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Ultrasound shear wave speeds reduced 
following hamstring strain injury but not after 
returning to sport
Scott K. Crawford1,2,3*  , Christa M. Wille2,3,4, Mikel R. Joachim2,4, Kenneth S. Lee5 and Bryan C. Heiderscheit2,3,4 

Abstract 

Objectives The purpose of the study was to investigate differences in ultrasound shear wave speed (SWS) 
between uninjured and injured limbs following hamstring strain injury (HSI) at time of injury (TOI), return to sport 
(RTS), and 12 weeks after RTS (12wks).

Methods This observational, prospective, cross-sectional design included male and female collegiate athletes 
who sustained an HSI. SWS imaging was performed at TOI, RTS, and 12wks with magnetic resonance imaging. SWS 
maps were acquired by a musculoskeletal-trained sonographer at the injury location of the injured limb and loca-
tion-matched on the contralateral limb. The average SWS from three 5 mm diameter Q-boxes on each limb were 
used for analysis. A linear mixed effects model was performed to determine differences in SWS between limbs 
across the study time points.

Results SWS was lower in the injured limb compared to the contralateral limb at TOI (uninjured – injured limb differ-
ence: 0.23 [0.05, 0.41] m/s, p = 0.006). No between-limb differences in SWS were observed at RTS (0.15 [-0.05, 0.36] m/s, 
p = 0.23) or 12wks (-0.11 [-0.41, 0.18] m/s, p = 0.84).

Conclusions The SWS in the injured limb of collegiate athletes after HSI was lower compared to the uninjured limb 
at TOI but not at RTS or 12 weeks after RTS.

Critical relevance statement Hamstring strain injury with structural disruption can be detected by lower injured 
limb shear wave speed compared to the uninjured limb. Lack of between-limb differences at return to sport may 
demonstrate changes consistent with healing. Shear wave speed may complement traditional ultrasound or MRI 
for monitoring muscle injury.

Key points 

• Ultrasound shear wave speed can non-invasively measure tissue elasticity in muscle injury locations.

• Injured limb time of injury shear wave speeds were lower versus uninjured limb but not thereafter.

• Null return to sport shear wave speed differences may correspond to structural changes associated with healing.

• Shear wave speed may provide quantitative measures for monitoring muscle elasticity during recovery.
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Graphical Abstract

Introduction
Hamstring strain injuries (HSI) are the most common 
injury in high-intensity, running-based sports [1–3]. 
Diagnosis is often corroborated with magnetic resonance 
imaging (MRI) and ultrasound imaging findings [4–9]. 
However, the usefulness of medical imaging for progno-
sis and the ability to determine the time to return to sport 
(RTS) and potential reinjury risk is questioned [10–12]. 
One possibility for the limited ability of medical imaging 
in providing additional value to clinical tests [13, 14] is 
that conventional MRI or ultrasound provide informa-
tion only related to gross anatomy yet neglect inherent 
material properties of the muscle.

Muscle material properties are dependent upon the 
structure and composition of the tissue and play a signifi-
cant role in the muscle’s response to lengthening strain 
and muscle performance [15, 16]. Though clinical tests 
(e.g., straight leg raise, active knee extension test) are 
often used to infer muscle mechanical properties such as 
stiffness, these tests may be suboptimal as the outcomes 
include contributions of both non-muscular tissues (e.g., 
tendon, ligaments, and the joint capsule) and the contri-
butions of individual muscles which comprise an entire 
group (e.g., hamstrings) [17–19]. Considering previously 
injured hamstrings show greater displacements during 

hamstring-specific loading in the most susceptible areas 
for injury [20], methods that quantify the material prop-
erties in specific locations of injured muscle may provide 
insight into tissue loading response.

