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Abstract

Purpose Optimal anatomical reduction and stable fixation of acetabular fractures are important in avoiding secondary dislo-
cation and osteoarthritis. Biomechanical studies of treatment options of acetabular fractures aim to evaluate the biomechanical
properties of different fixation methods. As the setup of the biomechanical test can influence the experimental results, this
review aimed to analyze the characteristics, comparability and clinical implications of studies on biomechanical test setups
and finite element analyses in the fixation of acetabular fractures.

Methods A systematic literature research was conducted according to the PRISMA guidelines, using the PubMed/MED-
LINE and Web of Science databases. 44 studies conducting biomechanical analyses of fixation of acetabular fractures were
identified, which met the predefined inclusion and exclusion criteria and which were published in English between 2000
and April 16, 2021. The studies were analyzed with respect to distinct parameters, including fracture type, material of pelvis
model, investigated fixation construct, loading direction, loading protocol, maximum loading force, outcome parameter and
measurement method.

Results In summary, there was no standardized test setup within the studies on fixation constructs for acetabular fractures.
It is therefore difficult to compare the studies directly, as they employ a variety of different test parameters. Furthermore,
the clinical implications of the biomechanical studies should be scrutinized, since several test parameters were not based on
observations of the human physiology.

Conclusion The limited comparability and restricted clinical implications should be kept in mind when interpreting the results
of biomechanical studies and when designing test setups to evaluate fixation methods for acetabular fractures.

Keywords Acetabular fracture - Biomechanical analysis - Finite element analysis - Fracture fixation - Clinical implications -
Inter-comparability

Introduction

Acetabular fractures have an incidence of approximately 3
patients/100,000/year [1] and mostly occur in two distinct
age groups: young patients develop acetabular fractures
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after high energy trauma, whereas elderly patients develop
acetabular fractures after low energy trauma associated with
osteoporotic bone status [2-5].

The standard procedure for displaced and unstable ace-
tabular fractures consists of surgical anatomical reconstruc-
tion, followed by internal fixation or total hip arthroplasty
(THA) [2, 3, 6-10]. An accurate anatomical reduction and
biomechanically stable fixation remains a challenge in the
management of acetabular fractures because of the com-
plex geometry, the limited fracture exposure, and the need
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of a fixation of both columns in fracture types involving the
anterior and posterior columns [6, 11, 12]. Although the rate
of surgically treated acetabular fractures is steadily increas-
ing, perfect anatomical fracture reduction is achieved in only
64% of cases [13]. Approximately 18-40% of patients who
underwent surgical fixation of an acetabular fracture develop
posttraumatic osteoarthritis and thus require secondary THA
after a mean interval of 22—42 months between initial sur-
gery and THA [6, 9, 10, 12, 14-16]. The main predictors for
posttraumatic osteoarthritis are not only non-accurate ana-
tomical reduction during surgery but also loss of anatomical
reduction during the postoperative period as a consequence
of a biomechanically unstable fixation of the fracture [6,
12, 16-20].

Thus, biomechanical studies of different fixation meth-
ods are important to determine optimal fixation techniques
and test novel implants in a preclinical setting. Furthermore,
biomechanical and pre-clinical analysis of surgical implants
is required according to the ISO 14602 standard to take all
variables, which can influence the intended performance of
the new implant, under consideration [21]. However, sev-
eral setup variables should be considered when performing
a biomechanical comparison of osteosynthesis techniques.
In this context, the optimal test setup should incorporate
parameters (e.g. loading type, outcome variables), which
essentially map physiological properties in vivo and can
thus generate clinically relevant and realistic data [22]. A
standardized test protocol could improve the comparability
of biomechanical studies and ensure that the test setup mim-
ics the processes in vivo.

Therefore, this review aimed to summarize the available
studies reporting a biomechanical assessment of different
fixation methods for acetabular fractures. The issues in this
systematic literature review can be summarized in the fol-
lowing questions: What kind of test setup parameters were
primarily used? Was there a standardized biomechanical
test protocol? Did the test protocols mimic the physiological
properties in humans and thus provided clinically relevant
and realistic data?

Materials and methods

This review was focused on biomechanical studies evaluat-
ing plate, screw, THA and/or other internal fixation methods
in different acetabular fractures using cadaveric pelves, syn-
thetic pelves, or finite element analysis (FEA). Therefore, a
systematic literature review was conducted according to the
Preferred Reporting Items for Systematic Review and Meta-
analysis (PRISMA) guidelines as specified in the PRISMA
2020 statements and checklist (Supplementary Table 3) [23,
24]. The complete review protocol is presented below.

@ Springer

The PubMed/MEDLINE database and the Web of Sci-
ence Core Collections database were used on April 16, 2021
to identify appropriate publications. The basic search terms
were biomechanical testing, biomechanical comparison,
biomechanical analysis, biomechanical investigation, bio-
mechanical evaluation, and biomechanical study linked by
a Boolean OR. The basic search terms were combined with
acetabulum fracture OR acetabular fracture using a Boolean
AND to limit the research to the specific anatomical region.
A total of 484 studies were identified during the literature
search of the two databases. The publications were further
screened for eligibility by one reviewer (NH), who applied
the following inclusion and exclusion criteria within the title
and abstract:

Inclusion criteria:

1. Biomechanical studies investigating plate, screw, THA
and/or other internal fixation methods for human acetab-
ular fractures

2. Studies using human cadaveric pelves, synthetic pelves
or FEA

3. Studies published between 2000 and April 16, 2021

Exclusion criteria.

1. Biomechanical studies on external fixation methods

2. Biomechanical studies on primary implantation of total
hip endoprosthesis without an acetabular fracture or
revision surgery of acetabular fractures e.g. acetabular
discontinuity with revision THA

3. Biomechanical studies on methods of fixation in other
anatomical regions than those specified above, for exam-
ple fractures of the pelvis ring, and femoral head or neck

4. Studies on postoperative treatment analysis, clinical
investigations, clinical case reports or animal experi-
ments

5. Studies without a biomechanical test setup, finite ele-
ment analysis or investigation of a fixation method

6. Studies which were not available in English

7. Repeated items found during the search process

Finally, 44 studies were identified which fulfilled the
inclusion criteria. No additional studies were excluded after
the full texts were analyzed with respect to the inclusion and
exclusion criteria. Figure 1 schematically portrays the article
selection process.

The subsequent data extraction was primarily per-
formed by one reviewer (NH) in consultation with the
whole team of authors to check the plausibility of the
decisions. All articles were analyzed for the investigated
fracture type and were assigned to the following groups
according to the Judet and Letournel classification: pos-
terior column/wall fracture, anterior column fracture,
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Fig. 1 Schematic illustration
of the article selection process
(modified from PRISMA 2020
flow diagram)

Identification

Records identified from
PubMed/MEDLINE and Web of
Science databases
(n=484)

Records screened by title and

abstract for inclusion and
exclusion criteria
(n=484)

Screening

Full-text articles again assessed
for eligibility
(n=44)

Included

transverse fracture, T-shaped fracture, anterior column
posterior hemitransverse fracture (ACPHT), or associated
both column fracture [25, 26]. If one study investigated
more than one fracture type, the biomechanical analysis
was assigned to all investigated fracture types and the test
setup was examined separately for each fracture type. In
a second step, the biomechanical analyses were assigned
to two categories: biomechanical test setups using physi-
cal tests or FEA using simulations with the finite element
method. All reported biomechanical test setups were fur-
ther examined using the following categories and second-
ary characteristics:

e Material type of the used pelvis model: synthetic pelvis;
cadaveric pelvis.

