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Abstract

Introduction

In open book injuries type Tile B1.1 or B1.2 also classified as APC Il (anteroposterior com-
pression), it remains controversial, if a fixation of the anterior ring provides sufficient stability
or a fixation of the posterior ring should be included. Therefore the relative motion at the
sacroiliac joint was quantified in a two-leg alternating load biomechanical pelvis model in the
intact, the injured and the restored pelvis.

Methods

Fresh-frozen intact (I) pelvises (n = 6) were subjected to a non-destructive cyclic test under
sinosuidal axial two-leg alternating load with progressively increasing amplitude. Afterwards
an open book injury (J) including the anterior ligament complex of the left sacroiliac joint, the
sacrospinal and sacrotuberal ligaments (Tile B1.1) was created and the specimens were
retested. Finally, the symphysis was stabilized with a modular fixation system (1-, 2- or 4-
rod configuration) (R) and specimens were cyclically retested. Relative motion at the sacroil-
iac joint was captured at both sacroiliac joints by motion tracking system at two load levels of
170 N and 340 N during all tests.

Results

Relative sacroiliac joint movements at both load levels were significantly higher in the J-
state compared to the I-state, excluding superoinferior translational movement. With excep-
tion of the anteroposterior translational movement at 340N, the relative sacroiliac joint
movements after each of the three reconstructions (1-, 2-, 4-rod fixation) were significantly
smaller compared to the J-state and did not differ significantly to the I-state, but stayed
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above the values of the latter. Relative movements did not differ significantly in a direct com-
parison between the 1-rod, 2-rod and 4-rod fixations.

Conclusion

Symphyseal locked plating significantly reduces relative movement of the sacroiliac joint in
open book injuries type Tile B1.1 or B1.2 (APC Il) but cannot fully restore the situation of the
intact sacroiliac joint.

Introduction

External rotation injury of the pelvic ring, the so called open-book injury needs accurate
reduction and stable fixation, at least if the posterior arch is involved [1-4]. The Young-Bur-
gess classification system categorizes this type of injury as anteroposterior compression (APC)
injury [1, 5], in the Tile classification, which is commonly used in Europe it is named B1.1 or
B.1.2. The type B1.1 is characterized by a purely ligamentous injury of the anterior iliosacral
ligaments, the B1.2 injury includes an anterior fracture of the lateral sacral bone at the iliosa-
cral ligaments insertion. Depending on the amount of symphysis’ diastasis and the involve-
ment of only the anterior ligament complex or both the anterior and posterior complex of the
sacroiliac joint, it is further subdivided into three groups. In Tile B1.1 injuries, apart from the
symphysis only the anterior sacroiliac ligament complex is injured, but the posterior sacroiliac
ligament complex remains intact. This type of injury frequently occurs in motorcycle acci-
dents, fall from height and equestrian [2]. It is also discussed to which degree of symphyseal
opening a tear of the sacratuberous and sacraspinos ligaments occur and how they influence
stability of the pelvic ring and of its fixation. As we only produced a 2.5 cm diastasis of the
symphysis and an anterior injury of the iliosacral ligaments, we might have produced a limited
instability compared to that of a large diastasis occurring in accidents of living humans [6-9].
Various fixation methods have been described for traumatic pubic symphysis disruptions. The
anterior ring, i.e. the symphysis is stabilized mainly by plate fixation. The posterior ring is
fixed predominantly by iliosacral screws or transiliosacral bars [4, 10]. The extent of stabiliza-
tion depends on the degree of instability. In open book injuries type Tile B1.1, it remains con-
troversial, if a fixation of the anterior ring alone provides sufficient stability or if a fixation of
the posterior ring should be included [1, 2]. Theoretically, in absence of vertical and rotational
instability due to intact posterior sacroiliac ligaments, an anterior stabilization, closing the pel-
vic ring should suffice. Recent follow-up studies revealed that a remarkable amount of patients
had a premature postoperative fixation failure [2] and that additional stabilization of the poste-
rior ring decreases anterior plate failure and malunion rate [1]. To quantify the relative motion
at the sacroiliac joint, acquired data of a two-leg alternating load biomechanical pelvis model
[11] are used. Relative motion at the sacroiliac joint in the intact pelvis, the injured (Tile B1.1)
pelvis and the restored pelvis (anterior plate) are evaluated.

