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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 

quantified 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 µm and 150 µm 

[23,24]. It seems that with 20-30 µm relative motion, direct bone ingrowth can be achieved 

[23,24], whereas with 40 µm 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 µm 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 BII / 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 BII / 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 BII / 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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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. 



  
Introduction 

9 
 

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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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). 

 

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 Müller 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]: 

• Biocompatibility 

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

osseointegration 

• Be bioresorbable and ideally completely replaceable by endogenous bone 

• Be sterilizable without change in properties 

• 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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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 β-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 (β-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 (β-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. 

 

1.5 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 β-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 acetabulären 

Knochendefekte im Zusammenhang mit Revisionseingriffen vorliegen und diese zu 

quantifizieren. Des Weiteren sollte ein in vitro Testmodell entwickelt werden, um den 

Einfluss eines Defekts und einer Defektfüllung auf die Primärstabilität einer Press-fit-Pfanne 

zu untersuchen. Abschließend sollte untersucht werden, ob die Wahl des Füllmaterials 

einen Einfluss auf die Primärstabilität der Pfanne hat, bzw. ob durch synthetische 

Knochenersatzmaterialien (KEM) eine ähnliche Primärstabilität wie mit dem Goldstandard 

Knochenchips erzielt werden kann. 

Hintergrund 

Die aseptische Lockerung ist einer der Hauptrevisionsgründe bei Hüft-Totalendoprothesen 

(Hüft-TEP). Diese kann, neben der häufiger ursächlichen partikelinduzierten Osteolyse, 

unter anderem auch durch zu große Relativbewegungen zwischen Implantat und Knochen 

bedingt sein, die zur Bildung einer Bindegewebsmembran, einer weiteren Lockerung und 

letzten Endes zur Revision des Implantats führen. 

Revisions-Operationen sind häufig mit acetabulären Knochendefekten infolge 

periprothetischer Osteolysen verbunden, welche die darauffolgende Implantatfixierung 

erschweren. Für diese Knochendefekte existiert eine Vielzahl von Klassifikationsmethoden, 

welche jedoch größtenteils deskriptiv sind und deshalb nur schwer in die 

Implantatentwicklung und prä-klinische Prüfung übertragbar sind. 

Für 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 Stützschale kombiniert werden. Knochenchips haben jedoch auch einige Nachteile 

wie beispielsweise ihre begrenzte Verfügbarkeit und das verbleibende Infektionsrisiko. 

Synthetische KEM könnten eine attraktive Alternative darstellen, jedoch wurde ihr Potential 

zur Wiederherstellung der Primärstabilität in Kombination mit Press-fit-Pfannen bisher 

kaum untersucht.  

Material und Methode 

In einem ersten Schritt wurden 50 Computertomographie-Datensätze (CT-Datensätze) von 

Becken mit acetabulären Knochendefekten anhand von sechs Parametern ausgewertet 

und quantifiziert. Hierzu wurden virtuelle 3D-Modelle der Defektbecken erstellt und ihr 

jeweiliger „nativer“ Zustand über 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 

repräsentativer Fall als Grundlage für die darauffolgenden prä-klinischen Tests ausgewählt. 

Um den Defekt später mit einfachen Hilfsmitteln auch in humane Spenderbecken 

einbringen zu können, wurde seine Geometrie vereinfacht. Hierfür wurden neun 

Fräsoperationen mit hemispherischen Acetabulumfräsern definiert, um den Defekt mit 

seinen wichtigsten Charakteristiken zu reproduzieren. 

Von dem so entstandenen „Gesamtdefekt“ (Defektstufe 4) wurden drei zusätzliche, weniger 

schwerwiegende Defektstufen (Defektstufe 1-3) abgeleitet, indem bestimmte 

Fräsoperationen ausgeschlossen wurden. Auf diese Weise wurde ein Plattformkonzept mit 

differenten Defektstufen entwickelt, um zukünftig verschiedene Revisionsimplantate bzw. 

Versorgungsstrategien schrittweise in immer schwerwiegenderen Defektstufen testen zu 

können. 

