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Introduction

1 Introduction
1.1 Overall research questions

The overall research questions of this dissertation were (1) which kind of acetabular bone
defects in association with revision surgery exist clinically, (2) how these defects could be
guantified and transferred to pre-clinical testing, and (3) how bone graft substitutes, used to

treat these defects, could be tested pre-clinically in terms of primary stability.

The dissertation consists of three publications, whereby the first one is concerned with the
quantitative analysis of acetabular bone defects based on clinical computed tomography
(CT) data sets. The second and third publication are concerned with the development and
application of a novel acetabular defect model to assess the primary stability of a press-fit
cup in combination with bone chips and different bone graft substitutes (BGS) in a

standardized way.

1.2  Total hip arthroplasty and reasons for revision

Total hip arthroplasty (THA) enables pain-relief, restoration of joint function and general
improvement of quality of living in patients with end-stage osteoarthritis of the hip joint [1-
3]. It represents one of the most frequently performed joint replacement surgeries [4,5] and
is among the most cost-effective and successful orthopedic procedures [1,6].
Nevertheless, there is a risk of revision surgery, which correlates with patient age at primary
implantation, patient gender and implant choice [7-9]. Numerous revision surgeries are
reported by arthroplasty registries worldwide each year [10-13], including the
Endoprothesenregister Deutschland (EPRD), which recorded 17 081 hip revision
procedures in Germany in 2018 [13].

One of the main reasons for revision in THA is aseptic loosening [10-14], which is more
common on the acetabular than on the femoral side [13]. Aseptic loosening can, among
others, be caused by wear debris [15—-18] or excessive relative motions between the implant
and the surrounding bone [19,20].

Osseointegration of the implant, defined as direct formation of bone tissue in contact with
the implant [21], is essential for long-term success of the joint replacement [22].

It is recognized that the limit of relative motion at the bone-implant-interface (BII) / bone-
cement-interface (BCI) in order to achieve osseointegration is between 20 um and 150 pm
[23,24]. It seems that with 20-30 pum relative motion, direct bone ingrowth can be achieved

[23,24], whereas with 40 um relative motion either direct bone ingrowth [25] or a mixture of
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bone ingrowth and fibrocallus may be present [23]. Relative motions of 150 um or greater
have found to be associated with fibrous tissue formation around the implant which prevents
ossointegration [23,24].

Fibrous tissue formation is related to the biological processes at the BIl / BCI, i.e.
proliferation and differentiation of pluripotential tissue after surgery, which can differentiate
in bone, cartilage, or fibrous tissue [26]. This process is strongly affected by mechanical
influences, i.e. relative motions [22], stresses [27] and strains at the Bll / BCI [28].

The implantation surgery leads to bleeding and local tissue trauma which induces an acute
inflammatory response in the bone and surrounding tissue [29,30]. Then, proliferation,
differentiation, and maturation of osteoblast precursors is initiated by growth factors [22].
Additionally, osteoclastic precursors that resorb dead bony and cellular debris are
stimulated by hormonal signals, autocrine and paracrine [22]. When the acute inflammation
resolves, an initial trabecular bone layer can be found around the implant [22]. In case of
excessive motions at the BIl / BCI, the initial inflammation can become chronic and lead to
the formation of fibrous tissue [22]. The presence of fibrous tissue leads to a “vicious circle”,
in which relative motions at the BII are further increased due to the inferior mechanical
properties of the fibrous tissue [31].

When eventually revision of a THA is required, for example due to the mentioned aseptic
loosening, it is often associated with acetabular bone defects.

1.3 Acetabular bone defects

Numerous classification schemes have been published to characterize and grade
acetabular bone defects, such as the American Academy of Orthopaedic Surgeons (AAOS),
German society of Orthopedics and Traumatology (DGOT), Paprosky or Saleh classification
[32—35]. They were introduced to provide a basis for communication among surgeons, to
derive potential treatment options for the different defect types, and to compare treatment

outcomes.

One of the most commonly used classification schemes was developed by Paprosky et al.
[32,36]. Within this scheme, the acetabular bone defects can be distinguished into six
different types, namely type 1, 2A, 2B, 2C, 3A and 3B (Figure 1) [32]. These are based on
specific landmarks / parameters (implant position relative to the superior obturator line and
Kohler’'s line, and degree of osteolysis of the teardrop figure and ischium) visible in

conventional anterior-posterior radiographs [36,37].
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|
|

Type 1 Type 2A Type 2B
* Minimal bone loss in small * Superior / supero-medial * Supero-lateral defect
contained areas defect (cavitary) (uncontained)
* Acetabular rim intact * Oval-shaped acetabulum ¢ Superior rim absent,
usually < 1/3 of
» Supportive columns * Acetabular rim intact circumference
* Supportive columns * Supportive columns

Type 2C Type 3A Type 3B
* Medial wall defect * Acetabular rim defect * Acetabular rim defect
(uncontained), involving 1/3 (uncontained), involving >
* Acetabular rim intact to 1/2 of circumference 1/2 of circumference
» Supportive columns * Mild to moderate ischial * Severe ischial osteolysis
osteolysis

* Non-supportive columns
* Non-supportive columns
* High risk of pelvic
discontinuity

Figure 1. Overview of acetabular bone defect types according to Paprosky classification. Adapted
and simplified from Wright and Paprosky, 2016 [36].

Although the Paprosky-classification is well-established, poor inter-observer reliability and
intra-observer repeatability were found [38]. Paprosky, alongside with the other currently
existing classification systems, is mainly descriptive and relies on the interpretation of plain
radiographs which could be the reason for the partially reported poor reliability and
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repeatability. Furthermore, the descriptive nature of these classification systems makes it

difficult to transfer them to implant development and pre-clinical testing.

This resulted in the first publication of this dissertation, entitled “Quantitative assessment
of acetabular bone defects: A study of 50 computed tomography data sets” with the overall
aim to provide a basis for a quantitative, reproducible, objective and unambiguous
classification scheme for acetabular bone defects.

The specific objectives were: (1) Definition of several parameters for the quantitative
analysis of acetabular bone defects based on clinical computed tomography (CT) data, (2)
Quantitative analysis of 50 acetabular bone defects using the defined parameters, (3)
Assessment of potential correlations between the parameters.

50 clinical CT-data sets of pelvises with acetabular bone defects, provided from four
European clinical centers, were segmented resulting in 50 3D-models of defect pelvises.
Based on a method previously developed and validated within our research group (Hettich
et al., 2018) [39], the native situation (native pelvis) of each individual defect pelvis was
reconstructed using a statistical shape model (SSM), which consisted of 66 healthy
pelvises.

In consultation with five senior hip revision surgeons, six analysis parameters with clinical
relevance for revision treatment choice were defined for the quantitative assessment of the
acetabular bone defects: Bone volume loss, new bone formation, lateral center-edge angle,
ovality of the acetabulum, implant migration and wall defects.

Bone volume loss and new bone formation could be obtained by Boolean operations, i.e.
subtraction of the defect pelvis 3D-model from the native pelvis 3D-model (bone volume
loss) and vice versa (new bone formation). Four specific defect sectors (Cranial roof,
Anterior column, Posterior column, and Medial wall) were defined to assess the distribution
of bone volume loss within the acetabulum. Bone volume loss was assessed in terms of
total volume in ml and relative bone volume loss in % in relation to the initial / native bone
volume in each of the four defined defect sectors.

The 50 defect cases showed a large variation of values in all six analyzed parameters.
Correlations between several parameters could be found, for example between bone
volume loss in the Cranial roof and implant migration in cranial direction and lateral center-
edge angle, respectively.

Based on the relative bone volume loss in each sector, defect groups could be derived. In
order to do so, threshold values were defined in consultation with the senior hip revision
surgeons to separate actual bone volume loss from reconstruction inaccuracies and to

distinguish between minor bone loss and relevant bone loss.
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Threshold values of 25% were defined for the Cranial roof, Anterior column, and Medial
wall, oriented towards the definition of “moderate bone loss” in a study by Gelaude et al.
[40]. Assuming that the Posterior column is critical for implant stability, a more conservative
threshold of 15% bone volume loss was defined for this sector. Applying these thresholds
to the relative bone volume loss results of the 50 analyzed defects, defect groups could be
defined based on the combination of defect sectors concerned with relevant bone volume
loss. This scheme mathematically results in a total of 16 defect groups. Within the 50
analyzed CT-data sets, not all of the 16 possible groups have yet been represented.
However, an abstract of the represented groups, including an exemplary defect case each,
is shown in Figure 2.

The obtained quantitative information, as well as the information about the defect geometry
could now be used to transfer clinically existing defects to pre-clinical testing. Moreover, the
presented defect categories based on the distribution of relative bone volume loss and
specific thresholds could represent an approach towards an unambiguous, objective and
reproducible defect classification method, which could ease communication among
surgeons, facilitate treatment choice and improve comparability among studies.

Future work should include the analysis of additional defects, alongside with the chosen
treatment strategies and the validation of the chosen thresholds for relevant bone volume
loss.
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Anterior-Medial Posterior-Medial

c C
: 100
75

100
75
50
25

Anterior-Posterior-Medial A All sectors

c
100

76
50

Figure 2. Abstract of derived bone defect groups based on the distribution of relative bone volume
loss in % among the sectors Cranial roof (C), Anterior column (A), Posterior column (P) and Medial
wall (M). Four defect groups with one case each are exemplarily shown (Anterior-Medial, Posterior-
Medial, Anterior-Posterior-Medial, All sectors). The spider plots depict the definitions of the defect
groups based on the thresholds for relative bone volume loss of 25% (C, A, M) and 15% (P) in gray
and the distribution of relative bone volume loss of the individual cases (red lines). The 3D-models
of the individual cases with color-coded defect sectors (C: purple, A: green, P: blue, M: yellow) are
shown to the right. Adapted from Schierjott et al. [41].
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1.4 Acetabular revision treatment

Acetabular revision surgeries aim to achieve stable implant fixation, reconstruction of the
center of rotation (CoR) and functioning hip biomechanics, as well as restoration of bone
stock [42]. Thereby, the revision situation is often associated with bone loss and variation
in bone quality [43,44]. This requires, besides standard hemispherical press-fit cups,
specific treatment options, such as jumbo or oblong revision cups, augments, reinforcement
rings, reconstruction cages, cup-cage-constructs, or impaction bone grafting (IBG), to

mention just a few of the applied techniques (Figure 3, Figure 4).

Mitiller ring Ganz ring Burch-Schneider cage Cup-cage construct

Figure 3. Overview of a few of the available acetabular revision implants. Images adapted from
DePuy Synthes, Zimmer Biomet, implantcast and Kawanabe et al. 2011 [45-50].

Standard hemispherical press-fit cups can be used in mainly cavitary defects, in which more
than 50% of host bone contact is still present and a stable press-fit fixation can be achieved
by a 3-point-clamping [51]. Bone screws are often used for additional fixation [51].

In addition to the standard press-fit cups, so called jumbo cups with increased outer
diameter and oblong cups with screw holes for fixation are available [52,53].

Augments are metallic structures in form of different spherical segments in different sizes
which are combined with acetabular cups and which can provide stability in segmental, i.e.
rim defects [54].

Reinforcement rings are available as Ganz type and Miiller type and are typically used in
cavitary defects, medium-sized defects of the medial wall or anterior column defects and

can be combined with allograft defect filling [51]. Both types provide several screw holes for
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fixation in the cranial roof / cranial rim and the Ganz type provides an additional caudal hook
for fixation in the incisura acetabuli [51]. In these reinforcement rings, a polyethylene (PE)
cup is fixed with bone cement [51].

Reconstruction cages (e.g. Burch-Schneider cages) have two flaps which can be bent to fit
to the pelvic bone and can be used in larger defects with involvement of both columns [51].
The proximal flange is screwed on the iliac bone, and the distal flange is anchored into the
ischium or, in few cases, fixed to it with screws [51]. As in the reinforcement rings, a PE cup
is fixed in the cages to serve as articulation surface [51]. Reconstruction cages are often
used in combination with allografts in larger acetabular defects [55-57]. Due to their concept
of “bridging” the defect from host-bone to host-bone, they provide protection of the
underlying bone graft from overload and hence potential for best possible osseointegration
of the graft [42,51].

Allografts, i.e. grafts from human donors are provided via bone banks and are used in form
of structural / bulk allografts, i.e. a part of the femoral head, acetabulum, distal femoral
condyle or proximal tibia [58,59], or in form of morsellized allografts, i.e. bone chips [60,61].
Bulk allografts can be used as alternative to metallic augments [62,63], whereas bone chips
are typically used for the impaction bone grafting technique [60,61,64]. For this purpose,
primarily fresh-frozen human donor femoral heads are used [65,66]. After thawing, they are
divided into several parts and using a bone rongeur or a bone mill, bone chips of different
sizes are prepared [61,65]. Cancellous bone chips are preferred in revision arthroplasty due
to their osteogenic features [67].

The chips are compacted in the defect acetabulum with hemispherical impactors and an
orthopedic hammer [60,65]. In presence of uncontained defects, the bone grafts can be
compacted on a metal mesh, a technique which was found to be successful for medial
defects, but critical in case of segmental defects [66]. After compaction, a press-fit cup,
cemented PE cup, reinforcement ring or reconstruction cage is implanted on the graft
material (Figure 4) [61,64,68].

IBG enables the restoration of bone stock [61] as the bone graft is gradually incorporated
and replaced by newly formed bone [69]. This is especially important to provide an improved
situation for potential re-revisions, i.e. a so-called “defect downsizing” [70]. However, the
applied bone chips are expensive and limited in supply. Moreover, they are time-consuming
to produce in the operating room (OR) and differ in quality due to biological variation and
the preparation technique used [71]. In addition, despite careful choice of donors and

processing to limit infection risk, a risk of disease transmission remains [71].
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Figure 4. Impaction bone grafting technique, exemplarily shown with metal mesh and cemented PE-
cup. Adapted from van Haaren [72].

Synthetic bone graft substitutes (BGS) may represent an attractive alternative and have to
fulfill the following requirements to represent an ideal substitute for bone chips [73]:

e Biocompatibility

e Surface that supports cell adhesion, proliferation, and differentiation and hence

osseointegration

¢ Be bioresorbable and ideally completely replaceable by endogenous bone

e Be sterilizable without change in properties

o Cost-effective production of 3D structures in different shapes and sizes

¢ Interconnecting porosity to enable cell ingrowth and vascularization

¢ Mechanical stability to allow weight bearing as soon as possible

During the last years, numerous BGS have been developed as supplement or alternative
to allograft bone chips. These BGS are often based on hydroxyapatite (HA), tricalcium
phosphate (TCP), TCP-HA mixtures, titanium (Ti) or bioactive glass (b.a.glass) and
provided in form of granules [74-78], scaffolds [79] or cement [80].

However, clinical application in acetabular bone defects has yet only been reported for few
of them [74,75]. This is most likely related to the fact that in load-bearing situations, such
as in the acetabulum, it is difficult to achieve the required properties porosity, resorbability
and mechanical stability as these are conflicting to a certain extent [73].

Some BGS have been tested in vitro concerning primary stability or mechanical properties
in artificial acetabular defects [80-84]. These defects were applied in a variety of locations
and their shape was strongly simplified to cylinders, hemispheres, or other spherical
segments. Clinically existing defects on the other hand, have been found to have a rather

complex shape with involvement of several acetabular areas [36,41,85], which demands a
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less simplified defect implementation procedure. Moreover, in the previous in vitro studies,
the defects were implemented at numerous different locations in different sizes, depending
on the type of treatment to be tested. This limits comparability between the studies i.e.

between the outcomes of the different treatment strategies.

This resulted in the second publication entitled “A method to assess primary stability of
acetabular components in association with bone defects” with the following aims: (1)
Development of a simplified acetabular bone defect model based on a clinically existing
defect, (2) Derivation of three additional, less severe bone defect increments from the
simplified defect in order to build up a stepwise testing procedure to test different treatment
strategies in defects with increasing severity, and (3) Assessment of the influence of an
acetabular bone defect and defect filling on the primary stability of a press-fit cup.

Based on the quantitative acetabular bone defect analysis [39,41], a representative clinical
defect was chosen in consultation with five senior hip revision surgeons. The defect was
described as common and likely to be treated (among others) with bone chips.

A simplified version of this defect was developed with the following aims: Implementation
with hemispherical acetabular reamers to enable application of this procedure also in
human donor specimens using simple tools; Possibility to derive several bone defect
increments; Preservation of main characteristics of the defect including geometry and bone
volume loss.

Under application of nine hemispherical reaming procedures, the defect could be simplified
(increment 4) and showed an overall volume conformity of >99% with the original defect
volume, a comparable bone volume loss distribution among the defect sectors and a
comparable shape (more detailed information can be found in the additional content II).
Three additional, less severe bone defect increments (increments 1-3) could be derived
from the simplified defect (increment 4) by exclusion of specific reaming procedures (Figure
5).
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“Defect”
increment 3

“Defect
increment 2

“Defect"
increment 1

Defect
increment.4

~——

Reaming 1 Reaming 1 Reaming 1 Reaming 1
Reaming 2 Reaming 2 Reaming 2 Reaming 2
Reaming 3 Reaming 3 Reaming 3 Reaming 3
Reaming 4 Reaming 4 Reaming 4 Reaming 4
Reaming 5 Reaming 5 Reaming 5 Reaming 5
/Bﬁm Reaming 6 ing 6 Reaming 6
Reamnitig 7 Reamifig 7 Reaming 7 Reaming 7
ng 8 ng 8 Reaming 8 Reaming 8

R ng 9 R ng 9 Reaming 9 Reaming 9

Figure 5. Overview of bone defect increments derived from the simplified defect (increment 4) by
exclusion of specific reaming procedures as indicated in the tables. Adapted from Schierjott et al.
[86].

The smallest bone defect increment (increment 1: Mainly medial, contained defect with
posterior-inferior rim damage) was implemented in an especially therefore developed
acetabular test model made of polyurethane foam.

In order to investigate the influence of bone defect and bone defect filling on the primary
stability of a press-fit cup, three test groups (N = 6 each) were defined: Primary (acetabular
test model without defect, treated with press-fit cup), Defect (acetabular test model with
defect, treated with press-fit cup), and Filled (acetabular test model with defect, treated with
BGS and press-fit cup). BGS in form of B-TCP-HA pyramid-shaped granules in a
polyethylene glycol-glycerol (PEG) matrix was used.

The specimens were placed under a servo-hydraulic testing machine and loaded
dynamically in a sinusoidal wave form in direction of the maximum resultant force during
level walking. Relative motions between cup and acetabular test model were measured in
3D using tracking points and the optical measurement system GOM Pontos (GOM GmbH

Braunschweig, Germany).
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The test groups were compared concerning inducible displacement, migration, total motion
and resultant cup tilt. It was found that the implemented acetabular bone defect had a
detrimental effect on primary stability, but that primary stability could mostly be
reestablished by defect filling.

In the future, the developed test model including the four bone defect increments could be
used to test and compare different treatment strategies in defects with increasing severity.

The previously mentioned synthetic BGS could be an attractive alternative to bone chips to
increase the reproducibility of the mechanical properties and to decrease the infection risk.
However, it had to be assessed whether their performance is comparable (or maybe even
superior) to the performance of bone chips, which represent the current gold standard in

this application.

This resulted in the third publication entitled “Primary stability of a press-fit cup in
combination with impaction grafting in an acetabular defect model” with the following aims:
(1) Assessment of the primary stability of a press-fit cup in combination with compacted
bone chips in the previously developed acetabular defect model, (2) Comparison with the
primary stability achieved by defect filling with two different BGS (B-TCP tetrapods in a
collagen matrix and bioactive glass granules in a PEG matrix).

As basis for this publication the acetabular test model with bone defect increment 1,
developed in the second publication, was used, whereby the wall thickness was increased
to enable compaction of the filling material similar to the techniques applied in the OR.

In order to compare the primary stability achieved by the BGS with bone chips, three test
groups (N = 6 each) were defined: Bone chips (cancellous bone chips from donor femoral
heads), b.a.glass+PEG (bioactive glass S53P4 granules in a PEG matrix) and
tetrapods+coll (B-TCP tetrapods in a collagen matrix).

The specimens were loaded dynamically in direction of the maximum resultant force during
level walking with stepwise increased maximum load. Relative motions between cup and
acetabular test model were measured at the end of each load step using tracking points
and the optical measurement system GOM Pontos.

It was found that the course of inducible displacement was comparable among the three
test groups with highest values for bone chips and lowest values for b.a.glass+PEG at the
last load step (3000 N). Migration was predominant in b.a.glass+PEG and lowest for
tetrapods+coll.

