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Abstract Diagnostic ultrasound techniques used in the

evaluation of the musculoskeletal system are rapidly

evolving. Conventional B-mode and Doppler ultrasound

imaging methods are workhorses in the diagnosis and

treatment decision making for traumatic and pathologic

conditions of joints, tendons, muscles, ligaments, and pe-

ripheral nerves. Recently developed sonoelastography

techniques enable the qualitative and quantitative evaluation

of the material properties of musculoskeletal tissues. The

recent availability of sonoelastography on clinical machines

will facilitate its progressive utilization in routine clinical

practice. Exciting new developments in ultrasound imaging

enable real-time fusionwith importedmagnetic resonance or

computed tomography images, facilitating ultrasound-

guided interventional procedures and teaching of ultrasound

anatomy to trainees. In this review article, the authors discuss

new advances in sonoelastography of the lower extremity

with emphasis on shear wave imaging and briefly the ex-

citing features of ultrasound fusion imaging with computed

tomography and magnetic resonance imaging.
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Introduction

During the past two decades, ultrasound (US) is being in-

creasingly used in the diagnosis of various musculoskeletal

injuries and diseases of the lower extremities with results

comparable to magnetic resonance (MR) imaging [1]. US

has been routinely used in the diagnosis and follow-up of

developmental dysplasia of the infant hip for three decades

[2]. This imaging modality is frequently used to guide

aspiration of the joint effusions and soft tissue fluid col-

lections, as well as perform therapeutic injections, and soft

tissue biopsies of the musculoskeletal system including the
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lower extremity [3]. US is also used to guide therapeutic

tendon fenestration with and without platelet-rich plasma

or autologous blood injection [4–6]. Dynamic real-time

imaging is frequently used to diagnose extra-articular

snapping hip including the external causes (e.g., snapping

iliotibial band or gluteus maximus) and the internal causes

(e.g., snapping iliopsoas tendon) [7, 8]. US is gaining

popularity in evaluation of the pseudotumors associated

with metal-on-metal hip arthroplasty [9, 10]. Color and

power Doppler imaging adds valuable information related

to vascularity of the examined tissue [11].

However, it may be difficult to distinguish pathological

from healthy tissue during a conventional US exam be-

cause they often display similar echogenicities. In recent

years, sonoelastography (SEL) was introduced as a new

technique to help in the evaluation of soft tissue elasticity

in addition to information obtained by conventional US. In

particular in the musculoskeletal system, SEL may be

useful in depicting soft tissue edema, early tendinopathy, or

small partial-thickness tears that may be isoechoic to sur-

rounding healthy tissues on conventional US. There are

three main types of SEL including compression SEL

(Fig. 1), transient elastography (TE), and shear wave

elastography (SWE) (Figs. 2, 3, 4, 5, 6, 7), each with ad-

vantages and disadvantages [12, 13].

Basic Technical Principals of Sonoelastography

Static Elastography

Static SEL enables visualization of tissue displacement and

strain in real-time in response to an applied or internal

force (stress) [14]. Strain is defined as a change in size or

shape and can be expressed mathematically as a ratio of the

change in length per unit length. Displacement and strain

between frames are estimated at each pixel using a speckle

tracking algorithm with advanced signal processing tech-

niques. Strain is less for harder tissues. In the ‘‘freehand

SEL’’ compression technique, which is commercially

available on most modern US machines, tissue strain is

generated by the application of light pressure to the skin,

Fig. 1 B-mode (grayscale) and compression SEL images of a normal

Achilles tendon (arrows). Long-axis grayscale images of the middle

(a) and distal (c) Achilles tendon reveal normal echogenic fibrilar

echotexture. Long-axis elastograms of the middle (b) and distal

(d) Achilles tendon reveal blue and green color within the tendon

consistent with hard/stiff tissue. Red color is defined for encoding soft

consistency, blue and green indicate hard consistency, and the yellow

color encodes the intermediate stiffness. Images obtained on HI

VISION Preirus US machine, Hitachi Aloka Medical, Ltd, Tokyo,

Japan with 5-18-MHz linear array transducer (Color figure online)

