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Objective—To determine the sensitivity and specificity of ultrasound imaging
(USI) compared to the reference-standard of MRI in the diagnosis of bone stress
injury (BSI).

Methods—A prospective blinded cohort study was conducted. Thirty seven
patients who presented to an academic sports medicine clinic from 2016 to 2020
with suspected lower-extremity BSI on clinical exam underwent both magnetic
resonance imaging (MRI) and USL Participant characteristics were collected
including age, gender and sport. Exclusion criteria included contraindication for
dedicated MRI, traumatic fracture, or severe tendon or ligamentous injury. The
primary outcome measure was BSI diagnosis by USI. An 8-point assessment sys-
tem was utilized on USI for diagnosis of BSI, and the Fredericson and Nattiv?>
criteria were applied to classify MRI findings.

Results—Thirty seven participants who met study criteria were consented to
participate. All participants completed baseline measures. Using MRI, there were
30 (81%) athletes with a positive and seven participants with a negative BSI
diagnosis. The most common BSIs in the study were in the metatarsal (54%)
and tibia (32%). Compared to MRI, USI demonstrated 0.80 sensitivity (95%
confidence interval [CI], 0.61-0.92) and 0.71 specificity (95% CI, 0.29-0.96) in
detecting BSI, with a positive predictive value of 0.92 (95% CI, 0.75-0.99) and
negative predictive value of 0.45 (95% CI, 0.17-0.77).

Conclusions—USI is a potentially useful point-of-care tool for practicing sports
medicine providers to combine with their clinical evaluation in the diagnosis of
BSIs. Further research is ongoing to determine the role of USI in follow-up care
and return-to-play protocols.

Key Words—Dbone stress injuries; ultrasound; stress fractures; diagnosis;
ultrasonography; MRI

level athletes and can result in substantial disability leading

to prolonged leave from sport when diagnosed in more
advanced stages. Collectively, BSIs account for 0.7 to 20% of all
injuries seen in sports medicine clinics," with a prevalence of up to
28.9% in higher-risk female athletic populations, such as track and
field>™* Approximately 90% of all BSIs occur within the lower
extremity,””” a testament to the repetitive mechanical loading that
bones endure during various sporting activities, which can result in

B one stress injuries (BSIs) are relatively common in college-
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structural fatigue and localized pain over a prolonged
period of time.*’ Such BSIs however cannot be
confined to one distinct pathological entity; rather,
these injuries represent a continuum of disease severity.
The presence of a cortical fracture line on imaging for
example, or lack thereof can help to delineate between
the diagnosis of a stress reaction from that of a more
significant and advanced stress fracture.'”"'

In clinical practice, early diagnosis of BSI is impera-
tive to allow for judicious implementation of appropri-
ate restful treatment and avoidance of substantially
longer healing times required for higher-grade injuries."”
Therefore, a readily accessible point-of-care imaging
device that can be reasonably utilized as a diagnostic
tool for healthcare providers in the diagnosis of BSIs is
essential. Radiographic identification of BSIs is the least
sensitive method for detecting low-grade BSIs, resulting
in a high false negative rate (85%)."> Meanwhile, alter-
native options such as computed tomography (CT) is
poor at detecting early injury, while bone scintigraphy
will not evaluate for cortical break, and both of these
imaging options are costly and expose patients to ioniz-
ing radiation."”'® As a result, MRI has emerged since
the 1980s as the diagnostic reference standard for many
practitioners in confirming BSIs, given the high sensitiv-
ity and specificity that MRI conveys in detecting cortical
fracture precursors, such as periosteal reaction and bone
marrow edema.'®™"

Fredericson and colleagues™ described an MRI
grading scale for tibial BSIs in 1995, which has since
been developed by Adrent and Griffiths® in 1997,
and Nattiv et al in 2013,** to encompass all BSIs, cur-
rently serving as the reference standard for diagnosis.
Although the MRI classification system has been vali-
dated for determining return to sport times,”” routine
use of MRI remains both expensive and time-con-
suming, for many clinical scenarios. Thus, there is
good reason to believe that the more affordable and
accessible diagnostic option of musculoskeletal USI
may help to address the shortcomings of MRI.