It could be concluded that tetrapods+coll may represent an attractive alternative to bone
chips, showing a comparable performance and even smaller relative motions towards

higher loads than bone chips. However, this can yet only be concluded for this specific
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defect used in this study and primary stability should be further assessed in additional /

more severe defects.

15 Conclusions

Within this dissertation, 50 acetabular bone defects associated with revision surgery were
successfully quantified. To the author’s knowledge, it was the first study to analyze such a
large number of defects under application of several parameters. The results showed a
large variation among the defects, yet it was possible to identify correlations between
several parameters and derive possible defect groups.

The large variation of bone defects and their complex shapes suggested that actual clinical
defect cases should be used as basis for pre-clinical testing, rather than theoretical and
strongly simplified defect shapes as in most previous in vitro studies.

A representative clinical bone defect case was simplified to a model defect while still
preserving the main defect characteristics and defect increments were derived thereof. In
the future, these could be used as part of a platform concept to test and compare different
treatment strategies in defects with different severities.

Using the developed test model, it could be shown that the acetabular bone defect had a
detrimental effect on the primary stability of a press-fit cup. However, defect filling with a
BGS could mostly reestablish primary stability, i.e. reduce relative motions to a level at
which osseointegration might still be possible.

By comparing the primary stability of a press-fit cup in combination with bone chips and two
different bone graft substitutes, it was seen that the BGS consisting of B-TCP and collagen
achieved results similar to the bone chips. This suggests that this BGS might be an
attractive alternative to bone chips, providing more reproducible mechanical properties,
lower infection risk and improved availability.

However, besides the assessed primary stability, other factors such as the potential for
osseointegration are vital for the clinical long-term success of the material and should be

further assessed in large-animal studies or mechano-biological models.
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2 Zusammenfassung (Deutsch)

Zielformulierung

Ziel der vorliegenden Doktorarbeit war es, zu ermitteln, welche acetabularen
Knochendefekte im Zusammenhang mit Revisionseingriffen vorliegen und diese zu
guantifizieren. Des Weiteren sollte ein in vitro Testmodell entwickelt werden, um den
Einfluss eines Defekts und einer Defektfillung auf die Primarstabilitat einer Press-fit-Pfanne
zu untersuchen. AbschlieRend sollte untersucht werden, ob die Wahl des Fllmaterials
einen Einfluss auf die Primarstabilitat der Pfanne hat, bzw. ob durch synthetische
Knochenersatzmaterialien (KEM) eine ahnliche Priméarstabilitat wie mit dem Goldstandard

Knochenchips erzielt werden kann.

Hintergrund

Die aseptische Lockerung ist einer der Hauptrevisionsgriinde bei Hift-Totalendoprothesen
(HUft-TEP). Diese kann, neben der haufiger ursdchlichen partikelinduzierten Osteolyse,
unter anderem auch durch zu grof3e Relativbewegungen zwischen Implantat und Knochen
bedingt sein, die zur Bildung einer Bindegewebsmembran, einer weiteren Lockerung und
letzten Endes zur Revision des Implantats fuhren.

Revisions-Operationen sind haufig mit acetabularen Knochendefekten infolge
periprothetischer Osteolysen verbunden, welche die darauffolgende Implantatfixierung
erschweren. Fir diese Knochendefekte existiert eine Vielzahl von Klassifikationsmethoden,
welche jedoch grof3tenteils deskriptiv sind und deshalb nur schwer in die
Implantatentwicklung und pra-klinische Priifung tibertragbar sind.

Fur die Versorgung der Knochendefekte wird eine Vielzahl verschiedener Implantatsysteme
und Methoden eingesetzt, unter anderem die ,Impaction bone grafting“-Technik, bei der
Knochenchips in einem Defekt komprimiert und mit einer Pfanne, einer Pfannendachschale
oder Stutzschale kombiniert werden. Knochenchips haben jedoch auch einige Nachteile
wie beispielsweise ihre begrenzte Verfligbarkeit und das verbleibende Infektionsrisiko.
Synthetische KEM konnten eine attraktive Alternative darstellen, jedoch wurde ihr Potential
zur Wiederherstellung der Priméarstabilitdét in Kombination mit Press-fit-Pfannen bisher

kaum untersucht.

Material und Methode

In einem ersten Schritt wurden 50 Computertomographie-Datensétze (CT-Datensétze) von
Becken mit acetabuldren Knochendefekten anhand von sechs Parametern ausgewertet
und quantifiziert. Hierzu wurden virtuelle 3D-Modelle der Defektbecken erstellt und ihr

jeweiliger ,nativer” Zustand Uber ein statistisches Formmodell rekonstruiert. Dadurch
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konnten unter anderem der Knochenvolumenverlust und die Knochenneubildung in
einzelnen Bereichen des Acetabulums bestimmt werden.

Basierend auf der Defektanalyse wurde gemeinsam mit den klinischen Beratern ein
reprasentativer Fall als Grundlage fir die darauffolgenden pré-klinischen Tests ausgewahlt.
Um den Defekt spater mit einfachen Hilfsmitteln auch in humane Spenderbecken
einbringen zu koénnen, wurde seine Geometrie vereinfacht. Hierfir wurden neun
Frasoperationen mit hemispherischen Acetabulumfrasern definiert, um den Defekt mit
seinen wichtigsten Charakteristiken zu reproduzieren.

Von dem so entstandenen ,Gesamtdefekt* (Defektstufe 4) wurden drei zusatzliche, weniger
schwerwiegende Defektstufen (Defektstufe 1-3) abgeleitet, indem bestimmte
Frasoperationen ausgeschlossen wurden. Auf diese Weise wurde ein Plattformkonzept mit
differenten Defektstufen entwickelt, um zukiinftig verschiedene Revisionsimplantate bzw.
Versorgungsstrategien schrittweise in immer schwerwiegenderen Defektstufen testen zu
konnen.

Es wurde ein vereinfachtes Acetabulummodell (AM) aus Polyurethan-Schaum entwickelt,
in welches der Defekt (Defektstufe 1: Hauptséachlich medialer, umschlossener Defekt mit
posterior-inferiorem Randdefekt) eingebracht wurde.

Insgesamt wurden sechs Testgruppen im Rahmen der Dissertation auf ihre Primarstabilitat
untersucht: Primarsituation (AM ohne Defekt, versorgt mit Press-fit-Pfanne), Defektsituation
(AM mit Defekt, versorgt mit Press-fit-Pfanne) und vier Varianten von Defektfillungen (AM
mit Defekt, versorgt mit Press-fit-Pfanne und Knochenchips bzw. drei verschiedenen KEM).
Die Proben wurden dynamisch belastet und die Primérstabilitat wurde in Form von
Relativbewegungen (reversible Bewegungen und Migration) zwischen Press-fit-Pfanne und

AM mit Hilfe eines optischen Messsystems untersucht.

Ergebnisse

Bei der Analyse der Defekte wiesen die Messwerte der untersuchten Parameter eine sehr
groRe Bandbreite auf. Dennoch konnten Korrelationen zwischen einzelnen
Analyseparametern ermittelt und eine erste Einteilung in mehrere Defektgruppen
vorgenommen werden.

Der fur die pré-klinischen Tests ausgewdhlte Defekt konnte mithilfe mehrerer
Frasoperationen in einer vereinfachten Weise reproduziert werden, wobei der artifizielle
Defekt eine Ubereinstimmung des Gesamtvolumens von >99% mit dem Originaldefekt und
eine vergleichbare Geometrie zeigte.

Der in Publikation 2 implementierte Defekt (Defektstufe 1: Hauptsachlich medialer,
umschlossener Defekt mit posterior-inferiorem Randdefekt) fihrte zu einem Anstieg der

Relativbewegungen gegeniber der Primarsituation (1,9-fache reversible Bewegung und
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8,2-fache Migration), welche sich durch die Defektfullung wieder reduzieren lie3en (1,1-
fach bzw. 2,4-fach gegenuber Priméarsituation).

Bei dem Vergleich der Defektfullung mit Knochenchips und zwei verschiedenen KEM in
Publikation 3 (bioaktives Glas in PEG-Matrix und B-TCP Tetrapoden in Collagen-Matrix)
zeigte sich, dass sich B-TCP Tetrapoden in Collagen-Matrix unter Last ahnlich verhielten
wie Knochenchips bzw. ahnliche Relativbewegungen aufwiesen und somit eine attraktive

Alternative zum Goldstandard Knochenchips darstellen kénnten.

Diskussion und Ausblick

Im Rahmen dieser Doktorarbeit konnten acetabuldre Knochendefekte erfolgreich
guantifiziert, und ein reprasentativer Defekt in einen in vitro Testaufbau tbertragen werden.
Die Defektanalysemethodik kdnnte zuklnftig dazu verwendet werden, eine quantitative,
vom jeweiligen Anwender unabhangige, reproduzierbare Defektklassifikation zu etablieren.
Hierflr ist jedoch die Untersuchung einer noch gré3eren Anzahl von Defekten notwendig,
wobei auch die jeweils gewahlten Defektversorgungen und deren Klinischer (Langzeit-)
Erfolg analysiert werden sollten.

In den durchgefuhrten in vitro Tests wurde der negative Einfluss eines Defektes auf die
Primarstabilitdt einer zementfreien Versorgung dargelegt und das Potential bestimmter
KEM aufgezeigt, zukiinftig Knochenchips als Fullmaterial zu ersetzen. Diesbeziiglich
vorteilhaft sind die zuverlassig reproduzierbaren mechanischen Eigenschaften, das
verringerte Infektionsrisiko und die bessere Verflgbarkeit der KEM.

An dieser Stelle muss jedoch betont werden, dass die Fahigkeit bestimmter KEM, die
Primarstabilitdt wiederherzustellen, bisher nur in einem spezifischen Defekt getestet wurde
und nicht direkt auf alle Defekttypen Ubertragbar ist. Folglich sollte in Zukunft die
Primarstabilitdt in weiteren bzw. grolieren Modelldefekten untersucht werden, um
zusatzliche Informationen Uber mégliche Limitationen des Materials und Voraussetzungen
fur dessen Einsatz zu erhalten. Zusatzlich zur Priméarstabilitét sollte aul3erdem untersucht
werden, ob sich KEM beziglich der Dauerfestigkeit und des Osseointegrationspotentials
(Struktur und Oberflacheneigenschaften, die das Einwachsen von Knochensubstanz
erma@glichen) als Ersatz fir Knochenchips eignen, da diese Faktoren ebenfalls maf3geblich

fur den klinischen Langzeiterfolg der Versorgung sind.
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3 Abstract (English)

Objectives

The objectives of this dissertation were to assess which acetabular bone defects associated
with revision surgery exist and to analyze these defects in a quantitative way. Furthermore,
the aim was to develop an acetabular bone defect model to assess the influence of bone
defect and bone defect filling on the primary stability of a press-fit cup, and to ascertain
whether the type of filling material influences primary stability, i.e. if synthetic BGS can

achieve primary stability comparable to the gold standard bone chips.

Background

Aseptic loosening is one of the main reasons for revision in THA. This is most commonly
caused by patrticle-induced osteolysis but can, besides others, also be induced by excessive
relative motion between implant and bone, which leads to the formation of fibrous tissue
and further loosening, eventually resulting in revision surgery.

Revision surgery is often associated with acetabular bone defects due to periprosthetic
osteolysis, which make the following implant fixation difficult. In order to categorize the
defects, numerous classification schemes have been published. However, most of them are
rather descriptive and hence difficult to transfer to implant development or pre-clinical
testing.

To treat the defects, numerous implant systems and treatment strategies exist, besides
others the impaction bone grafting technique (IBG), whereby bone chips are compacted
into a defect and combined with a cup, reinforcement ring or reconstruction cage. However,
the bone chips have some disadvantages such as limited supply and remaining infection
risk. Synthetic bone graft substitutes (BGS) may represent an attractive alternative, but their
potential to reestablish primary stability in combination with press-fit cups has yet hardly

been assessed.

Materials and methods

First, 50 computed tomography (CT) data sets of pelvises with acetabular bone defects
were analyzed and quantified using six parameters. In order to do so, virtual 3D models of
the defect pelvises were created, and the corresponding “native” situation was
reconstructed via a statistical shape model (SSM) for each pelvis individually. Based on
these models, parameters such as bone volume loss and new bone formation in specific
areas of the acetabulum could be assessed.

On the basis of the quantitative defect analysis, a representative defect was chosen in
consultation with the clinical advisors for the following pre-clinical tests. In order to later on

enable defect implementation with simple tools in human donor specimens, its geometry
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was simplified. For this purpose, nine reaming procedures with hemispherical reamers were
defined in order to reproduce the defect with its main characteristics.

From the resulting “complete defect” (defect increment 4), three additional, less severe bone
defect increments were derived by exclusion of specific reaming procedures (defect
increments 1-3). The resulting platform concept was developed to test different revision
treatment strategies in defects with increasing severity in the future.

A surrogate acetabular model (AM) made of polyurethane foam was developed, in which
the defect (increment 1. Mainly medial contained defect with damage of the posterior-
inferior rim) was implemented.

Within this dissertation, a total of six test groups were investigated concerning their primary
stability: Primary situation (AM without defect, treated with press-fit cup), defect situation
(AM with defect, treated with press-fit cup), and four different types of defect filling (AM with
defect, treated with press-fit cup and bone chips / three different types of BGS).

The specimens were loaded dynamically and primary stability in terms of relative motion
between cup and AM (inducible displacement and migration) were assessed using an

optical measurement system.

Results

The defect analysis showed a large variation of values in all analyzed parameters. However,
correlations between single analysis parameters could be observed and first defect groups
could be established.

The representative defect chosen for the pre-clinical tests could be reproduced in a
simplified way using several reaming procedures, whereby the simplified defect showed a
total volume conformity of >99% with the original defect, as well as a comparable geometry.
The defect implemented in publication 2 (increment 1: Mainly medial contained defect with
damage of the posterior-inferior rim) led to an increase in relative motion compared to the
primary situation without defect (1.9-fold increase of inducible displacement and 8.2-fold
increase in migration). By filling the defect, this could be reduced again to 1.1-fold increase
and 2.4-fold increase in comparison with the primary situation, respectively.

Within the comparison of bone chips with two BGS in publication 3 (bioactive glass in PEG
and B-TCP tetrapods in collagen) it was seen that the B-TCP tetrapods in collagen matrix
showed a behavior comparable to bone chips, i.e. comparable relative motions and could

hence represent an attractive alternative to the gold standard bone chips.

Discussion and outlook
Within this dissertation, acetabular bone defects could successfully be quantified, and one

representative defect was transferred into a pre-clinical testing model.
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In the future, the defect analysis method could potentially be used to establish a
guantitative, impartial, reproducible defect classification. In order to do so, an even larger
number of defects should be analyzed, also in association with the chosen defect treatment
and clinical (long-term) treatment success.

In the performed in vitro tests, the negative influence of a defect on primary stability of a
press-fit cup could be shown, as well as the potential of certain BGS to reestablish primary
stability and hence to potentially substitute bone chips in the future. Benefits of the BGS
would be the reproducible mechanical characteristics, the reduced infection risk and the
improved availability.

However, it is important to point out that the ability of specific BGS to reestablish primary
stability was so far assessed in one specific defect and the results may be different in
another defect type. Hence, primary stability should further be investigated in additional and
more severe defects to obtain additional information about potential limitations of the
material or prerequisites for its application. Moreover, it should be assessed whether the
durability and the potential for osseointegration (pore structure and surface properties to
enable bone ingrowth) of the BGS are sulfficient to substitute bone chips, as these factors

also influence the clinical long-term success of the defect treatment.
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Abstract

Objectives

Acctabular bong defoct IZ‘IL.aI"I[IfEﬂJICII"l and classitication is still challcng ng. Thiz CID]&CTNI}S of
his Sluﬂ],l were o $UQQGS|. and deline parammers Tar e quantilicalim al acelabular Dona
delecls. Lo ‘:'II"IEI]}'ZE E0 bone delests and o pr-asam he results and correlatlions belwean the
delined ;.'IEIr':'I.I'I’Iél'EFS.

Methods

The analysis was based an CT-data of pelvises with acetabular bone defacts and their
reconstruction via a statistical shape model. Bazed on this data, bone volume 1055 and new
bone fermation were analyzed in four sectars (cranial roof, anterics column, pastericr cal-
urni, and medial wally. In addition, cvality of the acetabulum, lateral center-edge angle,
Implart migration, and presonca of wall defects were analyzed and correlations between the
differant parameters ware assossed.

Results

Bone volume loss was found in all sectors and was multidirectional in mast cases. Highast
ralative bone volume loss was found in the medial wall with median and [25, 75]—percentils
values of 72,8 [50.6, 95.0] 2. Cnvality, given as the length to width rafic of the acetabulum,
was 1.3[1.1, 1.4] with & maximurn of 2.0, which indicated an oval shape of the defect ace-
tabulurn . Lateral center-edoe anghe was 3047 [21.57, 40.47], which indicated s wide range of
raaf coverage Inthe defect acetabulum. Tatal implant migration was 253 [14.8, 32. 7] mm,
wheraby cranial was the most cammon direction. 49750 cases showed a wall defect inat
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least one sector. [t was obsarvad that implant migration in cranial direction was associated
with relative bone volume loss in cranial reaf (R =0.74] and cvality (A = 0,67}

Conclusion

‘Within thiz study. 50 palvizas with acatabular bone dalects weare successiully analyzad
using sik parameatars. This could provide Tha basis lor a noval classilicalion cancapl which
wadld represant & guaniitative, ohjective, unambiguous, and repreducible classification
appraach for acatabular bona defacts.

Introduction

Rewizipn hip surgery ts ollen assocnaled] with seetalolar hone delecs, wlnch are challengimg 1o
-:_|,|.-|11:||':.-. Swurnerous climsifolion svslErms hisrve lseen [:-III:-]th‘H‘l:I. 1 ureler b |,:-1l.::|:-;||ri:'.-¢ These
I:..l"l.*'l.:lx | :ll HJI'HIIE‘.TFF, I'I'II:!.MI I:ll.l."ul".\.'d I::Iil.‘hh'll-'";llll.:lrl *}"‘I EITS S1re? .::lil:\l.'fll 1kn [I.IIITH‘ r.:||:|i1 IE,TII.[:‘"I'I.‘M
amil mmimly rely om Che imterpretaion ol anatormical lamdemaries, which ey lead o poor rely
abaility and repealabilily (4 6], Furthermore, as (hey are mamly descripbive, il remams dillicoll
Lar Leamsfer hern e pre clinical esting, tmplant develepmmen |y amd pre operalive planming,
An idesl classifcation syslem would provide an ebjeclive, umambiguous, surgically relevant
and reproducible cutegorization of lone defecls, whils eing easy o apply, This would euse
cummurnicalion belween surgeons, delerminalion of realrment stralegy and would alse Gl
Lale (he prediction and comparisun of surgical oulcoames.

