tender point site, a bubble level was mounted to the device and the 

direction of force was adjusted accordingly. Operator force pressure rate was also kept 

constant. Mechanical force pressure rate was defined as each kilogram per 1 cm2 (kg/cm2) in 

the region of application (i.e., anatomical tender point) at a 90° vertical angle. Previous 

evidence suggests that the rate at which manual force is applied must be consistent in order to 

achieve optimal measurement reliability (332). Therefore, pressure was applied gradually at a 

rate of approximately 1 kg/sec (2.2lb/sec) (330,333). Participants were instructed to give verbal 

indication of when the sensation changed from pressure to pain. Three measurement trials 

were performed with a rest interval of 30 seconds between each trial and the average was 

used for analysis. Handheld dolorimetery and algometry have demonstrated excellent 

construct validity when correlated with force plate readings (r = 0.90-0.99) (332). Although 

values vary based upon the influence of gender and the site being tested (330,333), good internal 

consistency has been reported for PPT assessments among patients with stroke (Cronbach’s 

α > 0.929 - 0.957) (330).  

 

5.2.4 Statistical analysis 

For between-group comparisons of bone variables, a priori power analysis was 

conducted using the GPower software (GPower version 3.1, Heinrich Heine Universitat 

Dusseldorf, Germany) (281). Based on a study by Pang et al (55) using pQCT to assess the 

compressive bone strength index (cBSI) of the distal tibia epiphysis, the side-group 

interaction effect for the cBSI produced an effect size of f=0.297. A minimum of 70 (i.e., 35 
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participants per group) was required assuming the same effect size, a power of 0.80, and an 

alpha level of 0.05. For the regression analysis in predicting the %SSD in estimated failure 

load, a separate power analysis was done using the Free Statistics Calculators software 

(version 4.0) (https://www.danielsoper.com/statcalc/calculator.aspx?id=16). A previous 

pQCT study in people with chronic stroke by Pang et al. found that gait velocity was 

significantly associated with the bone strength index of the distal tibia (with effect size 

f2=0.24), after accounting for other relevant variables. Assuming an effect size of f2=0.24 

attributable to the stroke impairment variables, a power of 0.8 and an alpha of 0.05, a 

minimum sample size of 64 people with stroke would be required to detect significant effects 

of 5 stroke impairment variables (e.g., muscle parameters measured by ultrasound, spasticity, 

gait velocity, etc.), after accounting for the effects of age, sex, post-stroke duration, physical 

activity (PASE) and BMI. 

After considering the two power analyses above, a minimum of 64 individuals with 

stroke, and 64 control participants would be recruited. 

SPSS (version 23.0, SPSS Inc., Chicago, Illinois, USA) was used for the following 

analyses (two-tailed). Independent t, Mann-Whitney U and χ2 tests were used for comparing 

baseline between-group differences for participant characteristics according to continuous, 

ordinal and nominal levels of data, respectively. A mixed design two-way repeated measures 

analysis of variance (ANOVA) [within-subject factor: side (paretic (stroke group) or non-

dominant (control group) side vs non-paretic (stroke group) or dominant (control group) 

side), between-subject factor: group (stroke vs control)] was performed for all HR-pQCT, 

ultrasound and functional outcomes measured bilaterally at a significance level of 0.05. Post 

hoc paired t-tests were used to compare between sides (paretic vs non-paretic, non-dominant 

vs dominant) and post hoc independent t-tests were used to compare the percent side-to-side 

difference (%SSD) between groups at a more stringent alpha level (p≤ 0.01). Correlation 

analyses (Pearson’s r) were used to determine the association between the %SSD in estimated 

failure load of the distal tibia and %SSD or raw values (i.e., CSS, FMA, Brief-BESTest and 

10MWT) of all other parameters. To calculate %SSD for each parameter measured 

bilaterally, the following formula was used: 

 

Non-paretic or Dominant side −  Paretic or Non-dominant side

Non-paretic or Dominant side
 ×  100 

 

https://www.danielsoper.com/statcalc/calculator.aspx?id=16
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Hierarchical multiple regression analysis was then used to determine the strongest 

predictors of the dependent variable (%SSD in estimated failure load). Sex, age, post-stroke 

duration and physical activity level (PASE) were added using the enter method because of 

their physiological relevance. The predictors that showed significant associations with the 

dependent variable in the bivariate correlation analysis were then added using the stepwise 

method. A separate set of correlations were performed prior to the regression analysis to test 

the association among predictors (independent variables). To avoid multicollinearity, highly 

correlated predictors (i.e., > 0.6) were placed in separate models (52). 

 

5.3 Results 

5.3.1 Participant characteristics 

A total of 128 participants (64 stroke, 64 control) were assessed. These were the same 

participants described in Chapter 4. Participant characteristics are summarized in Table 5.1. 

Significant between-group differences were observed for level of education, cognition, 

balance scores, walking velocity, walking aids or orthoses used, total number of falls within 

the previous year, total number of comorbidities and medications (p ≤ 0.01). There were also 

no significant differences in alcohol (p=0.276), tobacco (p=0.428) or supplement usage 

(vitamin D: p=1.000; calcium: p=0.188) between groups. For female participants, there was 

also no significant difference between groups for time since menopause onset (p=0.787). 

Mean scores for the FMA (26.70 ± 4.40) and CSS (7.08 ± 2.55) suggest that, on average, 

participants in the stroke group exhibited a moderate degree of motor impairment (8) and mild 

spasticity (270), respectively. Significant between-group differences in the total number of 

comorbidities and medications were also observed (p<0.001). 

