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Abstract

Background Traumatic separation of the pubic symphysis can destabilize the pelvis and
require surgical fixation to reduce symphyseal gapping. The traditional approach involves
open reduction and the implantation of a steel symphyseal plate (SP) on the pubic bone to
hold the reposition. Despite its widespread use, SP-fixation is often associated with implant
failure caused by screw loosening or breakage.

Methods To address the need for a more reliable surgical intervention, we developed and
tested two titanium cable-clamp implants. The cable served as tensioning device while the
clamp secured the cable to the bone. The first implant design included a steel cable anterior
to the pubic symphysis to simplify its placement outside the pelvis, and the second design
included a cable encircling the pubic symphysis to stabilize the anterior pelvic ring. Using
highly reproducible synthetic bone models and a limited number of cadaver specimens, we
performed a comprehensive biomechanical study of implant stability and evaluated surgical
feasibility.

Results We were able to demonstrate that the cable-clamp implants provide stability
equivalent to that of a traditional SP-fixation but without the same risks of implant failure. We
also provide detailed ex vivo evaluations of the safety and feasibility of a trans-obturator
surgical approach required for those kind of fixation.

Conclusion We propose that the developed cable-clamp fixation devices may be of clinical
value in treating pubic symphysis separation.

1 Fabian Gilbert3,
6 Henner Huflage®,

Plain language summary
Life-threatening pelvic injuries are
often associated with disruption of a
joint within the hip bones, called the
pubic symphysis. Disruption can lead
to a gap and subsequent instability of
the pelvis. The current treatment is to
stabilize the joint with a steel plate
and screws, however this often
becomes unstable soon after the
operation. In this study, we analyzed
two alternatives for stabilization that
use cables and clamps instead of the
plate. Further, we tested a surgical
approach for implantation. The cables
and clamps were as stable as a steel
plate so offer an alternative approach
to stabilize the pubic symphysis.
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Symphyseal disruption and plate fixation. Rupture of the pubic
symphysis is a traumatic pelvic injury in which the strong midline
union of the pubic bones tears apart, requiring surgical fixation
whenever the stability of the pelvis is impaired. Currently, the
preferred treatment option is open reduction and symphyseal
plate (SP) fixation using a steel plate and screws!=3. Despite the
technique being used for decades in orthopedic traumatology,
there is a severe hazard of SP implant failure and recurrent
gapping. Loosening and breakage are some of the common
complications (Supplementary Fig. 1). Some patients present only
with mild radiologically verifiable plate loosening with an
acceptable functional outcome (30-75%), whereas others require
surgical revision and have a poorer outcome (3-11%)*-7. Reasons
for the high failure rate are controversially discussed. Some
experts suspect wrong indications rather than deficits of the
implant. However there is progressive data showing that SP
fixation is disadvantageous because it does not adequately neu-
tralize the forces on the pubic symphysis during mobilization of
the patient throughout the healing phase®°.

Biomechanical considerations of symphyseal plating. Previous
biomechanical studies confirmed that SP fixation is unable to
achieve stability similar to the uninjured pubic symphysis®-10. In
young patients with good bone quality SP fixation can secure
stability for several weeks until fibrocartilage healing of the pubic
symphysis sets in. Whenever screw anchoring is impaired, for
instance in osteoporotic bone, risk of implant failure rises before
healing is completed! 12, Therefore, SP fixation might not be the
ideal treatment option for all patients. The ongoing search for
alternative techniques underscores the controversy surrounding
SP fixation. Suture tapes'3!4, percutaneous screws!?, and the use
of spine implants for internal fixation!®17 are just some of the
recently introduced alternative fixation techniques. The current
literature confirms that there is a need for an alternative fixation
device without the risk of screw loosening or plate breakage.

Hypothesis of an alternative fixation technique. Early reports
about wire fixation of the pubic symphysis exist, a technique
without the risk of screw loosening or breakage!1°. Fixation in
which a wire is passed through the adjacent bone of the pubic
symphysis or through the obturator foramen are reported. The
limited tensile strength of wires is one of the reasons why such
wire fixation is outdated in the meantime. Better fixation strength
of braided steel cables renewed the discussion about cable fixation
of the pubic symphysis2%-21, However, a cable alone is at risk for
dislocation and loosening because it lies solely on the bony sur-
face without osseous fixation?0. Therefore, an anchoring device
for the cable seems to be required. The purpose of this study was
to develop different anchoring devices that allow a cable as ten-
sioning element to stabilize the pubic symphysis. The two
anchoring devices tested here differ in their methods of stabilizing
the pubic symphysis and were therefore separately evaluated. The
cable-clamp anterior only (CCAO) design located the cable only
on one side of the pubic symphysis to simplify cable placement
outside the pelvis. The cable-clamp anterior and posterior
(CCAP) design stabilized the anterior pelvic ring using a cable
encircling the pubic symphysis to provide a potentially higher
stability than that supplied by the CCAO design.

We hypothesized that cable-clamp fixation would be a possible
alternative to SP fixation. We conducted an equivalence and non-
inferiority testing to proof effectiveness of the developed implant
devices compared to SP-fixation but with better properties such
as fewer risk of implant failure or less invasive implantation?2, To
obtain sufficient data for statistical analysis of our approach, we
first used a comprehensive synthetic bone model because it is

available in unlimited quantities and is highly reproducible. Next,
we conducted a smaller biomechanical cadaver study to simulate
conditions in vivo. Although cadaver specimens are difficult to
obtain and have a greater variability, combining both methods in
a two-phase testing regime provides a more complete biomecha-
nical understanding. Further, a cadaver study was conducted to
evaluate the safety and feasibility of the trans-obturator surgical
implantation. We were able to confirm equivalent stability of SP
fixation and both cable-clamp prototypes.

Materials and methods

Implant manufacturing. To address the need for a more reliable
surgical intervention, we developed and tested two titanium
cable-clamp implants. The implant system consisted of a tensible
steel cable and two clamps, each clamp possessing a cable-guiding
channel and a large opening to attach the clamp to the bone using
a screw. The two implant designs differed in the path of their
guiding channels, with the CCAO design having the guiding
channel on only one side of the clamp and the CCAP design
having the guiding channel running along both sides. The pur-
pose of the clamp was to attach the cable to the bone, securely
guide the cable close to the bone, increase the contact area of the
cable and the bone, and avoid cable loosening. Clamps were
planned with mirror symmetry and a clockwise thread. After
trialing different prototypes, we fabricated slim, anatomically
contoured clamps (Fig. 1) by combining selective laser sintering
with a new metal/binder powder feedstock and industrial pro-
cesses such as conventional sintering, a technique called cold-
metal-fusion 3D printing (CMF). Commercially available tita-
nium powder (Ti6Al4V) was suited to this purpose and inte-
grated into the binder system as required. After a processable
feedstock was established, test specimens were produced to assess
their density and chemical composition. Because the clamp
overhang depended on the bone geometry, incorporation of
support structures within the design was trialed. Afterward, test
clamps were printed using selective laser sintering (Formiga P110,
EOS, Germany). The binder was then dissolved using furnace
heating, leaving a solid metal implant. Compensation for
shrinkage during this process was calculated in advance (Sup-
plementary Fig. 2)23-24,