Howard and colleagues” published the first man-
uscript of diagnostic musculoskeletal USI for the
detection of a stress fracture in 1992, describing a
small periosteal elevation in the patient’s second
metatarsal bone. Later contributions to the literature
by Caruso et al** in 2000 and Rawool et al*® in 2003,
discussed the addition of color Doppler and power
Doppler respectively, both of which have helped to
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pave the way for establishing modern-day sono-
graphic biomarkers important in assessing BSIs.

Yet, while previous investigations have explored
the use of USI in the diagnosis of BSIs, such studies
have done so with inconsistent measures applied,
resulting in a wide array of scientific conclusions.”” >
In a systematic review of the diagnostic accuracy of
imaging modalities for suspected lower extremity
BSIs, Wright and colleagues®® reported a wide-
ranging sensitivity of 43 to 99% and specificity of
13 to 79%. There is longstanding interest within the
sports medicine community of the potential diagnos-
tic accuracy for USI in the detection of BS], yet there
is not currently a common and concise set of criteria
to use for BSI diagnosis.”>>" The purpose of our
study was to determine the ultrasound diagnostic
markers that are most sensitive and specific for the
detection of BSIs, with MRI as the reference standard,
among a young and healthy athletic population.

Methods

Participants

A prospective observational cohort study was conducted
in the Stanford Physical Medicine & Rehabilitation
Sports Medicine Clinics (Palo Alto, CA), between 2016
and 2020. Inclusion criteria was clinical suspicion of a
lower extremity BSI. Clinical suspicion was broadly
defined as localized mechanical pain overlying bone,
increased by local loading and relieved by rest. Exclu-
sion criteria included contraindication for dedicated
MRI or a history that indicated a traumatic fracture or
severe tendon or ligamentous injury. Anatomic locations
not adequately assessed using ultrasound were excluded,
such as the hip and pelvis. This research was approved
by the Academic Hospital’s Institutional Review Board,
participants provided written informed consent, the
study was HIPAA-compliant, and all authors declare
that they have no conflicts of interest.

Procedure

All participants underwent history and physical exam-
ination the same day of visiting the sports medicine
clinic and underwent USI and MRI within 1 week of
presentation. History included age, gender, sport,
chief complaint and prior history of BSI. Physical
Examination included the presence or absence of pain
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with bony palpation, percussion, rest, walking. MRIs
were read by Stanford musculoskeletal radiologists.
The USI was performed using the Konica Minolta
HS-1 ultrasound machine (Tokyo, Japan) with a 4-
18 MHz high frequency linear transducer. Exams
were performed over the identified location of pain,
overlying bone, from proximal to distal and medial to
lateral, in both long axis and short axis. Throughout
the study duration, a total of five sonologists per-
formed the scans, with each read by the performing
sonologist and one additional physician blinded to
the findings of the other examiner, before agreement
was achieved. A third physician was used in cases of
discrepancy. The total duration of each USI assess-
ment was approximately 20 min. Sonologists with
ACGME Sports Medicine fellowship training per-
formed the scans, all of whom were experienced in
musculoskeletal USI, with years of experience ranging
from 4 to 12. None of the sonologists had access to
the radiologic and/or MRI findings and were only
made aware of the clinical finding of pain location.

Sonographic biomarkers recorded were based on
the criteria set by Bianchi and Luong,™ denoting thick-
ening of the periosteum, presence of a calcified bone
callus, cortical irregularities, subcutaneous edema, and
color/power Doppler hypervascular changes of the peri-
osteum, subcutaneous soft tissues, and intraosseous
bone. Doppler gain was optimized for low flow with a
setting just below the level that produces random noise,
and frequency was 8 to 13 MHz. Additional biomarkers
included complete cortical disruption, periosteal eleva-
tion and periosteal hypoechogenicity (Table 1). Perios-
teal hypoechogenicity was distinguished from periosteal
thickening, with the former defined as a region of
hypoechogenicity overlying cortical bone suggestive of a
hematoma, and the latter defined as independent thick-
ening of the periosteum, as measured from the outer
most layer of periosteum to the inner most layer. Peri-
osteal elevation was defined as sonographic separation
of periosteum from cortical bone. A positive diagnosis
of BSI by USI was designated as 2 out of the 8 afore-
mentioned positive sonographic biomarkers based on
the Bianchi paper as discussed above.

