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Abstract

Introduction: Importance of inferomedial supporting screws in preventing varus collapse has been investigated for the proximal
humerus fracture. However, few studies reported the results of osteoporotic complex fracture. This study aimed to demonstrate
the stress distribution pattern, particularly in osteoporotic 3-part proximal humerus fractures involving greater tuberosity (GT)
with different screw configurations. Materials and methods: Using the computed tomography (CT) images of 2 patients, who
had osteoporosis and the other had normal bone density, 3-part fractures involving the GT, without medial support were
reconstructed. To reflect the osteoporosis or real bone density, Hounsfield unit of CT scans were utilized. A force of 200 N was
applied in 30° varus direction. The proximal screws were set in 2 ways: 6 screws without inferomedial supporting screws and 9
screws with inferomedial supporting screws. Qualitative and quantitative analysis of internal stress distribution were performed.
Results: The most proximal part area near humeral head vertex and near the Ist screw’s passage and tip had more stress
concentrated in osteoporotic 3-part fractures. The stress distribution around the proximal screws was found near the GT
fracture line and its lateral side, where the local max values located. Inferomedial supporting screws decreased these effects by
changing the points to medial side from the GT. The ratio in osteoporotic bone model decreased to that in normal bone model
when inferomedial supporting screws were applied (normal bone, 2.97%—1.30%; osteoporosis bone, 4.76%—1.71%). Conclu-
sions: In osteoporotic 3-part proximal humerus fracture, the stress distribution was concentrated on the area near the humeral
verteX, |st row screw tips, and lateral side region from the GT fracture line. Moreover, inferomedial supporting screws ensured
that the stress distribution is similar to that in normal bone setting, particularly in osteoporotic condition.
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Proximal humerus fractures (PHF) occur frequently and the
incidence is increasing owing to the rising rates of osteoporosis
and increasing life expectancy.' Fractures of the proximal
humerus account for 5% of all fractures, with a high prevalence
in elderly patients.>* For displaced PHF, open reduction-
internal fixation is performed most often by use of locking

plates to restore shoulder function.* These locking plate sys- Corresponding Author:

In-Ho Jeon, MD, PhD, Department of Orthopaedic Surgery, Asan Medical

tems have transformed the treatment of PHF dramatically by
reducing mechanical failures. However, despite their use, fail-
ure rates still remain as high as 35%. This is due to
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Figure |. (A): Humerus bone segmentation based on CT DICOM files. 3D modeling is performed by first masking the area. (B): Humeral
fracture design based on the 3D model. Surgical neck fracture and anatomical neck fracture were formed to create a 2-part fracture and 3-part
fracture model, respectively. (C): Mesh structure for finite element analysis. The surface is a triangular mesh type and the volume mesh is
conducted with the tetrahedral structure. (D): A screw and plate design according to the 3-part fracture was designed to fit perfectly with the
bone; 9- and 6-screw models were applied above the surgical neck. (E): Elastic modulus distribution of osteoporotic and normal bone. Each
elastic modulus was entered for each element according to the CT DICOM HU value.

complications such as secondary varus collapse, reduction loss,
screw penetration or perforation, and osteonecrosis.”™ To
reduce mechanical failure rates, some studies found that medial
region mechanical support is important for preventing second-
ary reduction loss when PHFs are treated with locking plates.’
Studies have shown that placing inferomedial support locking
screws is an important technique, particularly in patients with
medial comminution, which was common in osteoporotic frac-
ture.'-12

Furthermore, complex fractures combined with osteoporosis
were indicated as poor prognostic factors that could easily lead
to loss of reduction and subsequently result in mechanical fail-
ure after internal fixation.'>'* The mechanical complications

were shown to increase, especially in patients with osteoporosis
and complex fractures, such as Neer 3- and 4-part fractures.'
However, complications associated with the complex fractures
were not completely evaluated, considering the stress distribu-
tion around the proximal screws applied with the locking plate.

