ORIGINAL ARTICLE

MEDICINE

The Investigation of Suspected Fracture—
a Gomparison of Ultrasound With

Conventional Imaging

Systematic Review and Meta-analysis

Gordian Lukas Schmid, Stefan Lippmann, Susanne Unverzagt, Christiane Hofmann,

Tobias Deutsch, Thomas Frese

SUMMARY

Background: Ultrasound imaging can be used to diagnose fractures in patients
with acute trauma. Its main advantages over conventional imaging are the
absence of radiation exposure and its greater availability.

Methods: A systematic search in electronic databases (Medline, Embase,
Cochrane CENTRAL) was supplemented by a manual search on the Internet and
in the reference lists of pertinent publications. The QUADAS-2 instrument was
used to assess the quality of the individual studies retrieved. In the meta-
analysis, the sensitivity and specificity of the individual studies were pooled.

Results: The available information on the diagnostic accuracy of ultrasound in
the detection of fractures compared with that of conventional imaging (x-ray,
CT, MRI) in patients with acute non-life-threatening trauma is summarized. The
database search yielded 2153 hits, among which there were 48 studies that
were suitable for inclusion in this review. The pooled sensitivity and specificity
were 0.91 (95% confidence interval [0.90; 0.92]) and 0.94 [0.93; 0.95], although
the analyzed studies were markedly heterogeneous (I2: sensitivity 74%,
specificity 81%). The sensitivity of ultrasound was higher for the detection of
fractures of the humerus, the forearm, the ankle, and the long bones in general,
as well as fractures in children, and lower for fractures of the short bones of
the hands and feet, and in adults.

Conclusion: Strong evidence supports the use of ultrasound imaging for certain
indications in the detection of fractures.
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uspected fracture following trauma is a com-

mon reason for emergency room admission.
X-ray is usually used to diagnose patients with sus-
pected fracture and is the standard procedure. The
use of ultrasound to diagnose fractures has been the
subject of intense discussion over the last 20 years
(1-4). Viewing alterations to bone surfaces (discon-
tinuities, displacement, subperiosteal hematomas)
has been proven to be a reliable, manageable method
of fracture diagnosis. One of the main advantages of
ultrasound examination is the avoidance of radiation
exposure; this is particularly true in children, who are
more sensitive to radiation than adults (5). Ultra-
sound diagnosis is also easy to teach (6, el), cheap
(2), and available in emergency rooms and many
medical practices. All these are arguments in favor of
the use of ultrasound in diagnostic algorithms for
suspected fracture, which could reduce the number
of x-ray examinations performed (7, 8).

The main aim of this systematic review is to
summarize the available evidence regarding the
diagnostic accuracy (sensitivity and specificity) of
ultrasound versus the standard imaging procedures
used to diagnose acute fractures (x-ray, CT, MRI).
Subgroup analyses were also performed, in order to
determine accuracy for various fracture locations
and age groups. This should provide a basis for dis-
cussion of the potential inclusion of ultrasound in the
diagnostic algorithms of medical practices and
emergency rooms and support targeted research in
the future.

Methods

Research strategy

This systematic review was planned and performed in
line with the PRISMA (preferred reporting items for
systematic reviews and meta-analyses) (e2) and
MOOSE (meta-analysis of observational studies in epi-
demiology) (e3) recommendations. The search strategy
was developed by 2 physicians (GLS, TF) and one
librarian (CH).
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Ultrasound might be useful as part of diagnostic algorithms, to detect or rule out fractures in patients with traumatic injuries. A
final decision about appropriate treatment probably requires other information that cannot always be obtained via ultrasound
and must instead be obtained via standard imaging procedures (x-ray, CT, MRI). For example, Engin et al. (9) describe a good
ultrasound detection rate for sternum fractures but nevertheless find ultrasound to be inappropriate for evaluating the extent of
dislocation. In contrast, Eckert et al. (24) recommend ultrasound as a viable alternative for diagnosing pediatric forearm
fractures and report that it can satisfactorily identify dislocations and angulation of fractures, in addition to its high diagnostic
value. Ackermann et al. (7, 18) report that ultrasound can reliably be used to evaluate axis deviation in pediatric fractures of the
forearm and proximal humerus; Yesilaras et al. (32) report the same finding for metacarpal fractures. According to Kozaci et al.,
treatment decisions for forearm and metacarpal fractures made on the basis of ultrasound examinations alone match those
made on the basis of x-ray images (34, 35). Even ultrasound-guided reduction of displaced fractures was found to be success-
ful in 92% of pediatric forearm fractures (15) and 91% of pediatric long-bone fractures (17).

Although our findings are promising, further research must be conducted before ultrasound is incorporated into clinical diagnos-

tic algorithms for fractures, in order to investigate its performance, safety, and cost-efficiency thoroughly.

The electronic search of the literature was per-
formed in 3 databases (Medline, EMBASE, Cochrane
CENTRAL) on March 19, 2015 (last update: Septem-
ber 2016). In order to take account of technical
advances in ultrasound machines, only publications
dating from 2000 onwards were included. The PICO
Framework (e4) was used to define inclusion and ex-
clusion criteria (eMethods 1). The full study protocol
is provided in eMethods 2 and was not published in
advance. The methodological quality of the included
studies was evaluated using QUADAS-2 (QUADAS:
quality assessment of diagnostic accuracy studies)
(e5) (eMethods 3).

