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Abstract
Bone stress injuries (BSIs) are a common lower limb injury amongst 

active individuals. While magnetic resonance imaging (MRI) has 
historically been the imaging modality of choice, there is increasing 
evidence that ultrasound (US) can be a useful diagnostic tool for these 
injuries. The aim of this prospective, observational study was to evaluate 
the correlation between MRI and US findings in the diagnosis of lower 
extremity BSIs and to characterize the sonographic features 25 patients age 
19-62 years old diagnosed with an MRI-confirmed BSI to the metatarsals 
or tibia underwent a diagnostic US of the affected area as well as the 
correlative, asymptomatic region on the contralateral limb. The primary 
outcome was whether or not an association existed between sonographic 
findings and the MRI grade of the stress injuries. Median age was 35 
years, and 84% were females. The most common injury grade was a 
grade 1 (40%). On US evaluation, periosteal edema was most commonly 
seen (80% of patients). Subcutaneous hyperemia and callous formation 
demonstrated a significant correlation with grade 4 BSIs (p=0.03). US and 
MRI demonstrated variable agreement on imaging findings, with as high as 
100% agreement on the presence of a cortical break and callous formation, 
and as low as 64% for periosteal thickening. In conclusion, this study 
demonstrated a relatively strong agreement between US and MRI findings 
seen with a BSI. However, US did not consistently predict injury grade. 
Therefore, our findings suggest that US may be considered as a screening 
tool for tibial and metatarsal BSIs.

Keywords: Lower Limb; Bone, Injury, MRI, Bone stress injuries (BSIs); 
Skeletal; Healthcare

Introduction
Bone stress injuries (BSIs) are common injuries among physically 

active individuals and can result in prolonged time away from sport [1-3]. 
Although BSIs can occur in various skeletal regions, the lower extremities 
are disproportionately affected, comprising up to 95% of cases [4]. This 
distribution is largely attributed to the repetitive mechanical loading 
associated with weight-bearing activity. A timely and accurate diagnosis is 
critical to optimize patient outcomes, reduce risk of complications such as a 
completed fracture, and minimize overall healthcare burden [5].

The pathogenesis of BSIs is multifactorial due to the interplay between 
mechanical loading and intrinsic biological factors. An abrupt increase 
in training intensity, frequency, or duration without sufficient recovery 
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than the primary author (RCK) to confirm the presence of 
an MRI-confirmed BSI. This was done to keep the primary 
author blinded to the location and grade of the BSI. After 
confirmation of the BSI, the patient was seen in clinic within 
14 days of the MRI for a diagnostic US of the affected 
region. This was performed by the primary author who was 
blinded to the grade and location of the BSI. The patient was 
asked to point to their region of maximal pain to help guide 
the US evaluation.

US evaluation was performed with a 4-18MHz, linear 
array transducer (Samsung RS85 Prestige Ultrasound 
System, Samsung Co., San Jose, CA). The region of maximal 
pain, as well as the correlative region on the asymptomatic 
contralateral limb, were evaluated in both a longitudinal 
and transverse plane. The absence or presence of following 
sonographic findings were recorded: periosteal edema, 
periosteal thickening, periosteal hyperemia, subcutaneous 
edema, subcutaneous hyperemia, cortical break, and callous 
formation (Figure 1) [15]. The primary author performed 
all of the US evaluations and recorded the US findings. 
Deidentified US images for each patient were sent to a 
second author to review and record their findings. The 
second author was blinded to the assessments of the first 
author. If there were discrepancies between the two authors 
(e.g. disagreement on the presence of subcutaneous edema), 
those specific images were then sent to a third author for 
review. The review by the third author ultimately decided 
the findings for those images. All authors who reviewed 
the US images had between 4-7 years of independently 
performing musculoskeletal US examinations, and were 
also Registered is Musculoskeletal sonography (RMSK) 
certified. Of note, there was agreement between the first two 
reviewing authors on 88% of the ultrasound findings, with 
the highest degree of agreement being on the presence of 
callous formation (100%) and the least agreement on the 
presence of periosteal edema (76%).

The primary outcome was whether or not an association 
existed between sonographic findings and the MRI grade of 
the stress injuries. Secondary outcomes included whether or 
not the US findings were consistent with those seen on MRI.

can disrupt the equilibrium between bone resorption and 
formation. This results in accumulation of microdamage and 
can result in stress fracture [6]. Given the functional impact 
of these injuries on active individuals, reliable and accessible 
diagnostic modalities are essential [6,7].

