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Abstract

Background: Distal humerus fractures (DHFs) constitute one-third of elbow fractures approximately. In this study,
we aim to define and analyze the fracture lines and morphological features of DHFs using mapping technique.

Methods: One hundred and two DHFs were retrospectively reviewed. All the computed tomography (CT) data
were used to manually reconstruct and virtually reduce the DHF fragments to fit a standard 3D model. Smooth
curves were depicted accurately onto the surface of the template to represent the fracture lines. All the curves
were overlapped onto the model to create the 3D fracture map and heat map.

Results: Our analysis was based on 102 CT images of DHFs, contributed by 59 male and 43 female patients (mean
age, 46 years; range, 18-93 years), and included 15 type A, 25 type B, and 62 type C fractures. On mapping, the hot
zones were located in the radial fossa, coronoid fossa, olecranon fossa, and the external part of the trochlear.
Conversely, the cold zones were noted in medial condyle, the medial side of the trochlear, and the anterolateral
area on the supracondylar ridge.

Conclusions: Our study firstly shows the fracture lines and morphological features of distal humeral fractures by
three-dimensional mapping technology. Distal humerus fracture lines are characteristic and highly related to the
micro-architecture difference of distal humerus, which may provide some guidance for the treatment plan selection
and surgical fixation design.

Keywords: Distal humerus fracture, Three-dimensional imaging, Fracture mapping, Heat map, Computed
tomography

Introduction
Distal humerus fractures (DHFs) constitute a significant
proportion of elbow injuries, which are complex injuries
around the elbow caused by high- or low-energy trauma.
These fractures are usually attributed to high-energy in-
juries in younger people and low-energy trauma in eld-
erly female patients, which represent a bimodal age
distribution [1].

For DHFs, SOFCOT, AO/OTA, and Dubberley classi-
fications are used to describe fractures and select treat-
ment [2]. As the latest AO/OTA classification which
introduced the use of axial CT views to further describe
the location of articular depression, is the most com-
monly used clinical classification method, it divides
DHFs into extra-articular (13A), partial articular (13B),
and complete articular (13C) types [3]. These types, and
their subtypes, describe fracture patterns, stability, and
predict prognosis. However, with the development and
advancement of radiography, the abovementioned clas-
sical classification may have some limitations to give
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accurate information about the morphology of actual
fracture.
Fracture map, first proposed by Armitage et al. [4] in

2009, is a method of superimposing the fracture lines of
multiple fracture models on a normal model through
CT three-dimensional reconstruction, and visually dis-
playing the shape of this type of fracture. Previous re-
searches have been conducted to investigate the fracture
morphology by using 2D fracture map, including tibial
plateau fracture [5], pilon fracture [6], and intertrochan-
teric fracture [7]. However, little work has been done on
the distal humeral fracture.
In this study, we aim to define and analyze the fracture

lines and morphological features of distal humeral frac-
tures by three-dimensional mapping technology. We hy-
pothesized that this technology would demonstrate
precise information about the fracture line distribution.
With better understanding of DHFs anatomy, it may aid
to develop the fracture classification, treatment plan selec-
tion, surgical fixation design, statistics of fracture sites,
and the formulation of standardized fracture models.

Methods
Subjects
Between January 2010 and May 2021, a total of 140 adult
patients with fracture of the distal humerus at the Xiangya
Hospital of Central South University, Hunan, China, were
enrolled. Exclusion criteria consisted of age < 18 years, CT
images with a slice thickness of > 3 mm, open or patho-
logical elbow fractures, developmental dysplasia; hetero-
topic ossification, or a history of elbow surgery. Fifteen
patients were excluded due to poor quality of CT images.
Twenty patients were excluded for lacking of the pre-
operative CT images, one was excluded for sequelae of
fracture of arm, and two were excluded because of open
fracture. Finally, one hundred and two distal humerus

fractures fit the inclusion and exclusion criteria and were
included in this study (Fig. 1). There were 59 men and 43
women. The average age was 46 years (range 18–93 years).
All fractures were identified using the OTA/AO classifica-
tion. This retrospective study has been approved by the
ethical committee of the Xiangya Hospital of Central
South University (No. 202104075).

