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Abstract

Background: This study aimed to explore the effect of retaining inferomedial cortical bone contact and fixation
with calcar screws on the dynamic and static mechanical stability of proximal humerus fractures treated with a
locking plate.

Methods: Twelve Synbone prosthetic humeri (SYNBONE-AG, Switzerland) were used for a wedge osteotomy model
at the proximal humerus, in four groups. In the cortex contact + screw fixation group and cortex contact group, the
inferomedial cortical bone contact was retained. In the screw fixation group and control group, the inferomedial
cortical bone contact was not retained. Calcar screw fixation was implemented only in the screw fixation groups.
The dynamic and static mechanical stability of the models were tested with dynamic fatigue mechanics testing,
quasi-static axial compression, three-point bending, and torsion testing.

Results: The cortex contact + screw fixation group showed the longest fatigue life and the best stability. There was 35%
difference in fatigue life between the cortex contact + screw fixation group and the cortex contact group, 43%between
the cortex contact + screw fixation group and screw fixation group, and 63% between the cortex contact +
screw fixation group and screw fixation group (P<0.01). The cortex contact + screw fixation group showed
the best axial compressive stiffness, bending stiffness, and torsion stiffness; these were successively decreased
in the other three groups (P<0.01).

Conclusion: Retaining inferomedial cortical bone contact and fixation with two calcar screws maintained fracture
stability with the highest strength and minimum deformation. Of the two methods, restoration of the inferomedial
cortical bone support showed better dynamic and static biomechanical properties than placement of calcar screws
alone.

Keywords: Proximal humeral fracture, Locking plate, Inferomedial cortical bone, Calcar screw, Biomechanics, Static and
dynamic stability
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Background

Proximal humeral fractures commonly occur, often in eld-
erly patients after a fall, where they are the third most
common osteoporotic fracture [1]. In most cases, these
fractures are minimally displaced and are effectively
treated with conservative treatment. But moderate or se-
vere displacement may require surgical intervention [2].
Interlocking intramedullary nails or percutaneous fixation
with locking plate techniques are routinely used in the
treatment of proximal humeral fractures [3, 4]. Relatively
speaking, the interlocking intramedullary nail tends to
have more complications and higher technical require-
ments, so that lateral long-type proximal humeral internal
locking plate (PHILP) is often used, with satisfactory re-
sults [5]. PHILP has achieved satisfactory results in fix-
ation of proximal humeral fractures. Nevertheless, a
number of invalid fixations have also been reported [5-7].
One of the key issues is whether the fracture fixation re-
tains contact with the inferomedial cortical bone and
whether to insert two calcar screws along the tangential
direction of the inferomedial cortex to strengthen the sta-
bility of the fracture and prevent fracture introversion [8].
Locking screws are thought to improve fixation of the
head and soft metaphyseal, especially with osteoporotic
bone, which are frequently associated with patients who
experience these fractures [9].

It is important during minimally invasive surgery to
avoid iatrogenic radial nerve injury, and PHILP with a
spiral plate is likely to achieve more satisfactory results
[10]. A spiral long-type PHILP locking plate can avoid
point stripping on the deltoid and interference to radial
nerve and has better static biomechanical properties.
The importance of the calcar screws in minimally inva-
sive surgery is debated [11, 12]. The humeral calcar re-
fers to the inferomedial cortical area where the humeral
head extends to the surgical neck of the humerus. Mor-
phological and microstructural analysis of the proximal
humerus shows that this area is the best in terms of the
thickness and density of the cortical bone. Inserting one
or two screws along the tangential direction of the infer-
omedial cortex to enhance the stability of the fracture
can prevent the varus of the fracture. This screw is
called the calcar screw [13].

There has been particular controversy over the treat-
ment of comminuted fractures of the proximal medial
humerus [13]. These fractures are associated with
re-displacement and with reduction relying on the
inferomedial cortical bone at the proximal humerus
and calcar screw fixation [14]. Anatomic reduction and
firm fixation of the humerus is the basic guarantee of
proximal stability [15]. However, while there are many
clinical studies that show follow-up data [16-18], with
useful recommendations for the management of com-
plex proximal humeral fractures [13], few studies have
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been undertaken on the dynamic and static stability of
different methods of fixing PHILP [19, 20]. In the
present study, we aimed to investigate the effects of
contact reduction of inferomedial cortical bone at prox-
imal humerus and placement of calcar screw on the sta-
bility of proximal humerus fractures, as well as to
address the dynamic and static biomechanics, to pro-
vide a theoretical reference for clinical treatment.