Biomechanical testing of synthetic bone models. Thirty syn-
thetic pelves (Pelvis Complete, Art. No. 4060, Synbone, Zizers,
Switzerland) were used in our biomechanical study. We justify
the use of synthetic bone models with its widely accepted use in
biomechanical laboratories and its recent utilization in similar
pelvic studies allowing comparability of our results!32>-28, An
anterior—posterior compression injury (Young and Burgess APC
II; OTA/AO: 61-B2.3d) was simulated?®3?, leading to disruption
of the pubic symphysis and the iliosacral connections. Fixation of
posterior instability was conducted in all specimens using a
partially threaded stainless steel screw (2 6.5 mm, 95 mm long)
on the right sacroiliac joint. The disrupted synthetic bone models
were divided into three groups. The control group underwent SP
fixation (Group SP; N=10) using a four-hole stainless steel
symphysis plate (Symphyseal Plate 3.5 Synthes, Oberdorf, Swit-
zerland; Art. No. 02.100.004) and four self-tapping, non-locking
cortex screws (@ 3.5 mm, Synthes, Oberdorf, Switzerland). Medial
and lateral screws were 55mm and 60 mm long, respectively.
Attention was paid to the length and convergence angle of the
screws to avoid their penetration through the cortical bone. Pubic
symphysis disruption in Group CCAO (N = 10) was fixed using
the CCAO device by securing each V-shaped clamp to the cranio-
medial edge of opposing obturator foramina with a fully threaded
stainless steel screw (M4; & 4 mm, 20 mm long). After fixation,
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Different Prototypes Tested

Cable-clamp anterior only
(CCAO)

Cable-clamp anterior

and posterior
(CCAP)

Fig. 1 Cable-clamp fixation devices for stabilization of a ruptured pubic symphysis. The cable-clamp anterior only (CCAO) design positions the cable
anterior to the symphysis. The cable-clamp anterior and posterior (CCAP) design requires the cable to encircle the pubic symphysis. Both clamps contain

cable-guiding surface channels and large openings for screw placement.

the pubic rami were reduced using a pointed reduction clamp,
then a steel braided cerclage cable (& 1.7 mm, Synthes, Oberdorf,
Switzerland) was pulled through the anterior guiding channels of
the clamps. Finally, the centrally crossed cerclage cable was pre-
tensioned using a cable tensioning device to reduce the sym-
physis, with care taken to ensure that the tension forces were
equal. After anatomical reduction, the cramp was deformed and
locked using a ratcheting cable crimper and shortened to a
minimum using a cable cutter. Pubic symphysis disruption in
Group CCAP (N=10) was fixed using the CCAP device by
looping the cable through the obturator foramina, following the
guiding channels of the clamps, then tensioned, secured, and
shortened. Thus, the symphysis was looped with the cable cerc-
lage twice. All specimens were examined using X-ray imaging to
verify similar implant positioning (Fig. 2).

For biomechanical testing setup we used a single-leg-stance
model as it is simple, has minimal risk for confounders, and it is
well established by other groups3!:32. Hereby vertical sheer stress
can be applied to the pubic symphysis but no traction. Different
biomechanical test set-ups are mentioned in the literature, like the
two-leg-stance with simultaneous load or with alternating load,
but all have separate limitations®33, The pelvic models were fixed
to the material testing machine (2020, Zwick/Roell GmbH, Ulm,
Germany) using a custom-made aluminum device connected to a
force transducer. Pelvic samples were attached via the sacrum at a
physiological 45° tilt. The acetabulum articulated with a
hemiarthroplasty femoral head prosthesis (g 48 mm), and the
physiological antetorsion angle of 15° was taken into account. In
addition, a hook system was attached to the right ileum to
simulate the musculus tensor fasciae latae and the tractus
iliotibialis. A series of pre-tests were performed, using up to
12,000 test cycles and load levels up to 600 N, until a final test

protocol was defined (Table 1A). The testXpert II software
(Version 3.6, Zwick/Roell GmbH) continuously recorded force
and displacement to generate a load-displacement curve and
measure the following parameters: peak-to-peak displacement
(mm), total displacement (mm), plastic deformation (mm), and
stiffness (N/mm). A coordinate system was prepared by attaching
round visual markers (1.5 mm i.d., 3.5 mm o.d.) in one plane, and
an optical measuring system (ARAMIS 3D Professional, Carl
Zeiss GOM Metrology GmbH, Braunschweig, Germany)
equipped with two 6 MP cameras/a 12 MP sensor (GOM) and
ARAMIS Professional software 2018/2019 (Carl Zeiss GOM
Metrology GmbH, Braunschweig, Germany) was linked to the
material testing machine and used to follow the movement of the
markers.The visual markers served as identifiers at different
anatomical landmarks for the 12 megapixel cameras/sensor and a
reference block (140 x 22 x 32 mm) with three point markers was
defined as coordinate system as a reference. This enabled the
displacement of the individual visual markers to be measured in
X, Y, and Z axis. For measurement, the 30 visual measuring
points were divided into the following point components:
coordinate system, femur, right symphysis, left symphysis, right
sacroiliac joint, and left sacroiliac joint (Supplementary Fig. 3).
Calibration was performed before each test and accuracy was
confirmed (0.3-0.03 mm). Among the several visual measuring
points, we determined those on either side of the symphysis to be
most relevant, and we referred to it as symphyseal displacement
(mm). This parameter allows to indirect measure movement of
the pelvic ring. The optical measuring system was adjusted and
coupled to the material testing machine to record the maximum
loads of the 10 setting cycles during pre-testing, the first
measuring cycle, and every 20th measuring cycle up to the
5000th (Fig. 3).
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A) Groups of Synthetic Bone Models

B) Radiographic Control of Synthetic Bone Models

Group SP Group CCAO Group CCAP

symphyseal plate ble-clamp anterior only p anterior and posterior

|
o
? “
|

Inlet-View

- -

Outlet-View

3

Group SP
symphyseal plate

Group CCAO

cable-clamp anterior only

Group CCAP

cable-clamp anterior and posterior

Fig. 2 Biomechanical test specimens. A Photographs of SP, CCAO, and CCAP devices attached to synthetic bone models used for biomechanical testing.
The gold-standard four-hole SP served as a control. The CCAO device uses an extrapelvic cable, whereas the CCAP device uses a cable that enters the
obturator foramen and surrounds the pubic symphysis. B X-ray images of SP, CCAO, and CCAP devices attached to synthetic bone models, shown from
anterior-posterior (AP), inlet, and outlet views to confirm correct implant positioning.

Table 1 A) Material testing protocol used to examine
synthetic pelvis models. B) Material testing protocol used to
examine cadaver pelves.

Cycles Maximum Minimum Frequency

A) Synthetic bone

1. Setting cycles 10 50N 10N 50 mm/min

2. Measuring cycles 5000 300N 50N 100 mm/min

3. Setting cycles 10 50N 10N 50 mm/min

4. Measuring cycles 5000 400N 50N 100 mm/min
B) Cadaver bone

1. Setting cycles 10 50N 10N 50 mm/min

2. Measuring cycles 1000 300N 50N 100 mm/min

Biomechanical testing of cadaver bone models. No approval of
the ethics committee of the University of Wiirzburg was neces-
sary for the description of the surgical technique and bio-
mechanical testing outlined in this article. Informed consent to
participate in research questions was given and all cadavers were
anonymized for this project. Six fresh-frozen cadaver pelvic
bones were used for biomechanical analysis (3 male, 3 female).
Extirpation of the full pelvis was carried out, and all muscular
attachments were removed. The ligamentum sactrotuberale and
ligamentum sacrospinale were dissected on one side of the pelvis
and retained on the other. The pubic symphysis and the anterior
sacroiliac ligament were incised to create an anterior—-posterior
compression type II injury. Three specimens were stabilized
using the CCAO fixation device and three were stabilized using
the CCAP device. The human pelvis was attached to the bio-
mechanical testing setup in a manner similar to that of the
synthetic bone models but without hook attachment to the right
ileum, and biomechanical testing was performed on the same day
as fixation. In this special setting we decided against the ileum
attachment to observe movement at the anterior pelvic ring
without limitation. The optical measuring system was activated,
and the test protocol was adapted for cadaver specimens
(Table 1B).

