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Biomechanical effect of medial cortical support
and medial screw support on locking plate fixation
in proximal humeral fractures with a medial gap:
a finite element analysis
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Objective: This finite element analysis aimed to examine the effect of medial cortical support and
medial screw support on loads at the implant-bone interface of locking plate fixation of proximal
humeral fractures with a medial gap.

Methods: An intact humerus from a healthy volunteer was used as the basis for a 3-dimensional (3D)
computer-aided design (CAD) model. The 3D CAD model of the locking plate system was based on
information in the manufacturer’s catalogue. The proximal part of the humerus was osteotomized
to create standard three-part fractures, which were then divided into a -MSC group (which lacked
medial cortical support, and in which fractures with a 5-mm medial bone gap simulated this lack)
and +MCS group (which had medial cortical support, and in which fractures with medial cortical-
to-cortical contact simulated this). Both fracture groups were respectively fixed with either +MSS (in
which medial screw support was simulated by the addition of two calcar screws to the locking plate
system), or with —MSS (in which the lack of medial screw support was simulated by absence of the
two additional calcar screws to the locking plate system). All the modeling was conducted to represent
90° arm abduction.

Results: On the screw-bone interface, medial screw support and medial cortical support decreased
maximum shear stress by 17% and 23% respectively. On the locking plate, medial screw support and
medial cortical support decreased maximum von Mises stress by 11% and 22% respectively. However,
a combination of these two appeared to decrease maximum shear stress by 56% for the screw-bone
interface, and maximum von Mises stress by 54% for the locking plate.

Conclusion: Placement of calcar screws combined with good medial cortical contact in varus in
locking plate fixation of proximal humeral fractures with a medial gap may provide optimal stability
for the fixation.
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Proximal humeral fracture accounts for 10% of all frac-
tures,!) and its incidence has been increasing by 15%
per year.”) It is the third most common fracture among
the elderly, and a major cause of pain and disability.”)
While satisfactory results can be achieved with conser-
vative treatment in 80% of cases," surgical intervention
is generally accepted in some unstable fractures, especial-
ly comminuted and osteoporotic cases, because of high
nonunion rates (5% to 23%) in conservative treatment.
] With the advent of locking-fixation, attention has
turned to its use in repair of proximal humeral fractures.
) Locking plates offer adequate mechanical support
compared with conventional plating,”) blade plating,®
or intramedullary humeral nail,’”) and have shown supe-
rior outcomes over other means of fixation methods in
patients.!'1

However, clinical studies evaluating the outcomes
of patients treated with locking plates for proximal hu-
meral fractures with medial cortex comminution have
shown failure rates as high as 28.9%,!"*") with one typi-
cal failure mode being subsidence of the fracture into
varus with subsequent intra-articular screw penetration.
(16171 A Jack of medial support may be one possible cause
of this."® In fact, the presence or absence of medial
support has been described as a significant predictor
of loss of plate fixation.*>?!) There are two solutions to
this problem. One is fracture fragments being fixed op-
eratively in varus malreduction under surgeon control to
obtain medial cortical-to-cortical contact, and thus me-
dial cortical support.??*) The second is insertion of one
or two screws, commonly referred to as calcar screws, to
run tangentially to the medial curvature of the humeral
surgical neck to obtain medial screw support.** Yet even
with the use of additional calcar screws, screw penetra-
tion rates still range from 6% to 8%.%*)

To date, few biomechanical studies have been done
on how these two forms of medial support can offer op-
timal stability of locking plate fixation in proximal hu-
meral fractures with a medial gap. This finite element
analysis (FEA) aimed to systematically examine the ef-
fect of medial cortical support and medial screw support
on loads at the implant-bone interface of locking plate
osteosynthesis for proximal humeral fractures with a

medial gap.

Materials and methods

Finite Element Analysis

Computer-aided design (CAD) models— The intact hu-
merus of a healthy volunteer aged 66 years and weigh-

ing 61 kg was fully scanned using a Siemens dual-source
64-slice spiral CT. The cross-sectional images were per-

formed at 0.699 mm, saved in DICOM format, and then
imported to Mimics Medical Imaging Software (The
Materialise Group, Leuven, Belgium) for generation of
the 3-dimensional (3D) model. Meanwhile, 3D CAD
models of the locking plate system (PHILOS, Synthes,
Oberdorf, Switzerland) were modelled using Solid-
Works 2013 (SolidWorks Corp., Dassault Systemes,
Concord, MA, USA).