Meta-analysis and statistics

Percent agreement and Cohen’s kappa for the 2 raters
(GLS, TF) were calculated to estimate the interrater
reliability of the initial screening process. Data from
the included studies was pooled using a random-effects
model. Heterogeneity was evaluated by means of the
chi-square test and I?, using the program MetaDiSc
(version 1.4, Hospital Universitario Ramén y Cajal,
Madrid, Spain) (e6).

We performed subgroup analyses for various frac-
ture locations (humerus, forearm, ankle and foot, all
long bones, short bones of the hands and feet), age
groups (adults versus children and adolescents), and le-
vels of risk of bias (low/unclear risk versus high risk)
described in the studies.

Additional, detailed information on the methods can
be found in eMethods 1.

Results

Literature search

The flow chart (Figure 1) illustrates the search strategy
and gives the number of evaluated publications and
reasons for exclusion at each step.

Substantial interrater reliability was found for the
screening processes of both titles (percent agreement =
91.2%, kappa = 0.622) and abstracts (percent agree-
ment = 89.0%, kappa = 0.685).

The 2 raters considered 78 and 94 publications re-
spectively to be potentially relevant. In all cases in
which the raters’ evaluation of an abstract differed
(n=17), discussion with a third scientist (TD) led to
consensus.

At the fulltext phase, 108 studies were analyzed
using a data extraction form designed and piloted by
the authors (eMethods 2) and either included or ex-
cluded. The 48 articles included in the review (6, 7,
9-40, ¢7—-e20) are summarized in eTable 1.

Characteristics of the selected studies

With the exception of one publication (16), all the
studies were conducted in emergency rooms. Thirty-
four studies compared ultrasound findings with
conventional x-ray images, 3 used CT or MRI as the
reference standard, 4 combined x-ray and CT, and 7
used clinical consensus or follow-up examinations to
make a correct diagnosis.

The 48 included studies covered a total of 4427
patients and 5436 examinations. They report on the
sensitivity and specificity of ultrasound compared to
the respective reference imaging method used (Figures
2 and 3). Pooled sensitivity was 0.91 (95% confidence
interval: [0.90; 0.92]), and pooled specificity 0.94
[0.93; 0.95]. In the pooled population of all included
studies, radiation exposure would have been avoided
for 56 of 100 ultrasound examinations (true negatives)
(median: 48%, range: 7 to 84%), but 4 of the 100 exam-
inations would have led to a false negative (median:
2%, range: 0 to 29%).

In 15 studies findings were calculated on the basis of
the number of investigated bones rather than that of
injured patients. Excluding these studies, sensitivity
was the same and specificity was slightly lower, at 0.92
(0.90; 0.93). This indicates that these 15 studies slightly
overestimated the accuracy of ultrasound.

Nine publications reported on pain caused by ultra-
sound examination. In 5 of these there were no differ-
ences between ultrasound and x-ray (15, 19-21, e12),
while 4 found that ultrasound diagnosis was less

Deutsches Arzteblatt International | Dtsch Arztebl Int 2017; 114: 757-64



Manual Embase search
search n=2367
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Medline search Cochrane
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— No comparative design: 19
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- Language: 6

— Commentary only: 3

{
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— Studies on the same cohort: 3
— Conference abstracts: 2
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— Case report: 1

- Polytrauma patients: 1

- No initial contact: 1

painful because a pain-relieving position is permitted
and the ultrasound gel is cooling (18, 36, e15, e16).

The quality of the included studies improved over
the last 5 years, as illustrated by a lower risk of bias and
more accurate description of study design (eMethods 3).
On the basis of the funnel plots shown in eMethods 4,
the risk of significant publication bias was estimated as low.

The F* values calculated to estimate the heteroge-
neity of the studies included in the meta-analysis were
74% for sensitivity and 81% for specificity. This indi-
cates that heterogeneity is substantial. Subgroups for
different fracture locations, age groups, and risk of bias
levels were investigated to identify possible sources of
this heterogeneity.

Subgroup meta-analysis

Meta-analyses were performed for the most common
fractures: those of the forearm, ankle, all long bones,
humerus, and bones of the hand and foot. Studies in-
volving only pediatric patients were also summarized.
Detailed findings are shown in eTable 2.

A total of 14 studies investigated forearm fractures.
Unlike an earlier review (1), we did not include the data
of Moritz et al. (e21) or Sinha et al. (e22). This was due
to unsuitable study design in the first case, and because
the same cohort was described in a more recent publi-
cation (22) in the second.

Of the 6 studies investigating fractures of the ankle
and foot, 4 used the Ottawa Foot and Ankle Rules
(OFAR) as a clinical test to increase pretest probability.
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To generate data on common ankle injuries we ex-
cluded studies on injuries to the lower leg not explicitly
described as located in the ankle region.