Establishment of a trans-obturator approach using a cadaver
model. Six fresh-frozen cadaver specimens underwent the fol-
lowing sequence of surgical steps: incision of the symphysis pubis,
implantation of the medical device (Supplementary Videos 1-4),
soft tissue closure, computed tomography (CT) scanning (bladder
filled with radiocontrast fluid), full anatomical dissection, and
final extirpation of the pelvis. State-of-the-art twin-beam CT
(SOMATOM Definition Edge; Siemens Healthcare GmbH,
Erlangen, Germany) or photon-counting CT (NAEOTOM Alpha;
Siemens Healthcare GmbH) scanners were used for cadaveric
pelvis imaging (Table 2). Scan parameters were chosen to opti-
mize image quality. Prefiltration techniques (Au+Sn 120 kV/Sn
140kV) were used to minimize streak artifacts caused by the
metal implants. In addition to conventional CT, cystograms were
acquired using a standard Foley catheter. Therefore, iodine con-
trast agent (Imeron 350; Bracco Imaging Deutschland GmbH,
Germany) diluted with water (1:5) was injected into the urinary
bladder to rule out bladder or urethra laceration. Irrespective of
the scanner used, reconstructions in axial, coronal, and sagittal
orientations were performed employing a sharp bone kernel. The
slice thickness and increment were chosen with 1 mm and
0.5 mm, respectively. Additionally, cinematic volume rendering
was performed using dedicated software (syngo.via VB60, Sie-
mens Healthcare GmbH).

Statistics and reproducibility. A power analysis was performed
using a power of 80% and a significance level of 5% to confirm
that the sample size for synthetic bone models was adequate. The
results are presented as mean values with standard deviation. All
data underwent statistical analysis for normal distribution using
the Shapiro-Wilk test. Analysis of variance was used to compare
the means. A post hoc test was not necessary because no differ-
ence was measurable. A P value of less than 0.05 was considered
statistically significant. Further, data acquired using the synthetic
bone model underwent equivalence and non-inferiority testing.
Use of confidence intervals is preferred for statistical testing of
non-inferiority (ie., equivalence or superiority). Calculation of
confidence intervals requires data to have a normal distribution
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Synthetic Bone Model
[

Biomechanical Test Setup

Cadaver Specimens

Fig. 3 Biomechanical testing setup. A A synthetic bone model, fixed with one of the developed implants, was mounted to the material testing machine. A
single-leg stance test with uniaxial load was used. B Visual markers were placed around the pubic symphysis and iliosacral joints and their motion was
tracked using a camera system. The material testing machine measured the displacement of the whole pelvis, whereas optical video analysis was used to
measure bone movement at the pubis symphysis. The methods of attachment (C) and optical measurement (D) of cadaver bones were similar to those
used for the synthetic bone models. Colored arrows in panels (B and D) indicate movements along the y-axis. The number of cycles used to test cadaver
bones was lower than that used for testing the synthetic bone models because of the limited time available after cadaver specimens were defrosted.

Table 2 Synopsis of the cadaver specimens.

Nr. Gender Implant Approach Remarks Scanner
1 Male CCAO Trans-obturator Implant well aligned; SOMATOM Definition Edge;
horizontal incision bladder intact; Siemens Healthcare GmbH
prostate carcinoma;
bone metastasis.
2 Female CCAP Trans-obturator Cable at one posterior site SOMATOM Definition
horizontal not within the guiding channel; Edge; Siemens Healthcare GmbH
incision bladder intact;
morbidly obese.
3 Male CCAO Trans-obturator Implant well aligned; SOMATOM Definition
horizontal incision bladder intact. Edge; Siemens Healthcare GmbH
4 Female CCAP Trans-obturator horizontal incision Anterior bladder SOMATOM Definition
laceration; leakage of Edge; Siemens Healthcare GmbH
contrast fluid around the
pubic symphysis;
osteopenia; fracture
adjacent to the pubic
symphysis.
5 Male CCAO Trans-obturator midline incision Implant well aligned; NAEOTOM Alpha;
bladder intact. Siemens Healthcare GmbH
6 Female CCAP Trans-obturator midline incision Implant well aligned; NAEOTOM Alpha;

bladder intact.

Siemens Healthcare GmbH

CCAO cable-clamp anterior only, CCAP cable-clamp anterior and posterior.
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Descriptive Statistics

Synthetic Bone Model Testing
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Fig. 4 Results of the synthetic bone model biomechanical testing - box plots (N =10). The material testing machine generated a load-displacement
curve from which peak-to-peak displacement, plastic deformation, total displacement, and stiffness were measured under two different cyclic load levels.
The optical system measured changes in separation of the pubic branches (symphyseal displacement). White dots = individual data points. Black dots =
outlier. Lines in the box and whisker plot = error bars are the 95% confidence interval, the bottom and top of the box are the 25th and 75th percentiles, and

the line inside the box is the 50th percentile (median).

and homogenous variance, which we assessed using the Shapiro-
Wilk and Levene tests, respectively. When necessary, a square
root transformation of the data was performed to ensure that test
requirements were satisfied. All data generated or analysed during
this study are included in this published article (Supplementary
Data 1).

Reporting summary. Further information on research design is
avaijlable in the Nature Portfolio Reporting Summary linked to
this article.

Results

Implant manufacturing and handling. Solid titanium implants
with CCAO and CCAP designs were manufactured using CMF.
The thread of the opening for screw insertion was hand-cut to
improve accuracy. Biomechanical testing showed that the CCAO

device was easier to handle than the CCAP device. The extra-
pelvic cable in the CCAO device ran smoothly along the guiding
structure on the surface of the clamp, thereby reducing the risk of
irritating surrounding anatomical structures, and the intrapelvic
part of the implant was small and fully covered by soft tissue in
the cadaver specimens. Cable placement in the CCAP device was
slightly more cumbersome. In contrast to the synthetic bone
model, the cable could only pass once around the pubic sym-
physis in the cadaver because limited visual access made
threading it through the posterior cable guide of the in situ
implant difficult (Supplementary Videos 1 and 2). Vigorous use
of an oversized cable passer bears the risk of bladder laceration as
observed in one case. In a gapping traumatic symphyseal rupture,
retraction of the bladder might enable the cable to be more safely
passed. We decided to perform an additional cranial midline
incision between the pyramidalis muscles to improve visualiza-
tion (Supplementary Videos 3 and 4). Provided one is aware of
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Fig. 5 Results of the synthetic bone model biomechanical testing - non-inferiority testing. Non-inferiority testing of the synthetic bone models confirmed
equivalence of SP and cable-clamp (CCAO or CCAP) fixation methods for several of the test parameters (asterisk). Absence of non-inferiority does not
indicate lower stability because the non-inferiority test could not be conducted for some parameters.

this problem, we assume that the risk of bladder laceration is
manageable. Nevertheless, bladder laceration is a hazard and is
not specific to the implant presented here343>,

Biomechanical analysis of the synthetic pelvic bone model. The
peak-to-peak displacements of the entire pelvic ring were
0.83 +£0.33 mm (SP), 0.72 + 0.44 mm (CCAOQO), and 0.74 + 0.37 mm
(CCAP) under 300N load and 1.31+080mm (SP),
1.02+0.59mm (CCAO), and 0.89+0.30mm (CCAP) under
400 N. Non-inferiority of the CCAO device compared with the SP
device could not be proved under either load. Non-inferiority of

the CCAP device compared with the SP device could be proved
under 400 N load but not 300 N (Fig. 4 & 5; Table 3).