Locking plates have 7 to 9 screw holes for proximal frag-
ments. Recently, studies have sought to identify the most
appropriate screw configuration and plate position in proximal
humerus fracture.>!>1° However, there is no consensus on the
optimal number and location of screws specifically for patients
with osteoporosis and complex PHF.

Therefore, the aim of the current study was to investigate the
stress distribution in osteoporotic complex fractures and
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Table 1. Bone, Metal Plate, and Screw Property Equations.

Bone densityDensity: p (kg/m?)

Elastic modulus: E (MPn) Poisson’s ratio: v

Bone p =527 + 044 HU E=
Plate E=
Screw

= 1049.25 x 107 x p* (p < 350 kg/m’)

0.3

110.000 0.35

compare them with normal bone density according to screw
configurations. Our prime focus was the effect of osteoporosis
and complex fracture. We hypothesized that (1) stress concen-
tration in area near the 1st row screw tips could be aggravated
in osteoporotic 3-part fracture and (2) applying additional
inferomedial supporting screw at osteoporotic 3-part fracture
would make the stress distribution of proximal humerus be
similar to that in normal bone.

Methods

The Institutional Review Board approved this study (AMC IRB
N 2019-0015). We conducted the current study in compliance
to the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. We chose 2 patients, one with
normal bone density who was a 38-year-old female without
comorbidities and the other was an 81-year-old female with
osteoporosis (BMD -4). Both patients were examined by com-
puted tomography (CT). Neither of the patients had humeral
deformities, arthritic changes, or fractures.

Image Segmentation

Image segmentation of the proximal humerus bones were built
based on the CT scans as DICOM files, using slices less than 1
mm in thickness and a high resolution of 512 x 512 pixels using
Materialise Mimics 22.0 software (Materialise, Leuven, Bel-
gium) (Figure 1A). 3D reconstructed images containing both
cortical and trabecular bone were formed from extracted the
images, which were subsequently transformed into STL files.

Bone, Plate, and Screw Model Reconstruction

Using the 3-Matic 14.0 software (Materialise, Leuven, Bel-
gium), 3D reconstructed images were re-set according to fracture
patterns (Figure 1B). We represented the fractures in the models
through virtual osteotomies. We created a 3-part proximal
humerus fracture model in 2 steps. Firstly, we modeled a surgical
neck fracture by forming a 10 mm gap in the intact model.
Finally, we created a greater tuberosity (GT) fracture separated
by a 0.5-mm gap (11-B3.2 or 11-B2.3 fractures, Figure 1B).

A PHILOS plate (Depuy Synthes, Zuchwil, Switzerland) and
screws were scanned using a 3D scanner C-500 (Medit, South
Korea) and transformed into STL files to create a 3D recon-
structed bone model. The surface between the plate and bone
was assumed to be completely in contact, but not in inference of
each other. Following surgical techniques implemented for AO,
the plate was aligned with the bone’s long axis, positioned 4 mm

distal to the superior aspect of the greater tubercle, which was the
most stable and fixable orientation based on previous study.'®
We modeled the distance from the surface of the subchondral
bone to the screw tip at 4 mm to reduce the risk of mechanical
cut-out failure.'> The distal screw, which was applied to the bone
near the neck cutting area, was set in a vertical position to the
mechanical axis of the humeral shaft. We modeled distal screws
with a screw length of 2 mm longer from the distal cortical bone
surface (Figure 1C)."?

Mesh Operation and Material Properties

The FE models of bone, plate and screws were meshed with
trihedral elements of surface mesh with a side length 0.5 mm.
Volumetric meshes were generated as tetrahedral elements.
The completed bone mesh model was extracted with Materi-
alize Mimics 22.0 software to calculate the material property
values before applying them to the fine element analysis (FEA)
solver. The plate and screw models were then extracted to fit
into the FEA solver (Figure 1D and E).

Material properties were assumed to be linear elastic and
simulated titanium alloy for the implant components of plate
and screws, with Young’s modulus of 110 GPa and a Poison’s
ratio of 0.35 (Table 1).!” The extracted bone models were
linear elastic, with bone element stiffness based on BMD val-
ues sourced from the CT scans using Hounsfield units (HU) of
previous studies (Table 1).'%2!