Uhe application of three-dimensional (307 imuging such as Computed-omaography {C'1]
miy help o evercome the drawbacks gezociated with comservative radiographb-hased defec,
classifications 7). Recently, sume approaches towards & more guantitative defect analviis
bused on 3-imaging technigues were made, including the analysis of totd radial bone loss
[7-4], vohome loss [7, 10] and remaining hone thickness [7]. Total radial bone loss (TrABL]
was among others assessed by Colavde et al., whoe conducted the analysis based on segmented
I-data of the defect acctabulum and its anatomic reconstruction [8]. Ve possibilitics 1o ana-
Iyze volune loss and remaining bone thickness were mentioncd by loras ot al. [7]. Hecently,
Hettich et al. validabed a methed to analyee acctabular hone defects in terms of hone volume

Inss and new hone formation [10]. 'The study was based on £1-data of defect pelvises and their
anatomic reconstructions which were ohtained via a statistical shape model (550, The bone
volumes of defect and native pelvises in four defect scotors were assessod. Bone volume Inss
and new bone fermation were obtained in cach soctor s absolue value and relative to the
native bone volume. These studics pointed out possibilitics to analyvae acctabular bone defects
in a quantitative way. However, these studics using anataomic reconstructions were hocused on
the analysis of ane single parameter {e.g. bone volume loss) and the methods were only applied
tova limited number of cases,

T eeder to evaluate the severity of acetabulas bone delects, numernus paramelers are of
interest, such as bone volume loss, new hone farmation, shape of the acetabulum {nvalityl,
suppert by the cranial roof (lzteral center-edge angle, LOE angle), migration of the existing
implant, and presence af wall defects, This information could be heneticial in clinical practice
loe pre-cperalive planning, prediction and comparison of surgical culoomes, as well as in
teseasch and development Dor limplant design and pre-clinieal testing,

The abjectives of this study were te (1) suggest and detine pavameters far acetabular bone
delect amalysis, (20 quanlily 50 clinical cases wilh acetablar bone delecis, and (30 present the
results amd cortelations between (he panumelers,
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Materials and methods
CT-data

Trvomdler we conduct this study, o wetal of 90 chinical CT data sets telated w acetabular bone
lafarts were |'.i|||,||}' p'l}lpi:itﬂ |,1}' the semiar '|'||p- SIS Hix, 1'.-r], AR, BT i B Feom all foure
wvalved clinical centers, which was approved by the LM Munich ethics comumitles {project
oo 1108 UE) Patents of oll age provps with acetabular bone defects of Paprosky tvpe 224010
3B, mncluding pelvic discontinomty, were selected for this study, whersby CT scins were con
ductes] within pre-operative planning, Paents wilth exasung pomary THA, cevision THA,
tnbection-related cement spacers, and without implants were included, o accordance with the
ethics committes, anonymized CT-data was provided, and patient lnformation was restricted
tor agre and gender, The data sets were screened and the following exclusion criteria were
applicd to allow successful reconstruction with the 534 [L0]: (17 Unilateral scans of the pelvis,
(2] data sets with poor image quality, and (20 scans with a distinetive tilted position of the pel-
vis, Atter the application of the exclusion criteria, 50 defect hemi-pelvises were included in this
study with C'T scans conducted between May 2014 and Movember 20018, 34 were female, 16
male and mean age was 7002 £ 11,38 {Table 13, average slice thickness and pixel size were
237 & 086 mm and (.79 & (.20 mum. respectvehy,

Tmage processing

L'he analysis was based on solid models of the defect pelvis and the corresponding native pelvis
(Fig 11 ws previously described and validated [10]. The C1-dat set of the defect pelvis was sep-
mented in Mimies 190 (dateriulise MY, Leaven, Belgiom) (Fig 140 For the reconstruction of
Lhe native pelvis corresponding o each defect pelvis, the puthological areas of the segmented
Co1-data sets were masked and excluded for cach defect pelvis individually (Fig 115 A S
weas trained based on the OU-data sets of 66 healthy pelvises [10]. The 55M i a deformable
muode] that describes the typical 313 shape variation occurring in the training population by so
called mndes of shape variation that are sorted by their geometric significance. The 35M was
fitted only onto the remaining healthy bone structures of cach defect pebvis individoally by
using the first 20 modes of shape variation and the excluded pathological arcas could he
extrapelated. This resultad in & statistically prohable native pelvis modzl individaally for each
defect pelvis. After showing promising validation results, comparable to previoushy applied
S84, this methad was considered to be well suited for the quantitarive assessment nf acetabo-
lar hone detects within the presanr smdy. The resulting 30-mnadels of native pebviz and defecr
pelvis were exprrred as Standard-Tessellated -Tanguage (STT.) surfaces and mesh cnrrection
algerithms were applied in 3-matic (Marerialise MY, Lewven, Ralgium] and Gaomagic Design
X ¥ Dgystems, Rock Hill, TT5A%, Tnarder (o process the defect and native pebais in the CATY
software CATTA W5 (Thgsanlr Systémes, Veélizy- Villacoublyy Cadex, France), barh models
were transtarmed into solids using the auto surfacing function in Genmagic Design ¥ (Fg [0
angd 111,

Cuantitative analysis

The quantilative analyzis was performed in CATTA V5 and included six parameters (5iz 1: (1)
Bene volume oss, (2] new hone fnrmatinn, (2 ovality of the acetabulum, {13 TLCE angle, {3}
implant migration, and (A) wall defectz. Tn oeder to perform a detailed analysis of the delects,
T diflerent sectors were defined | 10]: Cranial rool (Crmal), andenor column (Anleror),

prossterior enlumn (Posteriar}, aoad snedial wall [Medial), To ke delects into scenunl, wihich
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Tahde 1. Dietails of the 50 CT dala sets included in the study.

Drata set Age |years’ {render Clinic Implant type Data =et Age [years| Crender Llinic [mplant type
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cxpand bevond the defined sectors around the acerabulum, bone volume loss in the os ilium,
os pubis and os ischii was additionally considered where applicable.
Lione volume loss was analyzed by Boolean operations, whereby the defect pelvis was sub-
tracted from the native pelvis (Fig 200, New bone furmation wis also analyeed by Boolean
operalions whersby e nalive pelvis was sublricled from the defect peleis [10] (g 215] Boul
vin operulions were upplied in each defect sector individuadly, Bone volume loss and new
Lo lommation were caleulaled as absclule values for each delect secton, and as relalive values

1 relatgon Lo the pative bane valume el seclor.

Crvality of e acetabulum was mepsueed by Biling an ellipse i e detect scetabuloan with
the native acetabular plane as basis, Cvaliny vwas defined as the mio of lenglh o width, wherehy

the ratio | represents a circular acetabmliom [Fig 2073,

LCE angle was measured based on g technigue also used with plane radiographs |[11], The
minst lateral edge of the cranil roct was marked and a line connecting the native center of
retation (0T} with the lateral edge was defined. The LOE angle was measured as the angle

PLOS OME | hilps2idol.org 101371 joumal pone 0222511 Ocheber 17, 2048
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Statistical Shape Model

Defect pelvis Native pelvis

Fig 1. Workflow to obtain defect and native pelvis for the analysis. (A) Segmentation of clinical CT-data set. (B) Masking of the
pathological area and application of a statistical shape model to reconstruct the native pelvis. (C) Transformation of CT-data set into solid
model of defect pelvis. (D) Transformation of SSM-based reconstruction into solid model of native pelvis.

https//doi.org/10.1371/journal.pone.0222511.g001

between the connection line and the body Z-axis, projected on the anterior pelvic plane (Fig
2D).

Implant migration was measured as the difference between the native CoR and the actual
implant CoR which was derived by a sphere fitting on the implant surface. Implant migration

PLOS ONE | https://doi.org/10.1371/journal.pone.0222511 October 17, 2019 5/22

30



Publications

'..@'-PLOS ONE Cuanlilalive essesenent ol 50acelabular baae defecls

LL

Fig 2. Defect analgsic parametens (A1 Hone vali me leas in tocal a0 in cach defeer sector calenlarad usong doalean
wperators, (B] New bone formation ot and in each defect seeae, 001 Ovalite of the defeet soctabulam given by
the rata ef bength to wictk (D) Lateral center edge ang e detinad hy L line cunrectimg the mins lateral point in the
cramic. reof wily the center af ratation (CaR} and the hedy Z-asis. (F) Tmplan. migratico defined 3y the distance and
diceafion Detsov e anlowe CoRand e Col ol e eaisiog ionpdaat. 0 Wall deteon cefived be Laoles aad alsean
Loy savctuzes il te soctabalan tom (grey = delen pelvis, codor easpozant = uative bone voluae el socon),

Hps i o 101079 o poen. 1772511 9097

wits analyeed] in teems ol letal distonce aod distance o wedial-lateral, aoterior- posterior, and
crandal-caudal direction (Tig 20,

Wall defects were delined as holes with a dimension of 3 tun or larger in length and width
or completely absent bone structures at the acetabular rim, indicated by a distance between
native and delect rim of § mm or larger {Uig 21,

Statistical analysis

Statistical analysis included a test for normal distribution of data (Shapieo- WK test) and a lest
for stauistical sigmificance between relative bong volume loss in the single sectors (Mann- Whit
ney-U test). Level of significance was set to p < 005, Correlation analysis between the different
parameters was performed where applicable, Correlation coeficients were interpreted as

PLOS ONE | ntps:fdod g/ 10,1371 joumnal pone. 0222611 Ociober 17, 2019 6122

31



Publications

I-PLOS|ONE

Chsanbibabies: assaimment af S0 acedabalae booee defocls

muderale correlation (0.3 < K -2 071 high correladion (007 <0 Ko< 0.4, and very high cormrela
Hom (0 B 1A [12].

Results

T volume loss. neve bore Dommaston, eealily, LER angle sed tmpland rigeation i crenial
and medial direction are exemplary shown lor eight cases (Tig 20

As most data was found to leve a non-nocmal distribution, the results are presented using
ihe medion and [251h, 731 | —percentile values, Tar beller comparisan with resulls reporied i
literature, e values = standand deviations are additionally summarized (Table 1),

Bone volume loss

Median absolute bone volume loss was 2005 [10.8, 20.8] ml in Cranial, 8.3 [5.1, 105 mlin
Anterior, 125 [5.7, 20.3] ml in Posterior, and 143 [9.7, 193] mlin Medial (Fiz 1A% Minimum
was 4.8 mlin Crantal, 1.5 ml in Anterior, 1.9 mlin Bosterior, and 28 mlin Medial. Maximum
was 4.0 mlin Cranizl, 148 mlin Anterior, 33.2 ml in Posterior, and 264 ml in Medial. In 13
30 cascs, bone volume loss in Crandal was accompanied by bone loss in the os iliom and in 4
30 cases, bone loss in Posterior was accompanicd by bone loss in the os ischii. In 3¢50 cascs,
pelvic discontinuity was present. Median relative bone volume loss was 45.3 [24.8, 70.2] % in
Cranial, 42,1 [27.0, G1.2] % in Anterior, 41.7 [17.7, 80.5] % in Posterior, and 7248 [50.6, 95.0] %
in Medial (Fig 400 Minimum was 10.7% in Cranial, 5.7% in Anterior, 7.0% in Fosterior. and
T46% in Medial. Maximuom was 97.9% in Cranial (case with 97.7% presented in Fig 24, 97.9%
carrcsponds to case presented in Fig SE), 87.8% in Anterior, %3.5% in Posterior, and [00.0% in
Medial {case presented in Fig 28}, Difference between the groups was signiticant for Moedial
and Cranial (p - (001}, Medial and Anterior (p < 0.001), and Madial and Posterior

{p = (0001}, Median and percentile values of abenlute hone volume loss were highest in Cra-
nial. whereas median and percentile values of relative bone solume loss were highest in Medial.
This ditference is related to uncqual sizes the defect soctors.

Mew bone lormation

Median absolute bone frmation was 4.3 [ 3.0, 6.3] mlin Cranial, 2.9 [ 1LE, 53] mlin Anterior,
4.5 28,67 mlin Puslerior, and 2.2 [07, 3.4] ml i Medial {540 Mimimum weas 0.3 mlon
Cranial, 0.3 ml in Anterion, 06 mlin Pesterior, and (0.0 mlin Medial, Masimuam was 14,2 ml
ik ﬂ-,r.:'|r|ii|'|: 12,7 mlin Anleriorn, 184 mlin Faslerior. and 21,3 ml in Medial, Median relative
new bume formation was 1000 [6.4, 14.3] % in Cranial, 192 |56, 292 % in Anlerior, 12.5 |90,
191 %oam Posterior, and 11,3 [ 3.2, 22,4 % an Mediol 0z 500 Minimum was 08% in Cranial,
2180 Anlerior, 16%; i Puslerior, aod 0005 i Medinl, Maximuen was 31.2% in Cracdal {ose
presenled in Lig 300, 67 6% in Anleriar, 54.1% in Posterior {cse presenled in Fig 300 and
951 % dnn Melial,

Orvality of the acetabulum

Crealinr was defined as the rario of lengrh to width nf the acerabulnm. Median ovality was 1.3
[0, LA Tz &ad, Magimuom value was L0 amd minimum walue was 1L (case presented in Tig
iF.

Lateral center-edge angle
Median LOE angle was 20047 2157, 4047 ] (Fig Gl smallest LOCE angle was 11.67 was (case
presented in Fig 35, and largest LOE angle was 6307 (cose prosented in Fig 3F) In a study
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Fig 3. Cxemplary delect data sets, (40 Delec! pelvis (prey) supecanpossd with bone voluane loss fred) ol e case with second-lughest relative bocy
wedume kiss in Cranial (Ve o8, T Case with maxemur relative hone valume lossin Medea {1, | C) Native pelvis [vellow) superim posed with new
Bane Gaconation (Zreend ol the case with masimem relative new bane omation o Cranial (31297 (72 Case with maxiniue vea bone fimatan in
Soserios (REIBLED I pelvis superivnposod with cealiiy sod LCE aaple o the wase with somllest LCE ogle 11267 am 2ge veality (18), (F) Case
with Largest LCE angle 16307 and smalkest ovality {100 (G Detect pudsis superimposed wita esisting implant (Bue! of the Gase with Lurgest implant
razgrazion m lateral direction (39,6 mm). 111 Case with the largest implan: migrabon in canial dirsctien (52,7 mm).

oS doione13.137 1 jovnad pere 0222571 4003

aheut hip dysplasia, LOCFE angles between 25" and 39" were considered as normal [11]. Apply-
ing this to the data of the present stdy, 1830 cases shawed a normal 1.OFE angle, whereas the
remaining cases either showed a reduced (17 cases) or increased angle [13 cases).

Implant migration

Implant migration was analvzed in lerms of wlal distance, as well as distance 1 medial-Jateral,
anlerior-posterior, and cranal-caudal direction (Fig 7). Only cases with segmenlable metal
wnplants could be included w this analysis which applied 10 32/50 cases, Median wotal distance
was 23.3 [14.8, 32,7 mm with & minimum value of 3.4 mm and a maximum value of 53,5 mu,
Median distance in medial direction was 3.9 [4.2, 13.8] mun, in lateral direction 6.5 [2,1, 11.8]
i, in anterior direction 1.6 [0.7, 7.9] mun, in posterior direction 13,2 4.3, 19.4] mum, 1n <re
nial direction 16,6 [11.2, 26,8] mm, and in distal direction 3.6 [N/A. N'AT mume The maximum
distance in medial direction was 20,3 mm, wn lateral direction 39,6 mum (case presented wn Lig
A5, an anterior direction 17.4 mm, in posterior direction 37,9 mu, in <ranial direction 52.7
mum (case presented n Uig 211}, and in distal direction 4.8 mum. 30:32 cases showed a migration
n cramal direction, The predominant direction of migration was crantel in 14732 cases, poste-

1

riorin 7432, medial in 7/32 and lateral in £/32 cases,

Wall defects

Wall defects, defined as holes with 5 mm or larger in length/width or uncovered rim arcas
with a distance of 3 mm or more between native and defect pelvis, were present in 49/50 cases
(Fig &). In onc case, only Cranial was concerned, whereas the remaining 48 cases showed wall
defects in at lcast two sectors in combination: In three cascs, Cranial and Anterior were con-
cerned. in six cases Cranial and Posterior, in one case Cranial and Medial, in twao cases Ante-
rior and Medial, in twehve cases Cranial, Anterior and Posterior, in four cases Cranial,
Anterior and Medial, in three cases Cranial, Posterior and Medial and in 17 cases, wall defects
were present in all four sectors.

Correlation analysis

Correlation analysis was performed between the different parameters. High coreelation was
o between tolal implant migration and migration i cranizl-caudal direction (R = 0.89).

Fable 2. Mean salues = standard deviations for comparison with valoes given in literature,

Pone volune Joss Bone [ocnsalion Ovality ‘ LCE anghe Tanplant
migration
[ml] | [ml] %] I'] [mm]

Cranizl 21.2= 112 AT 263 502340 12271 L3202 KPR 25.0= 132
Aniter ar PAE K Y ! 424+ 0n AR R | ! MA+ISA

Puslerior 138 _8.4 1L41249 51,35 1534105

Madial 164 =57 | Wi+ 248 29 +=54 | 157+ 188

Total 56.8 =216 187t 164=8.1 117z

186 7.2

oz datong 19437 L journal.pane 02225 * 0002
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bone volume koss in Cranial and oealivy (8 - (L64], for relative bene volume loss in Cranial
and 1O E angle (R = -iL61}, and for relative bone volwme loss in Cranial and total implant
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migrativm (B — 065) Muderals correlation wis also Gound Goe alselute bone volume s in
Craniul and Lotal implunt migration (B 00681, and for relutive bone volume loss in Fosterior
and implunt migration in pesterior direction (B - L667,

Derivation of defect groups

Based o relalive bone velume loss in each secior, deles groups could Be derived, Thereby,
hreshalds of 13% arnd 25% were applied W separale clinically relevinl bone Lloss (Tom uneril
cil b Jues ur bone luss caosed by neasurement iecuracies, The tareshold values wers
anspired Dy astwdy of Gelaude e ol 2011 wha defined oone Jess preater 13% as shighi and
areuler 25% as moderale [5]. 1o combination with the assumption that tee posterior column is
critical for implant stability, a tbreshold of greater 15% in Posterior and a threshold of sreater
234 in Cranial, Anterior and Medial was delined v identify dinically relevant bone less.
Applving these thresholds to the data of the present study, it was fovnd that relevant bone loss
was most frequent in Medial (47030 cases) and Posterior (41550 casesy, Interestingly, relevant
bone volume loss in Posterior was in 40041 cases accompanicd by relevant bene volume loss in
Idedial.

Bascd on the relative bone velume loss and the applied threshalds. each clinical case could
be assigned to a specific group according to the sectors concerned with relevant bone valume
loss (Fig 9). Defect groups are visualized as arcas within spider plots (Vi 23, 'The extent of the
arcas in the four divections Cranial (03, Anterior (A, Postorior (P), and Medial () represents
the amount of the corresponding relative bone volume loss, As an example, a case with relative
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hesne valurme lass in Crandal of 340%, in Anterior of 12.2%, in Posterior of 7.0% and in Medial
of 14.6% would be assigned to grop Crasdal (Fig 940, a case with relative hone volime Inss in
Cranial of R6.4%. in Anterior of 23.5%, in Posterior of 14.0% and in Medial of 33.5% to grau
Cramal Medial (Fig UR], o cage with relative bone volume loss in Cranial of 23.7%, in Anfericr
ol 75,74, in Pogterior of LOL5% and o Medsal of 82,3% w0 group Aafpefor Medil [Tig 900
ase wills relative bodie velume loss in Crmmial of 73,35, o Anterior of 31,190, i Poslenior of
1385 and i Medial of 37.2% 1o group Cromiol- Antesioe Medid [Tug 9000, 0 case wilh reladive
bene volume loss in Crandal of 67.5%, in Anterior of 9.0%, in Pesterior of 68. 3% and in Medial
0f 95.3% fo group Craxded-Pesterior-2ediod (Fig 900, and a case with relative bone velume Loss
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N=2 N=12 M=4 N=3 N=17

Ty B, Wall clebects, Red cocor incicates wall detects i the correspondiog sectors, Mumber of concerwed cases within this study are indicated below sach wall cedect
combinatine K= Cronml A = Anterion, P = Pascerior, 3 = Meadiall

Inttpes: koo™ 01 37 L foumal pone 0222511 y00é

in Cranial of 31.8%, in Anterior of 63.2%, in Posterior of 53.7% and in Medial of 73.5% to
group AR sectors (Fig 98], Since a pelvic discontinuity cannot be identifisd by bone volume
loss alone, thes: cases could be assipned w a separate group based on the Cl-images (Fig 903,

Taged om the proposed assignment principle, 17 separate defect groaps could be derived
(i 100, Applving this grouping o the dula presented in this slody, sach defecl could be
unambigueusly wssigmed e specific defecl group. The number of cases within each grooap i
indicated below cach spider plot {Fig 103

Discussion

The echjectives of this study were to (1) supgest and define parameters for acetabular bone
defect analysis, | 2) quantify 30 clinical cases with acctabular bone defects, and (30 present the
results and correlations between the paramcters.

