
lable at ScienceDirect

JSES International 7 (2023) 703e708
Contents lists avai
JSES International

journal homepage: www.jsesinternat ional .org
Shear wave elastography of the ulnar collateral ligament in division IA
pitchers across a competitive collegiate season

Nakul Gupta, MDa, Ross E. Taylor, MDa, Bradley Lambert, PhDb,*, David Dong, BSb,
Paul Phillips, MDb, Robert A. Jack II, MDb, Haley M. Goble, MHAb, John S. Labis, MDa,
Michael A. Trakhtenbroit, MDa, Patrick C. McCulloch, MDb

aDepartment of Radiology, Houston Methodist Hospital, Houston, TX, USA
bDepartment of Orthopedics and Sports Medicine, Houston Methodist Hospital, Houston, TX, USA
a r t i c l e i n f o

Keywords:
Ulnar collateral ligament (UCL)
Shear wave elastography (SWE)
Shear wave velocity (SWV)
Baseball
Throwing
Pitching
Elbow

Level of evidence: Basic science study;
Kinesiology
Houston Methodist Research Institute approved th
Pro00016330.
*Corresponding author: Bradley S. Lambert, PhD, Ho

and Sports Medicine, 6445 Main Street, Ste. 2500, Ho
E-mail address: BSLambert@HoustonMethodist.or

https://doi.org/10.1016/j.jseint.2023.03.014
2666-6383/© 2023 The Author(s). Published by Elsev
license (http://creativecommons.org/licenses/by-nc-n
Background: The ulnar collateral ligament (UCL) is a commonly injured elbow stabilizer during
throwing. Shear wave elastography (SWE) is a technique that may reveal structural changes in the UCL
that are indicative of ligament health and injury risk. The purpose of this study was to assess preseason
and inseason shear wave velocity (SWV) in the UCL of collegiate pitchers and to asses repeatability of this
measurement technique in healthy volunteers.
Methods: Seventeen collegiate baseball pitchers and 11 sex-matched volunteers were recruited. Two-
dimensional SWE of the UCL was performed by a single radiologist. In pitchers, SWV was measured at
the proximal, midsubstance, and distal UCL for dominant and nondominant elbows preseason, mid-
season, and postseason, and Kerlan-Jobe Orthopaedic Clinic (KJOC) Shoulder and Elbow questionnaire
scores were recorded. In volunteers, SWV was measured at UCL midsubstance in dominant elbows at 3
separate occasions over 1 week. An independent samples t-test was used to compare preseason mid-
substance measures between pitchers and the healthy volunteers. A mixed-model analysis of covariance
(covaried on preseason measures) was used to compare SWV measures at the preseason, midseason, and
postseason time points. A similar generalized linear model for nonparametric data was used to compare
KJOC scores. Type-I error was set at P < .05.
Results: Mean preseason midsubstance dominant arm UCL SWV did not significantly differ between the
pitchers (5.40 ± 1.65 m/s) compared to the healthy volunteers (4.35 ± 1.45 m/s). For inseason measures
among the pitchers, a decrease in midsubstance (�1.17 ± 0.99 m/s, P ¼ .021) and proximal (�1.55 ± 0.91
m/s, P ¼ .001) SWV was observed at midseason compared to preseason. The proximal measure was also
observed to be significantly lower than the nondominant arm (�1.97 ± 0.95 m/s, P < .001). Proximal SWV
remained reduced relative to the preseason and the postseason mark (�1.13 ± 0.91 m/s, P ¼ .015). KJOC
scores decreased at midseason compared to preseason (P ¼ .003) but then increased to a similar pre-
season value at the postseason measurement (preseason ¼ 92 ± 3, midseason ¼ 87 ± 3,
postseason ¼ 91 ± 3). The repeatability coefficient of SWE in the volunteer cohort was 1.98 m/s.
Conclusion: Decreased SWV in the proximal and midsubstance of the dominant arm UCL at midseason
suggests structural changes indicative of increasing laxity or ‘softening’ of the UCL. Associated decline in
KJOC scores suggests that these changes are associated with functional decline. Future studies with more
frequent sampling would be invaluable to further explore this observation and its significance for pre-
dicting and managing UCL injury risk.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
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The anterior bundle of the ulnar collateral ligament (UCL) is a
frequently injured structure in the elbow of baseball pitchers, ac-
counting for more than 460,000 days lost and more than $7 billion
in expenses since the year 2000 in Major League Baseball.9,10,32