Es wurde ein vereinfachtes Acetabulummodell (AM) aus Polyurethan-Schaum entwickelt, 

in welches der Defekt (Defektstufe 1: Hauptsächlich medialer, umschlossener Defekt mit 

posterior-inferiorem Randdefekt) eingebracht wurde. 

Insgesamt wurden sechs Testgruppen im Rahmen der Dissertation auf ihre Primärstabilität 

untersucht: Primärsituation (AM ohne Defekt, versorgt mit Press-fit-Pfanne), Defektsituation 

(AM mit Defekt, versorgt mit Press-fit-Pfanne) und vier Varianten von Defektfüllungen (AM 

mit Defekt, versorgt mit Press-fit-Pfanne und Knochenchips bzw. drei verschiedenen KEM). 

Die Proben wurden dynamisch belastet und die Primärstabilität 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 

große Bandbreite auf. Dennoch konnten Korrelationen zwischen einzelnen 

Analyseparametern ermittelt und eine erste Einteilung in mehrere Defektgruppen 

vorgenommen werden. 

Der für die prä-klinischen Tests ausgewählte Defekt konnte mithilfe mehrerer 

Fräsoperationen in einer vereinfachten Weise reproduziert werden, wobei der artifizielle 

Defekt eine Übereinstimmung des Gesamtvolumens von >99% mit dem Originaldefekt und 

eine vergleichbare Geometrie zeigte. 

Der in Publikation 2 implementierte Defekt (Defektstufe 1: Hauptsächlich medialer, 

umschlossener Defekt mit posterior-inferiorem Randdefekt) führte zu einem Anstieg der 

Relativbewegungen gegenüber der Primärsituation (1,9-fache reversible Bewegung und 
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8,2-fache Migration), welche sich durch die Defektfüllung wieder reduzieren ließen (1,1-

fach bzw. 2,4-fach gegenüber Primärsituation). 

Bei dem Vergleich der Defektfüllung mit Knochenchips und zwei verschiedenen KEM in 

Publikation 3 (bioaktives Glas in PEG-Matrix und β-TCP Tetrapoden in Collagen-Matrix) 

zeigte sich, dass sich β-TCP Tetrapoden in Collagen-Matrix unter Last ähnlich verhielten 

wie Knochenchips bzw. ähnliche Relativbewegungen aufwiesen und somit eine attraktive 

Alternative zum Goldstandard Knochenchips darstellen könnten.   

Diskussion und Ausblick 

Im Rahmen dieser Doktorarbeit konnten acetabuläre Knochendefekte erfolgreich 

quantifiziert, und ein repräsentativer Defekt in einen in vitro Testaufbau übertragen werden. 

Die Defektanalysemethodik könnte zukünftig dazu verwendet werden, eine quantitative, 

vom jeweiligen Anwender unabhängige, reproduzierbare Defektklassifikation zu etablieren. 

Hierfür ist jedoch die Untersuchung einer noch größeren Anzahl von Defekten notwendig, 

wobei auch die jeweils gewählten Defektversorgungen und deren klinischer (Langzeit-) 

Erfolg analysiert werden sollten.  

In den durchgeführten in vitro Tests wurde der negative Einfluss eines Defektes auf die 

Primärstabilität einer zementfreien Versorgung dargelegt und das Potential bestimmter 

KEM aufgezeigt, zukünftig Knochenchips als Füllmaterial zu ersetzen. Diesbezüglich 

vorteilhaft sind die zuverlässig reproduzierbaren mechanischen Eigenschaften, das 

verringerte Infektionsrisiko und die bessere Verfügbarkeit der KEM. 

An dieser Stelle muss jedoch betont werden, dass die Fähigkeit bestimmter KEM, die 

Primärstabilität wiederherzustellen, bisher nur in einem spezifischen Defekt getestet wurde 

und nicht direkt auf alle Defekttypen übertragbar ist. Folglich sollte in Zukunft die 

Primärstabilität in weiteren bzw. größeren Modelldefekten untersucht werden, um 

zusätzliche Informationen über mögliche Limitationen des Materials und Voraussetzungen 

für dessen Einsatz zu erhalten. Zusätzlich zur Primärstabilität sollte außerdem untersucht 

werden, ob sich KEM bezüglich der Dauerfestigkeit und des Osseointegrationspotentials 

(Struktur und Oberflächeneigenschaften, die das Einwachsen von Knochensubstanz 

ermöglichen) als Ersatz für Knochenchips eignen, da diese Faktoren ebenfalls maßgeblich 

für 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 particle-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 β-TCP tetrapods in collagen) it was seen that the β-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 

quantitative, 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 sufficient to substitute bone chips, as these factors 

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

µm/m in-plane and 40 µm/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 0 µm, any displacement measured in the 10 images 

was considered image noise. 