Highest relative hone volume loss was found in the medial wall with median and [25, 75]—
percentile values of 728 [3L6. 95.0] %, Orality was 13 [1.1, 14 lateral center-edge angle was
A4 [2157, 4047 ], and total implant migration was 25.3 [14.8, 32.7] mm. Correlation was,
hesides others, found between implant migration in cranial direction and relative bone volume
Iogs in cranial roof | = 0.74), a5 well as avalivy (R = 0671

Murnerous smudizs have been conducted o quantify bone volume loss of cetenlytic lesions
in the acetabulum [13-21]. These stedies identified 2 mean bone volume loss betveeen 4.9 ml
[13] and 37.9 ml [ 18], witich is lower than the mean bone valume lnss obzerved in the present
study (56.8 = 216 ml, Tahle 2. This diffarence could be attribured to the fact that the patients
included in the previnus studies often had a well-functioning tozal hip arthroplasty (THAL In
contrast, the T data analyzed in the prezent smdy was obtained within pre-aperative planning
and hence often assecizted with implant migration and large acetabular bone logs, Gelaude
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Fig %, Exemplary application of delect groups, Eyght coemplary cascs sere assigned e the comesponading delvct grovps, Showe aze detoo puovises with deeet
| fect granm [hioe
wak based on 311-

SEa, Pasrerkai (00, and Medinl L Assimuinenr o oef
Sl fect, 10T Anderinr-Meio! defecl (I Cramin-Andes

aied ] Diiveezions (n the spoder plars ase piven ™ d andal (02
rsidiels and LT -irmages. Cormup G Crivni! iz
Fuspermor-Aectn delect, (T AN sectors delecl (3] P

hipsdoiam 10 3T eurnal pok 0E22311.4009

et al, published o methad toassess the total radial bone loss around the acetabuhim [8.%, Th a
sty of 30 acerahular hone defecrs, they foand highest hone loss in the posterosuprerinr region
1491, [ the present study, relative oote volume loss was lighest o Crantal aod Medial, Haow
ever, eopparizon will the resulls of Gelaude el al, 2002 s Limated due (0 e dillerent seclor
delinitions and dillereni calowlaion methods for bone Loss, T the presenn study, telative bone
volume luss of at least 70% was observed o e four sectoes of all 30 cases, which indicates
mmultidirectiomnel bore loss, This s in good accordance with previows studies which alse found
combined defects [4, 22, 237, Loplant migration of more than 5 mm was observed inoall 32
analverd cascs in this study. This is in contrast to a recent study of Villatte et al, 2017, who
assessed the 5.4-vear radiological survival rate of acetabular revision treatments with bone allo-
grafts and reinforcement ring in 71 paticnts and found such high migration vates in only
paticnts [21]. A high correlation between implant reigration in cranial direction and relative
ome volume loss in Crandal (B = 0074, a3 well as a moderate correlation between implant
migration in posterior direction and relative bone volume loss in Posterior was found

[k =na6) Wright and Paprosky :1Ire:1|:|1l.-' [rointed out the influence of migration direction nn
the involvement nf acetabular columns [22], wherehy they reparted that superinr and lateral
migratinn isain indication tra steanger invelvement of the posterior cnluimn.

Fased on the relative hene volume bnss ineach sectar and the application of thresholds, a
thecretical tafal of 17 defect groups could be derived (Fiz 100, Comparing the defect groups
with the Faprosky classification, gronp Al intget woulidl correspond toa Paprosky |and 24
11re|-|,-'r,;l,, ETI)I_I]" 'r_:‘?rl:l.!ﬂ.ﬁln! 'I.'r'l,ll.ll':] -;_l)rr{'sz:u.md Ii_l F"<||_:lr{|$|\. :. E.HF Erl)u]! lll.'f{!ﬂllll'l.r '.‘.'I)UII.I I..RI.-FH:H}'I}I I'::I II)
Paprosley 2C, and provp Cramisl-Medinl would corcespond Lo Paprosky 3AL Group AR seclors
wirnly] correspond to Faprosky 3B Garey boxes m [ig 10). Henee, the presented quanlitative
approach could establish 2 link to the widely used classification system while providing abjec
tive, and reproducible information on each defect.

sandgren et al 2013 already suggested a quantitative classification system for ostealytic
lesions based on the analysis of 206 hips using length measurements [25]. However, since a
prerequisite for the application of this method is a clearly defined border around the bone loss,
its application to large acctabular bone defects in association with implant migration is limized.
The present study quantiticd acetabular bone defects based on an anztomical roconstruction
af the pelvis such that the analysis could also be applicd to bone defects withoot clearly defined
borders, Esentially, defect groups could he catablizhed based on any of the herein described
parameters o ased anoa combination thereof. The appreach Based on biene volume logs
wirild enable an unambiguous assignment of defects into groupes which is straightfneward and
unsnphisticated. Allermtively. a combimtinn ot several parameters could be applied, resalting
i lelec) charagiertaten saleis, This spricn would enable o rmore delailed defect deserip
Ii-;_lrl: whih rrliE'hI, Te I‘I{“IE:-FI,I.I to determime Treaimend sltalepy, Tl which would alsa be more

-;'umph:u aned lime consuming lo ;|:.1[r'|}-.

Limitations

This study has some limitatinns. Firat, the metal implants cavsed artefacts in the CT-images
which may have o deteimental effect on segmentation, and which required manual segmeni-
tian wnder supervision of an expeciznced mdialogist, Second, the assessment of bone volums
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Fig 10. Derived defect groups. Indovidual cases are assigned oo defoct groups basec on the combination of sectors concerned with recvant bone loss
hlize areas). Relarnes bans vahime loss 15 presented as sprder plarseth the diremans Crantal (G Antersar (A, Pasterar (2, and Med'a” (M), Nemher
af ceses w thin this study assiged o cach deforr geomp s indicarad below each plot. Corapariso s wirh 10 poosky Cassificarion is shawn in groy bases i

e comresprnding groug.
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loss and new hone formation relies on the accuracy of the $5M-based reconstruction of the
native pelvis. Reconstruction ervors mav produce shell-like volumes when subtracting detect
pelvis fram native pelvis, which are alse counted as bone volume lass. This may lead to an
aver-estimation of bone volume lass, The same applies to the calculation of new bone tarma-
tinn, Third, the proposed detect grovps depend on the threshold definition tor clinically rele-
qant bone loss. The threshalds of 15% and 25% suggested within this study were defined in
consultation with the senior Jup revision surgeons HG, VI MR. I'T and PW and reler Lo the
delinitzons for slight and moderale bone loss by Gelaude 1 al, 2011 5], These thresholds were
used 1o show the grouping concept and do not represent an exact definition of clinwally rele
vant bone loss, In order w define these threshold values, further studies should be conducted
which bring bone loss in relation with treatment strategy and treatment success. Fourth, the
proposed defect grouping was based on relative bune volume loss only. However, other clinical
parameters were indirectly included due to their correlations with relative bone volume loss
and the grouping concept is not restricted to using this paramicter. Fifth, it is questionable if 50
cases are cnough to capture the whole range of acctabular defects. Nevertheless, to the authors
knowledge, there is no study yvet about the quantification of acetabular bone defects using sev-
eral parameters which invalves a higher number of cases. Sixth, in order to apply the presented
analysis method. a CT scan is required. CT has already been mentioned as promising basis for
defect classitication [7] and has heen widely used during the last vears, for example for pre-
clinical testing in terms of finite element analysis 26, This indicates the increasing availability
afthis imaging lechnigue, Nevertheless, CT i assocted with increased ircadialion dose and
<ot comparizon with radiographs as required lor previously established classification
schemes suchas Paprasky [ 27]. This should be taken inle account and the decision whether or
nota C1 scan 1s necessary Lo plan revision surgery should be made carelully and individually
fur ¢ach patient, Seventh, there is no direct clinical consequence m lerms of lreatment sugges
tivn yel. In order (o achieve this, an even larger number of defects should be assessed, also
including a follow-up of chesen treatments and treatment success in short- to long-term.
Based on this data, defect stages could be defined, and treatment options could be derived
thereof.

Conclusion and outlook

In this study. 50 acctabular bone defects were successfully quantitied nsing six parameters.
Based on the results for relative bone volume loss and on the application of thresholds for clin-
ically relevant bone volume loss {Posterior = 15%:; Cranial, Anterior, Medial = 25%, defect
groups far acetabular bone loss could be derived. This would provide a quantitative, impartial.
unambiguous, and repraducible assignment of acetabular bone detects and could also he
applied in cases of large bone defects and implant migration.

The quantitative analysis and the assignment to groups could be heneficial in clinical, scien-
lilic and engineering applications. Tn clinical practice, it could ease communication belween
the surgeans and could provide impartant informalion Lo determine Irestment options and (o
conduet pre-operalive planning. Furthermaore, using this concepl. ully automated assignment
ulacelabular bone defects 1o specilic delect groups would be possible, In science, il could Gl
Late the comparison of surgieal oulcornes due o unambiguous assignment ol bone delects, In
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engineering applications, the data could be vsed Lor the developruent of novel implant <on-
cepts and treatment strategies, such as patient-specific inplants, Furthermore, it could also
enable the transfer of clinically existing defects into pre-clinical in-vitro and in-silico testing,
as guantitative data fur bone volume loss and defect shape information are now available, Fur-
ther studies should be conducted 10 order to enlarge the number of cases to obtain more infor-
matien on the range of acetabular bone defects and to verify the applied parameters and
thresholds for defect grouping. By including the analysis of chosen treatments and treatment
success, & link between defect parameters and successful treatment strategies could be estab-
lished. This would enable the development of a novel quantitative and impartial defect classifi-
cation which also provides the suggestion of treatment strategies.

Supporting information

S1 File. Summary of the raw data of bone volume for each defect pelvis and corresponding
native pelvis, Tn columns A& and B, the ¢ase numbers (1 ta 30) alongside with the internal iden
tifiers are listed, In columns C 1o T, the volume of the native pelvis in each sector is listed in
mm® for each case, In columns G to ], the volume of the defect pelvis in gach sector is listed in
mm? for ench case, In ¢olumns K 1o N, absolute hone volume lass in each sector in mm? is
Tistedd, Tn calumng O to R, relative hone valume Toss in each seclor [in relation (o the native vol
vme in each sector) in % s bsted, Tn columns S to V, absolute new bone furmation in #ach sec
tor m mm® is Bsted, In columns W o 7, relative new bone fermation i each sector (in
relalion (o the native volume in each seclor] in % is hisled,

{XLSX)

$2 File. Summary of the raw data of the analysis of additional parameters {ovality, lateral
center-edge (L.CF) angle, implant migration, wall defects). [n columns A and B, the case
numbers (| to 50) alongside with the internal identifiers are listed. Tn column C to D, the
length and width of the defect acetabulum are listed, which is transferred to a ratio represent-
ing the ovality in columns Eand F. In column G, the LCE angles are listed. In columns H o N,
the total implant migration, migration in medial-lateral, anterior-posterior, and cranial-distal
direction in mm are listed. Grey filling indicates that it was not possible to measure implant
migration due Lo the Gt thal there was no segmentable implant present in the corresponding,
CT data, Tn celumns O la R, the existence of wall delects in each sector is indicated by "1™ in
the carresponding colurnn, whereas an intact wall is indicated by 07,

{XLSX])

$3 File. Results of the analysis of bone volume loss as absolute values in ml (sheet 1: Bone -
Yol Loss Absolute) and as relative values {in relation to native bone volume in cach scc-
tor) in % (sheet 2: Bone Vol Loss Relative). In both sheets, in columns A and B, the case
numbers (1 to 50) alongside with the internal identifiers are listed. In sheet 1. columns Cto G,
the bone volume loss (ml) in cach sector, and in total is listed in ml for cach case. Below the
single measurement values, the median, 25™ percentile, 75™ percentile, minimum and maxi-
mum valies are shown, as well as the mean and standard deviations for bone volume loss cach
sector and for overall bone volume loss. In sheet 2, colomns Cto E, the bone volume loss (%)
in each sector relative to the native bone volume in each secror is listed. Belosw the single mea-
surement values, the median, 25" percentile, 75" percentile, minimum and maximum values
are shown, as well as the mean and standard deviations for bane volume loss in each sector.
Columns H to R show the defect groups hased on the applied thresholds 25% (Cranial, Ante-
rior, Medial) and 13% {Posterinr) which were present within the 30 anafyzed cases. An “x”
indicares the group the corresponding case is assigned to. The number of cases in each gronp
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is sheaw bolomr,
[M15H)

54 Lile. Besults of the analysis of new bone formation in absolute values in ml {sheet 1:
Bone Form_Abs) and relative values (in relation to the sative booe volume in each sector)
in % Isheet 2: Bone_Form_ Rel), ). Lo both sheets, in columns A and B the case pumbers (1w
311 alengside with the internal identifiers are listed. In sheet L columns C w G, the new bone
formation (ml) in cach scctor and in wotal is listed in ml for cach case. Below the single mea-
surcment values, the median, 25 percentile, 73 h percentile, minimum and maximum values
arc shown, a5 well as the mean and standard deviations for new bone formation in cach sector
and for overall new hane formation. In sheet 2, columns Cta F, the bone valume loss (%) in
cach sector relative to the mative bone wvolume in cach sector 38 listed. Below the single mea-
surement values, the median, 25™ percentile,
are shuvwn, as well as the mean and standard deviations for new bone formation in each sector,
[MLEX)

73" percentile, minimum and magimum values

55 File, Hesults of the additional parameter analysis, inclading ovality (sheet 1), LCE angle
(sheet 2), implant migration (shect 3), and wall defects {sheet 41, In all sheets, in columns A
and i, the case numbers {1 to 500 alengeide with the internal identifiers are lsted. [nsheet 1
column . the ovality for each case is Rsted. Below the single measurement values, the median,
agh percentile, 73 percentile, minimum and maximum values are shown, as well as the mean
and standard deviations. In sheer 2, column O, the LOCE angle is listed for cach case. Below the
zingle measurament walues, the median, 15" percentile, 75 percentile, minimuwm and maxi-
mum values are showen, as well as the mean and standard deviatinns. Tn columns F o H, the
assignment to the gronps aconrding o Wiherg et al, is shown, Tn sheet 3, implant migration is
listed a5 total distancs in oo (colemn C)and distance in medial-lateral, anterior-posterion,
cranial-distal divection (column T) ta T), Below the single measurement values, the median.
a5t perventile, 75 perventile, minimum and masimum values, as well as the mean ancd stan
dlaed devialiogs are shoowrn, T colurnn T, e baplast bype bs Lsted arad o colusan B o M, e
predorminznt divections based oo e vadues o columan TV e Taes Lsted, Based oo e predoc
ant adgration dicectaen, e delect cases could be gronped, s shown o coluron Laoad M. In
sheel 4, column © te ) the existence ol wall defects ineach seclor i indicated by "17, whereas
anintact wall 35 indicated by 07 Based on the combination of concerned sectors, the cases
coruld be grouped (eolumon Gl A description of the groups and te number of cases inoeach
sroup is shown in columms Lo K

[RLSH

56 File. Summary of the coreelation coefficients (R-values) Detween the single analvsis
parameters (Varialde 1and Variable 2. Correlalions wilh 0,5 = R <2007 are color-coded in
HEET, correlabmms wilth 0,7 < B < G4 1 :,-'r"uw. and correlations sl D49 =2 B in Fri11|n.,
l.fht_-'n:_'h}' alretous correlalions hebween alwsolule angd relalive Toene '|r1_\.\., s weell] s lelweeen whso
Tute ane] relative new beane feematien are graved cul

{XL5)

57 File. Results of the Mann-Whitney test for statistical significance between bone volume
lnss in the single sectors and new bone formation in the single sectors. Varizhle | and Yari
alale 2 FEPrEsenl the aramelers and the table is sub-divided into the four sections ahselue
Bine vislume loss, relative hone volume Ioss, absolute new bome formation, and relative new
Dome formation, Staistcal sigmiicance isndicaled by a povalee < @05 0 columm Trangd
description "TRLUFT in column E {hypothess],

[¥1.5)
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1 | INTRODUCTION

Abstract

The objectives of this study were to develop a simplified acetabular bene defect model
based on a representative clinical case, derive four bone defect increments from the
simplitied detect to establish a stepwise testing procedure, and analyze the impact of
bone defect and bone defect filling on primary stability of 2 press.fit cup in the smallest
defined bone defect increment. The original bone defect was approximated with nine
reaming procedures and by exclusion of specific procedures. four defect increments
were derived. The smallest increment was used in an artificial acetabular test model to
test primary stability of a press-fit cup in combination with bone graft substitute (BGS).
A primary acetabular test model and a defect model without filling were used as
reference, Load was applied in direction of level walking in sinusoidal waveform with an
incrementally increasing maximum load {300 N/1000 cycles from 600 to 3000 N).
Relative motions (inducible displacement, migration, and tetal motion) between cup
and test model were assessed with an optical measurement system. Original and
simplified bone defect volume showed a conformity of 972, Maximum total motion in
the primary setup at 600 N (45,7 £ 5.6 pm) was in a range comparable to tests in human
donor specimens (360 +16.8 pm). Primary stability was reduced by the bone defect,
but could mostly be reestablished by BGS-filling. The presented method could be used
a5 plattorm to test and compare different treatment strategies for increasing bone
defect severity in a standardized way.

KEYWORDS
acetabular bore defect model, bone graft substitute, optical measurement, primary stability

osseointegration cventuslly results in implant loesening and
revision surgery, which is often accompanicd by bonc loss, This

Aseptic loosening is one of the main ressons for revision in total
hip arthroplasty (THAL' Among clhers, it van be caused by
extessive relalive molion belweens implant and bone. |1 has been
shown that relative motiore above 150pm  prevent bone
Ingrowth and cause flbrous tissue formation. whereas relative

motiens below 40pm enable osseointearation®® Absence of

makes subseguent implant fixation cven more challenging, and
may require specific lreaument stralegiss, such as bune gralls or
bune graft substilules (BGS) in combinalion with cemented or
press-fit cups, a5 well as augments or revision implants. However,
there are no standarcized cest metheds vet avallable to test such
specific treatment strategies.

This iz anapen azoess acticks ander the terms ot she Creative Cammans Arrrhit ar-NeaCamersad (eense, which perms use, disteibotiza and ropeadiction in any
weedivm, srovidked Uhe origing work is properly cited @nd is ol user for conmmercigl purpuses,
12 2020 The Autheors. Jauraal of Ortrepandic Sesearen™ pubished by Wiley Feciadizas, Ire, on behalf of Orthapasdic Research Sozety

J Ortnag Kes, 2020;1-10
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FProvvious in witro studics concerning primary implant stahility
were offen fooused on the assessment of different hemispherical
s for primary THAY™ Typically, prioary stabilivy wis gl
|J'|.' lewer-oul, |.|u||-_-'|.|u.-\.h-u_|l. raalialican! Lesis, oo o soene coses under
alal loading with relative mocion measurement by lingar variable
differencial transfarmers [LVOTs] or optical markers.

In rewvision THA, primary stabilicy was o far anabyzed by a limitad
nurnber of studies in which a simplified acetabular defect wes
implemented in human donor specimens, Sawhone compesite pelvises

i112

or surrogate models to test press-fit cups, press-fit cups with

1% ar comented cups in combing-

augments, ! reconstruction shells,
Einn with bore grafts or B3G5 Ta the auchars knmsledge, no study
s et assessed primang skahililty of presa- 1l caps in cambinalion with
Bias delect flling In a surrogale acelabuly test madel,

More imparlantly, in the previous stedies defect shaps was
implemented by simplified procecures, often by using one acecabular
reamer. This leads 1o simple defect shapes limited to a hemisphere in
the zoctabular ground®® or other single spherical seaments at the rim
of the sootabulem, ™ Howsver. clinicsl cascs often show an irrcgular
shape, which requires a less simplified defect implementation.

There is a large variation of acetabular bone defects, and in the
preions in vitrn testing studies different defect locations and sizes
were used depending on the treatment strategy to be tested. This
makes the camparisnn bebsween freatment strategies ditticulr.

In studies about acetabular bone defects, it was found that bans
less is multidirectional in most cases™ ** and that bene volume loss in
the posterior celumn and the medial area often appear in comiing-
tion £t Bone loss inthe medial area can ke ¥ esent &= Ccawemous defiert
(AA05 typo 1) 27 or with the destruction of the medial wall [Peorosky
bype 20077 Boyond those defocts, the cranial roof can be sHocted,
it ber combined wilh an intact medial weall (Paprosky tvpe ZB] o wilk
i desdroped mediol wall (Paprosky Lepe 38577 Inorder Lo inprove
cornparakilivy of inovilro tests and Lrarsler o clinicl defect sivcalion.
It wiould be beneficial to use a standardized and realistic defect which
could be enlarged Imcrementcally bo test different treatrment strategies
far increasing bone defact severity.

The aims of this soudy were to (8] develop a simplified bone
defect model based on computed comography (CT) data of a clinically
existing scetabular bore defect. (b)) derive four different bone defect
imcrerments From the sirnplitied detect bo boild up a stepowise testing
procedure for increasing Bore defoct severity, and ol assess the
inlluenre nf delacl and BGS Hilling an primary slabilily ol a press- il
cup in e smallesl delined hane delecl incremeanl.

