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Abstract

The terrible triad injury of the elbow consists of a dislocation, and fractures of the radius and
the coronoid [1]. It is commonly accompanied by pain, instability of the joint and limited range
of motion [2]. The outcome of the treatment of these injuries has improved with research over
the last years and, in some publications, is considered not so terrible anymore [3]. Despite that,
meta analyses showed that even with the research in the specific field, the outcome has not
improved sufficiently and that, apart from good and excellent results, still moderate to poor
outcomes are reported [4]. Therefore, this work aims to contribute to improving this situation
by deepening the knowledge about the injury and by promoting research that may improve the
clinical approaches in the treatment of the terrible triad injury.

There is still no consensus regarding the exact fracture mechanism of terrible triad injuries. In
order to achieve deeper understanding of it, we designed a Finite Element Analysis [5]. Since
no validated model of the entire elbow has been made available yet, we provide this
groundwork: a validated simulation of the physiological elbow. The simulation parameters
were adjusted to best match the experiment of its subject-specific biomechanical counterpart.
These optimized parameters were then applied to the remaining 7 samples and compared to
their experimental results. We found that the stiffness and the pressure distribution in the joint
were predicted with moderate correlation on average. Further, the joint in which peak pressure
was measured was predicted correctly in all 7 test cases. In future research, the fracture model
can be based on this simulation

Apart from that, it is not yet well understood if the radial head fracture and the coronoid fracture
reflect specific fracture patterns when they occur in the context of terrible triad injuries. In order
to explore that, we automated parts of the formerly manual process in creating fracture heat
maps with an algorithm [6]. We hypothesized that the algorithm performs the same task faster
than the manual execution and that it shows no large deviation (< 5.0 mm) from the manually
detected edges. The hypotheses were confirmed, as the algorithm was 23-times faster and
showed a deviation of 2.5 + 2.4 mm compared to the manual execution in proximal humerus
fractures. Furthermore, fractures of the distal humerus, tibia plateau, scaphoid and acetabulum
could be processed. Further research has to demonstrate applicability to the terrible triad injury.
With these two research studies, the basis is created to gather clinically relevant data in the
future, deepening the understanding of the terrible triad injury and, in the long term, improving

the situation for patients.
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Zusammenfassung

Die “terrible triad” (engl., schreckliche Dreiergruppe) Verletzung am Ellenbogen ist eine
komplexe Dislokation mit Frakturen des Radiuskopfs und Coronoids [1]. Sie geht oft einher
mit Schmerzen, Instabilitidt und eingeschrinktem Bewegungsumfang [2]. Zwar hat sich das
outcome nach Behandlung der Verletzung in den letzten Jahren verbessert und mittlerweile
wird sogar teilweise postuliert, dass sie daher nicht mehr ,.terrible®, also schrecklich, sei [3].
Allerdings haben Metastudien gezeigt, dass neben guten und exzellenten Ergebnissen auch
immer noch mittelméfBige und schlechte auftreten [4]. Daher soll diese Arbeit dazu beitragen,
das Wissen iiber die Verletzung zu vertiefen und wissenschaftliche Ergebnisse
hervorzubringen, die die Behandlung verbessern konnen.

Noch immer gibt es keinen Konsens iiber den exakten Verletzungsablauf. Um das Verstindnis
zu vertiefen, haben wir eine Finite Elemente Analyse angefertigt [5]. Da noch kein validiertes
Modell des ganzen Ellenbogens verdffentlicht wurde, stellen wir diese Grundlage auf: eine
validierte Simulation des physiologischen Ellenbogens. Die Simulationsparameter wurden an
die priparate-spezifischen experimentellen Parameter angepasst. Diese Parameter wurden dann
auf die tlibrigen 7 Préparate angewendet und mit den experimentellen Ergebnissen verglichen.
Dabei haben wir herausgefunden, dass die Steifigkeit und die Druckverteilung im Gelenk mit
durchschnittlich moderater Korrelation vorausgesagt wurden. Dazu wurde die Druckspitze in
allen 7 Versuchspriparaten im korrekten Gelenk vorhergesagt. Auf dieser Grundlage aufbauend
kann in der Zukunft ein Frakturmodell des Ellenbogens entwickelt werden.

Des Weiteren ist noch nicht ganz erforscht, ob die Radiuskopf- und Coronoidfrakturen im
Kontext der terrible triad Verletzung bestimmten Mustern folgen. Um das herauszufinden,
haben wir einen Algorithmus entwickelt, der Teile der ehemals manuellen Ableitung von
sogenannten Wahrscheinlichkeits-Heatmaps automatisiert [6]. Dabei haben wir die Hypothese
aufgestellt, dass der Algorithmus schneller ist und keine grolen Abweichungen (< 5,0 mm) im
Vergleich zur manuellen Erkennung der Frakturkanten aufweist. Dies wurde bestétigt: der
Algorithmus war 23 mal schneller und wies eine Abweichung von 2,5 + 2,4 mm zur manuellen
Ausfithrung am proximalen Humerus auf. AuBlerdem konnte der Algorithmus noch Frakturen
des distalen Humerus, Tibia Plateau, Scaphoid und Acetabulum verarbeiten.

Mit diesen beiden Studien wurde eine Grundlage geschaffen, mit der klinisch relevante Daten
erhoben werden konnen, die das Verstindnis der terrible triad Verletzung vertiefen und

langfristig die Situation fiir Patienten verbessern.
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Thesis outline

The overall aim of the dissertation is to contribute to an improved outcome for patients with
terrible triad injury. This complex dislocation is connotated with pain, limited function and
instability of the joint, and it still leads to varying outcome [1].
In chapter 1, the reader is introduced to the common fracture situations and the most common
group of patients. Further, the current state of the art regarding treatment of the injury as well
as regarding biomechanical and clinical research on the injury are presented.
Improving the poor outlook for patients is desirable and could be achieved with a better
understanding of the injury [7]. We stepped into this direction by means of two computational
approaches, which aim to deepen the knowledge of the fracture mechanism and of the fracture

pattern, respectively.

On the one hand, a finite element model can provide valuable information regarding the fracture
mechanism. Since models can only become clinically relevant when they are validated [8,9]
and no validated model of the entire elbow has been made available yet [10,11], this preliminary
goal must be achieved first. We contribute to this journey with a combined finite element model
and biomechanical experiment of the physiological elbow that is mechanically well-controlled.
In chapter 2, our study combining a biomechanical experiment and a finite element analysis
of the human elbow is presented [5]. We hypothesized that the finite element model can predict
the experimental contact pressure distribution, the stiffness, peak pressure and load share
moderately to well and can predict the location of the peak pressure correctly (radio-humeral
or humero-ulnar joint). To address these hypotheses, the finite element model includes both the
radio-capitellar and the ulno-trochlear joint as both forearm columns take up a significant
portion of the elbow contact force [12—15]. It is based on CT data of 8 cadaveric specimens and
subjected to loads common during activities of daily living in order to obtain clinically relevant
results. Several parameters of the model were studied in one specimen and the best matching
result was propagated to the remaining seven models. This finite element workflow is combined
with biomechanical experiments on their subject-specific cadaveric counterparts. Both
approaches reflect on the pathomechanic position of the terrible triad injury: pronation and full
extension. In the experimental model, the displacement under load and the joint pressure were
measured. Eventually, the results of the finite element workflow were compared to the

experimental data. Even though the simulation predicted the experimental contact pressure
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distribution and the construct stiffness only with moderate correlation, the experimental peak
pressure was predicted in the correct joint in all cases. The finite element model parameters as
well as the experimental set up can still be improved in future research so that a validated finite

element model of the elbow can be achieved.

On the other hand, the evaluation of CT scans can contribute to a thorough insight into fracture
patterns, e.g. of terrible triad injuries. The partial automation of this process enables a time-
efficient evaluation less dependent on the number of patients’ CT scans. Therefore, we
developed an algorithm that detects the edges of the fragments and superposes them, generating
a heat map of fracture probabilities. With this reduction in manual labor, retrospective studies
of CT scans can be facilitated, therefore more studies of the fracture patterns in terrible triad
injuries can be published so that broader data will be available in the future.
In chapter 3, this algorithm is described [6]. We hypothesized that our algorithm performs
parts of the manual task with only little deviation (<5.0 mm) and faster than the equivalent
manual execution. After the CT scans are segmented, and the fragments identified and reduced
manually, the algorithm runs all steps towards the three-dimensional fracture probability heat
map automatically. These steps comprise the transformation of the mesh of an intact bone onto
that of the fractured bone, where all nodes corresponding to the separate fragments are
identified. Then, the edges of the fragments can be detected in the mesh of the intact bone. This
procedure is repeated for all fractured bones and the detected fracture edges are superposed in
the intact bone mesh. As result, a three-dimensional heat map of fracture probabilities is created.
We compared this automated approach to the former gold standard, the manual transmission of
fracture lines from the fractured onto an intact sample. The algorithm showed acceptable results
in precision and a considerably shorter processing time. Through the automation of the formerly
time-intensive evaluation of CT scans of fragments, it is believed that more fracture evaluations
will be published and therefore, a broader data basis is created to evaluate the fracture pattern
of terrible triad injuries.