Collegiate baseball players suffer similar loss of productivity and
professional opportunities plummet after UCL injury.10,12 Pitchers
are prone to UCL injury because each throwing motion subjects the
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Figure 1 Telos positioning. Subject seated upright with arm in 15-30� of flexion in a
Telos SD900 stress machine with a fixed 5N of valgus stress applied across the
elbow.
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elbow tomore than 120N of valgus force, half of which is resisted by
the UCL alone.5,14,32 Over time, repetitive stretching of the UCL
leads to changes in the ligament’s structure which can ultimately
lead to partial or complete rupture.20,28,33 UCL injuries can occur
anywhere along the ligament, but seem to more frequently involve
the proximal humeral attachment and midsubstance.11,19

A recent systematic review found the reported sensitivity of
magnetic resonance imaging for diagnosing partial and full thick-
ness tears of the UCL ranges from 57%-100%, improving to 81%-
100% with intra-articular contrast.6,23 While magnetic resonance
imaging can identify signal changes in the injured ligament, it is
poorly predictive for impending UCL rupture, time consuming and
may not be readily available at the point-of-care.2,16,18,21 Stress ul-
trasonography has been used to infer changes in UCL structure by
measuring elbow joint laxity, but this has similarly shown mixed
results for predicting UCL injuries.4,8,30

Given the lack of a reliable modality to assess the health of the
UCL prior to rupture, our group previously investigated the utility of
2-dimensional (2D) shear wave elastography (SWE) in assessing
the UCL.17 SWE relies upon generation of shear waves in the imaged
tissue, often through the use of a focused sonographic ‘push pulse’
(acoustic radiation force impulse).24 The shear waves are then
tracked sonographically using various speckle tracking techniques,
and the shear wave velocity (SWV) is determined. Once the SWV is
known, the tissue’s shear modulus can be calculated in kilopascals.
SWV is often reported as a surrogate for the shear modulus, as the
latter is a derived value, while the SWV is directly obtained. Prior
studies using SWE in Achilles’ and patellar tendons found higher
SWV was associated with stiff, healthy tissue and lower SWV was
associated with soft, tendonotic, degenerative tissue.13,26,31

Extrapolating the results from tendons, it was felt that this
technology may be a useful way to assess ligament health. In our
previous study, we examined the UCL in both dominant and
nondominant elbows of healthy volunteers and established
normative values while assessing the repeatability of the tech-
nique.17 Only one prior report exists to our knowledge where SWE
was used to assess the UCL in elite throwing athletes.22 That report
included 1 collegiate baseball pitcher with a ruptured UCL and
found the SWV was 79% lower in the injured UCL compared to the
contralateral UCL. The present study further investigates the utility
of SWE in assessing the UCL of elite overhead throwing athletes.

The primary objective of this study was to estimate preseason
UCL SWV in elbows of collegiate pitchers and to follow the trend of
SWV in pitchers’ UCL over a collegiate season. A secondary objec-
tive was to evaluate normative UCL SWV values in the dominant
arms of healthy volunteers using a lower frequency transducer than
in our previous study (to improve reliability) and to assess the
repeatability coefficient with this transducer.17 Our hypotheses
were the following: SWV in pitchers’ dominant arms would change
throughout the course of a season and would differ between
pitchers’ dominant and nondominant arms. As secondary aims, we
also sought to determine if SWV would be different in pitchers’
elbows at baseline (preseason) compared to healthy volunteers and
to determine if using a lower frequency transducer would result in
better interobserver repeatability than our prior study.16 We pre-
sent the following article in accordance with the Consolidated
Standards of Reporting Trials reporting checklist.