19 Page 2 of 12 Curr Radiol Rep (2015) 3:19

123



while the system displays a grayscale image of the tissue

strain alongside the conventional US image. Alternatively,

these two images may be combined by overlaying con-

ventional US with color-coded SEL for enhanced tissue

contrast. The standard color images (elastograms) progress

from soft (red), intermediate (yellow), to hard (green and

blue). However, the dynamic range of the color map can be

adjusted by the user (Fig. 1). The majority of these systems

display the applied pressure and also a semiquantitative

measurement of the strain ratio, which is an index of the

relative elasticity between a chosen region of interest (ROI)

in the examined tissue and a reference ROI usually in the

adjacent subcutaneous tissues [12, 13]. Disadvantages of

static compression SEL include operator dependence,

limited reproducibility, and availability of only qualitative

information [12, 13]. An additional limitation of static

compression SEL is the so-called ‘‘egg shell’’ effect in

which the harder outer tissues of a lesion cannot be de-

formed, limiting the assessment of internal tissue strains

[15, 16]. When performing static SEL, the US transducer

should be perpendicular to the examined structure to

achieve an optimal linear compression force and accurate

measure of tissue elasticity [13, 17]. Additional pitfalls in

static SEL include the possibility of inaccurate elastograms

at the beginning and end of each pressure cycle and an

inhomogeneous compression force at the edge of the

transducer, especially in the transverse plane. Therefore,

the examined tissue should be in the center of the elas-

togram window to enable a more uniform compression

[12]. Stand-off pads may be used to adjust for the shallow

depth of superficial structures less than 5 mm from the skin

surface [18].

Tension elastography is another type of static SEL in

which tissue strain is measured in response to an internally

generated tensile stress. This approach has recently been

applied to human tendon [19•]. The tensile force is created

by the voluntary isometric contraction of muscle, while the

magnitude of the force is measured externally using a dy-

namometer. In contrast to compression SEL, this technique

does provide quantitative information. Tension SEL is

particularly useful for evaluation of tendons because their

function is to transmit tensile force from muscle to bone.

Although this technique is not yet commercially available,

it holds great promise as a new functional imaging test of

tendon, which may help guide treatment for tendinopathy

[19•].

Dynamic Elastography and Shear Wave

Elastography (SWE)

Dynamic elastography involves measuring the velocity of

shear waves generated by either an external vibrator

(transient elastography [TE]) or an acoustic radiation force

pulse. With TE, low-frequency (*50–60 Hz) vibrations at

the skin surface generate propagating shear waves in the

tissue. The local velocity of the shear waves (typically

from 1 to 10 m/s) is directly related to the local Young’s

modulus. However, TE enables only regional measurement

of tissue elasticity with limited depth. For accurate mea-

surement, the depth of the ROI should be set between 35

and 75 mm from the skin surface [12, 13].

For acoustic radiation force imaging (ARFI), a focused

US radiation force produces a local deformation at the

ROI, generating a shear wave that propagates perpen-

dicular to the longitudinal wave (see Fig. 2, left) [20, 21].

The sequence of steps from generating and tracking the

shear waves to computing the shear moduli is depicted in

Fig. 2. The tissue elasticity is typically measured in

Fig. 2 Left generation of shear

waves (SW) using an acoustic

radiation force pulse sequence.