Current diagnostic evaluation of BSIs begins with a 
comprehensive clinical assessment, including history, risk 
factor analysis, and focused physical examination. Localized, 
mechanically induced pain remains a hallmark finding [8]. 
Radiographs are typically obtained first. However, the 
sensitivity of radiographs is only 12-56% [4]. Additional 
imaging is often obtained if clinical suspicion for a BSI 
is high despite normal radiographs. Magnetic resonance 
imaging (MRI), which is often obtained to confirm clinical 
suspicion, offers a high sensitivity and specificity but can be 
limited by cost and accessibility [9]. Bone scintigraphy, while 
sensitive, lacks specificity and is more invasive and exposes 
the patient to radiation [9]. These limitations have prompted 
growing interest in alternative imaging techniques that are 
more accessible, cost-effective, and non-invasive [10].

Preliminary evidence suggests that ultrasound (US) 
may serve as a useful adjunct in the early detection of BSIs 
[11,12]. Readily available, low-cost, and non-invasive, US 
has the potential to supplement or even partially replace 
traditional imaging in certain clinical settings [13]. However, 
there remains inconclusivity regarding the role of US in 
the diagnosis of BSIs. A recent Dephi consensus paper by 
Hoenig et al showed high variability amongst expert opinions 
on the use of US for the diagnosis of BSIs, and concluded 
that MRI remains the gold standard amongst their group [14]. 
In this study, we aim to address the lack of consensus in the 
literature by evaluating the correlation between MRI and 
US findings in the diagnosis of lower extremity BSIs and to 
characterize the sonographic features associated with these 
injuries. Through this investigation, we seek to help define 
the role of US in the diagnostic algorithm for BSIs.

Methods and Materials
This prospective observational study was performed 

at our sports medicine clinic after approval by our local 
institutional review board. Informed consent was obtained for 
all included patients. Inclusion criteria included patients age 
18-80 years old diagnosed with an MRI-confirmed BSI to the 
metatarsals or tibia within 14 days prior to presenting to the 
senior author’s sports medicine clinic. Patients were excluded 
if they had a prior history of a BSI to that specific bone. Full 
inclusion and exclusion are outlined in Table 1.

Patients were referred by physicians within our sports 
medicine clinic as well as local primary care physicians. 
Patients who were referred for possible inclusion in the study 
had their charts reviewed by a study team member other 

Inclusion 
Criteria Exclusion Criteria

Age 18-80 Age outside of inclusion range

MRI-confirmed 
stress injury 
of tibia or 
metatarsal
 

History of stress injury in the affected bone

History of fracture in the affected bone

Concurrent stress injury in the contralateral bone

Inability to undergo diagnostic US within 14 days 
of MRI

MRI = magnetic resonance imaging; US = ultrasound

Table 1: Inclusion and Exclusion Criteria.
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to demographics, BSI history, and REDs history to ensure 
comparability. Kruskal-Wallis rank sum tests were used to 
compare continuous variables, and Fisher’s exact tests were 
used for categorical variables.

Findings from MRI and US were cross tabulated with 
injury grade to assess associations. Fisher's exact test was 
used to determine statistical significance. Stuart-Kendall’s 
tau-c was used to measure the strength of each relationship, 
and each associated p-value was used to determine statistical 
significance.

Agreement between US and MRI findings was quantified 
using both percent agreement and Cohen’s kappa.

All analyses were performed using R Statistical Software 
(v4.1.0; R Core Team 2021).

Results
Baseline demographics are outlined in Table 2. A total of 

25 patients were included. 16 patients had a BSI involving the 
tibia, and 9 had a BSI involving the metatarsals. 84 percent 
were female, with a median age of 35 years (range 19-62). 32 
percent had a history of a BSI outside of the anatomic region 
being evaluated for the study. No patients had a history of BSI 
in the affected region. The median number of days between 
symptom onset and MRI was 42 days (range 6-295). There 
were no significant differences in baseline variables across 
injury grades with the exception of history of REDs, where 
only two patients, both with grade 3 stress injuries, had REDs 
history in our sample.

 

DIST = distal; PROX = proximal; LONG = longitudinal

Figure 1: Common sonographic findings seen with a BSI. A. 
Periosteal thickening, seen as a focal, eccentric increase in 
the hypoechoic periosteal thickness compared to the adjacent 
periosteum (white arrow). B. Periosteal edema, seen as asymmetric 
hypoechogenicity adjacent to the periosteum extending into the 
subcutaneous tissue (white curved arrow). C. Periosteal hyperemia. 
D. Cortical break (open arrowhead). E. Callous formation (closed 
star) and subcutaneous edema (open star), which is seen as relative 
hyperechogenicity of the subcutaneous tissue, often described as 
having a “cobblestone” appearance. 