 

5.3.2 HR-pQCT  

A significant side-group interaction effect was observed for estimated failure load 

(p≤0.001), cortical area and thickness (p≤0.001), and all volumetric density parameters 

(p≤0.009) (Table 5.2). Post hoc paired t-tests showed significant between-sides differences in 

these same parameters for the stroke group (p≤0.01). Post hoc independent t-tests also 

showed significant side-to-side differences between groups for the same parameters and 

intracortical porosity (p≤0.01). A summary of the analysis results for HR-pQCT parameters is 

provided in Table 5.2. Bilateral comparisons of trabecular and cortical segments of the distal 

tibia for a representative participant with chronic stroke and an age- and sex-matched control 

subject are provided in Figure 1.  
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5.3.3 Other measures 

A significant side-group interaction effect was observed for muscle echo intensity 

(p≤0.001), fascicle length (p=0.022), shear modulus (p=0.046), shear wave velocity 

(p=0.040), and arterial diameter (p=0.017). Pennation angle and other vascular parameters 

showed no significant interaction effects (Table 5.3). Significant side-group interaction 

effects were also observed for touch pressure threshold (p=0.006) and isometric peak torque 

(p≤0.001) but not pain pressure threshold. Post hoc paired t-tests showed significant between-

sides differences for fascicle length, echo intensity, arterial diameter, isometric peak torque 

and touch pressure threshold in the stroke group (p≤0.01), but not in controls. Only the 

between-sides difference in pennation angle was significant for the control group and not for 

the stroke group. Post hoc independent t-tests also showed a significantly greater between-

group difference in %SSD for echo intensity, and isometric peak torque parameters in the 

stroke group (p≤0.01). A summary of the analysis results for ultrasound, and functional 

impairment parameters are provided in Table 5.3. 

 

5.3.4 Correlation 

The correlation analysis showed that CSS - ankle clonus (p=0.019), FMA (p=0.048), 

Brief-BESTest (p<0.001), and 10MWT (p<0.001) were significantly correlated with 

the %SSD in estimated failure load. There were also significant associations between 

the %SSD in estimated failure load and %SSD in isometric peak torque (p<0.001), fascicle 

length (p=0.003) and echo intensity measures (p=0.003) (Table 5.4). There were no 

differences in the %SSD in estimated failure load for subgroups categorized according to 

alcohol, tobacco, and supplement usage (Supplemental Table 5.1). 

 

5.3.5 Regression 

Of the independent variables considered for inclusion in the regression, there was a 

strong correlation observed between 10MWT and Brief-BESTest (r=0.683, p<0.01) (Table 

5.5). Initially, these predictors were entered in separate models to avoid multicollinearity. 

After accounting for sex, age, stroke duration, physical activity level (PASE) and Body mass 

index (BMI) (model 1), CSS - ankle clonus (models 2 and 3) and 10MWT (model 3) were 

independently associated with the dependent variable (%SSD in estimated failure load) 

(p<0.05). The %SSD in fascicle length, %SSD in echo intensity, %SSD in isometric peak 

torque, FMA-LE and Brief-BESTest were eliminated as predictive factors in the stepwise 
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model. Overall, the final model (model 3) explained approximately 23% of the variance in 

the %SSD in estimated failure load (Table 5.6).  

 

5.4 Discussion 

The study results support the stated hypotheses. The side by group interaction effects 

indicate reduced bone density, cortical area, thickness and lower estimated failure load for the 

distal tibia on the paretic side when compared to the non-paretic side and the bilateral limbs 

of controls. The side by group interaction effects observed for ultrasound and functional 

measures also indicate lower values in muscle architecture, mechanical properties (i.e., 

stiffness and echo intensity), isometric strength and sensation of the paretic side compared to 

the non-paretic side and controls. Of the significant correlations found between the %SSD in 

estimated failure load and all other measures, spasticity (i.e., more sustained clonus of the 

ankle) and gait speed (i.e., 10MWT) emerged as the predominant predictors in the regression 

analysis.  

 

5.4.1 Comparisons of HR-pQCT parameters 

The bilateral disparity in volumetric density parameters observed in the present study 

are in line with findings from previous pQCT studies of the distal radius (52,80,96) and distal 

tibia (51,55,96) among individuals with stroke. Additionally, bilateral differences in cortical area 

and thickness were also apparent. Previously it was difficult to measure cortical 

macrostructure due to thin paretic cortical bone and the low resolution of previous pQCT 

scanners (52).  

Lower cortical bone area on the paretic side without a side-to-side difference in total 

area contributed to a larger marrow cavity area on the paretic side. These findings may reflect 

those of previous pQCT studies involving individuals with stroke with suspected endosteal 

resorption (50,55). These studies found that greater %SSD in cortical area without concomitant 

changes in total bone area contribute to larger marrow cavity area in the paretic tibial 

diaphysis.  

Interestingly, bone microstructure (i.e., trabecular number, thickness, separation and 

intracortical porosity) showed little difference between sides and groups compared to the 

bilateral difference observed for other parameters. The findings of the present study are also 

largely in contrast to those put forth by HR-pQCT studies in other clinical and elderly 

populations (101,112). Among postmenopausal women, trabecular number for both the distal 

radius and distal tibia was shown to be significantly lower in comparison to premenopausal 
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women (p≤0.001) (101). Age-related deficits in other microstructural parameters such as 

cortical porosity, have been observed for both the radius  (ρ=0.7, p<0.001)  and tibia (ρ=0.5, 

p<0.001) among males and females (112). 

The within-group and between-group comparisons of HR-pQCT parameters 

suggested that the largest contributors of the %SSD in estimated failure load of distal tibia 

may be volumetric density and macrostructure rather than microstructure. Taken altogether, 

volumetric density (4%-8%) and cortical macrostructure (0.3%-11%) showed the largest 

side-to-side differences relative to other bone parameters measured. In contrast, the findings 

of the upper limb study (Chapter 4) conducted among the same sample of participants suggest 

that bilateral differences in bone microstructure (i.e., %SSD in trabecular number: 12.3%, 

p≤0.017; %SSD in trabecular separation: 24.3%, p≤0.017) were more likely to be significant 

contributors of the %SSD in estimated failure load than cortical macrostructure, possibly 

indicating a more substantial loss and reduced connectivity of trabeculae in the distal radius. 

Of all the parameters assessed, trabecular vBMD and trabecular separation showed the largest 

%SSD (>20%) relative to other parameters measured, and were determined to contribute 

most to the between-group difference in %SSD of estimated failure load for the distal radius 

(stroke: 23.8% vs controls: 2.9%). This was approximately double the between-group 

difference in %SSD of the estimated failure load for the distal tibia observed in the present 

study (stroke: 10.3% vs controls: 0.5%). 

A previous pQCT study described a somewhat similar discrepancy between upper and 

lower limb bone loss after stroke (96). The non-weight bearing distal radius (11.31%) has been 

shown to have a %SSD of 11.3% in trabecular vBMD, which is approximately 2-3 times the 

relative bilateral difference observed for the distal tibia (3.2%) among individuals with stroke 

(96).  

Although the present study does not attempt to examine the association between 

specific bone parameters and fracture, the findings suggest that microstructural bone may 

contribute less to the mechanical strength of paretic distal tibia than volumetric density and 

cortical macrostructure post-stroke.  