Ultrasound shear wave elastography is an imaging 
technique to non-invasively measure direct tissue elas-
ticity in definite regions of the muscle and is not subject 
to influences of the whole muscle–tendon unit [17, 21]. 
The shear wave speed (SWS) serves as a proxy measure 
of skeletal muscle elasticity and increases with both pas-
sive lengthening and contraction intensity in the ham-
strings [22, 23]. Shear modulus has also been related to 
rapid force development in healthy gastrocnemius mus-
cles [24]. Shear wave elastography has also proven ben-
eficial in musculoskeletal medicine by characterizing 
tendinopathy and plantar fasciitis with greater sensitivity 
than conventional sonographic measures of echotexture 
changes and vascularization detected by B-mode and 
power Doppler, respectively [25–27]. Specifically, degen-
erative changes in the tendon and fascia collagen matrix 
have consequent reductions in SWS, suggesting lower 
tissue stiffness [25–27]. However, less is known about 
how SWS is affected following a muscle strain injury in 
humans at the local injury site at the time of injury (TOI) 
and at RTS.
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Therefore, the purpose of the study was to investigate 
differences in SWS between injured muscle and the cor-
responding healthy muscle in the uninjured limb follow-
ing HSI at TOI, RTS, and 12 weeks after RTS (12wks) in 
an observational, prospective, cross-sectional design in 
collegiate athletes. It was hypothesized that SWS would 
be lower in the injured limb compared to the uninjured 
limb at TOI, but no between-limb differences would be 
present at RTS and 12wks.

Methods
Study design and procedures
The data presented in this study were collected as a part 
of a larger observational, prospective investigation of 
collegiate athletes who sustained an HSI [28, 29]. The 
current investigation was a cross-sectional analysis of 
available SWS data collected as a secondary outcome 
of the overall study design. The Health Sciences Insti-
tutional Review Board at the University of Wisconsin-
Madison approved all procedures (IRB ID: 2017–0152). 
Athletes provided informed consent prior to participa-
tion in all study procedures.

Male and female collegiate athletes who participated in 
either American football, soccer, basketball, or track and 
field and sustained an acute HSI were recruited to par-
ticipate in the study. An HSI was defined as sudden onset 
of pain in the posterior thigh that occurred during sport 
participation, required medical attention, and resulted 
in the athlete losing one or more days from training or 
competition. HSIs were determined and confirmed by 
the athlete’s medical team. Criteria for HSI occurrence 
was based on the presence of any two or more symptoms 
including: palpable pain along any of the hamstring mus-
cles, posterior thigh pain without radicular symptoms 
during straight leg raise testing, weakness with resisted 
knee flexion, pain with resisted knee flexion, and poste-
rior thigh pain with sports/running [28].

MRI and ultrasound SWS imaging were obtained 
within 7 days of a respective timepoint (TOI, RTS, 
12wks) [30]. Due to scheduling difficulties, the order of 
MRI or ultrasound imaging acquisition varied. A stand-
ardized rehabilitation protocol was implemented by the 
team’s athletic trainer, and RTS was defined as the date 
when medical clearance was obtained to resume all 
sport-related activities [31]. Criteria for RTS clearance 
included absence of hamstring-specific pain upon palpa-
tion, symmetry between limbs for manually resisted iso-
metric strength and range of motion, and absence of pain 
or stiffness during high-speed running [31, 32].

Inclusion criteria for analysis
If an athlete had a subsequent HSI that occurred at any 
point prior to the 12wks imaging session, then the index 

HSI was eligible for inclusion, but the subsequent HSI 
was not. If an athlete had a subsequent HSI after the 
12wks imaging session, the subsequent HSI was eligible 
for analysis as a separate HSI. A flow chart of athletes 
included for analysis at each time point is shown in Fig. 1.

Ultrasonic shear wave speed and magnetic resonance 
imaging procedures
Ultrasound SWS imaging was performed using a com-
mercial ultrasound system (Aixplorer, Supersonic 
Imagine, Aix-en-Provence, France) with a linear array 
transducer (SL10-2, 38 mm aperture). A standardized 
image acquisition protocol was determined prior to data 
collection. Two musculoskeletal-trained sonographers 
(both with over 5 years of musculoskeletal ultrasound 
experience, trained, and supervised by the same mus-
culoskeletal radiologist) were responsible for collecting 
images throughout the study. Both sonographers were 
informed of the study design, were provided with the 
same image acquisition protocol, and were trained by 
the same musculoskeletal radiologist with over 20 years’ 
experience (KSL). To maintain consistency across ultra-
sound image acquisitions and so as not to bias the sonog-
raphers, SWS were collected without the use of MRI 
findings. Although participants in this study completed 
both US and MRI imaging, MRI imaging was not always 
acquired before US imaging.