Statistical Analysis

Descriptive statistics of the demographic characteris-
tics of the sample were examined using mean and
standard deviation for age and sport, as well as bone

J Ultrasound Med 2022; 41:2885-2896
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Table 1. Ultrasound Imaging Data Collection Sheet

Yes/ Severity (Denote or
Sonographic Finding No Circle)
1. Periosteal thickening Thickness in mm
2. Calcified bone callus NA
3. Cortical irregularities 1, minimal; 2, medium; 3,
severe
4. Subcutaneous edema 1, minimal; 2, medium; 3,
severe

5. Hypervascularity (color Doppler)

Periosteum 1, minimal; 2, medium; 3,
severe
Subcutaneous 1, minimal; 2, medium; 3,
severe
Intraosseous 1, minimal; 2, medium; 3,
severe
6. Hypervascularity (power Doppler)
Periosteum 1, minimal; 2, medium; 3,
severe
Subcutaneous 1, minimal; 2, medium; 3,
severe
Intraosseous 1, minimal; 2, medium; 3,
severe
7. Complete cortical NA
disruption
8. Periosteal elevation NA
9. Periosteal 1, minimal; 2, medium; 3,
hypoechogenicity severe

type. The primary analysis examined the sensitivity,
specificity, positive predictive value, and negative pre-
dictive value of USI diagnosis of BSI compared to
MRI diagnosis of BSI at baseline. Secondary analyses
examined MRI diagnosis of BSI compared to the USI
measures at baseline. Exploratory univariate and mul-
tivariate logistic regression models examined the asso-
ciation between MRI diagnosis and each USI
measure with multivariate models adjusting for BSI
and location of bone injury. Significance was set at
P < .05. All analyses were conducted in R*® and
Rstudio.®” Sensitivity, specificity, and positive and
negative predictive values were calculated using the
epiR* package. Univariate and multivariate regression
models were conducted using the glm command.

Results
Demographics

Characteristics of the participants are available in
Appendix A including age, gender, and sport, as well
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Table 2. Demographic Characteristics of Participants (n = 37)

Characteristic Mean (SD) Frequency (%)

Gender
Female 31 84%
Male 6 16%

Age 20.62 (2.97)

Sport
Crew 3(8%)
Equestrian 2 (5%)
Field hockey 2 (5%)
Gymnastics 4 (11%)
Lacrosse 1(3%)
Running 15 (41%)
Soccer 2 (5%)
Tennis 2 (5%)
Track 1(3%)
Volleyball 5 (14%)

Bone
Fibula 4 (11%)
Medial cuneiform 1(3%)
Metatarsal 20 (54%)
Tibia 13 32%)

as clinical characteristics such as location of bone
injury and history of prior BSL. There were 37 partici-
pants in the study: 31 women (84%) and 6 men with
an age range of 18 to 33 years old (mean age =
20.62 years old, standard deviation [SD] = 2.97;
Table 2). The most common sport was running
(41%). There were 15 runners, S volleyball players,
4 gymnasts, 3 crew members, and 10 other athletes.
Twelve participants (32%) had received traditional
treatment for a previous BSI, 4 of whom had their
repeat BSI in the same anatomical location as their
previous BSI; however, all participants had
completely recovered clinically from the prior BSI
injury, and in this study demonstrated new MRI find-
ings consistent with an acute BSI.

Ultrasonographic Assessment

The most common locations of suspected BSIs
included the metatarsals (n = 20, 54%), tibia bone
(n = 13, 32%), and fibula (n = 4, 11%). (Table 2).
Regarding pain condition, 28 (76%) participants had
pain on bony palpation on exam, 17 (46%) had pain
with percussion on exam, and 8 (22%) reported pain
in resting conditions. Pain with walking was reported
by 23 participants (62%). MRI diagnosed BSIs in
30 out of the 37 participants (81%), while USI diag-
nosed BSIs in 26 participants (70%). There were two
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participants that were diagnosed as having a tibial BSI
on USI, but were deemed to be negative on MRI.
Both of these occurrences were in the tibia bone. USI
diagnostic accuracy for BSIs confirmed by MRI
was 78.4%.