Assembly of component parts— The 3D CAD mod-
els of the intact humerus were exported to SolidWorks
CAD software, and the proximal part of the humerus
was osteotomized to create a three-part fracture involv-
ing the surgical neck and greater tuberosity. In order to
explain the biomechanical effect of presence or absence
of medial cortical support on the locking plate for proxi-
mal humeral fractures with a medial gap,* we had this
3D model of a 3-part humeral fracture re-modelled as a
+medial cortical support (+MSC) group of 3-part hu-
meral fractures, in which there was medial cortical-to-
cortical support, and a —medial cortical support (-MCS)
group of similar fractures, in which a 5 mm medial bone
gap simulated a lack of medial support. In each construct
described above, a fracture repair was implemented us-
ing a locking plate with nine screws (six proximal screws
anchored in the humeral head, and three distal screws).
The plate fixations were then divided into two differ-
ent constructs as follows: 1) the +medial screw support
(+MSS) construct, in which there is locking plate fixa-
tion with two additional calcar screws, and 2) the -me-
dial support screw (—MSS) construct, in which there
is locking plate fixation only. For this study, the screws
were modelled as smooth, conically-tipped cylinders of
diameter 3.5 mm. The length of the screws was adjusted
individually so that the screw tip lay exactly 2 mm within
the surface of the humeral head, thus simulating opti-
mal surgical fixation. In order to improve solution time,
the range of the distal cancellous bone and cortical bone
was removed. An illustration of the four different fixa-
tion models is shown in Fig. 1. All four models were then
imported to ANSYS Workbench 14.0 (ANSYS, Inc.,
Canonsburg, PA, USA) for FEA.

Meshing and material properties— All the assembled
fixation models were meshed using the Solid 187 ele-
ment of the ANSYS software. The Solid 187 element, a
10-node tetrahedral element, was shown to be accurate
in modelling 3D geometries of irregular shape. A test
to gauge the mesh sensitivity for the assembled models
was conducted by studying the response of a series of
meshes of increasing refinement under the same applied
load. The refinement was performed using the relevance’

utility in ANSYS Workbench. Mesh relevance values
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Fig. 1. 3D computational models of four different repair nodes: (a)
Fracture repair node lacking both medical cortical support
(-MCS) and medial screw support (-MSS). (b) Fracture repair
node with medial screw support (+MSS), but lacking medial
cortical support (-MSS). (c) Fracture repair node with medial
cortical support (+MCS), but lacking medial screw support
(=MSS). (d) Fracture repair mode with both medial cortical
support (+MCS) and medial screw support (+MSS). [Color
figure can be viewed in the online issue, which is available at
www.aott.org.tr]

range from 0% (coarse mesh) to 100% (very fine mesh).
A mesh with a relevance of 95% was chosen as optimal,
since it provided marginal change in stress and strain val-

Fig. 2. lllustration of analysis model after meshing with Solid 187
element. [Color figure can be viewed in the online issue,
which is available at www.aott.org.tr]

ues of less than 1%. The current study used 1 mm as the
mesh planning element size (Fig. 2). The total nodes and
elements were: 392071 and 235483 (model A), 418020
and 246599 (model B), 406455 and 244122 (model C),
and 426825 and 255872 (model D). The humerus was
modelled as isotropic, linearly elastic, heterogeneous ma-
terial with material properties for cortical bone (E=12
GPa, v=0.3) and cancellous bone (E=0.8 GPa, v=0.3).
(26) The locking plate system was made from titanium al-

loy (E=110GPa, v=0.3).

FEA boundary conditions— Contact interactions be-
tween the humeral shaft and the greater tuberosity frag-
ment, the humeral shaft and the articular fragment, and
between the greater tuberosity and the articular frag-
ment were defined using surface-to-surface finite sliding
with a coeflicient of friction of 0.3.%”) To mimic the com-
mercially designed “locking plate’, contact interactions
were defined as no movement along the interfaces of
screw and surrounding bone; screw and plate; and corti-
cal bone and cancellous bone.