¢ Fixation method that was biomechanically tested: plate
osteosynthesis (non-locking or locking); screw osteosyn-
thesis (not primarily used within plate osteosynthesis);
THA (cemented or uncemented); others (e.g. cable fixa-
tion or other internal fixators).

e Direction of the loading force applied during biome-
chanical testing: single-leg stance; single-leg stance
with mobile pelvis; double-limb stance; mediosuperior

Records excluded
(n =440)

Records excluded
(n=0)

Studies included in review
(n=44)

direction (45° mediosuperiorly and 15°-25° posteri-
orly); direction perpendicular to acetabulum; sitting;
sit-to-stand; others/not specified.

e Loading protocol according to the classification of
Schorler et al. [27] and the maximum loading force:
quasi-static loading; cyclic loading; load to failure.

e Method of measuring the outcome variables: opti-
cal measurement system; ultrasound-based system,;
mechanical (digital) distance indicator; integrated dis-
placement sensor; strain gauge; beam sensor; pressure-
sensitive film.

e Measurement parameter used for the biomechanical
comparison of different methods of fixation: displace-
ment [mm; pum; °]; stiffness [N/mm]; force/cycles at
construct failure [N; n]; failure energy [N*cycles; J];
stress distribution [MPa]; contact area, load and stress
distribution within acetabulum [cmz; N; MPa]; yield
and maximum strength [MPa]; others (elastic energy
[kJ]; yield force [N]; plastic energy [kJ]; maximum
force [N]; deformation [pe]).

All publications using an FEA were further analyzed
by the following categories and secondary characteristics:
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e Investigated fixation method: plate osteosynthesis (non-
locking or locking); screw osteosynthesis (not primarily
used within plate osteosynthesis); THA (cemented or
uncemented); others (e.g. cable fixation).

e Direction of the loading force applied during simulated
biomechanical analysis: double-limb stance; single-leg
stance; sitting; sit-to-stand; climbing stairs; mediosupe-
rior direction (45° mediosuperiorly and 20° posteriorly);
others.

e Loading protocol of simulated loading and the maximum
loading force: static loading; cyclic loading.

e (Calculated measurement parameter used for the biome-
chanical comparison of different methods of fixation:
displacement [mm]; stiffness [N/mm]; von Mises stress
distribution [MPa]; others.

The secondary characteristic are defined in detail in the
results section, since some inconsistencies require a more
detailed description. If a test setup was not described clearly
enough in the original publication or did not fit perfectly into
one of the defined groups, it was assigned to the best fitting
group—as described in detail in the results section. If one

Fig.2 Numbers of different
types of acetabular fractures
reported in the studies analyzed
(biomechanical test setups and
FEA are summarized)

Fig.3 Frequency distribution of 30
investigated fixation methods,
summarized for biomechani-
cal test setups and FEA, and 25+
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characteristic of a test setup was not specified at all, it was
not assigned to any group. The cases of unclearly defined
or not defined test setup characteristic were discussed by
the whole reviewer team until consensus was obtained. As
some of the publications used more than one test method and
thus investigated more than one fracture type, measurement
method or outcome variable, the total number of detected
secondary characteristics differ from the total number of
articles found.

The numbers of biomechanical test setups and finite ele-
ment analyses using the distinct characteristics were summa-
rized in tables grouped by the corresponding fracture types.
GraphPad Prism 9 software was used to create Figs. 2, 3, 4
and 5 and to determine the medians of all maximum loading
forces reported within the publications using biomechanical
test setups as well as FEA. Studies, which did not specify
the applied loading force or only provided split joint forces
within a coordinate system, were not included in Fig. 5 and
in the determination of medians. If a study applied the same
loading force in the analysis of more than one fracture type,
this loading force was included only once in the determina-
tion of medians. Medians of maximum loading forces were
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Fig.4 Frequency distribution of 12+
biomechanical test setups using
different loading directions, 10 4
grouped by fracture types
8-
2
E 64
2
4 -
2]
0-
» &
& o0 &
& O &
‘Oo \0‘\ A
{\O v,&‘
o
Q°
4500 —
4000 — @)
3500 —
Z. 3000
3
-
5 2500
=
- @ B o
£ 2000 - o o)
® e8]
O 1500 — (ONG®)
- O
———
1000 — @ E
. 8 OO
500 — @)
D PP ©
0 I | |
6\(‘ 6\(\ &QQ
> 2 >
C,\° 0\0 O
& & &
% oY &
& &
o <

Fig.5 Scatter plot of maximum loading forces in N applied during
quasi-static loading (n=19), cyclic loading (n=19), and FEA static
loading (n=7). Single dots represent values of individual studies.
Thick lines represent medians
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not compared statistically and are intended for illustrative
purposes only.

Results

Of the initial 484 studies found during the systematic lit-
erature research, 44 studies met the inclusion and exclusion
criteria and were further analyzed according to the above-
mentioned categories and secondary characteristics (Fig. 1).
The frequency distributions of the secondary characteris-
tics for biomechanical test setups are displayed in Table 1
(for more detail see Supplementary Table 1) and for FEA in
Table 2 (for more detail see Supplementary Table 2). The
frequency distributions in Table 1 and 2 are grouped by the
type of acetabular fracture investigated.

In summary, 36 biomechanical test setups were identi-
fied that consisted of a synthetic or cadaveric pelvis model
[28-63]. In these pelvis models, distinct acetabular fractures
were created and then fixed with different methods of oste-
osynthesis and/or THA. Subsequently the prepared pelves
were mechanically loaded with a wide range of loading pro-
tocols and directions. Additionally, 11 FEA were identified,
in which pelvis models with distinct acetabular fractures
were virtually generated [62—71]. Following the simula-
tion of osteosynthetic fixation and/or THA, a virtual load
was applied using different loading protocols. Two studies
performed a biomechanical test as well as an FEA [62, 63].

