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Abstract 16 

Background: Ultrasound elastography is an emerging diagnostic technology used to 17 

investigate biomechanical properties of the musculoskeletal system. Purpose: To 18 

systematically review the psychometric properties of the ultrasound elastography techniques 19 
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in evaluating muscle stiffness among neurological populations. Data Sources: A systematic 1 

search of MEDLINE, EMBASE, CINAHL and Cochrane Library databases was performed in 2 

accordance with PRISMA guidelines. Data Selection: Using Covidence software, reviewers 3 

independently screened citations for inclusion. Peer-reviewed studies which evaluated in 4 

vivo muscle stiffness among neurological populations and reported relevant 5 

psychometric properties were considered for inclusion. Data Extraction: Twenty-one 6 

articles were included for final review. Data relevant to measurement technique, site and 7 

neurological condition were extracted. The Consensus-based Standards for the Selection of 8 

Health Measurement Instruments (COSMIN) checklist was used to rate methodological 9 

quality of included studies. Level of evidence for specific measurement outcomes was 10 

determined using a best-evidence synthesis approach. Data Synthesis: Reliability varied 11 

across populations, ultrasound systems and assessment conditions (i.e. joint/ body positions, 12 

active/ passive muscle, probe orientation) with most studies indicating moderate to good 13 

reliability (Intraclass Correlation Coefficient (ICC)=0.5-0.9, n=13). Meta-analysis results 14 

showed good overall correlation across studies (r=0.78, 95% Confidence Interval (CI)=0.64–15 

0.86, p≤0.00) with no between-group difference based on population (Q=0.00, df=1, p=0.97). 16 

Convergent validity was demonstrated by strong correlations between stiffness values and 17 

measures of spasticity (n=5), functional motor recovery or impairment (n=5) and grey scale or 18 

color histogram pixel intensities (n=3). Discriminant or known-groups validity was also 19 
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established for multiple studies indicating either significant between-group differences in 1 

stiffness values (n=12) or within-group differences between more- and less-affected limbs 2 

(n=6). Responsiveness was observed in all intervention studies reporting post-treatment 3 

stiffness changes (n=6). Conclusions: Overall, ultrasound elastography techniques show 4 

moderate reliability in evaluating in-vivo muscle stiffness, good convergent validity with 5 

relevant clinical assessments, and good divergent validity in discriminating tissue 6 

changes within and between groups. Impact Statement: Ultrasound elastography will have 7 

clinical utility in assessing muscle stiffness, monitoring its temporal changes, and measuring 8 

the response to intervention in populations with neurological conditions.  9 

 10 

Abstract Word Count = 329 11 

Manuscript Word Count: 5,580   12 
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Introduction 1 

Altered muscle tissue mechanics and morphology are resultant corollaries among populations 2 

with neurological conditions and neuromuscular dysfunction 1,2. Macro- and microstructural 3 

changes have been observed across various strata of muscle tissue in populations with 4 

common neurological conditions such as stroke and cerebral palsy (CP) 3-6. Although the 5 

mechanism remains unclear, additional alterations in the biomechanical properties of muscle 6 

tissue may be a secondary sequela either associated with or resulting from underlying 7 

neurological etiologies (i.e., phasic hyperreflexia, hypertonia) 7,8. Intramuscular collagen 8 

formation 9, extracellular matrix organization 10 and titin isoform diversity within fibers 9 

11 are other factors thought to contribute to tissue alterations. The assessment of 10 

biomechanical properties, such as passive muscle stiffness, may have overt clinical value in 11 

determining tissue morphology and response to treatment or rehabilitation 12. Subjective 12 

evaluation of altered muscle properties in neurological populations using qualitative clinical 13 

assessments such as manual palpation and muscle testing or modified Ashworth (MAS) and 14 

Tardieu scales are indirect and suboptimal 13,14. Other quantitative assessments of these 15 

properties involving dynamometry and B-mode ultrasound can be procedurally complex, 16 

ineffective in isolating specific tissue regions and may not be feasible across clinical settings 17 

15,16. 18 

 19 
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Alternatively, elastography provides a direct, non-invasive stiffness quantification of 1 

individual muscle structures in real-time 17. As the use of diagnostic musculoskeletal 2 

ultrasound is becoming more prevalent in physical medicine and rehabilitation training 3 

programs 18 and in clinical physical therapy 19, ultrasound units with tissue imaging 4 

capabilities such as elastography may prove advantageous in monitoring transitory or 5 

progressive muscle changes associated with neurological conditions 20,21. Elastography 6 

has also demonstrated utility in evaluating response to invasive 7,22-26 and non-invasive 27 7 

clinical intervention strategies for reducing muscle stiffness and spasticity in 8 

neurological populations. 9 

 10 

Ultrasound-based elastography methods developed as an outgrowth of tissue palpation and 11 

motion tracking techniques for identifying tissue masses harder and more resistant to 12 

displacement than surrounding reference tissues. Since the development of sonoelasticity 13 

imaging and static elastography in the early 1990’s for quantifying the distribution of the 14 

elastic modulus in soft tissues 28,29, ultrasound elastography (UE) methods have continued to 15 

evolve 30. Previous reviews have highlighted the utility of this technology for 16 

investigating the biomechanical properties of the musculoskeletal system 21,31-34. There 17 

are several different UE techniques capable of providing either quantitative or qualitative 18 

measures of these properties 17, each differing in frequency, method of excitation and 19 
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interface 35. There is currently no consensus with regard to which method may be optimal for 1 

assessing muscle stiffness among neurological populations in vivo.   2 

 3 

As the development and modification of elastography for measuring specific tissue types 4 

