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Abstract

Ultrasound imaging has been used to evaluate various shoulder pathologies, whereas, 

quantification of the rotator cuff muscle stiffness using shear wave elastography (SWE) has not 

been verified. The purpose of this study was to investigate the reliability and feasibility of SWE 

measurements for the quantification of supraspinatus (SSP) muscle elasticity. Thirty cadaveric 

shoulders (18 intact and 12 with torn rotator cuff) were used. Intra- and inter-observer reliability 

was evaluated on an established SWE technique for measuring the SSP muscle elasticity. To 

assess the effect of overlying soft tissues above the SSP muscle, SWE values were measured with 

the transducer placed on the skin, on the subcutaneous fat after removing the skin, on the trapezius 

muscle after removing the subcutaneous fat, and directly on the SSP muscle. In addition, SWE 

measurements on 4 shoulder positions (0°, 30°, 60°, and 90° abduction) were compared in those 

with/without rotator cuff tears. Intra- and inter-observer reliability of SWE measurements were 

excellent for all regions in SSP muscle. Also, removing the overlying soft tissue showed no 

significant difference on SWE values measured in the SSP muscle. The SSP muscle with 0° 

abduction showed large SWE values, whereas, shoulders with large-massive tear showed smaller 

variation throughout the adduction-abduction positions. SWE is a reliable and feasible tool for 

quantitatively assessing the SSP muscle elasticity. This study also presented SWE measurements 

on the SSP muscle under various shoulder abduction positions which might help characterize 

patterns in accordance to the size of rotator cuff tears.
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INTRODUCTION

Rotator cuff tendon tear is a common cause of shoulder pain and dysfunction, especially in 

the middle-aged and elder population (Minagawa et al., 2013, Yamamoto et al., 2010). 

Symptomatic patients who have failed conservative management are required to undergo 

surgical treatment to restore the cuff function and/or to reduce their pain. Among various 

surgical options available, open or arthroscopic rotator cuff repair is favorably performed for 

small to large size tears (Buess et al., 2005, Galatz et al., 2004, Harryman et al., 1991). 

Although advanced repair techniques and devices have been proposed, relatively high 

prevalence of re-tear after surgery is still remaining (Bartl et al., 2012, Khazzam et al., 2012, 

Miller et al., 2011, Zumstein et al., 2008). Among multiple factors leading to re-tear, 

stiffness of the cuff muscles has been a recent focus for failure. As a stiffer rotator cuff 

muscle requires larger tensile forces to be repaired, consequently, excessive stresses could 

cause the re-tear (Itoigawa et al., 2015, Liu et al., 2011, Safran et al., 2005, Steinbacher et 

al., 2010).

Ultrasound B-mode imaging and MRI are currently applicable tools for preoperative 

planning and postoperative monitoring of the rotator cuff repair (Codsi et al., 2014, Lenza et 

al., 2013, Roy et al., 2015). These are mainly used to assess the tear (re-tear) size, gross 

structures and the presence of fatty degeneration in the rotator cuff muscles (Jain et al., 

2015, Lenza et al., 2013); whereas, altered material properties of the muscle or tendon 

cannot be assessed adequately.

Several elastography techniques have been recently investigated to quantitatively assess 

material properties of muscles and other soft tissues. Magnetic resonance elastography 

(MRE) has shown the capability to measure passive stiffness of thigh muscles (Debernard et 

al., 2011). However, the cost and accessibility of MRE may not only interfere with its 

clinical application (Brandenburg et al., 2015), but the time required for a single 

measurement might prevent its implementation for therapies or evaluations in which 

multiple measurements at different joint positions are necessary. Similarly, ultrasound 

elastographic techniques have also been investigated to quantify the material properties of 

muscles. Of these, freehand sonoelastography has been shown to quantify the strain in 

tissues by measuring displacement under external mechanical compression (Niitsu et al., 