 

5.4.2 Comparisons of ultrasound parameters 

 The findings suggested that stroke had a significant impact on architecture (i.e., 

fascicle length) and tissue mechanical properties of the medial gastrocnemius muscle (i.e., 

shear modulus, shear wave velocity and echo intensity as indicated by significant side by 

group interaction effects). With relation to the upper limb (Chapter 4), these findings are 
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consistent with interaction effects observed for some ultrasound parameters measured for the 

biceps brachii (i.e., echo intensity) but not others (i.e., shear modulus, shear wave velocity). 

The bilateral differences in echo intensity were relatively larger for the medial gastrocnemius 

(stroke: 25.6% vs controls: 1.3%) when compared to the biceps brachii (stroke: 9.2% vs 

controls: 0.9%), perhaps suggesting that the magnitude of stroke-related mechanical tissue 

alteration is more pronounced in the weight bearing lower extremities.   

Significant bilateral differences in tissue mechanical properties (i.e., shear modulus, 

shear wave velocity, echo intensity)  have been reported in studies exclusively focused on 

muscles of the upper limb (10,11,43,153) or lower limbs (45) after stroke. To date, there are no 

studies which have examined the relative differences between upper and lower limbs in the 

same group of individuals with chronic stroke.     

 

5.4.3 Gait speed as a determinant of estimated failure load 

In the present study, slower gait speed was independently associated with 

greater %SSD in estimated failure load (Model 3: β=-0.297, p=0.030), suggesting that more 

impaired walking speed in ambulating individuals with chronic stroke was related to more 

compromised bone strength on the paretic side. Though not entirely analogous, this finding is 

somewhat reflective of results from a previous study in which gait velocity was 

independently associated with the tibial bone strength index of the paretic side (β=-0.379, 

p=0.001) (51). A study assessing ambulatory function post-stroke showed that slower daily 

gait speeds were predictive of lower daily ambulatory activity (334). In addition, gait speed has 

also been shown to affect the magnitude of leg loading during walking in people with stroke, 

with significantly less leg loading on the paretic side observed for individuals with stroke 

(i.e., home and limited community ambulators) compared to controls during slower walking 

speeds (335). The amount of weight borne by the paretic leg has been suggested to be a 

contributing factor related to bone loss post-stroke (66-68). Another study found that a higher 

daily frequency of loading during standing and upright activity was associated with slower 

bone turnover rate between the time of onset and six months post-stroke (70). Therefore, for 

those who had relatively slower walking speeds, lower ambulatory activity and less leg 

loading during their gait cycle (i.e., pattern of asymmetrical weight-bearing), these factors 

may combine to adversely affect bone quality in the lower limbs, particularly on the paretic 

side.  

Early ambulation and structured group exercise interventions may play an important 

role in maintaining bone strength and reducing fracture risk after stroke (6,336). Treadmill 
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walking interventions have been shown to produce modest improvement in tibial bone 

geometry among people with stroke (95). Comprehensive, multicomponent community-based 

fitness and mobility programs have also been shown to increase bone mineral density and 

cortical thickness after stroke (3,91). The dosage of gait and mobility training at different stages 

of stroke recovery remain the subject of further study.    

 

5.4.4 Spasticity as a determinant of estimated failure load 

The CSS subscale score for sustained ankle clonus was independently associated with 

the %SSD in estimated failure load in the regression models (Model 2: β=0.291, p=0.021; 

Model 3: β=0.248 p=0.044). This perhaps suggests that neurogenic aspects of spasticity had a 

predominant influence over other non-neurogenic scale components (i.e., resistance to 

passive movement) in regards to their association with the %SSD in estimated failure load. 

However, a general consensus regarding the impact of spasticity on post-stroke bone status 

for both upper and lower limbs is currently lacking as reported correlations between these 

parameters have been inconsistent across studies (49-52,55,80,85).  

The ability to assess diverse presentations of spasticity may be a methodological 

limitation of previous studies. The Modified Ashworth Scale is only used to evaluate 

resistance to joint displacement during passive elbow extension or ankle dorsiflexion. By 

contrast, the CSS is a multi-component scale offering a more comprehensive evaluation of 

spasticity post-stroke. A previous study showed spasticity (measured by the Modified 

Ashworth Scale) was moderately correlated with cortical bone mineral content (r=0.457, 

p<0.05) and cortical thickness (r=0.476, p<0.05) of the paretic distal radius in bivariate 

analyses and independently associated with %SSD in cortical thickness in regression analyses 

(β=0.497, p=0.001) (49). In a study of the lower limb, spasticity was significantly associated 

with multiple bone parameters (i.e., total bone mineral content, total density, trabecular 

density and bone strength index) (p < 0.05) and moderate to severe spasticity was 

independently associated with the bone strength index (β=-0.235, p=0.028) (51) in multiple 

regression models. Yet in another lower limb study, spasticity and bone strength index have 

shown no significant correlation (males: r=-0.167, females: r=-0.014) suggesting that 

hypertonic muscle activity may have conferred a somewhat protective effect on bone (50). For 

investigating the impact of spasticity on tibial bone parameters, future studies should consider 

the precision of the assessment used. Categorization of patient subgroups should also be 

based on the severity and clinical presentation of spasticity.   
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5.4.5 Other factors 

Although there was a mild correlation observed between %SSD in isometric peak 

toque and %SSD in estimated failure load in the bivariate analysis (r=0.386, p<0.001), the 

influence of plantarflexor muscle strength was diminished in the regression analysis. This is 

in contrast to previous studies citing the apparent relationship between muscle weakness and 

bone strength in paretic limbs post-stroke (52,53,96). The association between muscle weakness 

and bone strength is also evident in previous pQCT and DXA studies involving the distal 

radius (49,85), the proximal femur (86,125) and the tibia post-stroke (122). Intervention studies also 

showed that comprehensive exercise programs which incorporate an element of resistance 

training may improve bone status post-stroke (3,91). However, in the present study, muscle 

weakness was not a significant determinant of bone strength. One potential explanation for 

the lack of association observed in the regression analysis is the measurement of peak torque 

produced during isometric contractions (i.e., static) rather than during dynamic contractions. 

In studies using animal models, dynamic contractions were shown to be more effective for 

increasing bone formation than static contractions (337,338). Yet another possible explanation 

was the measurement of strength involving the plantar flexors for performing a singular joint 

movement. Composite muscle strength scores involving multiple muscle groups and joint 

actions (i.e., knee and hip flexion/extension) may be more representative of total limb 

strength (49).  