In chapter 4, the results of chapters 2 and 3 are discussed and their impact on the current state
of science in the terrible triad injury assessed. The implications of these studies as well as the
next steps in the journey towards improved outcomes for patients with terrible triad injuries are
shown. Once a finite element model with improved parameters is evolved, based on our model
and results, a fracture model can be implemented. This may allow for diverse simulations on
terrible triad injuries, helping to evaluate the role of ligaments in the fracture mechanism and

their stabilizing contribution in the treatment plan. Apart from that, research regarding
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prostheses and pressure distributions in the joint in different situations of daily living can be
carried out, based on our finite element model of the elbow.

Through the automation of the formerly manual fracture edge detection and heat map
generation, it is believed that more fracture evaluations will be published. Therefore, a broader
data basis is created to evaluate the fracture pattern of terrible triad injuries. This includes
promoting smaller studies from local institutions, as well as increasing the cohort in studies by
larger, specialized institutions. From this facilitation, research not only on terrible triad injury
but on a broad variety of fractures may benefit since the algorithm proved valuable for fractures
in bones of different general shapes and sizes. Concluding, the role of the publications in

progressing the research on terrible triad injuries is evaluated.



Chapter 1

Introduction: The terrible triad injury of the elbow
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The terrible triad injury of the elbow
Definition

A terrible triad injury (TTI) of the elbow consists of fractures of the radial head and the coronoid
and of a dislocation of the elbow. It was first mentioned as such by Hotchkiss et al. in 1996 due

to its historically poor outcome [1] (Figure 1).

Figure 1a) The forearm and the humerus are still intact. b) During the fracture mechanism, the joint is compressed,
so that ¢) the joint displaces and the coronoid and radial head fracture.

This fracture is particularly critical since both axial columns of the elbow are affected: the radio-
humeral and the ulno-humeral joints. Frequently, the stabilizing lateral collateral ligament
(LCL) complex is impacted as well [2] and, in 50-60% of the TTI cases, so is the medial
collateral ligament (MCL) [16]. These factors are prone to impact the joint stability [17]. The
injury commonly occurs in patients of relatively young age (mean 45 years) [18]. It is evoked
by high impact, e.g. in traffic accidents, in falling accidents of different heights or during sports
[19,20]. The patients are predominantly male (58 %) [4]. Apart from instability of the elbow,
such a severe injury commonly causes stiffness, development of arthrosis and pain [1]. The
increasing significance can be derived from the fact that in the same book series in the 2015

edition, already several sections were dedicated to the terrible triad injury [21].
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State of the Art

Regarding the treatment, recently relevant biomechanical investigations and retrospective
clinical studies have been published, evaluating the short- and long-term outcomes of different
therapeutic approaches [3,22,23]. In particular, most studies investigated surgery protocols
including different combinations of addressing the coronoid and radial head fractures, the MCL,

LCL or the anterior capsule.

A study published by Pugh et al. included 36 patients and reported outcomes after surgery which
consisted of repair of coronoid fracture, refixation/replacement of the radial head, and where
possible, repair of the elbow capsule and of the LCL. In some cases, it was necessary to repair
the MCL or apply an external fixator to restore joint stability. With this protocol, the mean
Mayo elbow performance score (MEPS) of 88 could be achieved [24]. This is in line with other
publications as they suggest that repairing the LCL complex (LCLC) prevents persistent elbow
instability after TTI [25,26]. Similarly, Gupta et al. investigated the results of a standardized
surgical protocol, consisting of radial head repair/replacement, coronoid refixation and LCL
refixation. If the joint was still unstable intraoperatively, the MCL was refixed as well. At latest
after secondary surgery for cases with heterotopic ossification, all patients had ranges of motion

close to those required for activities of daily living [27].

In contrast, a more conservative approach was described by Papatheodorou et al. in a case series
with 14 patients, who had coronoid fractures of the Regan Morrey type I or II. These fractures
were not treated operatively; only the radial heads and LUCL were refixated or replaced.
Intraoperative stability was confirmed with fluoroscopy, without fixation of the anterior capsule
or the MCL. No instability was detected in this small cohort, nor was reoperation necessary,
and in 13 out of 14 patients the range of motion allowed for performance of activities of daily
living [28]. In a study by Ring et al., out of 11 observed cases only 4 showed satisfactory results
regarding range of motion for activities of daily living. These were treated with refixed or
retained radial head, and two with repair of the LCL. The authors emphasize that restoring
stability of the joint is crucial in treatment of TTI, which is achieved through reconstruction of

the radio-humeral joint and the LCL, and the coronoid if necessary [29].

Jung et al. agree with Ring et al. regarding the primary aim of surgery being to reestablish
stability of the elbow joint. In their study, they investigated risk factors for the success of this
goal with 76 patients, divided into the “recurrent instability” (15) or the “concentric stability”

(61) group. Factors promoting instability are high energy trauma, comminuted radial head
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fractures, injury of the MCL and not addressing the coronoid fracture. This point contradicts
the findings by Ring et al., who achieved satisfactory results in four patients without addressing
the coronoid. It was further found that the time between injury and surgery plays a role in the
outcome of the treatment [30]. This was also investigated by Lindenhovius et al. In their study,
18 patients were operated in up to 14 days after injury with refixation of the coronoid, of the
LCL and refixation or replacement of the radial head. In parallel, 14 patients were treated 21
days or later after injury and after initial treatment. In this group, 13 patients underwent radial
head replacement, and the coronoid fracture was refixed in 9, the LCL was addressed in 13.
Even though the range of motion improves with earlier surgery, as suggested by Jung et al., the

outcome regarding stability and strength was similar in both groups [31].

Hou et al. addressed the coronoid process using a plate, refixed or replaced the radial head and
reattached the LCL but not the MCL [20]. This approach is similar to that described by
Lindenhovius et al. for the early operated group, neither addressing the MCL. With a MEPS of
83 and a disability of the arm, shoulder and hand (DASH) score of 22 in Hou et al. compared
to 88 and 18 in Lindenhovius et al., the latter reported better results. The differences in outcome
while applying a similar surgery protocol are an example of individual differences amongst

patients.

Similar results regarding the MEPS were observed by Chemama et al. In a retrospective study
with 23 elbows, 17 were treated addressing the radial head with refixation or replacement, 10
refixing the coronoid fracture and, in all cases all ligaments were reconstructed. Overall, good
outcomes were achieved with this approach. In line with the findings of Jung et al., they stated
that Mason Type III (comminuted) fractures of the radial head pose a risk factor for poor
outcome [32]. Similarly, Jeong et al. repaired both fractured bones as well as the LUCL and, if
injured, also the MCL. This procedure led to satisfactory results in terms of range of motion as
well as MEPS. Elbow stability was achieved in all 13 observed cases with a mean follow-up

time of 18 months [33].

Chen et al. ran a meta-analysis of studies comparing the repair to the replacement of fractured
radial heads. In the cohort, most fractures were Mason type II or III. As outcomes, the DASH
score and MEPS were considered. Fewer complications were associated with replacement than
with repair of the radial head [34]. In two studies encompassed in this meta-analysis, the authors
reported that the radial head was replaced when fractured into 4 or more fragments [35] and

that the effort to repair was higher in younger patients [36]. Despite applying the replacement
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approach in clinically more critical cases - the fracture being more complicated and the patients
older - the replacement approach led to better overall results. Apart from that, the included
studies had different protocols regarding the MCL. In Watters et al., the MCL was repaired
when necessary for stability in 5 out of 39 cases [35], in Jeong et al. whenever it was teared
[33], and in Leigh and Ball and Yan et al. it was not addressed [36,37]. These differences in

surgical approach could distort the results derived in the meta-analysis.

Chen et al. report that compared to the last systematic review with publications up to 2009, the
share of patients with good to excellent outcomes has “maintained, rather than increased”. They

3

state that continued improvement of the surgery protocols “will hopefully decrease the
proportion of patients who experience fair to poor outcomes” [4]. Common complications of
surgeries for terrible triad injuries were investigated based on 16 studies with a total of 312
patients. Overall, more than 20 % of these patients required reoperation, the most common
reasons were unsatisfactory refixation or replacement, joint stiffness or instability and ulnar

neuropathy [4].

With a conservative approach, surgical complications can be circumvented. In a study of Najd
Mazhar et al., 14 out of 63 patients met specific criteria for nonsurgical treatment. Amongst
others, these included a defined active range of motion that can be achieved pain-free, fractures
of radius and ulna not requiring surgery and a stable joint. The patients included in this study
had radial head fractures of the Regan-Morrey types I or II and coronoid fractures of the Mason
type I or II. Even though the resulting MEPS and DASH score were acceptable, the range of
motion in pronation/supination was limited. Therefore, they propose that only patients meeting
even stricter criteria are suited for the conservative approach [19]. Similar results were reported

by Chan et al. [38].