The total displacements of the pelvic ring were 4.31 + 0.83 mm
(SP), 4.15+0.81 mm (CCAQ), and 4.04+0.93mm (CCAP)
under 300N load and 5.25+1.14mm (SP), 5.06+1.19 mm
(CCAO), and 4.44+0.85mm (CCAP) under 400N. Non-
inferiority of both the CCAO and CCAP devices compared with
the SP device was proved under both loading conditions.

Plastic (irreversible) deformation of the whole pelvic ring was
determined using the load-displacement curve and the measured
values were 1.05+ 0.35mm (SP), 0.94 + 0.40 mm (CCAO), and
0.95+0.36 mm (CCAP) under 300N load and 1.36 + 0.60 mm
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Table 3 Statistical analysis of the synthetic bone models
tested by ANOVA.
Multivariate ANOVA for synthetic bone models
Parameter Group Mean STD P-value
Stiffness [N SP 136.2 23.6 0.535
/mm] 300N CCAO 134.8 215

CCAP 146.1 27.9
Stiffness [N SP 133.2 22.5 0.268
/mm] 400 N CCAO 135.2 24.0

CCAP 150.4 28.8
Peak-to-Peak- SP 0.832 0.333 0.795
Displacement CCAO 0.722 0.442
[mm] 300N CCAP 0.744 0.366
Peak-to-Peak- SP 1.309 0.799 0.292
Displacement CCAO 1.018 0.591
[mm] 400 N* CCAP 0.890 0.299
Total Displacement SP 4.312 0.826 0.781
[mm] 300N CCAO 4153 0.809

CCAP 4.042 0.933
Total Displacement SP 5.252 1137 0.222
[mm] 400N CCAO 5.064 1187

CCAP 4.438 0.849
Plastic Deformation SP 1.050 0.354 0.768
[mm] 300N CCAO 0.938 0.402

CCAP 0.951 0.362
Plastic Deformation SP 1.360 0.603 0.248
[mm] 400N CCAO 1132 0.564

CCAP 0.979 0.263
Symphyseal SP 0.919 0.210 0.939
Displacement 300 N CCAO 0.890 0.188

CCAP 0.922 0.267
Symphyseal SP 1.218 0.276 0.210
Displacement 400 N CCAO 1.146 0.278

CCAP 1.023 0.152
The results are presented as mean values with standard deviation. All data underwent statistical
analysis for normal distribution using the Shapiro-Wilk test (*no normal distribution). Analysis
of variance was used to compare the means. A post hoc test was not necessary because no
difference was measurable. A P value of less than 0.05 was considered statistically significant.
Absence of a significant difference cannot be interpretated as equivalence of the implants.
Therefore, the non-inferiority testing was necessary.

(SP), 1.13+0.56 mm (CCAOQO), and 0.98+0.26 mm (CCAP)
under 400 N. Non-inferiority of the CCAO device compared
with the SP device could not be proved under either loading
condition. Non-inferiority of the CCAP device compared with the
SP device could be proved under 300 N load but not 400 N.

Stiffness values were determined from the slope of the
load-displacement curve during the fifth cycle and measured to
be 136.15+23.55 N/mm (SP), 134.83 +21.47 N/mm (CCAO),
and 146.13+27.87 N/mm (CCAP) under 300N load and
133.15+22.53 N/mm (SP), 135.21 +24.02 N/mm (CCAO), and
150.36 + 28.81 N/mm (CCAP) under 400 N. Non-inferiority of
both CCAO and CCAP devices compared with the SP device was
proved under both loading conditions.

Symphyseal displacements were determined using 3D optical
analysis and measured to be 0.92 + 0.21 mm (SP), 0.89 £ 0.19 mm
(CCAO), and 0.92+0.27 mm (CCAP) under 300N load and
1.22+028mm  (SP), 1.15+028mm  (CCAO), and
1.02+0.15mm (CCAP) under 400N. Non-inferiority of the
CCAO device compared with the SP device was proved under
both loading conditions, whereas the CCAP device was non-
inferior only under the load of 400 N.

Biomechanical analysis of the cadaver pelvic bone model. All
cadaver tests were conducted under a load of 300 N (Table 1B).
The peak-to-peak total pelvic displacements were 2.62 + 2.18 mm

(CCAO) and 2.72 + 1.26 mm (CCAP). Total displacements were
9.50 +0.87 mm (CCAO) and 4.94+ 126 mm (CCAP). Plastic
deformations were 3.05 + 1.85 mm (CCAO) and 3.27 + 1.47 mm
(CCAP). Stiffness values were 191.59 +62.45N (CCAOQO) and
119.87 N £ 53.54 (CCAP). The mean symphyseal displacements
were 1.29 + 0.89 mm (CCAO) and 1.83 + 0.70 mm (CCAP). Non-
inferiority testing was not conducted for the cadaver specimens
because of the small sample size (Fig. 6).

Establishment of a trans-obturator approach using a cadaver
model. The cadavers were positioned in a supine position on a
flat table, and a Foley catheter was inserted. A midline or hor-
izontal incision (8-10 cm long) was made directly anterior to the
pubic symphysis. During preparation through the skin and soft
tissue to the pubic symphysis, the spermatic cord or round liga-
ment were spared. Subsequently, the pubic symphysis was dis-
sected. To expose the medial border of the obturator foramen, the
pectineus and external obturator muscle were partially detached.
Trans-obturator access to the pelvic cavity was gained by careful
digital dissection though the obturator membrane and the
internal obturator muscle including the fascia. The puborectalis
muscle was also pierced. This procedure was performed on both
sides of the pelvis to enable the fingertips to access the posterior
part of the pubic symphysis. Visual access was limited because of
the intact symphysis. The clamps of the implant were manually
placed at the medial border of the obturator foramen under visual
control. Intrapelvic palpation using the index finger confirmed no
incarceration of the bladder. A 1.7 mm braided steel cable was
passed through the guiding channels of the clamps, which were
secured to the pubis by drilling and screw fixation. Using the
tensioning device, the cable was tightened to compress the pubic
symphysis. The tension and position of the cable were secured by
deformation of the clamp, as recommended by the manufacturer
(Cable System, Surgical Technique, DePuy Synthes). The cable
was shortened and tissue layers were closed above the symphysis
(Supplementary Videos 1-4).

