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Abstract
Purpose of Review Although ultrasound (US) imaging is commonly used to evaluate the elbow medial ulnar collateral ligament
(mUCL) in throwing athletes, significant technical heterogeneity exists in the published literature and in practice. This has
resulted in variable and often ambiguous US diagnostic criteria for mUCL injury. This review summarizes the literature on
sonographic evaluation of the mUCL and outlines recommendations for consistent descriptive terminology, as well as future
clinical and research applications.
Recent Findings Both acute and chronic throwing loads in overhead athletes cause the mUCL to become thicker and more lax on
stress testing, and these changes tend to revert after a period of prolonged rest. Stress US (SUS) can aid in the diagnosis of mUCL
tears and may help identify athletes at risk of mUCL injury. Variability exists in terminology, elbow flexion angle, amount of
stress applied, and technique of stress testing. Recent studies have suggested an injured elbow stress delta (SD—change in
ulnohumeral joint (UHJ) space with valgus stress) of 2.4 mm and a stress delta difference (SDD—side-side difference in SD) of
1 mm each denote abnormal UHJ laxity due to mUCL injury.
Summary US imaging is a powerful and widely accessible tool in the evaluation elbow mUCL injuries. Sonologists should
consider how their US techniques compare with published methods and use caution when applying diagnostic criteria outside of
those circumstances. Currently, an SD of 2.4 mm and an SDD of 1 mm provide the best diagnostic accuracy for mUCL tears
requiring surgery. Finally, preliminary work suggests that shear wave elastography may be helpful in evaluating the biomechan-
ical properties of the mUCL, but additional research is needed.
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Introduction

The medial ulnar collateral ligament (mUCL) of the elbow, spe-
cifically the anterior bundle, is the primary passive restraint to
valgus stress on the elbow (Fig. 1) [1–3]. Repetitive stress from

overhead throwing can lead to chronic overuse injuries of the
mUCL and eventual partial or complete tearing [4]. These injuries
most often occur in baseball pitchers but have also been reported
in overhead athletes, such as football quarterbacks [5], javelin
throwers [6], and softball players [7]. The incidence of mUCL
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injuries is increasing, highlighting the importance of gaining better
understanding of mUCL structure and function and improving
diagnostic assessment [8•, 9]. Diagnosis of mUCL injuries relies
on an accurate history and physical exam. Patients will typically
report acute on chronic medial elbow pain or a single episode of
sudden onset pain and an associated “pop” after a throw. On
physical exam, patients often have tenderness along the medial
elbow at or near the mUCL origin with positive provocative test-
ing, including the moving valgus stress test and milking maneu-
ver. The diagnosis is aided by various imaging modalities, includ-
ing static radiographs [10–13], stress radiographs [13–16], com-
puted tomography (CT) [17], magnetic resonance imaging (MRI)
[4, 17, 18, 19, 20, 21, 22••, 23, 24, 25, 26, 27], and ultrasound
(US) [28–30]. US has been shown to be a low cost, efficient, and
non-invasive method to evaluate the mUCL in throwing athletes.
The unique capabilities of US in mUCL evaluation allow for
direct visualization of pathology, dynamic assessment of ligament
function, and measurement of tissue elasticity.

This review of currently available research aims to outline the
various roles of US in evaluation of the mUCL in throwing ath-
letes, particularly baseball players. We intend to identify and clar-
ify existing terminology, review mUCL evaluation with stress

ultrasound (SUS), identify morphologic and structural changes
in response to load, consider the utility of US for injury prediction
in overhead athletes, and discuss the potential role of US shear
wave elastography (SWE) in mUCL assessment. We will also
discuss limitations in the current literature and provide recommen-
dations based on our collective clinical experience managing ath-
letes with mUCL injuries.

