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Background. Biomechanical stability assessment of 3 different constructs for proximal fixation of a locking compression plate
(LCP) in treating aWorland type C periprosthetic fracture after total shoulder arthroplasty.Methods. 27Worland type C fractures
after shoulder arthroplasty in synthetic humeri were treated with 14-hole LCP that is proximally fixed using the following: (1)
1× 1.5mm cerclage wires and 2x unicortical-locking screws, (2) 3×1.5mm cerclage wires, or (3) 2x bicortical-locking attachment
plates. Torsional stiffness was assessed by applying an internal rotation moment of 5Nm and then after unloading the specimen,
an external rotation moment of 5Nm at the same rate was applied. Axial stiffness was assessed by applying a 50N preload, and
then applying a cyclic load of 250N, then increasing the load by 50N each time, until a maximum axial load of 2500Nwas reached
or specimen failure occurred. Results. With regard to internal as well as external rotational stiffness, group 1 showed a mean
stiffness of 0.37Nm/deg and 0.57Nm/deg, respectively, group 2 had a mean stiffness of 0.51Nm/deg and 0.39Nm/deg, re-
spectively, while group 3 had a mean stiffness of 1.34Nm/deg and 1.31Nm/deg, respectively. Concerning axial stiffness, group 1
showed an average stiffness of 451.0N/mm, group 2 had a mean stiffness of 737.5N/mm, whereas group 3 had a mean stiffness of
715.8N/mm. Conclusion. Group 3 displayed a significantly higher torsional stiffness while a comparable axial stiffness to group 2.

1. Introduction

Periprosthetic fractures occur in approximately 0.6% to 3%
of all total shoulder arthroplasties (TSA) [1]. Since peri-
prosthetic fractures are heterogeneous in nature, several
classification systems have been developed to guide their
treatment. In our study, we used the Worland classification
[2], which classifies periprosthetic humerus fractures into
three types, A, B, and C, based on the fracture location and
stability of the prosthetic stem. Given the wide-ranging
variations in the nature of periprosthetic humerus fractures,
a wide array of treatment recommendations exist, either for
conservative or surgical treatment [3]. Within the realm of
surgical treatment, stabilization of the proximal segment in
itself presents a technical challenge due to the presence of the
prosthetic stem with or without a cement mantle. )is has

led to the emergence of an array of options for proximal
plate fixation, including cerclage wires or cables, locking or
nonlocking unicortical screws, allograft struts, and more
recently, plate designs that allow bicortical fixation by
directing offset locking screws tangentially around either
side of the prosthesis stem [4].)e objective of our study was
to perform a biomechanical assessment of torsional and axial
stability of the proximal plate fixation in a Worland type C
periprosthetic humerus fracture after total shoulder
arthroplasty using three different fixation constructs.

2. Materials and Methods

2.1. Specimens. 27 synthetic humeri with left-sided geometry
(#3404, 4th generation, Sawbones, Pacific Research Laboratories
Inc., Vashon, WA, USA) were used for this biomechanical
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study. An anatomical total shoulder prosthesis (Univers™ II,
Arthrex, Florida, USA) was implanted according to the oper-
ating instructions of the manufacturer. Each prosthesis was
fixed using 40g of Refobacin Bone Cement (Zimmer Biomet
GmbH, France). After allowing for the cement to harden, a 14-
hole 3.5mm metaphyseal locking compression plate (LCP)
(DePuy Synthes, Switzerland) was positioned along the lateral
surface of the humeral shaft. )e plate was proximally attached
to the synthetic bone using three different fixation constructs.
)ereafter, the specimens were divided into three different
groups with nine specimens in each group:

(i) LCP attached to the proximal humerus using
1× 1.5mm cerclage wires and 2x locking unicortical
screws (Figure 1(a))

(ii) LCP attached to the proximal humerus using
3×1.5mm cerclage wires (Figure 1(b))

(iii) LCP attached to the proximal humerus using 2x
locking attachment plates allowing bicortical fixa-
tion by directing offset locking screws tangentially
around either side of the prosthesis stem
(Figure 1(c))

Following fixation of the LCP onto the proximal segment of
the humerus, we performed a 90° transverse osteotomy in the
humeral mid-diaphysis 5 cm distal to the end of the prosthesis,
simulating a Worland type C periprosthetic fracture and en-
suring a stable prosthesis. To focus on the proximal plate
fixation and to simulate an unstable fracture situation, only the
proximal part of the artificial humerus was used (Figure 2).