Fracture mapping
The 3D fracture maps were produced using previous tech-
nique described by Zhang et al. [8]. Original Digital Im-
aging and Communications in Medicine (DICOM) files of
selected CT scans were collected from the Picture Archiv-
ing Communications System (PACS) database. A normal
distal humerus of a 37-year-old female with no observable
elbow pathology was taken as the standard model. Then,
the digital imaging and communications in medicine data
for all participants were uploaded into Mimics 21.0 soft-
ware (Materialise, Leuven, Belgium). After we used a
threshold of 226 Hounsfield units to manually mark the
bone structures of every distal humerus fracture fragment
in every axial, sagittal, and coronal slice, the fragments of
distal humerus were separated and reconstructed. Then,
the reconstructed model was exported to 3-Matic 13.0
software (Materialise, Leuven, Belgium) for further ana-
lysis. Reference was made to landmarks, including troch-
lea, capitellum, coronoid fossa, and olecranon fossa for
alignment and standardization. All 57 models of left-sided
humerus were mirrored to make the orientation match
that of the right-sided humerus. Following it, the recon-
structed fragments were moved, rotated, and normalized
to best match the normal model of the distal humerus.
Then, smooth curves were depicted accurately onto the
surface of the 3D template to represent the fracture lines
of each DHF in 3-Matic, and fracture maps were made by
overlapping all the curves onto the model (Fig. 2). Finally,

Fig. 1 Research flowchart of enrollment
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graphical superimposition of all fracture lines was trans-
ferred to E-3D software (Central South University, Chang-
sha, China) to create 3D heat maps. The density of
fracture lines was showed in 3D heat maps using colors
from deep blue (low density) to red (high density).

Statistical analysis
Patient characteristics were summarized as the propor-
tion or the mean and standard deviation as well as fre-
quencies and percentages were used for categorical
variables. All statistical analyses were performed using
IBM SPSS Statistics version 26 (IBM, Armonk, New
York, USA). The analysis of fracture morphological
mapping was descriptive.

Result
The patient characteristics are summarized in Table 1.
Among the 102 CT images, there are 59 male and 43 fe-
male patients, including 57 (56%) left elbow injuries, 45
(44%) right elbow injuries, with a mean age of 46 years
(range, 18-93 years). The OTA/AO fracture types are
distributed as follows: 15 type A, 25 type B, and 62 type
C fractures.
One hundred and two cases of distal humerus frac-

tures were drawn and then fracture map was obtained
(Fig. 3). In order to facilitate intuitive comparison and
analysis, the initial fracture map was divided into axial,
and surrounding view.

Axial view
The fracture lines were mainly distributed vertically be-
tween the two ridges of the trochlea. At the lateral of
the main fracture line—the fracture lines on the capit-
ulum had an oblique or vertical pattern, while the frac-
ture fragments of the medial condylar and the medial
side of the trochlea were relatively complete.

Surrounding view
In the anterior and posterior view, most of humeral
infracondylar fracture lines were vertical distribution,
while transverse, oblique, or vertical fracture lines ac-
cumulated in the trans-epicondylar and supracondylar
region. The fracture lines were concentrated on the
radial fossa, olecranon fossa, and coronoid fossa.
Moreover, the fracture lines on the lateral supracon-
dyle were relatively unconcentrated. In the medial
view, the fracture lines were mainly distributed above
the medial epicondylar; however, there were almost
no fracture lines below it. In contrast, in the lateral
view, a major fracture line entered the anterior and
upper part of the capitulum and exited the posterior
and lower part, while the remaining fracture lines
were scattered along the lateral side.