Fracture classification
Acetabular fractures were osteotomized in the physical pel-

ves or simulated in the FEA by taking into consideration the
typical fracture classification of Judet and Letournel [25].
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Table 1 Analysis of studies using a biomechanical test setup for evaluation of fixation constructs in acetabular fractures
Posterior column/  Anterior column  Transverse frac- T-shaped Anterior column  Associated both ~ Total
wall fracture fracture ture fracture posterior hemi- column fracture
transverse fracture
Total number 9 5 7 1 11 3 36
Material type of pelvis model
Synthetic 4 4 5 1 11 - 25
pelves
Cadaveric 5 1 2 - 1 3 12
pelves
Fixation methods investigated
Plate 9 4 7 1 10 3 34
Screw 5 4 7 1 8 1 26
THA 1 - 1 - 3 - 5
Others 2 - 1 1 2 - 6
Loading direction
Single-leg 2 - 1 1 3 - 7
stance
Single leg - 2 - - 1 - 3
stance with
mobile pelvis
Double-limb 3 1 - - - 2 6
stance
Mediosuperior 1 1 5 - 4 - 11
direction or
comparable
directions
Perpendicular  — 1 1 - 1 1 4
to acetabulum
Sitting - - - - - 1
Sit-to-stand - - 1 - 1 -
Others/not 3 - - - 2 -
specified
Loading protocol [max. loading force]
Quasi-static 3 [2200 N-4000 N] 2 [300 N-2300 N] 3 [750 N-2000 N] 1 [600 N] 7 [300 N-2207 N] 2 [700 N-800 N] 18
loading
Cyclic loading 6 [350 N-2300 N] 3 [750 N-800 N] ~ 3 [250 N-1750 N] 1[250 N] 5[350 N-2450 N] 1 [700 N] 19
Load to failure 1 3 5 - 4 1 14
Measurement method
Optical 5 2 6 - 8 1 22
measurement
system
Ultrasound- 1 2 - 1 1 - 5
based system
Mechanical 1 - - - 1 2 4
(digital)
distance
indicator
Integrated 2 1 1 - 1 - 5
displacement
sensor
Strain gauge 1 - 1 - - - 2
Beam sensor - - - - - 2 2
Pressure-sensi- 2 - - - - - 2
tive film
@ Springer
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Table 1 (continued)

Anterior column
fracture ture

Posterior column/
wall fracture

Transverse frac-

Associated both  Total

column fracture

Anterior column
posterior hemi-
transverse fracture

T-shaped
fracture

Outcome parameter

Fracture 8 5 6
displacement
and femoral
head displace-
ment
Stiffness 5 2 6
Force/cycles 1 3
at construct
failure
Failure energy — 1 -
Stress distribu-
tion
Yield and - - 1
maximum
strength
Contact area, 2 - -
load and pres-
sure distribu-
tion within
acetabulum
Others 1 2 -

- - - 3

The frequency distributions are grouped the fracture types. The numbers of biomechanical test setups with the corresponding items are displayed

in the table cells

The most frequently investigated fracture types in biome-
chanical tests as well as in FEA were an ACPHT fracture
(biomechanical tests: 11; FEA: 3) [36-44, 60, 63, 66, 71], a
posterior column/wall fracture (biomechanical tests: 9; FEA:
2) [52-59, 62, 67], and a transverse acetabular fracture (bio-
mechanical tests: 7; FEA: 2) [28-34, 70]. Other fracture
types (associated both column fracture, T-shape fracture
and isolated anterior column fracture) were less frequently
studied in biomechanical analyses [35, 45-51, 61, 64, 65,
68-70]. The numbers of investigated fracture types within
the reported studies are demonstrated in Fig. 2—summa-
rized for biomechanical test setups and FEA.

Material types of pelvis model

For biomechanical tests, research groups could choose
between human cadaveric pelves prepared in various ways,
or synthetic pelvis models, which consisted of bone substi-
tutes intended to reflect the biomechanics of physiological
bone. Most research groups investigating fixation methods
for acetabular fractures used synthetic pelves models (25
test setups) [28-32, 35-44, 49-51, 54-56, 60-63]. These
models consisted of a whole pelvis or a hemipelvis model
fixed in different ways to enable particular loading direc-
tions. Only 32% (12 test setups) of the pelvis models were

human cadaveric pelves [33, 34, 44-48, 52, 53, 57-59]. One
study even used a synthetic as well as a cadaveric pelvis
model [44]. Cadaveric pelves and synthetic pelves were used
about equally often for testing posterior wall fractures (syn-
thetic models: 4; cadaveric models: 5), but in other fracture
types synthetic pelvis models were used more frequently.
Abnormalities of the cadaveric pelvis were ruled out by
radiography, DXA and/or CT scan. The human pelves were
prepared in different ways, either by removing the femur and
loading with an artificial femoral head or by maintaining
both proximal femora and embedding them for double-limb
stance loading. Furthermore, soft tissues, such as ligaments
of the SI-joint or hip joint capsule, were removed to a vari-
able extent in the different publications.

Fixation methods investigated

Figure 3 portrays the frequency distribution of the different
fixation methods, summarized for biomechanical test setups
and FEA, and grouped by fracture types.

Since osteosynthesis of acetabular fractures with plates
and screws is the standard surgical treatment, the most fre-
quently investigated fixation methods were plate and screw
osteosynthesis constructs in biomechanical test setups (Plate:
34; Screw: 26) [28-59, 61-63] as well as in FEA (Plate: 11;
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Table 2 Analysis of studies using a FEA for evaluation of fixation constructs in acetabular fractures. The frequency distributions are grouped by
the fracture types. The numbers of FEA with the corresponding items are displayed in the table cells

Posterior Anterior Transverse fracture T-shaped fracture ~Anterior column pos-  Associated both Total
column/wall column terior hemitransverse  column fracture
fracture fracture fracture
Total number 2 1 2 2 3 1 11
Fixation method investigated
Plate 2 1 2 2 3 1 11
Screw 2 1 2 2 2 - 9
THA - - - - 1 1 2
Others - - - - 1 - 1
Loading direction
Double-limb stance 1 1 1 1 1 1 6
Single-leg stance 1 - - - - - 1
Sitting - - 1 - - - 1
Sit-to-stand 1 - - - - 1 2
Climbing stairs - - - - - 1 1
Mediosuperior direc- — - - - 1 - 1
tion
Others - - 1 1 1 - 3
Loading protocol [max. loading force]
Static loading 1[1200 N] 1[2300 N]  2[400 N-2032 N] 2 [600 N-2032 N] 3 [600 N-2207 N/ 1 [n/a] 10
complex]
Cyclic loading 1 [900 N] - - - - - 1
Outcome parameter
Fracture displacement 2 1 2 2 2 1 10
Stiffness - - - 1 - 2
von Mises Stress 1 1 2 2 2 1 9
distribution
Others - - 1 1 - - 2

Screw: 9) [63—71]. Anterior column plates, posterior colum-
nplates, anterior column screws and posterior column screws
were common osteosynthesis constructs, which were biome-
chanically studied for transverse acetabular fractures. Most
studies on the fixation of ACPHT fractures used anterior col-
umn plates (suprapectineal plate, infrapectineal plate, pelvic
brim plate), quadrilateral buttress plates, posterior column
plates, posterior column screws and anterior column screws.
Reconstruction plates and lag screws were mainly compared
for posterior wall fractures, whereas different anterior col-
umn plates and screws were compared for fixation of isolated
anterior column fractures. Most of the investigated plate sys-
tems had non-locking plate-screw connections, and only a
minority of the studies evaluated a locking plate system.
Furthermore, seven biomechanical analyses assessed the
biomechanical properties of a THA either alone or in com-
bination with other fixation methods [29, 42, 53, 60, 63, 68].
THAs were mostly analyzed in studies dealing with posterior
wall fractures, transverse fractures and ACPHT fractures. A
few studies investigated other fixation methods: cable/wire
fixation [34, 63], a subcutaneous internal anterior fixation

@ Springer

[35], an acetabular fracture reduction internal fixator [43],
an acetabular tridimensional memory alloy-fixation system
[58] or calcium phosphate cement [59].