In the bivariate analysis, the %SSD in echo intensity showed a mild negative 

correlation with %SSD in estimated failure load (r=-0.259, p=0.003) in the stroke group. 

Although other measures of mechanical tissue properties such as shear wave velocity and 

shear modulus have demonstrated moderate correlation with echo intensity in previous 

studies (10,11), echo intensity emerged as a comparatively a stronger correlate of the estimated 

failure load of the distal tibia in this study. The %SSD in fascicle length also demonstrated a 

mild correlation with %SSD in estimated failure load (r=0.261, p=0.003). This is 

understandable, given the previously observed relationship between stroke-related motor 

impairment and muscle architecture in the upper and lower limbs (9,17). Better motor control 

has been shown to be associated with greater bone preservation in the lower limb within the 

first 6 months of stroke recovery (70). However, the effects of both the %SSD in fascicle 

length and %SSD in echo intensity were diminished in the multivariate regression analysis. 

This is in contrast to our findings for the distal radius (Chapter 4), where %SSD in echo 

intensity was a significant determinant of the estimated failure load. This is despite the %SSD 

in echo intensity found in the distal radius (9.2%) being relatively smaller than the distal tibia 
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(25.6%) identified here, as noted previously. Perhaps the estimated failure load of the weight 

bearing tibia was more influenced by the amount of loading during impact activities such as 

walking (i.e., influenced by gait speed), rather than compositional change to the muscle itself. 

There was also no apparent association between %SSD in estimated failure load and 

any vascular parameters measured. Reduced blood flow volume, arterial diameter and 

unilateral vascular remodeling (240,241,272,339,340) are resultant adaptations of reduced metabolic 

demand of paretic muscles and diminished cardiovascular fitness after stroke. These factors 

are thought play an important role in bone metabolism (75,341,342). Changes in peripheral 

microvasculature are also evident after stroke, with lower intramuscular blood perfusion of 

paretic lower limb muscles (223). Cardiovascular fitness level has been identified as a 

modifiable risk factor in the prevention of both cardiovascular diseases such as 

atherosclerosis and bone loss during osteoporosis (343) given their close biological linkage 

(344,345). The inner arterial wall and the osteon of cortical bone are both lined with an 

endothelial lumen (344). In addition to the endothelial interface shared between bone and 

systemic vessels, highly vascular inner trabecular bone is also known to have a rich blood 

supply from its interface with bone marrow endothelial tissue (345). Although no association 

between vascular parameters and bone strength were observed in the present study, previous 

studies in populations with stroke have found a relationship between the vascular compliance 

of both large (52) and small peripheral arteries (52,53) and bone strength index of the distal 

radius. In addition to bone porosity (341), the contractile function of skeletal muscle is known 

to impact the delivery of blood through microvascular capillary networks within Haversian 

and Volkman canals of bone, thus indirectly influencing nutrient exchange and bone 

metabolism (342). It is unclear as to why no association was observed for any vascular 

measures as the sample size recruited was comparable to previous studies (52,53). One possible 

explanation may be the difference in measures used between studies. Blood flow volume in 

particular is perhaps more reflective of overall cardiac output capacity (346), while vascular 

elasticity measured in previous studies (52,53) is representative of peripheral vascular 

adaptation (i.e. arterial compliance to flow volume and endothelial function). Peak systolic 

velocity is considered be a robust measure of systemic vascular function (347,348) 

demonstrating good association with other angiographic measures of arterial compliance and 

stenosis (349) and may thus be a more useful comparator to methods used previously for 

assessing the relationship between cardiovascular parameters and bone strength (52,53).    

In the present study, a significant side by group interaction effect was found for touch 

pressure threshold (F=7.89, p<0.006). However, it was not significantly associated with 
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the %SSD in estimated failure load. Peripheral sensory deficits are common post-stroke but 

the role of sensation in bone health outcomes remains unknown. Electrical stimulation of 

afferent sensory relay in the dorsal root ganglion has been shown to prevent disuse-related 

bone loss in animal limb suspension models (327). A similar phenomenon of bone density loss 

reversal has been observed in the distal femoral epiphysis of patients with spinal cord injury 

following high volume functional electrical stimulation (FES) cycling (350). Although 

pathologically multifactorial, sublesional bone demineralization in distal epiphyseal bone 

sites of patients with spinal cord injury may have a substantial neurogenic component (351). 

Studies involving a robust evaluation of post-stroke sensory deficits and bone status will be 

instrumental in understanding their association and clinical implications. 

 

5.4.6 Limitations 

There are several limitations that should be addressed with regards to the scanning 

procedures analysis and study designed used. The standard micro-finite element analysis with 

a uniform linear modulus was used for all study participants.  With non-linear approaches, 

cortical and trabecular bone elements are assigned different moduli (107). These values also 

differ based on modulus direction (294), with non-linear approaches rendering more direct 

mechanical bone strength estimations. However, there is also support for the use of linear 

approaches (107). Due to the lower vBMD, cortical area, and thickness observed in the present 

study, a non-linear approach may be useful in assessing bilateral disparity in bone parameters 

among patients with stroke. Additionally, a standardized fixed offset distance was used for 

determining the scan region across all participants. Although several studies have used a 

fixed offset distance method previously (99,104,105,111,276-278), a relative offset distance approach, 

even with its own inherent limitations, considers individual  limb length differences across 

participants (282). Regarding the analysis, other confounders which impact bone metabolism 

were not accounted for as covariates in the regression models due to the limited sample size 

of the present study. A maximum of six predictors per model (roughly 10 observations per 

variable) (295) were used under an assumption of minimal variance (n ≥ 8, with additional 

degrees of freedom for covariates) (296). There are also limitations in the generalizability of 

the findings due to the study design. All participants from the stroke and control groups were 

recruited through a non-probability sampling method and may unintentionally exclude 

individuals with diverse clinical presentations. Furthermore, the study was a cross-sectional 

design and do not provide a causal link between the impairments previously described and 

fracture risk after stroke. Finally, previous studies have shown sex-specific differences in 
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tibial bone geometry between males and females after stroke (50).. Further analyses based on 

gender may be warranted, as there were a larger proportion of males to females in the overall 

sample. Demographic reports suggest that stroke is more prevalent among females than males 

(1).  Hence, future studies should aim to recruit larger samples sizes with a representative male 

to female subject ratio in accordance with stroke prevalence in an effort to enhance the 

generalizability of the results.  