Fig. 2 Mapping method of distal humerus fractures. a 3D image of distal humerus fracture in CT scans. b Major fragments were reconstructed in
Mimics. c Model of left-sided humerus was mirrored to make the orientation match that of the right-sided humerus in 3-Matic. d The reconstructed
fragments were reduced, moved, rotated, and normalized to best match the normal model of the distal humerus. e Fracture lines were delineated on
the template

Table 1 Patient demographics

Demographic Data (n = 102)

Mean age, years (SD)

Male 37.1 (16.7)

Female 56.2 (15.0)

Total 45.5 (18.6)

Sex, n (%)

Male 59 (57.8)

Female 43 (42.2)

Total 102 (100.0)

Humerus, n (%)

Left only 57 (55.9)

Right only 45 (44.1)

Total 102 (100.0)

OTA/AO classification, n (%)

13.A 15 (14.7)

13.B 25 (24.5)

13.C 62 (60.8)

Total 102 (100.0)

SD standard deviation, OTA/AO Orthopaedic Trauma
Association/AO Foundation
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Heat mapping
On the heat map (Fig. 3), the hot zones were located in
the radial fossa, coronoid fossa, olecranon fossa, the lat-
eral side of the capitellum, and the external part of the
trochlear. Conversely, the cold zones were noted in

medial condyle, the medial side of the trochlear, and the
anterolateral area on the supracondylar ridge.
For OTA/AO type A (Fig. 4), fracture line mainly dis-

tributed transversely in the trans-epicondylar region, less
in the supracondylar humerus. The rest of the fracture

Fig. 3 All the fracture lines of 102 patients were overlapped onto the model to create fracture maps in 3-Matic (a-e) and transferred to E-3D to
create 3D heat maps (f-l), including the axial, anterior, posterior, medial, and lateral views

Fig. 4 Different fracture maps according to the Orthopaedic Trauma Association/AO Foundation (OTA/AO): type A (a-e); type B (f-j); type C (k-o).
Red color represents higher frequency of fracture line density
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lines could be found in the medial epicondyle and lateral
epicondyle of the humerus, that is, around the insertion
point of the medial and lateral ligament. For OTA/AO
type B, fracture lines were sprawled around the capitel-
lum, and fracture lines on the articular surface were
mostly vertically distributed between the capitellum and
trochlear. The medial epicondyle of the humerus was
rarely involved. For OTA/AO type C, the distribution
analyses indicated that the fracture lines in the medial
column tended to have higher linear density but more
orderly and concentrated distribution fractures com-
pared to those in the lateral column.

Discussion
With the development of the times and the popularization
of medical concepts, intelligent medicine has become a re-
search hotspot [9, 10]. The application of intelligent med-
ical orthopedics is mainly to make the skeleton more
structured and standardized through various digital tech-
nologies to achieve accurate positioning, so as to meet the
personalized needs of patients, and help doctors obtain
more satisfactory curative effect and higher work effi-
ciency. At present, the digital technology is based on pre-
operative CT data for three-dimensional reconstruction of
bone, to achieve preoperative three-dimensional measure-
ment of various parameters, so as to complete the digital
evaluation of disease. In the preoperative planning, ac-
cording to the big data or the results of the affected side
mirror, the initial orthopedic plan was made. Through
three-dimensional visual surgery simulation and finite
element analysis, the most accurate orthopedic scheme
was obtained. In the future, based on computer vision
technology and orthopedic clinical image big data, we may
further quantify the skeleton, and import the clinical diag-
nosis of big data and the diagnosis and treatment scheme
of orthopedic experts into the computer system, so as to
establish an “intelligent expert system” to serve orthopedic
diagnosis and treatment. However, more basic work is
needed to realize intelligent expert. Due to the increasing
focus on big data analysis, 3D CT-based fracture mapping
has been widely used in the field of orthopedics, such as
the fracture characterization of proximal femur [8], tibial
plateau [11, 12], distal radius [13], or patellar [14], as ori-
ginally described by Cole et al. [6]. In our study, we have
firstly described the fracture lines and morphological fea-
tures of distal humeral fractures by three-dimensional
mapping technology.
It is relatively uncommon of distal humerus fracture in