(e.g., thyroid, breast, muscle) remains on-going 36, a general knowledge of its underlying 5 

mechanisms, technical limitations, measurement attributes and an appraisal of its 6 

potential clinical application is warranted. Briefly, the estimation of stiffness using 7 

elastography requires measuring tissue displacements in response to the application of a 8 

stress generated via mechanical, acoustic radiation or internal endogenous forces 35. 9 

Although UE systems demonstrate great potential in clinical utility, their underlying 10 

accuracy is based upon non-biological material testing under absolute conditions 36,37. 11 

Attempts have been made to investigate the limitation of material linearity when using UE to 12 

evaluate muscle properties among healthy and neurological populations 38-40. However, 13 

differences in tissue type, geometry and activation remain confounding influences 41,42. There 14 

are also operator-dependent sources of error as well as measurement range capabilities to be 15 

considered 43-45.    16 

 17 

In the field of musculoskeletal elastography, a comprehensive review which systematically 18 

investigates the reliability and validity reported throughout the available literature is currently 19 
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lacking. The primary objective of this review was to evaluate the evidence regarding the 1 

reliability and validity of UE for measuring muscle stiffness in neurological populations. 2 

Secondary objectives were to synthesize the information regarding measurement 3 

protocols, operators and equipment used for measuring muscle stiffness, and to assess 4 

study quality and level of evidence regarding stiffness measures. In healthy populations, 5 

UE has shown good reliability 46 and correlation with other measures assessing similar 47 6 

or related physiological constructs 48,49 and measures of physical function 50 and 7 

disability 51. Therefore, it was hypothesized that overall measurement reliability and 8 

validity of UE for measuring muscle stiffness in neurological populations would be good.      9 

 10 

Methods 11 

Data sources & searches 12 

A search was developed using the following concept domains as syntactic framework: (1) 13 

musculoskeletal stiffness, (2) ultrasound elastography and (3) validity and reliability. 14 

MEDLINE, EMBASE, CINAHL and Cochrane Library databases were searched. Paired and 15 

individual keywords, medical subject headings (MeSH), Embase subject headings (Emtree), 16 

field codes, boolean and proximity operators used in the search strategy syntax specific to 17 

each database are included in the supplementary appendices (Supplementary Appendix A). 18 

Results for each of the concept domains were combined to produce the final search results. In 19 
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further refining the search, an additional filter was applied limiting the results to references 1 

with human subject populations published in English language journals between January 1990 2 

and January 2020. References of articles selected for inclusion were reviewed to identify 3 

other relevant publications for inclusion. Reference lists from review articles discussing 4 

musculoskeletal elastography were also searched. A forward search was performed before the 5 

final synthesis and analysis to include studies published after the initial search and data 6 

extraction. This review was conducted in accordance with PRISMA guidelines 52 and 7 

prospectively registered with PROSPERO (registration #: CRD42017076571). 8 

 9 

Study selection 10 

Using Covidence online data extraction and screening software (Cochrane software Csr. 11 

Melbourne, Victoria, Australia: Veritas Health Innovation, p. Available at 12 

www.covidence.org), two reviewers (TM, MH) independently screened titles and abstracts to 13 

determine propriety for inclusion. Hand-searched publications from reference lists were then 14 

entered into the full-text screening. Two reviewers (TM, SLT) then extracted relevant data 15 

independently. All missing or omitted data were requested from authors of included studies. 16 

Data were included under the contingency authors replied within a timeframe of 10 working 17 

days. Conflicts arising between reviewers were resolved through discussion or by consulting a 18 

third reviewer (MP, MY) to reach consensus.  19 
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 1 

Selection of studies was based on the following criteria. Inclusion criteria: 1. peer reviewed 2 

articles published in English between 1990-2020, 2. human subjects studied in vivo, 3. studies 3 

investigated UE measurement properties for muscle, tendon, and/or fascia stiffness, 4. data 4 

collection took place in research settings or across all stages of the continuum of care, 5. 5 

subject populations with a neurological condition (i.e., stroke, spinal cord injury (SCI), CP, 6 

etc.), 6. muscle stiffness measured with UE was a primary or secondary diagnostic objective, 7 

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

studies reported reliability, convergent, discriminant, known-groups, or criterion validity as 9 

determined with the use of a comparator (i.e., previously validated diagnostic methods for 10 

evaluating tissue stiffness such as magnetic resonance elastography, electronic palpation 11 

imaging, biopsies, and histopathological samples, gelatine-based phantoms, and/or tissue 12 

equivalent phantoms) 9. study design was either a case-controlled diagnostic, prospective or 13 

retrospective cohort, cross-sectional or longitudinal, pre-post intervention or randomized-14 

controlled trial. Exclusion criteria: 1. published conference proceedings (i.e., presentations, 15 

posters, symposium, etc.) 2. book reports or chapters, 3. theses or dissertations, 4. unavailable 16 

in full text, 5. incorrect timeframe (i.e., before 1990), 6. involved animals or cadaver samples 17 

without comparative in vivo measures, 7. studies focused solely on the assessment of bone, 18 
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cartilage, entheses, ligaments or joint capsules, 8. UE measured stiffness was not a primary or 1 

secondary outcome and 9. measurement properties were not a primary or secondary outcome. 2 

