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, Abstract—Background: Painful forearm injuries after a
fall occur frequently in children. X-ray study is currently the
gold standard investigation. Ultrasound (US) is a potential
alternative that avoids exposure to ionizing radiation and
may be less painful than x-ray study; and familiarity and
skill with US is increasing among emergency physicians.
Objectives: The primary aim of this study was to determine
if a cohort of physicians with little or no previous experience
with US could, after a short training program, safely exclude
forearm fractures in children. Secondary aims were to
compare any pain or discomfort associated with clinical examination, US, and x-ray study and to determine the acceptability of US as a diagnostic tool to parents and patients.
Methods: A prospective, nonrandomized, interventional
diagnostic study was performed on children between the
ages of 0 and 16 years who had a suspected fracture of the
forearm. US scanning was performed by a group of physicians, most with little or no previous US experience. Results:
After the brief training program, a group of pediatric emergency physicians could diagnose forearm fractures in children with a sensitivity of 91.5% and a specificity of 87.6%.
Pain associated with US was no better or worse than pain
associated with x-ray study. Patients and parents preferred
US over x-ray study as an investigation modality for suspected forearm fractures. Conclusion: A group of pediatric
emergency physicians with limited previous experience
could, after a short training program, diagnose forearm
fractures in children. Pain associated with US was no better

or worse than pain associated with x-ray study. Crown
Copyright Ó 2016 Published by Elsevier Inc. All rights
reserved.
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INTRODUCTION
Painful injuries to the forearm after a fall occur frequently
in children, accounting for 2.2% (n = 1566) of presentations
to our tertiary pediatric emergency department (ED) in
2012 (unpublished data, Princess Margaret Hospital for
Children). X-ray study is currently the gold standard investigation if a fracture is suspected (1). Evidence has recently
been emerging that ultrasound (US) may be more sensitive
than x-ray study for the detection of fractures due to its ability to view a region in multiple planes rather than the
limited views offered by conventional radiography (2–6).
Access to and familiarity with bedside US is increasing
among emergency physicians (7,8). US can be performed
quickly at the bedside, it is generally well tolerated, and
it has the potential to expedite the patient’s journey
through the ED by avoiding delays waiting for transfer to
the radiology department (9,10). It is noninvasive, costeffective, and has no known adverse effects. In addition,
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there is increasing recognition of the role of US in the
remote/austere setting (e.g., outback areas of Australia),
where access to conventional radiology may be unavailable
or, alternatively, involve a long and expensive patient transfer (11–13). Ultrasonography does not involve exposure to
radiation. Although the dose of ionizing radiation involved
in performing x-ray study on the forearm is small, the
concept of reducing radiation exposure wherever possible
(the ALARA principle – As Low As Reasonably
Possible) is important, especially in pediatrics (14).
US can visualize soft tissue structures such as muscles,
tendons, and ligaments and can also capture dynamic images. The highly reflective interface between bone and
soft tissue ensures that the bone cortex is clearly outlined,
particularly if superficial, as is the case in the forearm. Ultrasonography findings associated with fractures include
disruption of the linear cortex, often with angulation or
a step, and frequently, a subperiosteal hematoma (15,16).
The major disadvantage with US is that it remains user
dependent, with education, experience, and equipment integral to accurate image acquisition and interpretation (17).
A number of previous studies have looked at US as a
diagnostic modality in forearm fractures in children.
Many studies have used expert sonologists (18–21).
Other studies have used novice sonologists but have
either had a limited number of forearm fractures in their
studies or used a very small pool of sonologists (9,22).
A recent study by Herren et al. demonstrated excellent
correlation between US and x-ray study, but the
ultrasonographers were not blinded to the x-ray results
(23). Only one study to date has assessed pain during
US for forearm fractures, and to the best of our knowledge, no studies have assessed the consumer preference
between x-ray study and US as a modality of investigation for forearm injuries in children (21).
The primary aim of this study was to determine
whether a large cohort of physicians with little or no previous experience with US could, after a short training program, safely exclude forearm fractures in children.
The secondary aims were to compare any pain or
discomfort associated with clinical examination, US,
and x-ray study and to determine the acceptability of
US as a diagnostic tool to parents and patients.
MATERIALS AND METHODS
The study was a prospective, nonrandomized, interventional
diagnostic study conducted at Princess Margaret Hospital
for Children, the sole tertiary Pediatric Hospital in Western
Australia. Emergency attendances at the hospital are
approximately 72,000 per annum.
Prospective, convenience sampling was used to recruit
children presenting to the ED between November 2011
and May 2012. The trial was registered with the