adults, which comprise 2% of all fractures and one-third
of elbow fractures approximately. Recent study [15] had
divided the patients of distal humerus fracture in two
groups based on high or low energy of trauma, and
marked differences were found in sex, age, and fracture
pattern. Type C fracture among our patients is

prominent, and the mean age of female (56) is higher
than male (37) in our study, which may indicate that
older women are at particularly high risk of fracture,
with multiple fracture fragments and poor bone quality
often complicating surgical treatment.
Marcoin et al. [16] have researched the relationship

between the distal humeral bone density and supracon-
dylar fracture threshold. By testing 21 cadaveric distal
humeri, they find a correlation between bone mineral
density and the fracture threshold (r = 0.7321). In the
previous study conducted by Diederichs et al. [17], the
distribution of cancellous bone and cortical thickness in
the distal humerus were quantitatively evaluated by
pQCT, which demonstrated total bone mineral density
decreased continuously from the distal diaphysis to the
trochlea, suggesting that low bone density may predis-
pose to fractures or comminution. These findings were
similar to those displayed on our fracture map and heat
map, which showed a higher fracture frequency in the
metaphyseal regions than diaphyseal regions. Another
study [18] has demonstrated that, in the distal humeral
section, the anterior section of the lateral condyle has
the greatest bone volume and the posterior part has the
smallest bone volume. Cortical thickness in the trans-
epicondyle area is the thickest in the posterior medial,
the thinnest in the anterior aspect, and the posterior lat-
eral aspect followed, which may be a well explanation of
the cold zone observed around the medial condyle and
the relatively high fracture frequencies around the lateral
condyle. According to our study, the distribution of frac-
ture lines was highly related to the micro-architecture
difference of distal humerus. The correlation between
our fracture maps and distal humerus osseous micro-
architecture analysis may help to improve treatment
plan selection or surgical fixation design to better treat
the distal humerus injuries. For example, the differences
in bone density and the frequency of fractures in the di-
aphyseal and metaphyseal regions of the humerus can
help guide the design of different plates and the clini-
cian’s surgical strategies for addressing this issue, such
as screw placement or plate selection. Furthermore, the
correlation also indicates that, for the plate fixed in the
posterolateral aspect of the lateral condyle (the relatively
prone site of fracture), there may be a potential weak-
ness [18].
Distal humeral fractures can be fixed by a variety of

surgical approaches, such as anterior, anterolateral, pos-
terior, and modified posterior. In each of these ap-
proaches, however, one of the major concerns is injuring
the radial nerve (RN), which passes diagonally through
the spiral groove from the medial to the lateral side of
the posterior surface of the humerus [19]. During surgi-
cal interventions, such as external fixator pin placement,
transfixing wires (e.g., Ilizarov) or plating, secondary or
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iatrogenic palsies are not uncommon [20]. Thus, it is
vital to identifying of the RN during surgery, especially
in the posterior approach. After dissecting 70 fresh ca-
daveric upper limbs, Kamineni et al. [21] have intro-
duced a safe parameter to decrease the risk to the RN.
They reported that on each specimen a positive Pearson
correlation coefficient was found between the trans-
epicondylar distance (TED) and the radial nerve lateral
height distance(r = +0.95), and the length of radial nerve
lateral height was 1.4 to 2.0 times the TED. Based on
these, they concluded that 100% TED is safe and an
extra 40% TED could be used as a moderate safe area
[22]. In our study, we have measured the TED of the
standard model and all the distance between the most
proximal point of fracture lines to the trans-epicondylar
line (Fig. 5). The TED of the standard model was 53.4
mm. We found that only four fracture lines were out of
100% TED, three were in the extra 40% TED region
(59.0, 60.0, 65.9 mm), and one was in the area of 140-
200% TED (88.5 mm). For the remaining fracture lines,
for example (Fig. 5e, f), when the Acumed plate was
placed on the fracture model and the screws were placed
in the two proximal holes near the fracture line, the
plate was approximately 51.83 mm in the 100% TED
range. When the screws were inserted into the proximal
four holes, the plate was approximately 71.11 mm,
within an additional 40% TED range. However, as same
as treating distal shaft humeral fractures, the dorsal flat