 

5.5 Conclusion 

This study used HR-pQCT, multimodal ultrasound and clinically relevant tests to assess 

muscle and bone properties as well as functional impairment of the lower limb in individuals 

with chronic stroke. The paretic distal tibia showed compromised bone density and cortical 

macrostructure, contributing to a comparatively lower estimated failure load than that of the 

non-paretic tibia. Bilateral differences in microstructure did not contribute significantly to the 

side-to-side difference in estimated failure load. Gait speed and spasticity, particularly 

sustained clonus, emerged as strong correlates of bone strength in the distal tibia. Future 

intervention strategies with the aim of preserving or improving bone strength should 

incorporate elements which target these functional limitations. 
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Table 5.1 Subject characteristics 

  Stroke (n=64) Control (n=64) p 

     

D
em

o
g

ra
p
h

ic
s 

Sex (men/women), n 38/26 39/25 0.858 

Age (years) 60.8 ± 7.7 59.4 ± 7.8 0.306 

Menopause (women), years 12.4 ± 13.1 11.5 ± 9.9 0.787 

Height (cm) 161.06 ± 8.38 163.98 ± 8.86 0.058 

Weight (kg) 62.68 ± 8.88 63.07 ± 9.87 0.814 

BMI (kg/m2) 24.3 ± 3.1 23.4± 2.8 0.081 

Education (years) 9.8 ± 3.7 11.8 ± 3.7 0.002b 

Leg dominance (left/right/equivalent), n 5/56/3 2/62/0 0.101 

AMT (out of 10) 9.3 ± 1.1 9.9 ± 0.4 <0.001b 

PASE 114.7 ± 87.4 142.2 ± 79.4 0.065 

Brief BESTest 10.83 ± 5.10 14.75 ± 2.39 <0.001b 

10MWT Velocity (m/s)  0.81 ± 0.39 1.87 ± 0.31 <0.001 

Walking aid (none/cane/quadripod/wheelchair), n   14/41/6/3 64/0/0/0 <0.001b 

Orthosis (none/ indoor/ outdoor/ both), n   51/1/10/2 64/0/0/0 0.002b 

Total number of falls (0/1), n 47/17 59/5 0.005a 

Previous surgery (Yes/No), n 33/31 32/32 0.860 

     

S
tr

o
k

e 
C

h
ar

ac
te

ri
st

ic
s 

    

Paretic side (left/right), n 36/28 - - 

Total number of strokes (1/2), n 63/1 - - 

Type of stroke (ischemic/hemorrhagic), n 41/23 - - 

Stroke duration, years 5.8 ± 4.0 - - 

Stroke location (Oxfordshire classification) 

(ACS/ PACS/ LS/ PCS/ hemorrhagic) 
8/22/10/1/23 - - 

CSS – Achilles tendon jerk (0-4) 1.69 ± 0.77 - - 

CSS – Resistance to displacement (0-8) 4.06 ± 2.04 - - 

CSS – Ankle clonus (1-4) 1.33 ± 0.59 - - 

CSS – Lower limb total (1-16) 7.08 ± 2.55 - - 

FMA – Lower limb (0-34) 26.70 ± 4.40 - - 

    

C
o

m
o

rb
id

it
y
 

    

Total number of comorbidities per person 1.3 ± 1.3 0.6 ± 0.9 <0.001b 

Hypertension, n 37 22 0.006b 

Hyperlipidemia, n 21 4 <0.001b 

Cardiac arrhythmia, n 1 0 0.315 

Diabetes mellitus, n 14 8 0.150 

Ischemic heart disease, n 1 0 0.315 

    

M
ed

ic
at

io
n

s 

    

Total number of medications per person 4.0 ± 2.7 0.8 ± 1.2 <0.001b 

Antihypertensive agents, n 42 16 <0.001b 

Hypolipidemic agents, n 41 10 <0.001b 

Hypoglycemic agents, n 10 6 0.259 

Anticoagulants, n 23 3 <0.001b 

Antispasmodic agents, n 6 0 0.011a 

Cardiac medication/ agent, n 4 0 0.039a 

PPI/ Gastric agents, n  25 2 <0.001 
SSRI/ Antidepressants, n 8 1 0.016 
    

O
th

er
 

    

Alcohol history (yes/no), n 14/50 24/40 0.053 

Alcohol consumption (drinks/day) 0.2 ± 0.3 0.1 ± 0.3 0.276 

Smoking history (yes/no), n 15/49 14/50 0.833 

Tobacco use (packs/day) 0.7 ± 0.4 0.6 ± 0.3 0.428 

Daily Vitamin D supplementation (yes/no), n 4/60 4/60 1.000 

Daily Calcium supplementation (yes/no), n 3/61 7/57 0.188 
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a p ≤ 0.05 Statistically significant 
b p ≤ 0.01 Statistically significant 

AMT = Abbreviated Mental Test, PASE = Physical Activity Scale for the Elderly, CSS = Composite 

Spasticity Scale, FMA = Fugl-Meyer Assessment, ACS = Anterior Circulation Syndrome, PACS = Partial 

Anterior Circulation Syndrome, LS = Lacunar Syndrome, PCS = Posterior Circulation Syndrome  
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Table 5.2 Comparison of HR-pQCT variables 

Stroke Group (n=64) Control Group (n=64) 
Main Effect: 

Side (Within) 

Main Effect: 

Group (Between) 

Side × Group 

Interaction Effect 

Parameter Paretic Non-Paretic SSD (%) Non-Dominant Dominant SSD (%) F p F p F p 

V
o

lu
m

et
ri

c 

D
en

si
ty

 

Total vBMD (mg HA/cm3) 

255.42 ± 64.63 277.45 ± 55.77a 8.69 ± 8.19b 285.12 ± 51.99 286.29 ± 53.32 0.22 ± 5.04 59.51 <0.001* 3.79 0.054 48.07 <0.001* 

Cortical vBMD (mg HA/cm3) 

809.46 ± 82.17 843.20±66.12a 4.16 ± 3.81b 872.10 ± 57.32 871.76 ± 56.25 -0.05 ± 1.96 61.26 <0.001* 15.67 <0.001* 63.78 <0.001* 

Trabecular vBMD (mg HA/cm3) 