Loading directions

The directions of the loading force in the biomechanical
analyses reviewed were assigned to seven main groups:
single-leg stance, single-leg stance with a mobile pelvis,
double-limb stance, mediosuperior direction, direction
perpendicular to the acetabulum, sitting position and sit-
to-stand loading. Figure 4 portrays the distribution of the
number of biomechanical test setups using different loading
directions, grouped by fracture types.

A simple single-leg stance loading direction was used
in 7 of 36 biomechanical test setups and consisted of an
anatomical femoral hip prosthesis, which was mounted with
the shaft and moveably connected with the pelvis model in a
single-leg stance position, usually with 15° anteversion [28,
35, 36, 39, 42, 55, 62]. The loading force was applied via
defined parts (e.g. SI-joint or sacrum) of the (hemi-)pelvis
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model. Culemann et al. established a modified single-leg
stance model with a mobile pelvis, which was fixed on the
head of a hip prosthesis with cord units simulating the pull
forces of the hip abductor muscles. The axial compressive
load was applied through the first sacral vertebra via a ball
joint. This allows the pelvis to move in all three planes [44].
Comparable models of a modified single-leg stance protocol
were applied in a total of four biomechanical tests [44, 50,
51].

A double-limb stance protocol was mainly applied with
a cadaveric pelvis model and in studies evaluating poste-
rior wall fractures or associated both column fractures (6
biomechanical test setups) [45, 48, 52, 57, 58, 61]. In a
double-limb stance model, both proximal femoral shafts of
the human cadaveric pelves or synthetic pelves were rigidly
fixed and the loading force was applied through the fourth
lumbar vertebrae with the pelvis in a specific neutral posi-
tion [45, 48, 52, 57, 58, 61].

In one commonly used loading protocol, the loading
force was applied with an artificial femoral head (without
a simulated CCD angle of an anatomical femoral hip pros-
thesis) in a mediosuperior direction of approximately 45°
mediosuperiorly and 15° to 25° posteriorly (12 biomechani-
cal test setups) [29-32, 34, 37, 38, 41, 49, 53, 63]. Such a
loading direction was frequently used for the evaluation of
transverse fractures and ACPHT fractures. The model of a
mediosuperior loading direction was based on observations
of Bergman et al., who evaluated hip joint loading during
daily activities by implanting telemetering total hip prosthe-
sis in patients undergoing THA. They observed that the main
loading force on the acetabulum during the stance runs along
the axis of the femoral neck with a mediosuperior angle of
45° [72-74]. Mehin et al. applied the loading force with an
artificial femoral head perpendicularly to the acetabulum, in
order to provoke movements at the fracture sites [33]. This
loading perpendicular to the acetabulum was found in four
biomechanical test setups [33, 43, 46, 47].

A few research groups extended their experiments with
sitting or sit-to-stand loading. To test the pelvis model under
sitting conditions, Wu et al. mounted a human cadaveric
pelvis in a sitting position as described by Gao et al. and
axially loaded it through the fourth lumbar vertebrae [48,
75]. In addition, two biomechanical tests investigated fixa-
tion methods transverse and ACPHT fractures using a sit-to-
stand loading protocol [28, 36]. For this purpose, the pelves
were mounted, for example, with 28° posterior pelvic tilt
and were axially loaded from the SI-joint with a hip flexion
of 95° with a femoral hip prosthesis.

A few research groups developed test setups which could
not be assigned to one of the groups and were therefore
assigned to the category “others”. For instance, Becker
et al. further improved the model of a single-leg stance
with mobile pelvis as described by Culemann et al. by

additionally using an adjustable wire with a load cell to tilt
the pelvis model into a specific position, and thus achieved
loading angles comparable to those in the in vivo obser-
vations of Bergmann et al. [60, 76]. Pease et al. mounted
a synthetic pelvis so that the anterior superior iliac spine
and symphysis pubis were vertical, and the joint surface of
the symphysis was vertical at 90° to this plane. Addition-
ally, flexion of the pelvis in the hip joint was simulated with
the pelvis loaded axially by an artificial femoral head [54].
Olson et al. used a single-leg stance protocol, in which a lin-
ear actuator applied the loading force via a simulated abduc-
tor mechanism to a cadaveric pelvis rigidly mounted at the
sacrum and moveably connected to the femur [59]. Some
other studies did not exactly specify their test setups within
their manuscript [40, 56].

Studies reporting a FEA of fixation methods for acetabu-
lar fractures mainly used a loading protocol with a double-
limb stance (6 FEA) [64—69]. Some of the studies also evalu-
ated additional loading forms, such as a loading in a sitting
position [64], sit-to-stand loading with different angles of
hip flexion [67, 68], or loading that simulated stair climbing
[68]. Aziz et al. combined a biomechanical testing approach
with a subsequent FEA. Consequently, they used a protocol
in the FEA similar to their biomechanical test protocol with
the aforementioned loading direction of 45° mediosuperiorly
and 20° posteriorly [63]. In their study on fixation methods
for transverse and T-shaped fractures, Terzini et al. specified
that the resultant force of their FEA was orientated accord-
ing to the reaction forces observed by Bergman et al. in vivo
[70]. Liu et al. used different loading directions in a multi-
part model, which were based on the resultant forces during
different gait phases, as observed by Bergman et al. in vivo.
The direction of loading varied between 22° hip flexion and
14° hip extension [71].

Loading protocols and loading forces

Three different loading protocols were distinguished in the
biomechanical test setups: quasi-static loading, cyclic load-
ing and loading to failure. The loading protocols were cat-
egorized and defined according to the considerations and
definitions of Schorler et al. [27]. A quasi-static loading was
defined as a non-repeated, continuously increasing applica-
tion of a loading force up to a predefined maximal force. In
contrast, a cyclic loading protocol was defined as a repeated
application of a predefined loading force—at least with
more than one loading cycle with a sinusoidal load pattern.
The loading force could be either increased or consistent
during the cyclic application. 18 of 36 biomechanical tests
performed a quasi-static loading protocol, with a maximum
force of 300 N-4000 N (median: 800 N) [28, 29, 32, 35,
36, 39, 4147, 55, 58, 59, 61, 63]. In comparison, a cyclic
loading protocol was reported in 19 of 36 biomechanical test
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setups with a maximum force of 250 N-2450 N (median:
800 N) [30, 31, 33, 35, 37-40, 48-57, 60, 62]. The num-
ber of cycles applied during cyclic loading varied greatly
between the studies. The spectrum ranged from 5 cycles up
to 42,000 cycles. Some of the research groups maintained
the same loading force during the cyclic loading whereas
other studies applied more complex protocols, in which
increasing forces simulated different phases of the post-
operative period. In studies evaluating posterior column/
wall fractures or anterior column fractures, a cyclic loading
protocol was more prevalent, whereas a quasi-static loading
protocol was more frequently used in the analysis of ACPHT
fractures.

