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Abstract of the doctoral thesis 

 
 
OVERVIEW OF THE GOALS OF THE THESIS 

 

Total hip arthroplasty (THA) has recently even been termed “the operation of the century”. The 

reported outcomes are excellent and therefore it seems difficult to improve the performance of hip 

replacement patients. This performance is however most often investigated by means of 1 single 

outcome parameter such as functional outcomes or complications. Nevertheless, the performance of a 

surgical procedure is not restricted to 1 outcome parameter but is the result of a complex interplay of 

various parameters. Narrowing the performance of a surgical procedure to 1 outcome parameter bears 

the risk that we remain blinded for other potential flaws or shortcomings. This is one of the lessons we 

learned from the introduction of new technologies such as hip resurfacing.   

This thesis critically appraises our contemporary outcome assessments and aims to design a 

more comprehensive outcome platform to fully picture the outcomes of patient cohorts following 

a THA. The thesis aims to provide evidence that our contemporary outcome assessments are either 

insufficient or have reached their limits of discriminative capacities to differentiate between 2 well 

performing surgical techniques (Goal 1). The optimization of outcome assessments is required to 

detect differences between 2 well performing surgical techniques: the direct anterior and postero-

lateral surgical approach (Goal 2). These optimized outcomes should be integrated into a 

comprehensive outcome platform that aims picturing patient cohorts by means of 5 different 

outcome parameters: complications, functional outcomes, clinical outcome, biomechanical 

reconstruction and gait characteristics. The results from this thesis are used to design a multi-centre 

randomized controlled trial (RCT) that compares both approaches (Goal 3). The data of this RCT, 

together with a database of outcomes from healthy subjects, will be used to construct an evidence-

based hip replacement risk index that allows detecting deviations from the ‘normal’ or ‘the gold 

standard’ already at an early stage (On-going research). The ultimate goal is to provide an evidence-

based comprehensive screening tool that can be used to screen new technologies and surgical 

techniques for early flaws or deviations from the gold standard (Future research). This comprehensive 

research project combines the expertise of 5 scientific departments into 1 consortium. A research grant 

for this project was obtained by means of the IWT-TBM research project nr 100786. The thesis should 

be considered as the first part of this extensive research project. 
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RESEARCH PROJECTS 

 

(1) The first chapter presents an extensive literature overview of outcome assessment in RCTs. This 

review showed that there is room for improvement because the performance of surgical techniques is 

often narrowed to 1 particular outcome parameter. As a result, we tend to neglect the ‘overall’ 

outcome. The literature review on the experiences with hip resurfacing learned that failures of hip 

procedures are a multi-factorial problem that can only be identified when comprehensive analyses are 

conducted. It appeared from this review that there could have been an index of suspicion when the 

results from some reports would have been considered together. Specific failure modes of hip 

resurfacing were introduced and it was the merit of the national joint replacement registries (NJRR) 

that large cohorts could allow identifying prognosticators for implant failure. However, the registries 

have a number of limitations and can therefore not replace well-conducted clinical trials. The registries 

flagged problems only after capturing 5- to 7-year data. It is in this gap of 5 to 7 years that clinical 

trials can play a crucial role as a screening tool for potential problems. It is by means of the 

comparison between the direct anterior (DAA) and postero-lateral approach (PLA) that we aim to 

optimize our outcomes. The current literature failed to detect any significant difference in the 

outcomes between the both approaches. The poster-lateral approach is considered the ‘gold standard’ 

to which an evidence-based DAA technique will be compared. In other words, comparing both 

approaches can be considered as a test case and validation of optimized outcome parameters that 

will be implemented in the comprehensive outcome platform. 

 

(2) In the second chapter an overview of the objectives and methodology of the thesis is provided. The 

goal of this thesis is to evaluate whether a comprehensive outcome platform can be created based upon 

a more global approach towards outcome assessments of surgical approaches in THA. 

 

(3) The third chapter provides a proof of concept of an evidence based direct anterior approach. 

The DAA is not new but is associated with a high complication rate. A novel and stepwise technique 

was developed to overcome this problem. The anatomic findings of 3 published studies were emerged 

into 1 femoral elevation strategy. The procedure is conducted on a regular OR table with the help of 1 

ipsilateral assistant. The safety and reproducibility of this stepwise technique is investigated and 

validated by means of (1) a learning curve study of the first author compared to a PLA cohort, (2) a 

cadaver study of surgeons with different levels of experience and (3) a multi-centre initiation study 

with 3 surgeons of different surgical volume. The prospectively collected data of the first study will be 

used to investigate the optimization of other outcome parameters.  

 

(4) The fourth chapter investigates the variables that influence functional outcomes in addition to the 

optimization of the discriminative capacities of functional outcome scores. First, normative age-
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gender matched reference outcomes were collected from 1.000 healthy volunteers. This investigation 

also showed that multiple scores should be used to fully picture patient cohorts. Patient stratification 

should be done based upon the presence of contra-lateral groin pain and age rather than on gender and 

BMI. Conventional statistical tests failed to detect significant differences between both cohorts 

because of the ceiling effect of most outcome scores. However, it was shown that the distribution of 

the data was different with DAA patients showing a more ‘normative functionality’. Alternative 

methods were used to fully understand the functionality of both procedures. This showed significant 

differences between both cohorts. We also investigated the incidence of subjective groin pain and 

clinical peri-articular pain. The ‘forgotten hip concept’ was introduced and validated. Significantly 

more DAA patients had a forgotten hip. It was shown that this clinical outcome parameter adds new 

information to the overall outcome of a hip replacement procedure. In the final section the arguments 

for designing a multicentre RCT with regards to functional and clinical outcomes are summarized. 

 

(5) The fifth chapter aims to investigate by means of a hip resurfacing model, how smaller cumulative 

changes in component positioning can lead to increased contact stresses of the articulating surface. 

Accumulative errors of both component displacements could lead to detrimental increases in contact 

stresses of up to 35%. Therefore, the COR should be reconstructed within a 5mm range from the 

native COR and the socket position should remain as closely as possible to the ‘neutral’ position. 

Reconstruction of the soft tissue biomechanics is represented by the reconstruction of the abductor 

moment arm. Radiographic measurement of the abductor moment arm is validated. The 

biomechanical profile of the DAA and PLA cohort was compared. The socket anteversion and leg 

length discrepancy were significantly higher in the PLA cohort, whereas socket inclination was 

significantly lower in the DAA cohort. No differences in abductor moment arm changes were found. 

In conclusion, component positioning was not jeopardized during the learning curve of the DAA 

without the use of fluoroscopy. In depth biomechanical analysis is required to fully understand the 

clinical relevance of the found differences. 

 

(6) The gait characteristics of DAA THA patients were significantly improved compared to matched 

hip resurfacing (SRA) patients in the sixth chapter. SRA has been promoted to be the hip replacement 

that allowed for the best recovery towards normal gait. This was not supported in our study. Direct 

lateral approach SRA showed the most distinct aberrations followed by posterolateral approach SRA. 

Although DAA patients did not reach the normal level at more than 12 months follow-up, the 

differences were markedly less pronounced than with hip resurfacing. Gait analysis provided 

additional information of the functionality following hip replacements. In the second section a 

preliminary study of stair ascent and stair descent was conducted on healthy subjects and patients 

with degenerative changes of the hip. These more strenuous tasks made gait analysis more 

discriminative between healthy and pathologic gait characteristics. Therefore, gait analysis with 
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strenuous tasks should be included in the comprehensive outcome platform. Finally, an evidence-

based protocol of an integrated biomechanical workflow will be presented in the third section of 

this chapter. 

 

(7) The seventh chapter provides evidence for the design of a long-term follow-up RCT. The lessons 

learned from a RCT that was initiated 20 years ago showed that the number of patients that should be 

included to detect a difference in survivorship between 2 THA designs depends on the expected 

follow-up period and the age of the patient at time of inclusion. Including only patients <65 years in a 

RCT that is planned for at least 10 or 15 years of follow-up would require 60 and 40 patients, 

respectively in each treatment group. However, the numbers would have to be 110 and 100 patients if 

also patients >65 years would be included. The findings of prospective case series were used in the 

second section to support the choice for implants with a modular porous coated socket with a 32mm 

polyethylene liner. A well performing cemented and cementless stem design will be compared for 

long-term survivorship. The most important purpose is to design a database of implants that have been 

shown to be associated with excellent clinical outcome. These databases can then be considered as the 

‘gold standard’ to create the hip replacement risk index that will allow comparing the outcomes of 

new technologies. 

 

 

GENERAL CONCLUSION 

 

Our continuous search for improved technologies needs to be supported by improved screening 

tools that allow picturing the overall outcome of a hip replacement procedure. The evidence-based 

direct anterior procedure and the postero-lateral approach seemed to perform equally well at first 

glance. However, it was only by means of optimized and multiple outcomes that differences between 

both approaches surfaced. These outcomes will be weighed and integrated into 1 hip replacement 

index. This index will allow better understanding the position of new technologies or other procedures 

relative to the ‘gold standard’ or the ‘normal population’.  

 

 

 

 

 

 

 

 

 



 9 

Chapter 1:  

Introduction 

 

“Evidence based medicine posits that health care decisions should not be based upon opinion but 

rather the best available research” 

Mohit Bhandari  
(Orthop Clin N America 2009) 

 

Summary 

This chapter aims to provide evidence from the literature that our contemporary outcome 

assessments are either insufficient or have reached their limits of discriminative capacities to 

differentiate between 2 well performing surgical techniques.  

In this chapter we first conducted an extensive literature search to investigate how we currently 

assess and interpret relevant outcomes following total hip arthroplasty (THA) in randomized 

controlled trials. Second, an extensive literature review on the experiences with surface replacement 

arthroplasty (SRA) aimed to identify where we have failed in detecting problems at an early stage 

following the introduction of SRA. In addition, we aimed to position the utility of data collected in the 

National joint replacement registries (NJRR) as an early detection tool of potential problems.   

    

How do we currently assess outcomes in the evidence-based literature?   

Randomized controlled trials (RCT) are considered the gold standard for study design in evidence-

based medicine. An extensive literature search on randomized controlled trials (RCT) in total hip 

arthroplasty (THA) was conducted to critically assess the way outcome performance of THA 

techniques is compared in RCTs. In addition, we aimed to identify which lessons we can learn from 

the experiences in these RCTs. This review showed that long recruitment times should be anticipated. 

In addition, substantial dropout rates of by average 16% should be anticipated. Therefore, it is 

important to utilize outcome tools that are discriminative enough to detect clinically relevant 

differences at an early stage and preferably with smaller patient cohorts. Multicentre trials will 

enhance recruitment and are therefore desirable. This review also showed that there is room for 

improvement in the way we currently approach outcomes of our hip replacement techniques. The 

performance of surgical techniques is often narrowed to 1 particular outcome parameter. As a result, 

we tend to neglect the ‘overall’ outcome. However, for the individual patient this ‘overall’ outcome is 

very relevant and will determine his or her level of satisfaction. The patient will interpret the outcome 

following his or her hip replacement in the light of parameters such as complications, functional 

outcome compared to his or her ‘healthy’ peers, residual peri-articular pain, gait characteristics with 

compensatory mechanisms and implant survivorship. Therefore, in order to fully compare different 

techniques we believe it is desirable to combine all these different outcome parameters into an 
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evidence-based outcome platform that also takes the same outcome parameters of a ‘normative’ 

population into account. The ‘weight’ of each parameter can only be determined by means of large 

cohorts of subjects that are prospectively followed in a multi-centre project. However, the first 

requirement to start such a project is to critically assess and improve the available outcome 

parameters.  

Some suggestions for improvement can be made from the review or published RCTs. Functional 

outcomes. First, only 2 studies were able to detect a significant difference in functional outcomes, 

which questions the discriminative capacities of outcome scores the way we use them to date. 

Outcome scores are associated with a ceiling effect. As a result, the differences in means (Student T-

test) or mean ranks (Mann-Whitney U test) are often not significant. Nevertheless, the data 

distribution is not similar. We will further investigate in this thesis (Chapter 4) whether it would be 

more appropriate to also include the data distribution in our statistical analysis. Second, maximally 2 

functional scores were combined in the investigated RCTs. It might be more appropriate to use more 

outcome scores because maybe different scores are sensitive to different parameters. This will be 

further investigated (Chapter 4). Third, we currently do not have a ‘normative dataset’ of age and 

gender matched healthy subjects. Such a dataset might be very helpful because it allows setting a 

minimum level of functionality that we want to achieve with a hip procedure. The predictability in 

reaching this reference functionality might be another differentiator between 2 almost equally well 

performing techniques. Such an analysis does not take the desired level of post-operative functionality 

of the individual patient into account but at least defines a realistic baseline of functionality that we 

want to achieve with our operations. The utility of such a ‘normative reference level of functionality’ 

will be further investigated (Chapter 4). Peri-articular pain. This outcome parameter is highly 

neglected, even in RCTs. There is a need to investigate whether pain at other locations than the 

operated hip could influence the functional outcome of a hip procedure and whether this should be 

taken into account when we report on functional outcomes (Chapter 4).  Furthermore, we do not 

know whether functional outcome score are discriminative enough for residual peri-articular pain. In 

other words, although these clinical findings might be an important burden for the patient they are 

ignored in the literature because most studies rely only on functional outcome scores as an endpoint. 

In conclusion, there is a need to better understand the incidence and the additional value of peri-

articular pain as an outcome parameter following THA. Biomechanics. Despite its importance, the 

biomechanical features of hip replacement procedures are neglected and under-reported in the 

evidence-based literature. Nevertheless these biomechanical features have been shown to be associated 

with improved outcomes. A better understanding of changes biomechanical features is desirable 

(Chapter 5). Gait analysis. Only 2 RCTs used gait analysis that was also prone for improvement. Gait 

recovery following a hip procedure is however one of the most fundamental aspects of a hip 

procedure. There is a need to establish gait analysis as an objective tool that quantifies the dynamic 
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biomechanical behaviour following THA. In addition, gait analysis should be optimized in order to 

make it a more discriminative tool (Chapter 6).   

 

Experiences with hip resurfacing: evidence for the need of a comprehensive outcome platform 

The review showed that failures of hip procedures are a multi-factorial problem that can only be 

identified when in depth comprehensive analyses are conducted. Unfortunately, clinical studies 

usually focus on only one, maximum two, specific topics and tend to ignore the multi-factorial aspect 

of implant performance. However, it appears from this review that there could have been an index of 

suspicion when the results from some reports would have been considered together. The functional 

outcomes were not reproducible and susceptible to changes in surgical techniques. A higher incidence 

of complications was noted and specific new complications were introduced. Few studies reported on 

the incidence of peri-articular pain, which appeared to be higher than in THA. The window of 

opportunity for an accurate biomechanical reconstruction seemed to be small in SRA. Gait analysis 

was merely improved in SRA compared to THA but was limited to frontal plain assessments and level 

walking instead of also out-of-plane movement such as stair ascent and descent. Specific (early- to 

intermediate) failure modes of SRA have been introduced and it was the merit of the NJRRs that large 

cohorts could allow identifying prognosticators for implant failure. Hip resurfacing had a three- to 

fivefold increased risk for failure in comparison to THA. However, the registries have a number of 

limitations and can therefore not replace well-conducted clinical trials. The most important drawback 

of NJRR is that the current ‘failure’ rates of hip procedures are solely based upon revision rates in the 

registry data. Therefore, these ‘failure rates’ may actually be an underestimation of the non-optimal 

performance of hip procedures. Revision is a very rough key-endpoint that does not reflect the 

performance of an surgical technique. In contrast to the clinical studies, registries can detect problems 

with implant survivorship at a relatively earlier stage. However, the registry data do not flag problems 

before the 5-year follow-up term.  Therefore, different assessment methods should be used in 

conjunction to each other and each method should focus on its most sensitive outcome parameter: 

registries should focus on implant survivorship and clinical studies should focus on clinical and 

functional performance.  

This review flagged some important shortcomings that were associated with the introduction of 

SRA into the widespread Orthopaedic practice. The following lessons can be learned. First, the 

introduction pathway should have been more gradual and evidence based. Second, the registries 

flagged problems with implant survivorship only after capturing 5- to 7-year data. It is in this gap of 5 

to 7 years that clinical trials can play a crucial role because they can also guide the introduction of new 

technologies in an evidence-based way. Clinical research can be used to detect differences in overall 

performance at an early stage of 1 to 2 years. This can only be done if the functional outcome is 

assessed in all its aspects: from functional scores over complications and peri-articular pain. In 

addition, other outcome parameters such as biomechanical reconstruction and gait characteristics 
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should also be evaluated. All these outcomes can be brought together in an outcome platform that fully 

represents the performance of a new technique even before the implant would fail. As such, the whole 

picture of outcomes following THA can be evaluated and this approach might improve the sensitivity 

of the clinical research projects.  

 

The direct anterior and postero-lateral approach 

The postero-lateral approach (PLA) is considered the gold standard approach for THA. The direct 

anterior approach (DAA) also does not violate the hip deltoid. Both exposures allow implantation of 

regular components with well-established designs. In addition, both procedures can be done on any 

patient, and there is no need to select patients based on body habitus. But some flaws remain with the 

current DAA techniques. Therefore, the evidence based development and introduction of an optimized 

DAA technique can be used as a test case for the usefulness of a comprehensive outcome platform 

when it is compared to the PLA.  

Comparing 2 approaches that spare the hip deltoid neutralizes 1 potential variable of the functional 

outcome following THA and will challenge the discriminative capacities of the conventional outcome 

measures. Consequently it remains unclear and subject of debate what contribution the direct anterior 

approach would make to early improvements in pain and function. Therefore, comparing both 

approaches with a more comprehensive platform is of interest and might shed new light on the 

influence of surgical approach on the overall performance of a THA. In other words, comparing both 

approaches can be considered as a test case and validation of optimized outcome parameters that will 

be implemented in a comprehensive outcome platform. This platform will than be used in a large 

multicentre RCT to develop the hip replacement risk index.  

 

Scientific output: 

Publications: 

“Hip Resurfacing: current status and future perspectives” Corten K, Ganz R, Simon JP, Leunig M. 

Eur Cell Mater. 2011 Mar 15;21:243-58. (IF 5.378) 

“Hip resurfacing data from the National Joint Replacement Registries: What do they tell us? What 

do they not tell us?” Corten K, MacDonald SJ. Clin Orthop Rel Res 2010;468:351-7. (IF 2.787) 

 

Presentations: 

“Early Complications of Surface Replacement Arthroplasty of the Hip: A 1 to 5 year follow-up 

study.” Presented at Annual COA meeting 3-6 July 2009, Whistler. (poster) 

“The fate of the unseated cup in the Birmingham Hip Resurfacing.” Presented at AAOS meeting 9-

13 March 2010, New Orleans. (poster) 
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1. I. Justification  

 

Total hip arthroplasty (THA) is one of the most successful procedures in Orthopaedic surgery.1 It 

has recently even been termed “the operation of the century”.2 Functional outcomes and survivorship 

are generally good to excellent. Therefore, both the patient and the physician have high expectations 

of the procedure but unfortunately up to 40% of patients expressed some degree of dissatisfaction 

following THA.3 This indicates that outcome assessments could be improved but are also dependent 

upon the way patients are being evaluated. This also indicates that there might be room for 

improvement of the surgical techniques despite the general impression that most patients are doing 

extremely well following THA. In addition, patients are getting younger and the implants have to 

withstand more strenuous activities with longer-term survivorships. Therefore, we need to continue 

optimizing the outcomes and the survivorships of our surgical procedures and implants.  

In our continuous search to meet high standards, we develop new technologies with presumed 

improvements in comparison to the gold standard. Unfortunately the introduction of new technologies, 

such as surface replacement arthroplasty (SRA) has not always been translated into improved 

survivorship.4,5 At first glance, SRA appeared to be a very promising concept for every young adult 

with degenerative hip disease. The technology was introduced to the Orthopaedic community at large 

without the support of well designed randomized controlled trials (RCT). Although there were some 

early reports that flagged potential problems, it became clear only after years of usage and thousands 

of failed implants that SRA was associated with several unique problems.4,5 This experience indicates 

the need for a more comprehensive approach towards outcomes, which would allow detecting 

deviations from the gold standard already at an early stage.  

The classic outcome tools may not be discriminative enough to detect subtle differences between 

techniques that seem to perform equally well. Therefore, it might be desirable to optimize the outcome 

assessment and to combine various outcomes into one comprehensive outcome platform. Within this 

thesis we will use the comparison of 2 surgical approaches to investigate whether the assessment of 

the following outcomes can be optimized: functional outcome scores, radiographic biomechanical 

parameters and gait characteristics. The posterolateral approach (PLA) is considered the gold standard 

approach in THA.  It minimizes damage to the hip deltoid by approaching the hip joint posteriorly to 

the abductors. The reported outcomes are excellent and therefore it seems difficult to improve these 

results.6-8 The direct anterior approach (DAA) also spares the hip deltoid by approaching the hip joint 

anteriorly to the abductors. This approach has been associated with a steep learning curve and high 

complication rates.9,10 Nevertheless, proponents claim the DAA is associated with improved functional 

outcomes but this has never been really scientifically substantiated. As a result, there is currently a lot 

of debate whether the anterior approach is safe, reproducible and adds any value to the performance of 

THA in comparison to the PLA. Comparing both approaches is of interest for the aims of this thesis 
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because it allows investigating whether the optimization of outcome assessments would allow 

detecting differences between 2 well performing techniques.  

In summary, this thesis aims to provide evidence for the optimization of currently used outcome 

assessments in order to detect differences between 2 well performing surgical techniques. The results 

from this thesis will be used to set-up a comprehensive outcome platform that will be used in a multi-

centre RCT that aims constructing an evidence-based hip replacement risk index that would allow 

detecting deviations from the gold standard at an early stage.  
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and two-incision total hip arthroplasty. Clin Orthop Relat Res. 2010;468:3348-54.  

7. Goosen JH, Kollen BJ, Castelein RM, Kuipers BM, Verheyen CC. Minimally invasive versus classic procedures in total 
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9. Jewett BA, Collis DK. High complication rate with anterior total hip arthroplasties on a fracture table. Clin Orthop Relat 
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10. Spaans AJ, van den Hout JA, Bolder SB. High complication rate in the early experience of minimally invasive total hip 

arthroplasty by the direct anterior approach. Acta Orthop. 2012;83:342-6. 
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1. II. What outcome tools are used in RCTs of THA? 

 

A. Outcomes of interest: introduction  

 

Randomized controlled trials (RCT) are considered the gold standard for evidence-based medicine. 

We want to better understand how strong the evidence is around the outcomes of THA. Which 

outcomes are currently considered to fully represent the results of THA techniques? The literature was 

searched for all RCT’s following THA. We questioned what the primary and secondary endpoints of 

the studies were and how these endpoints were investigated. With this investigation, we aimed to 

assess how outcomes in THA are currently evaluated. We critically evaluated whether there might be 

some room for improvement.  

The outcomes of interest are functional results, complications, residual peri-articular pain, implant 

positioning, the accuracy of the biomechanical reconstruction of the joint, gait characteristics and 

implant failure. It remains to date unknown how these different endpoints influence each other.  

 

B. Search strategy 

 

We searched for the published results of RCT’s reporting on outcomes following THA or hip 

resurfacing (SRA). Randomized controlled trials published in the English literature were identified 

through a systematic search of the PUBMED, Cochrane and Cinhal database from inception to June 

2012. The search strategy was: "hip arthroplasty" AND "randomized trial"; "hip replacement" AND 

"randomized trial"; "hip resurfacing" AND "randomized trial"; "hip" AND "outcome"; "hip" AND 

"functional outcome”.  This left 599 results. The title and abstract were screened for the following 

inclusion criteria: randomized controlled trial (RCT), unilateral hip procedure for primary 

osteoarthritis and English language. Exclusion criteria were: not a RCT, less than 1 year follow-up, 

hip procedures conducted for trauma, post-traumatic sequels or fracture treatment, and studies that 

were stopped due to higher than expected failure rates. This left 156 trials, which were retrieved and 

further evaluated for the following criteria: (1) detailed pre-operative patient demographics such as 

gender, age and pre-operative outcomes, (2) detailed follow-up times and (3) post-operative outcomes 

per cohort. Studies were excluded in case ranges or standard deviations were not documented. In total 

23 studies met the inclusion criteria and 133 studies were excluded (Figure 1).  
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 Figure 1. Flowchart of the literature search regarding evidence-based results following THA. 

 

C. Functional outcome assessment 

 

Functional outcome scores are very often used as a tool to differentiate between 2 surgical 

techniques. A distinction was made between RCT’s with functional outcome as the primary endpoint 

(N=13) and those with functional outcome as a secondary endpoint (N=10). In total 8 of 13 trials with 

outcome as primary endpoint utilized the Harris Hip Score (HHS).1-8 The HHS was used in 10 trials 

with outcome as a secondary endpoint.9-18 The Western Ontario and McMaster University 

Osteoarthritis Index (WOMAC) was used in 9 trials with functional outcome as the primary.3-6,19-23 

And in 2 trials with functional outcome as the secondary endpoint.10,12 The post-operative University 

of California and Los Angeles score (UCLA) score was used in 4 trials of which 3 with functional 

outcome as the primary measure.9,19-21 The pre-operative UCLA score was never reported. However, 

all the trials with the UCLA score met the inclusion criteria for the HHS or WOMAC outcome score, 

which were used in combination with the UCLA score. A combination of various scores was used in 7 

trials with functional outcome (54%) as the primary endpoint and in 3 trials with functional outcome 
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as the secondary endpoint (Table 1 and Addendum 1). Maximally 2 functional scores were 

combined.  
Age BMI FU (y)

Mean Kg/m2 N % Start FU % Lost Pre-op PO 12m PO >12m
All 61 28 37 46% 78 66 16% 3

Functional outcome as primary endpoint 61 27 30 42% 71 60 20% 2
Functional outcome as secondary endpoint 60 28 44 50% 85 83 12% 4

T-test p-value 0.7 0.2 0.2 0.06 0.4 0.4 0.2 <0.0001
HHS

Mean scores all studies 47 91 92
Functional outcome as primary endpoint 63 27 23 39% 56 52 2 50 90 91

Functional outcome as secondary endpoint 60 28 44 50% 85 83 4 45 93 92
T-test p-value 0.1 0.1 0.09 0.02 0.2 0.4 0.0008 0.03 0.2 0.8

WOMAC 
Pain 38 6 7

Stiffness 36 11 11
Function 44 10 12

Index 48 14 10
UCLA 

Activity NA 7 NA

Males Functional outcomesNumber participants

 
Table 1. Overview of the studies with functional outcome as primary endpoint compared to functional outcome 
not used as primary endpoint. Student’s T-test was used to compare the means of studies with different outcomes 
as the endpoint. 
 

There are some interesting findings. The mean age at time of initiation was 61 years, the mean BMI 

was 28 kg/m2 and the mean number of participants at initiation was 78 compared to 66 at final follow-

up. By average 16% of patients were lost at final assessment. There were 45% males. The mean pre-

operative HHS was 47. At 1-year post-operatively the HHS was 91 and 92 at final follow-up. The 

mean WOMAC scores for pain were 38, 6 and 7, respectively at the same time intervals. The 

WOMAC scores for stiffness were 36, 11 and 11 and those for function were 44, 10 and 12. The index 

was 48, 14 and 10, respectively. The mean post-operative UCLA score was 7 (Table 1) (Addendum 

1). There were some remarkable differences between studies that had functional outcome as the 

primary endpoint in comparison to those that had another primary endpoint. First, there might be some 

inclusion bias because functional outcome studies had the tendency to include fewer males (42% 

versus 50%) (p=0.06). There were significantly less males in the studies with HHS as the primary 

endpoint compared to those with HHS as the secondary endpoint (39% versus 50%) (p=0.02). In 

addition, the pre-operative HHS in studies with functional outcome as the primary endpoint was 

significantly higher (50 versus 45) (p=0.03). Finally, studies that focussed on functional outcome had 

the tendency to loose more patients at final follow-up (20% versus 12%) (p=0.2). This is somewhat 

surprising because these studies had significantly less follow-up terms (2 years versus 4 years) 

(p=0.0001). In conclusion, patients participating in RCT’s are in general relatively young and slim. 

The initiation of an RCT has to take a significant drop out into account and RCT’s that focus on 

functional outcome are most frequently utilizing a more selective patient population than those that 

reported functional outcome as a secondary measure. Finally, functional outcomes at longer follow-up 

do not seem to be different from those at the 1-year follow-up.  

The primary goal of RCT’s is to evaluate whether two different techniques are associated with 

significantly different outcomes. There was only 1 study (6%) that identified a significant difference in 

the HHS between 2 techniques.3 Seventeen of 18 (94%) studies concluded there were no differences 
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between the investigated techniques. Similarly, only 1 study that utilized the WOMAC score (9%) was 

able to detect a significant difference.22 These findings question the utility and discriminative 

capacities of functional outcome scores to differentiate between 2 techniques. However, detailed 

analysis indicates there might be some room for improvement. Interpretation of the functional results 

very often does not take the distribution of the data into account and is purely based upon the 

statistical outcome (i.e. the p-value). However, because of the ceiling effect of most outcome scores, it 

is relevant to also take the distribution of the data into account. The distribution of data to the left side 

of the mean (i.e. poor outcomes) can be an indicator for the predictability to obtain good outcomes 

with a procedure. A data set of results with a more concentrated distribution around the mean equals a 

higher predictability, which can be considered more preferable when 2 ‘equally’ performing 

techniques are being compared. Although we do not have the details of the exact data distribution, 

there are some examples from the literature study that can illustrate this hypothesis. Muller et al. 

concluded there was no significant difference between the HHS of the minimal invasive (MIS) direct 

lateral approach (80±17) and the Watson-Jones approach (87±7) (p=0.4).8 From a pure statistical point 

of view, this conclusion might hold true but clearly the distribution of the data is different with a lower 

mean and a larger standard deviation in the direct lateral group. The results of the direct lateral group 

are more variable and less concentrated around the mean. As a consequence, the predictability of 

obtaining a better result with the Watson-Jones approach might be higher. Although such a difference 

in distribution can be taken into account with a more appropriate statistical analysis, the ceiling effect 

cannot be completely compensated by the statistics. Malvija et al. concluded there was no significant 

difference between the WOMAC scores of large diameter metal-on-metal THA and metal-on-

polyethylene (MoPE) THA.4 However, detailed assessment of the available data reveals that all 

WOMAC sub-scores had a tendency to have a higher mean value (i.e. worse results) and a larger data 

distribution in the MoPE group. For example, the scores for stiffness were 15 (range, 0-36) and 21 

(range, 0-48) in the large diameter and MoPE group, respectively (Addendum 1 Table 2). Maybe it is 

exactly in this difference in data distribution that 2 techniques with an almost comparable level of 

‘mean’ performance can be differentiated from each other. The technique with a larger distribution is a 

technique with a higher variability in results and therefore not as predictable compared to a technique 

with a more concentrated distribution of results. Interestingly, the authors also used a validated 

measure of satisfaction, which showed a higher satisfaction rate in the large diameter head group 

(p=0.05).4 There were 6 other studies that illustrated similar findings (Addendum 1).10,12,15,16,18,22 

Finally, it might be that these studies were all under powered to detect a significant difference. This 

issue also flags an essential problem in RCT designs following THA because it remains today 

unknown what the clinical relevance is of a difference in functional outcome score. The power 

analysis is based upon an a priori statement that a minimum difference of e.g. 5 point of the HSS is 

clinically relevant. However, there is no evidence to support this statement. Therefore, normative 

reference outcome scores might be helpful to solve this problem.  
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Another question is how functional outcome can be standardized. To the best of our knowledge, we 

do not have any knowledge of the parameters that influence the hip outcome scores. Neither do we 

know what the outcome scores of a normal, healthy population are. In other words, we currently do 

not have a normative dataset of outcome scores. Such a dataset might be very helpful because it allows 

setting a reference frame for the hip function after THA. This can be done by investigating a 

normative level of functionality and identifying the most important parameters for functional 

outcomes. In other words, if two almost equally performing techniques are being compared, it would 

be more useful to also compare the incidence of patients that reached the ‘minimum’ level of 

normative functionality. An example to why these normative levels could be helpful can be found in 

the conclusions of the study of Goossen et al.3 The authors compared minimally invasive (MIS) THA 

techniques with the standard approaches. The MIS techniques had a HHS of 94±8 compared to 90±10 

in the standard techniques. The authors concluded that ‘the observed difference of HHS was 

significant but not clinically relevant’. Although this might be true, there is no evidence to support this 

statement. First, it could be possible that the cohort of subjects with a score of 94 perfectly reached the 

normative functionality, whereas the other cohort did not. In other words, MIS patients might have 

reached the same level of functionality as their healthy peers, whereas the patients with the standard 

technique did not reach this level. Second, it would also be interesting to know the incidence of 

subjects that reached the ‘normative functionality’. In other words, how predictable is one technique 

compared to the other in reaching a predefined level of normative functionality? Such an alternative 

approach of assessing functional results might add new information to the analysis and could influence 

the conclusions that 2 techniques are ‘equal’. In other words, a normative outcome database could be 

used as a minimum reference goal of functionality that we should obtain with our surgical techniques. 

The predictability in reaching this reference functionality might be another differentiator between 2 

almost equally well performing techniques. Such an analysis does not take the desired level of post-

operative functionality of the individual patient into account but at least defines a realistic baseline of 

functionality that we want to achieve with our operations.  

 

D. Complications 

 

Patients with intra-operative complications are often excluded from further follow-up. However, 

complications are considered an important outcome parameter that is directly related to the surgical 

technique. Intra- and post-operative complications were well reported in the following studies.13,19 

Sciatic neuropraxia was found in 2% and 1% of THA and SRA, respectively.19 

 

E. Residual peri-articular pain and pain in other joints 
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It is well known that patient factors play an important role in the reported incidence of persistent 

pain and functional limitations following a total knee arthroplasty (TKA).24,25 Little is known 

regarding the effect of patient related factors on functional outcomes or satisfaction following 

THA.26,27 There are no data describing the correlation between functional outcomes of the hip and pain 

elsewhere in the body such as the knee or spine. For example, it might not be surprising that 

debilitating low back pain or pain at the non-operated hip could influence hip outcomes. The question 

remains which parameters would be most influential and should thus be taken into account. It is clear 

from the literature that pain of other joints is ignored and is never taken into account when 

functionality is being assessed. The incidence of pre-operative contralateral groin pain was reported in 

2 studies.1,22 The incidence of post-operative contralateral groin pain was reported in 1 study.19 Even 

more, the presence of a contralateral THA or a TKA was not an exclusion criterion in any of the 

studies. Only 2 studies mentioned the presence of pre-operative low back pain.1,22 In conclusion, there 

is a need to investigate whether pain at other locations than the operated hip could influence the 

functional outcome of a hip procedure and whether this should be taken into account when we report 

on functional outcomes.   

Residual peri-articular pain of the operated hip can be a very relevant symptom to the patient and 

can even be considered as a failure of the procedure. It is today unknown how groin pain at the ipsi- or 

contralateral hip influences the functional outcome scores. Nevertheless its incidence is highly 

neglected in the literature. Only 2 RCT’s reported on the incidence of residual peri-articular pain.18,19 

The incidence of pre-operative groin pain was not reported. The incidence of post-operative groin pain 

was reported in only 1 study where also thigh pain was present in 4% of THA and in 2% of SRA 

patients at 2 years.19 Four of 107 (4%) patients following SRA required further investigation for groin 

pain and 2 of 4 required re-operations.19 The incidence of subjective and clinical peri-articular pain in 

the groin, at the greater trochanter or in the buttock is unknown. Furthermore, we do not know 

whether functional outcome scores are discriminative enough for residual peri-articular pain. In other 

words, although these clinical findings might be an important burden for patients they are 

underreported in the literature because most studies rely only on functional outcome scores as an 

endpoint. In conclusion, there is a need to better understand the incidence and the additional value of 

peri-articular pain as an outcome parameter following THA.  

 

F. Biomechanical reconstruction  

 

Optimum hip biomechanical reconstruction is often associated with better functional outcomes and 

a improved implant survivorship.21,28-31 However, only 2 papers of the same RCT evaluated the 

biomechanical reconstructions in a subgroup of patients.19,20 Despite its importance, this feature of hip 

replacement procedures is highly neglected and under-reported in the evidence-based literature. 
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G. Gait characteristics 

 

Despite the success of THA in terms of pain relief and physical function, some patients do not 

achieve normal gait at 1 year or more after surgery.32-40 Gait analysis (GA) is an objective and 

quantifiable assessment method of gait before and after hip procedures. GA investigates the behaviour 

of muscles, joints and limb segments in response to movement. It provides a validated, dynamic 

examination of the joint and muscle function of the lower limb and trunk during gait.41-51 Subtle 

differences observed in the gait and posture laboratory may not always be relevant in the aging 

population but may become clinically important in young or active patients engaging in high-level 

activities over many years. The objective evaluation of gait parameters following THA was conducted 

on a subset of patients of 2 RCT’s.1,19 One study utilized only a rough measurement of spatio-temporal 

parameters.1 In another study SRA was compared to 28mm metal-on-metal THA groups.19 This study 

demonstrated normalized performance at most gait and postural tests at the 3- to 6-month evaluations. 

This was according to the authors a consequence of the young age and patient motivation. They also 

concluded it may have resulted from the use of well performing implants. The only persistent 

difference of both study groups compared with control subjects was observed during the timed up-

and-go test.19 The problem with gait analysis is that again it is not well understand how normal gait 

characteristics differ from pathologic patterns. Furthermore, the three dimensional compensatory 

mechanisms following hip replacements are not well understood. In conclusion, there is a need to use 

gait analysis as an objective tool to quantify the dynamic biomechanical behaviour following THA. In 

addition, gait analysis should be optimized in order to make it a more discriminative tool.   

 

H. Implant survivorship 

 

Implant survivorship is a rough endpoint that usually surfaces after years of follow-up. The 

National Joint Replacement registries (NJRR) play an important role in the assessment of implant 

survivorship. Mal-performing implant designs only become obvious from the NJRR after 5 to 7 

years.52,53 The differences between well performing implants are even harder to distinguish. 

Nevertheless, this would be desirable since the performance of most implants is continuously 

improving. Confounding factors other than age, gender and diagnosis are often not considered in th 

NJRR and therefore small differences between well performing implants must be interpreted with 

caution.52 Only 1 RCT reported on survivorships >10 years.17 Therefore, implant survivorship is of 

course a key-endpoint but it takes years to differentiate poor from well performing techniques. There 

is a need for early detection of problems when new techniques are introduced.  
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I. Conclusions 

 

Randomized controlled trials are considered the gold standard for study design in evidence-based 

medicine.54 However, this study design is costly and a long recruitment time can be anticipated.6 In 

addition, substantial drop-out rates can be anticipated. Therefore, it is important to utilize outcome 

tools that are discriminative enough to detect clinically relevant differences at an early stage and 

preferably with smaller patient cohorts. Multicentre trials with enhanced recruitment ratios are 

desirable.  