Ultrasonographic Detections

According to our USI findings, periosteal thickening
was detected in 27 BSIs (72.9%), calcified bone callus
in 8 participants (21.6%), and cortical irregularities in
22 participants (59.5%). Periosteal thickening was
detected in both USI and MRI studies. When fluid
was present around the BSI site, it was depicted on
MRI as a high intensity signal adjacent to the bone
surface on T2 weighted images, and as a hypoecho-
genic area on USI (Figure 1A-C).

Subcutaneous edema was the most frequently
reported positive BSI diagnostic finding on USI,
noted in 30 (81.1%) of participants. Longitudinal B-
mode imaging of BSI demonstrated subcutaneous
edema and periosteal thickness as seen on the meta-
tarsal in Figure 2. Axial B-mode imaging of the tibia
demonstrated cortical irregularities and trace fluid on
the surface of the bone, visualized in Figure 3.
Hypervascularity measured by color or power Dopp-
ler in the periosteum or subcutaneous areas was
detected in three participants under USI at site of BSI
(Figure 4). Only one participant (2.7%) had evidence
on USI of true cortical break corresponding to that of
an MRI Grade 4b of BSI (Figure S). Nineteen partici-
pants (51.4%) images depicted periosteal elevation
(Figure 6), while 25 participants (67.6%) had perios-
teal hypoechogenicity (Figure 7).

Sensitivity and Specificity of USI Detection

Sensitivity and specificity of pain on bony palpation
on exam in determining positive BSI diagnosis was
87% (95% CI, 0.69-0.96) and 71% (95% CI, 0.29-
0.96) respectively (Table 3). Compared to MRI,
overall USI was 80% (95% CI, 0.61-0.92) sensitive
and 71% (95% CI, 0.29-0.96) specific in detecting
BSI, with positive predictive value of 0.92 (95% CI,
0.75-0.99) and negative predictive value of 0.45
(95% CI, 0.17-0.77). Among USI diagnostic bio-
markers, periosteal thickening had the highest com-
bined sensitivity 80% (95% CI, 0.61-0.92) and
specificity 57% (95% CI, 0.18-0.90). Pain on bony
palpation (87%) and subcutaneous edema (83%)

J Ultrasound Med 2022; 41:2885-2896
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Figure 1. Coronal MRI PD FS of the foot (A) demonstrating mild marrow edema with cortical thickening and periosteal edema along the
medial aspect of the distal 2nd metatarsal diaphysis (white arrow). Axial MRI T1 (B) T2 FS (C) with evidence of stress reaction of the 2nd
metatarsal middle to distal diaphysis with mild periosteal reaction. In the same patient, Axial B-mode imaging (D) depicting cortical irregular-
ities (white arrow) and adjacent fluid (white arrowhead) in the absence of hypervascularity with power Doppler. Longitudinal B-mode imag-
ing of the metatarsal BSI (E) showing irregular hypoechogenicity of periosteum (white arrowhead) as well as periosteal edema with

periosteal thickness (white arrow).

were the most sensitive, while calcified bone callus
(100%), periosteal elevation (86%) and cortical irreg-
ularities (86%) were the most specific (Table 4).

Figure 2. Longitudinal B-mode imaging of the metatarsal BSI
demonstrating periosteal edema and thickness (white arrow) with
concurrent subcutaneous edema (white asterisk).

J Ultrasound Med 2022; 41:2885-2896

Univariate and Multivariate Regression Analyses

The univariate logistical regression models indicated
that ultrasound diagnosis (P = .016), cortical irregu-
larities (P = .022), and pain on bony palpation
(P = .005) were significantly associated with MRI
diagnosis  (Table 4). Ultrasound  diagnosis
(P = .020), periosteal thickening (P = .022), cortical
irregularities (P = .029) and pain on bony palpation
(P = .012) were significant after adjusting for loca-
tion of bone injury. There were no other significant
measures that demonstrated a statistically significant
association with MRI diagnosis.