Athletes laid in a relaxed, prone position on a hospital 
bed with their hips and knees in a neutral position (0° 
flexion). The distance from the ischial tuberosity to the 
popliteal fossa was measured and the mid-belly location 
was recorded at 50% of the measured length. The proxi-
mal location was taken at 25% of the measured length 
from the ischial tuberosity. The injury site was defined 
as the location of maximal pain to palpation. The trans-
ducer was coated with a copious amount of acoustic gel, 
and a transverse view of each hamstring muscle at each 
location was obtained to ensure correct positioning for 
muscle visualization. The transducer was then rotated 
to acquire a longitudinal image of the muscle [28]. SWS 
were acquired in the longitudinal view with minimal 
pressure applied to the transducer when acquiring SWS. 
A single SWS map was generated in the middle of the 
image to maximize lateral resolution and adjusted so the 
depth of the SWS map spanned most of the muscle thick-
ness. The SWS map depth was adjusted by the sonogra-
phers to minimize signal loss while maximizing the SWS 
map area within the middle thickness of the muscle. The 
SWS map was placed over the region of injury if it could 
be identified on the ultrasound images and was free of 
artifacts. Otherwise, it was placed as near the injury site 
to minimize artifacts while capturing tissue adjacent to 
the injured tissue location.
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SWS were measured in 3 separate 5 mm diameter 
Q-boxes placed within the SWS map (Fig. 2). Locations 
of the Q-boxes were placed by the sonographer based 
on their clinical expertise. The Q-box locations corre-
sponded  to regions with the SWS map without artifact 
and in regions representative of the injured tissue. The 
SWS of the 3 separate Q-boxes were averaged for sub-
sequent analyses. This procedure was repeated for each 
muscle (biceps femoris long head, semitendinosus, and 
semimembranosus) and location across both limbs. The 
SWS for biceps femoris short head were not assessed due 
to the low incidence of injury and greater variability in 
SWS values [33]. The injury location was corroborated 
post hoc by TOI MRI and measured SWS were extracted 
from the primary muscle of injury at the injury location. 
The average of the SWS from the 3 Q-boxes on each limb 
were used for subsequent analysis.

Participants also received an MRI examination of both 
thighs. A 3.0T scanner (MR750 GE Healthcare Discov-
ery, Waukesha, WI) was used with a 32-channel full torso 
coil. The athlete was positioned supine and feet first into 
the scanner. Axial and coronal views were acquired using 
a T1-weighted spoiled gradient recalled echo (SPGR) 
sequence (no fat saturation, TR/TE = 750/16  ms, 40  cm 
field of view, 480 × 480 matrix, 3 mm slice thickness) for 
assessment of anatomy. A fat-suppressed T2-weighted 
fast relaxation fast spin echo (FR-FSE) sequence (TR/
TE = 4400/70  ms, 40  cm field of view, 512 × 512 matrix, 

3  mm slice thickness) was used by a musculoskeletal 
radiologist (K.L.) with over 20 years of training to iden-
tify muscle edema (region of hyperintense signal) and 
to determine the primary hamstring muscle injured. In 
instances where multiple muscles had visible edema on 
T2-weighted MRI sequences, the primary muscle was 
defined as having the most visual edema. Injuries were 
graded using the British Athletics Muscle Injury Classifi-
cation (BAMIC) system [5, 6].

Statistical analyses
Athlete demographics are reported as mean (stand-
ard deviation) and days to RTS as median (interquartile 
range). A linear mixed effects model was performed to 
determine differences in SWS between limbs at the injury 
location across the three study time points. The linear 
mixed effects model accounts for individuals who may 
not have been included in multiple time points due to the 
cross-sectional nature of the study. The fixed effects were 
limb (injured or uninjured) and time point (TOI, RTS, 
and 12wks), and athlete was input as a random effect. A 
full factorial model was run and input into R statistical 
software as SWS ∼ Limb ∗ Timepoint + (1|Athlete) [34, 
35]. Significant interactions and main effects were fol-
lowed with pairwise post hoc Tukey tests. In the event 
of a significant interaction, only comparisons between 
limbs at the same time point were considered as these are 
clinically meaningful [36]. The least square means [95% 

Fig. 1 Flow chart for athletes included for analysis. Note that N refers to the number of unique athletes and n refers to number of imaging session. 
Abbreviations: 12wks, 12 weeks after return to sport clearance; MRI, magnetic resonance imaging; RTS, return to sport; SWS, shear wave speed; TOI, 
time of injury
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confidence interval (CI)] were calculated for differences 
in SWS between limbs expressed as Uninjured − Injured.