The surgical approach for implanting the CCAP device was
different from that of the CCAO device to enable the cable to be
passed around the posterior side of the pubic symphysis (Fig. 7).
We additionally performed a 3 cm cranial extension next to the
pubic symphysis along the midline of the pyramidalis muscles.
When entering the pelvic cavity via the Retzius space, the bladder
could be retracted and the cable passed safely. After wound
closure, all specimens were evaluated using CT, and then? fully
dissected. The following anatomical structures were at risk
(Fig. 8): the artery, vein, and nerve inside the obturator canal;
the spermatic cord or round ligament; the ilioinguinal nerve; the
genitofemoral nerve (genital branch); the suspensory ligament of
the penis; superficial dorsal vein of the penis; clitoral glans and
body; the bladder and prostate; and the femoral artery, vein, and
nerve. The full cadaver dissection showed a well-fitting implant
sufficiently distanced from surrounding anatomical structures.
The content of the muscular and vascular lacunae was laterally far
from the operating area. The obturator nerve came closest to the
implant. The ilioinguinal and the genitofemoral nerves had
variable shapes and locations and could not be identified in all
specimens. In male subjects, the spermatic cord was free from
contact with the implant. In one cadaver, bladder laceration was
identified (Fig. 9). Postoperative cadaver CT analysis confirmed a
good implant fit to the pubic bone (Fig. 10). Both clamp types
were located at the cranial-medial border of the obturator
foramen, and there was sufficient distance to the obturator canal.
There was no contact between the bladder (filled with iodine
contrast agent) and the implant. Between the implant and the
bladder was adipose tissue. The Foley catheter was clearly visible,
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Fig. 6 Results of the cadaver biomechanical testing (N = 3). Parameters were similar to those obtained using the synthetic bone model. The material
testing machine generated a load-displacement curve from which peak-to-peak displacement, plastic deformation, total displacement, and stiffness were
measured under two different cyclic load levels. The optical system measured changes in separation of the pubic branches (symphyseal displacement).
Sample sizes were smaller and SP fixation was not evaluated. White dots = individual data points.

and the urethra was free from contact with the implant in all
cadavers. In male cadavers, there was no contact with the prostate
(one specimen had prostatectomy). One female cadaver showed
leakage of contrast fluid from the bladder, which was confirmed
to be lacerated during the subsequent dissection. Bladder injury
most likely occurred during the attempt to implant the CCAP
device using a cable passer. Bone density varied between male and
female subjects.

Discussion

We attempted minimally invasive implantation of two medical
devices for stabilization of a ruptured symphysis. Using a 3D
printing technology, we fabricated solid and stable titanium
implants with complex geometric structures.

Biomechanical analysis of synthetic bone models demonstrated
that CCAO and CCAP designs were non-inferior to the regular
SP fixation when comparing important parameters such as total
displacement, symphyseal displacement, and stiffness. For some

other parameters, a non-inferiority test could not be conducted
using the available data. Biomechanical analyses of cadavers
confirmed the findings obtained using the synthetic bone models,
but the results were more variable. We observed a trend for
higher stability of the CCAP design compared with the CCAO
design, but the difference was not statistically significant. Because
we did not use a load-to-failure test, it remains to be determined
whether the CCAP design has a higher ultimate strength. In our
view, the combination of synthetic and cadaver bone models is
essential for studying the biomechanics of symphyseal fixation
devices. Synthetic bone models are readily available and highly
reproducible but have limited capacity to mimic human muscu-
loskeletal conditions®®. Cadaver bone models are better able to
mimic such musculoskeletal conditions but are usually highly
variable because of differences among body donors3’. Compar-
ison of our results to the recent literature confirms a current
pursuit of alternative fixation devices. Most recently Hinz et al.
developed a flexible implant by combining plates with a fiber cord
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Retropubic Implant Position and Anatomical Structures

Cable-clamp anterior only Cable-clamp anterior and posterior
(CCAO) (CCAP)

Fig. 7 Retropubic implant position. A slim implant design is desirable to avoid soft tissue irritation, especially in the retropubic space where only a slim soft
tissue layer covers the implant and protects the bladder. Images show the position of the implant at the posterior border of the pubic bone that faces the
bladder. A The CCAO device attached to a synthetic bone model. B The CCAO device implanted in a cadaver, where the implant is fully covered by soft
tissue. € The CCAP device attached to a synthetic bone model, showing the cable than can run in a single or double loop (shown) around the pubic
symphysis. D The CCAP device in a cadaver, showing the cable gleaming through the soft tissue in the space of Retzius (black arrow). In panels (B and D),
the white arrow points towards the pubic symphysis and the asterisk marks the bladder.

Fig. 8 Anatomical structures surrounding the implant. Cadaver study of the extrapelvic and intrapelvic area around the implant. A Anatomical structures
of the muscular and vascular lacunae in a female cadaver. Identified are: (1) sartorius muscle, (1) iliopsoas muscle, (Il) femoral nerve, (IV) femoral artery,
(V) femoral vena, and (VI) obturator nerve. B Anatomical structures of the muscular and vascular lacunae in a male cadaver. Identified are: (I) sartorius
muscle, () iliopsoas muscle, (1) femoral nerve, (IV) femoral artery, (V) femoral vena, (V1) obturator nerve, and (VII) spermatic cord. € Schematic
illustration of the obturator foramen, showing the obturator canal where the obturator nerve and vessels pass out of the pelvis. The canal is located at the
cranio-lateral border of the foramen, whereas the implant is on the opposite side. D Anterior view of the dissected obturator foramen. E Posterior oblique
view of the obturator foramen covered by the fascia of the obturator internus muscle. An asterisk marks the bladder. Long white arrows indicate the
obturator nerve exiting the canal. Short white arrows indicate the implant. Black arrows point to the pubis symphysis. The distance between the implant
and the canal is also shown in panels (D and E).
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Fig. 9 Risk of bladder laceration during surgical procedure. Bladder laceration might result from vigorous application of an oversized curved cable passer
during trans-obturator surgery with limited visibility. A Bladder laceration was observed in our cadaver study, where an oversized cable passer was used to
transfer the cable from one side to the other. The bladder injury was confirmed by (B) visual inspection during preparation, and observation of (C)

extravasation of contrast fluid around the pubis symphysis and (D) entrapped air in the bladder in computed tomography (CT) images obtained before full

anatomical dissection.

with high tensile strength and confirmed a good ex vivo
stability>s. Bohler et al. applied suture buttons as alternative
fixation in a comprehensive cadaver study and found no infer-
iority compared to plating®. Kiskaddon et al. confirmed feasi-
bility of suture button fixation of the pubic symphysis in their
cadaver study’. Cavalcanti-Kussmaul et al. explored suture tape
fixation of the pubic symphysis and yielded promising results in a
synthetic bone model test set-up and cadaver test model!341. In
contrast to the mentioned studies we decided to use a braided
steel cable as tensioning device. Even so the use of modern suture
material seems also reasonable. Further, the question arises
whether the cable used here could be applied without the pre-
sented clamps. In a previous study we confirmed that trans-
obturator cable fixation is feasible in a synthetic bone model.
Preliminary clinical cases in which the technique was applied in
combination with sympyseal plating shows promising results.
However, we fear loosening of the cable when used without an
anchoring device because the ongoing micromotion may cause
the braided cable to cut into the bone®.