The boundary condition of each fixation model was
to define all the nodes on the cross- section of the distal
end of the humerus, and to set all their degrees of free-
dom at zero, with the assumption that the distal end was
fixed. All models were inclined 52.5° to the vertical and
a distributed load of 543 N was applied to the articular
surface (Fig. 3). These boundary conditions replicated
physiological loads on the proximal humerus at 90° ab-
duction.”® After the analysis model described above was
solved, shear stresses were considered in order to provide
a complete description of stress in the bone and screw.

Fig. 3. Fracture fixation and loading. [Color figure can be viewed in
the online issue, which is available at www.aott.org.tr]



206

Acta Orthop Traumatol Turc

Maximum shear stresses along screw-bone interfaces
particularly indicate possible screw pullout. In addition,
von Mises stresses on the plate were also considered in
order to provide peak stress distribution.

In summary, we studied two types of medial frac-
ture fragment fixation modes (with and without medial
cortex-to-cortex contact) and two types of calar screw
fixation modes (with or without the insertion of calcar
screws running tangentially to the medial curvature of
the humeral surgical neck) at the loading condition of

90° arm abduction after three part fractures with a me-
dial gap following locking plate osteosynthesis.

Results

Maximum shear stress of screw-bone interface— Shear
stress of the screw-bone interface in the four models is
shown in Fig. 4. The basic model (without medial corti-
cal support and without medial screw support) shows
a maximum shear stress of 1.69 MPa (Fig. 4a). In the
presence of medial screw support, maximum shear stress
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Fig. 4. Maximum shear stress of screw-bone interface: (a) Model A; 1.69 MPa, (b) Model B; 1.41
MPa, (c) Model C; 1.29 MPa, and (d) Model D; 0.75 MPa. [Color figure can be viewed in
the online issue, which is available at www.aott.org.tr]
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Fig. 5. Maximum von Mises stresses of the locking plate. (a) Model A; 148.24 MPa, (b) Model B;
132.01 MPa, () Model C; 116.83 MPa, and (d) Model D; 68.58 MPa. [Color figure can be
viewed in the online issue, which is available at www.aott.org.tr]
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around the screw holes in the medial fracture fragment
decreased by 17% from 1.69 to 1.41 MPa (Fig. 4b). In
the presence of medial cortical support, maximum shear
stress around the screw hole in the articular fragment
decreased by 23% from 1.69 to 1.29 MPa (Fig. 4c).
When both supports were present, maximum shear
stress around the screw hole in the medial fracture frag-
ment significantly decreased, by 56% from 1.69 to 0.75
MPa (Fig. 4d).

Maximum von Mises stress on the locking plate: Von
Mises stresses on the locking plates are shown in Fig, 5.
A maximum von Mises stress of 148.24 MPa is seen in
the basic model A, where the distribution of this stress
is around the first distal screw hole (Fig. 5a). In the pres-
ence of medial screw support, the maximum von Mises
stress decreased by 11% from 148.24 to 132.01 MPa,
and appeared between the two calcar screws holes (Fig.
5b). In the presence of medial cortical support, the maxi-
mum von Mises stress decreased by 22% from 148.24 to
116.83 MPa, and occurred around the first distal screw
hole and between the two calcar screws holes (Fig. 5¢).
When both supports were present, the maximum von
Mises stress around the first distal screw hole and be-
tween the two calcar screws holes significantly decreased,

by 54% from 148.24 to 68.58 MPa (Fig. 5d).