2011). Using this technique, previous studies have assessed the material properties of 

shoulder muscles (Ishikawa et al., 2015, Muraki et al., 2015). Although studies have shown 

good feasibility and reliability of the technique, freehand compression with a consistent load 

still remains a technical challenge, with amplitude and/or velocity of loading compression 

yet to be established (Cantisani et al., 2015). Furthermore, adjacent bony structures to 

shoulder muscles, including the acromion, scapular spine, and clavicle have been shown to 

interfere with a uniform compression of the soft tissue (Hatta et al., 2014).
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In contrast, shear wave elastography (SWE), an ultrasound technique, has been a recent 

focus for measuring muscle elastic modulus (Garra, 2007, Liu et al., 2011). In principle, 

uniform push beams are sent into the tissue, and shear waves within the muscle are 

generated and detected using the same ultrasound probe. The technique is fast, convenient 

and applicable to a variety of clinical scenarios in which other approaches would potentially 

be inadequate. To date, it has been used successfully for breast cancers diagnosis 

(Athanasiou et al., 2010, Park et al., 2014) and liver fibrosis staging (Ferraioli et al., 2014, 

Yoon et al., 2014). In addition, quantitative assessments of material properties of muscles 

have also been investigated by in vivo and in vitro studies (Akagi and Kusama, 2015, Hirata 

et al., 2015, Hug et al., 2013, Miyamoto et al., 2015, Itoigawa et al., 2015, Koo et al., 2014, 

Akagi et al., 2012). Assessment of the feasibility of supraspinatus (SSP) muscle stiffness 

with a potential for rotator cuff tear management has been attempted on intact cadaveric 

shoulders (Itoigawa et al., 2015). However, reliability or validity of the measurements has 

been less defined in the literature. In addition, the effect of overlying soft tissues, including 

the skin, subcutaneous fat, and trapezius muscle, on SWE measurements of deeper tissues 

has not been investigated. Since the acoustic push pulse from the ultrasound transducer 

propagates through multiple layers of soft tissues with different material properties before 

reaching the SSP muscles, it might be possible that the presence of overlying soft tissues 

affect the SWE values. Therefore, the effect of overlying soft tissues on SWE values of the 

SSP needs to be evaluated so that reliable measurements of muscle properties can be 

obtained and SWE can potentially be applied clinically for rotator cuff management and 

treatment. Moreover, we hypothesized that arm elevation would have an effect in the 

measured SWE values of the SSP muscle. These outcomes would be useful in the clinic for 

determining SWE patterns in the assessment of muscular properties related to varying 

shoulder positions. In particular, material properties in the SSP muscle with various 

conditions of rotator cuff (intact or small to massive tear) have been less documented. Thus, 

we also studied if muscles with rotator cuff tears presented any differences in SWE 

measurements, potentially providing a new tool for diagnosis of these pathologies. In 

summary, the purposes of the study were threefold: 1) to assess the intra- and inter-observer 

reliability of SWE measurements, 2) to investigate the effect of soft tissues overlying the 

SSP muscle, and 3) to determine the variability of SWE values based on the various 

shoulder abduction angles using cadaveric shoulders with and without rotator cuff tears.

MATERIAL AND METHODS

Specimen Preparation

Thirty fresh-frozen cadaveric shoulders obtained from 30 subjects were used for this study 

after internal approval from the bio-specimens committee at Mayo Clinic. Before the 

experiment, the scapula was disarticulated from the thorax, and the humerus was cut at the 

level of the midshaft. The scapula and a fiberglass rod inserted into the humeral medullary 

canal were both secured in a custom-designed experimental device made of fiberglass and 

Plexiglas (Altuglas International, Arkema Ltd., Philadelphia, PA; Fig. 1). Based on the 

International Society of Biomechanics (ISB) recommendation and relevant studies, the 

scapula was secured at 0° of upward/downward rotation considered as a neutral position 

(Schwartz et al., 2014, Wu et al., 2005). The device, designed to provide 6 degrees-of-
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freedom motion of the glenohumeral joint in consistent motion paths, was used to abduct the 

humerus parallel to the scapular plane.