It was the aim of this literature review to critically assess the way outcome performance of THA 

procedures is compared in RCTs. This review showed that there is room for improvement in the way 

we currently approach outcomes of our hip replacement techniques. The performance of surgical 

techniques is often narrowed to 1 particular outcome parameter. As a result, we tend to neglect the 

‘overall’ outcome. However, for the individual patient this ‘overall’ outcome is very relevant and will 

determine his or her level of satisfaction. The patient will interpret the outcome following his or her 

hip replacement in the light of complications, functional outcome compared to his or her ‘healthy’ 

peers, residual peri-articular pain, gait characteristics with compensatory mechanisms and implant 

survivorship. Therefore, in order to fully compare different techniques we believe it is desirable to 

combine all these different outcome parameters into an evidence-based outcome platform that also 

takes the same outcome parameters of a ‘normative’ population into account. The ‘weight’ of each 

parameter can only be determined by means of large cohorts of subjects that are prospectively 

followed in a multi-centre project. However, the first requirement of such a project is to critically 

assess and improve the available outcome parameters. 

In the next section we aim to further support the need for a comprehensive outcome platform as an 

early detection tool for potential problems when new techniques such as hip resurfacing are being 

introduced.  
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1. III. Is a comprehensive outcome platform necessary? Lessons learned from the introduction 

of hip resurfacing.  

 

“Hip Resurfacing: current status and future perspectives” 

Corten K, Ganz R, Simon JP, Leunig M. Eur Cell Mater. 2011 Mar 15;21:243-58. (IF 5.378) 

“Hip resurfacing data from the National Joint Replacement Registries:  

What do they tell us? What do they not tell us?” 

Corten K, MacDonald SJ. Clin Orthop Rel Res 2010;468:351-7. (IF 2.787) 

 

A. Summary 

 

Hip resurfacing. Concerns regarding high rates of THA failure among young, active patients and a 

desire to preserve bone for future revision procedures has led to the re-emergence of contemporary 

surface replacement arthroplasty (SRA). Proponents cited many advantages. However, this re-

emergence was not supported with strong scientific evidence. As a result, concerns about SRA designs 

have surfaced leading to narrowing the indications and optimizing the techniques of the procedure. 

This extensive literature review aimed to identify where we have failed in detecting problems at an 

early stage following the introduction of SRA. In addition, we aimed to position the utility of data 

collected in the National joint replacement registries (NJRR) as an early detection tool of potential 

problems.   

Introduction pathway. We can question the introduction pathway of SRA to the Orthopaedic 

community at large. The starting point was the development of manufacturing processes that allowed 

producing metal-on-metal bearings with improved fluid film lubrication. The new technology was 

then tested in preliminary observational studies by the designing surgeons. Next, it was introduced to 

the Orthopaedic community based upon the short-term results from highly specialized centres. These 

centres reported encouraging results, which are often the best possible results that do not necessarily 

reflect what can be achieved in general use. Even more, the designer teams clearly stated that the 

surgical techniques were still evolving and the indications needed further optimization. In the mean 

time, except for 1 randomized controlled trial and some observational studies from non-designer 

centres, there was no evidence-based support of the proposed advantages of SRA. Nevertheless, the 

widespread use of the technology was merely commercially driven and more surgeons started using 

the implants. Since 2009-2010 more and more concerns surfaced due to the almost simultaneous 

reporting of problems in the literature and the higher than expected failure rates in the NJRR. Studies 

of risk factors highlighted the importance of surgical expertise, patient selection criteria, and bone 

quality. These criteria specifically apply to SRA and could make SRA more complex and potentially 

less reproducible than THA. However, the red flags only appeared after years of usage and thousands 

of failed implants. 
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Clinical studies. This review clearly showed that failures of hip procedures are a multi-factorial 

problem that can only be identified when in depth comprehensive analyses are conducted. 

Unfortunately, clinical studies usually focus on only one, maximum two, specific topics and tend to 

ignore the multi-factorial aspect of implant performance. However, it appears from this review that 

there could have been an index of suspicion when the results from some reports would have been 

considered together. Functional outcome. Patients treated with SRA have been noted with high 

postoperative activity levels and quality of life scores. These scores were higher than those of their 

THA counterparts even after adjustments for pre-operative activity levels. However, the level of 

functional outcome seemed to be subjected to a multitude of influencing factors and was therefore not 

reproducible. As a consequence, several case series indicated that improvements in techniques and 

increased experience resulted in a decrease in revision rates and better functional outcome scores. 

Gender also influenced functional outcome scores. Some studies found a high level of sports activities 

with SRA whereas other studies reported specific complaints such as pain, fear, decreased strength, 

decreased endurance and a limited range of motion during sport activities.!The latter was supported in 

cadaver studies where significant deficiencies in extension and flexion were found in comparison to a 

normal range of motion with THA. Complications. A higher incidence of complications such as nerve 

palsies, squeaking and clicking was noted. In addition, specific new complications such as femoral 

neck fractures and necrosis of the femoral head were introduced. As a result, techniques kept on 

evolving. Several approaches and instrumentation techniques were modified. There were also some 

concerns that more acetabular bone was removed with SRA. Finally, the cementing technique was 

found to significantly influence the long-term survival. In other words, there was no consensus 

regarding the most reproducible surgical technique to conduct SRA. Peri-articular pain. Refractive 

groin pain was another presumptive aseptic indication for SRA revision in Australia. Resurfacing was 

associated with a higher prevalence of groin pain than THA (18% versus 0.4-7%, respectively). 

Unfortunately, there were only few studies reporting on this issue. Biomechanical reconstruction. The 

importance of accurate component positioning was clearly shown in SRA. However, there seems to be 

a small window of opportunity between an optimal socket position that does not induce impingement 

but also prevents edge-loading. Therefore, component positioning is prone to surgical error but is 

paramount to optimize implant survivorship and minimize the risk for groin pain and limited range of 

motion. Gait characteristics. Although some studies reported on gait following SRA, the most 

important shortcoming from these studies were that only level walking was tested and it is known that 

this might not challenge the hip musculature enough to discriminate between 2 well performing 

techniques. Implant failure. Specific failure modes of SRA have been introduced such as femoral neck 

fractures, loosening due to avascular necrosis and metal related issues including pseudo-tumours, high 

blood ion levels and allergy against metal ions.  

Data from the National Joint Replacement Registries (NJRR). It is the merit of the NJRR’s that 

large cohorts were available and allowed identifying prognosticators for implant failure. The 
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comparison of SRA to age- and gender-matched THA cohorts was only possible from the data derived 

from the NJRR. Hip resurfacing had a three- to fivefold increased risk for failure in comparison to 

THA. The additional risk for revision of SRA during the first 7 years was 1.4 times the revision risk of 

THA. Secondary osteoarthritis, female gender, small component size and older age were identified as 

important patient related factors for SRA failure. The utilized implant was also an important 

prognosticator in addition to surgical technique (approach and cementing technique).  

However, the registries have a number of limitations and can therefore not replace well-conducted 

clinical trials.  First, the weakest link remains the quality of data collection. Second, registry data lack 

specific parameters important for the survival of the implant such as certain patient-related data, 

surgical expertise, and surgical technique. Third, most often only revision is considered as a failure. 

Radiographic features as a predictor for failure are not reported. Fourth, post-operative complications 

such as nerve palsies can be considered as important failure modes. The overall complication rate 

varied from 0% to 18% in a meta-analysis of 13 trials with 3594 SRAs. The mean revision rate was 

3.7%. The overall success rate would thus be an overestimation if only revision is considered as the 

end point. Functional parameters are especially important with regards to ‘failure’ of SRA in the 

young, active patient. Therefore, taking all of these considerations together, the current ‘failure’ rates 

of hip procedures, solely based upon registry data, may actually be an underestimation of the non-

optimal performance of the procedure. Fifth, the differences between well-performing implants are 

difficult to distinguish. Confounding factors other than age, gender, and diagnosis are often not 

considered and therefore small differences between well-performing implants must be interpreted with 

caution. Finally, it is important to understand that registries may be capturing implants in different 

phases of their implementation. In the early years of a registry there is a bias introduced against new 

implants and technologies associated with a learning curve. Therefore, registries do not replace well-

conducted clinical studies during the introduction of new techniques. Despite their limitations, 

registries should be considered as a sensitive detection tool that can provide early data on component 

failure, often sooner than RCTs.  It is clear from the registry data that the reproducibility of good 

outcomes following SRA is questionable compared to THA. But in contrast to the clinical studies, 

registries can detect problems with implant survivorship at a relatively earlier stage. However, the 

registry data do not flag problems before the 5-year follow-up term.  Therefore, different assessment 

methods should be used in conjunction to each other and each method should focus on its most 

sensitive outcome parameter: registries on implant survivorship and clinical studies on clinical and 

functional performance.  

Conclusion. This review flagged some important shortcomings that were associated with the 

introduction of SRA into the widespread Orthopaedic practice. The following lessons can be learned. 

First, the introduction pathway should have been more gradual and evidence based. Second, the 

registries flagged problems with implant survivorship only after capturing 5- to 7-year data. It is in this 

gap of 5 to 7 years that clinical trials can play a crucial role because they can also guide the 
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introduction of new technologies in an evidence-based way. Clinical research can be used to detect 

differences in overall performance at an early stage of 1 to 2 years. This can only be done if the 

functionality is assessed in all its aspects: from functional scores over complications and peri-articular 

pain. In addition, other outcome parameters such as biomechanical reconstruction and gait 

characteristics should also be evaluated. All these outcomes can be brought together in an outcome 

platform that fully represents the performance of a new technique even before the implant would fail. 

As such, the whole picture of outcomes following THA can be evaluated and this approach might 

improve the sensitivity of the clinical research projects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 30 

B. Hip Resurfacing: current status and future perspectives 

 

Introduction 

 Hip resurfacing arthroplasty (SRA) is a technique of prosthetic hip replacement attempting to treat 

osteoarthritis (OA) of the hip with only partial resection of the femoral head (Figure 1).  The concept 

has been favoured for young and active patients, particularly because of the femoral bone preserving 

nature of the procedure.  Moreover, the construct is proposed to have an increased stability due to the 

near-anatomical diameter of the articulating surface compared with the 28- or 32-mm total hip 

arthroplasty (THA) components.1,2 Therefore, SRA is presumed to more closely restore the human 

anatomy and physiology than conventional THA (Table 1). 

 However, the resurfacing concept is not new but is still surrounded with debate and controversies. 

The first two generations of HRA with stemless femoral components have been abandoned during the 

80-ties due to high failure rates caused by the excessive wear of the large diameter polyethylene 

bearing surface.3-5 The development of metal-on-metal (MoM) bearings with improved fluid film 

lubrication was the most important factor in the re-emergence of SRA as a concept.  Metal-on-metal 

SRA with a cementless, porous or hydroxy-apatite coated, non-modular socket in combination with a 

cemented, stemmed femoral component was reintroduced into clinical practice since the 90-ties.5 

Wear-induced osteolysis was proposed to be eliminated by MoM bearings and several other 

advantages of current generation SRA were additionally mentioned by its proponents including a more 

precise biomechanical restoration, physiologic femoral loading and reduced stress-shielding, reduced 

dislocation rates, and a decreased prevalence of thrombo-embolic phenomena. The bone preserving 

principle at the femoral side and the presumed easier revision surgery were mentioned as the most 

important advantages at longer term (Table 1).  

 

Figure 1. (a) Radiograph of a 52-year old 
male patient who suffered from bilateral 
osteoarthritis. (b) The patient was treated 
by a two stage bilateral HRA using an open 
surgical dislocation technique with a step 
osteotomy of the greater trochanter. 
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Presumed advantages of HRA over THA 

Femoral bone conservation 6-9 

Improved function as a consequence of retention of the femoral head and neck7,8 

More precise biomechanical restoration7,8  

Decreased morbidity at the time of revision arthroplasty10,11  

Reduced dislocation rates1,2  

Normal femoral loading and reduced stress-shielding12  

Easier management with proximal femoral deformity13,14  

Improved outcome in the event of infection15  

Easier first time revision with less co-morbidities10,11  

Reduced prevalence of thromboembolic phenomena15  

Table 1.  

  

Short-term clinical follow-up reports of MoM HRA have been encouraging, with femoral neck 

fractures and femoral loosening being the most prevalent causes of failure up to 5.6% and 2.3% 

respectively.16-22 However, these reports have been published mainly from the designer centres 

(Addendum 2).15,22 The experiences of these high volume arthroplasty surgeons have led to 

adaptations in the techniques and, consequently, the results are still evolving.17,23-25 Long-term data 

from non-designer centres are still lacking and SRA has already a widespread use with results being 

published from 3 National Joint Replacement Registries (NJRR).26-31 Currently, concerns about SRA 

and specific particular SRA designs have surfaced leading to narrowing the indications and optimizing 

the techniques for the procedure.26,27 

It was the aim of this report (1) to evaluate our current knowledge of the functional results, the 

survivorship and prognosticators for complications and failure of SRA and (2) to identify the state-of-

the-art of SRA with its current weaknesses and possible improvements that could lead to more 

reproducible techniques and results in the future. 

 

Materials and methods 

 We searched PubMed and Medline from inception until June 2010 with the terms “hip 

resurfacing”, “hip resurfacing arthroplasty” and “surface replacement hip”.  Reports documenting on 

surgical technique, implant engineering and complications were evaluated for their relevance in 

identifying problems and improving the procedure to the current state-of-the art of SRA. Clinical 

follow-up reports of SRA with the following inclusion criteria were evaluated: (1) survivorship 

analysis at a minimum of 5 years and (2) a combination of primary and secondary osteoarthritis as the 

indication for SRA. We excluded manuscripts reporting only on secondary osteoarthritis as the results 

from these reports were in general also included by the same authors in other reports where the overall 

results of their HRA series were evaluated.  This left twelve papers that met the inclusion criteria 
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(Addendum 2).  The reports were assessed for indication of surgery, follow-up, revision rates, 

indication of revision, re-operations other than revision and complication rate (with all re-operations 

included as complications). The data from the Annual Reports of the Australian, Swedish and English 

(and Welsh) National Joint Replacement Registry (NJRR), published in or prior to 2009 were included 

as were manuscripts reporting on registry data and being published in 2009 and 2010.29-31 

Osteoarthritis caused by femoro-acetabular impingement is defined under primary osteoarthritis in 

most reports and the NJRR. Therefore, in this report primary osteoarthritis was defined as 

osteoarthritis not related to (1) childhood hip joint degeneration such as hip dysplasia, Legg-Calve 

Perthes disease, (2) post-traumatic osteoarthritis, (3) osteonecrosis or other primary hip joint diseases.  

 

Results 

1. Failure of SRA 

 The outcome of SRA is determined by a complex interplay of patient-, implant- and surgery related 

parameters. All these parameters can have different influences on the different failure modes of SRA. 

 Femoral neck fractures, which have a prevalence of 1.0% to 5.6%, and aseptic loosening, which 

has a prevalence of 1.0% to 2.0% have been identified as the main causes of failure accounting for 

75% of all aseptic revisions of SRA.16,19,21,23, 28,30,32-35 McBryde et al. found that the risk of revision was 

the highest in the first post-operative year and that 

periprosthetic fractures occurred in patients who were 

significantly older.36 This might suggest that bone quality 

plays an important role in SRA survival but there was no 

increased risk for fractures in females.36,37 Refractive groin 

pain (6%) was another presumptive aseptic indication for 

SRA revision in Australia.27 SRA appears to be associated 

with a higher prevalence of groin pain than conventional 

THA (18% versus 0.4-7%, respectively).38-41 Potential 

factors leading to groin pain include a proud anterior 

socket rim, neck-socket or iliopsoas impingement, 

hypersensitivity to metal ions, higher activity level and 

possibly higher expectations for patients receiving MoM 

bearing surfaces that may make those patients more likely to report postoperative pain.41-45 More 

recently, MoM related issues such as pseudotumors (Figure 2), high blood ion levels and allergy 

towards Co-Cr ions have raised additional concerns against the use of SRA.45-48 Ollivere et al. reported 

a 1.9% incidence of metallosis as the indication for the early failure in a consecutive series of 493 

Birmingham SRA.49 The prevalence of pseudotumours has been associated with female gender but 

Figure 2. Resected soft tissue mass 
around the posterolateral proximal femur 
(pseudotumor) in a 55-year old patient 
with a neck fracture 5 years following 
SRA. 
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also component size is important.50,51 Amstutz et al. also found 4 cases all in patients with component 

sizes <46mm.37 

 Revision of SRA is associated with a major risk of 5-year re-revision of 11%, which is much 

higher than the 2.8% revision risk of a primary THA.31 The cumulative re-revision rate of SRA is 

8.4% at 3 years.31 This is comparable to the re-revision rate of conventional THA of 8.2% at 3 years.31 

Socket-only revision is associated with a cumulative percentage revision rate (CRR) of 20% at 5-years 

in comparison to 7% of femoral-only and 5% of both component revisions.27 Interestingly, infection is 

an uncommon cause of primary revision (0.3%) whereas 25% of re-revisions are conducted for 

infection.27 Grammatopoulos et al. evaluated 53 HRA revisions and concluded that pseudotumors 

were associated with the highest risk of re-revision (38%).52 

 Because of the clinical importance, the correlation between patient-, implant- and surgery-related 

parameters with the different failure modes of HRA will be discussed.  

 1.1. Patient related parameters 

 Initial studies indicated low failure rates at 1-7 years of follow-up.  However, no comparison to 

age- and gender-matched cohorts following THA was provided (Addendum 2).  This comparison was 

possible from the data provided in the NJRR.26,53  After adjustment for age and gender, SRA had a 

three- to fivefold increased risk for revision in comparison to THA in England, Wales and Sweden at 1 

to 3 years.28,30  The overall 5-year CRR of SRA was 3.7% as opposed to 2.7% for THA in Australia.  

This increased to 5.3% and 4%, respectively at 8 years and the lowest estimate of the additional risk 

for revision of SRA was 1.4 times compared to THA for matched patients during the first 7 years after 

surgery.31,53,54 

 The indication for surgery, gender, component size and age have all been identified as important 

patient related prognosticators for SRA failure.26,53 Post-childhood hip disorders and avascular 

necrosis (AVN) were associated with a significantly higher risk of SRA failure compared to primary 

osteoarthritis (OA) and the 5-year revision risk of SRA for hip dysplasia (DDH) and AVN were 

respectively four and two times higher than that of THA (3%).30,31 In general, male patients treated for 

primary OA had a 2.5 times lower risk of SRA failure than females, irrespective of age.30,31,53 

However, this difference disappeared after adjustment for femoral component sizes ≥ 50 mm, which 

was in accordance to large case series where the effect of gender was neutralized after stratifying to 

component siz.36,37  Moreover, within gender, the 5-year revision risk of SRA with head sizes ≥ 50 mm 

was comparable to THA.31,54 In addition, the risk for revision of components ≤ 44 mm and from 45 to 

49 mm was respectively more than five- and threefold the risk for revision of components ≥ 55 mm in 

diameter.53 McBryde et al. found a 4.87-times increased risk of revision per year with every 4 mm 

decrease in femoral component size in a 5-year follow-up series of 655 cases.36  Finally, age was 

another important prognosticator with males <65 years having slightly better results at 5 years with 

SRA than with THA.28,31 In females, however, a dramatic increase in revision rate was seen in those 
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between 55 and 64 years indicating that females should be 55 years or younger at time of surgery.31,54 

Probably less important prognosticators for failure are BMI and patient activity level as conflicting 

conclusions have been reported.32,48,55,56 However, surgical bias towards these parameters should be 

taken into account. A higher sports activity level has not been found to be associated with adverse 

effects although others suggest that a BMI <30 kg/m2 and an increased activity level were interrelated 

which could explain the detrimental effect of a low BMI on survivorship. 37,55,56 However, lower body 

weight has also been found to be associated with smaller component sizes.23 Finally, a more normal 

morphology of the proximal femur and the absence of bone cysts >1cm have been associated with 

better outcomes.22,23,25 

 1.2. Implant related parameters 

 Metal-on-metal bearing surfaces have improved wear properties in comparison to conventional 

metal-on-polyethylene (MoPE) surfaces.57 However, the size, the number and the chemical properties 

of released ion particles are different from the polyethylene particles.58 As a consequence, the biologic 

responses to metal ions are different from those to MoPE.46 The utilized implant has been identified as 

an important prognosticator for SRA failure.30,31,53 The Birmingham Hip Resurfacing (BHR) (Smith & 

Nephew, Memphis, TN) was the most commonly used device (70%) with the longest follow-up in the 

NJRR.28,30,31 The 3-year revision rate was 1.8% in England and Wales.28 The number of revisions per 

100 observed component years for the BHR was 0.8 as opposed to 2.6 and 2.3 for the ASR (DePuy, 

Warsaw, IN) and Durom (Zimmer, Warsaw, IN), respectively.31 There are 2 important features of an 

implant that determine the survivorship: metallurgy and implant design. Both are interrelated and 

determine the biological responses to implantation of a HRA. 

 Metallurgy. The metallurgy of the bearing surface is implant specific and is highly influenced by 

the manufacturing process. Briefly, the processes can be divided into cast- or wrought forged with hot 

isostatically pressed treatment or solution heat-treatment. This will result in different carbide contents 

that in turn determine the wear resistance and metal ion releases.59 A high carbon content wrought 

forged SRA design has been associated with the lowest metal ion releases.60 The biological responses 

to metal ion release can be divided into cellular, local and systemic reactions.  Direct binding of Cr 

to cellular DNA is well documented and will inhibit the repair processes of aberrant DNA.61,62 In 

addition, reactions with metal ions can lead to the generation of free radicals which can react with 

DNA and induce damage to purine and pyrimidine bases.63 They can also induce inter-strand 

crosslinks or DNA-protein crosslinks.64,65 Permanent modification of genetic material resulting from 

this oxidative damage and the inhibition of the repair processes induced by Cr-bindings can represent 

the first steps in mutagenesis and carcinogenesis. Focal chromosal aberrations have clinically been 

detected and concerns regarding the risk of carcinogenesis have raised.21,45,66-69 However, to date there 

is still no evidence that SRA would be associated with an increased risk for carcinogesis. Various 

local adverse reactions, such as extensive necrosis periprosthetic osteolysis and soft tissue masses 
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(pseudotumor reactions) (Figure 2) have been associated with MoM devices.37,47,49,70-73 The underlying 

causes of these biological responses remain unclear, but are probably induced by an accumulation of 

abovementioned cellular responses to metal ion releases.37,45-48,50,52,74 However, they have also been 

associated with a delayed immune reaction to metal ions (delayed hypersensitivity).51 Campbell et al. 

demonstrated substantial differences in the histological features of pseudotumor-like tissues from 

patients with high wear compared with those tissues from patients suspected to have metal 

hypersensitivity.74 There was generally less disruption of the synovial surface, and greater preservation 

of the normal tissue architecture in the high wear group. In contrast, the most extensive damage to the 

tissues and the highest density of lymphocyte aggregates occurred in patients suspected to have a 

metal hypersensitivity reaction. Finally, pseudotumor-like reactions have also been reported in SRA 

without evidence of high wear or metal hypersensitivity.74,75 The lesions can either be cystic or solid 

and are generally characterized by extensive necrosis in the presence of B-cells, T-lymphocytes, and 

plasma cells.51,52,70,72 The inflammatory blood markers remain normal. Periprosthetic osteolysis has 

also been associated with a perivascular accumulation of activated macrophages and T- lymphocytes 

producing bone-resorbing cytokines.76 In addition, Co and Cr are toxic for osteoblasts, leading to 

markedly reduced alkaline phosphatase activity.77,78 The cells can also release pro-inflammatory 

cytokines such as IL-6 and TNF-α.79-81 These cytokines can in turn activate the differentiation of pre-

osteoclasts into mature bone resorbing cells.82 Finally, Co and Cr inhibit the release of osteocalcin into 

the bone matrix, thereby contributing to a delayed mineralization of the periprosthetic bone tissue.83,84 

A higher rate of hypersensitivity reactions to cobalt chloride skin testing was observed in patients with 

osteolysis, which suggested to be indicative for a delayed-type hypersensitivity to metal.46,76 A vicious 

circle of phagocyosis, lysis and release of Co and Cr particles by the macrophages has been suggested 

to induce an acquired or antigen-specific immune response such as a type IV delayed hypersensitivity 

reaction driven by T-lymphocytes.45,85-87 In addition, metal-protein complexes produced from 

degradation of metal alloys are immunologically active through unknown proliferative responses.79 

Unfortunately, there are currently no reliable standardized predictive tests for metal allergy and 

hypersensitivity.88 There are some concerns regarding systemic release of the metal ions. Cobalt (Co) 

and chrome (Cr) ions are soluble. As a result, they are detectable in serum, erythrocytes and urine.57,89-

91 The peak serum levels of Co and Cr occurred at 6 and 9 months respectively, and reached a 10- and 

16-fold increase compared to the preoperative levels. These peaks were followed by a gradual decline 

over the next 15 months.89,90 There is evidence from an animal study to suggest that Cr ions can 

accumulate in the liver.92 In contrast, the renal Co clearance progressively increased at higher levels of 

Co release thereby indicating that cumulative build-up of Co ions is not expected with normal kidney 

function, not even in cases of increased ions release.91 Increased transplacental ion levels have also 

been reported with concerns raising regarding the risk for chromosal foetal aberrations.66,93-97 Finally, a 

combined Co and Cr whole blood level of >5 µg/L was found to be associated with a reduction in the 
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circulating levels of CD8+ lymphocytes. The clinical relevance of this observation remains 

unknown.98  

 Design. Some SRA implants might be more prone to metal ion release than others because they 

have a specific design with a lower arc angle that can lead to more edge loading. This will jeopardize 

the lubrication and will lead to increased metal wear debris.47 There is a decreased femoral head-neck 

offset in SRA in comparison to THA. This leads to a higher risk for impingement of the femoral bone 

against the socket. Therefore, surgeons have to adjust the abduction or anteversion angle of the socket 

in order to prevent this impingent to occur but this adjustment might induce edge loading especially in 

those designs with a lower arc angle.47 In other words, when the arc angle (similar to the lateral center 

edge angle in native hips) is lower, there is a decreased window of opportunity to position the socket 

in an optimal position that does not induce impingement but also prevents edge-loading to occur.99 

These designs are thus more prone to increased metal debris and failure. Implant size influences the 

tribological behavior of SRA: higher ion levels have been found with smaller implants.100 There might 

be several explanations. First, the sliding velocity is higher in larger implants and this enhances fluid-

film lubrication.101-104 Second, there might be less resistance to cup deformation in smaller implants. 

Third, the articular arc is smaller and therefore smaller cups are associated with an increased 

vulnerability to component malpositioning with undesirable socket abduction angles over 50-55°, 

which increases the risk of edge-related wear. Furthermore, smaller components are more likely to be 

used in mild or moderate dysplasia cases, which might lead to a more steep socket inclination as the 

more shallow dysplastic acetabulums, are more difficult to reconstruct.105 These situations will lead to 

less clearance and hence higher friction and wear of the articulating surface.47,50,51 In addition, smaller 

components may be more vulnerable to less optimal component positioning in the sagittal plane as 

minor degrees of malalignment may lead to an increased risk of impingement because of the relative 

decrease in the head-neck ratio.99 Neck-socket impingement may lead to microseparation, rim damage 

and groin pain, eventually leading to revision surgery.106,107 Smaller diameter components might 

predispose to periprosthetic fractures because the femoral stem is often not proportionally sized, with 

the result that it is relatively thicker versus the femoral neck. This in turn leads to relatively more bone 

loss, increased superior neck strains and increased stress shielding due to a mismatch in the modulus 

of elasticity of the stem and the bone. 20,21,108-111 Finally,  the incidence of aseptic loosening of the 

socket seems to be implant-dependent with the BHR being associated with the lowest incidence at the 

present time (Addendum 2).  

 

 1.3. Surgery related parameters  

 Resurfacing is technically more difficult than conventional THA and each step in the procedure is 

subjected to surgical error starting from the surgical approach. Several case series indicate that 

improvement in technique and increased experience resulted in a decrease in revision rates and better 



 37 

functional outcome scores.32,34,37,48,112,113 However, this was not found in another large series.36 Surgery 

related parameters play an important role in implant survival on the femoral side. Zustin et al. 

analyzed a series of 107 femoral head remnants following fracture at a mean of 5 months after 

implantation.114 Three fracture morphologies with different causative explanations were identified. 

Acute non-necrotic fractures (9%) occurred outside the component and were likely provoked by 

mechanical weakening of the bone induced by notching or uncovering of the bone, which is 

proportionally more important in smaller sizes. Acute post-necrotic fractures (52%) occurred at a 

mean of 5 months. Chronic non-necrotic fractures (40%) occurred at a mean of 6 months and might 

have been induced by factors such as varus positioning of the component or relative neck lengthening 

by abundant polar cement.114 The latter can also predispose to aseptic loosening.115 The cement mantle 

and depth of penetration vary widely, depending on the viscosity of the cement, the bone density and 

the design clearance between the reamed head and the femoral component.116-119 The combination of a 

small component size and a low BMD could result in excessive penetration of cement thereby possibly 

leading to thermal necrosis of the femoral head. One study showed that loosening commonly occurred 

in the absence of AVN, and proposed that it may be related to local increase in pressure, abrasion by 

cement and interference with the local blood supply.115 The following relevant surgery-related 

parameters of the SRA procedures will therefore be discussed: (1) parameters leading to neurovascular 

injuries, (2) bone conservation on the acetabular side, (3) femoral component positioning and (4) 

cementing techniques. The importance of accurate acetabular component positioning to prevent edge 

loading and increased surface wear has been discussed above.  

 Neurovascular injuries. Post-operative avascular necrosis of the femoral head has been suggested 

to be one of the reasons for a periprosthetic fracture, neck narrowing or loosening following 

SRA.20,114,120 The understanding of the anatomy of the extra-osseous blood supply to the femoral head 

is of particular interest when conducting HRA because of its vulnerability during the procedure 

especially with the most commonly used extended posterolateral approach.121-126 Several approaches 

have been investigated or modified in order to preserve an optimal oxygenation of the femoral head 

during and after the procedure. The direct lateral approach, the trochanteric flip approach according to 

Ganz et al, and the modified posterolateral approach have all been shown to lead to less disruption of 

the blood flow and oxygenation of the femoral head in comparison to the extended posterolateral 

approach which was associated with a decrease of the blood flow ranging from 40% to 

70%.121,123,125,127-131 However, the consequences of the disruption of the medial femoral circumflex 

artery with the development of osteonecrosis remains unproven possibly because of the variability in 

vascularization and/or the proposed presence of an intra-osseous blood supply, which can be increased 

in osteoarthritic joints although the latter has not been confirmed by recent studies.124,132-136 Smaller 

femoral head sizes can be more vulnerable to disruption of the extra- and intra-osseous blood supply, 

especially due to the danger of notching and particularly when the stem sizes are not proportional to 

the femoral neck diameter.126 The risk for other neurovascular injuries could be minimized. It was 
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shown in a cadaver study that the highest pressures experienced by the sciatic nerve occurred during 

acetabular exposure through the posterolateral approach when the femur was retracted anteriorly. 

These pressures dropped once the gluteal sling, which is the extension of the gluteal maximus 

tendinous insertion, was released.137 Another cadaver study demonstrated that the anterior capsule 

should be released after dislocation and with the hip flexed as all 3 femoral neurovascular structures 

move away from the anterior capsule in that position.138 

 Acetabular bone preservation. There is some concern that more acetabular bone is removed with 

SRA.139 This is the reason why some surgeons try to downsize the femoral component as much as 

possible thereby increasing the risk of notching with disrupting the blood supply and neck/socket 

impingement. However, other studies have shown that the acetabular component size in SRA is 

comparable to cementless THA.140-142 There are no data available whether the pelvic bone stock would 

be compromised for revision surgery of SRA. Therefore, we consider it to be advisable not to 

downsize the femoral component and adjust the socket size to the femoral component size. 

 Component positioning. Finite element analysis and biomechanical studies have suggested that 

10° of relative valgus can increase the failure load and reduce the local bone strains and cement 

stresses associated with early femoral component failure.143,144 On the other hand, excessive valgus 

malpositioning may produce notching of the femoral neck and consequently may increase the risk of 

fracture.120 Therefore, some authors have suggested to improve the instrumentation or use computed 

navigation, which has shown to obtain a more accurate and less variable femoral component 

placement.145  

 Cementing technique. The cementing technique might be an important factor for long-term 

survival, especially in smaller components. It has been proposed that the reduced surface area for 

cement fixation of smaller femoral components compromises long-term femoral fixation.37 Therefore 

it was recommended that additional drill holes should be made in the prepared femoral head to 

increase the fixation area.36 Despite this was done in all procedures in a large series of 655 cases with 

more than 5 years follow-up, smaller component sizes were still associated with increased failure rates 

leading the authors to suggest that factors other than the cementing technique might play a role in the 

higher failure rates of smaller components.36 Moreover, drilling cement holes in smaller heads will be 

done with smaller distances between the holes possibly leading to more thermal necrosis. Cement 

penetration of 3 to 4 mm is required to engage at least one level of transverse trabeculae with 

sufficient filling of the vertical channels.146 The insertion of a suction device into the lesser trochanter, 

pulse lavage of the head, debridement of the cysts and a dome hole suction have been suggested to 

optimize cement penetration but also to decrease the risk of thermal necrosis when early reduction is 

performed.112,147 However, too deep cement penetration should be avoided to decrease the risk of 

thermal necrosis.148 Applying low viscosity cement to the femoral component with an indirect filling 

technique has been shown to lead to polar region cement concentration with deep radial cement 

penetration and a significant lack of cement at the head-neck junction site.149 The most homogenous 
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distribution of cement around the femoral head with a uniform penetration of maximum 4 mm could 

be achieved with high viscosity cement applied directly onto the femoral bone.150 In accordance, 

Scheerlinck et al. found that the cement mantle was more closely to the desired goal of 3 mm 

thickness with direct cement packing.149 In addition, they found that with direct cement packing and 

six anchoring holes of 4.5 mm in diameter and 4 mm in depth there was no major effect on the amount 

of cement pressurized into the bone, which would minimize local exothermic polymerization 

reactions. However, cement packing caused a higher prevalence of interfacial gaps in the proximal 

two-thirds of the implant, a finding of which the consequences were not clear to the authors).149 

 

2. Functional outcomes and quality of life following SRA 

 Patients treated with SRA have been noted to have high postoperative activity levels and quality of 

life scores, which are higher than those of their THA counterparts even after adjustments for pre-

operative activity levels.151-157 One study reported that more SRA patients returned to work (96%) and 

heavy to moderate activities (72%) 1 year postoperatively than THA patients (66% and 39%, resp.). 

However, both groups were not completely comparable as the mean BMI of the SRA group was 

significantly lower.158 Gender influences functional outcome scores as Amstutz et al. found in a case 

series of 923 patients that women improved more in walking, function, and the SF-12 mental 

component, whereas males improved more in activity at an average follow-up of 7 years.37 Others 

found a high level of sports activities after SRA surgery, with older patients being more active than 

younger patients.151 More patients participated more frequently in sports activities with a longer 

duration of activities following SRA.55,152 However, there was a decrease in high-impact activities 

with an increase in low-impact activities found in another survey of 138 patients at a mean of 2 years 

post-operatively.55 Several complaints were reported such as pain (5.9%), fear (4.6%), decreased 

strength and endurance (5.9%), and a limited range of motion (5.3%).55 Bozic et al. used a Markov 

decision model to evaluate the clinical and economic consequences of SRA compared to THA in the 

United States and concluded that over a 30-year follow-up period, SRA patients would experience 

modestly higher lifetime gains in quality adjusted life years with moderately higher health care costs 

compared to THA patients.159 However, the cost-effectiveness varied markedly by age and gender with 

lower incremental cost-effectiveness ratios in men compared to women and in younger patients 

compared to older patients.  

 SRA can improve terminal flexion by 17° to 32° over the preoperative values.25,55,156 However, 

Incavo et al. have shown in a cadaver study that there were significant deficiencies with 2 (25%) hips 

having deficits in extension, and 7 (88%) having deficits in flexion which were both normal with 

THA.160 Osteochondroplasty of the resurfaced neck was not considered in these SRA procedures 

whereas a decreased head-neck offset has been associated with a lack of flexion.99,161 With a typical 

resurfacing component, a head-to-neck ratio of 1.4 should be achieved and some surgeons even 
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consider femora with a head-neck ratio less than 1.2 to be unfavourable for resurfacing.25,162 

Osteochondroplasty could attempt to create an ideal head-neck offset but this can sometimes be 

difficult to achieve in SRA and then proper cup orientation becomes more important to optimize the 

range flexion.163-167 Malviya et al found in a series of 82 SRA that socket anteversion was more 

strongly associated with hip flexion than cup abduction or head-neck offset.168 Little is known about 

the lack of restoration of leg length discrepancies in SRA. One study has shown that 42% of patients 

had a limb-length discrepancy after surgery in comparison to 23% pre-operatively.55  

 Complications not directly leading to revision surgery have been noted with the incidence of nerve 

palsies being between 1.7% and 2.1%, which is higher than in THA (1%).33,169,170,171  Injury to the 

femoral neurovascular structures after hip resurfacing is rare (0,25% to 1.3%) if proper 

instrumentation is being used.32,89 Squeaking has been reported in short-term episodes with the 

incidence ranging from 3.4% to 10%. This could not be related to decreased patient satisfaction.89,172-

174 Clicking has been reported with a prevalence of 1.6%.33 

 

Conclusions 

Concerns regarding high rates of THA failure among young, active patients and a desire to 

preserve bone for future revision procedures has led to the development of hip resurfacing 

arthroplasty. The re-emergence of the resurfacing concept was initiated by the development of 

manufacturing processes that allowed producing more optimal metal bearing surfaces since the 

1990’s. The initial single centre reports supported favourable and promising outcomes, however there 

was a lack of multicentre scrutiny of this procedure. It is the merit of national joint replacement 

registries that large cohorts of patients could be followed and prognosticators for failure could be 

identified and compared to conventional THA, which remains the gold standard for hip replacement. 

Overall, this comparison is not in favour of SRA.  

Some of the cited advantages of SRA hold true despite the fact that some studies questioned the 

superior functionality following SRA.178 Patients undergoing SRA are active in sports and would like 

to take up sports again after the procedure.175 It appears realistic to allow patients regaining their active 

lifestyle following SRA although it can be anticipated that not all rigorous sport activities will be 

resumed. In addition, it can be questioned whether this is advisable because of the increased risk for 

high metal ion release during these activities. Moreover, SRA has been associated with improved cost-

effectiveness at long term, especially in young, male patients. These advantages are of importance for 

this young patient population but prognosticators that are associated with early failure or unfavourable 

functional outcome should be addressed. 

Despite careful laboratory testing, certain implant designs resulted in premature failure).30,31,53 

When the orthopaedic community at large is considered, the results from highly specialized centres 

may be misleading and perhaps overly optimistic as indicated by the NJRR. Based on the registry 
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data, SRA is associated with less optimal results than THA at 5 to 8 years. The lowest estimate of the 

additional risk for revision of SRA compared to THA was 1.4 times for matched patients during the 

first 7 years after surgery.31,53 However, these findings should be nuanced as the surgical techniques, 

implant designs and results are still evolving. Moreover, in depth analysis of the registry data and 

long-term case series allowed us to isolate prognosticators for implant failure. Briefly, the most 

important patient related factors are secondary osteoarthritis as the indication for surgery such as post-

childhood hip disorders or AVN, female gender, smaller component sizes and older age (>65 years for 

males and >55 years for females). In addition, surgical technique (approach and cementing technique) 

and component design were also important determinant factors for the risk of failure.  