Discussion

The current study suggests that USI is a potentially
useful tool used in the diagnosis of BSI with a sensi-
tivity of 80% and specificity of 71%. Our findings
align closely with several previous studies that have
been published on the topic. We found that periosteal
thickening demonstrated the highest sensitivity and
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Figure 3. A, Axial B-mode imaging of the healthy tibia without cortical irregularities. B, Axial B-mode imaging of the tibial BSI with cortical
irreqgularities, in addition to trace edema overlying the bone. C, Longitudinal B-mode imaging of the tibial BSI with periosteal edema, thick-
ness and cortical irregularities. D, Longitudinal power Doppler imaging of the tibial BSI depicting periosteal edema, thickness and cortical

irregularities without hypervascularity.

specificity for detecting BSI via USI, while periosteal
elevation (Figure 6) and calcified bone callus
(Figure 7) showed the highest specificity. This is
important to note, because periosteal reaction pre-
senting as thickening is typically a result of early bone
stress and as described in the MRI classification sys-
tem aligns with a Grade 1 Fredericson/Nattiv
Score.*! As described in a previous review article, the
cortical reaction of BSIs is limited to the periosteum
area which can be detected by USL'® We conclude
that periosteal thickening is the most sensitive and

Figure 4. Longitudinal B-mode imaging of metatarsal BSI with evi-
dence of periosteum elevation (white arrowhead) and color Dopp-
ler imaging of the metatarsal BSI shows hypervascularity in the
periosteum.

2890

specific biomarker in detection of BSIs by USI, and
may also serve a pivotal role in longer-term follow-up
care imaging.

There were two false positive BSIs in this current
study that had been diagnosed on USI but were nega-
tive with confirmatory MRI. Both of these cases
occurred within the tibia. In contrast, Banal et al*’ in
2009 reported no false positives in their study of meta-
tarsal bones, coinciding with an overall sensitivity of
83% and specificity of 76% for BSI diagnosis with USL
Such a discrepancy suggests that the accuracy of USI
diagnosis in BSIs may be dependent in part to the ana-
tomical location. The most frequent site of occurrence
was that of the metatarsal bones, followed by the tibia,
which is congruent with previous literature. Pester
et al42 in 1992, for example, conducted a study evaluat-
ing lower extremity BSI incidence among 1338 military
cases in which the most common locations were the
metatarsals (66%), followed by the lower leg (13%) for
males, with similar results in females. We acknowledge
that we excluded BSIs in the hip and pelvis due to the
limited ability of USI to diagnose deep bone structures
and lack of periosteum at the hip and pelvis.” Alterna-
tively, lower frequency curvilinear probes may be con-
sidered for the femur, but further research in this area
to determine the accuracy is warranted.**

J Ultrasound Med 2022; 41:2885-2896
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Figure 5. A, Axial B-mode imaging depicts complete cortical disruption (white arrow) and fluid (white arrowhead) in subcutaneous soft tis-
sue. B, Axial power Doppler imaging demonstrates hypervascularity at the BSI site. C and D, Longitudinal B-mode imaging of the metatarsal
BSI shows complete cortical disruption with hypoechogenicity of periosteum and (E) power Doppler demonstrates hypervascularity.

It is also noteworthy that our study only had
three positive cases of hypervascularity (Figure 4),
which has been portrayed in the literature as a signa-
ture of BSI diagnosis following fracture healing and
callus formation.**® Given the concurrent findings of
periosteal thickening, cortical irregularity, periosteal
elevation and hypoechogenicity in these patients, it
can be postulated that hypervascularity may represent

J Ultrasound Med 2022; 41:2885-2896

residual inflammation present within the soft tissue
around the BSI as well as reactional periostitis. Of note,
there were no hypervascularity changes detected intra-
osseous. This is likely because the frequency of diagnos-
tic USL, commonly between 3 and 20 MHz does not
have the energy to penetrate mature cortical bone, mak-
ing it impossible to evaluate intraosseous bone with our
current diagnostic ultrasound techniques.
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Figure 6. A, Longitudinal B-mode imaging of a metatarsal BSI showing periosteal elevation (white arrowhead) and subcutaneous edema
(asterisk). B, Magnified view of periosteal elevation and subcutaneous edema.

Figure 7. A and B, Longitudinal B-mode imaging of a metatarsal BSI showing calcified bone callus 2 weeks following onset of symptoms.

C, Color Doppler without any evidence of hypervascularity.

