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�� BONE FRACTURE

3D ultrasound reconstruction of 
sonographic callus

A NOVEL IMAGING MODALITY FOR EARLY EVALUATION OF FRACTURE 
HEALING

Aims
The aim of this study was to establish a reliable method for producing 3D reconstruction of 
sonographic callus.

Methods
A cohort of ten closed tibial shaft fractures managed with intramedullary nailing underwent ul-
trasound scanning at two, six, and 12 weeks post- surgery. Ultrasound capture was performed 
using infrared tracking technology to map each image to a 3D lattice. Using echo intensity, semi- 
automated mapping was performed to produce an anatomical 3D representation of the fracture 
site. Two reviewers independently performed 3D reconstructions and kappa coefficient was used 
to determine agreement. A further validation study was undertaken with ten reviewers to estimate 
the clinical application of this imaging technique using the intraclass correlation coefficient (ICC).

Results
Nine of the ten patients achieved union at six months. At six weeks, seven patients had bridg-
ing callus of ≥ one cortex on the 3D reconstruction and when present all achieved union. 
Compared to six- week radiographs, no bridging callus was present in any patient. Of the 
three patients lacking sonographic bridging callus, one went onto a nonunion (77.8% sensi-
tive and 100% specific to predict union). At 12 weeks, nine patients had bridging callus at ≥ 
one cortex on 3D reconstruction (100%-sensitive and 100%-specific to predict union). Pres-
ence of sonographic bridging callus on 3D reconstruction demonstrated excellent reviewer 
agreement on ICC at 0.87 (95% confidence interval 0.74 to 0.96).

Conclusion
3D fracture reconstruction can be created using multiple ultrasound images in order to eval-
uate the presence of bridging callus. This imaging modality has the potential to enhance the 
usability and accuracy of identification of early fracture healing.

Cite this article: Bone Joint Res 2021;10(12):759–766.
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Article focus
�� The aim of this study was to establish a 

reliable method for producing 3D recon-
struction of sonographic callus.

Key messages
�� Bridging 3D callus at  six weeks post intra-

medullary nailing is 77.8% sensitive and 
100% specific to predict union when 
present.

�� Presence of sonographic bridging callus on 
3D reconstruction demonstrated excellent 
reviewer agreement.

Strengths and limitations
�� We present an objective and repeatable 

method of 3D callus mapping.
�� This was a small proof- of- concept cohort 

of only ten patients.
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Introduction
Following a long bone fracture, bridging callus usually 
requires three months to be detected on radiographs.1- 3 
The development of a cortical bridge of callus appears to 
be crucial to reduce strain and, once achieved, is strongly 
predictive of ultimate fracture union.4- 6 The use of ultra-
sound to detect early callus formation from six weeks 
post- intramedullary nailing has been shown to correlate 
with fracture healing.7- 9 More recently, sonographic 
bridging callus on ultrasound has been described and 
shown to be strongly predictive of fracture healing for 
the clavicle.10,11

Current evaluation of callus on ultrasound is entirely 
operator- dependent. Multiple viewing ‘windows’ are 
required for long bone fractures in order to appreciate 
the circumferential presence of callus on each respec-
tive cortical surface. This can lead to potential errors in 
judgement and makes the repeat assessment of a frac-
ture at different timepoints difficult. The ability to visu-
alize multiple ultrasound images of a cortical surface in 
a single 3D image has great potential to improve the 
accuracy and usability of this imaging technique. To date, 
there is no published standardized method to reproduce 
a 3D ultrasound scan of bridging callus at a fracture site.

The primary aim of this study was to establish a scan-
ning technique to allow 3D imaging of callus formation 
of a long bone fracture at multiple timepoints.

The secondary aim was to evaluate the reliability of 
reconstruction and judgement of bridging callus between 
independent observers.

Methods
The freehand ultrasound software Stradwin version 6.0 
(Department of Engineering, University of Cambridge, 
UK) was used for image acquisition and analysis. This 
allows simultaneous image and position acquisition. 
B- mode images are acquired at full speed and mapped 
to the 3D lattice as the transducer probe is moved 
through a determined pattern of movement. The ultra-
sound frequency (3 MHz to 7 MHz), depth penetration 
(60 mm), and resolution (1 mm) were used.

An AdapTRAX tracking tool (Traxtal, Philips, Canada) 
was mounted on the transducer, which allows triangula-
tion with six degrees of freedom from the tracking unit. 
This directly corresponds to the position of the ultrasound 
transducer, which is indirectly mapped with accuracy to 
0.35 mm (Polaris, Northern Digital, Canada).