Each participant’s bone mineral density was calculated
using the formula for calculating bone density based on CT
Hounsfield unit (HU) values from the existing studies.”? The
equation for calculating the elastic modulus from bone density
was also used based on previous study. The Poisson ratio of
bone was used based on existing values. Since the metal plate
and screws were made of titanium, the elastic modulus and
Poisson ratio were used with reference to the intrinsic proper-
ties of titanium materials.'”

Implementing Basic Principles of the Finite Elements
Model

A loading test was performed using the Hyperworks Hypermesh
12.0 (Altair Engineering Inc, USA) FEA solver. A varus force
was also applied with the humerus abducted in a 30-degree
neutral position, which was considered the physiologic loading
mode’s position (Figure 2A).'>* The 200 N of force was loaded
based on a previous study that showed material properties are
maintained in a linear relation to loading until 200 N. All mesh
used demonstrated isotropic, linearly elastic behavior.>*
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Figure 2. Varus loading setting for the finite elements model (A) Finite elements model for varus loading. Varus loading was applied to the top of
the humerus cartilage region in a direction 30 degrees to the surgical neck fracture line. Both axial and varus loading were applied to the same

area. (B): Screw column separation for analysis.

Analysis

Based on the biomechanical analysis, cartilage was dam-
aged by octahedral shear stress which is related to osteoar-
thritis progression as revealed in previous studies.”> We
analyzed the stress distribution using von Mises stress
parameters, since this stress is similar to that seen with
cartilage damage, except for the octahedral shear stress and
modulus. For detailed analysis, each proximal screw row
was divided into 5 rows, and each stress distribution was
shown by measuring contour map and local max stress
values (Figure 2B). We used the 2 different variables to
evaluate the stress distribution according to the following
points. Firstly, we compared a 6-screw model (without
inferomedial supporting screws group) with a 9-screw
model (with inferomedial supporting screws group). Sec-
ondly, we compared the osteoporosis group with the nor-
mal bone group.

In our context, we performed analyses in the follow-
ing steps. Firstly, we performed qualitative analyses of

the proximal humerus segment. Secondly, we analyzed
local maximum values around the proximal screws.
Finally, we performed semiquantitative analysis to
evaluate the stress element ratios in the proximal
humerus segment. Before analyzing using the semi-
quantitative method, we calculated the local maximum
stress values. Overall, 0.865 MPa was found to be the
lowest value of the local maximum screw stress. Thus,
we set this value as reference to investigate the relative
stress element ratios.

Results

Qualitative Analysis of Proximal Humerus: Most Proximal
Part and GT Line

Compared with normal bone, the stress distribution in osteo-
porotic bone model was more concentrated near the humeral
vertex and Ist row screws’ passage and tip. The stress distri-
bution decreased when inferomedial supporting screws were
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Figure 3. Von Mises stress distribution of (A) normal bone and (B) osteoporosis during varus loading. The most proximal screws of the
osteoporotic bone had a greater stress distribution in the screw passages and tips compared to normal bone (purple arrow). The differences
were more pronounced, especially in the humeral cartilage region (purple dotted line, ---). When we applied the calcar screws, the stress
distribution located in lateral position moved to the medial position (black circle with black arrow, O). The local maximum screw value in the
osteoporotic bone occurred mostly at the screw tip. Meanwhile in normal bone, it occurred mostly at the intersection point of the GT fracture
line and the screws (diamond dotted, ¢).

applied. However, in the osteoporotic bone setting, the stress Stress concentration where the screws crossed the GT frac-
concentrated near the humeral vertex was found to be still ture line was prominent in both normal and osteoporotic bone
higher than 0.865 MPa. models. In the area caudal to the most distal part of the
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Figure 4. The graph of local max value acting on the screw passage for each number of screws. The local max value of first row screws was
higher in osteoporotic fracture than in normal bone density fracture. However, adding inferomedial supporting screws lowered the overall
stress concentration of first, second, and third row screws with a pattern similar to that of normal bone.