The role of the anterior capsule in the context of the TTI is still unclear. It was stated by Pugh
and McKee that its repair could “significantly improve stability” of the elbow [39]. Contrarily,
Antoni et al. found in a retrospective study with 30 patients that repair of the anterior capsule
did not improve the clinical or radiographical outcome [40]. A middle way for the dispute was
created by Papatheodorou, who stated that the capsule does not require repair in case the
coronoid fracture was not too severe [28]. This could imply that repair of the anterior capsule
is required only if the coronoid fracture is severe. Even though Fern et al. focused their study

on the varus stability and did not investigate overall elbow stability, they found that larger



Chapter 1 18

defects in the coronoid pose a strong risk of instability whereas minor defects can be

compensated by addressing the LCL or the radial head [41].

All published studies on the terrible triad injury have led to an improved situation for patients.
Even though the optimal surgery protocol is still not determined, a scoping review by Stambulic
et al. showed that the average MEPS was 90, corresponding to excellent results, and therefore

state that terrible triad injuries were “no longer terrible!” [3].

Regarding the fracture mechanism, in the original source it was assumed that a fall on the
outstretched elbow in supination is the pathomechanic position for terrible triad injuries [1].
Re-investigating that, a study by Fitzpatrick et al. in 2012 thoroughly examined the probable
fracture position with a biomechanical cadaver study. They found that in 6 out of 7 cases,
samples in full pronation showed a terrible triad fracture pattern - significantly more frequently
than in supination. During fracturing in pronation, external rotation of the ulna tended to tear
the lateral ligaments and internal rotation the medial ligaments [42]. In a study by our research
group, 13 cadaveric specimens were fractured in pronation and extension. The influence of
added valgus load was investigated, and it was found that it did not lead to a more reliable
observation of terrible triad fractures than with a mere axial impact: 7 out of 7 samples without
and 5 out of 6 with valgus load showed a terrible triad fracture. The remaining sample had a
radial head fracture and a dislocation but instead of the coronoid, the medial humerus fractured

[43].

Extending the findings of affected ligaments from Fitzpatrick et al, Rhyou et al. carried out a
retrospective study based on x-rays and MRI images of 40 patients with terrible triad injuries.
In the most common injury pattern, the posterolateral displacement and external rotation
(PLER) of the forearm, the LCLC and extensor muscles were torn by distraction in all, whereas
the UCL was spared in some cases. This could suggest that identification of posterolateral
displacement of the forearm in the x-ray should raise particular awareness regarding

accompanying LCLC rupture and extensor muscle tear; inclusion of the UCL is probable [44].

Another approach investigating contact mechanics of the elbow are finite element models.
Wake et al developed a workflow to examine the fracture-dislocation of the coronoid and
olecranon, combining experimental and computational data. Even though the study included a
large experimental cohort, the finite element analysis neglected the radius and could therefore
not serve as a basis for the investigation of the terrible triad injury [45]. In addition, both this

study and one published by Merz et al. reduced the mechanical problem to a two-dimensional
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finite element analysis, neglecting the medial-lateral joint orientation [46]. In contrast, both
Renani et al. and Langohr et al., developed three-dimensional finite element models to
investigate the elbow joint mechanics. However, Langohr et al. neglected the ulno-trochlear
and Renani et al. the radio-capitellar joint of the elbow, focusing on their specific research
question only [47,48]. Therefore, neither of these models was suited as groundwork to simulate

the terrible triad injury fracture mechanics.

Apart from this approach, the fracture mechanics of the terrible triad injury can be investigated
retrospectively, evaluating the fracture pattern in CT scans. Mellema et al. examined if
particular fracture patterns correlate with overall fracture types. They found that this is indeed
the case for coronoid fractures but not for radial head fractures in terrible triad injuries [49,50].
This might suggest that information about the coronoid fracture could provide information of

impacted soft tissue and the radial head if the fracture pattern can be identified clearly.

In summary, up to now research focused on the retrospective analysis of patients with terrible
triad injuries and their long-term outcome, on biomechanical models reproducing the fracture
pattern. Further, several finite element analyses on partial elbows and manual retrospective

statistical analyses of CT scans were published, which served as a basis for our research.
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2.1 Introduction

The elbow joint provides crucial mobility and functionality for activities of daily living [51].
Severe injuries, such as the terrible triad lesion of the elbow, can cause stiffness and severe pain
[1,28,31,52], which negatively impact the patients’ independence and dignity immediately.
Therefore, profound knowledge of the intact state may help improve the treatment [7] and finite
element models (FEM) are an established tool to improve understanding of joint biomechanics
[53]. This computational approach has been applied to a great extent in the hip [54-56] and

knee research [57-59]; however, the elbow is not yet well represented.

To be able to draw clinically meaningful results from finite element models of the elbow, these
must be tested under realistic conditions, including realistic loads and adequate representation
of all relevant structures. Common loads in the ulno-trochlear and radio-capitellar joints range
up to 1600 N and 800 N during occupational activities [60]. The elbow joint is regularly
subjected to forces between 0.5 to 3 times body weight in activities of daily living, ranging up
to 2 times body weight [61,62]. According to the literature, 54-67 % of the pressure is
transmitted through the radius in elbow extension [12—15]. The distribution of load transfer
directly impacts the pressure distribution within the joint, which is an important evaluation

criterion in the development of prosthesis and treatment options [48].

Thus far, published models of the elbow have been validated up to 200 N [10]. In view of the
actual loads, this is very low. Furthermore, this model neglected a detailed description of the
ulna. Willing et al. have presented an elbow model including both forearm bones [11]. Their
study focused on the cartilage contact mechanics, and, for their purpose, 80 N of load sufficed.
However, this range does not fulfill the wide range of loads in the activities of daily living.
Hence, among the published elbow models, we identified the lack of a model that includes both

the radio-capitellar and the ulno-trochlear joint, and that is subjected to realistic loads.

We aim to fill this gap with a subject-specific finite element workflow with parameters that are
optimized for one specimen and subsequently tested in a test-cohort of seven specimens of the
native elbow joint. We compare the experimental and simulated locations of peak pressure and
the overall pressure distribution, being relevant parameters for correct prostheses design, and
the stiffness as a parameter for the deformation occurring in the joint. Furthermore, we compare

the contact areas, peak pressure magnitudes and percentage of load share on the radius.
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2.2 Materials and Method

Preparation

Eight cadaveric arms from 4 donors (1 female and 3 male), with an average age of 78 (range
62-89) years were used. Ethical approval was granted under the number VT 21-1514 1 prior to
the study.

Before in-vitro testing, the humerus was dissected 12 cm proximal of the joint line and the
forearm bones 7 cm distal of it, which were the highest common lengths of all samples. The
specimens were potted into custom-made aluminum cylinders with polymethyl methacrylate
(PMMA, Technovit, Kulzer GmbH, Wehrheim, Germany) in full extension and 60° pronation.
The height of the fixation was marked at 3 cm. Each specimen was equipped with 6 tantalum
beads (0.8 mm, x-medics, Frederiksberg, Denmark) of which two were inserted in the proximal
shaft, one in the medial epicondyle of the humerus, one in the proximal end of the olecranon
and two in the radial shaft. Then, cross sectional computed tomography (CT) images of the
specimens were obtained in the anatomic position of the experiment, using a clinical CT system
with a modified protocol (Philips IQon, Philips Healthcare, Best, The Netherlands). Helical CT
image acquisition was performed using 120 kVp, 250 mAs and a pitch of 0.235. Images were
reconstructed using a hybrid-iterative reconstruction algorithm with a sharp kernel (iDose4 and
C, Philips Healthcare, Best, The Netherlands). Images were reconstructed in a slice thickness
of 0.67 mm without increment. Given a matrix of 1024x1024 and the field-of-view of 350x350

mm?, in plane resolution was 0.34x0.34 mm?.
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Figure 2: The set-up of the simulation (a) and experiment (b) are analogous to each other. The proximal fixation
of the simulation is derived from the resin height in the aluminum pot and its displacement, measured with the
position markers, is applied as boundary condition to the simulation. In both cases, the humerus presses axially on
the pressure measurement: measured in the cartilage (a) and the pressure mapping sensor (b). In the simulation (a),
the ulna and radius are well visible whereas the soft tissue and the pressure mapping sensor obstruct the view in
(b). The distal fixation of the simulation (a) corresponds in height and degrees of freedom to the resin, fixated to
the bottom table with screws (b).

A pressure mapping sensor (PMS, Model 5040; Tekscan, Inc., Boston, MA) with spatial and
temporal resolutions of 1.03 mm? and 10 Hz was preconditioned and calibrated under
experiment-like conditions. The PMS was placed between two silicon layers, lubricated with
machine oil, on a flat table and a stamp, both made of steel, in a material testing machine (error
+1 N, Modell Z010, Zwick Roell, Ulm, Germany) to mimic the cartilage covered bone. During
the calibration and the experiment, the PMS was protected from the moist environment by a
Tegaderm Film (3M Deutschland GmbH, Neuss, Germany) [47,63]. The conditioning loads
ranged up to 110% of the highest expected pressure (1.27 MPa), estimated based on a previous
study [12]. A custom-adapted second order polynomial calibration curve was found to show
the lowest root mean squared error (RMSE 0.05 MPa), as suggested by Brimacombe et al. [64].