Eight studies investigated the potential of ultrasound
to diagnose humerus fractures. Five investigated only
pediatric patients. Two investigated only supracondylar
fractures of the humerus, and 2 only proximal fractures
of the humerus.

Some authors (6, 10, 11, 14, e12) stated that diag-
nosis of diaphyseal long-bone fractures was more re-
liable than that of short-bone fractures and fractures
close to joints. We compared the findings of ultrasound
imaging of long bones, including the femur, humerus,
forearm, and lower leg, with those of short bones
(hands, feet, patella). For long bones, sensitivity was
substantially higher and specificity slightly higher.

Reduced radiation exposure is particularly important
for pregnant patients and children. Meta-analysis of the
20 studies conducted only in children and adolescents
yielded higher sensitivity, but lower specificity, than for
studies investigating only adult patients.

To estimate the effect of bias on study findings, meta-
analyses were conducted of studies with a low/unclear
risk of bias versus those with a high risk of bias. Sensi-
tivity and specificity were higher in studies with a low/
unclear risk of bias.

Subpopulations:
Twelve studies (6, 10-12, 17, 23, 26, 27, 30, 33, 36,
el2) yielded clearly delineated data on multiple
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Sensitivity

N

Ref.
Engin (2000) 9)
Hubner (2000) (10)
Munk (2000) (e7)
Williamson (2000) (e8)
Herneth (2001) (e9]
Dulchavsky (2002] (1)
Pistor (2003) (12)
Marshburn (2004) (6)
Rainer (2004) (13)
Bonnefoy (2006) (e10)
Tomer (2006) (14)
Chen (2007) (15)
Tayal (2007) (e11)
McNeil (2009) (16)
Patel (2009) (17)
Ackermann (2010) (7)
Ackermann (2010) (18)
Cross (2010) (19)
Weinberg (2010) (e12)
You (2010) (e13)
Abi (2011) (e14)
Canagasabey (2011) (20)
Chaar-Alvarez (2011) (e15)
Chien (2011) (21)
Sinha (2011) (22)
Barata (2012) (e16)
Beltrame (2012) (23)
Eckert (2012) (24)
Eckert (2013) (25)
Ekinci (2013) (e17)
Rabiner (2013) (e18)
Waterbrook (2013) (26)
Atilla (2014) (27)
Eckert (2014) (28)
Eckert (2014) (29)
Javadzadeh (2014) (30)
Neri (2014) (31)
Yesilaras (2014) (32)
Aksay (2015) (e19)
Dallaudiere (2015) (33)
Herren (2015) (e20)
Kozaci (2015) (34)
Kozaci (2015) (35)
Musa (2015) (36)
Aksay (2016) (37)
Kilic (2016) (38)
Kocaoglu (2016) (39)
Tollefson (2016) (40)

Pooled sensitivity = 0.91 [0.90; 0.92]
Chi-square = 182.35; df = 47 (p <0.0001)
Heterogeneity (%) = 74.2%

Sensitivity [95% CI]

1.00 [0.81; 1.00]
0.92 [0.85; 0.96]
0.50 [0.19; 0.81]
1.00 [0.79; 1.00]
0.78 [0.40; 0.97]
0.82 [0.69; 0.91]
0.80 [0.52; 0.96]
0.93 [0.77;0.99]
0.80 [0.70; 0.89]
0.94 [0.79; 0.99]
0.70 [0.50; 0.86]
0.97 [0.89; 1.00]
0.90 [0.74; 0.98]
1.00 [0.69; 1.00]
0.97 [0.87; 1.00]
0.94 [0.86; 0.98]
0.94 [0.73; 1.00]
0.95 [0.84; 0.99]
0.74 [0.64; 0.83]
1.00 [0.86; 1.00]
1.00 [0.90; 1.00]
0.91 [0.59; 1.00]
0.96 [0.85; 1.00]
0.67 [0.53; 0.80]
0.86 [0.72; 0.95]
0.95 [0.84; 0.99]
0.95 [0.85; 0.99]
0.95 [0.88; 0.99]
0.98 [0.89; 1.00]
1.00 [0.83; 1.00]
0.98 [0.88; 1.00]
0.90 [0.77;0.97]
0.87 [0.78; 0.94]
0.97 [0.86; 1.00]
1.00 [0.94; 1.00]
0.85 [0.77;0.91]
0.91 [0.83; 0.96]
0.97 [0.85; 1.00]
0.97 [0.87; 1.00]
0.98 [0.91; 1.00]
0.99 [0.95; 1.00]
0.98 [0.90; 1.00]
0.92 [0.78; 0.98]
0.85 [0.73; 0.93]
0.79 [0.60; 0.92]
0.93 [0.68; 1.00]
0.93 [0.80; 0.98]
1.00 [0.84; 1.00]

TPI(TP + FN)

1717
118/129
5/10
16/16
719
45/55
12115
26/28
61/76
29/31
19127
63/65
28/31
10110
38/39
7277
17118
41/43
61/82
24124
35/35
10/11
44]46
35/52
36/42
41/43
52/55
75/79
46/47
20/20
42/43
37141
69/79
37/38
60/60
96/113
72179
33/34
38/39
57/58
109/110
54/55
33/36
51/60
23/29
1415
37/40
21121

Sensitivity of ultrasound imaging versus reference standard in the diagnosis of fractures in the included studies
Studies shaded in gray include examinations of children and adolescents only.
95% Cl: 95% confidence interval; FN: Number of false negatives; Ref.: Reference; TP: Number of true positives
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subpopulations (e.g. some patients with suspected
forearm fractures and others with ankle fractures in the
same publication). These subpopulations were included
separately in meta-analyses of the relevant subgroups.