Evaluation of mUCL Function with Stress
Ultrasound

One of the primary benefits of US is the ability to perform dy-
namic evaluation of mUCL function under stress to gauge
ulnohumeral joint (UHJ) laxity related to mUCL insufficiency
or tearing. During SUS, the elbow is placed into flexion and the
medial UHJ space (width) deep to the mUCL is measured at
baseline and under valgus stress to replicate the functional load
on the elbow during throwing (Fig. 2). When measuring the UHJ
space, it is vitally important to mark the same locations on the
humeral and ulnar sides of the joint for both the baseline and stress
measurements. This can be done by capturing a cine loop during
the stress maneuver and then scrolling through the frames to
choose the best baseline and stress images for measurement. If
US split screen is available, one can freeze the baseline image in
one window and then use the other window to match the bony
contours for the stress image. In our experience, the split screen
technique facilitates more consistent marking of the joint margins.

For the sake of this review and future work, we recommend
the term stress delta (SD) to describe the change in joint space
between stress and baseline conditions. We use the term stress
delta difference (SDD) to describe the relative difference be-
tween the injured elbow stress delta (ISD) and the uninjured or
comparison elbow stress delta (CSD), where SDD = ISD –
CSD. Figure 3 shows an example of how these data can be
summarized within an ultrasound report.

The amount of joint widening is related to the ligament
integrity as demonstrated in cadaveric studies with sequential
ligament sectioning [28, 31] and clinical studies of athletes
with confirmed mUCL tears [22••, 32–34]. Multiple SUS

Fig. 1 Anatomy of the mUCL

Fig. 2 Ultrasound appearance of
the mUCL with UHJ space noted
with a dashed line. Right side is
proximal
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techniques have been used in previous studies and have in-
cluded a variety of force loads and flexion angles while ap-
plying stress. As such, several suggested criteria for what con-
stitutes an abnormal exam exist (Table 1). Herein we intend to
summarize the different techniques, forces, flexion angles,
and criteria described, and provide our recommendations for
incorporation of SUS into the evaluation of injured overhead
athletes.

Amount and Application of Valgus Stress

In 2003, Ward et al. [35] characterized the sonographic ap-
pearance of the mUCLwith 25Newtons (N) of valgus force in

healthy, non-throwing athletes. The earliest studies using SUS
to evaluate for joint widening were two-operator techniques
using a “maximum valgus stress” manually provided by an
assistant [34, 36] or gravity stress alone [37] (Fig. 4). The first
quantification of valgus load for SUS measurement of joint
widening appears to be in 2014 in cadaveric and clinical stud-
ies by Ciccotti et al [38, 39•]. A 150 N force was applied to the
elbow using a standardized stress device first used in stress
radiograph studies (Telos SE 2000, METAX GmbH) (Fig. 5).
The rationale for this amount of force was based on the first
study of elbow stress radiography by Rijke et al in 1994 [16].
They measured UHJ widening at baseline and with 150 N of
valgus load, showing that stress radiography enabled accurate
diagnosis of mUCL tears. However, there was no justification
given for selection of the amount of force used and no other
forces were tested. Other studies have used a force of 25 N by
either having subjects lie supine and hold a 2.5-kg weight or
using a handheld dynamometer to measure a manually applied
force (Fig. 6) [32, 40, 41•, 42]. This rationale is derived from a
1998 stress radiography study that used this force after a pilot
study with a spring-loaded fish scale determined the manual
force from a second operator providing maximum valgus
stress was approximately 25 N [43].

To our knowledge, no studies have evaluated how UHJ
space changes during SUS with increasing valgus force in

Fig. 3 Sample stress ultrasound report

Table 1 Stress ultrasound criteria for abnormal ulnohumeral joint widening

Study Subjects Method Valgus load flexion
angle

Suggested criteria
(tear description)

Sensitivity Specificity

Ciccotti et al [38]
(2014)

Cadaver Telos 150 N 30° SD 1.4 mm
(complete sectioning of

anterior bundle)

- -

Hendawi et al [51]
(2019)

Cadaver Telos 150 N 30° SD 1.7 mm
(complete sectioning of

anterior bundle)