Materials and methods

Experimental specimens and preparation

Synbone prosthetic humeri (No. 5010, humeral length
361 +4mm, humeral head diameter 53.0+ 0.6 mm,
SYNBONE-AG, Switzerland) were used in this study. A
total of 12 prosthetic humeri were randomized into four
groups, each consisting of three prosthetic humeri: the
cortex contact + screw fixation group (Fig. 1a), the cor-
tex contact group (Fig. 1b), the screw fixation group
(Fig. 1c), and the control group (Fig. 1d). An oscillating
saw was used to develop a wedge osteotomy model at
the proximal humerus, during which all procedures were
conducted manually. At the same time, all the specimens
were fixed with the 10-well slotted bone locking plate
PHILP (PHILP, Jiangsu Ideal Medical Science & Tech-
nology Co., Ltd., China) that was made of titanium, and
those in the cortex contact + screw fixation and screw
fixation groups were fixed with calcar screws as well and
were placed in the position according to the standard ro-
tation and fixation for the surgery (Fig. 1).

All specimens were consistent in height, structure,
load, and fixation method and underwent the same
mechanical test method, to ensure experimental accur-
acy. Both ends of the Synbone prosthetic humerus were
embedded with denture base resin (Shanghai Medical
Instrument Co., Ltd., China) and fixed, and only the
bone plate fixation area at the proximal end was
exposed. Then, the fixtures at both ends were fixed in
parallel to the Zwick/Roell dynamic mechanics tester
(Amsler HFD 5100B, Germany). Via the center on the
osteotomy section, the relative displacement was mea-
sured using a high-precision digital grating displacement
sensor (Shanghai University of Science and Technology
Instrument Factory, China), with an accuracy of 5um.
After each specimen was carefully mounted, cyclic com-
pression was applied with a loading of 500N (10 Hz) in
the axial direction to test the dynamic fatigue properties.
The finite fatigue life of each group was measured [21].

For quasi-static mechanical testing, each specimen
underwent axial compression testing, three-point bend-
ing testing, and torsion testing sequentially. The load
and loading rate in the axial compression test were re-
spectively 500 N and 1.50 mm/min, and the load and the
maximum bending moment in the three-point bending
test were respectively 250 N/min and 7.5Nm; in the
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Fig. 1 Examples of the Synbone prosthetic humeri as used in each experimental model. The cortex contact + screw fixation group (a), the cortex
contact group (b), the screw fixation group (c), and the control group (d)
A\

torsion test, the load was gradually increased stepwise by
0.6 Nm/min to a maximum load of 3 Nm. During the
loading process, the stress and displacement of the hu-
merus were measured and automatically recorded using
the YD-14 dynamic digital resistance strain gauge indica-
tor (Huadong Electronic Instrument, China). In each ex-
periment, the specimen was first pre-loaded with 100 N to
eliminate bone relaxation, creep, and other rheological ef-
fects. For each loading, the measurement was repeated
three times, and each measurement result was used to cal-
culate the mechanical parameters of each group [21].

Statistical analysis

Statistical analyses were performed using SPSS13.0 soft-

ware (SPSS, Chicago IL, USA). Data were analyzed

using one-way analysis of variance (ANOVA), and
intergroup comparisons were conducted using the

Student—Newman—Keuls method. A difference with P

< 0.05 was considered statistically significant.

Results

Dynamic mechanical properties of the humerus

As can be seen in Table 1 the cortex contact + screw fix-
ation group showed the longest fatigue life. However, with
a fracture face displacement of more than 10 mm, the hu-
meral fracture site successively experienced fracture dis-
location and continuous breakage and collapse, which was
considered destruction. Meanwhile, refracture of the frac-
ture site, bone piece detachment, slight bending of the

calcar screw, askew of the support surface, and breakage
due to severe rupture were all found in each of the
remaining groups, which resulted in a continuous decline
in fatigue life. The finite fatigue life N showed statistically
significant differences (P < 0.01) of 35%, 43%, and 63% be-
tween cortex contact + screw fixation and cortex contact
groups, cortex contact + screw fixation and screw fixation
groups, as well as cortex contact + screw fixation and con-
trol groups, respectively.

