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Abstract
During the past four decades, musculoskeletal ultrasound has become popular as an imaging modality due 
to its low cost, accessibility, and lack of ionizing radiation. The development of ultrasound technology was 
possible in large part due to concomitant advances in both solid-state electronics and signal processing. The 
invention of the transistor and digital computer in the late 1940s was integral in its development. Moore’s 
prediction that the number of microprocessors on a chip would grow exponentially, resulting in progressive 
miniaturization in chip design and therefore increased computational power, added to these capabilities. 
The development of musculoskeletal ultrasound has paralleled technical advances in diagnostic ultrasound. 
The appearance of a large variety of transducer capabilities and rapid image processing along with the abil-
ity to assess vascularity and tissue properties has expanded and continues to expand the role of musculo-
skeletal ultrasound. It should also be noted that these developments have in large part been due to a number 
of individuals who had the insight to see the potential applications of this developing technology to a host of 
relevant clinical musculoskeletal problems. Exquisite high-resolution images of both deep and small super-
ficial musculoskeletal anatomy, assessment of vascularity on a capillary level and tissue mechanical proper-
ties can be obtained. Ultrasound has also been recognized as the method of choice to perform a large variety 
of interventional procedures. A brief review of these technical developments, the timeline over which these 
improvements occurred, and the impact on musculoskeletal ultrasound is presented below.
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Introduction

During the past four decades, Musculoskeletal Ultrasound (MSKUS) 
has become popular as an imaging modality, particularly outside the 
United States, due to its low cost, accessibility, and lack of ionizing 
radiation. The development of MSKUS has paralleled technical ad-
vances in diagnostic ultrasound, from the earliest images displaying 
bistable images of musculoskeletal anatomy to its current state, where 
exquisite images of muscles, tendons, nerves, ligaments and joints can 
be obtained(1–6). With ongoing technical improvements in the qual-
ity of grayscale imaging along with some newer applications, such as 
shear wave elastography, enabling functional assessment of the mus-
culoskeletal soft tissues, MSKUS is becoming ubiquitous(7–10). 

The compactness of some of the currently available scanners makes 
this modality conducive to bedside imaging as well as imaging in 
remote settings(11–13) (Fig. 1). One of the most popular applications 
of MSKUS has been to provide guidance for a large variety of in-
terventional procedures, since it allows visualization of the relevant 
anatomy and needle position in real time(14) (Fig. 2, Fig. 3). In ad-
dition to radiology, the modality has opened itself up to wider us-
age by a large variety of clinical subspecialties involved in treating 

patients with musculoskeletal diseases, as well as anesthesiologists/
pain management physicians who perform nerve blocks, therapeu-
tic or ablative procedures of peripheral nerve lesions(4–8,10).

Technical advances

Ultrasound technology has undergone extraordinary growth since 
its inception in the 1940s(15–18). A brief description of technological 
developments in ultrasound allows a greater perspective as to the 
timing when various MSKUS applications first appear. The devel-
opment of ultrasound technology was possible in large part due 
to concomitant advances in both solid-state electronics and signal 
processing. The invention of the transistor and digital computer in 
the late 1940s was integral in the development of ultrasound tech-
nology(18,19). Gordon Moore in 1964 predicted that the number of 
microprocessors on a chip would grow exponentially over time. This 
growth would result in progressive miniaturization of chip design 
and, therefore, increased computational power.

One of the earliest presentations of ultrasound data employed pulse 
echo techniques, derived from earlier radar applications. This in-
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volved the display of individual A-line data, assuming a fixed speed 
of sound in soft tissue(15). Each A-line represented the intensity of 
acoustic backscatter at various depths, adjusted for attenuation. 
Placing this in a time-varying display allows the display of M-mode 
data, typically utilized in cardiology(15).

Musculoskeletal soft tissues typically present strong reflecting sur-
faces (specular reflectors) along with complex internal morphology. 
A unique feature of many of these tissues is an internal fibrillar ar-
chitecture, most prominent in tendons(20), as well as a linear orien-
tation. One of the most useful features of MSKUS is its real-time 
nature, allowing the performance of provocative maneuvers and 
providing real-time guidance during an intervention(21–23). The abil-
ity to visualize features that are useful for musculoskeletal imaging 
entails two requirements: the display of the back-scattered data as 
a 2-D anatomic image and rapid acquisition/display (15–20 frames 
per second) of the image data. The first real-time 2-D scanners were 
introduced in the late 1960s, involving one or two crystals under-
going translation or rotation to produce a composite bistable im-
age(15–17,24) (Fig. 4).