Several parameters were based on preliminary studies in one specimen and the best matching

set was applied to the remaining 7 specimens in the comparison cohort.
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Experiment

The potted specimens were fixed in the material testing machine (Z010, Zwick Roell, Ulm,
Germany) to the bottom table with screws and press fitted to the top pot, which was itself rigidly
attached to the actuator (Figure 2b). The specimens were placed in full extension and 60°
pronation. This position was chosen as a well-controlled set-up. The skin was incised axially at
the ventral center of the elbow over 7 cm. Further blunt dissection, moving the muscles to the
sides, giving unobstructed view on the ventral capsule, which was cut transversally along the
joint gap, allowed for insertion of the PMS. Through two dorsal puncture incisions medially
and laterally of the olecranon, two clamps grabbed the PMS and prevented it from shifting
during force application. Thus, it was ensured that the PMS covered the whole joint. In the
resins around the humerus and the forearm, two position markers (Smart Cluster Marker,
Optotrak, Northern Digital Inc., Waterloo, Ontario, Canada) were mounted. The position

markers measured the vertical displacements with a maximum error of 0.005 mm.

Under a preload of 10 N, the positions of the tantalum beads were measured with an optical
tracking device (Four Marker Rigid Body, Optotrak Certus, Northern Digital Inc., Waterloo,
Ontario, Canada). These positions were the basis for the fine registration in the simulation and

were measured with an accuracy of 0.03 mm.

The humeri were loaded axially with a rate of 0.6 mm/min. A load cycling 30 times between
10 and 100 N served as the preconditioning. This was followed by the test protocol, starting at
10 N, increasing to 100 N and from there in 100 N increments up to 1000 N. Subsequently, the
load was decreased in the same manner back to 10 N. At each step of the test protocol, the
position was held for 60 s. Meanwhile, the pressure and the displacements were recorded with
the PMS and the position markers, allowing to monitor the stiffness, defined as force over

displacement. The whole protocol was repeated three times per specimen.
Simulation

All CT scans were segmented semi-automatically using the same scripted Mimics functions
(smoothing with a smoothing factor of 0.4 for three iterations, eroding and dilating with the size
of 1 pixel in relation to the 26 connected pixels, wrapping with the default values (detail 0.3906
and gap 0.195313), and then manual correction of intersections, Mimics Version 22.0,
Materialise, Leuven, Belgium). For correct alignment, the geometries of the bones were

registered to their respective positions in the experimental set-up by transforming the positions
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of the tantalum beads from the CT scan to the experimentally measured position in a CAD
Software (3-matic Version 12.0, Materialise, Leuven, Belgium). This way, the coordinate
systems from the measurement in the experiments matched those in the simulations. A
preliminary study demonstrated the necessity of this measure to reflect the joint alignment
correctly (1° axial rotation of the humerus changed the peak pressure by 2%). Once the bones
were aligned, the cartilage geometries on the humerus, ulna and radius were created based on
the joint surfaces. The constant cartilage thickness was manually increased up to contact with

the opposing cartilages and ranged from 0.7 to 1.1 mm among all specimens.

In the next step, the mesh size was assigned. In a mesh sensitivity study, an edge length of 1
mm in the region of interest covering 25 mm proximal and distal of the joint lines proved to be
the appropriate balance of precision and runtime (<6% deviation in peak contact pressure
compared to 0.9 and 1.1 mm edge lengths). The meshes outside the region of interest had an
average edge length of 3 mm. Regular tetrahedral elements (C3D10) were used, due to bending
in a preliminary study and for accurate peak pressures in penalty-ruled contact (Abaqus Version

2017, Simulia, Dassault Systémes, Vélizy-Villacoublay, France) [65].

Young’s Moduli were assigned dependent on the density, according to the linear elastic portion
of the Keyak bone fracture model [66]. Therefore, the density was discretized in 10 bins for
each the spongious and the cortical bone [67]. More than 99% of all elements were assigned a
Young’s Modulus of 2-16,389 MPa. The cartilage material properties were based on a
preliminary analysis. The Young’s modulus was iteratively optimized approximating the
experimentally measured stiffness with a fixed Poisson’s ratio of 0.4 [10]. Within the tested
range of 4 to 16 MPa, the 6 MPa case was found to be the best match. It was compared to Neo-
Hookean material properties [11] in the exemplary load cases of 100 N and 1000 N. This
property had only little effect on the stiffness and pressure distribution at a cost of longer
computation time in the case of 100 N, which is in line with the finding of Kim and Miller [10],

and did not converge at 1000 N. Therefore, the linear elastic model was chosen.

The cartilages were tied to their respective bones, and frictionless tangential contact was
assigned within the joint [47]. In normal direction, the penalty stiffness increased linearly from
Kinitial = Eelement at an overclosure e = 0.01g, up to Kgipa = 100 * Egjepent at d = 0.03g,

with g, being the faceted element length [11].

The distal ends of both forearm bones were fixated in all six degrees of freedom up to the

individual height of the resin, derived from the CT scans (Figure 2a). Similarly, the proximal
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end of the humerus was restricted in transverse translation and rotations, only allowed to
displace in axial direction. These displacements were governed by the subject-specifically
measured displacements of the experiments using the optical tracking markers. This was found
to be more sensitive than applying the load in a parameter sensitivity study: changing the
assigned displacement by 0.1 mm (experimental error + 0.005 mm), the force varied by around
70 N. When changing the applied load by 1 N (experimental error £ 1 N), no change in
displacement was detectable. Therefore, the less sensitive displacement was chosen as input
and the more sensitive reaction force as comparison parameter. The model stiffness is

determined by the resulting forces over the applied displacements.
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Figure 3: A subject-specific correlation of the simulated over the measured full-field pressure distribution with
137 local measurements is shown as an example. The finite element nodal output was averaged around the pressure
mapping pixel output. Perfect agreement would be represented by a slope of 1, an intercept of 0 and a correlation
R2of 1.

Data Processing and Statistical Evaluation

The experimental and simulated contact pressures were compared in a full-field approach.
Therefore, the nodal joint contact pressure of the finite element analysis and moving average
(3x3 matrix) filtered pressure mapping data were registered. That was achieved by projecting

the 3-dimensional finite element geometry of the contact area onto the plane of the pressure
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mapping sensor and normalizing both datasets to an area of the dimensions [0 1], both in the
medial-lateral and ventral-dorsal directions. Using a published validation tool [68], the higher

resolved simulation output was averaged around the lower resolved pressure mapping output.

For the comparison of the peak pressure locations, the computational and experimental
coordinates were registered and normalized in the same way as for the full-field pressure
comparison. But, instead of comparing the pressure values, the coordinates of the respective
peak pressures were extracted and with them the identification of the contact joint (radial or

ulnar).

anterior

lateral

posterior

Figure 4: A comparison of the pressure distributions from simulation (top) and experiment (bottom), showing a
similar distribution in a right arm as an example. The blue dots of the simulation indicate unloaded nodes of the
cartilages, similar to the blue background of the pressure mapping.
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Figure 5: The peak pressure locations both predicted (yellow) and measured (blue), indicated by crosses and the
subject-specifically corresponding ones connected with a line, projected into a right sample. All peak pressures
were found in the correct joint: 6 in the radius and one in the ulna.

The experimentally measured displacements were partially affected by a non-congruency of the
joints at lower loads, apparent in a contact area that was unphysiologically low (on average
below 50% at the radius). This led to non-linear stiffness in the simulation. To prevent this error
from propagating, we linearized the force-displacement diagram based on the load cases higher
than 400 N, extrapolated the missing data and shifted the inception to the point of origin. In
cases 2 and 6, no contact was detected in the humero-radial joint up to 300 N and 400 N,
respectively, which strongly impacted the corresponding displacements. Therefore, these

values were excluded from evaluation.

Statistical evaluation was performed using SPSS (IBM SPSS Statistics Version 28, IBM,
Armonk, NY, USA). All tests for normal distribution were carried out using the Shapiro-Wilk
test. Correlations over all samples were tested using Lin’s concordance correlation coefficient
(Lin’s CCC) and subject-specifical correlations using Spearman’s rho. The significance level
for all tests was defined at p<0.05. The 95 % confidence interval (CI) of the simulated force
(Figure 7a) was calculated as a first-order normal approximation [69], showing the range, in
which a population value would lie with a probability of 95 %, based on the samples included

in this study.
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2.3 Results

The computational and experimental pressure distributions of each subject correlated with an
average Spearman’s rho of 0.496 (range 0.260-0.888, p <0.01) (Figure 3). In both distributions
of Figure 4, the medial side of the radius and the medial and lateral side of the ulna showed
high pressure with elliptical contact areas. Regarding the contact area, the model correlated
poorly to moderately with the experiment (Table 1).

Table 1: Parameters are evaluated at 1000 N load, here shown as mean (+ standard deviation). Lin’s correlation

concordance coefficient (Lins’s CCC = 95 % confidence interval) indicates the correlation between the
experimental and the simulated results.