Experimental Procedure

A commercial ultrasound system (Aixplorer; Supersonic Imagine, Ltd, Aix-en-provence, 

France) and a linear array transducer (2-10 MHz; Supersonic Imagine, Ltd) were used to 

perform the ultrasound examinations. Images for the SWE measurements were obtained 

based on an established methodology (Itoigawa et al., 2015). Briefly, four muscular regions 

were divided according to the muscle fiber orientation (anterior deep [AD], anterior 

superficial [AS], posterior deep [PD], and posterior superficial [PS]), and SWE 

measurements for each region were assessed independently on the plane parallel to the 

muscle fibers (Fig. 2). A built-in-software was used to obtain the elastic modulus (kPa) for 

each region. In order to consider any technical variation arising from probe positioning or 

probe pressure, SWE values were measured repeatedly 9 times as previously described 

(Hatta et al., 2014). Briefly, the ultrasound probe was positioned on the muscle of interest, 

data was acquired, and the probe was then lifted from the muscle before an additional 

measurement was performed. This process was repeated 9 times. The mean SWE values 

were calculated for all regions from these images to obtain the elastic modulus of the muscle 

region. Coefficients of variation (CV) were also calculated to assess SWE repeatability.

Overlying Soft Tissue Assessment

Before addressing the effect of soft tissues overlying the SSP muscle, 12 cadavers were used 

to assess intra- and inter-observer reliability. Using the fixture device, cadavers were placed 

with the shoulder positions of 0° abduction and 0° rotation. Three investigators (T.H., K.U., 

and S.O.) measured SWE values independently. One investigator (T.H.) repeated the 

measurements twice at 1 hour interval to assess intra-observer reproducibility. Subsequently, 

these 12 cadavers were used to test the effect of soft tissue on SWE values. First, the skin 

was removed and SWE for the SSP muscle was examined by a trans-subcutaneous fat 

approach. Next, after removing the subcutaneous fat tissue overlying the trapezius muscle, 

SWE was examined by a trans-trapezius muscle approach. Finally, the SSP muscle was 

exposed by stripping off the overlying trapezius muscle. After placing the transducer on top 

of the SSP muscle via adequate ultrasound coupling gel, SWE values were obtained by a 

direct approach.

Abduction Angle Assessment

Thirty cadaveric shoulders were used to measure SWE values of the supraspinatus muscle 

subjected to various passive muscular stiffness based on the shoulder abduction/adduction. 

Specimens were placed with the arm at 0°, 30°, 60°, and 90° abduction. The arm was kept 

with 0° rotation during all measurements. SWE values were measured, 9 times as previously 

described, for each shoulder position. Furthermore, SWE values between intact and cuff tear 

specimens were compared to address the effect of cuff conditions on elasticity 

measurements (SWE values). For this analysis, cuff tear specimens were divided into two 

sub-groups; small-medium tear and large-massive tear group, and compared to the intact 

shoulders.
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Rotator Cuff Tear Assessment

The size of the tears in those with rotator cuff tear was measured macroscopically after all 

overlying tissues were removed with a digital caliper, and then classified according to the 

classification by Post et al (Post et al., 1983). In brief, measured in its longest diameter, each 

tear was defined as a small (less than 1 cm), medium (less than 3 cm), large (less than 5 cm), 

or massive tear (more than 5 cm).

Statistical Analyses

Intra- and inter-observer reliability was examined using intraclass correlation coefficient 

(ICC; ICC(1,1) and ICC(2,1), respectively). Continuous variables of SWE data were tested 

for normality and equal variance before following statistical analyses. Because the data did 

not present a normal distribution, non-parametric tests were performed. Friedman with 

Dunn’s post hoc tests was used to evaluate the difference in SWE values for the overlaying 

soft tissues approach (percutaneous, trans-subcutaneous fat, trans-trapezius muscle, and 

direct approach), and abduction angles (0°, 30°, 60°, and 90° abduction). SWE values for 

different cuff conditions (intact, small-medium, and large-massive) were compared using 

Kruskal-Wallis with Dunn’s post hoc tests. Statistical analyses were performed using the 

software SPSS (version 18.0, SPSS, Chicago, IL) and GraphPad Prism (version 6.0, 

GraphPad Prism, San Diego, CA). The level of significance was set at a P value of 0.05.