- -

Ciccotti et al [31]
(2020)

Cadaver Telos 150 N 30° SD 1.5 mm
(complete sectioning of

anterior bundle)

- -

Roedl et al [22••]
(2016)

144 baseball players two-operator manual max
valgus stress

30° SD 2.4 mm
SDD 1 mm
(tears requiring surgery)

SD: 87%
SDD: 96%

SD: 86%
SDD: 81%

Park et al [32]
(2020)

137 throwing and 9
non-throwing athletes

two-operator 25 N 30°, 90° SDD 0.5 mm at 30°
SDD 1 mm at 90°
(‘complete’ tears)

30° SDD:
88.1%

90° SDD:
81%

30° SDD:
61.5%

90° SDD:
66.4%

Gustas et al [52]
(2016)

Review None suggested SDD 1.5 mm
(‘full thickness’ tears)

SDD: 81% SDD: 91%

Campbell et al [28]
(2020)

Review None suggested SDD 1 mm
(both partial and complete

tears)

SDD: 96% SDD: 81%

Ciccotti et al [29]
(2020)

Review None suggested SD 1.5 mm
(mUCL injury)

- -

Hultman et al [53]
(2021)

Review - 150 N 30° SD 2 mm
SDD 1 mm
(tears requiring surgery)

- -

SD stress delta (injured elbow); SDD stress delta difference
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patients with mUCL tears. In uninjured college students, Ikuta
et al. showed a joint space of 3.95 mm under 30 N compared
to 4.25 mm under 60 N, measured at 30 degrees of elbow
flexion [44]. In interpreting such studies, it is important to
consider the potential for false negative results due to com-
pensatory wrist flexor-pronator muscle activation that may
help stabilize the elbow in the setting of mUCL injury. Prior
work with stress radiographs and 150 N of force found that
some individuals with mUCL injuries actually display less
joint widening under stress compared to the uninjured side,
with reflexive guarding with muscle contraction a suggested
explanation for this contradictory finding [13]. Yoshioka et al
[45••] used surface EMG to show that dynamic muscle acti-
vation of the flexor-pronator mass started above 60 N of force
and suggested this as an optimal valgus stress to evaluate the
mUCL function without risking a possible false negative ef-
fect related to compensatory muscle contraction. Sonologists
who perform SUS in a medial elbow up position, as may be
the case in a supine or side-lying position, should also be
aware that the force of gravity alone can artificially increase
the baseline UHJ space (Fig. 7). Based on our experience, it is
essential that the elbow is in a neutral or gravity-eliminated
position when the baseline UHJ space is measured. The force

of gravity can be counteracted with light varus stress to the
point of maximal UHJ apposition.

Further research is needed to assess how force variation
affects SUS diagnostic accuracy in the evaluation of mUCL
tears. It is also important to consider patient tolerance to the
procedure and the possible confounding effect of muscle con-
traction if the force is unnecessarily high. It is not clear wheth-
er published diagnostic criteria remain valid across different
testing methods and valgus loads, and sonologists should ac-
cordingly use caution in applying these standards. Based on
current knowledge, we recommend operators use a force of
60 N or less when performing mUCL testing. In our experi-
ence, if testing is performed using manual valgus stress with
the patient in a side-lying position, a force of 15–25 N is
sufficient to obtain maximal UHJ opening and is generally
well tolerated. If a handheld dynamometer or weight is not
available, a manual valgus force can be applied until no fur-
ther joint widening is seen on US.When using a Telos device,
it is important to know that diagnostic criteria have been es-
tablished only with 150 N of force, while also considering the
aforementioned study indicating that force greater than 60 N
may trigger false negative results via compensatory muscle
contraction [45••].