As we only produced a ligamentous injury we only refer to Tile B1.1 and not to Tile B1.2.
The biomechanical setup was established to evaluate movements of the complete pelvic ring in
different stability modes. For the posterior part we hypothesized that restoration of the pelvic
ring by an anterior plate may not fully reestablish the stability of the intact pelvis.
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Materials and methods

This investigation was approved by the institutional internal review board, based on the
approval of specimens’ delivery by Science Care Ethics Committee. All donors have given a
signed agreement for scientific medical research and education during their lifetime. None of
the donors were from a vulnerable population and all donors or next of kin provided written
informed consent that was freely given.

Additional non-published data from a previously published test [12] concerning the relative
motion at the sacroiliac joint were separately evaluated. Therefore, the study design is identical
to this previous work.

Specimens

Six human pelvises including proximal femora and vertebra L5 with no evidence of bone and
soft tissue pathology were harvested from fresh-frozen (-20°C) cadavers of 3 male and 3
female donors, mean age 75 years, mean body height 167 cm and mean body weight 71.5 kg.
Donors with diseases or medical history, that might have influenced bony and ligaments struc-
tures, have been excluded. Radiological imaging was performed to exclude defects affecting
the integrity of the pelvic structure. Specimens were thawed 48 hours at room temperature
prior to preparation and biomechanical testing. Ligaments integrity was checked by hand. The
soft tissue was removed preserving the pubic symphysis, sacroiliac ligaments, iliolumbar liga-
ments, proximal femoral ligaments and hip joints with their capsulae. The L5 vertebra was sep-
arated and used for assessment of bone mineral density (BMD) applying high-resolution
peripheral quantitative computed tomography (HR-pQCT, XtremeCT, Scanco Medical, Briit-
tisellen, Switzerland) with a resolution of 123 um and a volume of interest defined as a cylinder
with a length of 6 mm and a diameter of 15 mm in the vertebral body. The proximal femora
were sectioned at a distance of 200 mm from the lesser trochanter. The sacrum was equipped
with a 10 mm petroleum jelly-coated stainless steel rod, passing through a hole drilled from
the base of the sacrum to the S3-54 region. Subsequently, the sacrum was embedded in poly-
methylmethacrylate (PMMA; Beracryl,W. Troller Kunststoffe AG, Switzerland) which rein-
forced the bone to hold sufficient load during biomechanical testing. Finally, five clusters of
four infrared light-reflecting markers each were attached to either side of the pubic symphysis,
the sacrum and the left and right iliac crests of each specimen for three-dimensional (3D)
motion tracking.

Injury

The open book injury was produced by scalpel dissection of the pubic symphysis, the left ante-
rior sacroiliac joint, and the sacrospinal and sacrotuberal ligaments on the left side. Subse-
quently, the pelvic ring was opened until a gap of at least 3 cm was measured at the symphysis.
This produced an instability similar to an open book injury (Tile B1.1 or APC II according to
Young Burgess).

Implant

To achieve a stabilization of the ruptured symphysis with different modes of flexibility, a spe-
cial modular implant device was constructed. The aim was to equip the specimen with a single
base plate that could accommodate 1-, 2- or 4-rod configurations. The modular implant device
was designed such that its bending stiffness in the 3-rod configuration resembled the bending
stiffness of a standard symphyseal locking plate (3.5 mm 4-hole LCP DePuy Synthes, Zuchwil,
Switzerland) made from stainless steel 316L. Prior to the biomechanical tests of the different
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flexible fixation methods each specimen underwent biomechanical testing in the intact and
injured condition to gain baseline values for further comparison as described below [11].