Ultrasound did not become a widely accepted diagnostic tool, 
though, until the early 1970s, when grayscale ultrasound, in which 
non-linear echo amplitudes are mapped to gray levels, became the 
method of choice to display image data(15–17). The development of 
multi-element linear phased array transducers, employing digital 
image processing, allowed the display of 2-D grayscale images. Du-
plex ultrasound scanners began to appear during this period, al-
lowing the imaging of anatomy and the measurement of blood flow 
in a single scanner(18). These systems appeared in the late 1970s/
early 1980s. Some of the earliest images of extremity anatomy, 
hematomas in muscle, large joint effusions/synovitis appeared as 
extended-field-of-view (EFOV) B-mode images(25–32). In 1985, the 
first color Doppler flow-mapping system that combined Doppler 
flow imaging in color with B-mode imaging in grayscale was in-
troduced(15–17).

Fig. 1. �A. Compact ultrasound system with wireless chargeable transducers. A 10 MHz linear transducer is displayed. Some of the functionality normally reserved 
for the scanner has been incorporated into the transducer architecture, including beam forming, steering, and some image processing. B. An early laptop 
system utilized in a remote setting (Ghana, 2004) for guidance for therapeutic injection(11)

Fig. 2. �Guided interventions with precise needle localization. A. A 25-gauge 
hypodermic needle (arrow) is shown adjacent to the outer epineurium 
of the ulnar nerve (un) for purposes of hydrodissection and perineural 
steroid injection. B. Anesthetic (*) surrounds the medial plantar nerve 
(N) during performance of a nerve block. The 25-gauge hypodermic 
needle is well delineated on ultrasound and monitored in a real-time 
mode as well as the distribution of the injectate
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By 1980, commercial real-time phased array imaging systems were 
made possible by developments in video microprocessors, digital 
memory, and the miniaturization offered by programmable inte-
grated circuits. During the 1980s, multi-element array systems al-
lowed rapid growth of transducer technology. Improved materials 
and piezoelectric composites enabled the production of arrays with 
several hundred elements, operating at higher frequencies and wid-
er bandwidths. This enhanced flexibility allowed the imaging and 

operation of other modes within the same transducer at multiple 
frequencies selectable by the user(18). 

With the appearance of these new systems in the 1980s, the applica-
tions to the MSK system started to appear at a greater frequency in 
the imaging literature. Examination of articular cartilage, joint effu-
sions, synovitis, tendon and muscle abnormalities, and nerve imag-
ing using grayscale ultrasound were described, including the first 
descriptions of tendon morphology and anisotropy(20–22,32–46). Mul-
tiple anatomic locations were accessible to this modality, resulting in 
studies of the Achilles tendon, patellar tendon, and soon also more 
complex anatomical areas such as the rotator cuff(22,39–40) (Fig. 5, 
Fig. 6, Fig. 7). Early assessment of muscle hematomas and soft tis-
sue masses using bistable techniques expanded to more sophisticat-
ed descriptions of muscle and other soft tissue pathology(26–30,33,36). 
Large joints, such as the knee and hip, were ultimately expanded to 
include small joint pathology, such as in the hands and feet(41,45). The 
real-time capabilities provide a method to assess static anatomy as 

Fig. 3. �Ablative procedure. A. A hypoechoic nodule (*)in a patient with a symp-
tomatic second web space interdigital neuroma. A portion of a 17 gauge 
cryoablation probe (arrow) is evident passing through the center of the 
neuroma. B and C. Progressive development of an ice ball observed in 
real time, for purposes of ablation of the plantar digital nerve encom-
passed by the neuroma. Dense posterior acoustic shadowing followed 
by a curvilinear specular reflector (superficial margin of the ice ball) 
is apparent. Ultrasound guidance allows precise targeting of the lesion

Fig. 4. �Bistable image of calf rhabdomyosarcoma (1976) produced with a trans-
lating 2.5 MHz transducer(24). Printed with permission of Dr. Paul Car-
son. The tumor is labeled as is the tibial cortex (tibia)

Fig. 5. �A. Early B-mode ultrasound scanner with first commercially avail-
able 5  MHz linear phased array transducer. Scans of the quadriceps 
muscles in a soccer player (1979–1980). B. Static image (1983) shows 
an obliquely oriented tear in the rectus femoris (arrow). Printed with 
permission of Dr. Bruno Fornage
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able phased array imaging systems as well as new portable imaging 
systems that weigh only a few pounds(13) (Fig. 1). The current gen-
eration of scanners include 1½ and 2-dimensional arrays allowing 
improved in- and out-of-plane (elevational) focusing, rapid image 
processing, and 3-D and 4-D imaging (real-time volumetric imag-
ing)(47–52) (Fig. 7, Fig. 8).

Specific technical developments 

The potential utility of ultrasound in evaluating the musculoskeletal 
system evolved to its current state through a series of advances span-
ning the 1980s through the first decade of the 21st century. Many 

well as pathology that manifests when accentuated by some maneu-
ver. Examples include neonatal hip examination, assessment of joint 
effusions as well as examination of rotator cuff impingement(38,42–43).