2.2. Mechanical Testing. )e biomechanical investigations
were carried out on a servo-hydraulic material testing
machine (MTS MiniBionix I, Model 858, Eden Prairie,
Minneapolis) and a custom-made experimental setup. )e
synthetic humeri were mounted between two universal
joints (Figure 3). )e distal part of the specimen was directly
attached to a mounting block with the LCP. At the proximal
end, the specimen was fixed to the upper Cardan joint by
means of the taper of the shoulder prosthesis.)e loads were
applied to the specimen from the proximal end by the ac-
tuator of the material testing machine.

2.3. Torsional Stiffness Testing. )e specimens were axially
loaded with a static force (compression) of 5N with a
loading rate of 0.5N/s. Afterwards, an internal rotation
moment of 5Nm was applied at a rate of 0.5Nm/s. After
reaching the maximum moment, the specimen was unloa-
ded and an external rotation moment of 5Nm at the same
rate was applied. Finally, the machine adjusted the axial
torque back to 0Nm. )e specimens were not damaged
during the test. )e protocol was carried out in load and
torque control. Time, cycles, angle, torque, and force were
recorded with a sampling rate of 1 kHz.

2.4. Axial Stiffness Testing. )e axial stiffness investigation
was carried out in a cyclic test. Initially, the specimens were
loaded with a preload of 50N. In the first loading stage, a

cyclic load with 1Hz was applied in the sinusoidal form up to
a load of 250N. )e lower load in all stages was 0N, and ten
cycles were carried out in each stage. In the following stages,
the upper load limit was increased by 50N each time.
)ereafter, the upper load was increased until a maximum
axial load of 2,500N was reached or until the specimen
sustained irreversible damage. )e protocol was carried out
in load and torque control. Time, cycles, angle, torque, and
force were recorded with a sampling rate of 1 kHz. Load to
failure was assessed by measuring the amount of axial force
exerted at the time where the proximal fixation fails.

2.5. Load to Failure of the Locking Compression Plate (LCP).
)is test was performed to assess the maximum axial load
capacity that the LCP could withstand. )is test was a pure
assessment of the LCP with no additional component at-
tached to it. )e plates were fixed in the assembly so that the
load being applied onto the plate was identical to the load
previously being applied onto both the plate with the hu-
merus fixed to it. In total, three plates were tested with the
identical load protocol as for the axial stiffness testing as well
as load to failure.

2.6. Statistics. Statistical analysis was performed using SPSS
software (IBM SPSS Statistics 26.0, SPSS Inc., Chicago, IL).
)e significance of differences between all three groups was
tested using the Kruskal–Wallis test. Significant differences
between the two groups were assessed using the Man-
n–Whitney U test. )e significance level of α� 0.05 was
employed.

3. Results

3.1. Torsional Stiffness. After applying a 5N axial load, the
specimens that were treated with 1× 1.5mm cerclage wires
and 2x locking unicortical screws showed a mean internal
torsional stiffness of 0.37± 0.15Nm/deg (mean± standard
deviation), while the specimens treated with 3×1.5mm
cerclage wires showed an average internal torsional stiffness
of 0.51± 0.33Nm/deg, and those treated with 2x locking
attachment plates with bicortical screws showed a mean
internal torsional stiffness of 1.34± 0.16Nm/deg
(Figure 4(a)). )e differences between the groups with the
specimens treated with 1× 1.5mm cerclage wires and 2x
locking unicortical screws and the specimens with the 2x
locking attachment plates with bicortical screws were sta-
tistically significant (p< 0.001). Furthermore, the difference
between the specimens treated with 3×1.5mm cerclage
wires and those with the 2x locking attachment plates with
bicortical screws were statistically significant (p< 0.001)
(Table 1).