Ensuring the patient's limb was positioned within 
the field of capture, scanning via the anteromedial and 
anterolateral window was performed for the tibia with 
slow movements over the fracture site with a coupling 
gel. At the fracture site, multiple captures with different 
orientations of the probe were performed to limit 
anisotropy.

The posterior aspect of the tibia was challenging to 
visualize in the early pilot work of this study, given the 
depth of the gastrocsoleus complex. Therefore, focus was 
placed on the anterior surface of the tibia for the purpose 
of this study.
Image interpretation with semi-automated plotting. Semi- 
automated ultrasound plotting was possible via the use of 
the echo intensity (EI). Using the long axis ultrasound scout 
of the tibia, the cortical bone and callus surface can be iden-
tified due to the high homogeneity grayscale signal and lin-
ear border using an EI with a mean of 87.9 (95% confidence 
interval (CI) 83.5 to 92.3) as established in previous work.10 
EI is known to fluctuate from the depth of penetration of the 
ultrasound signal across the soft- tissue envelope, therefore a 
threshold above 80 was used to identify the desired surface 
with the Stradwin threshold tool, which was then plotted on 
sequential images by the reviewer (JAN) (Figure 1).

The evolving bridging callus can then be plotted 
between the ends of the cortical surface using semi- 
automated plotting. Using this technique, subsequent 2D 
image slices can be sequentially mapped from different 
‘windows’ around the surface of the tibia to build a single 
3D image.
Patient cohort and follow-up routine. The mean age 
was 49.8 years at time of injury (27 to 73), and seven of 
the   ten patients were male. Half of the injuries were a 
low- energy mechanism with a fall from standing height 
(Table I).

Fig. 1

a) Example of semi- automatic ultrasound 3D mapping with callus. a) Long axis scout of tibia. b) Mapping of sonographic callus using the grayscale threshold 
of 80. c). Plotted sonographic callus. d) Matrix plot of sequential 2D images of sonographic callus and cortical tibia surface.
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Eligible patients were those with a closed diaphyseal 
tibia fracture with or without fibula fracture. Patients 
were required to give informed consent and be local to 
the treatment centre for follow- up. Exclusion criteria were 
open injuries or substantial soft- tissue crush element 
with compromised skin, compartment syndrome, under 
16 years of age at time of injury, or within the metaphy-
seal width (Mueller box) of the joint surface. Segmental 
fractures were excluded but fractures with simple commi-
nution or a butterfly fragment were not.

The modified Radiographic Union Score for Tibia frac-
tures (RUST) was used to grade radiological callus forma-
tion at six and 12 weeks.12 Union was determined by 
absence of pain on weightbearing and bridging callus on 
three of the four cortices (RUST score of 11 or more). If 
the diagnosis of union was in doubt, patients underwent 
a CT scan of the fracture at six months.

All patients were reviewed and scanned by one of the 
two surgeons (JAN and WMO). Patients were seen at two 
weeks after the injury and recruited. At six and 12 weeks 
patients underwent radiographs and an ultrasound scan. 
At six months they were seen for a final clinical review 
and radiograph to ensure union. A pilot cohort of ten 
patients was the desired sample size in order to establish 
the practicality and feasibility of the technique. Overall, 
18 patients were recruited and ten of these completed six 
months’ follow- up. Eight patients were lost to follow- up 
and did not re- present for further treatment over the 
course of this study.
Callus observer agreement on 3D scan. To determine the 
repeatability and usability of the method, agreement of 
the presence or absence of 3D bridging callus was de-
termined by two observers (JAN and WMO). Both were 
orthopaedic surgeons with training in performing and 
interpreting ultrasound for the purpose of fracture evalu-
ation. The reviewers were blinded to the outcome of the 
cases (i.e. union or nonunion) and radiographs. The ten 
six- week scans from the cohort were used for this pur-
pose. The lead author (JAN) performed intraobserver 
repeats with a minimum of 24  hours between each re-
construction. Weighted kappa was used to determine the 
strength of association between two observers with 0.4 

to 0.6 fair, 0.6 to 0.8 strong, and 0.8 to 1.0 close to per-
fect agreement.13

A further evaluation of the clinical application of the 
technique was undertaken using ten reviewers, which 
included five orthopaedic consultants and five senior 
trainees to determine the intraclass correlation coefficient 
(ICC). A random selection of ten 3D reconstructions was 
presented to each reviewer without any indication of scan 
timing, radiograph, or clinical information. A two- way 
mixed model, with assessment of consistency between 
observers was used to calculate a ‘single measure’.