 Component size as a prognosticator has been shown to be more important than gender. There may 

be a threshold proportion below which a THA should be considered. Some authors feel it should be 48 

mm or ≤ 42 mm but based on the registry data we feel a threshold of 50 mm seems more prudent, 

certainly for less experienced surgeons.36,37 Female gender does not seem to be a contra-indication for 

SRA.36,37,54 However, the outcomes of SRA in females are more dependent and vulnerable to other 

prognosticators such as age (<55 years), diagnosis (higher prevalence of dysplasia in women) and 

smaller component sizes. The latter two are more frequently found in female patients (83% size < 

50mm). Also, the adaptations of surgical techniques have been shown to more significantly improve 

the SRA outcomes in females than in males.37 Therefore, we feel that the indications for SRA should 

be even more stringent in females than in males.  

 Although the effect of component size on intermediate to long-term survivorship is most likely 

multifactorial, it remains uncertain what the most important patho-physiological mechanism is leading 

towards these adverse events. Analysis of the currently used cementing techniques has shown that 

there are possibilities for improvement that might optimize the survivorship of the implants. Direct 

cement packing on the prepared bone leads to the most reproducible and best cement mantle thickness 

and does not increase cement penetration into the bone at the site of the additional drill holes. 

Furthermore it decreases the risk for incomplete seating due to an oversized polar cement mantle 

thickness. These features minimize the risk for thermal necrosis. In addition, this risk might also be 

minimized if design modifications with proportional stem sizes in smaller components would be 

available. Finally, computer navigation can be used and is advisable in less experienced hands.  

 There is a broad choice of more than 10 resurfacing prostheses currently available in Europe. These 

devices have subtle differences in design in terms of material composition, dimensions of the stem, 

geometry and fixation, all of which have a role in the performance of the device. As a result, some 

devices have been associated with significantly higher risks of failure than others. Therefore, we 

believe that risk factors of these designs should be carefully identified, evaluated and improved. In 

addition, the design features of all currently available designs should be optimized to decrease the risk 

of edge loading, anterior over coverage of the rim and fixation to the bone. This will allow hip 

resurfacing to be used with more reliable results by the orthopaedic community at large. Also, 
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advanced research of different bearing surfaces should lead to surfaces that are not associated with 

concerns regarding adverse events such as metal hypersensitivities or trans-placental increased metal-

ion levels. However, correct placement of the components will remain a crucial prognosticator for the 

success of the procedure, regardless which bearing will be used. 

 Interestingly, the presumed ease of femoral-only revision cannot be extrapolated into a better 

outcome since the 5-year CRR of femoral-only revision (7%) was over twice the risk of revision of 

primary THA. In addition, the risk for re-revision following HRA was much higher than the risk for 

revision following conventional THA. Therefore, it is of paramount importance that as many risk 

factors as possible for failure of HRA are being neutralized in order to optimize the outcomes of this 

hip replacement concept that can be used to treat young and active patients. 
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C. Hip resurfacing data from the national joint replacement registries: What do they tell us? 

What do they not tell us? 

 

Introduction 

The surgical techniques for contemporary primary THA are well established. Several National 

Joint Replacement Registries (NJRR) have reported the intermediate- to long-term survivorship of 

THA.1-7 The data collected in the NJRR have some important weaknesses, but also represent the 

survivorship of thousands of implants.8 This allows for identifying various prognosticators for implant 

failure. 

Studies of risk factors of SRA highlight the importance of surgical expertise, patient selection 

criteria, and good bone quality for implant survival.9-13 Although resurfacing might be an alternative to 

conventional THA, these criteria specifically apply to SRA and could make these procedures more 

complex and potentially less reproducible than conventional THA.  The survivorship of various SRA 

designs has now been published from several NJRRs.1,7,14 and can be compared with those of 

conventional THA. 

We reviewed reports from the NJRR’s to determine whether the results of SRA are indeed less 

reproducible than those of THA and to highlight the strengths and the weaknesses when large 

registries are being used to assess the outcomes of hip procedures.  

 

Materials and Methods  

We obtained data on THA and SRA from the Annual Reports of the 2007 Australian, the English 

(and Welsh) Joint Replacement Registry (published in 2008), and the 2006 and 2007 Annual Swedish 

reports were also evaluated.1,6,7,14 We used the key words “hip replacement” and “joint replacement 

registries” to identify articles in PubMed that reported data from the NJRR and that had been 

published in the English literature between 2000 and 2009. The most recent data from the Finnish, 

Norwegian, and Danish NJRR on THA were derived from four published reports.2-5 

We then first compared the survival and revision rates of SRA with those of aged-matched THA 

results. Second, we compared the different failure modes of SRA and THA. The failure modes within 

the first 3 to 5 years could be compared in the Swedish NJRR but were not adjusted for age.6,7 Third, 

we identified the prognosticators for failure of THA reported in the NJRR. These were (1) gender; (2) 

age; (3) indication for surgery; (4) fixation mode; and (5) bearing surface. Three prognosticators were 

considered applicable for the survival of SRA: (1) gender; (2) age; and (3) indication for surgery. We 

then compared the influence of these three prognosticators on failure of SRA and THA. Finally, we 

searched the registries for the outcomes of the revisions of SRA. 

Revision rates were estimated in the registries using the Kaplan-Meier survival analysis 

method.1,6,7,14 Cumulative percent revision was used in the Australian registry.1 This term refers to the 
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complement (in probability) of the Kaplan-Meier survivorship function at a certain time, multiplied by 

100.1 Hazard ratios were used to evaluate the relative risks related to each risk factor with adjustment 

for the other factors. The log-rank tests and hazard ratios reported with each curve were used for 

analytical comparisons of prostheses survival in the Australian Registry.1 Multivariable Cox 

regression was used to estimate hazard ratios for prosthesis type, age group, sex, and indication for 

surgery as risk factors for revision. In all models, age was included as a categorical variable.6 Cox 

regression analysis to adjust for interference between different variables and the follow-up period and 

outcome was used in the Swedish registry.7 

 

Results 

The procedure type (SRA versus THA) was the most important predictor for implant survival of 

hip arthroplasty in England and Wales.6 After adjustment for age, gender, and physical status, SRA 

had a fivefold increased risk for revision and a considerably higher first-year revision rate of 1.6% in 

comparison to cemented THA (0.3%).6 The relative risk for revision after SRA was more than 

threefold after adjustment for age, gender, diagnosis, and approach in Sweden.7 In Australia, SRA had 

a higher (p < 0.001) revision rate than THA after adjustment for gender and age. The 5-year 

cumulative percentage revision rate (CRR) of SRA was 3.7% as opposed to 2.7% for THA (Table 1).1 

The Birmingham Hip Resurfacing (BHR) (Smith & Nephew, Memphis, TN) was the most commonly 

used device with the longest follow-up.1,6,7 The 3-year revision rate was 1.8% in England and Wales.6 

The revision burden was 3.4% for SRA in Sweden.7 The 7-year CRR was 4.6% as opposed to 3.4% 

for THA in Australia (Table 1).1 The number of revisions per 100 observed component years for the 

BHR was 0.8 as opposed to 2.6 and 2.3 for the ASR (DePuy, Warsaw, IN) and Durom (Zimmer, 

Warsaw, IN), respectively.1  

Aseptic loosening (31%) and fracture (31%) accounted for 66% of revisions of SRA.6,7 (Table 2) 

In THA, aseptic loosening (46%) and dislocation (19%) represented 66% of the indications for 

revision.6 Fifty-five percent of SRA revisions were directed toward the femoral components as 

opposed to only 12% of THA revisions. Cup only (14%), or both component revisions (31%) 

accounted for 45% of SRA revisions, whereas these revisions were performed in 86% of the THA 

cases in patients younger than 50 years of age.6,7 

We identified three prognosticators that differed with SRA and THA:  gender, age, surgical 

indication. Male patients had a lower risk of revision of SRA than females, irrespective of age.1,7 The 

5-year CRR for females was 2.5 times higher than that of males. This difference in failure rates 

disappeared after adjustment for femoral component sizes ≥ 50 mm, which were used in 14% of the 

female and in 84% of the male patients. In addition, within gender, head sizes ≥ 50 mm were 

associated with a lower (p < 0.001) risk of revision at 5 years, which was comparable to the CRR of 

THA (Table 1).1 
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Variable THA SRA THA SRA
Diagnosis

Osteoarthritis 2,7 3,7 3,4 4,6

Gender

   Male 2,8 2,6 3,7 2,9

   Female 2,7 6,5 3,2 NA

Age (years)

<55 3 3,1 3,6 3,6

55-64 2,9 4,1 3,9 5,4

64-75 2,6 5 3,4 NA

>75 2,7 9,9 3,1 NA

Gender; Age (years)

   Male        <55 2,5 2,2 2,8 2,4

55-64 2,8 2,5 4,2 NA

64-75 2,6 4,7 3,6 NA

>75 3,6 NA

   Female   <55 3,6 5,2 4,6 NA

55-64 3 8 3,5 NA

64-75 2,7 9,2 3,2 NA

>75 2,8 NA

Head Size (mm); Gender

<50; Male 5,5 NA

≥50; Male 2,1 2,4

<50; Female 7,3 NA

≥50; Female 2 NA

<44 9 NA

45-49 5,7 NA

50-54 2,2 2,4

>55 1,7 NA

5 Year CRR 7 Year CRR

 
 

 

 

  England-Wales [28] Sweden [39] Australia [5]
PP fracture 44% 31% 41%

Aseptic loosening 20% 31% NA

Pain 23% NA NA

Instability 4% NA NA

Osteolysis 4% NA NA

Technical issues NA 14% NA

Other (infection included) 12% 23% NA  
 

 

 

Table 1. The 5- and 7-year cummulative precent revision rates per variable are shown 
for THA and SRA. 

Table 2. Overview of the failure modes of SRA that were derived from the three NJRR. 
PP = peri-prosthetic  
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The 1-year failure rates of SRA in females (2.1%) were considerably higher than those for THA 

(0.3%) in Sweden.7 The 5-year CRR of SRA in females was more than twofold higher than that of 

THA (Table 1).1 Younger females did better with THA and THA in females with an older age at the 

time of surgery did best.1,6 At 5 years, however, the CRR of SRA (2.6%) was equal to THA (2.8%).1 

Males younger than 64 years of age did best with SRA.1,6 Finally, the differences in revision rates 

between SRA and THA were larger in females than in males (Table 1).1 Patients younger than 55 

years of age at the time of SRA had the lowest CRR at 1 and 5 years.1,6 The 5-year CRR in males 

younger than 65 years of age remained comparable to those younger than 55 years of age. In females, 

however, a dramatic increase in revision rates was seen in those between 55 and 64 years of age 

(Table 1).1 Age had an opposite effect on the 5-year CRR of SRA as compared with THA; the 

younger the patients undergoing SRA, the lower their 5-year CRR was as opposed to a lower CRR in 

older patients with THA (Table 1).1 The indications for SRA did not considerably vary between 

different NJRR with primary osteoarthritis (OA) accounting for 94% of the indications followed by 

DDH (3%) and AVN (2%), which were associated with a high 5-year CRR of 12% and 6%, 

respectively.1,7 The 5-year CRR of SRA for OA was 1% higher than that of THA. Whereas the 5-year 

CRR of SRA for DDH was four times higher than that of THA (3%).1  

Eleven percent of the revised SRAs were re-revised within 5 years in the Australian NJRR. The re-

revision rate of SRA was 2.8 per 100 observed component years. The 1-, 3-, and 5-year CRR were 

2.9%, 8.4%, and 11.1%, respectively. These results were similar to the re-revision rate of conventional 

THA (8.2% at 3 years) and were higher than the 1-, 3-, and 5-year CRR of primary THA (1.2%, 2%, 

and 2.7%, respectively).1  

 

Conclusions  

The results of new technologies such as the current-generation SRA devices reported from highly 

specialized centres are often the best possible results and do not necessarily reflect what is achieved 

with general use. 

 

Registries have a number of limitations.   

First, the weakest potential link remains the quality of data collection. This possible hazard is 

efficiently bypassed in the registries with the longest track records.1-7 with capture rates exceeding 

95% of cases performed. Unfortunately, the data from only a few registries are directly accessible and 

the data of some registries are only early follow-up data.1,6,7,14  

Second, failure of hip arthroplasties is often multifactorial.15 Registry data lack specific parameters 

important for the survival of the implant such as patient-related data (eg, body weight, femoral head 

cysts, surgical experience, and surgical technique (eg, computer-assisted navigation.9,11,13,16-20 
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Third, most often only revision is considered as a failure. Everything comes down to the definition 

of “failure”, which in survival analysis is interpreted as an event instead of a process such as loosening 

of a component.5,21 Radiographic features such as stem shaft angle and abduction of the socket are 

important for failures in SRA, but their influence as a predictor for failure will not be noticed if they 

are not captured in the database.10,16,22 Postoperative complications (eg, nerve palsy) can be considered 

as important modes of failure.11,23 The overall complication rate varied from 0% to 18% in a meta- 

analysis of 13 trials with 3594 SRAs (Table 3). The mean revision rate, however, was 3.7%.  

 
  Device (all hybrid) N hips (N patients) N revisions (%) NOF (%) Complications (%)

Years Percent 

Amstutz et al, 2004 (34) Conserve Plus 400 (355) 3.5 94.4 15 (3.5) 0.75 4.75

Beaulé et al, 2004 (10) Conserve Plus 94 (83) 3 97 5 (5.4) 1.1 6.4

Mont et al, 2007 (11) Conserve Plus 1016 (906) NA 94.2 54 (5.3) 2.7 17.6

Daniel et al, 2004 (25) McMinn/BHR 446 (384) 4;7* 99.8 1 (0.2) 0 0.2

Treacy et al, 2005 (33) BHR 144 (130) 5 98 3 (2.1) 1.4 3.5

McBryde et al, 2008 (29) BHR 96 (93) 5 100 0 0 0

Jacobs et al, 2008 (28) Cormet 57 (53) NA NA 3 (5.3) 7 8.8

Stulberg et al, 2008 (32) Cormet 2000 337 (337) 2 95.3 24 (7.1) 2.4 NA

Total 2590  (2341) 4-7 94-100 105 (4) 1.7 0-18

Back et al, 2005 (23) BHR 230 (212) NA 99.14 1 (0.4) 0 11

Hing et al, 2007 (27) 5-Year Follow-up results 5 99.1 1 (0.4) 0 12

Pollard et al, 2006 (30) BHR 54 (51) NA 94 4 (7.4) 5.6 9.3

Steffen et al, 2008 (31) BHR 610 (532) 4;7* 95.8;95.1 23 (3.8) 2 3.8

Heilpern et al, 2008 (26) BHR 110 (98) 6 96.3 4 (3.6) 1.8 7.3

Total 1004 (1000) 4-7 94-99 33 (3.3) 1.7 7-12

Survival 

Designer center

Non-designer center

 

 

The overall success rate would thus be an overestimation if only revision is considered as the end 

point. Functional parameters are especially important with regard to “failure” of SRA in the young, 

active patient. Some questionnaires (EQ-5D index) are now implemented in the Swedish Hip Registry, 

but no data on SRA are currently available. It will take approximately another 3 to 5 years before 

sufficient prospective data will be available.5 Therefore, taking all of these considerations together, the 

current “failure” rates of SRA and conventional THA, solely based on registry data with revision as 

the end point, may actually be an underestimation. We currently cannot conclude from the registry 

data whether SRA adds anything to the concept of hip arthroplasty.  

Fourth, poorly performing implant designs become obvious from the registry data after 5 to 7 

years, if not sooner.2,5 This was reproduced with specific SRA implants.1,7 The differences between 

well-performing implants are much harder to distinguish. Nevertheless, this would be desirable 

because the performance of most implants is continuously improving and we strive to identify the best 

Table 3. Overview of meta-analysis from the literature on failure of SRA (see also 1.III.B.). *One 
report (Hing, 2007) (27) was a follow-up report on the first series of Back (2005) [6]; *the 
results were reported at 4 and 7 years; SRA = surface replacement arthroplasty; BHR = 
Birmingham Hip Resurfacing; NA = data not available; N= number; NOF=neck of femur 
fracture.  
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implants. Confounding factors other than age, gender, and diagnosis are often not considered and 

therefore small differences between well-performing implants must be interpreted with caution. 

Additionally, lower rates of revision surgery have been observed in countries with longstanding 

registries.24 Registry results provide a feedback loop to the surgeons and have an impact on 

indications, procedures, and implants used.1,5 For example, since 2003, there has been little change in 

the proportion of females having primary THA in the Australian NJRR. However, there has been a 5% 

decline in females undergoing SRA over a time period of 4 years probably indicating the early higher 

revision rates in females with SRA had an impact on the indications for the procedure.1 In other 

words, there is some form of positive bias in general practice introduced by the use of NJRR.  

Finally, it is important to understand that registries may be capturing implants in different phases of 

their implementation. In other words, an implant that has been on the market for 10 years when a 

registry begins will not have any learning curve captured in the registry data compared to an implant 

that is released after the registry has begun. In the early years of a registry there is a bias introduced 

against new implants and technologies associated with a learning curve. Some may argue that is valid 

and all new implants should be assessed and compared to current well performing implants. Others 

may argue that this is an unfair bias potentially restricting being able to evaluate any proposed long-

term benefits of an implant by only focusing on the very short-term results. Obviously once a registry 

is well established and has been in place for many years this becomes less of a concern as each 

implants early year results can be evaluated and compared.  

 

Registries have a number of strengths.   

Registries provide an enormous amount of data with relevant information regarding survival rates 

that can be correlated to prognosticators such as primary diagnosis, age, and gender. The early failure 

rates of SRA as captured in the NJRR were somewhat higher but comparable to those reported in the 

literature (Table 3). However, they were substantially higher than those of THA after adjustment for 

age and gender.  

Important information can be derived from carefully evaluating the revision data in terms of which 

component failed and what the failure mode was. Aseptic loosening was a problem equivalent to 

periprosthetic fracture as being the indication for revision of SRA in 31% of the cases, which was 

similar to the incidence reported in the literature. and was 15% less than the incidence in revision of 

THA.10,11,13,16,25-33 In SRA, 55% of the time a stem-only revision was performed. In THA, 55% of the 

time, a cup only revision was performed. In other words, the resurfacing shells and the THA stems 

underwent the fewest revisions. Would the combination of both lead to fewer revisions in the younger 

patient population? Unfortunately, no data on large-diameter metal-on-metal THA are available yet. 

The effects of gender and age on survivorship are interrelated. There was an opposite effect of 

gender as a prognosticator for failure of SRA in comparison to THA, which could not be detected 

from the published studies on SRA survival (Table 3). Females with a SRA have a higher risk for 
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failure than age-matched males and females with a THA. In contrast, males younger than 65 years of 

age at the time of surgery had comparable, and even slightly improved, 5-year survival rates with SRA 

than with THA In addition, it would appear that one of the most important predictors for 5-year 

survival of SRA was the use of component sizes ≥ 50 mm in diameter. The survival rates of both 

females and males with these component sizes were equal to each other. Patients with OA as the 

primary diagnosis for hip arthroplasty had the best survival rates and the use of SRA for DDH and 

AVN should be cautioned.  

The premise that a revision of SRA leads to equal results of a primary THA should be cautiously 

re-evaluated because the 5-year re-revision rates of SRA (11%) were higher than those of primary 

THA at 5 (2.7%) and even 7 (3.4%) years. These re-revision rates were actually equal to the re-

revision rates of an all-component THA revision.  
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1. IV. The direct anterior and postero-lateral surgical approach in THA 

 

A. Introduction 

In this thesis we aim to find evidence that there is a need for more stringent and comprehensive 

outcomes when we want to discriminate between 2 techniques that appear ‘equally performing’ based 

upon conventional assessment tools. We believe that the comparison of 2 almost equally well 

performing surgical approaches could be helpful in reaching this goal. 

There are a number of surgical approaches to conduct THA, but the most frequently used are the 

postero-lateral approach (PLA), the direct lateral approach (DLA) and the direct anterior approach 

(DAA). The lateral approaches involve the necessary detachment of at least a portion of the gluteus 

minimus and medius from the greater trochanter. This approach has the advantage of a decreased 

dislocation rate, ranging from 0% to 2% with an average of 0.55%.1-3 However, the incidence of 

postoperative limp is reported in 4% to 20% of patients and has been attributed to disruption of the hip 

deltoid or injury to the superior gluteal nerve.1,3,4-6 The hip deltoid consists of the gluteus maximus, the 

tensor fascia lata (TFL) and the glutei muscles. The maximus and TFL muscles insert on the iliotibial 

band that joins them and forms the deltoid of the hip. The main function of the hip deltoid is to abduct 

and stabilize the pelvis. The PLA and DAA spare the hip deltoid and have thus a minimal risk for 

limping.7,8 

Comparing 2 approaches that spare the hip deltoid neutralizes 1 potential variable of the functional 

outcome following THA and will challenge the discriminative capacities of the conventional outcome 

measures. Both approaches perform maybe equally well at first glance. Consequently it remains 

unclear and subject of debate what contribution the surgical approach would make to early 

improvements in pain and function. Therefore, comparing both approaches with a more 

comprehensive platform is of interest and might shed new light on the influence of surgical approach 

on the overall performance of a THA.  

 

B. The postero-lateral approach 

The postero-lateral approach (PLA) is considered the ‘gold standard’ to which other approaches 

should be compared. The reported outcomes of the PLA are in general excellent and therefore it seems 

difficult to improve these results. The advantages of the posterior approach include surgeon 

familiarity, good exposure of the femur, and preservation of the gluteus medius and minimus.  

The posterior approach involves detachment of the posterior capsule, the tendons of piriformis, 

obturator internus and obturator externus.9-11 These muscles are stabilizers of the hip and their 

detachment has been implicated in the (sometimes) high dislocation rates reported with THA 

performed through the PLA. Dislocation remains the leading early complication of THA, occurring in 

0.4% to 11% of patients.12-15 A dislocation rate of up to 3.3% in 2161 patients was attributed to the 
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division of the posterior hip capsule, not repairing the short external rotators and acetabular 

component malposition.2,6,15-17 The dislocation rate decreased to 1.8% in 1224 patients with repair of 

the posterior external rotators18 An extensive literature review further underscored the importance of 

repair of the external rotators because the dislocation rate decreased from 3.2% without posterior 

repair to 2% when a posterior repair was done.2 Residual instability can become a problem because 

22% to 44% of patients with a dislocation required revision surgery for instability.1,16,19-25 The sciatic 

nerve is most vulnerable during the posterior approach with incidences of sometimes  more than 

1%.5,6,26 

 

C. The direct anterior approach 

Although the direct anterior approach (DAA) is not novel as such, there is considerable interest 

among patients, surgeons, and third-party payers about the potential benefits of muscle sparing THA. 

Proponents claim the direct anterior approach is the only truly inter-nervous muscle sparing approach 

to the hip. The issue remains whether THA performed through so-called muscle-sparing approaches 

truly minimizes muscle damage and whether this translates into faster functional recovery and 

diminished pain in the early postoperative period. Furthermore, the reproducibility of the results from 

specialized centers to the Orthopaedic community at large can be questioned.  

The Hueter anterior approach to the hip is a modification to the original Smith-Peterson approach 

and has been used by the Judet brothers for THA exposure since 1947.27-29 The initial technique 

involved removal of the anterior tensor fascia lata (TFL) from the anterolateral iliac crest, sectioning 

the reflected head of the rectus, and release of the piriformis. Since the initial description, the approach 

has been modified to allow exposure of the acetabulum and femur through a single, anterior incision. 

The damage to the posterior capsule and external rotators is minimized, potentially decreasing the risk 

for instability. A dislocation rate of 0.96% was reported after analysis of 1037 DAA cases.30 

Furthermore, the minimus and medius insertions remain intact which will reduce the postoperative 

limp and abductor dysfunction reported with the lateral approaches.2 The surgical approach is away 

from the sciatic and the superior gluteal nerve. Although the femoral nerve is not seen in the approach, 

it may be in jeopardy by anterior retractor placement, which must be positioned carefully underneath 

the iliopsoas muscle. The most frequently jeopardized nerve is the lateral femoral cutaneal nerve .31-33 

The approach is muscle sparing, using the inter-muscular and inter-nervous plane between the 

tensor fascia lata (TFL) and the sartorius / rectus femoris muscle. Access to the acetabulum is equal to 

those for any other surgical approaches, whereas a more demanding task is the preparation of the 

femur.34 This can be done with special instruments or tables. However, the most critical step is a 

systematic capsular release that allows minimizing the risk for damage of the posterior capsule and the 

short external rotators.8,30,34,35 Capsular releases have been variably described, and the strategy for 

releasing external rotators is to date not systematic.8,30,34-36 This explains some problematic learning 
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curve reports.37,38 Therefore, in order to make the procedure reproducible, more work regarding the 

femoral elevation strategy needs to be done. Cadaver work has shown that the TFL, the rectus femoris 

and (part of) the short external rotators can be damaged during the procedure.39 The hip deltoid is 

spared in any case. The DAA conserves the posterior tissues to a large extent and proper socket 

position is facilitated by the supine position during the surgery. As a consequence, reduction of the 

dislocation rate and early postoperative functional recovery can be expected, especially in the hands of 

surgeons specialized in arthroplasty.30,32,34-36 However, unintentional muscle damage does occur and 

there is still a risk of prolonged operation time, unfavourable component placement, and fractures 

during the learning curve.40 Anterior elevation of the proximal femur may minimize these 

complications but overzealous releasing of the posterolateral capsule can occur.34,41 Furthermore, the 

direct anterior approach subjects the lateral femoral cutaneous nerve and the femoral nerve to higher 

risk than lateral approaches.31-33 In conclusion, the presumed benefits with the new technique are 

possibly at the expense of a new panorama of complications and intraoperative difficulties.  

The postero-lateral approach has been shown to be reproducible in results and complications when 

conducted in the Orthopaedic community at large. In contrary to the PLA, there have been only few 

reports of the results of DAA performed by non-innovators.42-46 Only 1 publication reported the 

learning curve complications performed by community practice surgeons.46 This study even 

questioned whether the technique that utilizes the traction table is amendable for community practice 

surgeons.46 Therefore, documentation of the learning curve of surgeons with different levels of 

experience is important because the results may differ from the consistently positive reports published 

by joint arthroplasty specialists. We will investigate whether this holds true when the technique is 

done on a regular OR table with a systematic releasing sequence. Prior to the initiation of a 

multicentre learning curve study, we will try to detect the flaws associated with the approach in order 

make it more reproducible and minimize the learning curve complication rate, also in the hands of 

community practice surgeons.  

 

D. Conclusions 

All existing approaches for THA have advantages and disadvantages, and there are anatomic 

structures at risk during exposure with each type of approach. Both exposures allow implantation of 

regular components with well-established designs. In addition, both procedures can be done on any 

patient, and there is no need to select patients based on body habitus. But some flaws remain with the 

current DAA techniques. Therefore, the evidence based development and introduction of an optimized 

DAA technique can be used as a test case for the usefulness of a comprehensive outcome platform 

when it is compared to the PLA.  

First, the releasing sequence of the DAA will be optimized in an attempt to make it as reproducible 

as the PLA. The safety and reproducibility of the procedure will be investigated in a multi-centre 



 62 

learning curve study that focuses on complications. Next, it will be investigated whether the clinical 

impression of swift recovery and good functional results following the DAA holds true when the 

approach is subjected to a more extensive comparison with the PLA. Finally, the lessons learned from 

these observational investigations will be combined in the set-up of a comprehensive assessment 

platform that is used to initiate a larger multi-centre RCT.  
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Chapter 2:  

Objectives and methodology 

 

 

2. I. Aims of the thesis 

 

The goal of this thesis is to evaluate whether a comprehensive outcome platform can be created 

based upon a more global approach towards outcome assessments of surgical approaches in THA. 

First, an evidence-based and systematic DAA procedure will be developed and investigated for safety 

and reproducibility. Next, the prospective comparison of 2 approaches will be used to investigate the 

clinical validity and responsiveness of the 3 core-elements of the proposed outcome platform: the 

functional and clinical outcome, the biomechanical profile and the gait characteristics. Finally, this 

platform will be used in the design of a multi-centre RCT comparing both approaches. 

 

2. II. Methodology  

 

A. Proof of concept of a novel DAA technique.   

The direct anterior approach procedure with a stepwise femoral elevation strategy and retractor 

placement will be developed and investigated for safety. The reproducibility will be investigated in a 

cadaver study and a multi-centre initiation study (proof of concept) (Chapter 3).  

 

B. Optimizing outcome tools. 

The prospective data of 196 DAA and 209 PLA THA will be used to investigate whether the 

currently used outcome assessments can be optimized to make them more sensitive in detecting subtle 

but significant differences between 2 almost equally performing surgical techniques.  

a) The validity of normative functional outcome scores as a novel tool to compare 

both approaches will be investigated (first novelty) (Chapter 4).  

b) The radiographic measurement of the abductor moment arm as an additional 

biomechanical outcome parameter of soft tissue reconstruction will be validated 

(second novelty) (Chapter 5).  

c) The added value of gait analysis and more strenuous gait analysis tasks as an 

outcome parameter of THA will be investigated. An evidence-based biomechanical 

workflow that integrates gait analysis, EMG and dynamometry into patient specific 

musculo-skeletal models will be constructed (third novelty) (Chapter 6). 

 

C. Initiation of a multi-centre RCT with a comprehensive outcome platform. 
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The experiences from a long-term follow-up RCT and prospective case control series (Chapter 7) 

will be used to define the protocol of the multi-centre RCT that has been supported by a grant of IWT-

TBM nr 100786 (Chapter 8). 
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Chapter 3:  

Development and initiation of a new surgical concept. 

 

"The DAA on a regular OR table with one ipsilateral assistant: proof of concept of a stepwise 

procedure" 

 

Summary 

Lessons learned from the literature. We evaluated the surgical techniques and the literature data 

around the direct anterior approach. Femoral-sided complications were clearly the most important 

problem with incidences of up to 4% and 70% of complications are femoral sided. The surgical 

technique of the anterior approach is still evolving. Dedicated instrumentation has been introduced 

with a risk of increasing the complexity of the procedure. However, a stepwise and systematic 

procedure is the key to reproducibility, especially for the surgeon in his learning curve. This can be 

obtained by introducing an evidence based capsular releasing sequence prior to femoral elevation. We 

believe that any capsular release should find a balance between sufficient femoral exposure and 

minimal violation of the soft tissues. We also believe that the introduction of new instruments, tables 

or operating room staffing should be minimized because it is associated with higher costs and the risk 

of increasing the complexity of the procedure. Therefore, all efforts should be made to develop a 

procedure with the same level of reproducibility compared to the conventional procedures.   

Early personal experience: the need for an stepwise technique. Femoral elevation is the most 

difficult part of the procedure. The weak link of the direct anterior approach is the lack of evidence 

based soft tissue releasing sequences and femoral elevation strategies. Therefore, it is left to the 

judgement of the inexperienced surgeon to use case-based modifications of the releasing sequence. 

Consequently either the femoral elevation is not sufficient or the soft tissue release may be 

overzealous in some cases. This may result in a number of complications, which is supported by the 

literature. This was also the case in the early experience of the first 20 procedures of the author. 

Therefore, prior to moving on with this approach, an evidence based releasing sequence and femoral 

elevation strategy was developed and investigated in a cadaver study, a prospective learning curve 

series and a multi-centre learning curve series. 

Development of a stepwise femoral elevation strategy. Recent anatomic studies have improved 

our insights in the surgical anatomy of the proximal femur. We emerged anatomic findings of 3 

published studies into 1 femoral elevation strategy. The release of the superior capsule is the key to 

safely expose the femur during femoral preparation. However, this can only be done in case the 

superior margin of the greater trochanter is released together with the inner surface. It is likely that 

part of the short external rotators is damaged but due to the strong interconnections but this will not 

lead to retraction and subsequent instability. The emergence of all these theoretical considerations 
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formed the basis for an evidence based, stepwise and systematic soft tissue release during the direct 

anterior approach. The technique conducted on a regular OR table with the help of 1 ipsilateral 

assistant is described. The reproducibility and safety of this evidence-based femoral elevation strategy 

is validated in this chapter: (1) A preliminary cadaver study was conducted to validate the strategy; (2) 

A learning curve series of the author was presented; (3) A reproducibility cadaver study with surgeons 

with different levels of experience and (4) A multi-centre initiation study with community practice 

surgeons with different levels of volume.  

Preliminary cadaver study and complications of the learning curve series. The cadaver study 

showed the theoretical but evidence-based releasing and elevation strategy appeared to be safe and 

guided the surgeon through the most difficult step of the procedure. Based upon this experience, the 

author decided to carry on with the DAA for THA. The complications and other outcomes of 196 

DAA and 209 PLA THA were prospectively compared. There were 5 Grade III complications in each 

cohort (Adapted Dindo-Clavien classification for hip related complications). These complications 

require intervention. There were significantly less intra- or early (<3m) post-operative complications 

in the DAA cohort whereas the reversed was true for the late (>3m) follow-up period. The latter was 

associated with >36mm diameter articulating surfaces. There were 3 dislocations (1.4%) in the PLA 

cohort in comparison to none in the DAA series. Special attention was given to the incidence of 

femoral-sided complications and the incidence for nerve injuries. We encountered 2 (1%) fractures in 

comparison to 61 in 2.077 (3%) cases with the traction table technique. The incidence of 4 (1.4%) 

motor nerve lesions in the PLA cohort compared to 2 (1%) in the DAA group. All nerve injuries, 

except the inferior gluteal nerve injury in the PLA cohort, recovered uneventfully. The functional 

outcomes were not jeopardized during this learning curve series. Component positioning was not 

jeopardized during the learning curve. Acetabular component anteversion was significantly lower than 

in the PLA cohort. The presented DAA technique allows for optimal visibility of the acetabulum, 

which precludes the use of intra-operative fluoroscopy. The operating time and the intra-operative 

blood loss decreased with increasing experience. In conclusion, the procedure is associated with a 

learning curve that however has an acceptable complication rate, in comparison to the literature and to 

a prospective series of PLA THA. The investigated outcome parameters were not jeopardized during 

the learning curve. Large diameter articulations did not add any benefit to the approach, even not 

during the learning curve. Even more, they were associated with the late complcations. 

Reproducibility – validation test in a cadaver study. The reproducibility of the technique was 

investigated by a cadaver study with 7 cases conducted by an experienced surgeon, a beginner (15 

cases done) and first time participating surgeon. The retractors were reproducibly put in the safe 

positiosn. The femoral elevation strategy was safe and reproducible. The obturator internus tendon 

was violated in 60% of the cases. The incidence and extent of the non-intentional peri-articular soft 

tissue damage was experience dependent and compared favourably with previous studies. These 
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cadaver findings are an indication that surgeons with different levels of experience can reproduce the 

technique safely.  

Reproducibility – validation test in a multi-centre learning curve series. The complications of a 

low, intermediate and high volume community surgeon were evaluated after the surgeons had 

followed a dedicated training program. The complications were in line with the first author 

complication rate. The femoral-sided complication rate was 1.5%. There were 2 dislocations. There 

were 5 Grade 3 complications (1.8%). The lessons learned from this multi-centre initiation study are 

that dedicated training in conjunction to a stepwise surgical technique are the key to success. The 

multi-centre setting allowed us recruiting a reasonable amount of patients in a relatively limited time 

frame of only 10 months. However, it is difficult to assess the real learning curve in a non-academic 

multi-centre setting because bias towards less difficult patients is hard to control. In addition, there 

was also a high variability in the quality of radiographs, which precluded the radiographic assessment 

of component positioning.  

Conclusion. There was a need for a stepwise and evidence-based releasing sequence and femoral 

elevation strategy to safely conduct DAA THA. The merge of evidence from the literature into 1 

technique allowed reducing the specific complications associated with this technique. The 

reproducibility of the technique is validated because in total 3 surgeons with different levels of 

surgical experience were able to reproduce the complication rate of the first author. In addition, 2 other 

surgeons with a limited experience were able to reproduce the releasing sequence. We conclude that 

the ‘proof of concept’ of the presented technique is provided. Patients that are included in both cohorts 

will be assessed in more detailed analyses presented in the following chapters of this thesis. At first 

glance the ‘conventional’ comparison between both approaches does not indicate any difference. It is 

the purpose of this thesis to investigate whether differences between both cohorts would surface can 

when outcomes are being evaluated with a different approach than conventionally done.  

 

Scientific output: 

Publications: 

“The direct anterior approach on a regular OR table with one ipsilateral assistant: development of a 

safe surgical technique.” Submitted for publication to Clin Orthop Rel Res. 

 

Presentations: 

“The direct anterior approach on a regular OR table with one ipsilateral assistant: development of a 

safe and cost-efficient surgical technique.” Scientific exhibit at the AAOS, 19-24 March 2013, 

Chicago. 

“The learning curve complication rate of the direct anterior approach on a regular OR table is 

lower than the reported complication rate of the same approach on the traction table." European 

Hip Society meeting, Milano, 20-22 September 2012 (podium) 
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"The direct anterior approach on a regular OR table with one assistant next to the surgeon: 

description of a safe technique in 300 cases." European Hip Society meeting, Milano, 20-22 

September 2012 (poster) 

"Peri-articular pain following a THA conducted through the direct anterior and postero-lateral 

approach: A neglected problem?" European Hip Society meeting, Milano, 20-22 September 2012 

(poster) 

"Cost evaluation of the direct anterior and posterolateral surgical approach in THA." European 

Hip Society meeting, Milano, 20-22 September 2012 (poster) 

“A low complication rate with anterior total hip arthroplasties conducted on a regular or table.” 

ISTA meeting in Bruges, 20-23th of September 2011. (poster) 
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3. I. The DAA: development of a systematic surgical technique 

 

A. Historical insights: the regular OR table versus special table DAA techniques  

 

Carl Hueter (°1838) was the first surgeon to describe in 1881 the direct anterior approach to the hip 

in his ‘Compendium of Surgery’.1 The intermuscular plane between the sartorius muscle on the medial 

side and the tensor fascia lata (TFL) muscle on the lateral side was described for ‘resectio coxae’. It 

was Marius Smith-Petersen (°1886) who further popularized the approach in the English-speaking 

world by the first publication in the American Journal of Bone and Joint Surgery in 1917.2 He 

described the posterior extension of the anterior incision by sub-periostal elevation of the soft tissues 

from the anterior superior iliac spine (ASIS) along the iliac crest. This extensile incision was used at 

the Massachusetts General Hospital Orthopedic Clinic to obtain an excellent view on the hip in case of 

open reduction of developmental hip dysplasia.2  

Various modifications of the approach such as for the treatment of developmental hip dysplasia or 

peri-articular pelvic fractures have been described.1 Smith-Peterson in 1949 and the Judet brothers in 

1950 believed that it was essential avoiding ‘all damage to muscles and bones’ to treat end-stage 

arthritis of the hip with an artificial joint.3,4 Both authors felt that this could be best achieved with the 

anterior approach. Despite the initial enthusiasm, it was the report of Luck in 1973 that subdued the 

popularity of the DAA because he described how the approach 

hindered the insertion of a femoral stem.5 This report together with 

the growing success of Sir John Charnley’s trans-trochanteric 

approach for low friction THA further diminished the interest for 

the direct anterior approach. However, visionaries such as Wagner 

in 1978 and again the Judet brothers in 1985saw significant 

advantages of using the approach for resurfacing or total hip 

arthroplasty.6,7  The latter favored a specialized Orthopaedic table to 

dislocate the joint and expose the proximal femur without releasing 

the tensor fascia lata from the iliac wing in more than 50% of the 

cases.7 In general, 2 main streams of surgical DAA techniques 

surfaced over the years: one with a specialized ‘traction or position’ 

table and another by means a regular OR table. Both procedures utilize the Hueter approach but differ 

in the femoral elevation strategy, which is the most critical step of the procedure.  