2 | MATERIALS AND METHODS

2.1 | Acetabular test model

An prtificial acetabular test medel was developed, replicating the
mutin support structores os ilium, os pukbsis, and os ischii; as well as e
imcisura acelabali, anented tewards @ previcusly developed suro-
gale model™ (Figure 140 Dimensions af the acelabulum were based

50
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FIGURE 1 Acelabwlar Lesh model, &, Acelabalar rooce made ol 20
PCF polyurethane foam with top and lateral view. Dimensions of os
iliwrn, o pubis, srd os ischii o= 757, 2= 26°%, r=43° k=40 mm) amd
acetabulum fd = a4 mim, k2 = 33.5 mim} based an the representalive
clinical computed tomography-data set, and holes in the acztabular
wroured Lo allees madrix dissabulion i Dhes lesl series with Baane wrafl
subestitute. B, Acetabular test madel in fixation block made of acrylic
resin, Recess arces of &mm around the soctabular rirm and behind the
acetabulum [indicated by red srrows) allow for displacernent under
Iozd [Color figure czn be viewsd ar wileyvonlinelibrary.com|

on aclinical CT-data set (Figure 2A), whose use was approved by the
Luebevi-Masimilians-Univers by Munich ethics cormmilbes eoject na,
TH-108 UET ainel inciswra dismneter wis sel (o 10mmm,™" The pressnl
model wis made ef 20 peunds per cubi feal (PCF) 0032 giom™) solid
rightd poburethane [PU foam (Sawbones, Malma, Sweden] with a
compressive strength of 8.4 MPa and Young's modulus of 210 MPa to
represant slightly weakened bone as expected in revision surgeries,
referring to a study of Crosnier et 25 who used 30 PCF 1048 géiom?)
and 15 PCF W024p/om™ feams wm simulate two different bone
qualities. The test madel was placed in an additively manufactured
fiwatinn Biork made ot acrylic resing Recess areas around  the cest

model of B allowed displacerenst under load (Figure 18],

2.2 | Development of simplified bone defect model
and derivation of defect increments

Oin the basis of tho clinically existing defioct [Figurc 241 a simplified
oone dofoct model was develeped and four defoct Increments weore
derived thereof (Figures 3 and 520

The defect has been gquantitatively analyzed based on CT
data, alongside with 4% other CTodata aete” T which was
approved by The Ludeig-Masimilians-University Monich elhics

el Lee (prajecl e, TH1T0H WE),
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D Cranial 123 mi/7%]

Roof [29mi/9%)]

Post.
Column Column
[1.2mil/12%) (5.1 mi 1 23%]
[0.9 mi/ 10%] 4.3 mi / 19%]

Medial [10.4mi76%]
Wall [10.7 mi/ 78%)]

FIGURE 2 Development of simplified bone defect model. A, Three-dimensional model of defect pelvis (light gray) and defect volume (red). B,
Defect volume after removal of screw holes and reconstruction inaccuracies. C, Virtual reaming procedures to approximate defect volume with
hemispherical reamers. D, Resulting simplified defect volume (dark gray) in comparison with original defect volume (red) presented as spider-

plot showing volume loss in the pre-defined defect sectors cranial roof, anterior column, posterior column, and medial wall [Color figure can be
viewed at wileyonlinelibrary.com]

Reaming 1 Reaming 2 Reaming 3 Reaming 4 Reaming 5

Reapfng 6 R 7 Reapafng 8 Reaprfng 9

FIGURE 3 Derivation of bone defect increment 1 as a mainly medial contained defect with rim defect in the inferior aspect of the posterior
column. Application with reaming procedures 1 to 5 [Color figure can be viewed at wileyonlinelibrary.com]
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Within the data of the guantitative analysis of SO CT-data sets
with acctabular bone defects, it was found that the herein presented
delect showed relative bone volume less clese to the 25th percentile
In the sectors cranial reol, anterior column and pasterior calumn, and
tlose to the median In the sector medial wall*** Hence, It
represented 3 comparatively small defect wichin the 50 analyzed
revision cases. which could be treated with bone graft (substitutes),
medial and segmental containments, making it a suitable basis for the
herein developed acetabular test model, Four senior hip revision
surgecns  from  tnur differest Curopean dinical  centers were
consulted concerning the choice of 2 representative cetect and
canfimmed the frequency of this defect type in revision surgery.

After bane walume loss analysis (Figure 24), srell like recanstruction
inaccuracies were removed, a well 3s the screwy holes, assuming that
these were not essential for stability (Figure 2B). In an iterative aoproads,
nine vire reaming prooedures vasre defined to approximate solurme
and shape of the original defoct with hemispherical acetabular reamers
(Figure 2C), which weuld ko enable defect implenentaten in danor
specimers. The resultng simplified defect chowed a shape comparable
with the erginal defect IFigure 20). Total defect walurme (bone wolume
loss) showeed a conformity of 29% and distribution of bone volume loss
ameng, the four defoct sectors crardal rocf, anterior column, posterior
colunn, ang medial wall®™ was slso compsrable between original sod
simplified celec (Figure 20, sider picd), Detailed information on reamer
sies, position, and ceenlation tan be fuurd in Figure S5 0n the basis of
this simplified defect three addtional defect increments were darived by
excluding specific reaming procedures (Figure 52 in arder o build up 3
step-wise testing procedure for reconstruction strategics. The first bone
defoct increment (Figure 3! could be treated with BGS and was used as

52

FIGURE 4 [he three test seres and their
preparation. A, Exemplary acetabular test
mode! fnr test serics Primary, B, Premplary
mode! for test saries Empty with defect
contour shown with crange lincs,

C, Exemplary model for test senes Filed,

D. Proparation of test scrics Filkd with
implaniation of bone graft substilule using
3 filling temalate, & imeactor, and 3
dropeeacight impaction devioe, T Spedimen
preparation with marker points and
pusitioning in fixation blode, cxcmplary
showm for tesc serles Fled [Color figure can
be vicwmd at wileyoninelibrary.com|

— rubber pad

basis far the acetabular test madel in this study. it represents & misinly
media, contained defoct with im damage in the posterior-inferior aspoct
of approximately corsthire of the ciroumfrr o,

2.3 | Test series and specimen preparation

In the present study, defect acremiant 1 was used in order to test BGS in
comsination with 2 press-fit cup. Three tost serics with N = 6 cach werre
conductext (Figure 48-Cl: Acetabular test model withoot defect, treated
with press-il cup [Primany), test moded with detect, treated with pressfit
cup (Empty), tese modkl with defect, treated with BGS and press fit cup
(Fied). Specimen preparation incuded aolication of a random pattern
on the acetabular test maodels o enzble later analysis of deformations. A
Plasmafit press-fit cup [Aescuiap AC, Tuttlingen, Cermany) size 48 mm
vars chosen For all three test series Boased on virkal planning on the
origingl three-dimersicnsl [30] defect moded in consultatinn with the
clircal ahvisors. The rewlting pressfit with 2 48mm  diameter
hemispherical rearing was L2 mm = relation to the diameter. In the
series Mimary there wias croumferentizl contact between cup and foam,
whereas in serics Empty and Filled, rim contact was roduces to 273 of the
croumference due to the defoct in the inforior aspect of the posterior
oolurrn (Figure  4B8) The  BGS p-tricakivm  phosphate-
hpedroxyapative profocype granuks vath an edge enegth of 3.5 men, which

were

weere mixed vith polyethylens ghvcol and glyeerin in o ratio of 41 by
weelght. A template was wsed to Al the defect with the correct and
repraducible ammcunt of BGS and 3 custone-made impactor and 2 drop-
wieight-device were used to impact the material. The woight 456 ) was
dropped five tines from a height of 26 cm lcorresponding to an impulse
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of LONs) to simulzte impaction with 3 standard arthopedic hammer, previous study on in wivo loads measwred in the femaral prosthesis, which
whereby the acetabular test mocdel was placed on a rubber pad has been ndependently conducted, fundad and ethically aporoved [E42
simulate soft tissue reaction (Figure 40 057/09.% The data transformed to the scetabular cup coordinate
Cups were pressed-in displacermnent controlled with the marerial system used within the peesent stusy have not yet been publshed, They
testing machine ZvickRosll 2010 (ZwickRoell GmbH & Co. KG, Ulm, are aviilable in geinternal database, with access restricted to Ortholood
Germrany). Specimens were conditioned  in purified water  for cubr members. len patients with instrumented hip smplants pesformed
A5 minutes. fellowed by 24 hours alr-cure, and application of marker dally acthites such & level walking hwelve months postoperatively,
points on cup and acetabular test medel |Flaure 4E) wiherely motion was tracked via an optical tracking system and load in
the femoral prosthesis was measured in vivo® In vivo load datz and
motion data, given in the femoral coordinate system and the lab
24 | Load protocol and stop criteria coordingte system were trarsformed to an scetsbular cup related
coardinate system, Triak were averaged using the "Dynemic time
The acetabular test mode vas ploced under the servo hydraulic testing wirapping” approach® and scaled ™
machine MTS 858 Mini Bionlx Il {MTS, Minnzacelis) such thao the Mean cup-inclination and anteversion of the 10 patients were
maximum resultant force during kevel walking, that i, during conoralateral 367+ 6% ancl 287+ 77 respectively. Howewver, with the 3im to use a
toc-off (Faure SA] could be appiied wertically (Figure SB). Resultant foros standardized cup position within the Lewinnek safe zone, inclination
direction with respect to the acetabuar cup wae dorives from data of 45 and anteversion of 207 wore assumed within this study™
provided  on waworthokadaonvortloload-duby (Orthoload  cluby Forue was applied in e siewsoidal wavelorin 12 Hel via a Z8 mm
Julivs Wolll-reditule Berlind, ANl tedc dala have been oblained in 2 ceramic head, with o minimum lusd of 300N Maximum load was

A
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z 1800 ‘ £ §
3 1 ! 2 J g
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300
: rn . ¢‘ + . :
| —Losd =N
300 — Relatiee mactizn in e
° I ‘ ° Y T T
0 1000 2000 3000 4000 %000 €000 TOOO BOO0 9000 w0 1 2 13 14
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FIGURE 5 Leod apolication and relative moton measurement. A, Directen of load given by the maximum resultant force curing level walking.
indicated by red fine in a nagve hemipehvis and the acecaular test medel B, Orientation and fixation under the servo-hydraulic testing machine for axial
load spplicacen. C, Load protocol with rine lood stage. Minimune lood ves 300N for all load stages and maximum load was incresed incremenclly
with 300 N/1000 cycles from 400 N lload stzge 1) to 3000 N lload stage 90 D, Relative metion mezsurement. schematically shown for the first two load
stages (600 and SO0 N with four exemnplary Ined cyeles, Loax cune (red) overlaid with relative metion corve (Bue), Messurements, that is images were
taken at stacc preload of 300 N (0] and at the end of each load stage at maximum load (here t1 and t3) and mininum load (here t2 and t4:. Inducible
displacement was messured between the minimum ard masimum load ar each load ssage |here indicated as 1600 and 1900), Migration wes measured
becwesn the preload and the minimum load at exch load stage (here indicated as MA0D and MSOOL Total motion was mesured batween the predead
znd the maximum kad 2 each load stage (here indicated as T600 and T90O) |Color figure can b vicwsad at wikeyonlinelibrary.com|
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increased incrementally from 00N (load stage 1) to 3000 M {load
stage 9} with 300 MA000 cycles™ Figure 501

Stap criteria was defined as structural failure of the acetalsular tost
mmedel or displacement of the MTS actustor of more than 2.5 mm.
which was defined a5 conservative threshald based on migration

walues critical for long-term fination of acetabular oupes ™

25 | Relative motion measurement

Relative motions between cup and acetabular test rmodel were
assessed in 30 using the optical measurement system GOM Pontes
S owith nwo SMP cemeras with S0mm lenses and the softwars
Aragmis Profossicnal 2017 (GO GmEH, Braunschwaeiz, Gormany),
tarker points sive 04 mm I:II'.I f'_IE?f'_H} with W= 200 an the oup and
M= 320 on Lhe (el maodel were psed, whereal W= 33 were wisihle
Lhroughoul e Lesis, Images wers Laken slabically on i beginning al
00K () and at the end of each load stage at the coresponding
raximum (21, 13 ete) and minimom (E2 t4, etc) load (Flgure a0). It
wias distinguished becween inducibie displacement. migration, and
total motion. Inducible displacemeant was defined as che displacement
betvween maximurn and minimum load in each losd stape, migration
s the displacement betwesn the preldosd of 300 N and the minirmum
Ipad at cach load stage, and total motion as the displacement
hetween the preload and the makimom loed ot each loosd skage
(Figure 50 Relalive rmealion is given as mean walus of all 33 markee
polnts [Figure &) and as reasimem valug (highest motion value within
all 33 marker points) in Table 1.

2.6 | Resulting cup position measurement

Resulting cup position was measured after dynamic testing a5 angle
betweeen cup serface amd acetabulae test model surface with the
tactile messurerment system Prismn Mavigator [Carl Zeiss Industriells
Messtechnlk GmbH, Oberkochen, Germany] with a measurement
Imaccuracy af (U9 + L340 pm.

27 | Statistical analysis

Statistical analysis was porformed wsing nonparamictric tests, as e
sample sire (M= was ton small o caatice nosmalibe, Tost for
slatialical signilicamce Belwsen [he ree leal seies s gerlormead
n

[hdann Whilney U Lesl) wilh lewel ol significance sel Lo P« 03

3 | RESULTS

3.1 | Relative motions

Inducible displacement, migration, ard total motfon incresscd with

imcreasing baacd in all sprcimens (Figuee &) Serics Diply was only
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FIGUWRE & Mezan relative motions between cup and test model
given as mean of M- & ineach best series (solic line] and as minimum
and masimum within ezch test series {dashed linesl. A, Inducilzle
displacement. B, Migration, C, Totz! motien |Color figure can be
whewsed at wileyonlinelibrary.com)

recorded wntil load stage 1800M. a: four out of six specimens
roarhed the displarement stop criteria st the following Ined stage.
Whean indhainbe displaormenl wis Wigbest for Drwgsly and ot for
iy in all loos siages (Figure &AL AL Lhe sl comprareabile kad slage,
ABXI N, e arducible displacermenl of Ewgpdy (1286249 pm) was
increased 1.9 fold with respect to Brimocy 168.1+ 2% pm) and in Filed
P51 £30pmy it was inoreased Llfold with respect w Primane
Differences  between all grouss were statistically  significant with
P =002, Furthermare. Pfimony and Filled were comparable in terms of
course of curve,
Mean migration was highest for Emgtye and lowest for Peimarny in
Inait cacept the first ore (Figure &8), At the last
THCEI M, nf

all sEAges

comparable  load  shage. rresan migration Py
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TABLE 1 Inchucite displecement. migration, and Total rrolion ineach kod shage Tor The ree fesl series, given as mamimurn muotion in the 33
tracking points
400 M P00 1200 M 1500 1B00 MW 2100 M 2900 M 2ZF00 N 000 M
Mt mun inducible displacement in 33 frackine points jmean+500 in wm
Ericievy JEEE dEx 2 7ix3 93z5 110x3 137 =7 147 5 167 x48 18&=19
Ematy G k£ 128+7 18844 2427 29244 Wi s, M Wit
Filles! ez foxd LR 10 =10 1+ l45=7 17110 1y +11 237z12
Matmaen migration in 3% tracking points jmesn LS00 in gan
Frimaey 23+4 45+8 F9+022 213+-151 A41+279  Fa0-261 EEER 1135+212  13pe - 195
Fmypiy 192 L54 10771271 452303 3A212:37%F 0 43111353 KW S Mis i
Filler! by I o i FIZL 66 s T B 1155 £ 130 1279+ 138 1331141 14978 £ 114 1263+ 141 18801 145
haximumn total motion in 33 tracking points imean 500 in pn
Mripcry A+ & wa+g 144 = 18 282 - 144 SO0+267  FR0=257 1022+ 255 1212+214 LE7E =199
Lty 232 £ 58 1205+ 273 23372301 3451 = T4 45099 +350 [ER) Ay SR L EAL)
Filled 3T e45 TBF £44 1075293 1253128 1390+ 146 15082046 14192154 1727 L1152 18371150

Nate; Mean values and standarz deviations af W = & in each test series are showan,

(17511 2 L5448 pim) was increased 8.2-fold with respect to Primary
(21346 =%17pm), and in Fited (5114308 pm), it was increased
2.4-fold with respect to Primary. Differences between all groups were
statisticzlly significant with 7= 002, Empdy showed a2 wery steep
migration curve, whereas Filled showed a steep curve in the
heginning with flattoning i the following losd stages. Primary
shrawed almeost nn migration in the beginning, hug started o migrate
in load stages 1500 to 1B00M which correspondet to the force
applied Lo press The cugs inlo Lhe Prinacy selups (1841 £ 205 N).

Mean tobal motion showesd characteristics comparatbye ta mean
migratian with highest values for Empry and lowest for Brlmory in
lzad stages %00 to 3000 N {Figure &C)

3.2 | Resulting cup position

Fosulting cup  position, measurcd after dynamic  tosting, was
1A% L 03 for Primary, 7354 0.3 for Empty, and 147 1 003° for Filled
[Figure 7], wehich corresponded to a 53-fokd incresse of resulting cup
amglke in Empty, aned @ Li-kold increase in Filed in comparison so
Frirmary, respectivelys Differance was stavistically significant betwsen
Frieary andd Tmply, and Fillad and Dmply wilh 2= 002 each,

4 | DISCUSSION
The chjcctives of this study were to (3) dewclop & simplificd bonc
defect model bascd on a clinically oxisting acctabular bone defect,
(bl build up & procedure to test different treatment strategies inoone
hone defect model whose severity can be increased incrementally,
arut ol oompare the stahility ot a press-He cupin a primary situation
wilh @ rewision sitcadinn wilk anil walhool delec Tilling.

Freclinmical =sting of THS revision Irsibmen, shralegiss fas been
conducted usirg dence specieens, ™ Saebane hemipelhvies, ™
and foarm madels, eicher 2 block™ or with an appresimated acetabular
shape. =5 pU faam has baen widely ussd as surrogare for cancellous
bane. as it provides mare reproducible mechanical properties and can

55

be machined more easily than human cadaver specirmens, which both
raduces intersgecimen wariability. It is more readily available, of lowesr
cost and test curation i not critical. Meochanical properdes of PU foam
@re within the range of properties found for cencallous bome, 1
although these properties strongly depend on the individual donor,
probe cxtraction sice,” resting method and specimen prepsrarion
wseed 7 The trabecular strocture of cancslbos hange is guibe unigue and
van hardly ke replicated by PU foam. The sarme applics ta the
anisaliopic bone properlies presiibed by Walll's lrad™ Hense P
ul

advantages over cadaver specimens, but cannot reslicate all thelr

foarn represents an aoceplsd sorromets material with oo ol

unique properties.

Affer implantahan After implardanon

After festiog Aftzr festing After tesbng

FIGURE 7 Cup positions aftcr implantation and after tosting.
exarnplany shown for ane speciinen of each bese sares and with
rmzan = standard deviation of W= & cach. measured aftor dynamic
testing, A, Primary serics, B, Ernpby serics, G, Filled series [Color
flaure can be viewed at wilsyonlinelibrary com]
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I the previous studies, losd was applisd torsional Bangencial Jlever
cut), dynamically uniaxal, or dynamicaly with carbined axia and
rotetional load [Tabk 51 In studics with dynamic load. 20 to 3600
rreation cysles were apptiod, minimum kad wee O te 180 M. maximum
lesadd 490 Do GRO0 R, weheraly rocaire s was aonslant Throog ool
the tests In most studies with some exceations. X9 1 sudias with
bone defecrs, these were applied at different locacions, either
contrally 5575 peanialy 115 posterior-oranialle, 77 or postor
ferly™ arl were irmpkermentod s splificd wey, often using onby one
acelaluily resamer ™™ Relalive molica corssls ol indicible dsplase
rrent, maration, and total imotian ™ However, the praviously mentioned

studies did often not clearly differentiate between these components.

Rrlative motinn was mossurcd wdng | WTY ';.”‘Eﬂ'? ar aptical messuro-
reent syslems N OVET measurerrent s are Fmiles o spal checks at

the Interface
4450

* and the sensor fikadon can damage the bone or setup
and can hence influence its mechanical properties. Using ootcal
meaEsuremment systens, 8 larger amount of measurcment paincs can be
visrd aned durs b the fact that the rracking points are only stacked fo the
surface the proparties af the bonesetug are not influanced. |ioswever,
this also means that this twpe of messurement only  provides
infarmation about relacive moticns at the surface of the specimen.