SWs propagate perpendicular to

the longitudinal wave at a much

slower velocity. Middle high

frame rate plane wave excitation

is used to track the displacement

and velocity of the tissue as the

SWs propagate. Displacements

between frames in the tissue are

calculated using a speckle

tracking algorithm. Right the

displacements are converted to

velocities to determine shear

wave speed and conversion to

an elastic (shear or Young’s)

modulus according to the

mathematical equation
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kilopascals (kPa). Young’s modulus (E) represents the ratio

of stress to strain and can be calculated directly from the

shear wave velocity (vs) and material density (q) according
to the equation E = 3qvs

2. Therefore, shear waves propa-

gate faster in harder tissues and the distribution of shear

wave velocities at each pixel is directly related to the shear

modulus. Quantitative Young’s modulus maps are repre-

sented in color (elastograms) displaying tissue elasticity (in

kPa) or shear wave velocity (in m/s) [21]. SWE is con-

sidered to be more objective, quantitative, and reproducible

than static SLE. Because the shear waves in soft tissue

travel about a thousand times slower than longitudinal

waves, US images can be used to compute the shear wave

velocity as long as the US frame rate is high enough. Frame

rates typically exceed 1 kHz, enabling real-time visual-

ization of shear waves propagating in biological tissues,

conveying local information about elastic and viscoelastic

tissue properties. Disadvantages of the currently available

SWE measurements are the limitation of the depth of tissue

penetration and limited shapes and sizes of the ROI (small

regions of interest measuring only a few mm) [20, 21]. To

facilitate imaging at shallower depths, coupling gel or a

stand-off pad can be used while performing SWE.

Figures 3, 4, 5, 6, and 7 are examples of ARFI SWE

obtained in first author’s institution on Siemens Acuson

S-3000 US machine with L9-4-MHz linear transducer.

Figure 3 shows SWE of a normal Achilles tendon in the

relaxed and contracted states and Fig. 4, SWE of a relaxed

and contracted Achilles tendon in a symptomatic patient

with tendinopathy. Figure 5 demonstrates SWE of a re-

laxed and contracted normal gastrocnemius/soleus muscle

unit. Figure 6 shows SWE of a normal neurovascular

bundle in the tarsal tunnel and Fig. 7, SWE of a normal

plantar fascia. The color bar indicates the velocity of the

shear wave (from 0.5 m/s [blue] to 10 m/s [red]).

Sonoelastography (SEL) of the Lower Extremity
Soft Tissues

Static Sonoelastography

Several studies have been published on utility of com-

pression SEL of the lower extremity musculoskeletal

structures with promising results [22–31]. The majority of

clinical studies focused on Achilles tendon [22–26] with a

limited number of publications related to other anatomic

structures including patellar tendon [27], plantar fascia

[28], and the skeletal muscle [29, 30].

De Zordo and collaborators examined Achilles tendons

in 25 consecutive patients with chronic Achilles

tendinopathy and 25 healthy volunteers by clinical exam,

conventional US, and compression SEL. In this study,

93 % of Achilles tendons of healthy volunteers were hard,

while 57 % of tendons in the patients were soft. Mild

softening was found in 7 % of the healthy volunteers and in

11 % of the patients. With the clinical examination used as

a reference standard, the mean sensitivity, specificity, and

accuracy of SEL were 94, 99, and 97 %, respectively. The

correlation to conventional US was 0.89. The authors

concluded that only distinct softening of Achilles tendons

is comparable to clinical examination and conventional US

findings, and the mild softening on SEL could be explained

by very early changes in tissue elasticity in the case of

developing Achilles tendinopathy [22]. In another SEL

study on 80 asymptomatic Achilles tendons (divided in 3

thirds/240 regions) in 40 volunteers by De Zordo and

collaborators, 86.7 % of the tendons were hard, 12.1 %

showed mild softening, and 1.3 % (3/240) showed distinct

softening, which correlated with B-mode US imaging to

indicate subclinical stage of disease [23].