 

The special table techniques. Siguier et al. and Matta et al. reported reproducible results with this 

special table technique.8,9  It was merely Joel Matta who popularized the technique and today the vast 

majority of the anterior approach surgeries in North America are conducted with the technique 

described by Matta (Figure 1).9 However, different femoral elevation strategies have been described 

Figure 1. The patient is 
installed on a special table.  
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which can be confusing for trainee-surgeons in their learning curve (Figure 2). Despite its success, 

some drawbacks should be mentioned.  

 Figure 2. The femoral elevation strategy for DAA on a traction table consists of various releasing sequences. 

(References). 

 

The table technique requires a significant investment of up to 100.000$. The procedure requires a 

good understanding of correct handling by the assistant who drives the extension of the table to expose 

the femur. Most attention in the technique is put on the femoral elevation device and the extension-

adduction-external rotation maneuver to elevate the femur. The capsular release is usually only 

conducted in case the femoral elevation is inadequate and does not allow proper femoral canal 

preparation (Figure 2). The result is that the capsular restraints can put high forces upon the femur 

prior to their release. This might be an explanation why the procedure has been associated with a high 

incidence of specific complications such ankle fractures, trochanter mass fractures or femoral 

perforations. The intra-operative complication rate varies between 2.6% and 3.8% with a femoral 

fracture rate of 1.9% to 2.7%  (Table 1). There is a steep learning curve that maybe could be reduced 

with an improved releasing sequence. Woolson et al. noted in a multicenter study that the incidence of 

fractures dropped considerably after the first year. The authors suggested that this was notably due to 

the more frequent use of releasing the short external rotators.10 Finally, other drawbacks of a special 

table are the difficulties in assessing component impingement, instability or leg length discrepancy. 
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Taking all these considerations together, some reports have cautioned for an unacceptably high 

complication rate for lower volume surgeons or for surgeons who already may have low complication 

rates with their conventional approach.10  

 
Table 1. The literature data on complications and re-operations are shown for the regular OR table11-15 and the 
special table8-10,16,17 DAA technique. *Because it was uncertain whether the study of Bhandari et al.17 also 
included patients of the other studies, we made a distinction between both data sets.  
 

The regular OR table techniques. Conducting the approach on a regular OR table bears several 

advantages such as the absence of extra-investments, ease-of-use and adequate assessment of leg 

length or implant stability. Although it is difficult to compare literature data, it appears that the intra-

operative complication rate is lower than the special table techniques. The reported intra-operative 

complication rates are 1.6% with a femoral sided fracture rate of 1.2% (Table 1). This might be 

attributed to 2 key differences with the traction table techniques. First, there is no long lever arm when 

!
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the femur is hyperextended. Second, the surgeon manually feels the soft tissue restraints when the 

femur is being manipulated. Both features minimize the risk for forceful manipulation of the femur. 

The key step of the DAA remains adequate exposure to the femoral canal. Again, there is a multitude 

of elevation strategies and capsular releasing sequences (Figure 3). In addition, various modifications 

 
Figure 3. Overview of different capsular releasing sequences that can be used to properly expose the femur for 
femoral preparation. (References). 
 
of the Hueter approach such as the 2-incision technique have been presented.18 Once more, the result 

is that it remains difficult for inexperienced surgeons to understand what the best elevation strategy is. 

In 1980 Light and Keggi described a modification of the anterior approach by splitting the anterior 

fibers of the tensor fascia lata muscle.19 In a second report they described one or more additional 

incisions in order to obtain optimal access to the acetabulum and the femur.20 Others have described 

modifications of the special table technique that were transposed to the regular OR table such as the 

use of a special bone hook.14,21 Rachbauer et al. described a technique with dedicated retractors.22 

Despite all these tips and tricks, a systematic surgical releasing sequence with clear guidelines to 

obtain an adequate exposure remains absent when the DAA is conducted on a regular OR table. In 

addition, the help of 2 assistants during the procedure is an important (financial) burden for surgeons 

to convert to this approach because most THA can be conducted through the conventional approaches 

with the help of only 1 assistant, next to the scrub nurse.  

Conclusion. It appears that the surgical technique of the anterior approach is still evolving. 

Dedicated instrumentation has been introduced with a risk of increasing the complexity of the 

procedure. However, a stepwise and systematic procedure is often the key to reproducibility, 
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especially for the surgeon in his learning curve. This learning curve is estimated to be between 20 and 

50 cases.10,23,24 A 30 case learning curve is not insignificant for a surgeon who averages 1 to 2 hip 

arthroplasties per month and all efforts should be undertaken to minimize this learning curve.10 This 

can be obtained by introducing an evidence based capsular releasing sequence prior to femoral 

elevation. We believe that any capsular release should find a balance between sufficient femoral 

exposure and minimal violation of the soft tissues. Finally, we also believe that the introduction of 

new instruments, tables or OR staffing should be minimized because it is associated with higher costs 

and the risk of increasing the complexity of the procedure. Therefore, all efforts should be made to 

develop a procedure with the same level of reproducibility compared to the conventional procedures.   

 

 

B. Lessons learned from the first 20 cases with the conventional DAA technique 

 

Introduction 

Tissue-sparing surgery may result in a higher complication rate, particularly in the so-called 

‘learning curve’ period. Some debate remains whether this learning curve implies the first 20, 30 or 50 

cases.10,23,24 Based upon the findings from the literature it appeared that the regular OR table 

techniques have the advantage of a lower risk for femoral fractures. Therefore, this technique was 

deemed preferable over the special table techniques.  

The author critically assessed the surgical performance and complications during his first 20 DAA 

cases on a regular OR table before continuing with the procedure.   

Patient population 

The direct anterior approach on a regular OR table was initiated in the University Hospital, 

Pellenberg, Belgium, in April 2010. During his 3 month clinical fellowship at the Schulthess Clinic, 

Zurich, CH, the author had learned the direct anterior approach on a regular OR table as described by 

Rachbauer et al. and Lovell et al.22,25 The author had assisted 45 primary THA cases conducted by a 

surgeon who was very experienced in the technique. The author had never conducted the surgery 

himself but had followed 3 cadaver courses and was equipped with audiovisual material. The author 

organized the OR similar to the OR set-up of his teacher who was always assisted by 2 residents and 1 

scrub nurse. The same draping sequence was utilized. The patients were not selected for BMI, age or 

muscle volume and 20 consecutive patients were operated by means of the DAA. Patients were 

informed about the risks of the procedure. 

Results 

The intra- and post-operative complications of the first 20 patients (11 females and 9 males) were 

meticulously reported (Table 2). All patients received a cementless stem (Polar, Smith & Nephew, 

Memphis, TN) and socket (R3, Smith & Nephew, Memphis, TN) with a 32mm articulating surface.  

The mean age of the patients was 66 years (range, 43 to 81). The mean BMI was 27 kg/m2. The mean 
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operation time was 85 minutes (range, 65 to 156). The mean intra-operative blood loss was 587ml 

(range, 300 to 1650) and the mean estimated total blood loss was 1367ml (range, 320 to 1867). Four 

patients required a blood transfusion of 1 (N=2) or 2 (N=2) units packed cells. The mean hospital stay 

was 5,8 days (range, 3 to 14).   
Gender Age BMI IO Blood loss Hb Pre-op Hb D1 Hb D5 Hb drop D1-5 Estim blood loss (D5)*UPC (N) HS (D)

Pat 1 F 80 22 600 13,6 11,4 9,9 3,7 1110 0 7
Pat 2 F 65 23 300 12,7 8,9 NA 2 5
Pat 3 M 63 28 600 16,3 12,6 10,6 5,7 1867 0 5
Pat 4 M 66 25 300 14,9 13,1 10,9 4 1234 0 4
Pat 5 F 69 22 400 13,8 9,7 8,6 5,2 1414 2 4
Pat 6 F 49 24 500 13,8 10,2 NA 932 0 3
Pat 7 F 77 31 400 13,3 10,9 8,6 4,7 1534 0 5
Pat 8 M 74 23 400 12,6 12,3 NA 0 6
Pat 9 M 66 31 1650 15 10,2 NA 0 5
Pat 10 M 68 30 500 13,2 11,2 10,2 3 1318 0 4
Pat 11 M 68 30 300 13,9 10,1 NA 0 6
Pat 12 M 75 31 1500 15,5 11,8 11,1 4,4 1800 0 5
Pat 13 F 43 26 1000 11,9 8,6 8,4 3,5 1275 1 5
Pat 14 F 81 31 350 11,3 11 10,4 0,9 320 0 9
Pat 15 F 49 21 630 13,6 9,4 7,9 5,7 1500 0 3
Pat 16 F 65 21 350 13,6 10,4 8,7 4,9 1235 0 6
Pat 17 F 67 30 750 12,8 8,9 NA 1 14
Pat 18 F 65 28 500 14,9 9,5 8,5 6,4 1805 0 7
Pat 19 M 52 35 350 12,2 10,7 9 3,2 1648 0 8
Pat 20 M 67 28 350 15,6 11,1 10,4 5,2 1512 0 5

Mean 65 27 587 13,7 10,6 9,5 4,3 1367 5,8
Min 43 21 300 11,3 8,6 7,9 0,9 320 3
Max 81 35 1650 16,3 13,1 11,1 6,4 1867 14  

Table 2. Overview of demographics, blood loss, transfusion need and hospital stay of the first 20 patients. IO = 
intra-operative; Hb = hemoglobin; Pre-op = pre-operative; D1 and D5 = day 1 and day 5 post-operatively; Estim 
blood loss = estimated blood loss calculated according to the formula described by Good et al. and Nadler et 
al.26,27; UPC = unit packed cells 
 

Fracture TFL tear Nerve lesion Other Re-operation
Pat 1
Pat 2 Tip trochanter LFCN meralgia LFCN release
Pat 3 IO bleeding
Pat 4
Pat 5
Pat 6
Pat 7
Pat 8 Tip trochanter
Pat 9 Calcar fissure Deep infection 2 Stage revision
Pat 10
Pat 11 1
Pat 12
Pat 13 1
Pat 14
Pat 15 1
Pat 16
Pat 17
Pat 18 1
Pat 19 Tip trochanter
Pat 20 Calcar fissure 1  
Table 3. Overview of complications and re-operations. LFCN = lateral femoral cutaneal nerve 
 

There were 5 intra-operative complications: 3 non-displaced fractures of the tip of the greater 

trochanter (Figure 4) and 2 non-displaced calcar fractures that were treated with a cerclage wire. In 

total 5 patients sustained a substantial TFL tear with interruption of the fibers for a depth of 

approximately 1cm. All patients recovered uneventfully. 
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There were 2 re-operations. There was 1 two-stage revision for 

a deep infection and 1 neurolysis of a neurinoma of the lateral 

femoral cutaneal nerve with meralgia paresthetica (LFCN) at 1 

year post-op. 

Conclusions  

The clinical recovery of the patients was very good and 

convincing. Except for the infection case, none of the 

complications had any clinical consequence during the early 

post-operative period. However, the high intra-operative 

femoral fracture rate required further critical investigation and 

optimization of the surgical technique prior to continuing with 

the procedure.  

Regardless the intensive training it became clear during the 

first 20 cases that the most difficult and variable step of the 

procedure remained the capsular release and the femoral 

elevation strategy. One of the major advantages of the DAA is 

the extremely low dislocation rate of 0.4% to 0.8% (Table 1). It 

is presumed that this low dislocation rate is due to 2 features of 

the DAA. First, the supine position might be associated with 

less variability in socket positioning. Second, the preservation 

of the posterior capsule and the short external rotators can lead 

to enhanced soft tissue stability. Therefore, it is the primary 

goal to preserve as much of the posterolateral structures as 

possible. The question, however, remains to what extent the 

preservation of the soft tissues outweighs the risks of 

insufficient femoral elevation because 94 of 127 (74%) reported complications with DAA are on the 

femoral side and 1.2% to 2.2% of procedures are complicated with a femur fracture (Table 1). The 

author encountered 5 femoral fractures during his first 20 cases. This could be explained by some 

reflections. First, adequate and straight access to the femoral canal is mandatory in order to minimize 

the risk of femoral complications. It is therefore key to find a safe window of sufficient capsular 

release without violating the posterior structures and jeopardizing the stability of the implant.28 It was 

very difficult to identify this window of opportunity because there were no objective parameters 

indicating a sufficient release. Even more, the anatomy of the insertion sites on the proximal femur 

was not well understood. As a result, the soft tissues where not sufficiently released and the femur 

could not be properly elevated. Consequently, several attempts of femoral exposure were required 

which put high stresses on the bone and increased the operative time and the intra-operative blood 

loss. One patient had an important intra-operative bleeding from the medial circumflex artery at the 

Figure 4. A non-displaced 
fracture of the tip of the greater 
trochanter was treated 
conservatively and the patient 
recovered uneventfully. In total 3 
fractures were encountered 
during the first 20 cases (15%), 
probably because of an 
insufficient capsular release. 
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posterior part of the femoral neck. This was due to an overzealous release. Second, a stepwise 

approach is necessary in order to teach the procedure in a systematic way to trainee surgeons. These 

reflections together with the findings from recent anatomic studies formed the basis for the 

development of an evidence-based and systematic releasing sequence and femoral elevation strategy. 

This development was required prior to continuing with the procedure. 

 

C. Rationale of the femoral elevation strategy 

 

Identification of the technical problems. There remains some confusion about the best strategy to 

obtain a good and reliable elevation of the femur (Figure 2 and 3). In brief, the literature describes 3 

major steps in the following sequence. In the first step, femoral elevation is conducted prior to 

capsular release. The limb is positioned in hyperextension, external rotation and adduction followed 

by elevation of the proximal femur with a bone hook around the femur9,20, retractors8,9,15,20,29 or manual 

pressure.8 The next step is the soft tissue release, which is conducted in case of insufficient exposure. 

The primary release is consists of releasing the superior8, posterior15, posterolateral29, lateral9 or 

medial20 capsule together with20 or without8,9,15,29 the release of the short external rotators. The 

secondary release is the release of the external rotators with varying sequences. One could start with 

releasing the piriformis, then the gemelli and then the obturator externus.29 Alternatively, one could 

start with the release of the obturator internus, piriformis and then the obturator externus.9 Finally, 

some authors advocate to only release the obturator internus and then the gemelli.15 Additionally 

double offset broach handles can be used in case the femur is insufficiently accessible for straight rasp 

handles.9,29 In conclusion, it is not clear what the best releasing and femoral elevation strategy is. As a 

result, it is left to the judgement of the inexperienced surgeon to use case-based modifications of the 

releasing sequence. Consequently either the femoral elevation is not sufficient or the soft tissue release 

may be overzealous in some cases. This may result in a number of complications, which is supported 

by the literature and the initial experience of the author.  
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Analysis of the femoral 

elevation strategy. 

Elevation of the femur is the 

most difficult part of the 

procedure. The elevation 

strategy can be divided into 

2 distinct parts: the 

manoeuvre of femoral 

elevation and the capsular 

release. The question is what 

the most optimal sequence 

would be to safely expose 

the femur. In the literature, it 

is mostly advocated to 

mobilize the femur prior to 

any soft tissue 

release.8,9,15,20,29 However, 

the soft tissues are important 

restraints for femoral 

mobilisation. In case the 

proximal femur cannot be 

gently delivered from the pelvis, there is an increased risk for fractures because either forceful 

manoeuvres are applied or the trochanter might remain stuck behind the acetabular rim. As a result 

proximal or spiral fractures could occur. This is supported by the high incidence of proximal femur 

fractures when the capsule is not released first such as in the special table techniques (Table 1). In 

addition, the access to the femur might be inadequate with an increased risk for component mal-

positioning or femoral perforation. Therefore, it appears more logic to release the soft tissue restraints 

prior to the elevation manoeuvre. Furthermore, femoral elevation implies not only anterior but also 

lateral displacement of the tip of the greater trochanter beyond the posterior acetabular rim. This 

cannot be achieved with femoral hyperextension alone but can only be done under gentle and direct 

control of the surgeon: the surgeon pulls the tip away and beyond the acetabular rim. Therefore, we 

suggest the following sequence: first the surgeon conducts a stepwise release of the soft tissues that is 

followed by a gentle displacement of the femur in the lateral and anterior direction. This will minimize 

the forces acting upon the femur and will allow delivering the femur in the correct position, often 

without the need of femoral hyperextension.28 The risk for forceful manoeuvres and consequent 

fractures is thus minimized which would theoretically minimize the number of learning case 

complications of which 70% are femoral fractures.  

Figure 5. Surgical view on the anatomy of the insertions of the soft tissues 
of the proximal part of the right femur.25,28  The interconnections between 
the short external rotators and the abductors are also shown.30 
!
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Evidence based soft tissue release. The key is to understand which structures should be released 

for proper mobilisation of the femur. Recent anatomic studies have improved our insights in the 

surgical anatomy of the proximal femur (Figure 5).25,28,30,31 We emerged these insights into 1 femoral 

elevation strategy. The soft tissue release can either be (1) a capsular release, a release of the insertions 

of the short external rotators or (3) a combination of both. Preferably the release is restricted to the 

capsular release. The question is whether this is possible. Matsuura et al. found in a cadaver study that 

the release of the superior capsule allowed for more elevation than release of the posterior capsule 

with the hip in 15° and 25° of extension.28 He defined the superior capsule as the part that was 

attached between the ilium and the trochanteric fossa. The posterior capsule was defined as the part 

that was attached between the posterior rim of the acetabulum and the posterior surface of the femoral 

neck. Further hyperextension decreased the femoral elevation and no effects of additional release of 

the internal obturator tendon were observed. However, the authors only checked for elevation and not 

for lateral displacement. It is in the latter that the release of the contracted obturator internus might be 

important. Lateral displacement allows the tip of the trochanter to pass beyond the posterior acetabular 

rim.25 Releasing the obturator internus could potentially lead to dysfunction in case it would retract. It 

was shown by Solomon et al. that retraction after release is unlikely to occur due to strong 

interconnections between the postero-superior capsule and the different short external rotators (Figure 

5).30 The question remains whether it is possible to avoid releasing any of the external rotators when 

the superior capsule is released. Ito et al. showed that the anterior insertion site of the conjoined 

tendon of the obturator internus and the gemelli varies significantly and is closely related to the 

insertion site of the superior capsule.31 Moreover, the insertion site of the conjoined tendon is also very 

closely related to the piriformis tendon.31 It is thus not unlikely that the insertion sites of the short 
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external rotators are also damaged when the superior capsule is released (Figure 6). Traditionally it is 

advocated to release the inner surface of the greater trochanter. Solomon et al. described however that 

the tendons of the piriformis and obturator internus converge into a conjoint tendon before inserting on 

the superior, anterior and inner margins of the greater trochanter.30 After its formation, the tendon 

flattens and inserts on the superior margin and the entire medial surface of the greater trochanter as far 

as the proximal part of the anterior intertrochanteric line.30 These findings indicate a close 

interconnection between the postero-superior capsule, the gluteus medius and the short external 

rotators, which is in accordance to Ito et al.31 These findings also suggest that not only the medial 

surface but also the superior margin of the greater trochanter should be released. In conclusion, the 

release of the superior capsule should be sufficient to safely elevate the femur during femoral 

preparation. However, this can only be done in case the anterior and superior margin of the greater 

trochanter is released together with the inner surface. It is likely that part of the short external rotators 

is damaged but due to the strong interconnections it is unlikely that this would lead to retraction and 

subsequent instability. Releasing the obturator internus and gemelli would not lead to retraction 

because of the interconnections with the posterior capsule, the piriformis and the obturator externus. 

The unintentional release of the 

piriformis would not lead to retraction 

because of its posterior 

interconnections with the gluteus 

medius and its infero-medial 

interconnections with the posterior 

capsule and the obturator externus.30  

Figure 6. The obturator internus tendon can be damaged and 
even unintentionally fully released. Due to the strong 
interconnections it would not retract. Furthermore, it is clear 
that not only the inner surface of the anterior part of the greater 
trochanter but also the superior margin needs releasing in order 
to access the space between the greater trochanter and the 
abductors.30 
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Surgical landmarks. A crucial step for a reproducible procedure is providing surgeons intra-

operative landmarks for a sufficient release. Again the literature suggests some possible solutions. 

First, Solomon et al. defined a distinct fat pad anterior to the interconnections between the conjoint 

tendon and the gluteus medius. The authors suggested that exposure of this fat pad would be an 

important landmark for sufficient release of the greater trochanter with enhanced mobilisation of the 

gluteus medius and proximal femur during PLA surgery.30 Transposing these findings to the DAA 

implies that the appearance of the fat pad during the release would indicate that the space between the 

trochanteric insertion of gluteus medius and the bold spot at the lateral surface of the greater trochanter 

is accessible. This would indicate enhanced mobilisation of the proximal femur and free access to the 

lateral trochanter for safe retractor placement without violating any of the abductor muscles (Figure 

7).30  Second, Ito et al. have shown that the anterior insertion site of the obturator internus was within 

the anterior half (i.e. 43%) of the antero-posterior width of the inner surface of the greater trochanter. 

The superior capsule inserts anteriorly to 

the obturator internus. As a result, the 

posterior extension of the capsular release 

should not go beyond the most postero-

superior edge of the femoral neck-

trochanter junction because this would also 

jeopardize the piriformis and the postero-

superior capsule.31 The release should thus 

be limited to the anterior 10-15mm and 

should not extend beyond this landmark. 

Finally, the surgeon pulls the femur in the 

lateral and anterior direction. When the 

femur is properly released, the tip of the 

greater trochanter can be elevated beyond 

the acetabular rim without hyperextension. 

This can easily be checked. The manual 

pull also allows the surgeon to perfectly 

feel when the femur is delivered. 

Unfortunately, this is only a qualitative 

measure and is prone to inter-subject 

variability which will make it less 

reproducible as a surgical landmark. A distinct intra-operative finding is the capsular ‘flip sign’. The 

postero-superior capsule will flip over the tip of the greater trochanter when the femur is pulled in the 

lateral and anterior direction. This is a distinct indication for a sufficient superior capsular release. 

Costs. Another important burden for surgeons to convert to the direct anterior approach is the 

Figure 7. The retractor can be safely put at the interval 
between the gluteus minimus and the greater trochanter 
when the fat pad becomes visible. The appearance of 
this fat pad indicates free access to the bold spot at the 
lateral surface of the greater trochanter.30 Often the 
obturator internus will be cut due to its close insertion 
to the superior capsule.31 The inner surface and the 
superior margin of the greater trochanter is free of 
tissue. 
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introduction of extra-costs. It is advocated by some surgeons that the femoral elevation requires 

specialized extension tables, special instruments or more assistants helping during the procedure. Most 

surgeons conduct conventional THA with the help of only 1 assistant. Therefore, the DAA procedure 

should be conducted on a regular OR table with only 1 assistant helping next to the surgeon. 

Conclusions. The emergence of all these theoretical considerations formed the basis for an 

evidence based, stepwise and systematic soft tissue release during the direct anterior approach. The 

reproducibility and safety of this evidence-based femoral elevation strategy needs to be validated. This 

will be done in the following studies: (1) A preliminary cadaver study to validate the strategy; (2) A 

learning curve series of the author; (3) A reproducibility cadaver study with surgeons with different 

levels of experience and (4) A multi-centre initiation study with community practice surgeons with 

different levels of volume. First a detailed description of the femoral elevation strategy and the full 

procedure will be presented. 
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3. II. Description of the surgical procedure 

 

Surgeons with different levels of experience and volume should be able to reproducibly conduct the 

surgical procedure. This can only be achieved when clear guidelines and an evidence-based algorithm 

are provided to (in-) experienced surgeons. In this section we will first discuss in detail the rationale to 

conduct the superior soft tissue release in a stepwise way. This is the most crucial step of the direct 

anterior approach. Next, we will describe the full procedure with one assistant helping next to the 

surgeon on the ipsilateral side of the patient.    
 

A. Preliminary cadaver 

study to validate the 

elevation strategy 

Introduction 

Based upon the 

literature findings and 

the abovementioned 

considerations (section 

3.I), the author 

conducted a preliminary 

cadaver study to validate 

the femoral elevation 

strategy.  

 

Materials and methods  

Five cementless THA 

were conducted on 3 

male and 2 female 

specimens. All 

specimens had an 

estimated BMI <30 

kg/m2. The following capsular releasing sequence and elevation strategy was used (Figure 1): antero-

superior capsulectomy, femoral head extraction  and inferior capsulotomy at the level of the calcar. 

The superior release was then conducted. First, a bone hook was put in the femur at the level of the 

osteotomized calcar to provide manual traction in the lateral and anterior direction. Next, the superior 

release was started at the anterior one third of the 

Figure 1. Evidence based femoral elevation strategy.  
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inner surface of the greater trochanter (Figure 2).1  Third, the conjoint tendon was released from the 

superior margin of the greater trochanter at the level of the superior capsule because it has got strong 

connections with the superior capsule.2 The release of the inner surface and superior margin of the 

greater trochanter was done until the fat pad anterior to the gluteus medius was visible and the bold 

spot of the greater trochanter was accessible with the finger. The release did not extend beyond the 

level of the postero-superior corner of the femoral neck - trochanter junction. Prior to femoral 

elevation, the surgeon has got 3 checkpoints for proper capsular release. First, the fat pad should be 

visible. Second, the bold spot of the trochanter should be accessible with the finger. Third, the tip of 

the greater trochanter should be pulled beyond the acetabular rim. The tip should remain covered with 

soft tissues (capsule, obturator internus and piriformis) that flip over the tip when manual traction is 

applied on the bone hook in the lateral and anterior direction. This capsular ‘flip sign’ should be 

obvious. The leg is in neutral position without any hyperextension or adduction. In case the 3 

checkpoints are obvious, the proximal femur is mobile enough and the double-pronged trochanter 

retractor can then be safely positioned between the muscles and the trochanter at the level of the bold 

spot (Figure 2). The femur remains under manual traction elevated away from the acetabular rim. The 

retractor is inserted at its position anterior to the TFL and minimus muscle and behind the greater 

Figure 2. Overview of the releasing sequence of the superior capsule. 
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trochanter. In other words, it is not the retractor but the manual traction that lifts the femur out of the 

wound. The retractor basically keeps the femur elevated beyond the acetabular rim and the muscles. 

The leg can then be adducted and externally rotated. Maximally 10° of hyperextension can be used, 

but most often no hyperextension is required.  

It was the aim of this preliminary study to test whether the proposed strategy allowed for sufficient 

femoral elevation and whether the proposed surgical checkpoints were consistently present.              

 

Results  

There were no complications. The tip of the trochanter could always be displaced beyond the 

acetabular rim and elevation of the femur always provided excellent access to the femoral canal. The 

peri-articular muscles were not damaged. The 3 surgical checkpoints were consistently found during 

each procedure. 

The superior capsule was always fully released from the inner surface and superior margin of the 

greater trochanter. The insertion of the obturator internus-gemelli was always released. The piriformis 

always remains inserted onto the trochanter but was partially damaged in 3 out of 5 specimens. The 

obturator internus remained nicely adherent tot the posterolateral soft tissues in all cases. 

Hyperextension of the femur was not required in 4 out of 5 specimens: neutral extension was 

sufficient in conjunction with adduction and external rotation. The posterior capsule and the obturator 

externus always remained intact.  

 

Conclusion 

The theoretical but evidence-based releasing and elevation strategy appeared to be safe and guided 

the surgeon through the most difficult step of the procedure. Based upon this experience, the author 

decided to carry on with the direct anterior approach for primary THA, revision THA and complex 

primary THA.  

 
 
B. Description of the surgical procedure.  

 

1. Introduction 

 

The new anatomic insights1,2,4 were merged with the basic principles of the previously described 

surgical technique of Lovell et al.3 The technique was a refinement by breaking the procedure down 

into 3 distinct and consecutive parts: (1) incision and capsular exposure, (2) soft tissue release and (3) 

component insertion. The described technique allows conducting THA through the direct anterior 

approach in a supine position on a regular table and with 1 assistant helping on the ipsilateral side of 

the patient. No extra devices or staffing are required in comparison to the posterolateral approach 

(PLA).  
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2. OR set-up and draping  

The draping sequence with the DAA on a regular OR table can be cumbersome. Some tips and 

tricks might be helpful when preparing the patient. The patient is positioned supine on a regular OR 

table that allows for 10° of hyperextension, in case this would be 

required. Two metal rods are connected to the contra-lateral side 

of the table (Figure 3). These rods allow for retractor fixation 

during the procedure (Figure 4a-b). The rods are covered by the 

2 sterile drapes to prevent perforation. One rod is at the level of 

the contra-lateral trochanter and holds a bolster. This bolster is 

attached to the greater trochanter and prevents shifting of the 

pelvis during femoral preparation. A second rod is attached more 

cranial to the table, at the level of the contra-lateral kidney. This 

rod will hold the chain that is connected to the anterior acetabular 

retractor (Figure 4a). This retractor should be directed towards 

the contralateral kidney for safe retractor placement. The more distal rod with the bolster will hold the 

calcar retractor during femoral preparation (Figure 4b). Both legs are in a leg holder (Figure 5). This 

(a)  (b)     

 

 

 

Figure 3. Two rods are connected 
to the side bar of the table at the 
level of the contralateral 
trochanter and kidney. 
!

Figure 4. (a) The anterior acetabular retractor is held in place by 
a chain that is connected to the cranial rod at the level of the 
contra-lateral kidney. (b) The calcar retractor is connected to the 
distal rod during femoral preparation. 
!

Figure 5. Both legs in 
leg holder 
!
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allows for easy preparation of both legs 

without extra human resources. The leg 

holders are removed and both feed are 

protected with a stockinet. A split sheet is 

unfolded. The perineum is covered with a 

sterile drape. A large sheet covers the 

abdomen and thorax. The perineal area is 

protected with a sticky tape. The stockinet 

is unfolded. A double holed sheet is used to 

cover the abdomen and perineum with a 

second layer. Both legs are put through the 

holes. A quadrangular opening is created at 

the level of the incision. This is covered 

with a sterile sticky tape (Figure 6). Finally a large drape creates a boundary at the cranial site of the 

patient. The presented draping sequence takes about 5 minutes and minimizes the risk for 

decontamination. It allows for stability and leg length assessment because both legs are draped free. 

3. Description  

The procedure consists of 3 major parts: capsular exposure, capsular release and component 

insertion.  

Part 1: Incision and capsular 

exposure. The inter-muscular interval 

between the tensor fascia lata (TFL) 

(laterally) and the sartorius - rectus 

femoris (medially) is opened. The 

innominate fascia of the rectus femoris 

over the capsule is incised after 

coagulation or ligation of the lateral 

circumflex vessels. Stepwise 

positioning of the retractors will  

provide an optimal view on the anterior 

capsule. First, the superior blunt 

retractor is put between the gluteus 

minimus and the superior capsule. The 

assistant, who is standing next to the 

surgeon on the cranial side of the 

patient, holds this retractor. The calcar 

Figure 6. Both legs are free which allows for easy leg 
length assessment and implant stability testing. 

Figure 7. A dissected right hip specimen is shown. The 
superior, inferior and lateral retractors provide an excellent view 
on the anterior structures. The TFL (arrow) is retracted in the 
lateral direction. Especially the anterior capsule (*) is clearly 
visible together with the conjoined insertion of the vastus 
intermedius and lateralis (°). The direct head of the rectus 
femoris is identified (forceps and ¶) and overlies the 
iliocapsularis muscle (^). 
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is felt bluntly with the fingertip. This can only be done in case the innominate fascia has been incised. 

A second blunt inferior retractor is glided over the medial surface of the femur, just distal to the lesser 

trochanter. This second retractor is fixed to the contralateral leg. Because the TFL muscle belly often 

jeopardises the view, the muscle can be retracted laterally by placing a blunt double-pronged bowed 

retractor just distal to the vastus ridge at the lateral side of the proximal femur. This third retractor is 

held in place by a small weight (300g) (Figure 7). Next, the anterior capsule is exposed by resection 

of the anterior fat pad over the capsule.  

(a) (b) 

Figure 8. (a) The iliocapsularis muscle (^) is peeled off the anterior capsule with a small tipped retractor that is 
put onto the head. A safe pouch is created from the AIIS to 2cm distally to it. The reflected head (≈) is left intact 
and indicates the position of the AIIS. (b) A 10mm tipped retractor is positioned over the anterior acetabular rim. 
The direct head of rectus femoris is shown (¶).  
 

The surgeon will then have an excellent view on the lateral border of the rectus femoris and 

iliocapsularis muscle. The identification of these muscles is crucial because they determine the 

protective boundary for the pelvic neurovascular structures during anterior retractor placement. The 

leg can be slightly (10-20°) flexed to minimize tension the neurovascular structures.  A soft spot is 

always felt at the caudal one half of the hip capsule, just underneath the iliocapsularis muscle. A small 

tipped retractor is placed underneath the iliocapsularis muscle over the femoral head (Figure 8a-b). 

The muscle is lifted and the connections between the capsule and the iliocapsularis muscle are 

released from the anterior inferior iliac spine (AIIS) to 2cm distally to it. As a result, a safe working 

space is created between the antero-superior capsule and the iliocapsularis muscle. The anterior rim of 

the acetabulum can be felt starting from the AIIS to 2cm distally. This is the same location where the 

anterior retractor is positioned during other approaches. A curved 10mm tipped retractor is then 

positioned under direct visualisation just distally to the AIIS and aiming towards the contralateral 

kidney (Figure 8c). In case the surgeon does not feel comfortable with the position of this retractor, 

the tip of the retractor is placed onto the femoral head. This retractor is fixed to the contra-lateral side 

of the table (Figure 4a). 
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Part 2: capsular releases. This release consists of 

3 steps: (1) antero-superior capsulectomy and 

femoral head removal, (2) inferior capsular release 

and (3) superior soft tissue release. The first 2 steps 

are similar to those described by Lovell et al.3 

 Step 1: antero-superior capsulectomy and 

femoral head removal. In brief, the superior half of 

the anterior capsule is removed. The conjoined 

muscle insertion of the vastus intermedius and vastus 

lateralis at the intertrochanteric ridge marks the 

lateral border of the capsule. The superior part of the 

capsule is excised just enough to obtain a good view 

on the femoral head and to remove any possible 

 
Figure 9. (a) The antero-superior capsule is excised and the superior retractor is put intra-articularly to protect 
the trochanter during the neck osteotomy. (b) The inferior retractor is also put intra-articularly and protects the 
less trochanter. (c) The neck osteotomy is done at the templated position and after the corkscrew has been put 
into the head. (d) The head is extracted by levering it on the calcar.  
 

obstruction when dislocating the head after the neck osteotomy. The retractors are placed intra-

articularly in order to protect the greater trochanter and the lesser trochanter during the neck 

Figure 8. (c) The surgical view is shown and 
the reflected head is indicated with the forceps.  
!
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osteotomy (Figure 9a-b). Next, a corkscrew is screwed into the antero-superior part of the head. The 

corkscrew is directed away from the lateral side otherwise it might obstruct the cutting saw during the 

neck osteotomy. The base of the neck is identified at the neck-trochanter junction. The neck osteotomy 

starts from the base of the neck superiorly and aims distally to the lateral border of the inferior 

retractor, which is 1cm proximal to the lesser trochanter. The neck osteotomy is usually located 

approximately 5mm medial from the inter-trochanteric ridge. The ridge can be felt at the medial 

border from the conjoined muscle belly of the vastus intermedius and the vastus lateralis muscle. 

However, the direction and position of the neck cut should always be templated pre-operatively and is 

thus case dependent. It is advisable to start the osteotomy superiorly and end up with the calcar 

osteotomy because this would better allow assessing when the calcar osteotomy has been completed. 

There is often a slight movement of the corkscrew when the calcar osteotomy is completed. The head 

is extracted by levering the osteotomy on the calcar in the direction of the incision. This protects the 

tensor fascia lata muscle from damaging (Figure 9c-d). Care is taken not to damage the TFL muscle 

 
Figure 10. (a) The femur is slightly externally rotated in order to better identify the calcar. The inferior capsule 
is clearly shown. All peri-articular muscles except the glutei have been removed. The remnants of the psoas 
(forceps) and direct and reflected head of the rectus femoris are still visible. The inferior capsule at the calcar 
just between the osteotomy and the base of the lesser trochanter is shown. (b) The inferior capsule (forceps) is 
released until the base of the lesser trochanter can be felt.  
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during the neck osteotomy. Step 2: inferior capsular release. The next step is to release the inferior 

capsule from the calcar because the inferior capsule is a restraint to anterior elevation of the femur. In 

order to do this, slight external rotation is required. This can be achieved by a lazy figure-of-four 

position of the leg over the contra-lateral leg. The ligament is then easily identified and released from 

the calcar without jeopardizing the psoas tendon. The release has been completed in case the surgeon 

can simply palpate the base of the lesser trochanter (Figure 10a-b). Step 3: superior soft tissue 

release. The leg is again put in neutral position and a bone hook is put into the calcar. The calcar bone 

is strong enough to withstand the manual traction 

forces. The surgeon pulls the femur in the lateral 

and anterior direction, away from the pelvis. As a 

result, the leg automatically twists in slight 

external rotation because of the tension on the 

postero-superior capsular structures. The 

trochanter fossa directly faces towards the 

surgeon who has a clear view on the antero-

superior soft tissues (Figure 11a-c). The 

systematic soft tissue release as described above 

(3.II.A.)(Figure 2) is then conducted under direct 

control and view of the surgeon. The most 

anterior capsular insertion site is incised in a 1cm 

cranio-caudal direction perpendicular to the inner 

surface of the trochanter fossa (Figure 11c-e). 

Care is taken not to violate the anterior tendinous 

part of the gluteus minimus or its insertion site at 

the anterior part of the greater trochanter. The 

capsule is then peeled off the inner surface under 

direct pull on the femur in the lateral and anterior 

direction. It is the intention to release the soft 

tissues in the following sequence: (1) the 

superior capsule from the inner surface and 

superior margin of the greater trochanter and (2) 

(if required) the obturator internus conjoint 

tendon from the superior margin and inner  

Figure 11. (b) Surgeon’s view on the right hip. A bone hook is put in the femur at the level of the calcar. The 
femur is pulled away from the pelvis in the lateral and anterior direction. The superior capsule is under tension. 
The minimus (^) is retracted away by the Langenbeck retractor in order to optimize the view on the superior 
capsule (¶). The posterior capsule is clearly visible (*). 
 

Figure 11. (a) Schematic drawing of the right hip 
specimen. 
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surface of the greater trochanter until the fat pad underneath the gluteus medius is visible (Figure 2 

and 11d-e). The bold spot at lateral surface of the greater trochanter is then easily palpable with the 

finger and the tip of the greater trochanter should be located beyond the acetabular rim. The capsular 

flip sign should be present. Further release would imply releasing the following structures from 

anterior to posterior: the piriformis tendon, the posterior capsule and the obturator externus.  