Fig. 4 Two-operator SUS
techniques in which an assistant
applies a maximum valgus stress
while the subject is either seated
or standing, and the primary
operator evaluates the mUCL
with US

Fig. 5 Telos stress testing device
method of performing SUS. A
manual crank is turned to increase
the valgus force on the elbow
while a digital readout shows the
amount of force being applied

538 Current Reviews in Musculoskeletal Medicine (2022) 15:535–546



Flexion Angle

Most SUS studies have been performed using either 30° or
90° of elbow flexion. These angles have been rationalized
with various justifications. Biomechanics studies of cadaveric
specimens with transected mUCLs have evaluated the amount
of valgus instability with a constant force at different flexion
angles, but this has yielded some inconsistency. Callaway et al
[1] found the greatest instability at 90°, while Floris et al [46]
and Søjbjerg et al [47] found laxity to be the greatest at 70°.
Recently, Rogers et al. found maximumUHJ instability at 49°
by using a robot to impart valgus force through a full range of
motion in mUCL deficient cadaveric elbows [48•].

The earliest case report using SUS for evaluation of mUCL
injury used 25° of elbow flexion [34]. Shortly thereafter,
Nazarian et al. [36] and Sasaki et al. [37] used elbow flexion
angles of 30° and 90°, respectively, in their SUS studies. The
Nazarian study chose 30° based on the point at which the
olecranon is unlocked from its fossa and the mUCL becomes
the primary valgus stabilizer, while Sasaki et al. did not pro-
vide rationale for selecting 90°. Subsequent work by Ciccotti
et al in 2014, studying both cadaver specimens and a large
population of professional pitchers, used 30° of flexion [38,
39•]. While they acknowledged 90° better replicates the max-
imum stress position in an overhead throw, they chose 30°
based on prior biomechanics work by Morrey et al [2] and
the positioning limitations of the Telos stress device used to

apply the valgus load. More recently, studies have evaluated
the mUCL with the elbow at 90° of flexion to reproduce the
elbow position duringmaximal stress in throwing [32, 41•, 42,
49, 50].

There is little clinical data comparing elbow positions dur-
ing SUS. Park et al. [32] studied subjects with mUCL tears at
both 30° and 90° of elbow flexion. Receiver operator charac-
teristic (ROC) curves showed sensitivity and specificity for
complete mUCL tears at 30° was 88.1% and 61.5% using an
SDD threshold of 0.5 mm, while 90° resulted in 81% and
66.4% with an SDD of 1.0 mm. ROC areas were not signifi-
cantly different, and the authors suggested using 90° based on
1 mm of difference being more reliable to detect. To our
knowledge, this is the only study to evaluate live subjects with
mUCL injuries at multiple angles, and no other flexion angles
have been studied in injured athletes. Shanley et al. [41•] used
a “moving valgus stress” to determine maximum joint widen-
ing but did not actually specify the elbow flexion angle where
that occurred, beyond taking the baseline measurement at 90°.

Despite a growing body of literature, there is no consensus
on the optimal elbow position during SUS. While 90° may
approximate the typical throwing position better than 30°, it is
not clear this translates to the best position for SUS testing of
mUCL integrity. Most of the existing literature has studied
SUS at 30°, and greater sensitivity and specificity have been
demonstrated at this angle [22••]. However, it is important to
note that SUS at elbow angles other than 30° and 90° remains

Fig. 6 SUS techniques in which
the subject lies supine, and a
weight is either strapped to the
wrist to provide a valgus stress, or
a second operator applies a valgus
stress from a standing position

Fig. 7 Medial UHJ space on SUS with A gravity eliminated (baseline), B gravity stress alone, and C manual valgus stress to point of maximum UHJ
widening
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largely uninvestigated. We are compelled by the aforemen-
tioned biomechanical study by Rogers et al. showing maxi-
mum instability in the mUCL deficient elbow across the en-
tire range of motion to occur at about 50°, and we have found
an angle of around 45 degrees works well when using our
preferred single-operator, side-lying SUS technique.
Nevertheless, based on the existing literature, we acknowl-
edge 30° is currently the best validated elbow position for
SUS. If other SUS elbow flexion angles are used, it is impor-
tant to recognize that currently established abnormal criteria
may not be valid.