Instrumentation

The baseplate of the stabilization device was fixed to either side of the symphysis using two 3.5
mm locking screws with 50 mm length before simulating the injury. As the instrumentation
was performed in intact condition and therefore with physiological distances of the symphysis
structures we did not use compression for the reassembling after injury. Stabilization of the
dorsal part of the pelvic ring was not performed. Each pelvis was tested in the intact (I), the
injured (J) and the respective reconstructed (R) states. The order of the 1-2-4-rod instrumenta-
tions was randomized according to a previously published study [12].

Biomechanical testing, test setup and loading protocol

Biomechanical testing was performed on a biaxial servo-hydraulic testing machine MTS Mini
Bionix IT 858 (MTS Systems Corp., USA) with 25 kN/250 Nm load cell. The setup for bio-
mechanical testing was adopted from a previous study where two-leg alternate loading was
introduced to investigate fixation methods of the pelvic ring with focus on the pubic symphysis
[11].

Each pelvis was mounted horizontally in the test frame as shown in Fig 1. The proximal
femora were placed in such a way that their shafts formed an angle of 9° with the symmetry

Fig 1. Test setup with a pelvic specimen mounted horizontally in the machine frame for biomechanical testing
(posterolateral view). Both distal femoral ends are attached to sliding posts and alternately loaded in the direction of their
mechanical axes (as indicated with the two straight double arrows) via converted torsional movement of the machine
actuator with the load cell (as indicated with a curved double arrow). The sacrum is attached to the testing frame via a jig
allowing free movement in the sagittal plane.

https://doi.org/10.1371/journal.pone.0184000.g001
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axis in the coronal plane. Both distal femoral ends were attached to sliding posts using bolts.
Each femur was loaded or unloaded in direction of its mechanical axis (running from the cen-
ter of the femoral head to the intercondylar notch) via torsional movement of the machine
actuator. Applied torque was proportional to the physiological load on each femur during
walking. The jig for sacral fixation was mounted on a Kistler load-cell, which was free to move
in the sagittal plane. The load-cell allowed monitoring and measurement of the vertical and
horizontal loads at its attachment point in order to ensure symmetric loading on both legs. A
non-destructive cyclic test was run at 1 Hz. Whereas the valley load of each femur was kept at
a constant level of 0 N, the peak load was progressively increasing from 170 N to 340 N over
1000 cycles at a rate of 0.17 N/cycle. This loading was found to be within the safe limits, such
that no instability or disruption would be expected [9, 13].

Data acquisition and analysis

The axial load was continuously recorded from the testing machine controllers at 128 Hz.
Inter-segmental movements were registered optically in all six degrees of freedom with 3D
motion tracking, monitoring the 5 retro-reflective marker clusters mounted on each specimen
with five infrared digital cameras (ProReflexMCU, Qualisys AB, Gothenburg, Sweden) at a
rate of 100 Hz (Fig 2). The co-ordinate system used for the sacroiliac joint was adopted from
previous publications [14-18]. Its center was located at the most superior aspect of the joint
and the frontal, transverse and sagittal planes were defined as XY, XZ and YZ, respectively.
The axes perpendicular to these planes were called Z (sagittal horizontal axis), Y (vertical axis)
and X (frontal horizontal axis), respectively. Rotational and translational motion components

-

Fig 2. Axial view of a pelvic specimen with five marker sets attached on its sacrum, iliac and pubic
bones for motion tracking. The specimen is mounted on the testing frame with a jig holding the sacrum. The
pubic symphysis is fixed with a modular implant device.

https://doi.org/10.1371/journal.pone.0184000.g002
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at the most superior aspect of the sacroiliac joint were first calculated in all six degrees of free-
dom from the optical motion tracking data using a script developed in Matlab software pack-
age (MathWorks, Natick, MA, USA). Based on this, a parameter of interest called ‘relative
movement” was defined for each component separately as its peak-to-valley amplitude over
one cycle (between loaded and unloaded state) at the beginning and the end of the non-
destructive cyclic test (at peak load of 170 N and 340 N, respectively) to characterize the elastic
joint movements during those specific cycles.