(c) (d) 

(e) 

Figure 11. (c) Surgical view on the capsule that is incised in a cranio-caudal direction starting from anterior 
(indicated with the knife). (d) The fat pad (blue arrow) between the glutei and the lateral trochanter is shown. (e) 
This fat pad will become visible once a proper release is done (blue arrow). The anterior part of the inner and 
superior trochanter surface (blue triangle) was released until the level of the posterior cortex of the neck 
(indicated with the forceps). The insertion of the OI is shown (dashed arrow) and was not released in this case. 
The posterior capsule remained adherent to the proximal femur (*). 



 95 

Again, it is the primary aim to only release the antero-superior capsule until the fat pad is clearly 

visible at the superior surface of the greater trochanter underneath the gluteus medius muscle (Figure 

2 and 11d-e). The surgeon can then reach with his finger the bold spot at the lateral side of the greater 

trochanter trough the space between the superior part of the greater trochanter and the minimus tendon 

and deeper under the medius muscle (Figure 11d). The femur will then be easily lifted out to the level 

of the skin by manual traction and without any hyperextension of the leg. This allows for full control 

of forces applied by the surgeon and prevents unexpectedly high forces on the operated leg. We 

primarily aim not to damage the short external rotators and more particularly the piriformis tendon and 

posterior capsule. The anterior retractor remains in place over the anterior column just distal to the 

AIIS throughout this part of the procedure. The surgeon can check 3 parameters for a proper release: 

the fat pad between the glutei and the trochanter will become visible, the bold surface of the superior 

trochanter can be felt with the finger and the tip can be easily elevated beyond the acetabular rim. 

Femoral elevation will be maintained with a double-pronged retractor that is placed between the 

glutei-TFL and the trochanter at the level of the bold spot. The leg can then be adducted and externally 

rotated (Figure 2 and 12a-b).  

Figure 12. (a) The trochanter retractor is put between the gluteus minimus and greater trochanter at the bold 
spot. The leg is still in neutral position. (b) The leg is then externally rotated and adducted in order to bring the 
femoral shaft in line with the incision.  
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Part 3: component insertion. Component insertion 

is similar to the technique described by Lovell et al.3 

The sequence of component insertion is left to the 

scrutiny of the surgeon. Acetabular preparation. The 

posterior retractor is positioned opposite the anterior 

retractor at the postero-superior acetabular rim. The 

retractor is put just in front of the posterior capsule and 

is held in place by a 300g weight. The third retractor 

retracts the postero-inferior capsule and allows for 

perfect visualisation of the postero-inferior acetabular 

rim. This retractor is not put at the level of the 

transverse acetabular ligament (TAL) but just posterior 

to it at the 4-5 o’clock position for a right hip (Figure 

13). This retractor is fixed to the ipsilateral leg. 

Reaming is then conducted with a straight or an offset 

reamer. The author aims for 40°-45° of inclination and 15-20° of anteversion, parallel to the transverse 

acetabular ligament. Femoral preparation. Femoral elevation can easily and safely be achieved by 

manual traction in the lateral and anterior direction, followed by placing a double-pronged retractor at 

the space of the fat pad: in front of the minimus and medius but behind the greater trochanter at its 

bold spot at the lateral surface. The retractor basically keeps the femur elevated and retracts the 

abductors posteriorly. The leg can then be positioned in the following sequence: adduction and 

external rotation (Figure 14a). Slight extension is rarely required. The retractor is always parallel to 

the body axis of the patient. This is in line with the fibres of the TFL and will prevent TFL damage 

because lateral deviation of this retractor could cause the retractor to cut in the muscle fibres. A 300g 

weight is connected to this retractor and is held in place by the assistant who is now standing caudal 

from the surgeon. The anterior retractor is then removed and a double-pronged curved retractor is put 

at the posterior cortex just proximal from the lesser trochanter. This retractor retracts the medial 

structures and is connected to the contralateral side of the table. The preparation of the femoral canal 

Figure 13. The view on the acetabulum is 
excellent with 3 retractors: the anterior 
retractor, the posterior retractor and the 
retractor at the postero-superior acetabular 
rim.  
!
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can then start with the box chisel (Figure 14b). It is important to realize that adduction of the leg is the 

(a) (b) 

Figure 14. (a) The femur is exposed and kept elevated with the femoral elevator retractor. A curved retractor 
exposes the calcar and is connected to the contralateral side of the table. The assistant holds this retractor in 
place. Hyperextension is not required. (b) The regular femoral preparation is started with the box chisel. Care is 
taken to introduce the rasp in line with the femoral canal. 

 
Figure 15. (a) The stability is tested in extension and extreme external rotation. (b) Mid-flexion stability is tested 
at 50° of flexion with 40° of internal rotation and adduction. A finger is put onto the greater trochanter and 
allows checking for impingement between the greater trochanter and the pelvis. (c) The same is done at deep 
flexion. (d) Leg length is easily assessed with both legs flexed to 90°. The height of both patellae is compared. 
The full leg length is compared in extension by checking the position of both medial malleoli. Pelvic obliquity is 
checked first by comparing the position of both anterior superior iliac spines.  
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most important manoeuvre because it brings the femoral axis in line with the incision. The following 

manoeuvres with the rasp might induce femoral perforation: (1) introduction with a steep angled tip 

from anterior to posterior (i.e. varus) (caused by inadequate femoral elevation): lateral perforation, (2) 

oblique introduction with too much adduction (caused by inadequate femoral adduction): posterior 

perforation and (3) too much antetorsion (caused by the femoral offset handle with inadequate control 

during rasp progression): thinning of the antero-inferior cortex with risk of fissure. The surgeon is 

standing at the cranial side of the hip, in line to the femoral axis. The box osteotome is used. A blunt 

and slightly curved canal finder can be positioned at the calcar and will bluntly follow the canal with 

slight tabs. Pushing the rasp handle towards the floor assures for good valgus position of the raps and 

stem. After the final rasp is seated, the trial neck is assembled and the femur is put in neutral position. 

Next, the head is put on the neck and reduced. The hip is checked for stability and extra-articular 

impingement in external rotation-extension and internal-adduction-flexion (Figure 15a-d). Leg length 

is assessed at both malleoli and by flexing the hip and assessing patellar height of both legs (Galeazzi 

test). After fine-tuning of the hip, the final components are put in place. The fascia of the TFL is 

closed with running sutures Vicryl 1 and a drain is left intra-articularly (Figure 16). Patients are fully 

mobilised the day after surgery and do not have any restrictions for the first 6 weeks, except for deep 

flexion beyond 90°. 

 
Figure 16. (a) A straight, longitudinal incision over the TFL can be made or a (b) oblique inguinal crease 
incision can be used.  
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3. III. Prospective observational cohort series of 196 DAA and 209 PLA THA 

 

A. Research questions 

We questioned whether the complication rate and functional outcome of subjects treated by the 

DAA during the learning curve would be different from the PLA (primary outcomes). In addition, we 

questioned whether the component positioning would be jeopardized during the learning curve 

(secondary outcomes). We also evaluated the peri-operative blood loss and blood transfusion rate 

(tertiary outcomes).  

 

B. Hypothesis 

1. The intra-operative complication rate of the DAA during the learning curve is higher than the PLA.  

2. The functional outcomes are not significantly different between both approaches.  

3. The component positioning is not significantly different between both approaches.  

4. The peri-operative blood loss and transfusion rate is significantly higher during the DAA learning 

curve.  

 

C. Materials and methods  

An independent observer (LM) prospectively followed 384 patients with primary osteoarthritis or 

avascular necrosis treated at the Hip Unit of the University Hospital Pellenberg between September 

2010 and January 2012 (Table 1). In total 183 patients received 196 THA through the proposed DAA 

technique by the first author (KC). A cementless stem with a ceramic-on-ceramic bearing was used in 

all except 6 Dorr type C cases in which a cemented Exeter stem (V40, Stryker, Kalamazoo, Michigan) 

and a neutral polyethylene liner was used. The diameter of the articulating surface was 32 (N=64), 36 

(N=69) or >36mm (N=64) (Table 2). In the same period, 201 patients received 209 THA through the 

PLA conducted by an experienced surgeon or under his direct supervision (JPS).  A cemented Exeter 

stem (V40, Stryker, Kalamazoo, Michigan) was used in combination with a cementless Trilogy socket 

with a 10° elevated rim polyethylene liner with a 32mm articulating surface (Zimmer, Warsaw).  
Patients

N N Unilat Bilat M F Mean Range Mean Range Mean Range
PLA 201 209 193 8 75 126 65.5 16-88 28 18-39 22.7 13-31
DAA 183 196 170 13 84 99 60.2 17-88 27 18-46 21.8 14-30

p-value <0.001 0.3 0.3

THA Gender Age BMI FU (m)

 
Table 1. Patient demographics 

All intra-operative, early post-operative (<3m) and late (>3m) post-operative complications and re-

operations were recorded and categorized according to the Adapted Dindo-Clavien Complication 

Classification.1  
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Implant
PLA (N=209) Exeter / Trilogy 209 PE 10° elevated liner 209 32 209
DAA (N=196) Polar / R3 88 Ceramic 190 32 64

Corail / Deltamotion 56 36 69
Tri-Lock / Deltamotion 47 >36 64

Exeter / R3 6 PE neutral liner 6

Liner Articulation diameter

 
Table 2. Overview of components. 

Four questionnaires were used for pre- and post-operative functional outcome assessment at 3-6-12 

months:  the modified Harris Hip Score (mHHS), the University of California at Los Angeles hip 

score (UCLA) and the Hip Disability and Osteoarthritis Outcome Score (HOOS), which also includes 

the Western Ontario and McMaster Osteoarthritis score (WOMAC). The Short Form-36 questionnaire 

(SF-36) was used pre-operatively and at 1 year post-operatively. Patients with bilateral THA (N=21), 

neurologic or systemic co-morbidities (N=5), previous hip surgeries (N=7), contralateral THA 

(N=120) or grade 3 osteoarthritis (N=17) were excluded (Table 3). This left 214 patients of whom 63 

(29%) did not fill in all scores.  

 

THA CL TKA Spine surgery Deceased
0-1 2 3

PLA (N=201) 69 7 11 59 64 9 2
DAA (N=183) 51 11 14 68 56 8 1

OA level CL hip (Tönnis grade)

 
Table 3. Overview of co-morbidities. 

 

An independent observer (BS) evaluated the component positioning by means of a digital 

templating program (OrthoView, Southampton, United Kingdom). The pelvic radiographs were 

checked for proper inclination and rotation.2 Socket inclination was calculated as the angle with the 

inter-teardrop line. Socket anteversion was calculated according to the validated methods of Hassan et 

al. and Lewinnek et al.3 The mean of both methods was used. The leg length discrepancy was 

measured as the distance of the inter-teardrop line to the tip of the lesser trochanter. The femoral 

component alignment was calculated as the angle between the femoral shaft and stem axis. In total 180 

DAA and 180 PLA radiographs were compared. The total estimated blood loss was calculated.4,5 The 

blood transfusion rate and volume (number of Unit Packed Cells (UPC)) was documented. 

Two-sided paired student’s t-tests, Fisher-Exact test and Chi-square test were used to compare the 

different groups and p-values ≤0.05 were considered significant. All analyses were performed with 

SAS software (SAS Institute Inc., Cary, NC, USA), version 9.2 of the SAS System for Windows. IRB 

approval was obtained. 

 

D. Results 

Demographics. There were 75 (37%) males in the PLA and 84 (46%) in the DAA group (Table 1). 

The mean BMI was 28 and 27, respectively (p=0.3). The mean follow-up was 23 and 22 months, 

respectively (p=0.3). The mean age of the PLA group was significantly higher (66 versus 60 years, 



 102 

respectively)(p<0.0001). Eight patients received a one-stage bilateral THA trough the PLA and 13 

patients through the DAA. Two patients in the PLA and 1 in the DAA group deceased of causes not 

related to the surgery. Sixty-nine (34%) patients in the PLA and 51 (28%) in the DAA group had a 

contralateral THA (Table 3).  

 

Number THA (N) 0-30 % 31-196 % 0-196 % 0-209 %
Intra-early post-op (<3m)

Grade 1 3 10% 2 1.2% 5 2.6% 2 1%
Grade 2 0 0 3 1.8% 3 1.5% 6 3%
Grade 3 1 3% 0 0 1 0.5% 6 3%
Grade 4 1 3% 0 0 1 0.5% 0 0

Total 5 17% 5 3% 10 5% 14 7%
All

Grade 1 3 10% 2 1.2% 5 2.6% 2 1%
Grade 2 4 13% 5 3% 9 4.6% 9 4%
Grade 3 3 10% 4 2% 7 3.6% 6 3%
Grade 4 1 3% 0 0 1 0.5% 0 0

Total 11 37% 11 7% 22 11% 17 8%

<30 >30 All

Experienced PLA

All

Learning curve DAA

 
Table 4. Overview of complications according to the Adapted Dindo-Clavien Complication Classification.1  
 

Primary outcomes: complications. There were 17 (8%) and 22 (11%) complications in the PLA and 

DAA group, respectively (p=0.06) (Table 4). In the PLA cohort, there were 14 (7%) intra- and early 

(<3m) post-operative complications requiring in total 4 (2%) re-interventions (Table 5-6). There were 

5 Grade 3 complications (2.5%). One of 3 patients with a dislocation underwent a socket revision. One 

of 2 patients with a deep infection was revised with a 2-stage procedure. The other patient with an 

infection was treated with antibiotic suppression therapy. One patient (0.5%) had a permanent inferior 

gluteal nerve lesion (Grade 4). There were no late (>3m) re-interventions. In the DAA cohort, there 

were in total 10 (5%) intra- and early (<3m) post-operative complications. There was 1 (0.5%) Grade 

3 complication requiring a 2-stage revision for infection. There was 1 (0.5%) pulmonary embolism 

(PE) (Grade 4). There were 6 (3%) late interventions (Grade 3). There was 1 stem and socket revision 

for aseptic loosening. Two patients underwent a psoas release for psoas tendinitis. Two patients had 

refractive groin pain at mid-flexion and were successfully revised with a femoral head exchange for 

extra-articular impingement between the greater trochanter and the pelvis. 
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Number THA (N) 0-30 % 31-196 % 0-196 % 0-209 %
Intra-operative complications

Total incl. TFL and LFCN 3 10% 4 2.4% 7 3.6% 6 2.9%
Total excl. TFL and LFCN 2 7% 4 2.4% 6 3.1% 5 2.4%

Total femoral sided complications 1 3% 1 0.6% 2 1% 0 0
Trochanter mass fracture 0 0 0 0 0 0 0 0

Trochanter tip fracture (<1cm) 1 3% 0 0 1 0.5% 0 0
Femoral perforation 0 0 0 0 0 0 0 0

Femoral calcar fracture/fissure 0 0 1 0.6% 1 0.5% 0 0
Femoral shaft fracture 0 0 0 0 0 0 0 0

Acetabular rim fracture 1 3% 1 0.6% 2 1% 0 0
Significant LLD 0 0 0 0 0 0 2 1%
Substantial TFL lesion 1 3% 0 0 1 0.5% 0 0
Nerve lesion 0 0 2 1.2% 2 1% 4 1.9%

Femoral nerve transient neuropraxia 0 0 1 0.6% 1 0.5% 0 0
Sciatic nerve transient neuropraxia 0 0 0 0 0 0 2 1%

LFCN hypoesthesia 0 0 1 0.6% 1 0.5% 1 0.5%
Inferior gluteal nerve neuropraxia 0 0 0 0 0 0 1 0.5%

Post-operative complications 2 7% 1 0 3 1.5% 8 3.8%
Infection 1 3% 0 0 1 0.5% 3 1.4%

Deep 0 0 0 0 0 0 2 1,0%
Superficial 1 3% 0 0 1 0.5% 1 0.5%

Dislocation 0 0 0 0 0 0 3 1.4%
Clinically relevant and painful haematoma 0 0 1 0.6% 1 0.5% 0 0
Wound healing problems 0 0 0 0 0 0 2 1%
Periprosthetic fracture 0 0 0 0 0 0 0 0
PE 1 3% 0 0 1 0.5% 0 0

All complications
All incl TFL/LFCN 5 17% 5 3% 10 5.1% 14 7%
All excl TFL/LFCN 4 8% 5 3% 9 4.6% 13 6.2%

Experienced PLA
<30 >30 AllAll

Learning curve DAA

 
Table 5. Detailed overview of complication. 
 

Primary outcomes: functional scores. The functional scores of in total 151 patients at the different 

time intervals were available for evaluation. In total 69 patients (32 males - 38%) in the DAA cohort 

and 82 patients (33 males - 41%) in the PLA cohort were included for functional assessment. The 

mean age was 63 (range, 27-87) and 67 (range, 43-88) years, respectively (p=0.01). The mean BMI 

was 27 (range, 19-39) and 26 (range, 17-39) kg/m2, respectively (p=0.1). There was no significant 

difference in any of the scores between both cohorts, except for the HOOS at 6 months (Table 7). 

There was a slight difference in evolution of the functional scores during the first postoperative year. 

The scores in both cohorts improved significantly at 6 weeks and between 6 weeks and 3 months. 

Beyond the 3 months follow-up period, the mHHS and HOOS scores did not improve significantly in 

the PLA cohort. The UCLA score improved from 32 to 34 (p=0.01). In the DAA cohort, the modified 
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HHS and UCLA score further improved significantly between 3 months and 1 year. The HOOS score 

improved from 81 to 85 (p=0.09).    

Number THA (N) 0-30 % 31-196 % 0-196 % 0-209 %
Post-operative re-operations 3 10% 4 2.4% 7 4.2% 4 2,0%
<3m

Closed reduction + open procedures 1 3% 0 0 1 0.5% 4 2%
Open procedures 1 3% 0 0 1 0.5% 2 1%

Periprosthetic fracture 0 0 0 0 0 0 0 0
Infection 1 3% 0 0 1 0.5% 1 0.5%

Wound debridement 0 0 0 0 0 0 0 0
Post-operative haematoma 0 0 0 0 0 0 0 0

Dislocation 0 0 0 0 0 0 1 0.5%
Dislocation closed 0 0 0 0 0 0 2 1%

>3m
Open procedures 2 7% 4 1.3% 6 3% 0 0

Aseptic loosening stem 0 0 1 0.3% 1 0.5% 0 0
Aseptic loosening socket 0 0 1 0.3% 1 0.5% 0 0

Psoas release 1 3% 1 0.3% 2 1% 0 0
Extra-articular impingement 1 3% 1 0.3% 2 1% 0 0

Learning curve DAA Experienced PLA
<30 >30 All All

 
Table 6. Overview of re-operations. 
 
Secondary outcomes: component positioning. There were no signs of loosening of any of the 

implants. The mean socket anteversion was 26° (range, 11-40) and 23° (range, 5-36), respectively in 

the PLA and DAA cohort (p=0.0008) (Table 8). In total 49 (27%) sockets in the PLA cohort had >30° 

of anteversion compared to 18 (10%) in the DAA cohort (p=0.002). The mean socket inclination angle 

was 34° (range, 21-49) and 32° (range, 15-59) (p=0.3), respectively for PLA and DAA. The mean 

stem alignment was 2° of varus in both cohorts (p=0.1). The mean leg length difference was +3mm in 

the PLA and -1mm in the DAA cohort (p=0.0002).    

Tertiary outcomes. The mean intra-operative blood loss was 334ml and 391ml in the PLA and DAA, 

respectively (p=0.07). The estimated blood loss was 1346ml in both cohorts (Table 9). There was a 

significant trend towards a decrease of intra-operative blood loss over the first 50 (458ml) and second 

50 DAA cases (359ml) (p=0.04) (Table 10). The operating time decreased significantly from 64 

minutes during the first 50 cases to 51 minutes during the last 46 cases (p=0.01) (Table 11).  The 

hospital stay was 6 days and 5 days, respectively in PLA and DAA cohorts (p<0.001)(Table 9). 
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Pre 6w t-test pre-6w 3m t-test 6w-3m 6m t-test 3-6m 12m t-test 6-12m t-test 3-12m
PLA 49+/-17 77+/-14 <0.0001 86+/-13 <0.0001 86+/-15 0.9 87+/-15 0.6 0.5
DAA 46+/-20 76+/-16 <0.0001 84+/-13 p=0,008 90+/-12 0.06 89+/-12 0.9 0.04
t-test 0.3 0.9 0.6 0.4 0.2

Pre 6w t-test pre-6w 3m t-test 6w-3m 6m t-test 3-6m 12m t-test 6-12m t-test 3-12m
PLA 20+/-7 27+/-6 <0.0001 32+/-5 <0.0001 33+/-6 0.3 34+/-6 0.2 0.01
DAA 18+/-7 28+/-7 <0.0001 31+/-5 0.005 33+/-5 0.08 34+/-5 0.7 0.03
t-test 0.3 0.7 0.9 0.5 0.6

Pre 6w t-test pre-6w 3m t-test 6w-3m 6m t-test 3-6m 12m t-test 6-12m t-test 3-12m
PLA 40+/-15 73+/-15 <0.0001 80+/-15 <0.0001 81+/-14 0.7 82+/-15 0.9 0.6
DAA 39+/-18 73+/-15 <0.0001 81+/-15 0.02 86+/-11 0.03 85+/-13 0.6 0.09
t-test 0.7 0.9 0.9 0.04 0.2

Mod HHS

UCLA

HOOS

 

PF RP RE Vitality MH SF BP GH
Pre

PLA 40+/-23 29+/-37 45+/-49 64+/-18 70+/-16 75+/-18 45+/-18 60+/-18
DAA 37+/-25 22+/-37 39+/-42 59+/-18 65+/-17 66+/-22 42+/-22 55+/-17
t-test 0.4 0.2 0.2 0.06 0.06 0.008 0.4 0.1

1 Year
PLA 75+/-22 72+/-37 75+/-35 73+/-16 77+/-16 89+/-15 84+/-19 73+/-20
DAA 79+/-20 73+/-40 82+/-34 73+/-16 78+/-15 86+/-15 83+/-21 75+/-17
t-test 0.4 1.0 0.2 1.0 1.0 0.2 0.7 0.6

SF-36

 
Table 7. Functional scores. PF = Physical functioning; RP = Role-physical; RE = Role-emotional; MH = Mental 
health; SF = Social functioning; BP = Bodily pain; GH = General health 
 

Stem Leg length 
Anteversion Inclination Alignement discrepancy

DAA
Mean 23 32 1,6 -1

Min 5 15 -5 -17
Max 32 59 8 14

SD 5.3 8.2 2.3 6.7
PLA

Mean 26 34 2 3
Min 11 21 -3 -10
Max 40 49 10 19

SD 6.1 5 2.5 6.8
t-test 0.0008 0.003 0.1 0.0002

Socket

 
Table 8. Component positioning. Negative value for stem alignment = valgus alignment. 
 

Intra-op Range Estimated (D5) Range Pre-op D1 D5 Drop D1-D5
PLA 334 100-1000 1346 284-3181 13.8 10.7 9.6 4.2
DAA 391 50-1500 1346 320-2728 13.9 10.9 9.9 3.8

p-value 0.07 1.0 1.0 1.0
HS

Total % 1 UPC 2 UPC >2 UPC Mean
PLA 34 18% 9 24 1 6.1
DAA 22 12% 4 17 1 4.9

p-value <0.0001

Blood loss Hb

Blood transfusion

 
Table 9. Blood loss and transfusion rate. HS = hospital stay; UPC = Unit Packed Cells 
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Mean Min Max p-value
0-50 458 140 1500 0.04

50-100 359 150 1300 0.3
100-196 376 50 1500 0.0003

Blood loss (ml)

 
Table 10. Evolution of the intra-operative blood loss during the learning curve. 
 

Mean Min Max p-value
0-50 64.3 40 120 0.07

50-100 59.6 40 100 0.2
100-150 57.4 35 90 0.01
150-196 50.5 35 80

Operating time (min)

 
Table 11. Evolution of the operation time during the learning curve. 
 

E. Discussion 

The purpose of this study was to investigate whether the proposed releasing sequence and femoral 

elevation strategy would minimize the complication rate during the DAA learning curve in 

comparison to the PLA. We also questioned whether the functional outcomes and component 

positioning would be jeopardized. Finally, we investigated whether the blood loos and operation time 

would change during the learning curve. The first author had some preliminary experience with the 

DAA prior to the initiation of this study. However, considering the high incidence of Grade 2 

complications in that series, it could only be justified to continue with the DAA technique in case a 

more systematic and safer approach was developed. Such a novel technique should first be 

investigated in a very controlled environment prior to disseminating to other centers. This study 

should therefore be considered as an initiation and safety study. We conclude that there was a learning 

curve. This curve was not associated with a significantly higher complication rate, with worse 

functional outcomes or with less optimal component positioning in comparison to the PLA. However, 

some remarks and findings should be discussed because there are some lessons learned from this 

observational initiation study. These lessons should be taken into account during the set-up of a multi-

centre RCT.  

Complications. It remains difficult to standardize the grading and definition of complications of 

hip surgery. Therefore, we used the validated Dindo-Clavien classification that has been adapted to 

hip surgery by Sink et al.1,6,7 It consists of five grades based upon the treatment requirements and the 

long-term morbidity.1 Grade I and II do not really interfere with the outcome of the patient. There was 

1 Grade IV complication in each group. These are complications that are life threatening (i.e. PE) or 

involve any long-term Orthopaedic disability (e.g. permanent motor nerve injury). There were 5 Grade 

III complications in each cohort. These complications require intervention. There were significantly 

less intra- or early (<3m) post-operative complications in the DAA cohort whereas the reversed was 

true for the late (>3m) follow-up period. Some lessons can be learned. There were 3 dislocations 

(1.4%) in the PLA cohort in comparison to none in the DAA series. There are 2 important differences 
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between both cohorts. First, a 10° elevated liner was used in all PLA patients to prevent dislocation 

whereas neutral liners were used in all DAA cases. Second, all PLA THA had a 32mm articulating 

surface in comparison to 33% of DAA THA. Although it would have been better to use the same 

articulations in both cohorts, we do not have any indication that the DAA dislocation rate would have 

been higher than the PLA for 2 reasons. The dislocation rate is similar to the 0.4% in the literature data 

(see 3.I). It is also similar to the 0.4% dislocation rate (1 in 261 cases) of the multi-centre learning 

curve cases (section 3.V.) with a head diameter of ≤32mm was cases. However, our results also 

question the usefulness of larger diameter articulations with the DAA. Five of 6 late complications 

were with!head sizes ≥36mm. There were no late complications with ≤32mm heads. First, 2 patients 

were treated for extra-articular impingement between the greater trochanter and the pelvis. Both had a 

head size of 40mm. We believe that the inherent stability of the approach in combination with an 

increased head size may lead to extra-articular impingement without dislocation if the impingement is 

intra-operatively not appreciated. This will lead to refractive groin pain during sit-to-stand 

movements. Therefore, we currently always thoroughly check for extra-articular impingement during 

mid- and deep flexion at respectively 50-60° and 110° in combination with 30° to 40° of internal 

rotation.  This can be easily tested when surgery is conducted on a regular OR table. It was however 

not well appreciated in both cases. Second, larger head sizes can be associated with an increased risk 

for groin pain and psoas tendinitis.8 This was also found in our series. Both patients with a psoas 

release had an acceptable component positioning and a head size of 36mm with a socket diameter of 

48mm. This might indicate that the head size was relatively too large in case the patient has a smaller 

acetabular diameter. The incidence of psoas tendinitis in head sizes of 36 or 40mm was 6 (4.5%) 

compared to 2 in 32mm (1.6%) head sizes. The latter incidence was comparable to the 3 cases (1.4%) 

in the PLA cohort. Finally, there was 1 displacement of a mono-block socket with a 40mm head size. 

In conclusion, articulating surfaces with a diameter of ≥36mm do not add any benefit to the stability of 

the implant and in contrary might be associated with an increased risk for late complications. 

Therefore, we do not advocate using larger diameter articulating surfaces with the DAA.  

Special attention can be given to the incidence of femoral-sided complications and the risks for 

nerve injuries. We encountered 2 (1%) fractures in comparison to 61 in 2.077 (3%) cases with the 

traction table technique.9,10 Most studies reported results beyond the learning curve. It is expected that 

the incidence of femoral-sided complications is even higher during the learning curve. We can 

conclude that the proposed femoral elevation strategy decreased the risk for femoral fractures but these 

findings need to be substantiated in a multi-centre learning curve study. Another finding was the 

incidence of 4 (1.4%) motor nerve lesions in the PLA cohort compared to 2 (1%) in the DAA group. 

All nerve injuries, except the inferior gluteal nerve injury, recovered uneventfully (Grade 2). There 

was 1 (0.6%) transient femoral nerve neuropraxia in the DAA cohort. This was most likely induced by 

traction on the nerve during femoral preparation because the anterior acetabular retractor was 

unintentionally left in place. One patient in each cohort (0.5%) developed a residual hypoesthesia in 
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the LFCN area. Pressure of the pelvic bolster induced the nerve lesion in the PLA group. Based on the 

cadaver data (section 3.IV.) we now advice to incise the TFL fascia >1cm lateral from the anterior 

superior iliac spine and to capture the fascia for ≤5mm during closure. Nerve injuries are not well 

reported in the literature but are an important burden for patients.  

Functional outcomes. The functional outcomes were not jeopardized during this learning curve 

series. It is important to note that the functional outcomes of 151 of 384 (39%) patients were available 

for assessment at different time intervals. There are some lessons that can be learned from this 

experience. In order to overcome the learning curve, it is important to get as much experience as 

possible in a reasonably short time. Therefore the first author decided to use the DAA in every patient 

during this observational study. The result is that both groups are very heterogeneous because 170 

patients (44%) had co-morbidities that might influence the functional outcomes. In addition, 68 

patients (18%) did not fill in all scores. Note that this dropout was comparable to the dropout found in 

the assessment of RCTs (Chapter 1). The consequence is that comparing the functional outcomes 

during a learning curve series is difficult. The recruitment time of highly selected patients would 

probably be too long for the inexperienced surgeon to overcome his learning curve. Fourteen of 22 

complications (64%) during the learning curve were grade 1 to 2, which by definition had no effect on 

the functional outcome. We could not find any difference in functional recovery at any of the 

investigated time intervals. However, the evolution of functional recovery during the first post-

operative year was slightly different. The level of functionality further improved for all functional 

scores beyond the 3-month follow-up period in the DAA cohort whereas they remained similar in the 

PLA cohort. Although not significantly different, the mHHS and HOOS scores were slightly better 

and with smaller variability in the DAA cohort. This might be explained by the younger age of the 

DAA cohort patients.  

Components. Component positioning was not jeopardized during the learning curve. Socket 

inclination was significantly lower in the DAA cohort. This was part of the learning experience but 

was also intentionally done because of the use of ceramic bearings. Acetabular component anteversion 

was significantly lower in the DAA cohort. This can be explained by the supine positioning of the 

patient. The supine pelvis position is more controlled than in lateral decubitus, which allows for more 

reproducible socket positioning. In addition, the presented DAA technique allows for optimal 

visibility of the acetabulum, which precludes the use of intra-operative fluoroscopy. The real 

anteversion of the articulating surface in the PLA cohort is higher because of the usage of a 10° lipped 

liner. This was not taken into account in the calculations. Femoral alignment in the coronal plane was 

not jeopardized. The use of intra-operative fluoroscopy to optimize component positioning is 

advocated by some DAA experts.11 Although we believe it might be useful during the learning curve, 

this is not really supported in the literature with improved component positioning.12 We believe that in 

case of perfect visibility of the acetabulum, fluoroscopy is not required. This is supported by our data.  
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Tertiary outcomes. A learning curve is also associated with extended operating times and more 

blood loss. This was not different in our series. The blood loss and the transfusion needs remained 

comparable to the PLA. An important variable for intra-operative blood loss could be the use of 

cementless stems, which require more extensive femoral canal broaching. However, based upon the 

experience in this series we believe that the more extensive intra-operative blood loss in the first 50 to 

100 cases was mainly due to the longer operating times. There were no major intra-operative 

bleedings.     

Shortcomings. This study has got with some shortcomings of which most were already mentioned 

above. First, the study is an observational study and the used components were left to the scrutiny of 

the surgeon. The DAA group was more heterogeneous and mainly cementless stems were used. 

Therefore some complications might rather be attributed to the use of a cementless stem or a larger 

articulating surface than to the surgical approach. There was 1 calcar fracture that was treated 

conservatively and there was one aseptic loosening of a short blade stem (Tri-lock, Depuy, Warsaw). 

The conclusion is that both variables should be neutralized in an RCT. It is clear that the fully coated 

cementless stems (i.e. the Corail or Polar stem) performed best and that 32mm articulating surfaces 

should be used. Second, both patient populations are not completely comparable mainly due to age 

differences. This might theoretically influence the functional outcomes. However, the mean age 

difference was 4 years (i.e. 63 versus 67 years). It might have also influenced the hospital stay or 

transfusion rate. Although the same standardized hospital protocols were used, these outcomes were 

not fully controlled because of surgeon’s bias, patient’s bias for discharge to a rehabilitation centre or 

any other age-related differences between both cohorts. Finally, this series presents the learning curve 

of the systematic DAA elevation technique but the surgeon had some preliminary experience with 20 

DAA cases. Therefore, this is not a real learning curve series of the DAA as such. Eleven of 22 (50%) 

complications were in the first 30 cases of this series. When the data of the first 20 cases are taken 

together with this series, we can agree with other authors that the learning curve is between 20 and 50 

cases.12,13 An important remark is that this study is conducted in an academic environment where 

residents are trained. Therefor there are also some learning variables included in the PLA cohort. It is 

very difficult to control these variables. All surgeries were conducted by or under the direct 

supervision of the senior surgeon. We do not believe that this influences the conclusion of the study 

because the reported complication rate compared favourably with the literature data probably because 

of the high volume experience of the senior surgeon.14-18 The main focus of this study was assessing 

whether the novel technique would minimize the complications during the learning curve and bring it 

to an acceptable level in comparison to the more conventional technique. This goal was achieved but 

the reproducibility of the technique needs further validation by means of the assessment of the 

learning curves of surgeons with different levels of experience.  
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F. Conclusions 

 

In conclusion, the main target of this study was to assess whether the learning curve of the 

presented DAA technique was acceptable in comparison to the gold standard, which is the PLA 

conducted by an experienced hip surgeon. This goal was achieved. We believe that the learning curve 

is acceptable and does not jeopardize any of the investigated outcome parameters of total hip 

arthroplasty. Large diameter articulations do not add any benefit to the approach, even not during the 

learning curve.  

The most important lessons for the design of a RCT are the following: (1) the articulating surface 

should not exceed 36mm and is preferably 32mm with neutral liners in both cohorts; (2) fully coated 

cementless stems or cemented stems are preferred; (3) there is a high dropout of functional 

assessments when these are conducted at 3-6-12 months with 4 different outcomes but these intervals 

indicated different trends in functional outcome recovery during the first post-operative year; (4) a 

multi-centre trial is required because this study was conducted by 2 high volume surgeons who 

conduct >250 cases per year and who work in an academic learning centre which does not allow 

controlling for learning variables when residents are trained. 

Patients that are included in both cohorts will be assessed in more detailed analyses presented in 

this thesis. It is the purpose to investigate whether differences between both cohorts can be detected 

when outcomes are being evaluated with a different approach than currently done. At first glance the 

‘conventional’ comparison between both approaches does not indicate any difference.  
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3. IV. Reproducibility study: safe retractor placement, soft tissue release and muscle damage 

 

A. Research questions 

We questioned whether the described DAA technique could be safely and reproducibly conducted 

by surgeons with different levels of surgical experience. We also questioned whether the extent of the 

soft tissue release and peri-articular soft tissue damage would be dependent on the level of surgical 

experience.  

 

B. Hypothesis 

1. The neuro-vascular structures around the hip are not damaged when the retractors are put in the 

correct position regardless of surgical experience.   

2. The capsular release can be done without damage to the short external rotators and allows elevating 

the femur safely regardless of surgical experience.   

3. The peri-articular muscle damage, especially the incidence of TFL tears, is dependent of surgical 

experience. 

 

C. Materials and methods 

Twenty-one DAA procedures were conducted on 14 fresh-frozen cadaver specimens. The mean 

age at death was 75 years (range, 52-91). There were 9 male and 5 female specimens. The mean body 

mass index (BMI) was 25 (range, 20-35). Three surgeons randomly conducted 7 procedures. All 

procedures were conducted with Corail and Pinnacle cementless implants with a 32mm metal-on-

polyethylene articulating surface (Depuy, Warsaw, In). The first surgeon (S1) (KC) was experienced 

and had conducted over 300 primary DAA THA. The second surgeon (S2) (HF) was a fellow in the 

learning curve with 15 primary DAA THA at time of investigation. The third surgeon (S3) (JVL) was 

a first-time participating surgeon who had followed 10 cases in theatre and 7 cadaver cases. The 

technique was again explained in detail with audio-visual support. He conducted the procedures 

independently. An independent observer (EV) carried out the post-operative dissections. The distal 

2cm of the retractors were marked with blue dye to detect their trajectory during the procedure and to 

define their distance to the iliac and femoral neuro-vascular structures. The following structures were 

particularly investigated for blue discoloration: the femoral nerve, the external iliac artery and vein, 

the femoral artery and vein, the deep femoral artery, the medial femoral circumflex artery, the 

obturator artery and nerve and the sciatic nerve. The distance of the middle of the TFL fascia incision 

to the lateral femoral cutaneous nerve (LFCN) was measured with a calibrated device (CDC-P30PMX, 

Mitutoya, Kawasaki, Japan). Similarly, the distance of the anterior inferior iliac spine (AIIS) to the 

femoral nerve and iliac artery was measured. In addition, the distance of the tip of the anterior 

retractor to the femoral nerve and iliac artery was measured for different anterior retractor positions 

starting from the AIIS to 2cm distally to it. Finally, the distance of the tip of the anterior retractor in 
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the “correct” position (i.e. just distal to the AIIS aiming towards the contra-lateral kidney) and the 

retractor in the “wrong” position (i.e. at the level of the pubic eminence and aiming towards the 

contra-lateral hip) was also measured. Muscle damage was graded as superficial or substantial. 

Superficial damage was defined as damage without measurable interruption of the fibres at the surface 

of the muscle. In accordance to Mardones et al. substantial damage was considered as damage where 

the muscle fibres were cut or torn from their insertion.1 The average length and width of the damaged 

area was measured and recorded.2 In addition, a distinction between intentional and non-intentional 

damage was made. Damage to the posterior capsule, the conjoined tendon of the obturator internus 

and gemelli, the piriformis, the quadratus femoris and the obturator externus was considered as 

intentional in order to sufficiently mobilise the femur. The following peri-articular muscles were 

assessed for non-intentional damage: the tensor fascia lata (TFL), the reflected and direct head of 

rectus femoris, the iliocapsularis, the gluteus minimus and the gluteus medius. Specifically for the 

gluteus medius we also determined whether the tendon at the insertion site had been violated or not. A 

partial release implies the tendon remained adherent to the trochanter. 

Two-sided paired student’s t-tests and Fisher-Exact test and Chi-square test were used to compare 

the different groups and p-values ≤0.05 were considered significant. All analyses were performed with 

SAS software (SAS Institute Inc., Cary, NC, USA), version 9.2 of the SAS System for Windows. IRB 

approval was obtained. 

