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Introduction
Knee pain accounts for roughly 500,000 health provider 

visits per year [1]. This warrants the use of imaging modalities to 
provide reliable structural and functional information associated 
with the pain. These modalities include plain X-ray film, computed 
tomography (CT), magnetic resonance imaging (MRI), and 
ultrasound [2]. Of these choices, the American College of Radiology 
Appropriateness Criteria recommends plain film as the first-line 
diagnostic tool [3]. However, plain film is limited in its ability 
to identify soft tissue injuries such as ligamentous, tendon, and 
muscular injuries [4,5]. MRI has high image resolution and is feasible 
to assess skeletal abnormalities [5]. Although MRI is effective at 
visualizing soft tissue injuries, its practicality in a clinical setting 
is limited due to its low accessibility and high cost. An alternative 
to MRI is ultrasound, which has several inherent benefits over MRI. 
These include high availability, accuracy, mobility, demonstration of 
real-time soft tissue abnormalities, and low cost [6,7]. Classically,  
conventional ultrasound provides gray-scale images, which is 
known as B-Mode Imaging. B-Mode image displays only structural 
abnormalities within the knee such as joint effusions, popliteal 
cysts, and hematomas [8]. However, B-Mode alone cannot assess 
a tissue’s biomechanical properties or function of the knee. New  

 
developments in ultrasound technology, such as ultrasound shear 
wave elastography (SWE), resolves these issues with its capability 
to evaluate biomechanical properties of the tissue [9].

SWE can identify changes within tissues by measuring their 
elastic modulus. It produces a measurement of shear wave velocity 
(SWV, m/s) which provides qualitative and quantitative information 
for diagnostic purposes [6]. SWV is the speed at which a shear wave 
propagates through a tissue. This shear wave is achieved by emitting 
a wave of ultrasound pulses from the transducer to displace the 
soft tissues within its direct path. These waves travel faster through 
stiffer tissues and slower through softer tissues. In other words, 
SWV is high in stiff tissue and low in soft tissue [6,7]. SWE has 
shown to be an effective tool in diagnosing different pathologies, 
ranging from solid breast masses to liver fibrosis, kidney cortex 
stiffness, poststroke spasticity, and soft tissue injuries [10-14]. 
When evaluating soft tissue pathologies using SWE, an increase or 
decrease in SWV is noted depending on the structure and injury. For 
example, Achilles and supraspinatus tendinopathy are associated 
with a decreased SWV, whereas muscular spasticity, neuropathies, 
and low back and neck pain are associated with an increased 
SWV [10, 15-19]. The positive correlation between muscular 
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pain and SWV value has been observed in patients with lower 
back or neck pain, superficial and deep multifidus, and trapezius, 
sternocleidomastoid, and splenius capitis [16-19]. Previous studies 
focused on the correlation between subjective pain within muscles 
and SWV; however, the knee joint consists primarily of ligaments 
and tendons in addition to related muscles [20]. The aim of this 
study was to assess the feasibility of ultrasound SWE to quantify 
the change in tendon stiffness associated with knee pain.

Methods/Material
Participants

The Institutional Review Board approval for this research 
study was provided through Rocky Vista University (IRB#2019-
0088). Participants were randomly selected from the from the local 
community. Inclusion criteria required the study participants to 
be 20 years of age or older, capable of understanding and signing 
informed consent, to be tolerant to ultrasonography scans, and 
having no history of lower extremity surgeries. After providing 
written informed consent, a standardized questionnaire state 
questionnaire on musculoskeletal pathologies regarding the lower 
extremities, the grade of knee pain (level 0-10), and other medical 
conditions were completed by all participants before scanning. 
Based on this information, individual knees with reported pain 
were categorized in the affected group (with pain) whereas the 
side without pain was categorized in the unaffected group (without 
pain).

Ultrasound Shear Wave Elastography (SWE)

Ultrasound images were taken with a commercial Acuson 
S3000 ultrasound scanner (Siemens Medical Solutions, Mountain 
View, CA). A linear array transducer (9L4, bandwidth 4-9 MHz) was 
used to image the knees. Acoustic radiation force impulse (ARFI)-
based point SWE software (Virtual Touch Quantification, Siemens) 
was installed in the scanner, and manufacture-recommended pre-
settings were applied for acquiring SWE of the tendons. A double 
image function simultaneously displayed the B-mode image and 
the color-coded SWV map. Side by side, B-mode images provided 