surface is suitable for plating and we can put the plate
more proximally to increase the proximal fixation on
distal humeral fractures, but attention still remains to
the risk of injury to the radial nerve.
In the analysis of findings, the limitations of this study

should be acknowledged.
First, the sample size of this study is small. Some

conservative-treated patients without CT scan were
not included. As a level I trauma center in our re-
gion, patients are usually sent to our hospital for
treatment after a CT examination in another hospital,
thus preoperative CT data are often not available in
our hospital system. Besides, compared to community
hospitals, patients in our study often have higher
rates of complex distal humerus fracture, which may
lead to some bias. Second, subjective process to draw
the fracture line and qualitative assessment evaluate
fracture maps are the other limitations. Third, the in-
jury mechanism of distal humerus fractures and its
relationship with fracture maps are not analyzed in
detail. Fourth, the patella of a 37-year-old healthy fe-
male patient’s right elbow was used as a template.
The average age of the patients in our study group
was 46 years old and 59 (57.8%) were male. Elderly
male patient without pathology is preferred due to
slight changes in humeral morphology in the normal
population. Further study could increase the sample
size and investigate the difference of distal humerus

Fig. 5 a-b Measurement of the distance between the most proximal point of fracture lines to the trans-epicondylar line. A, distance between the
most proximal point of fracture lines to the trans-epicondylar line. TED, trans-epicondylar distance. c-d The scatter plot and box plot of all the
distance of 102 patients. e-h Measurement of the length of the plate when the screws were placed in the two or four proximal holes near the
fracture line
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fracture map combined with injury mechanism, differ-
ent age groups, sex, and fracture pattern.
In conclusion, to our knowledge, our study is the first

study revealing the fracture lines and morphological fea-
tures of distal humeral fractures by three-dimensional
mapping technology. We believe it could aid to develop
the fracture classification, treatment plan selection, sur-
gical fixation design, statistics of fracture sites, the for-
mulation of standardized fracture models, and help
clinicians better understanding DHFs anatomy.
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DHFs: Distal humerus fractures; CT: Computed tomography; TED: Trans-
epicondylar distance

Acknowledgements
We thank Prof. Shenghui Liao’s team for their technical support of E-3D
software.

Authors’ contributions
Chao Wang and Yong Zhu contributed equally to this work. The authors
read and approved the final manuscript.

Funding
This study was supported by grants from the National Natural Science
Foundation of China (No. 81902277, 81874006), the Natural Science
Foundation of Hunan Province (named “Study on the role and mechanism
of lncRNA MSTRG.19407.10 regulating CX3CL1 in inflammatory response in
heterotopic ossification”), and the Xiangya Clinical Big Data Project (xyyydsj9).

Availability of data and materials
All the data are available if qualified authors apply for them.

Declarations

Ethics approval and consent to participate
This retrospective study has been approved by the ethical committee of the
Xiangya Hospital of Central South University (No. 202104075).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests and no funds
from Acumed.

Received: 9 May 2021 Accepted: 24 August 2021

References
1. Robinson CM, Hill RM, Jacobs N, Dall G, Court-Brown CM. Adult distal

humeral metaphyseal fractures: epidemiology and results of treatment. J
Orthop Trauma. 2003;17(1):38–47. https://doi.org/10.1097/00005131-200301
000-00006.

2. Bégué T. Articular fractures of the distal humerus. Orthop Traumatol Surg
Res. 2014;100(1 Suppl):S55–63. https://doi.org/10.1016/j.otsr.2013.11.002.