By the 1990s, developments enabling more rapid image acquisi-
tion and the availability of low cost analog to digital (A/D) chips 
improved computational capabilities, resulting in faster image pro-
cessing in smaller devices that could be assembled at a lower cost(18). 
Imaging systems incorporating these advances evolved into digital 
architectures and beam formers, permitting beam steering and elec-
tronic focusing. The most dramatic changes have been through the 
continual miniaturization of electronics in accordance with Moore’s 
law(19). Smaller size components led to the first commercially avail-

Fig. 6. �A. 5 MHz scans of patellar tendons with knee in flexion (1982) using a homemade standoff pad to place the tendon into the focal zone of the transducer. 
B. Grayscale image of the left symptomatic side shows thickened hypoechoic tendon with proximal intra-tendinous calcification evident (arrow) and the 
right normal side for comparison. Printed with permission of Dr. Bruno Fornage

Fig. 7. �Rotator cuff tears. Evolution of image quality over 20 years. A. Long-
axis grayscale image of a full-thickness supraspinatus tendon tear 
(1985), confirmed on arthrography. Arrows indicate intact tendon. 
The deltoid and subcutaneous fat are labeled. Printed with permis-
sion of Dr. William Middleton. B. Grayscale image of a full-thickness 
supraspinatus tendon tear (1995). Significant improvements in image 
quality are evident. Intrinsic noise (speckle) is still apparent. Arrow-
heads denote the articular cartilage. A – anterior, P – posterior, d – 
deltoid, f – fluid. C. Grayscale image of a full-thickness supraspinatus 
tear (arrows) (2005). Improved image quality is evident, with speckle 
reduction due to spatial compounding. The internal architecture of the 
tissue is more apparent. d – deltoid
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of these features are incorporated in present-day clinical scanners, 
including assessment of soft tissue vascularity, improvements in 
anatomic depiction of the relevant musculoskeletal anatomy, and 
enhanced characterization of soft tissue composition. 

Blood flow

Assessment of vascularity plays an important role in musculoskel-
etal imaging. Inflammation, repair processes, and a variety of mus-
culoskeletal tumors display diverse degrees of vascularity which can 
serve as a measure of disease activity and/or response to a therapeu-
tic intervention. 

Doppler techniques date back to the 1950s, and began to play an 
important clinical role once incorporated as part of a duplex imag-
ing package within the ultrasound scanner(16). Vascular assessment 
was further enhanced with the introduction of color Doppler in the 
1980s, in which the mean frequency Doppler shift within an inter-
rogated pixel could be color-encoded to reflect mean velocity and 
direction, producing an anatomic map of vascularity. A series of 
adjustable parameters and internal discriminators were available to 
help differentiate true flow from artifact due to low-frequency soft 
tissue motion. Color Doppler continues to be an important tool in 
depicting high flow states.

In the musculoskeletal system, vascularity is characteristically low 
flow and often poly-directional. The limitations associated with 
color Doppler maps include aliasing and drop out of signal when in-
sonating at 90 degrees, as per the Doppler equation. Increasing color 
gain to improve flow sensitivity has the effect of introducing low-am-
plitude noise in the color-encoded image. Many of these issues were 
resolved with the recognition that flow sensitivity could be improved 
by encoding the demodulated Doppler signal intensity in color, with 
the assumption that the noise floor is of low amplitude(53) (Fig. 9).

Power Doppler (PD), as it has become known, described in the 
mid-1990s, significantly improved sensitivity to low-flow states, 
making it ideal for musculoskeletal imaging(54–58). PD is not subject 
to aliasing artifact and it is not as sensitive to the insonation angle. 
PD was established to be a good indicator of hyperemic inflam-
matory states, capable of depicting blood flow in soft tissues more 
readily than conventional color Doppler (Fig. 10). PD has, in fact, 
become an important tool in assessing disease activity in inflam-

Fig. 8. �A. Biplanar real-time grayscale image of the rotator cuff derived from 
a 14 MHz matrix array transducer. B. 3D acquisition of a dorsal gan-
glion cyst using a 14 MHz matrix array transducer shows simultaneous 
images of the cyst in two orthogonal planes as well as volume rendering 
of the cyst
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A

Fig. 9. �Power Doppler (B) and color Doppler (A) ultrasound images of the 
biceps muscle seen in cross-section, using the same color gain settings 
and transducer. The color gain has been increased, resulting in color 
noise completely filling the color Doppler image. Even though the noise 
is of low power, it encompasses all possible frequency shifts. In the power 
Doppler (PD) image, an amplitude filter has been applied, excluding 
low power contributions below a fixed threshold. As a result, only the 
vessels are displayed, superimposed on the normal grayscale appearance 
of the biceps muscle
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Fig. 10.�Synovial hyperemia on power Doppler (PD) ultrasound using the first commercially available system with PD capability in the elbow of a patient with 
rheumatoid arthritis (1994). A. Extensive hypoechoic soft tissue (arrows) representing inflammatory pannus is evident. B. On PD, marked hyperemia 
present in the hypoechoic soft tissue is compatible with active synovitis. C. One of the first demonstrations of response to therapy using power Doppler 
ultrasound (1995) in a patient with septic bursitis at initial presentation. D. Two weeks after surgical incision and drainage and placement on antibiotics. 
The same Doppler parameters were used in both images. There was a marked decrease in the extent of hyperemia, even though the grayscale appearance 
continued to be abnormal