Australian New Zealand Clinical Trial Registry (number
347557). The study was approved by the Princess Margaret Hospital for Children Ethics Committee.
Patient Selection
Children between the ages of 0 and 16 years of age with a
history of trauma to the forearm who were thought to have
a suspected fracture were included. Patients with evidence of an open fracture were excluded, as were patients
who had imaging performed prior to arrival.
Written parental or patient consent was obtained prior
to patient enrollment.
Physician Recruitment and Training
All medical consultants and senior trainees working in
the ED were invited to take part in the project. The vast
majority of these doctors had no previous US experience.
Participation in the study was voluntary.
Prior to recruiting patients, participating doctors were
required to complete a preenrollment package that
consisted of an 80-min online learning module followed
by a quiz and a 2-h hands-on training session. A copy
of the online training module can be seen at the
following site: http://www.ultrasoundvillage.com/education
resources/modules/?module=10.
Of the 33 eligible doctors, 25 completed the full
training package and enrolled patients in the study. There
was no requirement for a minimum number of scans to be
performed prior to becoming eligible to enroll patients in
the study.
Study Protocol
Potential patients were identified at triage and their parents were provided with a study information sheet. Analgesia was administered to all children on an as-required
basis and recorded as part of their usual medical care.
Time of analgesia, both prior to arrival and in the ED,
was recorded. A record of the time that any analgesia
was given prior to attendance was also recorded.
After obtaining informed consent, children were
scanned on a Sonosite M-TurboÒ (Sonosite Inc., Bothell,
WA) with an HFL50/15-6 MHz linear transducer using
the MSK preset. Longitudinal images of the radius and
ulna were obtained in four planes (dorsal, ventral, lateral,
and medial), with particular attention to the distal onethird of the forearm. In instances where pain restricted
movement, volar, medial, or lateral views were omitted.
We defined a fracture as the presence of cortical disruption. X-ray studies were performed only when the US
had been completed and the scanning physician had
placed a record of their interpretation of the US images
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in a sealed box. Copies of images were saved on the US
machine hard drive for review.
The treating doctor was blinded to the results of the US
and patients were managed according to their clinical and
x-ray study findings.
Definitive diagnosis of fractures was based on the
consultant radiologist’s report of x-ray study findings.
Reading radiologists were not involved in the study and
did not have access to the US images.
Pain scores were obtained 5 min after clinical examination and again after US and x-ray study using the
Wong-Baker FACESÒ Pain Rating Scale in younger children and the numerical rating scale (0–10) for older children (24). Parental interpretation was used when the child
was considered incapable of understanding the scales.
After both sets of imaging were completed, children or
their parents were asked whether they had a preference
for either US or x-ray study as an imaging modality.
Sample Size Calculation
A priori sample size calculation determined that a sample
of 400 children (assuming half would have fractures)
would be sufficient to detect an observed sensitivity of
97% (based on previous studies) with a power of 80%
and p-value < 0.05 (8,9,20,22).
Data Analysis
Data were entered into an Excel spreadsheet (Microsoft
Corporation, Redmond, WA) and analyzed using Statistical Package for the Social Science (SPSS) version 22
(IBM, Armonk, NY). Patient characteristics were
analyzed using descriptive data. If more than one analgesic agent was administered, the time of the latest administration was used to calculate the time between analgesia
and US and x-ray examination. Chi-squared and Kappa
agreement were used to determine sensitivity, specificity,
and level of agreement between US diagnosis and plain xray diagnosis. Repeated-measures general linear model
was used to determine the difference in pain perceived
during clinical, US, and x-ray examinations.
RESULTS
Four hundred forty-nine patients were recruited during
the study period. Of these, 30 patients were excluded
(16 due to incomplete data and 14 due to absent documentation of consent), leaving 419 patients available for analysis (Figure 1). The average age of patients was 9.3 years
(SD 3.5 years); 57% of patients (n = 238) were male, 43%
of patients (n = 181) were female.
Twenty-five of 33 eligible physicians (76%) participated in the study (Figure 2). Twelve (48%) were pre-
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dominantly pediatrics trained; the remainder had
combined emergency and pediatric training. Number of
scans performed per doctor ranged from 1 to 60 (median = 10). At the time of recruitment, 15 (60%) of the
participating physicians had no prior US experience,
seven (28%) had previous training (e.g., eFAST course)
but had not used US since, and none of the remainder
were using US regularly in their clinical practice.
Seniority of physician and proportion of scans performed
by seniority is shown in Figure 2. Prior US experience
and proportion of scans performed by prior US experience is shown in Figure 3.
Two hundred thirty-four patients (55.8%) had a fracture diagnosed on x-ray study. Of those, US correctly
diagnosed the fracture in 214 cases (sensitivity 91.5%).
Of the 185 patients without a fracture, US agreed in
162 cases (specificity 87.6%). Kappa agreement was
0.792 (p < 0.001).
Twenty forearm bone fractures identified on x-ray
study were missed on US. Four of these were radiologically obvious buckle or displaced fractures of the distal
radius, and were indeed clinically relevant misses. Six
of the fractures were extremely subtle buckle fractures
of the distal radius and one was an undisplaced ulna styloid fracture. The remaining nine fractures missed on US
were fractures of the mid-shaft of the radius and ulna,
bowing fractures, or fractures of the radial neck.
Twenty-three fractures were diagnosed on US but
were not apparent on x-ray study. Fourteen of these
false-positive interpretations were diagnosed by people
who had performed fewer than 10 scans at the time. Of
the remaining 9 patients, review of the images by an
expert sonologist suggests that at least four had recorded
images consistent with small buckle fractures.
Post hoc analysis was performed to include only scans
recorded after 10 scans had been performed by the doctor
(242 scans). Of those, 137 patients (56.6%) had a fracture
diagnosed on x-ray study. US confirmed the fracture in
130 of 137 patients (sensitivity of 94.9%) and had a specificity of 91.4% (96 true negatives, nine false positives).
Of the 419 eligible patients, 369 had a complete set of
pain scores recorded. Pain scores during clinical examination (mean 5.5, 95% confidence interval [CI] 5.2–5.7)
were significantly greater than during both US (mean
3.7, 95% CI 3.4–4.0) and x-ray study (mean 3.8, 95%
CI 3.5–4.1). There was, however, no significant
difference between pain associated with US and pain
associated with x-ray study (mean difference 0.1,
95% CI 0.34–0.12).
Two hundred twenty-nine patients (55%) received
analgesia. Drugs administered included: oral paracetamol 15 mg/kg, maximum dose 1000 mg; oral ibuprofen
10 mg/kg, maximum dose 400 mg; combination paracetamol 12 mg/kg plus codeine 0.5 mg/kg, maximum
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Eligible PaƟents
N=449
Excluded (n = 30)
16 = incomplete data
14 = missing consent
Index Test – Ultrasound
N=419