The difference in fatigue life between the cortex con-
tact group and the control group was 43-45% (P < 0.01).
In addition, the difference in fatigue life between the cal-
car screw fixation group and the control group was 35—
37% (P <0.01). These results showed that inferomedial
cortical bone contact and fixation with two calcar screws
for the treatment of humerus fracture had a very positive
effect on the fatigue life, and the fracture instability
gradually declined in the remaining three groups: cortex
contact + screw fixation group > cortex contact group >
screw fixation group > control group.

From the dynamic fatigue mechanics test results, the
four groups showed similar-shaped fatigue life curves,
which experienced a pattern of deadlock, flattening,
decline, increased displacement of the humeral head,
continuous deformation and dislocation of the head, and
collapse until destruction. When the displacement of the
refracture was greater than 10 mm, the PHILP plate
loosened, and the calcar screws displayed continuous
bending micro-phenomenon until the fracture fixation
was breached and detached, so that the whole part col-
lapsed and broke.

Table 1 Fatigue mechanics test results of the four groups (mean + SD)

Type Cortex contact + screw fixation — Cortex contact  Screw fixation Control P
Humerus height, H (mm) 285+ 3 282+ 4 286+ 4 284 +2 1
Head and neck, ¢ (mm) 530402 530+£03 530+04 530402 1
Load, P (N) 500 500 500 500 1
Frequency (Hz) 10 10 10 10 1
Cycles (N) 6682 + 401 4338 £ 263 3801 +230 2402 +172 <001
Destruction morphology  Fracture line rupture Re-fracture Slight bending of calcar screw  Severe rupture and break ~ N/A
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Axial compressive strength and stiffness

With the axial compressive loading, the maximum axial
compressive loads of the humerus specimens of the cor-
tex contact + screw fixation, cortex contact, screw fix-
ation, and control groups were respectively (367.41 +
21.66) N, (240.22 +14.46) N, (180.18 +12.26) N, and
(114.35£9.78) N, where the differences among the four
groups were statistically significant, of which the cortex
contact + screw fixation group showed the highest load
(Fig. 2).

The axial compression stiffness of the cortex contact +
screw fixation, cortex contact, screw fixation, and con-
trol groups were respectively (460.21 +3.22) N/mm,
(369.17 £23.97) N/mm, (214.73 +32.88) N/mm, and
(139.98 + 8.40) N/mm, where the differences among the
four groups were statistically significant, of which the
cortex contact + screw fixation group had the greatest
axial compression stiffness. These results indicate that
humeral inferomedial cortical bone contact and fixation
with two calcar screws provided the best compressive
strength and stiffness and presented the optimal curative
effect (Fig. 3).

Three-point bending moment and bending stiffness

The bending moments of the cortex contact + screw
fixation, cortex contact, screw fixation, and control
groups were respectively (4.63+0.44) Nm, (4.21+
0.44) Nm, (3.13+0.19) Nm, and (2.21+0.13) Nm.
Further intergroup comparisons returned statistically
significant differences (P < 0.01). Meanwhile, the bend-
ing stiffness showed similar regularity with the bend-
ing moment, and the differences among the groups
were statistically significant (P <0.01), of which the
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cortex contact + screw fixation group showed greatest
bending stiffness (Fig. 4).

Torsion mechanical characteristics

The torsion moment and torsion angle changed linearly,
that is, the torsion moment increased with increased tor-
sion angle. The maximum torsion moments of the cortex
contact + screw fixation, cortex contact, screw fixation,
and control groups were respectively (10.16 + 0.66) N m,
(6.33+0.44) Nm, (6.64+0.38) Nm, and (3.62 +£0.18) N
m, where the differences among the four groups were sta-
tistically significant. Further comparison between two
groups showed that the difference between cortex contact
and screw fixation groups was statistically insignificant
(P> 0.05), while the maximum torsion moment of the cor-
tex contact + screw fixation group showed a significant
difference compared with those of the other three groups
(P<0.01, Fig. 5).