3. Meinberg EG, Agel J, Roberts CS, Karam MD, Kellam JF. Fracture and
dislocation classification compendium-2018. J Orthop Trauma. 2018;
32(Suppl 1):S1–s170. https://doi.org/10.1097/BOT.0000000000001063.

4. Armitage BM, Wijdicks CA, Tarkin IS, Schroder LK, Marek DJ, Zlowodzki M,
et al. Mapping of scapular fractures with three-dimensional computed
tomography. J Bone Joint Surg Am Vol. 2009;91(9):2222–8. https://doi.org/1
0.2106/JBJS.H.00881.

5. Molenaars RJ, Mellema JJ, Doornberg JN, Kloen P. Tibial plateau fracture
characteristics: computed tomography mapping of lateral, medial, and
bicondylar fractures. J Bone Joint Surg Am Vol. 2015;97(18):1512–20. https://
doi.org/10.2106/JBJS.N.00866.

6. Cole PA, Mehrle RK, Bhandari M, Zlowodzki M. The pilon map: fracture lines
and comminution zones in OTA/AO type 43C3 pilon fractures. J Orthop
Trauma. 2013;27(7):e152–6. https://doi.org/10.1097/BOT.0b013e318288a7e9.

7. Fu Y, Liu R, Liu Y, Lu J. Intertrochanteric fracture visualization and analysis
using a map projection technique. Med Biol Eng Comput. 2018;57(3):633–
42. https://doi.org/10.1007/s11517-018-1905-1.

8. Zhang Y, Sun Y, Liao S, Chang S. Three-dimensional mapping of medial wall
in unstable pertrochanteric fractures. BioMed Res Int. 2020;2020:1–8.

9. Ballard DH, Trace AP, Ali S, Hodgdon T, Zygmont ME, DeBenedectis CM,
et al. Clinical applications of 3D printing: primer for radiologists. Acad
Radiol. 2018;25(1):52–65. https://doi.org/10.1016/j.acra.2017.08.004.

10. Bini SA. Artificial intelligence, machine learning, deep learning, and
cognitive computing: what do these terms mean and how will they impact
health care? J Arthroplasty. 2018;33(8):2358–61. https://doi.org/10.1016/j.a
rth.2018.02.067.

11. Yao X, Zhou K, Lv B, Wang L, Xie J, Fu X, et al. 3D mapping and
classification of tibial plateau fractures. Bone Joint Res. 2020;9(6):258–67.
https://doi.org/10.1302/2046-3758.96.BJR-2019-0382.R2.

12. Xie X, Zhan Y, Wang Y, Lucas JF, Zhang Y, Luo C. Comparative analysis of
mechanism-associated 3-dimensional tibial plateau fracture patterns. J Bone
Joint Surg Am Vol. 2020;102(5):410–8. https://doi.org/10.2106/JBJS.19.00485.

13. Li S, Zhang YQ, Wang GH, Li K, Wang J, Ni M. Melone's concept revisited in
comminuted distal radius fractures: the three-dimensional CT mapping. J
Orthop Surg Res. 2020;15(1):222. https://doi.org/10.1186/s13018-020-01739-x.

14. Misir A, Kizkapan TB, Uzun E, Oguzkaya S, Cukurlu M, Golgelioglu F. Fracture
patterns and comminution zones in OTA/AO 34C type patellar fractures. J
Orthop Trauma. 2020;34(5):e159–e64. https://doi.org/10.1097/BOT.
0000000000001678.

15. Mitake T, Nishizuka T, Tatebe M, Hirata H. Adult distal humerus trauma with
surgical intervention: CT analysis of fracture pattern, causes, and distribution.
Nagoya J Med Sci. 2018;80(2):199–205. https://doi.org/10.18999/nagjms.
80.2.199.

16. Marcoin A, Eichler D, Kempf JF, Clavert P. Biomechanical model of distal
articular humeral fractures-influence of bone density on the fracture
threshold. Int Orthop. 2020;44(7):1385–9. https://doi.org/10.1007/s00264-020-
04624-8.