 

D. Results 

Neurovascular structures. All THA were deemed stable. The mean length of the incision was 94mm 

(range, 67-117) and was significantly shorter in the experienced series (p=0.045) (Table 1). The mean 

distance of the LFCN to the middle of the incision of the TFL fascia was 20mm (range, 11-41) and 

was independent of the level of experience (p>0.4) (Table 2).  

S1 S2 S3 All % all
Length of incision (mm)

mean length (mm) 86 96 101 94
range 67-105 84-109 81-117 67-117

Capsule + external rotator damage 
posterior capsule 0 0 0 0 0
description of piriformis release

complete release 0 0 1 1 5%
partial release 6 5 3 14 67%

no release 1 2 3 6 29%
description of conjoined tendon (OI) damage

complete release 4 5 4 13 62%
partial release 2 2 2 6 29%

no release 1 0 1 2 10%  
Table 1. Overview of soft tissue damage around proximal femur. 
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Neurovascular structures Mean Range
Lateral femoral cutaneus nerve

distance to ASIS 12 3-21
distance to TFL fascia incision 20 11-41

Femoral nerve
distance to AIIS 47 31-64

distance to tip of retractor 20 14-30
Iliac artery

distance to AIIS 69 47-93
distance to 2cm distal of AIIS 65 52-82

distance to tip of retractor directed towards CL kidney ('correct position') 24 12-34
distance to tip of retractor directed towards CL hip ('wrong position') 11 5-18

Distance (mm)

 
Table 2. Surgically relevant distances to neuro-vascular structures. 
 

Structures examined for blue discoloration Yes No
Femoral nerve x

External iliac artery and vein x
Femoral artery and vein x

Medial circumflex artery x
Obturator artery and nerve x

Sciatic nerve x

Discoloration

 
Table 3. There was no discoloration of any of the neuro-vascular structures. 
 

The iliacus and iliocapsularis muscle were never perforated and the femoral nerve was never 

discoloured in the S1 and S2 series (Table 3). The iliacus and iliocapsularis muscles were perforated 

in the first case of the S3 series because the surgeon did not lift up the iliocapsularis from the capsule 

and had put the curved anterior retractor through the rectus femoris muscle. With this manoeuvre he 

also perforated the iliopsoas muscle belly. The retractor did not capture the femoral nerve but the 

fascia underneath it showed some discoloration within a distance  

 
Figure 1. (a) The distance of the AIIS (^) to the femoral nerve (*) was measured in a right hip. The iliacus 
muscle (°) is shown. (b) The distance of the tip of the anterior retractor to the femoral nerve was measured in a 
right hip. (c) The blue dye marked the different positions of the anterior retractor on the anterior column in the 
safe zone during the procedure. The retractor should never be put on the pubic eminence (¶). The inferior capsule 
(≈) is grasped with the forceps. The iliopsoas (°) is flipped away distally. 
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 of 5mm. The iliac artery was never discoloured. When the anterior retractor was put in the correct 

position, the distance of the tip to the femoral nerve was 20mm (range, 14-30) (Figure 1) and the 

distance to the artery was 24mm (range, 12-34). The distance of the acetabular rim to the iliac artery at 

the level of the AIIS and 2cm distally to it was respectively 69mm and 65mm (p=0.4). When the 

retractor was put at the level of the pubic eminence and was directing towards the contralateral hip 

(i.e. in the wrong position), the distance between the tip and the artery significantly decreased to 

11mm (range, 5-18) (p<0.0001). The mean distance of the AIIS to the femoral nerve was 47mm 

(range, 31-64) (Table 2).  

Soft tissue release. The femur could always be 

safely elevated to the desired level for proper 

implant insertion. Intentional soft tissue damage 

at the level of the greater trochanter was limited 

to the superior capsule, obturator internus – 

gemelli conjoined tendon and the piriformis 

tendon (Table 1). The posterior capsule, the 

obturator externus and the quadratus femoris 

were never violated. The piriformis tendon was 

partially cut in 62% of the cases but always 

remained adherent to the capsule and remained 

inserted on the greater trochanter in 20 of 21 

cases (95%) (Figure 2). The conjoined tendon of 

the obturator internus and gemelli was partially 

cut in 29% and fully cut in 62% of the cases. The 

conjoined tendon remained adherent to the 

posterior capsule and remained within the 

capsule tightly connected to the piriformis and 

obturator externus. The antero-superior capsule 

was completely cut in 100% of the cases and the 

fat pad between the medius and the greater trochanter was seen in all cases.  

Peri-articular muscle damage. In total 46 (20%) muscles showed muscle damage (Table 4). Twelve 

muscles (6%) were non-intentionally damaged. Six of 12 (50%) damaged muscles were in the S3 

series. The reflected head of the rectus femoris was partially cut in 4 cases whereas the direct head was 

never damaged. The surface of the iliocapsularis to the capsule was substantially disrupted in 1 case of 

S1 and S2. There were 4 TFL muscles (19%) unintentionally damaged of which 3 were in S3 series. 

There was no damage in the S1 series and 1 TFL was damaged in the S2 series. The fibres were 

longitudinally disrupted in 1 S3 case. In 2 other S3 cases, there was a disruption of 8mm depth and 

15mm length caused by the impression of the retractor that had deviated laterally. The anterior 

Figure 2. Superior view on a left hip. The calcar 
and femoral canal (^) is shown. The antero-superior 
part of the inner and superior surface of the greater 
trochanter was released of soft tissues (blue 
rectangle). The piriformis (*) (grasped with forceps) 
was partially damaged (arrow) in this case but 
remained firmly attached to the trochanter. The 
minimus (≈) is retracted laterally to optimize the 
view. 
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tendinous part of the gluteus minimus was cut for an area of 8x10mm in 1 case of S3. The gluteus 

medius muscle or tendon was never damaged. The incidence of unintentional muscle damage 

decreased with increasing experience: 10%, 6% and 3% for S3, S2 and S1 respectively. There was 

significantly more damage in the S3 series compared to the S1 series (p=0.04).  

S1 S2 S3
Muscle damage N N N N %
sartorius 0 0 0 0 0
rectus femoris, reflected head 1 2 1 4 19%
rectus femoris, straight head 0 0 0 0 0
iliopsoas + iliocapsularis 1 1 1 3 14%
tensor fasciae latae 0 1 3 4 19%
gluteus medius 0 0 0 0 0
gluteus minimus 0 0 1 1 5%
obturator externus 0 0 0 0 0
quadratus femoris 0 0 0 0 0
piriformis 6 5 4 15 71%
conjoined tendon (OI) 6 7 6 19 90%
Total

all muscles 14 16 16 46 20%
all muscles except piriformis and conjoined 2 4 6 12 6%

% all muscles except piriformis and conjoined 3% 6% 10%

All

 
Table 4. Overview of peri-articular muscle damage. *During the first case of S3, the iliopsoas was perforated 
and the femoral nerve was jeopardized but not violated. The fascia at the under surface of the nerve was 
discoloured and not the nerve. However, this jeopardized the nerve. 
 
E. Discussion 

The primary goal of muscle sparing surgery is to preserve the peri-articular soft tissues as much as 

possible. More particularly, it is the goal to preserve the posterior capsule and the muscle insertions on 

the greater trochanter as much as possible. With this study we questioned whether the proposed DAA 

procedure would be reproducible and safe in the hands of surgeons with different levels of surgical 

experience. Two main research questions were investigated: (1) ‘Is the retractor placement safe?’ and 

(2) ‘Is the capsular release and the femoral elevation strategy reproducible?’. The experienced 

surgeon was considered the standard to which 2 surgeons with different levels of experience were 

compared. The S3 surgeon was considered as representative for those surgeons who visit more 

experienced surgeons and want to convert to the DAA. These visiting surgeons very often see the 

surgery only several times and follow some cadaver sessions. These surgeons have a different training 

than those who are guided trough their learning curve, such as the S2 surgeon. Surgeons who have a 

practice and want to convert to the DAA follow a dedicated training that is however associated with 

limitations such as limited exposure during the visitations. These surgeons are expected to go through 

a different learning curve than those who are guided during their residency training. We questioned 

whether there would be a difference in reproducibility of the technique between surgeons with 

different levels of exposure to the technique. We conclude that the retractor placement was safe and 

the release was reproducible. However, there were differences in non-intentional muscle damage.  
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Retractor placement – neurovascular structures. The most important difference between the 

traction table DAA technique and the regular OR table technique, is the use of multiple retractors in 

the latter. Therefore, the accuracy and safety of the retractor placement is crucial. To the best of our 

knowledge, this is the first study that evaluated the safety and quantified the best retractor positions. 

The sequence of retractor placement described by Lovell et al.3 was more or less followed. Some small 

details differed but there were 2 important differences. First, we use both legs of the patient and the 

table to hold the retractors in place. In total 3 dedicated and 2 regular blunt Hohmann retractors are 

used. This allowed conducting the surgery with one assistant helping next to the surgeon. This 

optimizes the human resources in the OR without extra-expenses and also allows good visibility for 

the assistant on the surgical field. Second, the potentially most dangerous part of the procedure is the 

anterior retractor placement. Correct positioning of this retractor over the anterior acetabular rim does 

not differ from anterior retractor placement in any other approach. The uncertainty about the proximity 

of the anterior neurovascular structures remains however an important burden for surgeons. Therefore, 

we stress the importance of the identification of the iliocapsularis muscle as a surgical landmark to 

create a safe zone for anterior retractor placement. This is supported in this cadaver study because the 

femoral nerve was jeopardized in the one case where the iliocapsularis muscle was not elevated from 

the capsule. The retractor perforated the direct head of the rectus and jeopardized the femoral nerve. 

The systematic release of the iliocapsularis muscle from the anterior capsule and the direction of the 

retractor towards the contralateral kidney allowed placing the retractor in a safe zone with a minimum 

distance of 15mm to the femoral nerve and 12mm to the iliac artery in cadaver specimens. This is 

expected to be more in living tissue. This zone extents from the AIIS to 2cm distal to it and is not 

approach dependent. The first time participating surgeon did not comply with the guidelines and 

consequently potentially jeopardized the femoral nerve. Finally, the retractor should never be directed 

towards the contralateral hip. In case of uncertainty, we recommend to put the anterior retractor on the 

femoral head until the head is extracted. The anterior retractor can then be put over the anterior 

acetabular rim under direct view.  

Soft tissue release. The reproducibility of the femoral elevation strategy based upon the capsular 

releasing sequence of Matsuura et al was confirmed.4 Matsuura et al. investigated in a cadaver study 

the most optimal releasing sequence to obtain sufficient femoral elevation.4 The authors concluded 

that releasing the superior capsule and not the posterior soft tissues allowed for adequate femoral 

elevation. In addition, they questioned the additional effect of release of the external rotators to obtain 

sufficient femoral elevation.  Our findings are in accordance with Matsuura et al.4 The antero-superior 

soft tissue release of the inner and superior surface of the greater trochanter allowed for sufficient 

femoral elevation in all cases, regardless of surgical experience. In addition, the release is not 

overzealous because the posterior capsule and obturator externus were preserved in all cases and the 

piriformis remained adherent to the trochanter in 95% of the cases. Some remarks should be made. 

First, the conjoined tendon was completely and the piriformis tendon partially cut in 62% of the cases. 
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This compared favourably to the 50% incidence of complete disruption of both tendons in the study of 

Meneghini et al. despite the fact that the used technique in that study tried to preserve all the soft 

tissues.2 Our findings are in accordance with the conclusions of Ito et al. who showed that the anterior 

insertion site of the conjoined tendon is highly variable and very closely related to the superior capsule 

and the piriformis tendon insertion site.5 Based upon this variability of the insertion sites, the authors 

questioned whether both insertions could be systematically avoided during the superior capsular 

release.5 Our study showed that violation of the conjoined tendon and the piriformis tendon could only 

be avoided in respectively 10% and 29% of the cases. The question remains whether violation of these 

tendons is clinically relevant because it was clear the tendons remained strongly adherent in the 

posterolateral soft tissue sleeve, even in case a complete release was done. This differentiates the DAA 

from the PLA and might explain the low incidence of post-operative dislocations following DAA (see 

3.I.). This can be explained by the anatomic findings of Solomon et al.6 They described that the 

tendons of the piriformis and obturator internus - gemelli converged into a conjoint tendon before 

inserting on the superior and anterior aspect of the greater trochanter. They also described 

interconnections of >1cm between the short external rotators, the gluteus medius and the capsule. 

These interconnections would prevent retraction because the posterior capsule remains in place. This 

is an important difference with the PLA where not only the interconnections but also the capsule are 

released. Second, also based upon the work of Solomon et al., we used the fat pad between the gluteus 

medius and the greater trochanter as an obvious surgical landmark for a sufficient capsular release.6 

The 3 surgeons confirmed this fat pad was very helpful and always present as a surgical landmark. 

Third, we believe that our proposed sequence of first releasing the soft tissues followed by manual 

femoral elevation with the bone hook, is the explanation why we noted a lower incidence of TFL 

damage than in previous cadaver studies.2 The proposed sequence minimizes the stress on the femur 

and the peri-articular soft tissues. Furthermore, it allows for more lateral mobilisation of the tip of the 

trochanter away from the posterior acetabular rim followed by a less forceful elevation of the femur 

during the adduction and external rotation manoeuvre. In this study we never hyperextended the leg, 

however in more muscular patients 10° of hyperextension can sometimes be helpful.  

Peri-articular muscle damage. Non-intentional muscle damage is experience dependent with 3x 

more muscles being violated in the series with the least amount of experience (i.e. S3 series). It has 

been postulated by some cadaver studies that non-intentional muscular damage is located at the level 

of the gluteus minimus, tensor fasciae lata and the rectus femoris muscle.2 Important to note is that 2 

of 4 TFL disruptions were caused by inappropriate alignment of the trochanter retractor. If this 

retractor is not held in line with the body axis and the fibres of the TFL, the edge of the retractor can 

cut into the muscle. We do not believe that damage to the under surface of the iliocapsularis muscle is 

associated with any clinical relevant problems. We did not note substantial damage to the direct head 

of the rectus femoris but partial damage to the reflected head was seen in 4 cases. 
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F. Conclusions 

 

We conclude that the proposed technique is reproducible and safe with different levels of surgical 

experience. The retractors can be reproducibly put in a safe position. The obturator internus tendon is 

most frequently violated. The incidence and extent of the non-intentional peri-articular soft tissue 

damage is experience dependent and compared favourably with previous studies. These cadaver 

findings are an indication that surgeons with different levels of experience can reproduce the technique 

safely.  

It was however clear that intra-operative guidance of surgeons is desirable in the first cases. The S2 

surgeon had done some cases in the presence of an experienced surgeon prior to this cadaver study. 

This clearly minimized the soft tissue damage and the learning curve further in comparison to the 

surgeon who only had seen the technique (i.e. S3). A dedicated training is important and therefore 

preferably consist of 3 components: (1) 2 to 3 visitations to an experienced surgeon supported by 

audio-visual material of the surgical procedure, (2) 1 to 2 guided cadaver trainings and (3) at least 1 

reversed visitation of the expert surgeon who can guide the surgeon through his learning process. This 

was evaluated in a multi-centre clinical initiation study conducted with 3 community practice surgeons 

with different levels of surgical volume. 
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3. V. Prospective observational cohort series of the complications in a multi-centre initiation 

study 

 

A. Research questions 

We questioned whether the complication rate of the first author would be reproducible in a multi-

centre learning curve series. We investigated the incidence of intra-operative complications of 271 

THA conducted by 3 surgeons with different levels of surgical volume. We also questioned the 

complication rate of a large series of DAA procedures conducted in multiple centres. These data were 

compared to the available literature concerning the direct anterior approach.  

 

B. Hypothesis 

1. The complication rate beyond the first author’s learning curve is similar to the complication rate of 

an experienced surgeon. 

2. The femoral-sided complication rate during the learning curve of surgeons with different levels of 

experience is not significantly higher than the first author learning curve series.   

3. The overall complication rate is significantly higher during the learning curves compared to 

experienced DAA series. 

4. The proposed technique shows an improved complication rate compared to those presented in the 

literature.  

 

C. Materials and methods  

The intra-operative, early (<3m) and late (>3m) post-operative complications and re-operations of 

347 consecutive primary THA conducted by the first author with the described DAA technique were 

prospectively collected by an independent observer (LM) between September 2010 and November 

2012. There was no patient selection for the DAA. The first 196 cases were also prospectively 

included in the prospective cohort series (see 3.III.). The complications of an additional 151 cases 

between February 2012 and November 2012 were prospectively recorded. An independent observer 

(MM) prospectively recorded the complications of 250 DAA THA conducted by an experienced 

surgeon (ML) between September 2010 and January 2012. The DAA was conducted on a regular OR 

table with a technique similar to the one presented by Rachbauer et al. and Lovell et al.1,2 The surgeon 

had conducted over 300 cases at time of the study and was considered to be beyond his learning curve.  

The intra-operative and early post-operative complications during the learning curve of 3 surgeons 

with different levels of surgical volume were recorded during the same time interval: 1 low volume 

(<75 cases/year), 1 intermediate volume (75-120 cases/year) and 1 high volume (>200 cases/year) 

surgeon conducted 27, 43 and 201 DAA cases, respectively. All surgeons followed a dedicated 

training program of the proposed technique including 2 to 3 whole day visitations to the first author, 2 

cadaver training sessions and 1 reversed visitation. The complications and lessons learned from the 
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first author learning curve series were thoroughly discussed with the trainees. The surgeons started 

with the proposed technique between January and April 2012 and the complications of all cases until 

November 2012 were recorded. None of the surgeons utilized intra-operative fluoroscopy. Patient 

selection was left to the scrutiny of the surgeon and not all THA conducted by these surgeons was 

through the DAA during the follow-up period.  

Pubmed was searched for studies in the English literature reporting on the surgical technique of the 

direct anterior approach and its complications. Ten papers were identified of which 5 on the regular 

OR table technique3-7 and 5 on the traction table technique8-12 (we also refer to chapter 3.I table 1). 

Two-sided paired student’s t-tests and Fisher-Exact test and Chi-square test were used to compare 

the different groups and complication rates and p-values ≤0.05 were considered significant. IRB 

approval was obtained. All analyses were performed with SAS software (SAS Institute Inc., Cary, NC, 

USA), version 9.2 of the SAS System for Windows. IRB approval was obtained. 

 

D. Results  

 

Demographics. The patient demographics are shown in (Table 1). In total 868 THA were conducted 

through the DAA and 271 were conducted by the multi-centre learning curve surgeons. The used 

component was left to the scrutiny of the surgeon and 733 cementless stems (84%) were used. In total 

501 (58%) THA had an articulating surface diameter of 32 or 28mm (Table 2).  

Patients
N N Unilat Bilat M F Mean Range Mean Range Mean Range

DAA experienced (ML) 250 250 250 0 124 126 65 21-91 27 18-40 35 25-43
DAA First author 322 347 297 25 167 155 58 17-92 27 18-46 22 6-32

DAA  learning curve
Low volume 27 27 27 0 13 14 63 47-102 28 18-38 9 6-13

Intermediate volume 42 43 41 1 15 27 67 44-87 27 19-45 9 6-13
High volume 196 201 191 5 91 105 65 35-89 28 18-39 10 6-16

THA Gender Age BMI FU (m)

 
Table 1. Overview of demographics. 
 

Cemented Uncemented ≤32 36 >36
DAA experienced (ML) (N=250) 98 152 250 0 0
DAA first author (N=347) 10 337 116 116 115
DAA multi-centre learning curve (N=271)

Low volume (N=27) 0 27 21 6 0
Intermediate volume (N=43) 9 34 15 28 0

High volume (N=201) 18 183 99 102 0
Total DAA (N=868) 135 733 501 252 115

Stem fixation Articulation diameter

 
Table 2. Overview of used implants. 
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Number THA (N)
Intra-operative complications

Total incl. TFL and LFCN 1 0.7% 3 1%
Total excl. TFL and LFCN 1 0.7% 1 0.4%

Total femoral sided complications 1 0.7% 1 0.4%
Trochanter mass fracture 0 0 0 0

Trochanter tip fracture (<1cm) 0 0 0 0
Femoral perforation 0 0 0 0

Femoral calcar fracture/fissure 1 0.7% 1 0.4%
Femoral shaft fracture 0 0 0 0

Acetabular rim fracture 0 0 0 0
Significant LLD 0 0 0 0
Substantial TFL lesion 0 0 0 0
Nerve lesion 0 0 2 0.8%

Femoral nerve transient neuropraxia 0 0 0 0
Sciatic nerve transient neuropraxia 0 0 0 0

LFCN hypoesthesia 0 0 2 0.8%
Inferior gluteal nerve neuropraxia 0 0 0 0

Post-operative complications 3 2% 4 1.6%
Infection 1 0.7% 2 0.8%

Deep 1 0.7% 1 0.4%
Superficial 0 0 1 0.4%

Dislocation 0 0 1 0.4%
Clinically relevant and painful haematoma 0 0 0 0
Wound healing problems 1 0.7% 0 0
Periprosthetic fracture 1 0.7% 1 0.4%
PE 0 0 0 0

All complications
All incl TFL/LFCN 4 2.6% 7 2.8%
All excl TFL/LFCN 3 2% 5 2%

Experienced DAA
0-250197-347

First author

 
Table 3. Overview of complications. 
 
Experienced DAA series. The complications of the first 196 cases are discussed in detail in 3.III. The 

intra- and early post-operative complication rate further decreased beyond the initial series to an 

overall complication rate of 4 (2.6%) complications. This was similar to the 7 (2.8%) complications in 

the experienced DAA series (p=0.4) (Table 3). The level of the complications according to the Dindo-

Clavien classification was similar in both cohorts (Table 4).13 Regarding intra-operative femoral-sided 

complications in the experienced DAA cohorts, there were 2 intra-operative calcar fractures (0.5%) 

that were treated with a cerclage wire. There were 6 (1.8%) post-operative complications that required 

an intervention (Grade 3 complication): 3 infections and 2 peri-prosthetic Vancouver B2 type fracture. 

One fracture was caused by a witnessed traumatic fall on a slippery floor. The other fracture was 

caused by a fall from the stairs. There was 1 dislocation (0.2%) requiring closed reduction. The intra-

operative blood loss was 260cc (range, 85-600). This was significantly lower than during the learning 

curve (Figure 1). 
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Figure 1. The intra-operative blood loss decreased significantly with increasing experience.  
 

Number THA 197-347 % 0-250 %
Grade 1 1 0.7% 0 0
Grade 2 1 0.7% 3 1.2%
Grade 3 2 1.3% 4 1.2%
Grade 4 0 0 0 0

Total 4 2.6% 7 2.8%

Experienced DAAFirst author DAA

 
Table 4. Overview of complications according to Adapted Dindo-Clavien classification. 
 

Number THA (N) 0-27 % 0-43 % 0-201 % 271 %

Intra-operative complications

Total (incl. TFL and LFCN) 2 7% 3 7% 28 13.9% 33 12%

Total (excl. TFL and LFCN) 1 4% 1 2% 3 1.5% 5 1.8%

Total femoral sided complications 1 4% 1 2% 2 1% 4 1.5%

Trochanter mass fracture 0 0 0 0 0 0 0 0

Trochanter tip fracture (<1cm) 0 0 0 0 2 1% 2 0.7%

Femoral perforation 0 0 1 2% 0 0 1 0

Femoral calcar fracture/fissure 1 4% 0 0 0 0 1 0.4%

Femoral shaft fracture 0 0 0 0 0 0 0 0

Femoral head migration 0 0 0 0 1 0.5% 1 0.4%

Substantial TFL lesion 1 4% 0 0 25 12% 26 9.6%

Nerve lesion 0 0 2 7% 0 0 2 0.7%

Femoral nerve 0 0 0 0 0 0 0 0

Sciatic nerve 0 0 0 0 0 0 0 0

LFCN hypoesthesia 0 0 2 7% 0 0 2 0.7%

LFCN meralgia 0 0 0 0 0 0 0 0

Inferior gluteal nerve neuropraxia 0 0 0 0 0 0 0 0

Post-operative complications

Total 2 7% 1 2% 13 6% 16 6%

Dislocation 0 0 0 0 1 0.5% 1 0.4%

Clinically painful haematoma 2 7% 1 2% 11 5.5% 14 5.2%

DVT 0 0 0 0 1 0.5% 1 0.4%

All complications

All incl TFL/LFCN 4 15% 4 9% 41 20% 49 18.1%

All excl TFL/LFCN 3 11% 2 4.7% 17 8.5% 21 7.7%

Post-operative re-operations

Total 1 4% 1 2% 3 1.5% 5 2%

Total <3m (excl. closed reduction) 0 0 1 2% 2 1% 3 1%

Post-operative haematoma 0 0 1 2% 2 1% 3 1.1%

Dislocation 0 0 0 0 1 0.5% 1 0.4%

Low Intermediate High All 

 
Table 5. Complications in the multicentre learning series. 
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Multi-centre learning curve series. The overall complication rate, including TFL tears, was 51 in 

271 (19%) cases. There were 4 (1.5%) femoral-sided complications and the overall intra-operative 

complication rate was 5 in 271 cases (2%) (Table 5). Forty-five of 51 (90%) complications were 

Grade 1 or 2 complications. There were 5 (1.8%) Grade 3 complications (Table 6). The low volume 

surgeon conducted 27 cases over a period of 9 months. There was 1 intra-operative calcar fracture that 

was treated with cerclage wiring. The intermediate volume surgeon conducted 43 cases over a period 

of 6 months. He encountered 1 intra-operative perforation of the posterior cortex in the 43th case, 

which was a very obese patient. The perforation was immediately detected and a cemented primary 

stem was used without any further consequence. The overall intra-operative complication rate 

excluding TFL lesions was lowest in the high volume surgeon series with 3 (1.5%) complications in 

201 cases during an 11-month period. The 10th patient in this series sustained a posterior dislocation 

the 3th week after surgery. This was treated successfully with closed reduction. Except for 2 cases 

with complete LFCN hypoesthesia (0.7%), there were no nerve injuries. The overall intra-operative 

complication rate, including substantial TFL tears, in the multicentre series was 33 (12%) compared to 

4 (1%) in the experienced series (p=0.01). This decreased to 5 (2%) and 1 (0.25%), if TFL tears were 

excluded (p=0.03). The overall intra- and early post-operative complication rate was 21 (7.7%) of 

which a clinical painful haematoma (N=14) (5.2%) represented the bulk of complications. There were 

5 (2%) re-operations of which 1 closed reduction and 3 drainages for post-operative haematoma. One 

patient had residual groin pain due to psoas tendinitis. This patient was treated with a psoas release.  

Number THA 0-27 % 0-43 % 0-201 % 271 %
Grade 1 3 11.1% 1 2.3% 28 14% 32 12%
Grade 2 1 3.7% 2 5% 9 0 12 4.4%
Grade 3 0 0 1 2.3% 4 2% 5 1.8%
Grade 4 0 0 0 0 0 0 0 0

Total 4 15% 4 9% 41 20% 49 18%

Low Intermediate High All 

  
Table 6. Overview of complications according to Adapted Dindo-Clavien classification. 
 
Summary of literature data on the DAA technique. We also refer to chapter 3.I. Table 1. Of the 5 

studies that reported on the traction table technique, 4 studies8-11 were unique and 1 study12 was a 

multi-centre study that might have included results from the first 4 studies. Therefore the results are 

reported separately. The 4 studies reported the complications of 2.578 THA with a femoral-sided 

complication rate of 5 (1.9%). The multicentre trial reported a femoral complication rate of 35 in 

1.277 cases (2.7%). The overall intra-operative complications were only reported excluding TFL tears. 

There were 67 intra-operative complications in 2.578 (2.6%) and 48 in 1.277 (3.8%) traction table 

cases. In addition, there were 65 (2.5%) and 40 (3.1%) re-operations. There were in total respectively 

166 (6.4%) and 107 (8.4%) intra- and early post-operative complications (excluding TFL and medical 

problems) (Table 1 chapter 3.I). There were 756 cases in 5 studies reporting on the regular OR table 

techniques.3-7 There were 9 femoral fractures (1.2%) and 12 (1.6%) overall intra-operative 

complications excluding TFL tears. There were 14 (1.9%) re-operations. There were in total 29 (3.8%) 
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intra- and early post-operative complications (excluding TFL tears and medical problems) (Table 1 

chapter 3.I).  The results of our series compared favourable to the traction table data and were 

comparable to the regular OR table data.  

 

E. Discussion 

 

The purpose of this study was to determine the incidence of intra- and early post-operative 

complications associated with the DAA within and beyond the learning curve in a large multicenter 

observational cohort study. We aimed to evaluate whether the complication rate with the presented 

technique beyond the learning curve was comparable to the more conventional DAA technique. We 

also questioned the level of reproducibility of the complication rate of the first author’s learning curve 

by comparing the complication rate in a multi-center learning curve series. Finally, we compared our 

data with the available literature data. Our data suggest that this technique is a safe and reproducible 

but is clearly associated with a learning curve. In comparison to the literature, the learning curve is 

associated with a more acceptable complication rate that is uniform among multiple centers with 

various levels of surgical volume.  

Experienced series. The novel technique and the more ‘conventional’ DAA procedure as 

presented by Rachbauer et al. and Lovell et al. are associated with a comparable complication rate of 

2% excluding TFL tears.1,2 In addition, the Grade 3 complication rate requiring surgical re-

intervention was 1.8%. Three of 5 re-interventions were due to infection with an infection rate of 

0.7%. There was a very low 0.5% incidence of intra-operative femur fractures even though most stems 

were cementless. This is probably due to the fact that both surgeons are very experienced with a high 

volume of >250 THA per year. The low and high-grade complication rate was between 1.2% and 

1.6% in both series. This indicates that the approach is safe and not associated with a higher 

complication rate than the PLA (4% and 3%, respectively). In conclusion, both surgeons have reached 

the same level of complications. Both techniques do not vary a lot and probably the same releases are 

conducted but small differences are present. This allows concluding that both techniques are 

reproducible for both surgeons and this complication rate can be considered the reference baseline of 

complications.  

Femoral sided complications. The primary goal of the presented femoral elevation strategy during 

the DAA was to minimize the risk for femoral-sided complications during the learning curve. This 

would make the learning curve more acceptable when surgeons are converted to the DAA. Based upon 

the findings from the previous studies, it was clear that a dedicated training would be desirable. 

Therefore, all participating surgeons followed the training program. The first hypothesis was that the 

femoral-sided complication rate during the learning curve of surgeons with difference levels of 

experience was not significantly higher than the first author learning curve series. This would allow 

concluding that the learning curve is reproducible with different levels of surgical experience. The 
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incidence decreased with increasing experience of the first author: 1% during the first 196 cases to 

0.7% in the following 151 cases. The incidence was 0.4% in the experienced DAA series. The 

incidence was 1.5% in the multicentre learning curve series. This was slightly higher than the first 

author learning curve (p=0.09). This can be explained by the fact that the first author had slightly more 

experience during the first 20 cases without the presented technique and had also done more cadaver 

work. However, when compared to the available literature data, it is clear that even within the learning 

curve the fracture rate was lower than the 1.9% to 2.7% with the traction table.8-12 In addition, it was 

comparable to the 1.2% with the regular OR table data.3-7 Important to note is that most of the 

literature data were presented beyond the learning curve. With an overall incidence of 8 femur 

fractures in 864 (0.8%) DAA procedures on the regular OR table, we can conclude that the femoral-

sided complication rate is lower than the reported fracture rate with the traction table technique and is 

comparable to the fracture rate of the regular OR table literature. It was however higher than the 0% 

fracture rate with the PLA series (see chapter 3.III). This can be explained by the fact that only 

cemented stems were used in the PLA series. It is well documented that cementless stems are 

associated with an increased risk for femoral fractures. However, the incidence of 3 (0,3%) trochanter 

fractures in the DAA series is probably purely related to surgical approach. Therefore, we conclude 

that a significant percentage of femoral-sided complications is related to the surgical approach but is 

more acceptable than the traction table data even within the learning curve. All these fractures healed 

uneventfully. 

Overall complications. We also questioned whether the overall complication and re-operation rate 

was significantly higher during the learning curves. The Dindo-Clavien classification allows for an 

objective classification of the severity of the complications.13 Fifty-five of 65 (85%) complications of 

the presented technique were low-grade complications (i.e. Grade 1 or 2). These do not have any 

clinical consequence for the patient. Grade 1 and 2 complications do not have a clinical consequence 

for the outcome of the procedure but do occur and had a high incidence during the different learning 

curves. Substantial tears of the tensor fascia lata (TFL) fibres and painful haematoma were the most 

frequent Grade 1 complications. In contrast to other clinical studies, we included TFL tears because 

damage of this muscle is unintentional. Although we do not think that this damage bears any 

consequence for the patient, we feel that all efforts should be undertaken to reduce the risk of TFL 

tears. It is remarkable that the high volume surgeon encountered most TFL-tears. This finding was 

discussed within the consortium and the only variable that could explain this was the use of a different 

femoral elevator retractor that had sharp edges. The retractors used by all the other surgeons were 

more rounded and therefore soft tissue friendly. Other causes of TFL damage can be the oscillating 

saw blade during the neck osteotomy and a lateralisation of the femoral elevator in a direction that is 

more perpendicular instead of parallel to the direction to the TFL fibres. There were in total 15 (2.4%) 

painful haematoma of the upper leg. There were 5 (1.8%) Grade 3 complications in the multi-centre 

learning curve series, which all required re-intervention. Three of 5 re-interventions were for 
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haematoma drainage. We believe that this was due to unintentional damage of the medial circumflex 

artery. Therefore, surgeons should be vigilant and check for bleeding at the end of the procedure in 

case they expect to have done an overzealous release. The 1.8% re-operation rate was lower than the 

3.6% re-operation rate of the first author learning curve series. This can be explained in 2 ways. First, 

it supports the finding form the first author’s series that larger diameter heads were associated with a 

higher re-operation rate. The mono-block sockets with ≥36mm articulations were not used in the 

multi-centre trial and were associated with 5 of 7 re-operations. Second, the dedicated training 

program might also have played an important role in the lower re-operation rate. Although this is 

speculative because we did not thoroughly investigated this with a group of surgeons who did not 

follow dedicated training, it does not seem unrealistic that it helped to control the complications. 

Experiences are exchanged between surgeons, which probably has a positive effect on the learning 

curve. Finally, the dislocation rate was 1 in 271 learning curve cases (0.4%) and 2 in 868 cases (0.2%). 

The dislocation rate is 2 in 501 (0.4%) THA with 32- or 28mm articulations. This allows us to 

conclude that the goal of minimizing the dislocation rate with the DAA is achieved. In addition, a safe 

femoral elevation could be obtained with a reproducible releasing sequence that was not associated 

with an increased risk for implant instability.  

Comparison to the literature data. The proposed technique shows an improved complication rate 

compared to those presented in the literature, especially in comparison to the traction table data. As 

discussed above, the femoral-sided fracture rate was lower. The overall re-operation rate of 1.8% in 

the multicentre study was comparable to the 1.9% literature data of the regular OR table technique and 

was lower than the 2.5% to 3.1% reported on the traction table technique. The conclusion is that the 

learning curve complication rate of the proposed technique is within the complication rate of the 

literature data reporting on the regular OR table techniques. In addition, the complication rate is lower 

than the more experienced traction table complication rates. Finally, when compared to the PLA we 

can conclude that the re-operation rate was comparable with 4 re-operations (2%) in the PLA series, 

including 2 closed reductions. Excluding the closed reductions, the PLA re-operation rate was 2 (1%), 

which is comparable to the experienced DAA series. The overall re-operation rate of the DAA 

technique in this series was 13 in 864 cases (1.5%). The 3-month re-operation rate was 10 (1.2%). 

Limitations. The limitations of this study are that the used components were not controlled and left 

to the scrutiny of the surgeon. In addition, there might have been a bias towards less difficult cases 

because most of surgeons also conducted their conventional approach for THA. These criteria were 

not controlled. The follow-up of the multi-centre learning curve series is currently limited to 

approximately 10 months. Finally, the post-operative neuropraxia of the lateral femoral cutaneal nerve 

was only based upon subjective assessment and verbal request. The neuropraxia was not investigated 

by an independent observer and was only limited to clinically relevant complaints of the patients. 

Therefore, the true incidence might be higher. Finally, we did not thoroughly investigate the 

component positioning because pelvic radiographs were not obtained over the different sites. Usually 
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only unilateral radiographs were obtained which do not allow for proper assessment of implant 

positioning.  

 

F. Conclusions 

 

The primary aim of the proposed surgical procedure was to minimize the intra- and early post-

operative complication rate during the learning curve. It was the aim to make the procedure more 

reproducible for surgeons with different levels of surgical experience. The reported literature data 

showed that the DAA is associated with a steep learning curve and with a considerable complication 

rate beyond the learning curve. Therefore, we aimed to introduce an evidence based femoral elevation 

strategy. 

We conclude that our primary goal was achieved. The procedure is associated with a learning curve 

that however has an acceptable complication rate, in comparison to the literature and to a prospective 

series of PLA THA.  

The lessons learned from this multi-centre initiation study are that dedicated training in conjunction 

to a stepwise surgical technique is the key to success. The multi-centre setting allowed us recruiting a 

reasonable amount of patients in a relatively limited time frame of only 10 months. However, it is 

difficult to assess the real learning curve in a non-academic multi-centre setting because bias towards 

less difficult patients is hard to control. In addition, there was also a high variability in the quality of 

radiographs, which precluded the radiographic assessment of component positioning.  
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Chapter 4:  

What can be improved in functional outcome assessment? 

 

"Prognosticators of functional outcomes, the validation of normative values as a discriminative 

endpoint for the performance of surgical procedures and the introduction of the forgotten hip concept" 

 

Summary  

Functional outcome scores are developed as an instrument to assess the patients’ opinion about the 

hip and associated problems. These scores aim to assess the functionality and disability of the hip. 

Most of these scoring systems have been validated for clinical use but little is known about the 

variables that should be taken into account when interpreting these scores. In addition, normative 

values of the most frequently used scoring systems have not been presented yet. These values can be 

used as baseline levels of functionality that we could aim to achieve following a hip procedure.  

In this chapter we first investigated the most important variables that influence the functional 

outcomes (HHS, UCLA, HOOS and WOMAC score) of a ‘hip-healthy’ population of 1.000 

volunteers (Section 4.I.). Occasional but non-debilitating groin pain was present in 1 in 5 (21%) 

investigated subjects and was the most important predictor for outcome variability followed by age. 

This study allowed determining age- and gender matched normative functional outcomes. The utility 

of these normative scores as a pre-defined reference goal is investigated in the following sections. The 

conclusions from this study have important consequences for comparative studies. First, the findings 

indicated that the incidence of groin pain at both sides should be reported. Based on these findings, we 

conducted a preliminary retrospective analysis of 41 hip resurfacings and 98 primary THA with a 

follow-up of >3 years. This study showed that 22% of SRA and 19% of THA had ipsilateral groin pain 

and 15% and 21% had contra-lateral groin pain whereas radiographic assessment of the contralateral 

hip was normal. This contra-lateral groin pain can be an important confounding variable for functional 

outcome assessment of a unilateral hip replacement. We conclude that stratification should be rather 

done based upon the presence of contra-lateral groin pain and age rather than on gender and BMI. 