Materials and methods

Population

Seventeen male National Collegiate Athletic Association Divi-
sion I collegiate baseball pitchers and 11 gender-matched healthy
volunteers were recruited for the study from October to November
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2018. All pitching athletes were dedicated pitchers who did not
alternate between other defensive positions. Exclusion criteria
were active elbow injury at baseline. All participants provided a
written informed consent for participation and the study was
approved by our institutional review board. An a priori power
analysis indicated a sample size of 10 subjects in each group would
detect a change in SWV of 1.59 m/s over 2 time points at a power of
80% and an alpha of 0.05. This effect size was selected based on the
results of a pilot study performed by our group,17 which demon-
strated a repeatability coefficient of 1.95 m/s (95% confidence in-
terval [CI] 1.61-2.37 m/s), that is, the study was powered to
demonstrate a change in SWV at least as small as the lower bounds
of the repeatability coefficient of the diagnostic modality. Inseason
pitching regimens involved either in-game performances or a
scheduled bullpen (30-50 pitches) at least twice per week.

Shear wave elastography protocol

Pitchers underwent SWE of the dominant elbow UCL at 3
separate time intervals between January and May 2019: “presea-
son” (1/15/2019), “midseason” (3/27/2019), and “postseason” (5/8/
2019). Pitchers completed the Kerlan-Jobe Orthopaedic Clinic
(KJOC) Shoulder and Elbow questionnaire at each time point as
well, which is a validated subjective assessment of upper extremity
dysfunction.1,15 Healthy volunteers underwent SWE of the domi-
nant elbow UCL at 3 separate time intervals over the span of 1 week
in October 2018. The primary measurement was SWV, as measured
with an Acuson S3000 ultrasound machine (Virtual Touch Imaging
and Quantification, Siemens Medical Solutions; Issaquah, WA, USA)
using a 9 MHz linear transducer (9L4; Siemens Medical Solutions;
Issaquah, WA, USA), which was the most suitable probe available
for musculoskeletal applications with SWE capability on this
system.

All examinations were performed by an unblinded, fellowship-
trained radiologist with 3 years’ experience in sonoelastography.
The subject was seated upright with the arm in approximately 15-
30� of flexion and fixed in a Telos SD900 stress machine with 5N of
valgus stress applied across the elbow. Fig. 1 demonstrates subject
position with the elbow in valgus stress.

The anterior bundle of the UCL was identified as an oblique
isoehoic to hypoechoic band deep to the common flexor tendon
extending from the medial epicondyle of the humerus to the sub-
lime tubercle of the ulna (Fig. 2). Care was taken to minimize



Figure 2 Assessment of shear wave velocity. Gray-scale sonogram (Left) demonstrating the UCL (arrow), an oblique isoechoic to hypoechoic band deep to the common flexor tendon
extending from the medial epicondyle of the humerus (H) to the sublime tubercle of the ulna (U). Elastogram (Right) overlaid on the ulnar collateral ligament of a collegiate pitcher.
Square ROIs were placed on the proximal, midsubstance and distal ulnar collateral ligament. ROI, regions of interest.

Table I
Participant demographics.

Pitchers Healthy volunteers

N 16 10
Age (yrs) 20.0 ± 1.4 31.2 ± 4.7
Right Handedness 14/16 10/10
Years Played (yrs) 13.3 ± 4.6 N/A

Data are presented as counts and as means ± standard deviation.
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transducer pressure while maintaining adequate skin contact with
an appropriate amount of ultrasound coupling gel. 2D color elas-
tograms were obtained and 1 mm square regions of interest (ROIs)
were deposited as follows. For the pitcher cohort, ROIs were drawn
at proximal, midsubstance, and distal locations of the UCL on the
dominant and nondominant elbow. Fig. 2 illustrates an example of
ROI position for the pitcher cohort. This was repeated for 3 separate
elastograms obtained in the same session, for a total of 3 mea-
surements at each location, 9 measurements total. Median value at
each location and time point was recorded and used for subsequent
analysis. For volunteers, elastograms were obtained from the
dominant elbow during each session at the midsubstance of the
UCL on each elastogram. Median value was recorded and used for
subsequent analysis. Compared to the pitching athletes, 2 addi-
tional measurements (total of 5) were performed at the mid-
substance to further assess repeatability of the measure. This
protocol was repeated for each group at the matched scheduled
time intervals.