RESULTS

Of the 30 total shoulders, 18 shoulders (mean age, 76 years [50-92 years]; 5 males and 13 

females) had an intact rotator cuff (no tears), and 12 shoulders (mean age, 82 years [72-90 

years]; 4 males and 8 females) had a rotator cuff tear. There were 5 shoulders with small 

tear, 2 shoulders with medium tear, 4 shoulders with large tear, and 1 shoulder with massive 

tear.

The elastic moduli of the SSP muscle were successfully obtained for all conditions and 

experimental approaches. Mean (standard deviation) of coefficients of variation (CV) of 

elastic modulus among overall measurements was 4.93 (3.05) %, indicating good 

repeatability among 9 SWE images. Intra-observer reproducibility and the inter-observer 

reliability was satisfactory for all regions of the SSP muscle (ICC(1,1) of 0.945 – 0.970, 

ICC(2,1) of 0.882 – 0.948, respectively) (Table 1). SWE values of the SSP muscle showed 

no significant difference with the sequential removal of the overlying soft tissues (P = .475 

to .593; Fig. 3).

SWE values in the intact and small-medium groups were higher in all four regions (AD, AS, 

PD and PS) with the arm at 0° abduction compared to other angles (Table 2). In the intact 

shoulder group (N = 18), SWE values decreased with increased shoulder abduction, with 

significant differences in 0°-30° at AS (P = .012), 30°-60° at AD (P = .002) and PS (P = .

027), and at all four regions for 0°-60° (P < .001), 0°-90° (P < .001) and 30°-90° (P < .001 

to = .018). The small-medium tear groups (N = 7) showed a similar trend. SWE values were 

significantly decreased in abducted shoulders when comparing 0°-60° at AD and AS (P = .

043), 30°-90° at AS, PD and PS (P = .011), and 0°-90° at all 4 regions (P < .001 to = .003). 
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On the other hand, the large-massive tear group (N = 5) showed no significant differences of 

the SWE values throughout the adduction-abduction.

There were no significant differences among the groups for rotator cuff conditions (intact, 

small-medium, and large-massive tear groups) throughout adducted-abducted positions. 

However, with the arm in abduction, the mean SWE values showed a higher trend in the 

large-massive tear group compared to those in the intact and small-medium tear shoulder 

groups (P = .090 to .196 at 60°, and P = .083 to .156 at 90° abduction; Fig. 4).

DISCUSSION

The reliability and validity of elastographic measurements have been investigated in several 

studies (Park et al., 2014, Yoon et al., 2014). Regarding the muscular tissues, in particular, 

the crural and the brachial muscles have been shown to have good measurement reliably 

with satisfactory ICCs (Brandenburg et al., 2015, Koo et al., 2013, Koo et al., 2014, 

Taniguchi et al., 2015). These muscles are known to have relatively consistent muscle fiber 

orientation. Therefore, SWE measurements might provide reliable material property 

measurements by aligning the transducer imaging plane with the muscle fiber orientation 

(Miyamoto et al., 2015, Eby et al., 2015, Taniguchi et al., 2015). On the other hand, the SSP 

muscle has more complicated fiber architectures (Itoigawa et al., 2015, Kim et al., 2010). 

Previous investigators have examined the segmented assessment for SSP muscle properties 

divided into several regions based on the muscle fiber orientation. In particular, Itoigawa et 

al (Itoigawa et al., 2015) proposed a quadrisection of the muscle for SWE assessment. 

Accordingly, our study analyzed these 4 regions and showed satisfactory values of ICCs for 

each region supporting this methodology as a reliable approach for SSP muscles.