Fig. 11. �Power Doppler (PD) ultrasound image (B) and microvascular flow (Slow Flow TM) image (A) of a soft tissue sarcoma within the rectus femoris muscle 
using identical Doppler parameters. Significant improvement in sensitivity and vascular morphology without blooming artifact is evident in the micro-
vascular flow image. The mass appears hypovascular on PD, whereas the Slow Flow image depicts a hypervascular mass. C. Patient with swollen left 3rd 
PIP joint and history of psoriasis. PD (left) and Slow Flow image (right) long-axis views of the dorsal recess. There is mild distension of the dorsal capsule 
by hypoechoic soft tissue. Minimal periarticular vascularity is depicted on PD. D. On Slow Flow, there is marked synovial and periarticular hyperemia
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Present-day contrast agents are encapsulated microbubbles (1–10 
microns in size) that undergo strong backscatter at certain resonant 
frequencies and are readily detectable, using harmonic imaging 
(discussed below)(65) (Fig.  12). These agents are injected intrave-
nously, pass through the pulmonary capillary bed, and then appear 
in the arterial phase. The bubbles have a half-life of several minutes 
and the gas is ultimately exhaled in the lungs, while the outer shell 
is metabolized(64). 

matory arthritis(58). An added bonus is that PD is more amenable to 
semi-quantitative estimates of vascularity, noting that it can provide 
a measure of fractional moving blood volume(59). A fundamental 
problem with PD, however, is the presence of so-called blooming 
artifact, due to high-amplitude low-frequency motion at tissue in-
terfaces (clutter)(60).

In the current generation of high-end ultrasound scanners, bloom-
ing artifact is significantly improved by employing newer clutter 
cancelling techniques, which are computationally intensive, requir-
ing high-frame rates and long ensemble lengths(60–62). These adaptive 
filters have a number of different names (slow flow, microvascular 
flow, etc.), but they generally involve separation of the weakly scat-
tering blood flow from low-frequency motion of strong reflecting 
tissue boundaries. These microvascular flow techniques are stillbe-
ing investigated, but they appear to improve flow sensitivity and 
depiction of vascular anatomy, while eliminating blooming arti-
fact(61–62) (Fig. 11). 

Ultrasound contrast agents

The most significant improvement in flow detection, however, oc-
curs with the inclusion of ultrasound contrast agents, which are 
true capillary imaging agents. Contrast agents have long been in-
vestigated in ultrasound, dating back to 1968, with the observation 
that microbubbles produce strong reflections on ultrasound(63). This 
led to intensive research in micro-bubble contrast agents extending 
into the 1970s–80s, with the first clinically available agent released 
in 1984. The current (second) generation of contrast agents exhibit 
a good safety profile and have been used extensively in cardiology 
and abdominal imaging applications(64). 

Fig. 12. �Contrast agents. A. Microbubbles made up of a gas core with a flexible, biocompatible containment shell which is usually phospholipid but can also 
be a protein, such as albumin. Bubble size typically varies between 2–10 microns. B. The insonating beam operates at the resonant frequency, which 
is dependent on bubble size. Microbubbles in the ultrasound field react to pressure by changing size, based on the pressure amplitude of the insonating 
beam as indicated. C. The resultant scattered echoes are non-linear, which can be represented as an expansion consisting of the fundamental along 
with higher harmonic components. The goal of contrast imaging is to remove the fundamental component (e.g. tissue contribution) and image the 
second harmonic. Images printed with permission of Siemens medical systems

Fig. 13. �Time-intensity curve. Composite image obtained from a contrast study 
of a patient three months out from rotator cuff repair. The upper right 
image shows a long-axis image of the supraspinatus tendon repair with 
a single suture anchor evident. The upper left image displays a single 
frame from a contrast study with three ROIs around the suture an-
chor site, proximal tendon and peribursal soft tissues. A time-intensity 
curve (bottom) is depicted for each ROI, using the same color scheme 
as the ROI boundaries
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Contrast agents have been used in the imaging of the musculoskel-
etal system in a limited fashion over the last two decades. They have 
been shown to allow robust quantification of vascularity and blood 
flow, but fall into the category of off-label usage in the United States. 
Contrast has allowed remarkably improved flow sensitivity in the 
detection and quantification of hyperemic states, such as inflamma-
tory myopathies, inflammatory arthritis, tendinosis and tendon re-
pairs(66–72) (Fig. 13, Video 1). In addition to improved flow sensitivity 
and flow quantification, contrast agents may serve as therapeutic 
delivery agents in the future(64).