 3 

Data extraction & quality assessment 4 

The following items were extracted from included articles: 1. author information (i.e., names, 5 

title, year, location), 2. study design, 3. measurement reliability and validity, 4. diagnostic 6 

setting (i.e., inpatient, outpatient, laboratory), 5. ultrasound operator (i.e., technician, 7 

clinician, researcher), 6. ultrasound system and probe model, 6. probe alignment in relation 8 

to muscle fiber orientation (i.e., parallel, perpendicular or oblique), 7. muscle site, 8. 9 

body position and joint angle during testing, 9. subject demographics and characteristics, 10. 10 

measurement units (i.e., shear modulus (SM) in kilopascals (kPa) and/or shear wave velocity 11 

(SWV) in meters per second (m/s), strain ratio (SR), sonoelastographic index/score) and 11. 12 

details of image/data acquisition and processing (i.e., region of interest (ROI), number of 13 

trials, contact interface, software).  14 

 15 

Rating of methodological quality for included studies was performed independently by two 16 

reviewers (TM, SLT) using the COnsensus-based Standards for the selection of health 17 

Measurement INstruments (COSMIN) Risk of Bias checklist (July 2018 version). Although 18 

originally intended for health-related patient-reported outcomes 53, the checklist also 19 
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facilitates the election of quality scores for studies in which measurement properties are 1 

based on operator or clinician-assessed outcomes of function 54 and disability 55 in 2 

neurological populations. Of the items encompassing the checklist, Boxes 6, 7, 8, 9a, 9b, 3 

10a-10d were used to assess reliability, measurement error, criterion validity, 4 

convergent validity, discriminant or known-groups validity and responsiveness for each 5 

study, respectively. Other items contained within the checklist were omitted for the 6 

purposes of this review. The checklist uses a 4-point rating system in assigning ratings for 7 

each item. Ratings of 4, 3, 2 or 1 were deemed very good, adequate, doubtful or inadequate, 8 

respectively. In determining overall quality for each category, the lowest rating was used (i.e., 9 

worst score counts principle) 56,57. A third reviewer (MP, MY) was consulted regarding any 10 

discrepancies. The level of evidence for measurement property results was determined 11 

using a best-evidence synthesis approach 58 described in a previous systematic review of 12 

reliability, validity, and responsiveness for physical capacity tasks that assessed 13 

functioning in patients with low back pain 59. Criteria for strong, moderate, limited, 14 

unknown, or conflicting levels of evidence are also described in detail 59. Briefly, a 15 

positive, indeterminate or negative rating was first assigned according to an established 16 

criterion for rating measurement properties reported by Prinsen et al 60. Levels of 17 

evidence for measurement property ratings were then assigned according to 18 

measurement property rating consistency, combined sample size, and methodological 19 



11 
 

quality for articles with similar or comparable outcome measures (i.e., quantitative, 1 

semi-quantitative estimates of muscle stiffness). 2 

 3 

Data synthesis & analysis 4 

A qualitative synthesis was conducted by tabulating data according to sample population, 5 

measurement site and UE technique. Comprehensive Meta-Analysis software (CMA version 6 

3.0, Biostat Inc., Englewood, New Jersey, USA) was used for quantitative analyses. 7 

Subgroup analyses consisted of ≥3 homologous studies which assessed measurement 8 

reliability. Correlation coefficients (ICC) were transformed to Fisher’s Z scale for analysis 61. 9 

The software accommodates the combination of multiple outcomes (i.e., measurement sites, 10 

probe orientations or operators) which were pooled to calculate a single metric for analysis. 11 

Proportion of variance between studies was interpreted using Higgins’ I2 statistic and 95% 12 

prediction intervals (PI) were calculated to express absolute estimates of heterogeneity for 13 

each subgroup analysis 62. A random effects model was chosen with the assumption ICCs 14 

would vary between studies. Prior to subgroup analyses a univariate meta-regression was 15 

performed to determine the effect of independent factors related to study design (i.e., ICC 16 

model and form) on overall correlation estimates (i.e., dependent factor) 63. 17 

 18 

Results 19 
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Screening 1 

A flow diagram summarizing the screening process and results is provided in Figure 1. 2 

A total of 21 articles involving 326 individuals with neurological conditions and 177 3 

control subjects met the criteria for final inclusion 7,8,20,22,23,25,27,64-77. Excluded articles were 4 

either case studies 20,24 or did not report measurement validity or reliability 38.  5 

 6 

Study characteristics 7 

A summary of study characteristics and outcomes is provided in Table 1 and a list of all 8 

abbreviated terms for tables and figures is provided in the supplementary appendices 9 

(Supplementary Appendix B). Study designs varied in type and complexity. Most were 10 

observational studies of either cross-sectional or longitudinal design 8,23,65-78 with two 11 

measuring reliability as a primary outcome 75,77. Six studies described the use of blinding 12 

procedures 22,25,64,68,76,77. Measures were conducted by a radiologist, physician or physiatrist, 13 

others described as examiner, experimenter or investigator, or were not explicitly stated. 14 