Drakonaki and collaborators performed free-hand com-

pression SEL of 50 Achilles tendons in asymptomatic

Fig. 3 Long-axis SWE images of the (a) relaxed and (b) contracted
Achilles tendon (arrows) in an asymptomatic volunteer show

increased tendon stiffness with some increased velocity with

contraction. Red color is defined for encoding hard consistency, blue

and green indicate soft consistency, and the yellow color encodes the

intermediate stiffness. Images obtained on Siemens Acuson S-3000

US machine with L9-4-MHz linear transducer (Color figure online)
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individuals to evaluate for intra- and inter-reader repro-

ducibility. Two radiologists examined each tendon three

times transversely and longitudinally, and the ratio between

tendon and retro-Achilles fat strain (strain index) was

calculated. In this study, the reproducibility of the strain

index was good and higher for longitudinal elastograms

Fig. 4 Long-axis grayscale and SWE images of the relaxed (a–
c) and contracted (d–f) Achilles tendon (arrows) in a symptomatic

patient with severe tendinopathy. Grayscale images (a, d) show

fusiform thickening of the middle part of the Achilles tendon which is

heterogeneous with partial loss of a normal fibrilar echotexture. On

the SWE images (b, c, e, f) note central tendon softening with

decreased velocity (blue and green colors) compared to hardest

consistency with higher velocities at the tendon periphery. With

contraction (e and f) the central part of the tendon remains soft.

Images obtained on Siemens Acuson S-3000 US machine with L9-4-

MHz linear transducer (Color figure online)
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and the qualitative assessment enabled the discrimination

of two distinct elastographic patterns. Nineteen of 50 ten-

dons (38 %) appeared homogeneously green/blue (desig-

nated as type 1), while 39 tendons (62 %) were green with

longitudinal red stripes (designated as type 2) without

corresponding abnormality on B-mode or Doppler ultra-

sound evaluation [24].

Tan and collaborators evaluated compression SEL ap-

pearance of the proximal, middle, and distal thirds of 19

surgically repaired Achilles tendons in 16 amateur soccer

players, in their asymptomatic contralateral Achilles ten-

dons, and of additional 40 asymptomatic Achilles tendons

of 20 healthy amateur soccer players. The tendons were

graded 1–3 (type 1—blue—hardest tissue, type 2—

blue/green—hard tissue, and type 3—green—intermediate

tissue) and additionally classified as homogeneous,

relatively homogeneous, and heterogeneous. The majority

(64.9 %) of surgically repaired ruptured Achilles tendons

were hard with type 2 elasticity, while the remainder had

type 1 elasticity. The majority of healthy tendons had type

2 (64.2 %), and the remaining had either a type 3

(20.8 %) or a type 1 (15 %) elasticity. All repaired rup-

tured tendons were heterogeneous, while the healthy

Achilles tendons had homogeneous or relatively homo-

geneous pattern [25].

Klauser and collaborators compared B-mode US imag-

ing and compression SEL examinations of 13 cadaveric

Achilles tendons with histologic correlation. On conven-

tional US, the tendons were graded 1–3 [(1) normal size

and fibrillar echotexture, (2) focal fusiform enlargement, or

(3) a hypoechoic area with or without tendon enlargement).

On SEL, grade 1 indicated blue (hardest) to green (hard);

grade 2, yellow (soft); and grade 3, red (softest) tendon. In

this study, the SEL findings were concordant in all cases of

histologic degeneration, whereas B-mode US alone showed

two false-negative findings in 14 % of cases [26].

Fig. 5 Long-axis grayscale (a and c) and SWE (b and d) images of

the medial head of gastrocnemius muscle/soleus aponeurosis with

relaxed (a and b) and contracted muscles (c and d) in an

asymptomatic volunteer. Normal hypoechoic muscular echotexture

with hyperechoic septa and aponeurosis (arrow) is seen on the

grayscale (a and c) images. In (b), note blue color in the SWE

window related to soft consistency with low velocity. With muscular

contraction (d), there is increased stiffness and velocity, mostly in the

region of the aponeurosis (arrow). G gastrocnemius muscle, S soleus

muscle. Images obtained on Siemens Acuson S-3000 US machine

with L9-4-MHz linear transducer (Color figure online)
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In a study by Rist and Mauch on 37 asymptomatic and

38 symptomatic patellar tendons in athletes, symptomatic

tendons with associated tendinopathy had significantly

higher strain scores in the longitudinal and transverse

sections semiquantitative measurements [27].