anatomic information about the tendon and color-coded SWE 
displays the stiffness of the tendon (Figure 1). The participant 
was in a supine position with the knee flexed at 30 degrees for 
measuring SWV of the patellar tendon and quadriceps tendon. 
A pillow was placed under the knee to ensure relaxation and 
stability of the lower extremities. Each tendon was scanned twice 
in the longitudinal plane (elongate to tendon fibers). The region of 
interest for the color-coded shear wave elastography map of the 
tendon was 0.83 cm² (0.55 cm in axial by 1.5 cm in lateral) at the 
center of the tendon (Figure 1a). A homogenous green appearing 
in the SWE quality map was used to determine a high quality of 
SWE acquisition for data analysis. The mean and standard (SD) 
values of SWV for each tendon were displayed on the image based 
on estimation of shear wave speed in the ROI. Two SWV values 
were measured for each tendon and the average of these SWV 
values was used for analysis. SWV’s were measured two times in 
the patellar tendon and quadriceps tendon in the knee relaxation. 
Two operators scanned the patella tendons in 10 participants to 
test inter-observer reproducibility. An operator scanned patella 
tendons in the same 10 participants twice to test intra-observer 
repeatability. All operators had 2 years of training on how to 
perform ultrasound scan (abdomen, MSK, cardiovascular) and 5 
hours of training on how to perform SWE (how to activate SWE 
function, how to measure SWV of the tendon, select ROI, and how 
to position the knee) in the study.

Statistical analysis
The age, body mass index (BMI), and all ultrasound parameters 

are expressed by the mean and standard deviation (SD). Differences 
in shear wave velocities between affected and unaffected tendons 
were analyzed by an independent grouped t-test. A p<0.05 was 
considered statistically significant. Intra- and inter-observer 
reliability was examined by intraclass correlation coefficient (ICC). 
ICC is interpreted by poor, moderate, or good correlation based on 
r-value [21]. Statistical analysis was conducted using commercial 
SPSS software (SPSS, version 27.0).

Results

Figure 1:
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A total of 31 adult participants (20 females, 11 males) were 
recruited. Each tendon was scanned twice and categorized based 
on the presence of the pain within the knee. There were 40 affected 
tendons and 84 unaffected tenons. SWV of 40 affected quadriceps 
and patellar tendons measured 5.26±2.00 m/s and 5.42±1.54 
m/s, respectively (Table 1). The SWV of 0 unaffected quadriceps 
and patellar tendons measured 4.50±1.81 m/s and 4.77±1.62m/s, 

respectively (Figure 1 & Table 1). A statistically significant 
difference in SWV between affected and unaffected tendons was 
found in this study. The quadriceps tendon (p = 0.04) and patellar 
tendon (p = 0.04) both showed higher SWV in affected tendons 
compared to that in unaffected tendons (Figure 2). Intraobserver 
and interobserver reliability for shear wave measurements was 
good (ICC = 0.90-0.97) (Table 2).

Table 1: Average Shear Wave Velocities of the quadriceps tendon (top) and patellar tendon (bottom). There is statistical signif-
icance between painful and non-painful quadriceps (p=0.04) and painful and non-painful patellar tendons (p=0.04).  Statistical 
significance was examined using an independent grouped t-test.

Affected Knee Unaffected Knee 

Quadriceps Tendon (SD) (m/s) 
5.26 (2.00) 4.50  (1.81) 

p = 0.04 
n = 40 n = 84

Patellar Tendon  (SD) (m/s) 
5.42 (1.54) 4.77  (1.62)  

p = 0.04 
n = 40 n = 84

Figure 2a-b: Box-and-whisker shows the difference in shear wave velocity of the quadriceps tendon (2a) and patellar tendon 
(2b) between participants with (blue-colored box) and without (orange-colored box) knee pain. The blue-colored box represents 
an affected.

Table 2: Reliability of Performing Ultrasound Shear Wave Elastography of the Tendon.

Average Measures Intraclass Correlation*
95% Confidence Interval F Test with True Value 0

Lower Bound Upper Bound Value Sig

Operator 1:Operator 1 0.96 0.91 0.99 26.64 < 0.001

Operator 2: Operator 2 0.94 0.86 0.98 17.96 < 0.001

Operator 1: Operator 2 0.88 0.7 0.95 8.38  < 0.001

Note: *ICC, intraclass correlation coefficient using a consistency definition; Inter-observer reliability test: measurements performed by operator 1 to mea-
surements performed by the operator 2 on the same patients separately; intra-observer reliability tests: measurement 1 to measurement 2 performed on the 

same patients by operator 1 (or operator 2).

Discussion
We observed a higher SWV in the affected quadriceps tendons 

(p = 0.04) and patellar tendons (p = 0.04) compared to unaffected 
tendons. The result suggest that tendon stiffness (mechanical 
properties) increases in the knee associated with pain. SWE allows 
for the assessment of the stiffness of tissue scanned. The speed of  

shear wave propagation (SWV) through the tissue is dependent 
on the stiffness of the tissue. SWV is high in stiff tissue and low in 
soft tissue [22,23]. Our results indicate an increase in shear wave 
velocity represents increased stiffness in affected tendons. The 
likely cause of the pain experienced by our participants is tendon 
injury, which results in an inflammatory response, generating 
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a release of cytokines and other pain modulators [24]. Other 
physiological changes that occur following tendon injury include 
architectural changes because of haphazard healing, inflammation, 
and collagen degeneration [25]. These changes cause an observed 
increase in tendon thickness and cross-sectional area, and 
ultimately an increase in tendon stiffness represented by SWV value 
[25,26]. Current research on the evaluation of tendon injury using 
SWE shows a variety of changes after an injury. In Achilles tendon 
injuries, normal tendons were stiffer than pathologic tendons [27, 
28]. 