The torsion stiffness of the cortex contact + screw fix-
ation, cortex contact, screw fixation, and control groups
were respectively (2.06 £ 0.12) N m/deg., (1.34 £ 0.06) N
m/deg., (1.42+0.07) Nm/deg. and (1.02+0.05) Nm/
deg., where the differences among the four groups were
statistically significant (P < 0.01). Further comparison be-
tween two groups revealed that the difference between
cortex contact group and screw fixation group was not
statistically significant (P >0.05), but the maximum tor-
sion stiffness of the cortex contact + screw fixation
group showed significant differences compared with
those of the other three groups (P < 0.01, Fig. 6).

Discussion
The aim of this study was to explore the use of PHILP
for the treatment of proximal humerus fractures, in
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Fig. 2 Comparison of the maximum axial compression load among the four groups: the cortex contact + screw fixation group (a), the cortex
contact group (b), the screw fixation group (c), and the control group (d). Asterisk represents a significant difference compared to; number sign
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Fig. 3 Comparison of the axial compressive stiffness among the four groups: the cortex contact + screw fixation group (a), the cortex contact group
(b), the screw fixation group (c), and the control group (d). Asterisk represents a significant difference compared to; number sign represents a

Cc D

particular, to examine the effect of retaining inferome-
dial cortical bone contact and fixation with calcar
screws on the dynamic and static mechanical stability
of the fractures. The results showed that stability, axial
compressive load and axial compressive stiffness, bend-
ing moment and bending stiffness, and torsion moment
and torsion stiffness were all higher in the group that
had both cortex contact and calcar screw fixation.

The dynamic fatigue mechanical characteristics after fix-
ation with the locking plate showed that the cortex con-
tact + screw fixation group had the longest fatigue life and
the best stability, while the fatigue life was decreased in
the other three groups. Further comparison between two

groups showed cortex contact + screw fixation group>
cortex contact group> screw fixation group> control
group. This result is supported by a previous study that
also found that in humeri with normal alignment, calcar
screws can provide additional stability; however, they also
showed that this benefit is lost with varus deformity, but
not when a medial deficiency exists [22].

The quasi-static mechanics test revealed that the axial
compressive load and axial compressive stiffness of the
cortex contact + screw fixation group were 35%, 50%,
and 70% higher than the other three groups. Meanwhile,
the bending moment and bending stiffness of the cortex
contact + screw fixation group were 37%, 53%, and 66%

A B

significant difference compared to

Fig. 4 Comparison of the three-point bending moment among the four groups: the cortex contact + screw fixation group (a), the cortex contact
group (b), the screw fixation group (c), and the control group (d). Asterisk represents a significant difference compared to; number sign represents a

C D
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Fig. 5 Comparison of the torsion moment among the four groups: the cortex contact + screw fixation group (a), the cortex contact group (b),
the screw fixation group (c), and the control group (d). Asterisk represents a significant difference compared to; number sign represents a

Cc D

J

higher than those of the other three groups. The tor-
sion moment and torsion stiffness of the cortex contact
+ screw fixation group were 37, 35%, and 64% higher
than those of the other three groups. Comparison be-
tween two groups revealed cortex contact + screw fix-
ation group > cortex contact group > screw fixation
group > control group. These results compare well to
the results of Zhang et al. [23] who showed that there
were similar biomechanical advantages when using
medial support screws.

Restoring the inferomedial cortical bone support
showed even more advantages in dynamic and static bio-
mechanics compared with placing calcar screws alone
for the treatment of humerus fractures. The presence or

absence of inferomedial cortical bone contact and the
static mechanical indicators accounted for respectively
44% and 40-50% in effect on stability. Meanwhile, place-
ment of calcar screws accounted for 36% and 30% in ef-
fects on dynamic and static stabilities, respectively,
which indicated that it was more important to restore
the inferomedial cortical bone contact, similar to a pre-
vious study [23].