Discussion

This study provides, for the first time, a computational
measurement of the effect of medial cortical support
and medial screw support on the mechanical behavior of
locking plate osteosynthesis for proximal humeral frac-
tures with a medial gap, focusing on the maximum shear
stress of screw-bone interface and the maximum von
Mises stress on the locking plate at 90° arm abduction.
Additional calcar screws to obtain medial screw support
(model B) resulted in a 17% reduction in the maximum
shear stress at the screw-bone interface, and a 11% re-
duction in the maximum von Mises stress on the locking
plate. Medial cortical contact, achieving medial cortical
support (model C), resulted in a 23% reduction in the
maximum shear stress at the screw-bone interface and a
22% reduction in the maximum von Mises stress on the
locking plate. The combination of these two medial sup-
ports (model D) resulted in a 56% reduction in the maxi-
mum shear stress at the screw-bone interface, and a 54%
reduction in the maximum von Mises stress on the lock-
ing plate. Any reduction in stress on these stress concen-
tration areas will reduce the likelihood of fixation failure.

Clinically, fixation failure has been linked to the ab-
sence of medial support in locking-plate fixation of prox-

imal humeral fractures.['®1%2) Continuous varus stress of

the rotator cuff may result in varus displacement of the
humeral head and collapse of the articular surface dur-
ing early rehabilitation, when the fracture fails to achieve
medial cortical contact. The high incidence of screw per-
foration may be secondary to the rigidity of the implant
in combination with medial inadequate support.**?)
In the current study, the lack of medial support (model
A) resulted in extremely high cortical bone stress sur-
rounding the screw hole. The lack of medial support also
resulted in extremely high locking plate stress around
the first distal screw hole, indicating a high potential for
locking plate breakage. This is a reported clinical failure
mode for these devices."

Stable medial support can decrease the likelihood
of implant-related fixation failure and achieve excellent
clinical outcomes in proximal humeral fractures. On
the one hand, some surgeons tend to avoid placement
of calcar screws, especially when done percutaneously in
minimal invasive plating, due to the increased the risk
of lesions to the axillary nerve and delayed union.®” Al-
though calcar screws may increase the risk of screw pull-
out due to stiffening of the osteosynthetic construct,®?
recent clinical data suggested that an increased risk for
screw pullout could not be observed.?” A cadaveric
biomechanical study found that the grasping force of a
screw inserted under the subchondral bone of the medi-
al and inferior region was comparably stronger than that
of a screw placed either in the middle of the humeral
head or in the lateral and superior region.*” We found
that medial screw support resulted in a 11% reduction
in the maximum shear stress at the screw-bone inter-
face, but that the shear stress concentration surrounding
screw tips still appeared to indicate a potential for screw
pullout under cyclic daily activities load. On the other
hand, a biomechanical study using a synthetic two-part
fracture model evaluated the stability of medial cortical
support only, and found that a medial cortical contact
construct can achieve better biomechanical stability in
shear and axial stiffness than a construct with the loss of
medial support removing medial cortex.[?”) This is simi-
lar to the findings of our study, but we found that the
stress concentration areas of the cortical bone surround-
ing the screw, and of the locking plate around the first
distal screw hole also appeared.

In order to offer optimal stability in locking plate fix-
ation of proximal humeral fractures with a medial gap, it
is suggested that, in combination with good medial cor-
tical contact in varus, the placement of calcar screws in
the inferomedial region of the proximal humerus frag-
ment be considered to decrease the apparent risk of fixa-
tion failure. In the present study, medial support by the
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placement of medial calcar screws combined with medi-
al cortex-to-cortex contact resulted in a big reduction in
the maximum stress at the screw-bone interface and on
the locking plate, and distributed the stress concentra-
tion areas well. Our study is supported by other clinical
studies based on anatomical reduction of fracture
fragments showing that additional placement of medial
support screws in 3- and 4-part fractures can help to
maintain mechanical stability and improve functional

outcomes. >+

The present study has many limitations. First, the
use of a simplified load to replicate the forces at 90° arm
abduction on the proximal humerus with no muscle
simulation included has been reported.””?*) However, a
previous finite element analysis of a shoulder joint re-
ported peak stresses occurred at 90° arm abduction,?®
so we have only evaluated the stability of two medial
supports at the loading condition of 90° arm abduction.
Secondly, we have focused on the stability of proximal
humeral fracture fixation at only 0° of varus malreduc-
tion, ignoring that at other degrees of varus malreduc-
tion, However, models of different degrees of varus mal-
reduction with medial cortical contact have produced
only small stiffness differences in two part fractures.’)
Moreover, the effect of bone mineral density (BMD) on
the biomedical characteristics of proximal humeral frac-
ture osteosynthesis was not considered in the present
study. Fourthly, this FEA model assumed bone to have
linear, isotropic and elastic mechanical properties, thus
significantly simplifying the analysis. In reality, non-lin-
earity, anisotropy and viscoelasticity may affect the bulk
mechanical behaviour of the humerus. Finally, the effect
of the number and position of screws on the stability of
locking plate fixation of proximal humeral fractures with
a medial gap was not taken into account. These limita-
tions will be simulated in future studies.