Interestingly, pain on bony palpation had
slightly better sensitivity and equivalent specificity as
USI diagnosis of BSI, when compared to the refer-
ence standard of MRI These data highlight the
importance of a simple and no-cost physical exami-
nation test in the diagnosis of BSI. However, as this
test is binary, it does have limitations in further study
as it relates to grading, prognosis and return to sport
following a BSI. On the contrary, ultrasound has
many sonographic biomarkers, some of which are
quantitative such as the measurement of periosteal
thickness, that may help elucidate the progression of
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BSI over time. Furthermore, using both pain on
bony palpation and sonographic findings together in
the diagnostic algorithm may produce a more accu-
rate diagnosis. Using both metrics may be specifically
helpful in those patients with a history of previous
BSI at the same anatomic site of new concern.
Within the study, there were four subjects that had a
previous BSI at the same site of new BSI. Further
research is needed to establish both MRI and sono-
graphic evolution of a healing and healed BSI,
denoting if any biomarkers persist after full
resolution.

J Ultrasound Med 2022; 41:2885-2896
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Table 3. Sensitivity and Specificity of Ultrasound Test and Other Measures Compared to the MRI at Baseline

MRI— MRI— Sensitivity Specificity PPV NPV
Positive BSI Negative BSI (95% ClI) (95% ClI) (95% ClI) (95% Cl)
Ultrasound 80 71 92 45
Positive BSI 24 2 (61-92) (29-96) (75-99) 17-77)
Negative BSI 6 5

Periosteal thickening 80 57 89 40
Positive BSI 24 3 (61-92) (18-90) (71-98) (12-74)
Negative BSI 6 4

Cortical irregularities 70 86 95 40
Positive BSI 21 1 (51-85) (42-100) (77-100) (16-68)
Negative BSI 9 6

Subcutaneous edema 83 29 83 29
Positive BSI 25 5 (65-94) (4-71) (65-94) (4-71)
Negative BSI 5 2

Periosteal elevation 60 86 95 33
Positive BSI 18 1 (41-77) (42-100) (74-100) (13-59)
Negative BSI 12 6

Periosteal 70 43 84 25
hypoechogenicity
Positive BSI 21 4 (51-85) (10-82) (64-95) (5-57)
Negative BSI 9 3

Pain on bony palpation 87 71 93 56
Positive BSI 26 2 (69-96) (29-96) (76-99) (21-86)
Negative BSI 4 5

Calcified bone callus 27 100 100 24
Positive BSI 8 0 (12-44) (59-100) (63-100) (10-42)
Negative BSI 22 7

Abbreviations: BSI, bone stress injury; Cl, confidence interval; PPV, positive predicted value; NPV, negative predicted value.

Table 4. Exploratory Univariate and Multivariate Logistic Regression Models Examining the Association Between Positive Magnetic

Resonance Imaging Diagnosis and Other Bone Measures at Baseline

Univariate Models

Multivariate Models?®

Estimate (SE) P Value* Estimate (SE) P Value*
Ultrasound diagnosis 2.30 (0.95) 0.016 2.28 (0.98) 0.020
Periosteal thickening 1.67 (0.89) 0.060 2.25(0.98) 0.022
Cortical irregularities 2.64 (1.15) 0.022 2.55 (1.17) 0.029
Subcutaneous edema 0.69 (0.97) 0.475 0.64 (1.02) 0.531
Periosteal elevation 220 (1.14) 0.055 2.03 (1.16) 0.080
Periosteal hypoechogenicity 0.56 (0.86) 0.516 0.79 (0.91) 0.390
Pain on bony palpation 2.79 (0.99) 0.005 2.58 (1.03) 0.012

“Multivariate models adjust for bone injuries and days to onset. SE, standard error.

*P < .05.