Statistical analysis was performed using SPSS version 
24 (IBM, USA). Data were tested for normal distribution 
with the D’Agostino- Pearson test. Linear variables (EI 
data) were assessed using the independent- samples t- 
test for parametric data or the Mann- Whitney U test for 
nonparametric data. Analysis of variance (ANOVA) was 
used to compare the mean EI of over two mean variables. 
Differences between dichotomous data were assessed 
using the chi- squared test. A p- value of < 0.05 was defined 
as statistically significant.
Ethics. Ethical approval for the use of ultrasound to ob-
serve fracture healing was prospectively obtained from 
the South East Scotland Research Ethics Committee (ref-
erence number 06/S1103/51).

Results
RUST findings.    At six weeks the median RUST score was 
4 (interquartile range (IQR) 4.0 to 6.25), increasing to 9.5 
(IQR 7.75 to 10.25) at 12 weeks. Nine of the ten patients 
were clinically and radiologically united at six months 
with a minimum RUST score of 11.

One patient was classified with a nonunion at six 
months post- injury (Patient 5), and they were the only 
smoker in the cohort. One cortex was judged to have 
bridging callus on radiograph at 24 weeks with a RUST 
score of 8. They underwent a CT scan for a suspected 
nonunion at approximately nine months postoperatively. 
Bridging callus was found on two of the four cortices, 
and the patient was treated as a delayed union and did 

Table I. Patient demographic data of pilot study.

Pt No.
Age, 
yrs Sex Mechanism Smoker Side Comminution

1 34 F Sport No L No

2 27 M Fall > 2 m No R No

3 61 M Fall > 2 m No R Yes

4 51 M Sport No R Yes

5 55 M Fall < 2 m Yes L Yes

6 62 M Crush No L Yes

7 62 F Fall < 2 m No L Yes

8 73 F Fall < 2 m No L No

9 37 M Fall < 2 m No R No

10 36 M Fall < 2 m No R No
Fig. 2

Two- week ultrasound of anteromedial cortex of fracture site without callus 
(Patient 7). a) 3D reconstruction. b) Long axis scout image.
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not undergo any further intervention as their symptoms 
were minimal at that point.
Ultrasound findings and fracture healing prediction. At 
two weeks post- intramedullary nailing, the fracture site 

was clearly visible in all patients but there was no de-
tection of bridging callus (Figure 2). At six weeks, 70% 
of patients (n = 7/10) had bridging callus of at least one 
cortex (Figures  3 and 4). When detected, all united by 

Fig. 3

Six- week ultrasound of anteromedial cortex with bridging callus (Patient 7). a) Long axis scout image. b) 3D reconstruction with bridging callus. c) Second 
view of 3D reconstruction.

Fig. 4

A 12- week ultrasound of anteromedial cortex with remodelling bridging callus (Patient 7). a) Long axis scout image. b) 3D reconstruction with remodelling 
callus. c) Second view of 3D reconstruction.
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six months (77.8% sensitive and 100% specific to predict 
union). Of the three patients who lacked bridging callus, 
one went on to a nonunion (Figure 5).

The RUST score did not show any correlation with the 
detection of bridging callus on ultrasound at six weeks 
(median 4.0 vs 4.0; Mann- Whitney U test, p = 1.000). 
Fracture comminution also did not influence the detec-
tion of bridging callus on ultrasound (Mann- Whitney U 
test, p = 1.000). Compared to radiographs, no bridging 
callus was found at six weeks in any patient.

At 12 weeks, 90% of patients (n = 9/10) had bridging 
callus of at least one cortex. When detected, all united 
(100% sensitive and 100% specific to predict union). In 
comparison to radiographs at 12 weeks, seven of these 
nine patients had at least one cortical bridge evident 
(Table II).
Reviewer agreement. The 3D reconstructions of the ultra-
sound scans enabled an anatomical reconstruction of the 
cortical surface and bridging callus, which showed excellent 
correlation on visual inspection for the majority of patients 

between the two reviewers. The kappa intraobserver agree-
ment showed near perfect agreement for the detection of 
any bridging callus at 1.0 (weighted kappa, p = 0.020) (95% 
CI 1.0 to 1.0). The kappa interobserver agreement between 
the two independent observers for sonographic bridging cal-
lus was 0.78 (weighted kappa, p = 0.011) (95% CI 0.39 to 
1.18) (Table III and Table IV).