Neurological conditions investigated were stroke, CP, Duchenne muscular dystrophy (DMD) 15 

and Parkinson’s disease (PD). The medial gastrocnemius (MG), biceps brachii (BB) and 16 

tibialis anterior (TA) muscles were the most commonly assessed sites. Measures were 17 

collected during either passive or active muscle conditions with and without being 18 
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concomitantly monitored by electromyography (EMG). One study used a constant-current 1 

stimulator to elicit contractions 71.  2 

 3 

Ultrasound system 4 

A summary of system specifications, settings, software, reported units and value ranges 5 

is provided in Table 2. UE systems varied across studies. All studies reported using linear 6 

array probes with frequencies ranging from 4-15MHz. Elastography methods involved either 7 

a dynamic time-course with an acoustic radiation force application, quasi-static time-course 8 

with a mechanical force application or dynamic with mechanical force. Commonly used 9 

system settings were either standard musculoskeletal presets or shear wave elastography 10 

(SWE) mode. Units were reported as quantitative (SM, SWV) or semi-quantitative 11 

estimates of muscle stiffness (SR or elastographic index/scores with either grey scale or 12 

color histogram pixel intensity values). 13 

 14 

Acquisition procedures 15 

A summary of probe placement, fixation, applied compression, contact interface, 16 

processing software and other image and data acquisition methods are found in Table 2. 17 

For most studies, probe placement during image capture was performed in parallel alignment 18 

with fascicle orientation. Two studies investigated parallel and perpendicular alignments 75,77. 19 
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All studies used linear probes suitable for superficial structures. A transmission or stand-off 1 

gel couplant was used as the contact interface in several studies. The number of trials or 2 

single images captured for each muscle site ranged from 2-15. Selected ROIs ranged from 3 

4.8mm in circular diameter to 30mm2 in size and varied in placement depth, number and 4 

shape.  5 

 6 

Reliability 7 

A summary of reported ICCs and additional reliability information is provided in Table 8 

3. According to the 95% CI of ICC estimations, reported values <0.5, between 0.5-0.75, 9 

between 0.75-0.9 and >0.90, were indicative of either poor, moderate, good, or excellent 10 

reliability, respectively. When considering all ICCs reported for studies, most demonstrated 11 

moderate to good reliability (ICC=0.5-0.9, n=13). However, two studies investigating 12 

reliability in patients with CP reported large variance in confidence intervals (95% CI = 13 

0.33-0.84) 23,64. Another study among patients with stroke demonstrated the substantial 14 

variance in the range of reported ICCs (ICC = 0.00-0.87) 75. Of all the included studies, 15 

this was also the only study to report estimates of measurement error. Ranges for 16 

measurement error varied substantially based on differences in probe placement and 17 

muscles sites examined (SEM = 0.61-24.81) 75. One other study also assessed 18 

measurement reliability using different probe placements among patients with stroke, 19 
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reporting considerably less variance in the range of ICCs (ICC = 0.55-0.85) 77 in 1 

comparison to the former 75. Comparative reliability of active versus passive muscle 2 

conditions could not be determined from the study which investigated these conditions 3 

concomitantly 8. A graphical summary of subgroup analyses is provided in Figure 2. As 4 

the results of the meta-regression showed no significant influence of ICC model and form on 5 

overall correlation (Q=1.85, df=2, p=0.40), population-based subgroup analyses were 6 

conducted. The overall correlation across subgroups was good (n=8, r=0.78, 95% CI=0.64–7 

0.86, p≤0.00) with no significant difference between groups based on population (Q=0.00, 8 

df=1, p=0.97). For studies involving people with CP (n=4, r=0.78, 95% CI=0.58-0.89, 9 

p≤0.00) and with stroke (n=4, r=0.77, 95% CI=0.56-0.89, p≤0.00), the correlation was good. 10 

However, estimates of absolute heterogeneity indicated a wide dispersion in reliability 11 

across studies involving patients with CP (95% PI=0.02-0.97). Proportion of variance 12 

was mostly attributable to sampling error rather than true correlation (31.5%) (I2=31.5, 13 

p=0.22). There was larger observed dispersion in estimates of absolute heterogeneity 14 

across studies involving patients with stroke suggesting greater variance in measures 15 

(95% PI=-0.52-0.99). Proportion of variance in true correlation was also larger (53.5%) 16 

with less attributed to error (46.5%) (I2=53.5, p=0.09). 17 

 18 

Convergent validity 19 
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A summary of convergent validity and study comparators is provided in Table 3. Several 1 

studies reported correlations between muscle stiffness and standardized assessments of 2 

spasticity and functional motor recovery or impairment. In two studies involving subjects 3 

with PD, Unified Parkinson's Disease Rating Scale (UPDRS) scores were positively 4 

correlated with SM values (r=0.65, p≤0.00) 66 and negatively correlated with SR (r=−0.78) 68. 5 

For individuals with stroke, Fugl-Meyer assessment (FMA) scores were correlated with 6 

side-to-side (i.e., paretic and non-paretic) difference in SWV values (r2=0.33, p=0.02) 74 and 7 

values for paretic sides alone (r=−0.58) 69. Paretic side SWV values were positively correlated 8 

with MAS (r=0.66) and TS scores (r=0.54) and negatively correlated with Stroke 9 

Rehabilitation Assessment of Movement (STREAM) scores (r=-0.57) 8,77. For individuals 10 

with CP, several studies reported significant correlations not only between stiffness values 11 

and functional scores 23-25,64 but also gray scale or color histogram pixel intensities 22,25 . 12 