In case of comminuted inferomedial cortex and poor
reduction, especially in case of the absence of inferome-
dial cortex support, the screws tend to shift, and even
pierce the humeral head, which decreases the stability of
the implants. In case of absence of inferomedial cortex
support, the incidence of varus deformity cannot be

A B C D

Fig. 6 Comparison of the torsion stiffness among the four groups: the cortex contact + screw fixation group (a), the cortex contact group (b),
the screw fixation group (c), and the control group (d). Asterisk represents a significant difference compared to; number sign represents a
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prevented even with increased cement. Restoration of
inferomedial cortex support could augment stability and
strength of the locking plate and would be expected to
reduce the incidence of complications [23]. The pres-
ence or absence of inferomedial cortex support is an im-
portant indication of whether the reduced fracture will
reposition or not. Inserting a locking screw from the lat-
eral side to the middle humeral head cannot play a sep-
arate role in maintaining the stability of medial column
fractures. Meanwhile, sufficient stability can be achieved
by contact of the inferomedial cortex or by the locking
plate placed in a particular direction near the inferome-
dial cortex when the inferomedial cortex is comminuted.
To avoid damage to the axillary nerve, some physicians
may not insert the calcar screws, especially when using
percutaneous fixation techniques because they are con-
cerned this may increase the risk of damage to the axil-
lary nerve. Placement of calcar screws did not increase
the risk of damaging the axillary nerve and did not in-
crease the risk of screw cutting and delayed union of the
fracture [24]. So far, the evidence suggests that using cal-
car screws and inferomedial cortex support results in
significantly lower complications, but further studies are
needed [25].

This study has some limitations; as a synthetic model,
the effect of surrounding tissues on these results could
not be studied and we could not model the many differ-
ent complex fractures that are seen clinically. The treat-
ment of comminuted fractures needs further study.

Conclusions

The results of this study show that proximal humerus
fracture fixation retaining the inferomedial cortical
bone contact with calcar screw fixation provided bet-
ter biomechanical characteristics than retaining the
inferomedial cortical bone contact or calcar screw fix-
ation alone. Of the two methods, the most important
from a biomechanical aspect is retaining inferomedial
cortical bone contact.

Abbreviation
PHILP: Proximal humeral internal locking plate

Acknowledgements
Not applicable.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

XFZ conceived and coordinated the study, designed, performed, and analyzed
the experiments, and wrote the paper. JWH, LZ, YL, HXM, YFH, WBC, QC, and
BJC carried out the data collection and data analysis and revised the paper. All
authors reviewed the results and approved the final version of the manuscript.

(2019) 14:1

Page 7 of 8

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

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

Received: 9 October 2018 Accepted: 6 December 2018
Published online: 03 January 2019

References

1. Launonen AP, Lepola V, Saranko A, Flinkkila T, Laitinen M, Mattila VM.
Epidemiology of proximal humerus fractures. Arch Osteoporos. 2015;10:209.

2. Schumaier A, Grawe B. Proximal humerus fractures: evaluation and
management in the elderly patient. Geriatr Orthop Surg Rehabil. 2018;9:
2151458517750516.

3. Dilisio MF, Nowinski RJ, Hatzidakis AM, Fehringer EV. Intramedullary nailing
of the proximal humerus: evolution, technique, and results. J Shoulder Elb
Surg. 2016;25:¢130-8.

4. Gracitelli MEC, Malavolta EA, Assuncao JH, Ferreira Neto AA, Silva JS,
Hernandez AJ. Locking intramedullary nails versus locking plates for the
treatment of proximal humerus fractures. Expert Rev Med Devices. 2017;14:
733-9.

5. Wang L, Chen Y, Wei H. Percutaneous torsional shaping with long-type
PHILOS plate for the treatment of upper and middle humerus fractures: a
preliminary report. Orthop Biomech Mater Clin Study. 2011,8:14-8.

6. Aksakal B, Gurger M, Say Y, Yilmaz E. Biomechanical comparison of straight
DCP and helical plates for fixation of transverse and oblique bone fractures.
Acta Bioeng Biomech. 2014;16:67-74.

7. Aksu N, Karaca S, Kara AN, Isiklar ZU. Minimally invasive plate osteosynthesis
(MIPO) in diaphyseal humerus and proximal humerus fractures. Acta Orthop
Traumatol Turc. 2012;46:154-60.