Statistical analysis

All data analyses were performed in SPSS Statistics software
(v23; IBM Corp., Armonk, NY, USA). An independent samples t-test
was used to compare preseason midsubstance measures between
pitchers and the healthy volunteer group. A 2-arm by 3etime point
mixed model analysis of covariance (covaried on preseason mea-
sures) was used to compare SWV measures at the preseason,
midseason, and postseason time points. Similarly, a generalized
linear mixed model for nonparametric data was used to compare
KJOC scores at the same time points. For significant interactions
observed for SWV and KJOC measures, a Bonerroni post hoc test
was performed to detect significant pairwise comparisons. Finally,
correlation analysis was used to determine the relationship be-
tween SWV and KJOC measures among the pitchers across all
measurement time points. Correlation strength was interpreted as
follows: r¼ 0-0.3 (weak); r¼ 0.3-0.7 (moderate); r¼ > 0.7 (strong).
Type-I Error for all analyses was set at a ¼ 0.05 for all analyses. For
significant pairwise comparisons, effect size (ES) is reported as a
Cohen’s d statistic and interpreted as follows: 0-0.1, Negligible (N);
0.1-0.3, Small (S); 0.3-0.5, Moderate (M); 0.5-0.7, Large (L); > 0.7,
Very large (VL).7,29 The reliability and repeatability of SWV mea-
surements were assessed in similar manner as this group’s prior
study, using the healthy volunteer cohort.17 For the healthy
volunteer cohort, the median and interquartile range (IQR) were
calculated for each set of 10 SWV measurements. A set of mea-
surements was deemed reliable if the IQR/median ratio was < 0.3.3
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Secondary analysis was conducted to estimate the repeatability
coefficient (RC), which is defined as 2:77

ffiffiffiffiffiffi

s2
p

(where s2 is the
within-subject variance) and which represents the maximum dif-
ference that is likely to occur between 2 repeated test results with a
probability of 95% (29). Unreliable data (IQR/median > 0.3) were
excluded from RC calculation.
Results

Subject characteristics

Of the 11 volunteers, 1 could not complete all 3 scans due to
illness and was excluded from analysis. The remaining 10 volun-
teers were included in the final analysis. Of the 17 pitchers initially
recruited for the study, 14 completed preseason scans and were
included in baseline analysis and comparison to healthy controls,13
completed midseason evaluation, and 12 completed final post-
season evaluation. One pitcher was unavailable for all 3 time points.
Reasons for subject drop-out included nonelbow related injury,
release from the team, and academic ineligibility. Mean age was
19.7 ± 1.4 years for pitchers and 31.2 ± 4.7 years for volunteers. All
subjects were male; 77.8% of pitchers and 100% of volunteers were
right-handed. Table I summarizes participant demographics.
UCL SWV in pitchers

UCL SWV measures among the pitching athletes are shown in
Fig. 3. A decrease in midsubstance [-1.17 ± 0.99 m/s, P ¼ .021,
ES ¼ 0.82 (VL), Fig. 3B] and proximal [-1.55 ± 0.91 m/s, P ¼ .001,
ES ¼ 1.19 (VL), Fig. 3C] SWV measures were observed at the mid-
seasonmark compared to preseason and the proximalmeasurewas
also observed to be significantly lower than the nondominant arm
[-1.97 ± 0.95 m/s, P < .001, ES ¼ 1.46 (VL) Fig. 3C]. Proximal SWV
measures remained reduced relative to baseline at the postseason
mark [-1.13 ± 0.91 m/s, P ¼ .015, ES ¼ 0.87 (VL) Fig. 3C].



Figure 3 SWV in collegiate pitchers across a sport season. Data are shown as
means ± 95% CI for UCL SWV expressed in meters per second (m/s) at preseason,
midseason, and postseason assessment time points measured at the distal (A), mid-
substance (B), and proximal (C) UCL in the dominant and nondominant arms.
*,** ¼ Significantly different from preseason measurement at P < .05 and P < .01
respectfully. SWV, shear wave velocity; CI, confidence interval; UCL, ulnar collateral
ligament.