In 14 of 36 biomechanical tests a loading to failure pro-
tocol was performed [29-31, 33, 34, 38, 40, 43, 46, 47, 49,
51, 56, 63], which means that the pelves were continuously
loaded with an increasing force or with cyclic loading until
a predefined failure criterion was reached, such as material
fracture, dislocation of the femoral head or displacement of
the fracture sites beyond specified values.

Among the studies using FEA, 10 of 11 FEA applied a
static loading protocol with forces between 400 and 2300 N
(median: 1200 N) [63-71]. One study using FEA applied
a multi-part static loading protocol with different loading
forces simulating resultant forces of different gait phases
[71]. One FEA simulated a cyclic loading protocol with a
force up to 900 N. The number of cycles was not specified
in this manuscript [62].

To obtain an overview of the commonly used loading
forces in the single loading protocols, the maximum load-
ing forces applied during quasi-static loading, cyclic loading
and in FEA static loading were identified and medians were
determined. The maximum loading forces in N applied dur-
ing quasi-static loading, cyclic loading and in FEA static
loading are presented in Fig. 5, as reported in all analyzed
studies.

Outcome parameters and measurement methods

Displacement was the main outcome parameter, which
was measured during 34 of 36 biomechanical tests [28-33,
35-57, 59-63]. Many types of displacement were evaluated
during biomechanical testing, and were mostly reported
in mm or °. The parameter gap motion was defined as the
absolute enlargement of the fracture gap, whereas gap slid-
ing was specified as the shift of the fragments against each
other along the fracture line. In contrast, the parameter inter-
fragmentary motion was defined as a change in the distance
between different fracture fragments and/or to the intact pel-
vis. Displacement parameters used less frequently included
the longitudinal motion of the pelvis or vector dislocation.
Interfragmentary rotation was defined as the rotational com-
ponent between the fracture fragments in °. Beside these
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parameters, some studies investigated a displacement or
rather subluxation of the femoral head transmitting the load.

The displacement parameters were measured by various
methods. An optical measurement system was most fre-
quently selected to determine displacement and was applied
in 22 of 36 biomechanical test setups [28-33, 3641, 46, 49,
53-56, 60-63]. This method used passive markers, which
were attached to the pelves, osteosynthesis constructs and/
or the load transmitting component of the testing machine.
Both position and relative movements of the markers were
usually determined by high precision cameras. Other meth-
ods that were used less frequently for the evaluation of dis-
placement, were an ultrasound-based system in five biome-
chanical test setups (sensor pairs consisting of an ultrasonic
microphone and an ultrasonic reader) [35, 44, 50, 51, 57],
mechanical (digital) distance sensors in four biomechanical
test setups (mechanical indicator measuring changes in dis-
tance using analogue or digital displays) [42, 45, 48, 59] and
a beam sensor in two biomechanical test setups (sensor pair
determining the relative distance via a photoelectric effect)
[45, 48]. A few experiments measured the subluxation of
the load transmitting femoral head with integrated displace-
ment sensors of the biomechanical testing machine (5 of 34
biomechanical test setups) [34, 43,47, 52, 53]. Most studies
that determined the fracture displacement also calculated the
construct stiffness, defined as the force per unit length in N/
mm, by means of a linear regression (22 of 36 biomechanical
tests) [29-35, 37, 39, 41, 43, 45-49, 52, 54-57, 63].

To compare the load to failure of different fixation meth-
ods, the loading force and/or the number of cycles at the
point of construct failure were recorded during 13 of 36
biomechanical tests [29-31, 33, 38, 40, 43, 46, 47, 49, 51,
56, 63]. The studies specified mechanical failure criteria,
such as a sudden loss of force resistance or a significant
change in the stress—strain curve, and/or clinical failure cri-
teria, such as fracture displacement of more than 2-3 mm,
femoral head displacement of more than 5—10 mm, (sub-)
luxation of the femoral head or (out-)breakage of the osteo-
synthesis construct. In three biomechanical tests, the failure
energy was additionally calculated, which was defined as the
total area under the force/displacement curve in N*cycles or
inJ [38, 49, 63].

A few studies evaluated additionally outcome variables.
For instance, Chang et al. and Su et al. investigated the stress
distribution [MPa]/deformation [pe] of the pelves/osteosyn-
thesis constructs under loading by using strain gauges [34,
52]. Chang et al. further calculated the yield and maximum
strength of the fixation constructs [34]. Xin-Wei et al. and
Olson et al. determined the contact area [cm?] as well as load
[N] and pressure [MPa] distribution within the acetabulum
by positioning a pressure sensitive film between the femoral
head and the acetabulum of human cadaveric pelves [58, 59].
Only a few studies evaluated elastic energy [kJ], yield force
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[N], plastic energy [kJ] maximum force [N] and mode of
failure during load to failure tests [47, 49].

There was less variety in the outcome variables deter-
mined in FEA studies. 10 of 11 FEA calculated the displace-
ment (along the fracture line or as interfragmentary motion
in mm) [62, 64-71] and 9 of 11 FEA calculated the von
Mises Stress distribution [MPa] of the pelves/osteosynthesis
constructs under virtual loading [63-70]. In two FEA, the
construct stiffness was calculated from the force/displace-
ment curve [65, 66], and in two FEA the axial and shear
strain were calculated from the displacement values [70].

Discussion

The objective of this review was to analyze biomechani-
cal test setups and FEA used to evaluate different fixation
methods for acetabular fractures. During the systematic lit-
erature review the following questions were addressed: was
there a standardized or at least commonly used test setup?
Did the biomechanical experiments mimic the physiological
properties and were they therefore able to generate clinically
relevant and realistic results?

Considerations on fracture classification
and fixation methods

Simple posterior column/wall fractures, complex anterior
column fractures with a posterior hemitransverse compo-
nent and associated both column fractures are among the
most common types of acetabular fractures [5, 10, 77, 78].
It can be assumed, that the high incidence of these fractures
has enhanced their priority within the research community,
resulting in more biomechanical studies. Consistently, the
most frequently investigated fracture types in the biome-
chanical studies reviewed were an ACPHT fracture and a
posterior column/wall fracture. Another reason why ACPHT
fractures and other fractures involving both columns, e.g.
transverse fractures, were frequently investigated in biome-
chanical studies may be that the complex anatomy of these
fractures results in a challenge for adequate reduction and
fixation. An alternative to the commonly used double plate
fixation of both columns is to combine a plate osteosynthesis
of one column with a screw osteosynthesis of the opposite
column [13, 79-81]. This raised the question whether plate
osteosynthesis combined with lag screw fixation is biome-
chanically equivalent to double plate osteosynthesis of both
columns, and subsequently, which kind of combined plate/
screw fixation is biomechanically superior. Consequently,
these questions were frequently addressed by the biome-
chanical studies reviewed.

In surgical treatment of displaced and unstable acetab-
ular fractures, plate and screw osteosyntheses remain the

gold standard [2, 5, 82-84]. Additionally, various acetabu-
lar fracture types can be treated with distinct osteosynthe-
sis constructs and combinations through different surgical
approaches, which are steadily being improved [85]. Thus,
the high prevalence of screw and plate osteosynthesis in bio-
mechanical studies demonstrates the clinical relevance of
these treatment options and the necessity of biomechanical
characterization of the steadily growing range of options.