Discussion

This systematic review summarizes data on the
accuracy of ultrasound imaging in diagnosing fractures
following acute trauma. Meta-analysis of 48 suitable
studies found 91% sensitivity and 94% specificity.
These findings show clearly that ultrasound of bone
surfaces can be used as a suitable method for initial
evaluation of acute injuries.

Ultrasound could be included in a diagnostic algo-
rithm as the first machine-based method of diagnosis,
instead of x-ray, following physical examination. All
patients with true negative findings (corresponding to
56% of the included examinations) benefit from re-
duced radiation exposure. However, suitable treatment
for patients with false negative findings (corresponding
to 4%) might be delayed. High sensitivity is therefore
vitally important in identifying fractures correctly and
in ruling them out when findings are negative.

Fractures of the humerus, forearm, ankle, and long
bones in general can be diagnosed with very high sensi-
tivity and specificity. Fractures to bones of the hands
and feet are more likely to be overlooked on ultrasound
and should therefore be ruled out using another im-
aging procedure. In addition, our analyses showed
ultrasound to be of greater diagnostic value in children
and adolescents than in adults.

These findings are in line with those of previously
published systematic reviews. Joshi et al. (3) summa-
rized the findings of 8 relevant studies on the diagnostic
value of ultrasound for fractures to the extremities and
proposed the use of ultrasound in addition to x-ray.
Katzer et al. (2) reported on 8 studies that investigated
forearm fractures in children only. They found ultra-
sound to be of comparable diagnostic value to x-ray
and superior to it in terms of patient comfort, time
required, and cost-efficiency. Douma-den Hamer et al.
(1) included 16 studies in a meta-analysis that investi-
gated the accuracy of ultrasound in distal forearm
fractures. Their calculations found sensitivity and
specificity of 97% and 95% respectively, which
broadly matches our findings (eTable 2). Their findings
in pediatric forearm fractures only were even better.

The potential of ultrasound to diagnose fractures of
the ribs and sternum should be evaluated separately.
Most publications on this subject were excluded from
our review due to unsuitable study design (4, e23—¢29).
X-ray cannot be considered the gold standard for these
fractures, as some studies found ultrasound to be
superior to it in diagnosing fractures of the ribs and
sternum (13, e24, €25). Future studies on the accuracy
of ultrasound in diagnosing fractures of the ribs and
sternum should therefore select a reference standard
that can establish the outcome correctly, such as MRI or
strict follow-up examinations to detect callus
formation, as proposed by Rainer et al. (13).
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As noted by Douma den Hamer et al., the fact that
occult and other fractures that were detected on ultra-
sound but not on x-ray were counted as false positives
may result in systematic underestimation of the accu-
racy of ultrasound for other fracture locations too, such
as those of the forearm (1).

With one exception, all the studies examined here
were conducted in emergency rooms. Although the data
reported supports the use of ultrasound as part of
routine diagnostic algorithms for suspected fractures, it
seems unlikely that current standards in emergency
rooms will be changed without further incentives.
Katzer et al. (2) calculated the costs of ultrasound and
conventional x-ray in diagnosing forearm fractures in
children as €20.54 for ultrasound and €26.60 for
conventional x-ray. They reported that the greater effi-
ciency of working processes when using ultrasound
diagnostics played a vital role; often, a physician in an
emergency room can make a diagnosis on the basis of
history, clinical examination, and ultrasound, without
needing to involve a radiologist or other staft. This fac-
tor would also be of particular interest in outpatient
care, where the use of ultrasound in diagnosing frac-
tures when possible could save resources and costs.

Strengths and limitations

This review evaluates ultrasound imaging for a broad
spectrum of fracture locations and thus provides an
overview of potential uses of this method of diagnosis.
We were able to include a substantial number of
studies, which indicates that the amount of data on the
sensitivity and specificity of ultrasound in diagnosing
bone fractures has increased. Subgroup meta-analyses
provide data for sophisticated discussion of the poten-
tial and limitations of this method.

Despite our best efforts, the findings of the meta-
analysis must be interpreted critically, as there was
substantial heterogeneity between the included studies.
Although it was essentially shown that most study find-
ings varied only slightly (Figures 2 and 3), the very
high 7 values nevertheless show that the variability
found is probably caused by genuine differences (e.g.
different populations, fracture locations, experience of
those performing examinations, etc.), not by chance
alone. Unfortunately, subgroup analysis could not
reveal all sources of heterogeneity. On the other hand,
Riicker et al. (e30) emphasized that ° values are
susceptible to systematic error, and that ultimately the
clinical relevance is more important. We therefore con-
sider our meta-analysis valid and helpful in clinical
decision-making.