Table 2. Stress Elements Ratio More Than 0.865 MPa in the Proximal
Head Region.

Percentage Loading Normal Osteoporosis
6-screws Varus 297 4.76
9-screws Varus 1.30 1.71

proximal screws, the stress was distributed from the GT line
toward the lateral aspect of the bone (6-screw model, without
inferomedial supporting screw groups). We noted this distribu-
tion pattern in normal and osteoporotic bone models. In the 9-
inferomedial supporting screw model, the stress distribution
pattern was different. Here, the stress concentration moved
medially from the GT line (9-screw model, with inferomedial
supporting screw groups).

Local Maximum Values Around Proximal Screws

In the 6-screw model, the stress was concentrated in the third
row, and the local maximum stress value appeared along the
GT line. In the case of osteoporosis, the stress was concentrated
not only in the third row but also on the vertex cartilage side
and first screw’s tip side. Conversely, on using the inferomedial
supporting screw, the stress concentrated on the lateral distal
aspect of the GT line shifted to the medial side. Then, the stress
is distributed between the inferomedial supporting screws and
the periphery. Accordingly, we found the location of local
maximum stress value on the medial side of the GT line, where
the screw tips were located.

In both the bone models, on application of inferomedial
supporting screws, the local maximum stress values near the
GT line declined for every row’s screw. The local maximum
stress values near the inferomedial supporting screws peaked at
all proximal screws (osteoporosis: 7.05 MPa and normal: 8.33
MPa) (Figure 4). Using the 6 screws (without inferomedial

supporting screw), we observed that the stress was relatively
higher at the first screw in osteoporosis (osteoporosis: 2.65
MPa and normal: 1.60 MPa). Conversely, the local maximum
stress value was similar between normal and osteoporosis
bones on using the 9-screw model (including inferomedial sup-
porting screws: osteoporosis: 1.35 MPa and normal: 0.96
MPa). On application of the inferomedial supporting screw,
the local max value in the first screw row dropped to a rela-
tively similar level for normal bone.

Semiquantitative Analysis of Stress Elements Ratio

Considering the ratios based on >0.865 MPa, inferomedial
supporting screw insertion led to a decrease in the ratio (normal
bone, 2.97%—1.30%; osteoporosis bone, 4.76%—1.71%)
(Table 2). Especially in osteoporosis, the stress distribution
changes evenly.

Discussion

We evaluated the internal stress distribution in plating on the
3-part proximal humerus fracture model by comparing normal
bones with osteoporosis according to existence of inferomedial
supporting screws. We hypothesized that stress concentration
on area near the first row screw tips could be aggravated in
osteoporotic 3-part fracture. In addition, applying additional
inferomedial supporting screw at osteoporotic 3-part fracture
would make the stress distribution of proximal humerus similar
to that of normal bone

We found that the stress was relatively concentrated near the
most proximal humerus region (vertex and Ist screw row’s
passage and tip) in osteoporosis model compared with normal
bone. This concentration declined when inserting the infero-
medial supporting screws, which was more prominent in the
osteoporotic model. In addition, the medial part of inferomedial
supporting screws showed the most concentrated region.
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Furthermore, inferomedial supporting screws reduced the
stress distribution in proximal humerus part, almost similar to
normal bone setting. Therefore, our hypotheses were validated.