Fracture Present
N=237

No Fracture
N=182

Reference Standard
(XR)
N=237

Reference standard
(XR)
N=182

Fracture Present
N=214

Fracture Absent
N=23

Fracture Present
N=20

Fracture Absent
N=162

Figure 1. Standards for Reporting of Diagnostic Accuracy (STARD) diagram.

dose 1000 mg paracetamol or intranasal fentanyl
1.5 mg/kg, maximum dose 200 mg. Mean time between
analgesia and US was 52 min (SD 48 min) and mean
time between analgesia and x-ray study was 78 min
(SD 50 min).

Three hundred sixty-two (86.3%) patients or their parents provided feedback on modality preference. Patient/
parental preference demonstrated a strong preference
for US (52.8%) compared with x-ray study (18.5%),
whereas 28.7% declared no preference for either
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modality. Examples of comments include the following:
‘‘I have worried about my son having too many x-rays
over time so I appreciate the concern of radiation exposure to children’’ and ‘‘X-ray hurts more because they
had to turn my hand over.’’
DISCUSSION
This study is the first to use a large number (n = 25) of
mainly US-naı̈ve physicians to detect pediatric forearm
fractures. At the time our study was conducted, the
department was staffed largely by physicians with a predominantly pediatrics background, most of whom had
no prior experience with US. In our study, all scans
were performed by physicians who had either never
used an US machine before, had attended a course
(e.g., eFAST) but not used US in clinical practice, or
had only occasionally used US in clinical practice prior
to the study.
The study was designed to ensure physicians
committed to a firm diagnosis based on their US images
prior to getting an x-ray study, to prevent any potential
bias. Our results demonstrated high agreement between
US and plain x-ray in the detection or exclusion of distal
forearm fractures.
With 419 patients enrolled, this is by far the largest
published study of pediatric forearm fractures. Our results (91.5% sensitivity and 87.6% specificity), which
included the initial learning curves of numerous complete
novices, compare very favorably with previous studies. A
group of 10 emergency physicians in Weinberg et al., all