Criteria for Abnormal Findings

Cadaveric and clinical studies have suggested criteria for what
amount of SD constitutes an “abnormal” finding (Table 1).
There is significant variability in these criteria, likely related
to heterogeneity in the testing methods as previously outlined.
With regard to cadaveric investigations, Ciccotti et al. [38]
performed mUCL sectioning of 12 cadaver elbows and rec-
ommended an SD of 1.4 mm or more as indicative of anterior
bundle complete tear. A subsequent cadaveric study by this
same author suggested > 1.5 mm as a recommended SD cutoff
for clinical applications [31]. Finally, Hendawi et al. [51]
found an SD of 1.7 mm after US-guided anterior bundle
transection.

From a clinical perspective, Roedl et al. [22••] studied SUS
in baseball players with mUCL tears requiring surgery and
found that an injured elbow SD of >2.4 mm had a sensitivity
of 87% and specificity of 86%, while an SDD of >1 mm
resulted in sensitivity of 96% and specificity of 81%. In con-
trast, the aforementioned study by Park et al. in throwing
athletes with complete mUCL tears, using the same 30° elbow
angle but perhaps lower valgus force, found an SDD of
>0.5 mm with sensitivity of 88.1% and specificity of 61.5%.
Multiple review articles have proposed criteria for SD ranging
from >1.5–2 mm and SDD ranging from >1 to 1.5 mm [28,
29, 52, 53].

Based on current evidence, we recommend using the
criteria established by Roedl et al. [22••] (SD >2.4 mm or
SDD >1mm) as these correlated with surgical mUCL injuries.
Regarding the commonly cited SD threshold of 1.5 mm [29],
we think this is too similar to the SD commonly seen in un-
injured throwing athletes. For example, Nazarian et al. and
Shanley et al. found an SD of 1.4 mm and 1.3 mm, respec-
tively, in professional pitchers without mUCL injuries [36,
41•]. It is also important to point out that valgus stress applied
in these two studies was significantly less than the 150 N
applied during the techniques used in recommending an SD
threshold of 1.5 mm [29]. In another study of healthy pitchers
after 100 sequential pitches, 1.4 mm of SD was observed with
just 30 N of stress [54•]. Khalil et al. [55] found 1.77 mm SD
in healthy college pitchers after a full season. Therefore, the

SD criteria of 1.5 mmmay be too close to an expected normal
range in uninjured athletes.

Additional Role in Diagnosis and Management of
mUCL Tears

Despite advancements in ultrasound techniques, MRI remains
the gold standard in diagnosing mUCL tears. However, there
are several benefits to adding US to the diagnostic evaluation.
The addition of US to MRI arthrogram alone for diagnosing
mUCL tears increased sensitivity from 81% to 96% and spec-
ificity from 91% to 99%, respectively [22••]. US can also help
differentiate normal adaptive changes from a functionally in-
competent ligament. Tanaka et al. [56] performed screening
MRIs on 64 asymptomatic pitchers and found 34 showed
evidence of anmUCL injury, yet there was no correlation with
ligament dysfunction based on SUS joint widening. The au-
thors theorized that abnormal MRI findings were suggestive
of chronic adaption of the mUCL, highlighting the diagnostic
value of adding dynamic US evaluation of ligament function.

US has also been shown to help predict the rehabilitation
outcome of mUCL injuries. Kim et al. retrospectively evalu-
ated a cohort of 41 baseball players with mUCL injuries who
initially completed 6 weeks of non-operative management be-
fore 18 ultimately required surgery [33]. They used US to
evaluate joint laxity, tenderness, and the presence of an
echogenic “ring-down” artifact in the UHJ deep to the
mUCL, presumed to result from gas bubbles generated in
the joint cavity after ligament injury due to a transient vacuum
phenomenon (Fig. 8) [57]. The ring-down artifact was signif-
icantly more prevalent in the surgery group, and the authors
concluded that addition of US to conventional MRI allowed
for improved differentiation between the two groups.