The values of the parameters of interest were selected for statistical analysis which was per-
formed using SPSS software package (IBM, Chicago, IL, USA). Normal distribution of all data
was screened with the Shapiro-Wilk Test. Statistical analysis of the different stabilization
methods was performed with the General Linear Model Repeated Measures Test. Level of sig-
nificance was set at P = 0.05 for all statistical tests.

Ethics statement

The study was reviewed and approved by the institutional internal review board of the AO
Research Institute Davos /Switzerland, based on the approval of the specimens’ delivery by Sci-
ence Care Ethics Committee.

All donors have given a signed agreement for scientific medical research and education
during their lifetime.

None of the donors were from a vulnerable population and all donors or next of kin pro-
vided written informed consent that was freely given.

Results

The BMD of the specimens, as measured in L5, was 65 + 18.6 mgHA/ccm (mean * standard
deviation, S1 Appendix), which was within the range of the average population [11, 19]. Rela-
tive movements in all directions of left versus right sacroiliac joint in the intact state did not
differ significantly (p>0.05).

The relative movement in rotation and translation of the left sacroiliac joint in all 5 bio-
mechanical tests (intact, injured, 1-rod fixation, 2-rod fixation, 4-rod fixation) together with
the p-values for the respective comparisons are given in Table 1.

All relative movements in rotation and translation increased significantly between 170N
and 340N load for each specimen’s state (intact, injured, 1-rod fixation, 2-rod fixation, 4-rod
fixation) during the respective test (p<0.05).

All relative movements at 170 and 340 N loading were significantly higher in the injured
non-reconstructed J-state compared to the intact I-state, excluding the superoinferior transla-
tional movement which did not differ significantly between the intact and injured state.

With exception of the anteroposterior translational movement at 340N, the relative sacroil-
iac joint movements after each of the three reconstructions (1-rod fixation, 2-rod fixation,
4-rod fixation) were significantly smaller compared to the injured J-stated and did not differ
significantly to the intact I-state, but remained above the values of the latter.

The relative movements in all directions did not differ significantly in a direct comparison
between the 1-rod, 2-rod and 4-rod fixations with p>0.05 in all statistical tests.

Discussion

Relative movements at the sacroiliac joint were quantified in a two-leg alternating load bio-
mechanical pelvis model in the intact state, after Tile B1.1 (APC II) injury and after anterior
plate reconstruction. This model is capable to simulate the effect of the shear forces that are
caused by the alternating load during walking, in contrast to previously published models for
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Table 1.

Rot [deg]
Tr [mm]

Rx

Ry

Rz

Tx

Ty

Tz

Load

[N]

170
340
170
340
170
340
170
340
170
340
170

340

I
(int)

0.76
+0.27

1.65
+0.71

0.51
+0.32
0.85
+0.44

0.68
+0.32

1.23
+0.49
0.36
+0.17
0.87
+0.51
0.40
+0.34
0.75
+0.37
0.61
+0.23

1.18
+0.37

LEFT Sl joint (injured)