Second, the complex interplay of confounding variables suggests that a combination of multiple scores 

is desirable to fully understand the functionality of a hip procedure. Each confounding variable 

influences the functional scores to a different extent. In conclusion, when 2 procedures are being 

compared one should be very careful to draw conclusions based upon 1 outcome score, especially 

when this score is also influenced by other non-hip related factors such as e.g. is found with WOMAC 

scores. Third, we defined the normative level of functionality. Studies can be initiated with a 

predefined goal of functionality such as percentile 5, 10 or 25 of the healthy population. The incidence 

of patients that reached this goal can be used to define the predictability of a certain procedure to reach 

this goal. 
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In the second section we investigated the optimization of the discriminative capacities of functional 

outcome scores in a very homogenous and highly selected group of 32 PLA and 24 DAA patients 

(Section 4.II). All patients were included in the prospective follow-up study (Chapter 3.III.) The 

impact of the surgical procedure on the functionality can be considered as relatively limited but there 

still was a certain impact. Both surgical approaches performed very well and the conventional 

statistics were not able to detect a difference in the means (T-test) or mean ranks (Mann-Whitney U 

test) of any of the functional outcomes. However, the different analyses showed that it would not be 

correct to simply state that there are no differences because the most important difference was found in 

the distribution of the data. The conventional statistics are relatively blinded for this distribution but 

for the surgeon and the patient it provides information regarding the predictability of a surgical 

procedure. The concentration of the data around the mean is higher in the DAA population. In 

addition, the functionality of the DAA population reflected more the distribution of the normative 

functionality. More DAA patients were able to reach the same functionality as 95% and 75% of an 

age- and gender matched healthy reference population. This was however not significant. In addition, 

the normative functionality was not completely reached in all DAA patients, which allows us to 

conclude that DAA surgery is still associated with a less than optimal age- and gender-matched 

functionality in some patients. Finally, we also investigated the utility of the adaptive percentile 

modified Wilcoxon test (aPMW test). This test takes the distribution of the data into account and 

showed that 4 scores were significantly different and 4 shifted towards lower p-values. This study 

clearly showed that conventional statistics are not always appropriate because of the ceiling effect of 

most outcome scores. Alternative methods can be used to fully understand the functionality of 2 well 

performing procedures. 

For the individual patient not only the level of functionality is important but also the presence of 

residual peri-articular pain can be a burden. We investigated in the third section the incidence of 

subjective groin pain and clinical peri-articular pain in the same homogenous patient population 

(Section 4.III.). Three independent and blinded observers had a high inter-observer agreement for the 

presence of peri-articular pain. A significantly higher incidence of greater trochanter pain was found in 

the PLA cohort. The concept of the ‘forgotten’ hip was defined as (1) the absence of any subjective 

complaints of peri-articular pain and (2) the absence of any clinical peri-articular pain. In total 13 

(41%) PLA and 18 (75%) DAA patients had a forgotten hip (p=0.02). None of functional scores were 

discriminative for forgotten hips. In other words, the forgotten hip adds new information regarding the 

outcome of patients following a THA. In addition, clinical examination is required because 

questionnaires are not sensitive enough for this outcome parameter.  

 The findings of the previous sections were validated in a randomly selected and more 

heterogeneous patient population of the prospective study (Chapter 3.III.) (Section 4.IV.). This patient 

population is considered more representative for a ‘regular’ THA population of 25 PLA and 26 DAA 

patients. Again the conventional statistics were not able to detect a difference because the mean values 
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differed not significantly in any of the scores. However, the shape of the distribution was clearly 

different and therefore the conventional techniques were blind for the left sided scores. In contrast to 

the study with the homogenous cohorts, the dichotomisation based upon the 5 percentile normative 

mHHS, UCLA and HOOS symptoms allowed detecting a significant difference between both cohorts. 

When the criteria became more stringent, the significant difference in mHHS disappeared because also 

more DAA patients did not reach the 10th and 25th percentile of the reference population. In the PLA 

population 20% did not reach the 10th percentile in comparison to 12% of DAA patients. Sixteen of 23 

scores were significantly different by means of the aPMW test. Finally, the incidence of forgotten hips 

was significantly different in this study with 2 (8%) PLA and 12 (46%) DAA patients having a 

‘forgotten hip’. 

In the final section (Section 4.V.) we summarize the arguments to set-up a multicentre RCT with 

regards to functional and clinical outcome: 

- Cohorts should be stratified in order of importance to (1) groin pain (ipsi- or contra-lateral), 

(2) age and (3) gender.  

- Multiple outcome scores should be used because the scores are influenced to a different extent 

by different confounding variables.  

- Based upon the findings of this chapter, we identify 3 different levels of comparing functional 

outcomes. Level 1. Comparison of 2 data sets with the ‘classical’ non-parametric tests. This 

allows detecting differences in the mean or mean ranks. Level 2. In case there is no difference 

in the shift between the means or mean ranks, dichotomization based upon the 5th to 25th 

normative percentile can be helpful. This allows assessing whether a predefined goal could be 

predictably achieved. Level 3. Investigate the data distribution by means of the skewedness 

and the AUC in comparison to the normative outcomes. More overlap with the normative data 

and less left-sided skewedness is more desirable and can be considered an improvement in 

case all other parameters are similar between 2 procedures. In case of important skewedness, 

the aPMW test should be used because it takes the differences in skewedness between 2 

cohorts into account. 

- We suggest using 2 relevant primary endpoints: ‘presence of at least 1 abnormal score‘ and 

the ‘forgotten hip’. The alpha level for each comparison is then set at 2.5% which implies 181 

patients in each cohort for the composite endpoint ‘presence of at least 1 abnormal score‘ and 

123 patients in each cohort for the ‘forgotten hip’. 

 

Scientific output: 

Publications: 

“Variables influencing the functional outcome scores of the hip” Submitted to Clin Orth Relat Res. 

“Functional scores following THA/SRA: are we normal?” Submitted to Clin Orth Relat Res. 

“The forgotten hip concept. A forgotten outcome parameter.” Submitted to JBJS Br. 
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Presentations: 

“Functional scores following THA/SRA: are we normal?” Annual meeting of the BVOT, 21-22 June 

2012 (podium) 

“Variables influencing the functional outcome scores of the hip” EFORT meeting, Berlin, 23-25 

May 2012. (podium) 

“Variables influencing the functional outcome scores of the hip” AAOS meeting, February 7-11, 

San Francisco, 2012. (podium) 

“Variables influencing the functional outcome scores of the hip” Presentation at the annual ORS 

meeting 2012. (podium) 
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4. I. Variables influencing functional outcome scores of the hip. 

 

A. Research questions 

 

Functional outcome scores are developed as an instrument to assess the patients’ opinion about the 

hip and associated problems. These scores aim to assess the functionality and disability of the hip. 

Most of these scoring systems have been validated for clinical use but little is known about the 

variables that should be taken into account when interpreting these scores. In addition, normative 

values of the most frequently used scoring systems have not been presented yet. These values can be 

used as baseline levels of functionality that we could aim to achieve following a hip procedure.   

 

B. Aims 

 

1. To collect the functional scores of 1.000 ‘healthy’ volunteers without debilitating pain or previous 

surgery of the hip joint. 

2. To identify the most important predictors for variability in functional outcome scores.   

3. To determine the normative values of functionality after controlling for the most relevant variables 

of functional outcomes. 

 

C. Materials and methods 

 

One thousand volunteers were requested to fill in the modified HHS (mHHS), the UCLA, the 

HOOS and the WOMAC score in case (1) they never had been operated on one or both hips, (2) they 

did not have any debilitating pain in the groin and trochanter region or elsewhere in the body, (3) they 

did not take any pain medication or (4) they did not undergo any treatment for hip or groin problems. 

Other exclusion criterions were a history of surgery at the lower limb or spine with residual symptoms 

or restrictions, any joint replacement surgery, fibromyalgia and systemic diseases such as lupus, 

rheumatoid and psoriatic arthritis.  

The included subjects were asked for the following variables: pain in the lower back, the knee, the 

ankle and the foot. They were also asked for ‘occasional but non-debilitating groin pain not requiring 

any further investigation, treatment or pain medication’. The groin was indicated as the area 

extending from the inner thigh to the anterior border of the greater trochanter and from the anterior 

superior iliac spine to the level of the base of the greater trochanter. Considered predictors for 

functional outcome were sex, age, BMI and the presence of pain in the lower back or lower limb. A 

distinction was made between knee pain, pain in the foot or ankle, joint pain elsewhere and occasional 

groin pain. A combined grouping of ‘back and/or lower limb pain’ was also created if the subject had 

pain in at least one site (i.e. the lower back, the knee, the foot or ankle) but not in the groin.  
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The Spearman correlation and the Mann-Whitney U test were used to evaluate the association 

between each predictor and each functional outcome (sub-) score. Age was input in 10-year categories. 

A multivariable linear regression model was used with the predictors for each outcome score 

separately. Age was assessed in 5-year categories. A model was fitted separately on the subjects with 

and without occasional groin pain. The overall R² of the multivariable model was calculated. The R2 

reflects the total percentage of variability explained by the considered predictor. For each predictor in 

the multivariable model, the semi-partial R² was then calculated. This presents the percentage of 

variability in the functional score, which is explained by the particular predictor after controlling for 

the other predictors (i.e. the variability uniquely caused by the specific predictor). The Student’s T-test 

was used to compare values between genders and groups of subjects with pain in the low back, knee or 

groin region. P-values <0.05 were considered significant. All analyses were performed with SAS 

software (SAS Institute Inc., Cary, NC, USA), version 9.2 of the SAS System for Windows.  

 

D. Results 

 

Demographics. The scores of in total 37 subjects were discarded because they were either incomplete 

or the subject indicated to have debilitating pain. This left 963 complete scores of 324 (34%) males 

and 639 (66%) females (Table 1). The mean BMI was 24 kg/m2 (range, 11-38) and 730 (76%) 

subjects were in the age categories of 20 to 60 years. In total 386 (40%) subjects did not have any 

pain. The incidence of occasional groin pain was 21% in 144 (23%) females and 56 (17%) males. 

Functional scores. The mean modified HHS was 96±8. The mean UCLA score was 37±5. The mean 

UCLA sub-score was 7.8±2 for activity, 9.3±1 for pain, 9.9±1 for gait and 9.6±3 for function. The 

mean WOMAC index was 5.4±12. The mean WOMAC sub-score was 95±12 for pain, 93±16 for 

stiffness and 95±12 for function. The mean HOOS sub-score was 92±13 for symptoms, 94±12 for 

pain, 95±12 for ADL, 91±18 for sports and 93±14 for Quality of Life (QoL) (Table 2).  
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Table 1. Overview of demographics and incidence of pain. 

 

Effect of age, BMI and gender. Increasing age and BMI were significantly associated with worse 

outcomes for all scores (p<0.0001) (Figure 1). However, age did not influence the scores, except the 

UCLA activity score, in subjects younger than 70 years without any pain (Table 3 Addendum 3) 

(Figure 2). BMI was only a minor predictor for worse outcomes with low semi-partial R² values 

(Table 5 Addendum 3). Gender did not significantly influence the outcomes except for the UCLA 

activity (p=0.009) and pain (p=0.003) score in which females had worse results. When controlling for 

any pain there was no difference between males and females (Figure 3). When controlling for groin 

pain, only the WOMAC and HOOS sub-scores for pain were different between genders. Females with 

occasional groin pain had significantly worse results than males in 9 out of 15 scores (Table 4 

Addendum 3).  

Female Male Total Chi² test

N=639 N=324 N=963

Age (years) N (%) N (%) N (%) p"value
15-20 46 (7.2%) 29 (9.0%) 75 (8%)

20-30 124 (19.4%) 71 (21.9%) 195 (20%)

30-40 188 (29.4%) 56 (17.3%) 244 (25%)

40-50 130 (20.3%) 56 (17.3%) 168 (19%)

50-60 73 (11.4%) 50 (15.4%) 123 (13%)

60-70 51 (8.0%) 33 (10.2%) 84 (9%)

70+ 27 (4.2%) 29 (9.0%) 56 (6%)

BMI 23,8 (14-41) 24,6 (11-38) 24 (14-41) 0.9

Pain Back

No 389 (61%) 197 (61%) 586 (61%) 0.9

Yes 250 (39%) 127 (39%) 377 (39%)

Pain Knee

No 490 (77%) 247 (77%) 737 (77%) 0.9

Yes 149 (23%) 77 (23%) 226 (23%)

Pain Foot/Ankle

No 613 (96%) 303 (94%) 916 (95%) 0.1

Yes 26 (4%) 21 (6%) 47 (5%)

Pain Elsewhere

No 527 (83%) 275 (85%) 802 (83%) 0.3

Yes 112 (17%) 49 (15%) 161 (17%)

Occasional Pain Groin

No 495 (77%) 268 (83%) 763 (79%) 0.06

Yes 144 (23%) 56 (17%) 200 (21%)

Pain Back - Lower Limb

No 327 (51%) 149 (46%) 476 (49%) 0.1

Yes 312 (49%) 175 (54%) 487 (51%)

Any Pain

No 264 (41%) 122 (38%) 386 (40%) 0.2

Yes 375 (59%) 202 (62%) 577 (60%)
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Table 2. All functional outcome scores are significantly influenced by pain. 

 

 

 

 

N (%) Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
Groin pain

No 763 (79%) 98.5 3.6 8 1.7 9.8 0.7 9.8 0.3 9.7 1 37.5 2.6

Yes 200 (21%) 87.1 11.6 7 2.1 7.5 1.9 9.7 1.1 8.8 1.8 33 5.4

T-test

Any pain
No 386 (40%) 99.6 1.5 8.2 1.6 9.9 0.4 10 0 9.9 0.5 38 1.8

Yes 577 (60%) 93.8 9,0 7.6 2,0 8.9 1.7 9.9 0.7 9.2 1.5 35.6 4.5

T-test

Overall 963 (100%) 96.1 7.5 7.8 1.9 9.3 1.4 9.9 0.6 9.5 1.3 36.6 3.9

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
Groin pain

No 2.6 9.1 3.5 10.7 2.6 8.8 2.7 8.4 95.8 8.9 97.1 8.5 97.4 8.8 95 13.7 97.3 8.2

Yes 15.4 15.5 21.2 21.6 15.1 17.1 15.7 16.3 79.4 17.3 81.4 15.9 84.9 17.1 73.7 25,0 75.8 18

T-test

Any pain
No 1 5.3 1.6 6.3 0.9 4.2 1 4,0 98.1 4.8 98.8 5 99.1 4.2 97.3 8.6 98.3 6

Yes 8.2 14.1 11 18.4 8 14.6 8.3 14.2 88.6 15.2 90.5 14.4 92 14.6 86 22.1 89.1 16.4

T-test

Overall 5.3 11.9 7.2 15.5 5.2 12.1 5.4 11.8 92.4 13,0 93.9 12.3 94.8 12.1 90.6 18.8 92.8 14

<0.001

<0.001

<0.001

<0.001

HOOS
Symptoms Pain ADL Sport&rec QOL

WOMAC
Pain Stiffness Function Index

Total
UCLAmodHHS

Activity Pain Gait Function

Figure 1. Univariate analysis of the effect of 
age on functional scores. WOMAC 
Standardized = WOMAC index 
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Figure 2. Pain, and more particularly groin pain, significantly influenced outcome scores. 
 

  
 

 
Figure 3. Gender did not influence outcome score in case no pain was present.  
 
Effect of pain in the lower back, lower limb or groin. Subjects without any pain or without groin 

pain had significantly better outcomes than those with any pain (p<0.001) or groin pain (p<0.001) 

(Table 2). The multivariate analysis showed that occasional groin pain was the most important 

predictor for worse results in 13 of 15 scores because it was associated with the highest semi-partial R² 
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values (Table 5) (Table 5 Addendum 3). Especially the modified HHS, the UCLA pain, the 

WOMAC index and the WOMAC stiffness were highly influenced by the presence of occasional 

groin pain. The UCLA activity score was more influenced by age (semi-partial R2 = 9.3%) than by 

groin pain (semi-partial R2 = 1.3%). After controlling for groin pain, age became the second most 

important predictor for variability in outcome scores. 

 
Table 5. Summary and overview of most important predictors for variability in outcome scores. Y= Significant 
(p<0.05); Y = most important predictor (highest semi-partial R²); Y = second most important predictor (for 
detailed analysis see Table 5 Addendum 5) 
 
Normative functionality. Based upon the multi-variate analysis, it is clear that occasional but non-

debilitating groin pain and age are the 2 most important predictors for variability in the outcomes 

scores. This indicates that age-matched scores of subjects without any groin pain can be considered as 

the normative ‘healthy’ scores because they control for the 2 most influencing variables regarding 

functionality (Table 3 Addendum 3).  

 

E. Discussion 

 

Functional outcome scores such as the modified Harris Hip score, the UCLA score and the 

WOMAC score are often used to assess the functional efficacy of a surgical procedure (Chapter 1.II.). 

With these scores we aim to assess the functional recovery of our patients following a hip procedure. 
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UCLA gait Y Y Y
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HOOS symptoms Y Y Y Y Y Y

HOOS pain Y Y Y Y

HOOS ADL Y Y Y Y

HOOS sport Y Y Y Y

HOOS QOL Y Y Y Y



 141 

As such, these instruments are very useful tools to monitor the changes in the functionality. However, 

very little is known about the confounding variables that should be taken into account when these 

outcome scores are being evaluated. In addition, it remains unclear what the ‘minimum’ functional 

goals should be in our contemporary patient population. We consider the functionality of healthy 

subjects as the ‘normative’ or ‘minimum’ functional goal that we want to achieve with our hip 

procedures.  It was our aim to collect the most frequently used outcome scores from a large cohort of 

subjects who consider themselves as ‘hip-healthy’. We investigated the influence of different 

confounding variables in order to obtain a normative reference level of ‘hip-healthy’ functionality. 

This normative level of functionality could be used as a target level of functionality following a hip 

procedure.  

Functional scores. The first goal of this study was to collect a large data set of healthy subjects. 

We acknowledge that there were some limitations in this study. First, we included the scores of 

subjects that also had non-debilitating pain at other joints. We excluded patients with previous surgery 

at the lower limb or spine with residual symptoms. This was an a priori exclusion criterion that was 

not based upon any evidence but that was considered important to neutralize potential variability 

induced by other surgical procedures. We did not investigate the true origin of lower back or lower 

limb pain. We believe this would not influence our conclusions because the multi-variate analysis 

clearly showed that this pain did not influence the functional outcomes to the same extent as 

occasional groin pain and age. Furthermore, we think that ‘normative’ functional outcomes should 

take these minor confounding variables into account because the reality is that 60% of our investigated 

‘healthy’ subjects had some pain at other joints. Therefore, we believe that the investigated cohort can 

be considered a realistic and representative cohort for a normative age-matched functionality. Another 

limitation is that we did not further investigate the origin of ‘occasional but non-debilitating groin 

pain’. These subjects might have had a hip problem. Of interest was that 21% of the investigated 

population indicated to have these occasional complaints, which however ‘did not require further 

treatment of pain medication’. We acknowledge that this parameter is non-quantifiable and that a 

more objective gradation might have been better. However, this indicates that groin pain not requiring 

any treatment is not an infrequent symptom in a so-called ‘healthy’ population. Moreover, these 

subjects were included in the analysis in order to investigate the effect of this level of groin pain as a 

confounding variable for functional outcomes. A visual analogue scale would have provided a more 

objective evaluation of the severity of pain. We further acknowledge that we narrowed hip related pain 

to ‘groin pain’. This is based upon the finding of Lavigne et al. who found that 70% of subjects with 

hip complaints had pre-operative groin pain.1 However, trochanter pain and buttock pain might also be 

relevant hip related symptoms but the evidence on their correlation with hip pathology is even scarcer. 

Another limitation of this study is that only 6% of subjects were within the age group of >70 years 

whereas this is the group where most THA are conducted. The functionality of this group of patients 

was significantly lower than in other age groups. This can be due to multiple factors that are not 
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necessarily associated with the patient. For example environmental factors may play an important role. 

In addition, it is well known that not this patient population but the population of young subjects is the 

population where most of improvements in functionality and implant survivorship are required. 

Therefore, the focus for improvements in hip replacement techniques should rather be on this younger 

patient population. Finally, other scores such as the Oxford hip score could also have been used. We 

did not intend to detect the ‘best score’ for functional outcome of hip procedures. We only 

investigated the most frequently used outcomes scores that were found in our extensive literature 

search regarding hip resurfacing and RCTs in THA (see Chapter 1). We only aimed to optimize the 

utility of these scores by investigating their confounding variables.  

Most important predictors for variability in functional outcomes. All scores were significantly 

influenced by the presence of any pain from the spine to the foot. However, the multivariate analysis 

allowed identifying occasional groin pain and age as the most important predictors for variability in 

outcomes. Both predictors should be reported and controlled as much as possible when the 

functionality between 2 procedures is compared. This is in accordance with some findings in the 

literature. Nasser et al. compared the outcomes of SRA with and without groin pain.2 They found 

worse outcome scores (i.e. HHS, WOMAC and UCLA) with larger standard deviations in the cohort 

with groin pain compared to those without groin pain.2 Similarly, Lavigne et al. found worse 

WOMAC and UCLA activity scores in those subjects with groin pain following hip replacement.1 

Patients with groin pain had worse functionality with larger standard deviations. These findings have 

also important implications for the design of comparative studies. First, the pre- and post-operative 

incidence of groin pain at both sides should be reported. This is currently rarely done. Our literature 

review on outcome assessments found the incidence of groin pain in 2 RCTs.3,4  Lavigne et al. found a 

pre-operative incidence of 70%.1  This decreased to an overall incidence of 15%. The incidence was 

13% in 28mm THA, 17% in large diameter THA and 15% in hip resurfacing.1 This was comparable to 

Bartelt et al. who found an incidence of 7%, 15% and 18% respectively.5 Finally, Nasser et al. found 

an incidence of 18% at 2 years following SRA.2 The latter 2 studies were no RCTs. Even more, 

studies should also report the pre- and post-operative incidence of groin pain at the non-operated side 

because groin pain at the non-operated hip could (significantly) affect the functional outcomes. To 

further support this hypothesis we conducted a preliminary retrospective analysis of 41 hip 

resurfacings and 98 primary THA with a minimum follow-up of 3 years and no other co-morbidities 

(Table 7,8). These patients were retrospectively asked to fill in the same questionnaires but also to 

indicate whether they had subjective groin or trochanter pain at the operated and contra-lateral side. 

This study showed that 22% of SRA and 19% of THA had ipsilateral groin pain and 15% and 21% 

had contra-lateral groin pain. Only 51% of resurfacing and 48% of THA did not have any pain at the 

ipsi- or contra-lateral groin or greater trochanter. All the investigated scores were lower in the cohort 

of subjects with contra-lateral hip pain. However this trend was not significant probably because the 

study was underpowered (Table 11 Addendum 3). This study showed that patients should be 
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stratified in case contralateral groin pain is present. The incidence of pre-operative contralateral groin 

pain was reported in only 2 studies3,4 and the incidence of post-operative contralateral groin pain was 

reported in 1 study.6 Finally, we agree with Nasser et al. that studies should also discriminate between 

‘occasional groin pain not requiring any treatment’ and ‘refractive groin pain requiring treatment’.2 

The latter can be considered a failure. The incidence of occasional groin should be as low as possible 

but should certainly not exceed the 21% incidence of the normative population. In conclusion, it was 

clear from this study that the incidence of contra-lateral groin pain following a unilateral hip 

replacement is similar to the normative population and should be taken into account as an important 

confounding variable when functional outcomes of a hip replacement procedure are being assessed. 

Even more, based upon this study stratification should be rather based upon the presence of contra-

lateral groin pain and age instead upon gender and BMI.  

 
Table 7. Overview of the incidence of the level subjective peri-articular pain >3 years following SRA and THA.  
 

N % N %

Operated side 41 98

Groin pain

No pain 32 78% 79 81%

Pain 9 22% 20 19%

Sometimes 3 7% 13 13%

Severe 6 15% 6 6%

Trochanter

No pain 34 83% 66 67%

Pain 7 17% 32 33%

Sometimes 4 10% 11 11%

Severe 3 7% 21 21%

CL side

Groin pain

No pain 35 85% 77 79%

Pain 6 15% 22 21%

Sometimes 4 10% 9 9%

Severe 2 5% 12 12%

Trochanter

No pain 32 78% 75 77%

Pain 9 22% 23 23%

Sometimes 5 12% 10 10%

Severe 4 8% 13 13%

SRA THA
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Table 8. Overview of the incidence of subjective peri-articular pain >3 years following SRA and THA.  
 

When controlling for pain, age between 15 and 70 years did not influence any of the scores, except 

the UCLA activity score. Therefore the scores of subjects without any pain stratified to age represent 

the maximum achievable outcome scores following a hip procedure. Nevertheless, a representative 

population should be a population with also pain at different joints other than the hip. In these cases, 

age does become a predictor for variability in outcome and should then be controlled. Another 

interesting finding was that the UCLA activity score is more influenced by age than by groin pain 

(Table 5 Addendum 3). This score has been most often utilized to assess the outcome of SRA, which 

were merely young patients.1,2 It would have been better to use the UCLA sub-score for pain because 

this was most sensitive for groin pain, which remains the most important clinical symptom of interest 

following a hip procedure.    

Gender did not influence the scores in the pain free population. In other words, males and females 

should have similar outcome scores except for the WOMAC and HOOS pain score, which are slightly 

worse in females (Table 4 Addendum 3). In case females and males have significantly different 

UCLA and WOMAC outcome sub-scores, this is most likely due to a difference in incidence in groin 

pain. The modified HHS is not sensitive enough to detect any difference between genders even not in 

case groin pain is present.    

 The complex interplay of confounding variables on the functional outcome scores suggests that a 

combination of multiple scores would be better to fully understand the functionality of a hip 

procedure. Each confounding variable influences the functional scores to a different extent. Groin pain 

is the most influencing predictor for the modified HHS, the UCLA score for pain and the WOMAC 

score for pain and stiffness. Other confounding variables such as knee or lower back pain have much 

less influence on these outcomes. In contrast, the UCLA activity and total score and the WOMAC 

index are more influenced by pain from other joints than the groin. Therefore, the use of these scores 

as the only differentiator to compare 2 cohorts is maybe not ideal. Therefore, the use of multiple 

outcomes is desirable. For example Lavigne et al. used the UCLA activity score as the discriminative 

endpoint between hip replacements with or without groin pain.1  It was shown that patients with groin 

pain (score = 6.8) had the same level of functionality as those without groin pain (score = 7.1) 

(p=0.07). This is in line with our observations because not groin pain but age is the most important 

predictor of the UCLA activity outcome score. As a result, the UCLA activity score was not able to 

differentiate between both cohorts. However, the authors also used the WOMAC index, which was 

SRA THA

Operated side No pain Pain Total Operated side No pain Pain Total

No pain 21 (51%) 8 (20%) 29 (71%) No pain 47 (48%) 10 (10%) 57 (58%)

Pain 7 (17%) 5 (12%) 12 (29%) Pain 19 (19%) 22 (22%) 41 (42%)

Total 28 (68%) 13 (32%) Total 66 (67%) 32 (33%)

CL side CL side
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worse in the groin pain cohort (i.e. 17 versus 4) (p<0.001).1 Therefore, it was only by the use of a 

second score that the authors were able to conclude that residual groin pain significantly influenced 

the functionality of hip replacements. However, because we know that also the WOMAC index is 

relatively highly influenced by pain from other joints, it would have been better to also include another 

more ‘groin pain’ sensitive score such as the UCLA pain score or the HOOS. Another example is the 

study by Nasser et al. who found the UCLA activity scores of SRA with groin pain were worse (6.5 

and 7.5, respectively) (p=0.04).2  This was only a borderline difference and could have been caused by 

slightly different age groups or even by pain at other joints. However, also the HHS and the different 

WOMAC sub-scores were significantly worse. We know from our analysis that these scores are much 

more sensitive to groin pain which allows concluding that indeed groin pain and not age were indeed 

the cause for the worse outcomes in the groin pain cohort. In other words, cumulating different 

outcome scores enforced the conclusions and allowed better neutralizing the confounding variables 

that are not directly related to the hip procedure. In conclusion, when 2 procedures are being compared 

one should be very careful to draw conclusions based upon 1 outcome score, especially when this 

score is also influenced by other non-hip related factors.  

Normative outcomes. The need and added value of normative levels of functional outcomes can 

be illustrated by means of the modified HHS. The modified HHS takes the same functional parameters 

as the original HHS into account but discards the clinical assessment. We know from experience that 

post-operative clinical findings such as residual contractures are rarely, if ever, present in the 

contemporary hip replacement population. Therefore, we believe that the modified HHS can be 

considered as a representative HHS in the contemporary THA population. The modified HHS has 

been validated by T. Byrd et al. and is considered equivalent to the HHS in terms of functional 

outcomes.7 In his original paper, Bill Harris arbitrarily categorized a HHS of 100-90 as ‘excellent’, 90-

80 as ‘good’, 80-70 as ‘fair’ and <70 as ‘poor’.8 We questioned the representative value of these 

categories and we stratified subjects without groin pain to gender-matched age groups. We assessed 

the incidence of subjects within the different Harris-categories (Table 9). This clearly showed that 

only 83-84% of female subjects between 30 to 50 years reached the ‘excellent’ score according to the 

original Harris’ classification. In addition, only 63% of females with an age between 50-60 years 

reached the ‘excellent’ score.  
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Table 9.  Percentage of healthy subjects per category according to the W. Harris classification. 

 

Furthermore, 37% of females between 50-60 years had a score between 80-90, which is considered as 

‘good’. In other words, the arbitrary categories ‘excellent’ and ‘good’ can be questioned in the 

contemporary population and are clearly age related. As a matter of fact, it would be unrealistic that 

higher incidences of ‘excellent’ subjects are found in clinical studies because the investigated 

population in this study can be considered as the best normative population. Therefore, an alternative 

method of using normative levels of functionality could be introduced to define a cut-off value of 

‘normative’ functionality. We suggest using a post-operative target functionality that is based upon the 

normal contemporary population. For example, a post-operative functionality similar to 95% of the 

age- and gender-matched population without groin pain can be targeted (Table 10).  

 

 
Table 10. Age and gender matched minimum normative scores of 95%, 75% and 50% of healthy subjects. 

 

In order to define this functionality, we assessed per age group the minimum HHS score that 95%  

of subjects without groin pain achieved. For example, in the age group of 50-60 years 95% of subjects 

had a minimum modified HHS of 77 and 81 for females and males, respectively. Five per cent had a 

worse modified HHS. Therefore these values represent a minimum cut-off value of normative 

functionality of healthy subjects with an age between 50 to 60 years. This target can thus be 

considered as a predefined and realistic goal that we want to achieve following a surgical hip 

ModHHS 15-20 yrs 20-30 yrs 30-40 yrs 40-50 yrs 50-60 yrs 60-70 yrs 70+ yrs
Females

<70 (poor) 1% 3% 5%
70-80 (fair) 1% 6% 3% 22%

80-90 (good) 23% 10% 9% 17% 32% 32% 68%
>90 (excellent) 77% 89% 90% 83% 62% 62% 5%

Males
<70 (poor) 2%

70-80 (fair) 2% 6% 2% 3% 10%
80-90 (good) 19% 19% 8% 14% 37% 47% 67%

>90 (excellent) 81% 79% 74% 84% 63% 50% 23%

ModHHS 15-20 yrs 20-30 yrs 30-40 yrs 40-50 yrs 50-60 yrs 60-70 yrs 70+ yrs

Females

Percentile 50 (Median) 91 91 91 91 91 91 82.5

Percentile 25 91 91 91 91 88 87 79

Percentile 5 85.5 87 87 87 77 71 62

Males

Percentile 50 (Median) 91 91 91 91 91 89.5 88

Percentile 25 91 91 91 91 88 85 84

Percentile 5 84 85 78 88 81 80 78
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procedure. Similarly, more stringent criteria such as percentile 10 or 25 could also be used (i.e. the 

question would be “Are patients as good as 90% or 75% best patients of the reference population 

without groin pain?”) (Figure 4).  

 

 
Figure 4. The normative outcomes are shown per gender (males left and females right) and age. The aim would 
be to use these normative outcomes as a discriminative parameter. The predefined goal of the study is to obtain 
scores within the 75% or 95% of the healthy population (i.e. to have score above the dashed green line or red 
line respectively). The difference in incidence to reach this predefined goal can then be compared.  

 

This approach allows assessing how predictable a surgical technique is in achieving the predefined 

goal but it also allows comparing the predictability of 2 techniques to achieve this goal. In case the 

level of functionality is not within the normative level, the result can be considered as ‘not normal’. In 

other words, normative data allow defining an evidence-based goal of functionality that we want to 

achieve with our surgical procedures: we want to achieve the same level of functionality following the 

surgery as the age-matched ‘hip-healthy’ peers. We acknowledge that these normative data are maybe 

not necessarily compatible with the expectations of some patients but at least these data represent a 

predefined and realistic ‘minimum’ goal that we aim to achieve. In addition, these data allow defining 

functionally relevant goals that can be used in the power analysis when an RCT is designed.  

 

F. Conclusions 

 

The most important problem with functional outcomes was defining what the level of functionality 

should be that we wanted to achieve following our hip procedures. The identification of the most 

important predictors for functionality allowed identifying groin pain as an important prognosticator for 

functionality following a procedure. Cohorts should be stratified in order of importance to (1) groin 

pain (ipsi- or contra-lateral), (2) age and (3) gender. In addition, multiple outcome scores should be 

used because the scores are influenced to a different extent by different confounding variables. 

Finally, we defined the normative level of functionality. Studies can be initiated with a predefined goal 

of functionality such as percentile 5, 10 or 25 of the healthy population. The proportion of patients that 



 148 

reached this goal can be used to define the predictability of a certain procedure to reach this goal. This 

also allows comparing the predictability of functional outcome of 2 techniques.  

This study suggests that realistic goals of a hip procedure in our contemporary patient population 

can be considered as (1) a patient population with a proportion of non-debilitating groin pain of <21% 

and (2) with age- and gender-matched scores that reach the same functionality as 95%, 90% or 75% of 

a ‘normal’ population without groin pain. In the next section we will investigate whether the 

proportion of patients that reached these pre-defined goals could be helpful when comparing 2 surgical 

techniques. 
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4. II. Alternative comparison of functional outcomes 

 

A. Aims and Research questions 

!
We aimed to investigate whether the conventional statistical tests are appropriate to compare the 

outcomes of 2 surgical techniques that at first glance seem to perform equally well but have a different 

level of variability.  

The following research questions are investigated: 

1. Are conventional statistical tests such as the T-test or the Mann-Whitney U (MWU) test suitable 

to compare functional outcomes of 2 well performing surgical techniques? 

2. Is (optimal) dichotomization more appropriate to compare functional outcomes of surgical 

procedures?  

3. Is the adaptive percentile modified Wilcoxon test more appropriate to compare functional 

outcomes of surgical procedures?   

 

B. Hypothesis 

 

Regardless the used statistical analysis, there is no significant difference in functional outcome 

between the DAA and PLA in a highly selected group of patients. 

 

C. Materials and methods 

 

Patients with a THA conducted trough either the direct anterior approach (DAA) or the 

posterolateral approach (PLA) were selected from the prospective cohort study of 381 patients treated 

between September 2010 and January 2012. The database was screened for patients without previous 

surgery at the lower back or lower limb. In addition, the radiographs were assessed for osteoarthritis at 

the contralateral hip and only patients without contralateral osteoarthritis (Tönnis grade 0) were 

selected. During the first screening 47 DAA patients with a mean follow-up of 22 months (range, 12-

30) were selected. The mean age was 62 years (range, 32-89).  Similarly, 51 PLA patients with a mean 

follow-up of 22.6 months (range, 13-29) (p=0.1) were selected. The mean age was 64 years (range, 

29-82). All patients were contacted and requested to attend an additional research clinic. They were 

also asked for the presence of contra-lateral groin pain. In total 29 DAA patients and 36 PLA patients 

with the same demographics did not have contra-lateral groin pain and were willing to come to the 

additional clinic. Five patients in the DAA cohort and 2 in the PLA cohort were excluded because of 

onset of acute sciatica (N=1), recently diagnosed rheumatoid arthritis (N=2), recent lumbar spine 

operation (N=1), deteriorating contralateral hip osteoarthritis (N=2) and a post-meningitis syndrome 

(N=1). As a result 2 cohorts of 24 highly selected DAA and 32 PLA patients without significant co-
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morbidities were included in this study. The selection criteria were made very stringent in order to 

isolate the surgical procedure as the most important variable for outcome. All patients had 

radiographically well-ingrown implants without any signs of loosening (Table 1). 

  
Table 1. Patient demographics. 
 

Patients were asked to again fill in all questionnaires. In addition, they were asked whether they 

had occasional or debilitating ipsi-lateral groin or trochanter pain (i.e. ‘subjective’ complaints). They 

were also clinically examined for peri-articular pressure pain by 2 observers who graded the pain level 

to 0 (no pain), 1 (mild pain), 2 (moderate pain) or 3 (severe pain) (i.e. 'clinical’ complaints). A third 

observer also conducted the clinical examination. All patients were investigated independently and 

none of the observers were involved with the treatment of the patients. The observers were blinded for 

approach and operation site. The following criterions were used for the clinical definition of ‘no peri-

articular pain’ in order of priority: (1) both observers could not elicit any peri-articular pain and (2) in 

case of disagreement between both observers, the clinical findings of the third observer were followed 

(i.e. if this observer could not elicit any peri-articular pain, the hip was assigned as ‘no peri-articular 

pain’). A patient was assigned to have a ‘forgotten hip’ in case the patient did not have any subjective 

or clinical complaints. The results of this test are discussed in the following section 4.III.  

Conventional comparison. The MWU and T-test were used to compare the functional outcomes 

of both approaches.  

Optimal dichotomization based upon the data. The idea of optimal dichotomization is to 

compare the percentage of subjects that reached a certain goal of functionality one year after the 

surgery. We used the optimal dichotomization based upon a specific cut-off value that was determined 

from the data set. This approach is often used in the literature. The cut-off value was defined by the 

comparison of the top and bottom scores by means of the MWU-test. The score with the lowest p-

value was chosen as the optimal cut-off value. In other words, based upon the complete data set (i.e. 

both cohorts together) we searched for the most optimal discriminative score, which was the score 

with the lowest p-value when the top and bottom scores are being compared. A comparison was thus 

made between high and low scores until the lowest p-value was reached. The score at this level was 

PLA DAA MWU Fisher

Demographics N=32 N=24

Gender

Male 15 (47%) 13 (54%) 0.8

Female 17 (53%) 11 (46%)

Age 

Mean 62 60 0.7

SD 10.6 13.9

BMI

Mean 26 3.8 0.07

SD 27.7 3.5
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chosen as the cut-off value. The proportion of subjects with a score higher than this cut-off value was 

then compared between both groups. The Fisher exact test was used to compare the percentages of 

both cohorts that reached the cut-off value. To summarize: all scores were taken together and the score 

that allowed to dichotomize between the top best and bottom lowest results was determined as the cut-

off value. Than we compared the percentage of DAA and PLA patients that did not reach this score. 