US imaging also plays a role in the evaluation of partial and
chronic mUCL tears. Whereas 3T MRI and MR arthrography
have been shown to be highly sensitive and specific for full-
thickness (presumed complete) tears byMagee et al [21], con-
ventional MRI has shown variable results in smaller studies
[22••, 58]. In chronic and partial injuries, the degree of

Fig. 8 Ring-down artifact (arrow) in a patient with a full-thickness mUCL
tear and significant UHJ widening under stress. Right side is proximal
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abnormal signal and MRI findings depends on the chronicity
and severity of injury. Ligament thickening and morphologic
changes that may appear abnormal on MRI may be a normal
adaptation from repetitive loading. The addition of US, in-
cluding SUS to assess functional laxity, can help distinguish
normal adaptions from pathologic injuries. Roedl et al. [22••]
found US had a sensitivity and specificity of 77% and 94% for
detecting partial mUCL tears, compared to 74% and 92%,
respectively, using MR arthrography alone.

Assessment of mUCL Morphology
and Change with Load

As noted above, US can be used to evaluate the morphology
of the mUCL in throwing athletes, both in the monitoring of
normal adaptive response to load, but also in the assessment of
mUCL injury or other causes of elbow pain. Compared to
MRI, US also has the distinct advantage of easy access to an
internal comparison, utilizing the contralateral elbow to assess
an athlete’s “normal.” In baseball players, multiple studies
have demonstrated that the mUCL thickens and becomes
more lax with repetitive load [39•, 42, 59, 60]. Other work
by Khalil et al. [55] found that while mUCL thickness signif-
icantly increased after a season of collegiate pitching, joint
laxity did not. Studies that reevaluated the mUCL after a pe-
riod of offseason rest have found that it becomes thinner and
less lax [42, 61]. Even a single throwing outing has also been
shown to influence ligament properties. High school baseball
pitchers demonstrated significant amounts of joint widening
from baseline after just 60 successive pitches [54•]. In another
study of 100 successive pitches in a similar population of
throwing athletes, mUCL stiffness significantly decreased on
SWE [50]. A common guideline for youth pitching limits is
100 pitches per outing; however, these data suggest that
stress-related changes from repetitive loading of the mUCL
can actually occur at lower pitch counts, and US may be help-
ful in early recognition of this excessive mUCL stress.

The thickness of the mUCL has been shown to be greater in
older athletes and those with more years of experience [39•,
60, 62]. The majority of studies comparing mUCL thickness
between dominant and non-dominant elbows in throwing ath-
letes have shown increased mUCL thickness in the dominant
limb [36, 39•, 59, 61–65]. Increased hyperechoic foci and
calcifications have also been found in the throwing elbow
[36, 39•, 60]. A single study of high school pitchers showed
similar thickness and calcification presence in the two sides,
but with more hyperechoic foci in the dominant elbow [66]. In
2001, Popovic et al. [63] used US to determine the mUCLwas
significantly thicker in the throwing elbow of uninjured hand-
ball athletes. Finally, from a clinical perspective, another
study found athletes with a history of elbow pain were found

to have significantly greater mUCL thickness than those with-
out [64].

Four primary methods are described to measure the thick-
ness of the mUCL (Fig. 9). Ward et al. [35] and Jacobsen et al.
[67] described a technique measuring the midportion of the
ligament without including the underlying fat pad, whereas
Nazarian et al. [36] measured the thickness from the superfi-
cial aspect of the ligament at its midportion down to the un-
derlying bone, including the fat pad. Shukla et al. [68] found
the inter-rater reliability for the Nazarian technique was higher
than the Jacobson-Ward technique (0.82 vs 0.51) and pro-
posed a “modified Jacobson-Ward” technique, in which
mUCL thickness is measured perpendicular to the ligament
fibers and had an ICC of 0.84. Shanley et al. [41•] and
Tajika et al. [64] measured thickness more distally over
the trochlea, further adding to the heterogenity in existing
data. Further research is needed comparing these methods
in serial evaluations to ensure the morphologic changes are
being appropriately measured. All four methods have been
used separately in studies showing increased mUCL thick-
ness with repetitive load, providing a level of assurance that
any of them may be sufficient to capture changes.