In the present FEA of the effect of medial cortical
support and medial screw support on the locking plate
fixation of the proximal humeral fractures with a medial
gap, our study indicated that medial support by calcar
screw placement alone, or good medial cortical contact
alone, can reduce stress gradients on the bone-screw
interface and the locking plate. However, stress concen-
tration still appears at the implant-bone interface. More
importantly, when there is a medial fracture gap, the
placement of calcar screws in combination with good
medial cortical contact in varus resulted in a big reduc-
tion in the stress gradients, decreased significantly the
likelihood of fixation failure, and provided optimal sta-
bility for the fixation.

Conflics of Interest: No conflicts declared.

References

1. Baron JA, Karagas M, Barrett ], Kniffin W, Malenka D,
Mayor M, et al. Basic epidemiology of fractures of the up-
per and lower limb among Americans over 65 years of age.
Epidemiology 1996;7:612—8. crosskef

2. Roux A, Decroocq L, El Batti S, Bonnevialle N, Moineau
G, Trojani C, et al. Epidemiology of proximal humerus
fractures managed in a trauma center. Orthop Traumatol
Surg Res 2012;98:715-9. Crossket

3, Calvo E, Morcillo D, Foruria AM, Redondo-Santamaria
E, Osorio-Picorne E Caeiro JR; GEIOS-SECOT Outpa-
tient Osteoporotic Fracture Study Group. Nondisplaced
proximal humeral fractures: high incidence among outpa-
tient-treated osteoporotic fractures and severe impact on
upper extremity function and patient subjective health per-
ception. ] Shoulder Elbow Surg 2011;20:795-801. Crosskef

4. lannotti JP, Ramsey ML, Williams GR Jr, Warner JJ. Non-
prosthetic management of proximal humeral fractures. In-
str Course Lect 2004;53:403-16.

5. Volgas DA, Stannard JP, Alonso JE. Nonunions of the hu-
merus. Clin Orthop Relat Res 2004;419:46—50. crossket

6. Roéderer G, Gebhard F, Krischak G, Wilke H]J, Claes L. Bio-
mechanical in vitro assessment of fixed angle plating using
a new concept of locking for the treatment of osteoporotic
proximal humerus fractures. Int Orthop 2011;35:535-41.

7. Seide K, Triebe J, Faschingbauer M, Schulz AP, Piischel K,
Mehrtens G, et al. Locked vs. unlocked plate osteosynthe-
sis of the proximal humerus - a biomechanical study. Clin
Biomech (Bristol, Avon) 2007;22:176~82. crosskef

8. Siffri PC, Peindl RD, Coley ER, Norton J, Connor PM,
Kellam JF. Biomechanical analysis of blade plate versus
locking plate fixation for a proximal humerus fracture:
comparison using cadaveric and synthetic humeri. ] Or-
thop Trauma 2006;20:547—54. Crosskef

9. Foruria AM, Carrascal MT, Revilla C, Munuera L, San-
chez-Sotelo J. Proximal humerus fracture rotational sta-
bility after fixation using a locking plate or a fixed-angle
locked nail: the role of implant stiffness. Clin Biomech
(Bristol, Avon) 2010;25:307—11. CrossRef

10. Barlow JD, Sanchez-Sotelo ], Torchia M. Proximal hu-
merus fractures in the elderly can be reliably fixed with a
“hybrid” locked-plating technique. Clin Orthop Relat Res
2011;469:3281—91. CrossRef