Another clinically relevant question relates to the option
of a THA to treat dislocated acetabular fractures. Especially
in elderly patients with preexisting degenerative arthritis,
the lacking possibility of a restricted weight-bearing, high
grade of acetabulum impaction/comminution, or accompa-
nying fracture of the femoral head or neck, primary THA is
recommendable and yields good clinical outcomes in com-
parison to osteosynthetic fixation [15, 84, 86]. Because of its
clinical relevance, THA was the third most abundant fixation
method analyzed in the biomechanical studies.

A few biomechanical studies investigated other rare or
new fixation methods, such as cable fixation, INFIX (subcu-
taneous internal anterior fixation) system, AFRIF (acetabu-
lar fracture reduction internal fixator), ATMF (acetabular
tridimensional memory alloy-fixation) system, or calcium
phosphate cement. Such innovative methods are usually
examined in preclinical biomechanical studies before their
feasibility and clinical outcome in humans is evaluated.

Considerations on material types of pelvis model
and FEA

Most biomechanical studies analyzed during this review
used synthetic bone substitutes. Only a few research groups
employed human cadaveric pelvis models. The key argu-
ments in favor of using a synthetic pelvis model for bio-
mechanical studies are stated in the following: firstly, syn-
thetic pelves assure standardized biomechanical conditions
and geometry. This reduces confounding variables due to
individual bone quality and structure, as well as anatomi-
cal characteristics of cadaveric bone, and thereby increases
comparability and reproducibility [22, 29-32, 35, 38, 43, 44,
46, 49-51, 54-56, 58, 62, 63, 87]. Secondly, experiments
with fresh frozen human pelves are more prone to error. For
example, a higher non-cooling time was shown to lead to
lower screw pullout strength [87, 88]. Thirdly, synthetic pel-
ves are more easily available and are cheaper than cadaveric
pelves [22, 29, 50, 56].

In contrast, research groups using cadaveric pelves argue
as follows: firstly, cadaveric pelves represent the structural,
morphological, and mechanical properties of bone in vivo
more nearly than do synthetic pelves. In particular, the osteo-
porotic bone quality of cadaveric pelves can reproduce the
osteoporotic bone of elderly patients, who frequently suf-
fer from acetabular fractures [22, 33, 37, 39, 40, 42, 47].
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Although bone substitutes mimicking the osteoporotic bone
qualities are already available [22, 87], they were rarely used
in the studies analyzed. Secondly, the influence of soft tis-
sues, such as ligaments, muscles and the labrum, was to
some extent included in the assessment [28, 37, 39, 40, 49,
56, 62, 63]. The periarticular soft tissues, the ligamentous
capsule the cartilage and the labrum were shown to contrib-
ute significantly to the physiological kinematics and biome-
chanics of the hip joint [§9-92]. However, a large proportion
of the soft tissues, especially the muscles, was also removed
during the preparation of cadaveric pelves. For this reason,
Fensky et al. developed a table construction, which enables
biomechanical testing of undissected cadaveric pelves by
fixing and axially loading complete human cadavers [93].

Several studies targeting the mechanical validation of
synthetic bone composite models (e.g. femur, tibia and
humerus) revealed that synthetic bone substitutes exhibit a
comparable biomechanical behavior of the bone itself when
compared to human cadaveric bones [94-96]. Furthermore,
in their standard F1839-08, the American Society for Test-
ing and Materials recommends the use of rigid polyurethane
foam blocks or sheets for mechanical testing of orthope-
dic devices [97]. Nevertheless, Girardi et al. identified sig-
nificant differences in the strain magnitude and orientation
between human cadaveric pelves and fourth generation
composite pelves [98]. In addition, in load to failure tests of
locking nail fixation Ziran et al. found that there were differ-
ences in the failure modes between cadaveric and synthetic
proximal femora [99]. Consequently, the type of the pelvis
model should be considered when interpreting the data of
biomechanical studies. Moreover, the use of different pelves
models and materials impairs the comparability between the
studies.

The use of a FEA in studies is a well-established method.
For instance, Anderson et al. found that cortical strain values
in human cadaveric pelves and FEA, based on the computed
tomography image data of the human pelvis, were highly
correlated [100]. Nevertheless, it should be kept in mind
that this method also incorporates assumptions and simpli-
fications of the physiological biomechanical properties in
humans.

Considerations on loading directions

With their studies in 1993 and 2001, Bergmann et al. shaped
the research on biomechanics of the hip joint. They exam-
ined the loading parameters and contact forces within the
hip joint during walking, running and other daily activi-
ties, by using instrumented total hip implants with telem-
etric data transmission in patients. In this way, they showed
that the main loading direction during the stance phase of
gait is directed mediosuperiorly with about 45° and with
a posterior angle of about 15° [72-74]. Therefore, several
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biomechanical research groups loaded the acetabulum with a
femoral head in a 45° superomedial and 15° posterior direc-
tion. A distinction must be made between mediosuperior
loading protocol and a single-leg stance loading protocol,
which consists of an anatomical femoral hip prosthesis axi-
ally loaded to the acetabulum with about 15° anteversion. As
stated above, the soft tissues (namely labrum, cartilage, liga-
ments and muscles) have a measurable influence on the bio-
mechanics of the hip joint [89-92, 101]. As a consequence,
if the acetabulum is loaded with an anatomical femoral hip
prosthesis to simulate the proximal femur in a physiological
stance position, this may lead to altered loading patterns of
the acetabulum compared to the identified loading direction
in the intact human pelvis with soft tissues as in Bergmann
etal. [72, 73].

Culemann et al. refined the single-leg stance model by
moveably fixing the pelvis on the head of a hip prosthesis
with cord units, thus simulating the pull of the hip abductor
muscles [44]. Becker et al. further improved this model by
using an adjustable wire to change the tilt of the hemipelvis
[60]. By doing so, they generated loading angles comparable
to the resultant forces observed in vivo by Bergman et al.
[72, 73]. Olson et al. also modified the single-leg stance
model by indirectly loading the acetabulum of a moveably
fixed cadaveric pelvis via a simulated abductor mechanism
with a linear actuator [59]. These models addressed the
importance of the abductor muscles for stabilization of the
pelvis in the mediolateral plane during walking [101-103].
Although the modifications of Culemann et al. and Olson
et al. tried to overcome the biomechanical problems of miss-
ing soft tissues, the exact resulting loading direction in these
models remain unclear and can still differ from the physi-
ological loading direction.

Other research groups used loading directions which are
not based on the above-mentioned biomechanical character-
istics of the hip joint. For instance, Mehin et al. observed no
fracture motion in a transverse fracture model after loading
the acetabulum in a direction of 45° superomedially and
15° posteriorly [33]. Consequently, they and other research
groups applied a loading direction perpendicular to the
acetabulum, in order to provoke motion at the fracture site.
However, such a loading protocol may not represent physi-
ological loading conditions, and thus the clinical implica-
tions of these studies should be treated with caution.