Correlation between stiffness and echo intensity (i.e., grey scale value) was also observed 13 

among people with stroke (r2=0.70, p≤0.00) 74. 14 

 15 

Divergent validity 16 

A summary of discriminant/known-groups validity is found in Table 3. In comparing 17 

people with CP to controls, stiffness was significantly greater for the CP group in several 18 

studies (p≤0.001) 22,64,65,70. SWV values were also significantly higher in more-affected 19 
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limbs (p≤0.024) 73. However, when stratified according to motor function (i.e., GMFCS 1 

Levels I and II), there were no significant differences in SWV between groups 73. In 2 

individuals with PD, stiffness was significantly greater compared to controls (p≤0.05) 3 

66,68, with no difference between markedly and mildly symptomatic limbs (p≤0.05) 66. 4 

Stiffness was significantly greater for people with DMD compared to controls across 5 

almost all muscle sites and conditions (p≤0.005) 71,72,76. For individuals with stroke, 6 

findings varied by condition (i.e., spasticity, joint angle, muscle site, activation) with 7 

significantly greater stiffness in paretic versus non-paretic limbs (p≤0.001) 8,74 and 8 

controls during passive muscle states (p≤0.001) 8. Differences in stiffness were also joint 9 

angle specific 67,69,77,78. 10 

 11 

Responsiveness  12 

A summary of responsiveness is found in Table 3. A total of five studies examined pre- 13 

to post-intervention changes in muscle stiffness 7,22,23,25,27. Most examined changes 14 

following botulinum toxin injections in people with CP 7,22,23,25. These studies reported 15 

significant reductions in stiffness values or scores/indices following treatment (p≤0.05). 16 

One study examined the effect of a robot-assisted stretching and joint mobility program 17 

in individuals with stroke and showed that SR values for the paretic Achilles tendon 18 

increased significantly from pre- to post-training (p=.045) 27. Additionally, two 19 
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longitudinal studies examining the effect of disease progression in people with DMD 1 

showed SM values significantly increased between 0 (pre) and 12 months (post) 2 

(p<0.001) 71,72. 3 

 4 

Quality assessment & level of evidence 5 

A summary of the quality assessment, measurement property result ratings and level of 6 

evidence synthesis is provided in Table 4. Methodological quality ratings for reliability 7 

(Box 6) were adequate for most studies, with one study rated as doubtful due to unclear 8 

description of testing conditions and time intervals between assessments 66. 9 

Measurement error (Box 7) assessed for one study was adequate 75. Criterion validity 10 

(Box 8) and responsiveness (Box 10a) using a criterion approach were not assessed due 11 

to a lack of concurrent comparators. Convergent validity (Box 9a) and discriminant/ 12 

known-groups validity (Box 9b) were very good or adequate for most studies. Two 13 

studies were rated as doubtful for convergent validity due to suboptimal analyses and 14 

inadequate reporting of outcomes 64,76. Three studies were rated doubtful or inadequate 15 

for discriminant/ known-groups validity for inadequate reporting of relevant subgroup 16 

characteristics and suboptimal analyses 67,76,78. Responsiveness using a construct 17 

approach for outcome (Box 10b), between subgroups (Box 10c) or pre-to-post 18 

intervention comparisons (Box 10d) was very good for all studies.  19 
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Several studies stated a priori hypotheses 65,66,68,69,71,73,76,77. When not explicitly stated, 1 

the authors expectations or assumptions were compared to reported outcomes (i.e., 2 

correlations, between-group differences, pre-to-post intervention values) in determining 3 

measurement property result ratings for validity and responsiveness. Results of the best-4 

evidence synthesis suggest there is a moderate level of evidence for negative ratings of 5 

interrater reliability (ICC < 0.70) for stiffness estimates using quantitative UE methods. 6 

For intrarater reliability using quantitative methods, the level of evidence was moderate 7 

for positive ratings (ICC > 0.70). For semi-quantitative methods, the level of evidence for 8 

positive ratings was unknown for interrater reliability and limited for intrarater 9 

reliability due low total sample size (< 50). The level of evidence for an indeterminate 10 

rating of measurement error in one study using a quantitative method was unknown. 11 

For convergent validity (hypothesis testing) of quantitative methods, the level of 12 

evidence for positive ratings (i.e., mostly in accordance with hypotheses) was strong. The 13 

level of evidence for positive ratings was moderate for semi-quantitative methods due to 14 

sample size (< 100). For discriminant/ known-groups validity of quantitative methods, 15 

the level of evidence for positive ratings was strong. Limited level of evidence for 16 

positive ratings of semi-quantitative methods was also due to lower total sample size (< 17 

50). The level of evidence for positive ratings of responsiveness of studies involving 18 
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quantitative methods was limited. For semi-quantitative methods, the level of evidence 1 

for positive ratings was moderate due to higher sample size (> 25).  2 

 3 

Discussion 4 

Reliability 5 

Studies reporting ICCs indicated mostly moderate to good measurement reliability overall. 6 

The methodological quality of most of these studies was also determined to be adequate. 7 