17. Diederichs G, Issever AS, Greiner S, Linke B, Korner J. Three-dimensional
distribution of trabecular bone density and cortical thickness in the distal
humerus. J Shoulder Elbow Surg. 2009;18(3):399–407. https://doi.org/10.101
6/j.jse.2008.11.001.

18. Park SH, Kim SJ, Park BC, Suh KJ, Lee JY, Park CW, et al. Three-dimensional
osseous micro-architecture of the distal humerus: implications for internal
fixation of osteoporotic fracture. J Shoulder Elbow Surg. 2010;19(2):244–50.
https://doi.org/10.1016/j.jse.2009.08.005.

19. Fleming P, Lenehan B, Sankar R, Folan-Curran J, Curtin W. One-third, two-
thirds: relationship of the radial nerve to the lateral intermuscular septum in
the arm. Clin Anat. 2004;17(1):26–9. https://doi.org/10.1002/ca.10181.

20. Patra A, Chaudhary P, Malhotra V, Arora K. Identification of most consistent
and reliable anatomical landmark to locate and protect radial nerve during
posterior approach to humerus: a cadaveric study. Anat Cell Biol. 2020;53(2):
132–6. https://doi.org/10.5115/acb.20.075.

21. Kamineni S, Ankem H, Patten DK. Anatomic relationship of the radial nerve
to the elbow joint: clinical implications of safe pin placement. Clin Anat.
2009;22(6):684–8. https://doi.org/10.1002/ca.20831.

22. Crosio A, Mattei L, Blonna D, Castoldi F. Anatomy and specimens. In:
Porcellini G, Rotini R, Stignani Kantar S, Di Giacomo S, editors. The elbow:
principles of surgical treatment and rehabilitation. Cham: Springer
International Publishing; 2018. p. 19–28. https://doi.org/10.1007/978-3-319-2
7805-6_2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wang et al. Journal of Orthopaedic Surgery and Research          (2021) 16:545 Page 7 of 7

https://doi.org/10.1097/00005131-200301000-00006
https://doi.org/10.1097/00005131-200301000-00006
https://doi.org/10.1016/j.otsr.2013.11.002
https://doi.org/10.1097/BOT.0000000000001063
https://doi.org/10.2106/JBJS.H.00881
https://doi.org/10.2106/JBJS.H.00881
https://doi.org/10.2106/JBJS.N.00866
https://doi.org/10.2106/JBJS.N.00866
https://doi.org/10.1097/BOT.0b013e318288a7e9
https://doi.org/10.1007/s11517-018-1905-1
https://doi.org/10.1016/j.acra.2017.08.004
https://doi.org/10.1016/j.arth.2018.02.067
https://doi.org/10.1016/j.arth.2018.02.067
https://doi.org/10.1302/2046-3758.96.BJR-2019-0382.R2
https://doi.org/10.2106/JBJS.19.00485
https://doi.org/10.1186/s13018-020-01739-x
https://doi.org/10.1097/BOT.0000000000001678
https://doi.org/10.1097/BOT.0000000000001678
https://doi.org/10.18999/nagjms.80.2.199
https://doi.org/10.18999/nagjms.80.2.199
https://doi.org/10.1007/s00264-020-04624-8
https://doi.org/10.1007/s00264-020-04624-8
https://doi.org/10.1016/j.jse.2008.11.001
https://doi.org/10.1016/j.jse.2008.11.001
https://doi.org/10.1016/j.jse.2009.08.005
https://doi.org/10.1002/ca.10181
https://doi.org/10.5115/acb.20.075
https://doi.org/10.1002/ca.20831
https://doi.org/10.1007/978-3-319-27805-6_2
https://doi.org/10.1007/978-3-319-27805-6_2

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Subjects
	Fracture mapping
	Statistical analysis

	Result
	Axial view
	Surrounding view
	Heat mapping

	Discussion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