Loading protocols simulating sitting or the transition
from a sitting to a standing position were underrepresented
in the biomechanical studies analyzed. Nevertheless, sitting
is a main activity of daily life and therefore sitting and sit-to-
stand loading protocols should be implemented more often
in biomechanical analyses [104—106]. During a sit-to-stand
movement, the hip joint is exposed to an even higher peak
pressure than in the stance position [72]. This can lead to
overestimation of construct stability in studies which only
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perform stance loading protocols with a force representing
body weight.

Studies using the FEA employed a wider range and
complexity of loading directions than studies using a bio-
mechanical test setup. Liu et al. simulated various loading
directions based on the loading directions observed by Berg-
man et al. during different gait phases in vivo [71, 76]. In
an FEA, Kocsis et al. applied a double-limb stance loading
as well as a sit-to-stand and a climbing stairs loading in a
FEA [68]. Furthermore, the hip joint forces differ during
the various phases of the sit-to-stand movement, depending
on the flexion angle of the hip [107, 108]. Thus, Lei et al.
performed a sit-to-stand loading with various angles of hip
flexion in their FEA [67]. Multiple loading forces depend-
ing on the different phases of the gait circle or of the sit-to-
stance movement should be implemented into biomechanical
test setups.

One has to keep in mind that the studies of Bergmann
et al. identifying the loading direction of 45° superome-
dial and 15° posterior were based on the forces measured
with the femoral component of a hip endoprosthesis, but
not with the acetabular component [72, 73]. These studies
of the proximal femur detected only minor changes in the
loading direction during the gait cycle, even when the data
were mathematically transformed for the resultant forces in
the acetabulum [74]. However, using another mathematical
model, Pedersen et al. observed a significant variation in the
directions of acetabular contact forces during the gait cycle
of about 12°-63° medially and 15°-50° posteriorly [109].
The FEA of Liu et al. considered these differing loading
directions in their loading protocol [71]. Additionally, the
contact areas of the acetabulum were found to depend on the
loading force during walking. Light loading forces resulted
in contact areas in the anterior and posterior acetabulum,
whereas higher loads (about more than 50% body weight)
led to loading of the acetabular dome [74, 110]. These vari-
ations in the force vector and contact area should be con-
sidered and implemented in biomechanical analyses of the
acetabulum, since this can influence the investigated failure
mode and the stiffness of fixation constructs in acetabular
fractures.

As the biomechanics of the hip are complex and the
experiments incorporate assumptions and simplifications,
it is essential to be cautious when interpreting the data of
the biomechanical studies and their clinical implications.
Moreover, the loading directions differ widely between stud-
ies and are sometimes even not specified, so that it is difficult
to compare the biomechanical studies and their results.

Considerations on loading forces

A typical loading force used in a single leg stance or
mediosuperior loading in the studies analyzed was 750 N

and the median maximum forces used during quasi-static
or cyclic loading were 800 N. In some studies, a load-
ing force of 750 N was assumed to represent a full body
weight of a 75 kg person in single leg stance position and
accordingly a force of about 350 N was defined as par-
tial weight bearing [29, 37, 40, 46, 49-51, 56, 60]. Based
on these considerations, a maximum force of 600 N was
frequently used as a loading force in FEA and defined as
body weight [65-67]. Su et al. and Zhang et al. used a
loading force of 1400 N (corresponding to about 2 times
body weight) in their biomechanical double-limb stance
protocols [52, 57].

It should be kept in mind that single leg stance is only
one part of the gait circle. Several studies observed higher
forces within the hip joint during the gait circle. Peak forces
of about 238-324% of body weight at a walking speed of
3—4 km/h were measured in patients with telemetric hip
endoprosthesis [72, 73, 111-113]. Mathematical calcula-
tions identified even larger average forces of 4-4.3 times
the body weight during walking [112, 114, 115]. This is
why, several of the studies reviewed applied higher loading
forces of 1700 N to 2207 N (representing 2.5 to 3 times body
weight) during single-leg stance or mediosuperior loading
[30, 31, 54, 59, 63, 70]. Consistently, other studies specified
750 N as a loading force occurring during partial weight
bearing with 50% of the body weight and 300 N as loading
with partial weight bearing with 20 kg [28, 43, 47].

Some studies applied even higher loading forces (up to
2450 N) to simulate climbing stairs or stumbling, but with-
out changing the loading direction [38]. In patients with
telemetric hip endoprosthesis, loading forces up to 870%
of body weight were measured during stumbling and mean
peak forces of 11,000 N were calculated from these data [73,
113]. Studies investigating a sit-to-stand loading used a load-
ing force up to 750 N. However, Bergmann et al. identified
a peak force of 190% of body weight or rather an average
peak force of 1500 N during standing up from a chair [72,
113]. Altun et al. and Kacira et al. referred to the ISO 7206-4
“Implants for surgery—Partial and total hip joint prostheses”
when testing different plate osteosynthesis constructs with
2300 N [55, 61]. In contrast, several biomechanical studies
used different loading forces (from 250 N up to 4000 N)
without referring to any physiological conditions [32, 33,
35,41, 44, 48, 58, 62, 64].

The broad spectrum of loading forces applied in the
biomechanical test setups and the inconsistent specifica-
tion of partial and full weight bearing forces again impairs
the comparability between the studies. It should be noted
that a biomechanical analysis with partial weight loading
only mimics the early postoperative period. Furthermore,
unexpected high loading forces due to stumbling can also
occur in the postoperative period but were only included
in a few studies. This may lead to overestimation of the
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biomechanical stability of the fixation constructs analyzed
in several studies.

Considerations on loading protocols

Quasi-static loading and cyclic loading protocols can have
different clinical implications and, to our knowledge, a
cyclic loading protocol can mimic the physiological load-
ing more adequately than a quasi-static loading protocol [22,
116]. A few studies showed a higher strain rate and a greater
biological effect during cyclic loading protocols than dur-
ing static loading protocols [116—-118]. Thus, a quasi-static
loading may lead to overestimation of the stability of fixation
constructs.

The cyclic loading protocols varied widely with respect
to the number of cycles, ranging from 5 cycles up to 42,000
cycles. It should be taken into account that a classical fatigue
cyclic loading protocol requires a high number of repetitions
of about 100,000 or more [27]. The ASTM international
defined a number of 1 million cycles as an appropriate cycle
number for biomechanical testing of the endurance limit [87,
119]. No experiment analyzed in this review reached such
a high cycle number. When calculating the cycles per year
during walking in patients with a telemetric hip endopros-
thesis, Bergmann et al. determined a median of 1,369,300
up to 2,553,400 cycles per year as a realistic load for normal
and active patients, respectively. Furthermore, they calcu-
lated 41,400-140,200 cycles per year for climbing stairs and
20,100-64,600 cycles per year for sit-to-stand movements as
realistic loading conditions for in vitro biomechanical testing
of hip implants [113]. In contrast, Olson et al. concluded that
200,000 to 250,000 cycles are enough during a cyclic load-
ing protocol to cover the time until a fracture is healed [87].