Figure 4 KJOC scores. Data are shown as means ± 95% CI for KJOC scores recorded at
preseason, midseason, and postseason assessment time points. Significance set at
P < .05. For significant pairwise comparisons, effect size (ES) is reported as a Cohen’s
d statistic and interpreted as follows: 0-0.1, Negligible (N); 0.1-0.3, Small (S); 0.3-0.5,
Moderate (M); 0.5-0.7, Large (L); > 0.7, Very large (VL). KJOC, Kerlan-Jobe Orthopaedic
Clinic; CI, confidence interval.
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KJOC scores

KJOC scores assessed in the pitching athletes at the preseason,
midseason, and postseason time points are shown in Fig. 4 where
scores were observed to decrease at midseason compared to pre-
season but then increased to a similar preseason value at the
postseason measurement (P < .05). When analyzed across all
measurement time points, SWV measures were observed to be
moderately correlated with KJOC scores (midsubstance: r ¼ 0.401,
P ¼ .002 j proximal: r ¼ 0.345, P ¼ .009 j distal: r ¼ 0.360, P ¼ .028).

Mean UCL SWV in volunteers

Mean SWV at the midsubstance UCL of the dominant elbow in
healthy volunteers across 3 time points was 4.35 ± 1.45 m/s.
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Reliable results (as defined by IQR/median ratio < 0.3) were ob-
tained in 24 of 30measurements (80%). Repeatability coefficient was
1.98 m/s (95% CI 1.35 to 2.89 m/s). Mean preseason SWV at the
midsubstance UCL of the dominant elbow in pitchers compared to
volunteers was 5.40 ± 1.65 m/s vs. 4.19 ± 0.85 m/s, respectively.
There was a strong trend toward higher SWV in pitchers as
compared to volunteers, although the difference did not reach sta-
tistical significance (P ¼ .056).

Discussion

UCL injury is a significant concern for baseball pitchers, and a
point-of-care modality to monitor the health of the UCL would have
the potential to reduce injury and improve pitcher longevity. Ultra-
sound is a widely available point-of-care modality, and we previ-
ously reported on the repeatability of 2D-SWE of the UCL in a cohort
of healthy volunteers.17 To our knowledge, this study is the first to
longitudinally measure the SWV of the UCL in baseball pitchers over
the duration of a season, and we demonstrated a statistically sig-
nificant decline in the proximal and midsubstance of the dominant
arm UCL SWV at midseason compared to preseason baseline values
(P < .05), suggesting increasing laxity or ‘softening’ of the UCL by
midseason. We also demonstrated lower KJOC scores at midseason
(P ¼ .003), potentially indicative of a relationship between declining
subjective functional assessment of the upper extremity and
declining SWV. We also demonstrated a strong trend toward higher
dominant arm SWV in preseason pitchers as compared to healthy
volunteers, although not reaching statistical significance (P ¼ .056).
Further study in a larger sample would be needed to confirm these
findings. Finally, we also demonstrated the feasibility of SWV of the
UCL with a lower frequency transducer than that which we previ-
ously demonstrated and obtained similar repeatability.

The decline in SWV by midseason that we observed would
suggest ‘softening’ and structural changes within the UCL. This
decline was seen at our first (and only) point during the season
(midseason) and while there seemed to be some recovery in SWV
by postseason, SWV in the proximal segment remained signifi-
cantly below baseline preseason values. We postulate this apparent
recovery may be attributed to a few reasons: (1) time off for rest
and recovery after the end of the season prior to scanning (this is
supported by the concomitantly observed recovery of KJOC scores
by the postseason examination) and/or (2) exclusion of subjects
who sustained arm injury or who were otherwise not playing due
to arm trouble. Therefore, future studies may benefit from more
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frequent sampling, particularly earlier in the season, to establish
the full-time course of these changes while frequent postseason
sampling may help to establish a time course for their reversal.
SWV was higher (on average) in the distal segment than the
proximal or midsubstance, and these results may provide a struc-
tural basis for the observation of Joyner et al that UCL ruptures
occur most frequently at the proximal humeral attachment and of
Conway et al that found more frequent tears in the mid-
substance.11,19 While the minimum clinically important difference
in SWV for the UCL is not currently known, we did demonstrate a
statistically significant decline in KJOC score at midseason which
accompanied a significant decline in SWV in proximal and mid-
substance of the UCL. If confirmed in a larger study, this would
further support the hypothesis that declining SWV is indicative of
structural weakening of the UCL and would provide a clinical
correlate for such.