However, the results of the level of evidence synthesis suggest that evidence for 8 

intrarater reliability was stronger than interrater reliability for both quantitative and 9 

semi-quantitative methods. The evidence also ranged from moderate for quantitative 10 

estimates of stiffness, to unknown for semi-quantitative estimates. Furthermore, 11 

estimates of measurement error were not reported in most studies that assessed 12 

measurement reliability. This is an important metric not only for reliability, but for 13 

interpreting clinically meaningful changes in health-related outcomes 79. Subgroup 14 

analyses demonstrated pooled estimates of reliability were good overall with roughly 15 

equivocal correlations for CP and stroke subgroups. However, of the studies investigating 16 

reliability in people with stroke as a primary outcome 75,77, there was a large range in 17 

reported coefficients (ICC range=0.00-0.87). While the dispersion in estimates of 18 

heterogeneity were large for the CP subgroup (95% PI=0.02-0.97), the stroke subgroup 19 
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was comparatively wider (95% PI=-0.52-0.99), suggesting the need for greater precision 1 

in measurement protocols. The variability in estimates may be attributable to differences 2 

in selected muscle sites, muscle activity, operator experience, probe alignment, ultrasound 3 

system and acquisition procedures used and subject age and gender.  4 

 5 

In adult populations without neurological conditions, stiffness measures have been 6 

shown to vary by depth, activity and joint angle. Using a curvilinear probe in deep 7 

penetration mode, Blain et al demonstrated greater reliability for the superficial erector spinae 8 

than deeper multifidus muscles 80. Alfuraih et al also reported better reliability for more 9 

superficial than comparatively deeper muscles 81. Generally, the greater the depth of a given 10 

anatomical structure, the greater the attenuation effect on acoustic pulse transmission and 11 

wave tracking 35, which may affect reliability 81. In isotropic tissues such as the thyroid, signal 12 

strength may diminish at depths between 4-6cm. In anisotropic tissues such as muscle, signal 13 

diminishment may occur at lesser depths 82. It is unknown to what degree signal 14 

attenuation and probe type and measurement depth affect reliability in neurological 15 

populations. Stiffness has also been shown to have a linear relationship with joint torque in 16 

passive and active muscle 42. The use of EMG may be particularly necessary in order to 17 

monitor muscle activation status when assessing patients with spasticity (i.e., stroke). Of the 18 

two studies investigating reliability in individuals with stroke as a primary outcome 75,77, 19 
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only one involved the use of EMG during measures 77. The other where stiffness was 1 

measured at multiple muscle sites and probe orientations demonstrated considerable 2 

variance in estimates of reliability and measurement error 75. Although reliability was 3 

not a primary outcome, the study by Eby et al investigating muscle stiffness and torque 4 

response to passive elbow extension after stroke also incorporated the use of EMG and 5 

reported a comparatively smaller range of ICCs (ICC = 0.75-0.99) 78.   6 

 7 

The influence of age on the reliability of stiffness measures is inconclusive. Only one study 8 

examined age-related differences on muscle stiffness showing that lower limb SM at different 9 

lengths was correlated with age in individuals with DMD (r=0.55-0.74, p≤0.05) but not 10 

among controls (r<0.43) 72. However, these findings do not suggest age has any substantive 11 

impact on reliability. 12 

 13 

The amount of previous training or experience in musculoskeletal ultrasound and 14 

elastography also appears to influence measurement reliability. The range of reported 15 

reliability estimates was greater for studies with poorly defined operator experience (ICC 16 

range=0.00-0.94) than those with clearly defined experience (ICC range=0.65-0.92). Among 17 

these studies, operators were described as radiologists, physicians or physiatrists with 2-17 18 

years of relevant experience.    19 
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 1 

There was also considerable variance among studies using multiple probe orientations. 2 

Mathevon et al demonstrated slightly greater variance for measures in perpendicular (ICC 3 

range=0.00-0.73) compared to parallel probe alignments (ICC range=0.27-0.87) 75. Wu et al 4 

also showed greater intrarater and interrater reliability for parallel (ICC=0.85 and 0.76, 5 

respectively) compared to perpendicular alignments (ICC=0.71 and 0.55, respectively) 77. As 6 

shear waves propagate longitudinally in alignment with muscle fiber direction, aligning the 7 

probe parallel to fibers may enhance measurement accuracy 83. Perpendicular alignments, in 8 

contrast, have shown greater dispersion of shear waves 39,84.  9 

 10 

Other aspects of measurement acquisition may also contribute to variability. ROI varied 11 

across most studies, which has been shown to influence values in regional tissue mapping 12 

studies 85. Lack of contact interface standardization is another source of variability, as 13 

differences in the use of transmission gel have been shown to influence consistency 81. 14 

Discrepancies in reported values between studies (i.e., kPa, m/s, etc.) is also problematic, 15 

as these values are related but separate phenomena 86. Tissue stiffness estimations are 16 

predicated upon static deformation models of elastic materials and described as stress 17 

(i.e., the force per unit in a given area) divided by strain (i.e., the expansion per unit of 18 

length), which is the equivalent of an elastic modulus value 36. It is important to note that 19 
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most UE systems operate under an assumption of material linearity wherein tissues are 1 

homogenous or structurally similar, isotropic (i.e., identical property values in all 2 

directions), and are non-viscous (i.e., identical fluid consistency) 35. Examples which fit 3 

these assumptions in an absolute sense would be materials such as metal or glass. 4 