After reaching the maximum moment of each specimen
in each group and adjusting the axial torque back to 0Nm,
an external torsional stress was applied allowing for the
measurement of external torsional stiffness. )e mean ex-
ternal torsional stiffness was 0.57± 0.20Nm/deg for the
specimens treated with 1× 1.5mm cerclage wires and 2x
locking unicortical screws, 0.39± 0.24Nm/deg for the group
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treated with 3×1.5mm cerclage wires, and 1.31± 0.24Nm/
deg for the group treated with 2x locking attachment plates
with bicortical screws (Figure 4(b)). )e differences between
the groups with the specimens treated with 1× 1.5mm
cerclage wires and 2x locking unicortical screws and the
specimens with the 2x locking attachment plates with
bicortical screws were statistically significant (p< 0.001).
Furthermore, the difference between the specimens treated
with 3×1.5mm cerclage wires and the specimens with the 2x
locking attachment plates with bicortical screws were sta-
tistically significant (p< 0.001). )e difference between the
groups treated with 1× 1.5mm cerclage wires and 2x locking
unicortical screws and 3×1.5mm cerclage wires were sta-
tistically significant (p � 0.043).

3.2. Axial Stiffness Testing. Axial stiffness was assessed by
implementing a cyclical axial load to reach a maximum of
2,500N or until the construct failed after applying an initial
axial preload of 50N. )e specimens that were treated with
1× 1.5mm cerclage wires and 2x locking unicortical screws
showed a mean axial stiffness of 451.0± 41.6N/mm, while the
specimens treated with 3×1.5mm cerclage wires showed a
mean axial stiffness of 737.5± 146.7N/mm, and the speci-
mens treated with 2x locking attachment plates with bicortical
screws showed an average axial stiffness of 715.8± 357.7N/
mm (Figure 4(c)). )e difference between the group treated
with 1× 1.5mm cerclage wires and 2x locking unicortical
screws and the group treated with 3×1.5mm cerclage wires
were statistically significant (p � 0.001).

(a) (b)

(c)

Figure 1: (a). LCP plate fixed on the humerus using 1× 1.5mm cerclage wires placed at the level of the 1st hole and 2x unicortical locking
screws placed at the levels of the 3rd and 4th holes. (b) LCP plate fixed on the humerus using 3×1.5mm cerclage wires placed at the levels of
the 1st, 3rd, and 4th holes. (c) LCP plate fixed on the humerus using 2x locking attachment plates allowing bicortical fixation placed at the
levels of the 2nd and 4th holes.
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3.3. Patterns of Proximal Fixation or Experimental Setup
Failure. When assessing the three LCPs without any hu-
merus attached, the mechanical axial load limit of the LCPs
was 1,190N. From this axial load on, the LCPs were irre-
versibly deformed. When the specimens with the humeri
reached this load limit, the LCPs themselves and not the
proximal fixation constructs failed. However, the tests were
not completed at this point.)e loads were increased further
until failure of the proximal shoulder implants or the
proximal LCP fixation occurred. In the group where the
plates were proximally fixed with 1× 1.5mm cerclage wires
and 2x locking unicortical screws, the LCPs were irreversibly

bent in two specimens, the unicortical screws loosened in
five specimens, and the attachment between the shoulder
prostheses and the servo-hydraulic material testing machine
was disrupted in two specimens. In the group with the
3×1.5mm cerclage wires, cerclage wire loosening or rupture
occurred in five specimens, the LCPs were irreversibly bent
in three specimens, and the distal part of the humerus came
into contact with the base of the servo-hydraulic material
testing machine in one specimen. In the group with the 2x
locking attachment plates with bicortical screws, the LCP
was irreversibly bent in eight specimens, and the distal part
of the humerus came into contact with the base of the servo-

Figure 2: Humerus-LCP construct after performing the transverse osteotomy 5 cm distal to the end of the prosthesis, with the irreversibly
bent LCP after performing the biomechanical stability testing.

Figure 3: Humerus-LCP construct mounted on the servo-hydraulic material testing machine.

4 Advances in Orthopedics



hydraulic material testing machine in one specimen
(Table 2).