 

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 µm. 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 µm). The table was then moved in increments of 500 µm from the starting 

position X = 0 µm to X = 2500 µm and X= -2500 µm (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 µm) (Figure 8). Additional Johansen gauges in 

thickness increments of 500 µm (minimum: 500 µm, maximum: 5000 µm) were then placed 

below the Johansen gauge prepared with tracking points, leading to a displacement in Z-

direction from 500 µm to a maximum of 5000 µm. An image was taken at each increment 

of 500 µm. 

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. 
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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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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 𝛼𝑆𝑡𝑎𝑟𝑡. The angle 𝛼𝑆𝑡𝑎𝑟𝑡 was considered in the performed angle error 

measurements, i.e. the measured values were corrected by 𝛼𝑆𝑡𝑎𝑟𝑡. 

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 (𝛼𝑆𝑡𝑎𝑟𝑡) was assessed to be 2.2°. 

Then, Johansen gauges with thickness increments of 500 µm (minimum: 500 µm, 

maximum: 2500 µm) 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 (𝛼𝑇𝑎𝑟𝑔𝑒𝑡) could be 

calculated with trigonometric 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 𝛼𝑆𝑡𝑎𝑟𝑡 of 2.2°. Any difference between the thereof resulting 

angle 𝛼𝑅𝑒𝑠 and the theoretical angle 𝛼𝑇𝑎𝑟𝑔𝑒𝑡 was considered to be an angle measurement 

error.  
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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 µm thickness. 
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Table 1. Calculation of theoretical angles based on thickness of Johansen gauges and the tangent 
function. 

Tangent function 
Thickness Johansen gauges 
= Opposite side length  

Theoretical angle 

𝛼𝑇𝑎𝑟𝑔𝑒𝑡 

tan(𝛼) =  
𝑂𝑝𝑝𝑜𝑠𝑖𝑡𝑒 𝑠𝑖𝑑𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

100 𝑚𝑚
 

 

0.5 mm 0.29° 

1.0 mm 0.57° 

1.5 mm 0.86° 

2.0 mm 1.15° 

2.5 mm 1.43° 

 

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 µm. 

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

Mean displacement measurement error was -6 ± 29 µm (X-direction), -1 ± 3 µm (Y-direction) 

and 5 ± 5 µm (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 µm 

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 µm 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 µm 

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 µm 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 µm 

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 µm 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 µm, repeatability 2 µm) as reference to measure displacements 

in one plane (left-right, up-down). They found that accuracy of the Pontos 5M system was 

approximately 5 µm [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 µm in X and Z 

(corresponding to Y and Z in the present study, in-plane) and 10 µm 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® (Malmö, 

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 µm 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 µm (X), -1 µm (Y) and 5 µm (Z) smaller than or close to the positioning 

accuracy of 4 µm 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 µm), 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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• Implementation should be made possible using only a XY-table and a vertical drilling 

machine 

• Use of standard hemispherical acetabular reamers 

• 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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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: 

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

• Anterior reaming coordinate system (Anterior-CS) 

• 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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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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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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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). 

 

 

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 
factor 

Parameter  Scaling 
factor 

Parameter 

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 
size 

0.95 RR Reamer 
size 

0.76 RR 

 

Reamer 3_ANT Reamer 4_POST 
Anterior coordinate system Posterior coordinate system 

 Scaling 
factor 

Parameter  Scaling 
factor 

Parameter 

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 
size 

0.76 RR Reamer 
size 

0.76 RR 

  

Reamer 5_POST 

Posterior coordinate system 

 Scaling 
factor 

Parameter 

X-Position 0.03 PW 

Y-Position 0.06 NR 

Z-Position (-)0.41 PW 

Reamer 
size 

0.76 RR 
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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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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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