In addition to the biomechanical analyses, we demonstrated
safe placement of the implants next to the pubic symphysis using
a trans-obturator approach. Our anatomical study identified a
safe anatomical area for implant placement and highlighted
structures at risk. Immediate hazards such as bladder laceration
were described in detail and precautions to avoid such collateral
injury were noted. Development of orthopedic implants such as
those presented here is closely linked to advancements in implant
manufacturing. Implant designs and manufacturing procedures
become obsolete whenever better surgical techniques or fabrica-
tion processes emerge. The current standard treatment is SP-
fixation; however, implant failure is often reported as previously
mentioned”-11:42-44 " Steel plates were originally intended to
stabilize bony fractures until osseous healing could be completed;
therefore, their suitability for stabilizing a dynamic, joint-like
union such as the pubic symphysis is debatable. Screw detach-
ment or loosening and plate breakage can occur when symphyseal

micromotion is high, which in our experience arises especially
among non-compliant, elderly, or obese patients!!. Our CCAO or
CCAP designs may therefore be advantageous because they do
not rely on screw fixation. Fabrication of these implants was
enabled using a modern 3D printing technology, which has
greatly enhanced metal-based orthopedic prototype development.
The ease of 3D printing and its ability to realize complex design
structures makes it ideal for implant research, especially using
CMF. Ultra-fast production of a dedicated cable-clamp implant
using patient-specific medical imaging data may be implemented
in the future*>. Although our implant geometries were designed
based on synthetic bone models, they fitted well to the cadaver
specimens so that scaling of the existing clamp sizes may also be
sufficient. The synthetic binder poses no concerns for bio-
compatibility and stability because debinding and sintering
removes all remnants; however, implant manufacture using more
established techniques, such selective laser melting or electron-
beam melting, is also an option because some are already FDA-
approved?®,

The trans-obturator surgical approach is necessary to implant
the CCAO and CCAP devices but not generally established in
orthopedic surgery. Operating through the obturator foramen has
been shown to be safe in other surgical specialties*”43. In our
anatomical study, none of the cadavers had a ruptured symphysis
and all had an intact rectus abdominis. Therefore, visualization
through the symphysis into the true pelvis was impaired. Sup-
portive cranial midline incision was needed to improve visual
access but might be unnecessary under real conditions in which
the pubic symphysis is gapping. As previously described by
Hadeed et al, some important anatomical structures must be
considered?®. In particular, the spermatic cord and ligamentum
suspensorium penis in men and the round ligament, clitoral body,
and clitoral glans in women must be spared to prevent dyspar-
eunia, erectile dysfunction, or infertility"9->3. During our dissec-
tion, we identified no conflict with the abovementioned
structures. The spermatic cord was sufficiently distant, but its
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CT-scan Cable-Clamp Anterior Only (CCAOQO)

BT

]

CT-scan Cable-Clamp Anterior and Posterior (CCAP)

Fig. 10 Implant evaluation by computed tomography. Top: (A-C) CT images of the CCAO device implanted at the pubic symphysis. D, E Sagittal and axial
CT images of the intact bladder filled with contrast fluid. F, G Enlarged images showing the good implant fit to the bone, anterior placement of the cable,
and screws fixing the clamp to the bone. Bottom: (H-J) CT images of the CCAP and contrast-filled bladder. K, L Sagittal and axial CT images of the

contrast-filled bladder containing a frozen blood clot. M, N Enlarged images showing the implant fit to the bone, cable surrounding the pubic symphysis,

and screws fixing the clamp to the bone.

position in a trauma context might differ so reduction clamps or a
cable passer should be used with caution®2. Regarding the uri-
niferous structures, the urethra runs underneath the pubic sym-
physis. The Foley catheter could be palpated and was outside the
operating area. Structures of the obturator canal are at the lateral
border of the foramen and were usually several centimeters from
the clamp. The trans-obturator approach may be considered an
extension of previously described minimally invasive techniques
such as the Fu-Liu approach®%. To place the implant, a cable must
be passed through muscles such as the pectineus, adductors,
obturator externus and internus, and part of the levator ani. The
risk of herniation is unknown.

The following limitations of our work should be considered:
We used a single-leg stance model for our study because in our

12

experience it mimics implant loosening of the pubic symphysis
and clinical postoperative non-weightbearing. However, some
authors reasonably argue that a bilateral-leg stance model better
creates distraction forces at the pubic symphysis and shear forces
through the sacroiliac joint®>>=>7. Furthermore, the number of
our cyclic loadings may have been inadequate. Six weeks of daily
walking would amount to approximately 210,000 cycles, greater
than the number tested here’®. Our pre-tests were conducted
using a larger number of cyclic loads during which diminishing
differences were seen, but some disadvantages of the cable-clamp
device might not have been apparent. Our synthetic pelvic model
had no ligaments or muscular attachments, and the load vectors
would differ under real-life conditions. Nevertheless, synthetic
bone models are established and well-accepted precursors to
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cadaver studies3°%60. Screw and plate fixation in our study was
performed without a drilling template that would otherwise
improve conformity of the implantation?>26. Use of the CCAO
and CCAP devices is limited to pubic symphyseal rupture, and
fracture of the pubic rami disqualifies any type of cable-clamp
fixation. Finally, we acknowledge that analogous approaches such
as trans-osseous wiring of the symphysis have previously been
described 18196162 Successful biomechanical fixation has been
achieved using various alternative techniques!3-16-20,:41,55,63-66,
but most have not entered clinical practice. We propose that the
CCAO or CCAP devices may be of clinical value.

Conclusions

Our biomechanical proof-of-concept study demonstrated that SP
and cable-clamp fixation provide equivalent stabilities. The trans-
obturator approach required for cable-clamp fixation represents a
novel surgical procedure that conforms with the current trend
toward less-invasive pelvic surgery. Clinical studies are needed to
determine if CCAO or CCAP devices will produce better func-
tional outcomes.

Data availability
The authors declare that the source data supporting the findings of this study is available
in Supplementary Data 1.

Received: 20 July 2022; Accepted: 6 December 2022;
Published online: 22 December 2022

References

1. Tile, M., Helfet, D. L., Kellam, J. F. & Vrahas, M. Fractures of the pelvis and
acetabulum. AOTrauma 4th Edition (2015).

2. Pierce, T. P, Issa, K, Callaghan, J. J. & Wright, C. Traumatic diastasis of the
pubic symphysis-a review of fixation method outcomes. Surg. Technol. Int. 29,
265-269 (2016).

3. Doro, C. J. et al. Does 2.5 cm of symphyseal widening differentiate
anteroposterior compression I from anteroposterior compression II pelvic ring
injuries? J. Orthop Trauma 24, 610-615 (2010).

4. Morris, S. A. C,, Loveridge, J., Smart, D. K. A,, Ward, A. J. & Chesser, T. J. S. Is
fixation failure after plate fixation of the symphysis pubis clinically important?
Clin. Orthop. Related Res. 470, 2154-2160 (2012).

5. Lybrand, K, Bell, A., Rodericks, D., Templeman, D. & Tornetta, P. APC
injuries with symphyseal fixation: what affects outcome? J. Orthop. Trauma
31, 27-30 (2017).

6. Van Loon, P, Kuhn, S., Hofmann, A., Hessmann, M. H. & Rommens, P. M.
Radiological analysis, operative management and functional outcome of open
book pelvic lesions: a 13-year cohort study. Injury-Int. J. Care Injured 42,
1012-1019 (2011).

7. Eastman, J. G, Krieg, J. C. & Routt, M. L. Jr Early failure of symphysis pubis
plating. Injury 47, 1707-1712 (2016).

8. Stuby, F. M. et al. Symphyseal fixation in open book injuries cannot fully
compensate anterior SI joint injury-A biomechanical study in a two-leg
alternating load model. PLoS One 12, 0184000 (2017).

9. Simonian, P. T., Routt, M. L., Jr, Harrington, R. M., Mayo, K. A. & Tencer, A.
F. Biomechanical simulation of the anteroposterior compression injury of the
pelvis. An understanding of instability and fixation. Clin. Orthop. Relat. Res.
245-256 (1994).

10. Dujardin, F. H., Roussignol, X., Hossenbaccus, M. & Thomine, J. M.
Experimental study of the sacroiliac joint micromotion in pelvic disruption. J.
Orthop. Trauma 16, 99-103 (2002).

11. Herteleer, M., Boudissa, M., Hofmann, A., Wagner, D. & Rommens, P. M.
Plate fixation of the anterior pelvic ring in patients with fragility fractures of
the pelvis. Eur. J. Trauma Emerg. Surg. https://doi.org/10.1007/s00068-021-
01625-z (2021).