4. Discussion

Given the heterogeneous nature of these fractures, various
surgical techniques have been suggested and used to treat
these injuries, including cerclage wiring, plating, and

interfragmentary screw insertion. )ere seems to be a
general inclination and recommendation leaning towards
surgically treating periprosthetic fractures distal to the
prosthetic stem when the prosthesis is stable in order to
optimize rates of healing, return to function, and painless
mobilization. )is strategy has been supported by the works
of Bonutti and Hawkins and Boyd et al. in their case series of
four and seven patients, respectively, with periprosthetic

Table 1: An overview table of the results in terms of mean value and standard deviation for each of the three groups.

Cerclage + unicortical locking screws Cerlcage Plate + bicortical locking screws
Internal torsional stiffness (Nm/°) 0.37± 0.15 0.51± 0.33 1.34± 0.16Mean± SD
External torsional stiffness (Nm/°) 0.57± 0.20 0.39± 0.24 1.31± 0.24Mean± SD
Axial stiffness (N/mm) 451.0± 41.6 737.5± 146.7 715.8± 357.7Mean± SD
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Figure 4: (a) Box plot showing the internal rotational stiffness of the three samples. )e fixation with 2x plates provided the highest internal
rotational stiffness, followed by both that with 3x cerclage wires and that with 1x cerclage and 2x screws which in turn displayed a somewhat
similar stiffness, where the difference between groups 1 and 3 as well as those between 2 and 3 were statistically significant. (b) Box plot
showing the external rotational stiffness of the three samples. )e fixation with 2x plates provided the highest external rotational stiffness,
followed by that with 3x cerclage wires and then by that with 1x cerclage and 2x screws, where the difference between groups 1 and 2, groups
2 and 3, and groups 1 and 3 were statistically significant. (c) Box plot showing the axial stiffness of the three samples. )e fixation with 3x
cerclage wires provided the highest axial stiffness, followed by that with 2x plates and then by that with 1x cerclage and 2x screws, where the
difference between groups 1 and 2 were statistically significant.
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humeral shaft fractures after TSA [5, 6]. However, despite
the general agreement that surgery is the treatment of choice
for these injuries, there is no consensus on the best surgical
technique. To the knowledge of the authors, there has been
no systematic testing of the strength of biomechanical
constructs in simulated models of periprosthetic fractures
distal to a stable TSA prosthesis to show that one construct is
superior to another. In the present study, we have performed
a biomechanical assessment of three commonly used sur-
gical constructs for treating Worland type C periprosthetic
fractures after TSA.

Multiple biomechanical studies of periprosthetic prox-
imal femur fracture have mechanically loaded both the
proximal and distal bone attachment segments together,
with many failures occurring during these tests at the level of
the distal fixation [7–9]. Distal failures, in turn, make it
difficult to draw conclusions about construct stability at the
level of the proximal fixation. To address this issue, in the
present study, the attachment of the plate to the proximal
fragment was tested in isolation, an approach previously
described by Lenz et al. [10].

When comparing torsional stiffness, both internal and
external, the group treated with the 2x locking attachment
plates with bicortical screws displayed significantly higher
stability and stiffness compared with the other two groups
(p< 0.05). )is supports the results of Gregory et al. where
bicortical screws showed significantly higher torsional
strength compared to unicortical screws or cerclage wires
alone in the treatment of periprosthetic femur fractures [4].
)e groups treated with cerclage wires and unicortical
screws and the group treated with cerclage wires alone
showed a comparable torsional stability for both internal
and external torsional stresses (p< 0.05). )is result con-
trasts with the findings of Dennis et al. and Fulkerson et al.,
which demonstrated that periprosthetic femur fractures
treated with unicortical screws displayed a significantly
higher torsional stability compared to fractures treated with
cerclage wires alone [11, 12].

When comparing axial stiffness, the groups treated with
2x locking attachment plates and bicortical screws and the
group treated with cerclage wires alone displayed compa-
rable axial stiffness, both of which were higher than the
group treated with cerclage wires and unicortical screws;
however, only the difference between the group with both
cerclage wires and screws and the group treated with
cerclage wires alone was found to be statistically significant
(p � 0.001). Our findings contrast with the findings of Lenz
et al. showed that plates with bicortical screws displayed