Results
Subject demographics are shown in Table 1. The median 
time between HSI and TOI SWS imaging was 4.0 (3.5–
5.5) days. Median time to RTS 29.0 (18.8–49.3) days. A 
total of 16 athlete injuries from 15 unique athletes were 
included (one athlete had a subsequent HSI on the oppo-
site limb). The biceps femoris long head was the most 
injured primary muscle across all unique injuries (14 of 
16, 87.5%). One (6.3%) injury occurred in the semitendi-
nosus muscle and one injury (6.3%) occurred in the semi-
membranosus muscle. Edema was present in 7 of the 8 
(87.5%) RTS imaging sessions and 2 of the 4 (50%) imag-
ing sessions at 12wks.

Between-limb SWS for each unique HSI are shown 
in Fig.  3. A significant limb by time point interaction 
was detected for SWS (p = 0.02). Post hoc Tukey tests 
revealed a significant difference in SWS between limbs 
at TOI (mean difference: 0.23 [0.05, 0.41] m/s, p = 0.006) 
(Table 2). No differences in SWS were detected between 

limbs at RTS (0.15 [-0.05, 0.36] m/s, p = 0.23) or 12wks 
(-0.11 [-0.41, 0.18] m/s, p = 0.84).

Discussion
This prospective, observational, cross-sectional study 
investigated between-limb differences in SWS follow-
ing HSI at TOI, RTS, and 12wks after RTS. We observed 
differences in SWS between the injury location in the 
involved limb and the matched location on the uninjured 
limb at TOI but not at RTS and 12wks.

Lower SWS were observed in the injured limb com-
pared to the uninjured limb at TOI. The quantification 
of SWS is used to characterize the material properties 
of muscle, which are dictated by its hierarchical struc-
ture resulting in anisotropic behavior. For example, the 
propagation of ultrasound shear waves is higher in the 
longitudinal view compared to the transverse view in 
skeletal muscle due to the waves traveling preferentially 
along the cytoskeletal structures [21, 37, 38]. Muscle 
strain injury often involves structural disruption of the 
perimysium, which is characterized as the classic feath-
ery pattern of edema on MRI or as the disruption of 

Fig. 2 Representative B-mode and shear wave speed (SWS) imaging from one athlete at TOI. a B-mode image of the injury site. The injury location 
was defined as location of maximum tenderness to palpation and location-matched on the uninjured limb. b SWS with 3 Q-boxes of the injured 
limb. SWS were measured using 5 mm diameter Q-boxes positioned within the middle of the SWS map. c B-mode image of the uninjured limb 
at the injury-matched location. d SWS of the injury-matched site in the uninjured limb
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the normal echotexture in ultrasound B-mode images 
[12, 39]. The disruption to the perimysium significantly 
alters the material properties of muscle and contributes 
to the unconstrained dispersion of edema. Together 
these factors—the loss of cytoskeletal structure and 
relative increase in isotropy at the injury site—may 

explain the reduced SWS observed in the injured limb 
compared to the uninjured limb at the TOI.

Making comparisons of our findings to the literature 
is somewhat difficult as few studies have investigated 
the effects of ultrasound elastography or SWS following 
acute muscle injury. One study investigated changes in 
shear modulus following a sustained submaximal con-
traction until failure of the hamstring muscles after HSI, 
but the athletes studied had fully recovered prior to the 
investigation [40]. Two studies investigated the change in 
elastic modulus derived from ultrasound shear wave elas-
tography in a contusion injury in animal models [41, 42]. 
In both studies, the SWS increased following injury and 
remained elevated throughout the study duration (21–28 
days). However, an HSI with evidence of both structural 
disruption and edema is not the same type of injury as 
the contusion injury induced in these animal studies. It 
is possible that inflammation and edema without major 
structural disruption of the cytoskeleton may contribute 
to increased intramuscular pressures resulting in higher 
elastic moduli in the injured limb compared to the con-
tralateral limb [43].

Only one study has investigated shear wave elastog-
raphy changes following acute muscle injury [44]. The 
elastic modulus was measured throughout the healing 
progression and was lower in the injured limb com-
pared to the uninjured limb at 4 weeks [44]. However, 
the elastic modulus was not different between limbs 
at 8 or 12  weeks post-injury. Our findings of acutely 
reduced SWS in the injured muscle are consistent with 
these previous findings [44]. However, our findings at 
RTS (median time: 29 days after injury) deviate slightly 

Table 1 Participant information for athletes included for 
ultrasound shear wave speed imaging

a Data are presented as mean (standard deviation)
b One athlete suffered a recurrent HSI resulting in 16 total unique injuries 
included