Speckle

The advent of grayscale imaging has allowed the assessment of in-
ternal tissue morphology(16). A  feature of grayscale images is the 
appearance of an inherent granular noise within the image, known 
as speckle(73) (Fig. 14). The latter arises due to small inhomogene-
ities (e.g. variation in acoustic impedance) within the soft tissues 
that scatter ultrasound but are in and of themselves too small to re-
solve. Within a resolution element, there can be many such scatter-
ers, which can only be characterized in a statistical sense(74,75). Since 
these scatterers are fixed in space, small translations, rotations or 
compressions by the ultrasound transducers may contain some de-
gree of correlation to the previous transducer position(76) (Fig. 14). 

One method to achieve improved image quality, therefore, is to 
reduce the degree of unwanted speckle within the image. There 
are a variety of ways to accomplish this, one being temporal aver-
aging (i.e. changing persistence), which has the effect of smooth-
ing the image, while reducing spatial resolution and decreasing 
the frame rate(77–81). One of the most successful methods to re-
duce speckle, which has significantly impacted musculoskeletal 
imaging, is spatial compounding using speckle decorrelation(81–82) 
(Fig. 15). In this latter technique, image data from multiple look 
directions (as many as eight) are averaged, producing a speckle-

free image with improved signal-to-noise ratio and an anatomi-
cally improved image. The one caveat in using spatial compound-
ing is that certain artifacts which are sometimes diagnostically 
useful, such as posterior acoustic enhancement or refraction arti-
fact, are diminished.

Speckle has played an important role in a number of applications 
that have impacted MSKUS. These applications utilize the fact that 
images derived from small changes in transducer positioning may 
remain correlated. Using this correlated motion gave rise to speckle 
tracking algorithms (late 1980s–early 1990s), which in turn provided 
an accurate method to produce in-plane image registration(76,83). Ex-
amples include improved depiction of muscle and tendon pathology, 
selected soft tissue neoplasms and, in some cases, neural pathology.

Extended field-of-view (EFOV) imaging entails in-plane speckle 
tracking while manually translating the transducer to allow consecu-
tive images to be combined into a single image depicting a larger 
anatomic region(84–86) (Fig. 16). This has led to improved depiction of 
pathology relative to adjacent anatomy as part of a large field-of-view 
image (up to approximately 60 cm). The advantage of EFOV imaging 
resides more in visualizing and describing an abnormal finding to 
clinicians or other imagers not present during the initial real-time 
assessment. Examples include depicting muscle and tendon tears, 
which are shown in relation to normal adjacent anatomy as well as al-

Fig. 14. �Speckle distribution in 2D image consists of sub-resolution scatterers 
that are randomly distributed in space. A small lateral translation by 
the transducer (arrow, left image) results in a new speckle field. Pro-
vided the translation is sufficiently small (within a correlation length), 
the speckle can be used to estimate the degree and angle of transla-
tion (right image), allowing for image registration. Alternatively, if the 
displacements are too large, the images are uncorrelated. In the case 
of spatial compounding, where a rotation is involved, the angular dis-
placements are sufficiently large for the speckle to decorrelate, and only 
the specular reflectors contribute to the final image

Fig. 15. �Spatial compounding. Both images display high-grade partial-thickness 
rotator cuff tears which are similar in morphology. The image labeled B 
is obtained with spatial compounding, while the image labeled A does 
not employ any spatial compounding. While both images are diagnos-
tic, anatomic planes and tissue morphology are more distinct in the 
spatially compounded image. Cortical surfaces, tissue planes, and 
boundaries of the tear itself are better defined
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fully in a variety of musculoskeletal applications, particularly ten-
dinosis(91–92) (Fig. 17). There is an art to achieving optimal imaging 
by knowing what part of the compression/relaxation cycle to obtain 
measurements from and how light a touch is required. Most scan-
ners have built-in tools to optimize the level of compression used, 
optimally producing 1–2% strain. A color map is generally em-
ployed, in which red denotes softer objects (greater strain or more 
deformable), while blue hues denote low strain (stiffer objects). The 
addition of a reference of known Young’s modulus has been shown 
to be helpful in calculating relative strain in a manner that is more 
robust and less operator-dependent(93).

Another variant of elasticity imaging refers to the production of 
a shear wave either through direct mechanical means (transient 
elastography) or using the transducer itself to produce a push pulse 
(acoustic radiation force impulse imaging or ARFI)(94–98). Histori-
cally, Doppler techniques have also been employed to detect the 
induced shear waves in transient elastography(96). In either case, 
the transducer also serves to track the resultant shear wave propa-
gation using a series of tracker pulses and speckle tracking to de-
termine axial displacement at each element location (Fig. 18). The 
speed of the shear wave (measured in meters per second) reflects 
the local shear elastic (or equivalently Young’s) modulus with the 

lowing the full extent of an abnormality to be displayed (Fig. 16). Ob-
taining these images remains somewhat of an art, though, since the 
tissue of interest is tracked using a free-hand technique. Poor speckle 
tracking and complex anatomy are potential complicating factors.