However, muscle tissues are heterogeneous, anisotropic and viscoelastic given the 5 

variation in their structural composition and fluid consistency 33. For SWE systems, 6 

SWV is likely to be the most appropriate unit for interpretability across studies as this a 7 

measure of shear wave dispersion 33. While the SM (i.e., stiffness estimation under the 8 

assumption of an absolute elasticity model) may be appropriate for isotropic tissues like 9 

the liver 87, muscle tissues are largely anisotropic due to fascicle order and orientation 88.  10 

  11 

Intersystem differences may also contribute to variance across studies. UE systems use 12 

their own unique algorithms for capturing images and calculating stiffness values and 13 

can be generally categorized by either quasi-static or dynamic means of excitation 35,89. 14 

Dynamic methods are complex involving a varying time-course force application in the 15 

form of vibration or an acoustic force pulse with a specific frequency (50 to 500 Hz) and 16 

often use ultrafast imaging of induced displacements or deformations 30,90. These 17 

deformation forces are sent through tissues as either compression waves with high 18 

propagation speeds (approx. 1500 m/s) or shear waves with low propagation speeds 19 
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(approx. 1—50 m/s) 91. Tissue displacements and wave velocities are then tracked and 1 

tissue stiffness estimations are generated based on tissue motion, frequency shifts or 2 

velocity changes 92. While static and dynamic methods are similar in that both use an 3 

external stress and follow changes in strain, the stress applied in dynamic methods is 4 

definable and less operator-dependent, thus holding to the proportionality of Hooke’s 5 

Law in the estimation of Young’s modulus and providing a more quantitative measure 6 

91,93. Static methods provide semi-quantitative strain ratio based estimations through 7 

manual application of multi-compression cycles. However, long acquisition times and 8 

difficulties in producing artifact-free compression cycles are inherent technical 9 

challenges 84,93. In studies exploring intersystem comparisons using dynamic and static 10 

methods in tissue mimicking phantoms or muscle in vivo, dynamic methods have 11 

demonstrated slightly greater measurement reliability 43,44,94,95. In this review, fewer 12 

studies used systems requiring mechanical force application (i.e., tissue compression). 13 

Although these systems are associated with greater operator-dependent error, Wu et al and 14 

Mathevon et al reported the largest variance in reliability using SWE systems (ICC 15 

range=0.55-0.85 and 0.00-0.87, respectively) 75,77. Moreover, Gao et al reported good 16 

interrater (ICC=0.84) and intrarater reliability (ICC=0.88) using a strain system 68. Good 17 

intrarater reliability was also reported by Park et al (ICC=0.85, 0.87) and Kwon et al 18 

(ICC=0.81, 0.88) using sonoelastography systems 25,70. Furthermore, the operators in both 19 
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these studies were described as physiatrists with 16 to 17 years of experience in using 1 

musculoskeletal ultrasound 25,70. In comparison, Wu et al described the operator as a 2 

physiatrist with 2 years of experience in musculoskeletal ultrasound 77. The operator in 3 

the Mathevon et al study was described as an investigator with no mention of additional 4 

experience or training outside of the measures collected for the study 75. Although the 5 

risk of committing operator-related errors may be reduced with dynamic systems, it is 6 

reasonable to assume that acceptable levels of measurement reliability can be achieved 7 

with relevant training and experience in the use of other systems. 8 

 9 

Taken together, the current evidence suggests UE has moderate reliability when used among 10 

neurological populations. Care should be taken to ensure measurement acquisition protocols 11 

are standardized. Reliability appears to be more difficult to achieve with multiple 12 

operators than in instances with a single operator. The use of EMG rather than visual 13 

confirmation of muscle activity status may also be an important consideration in assessing 14 

patients with characteristic spasticity or hypertonia. 15 

 16 

Validity 17 

As expected, convergent validity was observed in studies with strong correlations between 18 

stiffness and reduced functional motor recovery or increased impairment and spasticity. 19 
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Additionally, strong correlations between stiffness and grey scale or color histogram pixel 1 

intensities were also observed. Higher echo intensity in musculoskeletal ultrasound is 2 

generally indicative of greater organizational density of collagen rather than the presence of 3 

fluid within tissues 96. For subjects with neurological conditions, this may represent changes 4 

in composition, fiber type distribution and intrinsic mechanical properties resulting from 5 

alterations in muscle tissue innervation 5,97. Tissue composition alterations were also evident 6 

in one study involving people with DMD which showed fatty replacement and patchy edema 7 

on muscle MRI scans in addition to increased SM values 76. However, there was no 8 

significant correlation between these parameters, perhaps due to the small cohort size. The 9 

SWE method used was also not found to have any clear diagnostic advantage or greater 10 

sensitivity in detecting early changes to muscle in comparison to MRI 76.  11 

 12 

Discriminant or known-groups validity was observed in more than half of included studies 13 

suggesting that UE may be useful in monitoring muscle pathology over time. The high degree 14 

of responsiveness observed across intervention studies also suggests that UE may be useful in 15 

evaluating response to treatment. However, there is no gold standard method for assessing 16 

muscle stiffness. While concurrent methods (i.e., echo intensity, spasticity and motor function 17 

scales) showed strong correlations with stiffness, they are separate constructs. Other methods 18 

such as myotonometry and portable hardness meters may be useful comparators and have 19 
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been used to examine stiffness after stroke 98 and in patients with PD 99. Few studies have 1 

examined the validity of using myotonometry and UE concurrently 100. 2 

 3 

Limitations of the studies reviewed 4 

Many studies did not clearly define operator experience which may influence measurement 5 

consistency. Of the included studies reporting estimates of reliability, most did not 6 

provide estimates for measurement error. Another limitation was the lack of concurrent 7 

comparators necessary for establishing criterion validity. Future research endeavors should 8 

explore the concomitant use of existing technologies (i.e., magnetic resonance elastography, 9 

myotonometry) in elucidating the validity of UE among neurological populations. 10 