A previous study by Hatta et al (Hatta et al., 2014) reported a minimal effect of overlying 

tissues using other elastographic technique (freehand sonoelastography). To our knowledge, 

this is the first study to assess the effect of overlying soft tissues of the SWE technique. In 

the clinical setting, the extent of soft tissues on top of the SSP muscle may vary among 

subjects, such as the thickness of subcutaneous fat tissue and/or trapezius muscle. This study 

demonstrated that the presence of these soft tissues did not affect the SWE values. Although 

our results were obtained from cadaveric specimens, these findings indicate that elasticity 

measurements could be obtained without a significant influence of such overlying soft 

tissues.

This study also described the effect of the estimated elastic modulus of the SSP muscle via 

SWE based on shoulder abduction angles. Most of the shoulders demonstrated high SWE 

values with the arm in adducted position. Especially in intact shoulders, SWE values 

gradually decreased with increased shoulder abduction. These results indicate an increased 

passive stiffness due to the elongated SSP muscles. It is notable that shoulders with small to 

middle size tear also presented similar patterns with shoulder abduction, although with 

limited significances compared to intact shoulders. On the other hand, shoulders with large 

to massive rotator cuff tears showed almost no change in SWE values with respect to the 

abduction angles. Consequently, although not significant, the SSP muscle in large-massive 

rotator cuff tears showed higher SWE values with abducted shoulders in comparison with 
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those without tears. This characteristic pattern in larger tears might be caused by the 

relaxation of the muscle and the absence of passive tension during abduction (Akagi et al., 

2012, Dresner et al., 2001). As the tension of the SSP muscle with large or massive tear is 

independent of the humeral positions because of a discontinuity with the humerus, 

chronically the muscle might become a stiffer structure due to a loss of the stretched 

conditions.

The strength of the ultrasound technique in the clinical setting is the dynamic visualization 

of the shoulder with various arm positions. A combination of ultrasound techniques, such as 

B-mode and SWE, may provide dynamic assessment of rotator cuff tears detecting not only 

anatomical pathologies but also biomechanical degradation. The results presented in this 

study show representative data of SWE values and patterns under adduction-abduction in 

shoulders with various sizes of cuff tear as well as standard patterns in intact shoulders.

There are several limitations in this study. First, the SWE data for the SSP muscle were 

obtained from cadaveric shoulders. This study addressed the reliability and validity of SWE 

values evaluating passive SSP muscle elasticity on cadaveric specimens. In addition, 

cadaveric assessment on the effect of overlying soft tissues showed these to have a minimal 

effect on SWE values of the SSP. It is important to note that fresh-frozen cadaveric muscles 

have shown altered mechanical properties in response to mechanical loadings (Gottsauner-

Wolf et al., 1995, Van Ee et al., 2000). Therefore, further studies using in vivo subjects 

should be carried out to complement these cadaveric findings, especially in comparing SWE 

outcomes between intact and torn rotator cuff tendons as well as muscle measurements over 

time. Furthermore, even in in vivo passive assessment, there might be low-level muscular 

activation, which could potentially result in altered SWE values compared to the results 

obtained in this study. Further assessment of the SSP muscle with both actively and 

passively abducted shoulders could also address the effect of such muscular activities on the 

variance of the SWE values. Second, we divided 30 shoulders into three groups based on 

cuff conditions (intact, small-middle, and large-massive). Although a specific SWE pattern 

during shoulder abduction was observed among all groups, a difference in group sample 

number, especially in the cuff tear groups, might have affected our final outcome. Both tear 

groups presented fewer shoulders compared to the intact group due to the difficulty in 

obtaining pathological shoulders. Further studies including more specimens with various 

sizes of tear would define SWE patterns related to an increased tear size.

CONCLUSION

We investigated the reliability and feasibility of shear wave elastography (SWE) for 

quantitatively assessing supraspinatus (SSP) muscle elasticity using cadaveric shoulders. 