8. Jiang CL, Wei J, Hui Q, Zhi-Quan AN, Zhang CQ, Wang YJ. Biomechanical
study on the novel minimally invasive anterior anatomic locking plate for
mid-distal humeral shaft fractures. J Med Biomech. 2011;26:256-61.

9. Jo MJ, Gardner MJ. Proximal humerus fractures. Curr Rev Musculoskelet
Med. 2012;5:192-8.

10. Wang L, Chen Y, Lu C. Biomechanical study of spiral long-type PHILOS plate
in the treatment of upper and middle humerus fractures. J Med Biomech.
2015;30:463-7.

11.  Fernandez Dell'Oca AA. The principle of helical implants. Unusual ideas
worth considering. Injury. 2002;33(Suppl 1):SA1-27.

12. Krishna KR, Sridhar I, Ghista DN. Analysis of the helical plate for bone
fracture fixation. Injury. 2008;39:1421-36.

13. Laux CJ, Grubhofer F, Werner CML, Simmen HP, Osterhoff G. Current
concepts in locking plate fixation of proximal humerus fractures. J Orthop
Surg Res. 2017;12:137.

14. Maresca A, Sangiovanni P, Cerbasi S, Politano R, Fantasia R, Commessatti M,
et al. Why a surgically treated humeral shaft fracture became a nonunion:
review of 11 years in two trauma centers. Musculoskelet Surg. 2017;101:
105-12.

15. Tan SL, Balogh ZJ. Indications and limitations of locked plating. Injury. 2009;
40:683-91.

16.  Doshi C, Sharma GM, Naik LG, Badgire KS, Qureshi F. Treatment of proximal
humerus fractures using PHILOS plate. J Clin Diagn Res. 2017;11:RC10-RC3.

17.  Biazzo A, Cardile C, Brunelli L, Ragni P, Clementi D. Early results for
treatment of two- and three-part fractures of the proximal humerus using
Contours PHP (proximal humeral plate). Acta Biomed. 2017,88:65-73.

18. Goch AM, Christiano A, Konda SR, Leucht P, Egol KA. Operative repair of
proximal humerus fractures in septuagenarians and octogenarians: does
chronologic age matter? J Clin Orthop Trauma. 2017;8:50-3.

19.  Butler MA, Chauhan A, Merrell GA, Greenberg JA. Establishing the
appropriate position of proximal humerus locking plates: a cadaveric study
of five plating systems and their anatomic reference measurements.
Shoulder Elbow. 2018;10:40-4.



Zhang et al. Journal of Orthopaedic Surgery and Research

20.

21.

22.

23.

24.

25.

(2019) 14:1

Varga P, Grunwald L, Inzana JA, Windolf M. Fatigue failure of plated
osteoporotic proximal humerus fractures is predicted by the strain around
the proximal screws. J Mech Behav Biomed Mater. 2017,75:68-74.

Wang Y, Wang J. Orthopedic Biomechanics Beijing: People’s Medical Officer
Press; 1989.

Bai L, Fu Z, An S, Zhang P, Zhang D, Jiang B. Effect of calcar screw use in
surgical neck fractures of the proximal humerus with unstable medial
support: a biomechanical study. J Orthop Trauma. 2014;28:452-7.

Zhang W, Zeng L, Liu Y, Pan Y, Zhang W, Zhang C, et al. The mechanical
benefit of medial support screws in locking plating of proximal humerus
fractures. PLoS One. 2014,9:2103297.

Osterhoff G, Baumgartner D, Favre P, Wanner GA, Gerber H, Simmen HP, et
al. Medial support by fibula bone graft in angular stable plate fixation of
proximal humeral fractures: an in vitro study with synthetic bone. J
Shoulder Elb Surg. 2011;20:740-6.

Schliemann B, Wahnert D, Theisen C, Herbort M, Kosters C, Raschke MJ, et
al. How to enhance the stability of locking plate fixation of proximal
humerus fractures? An overview of current biomechanical and clinical data.
Injury. 2015;46:1207-14.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Experimental specimens and preparation
	Statistical analysis

	Results
	Dynamic mechanical properties of the humerus
	Axial compressive strength and stiffness
	Three-point bending moment and bending stiffness
	Torsion mechanical characteristics

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