There are many advantages to USI over MRI,
including its dynamic practicality, which provides the
treating clinician with an opportunity to evaluate local
soft tissue sites in real-time. USI takes significantly
less time than an MRI to perform, between 10 and
20 min in this present study, and can be done as part
of the clinical examination. Risk factors for lower

J Ultrasound Med 2022; 41:2885-2896

extremity BSIs include repetitive motions that exacer-
bate muscle fatigue or aggravate previous injuries,
thus having the ability to assess tendons and liga-
ments which attach to the periosteum can be
extremely beneficial.*” In addition, localizing the ori-
gin of pain using sonopalpation during diagnostic
scanning can also be quite helpful in discerning the
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etiology from that of an alternative pathology, such as
chronic  exertional ~compartment syndrome.***
Lastly, more often in the pediatric population, com-
pleting an MRI may often times require sedation;
thus, using bedside ultrasound in the interim or alter-
natively can prove to be quite useful, especially when
evaluating for fracture and BSI. Several prior studies
have touted USI’s accurate capability of demonstrat-
ing cortical break and evaluating for displacement.
Eckert et al*® in 2015 showed that distal forearm frac-
tures can be diagnosed by ultrasound with a sensitiv-
ity of 96% and specificity of 97%, while supracondylar
fractures are also highly sensitive to USI as well.’' In
our study, one case demonstrated true cortical break
on USI (Figure S) that corresponded to a Grade
4 injury on the Fredericson & Nattiv MRI classifica-
tion system.

Potential limitations of our study include limited
generalizability. The subjects represent only a sector
of the general patient population. As an effect of the
practice setting, many of the subjects were young and
healthy college-level athletes, contributing to the
study’s high prevalence of 81% (30/37). The high
prevalence likely impacted the high PPV and low
NPV. With this in mind, our study results of a high
PPV indicates a high likelihood of a true diagnosis of
BSI; alternatively, a negative test should be followed
by MRI given the low NPV. In follow-up research, it
would be interesting to test ultrasound in the diagno-
sis of BSI in a less prevalent population.

Secondary to the limited number of subjects, the
confidence intervals in the regression analysis are
large, indicating uncertainty. Further study is needed
with larger recruitment. Another limitation in this
study was the fact that we had multiple sonologists
performing the scans without examination of inter-
rater reliability; however, for each scan, the study
included two examiners blinded to each other’s mea-
surements, and when interpretation diverged, a third
examiner acted as a tie-breaker. Additionally, all
sonologists were well-trained in ultrasound.

In summary, USI may be a point-of-care tool for
the current practicing sports medicine provider to
combine with their clinical evaluation in the diagnosis
of BSIs of the lower extremity. Of the cortical surface
biomarkers evaluated, periosteal thickening has
proven to be most reliable and should be incorpo-
rated into all USI BSI diagnostic criteria sets. Findings
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of periosteal elevation and calcified bone callus carry
a high PPV, and when present should indicate a high
likelihood of a true diagnosis of BSI. Additional
research is ongoing to determine the role of USI in
follow-up care and return-to-play protocol.
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Appendix A

Demographic Characteristics of Participants

BSI Age Sex Sports Bone

1 23 Female Equestrian Metatarsal
2 23 Female Equestrian Metatarsal
3 20 Female Soccer Tibia

4 18 Male Gymnastics Tibia

5 18 Male Gymnastics Tibia

6 19 Female Crew Tibia

7 33 Female Running Tibia

8 22 Female Running Metatarsal
9 20 Female Running Metatarsal
10 20 Female Running Metatarsal
1 20 Female Running Tibia
12 25 Female Running Metatarsal
13 25 Female Running Metatarsal
14 21 Female Running Tibia
15 18 Male Running Metatarsal
16 18 Male Running Metatarsal
17 20 Female Volleyball Tibia

18 20 Female Volleyball Metatarsal
19 20 Female Volleyball Metatarsal
20 18 Female Running Metatarsal
21 20 Female Running Metatarsal
22 18 Female Gymnastics Fibula
23 27 Female Running Metatarsal
24 18 Female Running Metatarsal
25 20 Female Running Metatarsal
26 21 Female Rowing Tibia

27 19 Male Gymnastics Fibula
28 21 Female Soccer Metatarsal
29 21 Female Field hockey Metatarsal
30 19 Female Volleyball Fibula
31 20 Male Tennis Fibula
32 18 Female Lacrosse Metatarsal
33 20 Female Field hockey Tibia
34 19 Female Volleyball Metatarsal
35 20 Female Crew Tibia
36 21 Female Tennis Medial cuneiform
37 20 Female Track Tibia
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