higher axial stability when compared to cerclage wires in
periprosthetic fractures of the femur [10]. We believe that
this phenomenon could be simply explained by the fact that
an initial 50N axial load was applied on all specimens before
initiating the cyclical axial load testing. After this initial load,
it was visible to the experimenters that the constructs treated
with the cerclage wires in isolation showed a small dis-
placement in which the humeri were moved caudally
several mm until the cerclage wires were fixed at a more
cranial location on the humeri, where the circumference was
in fact larger than the initial circumference at the beginning
of the testing process.)is may have provided the constructs
treated with cerclage wires improved stability at the level of
the LCP-humerus interface. Interestingly, in our study, the
fractures were treated with cerclage wires alone showed a
higher axial stiffness when compared to the fractures treated
with both cerclage wires and unicortical screws. )is finding
contrasts with the findings of Lenz et al., where peri-
prosthetic femur fractures treated with 1 cerclage cable and
multiple unicortical screws displayed higher axial stability
compared with fractures treated with cerclage cables alone
[13].

It is worth mentioning that, in our study, the group
treated with 2x locking attachment plates and bicortical
screws displayed a wider SD range when assessing axial
stiffness compared to that of the other two groups. )is
phenomenon may be due in part to differences in the dis-
tance between the humeral transverse osteotomy and the
proximal edge of the servo-hydraulic press across specimens,
which in turn may be resulted in variable lever arms and a
wider standard deviation than expected.

)e present study has several limitations in addition to
the small sample size. Experiments were conducted on
synthetic humeri, whose properties differ from those of in
vivo samples. Some complexities in humeral loading were
not considered. Loads not acting through the shoulder joint,
from muscles and other soft tissues, were, for example, not
assessed. )e distal segment of the humerus was not con-
sidered in the model, precluding failures of this segment in
the testing. Moreover, we did not assess the amount of
displacement that each fixation method may have displayed
before the failure of the setup. Nonetheless, this study
provided novel information that was scarcely assessed
previously; while biomechanical testing has been previously
performed in models of periprosthetic fractures of the femur
after total hip arthroplasty, research on periprosthetic hu-
merus fractures after TSA is almost nonexistent. )is might
be due to the fact that hip arthroplasties have been present

Table 2: An overview of the mechanisms of failure in each of the three groups.

Cerclage + unicortical locking screws Cerclage Plate + bicortical locking
screws

Loosening or rupture of the cerclage wire 5
Irreversibly bent plate 2 3 8
Loosening or screw pullout 5
Loosening or damage of the prosthesis 2
Distal humerus end in contact with the hydraulic machine 1 1
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since 1925 when the American surgeon Marius Smith-
Petersen created the first mold arthroplasty out of glass [14].
Even though the first-ever reported TSA took place in France
in 1893 by the French surgeon Jules Emile Péan [15], it is
only recently that both surgeons and patients have accepted
TSA as a good therapeutic option. Accordingly, TSA usage is
increasingly growing, allowing the implants and implanta-
tion techniques to evolve, and the number of TSA as well as
periprosthetic fractures after TSA to increase. Accordingly, it
is the opinion of the authors that more biomechanical
studies are needed to guide optimal construct choice and
surgical treatment for periprosthetic fractures after TSA.

5. Conclusion

Locking attachment plates with bicortical locking screws
provide significantly better torsional stability compared with
cerclage wires alone or cerclage wires in combination with
locking unicortical screws in the treatment of Worland type
C periprosthetic fractures of the humerus after TSA.
However, cerclage wires alone provide an economically
cheaper alternative while providing comparable axial sta-
bility to its more expensive locking plate counterpart.
Nonetheless, further biomechanical studies on peri-
prosthetic humerus fractures after TSA are needed to help
guide treatment of this increasingly common and chal-
lenging injury.
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(Aschaffenburg, Germany).)e funds were used to purchase
all the materials required for performing this experimental
study (sawbones-plates-screws-implants-bone cement).

References

[1] E. R.Wagner, M. T. Houdek, B. T. Elhassan, J. Sanchez-Sotelo,
R. H. Cofield, and J. W. Sperling, “What are risk factors for
intraoperative humerus fractures during revision reverse
shoulder arthroplasty and do they influence outcomes?”
Clinical Orthopaedics and Related Research, vol. 473, no. 10,
pp. 3228–3234, 2015.