12. Jordan, M. C. et al. Outcome after plate stabilization of symphyseal diastasis.
Unfallchirurg 123, 870-878 (2020).

13. Cavalcanti Kussmaul, A. et al. Novel minimally invasive tape suture
osteosynthesis for instabilities of the pubic symphysis: a biomechanical study.
Arch Orthop Trauma Surg. https://doi.org/10.1007/500402-021-03968-z
(2021)

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Feng, Y. et al. Percutaneous fixation of traumatic pubic symphysis diastasis
using a TightRope and external fixator versus using a cannulated screw. J.
Orthop. Surg. Res. 11, 62 (2016).

Chen, L., Zhang, G., Song, D., Guo, X. & Yuan, W. A comparison of
percutaneous reduction and screw fixation versus open reduction and plate
fixation of traumatic symphysis pubis diastasis. Arch. Orthop. Trauma Surg.
132, 265-270 (2012).

Fritz, T. et al. A novel internal fixation method for open book injuries of the
pubic symphysis- a biomechanical analysis. Clin. Biomech. 77 https://doi.org/
10.1016/j.clinbiomech.2020.105009 (2020).

Fritz, T. et al. Stabilization of a type B1.1 injury in a morbidly obese patient
using an internal fixator in a minimally invasive technique: a case report. JBJS
Case Connect 9, 0075 (2019).

Dolati, B. Die operative versorgung der symphysenruptur. Unfallchirurgie 11,
223-227 (1985).

Finsterer, H. Uber Beckenluxationen. Dtsch Z Chir 110, 191-210 (1911).
Jordan, M. C. et al. Trans-obturator cable fixation of open book pelvic injuries.
Sci. Rep. 11, 13463 (2021).

Lenz, M. et al. Biomechanical performance of different cable and wire cerclage
configurations. Int. Orthop. 37, 125-130 (2013).

Walker, E. & Nowacki, A. S. Understanding equivalence and noninferiority
testing. J. Gen. Intern. Med. 26, 192-196 (2011).

Jang, T. S., Kim, D., Han, G., Yoon, C. B. & Jung, H. D. Powder based additive
manufacturing for biomedical application of titanium and its alloys: a review.
Biomed. Eng. Lett. 10, 505-516 (2020).

Kaur, M. & Singh, K. Review on titanium and titanium based alloys as
biomaterials for orthopaedic applications. Mater Sci. Eng. C Mater Biol. Appl.
102, 844-862 (2019).

Lodde, M. F. et al. Is Anterior Plating Superior to the Bilateral Use of
Retrograde Transpubic Screws for Treatment of Straddle Pelvic Ring
Fractures? A Biomechanical Investigation. J. Clin. Med. 10. https://doi.org/10.
3390/jcm10215049 (2021).

Lodde, M. F. et al. Biomechanical comparison of five fixation techniques for
unstable fragility fractures of the pelvic ring. J. Clin. Med. 10 https://doi.org/
10.3390/jcm10112326 (2021).

Pizanis, A., Garcia, P., Santelmann, M., Culemann, U. & Pohlemann, T.
Reduction and fixation capabilities of different plate designs for pubic
symphysis disruption: a biomechanical comparison. Injury 44, 183-188 (2013).
Becker, C. A. et al. Modified less invasive anterior subcutaneous fixator for
unstable Tile-C-pelvic ring fractures: a biomechanical study. Biomed. Eng.
Online 18 https://doi.org/10.1186/s12938-019-0648-z (2019).

Alton, T. B. & Gee, A. O. Classifications in brief: young and burgess classification
of pelvic ring injuries. Clin. Orthop. Relat. Res. 472, 2338-2342 (2014).
Meinberg, E. G., Agel, J., Roberts, C. S., Karam, M. D. & Kellam, J. F. Fracture
and dislocation classification compendium-2018. J. Orthop. Trauma 32,
§1-S170 (2018).

Berber, O., Amis, A. A. & Day, A. C. Biomechanical testing of a concept of
posterior pelvic reconstruction in rotationally and vertically unstable fractures.
J. Bone Joint Surg. Br. 93, 237-244 (2011).

MacAvoy, M. C. et al. Stability of open-book pelvic fractures using a new
biomechanical model of single-limb stance. J. Orthop. Trauma 11, 590-593
(1997).

Agarwal, Y. et al. Two-leg alternate loading model - a different approach to
biomechanical investigations of fixation methods of the injured pelvic ring
with focus on the pubic symphysis. J. Biomech. 47, 380-386 (2014).

Peled, E., Norman, D., Kakiashvili, D. & Henley, M. B. Recurrent episodes of
micturition with expulsion of symphyseal plate screws following pelvic ring
fixation: case report. BMC Musculoskelet Disord. 16, 127 (2015).

Shon, H.-C., Kang, H.-W., Lim, E.-]. & Yang, J.-Y. Delayed bladder
perforation due to screw loosening after pelvic ring injury surgery. J. Trauma
Injury Dec. (2021). https://doi.org/10.20408/jti.2021.005

Elfar, J., Menorca, R. M., Reed, J. D. & Stanbury, S. Composite bone models in
orthopaedic surgery research and education. J. Am. Acad. Orthop. Surg. 22,
111-120 (2014).

Gardner, M. J,, Silva, M. J. & Krieg, J. C. Biomechanical testing of fracture
fixation constructs: variability, validity, and clinical applicability. J. Am. Acad.
Orthop. Surg. 20, 86-93 (2012).

Hinz, N. et al. Biomechanical in vitro analysis of a novel flexible implant for
pubic symphysis disruption using an ultra-high molecular weight polyethylene
fiber cord. Clin. Biomech. (Bristol, Avon) 95, 105652 (2022).

Bohler, C. et al. A biomechanical in-vitro study on an alternative fixation
technique of the pubic symphysis for open book injuries of the pelvis. Injury
53, 339-345 (2022).

Kiskaddon, E. M. et al. A biomechanical cadaver comparison of suture button
fixation to plate fixation for pubic symphysis diastasis. Injury-Int. J. Care
Injured 49, 1993-1998 (2018).

Cavalcanti Kussmaul, A. et al. Tape suture constructs for instabilities of the
pubic symphysis: is the idea of motion preservation a suitable treatment

COMMUNICATIONS MEDICINE | (2022)2:164 | https://doi.org/10.1038/s43856-022-00227-z | www.nature.com/commsmed 13


https://doi.org/10.1007/s00068-021-01625-z
https://doi.org/10.1007/s00068-021-01625-z
https://doi.org/10.1007/s00402-021-03968-z
https://doi.org/10.1016/j.clinbiomech.2020.105009
https://doi.org/10.1016/j.clinbiomech.2020.105009
https://doi.org/10.3390/jcm10215049
https://doi.org/10.3390/jcm10215049
https://doi.org/10.3390/jcm10112326
https://doi.org/10.3390/jcm10112326
https://doi.org/10.1186/s12938-019-0648-z
https://doi.org/10.20408/jti.2021.005
www.nature.com/commsmed
www.nature.com/commsmed

ARTICLE

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00227-z

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

option? A cadaver study. Arch. Orthop. Trauma Surg. https://doi.org/10.1007/
$00402-022-04547-6 (2022).

Scott, J. Scott’s parabola: the rise and fall of a surgical technique. British Med.
J. 323, 1477 (2001).

Collinge, C., Archdeacon, M. T., Dulaney-Cripe, E. & Moed, B. R.
Radiographic changes of implant failure after plating for pubic symphysis
diastasis: an underappreciated reality? Clin. Orthop. Relat. Res. 470,
2148-2153 (2012).