Data analysis 
Patients were grouped according to injury grade 

(Fredericson classification [16]) and compared with respect 

Overall (n=25) Grade 1 
(n=10) Grade 2 (n=6) Grade 3 (n=3) Grade 4a 

(n=3)
Grade 4b 

(n=3)
Age
   Median
   Range

35
19-62

27
20-41

37
23-62

24
19-41

41
22-42

46
42-47

Sex
   Female
   Male

21 (84%)
4 (16%)

9 (90%)
1 (10%)

5 (83%)
1 (17%)

3 (100%)
0 (0%)

2 (67%)
1 (33%)

2 (67%)
1 (33%)

Height (in)
   Median
   Range

64
61-72

65
62-72

64
61-68

62
61-66

64
63-66

67
64-70

Weight (lbs)
   Median
   Range

156
81-262

158
134-190

180
101-262

138
118-150

134
118-172

178
81-179

BMI
   Median
   Range

26.1
18.0-38.8

25.3
20.8-33.1

29.8
18.0-38.8

21.6
21.6-28.4

22.6
20.7-26.9

27.7
25.7-29.6

Prior  
stress injury anywhere in body 8 (32%) 4 (40%) 3 (50%) 1 (33%) 0 (0%) 0 (0%)

Prior stress injury at affected site 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Prior or current diagnosis of energy 
deficiency (REDs1) 2 (8.0%) 0 (0%) 0 (0%) 2 (67%) 0 (0%) 0 (0%)

Days between symptom onset and 
MRI
   Median
   Range

42
6-295

62
14-295

26
6-82

73
42-104

47
35-70

27
18-71

1Relative Energy Deficiency in Sports

Table 2: Baseline demographics.
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MRI findings and BSI grades can be seen in Table 3. 
The most common injury grade was grade 1 (40%) followed 
by grade 2 (24%). On MRI, one-hundred percent of BSI’s 
demonstrated periosteal edema, which was also the most 
common finding for grade 1 injuries. Periosteal thickening 
was seen in all injury grades, but not in all patients within that 
injury grade. For example, only 50% of grade 2 stress injuries 
showed periosteal thickening compared to 100% of grade 4a 
injuries. Cortical breaks and callous formation were only 
seen in grade 4b injuries; 100% of grade 4b stress injuries 
showed cortical breaks and 67% showed callous formation.

Table 4 demonstrates the sonographic findings. Both 
callous formation and subcutaneous hyperemia demonstrated 
statistically significant correlation with grade 4b BSI’s 
(p=0.03 for both). Periosteal edema was seen in 80% of 
patients, including all patients with grade 2-4b stress injuries 
and 50% of those with grade 1 injuries.

The agreement in findings between US and MRI is 
variable. There was 96% agreement on the presence of 
a cortical break and 100% agreement on the presence of 
callous formation. US and MRI agreed 88% of the time on 
the presence of subcutaneous edema and 80% of the time on 

periosteal edema. The lowest degree of agreement was on 
periosteal thickening (64%).

Discussion
The primary finding in our study is that there is a 

correlation between US and MRI findings for BSIs of the 
metatarsal or tibia. These findings suggest that US may be 
useful in the diagnosis of an acute BSI.

The most agreed on findings were the presence of a 
cortical break and callous formation, which US and MRI 
agreed on 96% and 100% of the time, respectively. These 
findings are consistent with grade 4b injuries16. Further, 
the presence of subcutaneous edema, periosteal thickening, 
periosteal hyperemia, subcutaneous edema, and a cortical 
break were seen concomitantly in all grade 4b injuries. We 
can therefore conclude that either the presence of a cortical 
break and callous formation, or the pentad described above, 
is highly suggestive of a grade 4b BSI.

Periosteal edema was present on MRI for 100% of 
patients, while on US it was present for 100% of grade 
2-4b injuries and 50% of grade 1 injuries, with an overall 
agreement between US and MRI of 80%. This suggests that 

Characteristic Overall 
(n=25)

Grade 1 
(n=10)

Grade 2 
(n=6)

Grade 3 
(n=3)

Grade 4a 
(n=3)

Grade 4b 
(n=3) p-value Gamma

Periosteal edema 25 (100%) 10 (100%) 6 (100%) 3 (100%) 3 (100% 3 (100%)

Periosteal thickening 17 (68%) 5 (50%) 6 (100%) 3 (100%) 3 (100%) 3 (100%) 0.2 0.706

Subcutaneous edema 8 (32%) 0 (0%) 0 (0%) 2 (67%) 3 (100%) 3 (100%) <0.001 1

Cortical break 3 (12%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (100%) <0.001 1

Callous present 2 (8.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (67%) 0.03 1

Bone marrow edema 14 (56%) 0 (0%) 6 (100%) 3 (100%) 3 (100%) 3 (100%) <0.001 1

MRI = magnetic resonance imaging

Table 3: MRI findings.