Parameter Experiment FEA Lin’s CCC
Mean peak pressure in MPa 10.1 (£ 3.3) 13.7 (£ 7.8) 0.333 (= 0.397)
Mean load share in % on radius 57.2 (£ 18.2) 51.7 (£ 15.7) 0.655 (£ 0.467)
Mean contact area in mm? 395.4 (£ 68.8) 2254 (£ 63.4) 0.152 (£ 0.198)

Furthermore, it was predicted correctly for all 7 comparison specimens, in which joint the peak
pressure occurred (Figure 5). In 6 cases it was detected in the radio-humeral joint, one in the
humero-ulnar joint. The average magnitude of this peak pressure among all specimens was 10.1
+ 3.3 MPa (mean + standard deviation) in the experiments and 13.7 = 7.8 MPa in the FEM
(Figure 6). The predicted and measured peak pressures of both joint contacts separately at 1000
N correlated with Lin’s CCC of 0.333 + 0.397 (Table 1). The experimental peak pressures
before and after the waiting period of 60 s differed less than 0.04 MPa; the repetition showed
an average standard deviation of 0.1 MPa with no apparent trend. Further, we found that neither

the ascending nor the descending order of load cases affected the measured parameters.
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Figure 6: The peak pressure magnitudes of the simulation are shown over the experimental ones. The averaged
correlation is shown in a dotted line whereas the optimal line, with a slope of 1 and an R? of 1, is shown in a solid
line.

Apart from the pressure distribution, also the model stiffness was evaluated. We did that by
comparing the total contact forces resulting from the subject-specifically assigned
displacements (Figure 7a), which deviated from the experimental ones by 3-9% up to 700 N
and by 10-12% from 800 to 1000 N (Figure 7b). The subject-specific stiffness correlated on
average moderately with Lin’s CCC of 0.82 (range 0.65-1.00, 4 moderately, 3 excellent) [70].

When evaluating the force share among the two forearm bones, we found that on average, in
the experiment 57.2 + 18.2% of the force were transferred via the radial column, the simulation

predicted 51.7 + 15.7% at 1000 N (Figure 8, Table 1).
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Figure 7: a) The contact forces of the simulation are guided by the displacements measured in the subject-specific
experiment. Shown here is the contact force of the simulation over the experimentally applied load subject-
specifically for the seven test-specimens, their 95 % confidence interval (grey area), their average (short-dotted
line) and the optimal correlation with a slope of 1 (long-dotted line).

b) Experimentally measured loads over displacements of the seven test-specimens. The seven specimens show
different stiffness and non-linear behavior, especially for lower loads.

In general, no particular correlation between contralateral specimens was apparent in the
experimental parameters or results, therefore any correlation in the simulations would be

incidental and was not tested.

2.4 Discussion

In this study, we developed a finite element workflow for the elbow, which includes both the
radio-capitellar and the ulno-trochlear joint, that ranges up to realistic loads and that is

compared to cadaver tests.
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Figure 8: The average share of the total load (mean + standard deviation) transmitted by the radius is below 50%
in the experimental (blue) load cases up to 400 N. The simulated (yellow) share is overpredicted in the loads up to
500 N and underpredicted over 600 N.

The experimental and simulated pressure distributions correlate moderately to strongly in 6 out
of 7 cases, in one weakly, the stiffness moderately to excellent [70]. Further, the peak pressures
were predicted in the correct joint in all specimens: 6 in the radio-capitellar and one in the ulno-
trochlear joint. This outcome was expected when considering the peak pressure an indicator for
risk of fracture and radial head fractures being the most common fracture of the elbow [71,72],
more common than coronoid fractures. This finding might suggest that the radius possibly

fractures first and only with sufficient remaining impact energy, the coronoid fractures second.

Yet, the simulated load share, contact area and peak pressure magnitude only correlated weakly
to moderately with the experiments. In our experiments, the radius took up 57.2 + 18.2% of the
applied 1000 N, in our simulation 51.7 &+ 15.7%. These values are similar to the literature: Hackl
et al. observed load shares on the radius between 55.0 + 15.1% and 66.5 £ 16.1% of the applied
50 N to 400 N in 14 cadaveric specimens in full pronation [12]. Halls and Travill reported that
in a study with 7 cadaveric specimens, on average 57% of the 150 N applied to the hand were

transferred over radio-capitular column to the humerus [13].
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Further, our average contact area measured at 1000 N was, with 395.4 mm?, similar to the
strongly varying literature data: Willing et al. reported of 342-375 mm? at 80 N whereas
Smithson et al measured around 275 mm? at 100 N [11,14]. Our simulations underestimated the
contact area, and peak pressure magnitudes only correlated weakly, which might be due to the
manually adjusted constant cartilage thickness up to contact. That is also why our model was
not able to predict the missing contact in two cases for lower loads - a discrepancy to the
experiments. Since our CT parameters were focused on the bone, the cartilage geometry could
not be extracted. Therefore, we assigned a constant cartilage thickness like Kim and Miller [10].
When varying the thickness from 1.1-0.9 mm, the maximum contact stress changed by 7.5%.
In our study, the cartilage thickness was adapted to the joint gap after registration of the digital
to the experimental bone positions and ranged from 0.7-1.1 mm among the different specimens.
We could not detect a correlation or a trend between cartilage thickness and peak pressure.
Future studies should overcome that inaccuracy with optimized CT parameters, as studies

showed that the cartilage geometry does impact contact mechanics [11,55].

By allowing for self-alignment in the experiment, contact at lower loads will be improved and
the poor practice of linearization, based on loads over 400 N, can be avoided. The simulated
peak pressure magnitude might differ from the experiments due to the soft tissue missing in the
model but being intact in the experiment, as far as inserting the pressure mapping sensor
allowed for. Future studies should address this discrepancy by representing all relevant
structures. Apart from that, even though the pressure mapping sensor is pre-conditioned and

calibrated, diminishing load output over time and with repeated use cannot be excluded [63].

Subjecting the FEM to realistic loads is necessary in order to transfer the results to real-life
situations [73], which are reported as 1600 N in the ulno-humeral and 800 N in the humero-
radial joint [60]. Balancing the real-life loads and the risk of off-axis fractures starting at
1448 N [74], we decided for a maximum load of 1000 N. When analyzing the 95 % confidence
interval of the predicted contact force (Figure 7a), one has to consider the limits of this statistical

parameter in non-normal distributions, particularly with small sample sizes [69].

Even though most steps of the Reporting checklist for verification and validation of finite
element analysis in orthopedic and trauma biomechanics [75] were followed, the workflow can
be improved with a four-eyes principle observing the critical parameters. Apart from that, more
outcome parameters could be evaluated, e.g., full-field optical measurements at the cost of soft

tissue coverage or strain gauges serving as local validation points. The relevance of the
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uncertainty quantification grows with increasing precision and accuracy of the model

predictions and is related to the research question the model is designed for.

The published workflow with parameters derived from one specimen can predict the stiffness,
pressure distribution and peak pressure location properly for the 7 specimens of the test cohort.
It may serve as groundwork for further research, which should focus on improvement of the
cartilage contact. We believe that this study presents a solid base for simulations aiding in

prosthesis design as well as fracture prediction.
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3.1 Introduction

In orthopedic surgery, a new trend is the retrospective statistical analysis of fracture patterns in
large patient collectives [49,50,76-91]. These analyses have demonstrated shortcomings in
fracture classifications [79,87,90,92] and implications for surgical techniques [49,84,87].
However, a hurdle in creating these evaluations is the extensive manual labor and that they are
prone to inter- and intra-observer deviations [90]. These drawbacks could be overcome by an
algorithm that can perform parts of this task automatically, thus promoting the statistical

analyses of all common bone fractures.

The first studies that have analyzed fracture patterns three-dimensionally, have examined 3D
CT scans and transferred the fracture lines to a 2D reference image for the statistical analysis
[49,50,78,81,83—87,90]. Later, both the analysis and the mapping have been performed in 3D
[76,77,80,82,89,91]. To this point, this technique has been applied to fractures of the tibia
[76,77,85-88], the femur [80,91], the patella [83], the proximal ulna [49], the scapula
[81,84,89], the distal radius [50,78,79] and the humerus [82,90].

Thus far, these evaluations have been performed manually, without any automation of the
process. However, increased automation in this process can provide various advantages.
Automated processes guarantee that the same input always produces the same results without
the risk of a bias produced by the respective investigator. Furthermore, a higher proportion of
automation facilitates the analysis of large amounts of data in a short time without requiring the
valuable time of experts. This time saving can also promote subsequent iterated subgroup

analyses.

Several steps in the analysis of 3D-images would be suitable for a higher degree of automation.
Fiirnstahl et al. have automated fracture reduction [93] in order to improve preoperative
planning of complex fractures. Their method requires a CT scan of the intact contralateral side
for reference. Later, Vlachopoulos et al. have developed a method independent of the
contralateral side [94]. They gave up the automatic step of edge detection from Fiirnstahl et al.
[93] and instead manually placed points on the edges to allow for a curvature-guided reduction

of the fracture. Both studies are strictly aimed at computational fracture reduction.

To the best of our knowledge, no algorithm to automize the fracture edge detection and generate

a heat map has been developed. We hypothesize that such automation can perform the formerly
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manual task faster and with little error. A deviation between the manual and the automized

approach in the magnitude of 5.0 mm is considered acceptable [89].