In the ewisting  stugics, comparizen bebween the trestment
strabegias is difficult dise to the variety of test modek Jdanar specimens,
foam rreadels, et load protocols (different directions and magnitudes),
tvpes of bone defects different sizes and locations). interpretations of
rolative motien finducible displacement, reigration, ctol, and measurs
rrent techniques (optical, electromagnetic, ebe.) used (Tabk: 510

Within the present study these points were addressed with the
alm to supgest a simplified, but realistic acetabular bone defecr,
which can be increzsed incrermentzlly to tost differont rowvisicn
troatment strategics based on one defect model, The bone defeck
wias derived from g representative clinical case. [ oess simpliffed by
ning reaming procaduras with standard acetabular reamers such that
this methad cauld also be applied in donar specirnans. The sinplified
defect showeed a shaps comparable o the origing! defoct and 3 high
oerrall wnlume rontormicy of 9% [Figure 2} Four defect incremenes
wiere derived wich thal detecs severily could be modited by the
the
implerrentation with several rcaming procedures, defiect shape was

nuimber of reaming procedures (Flgures 3 and 520, Due to

irrcgular and henee close to che dlinical case. &n gortabular tost

rrexdreel, sirnilar tex a setup already applicd in leves oot stodies, was
used o provide best possible reproducibilicy and comparability
between the test series. The anatomical structure around the
acctabulum waas mimicked by the main support structures oz iliom,
o ischii, and os pubis o prowvide behaior endes load as realistic =
possible. Dynamic uniaxial loading in direction of kevel walking was
chaosan, comparable with other dynamic loading swdles. ™= Load
wias increased incrementally to irvestigatz the relacion of lead and
relative mosion #E 2RI poistive motion botwees cup and
arctabular test model weas measoresd in terms of induriBle displace-
rrent, rnigration, and tatal mation, which has vet anly been dame by a
limited number of studiz= ™ This enables the distinetion betwesn

different motion mechanisms and the estimation of their clinical

56

conssquence The smallest defined bone defect incrament was
implermented in the acecabular test model. representing @ mainby
contained, medial defoct that could be filled by bone graft or BGS.
Threo test serics woere conducted comparing the primary situation
wall b revision silualinn willy ancd withoul BGE Gilling,

Within the test saries, I could be seen that mean botal relative
mation in Primary &t the first load stage wes 245+ 38 um, and the
maximum was 457 + 5.0 pm. which was in # range comparable to the
relative mations of a press-fil cup measured in human donor
specimens wilh 3603 £ 16HZ ™ Lowesl mean lolal relalive
motlon was faund n Prigary, as previcushy documented by Pt
and Schridt,* who assessed primary stabilite of a Miller, Ganz, and
Rurch-Gchncider cage ina primary and numerags defect situations, In
Lhe present study, mean and masimum relalive malion inareassd
wilth increasing load. which s in agreement with oyclic axial loading
tests in Sawbone hemipshizes *

This study has soveral limitations. First, an artificial acctabular
mndel rmade nf PL foam was used o approsimate: bone stroctores
inslesd ol human donor specimens. Donar spacirmens represent the
most realistic bome model, but are associated with restricted
reproclucilility and tost duration: Sccond, the presonted acetabular
boane dofoot model was bssed onoone individual defoct case, The
dafect wan chosen based on o guantitative defect analysis in
consultation with Tour seniar hip FEvision Surgeons as & oomimon
and rather small cefect with reain damaze in the madial and posterior
aspect. Thore is & wide wariztion of acctabular bone dofocts and the
trpin prosented  defoct medel annot cover the whole rangs
ancounterad in revisian patients, ot is rather a first bullding block
far a standlardized testing procedure. Depending en the arount and
distribution of bone less in the differont scctoes of the acetabulum,
rosults for relative motion may Bo different far other defocts, for
encarmpile, wehesn the cranial rood & ooreermed with a larger ameant ol
hone loss. Heace, concluslons derived from the specific bone defect
model presemted in this study do net necessarily apply to all
individuals with bone loss. Third, uniaxial lcading was applicd
althnugh most daily arthitios reprosent multiasial Inading sronarios
and refative mntion seas Tound o be higher ueder mulliagial, han
urder unlaxlal load ing™* However, agg lcation of unlaxial lnad does
rot jeopardize comparabilicy between the different test series and
multiaxial Inading is sophisticated to simulate Tnowitro, cspocially
wahen motion bracking s reguired during the bests, I addition,
unlaxlal loading does not simulate frictlan moments, Howevar. during
contrzlateral tog-off, moments are limited to 0,175 BWm™ and viere
thercfore considercd o have anly little impact an relative motion.
Fourth, relative motion messerement was performed  under static
kaaed ac the end of each load stage such thal the tempora’ course of
relative motion within the single load stages could not be
imestiganed. Fifth, angles between cup and acetabular model were
measurcd only aftor the tests and values en cup ericntation before
tresting roukd nnt e prosided.

I the authors' knowledgs, this s che first study o suggest a
bone defect model basad on a representative CT-data set of an
acezabular bone cofoct. The defoct was simplified with nine reamings



Publications

SCHIERIOTT 7 oo

with standard acetabular rcamers, such that it could be alzo
implemented in burman donor specimens, From che simplifieo defec,
four delect increments were derived such thal dilferent Lrealment
stralegies could b Lesled Burend on one model. Relalive molion in
tarie of incucible d -.|.||.:|L|=|1|I:||l. |||i5|..1".iu||. and tatal motion was
measured In the three test serles Pimary, Emgty, and Flled such that
the influence of bone defect and dafect filling an stahility of 3 press-
fit cup could be assessed. The presented method provides a platferm
o test stebility of different treatment strategies bssed on one
simplified, but realistic bone defect medel in & standardized way.

Futurz studics should include walidation of the acetabular tost
madel by comparison with human donor specirmens, the comparison
of a5 with bane gratls, besling ol othes breatment slealegiss in
higher hnne delere incremenls, and Lhe application of addilieaal
direclions of load Furlhemore, Lhe acelabulyr bone delecl madel
shaukd be extenced with additichal booe defecls b cover a broader
range of bone defects encounterad in revision patients.
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1 | INTRODUCTION

FEevision hip surgery is slill challenging o of len sssocialed wilh

acetabular bone defects which make subsaquent implant fization

even mare difficult. The largs variation in bone defects - requires a

This s @ Ooen actess arlicle uncker Dee lerms of L Creative C

| Georg Hettich! | Marc Baxmann® | Federico Morosato® |
| Thomas M. Grupp™~

Abstract

The ohjectives of this study were to (a) assess primary stability of a press-fit cup ina
simplified acetabular defect model, filled with compacted cancellous bane chips, and
(b) Lo compare Lhe resulls with primary slability of 2 press-Mil oup combined wilk lavo
different bypes of borme graft substitute in the same defect madel, & previously
developed acetabular test model made of palyurethane foam was used, in which 2
mainly medial contained defect was implemented. Three test groups (M =4 each}
were prepared: Cancellous bone chips [(bone chips), tricalciumphosphate tatra-
piesds + collagen matrix [fetrapods + coll), hinactive glass 553P4 + polyvethylene ghyool-
glyceral matrix [b.aglass + PEG). Each material was compacted into the acetabulum
and a pross-fit cup was implanted, The specimens were loaded dvnamically in the
direction of the maximum resultant force during lovel walking. Relative motion
between cup and test model was assessed with an optical measurement system. At
the last load step (3000 M|, inducible displacemant was highest for bone chips with
median [25th percantile; 75th percentile] value of 113 [110; 114] pm and lowest for
buaglass + PEG with 91 (89 93]pm. Migraticn at this load step was highest for
tbuaglass + PLG with 868 |B45; 934] um anc lowest far tetrapods + ool with £91 [2587:
497 pm. The results show a comparable behavior under loacl of tetrapods + coll and
bone chips amd suggest that tefrapods + coll could be an attractive alternative to bone
chips. Howewer, so far, this was tound tor one specific detect type and primary

stability should be further investigated in additicnal/mare severe defects.

KEYWORDS
acetabular bone defiect maodel. Impaction arafting, optical measurement, press-fit cup, primary
stabilicy, synchetic bone graft substitute

road rangs of spocific treatment options, such as rovision cups,
recnrstruclion shells or impaction Bone grallivg OBGL Using IBG,
canesllous bone chips e compaclad inle o delecl and combzines
with cemented poiyethylens (PE) cups. press fit cups o reconsoruc-
tion shells,*~ Thiz technioue enzibles bone stock reconstruction * and

ware ALLribwion-RMenCommercial Licerse, wehich permile vse, cisbiboticn ava reproduction in aree
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hzz shown satisfving clinizal results in acctzbular and fomorzl hip
riwizion surscry

Huoweyer, supply of donor bone is [inited sod wery ewpensie,
Furthermore, The preparation of bone chips in the operaling roor is
Lime consuming and the guality of the predeced bone chips differs
widely due to biolegical variation and pregaration technigue.” Finally,
an infection risk remains.”

Synthotic bore graf substitutes (BG5S may ropresent 50 attractive
altcmative or supplement o bone chips tnincreass ropraducihiliby of
mechanical peopEeties and oodeoreass infection rsk Romeroos [RG5S
e Dy el ooped il Lesicecd Meal presvious in il shieles locised
an mechanical properties ina simplifed selup or primary slabdlily of bore
chips and BGS in combination with 2 cemented cup” Primany staility
is @ important prerequisite for clinical long-term success and 1o the
authors’ knovdedge. primnary stability of thest defect flfing materials has
ywob hardly bren assos=od in combinatinon with a pross-fit c..p.".'”

Thie eabajrsct s ot Thiss shucly woeres bo () assess preimary stahility nf
cormpacted bone chigs with a prass it cup using a prevously pre-
senled reprocucible acelabular lese madel, and o (b compare Lne
results with two BGS rmaterials.

2 | MATERIALS AND METHODS
2.1 | Acetabular test model and test setup

An artificial acetabular test model macke of pahwrethane (PU) foam
was used, which replicated the main support structurzs of the pelvis
as ilium. os pubis and os ischii

Thi= minckel weas orismted towards a previously deeeloped surrogate
model ™ with the basic ides of mimicking the main suppoart siruc-
tures, while reducing the support In the remalning areas, especially In
the incisura acetabuli (Figure 12-001.°%-% In the herzin apolied acet
abular test medel, 3 diameter of 10 mm was chosen for the incisura
acctabuli, a5 doscribed by Jsmicsen of 8, 20117 In arder to represent
a real pelvis w5 well g possible, the dimensions of the os iliven, os pubis
aned os ischil were derived Trom a clinical compaied wmography (0T
data sel of a paléis wilth acetabules bore defecl The laller wis ab-
tained within 2 previouwshy conducted study In which 30 acetabular
bone defects weere quantitatively anzhzed basad on CT-data,” whereby
usz of the CT-data wes approved by the Ludwis-Maximifans-Uniersity
Munich cthics committes (projct no, 18-108 UEL

20 poureds por cubic fost [PCF) (032 giom™) solid dgid PO Foam
[Samhonas Malme, Swescen] wilh Young's modulus of 21008 Pa and
comprassive slrenglh af &4 kP wes chosen'™ Lo simulate slightly
weakened bone as expected in revision surgery. This was oriented
towards & study by Crosnier et al,* who used 30 FCF and 15 PCF FU
foam to simulate twis different kinds of bone quality.

In the berpin u=cd accetabulae test mock:!, medial wall thickness nf
5.6 o wean chosen o enable compaction of the delect Hilling male-
rials with Irmpacts shimilar to those apglied durlng surgery.

M stanglardized, mainby medial contained defzct with rim damags

in the posterior-inferior aspect of approximatsly 153 of the
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circurrforenes was created.t” This defoct could be cateporized as a
variant of Paprosky 1with some aspects of Paprosky 34, thet is rim
damage of 103 of the ciroumference,’ Paprosky 1is smong the most
comrnenly olmerved defect cvpes lused on stodies analygirg radio-
graphs in asocilion with acelabuly revision surgesy.'” "

The acetabular test moedels were preparad with @ randam spray
partern for strain analvsis and were fixed in an acrylic resin biock
(Figure 100), The lattor weas placed iman oricntation block aligning the
spocimen with the load axis for dynamic testing (Fiaure 17],

In o ber eensurr: fhal the Berein applicod aofificial Tesl modes
showeed o behavior wndes loand comparsile looa real pelvis, lalal
relative mollon belween a press M0 cop and the artificlal lesl meds
without defect, measured wichin a previcus study of our research
aroup, ™ was compzred with relative motion between 2 press-fic cup
and the surrounding bone in human doncr spocimens, melating @ 2
study of Brckmann ot al, 20170, 21

Meclormann ol all compared eelalive mnbion Bebseon ban dilfer-
ent types of prassft cups and the surmcunding bane In 10 fresh

frozen  human donor specimens.™ Using a mull axal  Lestng
machine, they smulazed 1000 repetitions of a normal gait cvcle,
whereby minirmum and maxirmum lozd wene rascricted to 871% body
weeight [BWS and 6%.23% BW, respectively, Based on the sverage
domaar weight, this morresporcsd to approgimately 54 aned 337 M,
respectivaly. Relative mobion was adcassed using the optical mes-
surerment  spstern GOM Pantas  [GOM GinbH Braurechwelg,
Germany] and was found to be 3503 + 1483 pm (Cription cup) and
2927 + 1497 pm (Porocoat cup) after 2000 lozd cyclas. ™

In

F previous study of our research group, relative motion
Bemween @ pross-fit copoand the artificisl test setup without defiect
wiers amsessed uncter dynamic loading in direchon of che makimom
resultant force during level walking. Al the kwesl defined kad in-
crament [S00 N, mean imaximum) relacive motlon were found to be
245 =38 pm (457 £ b um) and were hence in & range comparable

14,28

to the relative motion measured in human donor specimens.

2.2 Test groups and specimen preparation

Three test groups were defined for this study: Morzellized allografts
(bovie chigsl, bicactive glass in a polvethvlens glycol and glycero
matrix {b.egkess + PEG), and ceremic tetrapods in @ collagon matrix
ttetrapoas + ool (Flaure 14-C) Cancellous bone chips were proparcd
Frorm eight Tresb Proacen hurmao donoe fermoral heads, refricecd within
Lhe alhics wole 517002018 l:l...lli'\-'HI.‘\.il'f' ol Hebdelberg, l':e*lll'rlrn.,-:l.
They ware lral sowed inbe slices, Using a bore nibibler, Lhe corlica
o weas removed and bone chips were nipped from the remalning
cancellous bone” & bone nibbler was used in order to produce re-
atively large bone chips which arc most suitable for acctabular ime
partion gratting.” 1 Bane chips size and variation were assessed by
mieasuring the makimum edge langth of 100 exemplary chips with a
Fuler.”! Mean bane chips size was 2= 2mm [range: 3 be 12 meml
Bone chips of all eight fernoral heads were mixed to reduce inter
specimen variability (Figure 14).
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Fixation block

FIGURE 1 Test groups in acetabular test model and final test setup. A, Test group allograft (bone chips). B, Test group bioactive glass and
polyethylene glycol-glycerol matrix (b.a.glass + PEG). C, Test group ceramic tetrapods and collagen matrix (tetrapods + coll), each with explosion
figure of filling material for size estimation. D, One exemplary specimen after implantation in fixation block with recess areas, prepared for
testing with tracking points for relative motion analysis. E, Setup under servo-hydraulic testing machine, shown for one exemplary specimen.
Alignment with orientation block such that maximum resultant force during level walking can be applied vertically via 28 mm diameter ceramic
head. Orientation of the force vector relative to the setup is indicated with a = 102° and § = 63° [Color figure can be viewed at

wileyonlinelibrary.com]

B.a.glass +PEG consisted of S53P4 bioactive glass granules
based on silicon-oxide, sodium-oxide, calcium-oxide, and phos-
phorus pentoxide with granule size 1.0 to 2.0 mm (80 wt.%) and a
PEG matrix (20 wt.%) (Bonalive Biomaterials Ltd, Turku, Finland).
The glass granules can inhibit bacterial growth by an elevation of
pH and osmotic pressure and have already been used as bone
void filler in infection treatments.””" Tetrapods + coll consisted
of powder-injection-molded and sintered tricalciumphosphate
(B-TCP) tetrapods with an edge-length of 3.3 mm (93 vol%) (IFAM,
Bremen, Germany)” and a collagen {primarily type | derived from
bovine tendon) matrix material (7 vol%) (Collagen Solutions Plc,
Glasgow, UK).
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All materials were applied using a template to provide re-
producible filling of the defects (Figure 2). The materials were
compacted manually step-by-step with a hemispherical impactor
and an orthopedic hammer. Final compaction was performed with a
weight of 456g which was dropped 10-times”* from a height of
26 cm on an acetabular cup shaped impactor. 456 g corresponded to
the weight of a standard orthopedic hammer and height of 26 cm
was chosen for a standardized impulse of 1 Ns. The titanium press-
fit cup Plasmafit @48 mm (Aesculap AG Tuttlingen, Germany) with a
nominal external diameter of 49.2 mm (NV148T) and a resultant
press-fit of 1.2 mm related to the diameter was pressed on the
filling material using the Zwick/Roell material testing machine Z005
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FIGURE 2 Preparaticn matrix for the three test groups. In all specimens. the fillirg mzaterial was implanted using a template, which was
felluwed by manual preconpaction with o lemmes and o slemdardizst compaction by dropping o £36 g weight 20-times (Arls et al ™ from a
height of 26 cm. 456 g correspended to the weight of 3 standard orthogedic hammer and 2 height of 26 cm was used to achieve 3 standardized
impulse of 1 Nz Using a material testing machine, the cup was pressed on the filling material in the acetabular test model with 2 kN. Test groups
pagless 1 PEG and tetrapods | coll were then conditionsd in purified water at 37°C foe 75 minutes and air-cured for 24 heurs at room
temperature. Specimens of all test groups were prepared with tracking points and the polyethylene inlay was inzerted prior to testing

[Calor figure can be viewed at wileyonlinelibrary com]

{ZwickRoell GmbH & Co. KG. Uim, Germany), with ZkN and dis-
placement of 1mm/min. This aimed at perfarming the implantation
as controlled and repreducible as peossible and was oriented to-
wards the implantaticn procedure described in previous studies
as5e55ing primary stability of acetabular cups. in which a static loac
of 2 to 3kN was uscd to inscrt the cups 4

Specimens of the test groups haglass + PEG and tetrapads + coll
were [hen candiboned in purilied waters al 37°C lor 75 min iscluding
faur Jelragods + coll and eighteen haglos - AEG) rinsing procedures
Lo simulate matrix dissalution in the bedy after surgery. Eighleen
rinsing precedures for b.o.gloss |+ PEG weere defined based an a pretest
to remove & much of the water-soluble PEG-matrix as possible. For

63

tetvapads + coll, the number of rirsing procedures was reduced to
four. a5 the cellagen matrix was not expected to be removed by
Water anyway.

A centrzl hole at the bottom, that is, at the pole of the cup and
several holes drilied in the ground of the acetabular test model
3llowed the fluid to got around the back of the cup. However, this
was partislly restricted by the tight press-fit between the cup and
the BGS. Hence, Lhe Huid had full access o the BGS in the cenlral
area, thal is, near lhe pole af he acelabular cup, bul reduced
access Lo the BGS in the remaining areas behind the cup. The
specimens wwere air-cured at room temperature for 24 hours
before testing.
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In all three test groups. & PE inlay was inserted and rracking
nnints for optical motion measurement were placed on the aocet-

abdlar test reesdel, cupr and inlvy (Figures 102 and 2

22 | Load protocel and relative motion
measurement

Ihe specimens were loaded dynamically with the saive hvdraulic
testing machine MTS 858 Mini Bionix 11 (MT3, Minneapalis) in the
direction of maximum resultant force during level walking that is,

during contralaters toe-off "7 wich a normalized foroe vector of

|

Figure 3}.

LS
+021
F0.AS

in relation Lo the loading coordinele syslem (Figure 1 and

Relative moticns werme measured in 3D with the optical mea-
sursment syster GOM Pontos (GO GonbH Brawrscheesig) with foss
5 NP cameras with S0rmmm lenses (Figiurs 5 Twenty tracking points
(size L imm, 1D 35231) were placed on the press-fit cup and 33 an
tha acetabular test madel, whereof 33 could be tracked throughout
the tests (Figure 38), Thoreby, 3 scrics of images was acquired and
load information from the testing marhine was vscd boidentity the
irmages al maimure and miniegm leads, which seere Then wsed Lo
assess the relative motlons betwesn cup and test madel In terms of
inducible displacerment and migration (Figure 3).