Elastography

Ultrasound elastography was initially described as an extension 
of soft tissue palpation, albeit in situations where an abnormality 
might not be clinically evident. The wide dynamic range of soft tis-
sue mechanical properties is conducive to this type of imaging(87). 
Thus, while research regarding soft tissue mechanical properties has 
been around since the 1970s, it was not until the 1990s that “so-
nopalpation” or compression-based elastography became clinically 
available(88–90). This is a free-hand technique, whereby small com-
pressions of soft tissue by the transducer result in small axial dis-
placements that can be tracked using speckle tracking techniques. 
A strain map is obtained that is depth-dependent. The contrast 
derived in such a map is largely determined by the relative hard-
ness of different tissues at the same depth(90). While the technique is 
well-suited to small low-contrast soft tissue masses, it is less suitable 
for global tissue properties. Nevertheless, it has been used success-

Fig. 17. �Patient with retrocalcaneal pain. Long-axis grayscale image of the Achilles tendon insertion (left) shows prominent enthesopathic mineralization. The 
deep surface of the tendon appears slightly hypoechoic relative to the superficial fibers, suggesting tendinosis. A rendition of the transducer is positioned 
over the distal tendon and low-amplitude compression/relaxation cycles are simulated to obtain an elastogram(92). Compression elastogram (right) with 
image obtained during the mid-relaxation phase. The strain map is green in the deep fibers of the tendon (black arrows), corresponding to the hypoechoic 
region seen on the conventional grayscale image. There is improved contrast on the elastogram, and the degree of tendon softening appears more exten-
sive in comparison. The standard color map is used, wherein higher strains (softer) are denoted in red hues, and low strain (stiff) in blue and green hues

BA

Fig. 16. �Extended field-of-view (EFOV) images of the Achilles tendon. A. The image is obtained from the first commercially available system that had EFOV capabil-
ity. The full extent of the Achilles tendon is depicted, displaying mild enlargement proximal to its insertion on the calcaneus. B. The image of a torn Achilles 
tendon is obtained on a later generation scanner with speckle reduction. Again, the full extent of the tear and retracted fractured enthesophyte are readily 
depicted. The latter displays posterior acoustic shadowing. EFOV imaging allows an overall improved gestalt view of the pathology relative to conventional 
small field-of-view images
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assumption that soft tissues are incompressible. While transient 
elastography may more accurately reflect the elastic moduli, ARFI 
techniques have been implemented in most high-end clinical scan-
ners. The shear waves produced are generally bandwidth limited 
between approximately 100–1000 Hz, and the group velocity of the 

induced wave packet is estimated, which is then used to determine 
the Young’s modulus(90). 

Shear wave elastography (SWE) has a range of advantages: it is easy 
to implement, less operator-dependent, and produces a quantitative 

Fig. 18. �A. Representation of shear wave acquisition on normal skeletal muscle in long axis. A focused push pulse (acoustic radiation force impulse or ARFI) results 
in localized momentum transfer to the adjacent soft tissue. This in turn generates a cylindrically symmetric shear wave. Subsequently, the transducer ele-
ments are used to generate tracker pulses at a high frame rate. B. Generated shear wave produced through speckle tracking at two different transducer ele-
ments (point quantification) separated by approximately 2 mm. The time (T) between peaks or troughs is estimated using a correlation-based algorithm, 
from which the propagation speed c is estimated (c = 2/T). A parametric map of shear wave speed is generated for the entire ROI (center map) with a color 
scale depicting soft (blue) to stiff (red) tissues, opposite to what is typically used in compression-based schemes. A quality factor map (far right) based on 
signal-to-noise ratio and correlation coefficient is included. Accuracy is determined by sampling between shear waves. If the peaks are well-defined, as in 
this case, without broadening, the time domain correlation gives accurate estimates

BA

Fig. 19. �Shear wave elastography (SWE) in a normal volunteer (A, B) versus a patient with and underlying chronic myopathic disorder (C, D). Images obtained 
from the medial gastrocnemius muscle in long axis and corresponding SWE parametric image. Additional point quantifications listed from randomly 
placed samples within each ROI. Images from an asymptomatic 33-year-old female show shear wave elastogram (A) and normal muscle morphology on 
grayscale (B) with shear wave speeds > 2 m/s up to 3 m/s (not shown). Shear wave elastogram in a 39-year-old female patient with a myopathic disorder 
(C) and corresponding grayscale ultrasound (D). The shear wave speeds are less than 2 m/s (not shown). The corresponding grayscale image (D) depicts 
a diffusely echogenic muscle with loss of normal fascicular morphology, compatible with atrophy

DC

BA
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measure or parametric map of soft tissue stiffness. In this respect, 
SWE has been useful to produce more global and quantitative soft 
tissue assessment. SWE has been used to study tendon, ligament, 
joint and muscle abnormalities with encouraging preliminary re-
sults, although large controlled series are still lacking(99–105) (Fig. 19). 