Wu and collaborators performed color-coded compres-

sion SEL on bilateral feet of 40 healthy subjects and 13

subjects with plantar fasciitis. Healthy subjects were di-

vided into two groups, including those younger than

50-year old and older than 50-year old. In this study, the

SEL revealed that the plantar fascia softens with age and in

subjects with plantar fasciitis [28].

In a case report of a 15-year old with Bethlem muscular

dystrophy, the hyperechoic regions at the muscle periphery

and the central parts of the affected muscles were harder on

compression SEL when compared to the normal appearing

muscle parts. The authors concluded that the abnormal

findings probably correlate with the presence of dystrophic

collagen at the affected areas and suggested that the

compression SEL may be of value to evaluate the pattern of

muscle changes in congenital myopathy [29].

Vasilescu and collaborators performed compression

SEL in 7 children with cerebral palsy spasticity to find the

proper place for injecting the botulinum toxin (20 U/kg

Dysport) into the affected muscle. The relaxed muscle

structures appear mostly soft (green–yellow–red), while

contracted or degenerated muscle fibers appear hard (blue).

This technique enabled a precise, guided injection, with

positive, therapeutic results [30].

At present, there is a paucity of literature addressing the

SEL evaluation of the lower extremity nerves. A case re-

port of a common peroneal nerve schwanoma revealed a

well-defined hypoechoic inhomogeneous eccentrically lo-

cated mass in continuity with the common peroneal nerve,

which showed a strong inhomogeneous enhancement after

intravenous administration of ultrasound contrast agent.

Compression SEL in the affected region revealed the

presence of a hard solid mass, which was much harder than

the surrounding skeletal muscles. The US findings corre-

lated with the MR imaging study [31].

Dynamic Elastography and Shear Wave

Elastography (SWE)

There are a few published human studies on SWE of the

musculoskeletal soft tissues of the lower extremities in-

cluding tendon [32, 33•, 34–36] and muscle [32, 37, 38,

39•].

To determine the baseline values of different healthy

tissues, Arda and collaborators examined the gastrocnemius,

masseter and supraspinatus muscles, and the Achilles tendon

of 127 healthy volunteers of both genders (age range

17–63 years) with SWE in both longitudinal and transverse

planes using a 13–6-MHz linear array transducer (R 3.2,

Supersonic Imaging System). The mean elasticity values for

the gastrocnemius, masseter and supraspinatus muscles, and

the Achilles’ tendon in both longitudinal and transverse

planes were 11.1 ± 4.1 kPa (range, 2–28 kPa) for the gas-

trocnemius muscle in men and 11.1 ± 4.0 kPa (range

4–26 kPa) in women, 10.8 ± 3.9 kPa (range 4–20 kPa) for

the masseter muscle in men and 10.3 ± 3.6 kPa (range

2–23 kPa) in women, 36.0 ± 13.0 kPa (range 11–77 kPa)

for the supraspinatus tendon in men and 29.1 ± 12.4 kPa

(6–90 kPa) in women, 98.8 ± 47.1 kPa (range 8–242 kPa)

for the longitudinal plane of the Achilles tendon in men and

62.5 ± 40.1 (range 6–176) in women, and 51.1 ± 23.8 kPa

(range 15–98 kPa) for the transverse plane of the Achilles’

tendon in men and 51.7 ± 25.7 kPa (range 10–111 kPa) in

women. The mean elasticity values for the examined mus-

culature and the Achilles’ tendon in the longitudinal plane

were greater in men than in women, but there was no sta-

tistically significant difference for the elasticity of the

Achilles tendon in transverse plane between men and

women. There was no statistically significant positive or

Fig. 6 Long-axis grayscale (a) and SWE (b) images of the proximal

plantar fascia (arrows) in an asymptomatic 36-year-old man show

normal echotexture in (a) with predominantly intermediate fascial

stiffness in (b). Images obtained on Siemens Acuson S-3000 US

machine with L9-4-MHz linear transducer
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negative correlation between the elasticity of the examined

muscles or the Achilles tendon and subject’s age [32].