11. Leonard M, Mokotedi L, Alao U, Glynn A, Dolan M,
Fleming P. The use of locking plates in proximal humeral
fractures: Comparison of outcome by patient age and frac-
ture pattern. Int ] Shoulder Surg 2009;3:85-9. Crosskef

12. Olerud P, Ahrengart L, Séderqvist A, Saving ], Tidermark
J. Quality of life and functional outcome after a 2-part
proximal humeral fracture: a prospective cohort study on

50 patients treated with a locking plate. ] Shoulder Elbow


http://dx.doi.org/10.1097/00001648-199611000-00008
http://dx.doi.org/10.1016/j.otsr.2012.05.013
http://dx.doi.org/10.1016/j.jse.2010.09.008
http://dx.doi.org/10.1097/00003086-200402000-00008
http://dx.doi.org/10.1007/s00264-010-1021-9
http://dx.doi.org/10.1016/j.clinbiomech.2006.08.009
http://dx.doi.org/10.1097/01.bot.0000244997.52751.58
http://dx.doi.org/10.1016/j.clinbiomech.2010.01.009
http://dx.doi.org/10.1007/s11999-011-1894-y
http://dx.doi.org/10.4103/0973-6042.63214

Liu et al. Biomechanical effect of MCS and MSS on locking plate fixation in PHFs with a medial gap

209

13.

14

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Surg 2010;19:814—22. CrossRef
Acklin YP, Stoffel K, Sommer C. A prospective analysis
of the functional and radiological outcomes of minimally

invasive plating in proximal humerus fractures. Injury

20 1 3 ;44245 6—60. CrossRef

. Osterhoff G, Hoch A, Wanner GA, Simmen HP, Werner

CM. Calcar comminution as prognostic factor of clinical
outcome after locking plate fixation of proximal humeral
fractures. Injury 2012;43:1651—6. Crosskef

Solberg BD, Moon CN, Franco DP, Paiement GD. Surgi-
cal treatment of three and four-part proximal humeral frac-
tures. ] Bone Joint Surg Am 2009;91:1689-97. Crosskef
Jost B, Spross C, Grehn H, Gerber C. Locking plate fixa-
tion of fractures of the proximal humerus: analysis of com-
plications, revision strategies and outcome. ] Shoulder El-
bow Surg 2013;22:542-9. Crosskef

Badman B, Frankle M, Keating C, Henderson L, Brooks
J, Mighell M. Results of proximal humeral locked plating
with supplemental suture fixation of rotator cuff. ] Shoul-
der Elbow Surg 2011;20:616—24. Crosskef

Pak P, Eng K, Page RS. Fixed-angle locking proximal hu-
merus plate: an evaluation of functional results and im-
plant-related outcomes. ANZ J Surg 2013;83:878-82.
Thanasas C, Kontakis G, Angoules A, Limb D, Gian-
noudis P. Treatment of proximal humerus fractures with
locking plates: a systematic review. ] Shoulder Elbow Surg
2009;18:837—-44. Crossref

Kénigshausen M, Kiibler L, Godry H, Citak M, Schild-
hauer TA, Seybold D. Clinical outcome and complications
using a polyaxial locking plate in the treatment of displaced
proximal humerus fractures. A reliable system? Injury
2012;43:223-31. CrossRef

Jung SW. Indirect reduction maneuver and minimally in-
vasive approach for displaced proximal humerus fractures
in elderly patients. Clin Orthop Surg 2013;5:66—73. Crosskef
Cofield RH. Comminuted fractures of the proximal hu-
merus, Clin Orthop Relat Res 1988;230:49-57. crossket
Lescheid ], Zdero R, Shah S, Kuzyk PR, Schemitsch EH.
The biomechanics of locked plating for repairing proximal
humerus fractures with or without medial cortical support.
J Trauma 2010;69:1235-42. Crosskef

Osterhoff G, Ossendorf C, Wanner GA, Simmen HP,
Werner CM. The calcar screw in angular stable plate fixa-
tion of proximal humeral fractures-a case study. ] Orthop

Surg Res 2011;6:50. Crossef

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gardner MJ, Weil Y, Barker JU, Kelly BT, Helfet DL,
Lorich DG. The importance of medial support in locked
plating of proximal humerus fractures. ] Orthop Trauma
2007;21:185-91. CrossRef