3.2 Fracture analysis method

In the following, the steps of the new algorithm are described in detail. First, the data is prepared
in manual pre-processing. The automated algorithm consists of three parts: the transformation
of the template, the fragment edge detection, and the generation of the probability heat map.

The algorithm is tailored for CT scans with a minimal slice thickness of 2 mm, all CT scans

included in this study fulfill this requirement.

Figure 9: Segmentation workflow. The analysis is based on CT scans of fractured samples (a), in this example a
fractured proximal humerus. Each scan is manually segmented (b), the bone is highlighted in green. The bone is
split (c) into humerus (blue) and surrounding bone (red). This humerus is then split (d) into four separate fragments,
visible in yellow, blue, pink and purple.
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Figure 10: Manual fracture reduction. The displaced fragments (a), shown in green, purple and beige, are manually
reduced with the aid of the template (b), shown in semitransparent grey.

Pre-processing: data preparation

In pre-processing, the bone geometries of all fractured specimens and the intact template are
extracted: This is performed semi-automatically with a script automatically calling the
implemented functions of the segmentation software (Mimics 20.0, Materialise NV, Leuven,
Belgium), which are executed interactively by a user. Each CT scan (Figure 9a) is segmented
using the default threshold for bone of 226 HU [82] (Figure 9b) and the desired bone is split
from the surrounding ones (Figure 9c). In the fractured specimens, the geometry is split into
separate fragments (Figure 9d). Analogously to the method from [94], the orthopedic surgeon
performing the manual pre-processing distinguishes between large fragments that would be re-
fixated in surgery and the small ones that would not. The small fragments remain attached to a
neighboring fragment. The template is segmented in the same way, omitting the fragment
splitting. In the proximal humerus analyses, the template geometry is based on an intact right
humerus CT, that is independent of the fractured specimen. To obtain only ipsilateral samples,

the samples of left humeri are mirrored along the sagittal plane, leading to only right humeri.
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In the analyses of the distal humerus, the tibia plateau, the scaphoid and the acetabulum fracture,
templates of the same side are used. With the aid of the intact template, the displaced fragments
(Figure 10a) are manually reduced (Figure 10b). The orthopedic surgeon translates and rotates
each fragment separately to its pre-fracture position using common transformation functions,
approximating the shape of the intact template as a reference. In the last manual pre-processing
step, the template and all surface geometries of the fragments are exported to serve as input for
the fracture analysis tool. This manual pre-processing had been performed for a former, yet
unpublished study already. Optionally, the template resolution can be down sampled to

accelerate the transformation process, although this comes at a cost to accuracy.
The fracture analysis tool

The fracture analysis tool is implemented in MATLAB (MathWorks, Natick, Massachusetts,
USA) Version 2018b. It requires the surface geometries of the template and the fractured
samples as a stereolithography file input. The tool runs all processes automatically over a

defined batch and returns a heat map of all included fracture edges as an output.
Template transformation

In the template transformation, the surface geometries of the fractured humerus and the intact
template are imported and processed. The intact template is successively transformed onto the
different samples (Figure 11a). From the two options to transform either the lower resolved
intact template or the higher resolved fractured specimens, we decided for the intact template.
This way, the intact template maintains a homogeneous distribution of the points, reacts more
robust to holes from bony defects and the process is faster than deforming the fractured samples.
In detail, the template point cloud is scaled to 110% of its original size and then shrunk non-
rigidly to the smaller sample data from the outside in. This ensures that the transformation of
the target represents the outer surface of the sample. Thus, it is not diverted by the inner surface
of the cortical fragments or by the spongious bone within the humerus. This facilitates the
manual segmentation as it is no longer necessary to remove the inner surface as in other methods
[93] or to distinguish between cortical and spongious bone. Additionally, including spongious

bone reduces the risk of neglecting low density cortical bone.

The transformation is performed with a non-rigid iterative closest point algorithm, based on the
one published by Amberg et al. 2017 [95]. First, the manually pre-aligned template is registered

to the fractured sample with a regular iterative closest point algorithm. Then, in the non-rigid
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algorithm, a cost function is minimized, consisting of two terms. The first term describes the
distance between the template point cloud and the sample point cloud. The second term
describes the stiffness of the transformation matrix. It regularizes the deformation of the
template by penalizing large differences in the transformation of neighboring points. This
causes of neighboring points to transform similarly, thus results in a smooth global mesh. To
avoid the overdetermined system of linear equations with matrices close to singular, we
replaced the solution algorithm of the optimization problem. The original algorithm uses ill-
conditioned normal equations AT A x = AT b, where AT is the transpose of system matrix A, x
is the minimal solution vector and b is the right-hand side vector. Instead, we apply the method
of least squares by a QR decomposition. This approach decomposes the system matrix A into
the two factors Q, an orthogonal matrix, and R, a right triangular matrix. It finds the minimal
solution vector x with respect to the Euclidean norm ||-||> for the right-hand side vector b. The
solution vector x describes the transformation of the undeformed vertices onto the target. For a
detailed description, we refer to [95]. Golub et al. have compared both approaches and found
that the QR approach for solving least squares minimizations of the form ||4x-b||> with respect
to the Euclidean norm “is more appealing in situations where b is close to the span of A’s
columns” [96]. Thus, the QR approach provides a robust solution that also allows computations

with matrices with high rank deficit, as is the case in this application.
Edge Detection

Edge detection is conducted using the transformed template with a loop over all fragments of
each sample consecutively. In the first step, the points in the transformed template
corresponding to the first fragment, the first fragment point set, are found with a range search
function (Figure 11b). In the second step, these points are transferred to the undeformed
template via point ID (Figure 11c). There, to each point of the first fragment point set, the
neighbors in a defined vicinity are found. If the point only has neighbors that are part of the
first fragment point set, it is ignored. If it has neighbors that are not part of the first fragment
point set, it is declared an edge point (Figure 12a). This way, all points that have neighbors from
a foreign fragment are considered edge points. The radius of the vicinity depends on the
resolution of the template point cloud. The previously processed fragment points are excluded
from the remaining point cloud. Ultimately, all fragments are processed this way (Figure 12b).
The points considered an edge point are marked and can be processed in the heat map generation

(Figure 12c).
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Figure 11: Automatic fragment identification. The template (dark grey) is automatically transformed onto the
fractured sample (a). The first fragment (purple) is identified (b) on the transformed template (dark orange). The
identified fragment is then transferred to the undeformed template (c) via point ID and highlighted in bright orange.

Heat map generation

The heat map is generated by using the detected edges to evaluate the regional probability of
fracture. The detected edges of all samples are superimposed and represented by a color-code
projected on the surface of the original shaped template (Figure 12d). The color-code indicates
the frequency of fracture edges superimposed in each node. This fracture probability heat map

reveals information about the prevalence of common fracture sites.
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Figure 12: Automatic edge detection and heat map generation. The detected edge of the first fragment is presented
in black dots in (a), the subsequent fragment edges are found in the same way, iterating over all fragments (b). The
heat map with only one sample is shown exemplary in (c), and the heat map of 50 superimposed fractures in (d).

3.3 Proof-of-principle analysis

Edge detection in 10 proximal humerus fractures

We evaluate the accuracy of our edge detection tool relative to the current standard method in
ten explicitly chosen fractures [89]. The ten fractures are a subgroup, selected to reflect the
shape of the histogram that represents the number of fragments in all 50 humeri included in this
study, see section 3.3. This way, the most common fracture types are represented, and the
relative weighting factor is respected. The ten fractures comprise 2 2-part fractures, 4 3-part
fractures and 4 4-part fractures; 60 % affect the greater tuberosity, 60 % the minor tuberosity,
70 % the surgical neck and 30 % the anatomical neck, according to the Codman classification
[97]. The mean age of the subgroup is 65 years (range 42-99) (Table 2). The standard method
has been to transfer the fracture edges manually from the fractured sample to the intact template.
One experienced surgeon performs this manual task while, at the same time, the algorithm
detects the edges (Figure 13). Both competing candidates start after the template is transformed.
The Euclidean distance from all edge points between both outcomes is evaluated, as well as the
time cost. We run all analyses on a machine with an 17 CPU (2.2 GHz) and 16 GB RAM, in the
64-Bit operating system.
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The averaged Euclidean distance from the manually to the automatically found fracture edges
for all 10 humeri is 2.5 mm + 2.4 mm (mean + standard deviation). Furthermore, 20 % of all
edge nodes match exactly. The manual assignment of the fracture curves took 92 minutes. The
automatic edge detection took 23 seconds. The transformation of the template on the ten humeri
before the competition took 4 minutes. Consequently, the automatic process is 240 times faster

excluding the transformation and 23 times faster including it.
Edge detection in other sites

To test how broadly this algorithm could be applied, we perform the edge detection on distal
humerus, tibia plateau, scaphoid, and acetabulum fractures. The numbers of triangles of each
sample and its respective template as well as the run times and cohort information can be found

in Table 2.