The fracture locations included were limited to the
limbs, ribs, sternum, clavicle, and scapula in order to
focus the review on fractures that might also be treated
in nonhospital settings.

The study protocol was not published before the
review was performed. Language-related bias cannot
be completely ruled out because the included studies
were limited to publications in either English or Ger-
man. However, only 6 titles that were potentially of
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Specificity

Specificity of ultrasound imaging versus reference standard in the diagnosis of fractures in the included studies
Studies shaded in gray include examinations of children and adolescents only.
95% Cl: 95% confidence interval; FP: Number of false positives; Ref.: Reference; TN: Number of true negatives
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structures close to joints.

® Ultrasound imaging can be used to view alterations to bone surfaces and thus identify fractures.

® The advantages of ultrasound over conventional x-ray are lack of radiation exposure, low levels of pain caused, and better
availability, particularly in the outpatient sector and isolated areas such as developing countries.

® Many studies report high sensitivity and specificity for ultrasound in diagnosing fractures.

® Long bones and superficial structures can be evaluated more reliably than short bones in deep locations and bony

® Sensitivity in fracture diagnosis is higher in children than in adults.

interest after title and abstract screening were excluded,
suggesting that the potential effect on the final con-
clusions of the review was small.

We excluded absolutely all studies in which not all
patients received ultrasound imaging and a reference
standard. Although it is to be expected that this decision
had a positive effect on the quality of the meta-analysis,
it has resulted in the exclusion of some studies that
make important contributions on diagnostic accuracy,
practicability, and safety.

Conclusion

This review shows that there is already considerable
evidence that the sensitivity and specificity of ultra-
sound imaging in diagnosing fractures following acute
trauma are high. The use of ultrasound could be of
greatest benefit to patients with suspected fractures of
the long bones of the limbs or of superficial bones, and
children and adolescents in general. Randomized con-
trolled trials should be performed in the future in order
to evaluate the potential impact of revised diagnostic
algorithms on patient safety and on direct and indirect
health costs.
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eTABLE 2

Subgroup analyses
No. of studies No. of No. of ultrasound Sensitivity Specificity
patients examinations, n [95% Cl] [95% Cl]

All studies 48 4427 5436 0.91[0.90; 0.92] 0.94 [0.93; 0.95]
Population:
Adults only 21 1854 2032 0.90[0.87; 0.92] 0.95[0.93; 0.96]
Chlildren and adolescents 20 1917 2672 0.93[0.91; 0.94] 0.93[0.92; 0.94]
only
Fracture location:
Long bones 22 (incl. subpopulations) 2700 0.93[0.91;0.94] 0.96 [0.95; 0.97]
Hand, foot 14 (incl. subpopulations) 1219 0.86 [0.83; 0.89] 0.94 [0.92; 0.96]
Forearm 14 (incl. subpopulations) 1658 0.95[0.93; 0.97] 0.96 [0.95; 0.98]
Ankle, foot 6 (incl. subpopulations) 722 0.93[0.88; 0.96] 0.96 [0.95; 0.98]
Humerus 8 (incl. subpopulations) 233 0.98[0.93; 1.00] 0.92[0.86; 0.96]
Risk of bias
Low/unclear 21 1875 2233 0.93[0.91; 0.94] 0.95[0.94; 0.96]
High 27 2552 3203 0.90[0.88; 0.92] 0.94 [0.92; 0.95]

Meta-analyses of fracture locations also include subpopulations of multiple studies. 95% Cl: 95% confidence interval
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eMETHODS 1: DETAILED DESCRIPTION OF METHODS

Research strategy

This systematic review was planned and performed in
line with the PRISMA (e2) and MOOSE (e3) recom-
mendations. The search strategy was developed by 2
physicians (GLS, TF) and one librarian (CH).

The electronic search of the literature involved 3 data-
bases (Medline, EMBASE, Cochrane Central Register
of Controlled Trials [CENTRALY]) and was performed
on March 19, 2015. We used a combination of MESH/
EMTREE terms and search terms.

Medline via PubMed:
((,,fractures, bone“[mesh] OR fracture*[tiab] OR ,,bone
injuries“[tiab] OR ,bone injury“[tiab] OR ,broken
bones“[tiab] OR ,broken bone“[tiab]) AND
(ultrasonography[mesh] OR ultrasound[tiab] or echo-
gram[tiab] OR ultrasonic[tiab]) AND diagnos*[tiab])
Each time we came across conference abstracts with
relevant content but without traceable original data, we
searched manually for other publications by the same
authors that did contain the data in question.

eBOX 1

Embase via Ovid:

# Search terms

1. fracture/ or exp arm fracture/ or exp leg fracture/ or exp
limb fracture/ or exp rib fracture/ or (,bone injury* or broken
bone* or fracture®).ti,ab.

2. exp echography/ or (ultrasound or sonography or ultra-
sonography or sonogram or ultrasonic).i,ab.

3. diagnos* ti,ab.

4.#1 AND #2 AND #3

[:1:10) @]

Cochrane Central Register of
Controlled Trials:

# Search terms

1. fracture/ or exp arm fracture/ or exp leg fracture/ or exp
limb fracture/ or exp rib fracture/ or (,bone injury* or broken
bone* or fracture®).ti,ab.