For one patient there was disagreement between the 
presence of bridging callus. On the medial cortex there 
was disagreement regarding the presence of bridging 
callus, the lead author (JAN) plotted this as bridging on 
the reconstruction and the second reviewer (WMO) did 
not. On the lateral image the nail is clearly visible across 
the fracture site, and both reviewers plotted this as absent 
bridging callus on the reconstruction. At three months, 
the bridging callus across the fracture was now more 
apparent on the medial cortex which both reviewers 
plotted.

The agreement of bridging callus between the ten 
reviewers was excellent, with an ICC of 0.87 (95% CI 0.74 

Fig. 5

A 12- week ultrasound of anteromedial cortex without sonographic callus (Patient 5). a) Long axis scout image. b) 3D reconstruction with absent bridging callus.

Table II. Radiograph and ultrasound findings in the cohort.

Pt No. 6 weeks 12 weeks 24 weeks

Radiograph Ultrasound Radiograph Ultrasound Radiograph

RUST Bridging callus RUST Bridging callus RUST Bridging callus

1 5 No Yes 8 Yes Yes 11 Yes

2 4 No Yes 10 Yes Yes 12 Yes

3 4 No Yes 7 No Yes 11 Yes

4 4 No Yes 10 Yes Yes 11 Yes

5 4 No No 5 No No 8 Yes

6 6 No Yes 8 No Yes 12 Yes

7 4 No Yes 9 Yes Yes 11 Yes

8 8 No Yes 11 Yes Yes 12 Yes

9 4 No No 11 Yes Yes 12 Yes

10 7 No No 10 Yes Yes 12 Yes

RUST, Radiographic Union Score for Tibia fractures.
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to 0.96). There was perfect agreement on eight of the ten 
scans that were presented.

Discussion
In this cohort of ten tibia shaft fractures, prospective 
ultrasound evaluation of the fracture site with 3D recon-
struction was a useful aid to predict union in the majority 
of fractures. In those patients who united their fractures 
at six months, bridging callus was visualized on 3D ultra-
sound reconstruction at six weeks in 70% of patients, 
increasing to 100% by three months. Two independent 
reviewers (JAN and WMO) produced 3D reconstructions 
with a high level of agreement upon which to base clin-
ical judgements. Further validation with ten orthopaedic 
surgeons found excellent agreement on the judgement 
of bridging callus. The accurate mapping of 3D callus 
without ionizing radiation holds great potential to 
monitor and predict impaired fracture healing.

Nonunion causes considerable morbidity and expense.14,15 
In modern orthopaedic practice, intramedullary nailing 
is the most popular initial management of unstable tibial 
diaphyseal fractures. Nonunion is found in approximately 
9% of cases with modern reamed techniques for closed tibia 
diaphyseal fractures.14,16,17 As expected, open fractures have 
a higher incidence of nonunion and the risk correlates to 
the severity of the injury.16 When aseptic nonunion occurs, 
exchange nailing is a straightforward method of treatment 
with a high success rate.18,19 The indications and timing for 
exchange nailing must take into account the severity of the 
original injury. Most closed tibial diaphyseal fractures will 
heal between 12 and 16 weeks following injury. Absence of 
radiological evidence of progression to union by 16 weeks is 
therefore a relative indication for exchange nailing.19

Callus on radiograph usually takes six to eight weeks 
to be evident and often requires at least three months 
before bridging is apparent in long bone fractures.1- 3 
The importance of a cortical bridge does appear to be 
the crucial event and once this occurs, union is generally 
observed.4- 6 The 2D projection of radiographs can cause 
errors in judgement and the development of the RUST 
score has been advocated to improve user agreement.3 
Although CT may improve the accuracy of judging the 

cortical bridge,20–23 it requires ionizing radiation and the 
timing at which callus can be found is likely similar to that 
of radiographs.2

The use of ultrasound to detect early bridging callus 
prior to radiographs has been demonstrated by two inde-
pendent research groups. Moed et al7 demonstrated a 
scanning technique in a pilot study of tibial nails using 
three scanning portals to achieve a 270° view of the tibia. 
A second prospective study of 50 tibial diaphyseal frac-
tures treated with unreamed statically locked intramedul-
lary nails found that 38 fractures had ultrasound evidence 
of healing between six and nine weeks, with a 97% posi-
tive predictive value and 100% sensitivity for fracture 
union.8 They observed fracture healing on ultrasound at 
a mean of 6.5 weeks versus 19 weeks on radiographs (p 
< 0.001). Management of tibial diaphyseal fractures has 
evolved since this study with modern nailing techniques 
using larger reamed nails and early weightbearing.24 A 
second research group using modern reamed nails found 
that ultrasound consistently detected callus prior to radio-
graphs at approximately two weeks earlier.9