. Automatically detected
. Manually assigned

-
%

Figure 13: Automatically detected vs. manually assigned edges. On one exemplary fractured sample, the
automatically detected edges (blue) and the manually assigned edges (red) can be compared from medial (top left),
lateral (top right), anterior (bottom left) and posterior (bottom right) view.
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Table 2: Information about the patient cohort included in this study.

Computation Number of Age in

Site  Number of triangles time fragments years Sex
. . 5F
10 proximal humeri 364,453 + 196,138* 23 minutes 44+ 1% 65+ 16*
fractures
5M
. . 28 F
50 proximal humeri 281,663 + 135.250% 6.5 hours 44+ 1% 64 + 16*
fractures
22 M
Tibia plateau 386,776 2 minutes 2l M
Distal humerus 103,066 1 minute 5 79 F
fracture
Scaphoid fracture 8,194 1 minute 2 50 M
Acetabulum 1,487,034 78 minutes 6 66 M
fracture
Proximal humerus 44,048 67 M
template
Tibia plateau 62,556 43 M
template
Distal humerus 18,756 27 M
template
Scaphoid template 44,024 48 M
Acetabulum 1,488,536 64 M
template

*mean =+ standard deviation

The automatic edge detection finished quickly (< 2 minutes) in the distal humerus, tibia plateau

and scaphoid fractures.

The acetabulum has the most complex shape of all examples. To account for that, the number
of triangles in the fractured sample (1,487,034) and the template (1,488,536) are substantially
higher than in the other sites. As a result, the runtime of the transformation of the acetabulum

is by far higher (78 minutes).
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The automatically detected edges are found correctly for the distal humerus fracture (Figure
14a), the tibia plateau (Figure 14b) and the scaphoid (Figure 14¢) according to visual judgement
by the orthopedic surgeon. In the acetabulum (Figure 14d), a few outliers were considered edge

points, possibly due to poor bone quality in the fractured sample.

Figure 14: Automatically detected edges in different sites. The top row shows a distal humerus fracture with 5
fragments (a), a tibia plateau fracture with 5 fragments (b), a scaphoid fracture with 2 fragments (c) and an
acetabulum fracture with 5 fragments after the last manual step, the fracture reduction. The bottom row shows the
corresponding automatically detected fracture edges. In the acetabulum, outliers in the detected edges are
highlighted with blue circles.

Heat map approach with 50 proximal humerus fractures

We present a heat map generated with 50 proximal humerus fractures to demonstrate the
possible clinical applications of our statistical evaluation (Figure 15). This cohort comprises 50
patients that presented consecutively at University Hospital Cologne in 2016, received CT scans
of the proximal humerus, were over 18 years old and had no arthrosis. Their mean age is 64
years (range 24-99 years). The Codman classification [97] showed that 82 % of the fractures
affect the greater tuberosity, 32 % the lesser tuberosity, 74 % the surgical neck, and 14 % the
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anatomical neck; the 50 fractures comprise 15 2-part fractures, 21 3-part fractures, 12 4-part
fractures and 2 5-part fractures. The heat map is generated by superimposing the automatically
detected fracture edges of all 50 samples. The generated heat map shows the frequency with
which a fracture occurred in each node, which can provide information about fracture
probabilities in specific locations. Here, we find a high probability for fractures which are in
line with those described in the medical literature [98]. Main fracture lines project on the greater
tuberosity and on the anatomical neck of the humeral head, which are among the most common
injuries to the proximal humerus. We also find that the articular surface was rarely involved,
which corresponds with the rarity of reported injuries that involve the articular surface in the

medical literature [90] and in clinical practice.

Pz'requency

Figure 15: Heat Map of 50 proximal humerus fractures. The superimposed fracture lines of 50 fractured humeri
are color-coded to form the heat map. The color bar indicates the frequency of fracture occurrence in each point.
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3.4 Discussion

We present an algorithm that can detect fracture edges in a reliable, accurate, and quick manner.
It is applicable to a broad variety of fractures as it can detect edges in different shapes. The
generated heat map reveals valuable information about common fracture patterns and regions

with a high risk of fracture.

Our algorithm runs 23 times faster than the manual assignment in our study of 10 proximal
humerus fractures. The manual assignment corresponds to the method applied in
[76,77,80,82,91]. Both approaches have in common the manual pre-processing, which includes
the segmentation of the CT Data, the splitting of the fracture and the fracture reduction.
However, in the manual gold standard, also the fracture edge detection and their superposition
are performed manually, whereas these steps are automized in our algorithm. In some studies,
the fracture edges have only been superimposed to give information about the fracture
distribution. In other studies, image processing software was applied to produce color coded
heat maps. In our algorithm, the heat map generation is already integrated but could be
converted into a simple one-colored fracture edge distribution. Similarly, Fiirnstahl et al.
demonstrated, that the fracture reduction can be automized in a study with six proximal humerus
fractures [93]. Based on manually segmented and split CT data from a former study, their
algorithm rigidly transforms the fragments to the correct position with the aid of the
contralateral side. However, since the fracture reduction had been performed for a former, yet

unpublished study already in our case, there was no necessity to automize this step for us.

One drawback of our automated process is the high run time for complex geometries with many
nodes, as seen in the acetabulum with 78 minutes. The increased computational time does not,
however, require continuous human input but can run on the machine without interaction.
Furthermore, the appropriate trade-off between accuracy and speed can be found by down-
sampling of the original data: in the case of the complex shaped acetabulum, we considered the
few outlying points acceptable at the run time of 78 minutes. With higher resolution and higher
computational power, even the evaluation of complex shapes becomes feasible. In addition, the
runtime of 78 minutes was a strong outlier compared to the runtime of maximally 2 minutes for
the proximal humerus, the distal humerus, the tibia plateau, and the scaphoid fractures. Since
in 4 out of 5 sites, the automatic edge detection ran within (less than) 2 minutes per sample and
the manual assignment took almost 10 minutes per sample, we conclude that the hypothesis,

the algorithm runs faster, is fulfilled for simple geometries.



Chapter 3 51

The other drawback is the slight deviation from the manually assigned fracture lines of 2.5 mm
+ 2.4 mm. This deviation can be impacted by the resolution of the template. When considering
this deviation, it is important to note that manual evaluation is subject to individual deviations,
which is reflected in reported measures of inter- and intra-observer reliability [90]. In contrast,
the automatic process always delivers the same output for the same input. Dugarte et al.
compared the more sophisticated 3-dimensional fracture edge assignment to the 2-dimensional
gold standard. In a study with 10 scapulae, they found mean deviations of 5.7 mm on average
(range 4.0 to 10.4 mm mean deviation within each subject) [89]. We also evaluated the new
compared to the former approach by comparing 10 samples. Since in other studies with manual
edge detection no inter- or intra-rater deviations had been reported, we applied the result from
Dugarte et al. as a threshold for our hypothesis. We stated that a deviation of (down rounded)
5 mm between the manual and the automatic edge detection was acceptable. With a deviation

of 2.5 + 2.4 mm, this hypothesis is fulfilled.

Purposely choosing 10 proximal humerus fractures reflecting the histogram of the 50 humerus
fractures could be criticized since they are not randomly chosen. However, this way the
algorithm was tested for differently complex fractures. Furthermore, this choice is based on the
number of fragments rather than a classification to reduce subjective input. However, to report
on the severity of all included fractures, we applied the relatively reliable classification by

Codman [97,99].

The number of 50 samples included in this study is in the lower range compared to some other
fracture pattern analyses (38 samples in [85] to 353 in [77]). This might lead to limited
representation in the heat map. However, the focus of this study lays on the feasibility of the

method and not on the clinical implications.

Regarding the clinical implications, fracture probability heat maps reveal valuable information
about fracture patterns as demonstrated by Kfuri and Schatzker, who adapted their tibia plateau

classification based on fracture mapping [92].

Automizing this proven concept comes with a risk. The non-rigid iterative closest point
algorithm harbors the risk of causing a distorted mesh. However, Amberg et el. demonstrated
the regularity of their transformation with a complex example. In the test, the template was
transformed onto an incomplete, rigidly transformed, and non-rigidly distorted cube. They

declare the algorithm performs “accurately” and the mesh remains smooth since a projected
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checkerboard pattern was still uniform and an inscription readable after transformation [95].

This capacity is not affected by our substitution of the solution algorithm.

We conclude that our hypotheses are fulfilled for simple geometries, where it can reduce the
time consumption by a factor of 20 and with a deviation of 2.5 mm # 2.4 mm. Once the
transformation is performed, the algorithm offers the option to divide the cohort into sub-groups
by assigned properties and to re-calculate the heat map in a very short time. This would allow
for several options such as the validation of regularly used classification systems or a subgroup-
analysis of patients grouped by sex, age, or injury mechanism, which could only be achieved
with a much greater effort when performed manually. Future work should aim towards full
automation of the process, including the segmentation, fragment identification and fracture

reduction.
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General Discussion

The terrible triad injury of the elbow remains a challenging injury with varying outcome and
no consensus on one optimal surgery protocol can be derived from literature. To improve the
situation for patients, more data on the TTI is required. We aimed to gather more data from an
FEM of the elbow, as described in chapter 2 [5]. Since before, no published finite element
model provided all relevant data, the input parameters were sampled from different models. To
ensure their valid interaction even though stemming from different sources, we carried out
several parameter studies as well as effect size studies, which poses a relevant step towards
validation. With the publication of this finite element workflow, the first model representing all

relevant bones and joint contacts has been made available.