DeWall and collaborators investigated spatial variations

in Achilles tendon shear wave speed from the calcaneus

insertion to the medial and lateral gastrocnemius aponeu-

roses in ten asymptomatic volunteers in resting position, and

plantar and dorsiflexion. US B-mode images and shear wave

data were collected using an Aixplorer clinical machine

(Supersonic Imagine; Aix-en-Provence, France; software

version 5) with a 15-4-MHz linear array transducer. The

results of this study showed that shear wave speed is closely

linked to the spatial position along the Achilles tendon,

varies between the medial and lateral sides, and depends

directly on ankle posture. These observations demonstrated

the critical importance of considering both spatial location

and posture when using SWE for biomechanical or clinical

evaluations of the Achilles tendon. Shear wave speeds in the

Achilles free tendon averaged 12 ± 1.2 m/s in a resting

position, but decreased to 7.2 ± 1.8 m/s with passive

plantar flexion. Distal tendon shear wave speeds often

reached the maximum tracking limit (16.3 m/s) of the sys-

tem when the ankle was in the passively dorsiflexed posture.

At a fixed posture, shear wave speeds decreased sig-

nificantly from the free tendon to the gastrocnemius my-

otendionous junction, with slightly higher speeds measured

on the medial side than on the lateral side. Shear wave

speeds were only weakly correlated with the thickness and

depth of the tendon, suggesting that the distal-to-proximal

variations may reflect greater compliance in the aponeurosis

relative to the free tendon [33•].

Chen and collaborators studied 36 normal and 14 rup-

tured Achilles tendons with SWE using an Aixplorer US

machine (Supersonic Imagine; Aix-en-Provence, France;

software version 5) with 15-4-MHZ linear array transducer.

In this study, the normal Achilles tendons were sig-

nificantly stiffer when compared with the ruptured tendons.

The authors concluded that SWE is a valuable tool that can

provide complementary biomechanical information for

evaluating the function of the Achilles tendon [34].

Aubry and collaborators performed conventional US

and SWE studies on 180 asymptomatic and 30 symp-

tomatic Achilles tendons in the mid portion in both long

and short axes using a US system (Aixplorer; SuperSonic

Imagine, Aix-en-Provence, France) equipped with a

12-MHz linear transducer. In this study, SWE revealed

significant softening of the mid portion of the Achilles

tendon in patients with tendinopathy, in both relaxed and

stretched tendons. The elastographic anisotropy was not

altered by tendinopathy. With relaxed Achilles tendon (full

passive plantar flexion), tendon softening was character-

ized by mean velocity of 4.06 m/s at axial SWE with high

specificity of 91 % and low sensitivity of 54.2 %, and with

stretched Achilles tendon (0� flexion), tendon softening

was characterized by a mean velocity of less than or equal

to 4.86 m/s at axial SWE or less than or equal to 14.58 m/s

at sagittal SWE, which were indicators of mid portion

tendinopathy. SWE revealed signal voids in the region of

Achilles tendon partial-thickness tears [35].

Recent grayscale and SWE study in 33 male athletes (20

with asymptomatic patellar tendons and 13 with unilateral

proximal patellar tendinopathy) revealed a stiffer and

larger tendon on the painful side with patelar tendinopathy

when compared to the non–painful side and the dominant

side of healthy athletes. The data were collected using an

Aixplorer US machine (Aixplorer; SuperSonic Imagine,

Aix-en-Provence, France) with a 15-MHz linear array

transducer. No significant differences of patellar tendon

morphology and elastic properties were detected between

the dominant and non-dominant knees of the healthy con-

trol. A higher shear elastic modulus ratio, with greater

differences between the painful and non-painful tendon,

was associated with greater intensity of pain with pressure.