First. a reference imags was taken at zero load 10} and at static
pro-lozd of 300 K 1) (Figure 341, Specimens wore chen loaded dy
marrically inoa sinusoidal wive forrn, whersins minimen loed was
A K hroughout Lhe Lesds and maminmwn oo v ncreised s lep-
wise from &00 to 3000 M. Load was increased by 300M every 1000
cweles, resulting in nine load steps with 1000 cvcles each, whereof
ther first 200 were applicd 8t 1Hz and the following 100 &t 0.5 Hz.
Frow cyrles of the first load stop (600 M) and the last Inad step
(3000 W} are exemplanily shown (Figare AL Ineach load step ol 550
cycles, motion during one cycle of dynamic load was captured by a
series of 40 images tzken by the optical mezsuremant system at
15Hz Images wore taken at 3 dynamic load froouency of 0.5 Hz
imstrard of 1 Hz tn redure the posentizl error in capouring the mini-
e and s lead Tram 2958 &l 1 1HE o TARN al O511F
(Figura 511 In each lead step the image at maximum load and
rinirnum load was idencified and used to assess relative motion in
the software Aramis Professional 2017 (COM CSmbH Braunschweig!:
Inducible displacernont (1500 and 13003 in Figure 241 85 the motion
bebveeen minimam aed mainum oad inocach load step and miera-
Lo (&0 andd M3003 in Figure 3
aned minfmum Joad 0 esch load slep. The same acquisibon and

vias Ui il kan hebween pre-loiss

measursment principle apelies to the ather load sweps, not showen in
Figure 34 Resultant relative maotions, as well as motions in medial-
laberal (2], antericr-posterior ¥, and cranisl-cawdal (23 direction were
imense] (Figure 01 The delined coord inale syslem arginales in Lhe
center of the acetabular cup plane. The « axis represents the normal
o this glane, pointing laterally (personal communication with Philipp
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Criamm, Julivs Wolff Instizute Berlin), The y-axis points antoriorhy and

is based nn the Internatinnal Socicty of Bomochanics roforenoe

cocedinate syiber” The zasis resulls thereet, pointing cranially
[Figure ZC)

After dynaric loading and a weiting time of at least 10 min o
allows for viscoclastic rocovery, an imags st zoro losd (£11) was taleen
ggain for cach spocimen to measure the resulting oup position,

Eelalive malions presented wilhin This sludy correspond 1o Lhe
average motiohs of the 33 tracking poinks on the acetabular bssc
made! relative to the cup. Walues of the chree test groups with M= &

each are presented as madian [25th percentile; 75th percentile].
2.4 | Cup tilt measurement
The angle between acetabular cup plane and fisation block surface

2017 (GOM GrmbH

Braunscheeeig] prioe to the test (0] and after the test (P11 a8 zero

wes measured wsing Aremis  Professional
load, The cup HIE represents the change in the messured angle

between t0 and t11.

3 | RESULTS

3.1 | Cup translations

Relztive motions were measured in terms of inducikle displacemant
andd migration, whereby the resultent displazement (Figurs 4 and
Figure S)ows well as ity rmedial-lateral k), anlerior-posterior [yl and
cramid-coudal ) comporenls wers anileesd il iRure Al Walues are
civen as meadian [ 25th percentile; ¥5th percentile].

Resultant inducible displacement and migration increased with
Inducible dis
placement ac the first load step [SO0M) was lowest for boae chips
with 13 [1&; 16]pm and  highest for boeglessr PEG with 1%
[18: 19 um iHigure 400 AL the st load scep (3000 M) lowest in-
ducible displacement was fournd for bogloss + FEG with 91 [8%:
23| prr and highest for bane chips wich 113 [110: 114] pre. Curves of

all test groups showed s lincar regressinn with inducible disgplace—

increesing kad in sl three test groups (Figure 4]

ment heing the dependent wafable and the Ined level being the in-
ependent variable (ome chips: B = URYE, baglos = PEG: B = (U9HD:
tetrapods + ol B = 0998

Migration at the first load step was lowest for bone chips with
17 [1%: 21l um and highost for fuezless + PEG with 48 37 30 pm
(Figure: 2B &0 the lost load step (JO00M), leeest migration wis
Tuurd Tor lebrogods # coll wilh 491 [487; 29F prmoand highest Tor
baghss 1 PEG wilth BB [87590 #3&] prme Curves of (etrapods + ool
showed 3 linear regression (B2 = 0.9%4] bone chics trend to 3 power
function {R? = 0583, and e aglass+FES trend to a logarithmic func
tian (RS = QLR with rmigracion being the deperdent variable and the
leead lewel being Lhe independent variable (Figure 4B,

Inducible displacement vecters af the acetabular test model re-
lative to the cup, exerrlarily shown for one specimen of each bast
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FIGURE 3 Relative moticn measurernznt. &, Scherne of applied compressiva load lredl. expected relative maotion luel and messurement
time points (green). Load is apgslied inoa sinusoidal wesee form, whereby minimom losd is 300 W throughooe the test aned maximom load is
Increased fram S00 M to 3000 M by 300 MAO00 oycles, resulting in nine load steps. Few opcles of the first load step (600 M) and last load step
I:HI.'T):'I By are showen pxemplarily, In cach Inad step, e tiest 900 cycles are applicd with 1 Hr and che last 100 cycles with 0.5 Hx to reduce
potentlal error in capoering the marment of minimurm and masimurn of the sinusoidal load curve [Flgure 51 for more information). At 993 cycles
in cach dynamic load stop o during dynamic load ar 0.5 Hz). a sorics of 40 images with 1% Hz is takon with che optical moasurcment svstom
{here shown for Hme polnt 12 and 10} Using Bea load information of the testing machine, the iinages at minimum lead (here 12 min lead and
t10_min lead) and maximum load there t2_omax load and t10_max load) #re deworreined. Induciile displaccments (hers 1600 and 130000 sre
measured hetwean ©2_min load and 12_mas leadfoetwess F1O min load and P10 mas lead: migration (here MAO0 and M3A00] bebween pre-lood
(t1] and £2 min load/e20 min load. The same acouisition/measurzment principle applics to the ather load steps (900 to 2700 W), which are not
tispliayer] hoere 1L Fieled of wiew for eelabive rmotion messurement, including trackeing peints on toam ard copy as el as che defined Inading
coordinate system. C, Loading and measurement coordinate system (wens.orthoload.com/dorthoload clubd) shown on right hemni pelvis [Color
fizure can be viewsd at wiloyonlinelibrary.com]

group [Figere 5, led] indicated a chasing mation of the tesh medel radel and an additional meverment af Bhe cup out of the seetabulum
arourel the cup with main motich in the medial lateral axis in the cranialanterior aspect, which was  mainly  present  in
(Figure aA). Migratioh wectors (Figure 5. right) Indicaced the mowve- buaglyse + PEG and bone chips (Figure 5, riahtl In all specimens, maln
ment of the cup into the acetabular cavity along the medizl lateral motion was seen along the medizl lateral axs and lowest motion

axis. which was zredominant in the posterior and cauds] aspect of the glong the antericr-pesterior axis [Figure 4A-C).

65



Publications

SCHICRIOTT o oL, Clrthopa:adlc | 7
Reszarch®
FIGURE 4 Relatlve mation (average (A
walucs of zll 23 visible tracking points) 120
katwean cup and acetabular test model far all s bane chips (N = §] b glns=sPEG [N = ) —t=—tetrapodscall (H = &)
three test groups over all spelicd Iead steps, T
A Indescibile displecement. measured belwasn K
rninimurn 3n< maximum koad in cach load step. £ .
3, Migration, measored barwaan the pra-load £
and rainimurm load in each load step. Madian g &
walurs b W= are shown as snlid lines, 25th e
and 75th percentiles as dashed lines [Color E -
Flgnrre ran he viewed at %
wileyonlinelibrary.com] § a0
]
500 N 00N 120N  1S00N  1E00M  2DONM  2400N  ZTOOMN 3000 N
Load step
(B)
00
== hone chips [N = 6} ‘BaghesdPEG (W= §) ==1{ntrapodetcoll (M= 6]
TS0

LY

Misratiai ]

250

1]
GO0 N

32 | Cup tilt

Cup Eilc was lowest for retrapeds + ol with 0E72 [0075% 1,00¢] and
highest for haoglnss + POG with 2519 2534 2.47°], Cup tilt for bane
chips was 140" [L23% 155" (Flgure 7).

4 | DISCUSSION
The oljectives al This siedy were Lo assess the primary slability of a
press fit cup in a standardized acetabular defect test maodel, which
wias filled with cormpacted bone chips, and e compare it to the pri
mary stability achieved by a filling with two different bone araft
submstitutes: Bagless - PEG and tedrapods + ool

This sbuddy biws some lirpibatsons, First o sinpplified] aoelabular Lesl
miodel made of PLU Moam vweas used iretead of human dorar spacimens,
which represent the most realistic test models. However, the latter
are lirited in supply and associazed with high inter-specimen varia-
ility wnd limited cest time, PU foam medels were vsed tooincrease
reprochucibility and comparability between the test grougs and were
designed ta mimic the main sepport structures of the pelvis. Second,
primary stability was assessed in one specific type of defect. The
defect was chosen based on 3 previously conducted quancitative

800N

66

Fogili ]

1200 M 4500N 1800 N 3000 W

Load step

200N 2400MW

Py |

defect analysis" and in consultaticn with feur s2nior hip revision
surggans from four Eurapean clinica! centers 25 & comman and re-
presentative defect which s Tkely to be bregted with bone chips or
BGS Howeower, there is a wide variation of bane dedects and resalts
af the gresent primary stability cests might be different in a different
kind of defect. Third, the three test proups coucld not be prepares n
the amact same way, that is, tost aroup dose chips could not 22 con
diticned in wator duc to hygicnic measons and rumber of rinsing
procedures nf fefrapods + ool were less than for Bagings = POG as Hhe
cedllagen malrix was nob expectad o dissolve signiticantly in geio-
nizesd water™" with 2.5 ta 20pH, but by acidic or alkaline proces-
sing”™* or enzvmes It is not expectad that the described
difference in soaking and rinsing has a senificant influence on the
test results, but that the interface characteristios at the cop-foam and
cup-delect Tilling contact arss, Lhal is, the (rernaining) Bumidily is
rore relevant for Lthe peimarny stability. Humidity was controlled by a
drying period of 24 hours price to testing for both sozaked test groups
{retrapod’s + ool bamiass - FEG) and by testing the 25t group bone
ehips, wehich weas not soaked, directly after implantation, Due be the
fact thist canceliows bone chips from fresh-froeen ferrorml beads
wiere used. humidity at cup-bone chips interface could be expected to
be comparable to the other test groups. Fourth, relacdve motions

wiers measured at the end of each load stee and hence infarmation
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FIGURE 5 Vectors of relative motion between cup and acetabular test model, that is, inducible displacement (left) and migration (right),
shown in an exemplary way for one specimen of each test group at the last load step (3000 N). Relative motion of test model relative to the cup
is shown based on the 33 tracking points, arrow direction indicates direction of motion, arrow color and length indicate magnitude of motion at
the corresponding tracking point [Color figure can be viewed at wileyonlinelibrary.com)
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FIGURE & Kelative mation compoehents along sy, and 2-axls (In medial-lateral, anterlor-pasterior and cranial-caudal direction] of induc ble
dizplacement (left} and migration [right} for all thres tost groups. Median valuss of N -4 are showat as solid lines, 25th anc 7500 percentiles as

dashed lines [Calar figure can be vissed ab wileyonlinelibraey oom)

an their tomporsl progress cannot be provicod. Howeover, this docs
not jcopardize comparability among the test groups. Fifth, dynamic
uniaxial loading was applied, although sirmulation of & complete mo-
tion cecle may indues hizher mlative motiors ™ Howeser, uniasial
loaiding s Choeen in Lhis studs b alloey aplical relalive motion
trarking throughout the tests. which s in goed arcordance with

&

previans primary stabllity stugies """ and doss nol jeopardize
camparability armang the test groups.
I the presant study, relative motion between press fit cup and

acetabular test model were successfully assessed in terms of

68

indurcille displaccment and migration using an optical mossuremeont
systom Maotion incressed with increasing load [Figure ), which is in
good accordance with provious primary stability studics under dy-
narmie o, AL the Tirst losd step (600 M), inducible displacement
and mmigration were loweest for Bore chips and highest for e gloss +
Pz AL the last load step [3000 M), inducible displacement wias
lerwest far buaglass + PEG and hlghest for Bane chips, wheraas migra-
thon weas loweast for tefrapads + ol and highest for e glass « PEG. This
iz in contrast to a study by Morosata et al”™® whe performed a left
right cornparisan of bone chips and tetrapods + coll with 2 press fit cup
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FIGURE 7 Change of cup position due to dynamic ioading, A, Cup positions hefore (10] and atler lesling (£11), view lram incisura acetabuli,
excmplarily showm for one specimen of cach test group. B. Cup tilt, that is, the dfference between cup angle 3t t0 and t11 given as boxplots of
N =6 ineach test group [Color figure can be viewsd at wileyonlioelibrasycom)

in human donor spacimens. Under uniaxial dynamic loading in the
same direction as applied in the present study, they found that in
ducible displecements and  migrations were slightly higher (but
wilhout statistically signilicant difference] for lelrapods + coll than lor
bovie chips througheut all applied load packapes from C5'BW to
3.0°BW, which corresponded to madian values of approximately 387
and 2325 N based on the donors' weight, This difference could be
relaled Lo fhe very chin renaining meedial wall (periosteumn) in cose
human gelvises in contrast wo the mecial wall thickness of 5.6 mm in
the present study. First, it could be that the higher wall thickness
alloweed for denser compacticn of tetrapads + coli which then provided
more stability in the present study. Second, it could be that in the
denee specimens, Lhe relalively poinled and small lelrapods could
push more against the periosteum, leading to a larger amcunt of
mation whereas the smoother bone chips might rather interlock to &
meshwiorle that covers the periosteum and hence reduces refative
molion Bone chips size could be an additional conlribuling factor. as
size. size distribution and preparation of bone chips can influence
their behavior."* Another study which zoplied the same direction of
load to sssess primary stability of 3 press-fit cup in combination with
cancelious o chips vas carried ool by Jocofsky el ol They per-
farmed Lesls in human donor specinens wilh an arlificial cavicary
superior posterior defect, which was filled with either a calcium
pheospghate cement as BCS or cancellous allografts, and found that
relative motion in the bone substitute specimens wis lower than in
e arllugralt specimens. This is in good svcerdance with e find-
ings in the present study. where tetrapads raod! showed lower relative
motion than bone chivs towards the higher zpplied loads (Figure 4). In
nurnerous studies which assessed relative maotion of bone chips and
dillerent BGS (TCPMAydroxyapalite [HA] amd ttanium granules) in
combinaton with a cemented PE cup, ILwas also lound thal relacive
matione were lower for BCS granules or tone chips granules mi-
tures than for bone chips slone.’™'*

In the present stucly, median values of inducible displacement ac
30CON were 113 pm for Gone chips ard 103 pm for tetrapods + coll.
aned therefore 25% and S7% ower than reported by Morosate et al, ™
Median values of migration al 30CON were 632 um lor Lone chips
and 421 pm for etrapads + coll. and therefore 25% and &5% lower
than reported by Morosato et 3l. but in a rarge comrparzable to a
<tudy assvesing migration of @ PE cup cemented on bone chips and a
combimation of tone chips and Lilaeiun granele"

In the present study, it was found that relative molicn appeared
mainly aleng the medial laceral axis (Figure &) which s probably
related to mainly medially directed loac and the mainly medial defect.
Howeewer, the abserved medis’ migration in combination with cup
movemenl cul of the acelabulum in the cranial antericr regon,
which = best visible In d.o.glass + PEG. can also be sesn In cinical
situations. ™ **

The resslts obtained within this study suggest that the bone
grafl subslilule mdde of g TCP telrapods in @ cellagen malrix shows
a behavior under load cemparable with bone chips. Al loads larger
than 2000 N. the behavior of tetrapods + coll was even more favor
able, that is, relative mations were smaller than for bone chips. This
might be relaced to the Tt thac in the present study the cops were
pressed inte the acelabulum vith 2 kN and although the bene chips
weare compacted prioe Lo cup press in, they may have besn subjected
to additional compaczion within the dynamic testing at loacs larger
than 2 kN However, mean inducibie displacercents of all three test
groups were ina range inwhich osssointegration may poientially sl
pe possible.” Migration of baglass + PEG was considerably higher
than for tatropods + coll and bone chips, but still below the clinically
defined radiographic thresholds crital for implant fxation™ " and
minst likely relaled Lo e dissolubion ol The malrix [PEG), nol o The
bloaclive glass granules.

BCS, such as tetrapod's + cof could represent an attractive alter-
native to bone chips, which are expensive and restricted in supply.
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tima consumning to produce, show an inconsistent guality due to
biclogical varistion snd & remaining infoction sk The present
sty alnngzide with provioos studirs, shneind the favorahle prop-
erties al bone grafl subshitutes, in terms of higher in vitra measured
primary stability in comgariscn with bone chips.™ '™ Satisfying
clinical short- and rmid-term results for BGS consisting of TCR and HA
have alse already been reported.* 0

Mevertheless, it rannon be generally applicd that bore graft
substitutes are slwavs superior o bare chips, but thit the perfor-
rranes depencs on Lhe delacl characlerislics. Corsidering e resulls
of Morosato et al™ it could ke concluded that 2 preveqguisite for a
good performance for BOS is 2 contained defect with enough
remaining wall thickness for adequate compaction.

Future studies should assess the effect of collagen matrix
dissolution on primary stabilily using engyrmes or acidicdallkaline
procesaing. In sddilion, primary sLahilly af delecl Iraslmanls silh
BG5S and bone chips should be assessed In additional/mare savare
defzces to further imvestigate the prerequisites and zotential
limizations of the different filling materizls. Furthermore, os
seoincegration should be inecstigatend in mechano-hialogical or

large animal studics
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5 Additional content

5.1 Additional content I: Accuracy assessment of the optical

measurement system

Introduction

Optical measurement systems such as GOM Pontos (GOM GmbH Braunschweig,
Germany) can for example be used to measure relative motions between an implant and
the surrounding setup / bone or to assess interfragmentary motions [87-90].

In the present dissertation, GOM Pontos was used in combination with optical tracking
points to assess relative motion in 3D between a press-fit cup and a simplified acetabular
test model made of polyurethane foam.

The theoretical measurement accuracy of GOM Pontos is given by the manufacturer as 20
um/m in-plane and 40 pm/m out-of-plane, i.e. in depth of the cameras (personal
communication with GOM GmbH). However, the actual measurement accuracy depends
on numerous parameters such as the used charge-coupled device (CCD) sensor, tracking
points, calibration, measurement volume, camera focus, light conditions, as well as potential
sources of disturbance in the surrounding areas, such as heat sources between the sensor

and the measurement object or vibrations caused by other testing machines.

Therefore, the objectives of the here presented additional content were to assess the
accuracy of the optical measurement system in terms of (1) image noise, (2) displacement
measurement error in X-, Y- and Z-direction, and (3) angle measurement error under
laboratory conditions similar to those present during the tests for the second and third

publication of this dissertation.

Materials and methods

Within this dissertation, the optical measurement system GOM Pontos 5M (GOM GmbH
Braunschweig, Germany) with two 5 megapixel (MP) cameras, equipped with CCD sensors
and 50 mm lenses, was used in combination with 0.4 mm diameter tracking points (ID
35231).

The system was calibrated with the calibration plate CP20 90 x 72 for a measurement
volume of 130 x 110 x 90 mm.

Relative motions were analyzed in the software Aramis Professional 2017 (GOM GmbH

Braunschweig, Germany).
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(1) Image noise

In this context, image noise is defined as the erroneous relative motion measured between
two components at zero load, at which relative motion should be zero.

In order to assess image noise, an exemplary specimen from the third publication, i.e. an
acetabular foam model with defect treated with BGS and press-fit cup, was used (Figure 6).
After one reference image, a series of 10 images was taken at zero load and displacements
between cup and acetabular model were assessed using the same tracking points and
settings as in the second and third publication. As in the publications, rigid body motion
compensation via the acetabular cup was applied to measure the motion of the acetabular
model relative to the cup, thereby compensating for potential vibrations / motions induced
by the test environment.

Given the theoretical displacement of O um, any displacement measured in the 10 images

was considered image noise.

[mm]
0.013
0.012

- 0.011

— 0.009

|-

B 0.006

0.005

Figure 6. Exemplary image noise measurement. Image noise was exemplarily assessed for one
specimen at zero load as the relative displacement between cup and acetabular test model, shown
as vectors in the 33 tracking points, which were also used in the second and third publication of this
dissertation. Values are given in mm.

(2) Displacement measurement error in X-, Y- and Z-direction

In this context, displacement measurement error is defined as the difference between an
actually applied displacement and the displacement determined by the optical
measurement system. Displacement error was assessed separately for the X-, Y-, and Z-

axis (Figure 7).
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Displacement error in X- and Y-direction was assessed using a XY-table which could be
moved using outside micrometers with an accuracy of 4 um. To assess displacement error
in Z-direction, a set of Johansen gauges was used (Figure 8).

First, the cameras were positioned such that they faced the frontal surface of the XY-table,
i.e. the object to be measured, as recommend by GOM GmbH (Figure 8). The XY-table was
prepared with matt tape to avoid any reflection-related inconsistencies and five 0.4 mm
diameter tracking points (ID 35231) were placed on its frontal surface (Figure 7) for relative
motion measurement.