Previously, we had reported a repeatability coefficient of 1.95 m/s
for UCL SWV measurements in healthy volunteers using a different
SWE system (Toshiba Aplio i800 ultrasound system; Toshiba, Tokyo,
Japan) and with a higher frequency transducer (18 MHz i18LX5),17

very similar to the 1.98 m/s which was observed in the present
study with a lower frequency transducer from a different vendor.
With the higher frequency transducer, however, we noted a rela-
tively high incidence (~35%) of unreliable datasets, largely secondary
to poor quality elastograms. In the present study using a lower fre-
quency transducer, 80% of datasets were reliable. Although this hy-
pothesis was not rigorously tested and other variables may certainly
be involved, these data suggest that lower frequency transducers
such as that used in this study may be better suited to SWE of the
UCL. Indeed, it has been recognized that propagating shear waves at
high frequencies is technically more demanding than at lower fre-
quencies.27 This is due largely to the decreasing shear wave ampli-
tude at higher frequencies. While high frequency probes are
preferred for B-modemusculoskeletal imaging, our data suggest that
lower frequency probes are beneficial for shear wave applications.
Reliability aside, the mean SWV in the dominant arm UCL of healthy
volunteers in this study of 4.35 ± 1.45 m/s does fall within the 95% CI
of that in our prior study of 5.14 þ/� 0.53 m/s as well.

The present study is not without limitations. Most notably, the
small sample size of pitchers and subject dropout. We initially
enrolled 17 pitchers, although all 17 were not available at all time
points for reasons stated earlier, and 1 pitcher was unavailable at all
time points, reducing the final sample to 16. However, despite this,
we were able to demonstrate a statistically significant decline in
SWV during the season. Another limitation of this studywas that all
pitchers were from the same athletic program. This would magnify
the positive or negative effect of seasonal changes in throwing
workout intensity, which may contribute to the overall health of
the athlete’s elbow and manifest as variations in UCL SWV. Addi-
tionally, all scans were conducted by a single diagnostic radiologist.
While this does ensure all SWE examinations were conducted with
a consistent technique, reproducibility of these results by multiple
examiners should be evaluated in future studies. Notably, inter-
operator reproducibility of musculoskeletal SWE has been
demonstrated in other studies, for example, in the Achilles’
tendon.25 Finally, no pitchers in our cohort sustained a UCL injury.
The goal of this particular study was to assess for occult changes in
SWV in the UCL over the course of a season, but for this technique
to ultimately have clinical utility, it will need to be studied in
symptomatic pitchers who ultimately sustain UCL injury as well.
Finally, the healthy volunteer participants, while still relatively
young adults, were older in comparison to the collegiate pitching
athletes. While it might be reasonable to hypothesize the potential
for basal UCL stiffness to decrease with age (depending on indi-
vidual physical activity), there is little information on how age may
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effect assessments using this relatively new technique. Future in-
vestigations will be required to determine the impact of age on
SWV measures across large sample sizes of healthy adults to better
establish comparative general population norms.

In summary, we have demonstrated a decline in SWV in the
proximal and midsubstance of the UCL in collegiate pitchers’
dominant arm during the course of a season. While the degree of
change in SWV tolerable by the UCL prior to rupture is not known,
future studies should aim to address this question. To this end,
future studies of SWE in the UCL should include a larger number of
pitchers from multiple athletic organizations and should include
athletes who ultimately sustain UCL injuries or otherwise require
UCL reconstruction. Additionally, more frequent sampling in the
early part of the season as well as during the immediate postseason
timeframemay help tomore fully elucidate the time-course of SWV
decline and subsequent recovery. Theoretically, such data might
one day establish a “safe zone” of UCL SWV variation over a
competitive season and could help inform recommendations for
pitch counts and return to play recommendations following sur-
gical and/or nonsurgical treatment of UCL injury.

Conclusion

There is a significant decline in SWV in the proximal and mid-
substance of the UCL in pitchers’ throwing arms during the course
of the season, with associated subjective functional decline as well.
Future studies with a larger sample size and more frequent sam-
pling would be invaluable to further explore this observation and
its clinical significance with respect to predicting and managing
UCL injury risk.
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