Injury Risk Evaluation

mUCL injuries can have a devastating impact on the career of
a throwing athlete. Cain et al. [20] analyzed return to sport in
743 athletes from various sports and at all levels of competi-
tion, who underwent surgery after mUCL tears, finding that
17% were unable to return to their previous level of competi-
tion. A 2020 systematic review of professional baseball
pitchers found return to the same level of play in 67–87% of
athletes in around 15 months [69]. This impact highlights the
need for consideration of injury risk factors and monitoring.
Shanely et al. [41•] found that professional pitchers with a
stress joint space of ≥5.6 mm when the elbow was stressed
at 90° were at a 6 times greater risk of sustaining a mUCL tear
requiring surgery within the next season. This is in contrast to
a prior 10-year study of professional pitchers by Ciccotti et al.
[39•] that did not find a significant relationship between SUS
findings and future mUCL injury risk, despite a trend towards
increased mUCL thickness and joint widening under stress in
the athletes with tears. One possible reason for the different
findings is the difference in SUS techniques. Shanley et al.
used 25 N of force with the elbow flexed at 90°, whereas
Ciccotti et al. applied 150 N to the elbow at 30°. As previously
discussed, reflexive activation of the flexor-pronator mass has
been shown beyond 60N of force at 30° [45••]. Therefore, it is
possible subjects in the Ciccotti et al. study subjected to higher
valgus stress may have had less joint widening due to com-
pensatory muscle activation.
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Wewere unable to find any published studies on the use of
US in-season to assess injury risk. While Hattori et al. [54•]
demonstrated that significant UHJ laxity on SUS occurs after
just 60 pitches in high school athletes, it is not clear how long
these effects last. Similarly, Ikuta at al. found evidence of a
creep phenomenon when the mUCL was placed under a con-
tinuous valgus stress. UHJ space was significantly increased
after 60 s of a continuous 30 N force and after 120 s of 60 N of
force with a dose-response effect showing greater joint space
with the higher force [44]. Future research is needed on the
cumulative in-season changes in mUCL laxity and thickness
in throwing athletes. This could provide valuable understand-
ing of how injury risk might change as the mUCL responds to
the fluctuation in load. The prior discussion suggests there
may be utility in using US to monitor mUCL characteristics,
and if critical measurements are reached, load could be re-
duced to lower injury risk.

Ultrasound Elastography

US SWE is a noninvasive imaging technique used to evaluate
the mechanical properties of tissues and allows for a quantita-
tive measurement of tissue stiffness. In SWE, an acoustic ra-
diation force, sometimes referred to as an “acoustic wind,”
produced by a linear array US transducer, generates shear
waves that propagate perpendicular to the primary US waves
and at a lower velocity [70]. As the shear waves propagate
through tissue, shear wave speed (SWS) is measured based on
the transient tissue displacements and a qualitative color map
is produced. SWS can then be used to calculate shear modu-
lus, or tissue elasticity, providing information about the tis-
sue’s biomechanical properties [71]. A color map is generated
over the area of interest, and the tissue properties can be mea-
sured from selected areas (Fig. 10). In musculoskeletal

applications, SWE has primarily been used to evaluate mus-
cles and tendons [70–73]. Previous studies on the Achilles,
patellar tendon, and wrist extensor tendons have shown that
pathologic tendons have lower stiffness and that SWE mea-
surements correlate better with patient symptoms than con-
ventional ultrasound findings [74].