Fig. 7 Short-axis grayscale (a) and SWE (b) images of a tarsal

tunnel in an asymptomatic volunteer show in (a) normal anechoic

echotexture of the tibial posterior artery and veins (arrows) and

normal honeycomb appearance of the tibial posterior nerve (thick

arrow). In (b), note blue color in the posterior tibial vessels and green

in the nerve indicating somewhat harder consistency and higher

velocity in the nerve (thick arrow) compared to adjacent vessels

(arrows). Images obtained on Siemens Acuson S-3000 US machine

with L9-4-MHz linear transducer (Color figure online)

19 Page 8 of 12 Curr Radiol Rep (2015) 3:19

123



Similar relationships could not be detected with thickness

ratio and cross-sectional area ratio. [36].

Shinohara and collaborators studied the distribution of

local gastrocnemius muscle stiffness within and between

resting and contracting muscles of different lengths using a

high frame rate (5 kHz) SWE US technique on the Aix-

plorer machine (Aixplorer; SuperSonic Imagine, Aix-en-

Provence, France) with an 8-MHz linear array transducer.

Quantitative elastography maps were used to display the

results from normal muscles at rest or contraction in kilo-

pascals. The Young modulus of the gastrocnemius muscle

was 16.5 kPa at rest and 225.4 kPa during contraction, of

the soleus 14.5 kPa at rest and 55.0 kPa during contraction

and of the tibialis anterior was 40.6 kPa at rest and

268.2 kPa during contraction by using SWE with increased

stiffness upon contraction. The authors concluded that this

technique may assist clinicians in characterizing muscle

injuries or neuromuscular disorders [37].

In their recent study, Wang et al. developed a dynamic

vibro-ultrasound system to measure SWE of the lower leg

using the SonixRP (Ultrasonix Medical Corp. Vancouver,

Canada) commercial ultrasound system and 10 MHz linear

array. The system was used to assess stiffness of the vastus

intermedius muscle of ten healthy elderly female subjects and

ten healthy young female subjects. The stiffness of the vastus

intermedius muscle positively correlated to the percent of

maximum voluntary contraction level over the entire range of

isometric contraction (from 0 to 100 %). There was no sig-

nificant difference between themean vastus intermedius shear

modulus between the elderly and young subjects in a relaxed

state. However, a significant difference was found with iso-

metric contraction,with the stiffness of the vastus intermedius

muscle of young female subjects larger than that of elderly

participants, especially with larger contractions [38].

Lacourpaille and collaborators performed SWE on 14

patients with Duchenne muscular dystrophy (DMD) and 13

Fig. 8 US and CT fusion images. There is accurate overlapping of

CT and US images of the upper right sacroiliac joint with hyperdense

cortex on CT and hyperechoic cortex on US images (arrow), which is

the first step to choose correct point of needle insertion, which will be

completed by definition of M0 in all planes (example right bottom).

US was performed on US machine (CA431, My- Lab90; Esaote

Biomedica, Genoa, Italy) with a 1–8-MHz curved-array transducer.

M0 represents the first placed marker in order to allow for fusion of

CT with US; the second placed marker would display as M1 and so

on. It is possible to place as many markers as necessary to allow for

the best fit of overlapping both imaging modalities when performing

real-time US
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control subjects. Six muscles were measured at two muscle

lengths (shortened and stretched) including the medial head

of gastrocnemius, tibialis anterior, vastus lateralis, and

several additional muscles of the upper extremity. An US

machine (Aixplorer; Supersonic Imagine, France) coupled

with a linear transducer array (4-15 MHz) was used in

SWE mode. The study revealed significantly higher stiff-

ness in DMD patients compared to controls for all the

muscles suggesting that SWE is a sensitive non-invasive

technique to assess the increase in muscle stiffness asso-

ciated with DMD [39•].