of whom had undertaken 1 h of US training, examined 70
children with forearm fractures and reported a sensitivity
of 50% and specificity of 95% for ulna fractures and a
sensitivity of 71% and specificity of 85% for radius fractures (9). The specific level of emergency and US experience the physicians had was not reported. Chaar-Alvarez
et al. reported bedside interpretation results of 85% sensitivity and 73% specificity in 101 children with distal
radial injures using four physicians trained in emergency
ultrasonography, improving to 96% and specificity of
93%, with an expert US physician interpreting the images
(21). Herren et al. described sensitivity of 100% and specificity of 99.5% in a study of 201 patients in which the US
doctors were not blinded to the clinical or radiological
findings (23). Williamson et al. reported sensitivity and
specificity of 100% in a group of 26 patients scanned
by two consultant radiologists (20).
Twenty forearm bone fractures identified on x-ray
study were missed on US. Nine fractures missed on US
were fractures of the mid-shaft of the radius and ulna,
bowing fractures, or fractures of the radial neck. Review
of the patient notes and x-ray images indicates that at
least five of the missed mid-shaft fractures were clinically
obvious. That they were missed may be explained by the
fact that the focus of our training program was on distal
fractures and that translation of this knowledge to other
fractures was, in some cases, limited.
Twenty-three fractures were diagnosed on US but
were not apparent on x-ray study. There is evidence to
suggest that, in some instances, US is better than conventional plain x-ray study at diagnosing fractures, and it is
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possible that some of our false positives were in fact true
positives (fractures missed by x-ray study) (25,26). Our
study protocol was not, however, designed to test this
hypothesis.
In our study we had no requirement for doctors to
perform a minimum number of supervised scans prior
to becoming eligible to enroll patients into the database.
We deliberately chose this strategy to try to replicate a
‘‘real world’’ scenario, in particular looking at potential
use of US by doctors in an isolated setting with minimal
exposure to training. There is, however, a documented
‘‘learning curve’’ associated with image acquisition and
interpretation (17). Review of our data reveals that our
sensitivity would have improved to 94.9% and specificity
to 91.4% if the first 10 scans performed by the doctor
were not included.
Similar mean pain scores for US and x-ray examination suggest that pain is not a significant barrier to undertaking US in the ED.
In our study, parents gave a clear preference for US examination. This may reflect a desire for parents to limit
their child’s exposure to radiation, the convenience of
having the US in the ED, or, alternatively, the potential
for US to expedite the patient’s journey through the
department.
In the last few years, emergency physician familiarity
with US has generally increased. In pediatric emergency
medicine, US is commonly used for guiding intravenous
access, for assessing bladder volumes, and in assessing
for hip effusions. There are many other different published indications (27). As expertise and experience
grows and equipment improves, it is likely that if a similar
study were repeated now, using a similar representative
cohort of pediatric emergency physicians, the results
would be better still.
Limitations
The group of physicians who volunteered to participate
may have had an interest in US and therefore may have performed better than physicians who had no interest. However, because 76% of eligible physicians participated in the
study, this is unlikely to have significantly influenced the
results. Additionally, the majority were physicians with a
pediatric background rather than an emergency one.
Consequently, the results may not be representative of a
true cross-section of emergency doctors.
There is potential for bias in the selection of patients in
our study given that our recruitment used prospective
convenience sampling.
Our study did not include long-term follow-up of patients. Although it is postulated that missing subtle buckle
fractures is of minimal clinical significance, this
conclusion cannot be drawn until confirmed by further
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studies. An additional benefit of long-term follow-up of
the study population might be that callus on a subsequent
x-ray image in a false-positive US scan is, in fact, confirmation that US is more sensitive than x-ray study in the
detection of some fractures.
Our results comparing pain associated with clinical
examination, US, and x-ray study need to be interpreted
with caution. As a pragmatic study, there was no attempt
to standardize analgesic regimens and US was always
performed prior to x-ray study, which may have influenced results.
Our findings that US is preferred by patients and parents over x-ray study may have been biased by the recruitment technique, which included references to ‘‘limiting
exposure to radiation.’’
CONCLUSIONS
After an online education package supplemented by a 2-h
hands-on training session, a group of largely US-naı̈ve pediatric emergency physicians could diagnose forearm fractures in children with a sensitivity of 91.5% and a
specificity of 87.6%. Our data suggest that when doctors
have performed more than 10 scans they become more proficient, but further studies are required to confirm this. Pain
associated with US was no better or worse than pain associated with x-ray study. Our findings also suggest that patients and parents prefer US over x-ray study as an imaging
modality for forearm injuries in children.
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ARTICLE SUMMARY
1. Why is this topic important?
Forearm fractures are common in children. Ultrasound
is increasingly being used by emergency physicians and
does not involve ionizing radiation.
2. What does this study attempt to show?
To see if a large group of physicians, most with minimal
previous ultrasound experience, could reliably detect or
exclude distal forearm fractures in children using ultrasound. Secondary aims were to assess the pain associated
with ultrasound compared with x-ray study and to assess
parental preference for ultrasound compared with x-ray
study.
3. What are the key findings?
Our cohort of doctors correctly diagnosed 214/234
fractures (sensitivity 91.5%) with ultrasound. Specificity
was 87.6% (162 true negatives, 23 false negatives). Pain
scores with ultrasound were similar to those recorded
for x-ray study. Patients or their parents expressed a strong
preference for ultrasound compared with x-ray study.
4. How is patient care impacted?
Ultrasound is relatively accurate at diagnosing forearm
fractures in children, even when performed by relatively
inexperienced ultrasonographers. Further studies are warranted to see if more training and more familiarity with ultrasound leads to better results.