145.40 ± 39.81 151.50 ± 35.10a 4.67 ± 10.94b 147.30 ± 35.32 147.61 ± 33.60 0.30 ± 6.31 8.59 0.004* 0.03 0.874 6.99 0.009* 

M
ac

ro
st

ru
ct

u
re

 

Cortical Area (mm2) 

109.53 ± 32.08 122.56 ± 29.19a 11.53 ± 9.21b 131.94 ± 24.64 132.42 ± 25.59 -0.05 ± 5.64 75.62 <0.001* 10.87 0.001* 65.33 <0.001* 

Cortical Perimeter (mm) 

102.23 ±10.60 102.51 ±10.55 0.30 ± 1.73 103.33 ± 10.40 103.45 ± 10.42 0.16 ± 1.78 1.54 0.216 0.30 0.583 0.27 0.602 

Cortical Thickness (mm) 

1.28 ± 0.37 1.43 ± 0.33a 10.83 ±10.44b 1.50 ± 0.27 1.51 ±0.30 -0.25 ± 6.49 55.97 <0.001* 7.34 0.008* 49.58 <0.001* 

M
ic

ro
st

ru
ct

u
re

 

Trabecular Area (mm2) 

578.64 ± 

138.73 

571.38 ± 

137.71 
-1.31 ± 4.90 576.51 ± 133.86 577.68 ± 135.11 -0.05 ± 4.64 1.75 0.188 0.01 0.931 3.36 0.069 

Trabecular Number (1/mm) 

1.12±0.17 1.13±0.15 0.94 ± 6.56 1.10 ± 0.17 1.11 ± 0.16 1.03 ± 4.78 3.30 0.072 0.64 0.426 0.03 0.870 

Trabecular Thickness (mm) 

0.25 ±0.02 0.26 ±0.02 0.88 ± 4.52 0.26 ± 0.02 0.25 ± 0.02 -0.17 ± 3.52 0.36 0.550 0.02 0.904 1.83 0.179 

Trabecular Separation (mm) 

0.88 ± 0.17 0.86 ± 0.14 -1.72 ± 6.99 0.90 ± 0.17 0.88 ± 0.15 -1.41 ± 5.39 7.10 0.009* 0.37 0.543 0.12 0.728 

Intra-cortical Porosity (%) 

0.04± 0.02 0.04±0.01 -12.14 ± 38.04b 0.03 ± 0.01 0.03 ± 0.01 -6.55 ±32.52 4.21 0.042* 3.10 0.081 1.13 0.291 

µ
F

E
 

Stiffness (N/mm) 

157546.23 ± 

48660.51 

174974.79 

±46134.29a 
10.64 ± 10.55b 

182486.54 ± 

45730.71 

183164.70 ± 

46162.40 
-0.05 ± 5.61 53.05 <0.001* 4.11 0.045* 45.40 <0.001* 

Failure Load (N) 

-8526.47 ± 

2565.85 

-9437.76 ± 

2405.64a 
10.33 ± 10.27b 

-9855.60 ± 

2400.04 

-9903.59 ± 

2425.57 
0.05 ± 5.49 55.35 <0.001* 4.39 0.038* 44.82 <0.001* 

Value expressed as mean ± SD unless otherwise indicated 

* p < 0.05 Statistically significant results (two-way ANOVA) 
a p < 0.01 Statistically significant between-sides difference (post hoc paired t-test) 
b p < 0.01 Statistically significant side-to-side difference between two groups (post hoc independent t-test) 
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vBMD = Volumetric Bone Mineral Density, HA = Hydroxyapatite, N = Newtons, µFE = Finite Element Analysis 

Table 5.3 Comparison of ultrasound and functional impairment variables  

Stroke Group (n=64) Control Group (n=64) 
Main Effect: 

Side (Within) 

Main Effect: 

Group (Between) 

Side × Group 

Interaction Effect 

Measures Paretic Non-Paretic STSD (%) Non-Dominant Dominant STSD (%) F p F p F p 

U
lt

ra
so

u
n

d
 

Fascicle Length 

4.58 ± 0.74  4.85 ± 0.58a 5.38 ±11.85 5.00 ± 0.59 5.07 ± 0.66 0.95 ±7.73 15.52 <0.001* 9.23 0.003* 5.40 0.022* 

Pennation Angle 

20.09 ± 2.91 19.74 ± 2.93 -3.31 ±17.84 21.40 ± 2.81a 20.76 ± 2.96 -3.61 ±9.30 4.27 0.041* 6.57 0.012* 0.39 

 

0.533 

Shear Modulus (kPa) 

59.74 ± 50.07 47.67 ± 16.81 -37.30 ±114.26 50.46±15.16 51.54±18.46 -0.78 ±16.72 2.84 0.094 0.47 0.495 4.06 0.046* 

Shear Wave Velocity (m/s) 

4.23 ± 1.24 3.86  ± 0.68 -12.14 ±36.74 4.00 ±0.55 4.00 ±0.69 -0.98 ±8.96 4.37 0.039* 0.10 0.759 4.31 0.040* 

Echo Intensity 

95.04 ± 20.29a 78.09 ± 20.39 -25.58 ±25.37b 78.12 ±19.57 81.04 ±21.45 1.32 ±20.22 25.24 <0.001* 4.40 0.038* 50.60 <0.001* 

Peak Systolic Velocity (cm/s) 

48.10 ± 15.56 47.05 ± 14.13 -4.52 ± 26.79 44.43 ±8.21 44.70 ± 9.83 -1.73 ±19.87 0.17 0.679 2.37 0.126 0.48 0.488 

Blood Flow Volume (mL/min) 

38.43 ± 23.06 39.04 ± 29.89 -28.64 ±91.85 29.18 ±12.42 32.54 ±16.15 -6.39 ±69.62 1.11 0.295 5.73 0.018* 0.53 0.467 

Arterial Diameter 

0.53 ± 0.11 0.58 ± 0.11a 7.80 ±14.82 0.53 ±0.11 0.55 ±0.10 2.14 ±13.96 19.91 <0.001* 0.77 0.382 5.88 0.017* 

F
u

n
ct

io
n

al
 

Im
p

ai
rm

en
t 

Isometric Peak Torque (N/m) 

40.42 ± 15.92 63.93 ± 23.55a 30.66 ±34.71b 74.83 ± 35.36 74.41 ±37.69 -4.28 ± 22.35 43.05 <0.001* 20.92 <0.001* 46.26 <0.001* 