There are no clinical studies employing SWE on the

peripheral nerves of the lower extremity. A recent SWE

study compared median nerve stiffness at the carpal tunnel

in 37 consecutive patients (60 wrists) with a definitive di-

agnosis of carpal tunnel syndrome and in 18 healthy vol-

unteers (36 wrists) with promising results. The US

examinations were performed using a 15-4-MHz linear

array transducer on an Aixplorer US machine (Aixplorer;

SuperSonic Imagine, France). In this study, the median

nerve stiffness was significantly higher in the patient group

than in the control group, and higher in those with more

severe disease than with milder disease [40].

There is interest for using SEL with ARFI to improve

conventional US guidance in regional anesthesia proce-

dures. In an experimental cadaveric study and subsequent

in vivo human study performed on two healthy male sub-

jects before, during and after saline injections, images re-

vealed improved SEL contrast over B-mode in

visualization of the sciatic nerve and surrounding tissues.

Peripheral nerves are surrounded by other anatomic struc-

tures with different viscoelastic properties that can provide

a mechanical basis for improved elasticity-based image

contrast when acoustic B-mode contrast is limited. In this

study, SEL using ARFI enabled up to 600 % contrast im-

provement in large distal lower limb nerves. However, the

authors concluded that additional comprehensive studies

are needed to evaluate for feasibility of concurrent use of

B-mode and ARFI US images to facilitate regional anes-

thesia procedures [41].

A few clinical studies were published investigating SEL

of the soft tissues of the lower extremity using an external

vibrator [42, 43].

In the study by Aubry and collaborators using a Rubi

V1Sq (Supersonic Imagine), the mean Young’s modulus of

the Achilles tendon at three different levels of plantar

flexion with use of TE was 104 kPa during extension,

464 kPa in the neutral position, and 410 kPa during max-

imum dorsiflexion in the longitudinal plane [42].

Nordez and collaborators performed SEL to measure lo-

cal muscle hardness of the medial head of the gastrocnemius

muscle belly in ten subjects during passive ankle stretching.

The local hardness of the medial head of gastrocnemius

muscle belly showed a positive correlation with the passive

stretching with no significant change in the resting position

10 min after stretching, indicating that changes in passive

torque following static stretching could be explained by an

acute increase in muscle length without any changes in in-

trinsic mechanical musculo-articular properties [43].

US Fusion Imaging

There are several advantages of fusing the real-time US

imaging with imported pre-existing CT or MR images.

Klauser and collaborators reported promising results with

fusing real-time US with CT images to facilitate the in-

jection of the sacroiliac joints, which was initially

Fig. 9 US and MR fusion

images. Axial oblique grayscale

and MR arthrogram fusion

images of the hip show

hypoechoic area undercutting

the anterior acetabular labrum

on the US image (on the left)

with intrarticular contrast

undercutting the acetabular

labrum on the MR arthrogram

image (on the right) consistent

with labral tear. Courtesy of

Marnix Van Holsbeeck MD,

Detroit, MI, USA
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performed in ten cadaveric specimens, and subsequently in

ten sacroiliac joints in seven patients [44]. Figure 8 shows

an example of US/CT imaging fusion of the sacroiliac

joint. In a recent study, Vollman and collaborators em-

phasized the value of fusion US and MR images in

teaching radiology residents US anatomy [45•]. Figure 9

shows correlative US/MR imaging anatomy of the hip

joint. Further studies on fusion of the US studies with the

other imaging modalities are awaited.

Conclusion

Musculoskeletal US is a rapidly evolving imaging mod-

ality, which is increasingly being used in everyday clinical

practice and innovative research protocols. SEL may in-

crease diagnostic accuracy by providing additional infor-

mation regarding tissue elasticity with SWE enabling

quantitative assessment. Further development of three-di-

mensional SEL may help in volumetric assessment of the

examined tissues. Fusion of the real-time US images with

CT and MR images may facilitate performing the US-

guided procedures and help in teaching anatomy of the

musculoskeletal system.
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