Putnis, S. E., Pearce, R,, Wali, U. J,, Bircher, M. D. & Rickman, M. S. Open
reduction and internal fixation of a traumatic diastasis of the pubic symphysis:
one-year radiological and functional outcomes. J. Bone Joint. Surg. Br. 93,
78-84 (2011).

Wong, K. C. 3D-printed patient-specific applications in orthopedics. Orthop.
Res. Rev. 8, 57-66 (2016).

Sing, S. L., An, J,, Yeong, W. Y. & Wiria, F. E. Laser and electron-beam
powder-bed additive manufacturing of metallic implants: a review on
processes, materials and designs. J. Orthop. Res. 34, 369-385 (2016).
Delorme, E. [Transobturator urethral suspension: mini-invasive procedure in
the treatment of stress urinary incontinence in women]. Prog. Urol. 11,
1306-1313 (2001).

Zahn, C. M., Siddique, S., Hernandez, S. & Lockrow, E. G. Anatomic
comparison of two transobturator tape procedures. Obstet. Gynecol. 109,
701-706 (2007).

Hadeed, M., Heare, A., Parry, J. & Mauffrey, C. Anatomical considerations in
percutaneous fixation of the pelvis and acetabulum. J. Am. Acad. Orthop. Surg.
29, 811-819 (2021).

Luksameearunothai, K., Amin, R. M., Shafiq, B. & Hasenboehler, E. A.
Distance between reproductive structures and the insertion point of the
Retrograde Pubic Ramus Screw. J. Orthop. Trauma 34, 578-582 (2020).
Collinge, C. A., Archdeacon, M. T. & LeBus, G. Saddle-horn injury of the
pelvis. The injury, its outcomes, and associated male sexual dysfunction. J.
Bone Joint Surg. Am. 91, 1630-1636 (2009).

Horlesberger, N. et al. Danger zone - The spermatic cord during anterior
plating of the symphysis pubis. Injury https://doi.org/10.1016/j.injury.2021.09.
045 (2021).

Collinge, C. A. & Beltran, M. J. Anatomic relationship between the spermatic
cord and the pubic tubercle: are our clamps injuring the cord during
symphyseal repair? J. Orthop. Trauma 29, 290-294 (2015).

Liu, S. et al. New concealed-incision extrapelvic approach for pubic symphysis
diastasis and parasymphyseal fractures: preliminary results. J. Bone Joint Surg.
Am. 102, 1542-1550 (2020).

Varga, E., Hearn, T., Powell, ]. & Tile, M. Effects of method of internal fixation
of symphyseal disruptions on stability of the pelvic ring. Injury 26, 75-80
(1995).

Grimshaw, C. S., Bledsoe, J. G. & Moed, B. R. Locked versus standard
unlocked plating of the pubic symphysis: a cadaver biomechanical study. J.
Orthop. Trauma 26, 402-406 (2012).

Metz, R. M, Bledsoe, J. G. & Moed, B. R. Does posterior fixation of partially
unstable open-book pelvic ring injuries decrease symphyseal plate failure? A
biomechanical study. J. Orthop. Trauma 32, S18-524 (2018).

Bassett, D. R. Jr, Wyatt, H. R., Thompson, H., Peters, J. C. & Hill, J. O.
Pedometer-measured physical activity and health behaviors in U.S. adults.
Med. Sci. Sports Exerc. 42, 1819-1825 (2010).

Shim, V., Boheme, J., Josten, C. & Anderson, I. Use of polyurethane foam in
orthopaedic biomechanical experimentation and simulation. Intech. Chapter
9, 171-200 (2012).

Augat, P. et al. Biomechanical models: key considerations in study design.
OTA Int. 4, €099 (2021).

Gustafsson, A. Operative adaptation with cerclage in traumatic rupture of the
symphysis. Acta Orthop. Scand. 41, 446-453 (1970).

Stuart, P. R,, Talbot, D. & Milne, D. D. Internal fixation of pubic symphysis
diastasis with a tension banding technique. Injury 21, 223-224 (1990).
Hofmann, D. Ruptures of the pelvic halfjoints - comparative analysis of
different stabilizytion methods. Unfallchirurgie 17, 247-252 (1991).
Meif3ner, A., Fell, M., Wilk, R., Boenick, U. & Rahmanzadeh, R.
Vergleich interner Stabilisierungsverfahren fir die Symphyse im

multidirektionalen dynamischen Gangbedingungssimulator. Unfallchirurgie
101, 18-25 (1998).

65. Ecke, H,, Patzak, H. J. & Hofmann, D. [Bridging tension band fixation in the
reconstruction of ruptured amphiarthrosis of the pelvic girdle].
Unfalichirurgie 17, 335-342 (1991).

66. Chen, L. et al. Endobutton technique for dynamic fixation of traumatic
symphysis pubis disruption. Acta Orthop. Belg. 79, 54-59 (2013).

Acknowledgements

The project was funded by the German Research Foundation (DFG JO1467/2-1) and
Universititsbund Wiirzburg (AZ 20-10). We thank Daniela Keller for support with
statistical analysis and Anna Kellersmann for video documentation. We thank Edanz for
editing a draft of this manuscript. This publication was supported by the Open Access
Publication Fund of the University of Wuerzburg.

Author contributions

M.CJ., CF. and RH.M. created the prototype. M.C.J. wrote the paper. M.C.J. and D.B.
drafted the figures. M.C.J. and D.B. performed statistical analysis. D.B., M.CJ., P.H.,, F.G,,
S.H.D., and R.G.J. conducted the biomechanical tests. M.C.J., D.B., S.E. and C.K. per-
formed anatomical preparation and explored the surgical approach. K.P. helped digital
planning. J.P.G. and H.H. performed CT-diagnostic. M.C.J. is responsible for the con-
ception and design of the manuscript. All authors approved the final version of the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests

The Julius-Maximilians-University Wiirzburg (M.C.J., C.F.,, and RH.M.) claimed a
patent for the cable-clamp fixation device (International Publication Number: WO 2022/
207348 Al). RH.M. is consultant for Medartis Holding AG. All other authors have no
competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/543856-022-00227-z.

Correspondence and requests for materials should be addressed to Martin C. Jordan.

Peer review information Communications Medicine thanks Tobias Fritz and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS MEDICINE| (2022)2:164 | https://doi.org/10.1038/s43856-022-00227-z | www.nature.com/commsmed


https://doi.org/10.1007/s00402-022-04547-6
https://doi.org/10.1007/s00402-022-04547-6
https://doi.org/10.1016/j.injury.2021.09.045
https://doi.org/10.1016/j.injury.2021.09.045
https://doi.org/10.1038/s43856-022-00227-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmed

	Development and preclinical evaluation of a cable-�clamp fixation device for a disrupted pubic symphysis
	Outline placeholder
	Symphyseal disruption and plate fixation
	Biomechanical considerations of symphyseal plating
	Hypothesis of an alternative fixation technique

	Materials and methods
	Implant manufacturing
	Biomechanical testing of synthetic bone models
	Biomechanical testing of cadaver bone models
	Establishment of a trans-obturator approach using a cadaver model
	Statistics and reproducibility
	Reporting summary

	Results
	Implant manufacturing and handling
	Biomechanical analysis of the synthetic pelvic bone model
	Biomechanical analysis of the cadaver pelvic bone model
	Establishment of a trans-obturator approach using a cadaver model

	Discussion
	Conclusions
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