Limited research has been performed using elastography to
evaluate ligaments, including the mUCL. Lin et al. [75] per-
formed SWE in 16 healthy, nonthrowing individuals and
found an average shear modulus of 110.2 kPa. Intra-day reli-
ability was good (ICC = 0.715) and day-to-day reliability was
excellent (ICC = 0.984) [75]. These results were compared to
a single baseball pitcher with a mUCL injury, using a shear
wave modulus of 186.45 kPa on the injured side compared to
879.59 kPa* on the uninjured side. *Of note, our experience
performing SWE in around 100 professional pitchers showed
no values above 300 kPa, raising a question about the repro-
ducibility of this result. Gupta et al. [76] reported a mean SWS
in the dominant mUCL of males and females to be 5.35 m/s
and 5.03 m/s, respectively, with poor reliability (ICC = 0.05).
Two studies by Hattori et al. [49, 50] utilized a different type
of elastography (strain elastography) to evaluate the mUCL in
high school pitchers. In strain elastography, a transducer-
induced perturbation exerts a small amount of pressure on
the underlying tissue and the corresponding strain of the re-
gion of interest is compared to the surrounding tissue with a
higher strain ratio indicating less elasticity. One study by
Hattori et al. [49] found excellent reliability of this technique
for evaluating the mUCL with an ICC of 0.91 and 0.83 for
each examiner. In the other study, the mUCL strain ratio de-
creased after 100 pitches, indicating increased elasticity with
repetitive short-term load [50].

Additional research is needed to better understand the clin-
ical utility of US elastography for evaluation of the elbow
mUCL. There are many limitations and challenges with this

Fig. 9 mUCL thickness measurement methods. A Nazarian, B Jacobson-Ward, C Modified Jacobson-Ward, D distal measurement
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technology, including the heterogeneous nature of musculo-
skeletal tissues, the effects of transducer pressure and patient
positioning, the depth of the tissue being evaluated, and vari-
ations between individual US machines [70, 73]. SWE is be-
ing investigated in various soft tissue pathology, in particular
tendinopathy and acute tendon injuries, but there remains sig-
nificant heterogeneity in the findings and reliability [70–73].
In our experience, SWE is more reliable than strain elastogra-
phy, and we think SWE has greater potential for mUCL eval-
uation. With respect to the mUCL, there is limited research on
SWE values in healthy subjects, and only a single case report
of SWE in a throwing athlete with a mUCL injury. Future
research on SWE of the mUCL in healthy and injured throw-
ing athletes will help better define the role of this emerging
technology.

Summary and Future Recommendations

This review summarizes the current and emerging utility of
US imaging, including SUS and SWE, in the evaluation of the
mUCL in throwing athletes. However, it also highlights the
significant variability in the methods of performing these eval-
uations. This is likely the main reason for inconsistencies in
SUS findings and injury risk monitoring recommendations.
Future studies are needed to directly compare these different
methodologies and elucidate the optimal approach. In the fu-
ture, US monitoring of mUCL injuries may play a role in
assessing readiness for return to sports. However, there re-
mains a large gap in the literature regarding US assessment
of the mUCL outside of the acute phase of injury. While
pitchers with a history of mUCL reconstruction are known
to have thicker mUCLs and less UHJ widening on SUS com-
pared to those with a native mUCL [77], there is no existing
literature on the use of US to monitor progression and readi-
ness during the post-operative rehabilitation period.

In summary, US imaging can be used to monitor the mor-
phologic and functional changes of the mUCL in response to
throwing load. The mUCL tends to be thicker and more lax in
the dominant/throwing limb, with older age, with increased
throwing load, and in athletes with elbow pain. SUS can aid
the diagnosis and prognosis of acute and chronic mUCL inju-
ries by determining the SD and SDD, but more comparative
studies are needed to optimize SUS technique and establish
better diagnostic criteria. There is conflicting evidence to date
regarding the ability of US to predict mUCL injury risk in
pitchers, and more research is needed. Finally, SWEmay play
an increasing role in the evaluation and prevention of mUCL
injuries in throwing athletes.
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