Additionally, the concomitant use of EMG may be important not only for reliability, as 11 

previous described, but also measurement validity. Although there were strong 12 

correlations between clinical assessments of spasticity (i.e., FMA, MAS) and muscle 13 

stiffness measures 8,69,74,77, these assessments are limited in their ability to distinguish 14 

between active reflex or neurogenic components of stiffness and passive non-reflex 15 

mediated components 101. It is also unknown whether degenerative within-subject 16 

factors such as bilateral differences in motor-unit threshold and denervation of affected 17 

limbs 102 also contribute to muscle stiffness. When paired with UE, electrophysiological 18 

evaluation may be of value in this regard. 19 
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 1 

Limitations of this systematic review 2 

As overall estimates of reliability were similar for CP and stroke subgroups, differences 3 

in measurement protocols may have contributed substantially to the observed 4 

heterogeneity between subgroups. These methodological differences negatively influence 5 

the interpretability of the review findings. Although the number of studies involving 6 

persons with stroke and CP was sufficient for conducting subgroup analyses, the number of 7 

studies assessing reliability among other neurological populations (i.e., PD, DMD) were 8 

limited. To the knowledge of the authors, there is currently no research examining the use of 9 

UE in other neurological populations (i.e., SCI) not described in this review. This will require 10 

future investigation. There was also a paucity of studies examining UE responsiveness 11 

following non-invasive treatments for individuals with neurological conditions. This may 12 

be an important, yet unaddressed, aspect of the technology which translates to routine 13 

clinical application. Studies which assess pre- to -post changes in muscle stiffness 14 

following common non-invasive therapeutic modalities are needed moving forward.    15 

 16 

Conclusion  17 

Overall, UE demonstrates moderate reliability evaluating in-vivo muscle stiffness across 18 

a range of neurological populations. This method also demonstrates strong convergent 19 
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validity with relevant clinical assessments, and strong divergent validity in 1 

discriminating tissue changes within and between groups. However, further investigation 2 

regarding UE systems, image acquisition procedures and the use of concurrent assessments 3 

may be warranted to standardize measurement protocols and potentially enhance reliability 4 

and validity.  5 
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Figure legends  15 

 16 

Figure 1. Flow diagram 17 

Flow diagram illustrating article screening and selection in accordance with PRISMA 18 

guidelines 52. A total of 21 articles were included in the final review. 19 

 20 

Figure 2. Forest plot 21 

Graphical summary of subgroup analyses for studies involving patients with CP or 22 

stroke. Correlation coefficients were transformed to Fisher’s Z scale for analysis. 23 

Overall correlation across subgroups was r=0.78 (95% CI=0.64–0.86, p≤0.00).  24 

 25 



Table 1. Study characteristics 1 
  2 

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 - 

14 subjects w/ chronic stroke  
stroke duration: 10.6 (7.3)y, range: 4.3-

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 

Assessor: Described as an experimenter  
Blinding: Not explicitly stated  
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(USA) 29.3y  
FMA: 19.1 (6.1), range: 8-28 
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  

experimenter in 6 positions: neutral 90°, 15° PF, max DF, max PF, and 2 
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  
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Park 2012 – Pre-
post intervention - 
(South Korea) 

17 children w/ CP  
diplegia = 12, hemiplegia = 5  
m/f = 10/7 
age: 57 (22)mo, range: 26-110mo  
weight: 12.5kg, range: 11-15kg 

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  
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. System specifications and acquisition procedures 1 
 2 

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 

 1 
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Table 3. Reliability and validity summary 1 
 2 

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 

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 

N/A Joint torque, ankle angle, 
fascicle strain, and estimates 
of  clinical measures (FMA, 
passive/ active ROM), joint 
stiffness, muscle 
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joint torque GM=.626, TA=−.475, p<.001), (SWV vs fascicle 
strain: MG=.665, TA=.397, p<.001). FMA score was correlated 
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° 

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-
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 

architecture (thickness, 
fascicle length, pennation 
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)  

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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Software Usage: Each value was 
accompanied by a “quality factor” 
indicating SWV reliability 

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 4. Quality assessment and level of evidence synthesis  1 

UE Method Outcome Measure(s) Study 
Sample Size 

(Patients/Controls) 
Quality Rating (COSMIN)53 Results Rating60 Level of Evidence58 

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) 1 
a2COSMIN Box 9b - Comparison between subgroups (Discriminative or known-groups validity) 2 
bCOSMIN Box 10b - Responsiveness (Construct approach - comparisons with other outcome measures)  3 
cCOSMIN Box 10c - Responsiveness (Construct approach - comparisons between subgroups)  4 
dCOSMIN Box 10d - Responsiveness (Construct approach - pre-to-post intervention)  5 
Results Rating: (+) = Positive, (?) = Indeterminate, (-) = Negative 6 