RhoJY, Ashman RB, Turner CH. Young’s modulus of tra-
becular and cortical bone material: ultrasonic and micro-
tensile measurements. ] Biomech 1993;26:111-9. crosskef
Feerick EM, Kennedy J, Mullett H, FitzPatrick D, Mc-
Garry P. Investigation of metallic and carbon fibre PEEK
fracture fixation devices for three-part proximal humeral
fractures. Med Eng Phys 2013;35:712-22. CrossRef

Poppen NK, Walker PS. Forces at the glenohumeral joint
in abduction. Clin Orthop Relat Res 1978;135:165-70.
Maier D, Jiger M, Strohm PC, Siidkamp NP. Treatment
of proximal humeral fractures - a review of current con-
cepts enlightened by basic principles. Acta Chir Orthop
Traumatol Cech 2012;79:307-16.

Clavert P, Adam P, Bevort A, Bonnomet F, Kempf JF. Pit-
falls and complications with locking plate for proximal hu-
merus fracture. ] Shoulder Elbow Surg 2010;19:489-94.
Greiner S, Kiib MJ, Haas NP, Bail HJ. Humeral head
necrosis rate at mid-term follow-up after open reduction
and angular stable plate fixation for proximal humeral frac-
tures. Injury 2009;40:186—-91. crosskef

Lill H, Hepp P, Korner J, Kassi JP, Verheyden AP, Josten
C, et al. Proximal humeral fractures: how stiff should an
implant be? A comparative mechanical study with new
implants in human specimens. Arch Orthop Trauma Surg
2003;123:74-81.

Liew AS, Johnson JA, Patterson SD, King GJ, Chess DG.
Effect of screw placement on fixation in the humeral head.
J Shoulder Elbow Surg. 2000;9:423—6. crossket

Schulte LM, Matteini LE, Neviaser R]. Proximal periar-
ticular locking plates in proximal humeral fractures: func-
tional outcomes. ] Shoulder Elbow Surg 2011;20:1234—
40. CrossRef

Zhang L, Zheng J, Wang W, Lin G, Huang Y, Zheng J, et
al. The clinical benefit of medial support screws in locking
plating of proximal humerus fractures: a prospective ran-
domized study. Int Orthop 2011;35:1655-61. Crossket
Clavert B, Zerah M, Krier ], Mille P, Kempf JF, Kahn
JL. Finite element analysis of the strain distribution in
the humeral head tubercles during abduction: compari-
son of young and osteoporotic bone. Surg Radiol Anat

2006;281581—7. CrossRef


http://dx.doi.org/10.1016/j.jse.2009.11.046
http://dx.doi.org/10.1016/j.injury.2012.09.010
http://dx.doi.org/10.1016/j.injury.2012.04.015
http://dx.doi.org/10.2106/JBJS.H.00133
http://dx.doi.org/10.1016/j.jse.2012.06.008
http://dx.doi.org/10.1016/j.jse.2010.08.030
http://dx.doi.org/10.1111/ans.12370
http://dx.doi.org/10.1016/j.jse.2009.06.004
http://dx.doi.org/10.1016/j.injury.2011.09.024
http://dx.doi.org/10.4055/cios.2013.5.1.66
http://dx.doi.org/10.1097/00003086-198805000-00006
http://dx.doi.org/10.1097/TA.0b013e3181beed96
http://dx.doi.org/10.1186/1749-799X-6-50
http://dx.doi.org/10.1097/BOT.0b013e3180333094
http://dx.doi.org/10.1016/0021-9290(93)90042-D
http://dx.doi.org/10.1016/j.medengphy.2012.07.016
http://dx.doi.org/10.1097/00003086-197809000-00035
http://dx.doi.org/10.1016/j.jse.2009.09.005
http://dx.doi.org/10.1016/j.injury.2008.05.030
http://dx.doi.org/10.1067/mse.2000.107089
http://dx.doi.org/10.1016/j.jse.2010.12.015
http://dx.doi.org/10.1007/s00264-011-1227-5
http://dx.doi.org/10.1007/s00276-006-0140-x