Despite this promising research, ultrasound has 
not found a routine use in clinical practice, possibly 
due to its unfamiliarity for surgeons. We have 
recently published on a repeatable ultrasound tech-
nique,10 and validated this on a cohort of displaced 
midshaft clavicle fractures where six week sono-
graphic bridging callus predicted fracture healing in 
98.6% of cases.11 The ability to visualize the fracture 
site as a 3D reconstruction would enable clinicians 
unfamiliar with ultrasound to make their own judge-
ment on the progression of callus. A series of ultra-
sound scans can be used to form a 3D reconstruction, 
allowing for a more anatomical representation of the 
fracture site and maximizing the ability to view callus 
from different orientations. The agreement was excel-
lent between observers with potential superiority to 
a 2D method, upon which our unit has previously 
published.10 Reviewers were presented with anterior 
and lateral cortex of the tibia on which to judge the 
presence of bridging callus. Although the ICC showed 
excellent agreement, there were two cases of discrep-
ancies on the presence of bridging callus. In both cases 
there were minor projections of callus from the frac-
ture ends, but no substantial bridge between cortical 
fragments.

Table III. Reviewer agreement of 3D scans for presence of any bridging 
callus and fracture outcome.

Pt No.
Fracture 
outcome Author

Second 
observer Agreement

1 Union 1 1 Yes

2 Union 1 1 Yes

3 Union 1 0 No

4 Union 1 1 Yes

5 Nonunion 0 0 Yes

6 Union 1 1 Yes

7 Union 1 1 Yes

8 Union 1 1 Yes

9 Union 0 0 Yes

10 Union 0 0 Yes

Table IV. Overall accuracy of reviewer agreement for presence of any 
bridging callus and fracture outcome.

Variable Author Second observer
Overall 
agreement

Sensitivity, % 
(n)

77.8 (7/9) 66.7 (6/9) 72.3

Specificity, % (n) 100 (7/7) 100 (6/6) 100

PPV, % (n) 100 (7/7) 100 (6/6) 100

NPV, % (n) 33.3 (1/3) 25 (1/4) 29.2

NPV, negative predictive value; PPV, positive predictive value.
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There were other potential challenges discovered with 
the 3D reconstruction process. The reconstruction is based 
on the quality of image acquisition during routine 2D (or 
B- mode) scanning. If the operator does not capture adequate 
images, the reconstruction will be flawed. The use of thresh-
olds to plot cortical bone and callus reduced the subjectivity 
of reviewer interpretation, but this is far from fully automated 
reconstruction. The EI of superficial tissue above the cortical 
surface can cause considerable signal changes, and the 
reviewer still needs to plot each area of interest on sequen-
tial imaging. A more refined technique would be the use of 
an algorithm to produce an automated 3D reconstruction, 
which would reduce the subjectivity and labour intensity of 
the process.

Critically for the tibia, any nonunion intervention within 
the first three months following surgery would likely be 
considered inappropriate, given that the decision to under-
take an exchange nailing might be premature at this stage. 
However, ultrasound evaluation beyond three months may 
display evidence of bridging callus prior to radiographs and 
with potentially superior accuracy. For other fractures such 
as the clavicle and humerus shaft, which are often managed 
nonoperatively, 3D reconstructions to monitor callus 
progression over the first three months following injury have 
great potential to refine the prediction of fracture healing to 
guide treatment.

This was a prospective study carried out with a defined 
cohort of patients. Scans were carried out by two ortho-
paedic surgeons with training in the technique and recon-
structions performed independently of each other. Whether 
this technique would be valid in open fractures or those 
with substantial soft- tissue injury is unclear, but theoretically 
would be applicable. The size of our pilot cohort limits the 
generalizability of our findings. The effect of smoking on the 
detection of callus in the tibia is unknown from our work. 
Furthermore, this study was underpowered to determine the 
prognostic value of ultrasound to predict nonunion of the 
tibia. However, the technique which has been outlined and 
validated in this study would be a reproducible research tool 
for other groups to employ.

In conclusion, 3D reconstruction of callus progression 
at a fracture site may enhance the usability and repro-
ducibility of ultrasound for the monitoring of fracture 
healing. The is the first study to our knowledge to outline 
a reliable and repeatable technique for 3D fracture site 
evaluation for bridging callus detection.

Twitter
Follow J. A. Nicholson @OrthoNicholson
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