A limitation of SWE is the lack of uniformity across different scan-
ners, or when using different transducers within the same scanner. 
The parametric images are of low spatial resolution due to the meth-
od used to track wave propagation. Two additional problems also 
arise in shear wave imaging, which have not as yet been addressed 
by vendors. Musculoskeletal soft tissues are inherently anisotropic, 
so that measurements of shear elastic or Young’s modulus are direc-
tionally dependent(97,100,106). Two-dimensional tracking techniques, 
using matrix arrays, may ultimately deal with this issue by displaying 
the angle-dependent two-dimensional propagation patterns follow-
ing a cylindrically symmetric push pulse. Secondly, the shear wave 
speed is frequency-dependent at the higher end of the frequency 
spectrum due to viscoelastic effects(100,106). This is not generally taken 
into consideration in any clinically available system, although it is an 
area of ongoing research. 

Harmonic imaging

Much of ultrasound is based on the assumption of a fixed speed 
of sound in soft tissue. An approximate plane wave of a given fre-
quency reflects off a surface and is reflected back to the transducer, 
a coherent process, or the wave can undergo scattering by point-like 
scatterers, which is an incoherent process. This is complicated by 
attenuation, which exponentially diminishes the pressure ampli-
tude with a decay coefficient proportional to frequency. To a first 
approximation, many of these processes can be understood as being 
linear: an example being scattering of a plane wave from a point 
scatterer. The propagation of sound in biological soft tissues, how-
ever, is inherently non-linear, particularly at high enough pressure 
amplitudes. During the compressional phase, the speed of sound 
increases slightly, whereas during relaxation the speed of sound will 
decrease. The extent to which this non-linearity should be taken into 
account is determined by the non-linearity factor, B/A(107,108).

Tissue harmonics

When B/A is sufficiently large, higher order harmonics will be gen-
erated; the wave is no longer represented as a simple plane wave 
but rather as a summation of waves consisting of higher order 
terms, each propagating at some multiple of the original (or fun-
damental) frequency. These higher order terms can be scattered 
back to the transducer (Fig. 20). Detection of these lower ampli-
tude harmonics can have a number of distinct advantages, such 
as improved signal-to-noise ratio, contrast, and axial and lateral 
resolution(109). Harmonic imaging generally refers to second har-
monic detection (propagates at twice the fundamental frequency) 
and imaging. A broadband transducer operating at a lower cen-
ter frequency (i.e., 6 MHz) can transmit into the soft tissue, being 
less susceptible to attenuation. The second harmonic frequency 
(12 MHz) can be detected to produce a higher axial resolution im-
age (Fig. 21), which is less attenuated at the higher frequency due 
to the shortened propagation distance. Tissue harmonic imaging 
(THI) is particularly well-suited to deeper structures, such as the 

supraspinatus tendon, muscle or interdigital web spaces, where 
subcutaneous fat can be problematic. In scanning very superficial 
structures, THI is less of an advantage(110).

Contrast harmonics

Second-harmonic imaging has become the method of choice when 
used in conjunction with contrast agents(111). Bubbles oscillate at 
a resonant frequency corresponding to the appropriate insonating 
frequency (fundamental), to generate higher order harmonics in the 
backscattered wave. The corresponding waves are of significantly 
higher amplitude (orders of magnitude) in comparison to back-
scattered waves that derive from scatterers within the soft tissue. In 
this manner, areas of enhancement are selectively imaged. There are 
a variety of methods used to detect these harmonic waves, including 

Fig. 20. �Tissue non-linearity. A simulated sinusoidal wave from the transducer 
is continuously distorted at increasing depths due to variation in the 
speed of sound in soft tissue. In the compressional phase, the propagation 
speed increases, whereas it decreases during decompression. As the wave 
propagates, it undergoes progressive distortion from a sinusoidal wave 
in the near field to a sawtooth pattern at increasing depth. This distorted 
wave can be represented as a Fourier series containing higher harmonic 
contributions, the dominant being the second harmonic (twice the trans-
mit or fundamental frequency). The backscattered second harmonic is 
detected, allowing higher spatial resolution with less attenuation
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frequency selection, pulse inversion or amplitude modulation(111). 
The resulting image displays the distribution of microbubbles over 
time on a capillary level, allowing quantitative estimates of soft tis-
sue perfusion and blood volume (Fig. 14, Video 1).

Interventional ultrasound

With the appearance of real-time grayscale imaging in the late 
1970s/early 1980s, and noting the conspicuity of metallic needles 
relative to adjacent soft tissue anatomy, a large variety of procedures 
have been shown to be readily performed under ultrasound guid-
ance(17,112). Since fluid is of high contrast on ultrasound, the earliest 
musculoskeletal applications (1980s/1990s) included joint and cyst 
aspirations(113–115). Subsequently, ultrasound guidance was shown to 
be useful in performing a large variety of musculoskeletal interven-
tions, including bursal, tendon sheath and joint injections, and in 
the treatment of calcific tendinosis(14,116). In recent years, ultrasound 
has been also used extensively in perineural blocks and therapeutic 
injections as well as for localization for ablative therapy, such as al-
cohol, RF and cryoablations(117,118) (Fig. 2, Fig. 3).