With the presented finite element workflow, the groundwork is laid towards a validated finite
element model of the fracture mechanism. The finite element workflow could predict the
experimental contact pressure with moderate to strong correlation in 6 out of 7 cases, the
stiffness with moderate to excellent correlation and the peak pressure in the correct joint in all
7 cases. This means that the aim, to design a model that can predict these two parameters with
on average moderate correlation and in the correct joint, has been fulfilled. One strength of the
study lies in the close combination of experiment and simulation, rooted in the subject-specific
CT data and the registration by means of tantalum beads. This allows for a close calibration of
the model parameters in the one model used of optimization and a critical evaluation of their
impact in the test cohort of 7 specimens. However, the predictions of peak pressure magnitude,
contact area and load share with poor to moderate correlation demonstrate the limitations of the
model. In these regards, it can still be improved in order to approach the state of a validated

model.

Firstly, in the finite element model the representation of the cartilage can be improved. Its
geometry could be derived more precisely from CT data with different CT settings. The
scanning properties in our study were optimized for segmenting the bone, based on data
provided by Dahan et al. for their study of the proximal humerus [100]. However, as
demonstrated by Willing et al., the cartilage thickness varies locally and influences the contact
mechanics. Furthermore, the cartilage material properties need to be reflected correctly.
However, the material model described by Willing et al. could not be implemented in the model
of our study since it was designed to reflect on a load case of up to 80 N only [11], whereas our

model is subjected to up to 1000 N. To enable convergence, we simplified the material



Chapter 4 55

properties to a linear elastic model, even though a minor, non-significant effect of this on the
maximum contact stress was described by Kim et al. [10]. Therefore, we assume that refinement
of the cartilage shape and material properties will improve the correlation of our finite element
model with the experiment. In future research, it has to be investigated if the Mooney-Rivlin
material model, as recommended by Brown at al., also proves correct for the strain rates of a

high-impact fracture [101].

Secondly, it was mentioned that no stabilizing soft tissue was included in the model. Based on
the clinical studies observing stability after different reconstruction protocols, it can be derived
that the physiological model should cover the MCL, the LCL complex and the anterior capsule
[28,32,40]. If the muscles need to be included in the finite element model, possibly in terms of
nodal forces [102], needs to be investigated in a separate parameter study. Once the
physiological model is validated, the influence of the ligaments on the fracture pattern and then

the possible influence of the joint displacement on the ligaments can be investigated.

In the experiment, improvement can be achieved by allowing self-alignment of the joint. In the
presented set-up, the bones were fixed rigidly in resin both at the humeral site and the radial
and ulnar site. The reason for that was to ensure a stable and well-controlled position of the
bones during all load steps. However, this kept the joint from aligning physiologically. In a
future study, the balance between a stable and controlled position and a dynamic alignment
needs to be found. The risks are either a too rigid fixation, that prevents the joint from aligning
or an insecure fixation that could allow for bending and therefore promote premature fractures
in the shafts of the long bones or a loosening during the load steps and therefore motion that

cannot be predicted correctly in the finite element model.

In the next step, digital image correlation (DIC), a non-contact optical measurement method,
can be applied. Non-contact measurements have the advantage of very low interference with
the mechanical properties of the specimens. DIC allows for a comparison of the strain
distribution on the bone surface between the simulation and the experiment. This poses a crucial
step towards the correct fracture prediction of the TTI since strain is commonly regarded an
indicator for bone fracture [103,104] and its correct prediction dependent on experimental
validation [8]. However, optical strain measurement comes at the cost of required direct visual

access: the specimens need to be stripped off all soft tissue.

Starting with our study, different adaptations can be implemented to address specific research

questions. From the physiological model in pronation and full extension, models in other
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positions can be derived to predict the mechanical response in other critical or common
situations. Apart from that, joint replacement implants can be tested in this model. Thus, their
design can be improved to match the physiological joint contact mechanics. By this means as
well, the perspective regarding the outcome could be improved for patients with terrible triad

injuries.

The algorithm presented in chapter 3 facilitates the evaluation of fracture patterns from CT
scans as the manual input is reduced strongly [6]. All hypotheses were fulfilled as it runs 23
times faster and with 2.5 + 2.4 mm, the deviation lies below the acceptable 5.0 mm, compared
to the manual approach. The algorithm excludes both inter- and intra-rater differences since the
same input always leads to the same output. Furthermore, it was proven that the approach can
be applied to different sites, independent of the general shape of the bone and independent of
the severity of the fracture.

The difference between the manual and the automated edge detection can on the one hand be
considered the acceptable error for the advantage of the shorter evaluation time and the little
manual input. On the other hand, one has to bear in mind that the manual evaluation might also
be erroneous, therefore it could be considered only a comparison of two different approaches,
not of the algorithm to the correct solution. The found deviation of 2.5 + 2.4 mm must therefore

not strictly be an error but could merely be the difference between two methods.

In the future, the algorithm could be applied to even more sites to explore its limits in diversity
of application. Even though a wide range of general shapes has already been tested in the
publication, it could be expanded to fractures of the head or face and of other small bones in
the hand or foot. As it already proved valuable in long bones with different shaped epiphyses,
like the tibia plateau and the humeral head, the algorithm can directly evaluate fractures of the
radius and ulna and, therefore, terrible triad fractures. A preliminary study could show if the

two bones could even be processed at the same time.

The simplified evaluation would not only allow for specialized care centers to include a larger
cohort with the same effort as a small cohort with manual evaluation and therefore show trends
even stronger. It would also allow for smaller institutions to assess the fracture patterns as little
effort is necessary. This would mean that in addition to the severe fracture patterns, commonly
referred to specialized care centers, the milder cases would be represented in the published data.
More data allows for a more reliable evaluation of the common fracture pattern and may lead

to a more detailed fracture classification. An example for this is presented by Schatzker and



Chapter 4 57

Kfuri who, after statistical evaluations of fracture patterns, revised their initial classification to
better represent the different groups [92]. A more suitable classification may be one step toward

optimized treatment protocols.

Regarding the method, the conclusive next advancement would be to extend the automation to
include even more steps of the currently still manual pre-processing. Flirnstahl et al.
demonstrated that the reduction can be automated. Combining these two algorithms will reduce
the required manual input even further [93]. Even though they only demonstrated the
application of their algorithm to complex humerus fractures, the possibility to expand it to other
sites and general shapes of bones should be explored. They also faced the possible problem of
the algorithm to cover the irrelevant inner surface of the fragment shells instead of the relevant
out surface. In their algorithm, the inner surface of the fracture shells is removed by the
algorithm to ensure that the outer surface of the fragments is best matched to the outer surface
of the template. The same goal is achieved in our algorithm by only considering the outer
surface of the intact template and scaling it to 110 %, then iteratively matching the nodes from
the outside in. Combining both algorithms would mean that the scaling of our approach could

be neglected.

Compared to Fiirnstahl et al., an even more sophisticated approach was presented by
Vlachopoulos et al., in which the reduction is independent of the contralateral humerus [94].
This approach is favorable in terms of radiation protection as well as required data of the patient.
Overcoming this requirement means that more patients can be included in the study since only
the fractured side needs to be CT scanned and not the intact contralateral side. Furthermore,
Vlachopoulos et al. also identify the fracture lines, therefore a possible combination with our
algorithm can be seen in the post-processing of the reduced fracture lines, particularly since the

reduction worked more reliably than in the algorithm by Fiirnstahl et al.

Even though artificial intelligence (Al) and deep learning (DL) play an increasing role in image
processing in medicine [105], to the best of my knowledge no algorithm identifying fracture
edges in 3D using Al or DL has been published. However, classifying fractures automatically
using Al has been implemented [106]. This can be helpful for terrible triad fractures in the long
term as improved fracture classification contributes to better addressing fractures and outcome:
the improvements can come in terms of improved class definitions, better representing the
common fracture types as well as in terms of excluded human error like inter-and intra-rater

deviations. Further, the role of Al in shoulder surgery is increasing [ 107] and it is probable that
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the application will be extended to the elbow. Common applications are the detection and
classification of fractures, where Al outperforms surgeons, as a recently published study shows
[108]. Even though AI has been implemented in a broad variety of applications, orthopedic
surgery has not benefited greatly of it yet [107].

We conclude that with our work, the next steps in the research on the terrible triad injury are
enabled. Even though both publications address basic research, they serve as relevant
groundwork strongly facilitating the generation of clinically relevant data. A deeper
understanding of the fracture mechanism allows for reliable predictions of affected structures
and their suitable treatment. The automation of retrospective fracture analysis and heat map
generation will facilitate the gathering of information regarding common fracture lines in the
terrible triad injury. Therefore, the incorporated basic research signifies a small but crucial step

towards a better prospect for patients with terrible triad injuries of the elbow.
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