[2] R, L. Worland, D. Y. Kim, and J. Arredondo, “Periprosthetic
humeral fractures: management and classification,” Journal of
Shoulder and Elbow Surgery, vol. 8, no. 6, pp. 590–594, 1999.

[3] C. Garcia-Fernandez, Y. Lopiz-Morales, A. Rodriguez,
L. Lopez-Duran, and F. M. Martinez, “Periprosthetic humeral
fractures associated with reverse total shoulder arthroplasty:
incidence and management,” International Orthopaedics,
vol. 39, no. 10, pp. 1965–1969, 2015.

[4] G. S. Lewis, C. T. Caroom, HWee et al., “Tangential bicortical
locked fixation improves stability in vancouver b1 peri-
prosthetic femur fractures: a biomechanical study,” Journal of
Orthopaedic Trauma, vol. 29, no. 10, pp. e364–e370, 2015.

[5] P. M. Bonutti and R. J. Hawkins, “Fracture of the humeral
shaft associated with total replacement arthroplasty of the
shoulder. a case report,” Journal of Bone and Joint Surgery
American Volume, vol. 74, no. 4, pp. 617-618, 1992.

[6] A. D. Boyd, T. S. )ornhill, and C. L. Barnes, “Fractures
adjacent to humeral prostheses,” Journal of Bone and Joint
Surgery American Volume, vol. 74, no. 10, pp. 1498–1504,
1992.

[7] L. Konstantinidis, O. Hauschild, N. A. Beckmann,
A. Hirschmuller, N. P. Sudkamp, and P. Helwig, “Treatment
of periprosthetic femoral fractures with two different minimal
invasive angle-stable plates: biomechanical comparison
studies on cadaveric bones,” Injury, vol. 41, no. 12,
pp. 1256–1261, 2010.

[8] R. Zdero, R. Walker, J. P. Waddell, and E. H. Schemitsch,
“Biomechanical evaluation of periprosthetic femoral fracture
fixation,” Journal of Bone and Joint Surgery American Volume,
vol. 90, no. 5, pp. 1068–1077, 2008.

[9] J. D. Pletka, D. Marsland, S. M. Belkoff, S. C. Mears, and
S. L. Kates, “Biomechanical comparison of 2 different locking
plate fixation methods in vancouver b1 periprosthetic femur
fractures,” Geriatric Orthopaedic Surgery and Rehabilitation,
vol. 2, no. 2, pp. 51–55, 2011.

[10] M. Lenz, M. Windolf, T Muckley et al., “)e locking at-
tachment plate for proximal fixation of periprosthetic femur
fractures--a biomechanical comparison of two techniques,”
International Orthopaedics, vol. 36, no. 9, pp. 1915–1921, 2012.

[11] M. G. Dennis, J. A. Simon, F. J. Kummer, K. J. Koval, and
P. E. DiCesare, “Fixation of periprosthetic femoral shaft
fractures occurring at the tip of the stem: a biomechanical
study of 5 techniques,” Journal of Arthroplasty, vol. 15, no. 4,
pp. 523–528, 2000.

[12] E. Fulkerson, K. Koval, C. F. Preston, K. Iesaka, F. J. Kummer,
and K. A. Egol, “Fixation of periprosthetic femoral shaft
fractures associated with cemented femoral stems: a biome-
chanical comparison of locked plating and conventional cable
plates,” Journal of Orthopaedic Trauma, vol. 20, no. 2,
pp. 89–93, 2002.

[13] M. Lenz, S. M. Perren, B Gueorguiev et al., “A biomechanical
study on proximal plate fixation techniques in periprosthetic
femur fractures,” Injury, vol. 45, no. 1, pp. S71–S75, 2014.

[14] M. N. Smith-Petersen, “)e classic: evolution of mould
arthroplasty of the hip joint byM. N. Smith-Petersen,” Journal
of Bone and Joint Surgery: Clinical Orthopaedics and Related
Research, vol. 134, pp. 5–11, 1978.

[15] T. Lugli, “Artificial shoulder joint by Pean (1893): the facts of
an exceptional intervention and the prosthetic method,”
Clinical Orthopaedics and Related Research, vol. 133,
pp. 215–218, 1978.

Advances in Orthopedics 7