With regards to the supraspinatus tendon, the results of several 
studies were in line with our data, showing painful supraspinatus 
tendons will have a higher SWV [29], and an increase in SWV in 
individuals with idiopathic adhesive capsulitis [30]. Other studies 
have shown that increased shear wave velocities are associated 
with increased stiffness in plantar flexing muscles, infraspinatus, 
and lower trapezius, with resultant shoulder pain [31, 32]. When 
examining the tendons of the knee, the results of studies are 
contradictory. Some studies indicate an increase in SWV due 
to patellar tendon pathology [33,34], while others indicate a 
decrease [35, 36]. It is speculated that the variation results from 
differences in the location of the region of interest measured [37]. 
Studies that demonstrated a decreased SWV had a more variable 
region of interest, while studies demonstrating an increased SWV 
was standardized to a specific point in the tendon. To minimize 
variations in regions of interest, we chose a region of interest at the 
center of the tendon, like that of Coombes, et al. [36,37]. The patient 
population and criteria were also different in our study compared 
to previous studies. Previous studies included a patient population 
of only athletes [33,34] or individuals with patellar tendinopathy 
[35,36], whereas we chose a broad population consisting of athletes 
and nonathletes and looked solely on whether pain was present. Our 
results are backed by the fact that in a separate study performed, 
individuals with healthy patellar tendons were described as soft or 
having a low SWV [38]. Furthermore, after total knee arthroplasty, 
researchers showed SWV of the quadriceps tendon and the patellar 
tendon was higher before surgery than after surgery [39]. This 
may indicate that after the correction of knee pain, there will be 
a reduced stiffness in the nearby tendons. Intraclass Correlation 
Coefficient determined that the interobserver and intraobserver 
reliability was good (ICC, 0.90-0.97). This is in line with previous 
studies which show that the SWV to access various musculoskeletal 
pathologies is reproducible and reliable [35,40].

There were limitations in the study. First, the study lacks 
participants in variable age groups. The tendon stiffness increases 
with age. Confounding factors such as tissue change with age 
should be considered when assessing tendinopathy [41]. Aging can 
alter the spatial variations in Achilles tendon elasticity, resulting 
in deformations within the muscle-tendon unit affecting injury 
potential [42]. Second, we did not analyze the difference in SWV 
between men and women. Females were found to have a significantly 
higher Q-angle and hip joint internal rotation angle, which correlated 

with a higher proportion of females with a history of lower limb 
sports injuries [43]. Third, our data does not differentiate between 
types of lower limb pathologies. Different pathologies can result in 
different SWV values between the quadriceps and patellar tendons. 
Fourth, we did not examine the difference in SWV of the tendon 
between athletes and non-athletes. An increase in physical activity 
has been shown to have increased connective tissue remodeling and 
increased tendon collagen [26]. This could lead to changes in SWV 
in athletes. Fifth, we did not have electromyogram as a reference to 
correlate with pain and ultrasound findings. Finally, pain was used 
for dividing tendons into affected and unaffected groups. The pain 
is subjective because the variation of threshold for pain could be 
huge. However, the study demonstrated that SWE was feasible to 
distinguish the affected tendon with pain from those unaffected 
tendons without pain. As such, patients could be placed in different 
groups based on a subjective measurement. Further studies should 
use expanded criteria regarding gender, age, and past injury history 
to the lower limb to stratify participants to provide more detail 
regarding differences in SWV.

Conclusion
Ultrasound shear wave elastography is feasible to assess the 

change in tendons associated with knee pain. There is a positive 
correlation between SWV and knee pain. SWV can be used as 
a surrogate biomarker to quantify the change in tendons with 
pain and assess the effect of the treatment for knee pain. Figures 
1a-b. Shear wave elastography was performed on a 67-year-old 
male without knee pain (1a) and 73-year-old woman with knee 
pain (1b). A linear array transducer (9L4, bandwidth 4-9 MHz) 
was placed longitudinally on the patellar tendon. Shear wave 
elastography shows longitudinal plane of the patellar tendon of 
an unaffected knee. B-mode image (left image) and color-coded 
SWE (right image) are displayed side by side Mean and standard 
deviation (SD) of shear wave velocity in unaffected tendon (1a) 
and affected tendon (1b) was 3.60 + 0.36 m/s and 6.14 + .60 m/s, 
respectively. The picture on the left indicates a B-Mode image of 
the tendon while the picture on the right indicates relative stiffness 
of the tissue with blue/green indicating minimal stiffness and red 
indicating increased stiffness. 
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