MeanxSD (standard deviation) P-values
J 1-rod 2-rod 4-rod | 1-R 1-R 2-R 2-R 4-R 4-R
(inj) (1-R) (2-R) (4-R) vs vs vs Vs vs Vs vs
J | J | J I J
2.04 1.22 1.17 1.14 0.03 0.29 0.04 0.35 0.04 0.55 0.03
+1.18 +0.88 +0.83 +081
4.66 2.64 2.6 2.54 0.02 0.21 0.04 0.26 0.04 0.37 0.03
1+2.42 +0.98 2+1.08 +1.05
1.76 0.66 0.63 0.61 0.03 0.48 0.04 0.60 0.04 0.87 0.04
+1.35 +0.47 +0.42 +0.39
3.62 0.92 0.87 0.84 0.03 0.38 0.04 0.56 0.04 0.63 0.04
+2.87 +0.47 +0.46 +0.44
1.61 0.91 0.89 0.85 0.03 0.15 0.04 0.17 0.04 0.28 0.03
+0.56 +0.51 +0.42 +0.37
3.50 2.40 2.33 2.28 0.02 0.11 0.04 0.15 0.03 0.22 0.03
+1.74 +0.93 +0.92 +0.78
1.30 0.5 0.49 0.47 0.03 0.43 0.04 0.73 0.03 0.79 0.03
+0.91 2+0.44 +0.39 +0.32
217 1.04 0.99 0.96 0.02 0.25 0.03 0.32 0.02 0.54 0.02
+0.98 +0.69 +0.64 +0.61
0.48 0.46 0.44 0.43 0.42 0.13 0.68 0.25 0.54 0.35 0.49
+0.17 +0.22 +0.24 +0.27
0.94 0.92 0.89 0.88 0.26 0.11 0.35 0.20 0.33 0.23 0.29
+0.64 +0.47 +0.42 +0.39
1.73 1.28 1.22 1.16 0.03 0.12 0.04 0.17 0.04 0.19 0.03
+1.18 +0.91 +0.86 +0.83
3.54 2.33 2.28 2.23 0.02 0.03 0.04 0.03 0.03 0.03 0.03
+2.05 +1.13 +1.10 +1.03

Left: Rotational (R) and translational (T) iliosacral joint movements for the intact (1), injured (J) and reconstructed (R) specimen states, with 1-rod, 2-rod and
4-rod implant configurations, in terms of mean and standard deviation (SD) at 170N and 340N load. Right: P-values for the respective comparisons of the
rotational and translational iliosacral joint movements between the intact, injured and reconstructed states. Significant p-values identified bold.

https://doi.org/10.1371/journal.pone.0184000.t001

biomechanical testing of the pelvic ring with either simultaneous two-leg stance loading [4,
20-22] with simultaneous load application on both hips via the spine, or one-leg stance load-
ing [13, 23-25], where the force is applied to the pelvic ring via a single femur and the iliac
crest is balanced with wires tied around the crest providing muscle force compensation. Tile
B1.1 injury revealed a significant increase in sacroiliac joint relative movements in all direc-
tions except superoinferior translation compared to the intact state of the ipsilateral side. As
already postulated by the current classification systems of Tile and Young-Burgess [3, 5, 26],
the open-book injury type is not indicated with posterior vertical instability. This situation was
reproduced very well in our model where the translational movements at the iliosacral joint
along the vertical axis were comparable between the intact and injured states. Therefore, in
absence of obvious posterior instability, anterior plating without posterior ring stabilization is
usually performed [2]. In line with our previous results [12], Abdelfattah et al. observed a sig-
nificantly higher vertical relative movements at the pubic symphysis after anterior sacroiliac
ligament dissection [27]. The sacrospinous and sacrotuberal ligaments contribute mainly to
rotational but moreover to vertical stabilization of the sacrum [28].

A magnetic resonance imaging study on Tile B1.1 (APC II) injuries revealed that the pos-
terior sacroiliac ligaments remained intact [1, 29]. Simulations of a Tile B1.1 injury in a
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single leg stance model show that anterior pubic plate fixation of the pelvic ring does not suf-
ficiently stabilize the sacroiliac joint compared to the intact state [13]. Multiple fixation strat-
egies based on biomechanical studies have been proposed [30-32]. Clinically, the use of
multihole plates compared to the formerly used two-hole plates decreased the rate of anterior
plate failure and malunion [1, 33]. Locked symphyseal plating systems initially provide better
stability than non-locked systems for anterior-posterior shear translation of pelvic ring frac-
tures [34] but also seem to show earlier loosening [12]. Our results revealed that reconstruc-
tion of the anterior ring using a four-hole locking screw fixation (two-screws per side)
exhibited a significant reduction of relative motion at the sacroiliac joint compared to the
injured state but does not fully restore the intact state. Especially in the anteroposterior
translation, a significant difference in-between the reconstructed and the intact state
remained at higher load.