A metal block was positioned next to the XY-table and was prepared with three tracking
points to enable measurement of the table motion relative to a fixed reference (Figure 7).
The coordinate system was fixed on the reference block. The X- and Y-axis were defined
using the motion direction, i.e. trajectory of the XY-table, and the Z-axis resulted thereof
(Figure 7).

To assess the measurement error in X-direction, a reference image was taken at the starting
position (X = 0 um). The table was then moved in increments of 500 um from the starting
position X = 0 um to X = 2500 um and X= -2500 um (Figure 8). At each increment, one
image was taken. The same principle was applied to assess the measurement error in Y-
direction.

To assess the measurement error in Z-direction, one Johansen gauge was prepared with
matt tape and five optical tracking points for displacement measurement. A reference image
was taken at the starting position (Z = 0 um) (Figure 8). Additional Johansen gauges in
thickness increments of 500 um (minimum: 500 pum, maximum: 5000 um) were then placed
below the Johansen gauge prepared with tracking points, leading to a displacement in Z-
direction from 500 um to a maximum of 5000 um. An image was taken at each increment
of 500 pum.

Using the Software Aramis Professional, the displacements measured by the optical
measurement systems were assessed and compared to the actually applied displacements.
Rigid body motion compensation via the metal reference block was applied, resulting in
motion measurement of the XY-table / the Johansen gauge relative to the reference block
and thereby compensating for potential vibrations / motions induced by the test

environment.

74



Additional content

Tracking points
reference”

Tracking points
Mable”
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Figure 7. Setup to assess displacement measurement error with XY-table, tracking points and
reference block for rigid body motion compensation.
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X-axis (depth)

o 73
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" .. . = |
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Figure 8. Field of view and measurement principle for displacement measurement error in X, Y, and
Z with starting positions and maximum displacement positions.
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(3) Angle measurement error

In this context, angle measurement error is defined as the difference between the actually
applied angular displacement and the angular displacement determined by the optical
measurement system. It was assessed using a precision sinus vice and a set of Johansen
gauges (Figure 9).

First, the sinus vice was prepared with matt tape. Three tracking points were placed
manually on the movable (top) part of the vice and two points on the fixed (lower) part of
the vice to form a horizontal line (line 1 and line 2) each (Figure 9).

The two lines were later used to assess the angle measurement error. Due to the
uncertainty of the manual positioning of the tracking points, i.e. the difficulty to place the
points such they would form an exactly horizontal line, the initial angle between line 1 and
2 was measured as ag;q¢- The angle agqqr+ Was considered in the performed angle error
measurements, i.e. the measured values were corrected by ag;q¢-

The optical measurement system was oriented such that the cameras faced the sinus vice’s
frontal surface. Using the software Aramis Professional, first, a reference image at zero
angular displacement was taken (Figure 9A). A line was fitted through the tracking points
on the top (green, line 1) and through the tracking points at the bottom (blue, line 2) and the
initial angle between the lines (ag:4+) Was assessed to be 2.2°.

Then, Johansen gauges with thickness increments of 500 pm (minimum: 500 pm,
maximum: 2500 pum) were placed under the sinus vice’s support point (Figure 9B). Using
the given distance between hinge and support point (100 mm) and the thickness of the
Johansen gauges, the theoretical angle between line 1 and line 2 (arqrge:) could be
calculated with trigopnometric functions, i.e. the tangent function (Table 1).

The actual angle between line 1 and line 2 was assessed and the measured value was
corrected by the initial angle ag:q,+ Of 2.2°. Any difference between the thereof resulting

angle ag.s and the theoretical angle arq,4.; Was considered to be an angle measurement

error.

77



Additional content

Figure 9. Setup to assess angle measurement error. (A) Starting position with definition of
components / lines for angle measurement. (B) Maximum angular displacement using a Johansen
gauge with 2500 pm thickness.
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Table 1. Calculation of theoretical angles based on thickness of Johansen gauges and the tangent

function.
. Thickness Johansen gauges Theoretical angle
Tangent function _ A
= Opposite side length ATarget
. _ Opposite side length 0.5 mm 0.29°
an(a) = 100 mm
1.0 mm 0.57°
0.5 mm 1.5 mm 0.86°
2.5 mm 2.0 mm 1.15°
a
100 mm 25 mm 1'430
Results

(1) Image noise

Mean image noise as the relative displacement of cup and acetabular test model at zero

load was found to be 4 £ 3 um.

(2) Displacement measurement error in X-, Y- and Z-direction

Mean displacement measurement error was -6 + 29 um (X-direction), -1 £ 3 um (Y-direction)

and 5 £ 5 um (Z-direction).

(3) Angle measurement error

Mean angle measurement error was 0.06 £+ 0.00°.

Discussion

In the third publication of this dissertation, it was distinguished between relative motion in

X-, Y-, and Z-direction.

In relation to the inducible displacement values in X-direction measured within this

publication at the first (last) load step, the mean displacement error in X-direction of -6 um

corresponds to 77% £ 99% (16% =+ 40%). In relation to the migration values in X-direction

measured within this publication at the first (last) load step, the mean displacement error in
X-direction of -6 um corresponds to 66% + 107% (7% * 39%).

In relation to the inducible displacement values in Y-direction measured within this

publication at the first (last) load step, the mean displacement error in Y-direction of -1 um

corresponds to 36% £ 30% (11% + 18%). In relation to the migration values in Y-direction
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measured within this publication at the first (last) load step, the mean displacement error in
Y-direction of -1 um corresponds to 29% + 29% (6% * 14%).

In relation to the inducible displacement values in Z-direction measured within this
publication at the first (last) load step, the mean displacement error in Z-direction of 5 um
corresponds to 162% + 148% (33% + 69%). In relation to the migration values in Z-direction
measured within this publication at the first (last) load step, the mean displacement error in
Z-direction of 5 um corresponds to 147% * 136% (22% * 55%).

In relation to the cup tilt measured in the third publication, the mean angle measurement

error of 0.06° corresponds to 5% + 3%.

Accuracy of the Pontos 5M system (GOM GmbH Braunschweig, Germany) has already
been assessed by Doebele et al. who used a tactile measurement system with three digital
indicators (span of error 5 um, repeatability 2 um) as reference to measure displacements
in one plane (left-right, up-down). They found that accuracy of the Pontos 5M system was
approximately 5 um [87].

In a study by Grupp et al., 2017 who used the GOM Pontos 5M to assess relative motion of
a tibial plateau in a cadaver model, accuracy was reported with values of 5 um in X and Z
(corresponding to Y and Z in the present study, in-plane) and 10 um in Y (corresponding to
X in the present study, out-of-plane, i.e. in depth of the cameras) [91].

Morosato et al. used a 3D-digital image correlation (DIC) system (Q400, Dantec Dynamics,
Denmark) to assess relative motion between a press-fit cup and Sawbone® (Malmo,
Sweden) hemipelvis [92]. They analyzed the system’s measurement accuracy using a
dummy specimen, which was subjected to predefined translations and rotations. It was
found that the measurement errors were smaller or equal to the errors of the system used
to position the specimen (2 um for translations and 0.1° for rotations).

The mean displacement measurement errors of the optical measurement configuration
used within this dissertation are hence comparable to the values reported by Grupp et al.
and Doebele et al., but partially higher than with the measurement configuration used by
Morosato et al. However, angle measurement errors were even lower than the rotation
errors in the study by Morosato et al. Furthermore, mean displacement errors in the present
study were with -6 um (X), -1 um (Y) and 5 pm (Z) smaller than or close to the positioning
accuracy of 4 um provided by the reference object, i.e. the outside micrometers to position
the XY-table.

The displacement errors measured within this study also depend on the measurement
setup, i.e. the distribution of tracking points within the measurement volume. It is likely that
with a more even distribution and larger number of tracking points within the measurement

volume / field of view, the measured displacement errors would be reduced.
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The fact that the evaluated displacement errors partially correspond to more than 100% of
the actually measured relative motion values in Z-direction (1-15 pm), indicates that at low
applied loads, the used optical measurement system is at its resolution limit. In the future,
in case of very small expected relative motions, cameras with higher resolution (e.g. 10 MP)

and more advanced CCD sensors with improved signal-noise ratio should be used.

5.2 Additional content II: Simplification of the representative defect and
development of a scaling procedure for the implementation in human

donor specimens

Introduction and aims

As previously described, based on the quantitative analysis of acetabular bone defects, one
representative defect was chosen for the pre-clinical testing model.

To implement the defect in a standardized way and to enable defect implementation in
human donor specimens using standard acetabular reamers, the defect geometry should
be simplified, while still preserving the main characteristics of the defect.

As the size and shape of human donor specimens vary, the defect implementation
procedure should also be scalable, i.e. adjustable to individual specimens. Furthermore,
some requirements for the defect implementation in the donor specimens already had to be
considered during the defect simplification, such as the limited possibilities to adjust the
specimen position during defect implementation.

The objectives of the here presented additional content were hence to (1) describe the
defect simplification procedure including the underlying requirements and to (2) present the
developed scaling procedure including the resulting scaling matrix.

Focus was set on defect increment 1, as this was to be implemented in donor specimens

by Morosato et al. in order to compare bone chips and BGS in a left-right comparison [93].

Materials and methods

In cooperation with Morosato et al., who used the herein presented scaling procedure on
human donor specimens later on, the requirements for defect implementation in human
donor specimens were summarized, such that they could already be considered during the

defect simplification procedure:
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e Implementation should be made possible using only a XY-table and a vertical drilling
machine

e Use of standard hemispherical acetabular reamers

e Minimum number of position adjustments during defect implementation in donor
specimens to increase reproducibility and to decrease complexity of the procedure
(in this specific case: Tilt of the specimens only along one axis, i.e. the axis
connecting the landmarks anterior superior iliac spine (ASIS), and pubic tubercle
(PT))

Under consideration of these requirements, the representative defect was simplified. All
described procedures were performed based on the 3D-model of bone volume loss, which
was obtained with a previously described approach using a SSM (first publication) (Figure
10).

Figure 10. Bone volume loss in the representative defect (red) derived by subtraction of 3D-model
of defect pelvis (gray) from 3D-model of native pelvis (beige).

First, the shell-like reconstruction inaccuracies and screw holes were removed from the 3D-
model of bone volume loss. The distribution of bone volume loss among the four defined
defect sectors Cranial roof, Anterior column, Posterior column and Medial wall was

assessed (Figure 11).
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Cranial roof
igem 2.3ml/7%
Posterior column Anterior column
5.1 ml/23% 1.1ml/12%
10.4 ml/ 76%
Medial wall
Original defect Application of
volume defect sectors

Figure 11. Analysis of original bone defect volume after removal of reconstruction inaccuracies and
screw holes (red). Total bone volume loss was 18.9 ml, which could be further distinguished in bone
volume loss in the defined defect sectors Cranial roof (purple), Anterior column (green), Posterior
column (blue) and Medial wall (yellow). Values in % correspond to the bone volume loss in relation
to the initial / native bone volume in each defined sector.

In an iterative approach, nine virtual reaming procedures were defined to simplify the defect
shape and volume. In order to do so, three CS were defined, which could be used in the
virtual 3D-models and in the donor specimens:

e Standard acetabular plane (SAP) coordinate system (SAP-CS)

e Anterior reaming coordinate system (Anterior-CS)

e Posterior reaming coordinate system (Posterior-CS)

The SAP-CS was defined based on the standard acetabular plane with 45° inclination and
20° anteversion [94], which was oriented horizontally.

The CoR of the hemipelvis represented the origin of the CS, the Z-axis was defined by the
normal to the SAP pointing medially (left hemipelvis) / laterally (right hemipelvis). The Y-
axis was defined as the connection between ASIS and PT pointing cranially and projected
on the SAP, and the X-axis resulted thereof. Anterior-CS and Posterior-CS resulted by
rotating the SAP-CS around the line connecting ASIS and PT 10° anteriorly and 35°
posteriorly, respectively (Figure 12).
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ASIS

. I
o i
I
Y|
Standard Acetabular Plane 10° rotation in anterior direction 35° rotation in posterior direction
(45° inclination and 20° anteversion)
SAP-CS Anterior-CS Posterior-CS

Figure 12. Coordinate systems for defect simplification and implementation. SAP-CS based on the
standard acetabular plane and the line connecting ASIS and PT, as well as Anterior-CS and
Posterior-CS which resulted from tilting the SAP-CS / the specimens around the line connecting ASIS
and PT.

The iterative definition of reaming procedures included the variation of reamer sizes, reamer
positions in XY (horizontal) plane, reaming depth, as well as the described rotations for
Anterior-CS and Posterior-CS. The resulting simplified defect could be implemented with
nine reaming procedures (Figure 13) and was comparable to the original defect concerning
shape, overall volume loss and distribution of volume loss among the defined sectors
(Figure 14).
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Reaming 1 Reaming 2 Reaming 3 Reaming 4 Reaming 5§
Implementation
scheme
CsS SAP-CS SAP-CS A-CS P-CS P-CS
Position (X/Y/Z) | -1.9/-1.4/-41  -1.4/2.6/-12.0 1.2/-4.8/-7.3 -1.2/-6.0/-8.9 1.011.2/-12.7
Radius 22.8 18.2 18.2 18.2 18.2
Resulting
virtual
reamings

Reaming 6 Reaming 7 Reaming 8 Reaming 9
Implementation
scheme
Cs SAP-CS SAP-CS SAP-CS SAP-CS
Position (X/Y/Z)| -1.2/-2.4/-19.0 -14.9/10.8/4.3 -7.4/12.5/4.3 -1.0/15.1/3.2
Radius 18.2 19.4 19.4 19.4

Resulting
virtual
reamings

Figure 13. Nine reaming procedures for simplified defect implementation with hemispherical
reamers. Shown are the implementation schemes with the corresponding coordinate systems (CS),
reamer positions and sizes (radius), as well as the resulting virtual reaming procedures (gray).
Positions and reamer radii are given in mm. Adapted from Schierjott et al. [86].
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Cranial (7 3 /¢ 74
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w Post. ; Ant
column column
[5-1 ml ) 23%] (1.1 mi§ 12%]
[0.9 mi f 10%])

[4.3 mi/19%)

Medial [10.4 ml ! 76%]

ey

Resulting Simplified defect Original defect 0.4 ml 1767%
wall [10.7 mi ! 78%)

simplified defect volume volume

Figure 14. Resulting simplified defect and comparison of its corresponding volume (gray) with
original defect volume (red) shows high volume conformity and comparable shape, as well as
comparable distribution of relative bone loss (% of native bone volume in each sector) among the
four defined defect sectors Cranial roof, Anterior column, Posterior column and Medial wall (spider
plot). Adapted from Schierjott et al. [86].

From this simplified defect (increment 4), three additional, less severe defect increments

were derived by exclusion of specific reaming procedures (see Figure 5).

Bone defect increment 1 was used in the in vitro tests performed within the present
dissertation, as well as within the human donor specimen tests performed by Morosato et
al. Hence, the following scaling procedure was focused on bone defect increment 1, which
represented a mainly medial contained defect with rim damage in the inferior-posterior area,

which reduced cup-contact area by 1/3 of the circumference (Figure 15).

Figure 15. Implementation using five reaming procedures and resulting bone defect increment 1 with
rim damage of approximately one-third of the circumference (marked in red). Adapted from Schierjott
et al. [86].

The basic idea was to define measurements to be taken on the individual donor specimen
which could be inserted into a scaling matrix, which would then provide the specific reamer
sizes and positions, as well as reaming depths suitable for each individual hemipelvis.

In order to implement this, first, measurements were defined which could be useful for defect
scaling and which could be taken on the virtual 3D-models of the hemipelvises, as well as

on the actual donor specimens (Figure 16): Native acetabular radius (NR), anterior column
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width (AW), posterior column width (PW) and medial wall thickness (MT) with all
measurements taken with the SAP aligned horizontally (SAP-CS). In addition, the planned
reaming radius for the primary acetabular cup was defined as scaling parameter (RR).

Native acetabular radius Anterior and posterior column width Medial wall thickness
(NR) (AW / PW) (MT)

Figure 16. Measurements for defect scaling, exemplarily shown on virtual 3D-model of native pelvis.

To define suitable scaling relations and factors, these were first developed on the simplified
representative defect and then applied to two additional 3D-models of native hemipelvises.
The scaling procedure was adapted in an iterative approach using the information obtained

from the two additional models until it was possible to successfully implement the defect in

all three specimens.
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Results

The resulting scaling factors and corresponding parameters for each reaming procedure
are presented in Table 2.

Applying this method to the two exemplary native 3D-models, the defect could be
reproduced quite well concerning shape and remaining cup contact area (Figure 17).

An excel-template was developed in which the measurements of an individual hemipelvis
could be inserted and the information necessary for defect implementation (specific for each
individual case) could be extracted (Figure 18).

Table 2. Overview of developed scaling procedure. For each reaming step (Reamer 1 to Reamer

5 POST), the position in X, Y, and Z (reaming depth), as well as the reamer size is scaled using the
corresponding scaling factor and parameter.

Reamer 1 Reamer 2
SAP-coordinate system SAP-coordinate system

Scaling Parameter Scaling Parameter

factor factor
X-position | -0.08 RR X-position | -0.06 RR
Y-position | -0.06 RR Y-Position | 0.11 RR
Z-position | (-)1.3 MT Z-Position | (-)3.8 MT
Reamer 0.95 RR Reamer 0.76 RR
size size

Reamer 3 _ANT

Reamer 4 POST

Anterior coordinate system

Posterior coordinate system

Scaling Parameter Scaling Parameter
factor factor
X-Position | 0.05 AW X-Position | -0.04 PW
Y-Position | -0.22 NR Y-Position | -0.28 NR
Z-Position | (-)0.31 AW Z-Position | (-)0.28 PW
Reamer 0.76 RR Reamer 0.76 RR
size size

Reamer 5 POST

Posterior coordinate system

Scaling Parameter
factor
X-Position | 0.03 PW
Y-Position | 0.06 NR
Z-Position | (-)0.41 PW
Reamer 0.76 RR
size
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Representative Scaled defect, Scaled defect,
defect specimen 1 specimen 2

Figure 17. Comparison of representative simplified defect (increment 1), including the virtually
implanted press-fit cup in comparison with two specimens in which the scaling procedure was applied
to implement defect increment 1 (top). At the bottom, the specimens are depicted with virtually
implanted press-fit cups, whereby the red area indicates the approximately 1/3 of circumference

without implant-bone contact.
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RIGHT HEMIPELVIS
-

Measurements

Walue [mm]
Ma Lhve acelabular radius MR 25.0
Primary Reaming [Ragius) RFR 26.01
edial wiall thickness T L1
Arterior colimn winth AW 30
Postenar calumn width. Py 32

Positian [mm)] Rearner diameter

x ¥ z {rounded) [mml
Reamer 1 -2.2] -LE 14 51
Reamer 2 -1.G 1.0 -4.1 41
Rearmer 3_ANT 15| -5.5 -0 a1
Aeames 4_POST EE -1.0 0.0 41
Aeamer 5_POST 10] L5 131 41
scaling factors 1

Positian Frearsar size factge | ERMET S8 inot Rounded)

H 'f Fa
feamer 1 (.05 (.05 1.30 .95 51.30
Reames 2 0.06 0.11 340 0.76 104
Rearmes 3 ANT 005 032 0.31 0.76 104
Reames 4 POST 0 -0.38 0,28 0.7 104
Aeamer 5_POST 0.0E 01,08 2,41 0.7 a1.09

Figure 18. Screenshot of excel-template to calculate the required reamer sizes, positions (X and Y)
and reaming depth (Z) (blue-white box) based on the measurement values inserted above (orange
box) and the defined scaling factors (bottom).

Discussion

To the author's knowledge, this is the first approach to simplify a clinically existing
acetabular bone defect and to define a scaling procedure such that it could be implemented
in donor specimens of different sizes. In the light of the biological variation in pelvis shape
and size, the fact that the scaling procedure was defined using only three virtual 3D
specimens certainly represents a limitation. Nevertheless, using the provided excel-
template, the defect could be implemented by Morosato et al. in 10 hemipelvises for a left-
right comparison (Figure 19) [93]. Future work should include the verification of the scaling
procedure on a larger number of virtual specimens, as well as the development of a scaling

procedure for the additionally derived bone defect increments.
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Figure 19. Exemplary application of defect scaling and implementation procedure in human donor
hemipelvises, performed within a study of Morosato et al., 2020 with implemented defect (left), which
was filled with a synthetic BGS (right). Adapted from Morosato et al. [93].
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