One of our hypotheses was proven by our descriptive results
of internal stress and relatively more proportion on the prox-
imal humerus region: humeral vertex and first row screws’
passage and tips. In the osteoporosis compared with normal
model, stress concentration near the most proximal screw was
dominantly distributed at the screw’s tip and screw’s undersur-
face. Although these regions decreased on application of infer-
omedial supporting screws, humeral head vertex region
remained as high stress concentrated region. When using inter-
nal fixation with a plate in the proximal humerus fracture, there
have been reports of clinically poor outcomes with functional
loss due to cut-through or cut-out of screws in the proximal
head articular side.'? In particular, when mechanical complica-
tions such as cut-out of screws occurred in the humeral head
articular cartilage area, poor prognosis could be expected. In
the absence of medial support, it was assumed to be vulnerable
to varus deformity owing to a lack of inner support. However,
no objective basic study has been conducted on this phenom-
enon. In this study, when a varus force was applied to a fracture
without medial support, a significant stress concentration was
observed at the vertex area of the humeral head and 1st screw’s
region in the osteoporosis versus the normal model. Based on
these results, the osteoporotic 3-part fracture including the GT
site is vulnerable to varus deformity force and more susceptible
to screw cut-out. Therefore, it is more important to prevent
screw cut-out complications by inferomedial supporting screw
fixation if a patient with osteoporosis has a 3-part fracture.

On comparing the proximal 6-screw and 9-screw model, it
was clear that the inferomedial supporting screw’s role was to
decrease the proximal humeral head stress by lengthening the
working length of the proximal screws. The working length of a
constructed plate is defined as the distance between the first
screws on either side of the fracture.?® We noticed that the
distance between the most proximal and distal screws (working
length) was longer in the 9-screw model. To the best of our
knowledge, no previous reports showed the most optimal work-
ing length for PHF. Nevertheless, Fletcher et al showed that
stable fixation for a proximal humerus fracture is based on the
screw’s configuration and a longer distance between screws in
the proximal part was important for rigid fixation.’

In addition, we found that inferomedial supporting screws in
3-part (involving GT) PHF could reduce stress on fracture sites
near the GT and had supporting roles. This was gleaned from
our descriptive finding of internal stress distribution patterns
and localized max value location. The stress distribution near
the fracture site of GT was transferred to the medial bone area
on application of inferomedial supporting screws. The infero-
medial supporting screw is known to strengthen the medial
cortex support, and it may play an important role in osteoporo-
tic fractures with comminution.'? However, no reports exist on
how inferomedial supporting screws reduce stress in the GT
area. Although the role of inferomedial supporting screws can
be inferred from previous studies, our reports suggest that it is

necessary to apply inferomedial supporting screws for 3-part
fractures to reduce the stress on the GT fracture sites and
increase the bone union of GT.

Similarly, the stress element ratio of the proximal head
region in osteoporosis, based on the elements of >0.865 MPa,
declined in the normal bone on application of inferomedial
supporting screws compared with that in the other regions of
the proximal humerus. Previous reports show that internal fixa-
tion of the proximal humerus significantly reduces mechanical
complications on application of inferomedial supporting
screws.”” Moreover, our study showed that the inferomedial
supporting screws played a role in the 3-part proximal humerus
fracture by reducing the stress near the proximal humerus.
Furthermore, the effect was more prominent in the osteoporosis
group. Therefore, it is important to achieve stress distribution
conditions similar to that of normal bone in patients with osteo-
porosis by ensuring a strong fixation force in the inferomedial
region, positioned by inferomedial supporting screws.

The strength of our study is that we made the finite elements
models using real patients’ CT data, including information of
bone density. We also used calculation methods that could
reflect the osteoporotic bone mechanical properties indirectly
by obtaining HU from the CT images. Therefore, it was possi-
ble to evaluate the stress distribution in the setting of fractures
among patients with osteoporosis.

However, this research has some limitations. First, our find-
ings could not be applied to the general population because of
the small number of cases. However, we used the real patient
data, through finite element analysis, and the setting was con-
trolled to prove the specific effects that may be applied in a
clinical setting. Secondly, we did not consider the musculoten-
dinous force effect around the glenohumeral joint, which is a
limitation of FEM studies. This means the results do not reflect
the non-linear properties of soft tissue.

Conclusion

In osteoporotic 3-part proximal humerus fracture, the stress
distribution was concentrated on the area near the humeral
vertex, Ist row screw tips, and lateral side region from the
GT fracture line. Moreover, inferomedial supporting screws
should be applied in osteoporotic condition to ensure that the
stress distribution is similar to that in a normal bone setting.
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