Abbreviations: BAMIC British Athletics Muscle Injury Classification

Characteristics of athletes included for shear wave speed imaging

 Number of unique athletes (total HSI) 15 (16)

 Sex (female | male) 1 | 14

 Sport (football | track and field | basketball | soccer) 6 | 9 | 0 | 0

 Age (years)a 19.5 (1.3)

 Height (m)a 1.83 (0.07)

 Weight (kg)a 85.1 (18.3)

 Body mass index (kg/m2)a 25.3 (4.0)

BAMIC classification of unique injuries (count)b

 Small myofascial tear (1a) 3

 Small muscular/musculotendinous junction tear (1b) 1

 Moderate myofascial tear (2a) 4

 Moderate muscular/musculotendinous junction tear (2b) 0

 Moderate-sized intratendinous tear (2c) 0

 Extensive myofascial tear (3a) 0

 Extensive muscular/musculotendinous tear (3b) 0

 Extensive intratendinous tear (3c) 8

Fig. 3 Between-limb shear wave speeds (SWS) for unique hamstring strain injury. Individual athlete SWS are plotted as circles. The least square 
means from the linear mixed effects model are plotted as red triangles. Significant between-limb differences in SWS were observed at time of injury 
(TOI), but not at return to sport (RTS) or 12 weeks after RTS (12wks)
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from those observed in the gastrocnemius muscle at 4 
weeks. This could be due to a wider range for the clini-
cal determination of RTS (~ 19–49 days) and the subse-
quent delay in SWS acquisition in our study compared 
to the pre-determined 4- and 8-week times in the previ-
ous investigation. Another possible explanation is that 
our participants were young, elite athletes compared to 
and older population (median (range) age: 41 (26–68) 
years). Recovery is longer in older individuals [45], 
which may explain the persistent between-limb SWS 
difference observed previously [44]. Consistent with 
our observations, a recent study found no between-
limb differences in muscle shear modulus (measured 
after the athletes had returned to sport) in professional 
rugby players [46]. Though the cross-sectional design of 
our study does not allow for longitudinal investigation 
of the healing process and the corresponding changes 
in between-limb SWS, we speculate that the muscle 
structure, specifically deposition of collagen and regen-
eration of the extracellular matrix and connective tis-
sue, may resolve by RTS (~ 7–27 days), resulting in no 
between-limb differences in SWS at RTS and 12wks 
[47, 48]. Taken together, our findings suggest HSI with 
structural disruption can be detected by lower SWS 
in the injured limb compared to the uninjured limb, 
suggesting that injury site SWS may complement tra-
ditional ultrasound or MRI for assessing injury sever-
ity. Future studies will aim to address the time course 
of changes in SWS following HSI and throughout 
rehabilitation.

This study was not without limitations. The sample 
size for each study time point was small, particularly for 
12wks. Additionally, the time for athletes to RTS ranged 
from 19 to 49 days, which may decrease differences in 
SWS between limbs at this time point. However, we 
chose to anchor the study to when athletes RTS rather 
than a set time interval after injury (e.g., 3 weeks) in 
alignment with the primary aims of the larger study 
and to characterize muscle properties at RTS. Previous 
findings have noted residual edema observed in MRI at 

RTS [49], but it was unclear if between-limb differences 
in SWS would persist at this same time interval. Finally, 
only injuries that had evidence of edema (MRI-positive 
findings) were included in this study. It is unknown if 
the trend of lower injured limb SWS in MRI-negative 
injuries would be consistent with the findings here or 
reflect increased SWS similar to that in contusion inju-
ries [41, 42].

Conclusion
Ultrasound and MRI are often used to corroborate HSI 
diagnosis, yet typical measures of injury identification 
neglect inherent material properties of the muscle. Ultra-
sound shear wave elastography can non-invasively meas-
ure tissue elasticity in injury locations of the muscle. The 
SWS in the injured limb of collegiate athletes after HSI 
was lower compared to the uninjured limb at TOI, but 
not at RTS and 12 weeks after RTS. Future work will aim 
to provide insight as to if monitoring SWS can serve as 
a complementary method to conventional ultrasound or 
MRI for assessing initial injury, its relationship to sever-
ity, and as a measure of return to sport readiness.

Abbreviations
12wks  12 Weeks after return to sport
HSI  Hamstring strain injury
MRI  Magnetic resonance imaging
RTS  Return to sport
SWS  Shear wave speed
TOI  Time of injury
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