Our results suggested that this technique may be reliably used without significant influences 

by the overlying soft tissues. Furthermore, this study showed SWE measurements on the 

SSP muscle under various shoulder abduction positions. Although this was a cadaveric 

study, the SWE patterns obtained under different shoulder positions provided valuable 

insight into its possible application for characterizing patterns based on the size of rotator 

cuff tears under shoulder abduction-adduction positions. Future studies should investigate 

SWE patterns in patients with rotator cuff tears and various shoulder positions.
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Fig. 1. 
A custom-made fixture device was used to secure the scapula and a fiber glass rod inserted 

into the humeral medullary canal to position the humerus. Black arrow indicates the 

placement of the ultrasound transducer corresponding to the belly of the SSP muscle.
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Fig. 2. 
Quadrisected regions of the supraspinatus (SSP) muscle for shear wave elastography (SWE). 

The SSP muscles were divided into 4 regions: anterior deep (AD), anterior superficial (AS), 

posterior deep (PD), and posterior superficial (PS) based on the muscular fiber orientation. 

The SWE measurements were performed for each region.
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Fig. 3. 
The SWE values for the SSP muscles obtained with the 4 measurement approaches: 

percutaneous approach, trans-subcutaneous fat tissue approach, trans-trapezius muscle 

approach, and direct SSP approach. N.S.; not significant.
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Fig. 4. 
The alteration of the SWE values in association with shoulder abduction.
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Table 1

Reliability of the shear wave elastography (SWE)

Intra-observer Inter-observer

AD 0.948 [0.838 - 0.985] 0.928 [0.825 - 0.976]

AS 0.970 [0.902 - 0.991] 0.882 [0.729 - 0.961]

PD 0.959 [0.870 - 0.988] 0.928 [0.827 - 0.977]

PS 0.945 [0.828 - 0.984] 0.948 [0.871 - 0.983]

Values represent intraclass correlation coefficient (ICC) [95% confidence interval].

ICC(1,1) and ICC(2,1) were used for intra- and inter-observer reliability.
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Table 2

SWE values (mean ± SD) associated with shoulder abduction

0° 30° 60° 90° P values

0°-30° 0°- 60° 0°- 90° 30°- 60° 30°- 90°

Intact (N = 18)

  AD 50.5 ± 15.8 44.2 ± 14.1 36.9 ± 12.3 35.4 ± 11.4 < .001 < .001 .002 .003

  AS 53.6 ± 12.7 45.4 ± 14.0 40.3 ± 12.6 38.3 ± 12.3 .012 < .001 < .001 .012

  PD 47.1 ± 15.8 44.2 ± 17.7 38.6 ± 14.1 35.4 ± 12.3 < .001 < .001 .018

  PS 48.9 ± 14.4 44.7 ± 13.5 40.5 ± 13.7 35.9 ± 10.7 < .001 < .001 .027 < .001

Small-medium Tear (N = 7)

  AD 63.9 ± 6.5 50.6 ± 9.3 44.2 ± 7.9 40.8 ± 8.5 .043 .003

  AS 64.3 ± 13.2 53.8 ± 13.6 47.0 ± 10.9 44.4 ± 9.1 .043 < .001 .011

  PD 55.4 ± 13.4 50.3 ± 13.9 46.3 ± 12.5 40.6 ± 8.4 < .001 .011

  PS 60.2 ± 15.8 54.3 ± 14.5 49.9 ± 15.1 41.9 ± 12.8 < .001 .011

Large-massive Tear (N = 5)

  AD 53.1 ± 15.9 53.0 ± 18.0 50.0 ± 16.2 46.1 ± 18.7

  AS 59.9 ± 18.1 59.5 ± 22.3 58.5 ± 21.5 53.8 ± 20.6

  PD 55.3 ± 12.9 56.6 ± 17.7 52.8 ± 17.5 50.2 ± 15.4

  PS 59.8 ± 15.6 56.4 ± 13.8 55.8 ± 14.0 49.2 ± 12.5

Comparison among shoulder abductions was analyzed using Friedman test.
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