2. exp echography/ or (ultrasound or sonography or ultra-
sonography or sonogram or ultrasonic).ti,ab.

3. diagnos*:ti,ab,kw

4.#1 AND #2 AND #3

The datasets resulting from the database search were
imported into a file using Citavi 4 (Swiss Academic
Software, Wadenswil, Switzerland). Duplicates and
studies published before the year 2000 were deleted.
Next, publications® titles and then abstracts were
screened; both processes were performed by 2
researchers (GLS, TF). The review was limited to
publications dating from 2000 onwards in order to take
account of technical advances in ultrasound machines
(higher frequencies and resolutions, better display
methods). Older studies might underestimate the poten-
tial of ultrasound to diagnose fractures. Searches in
fulltext bibliographies and online were also performed
by 2 researchers (GLS, TF), as was data extraction.
These individuals also decided whether publications
were to be included or excluded.

The database search was last updated in September
2016. The study protocol is shown in eMethods 2 and
was not published in advance of the review. The
methodological quality of the included studies was
evaluated by 2 researchers (GLS, SL) using the
QUADAS-2 tool (QUADAS: quality assessment of
diagnostic accuracy studies) (e5). Further, detailed in-
formation on this can be found in eMethods 3.

Inclusion and exclusion criteria
The PICO Framework (e4) was used to define the in-
clusion and exclusion criteria:

Population: All human patients of any age group
presenting after acute trauma; pretests: history and
physical examination (also clinical decision-making
aids, e.g. the Ottawa Ankle Rules, if stated); suspected
fracture of limbs, ribs, sternum, scapula, or clavicle;
exclusion of studies reporting only on birth injuries,
pathological fractures, stress fractures, or occult frac-
tures. In addition, polytrauma patients and patients with
fractures of the skull, vertebrae, pelvis, or hip were
excluded due to the need for hospital care and the dan-
gerous nature of the associated health conditions.

Intervention: Ultrasound imaging as diagnostic
procedure (the index test).

Comparison: “Other diagnostic imaging proce-
dures” as the reference standard (conventional x-ray,
CT, MR, or consensus of treating physicians taking all
available findings into account).

Outcome: Test accuracy (sensitivity and specifici-
ty), 4-field tables (true positive, true negative, false
positive, false negative).

Study types: Studies on diagnostic accuracy with a
comparative design (all patients undergoing an index
test and a reference standard); case reports, case series,
letters to the editor, and conference abstracts with no
publication of original data were excluded. In addition,
we included only articles written in German or English.
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Meta-analysis and statistics
Percent agreement and Cohen’s kappa for the 2 raters
(GLS, TF) were calculated to estimate the interrater relia-
bility of the initial screening process. Data from the
included studies was pooled using a random-effects model.
Heterogeneity was evaluated by means of the chi-square
test and /, using the program MetaDiSc (version 1.4,
Hospital Universitario Ramoén y Cajal, Madrid, Spain) (e6).
Sensitivity and specificity data is given in the
format [number (95% confidence interval)].
Heterogeneity was assessed using the /* test. Inter-
pretation of this depends very much on the researcher.
P findings were interpreted using the Cochrane Hand-

book (e31). I* values between 0 and 40% can be
considered as representing unimportant heterogeneity,
those between 40 and 60% moderate heterogeneity,
between 60 and 80% substantial heterogeneity, and
between 80 and 100% considerable heterogeneity. We
suspected that differing fracture locations and the vary-
ing age structures of the study populations were poten-
tial sources of heterogeneity. We performed subgroup
analyses for various fracture locations (humerus, fore-
arm, ankle and foot, long bones of the extremities, short
bones of the hands and feet), age groups (adults versus
children and adolescents), and risks of bias (low/
unclear versus high risk).
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eMETHODS 2: STUDY PROTOCOL

Research question
® [s ultrasound a suitable tool for diagnosing fractures in outpatient settings?
® Accuracy of ultrasound versus conventional x-ray/CT/MRI
® Parts of body: arm, leg, chest, clavicle, scapula; excluded: skull, pelvis, vertebrae
® PICO Framework:
— Population:
— All available patients with injuries that may have led to fractures
— Clinical presentation with at least one unclear sign of fracture
— Primary and secondary care
— Pretest: history and physical examination
— Children included
— Excluded: Birth injuries/neonates, occult fractures according to x-ray
— Intervention: Ultrasound as diagnostic procedure = index test
— Comparison: X-ray, CT, MRI, best clinical consensus
— Outcome: Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV)

Protocol:

Databases

® Medline via PubMed

® Embase

® Cochrane Controlled Trials Register

® Google Scholar

® Bibliographies of publications identified as relevant

Inclusion criteria

® Study type = diagnostic accuracy studies, cross-sectional studies, cross-sectional studies with follow-up
examinations, prognostic accuracy studies