Pain Pressure Threshold (kg)      

9.10 ± 4.62 8.92 ± 3.99 -13.16 ± 98.67 7.31 ±3.36 

 

7.39 ±3.15 0.19 ± 23.89 0.06 0.813 6.65 0.011* 0.39 0.531 

Touch Pressure Threshold (gram) 

31.34 ± 84.86a 3.69 ± 22.41 -8722.86 

±53538.08 

0.53 ±0.71 0.41 ±0.70 -156.03 ± 

444.99 

8.03 0.005* 8.04 0.005* 7.89 0.006* 

Value expressed as mean ± SD unless otherwise indicated 

* p ≤ 0.05 Statistically significant results (two-way ANOVA);  
a p ≤ 0.01 Statistically significant between-sides difference (post hoc paired t-test) 
b p < 0.01 Statistically significant side-to-side difference between two groups (post hoc independent t-test) 

kPa = Kilopascals 

 



 

146 
 

Table 5.4 Correlates of side-to-side difference in estimated failure load  
 

Variables r p  
S

tr
o

k
e 

 

Im
p

ai
rm

en
t 

 
   

CSS - Achilles Tendon Jerk  0.177 0.162 

CSS - Resistance to Displacement 0.041 0.745 

CSS - Ankle Clonus   0.293* 0.019 

CSS - Lower Limb Total 0.155 0.223 

FMA - LE -0.248* 0.048 

Brief BESTest   -0.353** <0.001 

10MWT   -0.542** <0.001 

   

O
th

er
  

   

Isometric Peak Torque (plantarflexion) 0.386 <0.001** 

Pain Pressure Threshold 0.038 0.673 

Touch Pressure Threshold -0.131 0.140 

Total Comorbidities  0.187 0.034 

Total Medications -0.191 0.130 

Alcohol Consumption 0.199 0.230 

Tobacco Usage 0.340 0.071 

   

    

U
lt

ra
so

u
n

d
  

Fascicle Length 0.261 0.003** 

Pennation Angle -0.085 0.339 

Echo Intensity -0.259 0.003** 

Peak Systolic Velocity -0.103 0.249 

Blood Flow Volume -0.044 0.621 

Arterial Diameter 0.091 0.308 

Shear Wave Velocity -0.053 0.554 

Shear Modulus -0.112 0.208 

    

*Significant correlation at the 0.05 level (2-tailed) 

**Significant correlation at the 0.01 level (2-tailed) 

FI = Functional impairment, %SSD = Percent side-to-side difference, CSS = Composite Spasticity Scale, FMA-LE = Fugl-

Meyer Assessment-Lower Extremity 
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Table 5.5 Correlation among predictor variables  
 CSS  

Ankle Clonus 

FMA  

Lower Extremity 

Brief  

BESTest 

10 Meter  

Walk Test 

%SSD  

Peak Torque 

%SSD  

Fascicle Length 

%SSD  

Echo Intensity 

CSS - Ankle Clonus — -0.260* -0.76 -0.081 0.199 0.314* -0.023 

        

FMA-LE  — 0.386** 0.379** -0.477** 0.060 -0.179 

        

Brief BESTest   — 0.683** -0.408** -0.068 0.072 

        

10MWT    — -0.498** 0.170 0.389** 

        

%SSD PT     — 0.008 -0.245** 

        

%SSD FL      — 0.073 

        

%SSD EI       — 

        

*Significant correlation at the 0.05 level (2-tailed) 

**Significant correlation at the 0.01 level (2-tailed) 

CSS = Composite Spasticity Scale, FMA-LE = Fugl-Meyer Assessment - Lower Extremity, 10MWT = 10 Meter Walk Test, IPT = Isometric Peak Torque, FL = Fascicle Length, EI = Echo 

Intensity 
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Table 5.6 Regression models 

        

Predictor F R2 B 95% CI Beta Sig. 

        

Model 1 

Age 0.996 .079 .046 -.305 .397 .035 .794 

Sex 5.347 -.232 10.926 .258 .060 

Stroke duration -.032 -.763 .700 -.012 .931 

PASE -.015 -.048 .019 -.125 .382 

BMI   -.0399 -1.297 .499 -.118 .377 

 

Model 2 

Age 1.829 .161 .042 -.296 .381 .032 .804 

Sex 5.234 -.139 10.606 .252 .056 

Stroke duration  .032 -.675 .738 .012 .929 

PASE -.019 -.051 .014 -.158 .255 

BMI -.309 -1.177 .559 -.092 .479 

Ankle clonus 5.039 .774 9.305 .291 .021* 

 

Model 3 

Age  2.388 .230 .044 -.283 .371 .033 .788 

Sex 4.157 -1.128 9.443 .200 .121 

Stroke duration -.093 -.785 .600 -.036 .789 

PASE -.003 -.037 .032 -.021 .884 

BMI -.470 -1.322 .382 -.139 .273 

Ankle clonus 4.297 .118 8.476 .248 .044* 

10MWT -7.912 -15.018 -.807 -.297 .030* 

        
* p ≤ 0.05 Statistically significant 

B = Unstandardized regression coefficient, Beta = Standardized regression coefficient, 95%CI = 95% 

confidence interval 

PASE = Physical Activity Scale for the Elderly, BMI = Body Mass Index, 10MWT = 10 Meter Walk Test  
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Supplemental Table 5.1 Differences in %SSD in estimated failure load for subgroups 

according to alcohol, tobacco and supplement usage (participants with stroke)     

 N 
Mean 

Ranks 

Sum of 

Ranks 
p 

     

Non-drinker 50 34.38 1719.00 
0.126 

Drinker 14 25.79 361.00 

     

Non-smoker 49 33.93 1662.50 
0.267 

Smoker 15 27.83 417.50 

     

     

No supplement usage 61 32.37 1974.50 
0.811 

Calcium (daily) 3 35.17 105.50 

     

No supplement usage 60 31.93 1915.50 
0.353 

Vitamin D (daily) 4 41.13 164.50 

     

Significant correlation at the 0.05 level (2-tailed) 

%SSD = percent side-to-side difference 
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Non-Paretic Distal Tibia (Right)  Paretic Distal Tibia (Left)  

A B C D 

    

    

Dominant Distal Tibia (Right)  Non-Dominant Distal Tibia (Left)  

E F G H 

    
    

 
    

 