Some studies applied a constant loading force during
the cyclic loading protocol [30, 33, 35, 39, 40, 48, 50-52,
55-57, 59, 62], whereas a few research groups applied more
complex cyclic loading protocols with increasing loading
forces, in order to simulate increasing loading forces during
the postoperative period [31, 37, 38, 49, 53, 54, 60]. The
latter protocols can reproduce the complexity of the post-
operative period in humans more adequately, provided that
appropriate loading forces were chosen. The high variation
of the number of cycles and the application of simple or
complex dynamic loading protocols limits the comparability
between the studies.

Several studies performed a load to failure test. This type
of biomechanical testing may not be clinically relevant, since
unphysiological force values are reached during these tests,
and thus clinically irrelevant modes of failure may occur.
Consistently, Gardner et al. concluded in their review that
supraphysiological loads from one direction during load to
failure protocols are completely uncommon in the postop-
erative period [22]. Hence, load to failure tests are able to

@ Springer

identify biomechanically superior fixation constructs on a
theoretical level but their clinical implications should be
interpreted with caution. Furthermore, the failure criteria
were inconsistently defined among the studies. As a con-
sequence, the force/number of cycles at failure are hard to
compare between the studies.

Considerations on outcome parameters

The main outcome parameters measured during the biome-
chanical studies were displacement [mm] and stiffness [N/
mm]. These parameters are important and clinically relevant
outcome variables in biomechanical studies, as displacement
of the fracture sites due to a low construct stiffness can lead
to osteoarthritis after acetabular fractures [9, 12, 16, 17,
20]. Nevertheless, the measurement of displacement and
therefore the basis of the calculated stiffness was inconsist-
ent and poorly defined in some studies. Most of the studies
determined the gap motion or the interfragmentary motion
between the fracture fragments or in relationship to the
intact pelvis, whereas other studies evaluated interfragmen-
tary rotation, interfragmentary sliding or subluxation of the
femoral head. The inconsistency in definition of displace-
ment variables can make it more difficult to compare the
construct stiffness of the studies. Furthermore, the relation-
ship between stiffness and fracture healing is an important
issue in current research. A high stiffness of locked-plate
osteosynthesis can impair fracture healing, because micro-
motion is necessary for the formation of callus [120]. Thus,
it should be taken with caution to conclude that a fixation
construct is biomechanically superior on the basis of high
stiffness values.

Acetabular contact area and load and mean/peak pres-
sure distribution within the acetabulum are other clinically
relevant parameters in the studies reviewed, as they may
represent cartilage stress. Alterations in cartilage stress can
contribute to the development of posttraumatic osteoarthri-
tis [103]. Many of the studies employ other biomechanical
outcome parameters, e.g. stress distribution, mode of failure,
force/cycles at construct failure, failure energy, elastic/plas-
tic energy and yield/maximum force, which makes it more
difficult to compare the study results. In contrast, nearly all
studies using a FEA computationally determined the von
Mises stress distribution, supporting the comparability of
these studies.

Considerations on measurement methods

In the biomechanical test setups, the great majority of meas-
urement methods were an optical measurement system.
These systems were proven to generate data up to the level
of micrometers [121, 122]. Consequently, optical measure-
ment systems offer a well-established and well-validated
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measurement system for biomechanical analyses of displace-
ment, motions and for the calculation of construct stiffness.

Other measurement methods to evaluate displacement
and stiffness are also well-established and validated within
the biomechanical literature; this includes ultrasound-
based systems, integrated displacement sensors of testing
machines, strain gauges and beam sensors [123]. Pressure-
sensitive films are commonly used to measure acetabular
contact areas and pressure distribution within the acetabu-
lum. These pressure transducers give a precise and dynamic
output but their spatial resolution is low and the thickness
of the film may influence hip biomechanics [103]. In sum,
each measurement system possesses specific advantages and
difficulties, which need to be born in mind when interpreting
the study results.

Comparison to other reviews

The absence of a standardized testing protocol among the
biomechanical studies reviewed is in line with previous sys-
tematic reviews dealing with biomechanical tests of osteo-
synthesis constructs. In a large systematic review of 159
biomechanical studies on bone plate osteosynthesis in dif-
ferent anatomical locations, Schorler et al. concluded that
no standardized test setup was used. They concluded that
it is difficult to compare the different study results due to
inconsistencies [27]. Moazen et al. systematically reviewed
biomechanical studies of THA periprosthetic femur fracture
fixation. They came to a similar conclusion that comparison
between the studies was suboptimal [124].

Limitations

Some limitations of this review must be reported. Firstly,
screening of the publications for eligibility and data extrac-
tion was not performed independently in duplicate, due to
reasons of time and personnel. However, the whole reviewer
team checked the decisions for plausibility. Thus, it can be
assumed that this limitation does not change the key state-
ments and conclusions of this review.

Secondly, idealized groups for the categories fracture
type, material type of pelvis models, investigated fixation
method, loading direction, loading protocol, measurement
method and measurement parameter were defined. Conse-
quently, a few biomechanical testing protocols were catego-
rized into the best fitting group, even though they contain
additional information, for example on the structure of a
gradually increasing loading force during the cyclic load-
ing. However, biomechanically important aspects were not
lost due to the categorization into idealized groups and the
important facts were reported within the main text of the
manuscript.

Thirdly, further details, such as the exact osteotomized
fracture lines, the exact composition of the osteosynthesis
constructs, the fixation mode of the pelvis models in the
testing machine and others, were not included in the analy-
sis of this review. However, these details can have an influ-
ence on the biomechanical test properties and must also be
considered when interpreting or designing a biomechanical
test setup.

Fourthly, this review did not include the results of the
biomechanical tests and their interpretation as well as their
clinical implications. As described above, it must be kept in
mind, that the comparability and the clinical implications of
the biomechanical studies reviewed are limited and should
be critically evaluated.

Conclusion

Biomechanical studies on fixation methods for acetabular
fractures reported heterogeneous and partially inconsist-
ent experimental setups, which were to some extent inad-
equately described or specified. While there were some
commonly used biomechanical test setups, which were
frequently referred to in the literature, there was no stand-
ardized approach to biomechanically investigate fixation
methods for acetabular fractures. Consequently, it is diffi-
cult to compare the studies and their results, and manifest
differences between studies investigating similar questions
and implants may simply be due to differences in the experi-
mental setup.

Furthermore, the clinical relevance of some experiments
may be questioned, since some loading protocols (includ-
ing e.g. loading force, loading direction, number of cycles)
were not based on physiological characteristics in humans.
Nevertheless, biomechanical in vitro studies will remain an
approximation of the actual characteristics in vivo, as inclu-
sion of all muscle forces, all joint reaction forces and the
influence of fracture callus is utopian.

Since it is very important to biomechanically investigate
different fixation methods in the field of acetabular frac-
tures, a standardized biomechanical test setup should be
established. This would help to improve the comparabil-
ity between biomechanical studies, which evaluate only a
small subset of available osteosynthesis constructs in each
case. Furthermore, a well-considered standardized biome-
chanical test approach would ensure that a clinically relevant
and realistic test setup will be used in future biomechanical
analyses. This could improve the choice of osteosynthesis
constructs, in order to achieve a better clinical outcome after
surgery of acetabular fractures.
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