® Ultrasound AND reference standard used

® [anguages: English, German

Exclusion criteria

® No fulltext available

® Reports on individual cases and case series

® Systematic reviews

® Intensive care or surgery required; open fractures, clear signs of fracture
® Studies in neonates only

eTABLE 3

Inclusion and exclusion criteria

Study type Ultrasound versus reference standard Case reports, case series, no original data (e.g. reviews,
commentaries), conference abstracts only

Patients All age groups; fracture suspected on clinical grounds; Only neonates or birth injuries; open fractures; intensive
pretest: clinical examination, Ottawa Foot and Ankle care needed; polytrauma; pretest: negative x-ray finding,
Rules, or similar occult fractures

Languages English, German Others

Bones Limbs, sternum, clavicle, ribs Skull, hip, pelvis, vertebrae

Comparison Ultrasound vs. x-ray, CT, MRI, bone scintigraphy, follow- | Studies showing ultrasound to be superior to x-ray; no
up examination, or clinical consensus comparator method to confirm diagnosis, no reference

standard
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Procedure

Screening

® One researcher performs database search, extraction of all suitable findings, deletion of duplicates
® Screening (of titles and abstracts) by 2 researchers, Citavi and Excel spreadsheet

® Extracted publications: fulltexts obtained, excluded if no fulltext available

® Two researchers: screening of bibliographies of selected publications

® Manual search using Google and other online sources

® Comparison of lists; where differences: discussion and advice from third rater

Fulltext phase

® Screening of fulltexts by 2 raters leading to possible exclusion

® Data extracted to extraction file

® Final decision on inclusion/exclusion: every exclusion discussed by 2 raters

® (Quality evaluated by 2 raters using the QUADAS-2 tool; discussion and advice from third rater in the event of
disagreement

Data extraction file

ID number: Every study was allocated a unique ID number.

Bibliographical information: Main author, year of publication, institution

Aim of study

Examined part of body

Is data on subpopulations for meta-analysis provided?

Study type (prospective, retrospective, controlled, case series)

Type of patient sample (random, sequential, randomized)

Number of patients, number of examined bones

Demographic characteristics of patients: Age (mean, median), age range, sex
Index test

Details of ultrasound machine (manufacturer, frequencies used)

Reference standard (which? for all patients? the same for all patients?)

Measured outcomes (primary, secondary)

Four-field tables wherever possible (based on sensitivity and specificity where applicable)
Time from injury to examination

Pretests (e.g. physical examination, particular clinical decision-making aids)

Is a definition of fracture given (e.g. fracture line)?

Clinical setting (emergency room, general medical practice, etc.)

Were those who performed ultrasound examination involved in clinical treatment?
Who performed ultrasound examination? Who performed the reference standard?
Was test evaluation blinded?

Was specific ultrasound training for bones given?

Were any patients excluded inappropriately?

Reason for exclusion if excluded (language, no original data, abstract only, no reference standard)

The extracted data was used for meta-analysis and subgroup analysis following quality evaluation.

This study protocol was not published before the systematic review was performed.

Deutsches Arzteblatt International | Dtsch Arztebl Int 2017; 114: 757-64 | Supplementary material



MEDICINE

eMETHODS 3: SIGNALING QUESTIONS AND RESULTS OF THE QUALITY ASSESSMENT USING QUADAS-2

We used QUADAS-2 (e5) to evaluate the quality of the included studies. For this we used a Microsoft Access™ database provided by
the University of Bristol (http://www.bristol.ac.uk/social-community-medicine/projects/quadas/resources/). We tailored the signaling
questions to our review. We used the following standardized rules to evaluate the risk of bias:

® [fall questions can be answered with “YES” = low risk of bias

® [fthe answer to one or more question is “NO” = high risk of bias

® [fthe answer to one or more question is “UNCLEAR” and the answer to the others is “YES” = unclear risk of bias

We used the following questions:

Domain 1: Patient selection
® Was a consecutive or random sample of patients enrolled?
® Did the study avoid inappropriate exclusions?
® Was pretesting limited to case history and physical examination?

Domain 2: Index test
® Were the index test results interpreted without knowledge of the results of the reference standard?
® Were the investigators specially trained for fracture diagnosis?
® Were the criteria for consideration as “fracture positive” pre-specified?

Domain 3: Reference standard
® [s the reference standard likely to correctly classify the target condition (fracture)?
® Was the reference standard independent of ultrasound results? (e.g. clinical consensus)
® Were the reference standard results interpreted without knowledge of the results of the index test (blinded)?

Domain 4: Flow and timing
® Was there an appropriate interval between index test(s) and reference standard?
® Did all patients receive a reference standard?
® Did all patients receive the same reference standard?
® Were all patients included in the analysis?

eTABLE 4
Results of the quality assessment
Main author Could the Are there Could the Are there Could the Are there Could the
(reference) selection of concerns that conduct or concerns that reference concerns that patient flow
patients have the included interpretation | the index test, standard, its the target have
introduced patients do not of the index its conduct, or | conduct, or its condition as introduced
bias? match the test have intro- | interpretation interpretation | defined by the bias?
review duced bias? differ from the have reference stan-
question? review introduced dard does not
question? bias? match the re-
view question?