The majority of technical developments during this period relate to 
the compactness of the ultrasound scanners and transducers, which 
have become more portable along with the availability of smaller 
footprint transducers (e.g., hockey stick) and higher operating fre-
quencies(15–17). Efforts to increase needle conspicuity, such as beam 
steering and echo tip needles, have been developed to improve con-
fidence during needle positioning.

Since many procedures are performed in patients who already have 
pre-existing imaging in the form of computed tomography (CT) or 

Fig. 22. �Planning for sacroiliac (SI) joint injection using an axial MR image of the pelvis for registration (left). An electromagnetic field generator is used with 
sensors placed on the transducer, sometimes on the patient and on the needle to help localize these in space. Common fiduciary markers are used to 
achieve registration. Usually, a minimum of three points are chosen. The transducer position, corresponding MR and US images are displayed as well as 
the juxtaposition of MR and ultrasound images. In the right images, a needle trajectory is simulated and superimposed on the ultrasound and composite 
ultrasound/MR images. The needle trajectory is seen to enter the joint proper on the juxtaposed image

Fig. 21. �Tissue harmonic imaging (THI). Images of the rotator cuff with (A) 
and without (B) THI, using an 18L6 MHz linear transducer (Siemens 
Sequoia, Siemens Medical Systems). No spatial compounding is ap-
plied for purposes of comparison. An improvement in soft tissue de-
tail is evident with tissue harmonics applied. The axial and contrast 
resolution are improved at the higher harmonic components. Tissue 
boundaries are more distinct, and the speckle spot size appears smaller

B
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magnetic resonance imaging (MRI), image co-registration capa-
bilities have been added to more advanced ultrasound systems over 
the last 10–15 years(119) (Fig. 22). These largely entail the use of an 
electromagnetic field generator to localize the transducer location 
and orientation in space, identifying common fiduciary markers 
between both sets of imaging data (ultrasound/CT or ultrasound/
MRI) and using the least squares techniques to calculate the appro-
priate mathematical transformation to superimpose both imaging 
data sets. Likewise, a transmitter can be placed on a needle to local-
ize it in the image space during positioning. One can then effectively 
scan using either ultrasound or CT/MRI in a real-time setting to 
identify a target area for injection, aspiration or biopsy(120–121). While 
these systems have proven to be useful in a variety of musculoskel-
etal procedures, where the target is not readily visualized on a base-
line ultrasound, they continue to be somewhat cumbersome and 
potentially expensive for routine applications.

Artificial intelligence (AI)

Applications of AI to the musculoskeletal system have received 
a great deal of attention in the last decade(122). These techniques have 
been shown to be particularly adept at classifying and identifying 
soft tissue pathology, as well as performing image segmentation 
(Fig. 23). Convolutional neural networks (CNN) and deep learning 
(DL) techniques in particular are proficient at image analysis and 
will likely be implemented as aids to radiologic interpretation and 
improvements to workflows in the near future(123,124).

With respect to image analysis, most applications involve a super-
vised learning approach, whereby a series of input images are used 

to train the CNN, which entails using a series of filters applied to 
the data, determining whether there are any dominant features 
present in the convolved data set, and pooling those features to be 
compared with a set of truth data. Examples would include detec-
tion of tissue boundaries or lesion classification. The operations may 
be computationally intensive, but are well-suited to the capabilities 
of the current generation of high-end ultrasound scanners. Based 
on the author’s experience, these have only been used for relatively 
simple applications to date, although the current literature has dem-
onstrated promising applications for MSKUS in inflammatory ar-
thritis, segmentation of muscular anatomy, and lesion characteriza-
tion(125–127).

Summary

MSKUS has developed rapidly over the last 40 years, paralleling ad-
vances in ultrasound technology, software, and hardware in accor-
dance with Moore’s law. The appearance of a large variety of trans-
ducer capabilities and rapid image processing, along with the ability 
to assess vascularity and tissue properties, has already expanded and 
continues to expand the role of MSKUS. It should also be recog-
nized that these developments have in large part been possible due 
to a number of individuals who had the insight to see the potential 
applications of this developing technology to a host of relevant clini-
cal musculoskeletal problems. 

Exquisite high-resolution images of both deep and small superficial 
musculoskeletal anatomy, assessment of vascularity on a capillary 
level and tissue mechanical properties can be obtained. Ultrasound 
has also been recognized as the method of choice to perform a large 

C

BA

  23. �Mass segmentation. Automatic characterization of soft tissue masses requires boundary 
detection as a first step. Comparison of a manually segmented boundary (A), segmenta-
tion performed using an AI platform (B) derived from the hypoechoic mass  seen on 
the bottom left (C). Segmentation was performed with five-fold cross-validation using 
nnU-Net framework(128)
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