Figure 5.1 Bilateral within and between groups comparison of the distal tibia 
HR-pQCT generated 3D rendering of the distal tibia for a representative male participant with chronic stroke and an age-matched male control participant (lower panel). The 

sagittal cut plane was standardized at a depth of 30% with the wider epiphyseal portion of the tibia oriented superiorly and the diaphyseal portions inferiorly. There are 

comparatively fewer trabeculae with reduced density and network connectivity between the participant with stroke and control participant. Thinning of the cortical shell is 

also more pronounced on the paretic side compared to the non-paretic side as indicated by a darker spectral color gradient (standardized range 0-2mm). Bilateral difference in 

cortical thickness is less pronounced in the control participant. The upper panel shows a bilateral view of the (A) trabecular segment and (B) cortical thickness of the non-

paretic tibia compared to the (C) trabecular segment and (D) cortical thickness of the paretic tibia and the lower panel shows the (E) trabecular segment and (F) cortical 

thickness of the dominant tibia relative to the (G) trabecular segment and (H) cortical thickness of the non-dominant tibia.
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Chapter 6. Conclusion 

 

6.1 Project scope 

Bone health is compromised after stroke with greater incidence of fall (62) and fracture 

(63) occurring on the paretic side. Muscle tissue alterations, a common sequela after stroke, 

also appear to be more pronounced on the paretic side in comparison to non-paretic side (11). 

As evidenced by the inherent mechanoresponsivity of musculoskeletal tissues (352), a muscle-

bone relationship in people with stroke has been previously postulated (96) with differing 

clinical implications for the upper (52) and lower extremities (51). As previously stated, the 

main objectives of this thesis project were to examine the impact of stroke on muscle and 

bone properties using diagnostic ultrasound and HR-pQCT, respectively. The data gathered 

were then used to assess the muscle-bone relationship in individuals with chronic stroke. The 

main findings for each of the project components and potential implications are summarized 

in the following section.  

 

6.2 Summary of study findings and future research directions 

The systematic review in Chapter 2 demonstrated that ultrasound elastography had 

moderate to good reliability, excellent discriminative and known-groups validity and good 

overall responsiveness for the assessment of muscle stiffness in populations with neurological 

conditions. Variance in reliability estimates were thought to be attributed to differences in 

reported values (208), muscle sites (202), muscle activity (44), operator experience (203), probe 

alignment (46), intersystem variance (171,211) and acquisition procedures used (207) and subject 

age (41). Future studies should dedicate specific attention to the standardization of 

measurement protocols, especially those involving more than one operator and visual 

confirmation of muscle passivity rather than the use of surface EMG. Support for the 

convergent or criterion validity of ultrasound elastography was lacking. Other methods such 

as myotonometry may be useful comparators and have been used to examine stiffness after 

stroke (219) although not concurrently with elastography (221). Future studies should involve the 

use of other comparators measuring biomechanical tissue properties. 

The study in Chapter 3 showed that multimodal ultrasound had moderate to excellent 

test-retest reliability for measuring muscle architecture, mechanical and vascular outcomes in 

a cohort of 20 individuals with chronic stroke. These measures also demonstrated fair to 

moderate correlation with several relevant clinical measures assessing similar or related 

measurement constructs. This study builds on the work of previous studies examining 
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measurement reliability as a primary outcome in individuals with chronic (46) and acute stroke 

(43). Future studies involving ICC estimates (269), SEM and %CV (229) should involve larger 

sample sizes. Additionally, as there is substantial variability throughout the available 

literature regarding measurement protocols (203), future studies should attempt to incorporate 

procedural aspects that enhance reliability (i.e., standardized probe orientation, gel layer, ROI 

size and depth).   

Using HR-pQCT enabled us to study bone microstructure in individuals with chronic 

stroke, which is unexplored in previous research. In the study described in Chapter 4, it was 

found that compromised trabecular microstructure in addition to lower volumetric bone 

density may be a significant factor contributing to the side-to-side difference in estimated 

failure load. The material alterations in paretic muscle (i.e. echo intensity), perceived disuse 

(i.e., Motor Activity Log) and motor impairment (Fugl-Meyer Motor Assessment) emerged 

as the predominant determinants of estimated failure load in the distal radius. As the 

association between motor impairment severity, disuse and reduced bone strength on the 

paretic side appear to be consistent with relevant associations from previous studies (49,279), 

these may be important outcomes in future intervention strategies aimed at maintaining or 

improving bone strength. Additionally, the association between echo intensity and functional 

impairment (48) as well as other muscle tissue properties (i.e., stiffness) (11) suggests 

biomechanical muscle parameters may also serve as potential intervention targets for 

improving functional, and possibly bone, outcomes. Longitudinal studies which involve the 

assessment of these variables and their association with mechanical bone strength are needed. 

Furthermore, controlled intervention studies are also required to test the efficacy of these 

potential methods for increasing bone strength. 

The study described in Chapter 5 showed that while significant side-to-side difference 

in volumetric bone density was also found for the distal tibia, compromised cortical 

macrostructure (i.e., cortical area) and cortical microstructure (i.e., cortical thickness) may 

have contributed more to the side-to-side difference in estimated failure load of the tibia.  

Also, the overall differences in bone microstructure were comparatively less pronounced for 

the weight bearing tibia than the non-weight bearing radius (Chapter 4). Gait speed (i.e., 10 

meter walk test) and spasticity (i.e., ankle clonus subscore of the Composite Spasticity Scale) 

were the main determinants of estimated failure load in the distal tibia. As less bone loss has 

been observed following early motor recovery, mobilization, and weight-bearing after stroke 

in longitudinal studies (70,92), early ambulation and structured group exercise interventions 

with a walking or mobility component may help in maintaining bone strength after stroke. 
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However, this hypothesis will need to be tested in future research (6,336). Previously reported 

associations (or lack thereof) between spasticity and bone outcomes of the upper and lower 

limbs are inconsistent (49-52,55,80,85) indicating the need for future studies with greater 

measurement specificity and precision for understanding the magnitude of association 

between these parameters in the lower extremities after stroke. 

 

6.3 Concluding remarks 

In summary, the evidence put forth by the aforementioned studies reveal important 

insights with regards to the impact of stroke on muscle and bone properties in the chronic 

stages of stroke recovery. It also highlights the interrelated nature of muscle and bone tissues 

post-stroke and their clinical correlates. These may serve as potential targets for therapeutic 

intervention strategies aimed at improving muscle function and bone strength after stroke. 
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