Varga et al. pointed out that the inferior part of the symphysis is loaded in tension and is
consecutively not adequately reconstructed by a superior plate [4], effecting higher relative
movements at the sacroiliac joint. Apart from its tensional loading, the inferior part of the
sympbhysis stabilizes the pelvic ring against vertical translation and internal rotation [28]. Two
publications by Avilucea et al. and Simonean et al. showed that iliosacral screw or iliosacral
plate fixation reduces the relative movement at the sacroiliac joint significantly in Tile B1.1
and B1.2 (APC II) injuries, whereas the type of anterior fixation has a minor influence on
sacroiliac joint stability [1, 35]. Our results indicate that a single locking plate does not ade-
quately stabilize the inferior part of the symphysis, since higher relative movements at the
sacroiliac joint persist after anterior reconstruction. Stabilization of the inferior part of the
pubic symphysis by anterior double plating increases the stability and significantly reduces the
relative movement in the sacroiliac joint compared to single superior plating [4]. Although we
did not observe a significant difference of relative movements in-between the one to four rod
fixation of the symphysis, it has been visualized [28] that a sufficient stability of the symphyseal
ligaments reduces the load at the posterior pelvic ring.

Our study has some limitations as follows. The open book injury of the pelvis is an injury of
the younger population and commonly the result of a high impact trauma. The available speci-
mens for this biomechanical study had an average age of 75 years and therefor did not fully sat-
isfied the anatomical requirements for bony and ligamentous structures which we wished to
have. Although we did not consider muscle forces, additionally stabilizing and distracting the
pelvis, we developed a two leg alternating stance model for this test to simulate pelvic move-
ment during walking and to maximize alternating load and translational shear load. The
sacrum was fixed in the central portion. This fixation was necessary because of lacking muscle
forces. In addition, the randomized cyclic test sequences with different implant configurations
were performed under relatively low axial loads of up to 340 N, which were smaller than the
forces acting in vivo. Such test design aimed to guarantee the non-destructive fashion of test-
ing. Nevertheless, some wear still occurred of the specimens’ ligaments during each test as a
consequence of the loading. Since data were additionally acquired during a study on pubic
symphysis stabilization, we did not investigate the influence of additional iliosacral screw fixa-
tion or symphyseal double plating on the relative movements at the sacroiliac joint, so that our
results have to be compared to the existing literature.

To exclude an influence of an unavoidable imbalance (non-symmetry) of the left and right
sacroiliac joints on the test results, relative movements of the different states (intact, injured,
reconstructed) were only compared within the ipsilateral side and not to the contralateral one.
Although there was some difference in the direct comparison of the left versus right sacroiliac
joint of each specimen, this could not reveal a statistical significance and is therefore not fur-
ther commented.
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Conclusion

Symphyseal plating significantly reduces relative movement of the sacroiliac joint in open
book injuries type Tile B1.1 or B1.2 (APC II) but cannot fully restore the stability of the intact
sacroiliac joint. This may explain to some extent the implant failure and lack of healing at the
sacroiliac joint seen in this type of injury if only the pubic symphysis is stabilized without addi-
tional sacroiliac joint stabilization.

Supporting information

S1 Appendix. Individual values for BMD and relative movements at the left sacroiliac joint
of each specimen. Rotational and translational movements are presented for all biomechanical
tests with intact, injured, 1-rod fixation, 2-rod fixation and 4-rod fixation specimen’s state
under 170N and 340N load.

(XLSX)
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