Engin (9) 2000 0 + 0 + - + 0]
Hibner (10) | 2000 o] + - + - + +
Munk (€7) 2000 + + 0 + + + +
Williamson (e8)| 2000 0 + - + 0] + 0]
Hemeth (€9) | 2001 + + 0] + 0 + +
Dulchavsky (1) 2002 0 - + - - - +
Pistor (12) 2003 0 - 0] 0 0 + 0]
Marshburn (6) | 2004 - 0 + + 0 + 0
Rainer (13) 2004 + + 0] + 0 - -
Bonnefoy (e10)| 2006 + + 0] + 0] + -
Tomer (14) 2006 0 - + + - + 0
Chen (15) 2007 - + - + 0 + 0]
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Main author Could the Are there Could the Are there Could the Are there Could the
(reference) selection of concerns that conduct or concerns that reference concerns that patient flow
patients have the included interpretation | the index test, standard, its the target have
introduced patients do not | of the index its conduct, or | conduct, orits | condition as introduced
bias? match the test have intro- | interpretation interpretation | defined by the bias?
review duced bias? differ from the have reference stan-
question? review introduced dard does not
question? bias? match the re-
view question?
Tayal (e11) 2007 0 + + + + + 0
McNeil (16) | 2009 - + 0] + - + -
Patel (17) 2009 0 + + + + + 0
Ackermann (7) | 2010 0 + 0] + 0] + 0
Ackermann 2010 0 + 0 + 0 + 0
(18)
Cross (19) 2010 - + - + + + +
Weinberg (e12)| 2010 - + + + + + -
You (e13) 2010 0 + 0 + - + +
Abi (e14) 2011 - - - - - - -
Canagasabey | 2011 0] + + + 0 + 0
(20)
Chaar-Alvarez | 2011 - + - + + -
(e15)
Chien (21) 2011 - + + + + + +
Sinha (22) 2011 - + + + + + 0
Beltrame (23) | 2012 - + 0] + + + 0
Eckert (24) 2012 0 + - + + + 0
Barata (e16) | 2012 - + + + + + 0
Eckert (25) 2013 0 + 0] + + + 0
Rabiner (€18) | 2013 - + + + + + 0
Waterbrook | 2013 - + + + + + 0
(26)
Ekinci (e17) | 2013 0 + -— + 0] + 0
Atilla (27) 2014 + + + + + + -
Javadzadeh | 2014 0] + + + + + 0
(30)
Neri (31) 2014 - + + + + + 0
Yesilaras (32) | 2014 + + + + + + 0
Eckert (28) 2014 0 + + + + + 0
Eckert (29) 2014 0 + + + + + 0
Aksay (e19) | 2015 + + + + + + 0
Kozaci (34) | 2015 0 + + + + + 0
Herren (€20) | 2015 (0] + + + + + 0
Musa (36) 2015 0 + 0 + + + 0
Dallaudiere | 2015 + + - + + + 0
(33)
Kozaci (35) | 2015 0 - 0] + + + 0
Tollefson (40) | 2016 - + 0] + 0] + 0
Kocaoglu (39) | 2016 0 + 0] + + + 0
Kilic (38) 2016 + + + + + + 0
Aksay (37) 2016 + + + + + + 0

+: Low risk of bias/no concerns regarding applicability; -: High risk of bias/concerns regarding applicability; O: Unclear risk of bias/unclear whether there are concerns regarding applicability
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Discussion of method

There were 2 problems concerning the signaling questions during quality evaluation. Firstly, the question “Were the criteria for
consideration as “fracture positive” pre-specified?* was worded in such a way that the answer "NO” had to be selected if there was in-
sufficient information, whereas the answer "UNCLEAR” could be selected for other questions (e.g. “Were the investigators specially
trained for fracture diagnosis?”) if the relevant information was not stated in the text. These questions may therefore be overrepresen-
ted in the evaluation of risk of bias.

The second problem arose from the unforeseen fact that, in many studies conducted in an emergency room, ultrasound was inte-
grated into standard working procedures, and the time interval from admission to examination was not explicitly stated. Although one
might assume that ultrasound examination was performed appropriately swiftly, we made a formal decision to classify the risk of bias
as “UNCLEAR?” if manuscripts did not report clear information on timeframes. This may have led to an underestimate of the quality of
some of the included studies.
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eMETHODS 4: FUNNEL-PLOT ASSESSMENT OF RISK OF PUBLICATION BIAS

Method
We used funnel plots to assess the risk of publication bias (eFigures 1—4). 1 — standard error and the number of examinations described
per study were plotted separately against sensitivity and specificity. Standard errors were calculated as follows:

SE (standard error) = sensitivity x (1 — sensitivity)/number of examinations

SE = specificity x (1 — specificity)/number of examinations

Findings
The funnel plots show an increase in spread as standard error increases. The findings of studies with few examinations deviate more
from the pooled value, for both sensitivity and specificity.
Our visual assessment of the funnel plots is that they are symmetrical. We consider the risk of significant publication bias to be low.
Because the pooled results for sensitivity and specificity are close to 1 and the findings of individual studies cannot be higher, it
must be assumed that-even with normal distribution-only one half of the expected funnel shape, the left-hand side, will be present.
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