Characteristic Overall 
(n=25)

Grade 1 
(n=10)

Grade 2 
(n=6)

Grade 3 
(n=3)

Grade 4a 
(n=3)

Grade 4b 
(n=3)

Stuart-Kendall Tau-c

Tau-c 95% CI p-value

Periosteal edema 20 (80%) 5 (50%) 6 (100%) 3 (100%) 3 (100%) 3 (100%) 0.48 0.173 0.79 0.002

Periosteal thickening 12 (48%) 3 (30%) 2 (33%) 2 (67%) 2 (67%) 3 (100%) 0.48 0.104 0.86 0.012

Periosteal hyperemia 6 (24%) 1 (10%) 0 (0%) 2 (67%) 0 (0%) 3 (100%) 0.454 0.06 0.85 0.024

Subcutaneous edema 9 (36%) 0 (0%) 2 (33%) 2 (67%) 2 (67%) 3 (100%) 0.768 0.518 1 < 0.001

Cortical break 4 (16%) 0 (0%) 0 (0%) 1 (33%) 0 (0%) 3 (100%) 0.486 0.12 0.85 0.009

Callous present 2 (8.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (67%) 0.282 -0.06 0.62 0.107

US = ultrasound; CI = confidence interval

Table 4: US findings.
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the presence of periosteal edema on US is highly suggestive 
of a BSI but is not specific for a specific injury grade. 

Other than a grade 4b BSI, moderate and even low-grade 
injuries are difficult to classify on US. No sonographic findings 
were specific for grade 1-4a injuries, and the findings seen 
for those grades were not consistently seen sonographically 
for all patients. The degree of agreement between US and 
MRI was moderate to high for the three variables with 
kappa values significantly different from 0, with the lowest 
being periosteal edema and periosteal thickening with kappa 
values of 0.00 and 0.29, respectively. Periosteal thickening 
had the lowest percentage agreement at only 64%, while 
periosteal edema had the lowest kappa statistic due to the 
lack of variability in MRI findings. In a prior systematic 
review evaluating common sonographic findings seen with 
stress injuries, the most common findings across all studies 
was cortical disruption (70% of participants) followed by 
periosteal thickening (66%) [12].

There are limitations with this study which should be 
mentioned. First, our study contained a rather small sample 
size as a result of an unexpectedly low enrollment rate. It 
is possible that this small sample was not large enough to 
detect a stronger correlation between US findings and BSI 
grade. A follow up study with a larger sample size would be 
helpful. Next, the primary author, who also performed all of 
the US examinations, knew that the patients had a confirmed 
diagnosis of a BSI. While the primary author was blinded 
to the location and grade of the injury, it is possible that the 
knowledge of a confirmed BSI could bias the primary author 
towards calling pathology on the US images, and thereby 
artificially increasing the correlation of findings between 
US and MRI. Additionally, prior studies have evaluated the 
sensitivity and specificity of US compared to MRI for the 
diagnosis of a BSI [4,12,13,17,18]. Because the primary 
author knew the confirmed diagnosis of a BSI, we were not 
able to reliably calculate sensitivity and specificity. Lastly, 
this study only included stress injuries of the tibia and 
metatarsals. It is unclear whether these findings would be 
seen in stress injuries of other bones.

Our findings suggest that the presence of one or more of 
the common pathologic sonographic findings seen with a BSI 
indicate the likely diagnosis of a BSI. However, the absence 
of these findings does not rule out a BSI, and MRI should 
be considered if there remains a clinical suspicion for a BSI. 
Additionally, if a patient has a radiograph-confirmed BSI, US 
may not provide any additional diagnostic information as it 
does not appear to provide accurate gradation of the BSI, and 
further imaging with MRI would be recommended if injury 
gradation is desired.

Conclusion
Our findings suggest that there is an association between 

US and MRI for imaging findings consistent with a BSI. 
However, other than grade 4b injuries, US does not seem to 
reliably or consistently determine injury grade. Therefore, we 
recommend that US be considered as a diagnostic tool for the 
detection of tibial and metatarsal BSIs. This is particularly 
helpful in low resource areas (limited financial ability 
to proceed with MRI, limited MRI scanner availability). 
However, if determination of injury grade is desired, MRI 
should be considered. Future high-level studies with larger 
sample sizes are needed to further detect if specific US 
findings can be helpful with injury gradation.
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