For example 72% PLA and 42% DAA patients did not reach the 97 points HHS.  

Dichotomization based upon the percentiles of the normative data set. We determined a priori 

a cut-off value based upon the 5th, 10th or 25th percentile of the normative, healthy population without 

groin pain. The normative population without groin pain has been shown to be the population with the 

best gender-matched functional results at a certain age. For example, using percentile 5 as a predefined 

cut-off value implies that the patient should be at least as good as 95% of the age-gender matched 

healthy population. A difference between cohorts would be caused by the difference in a subset of 

subjects who are after surgery not as good as ‘the worst’ 95% healthy subjects without groin pain. In 

other words, the goal of a functionality of 95%, 90% or 75% of the best healthy population is a priori 

defined. The percentage of subjects that do not reach this goal should not be higher than 5%, 10% and 

25%, respectively. The Fisher exact test was used to compare the percentages of subjects that did not 

reach the investigate percentile.  

The adaptive percentile modified Wilcoxon test (aPMW). It is well known that most of the 

utilized functional scores have a ceiling effect. This implies that the maximum value is often reached 

and the data set shows a distribution of ‘maximum’ and ‘non-maximum’ results.1 As a result the mean 

or mean rank does not necessarily differ between 2 cohorts but the distribution of ’non-maximum’ 

results might be significantly different. This might be an important determinant parameter between 2 

well performing surgical techniques that aim to provide a maximum result for all subjects. The aim of 

this test is thus to also focus on the region in the distribution where differences in locations between 

both groups are most salient. This test does not focus on the shift in location of the mean or mean 

ranks (because this shift is not significantly different) but uses the skewedness and tail weight of the 

data distribution. The percentiles defining the relevant region of differences are estimated based upon 

the data.2-5 In other words, this test aims to focus on the differences in data distribution of ‘non-

maximum’ results (i.e. less optimal results).  

P-values smaller than 0,05 are considered significant. No corrections for multiple testing are used. 

Analyses were performed using SAS software, version 9.2 of the SAS System for Windows. 

Copyright © 2002 SAS Institute Inc. SAS and all other SAS Institute Inc. product or service names are 

registered trademarks or trademarks of SAS Institute Inc., Cary, NC, USA. The adaptive percentile 

modified Wilcoxon test has been performed in the R software, with the package aPMW received from 

the authors. 
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D. Results 

 

Conventional comparison. There were no differences between any of the scores either by the MWU 

or the T-test (Table 12 Addendum 3). The DAA cohort always showed slightly improved results in 

comparison to the PLA but never to a significant level. The only scores with p-values in the direction 

of a significant difference were the UCLA pain (p=0.07), HOOS ADL (p=0.07) and the WOMAC 

function (p=0.06). All other scores showed p-values ≥0.1. In other words, there were no differences 

between the mean or mean ranks of both cohorts.  

 
Figure 1. There were no significant differences between any of the scores when evaluated with the 
MWU. 
 
Optimal dichotomization based upon the data. The optimal cut-off values of all scores were defined 

(Table 2). For example, the optimal cut-off value of the modified HHS in the current study equals 97. 

The proportion of subjects with a score higher than 97 was compared between both groups. In this 

study 23 (72%) PLA and 10 (42%) DAA patients did not reach this cut-off value (p=0.03). The same 

was found for the HOOS ADL, Sports & Recreation and the WOMAC function score (Table 2). The 

UCLA pain score was deviating towards an almost significant value (p=0.08). All other scores showed 

p-values ≥0.1.  
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Table 2. Comparison based upon optimal dichotomization: % of patients below optimal cut-off value. AUC = 
area under the curve 

 
 
 
 

Dichotomization based upon 

the percentiles of the 

normative data set. All subjects 

in both groups reached the goal 

of percentile 5 of the healthy 

age-matched population (Figure 

1). The scatterplot of the 

observed modified Harris-Hip 

score shows the position of 

functional outcomes relative to 

percentile 5 of the reference 

distribution of age-matched normal subjects. Dots below the diagonal line would indicate that patients 

would have a score lower than 95% of the age-matched normal population. The same assessments 

were done for the 10th and 25th percentile. Both comparisons did not reveal a significant difference 

between both approaches (p=0.2 and p=0.5, respectively). However, this test also indicated that the 

distribution of data is different between both approaches. For example, 10 (31%) of PLA patients did 

not reach the 25th percentile of the modified HHS in comparison to 5 (21%) of the DAA patients 

(p=0.5). In other words, 3 (10%) more PLA patients did not reach the same functionality as the 75% 

best subjects of the reference population.  

The adaptive percentile modified Wilcoxon test (aPMW). The first question is whether there is 

indeed a difference in data distribution between both cohorts. This can be investigated by means of the 

Cutoff PLA DAA AUC Fisher
Modified Harris Hip 97 72% 42% 0.651 0.03
UCLA 36 47% 25% 0.609 0.2
UCLA activity 8 75% 67% 0.542 0.6
UCLA pain 10 41% 17% 0.620 0.08
UCLA gait 1 9.4% 4.2% 0.526 0.6
UCLA function 10 25% 17% 0.542 0.5
HOOS Symptoms 95 53% 42% 0.557 0.4
HOOS Pain 100 69% 46% 0.615 0.1
HOOS ADL 100 84% 46% 0.693 0.004
HOOS Sport&rec 100 88% 54% 0.667 0.007
HOOS QOL 94 56% 33% 0.615 0.1
WOMAC Pain 100 41% 33% 0.536 0.8
WOMAC Stiffness 100 44% 33% 0.552 0.6
WOMAC Function 100 84% 46% 0.693 0.004
WOMAC Index 24 97% 83% 0.568 0.2

Figure 2. All patients reached the 5th percentile of the mHHS of the 
normative reference population (all above the line). 
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skewedness of the data (i.e. lower number of skewedness indicates a higher skewedness) and by 

means of the area under the curve (AUC) overlap with the matched reference population (i.e. higher 

AUC = closer to 1 indicates less overlap and indicates a better discrimination between both cohorts). 

The comparison of the pre-operative modified Harris-Hip scores with the reference population 

illustrates the value of the data distribution assessment. The pre-operative mHHS is distributed rather  

 

 

(a) (b) 

(c) 

 

symmetrically (skewedness = -0.17) around a mean value of 57 (SD = 19.8) (Figure 3a), whereas in 

the reference sample, the distribution is clearly heavily left-skewed (skewedness = -2.5) with a mean 

of 96 (SD = 6.3) (Figure 3c). This also indicates the ceiling effect of the HHS: most subjects have a 

maximum score and the mean will shift towards the maximum. The pre-operative modified Harris-Hip 

scores showed almost no overlap with the age and sex-matched reference sample because the AUC 

was 0.98 (95% CI = 0.96-1). The mean post-operative score of all patients was 93.6 (SD = 6.7) and 

was left-skewed (skewedness = -1.6). The AUC was 0.66 (95% CI = 0.57-0.74) (Figure 3b). 

Therefore, the post-operative overlap with the reference population was much better than the pre-

operative overlap (i.e. lower AUC implies less discrimination between both cohorts). In other words, 

patients deviated towards a normative outcome after the surgery. The distribution of the DAA cohort 

(AUC=0.59) (95% CI = 0.46-0.71) showed more overlap with the normative group compared to the 

PLA cohort (AUC=0.71) (95% CI = 0.61-0.81) with 42% of the DAA and 22% of PLA subjects 

having a maximum modified Harris-Hip  (p=0.1) (Figure 4). In conclusion, there was a difference in 

Figure 3. The distribution of (a) the pre-
operative, (b) post-operative and (c) normative 
data is different. 
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distribution of mHSS scores between both cohorts because there was a 12% difference in overlap 

between the investigated cohorts and the normative population. Therefore, the aPMW test might be 

more appropriate than the conventional tests to compare the functionality between both cohorts. With 

the aPMW test, the HOOS ADL and Sports & Recreation and the WOMAC function were 

significantly different between both cohorts. In addition, the WOMAC index was also different (Table 

3). In comparison to the conventional tests, there was a shift towards lower p-values in UCLA gait, 

UCLA function, HOOS QoL and WOMAC stiffness (Table 3).  

(a) (b) 

Figure 4. The distribution between both cohorts was different. 

 

 
Table 3. The aPMW test revealed significant differences in 4 scores and a shift towards lower p-values in 3 
scores.  
 

E. Discussion 

 

Functional outcome scores are used to quantify the functionality of patients following a hip 

procedure. These scores, especially the Harris Hip and the UCLA score, have a ceiling effect, which 

implies that most patients reach the maximum score but some do not. The distribution will thus be 

T-test equal variances MWU test Optimal cut-off value aPMW
Modified Harris Hip 0.209 0.107 0.030 0.159

UCLA 0.458 0.406 0.162 0.891

UCLA activity 0.783 0.745 0.558 0.637

UCLA pain 0.263 0.074 0.079 0.205

UCLA gait 0.463 0.469 0.627 0.094

UCLA function 0.446 0.503 0.525 0.143

HOOS Symptoms 0.590 0.438 0.430 0.338

HOOS Pain 0.547 0.210 0.105 0.341

HOOS ADL 0.604 0.071 0.004 0.008
HOOS Sport&rec 0.823 0.387 0.007 0.005
HOOS QOL 0.971 0.382 0.110 0.216

WOMAC Pain 0.931 0.724 0.781 0.986

WOMAC Stiffness 0.599 0.516 0.581 0.216

WOMAC Function 0.474 0.058 0.004 0.009
WOMAC Index 0.839 0.138 0.153 0.039

Comparison of statistical tests
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shifted to the right (i.e. the maximum) leaving tests that focus on this shift more or less blinded for 

those subjects that did not reach the maximum. The result of this phenomenon is that the distribution 

very often shows a left skewedness. The mean scores or mean ranks will not be significantly different 

but both cohorts still have a different distribution, especially to the left side (i.e. a different incidence 

of less than optimal results).  

We used a highly selected patient population in this pilot study because we aimed to isolate 

surgical approach as the most important variable for functional outcome. Other confounding variables 

that could influence the mean outcomes and the distribution of the data were neutralized as much as 

possible. The differences between both approaches could be thus considered as ‘minimum’ 

differences. It was clear from the conventional comparisons that the differences between both 

approaches are minor and are definitely not in the difference of means or mean ranks. Therefore, with 

this comparison we aimed to illustrate that alternative comparisons might be more helpful to fully 

understand the functionality following 2 well performing surgical techniques.  This study showed that 

not only a focus should be put onto the shift of the means but also onto the distribution of the data 

around the mean. This distribution provides information about the reproducibility or maybe even the 

predictability in obtaining predefined goals following a procedure. We aimed to investigate whether 

including the data distribution in the comparison of 2 well performing procedures would allow 

highlighting smaller differences between both procedures that would otherwise not surface.  

Conventional comparison. None of the functional scores at 1 year post-op differed between both 

groups when a classical non-parametric test such as the Mann-Whitney U test was used. However, 

tests on means (i.e. the independent T-test) or mean ranks (i.e. the MWU) may be less appropriate 

when the distribution is heavily skewed because these tests focus on a shift in location of the 

distribution leaving all other characteristics (e.g. variability, left sided skewedness) unchanged. In 

other words, these tests do not focus on the difference in the skewed shape of the distribution. 

Skewedness (i.e. a left sided tail of the distribution) happens often with functional scores with a 

ceiling effect. This was also found in the investigated population and in the reference population. The 

more patients resemble healthy subjects after surgery, the more the distribution will be ‘pushed’ 

towards the right end of the scale resulting in the typical left-skewed shape. Hence, if two approaches 

show a different degree of success, the shapes of their distributions are also likely to differ. It was 

clear from the AUC test that both cohorts resemble more or less the healthy population but there was 

still a difference in left-skewed shape with a higher degree overlap between the healthy population and 

the DAA cohort. Consequently, tests that focus on a mere shift in the location of the distribution 

(MWU and T-test) may be less appropriate in these situations. In other words, in case the MWU or T-

tests do not indicate a significant difference one can only conclude that there is no significant shift in 

location of the mean or mean ranks (i.e. the means or mean ranks do not differ significantly). 

However, this does not mirror the distribution of the data around the mean. This distribution provides 

information about the reproducibility of the results. Therefore, in case the means do not significantly 
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differ, the next level of comparison between 2 well performing techniques should focus on the 

distribution of the data around the mean. Alternative statistical approaches are then required.  

Optimal dichotomization based upon the data set. One approach to investigate the differences in 

data distribution could be to dichotomize the data set based upon cut-off values. The proportion of 

subjects with a score lower (or higher) than this cut-off value is then compared between both groups. 

This statistical approach is not infrequently used in the medical literature. The idea is to identify 

within the complete data set a score that differentiates optimal from less optimal results. Next, the 

proportion of subjects within each cohort that did not reach this cut-off score is compared. It was clear 

from the tests that significantly more PLA patients did not reach the optimal functionality in 4 out of 

15 scores. However, since the choice of the cut-off value is based upon the existing data set, the cut-

off value is purely data driven and there is no validation of the representative value of this specific cut-

off score. Another important shortcoming of this way of dichotomization is that the comparison is not 

age- and gender-matched. Therefore, this way of dichotomization is prone to error and considered not 

desirable. 

Dichotomization based upon the percentiles of the normative data set.  An alternative and quite 

easy approach to investigate the differences in data distribution by means of dichotomization is 

predefining functional goals such as the 5th, 10th or 25th percentile of the normative population. This 

allows defining the cut-off value a priori. With this approach we compare both approaches by 

comparing the percentage of subjects with a functionality that is within a predefined percentile of the 

distribution of age- and gender-matched healthy subjects without groin pain. A difference between 

cohorts would confirm the crucial difference between both distributions is in the presence of a subset 

of subjects who are after surgery not as good as ‘the worst’ healthy subjects without groin pain. 

Within the investigated population it was clear that subjects of both cohorts reached the functionality 

of percentile 5 of the healthy population. In other words, by means of this dichotomization one can 

conclude that the functionality obtained with both procedures is similar to the functionality of the best 

95% of the age- and gender-matched healthy population. However, detailed analysis showed there is a 

(small) difference between both procedures because almost 1 in 3 PLA (31%) and almost 1 in 5 DAA 

(21%) patients did not reach the same functionality as the best 75% functionality of the healthy 

population. The difference was not significant possibly because the study was underpowered.  

The adaptive percentile modified Wilcoxon test (aPMW). A modification of the MWU test was 

proposed including data only in the top (p) and the bottom (r) fraction of the combined data set.4 The 

aim was to focus on the region in the distribution where differences in locations between both groups 

are most salient. Adaptive versions of the modified Wilcoxon Rank Sum have than been presented 

where specific choices for the percentiles p and r depend on the skewedness and tail weight of the data 

distribution. Recently, Thas et al.2 have presented the aPMW test, which is an extension of the 

abovementioned modified MWU-test where the percentiles defining the relevant region are estimated 

based on the data.  Applying the aPMW test yielded that 7 of 15 p-values deviated away from the p-
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value based on the MWU test (underscored in Table 3). Even more, 4 tests became significantly 

different. Interesting to note is that these tests were the same as those found with the optimal 

dichotomization upon the data set. Although the modified MWU test and the aPMW test offer an 

elegant and powerful solution to the shortcomings of the MWU test, applications are sparse in the 

medical literature, probably because they are not available in most commercial software packages.  

Shortcomings. The most important shortcoming of this study is the relatively small number of 

subjects in each cohort. This was required in order to obtain a very stringent and homogenous 

population that neutralized as many confounding variables as possible. Therefore, this population can 

be considered the ‘ideal’ population that does not necessarily represent the standard hip replacement 

population. The study might be underpowered and the findings should be validated in a more standard 

patient population. Finally, the study population was part of the population that was prospectively 

followed and described in Chapter 3. The shortcomings mentioned in that chapter also count for this 

population. Therefore the population is as homogenous as possible but not completely comparable 

because a surgeon’s bias might still be present. We acknowledge that more residents conducted the 

surgery in the PLA cohort, therefore there might have been some variability in the surgical 

performance. However, the DAA cohort was also in the learning curve of the surgeon so there might 

also have been also some variability in performance. In addition, both cohorts were by average 22 

months post-operatively and we question whether surgical performance still has an influence after 

such a follow-up term. 

 

F. Conclusion 

 

Both surgical approaches performed very well in this highly selected and homogenous group of 

patients. The impact of the surgical procedure on the functionality can be considered as relatively 

limited but there still was a certain impact. However, the different analyses showed that it would not 

be correct to simply state that there are no differences between both surgical procedures. In general, 

one can conclude that the mean functionality is similar but the predictability to reach this functionality 

is different. The concentration of the data around the mean is higher in the DAA population. In 

addition, the functionality of the DAA population reflected more the normative functionality. 

However, still the normative functionality was not completely reached which allows us to conclude 

that the DAA surgery is still associated with a less then optimal age- and gender-matched functionality 

in some patients.  

The most important goal of this investigation was to highlight the added value of an in depth 

analysis of the data before conclusions about the real comparability of 2 data sets can be drawn. There 

are 2 important features that determine a data set:  (1) the location of the mean (or mean ranks) and (2) 

the distribution of the data (i.e. the skewedness). Therefore, a comparison between the means and 

mean ranks is required in addition to an assessment of the data distribution. More particularly, this is 
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important when outcome scores with a ceiling effect are being used. The use of normative outcomes 

was very helpful in better understanding the importance of the skewedness of the data.  

Therefore, we suggest comparing 2 procedures in 3 different levels. Level 1. Comparison of 2 data 

sets with the ‘classical’ non-parametric tests. This allows detecting differences in the mean or mean 

ranks. Level 2. In case there is no difference in the shift between the means or mean ranks, 

dichotomization based upon the 5th to 25th normative percentile can be helpful. This allows assessing 

whether a predefined goal could be predictably achieved. Level 3. Investigate the data distribution by 

means of the skewedness and the AUC in comparison to the normative outcomes. More overlap with 

the normative data and less left sided skewedness would be more desirable. In case of important 

skewedness, the aPMW test should be used because it takes the differences in skewedness between 2 

cohorts into account. 

We believe that an optimal overlap with the normative functionality and a ‘normative’ left sided 

skewedness should be the minimum goal that we want to achieve with our surgical procedures. A 

better overlap with the reference population can be considered an improvement. However, the 

investigated population was very stringent and maybe not representative for a ‘regular’ THA 

population. Therefore, we investigated in a second study and a less stringent study population whether 

the same conclusions hold true (Section 4.V.). 
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4. III. The forgotten hip concept 

 

A. Aims and Research questions 

 

Clinical peri-articular pain (i.e. pain found by clinical examination) is highly neglected as an 

outcome parameter following a THA.1-3 Nevertheless, to the individual patient this can be an 

important burden. Therefore we aimed to investigate the incidence of clinical and subjective peri-

articular pain in a hip replacement population. The abductors are spared in both approaches. However, 

the posterolateral approach utilizes a different incision with damage to different peri-articular 

structures than the direct anterior approach. Therefore, we aimed to investigate whether this would 

result in a different location and incidence of peri-articular pain at an average follow-up of 22 months 

after the surgery (same patients as in Section 4.II.).  

 The following research questions will be investigated in this section: 

1. What is the incidence and level of clinical peri-articular pain 1 year following a THA? What is 

the inter-observer agreement of the clinical assessment? 

2. What is the incidence of subjective pain in the groin 1 year following a THA? 

3. Is there a correlation between clinical pain and functional outcome scores in a hip replacement 

population?  

4. Is there a correlation between subjective groin pain and functional outcomes in a hip 

replacement population? 

5. Is there a correlation between ‘a forgotten hip’ (i.e. no clinical or subjective peri-articular pain) 

and functional outcomes in a hip replacement population?  

 

B. Hypothesis 

 

1. Patients with a THA conducted trough the DAA have different clinical findings and a different 

incidence of a ‘forgotten hip’ after 1 year. 

2. Functional outcomes of patients with a ‘forgotten hip’ are significantly higher from those who do 

not have a ‘forgotten hip’.  

 

C. Materials and methods 

 

We refer to section 4.II. for the patient population and demographics. Patients were asked to fill in 

all functional scores. In addition, they were asked whether they had ipsilateral occasional or 

debilitating groin or trochanter pain (i.e. ‘subjective’ complaints). They were also clinically examined 

for peri-articular pressure pain by 2 observers who graded the pain level to 0 (no pain), 1 (mild pain), 

2 (moderate pain) or 3 (severe pain) (i.e. 'clinical’ complaints). A third ‘expert’ observer also 
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conducted the clinical examination. All patients were investigated independently and none of the 

observers were involved with the treatment of the patients. The observers were blinded for approach 

and operation site. The following criterions were used for the clinical definition of ‘no peri-articular 

pain’ in order of priority: (1) both observers could not elicit any peri-articular pain and (2) in case of 

disagreement between both observers, the clinical findings of the third observer were followed (i.e. if 

this observer could not elicit any peri-articular pain, the hip was assigned as ‘no peri-articular pain’). 

A patient was assigned to have a ‘forgotten hip’ in case the patient did not have any subjective or 

clinical complaints.  

Mann-Whitney U, Fisher’s exact and trend tests are used to compare both approaches. Spearman 

correlations are used to evaluate the relation between functional and pain scores. A polychoric 

correlation is used for the relation with the dichotomized pain score (presence versus absence of pain). 

The area under the curve (AUC) is used to quantify the discriminative ability. The AUC is also known 

as the c-statistic or c index, and can range from 0.5 (no predictive ability) to 1 (perfect discrimination). 

Sensitivity and specificity are reported for 2x2 tables as well as a tetrachoric correlation. P-values 

smaller than 0,05 are considered significant. No corrections for multiple testing are used. Analyses 

were performed using SAS software, version 9.2 of the SAS System for Windows. Copyright © 2002 

SAS Institute Inc. SAS and all other SAS Institute Inc. product or service names are registered 

trademarks or trademarks of SAS Institute Inc., Cary, NC, USA.  

The agreement among multiple observers is evaluated using the methodology proposed by Fleiss 

which is a generalization of the Cohen kappa statistic.4 The methodology is implemented in the SAS 

macro MKAPPA.5  

 

D. Results 

 

Forgotten hip. Thirteen patients in the PLA cohort (41%) compared to 18 in the DAA cohort (75%) 

did not have any clinical peri-articular pain (p=0.02). The incidence of clinical groin pain was similar 

but significantly more PLA patients had trochanter pain (p=0.006) (Table 1). The incidence of 

trochanter pain graded as level 2 was similar in both groups (13%). Fifteen of 19 (79%) PLA patients 

with trochanter pain had level 1 pain. Twenty-eight (88%) PLA and 22 (92%) DAA patients did not 

have any subjective complaints of groin pain (p=0.7). In total 13 (41%) PLA and 18 (75%) DAA 

patients had a forgotten hip (p=0.02). 
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Table 1. Overview of the incidence and level of clinical peri-articular pain. 

 

Patients with subjective groin pain also had clinical pain in the groin (high specificity) but the 

sensitivity of subjective groin pain was low (22%) because 19 of 25 patients with clinical groin pain 

did not mention subjective complaints. Similar conclusions can be drawn for the predictive accuracy 

of the subjective evaluation of groin pain, the clinical evaluation of the greater trochanter pain and the 

clinical evaluation of the groin pain (Table 2). In other words, the clinical assessment adds new 

information with regards to the presence of residual peri-articular (PA) pain 1 year following the 

procedure. In order to assess the reproducibility of the clinical findings, the inter-observer agreement 

was investigated.  The percentage overall inter-observer agreement for peri-articular pain was 0.9 on 

the THA side and 0.94 on the contra-lateral side and the chance corrected kappa was 0.7 and 0.6 

respectively (Table 3). The percentage agreement for greater trochanter pain was 0.91 on the THA 

side and 0.98 on the contra-lateral side. The chance corrected kappa was 0.8 and 0.9, respectively. It 

was mainly in the level of pain that the observers disagreed. A very high agreement of >90% was 

PLA DAA Fisher
N=32 N=24

Clinical pain
Groin

No pain 29 (91%) 22 (92%) 1
Pain 3 (9%) 2 (8%) 

Trochanter
No pain 13 (41%) 19 (79%) 0.006

Pain 19 (59%) 5 (21%)
Peri-articular

No pain 13 (41%) 18 (75%) 0.02
Pain 19 (59%) 6 (25%)

Subjective pain in the groin
No pain 28 (88%) 22 (92%) 0.7

Pain 4 (13%) 2 (8%)

Forgotten hip
Yes 13 (41%) 18 (75%) 0.02
No 19 (59%) 6 (25%)

PLA DAA Exact Trend
N=32 N=24

Level of clinical pain
Groin

0 29 (91%) 22 (92%) 1
1 1 (3%) 1 (4%)
2 2 (6%) 1 (4%)

Trochanter
0 13 (41%) 19 (79%) 0.06
1 15 (47%) 2 (8%)
2 4 (13%) 3 (13%)

Peri-articular
0 13 (41%) 18 (75%) 0.1
1 15 (47%) 2 (8%)
2 4 (13%) 4 (17%)
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found in case no pain was present. In other words, there was a high agreement on the presence of pain 

or no pain but not on the level of pain.     

 
Table 2. Overview of the sensitivity and specificity of the clinical assessment as an additional tool of outcome 
assessment. PPV: positive predictive value; NPV: negative predictive value; GT: greater trochanter 
 

 
Table 3. The inter-observer agreement for clinical findings. Overall  agreement = (chance-corrected) probability 
that two observers give the same answer. Category-specific (chance-corrected) agreement = (chance - corrected) 
probability that if one observer gives a specific category, the other observer gives the same category 
(=conditional agreement). Kappa = agreement, corrected for the amount of agreement which 
is expected by chance (chance-corrected agreement). SE = standard error. CL = contra-lateral  

 

No clinical PA pain Clinical PA pain Fisher Rate (95% CI)

No subjective pain groin 31 (100%) 19 (76%) 0.005

Subjective pain groin 0 6 (24%)

Sensitivity 24 (9.36;45.13)

Specificity 100 (88.78;100.00)

PPV 100 (54.07;100.00)

NPV 62 (47.17;75.35)

ACCURACY 66 (52.19;78.19)

No clinical groin pain Clinical groin pain Fisher Rate (95% CI)

No subjective pain groin 46 (90%) 4 (80%) 0.4

Subjective pain groin 5 (10%) 1 (20%)

Sensitivity 20 (0.51;71.64)

Specificity 90 (78.59;96.74)

PPV 17 (0.42;64.12)

NPV 92 (80.77;97.78)

ACCURACY 84 (71.67;92.38)

No clinical GT pain Clinical GT pain Fisher Rate (95% CI)

No subjective pain groin 32 (100%) 18 (75%) 0.004

Subjective pain groin 0 6 (25%)

Sensitivity 25 (9.77;46.71)

Specificity 100 (89.11;100.00)

PPV 100 (54.07;100.00)

NPV 64 (49.19;77.08)

ACCURACY 68 (54.04;79.71)

Kappa SE % Agreement Kappa SE % Agreement
0 0,5 0,08 0,95 0,96 0,6 0,96

1 0,3 0,08 0,6 0,6 0,6 0,6

2 0,2 0,08

Overall 0,4 0,06 0,9 0,9 0,6 0,93

Kappa SE % Agreement Kappa SE % Agreement
0 0,8 0,08 0,94 0,9 0,08 0,99

1 0,5 0,08 0,82 0,8 0,08 0,9

2 0,5 0,08 -0,006 0,08

3 -0,006 0,08

Overall 0,6 0,06 0,91 0,8 0,07 0,98

Kappa SE % Agreement Kappa SE % Agreement
0 0,7 0,08 0,9 0,6 0,08 0,94

1 0,7 0,8 0,6 0,65

2
Overall 0,7 0,86 0,6 0,9

Chance corrected kappa = 0,8 Chance corrected kappa = 0,9

Groin 

CL sideTHA side

Greater trochanter
THA side CL side

Chance corrected kappa = 0,5 Chance corrected kappa = 0,6

Peri-articular
THA side CL side

Chance corrected kappa = 0,7 Chance corrected kappa = 0,6
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Correlation of forgotten hip and functional 

outcomes. The association between clinical 

findings and functional outcomes were investigated 

for the whole population of 56 patients. Patients 

with clinical peri-articular pain had significantly 

worse UCLA, UCLA pain, HOOS 

symptoms/pain/ADL/QoL and all WOMAC (sub-) 

scores. The modified HHS was not significantly 

different in those subjects with clinical peri-

articular pain (95 versus 92) (p=0.06) (Figure 1). 

Subjects with subjective groin pain had 

significantly worse UCLA total and pain scores, 

HOOS scores for symptoms and pain and 

WOMAC scores for pain and stiffness. Subjects with a ‘forgotten hip’ had significantly better UCLA 

total and pain scores, HOOS scores symptoms/pain/ADL/QoL and all WOMAC scores. Again, the 

modified HHS was not sensitive enough to discriminate between those patients with or without a 

forgotten hip (95 versus 92) (p=0.06) (Figure 2).  

The area under the curve (AUC) is used to quantify how the functional outcome discriminates 

between groups with or without a forgotten hip. A 

lower AUC -i.e. closer to 0,5- indicates more 

overlap in the functional scores between both 

cohorts. This indicates the functional outcome 

score is less discriminative for subjects with or 

without a forgotten hip. In case the AUC is closer 

to 1, the discriminative capacity of the outcome 

score is higher (Table 4) (Figure 2). In other 

words, the closer the AUC is towards 1, the more 

discriminative the functional score is for the 

investigated parameter such as subjective groin 

pain or the forgotten hip. Only 4 of 15 scores were 

moderately discriminative for the ‘forgotten hip’ with an AUC of >0,7 (Table 4). This indicates that 

most functional outcome scores are not discriminative for the ‘forgotten hip’ and the clinical and 

subjective findings of the ‘forgotten hip’ add new information with regards to the overall outcome of 

the patient. In line with the findings of the normative outcomes, the functional scores were more 

discriminative for ‘subjective groin pain’ because 10 in 15 scores showed an AUC >0.7. However, 

they were less discriminative for ‘peri-articular pain’. 

 

Figure 1. The AUC of the mHHS for peri-
articular pain is 0,6 indicating that the overlap 
between both box-plots is intermediate. The 
mHHS is thus not discriminative for PA pain and 
PA should be investigated because it is not 
strongly associated with worse functional 
outcomes scores such as the mHHS.  
 

Figure 2. The AUC of the mHHS of patients with 
or without a forgotten hip was 0.6 indicating the 
mHHS is not discriminative for forgotten hips. 
!
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Table 4. The area under the curve (AUC) is used to quantify how the variable discriminates 
between both groups. The AUC is also known as the c-statistic or c index, and can range from 0.5 (no 
predictive ability) to 1 (perfect discrimination). 

 

E. Discussion 

 

Each surgical procedure implies that soft tissues will be damaged. This could lead to residual peri-

articular pain. Although residual pain can be relevant to the individual patient there is very little 

information available from the literature what the incidence or location is and whether this would 

influence functional outcomes. Therefore, we investigated the clinical and subjective peri-articular 

pain following 2 surgical approaches that do not violate the abductors but have a different location of 

the incision and a different location of soft tissue damage. We questioned whether this would be 

associated with a different levels and incidence of clinical and subjective peri-articular pain more than 

one year following the procedure. We also investigated whether residual pain influences the functional 

outcome scores of a highly selected patient population. 

Forgotten hip. Mild to moderate clinical peri-articular pain was found in 25 of 56 patients (45%) 

one year following the procedure. Five patients (9%) had clinical groin pain and 24 patients (43%) had 

greater trochanter pain. There was a significant influence of the surgical approach on the incidence of 

peri-articular pain. The incidence of clinical groin pain was similar whereas more patients with greater 

trochanter pain were found in the PLA cohort. The incidence of subjective groin pain was not 

significantly different between both cohorts. Interesting to note is that the 11% incidence of subjective 

groin pain was lower than the 21% in the normative cohort. Considering the finding that the most 

important difference between both approaches was the location of the peri-articular pain (i.e. in the 

trochanter region) we believe that this is directly related to the surgical procedure. As a result, 

significantly more patients in the DAA cohort had a forgotten hip. The clinical assessment of peri-

articular pain added new information because the sensitivity of subjective groin pain was low for all 

clinical assessments of peri-articular pain, including the clinical groin pain. Therefore, patients should 

Presence of PA pain Groin pain GT pain Subjective groin pain Forgotten hip
modHH 0.646 (0.499;0.794) 0.453 (0.212;0.694) 0.673 (0.528;0.818) 0.640 (0.408;0.872) 0.646 (0.499;0.794)

UCLA 0.672 (0.525;0.819) 0.488 (0.199;0.778) 0.705 (0.564;0.846) 0.747 (0.536;0.958) 0.672 (0.525;0.819)

UCLA_activity 0.543 (0.392;0.693) 0.541 (0.174;0.909) 0.574 (0.425;0.722) 0.533 (0.273;0.793) 0.543 (0.392;0.693)

UCLA_pain 0.701 (0.585;0.817) 0.651 (0.410;0.892) 0.714 (0.597;0.830) 0.720 (0.492;0.948) 0.701 (0.585;0.817)
UCLA_gait 0.544 (0.472;0.616) 0.539 (0.502;0.576) 0.547 (0.473;0.621) 0.540 (0.502;0.578) 0.544 (0.472;0.616)

UCLA_function 0.563 (0.450;0.675) 0.618 (0.559;0.676) 0.571 (0.457;0.685) 0.675 (0.437;0.913) 0.563 (0.450;0.675)

HOOS_Symptoms 0.721 (0.587;0.855) 0.784 (0.632;0.937) 0.717 (0.582;0.852) 0.758 (0.595;0.922) 0.721 (0.587;0.855)
HOOS_Pain 0.725 (0.590;0.859) 0.782 (0.495;1.000) 0.748 (0.617;0.879) 0.867 (0.745;0.988) 0.725 (0.590;0.859)
HOOS_ADL 0.683 (0.542;0.824) 0.655 (0.387;0.922) 0.709 (0.572;0.846) 0.728 (0.570;0.886) 0.683 (0.542;0.824)

HOOS_Sport_rec 0.601 (0.452;0.749) 0.545 (0.255;0.835) 0.628 (0.482;0.774) 0.668 (0.478;0.858) 0.601 (0.452;0.749)

HOOS_QOL 0.662 (0.520;0.804) 0.618 (0.339;0.896) 0.688 (0.549;0.827) 0.728 (0.450;1.000) 0.662 (0.520;0.804)

WOMAC_Pain 0.678 (0.551;0.805) 0.788 (0.539;1.000) 0.693 (0.566;0.820) 0.760 (0.568;0.952) 0.678 (0.551;0.805)

WOMAC_Stiffness 0.669 (0.538;0.800) 0.751 (0.516;0.986) 0.685 (0.554;0.816) 0.730 (0.538;0.922) 0.669 (0.538;0.800)

WOMAC_Function 0.697 (0.557;0.837) 0.643 (0.378;0.908) 0.723 (0.588;0.859) 0.713 (0.550;0.877) 0.697 (0.557;0.837)

WOMAC_Index 0.701 (0.563;0.840) 0.710 (0.428;0.992) 0.728 (0.594;0.862) 0.730 (0.573;0.887) 0.701 (0.563;0.840)

AUC (95%CI)
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be clinically evaluated in addition to the subjective assessments. The inter-observer agreement was 

high for the presence of pain but not for the level of clinical pain. None of the patients had residual 

hypoesthesia over the antero-lateral thigh (LFCN region). 

  Correlation of forgotten hip and functional outcomes. We investigated which functional 

outcomes were significantly influenced by the presence or absence of a ‘forgotten hip’. Clinical 

greater trochanter pain influenced 11 of 15 scores. Subjective groin pain was associated with worse 

outcomes in 6 of 15 scores. Bringing clinical and subjective complaints together in the ‘forgotten hip’-

concept allowed the identification of the ‘forgotten hip’ as a parameter that significantly influenced 10 

of 15 scores and can thus be considered an important outcome parameter that should be assessed and 

reported. In addition, the functional outcome scores did not have a high predictive ability for the 

presence of a ‘forgotten hip’. In other words, the ‘forgotten hip’ can be considered as an additional 

outcome parameter next to the functional outcome scores. The mHHS was not significantly influenced 

by the forgotten hip. Significantly more DAA patients had a forgotten hip. We hypothesize that the 

difference in incidence of forgotten hips is the reason why the DAA and PLA showed a tendency of 

different functional outcomes (section 4.II.).  

Shortcomings. The same remarks as in section 4.II. count for this study. Both cohorts of highly 

selected patients allowed identifying the abovementioned parameters because the confounding 

variables were minimized. However, the used implants differed and this might have influenced the 

incidence of peri-articular pain.  

 

F. Conclusions 

 

The forgotten hip concept is functionally and clinically relevant to the patient. It requires clinical 

examination. The different incidence in greater trochanter pain was the reason why there was a 

difference in incidence in forgotten hips between both approaches.  

It remains questionable whether the same incidence can be found in a less stringent, more 

heterogeneous and maybe more representative cohort of THA patients. This will be investigated in the 

following study (section 4.IV).  
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4. IV. A validity study  

 

A. Aims and Research questions 

We aimed to investigate whether the findings of the functional outcomes and forgotten hip in the 

highly selected and homogenous patient population could be substantiated in another patient 

population with less stringent inclusion criteria. 

 

B. Hypothesis 

 

1. There is no significant difference in functional outcome between the DAA and PLA when evaluated 

with the conventional statistical tests. 

2. There is a significant difference between both cohorts in the modHHS, the HOOS ADL, the HOOS 

Sports & Recreation, WOMAC function with optimal dichotomization based upon the data and the 

cut-off values of the highly selected population. 

3. There is no significant difference between both cohorts with dichotomization based upon the 

percentiles of the normative data set. 

4. The adaptive percentile modified Wilcoxon test (aPMW) is significantly different for the HOOS 

ADL, HOOS Sports & Recreation, WOMAC function and WOMAC index.  

5. There is a different incidence in forgotten hips between the DAA and PLA. 

 

C. Materials and methods 

 

Thirty age and gender and BMI matched patients with a mean age of 67 years and a minimum 

follow-up of 1 year were randomly selected from each cohort of the prospective study by an 

independent observer. The inclusion criteria were a THA procedure for primary osteoarthritis. The 

exclusion criteria were debilitating pain at the spine, the contralateral hip or both knees. All patients 

had a radiographically normal THA without any signs of loosening. An independent observer 

clinically and radiographically assessed all patients. The level of pressure pain in the groin, trochanter 

and buttock region was assessed as no pain, mild, moderate or severe pain varying from 0 to 3 points.  

All patients independently filled in the modified Harris Hip score, the UCLA and HOOS and 

WOMAC score. Patients were also asked whether they had occasional or debilitating pain in the ipsi- 

and the contralateral groin (i.e. subjective complaints). After review of all charts, the functional 

outcome scores of 4 patients in the PLA cohort and 4 in the DAA cohort were discarded. The reason 

for exclusion was possible interferences of systemic disorders such as rheumatoid or psoriatic arthritis 

(N=1), contra-lateral groin pain (N=2) and Parkinson disease (N=1). One patient was wheelchair 

bounded because of a CVA, one patient with known breast cancer had a relapse and was treated with 

chemotherapy and one patient had been treated for severe and debilitating lower back pain by our 
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spine unit. Two patients did not fill in all questionnaires. This left 25 PLA and 26 DAA patients with 

complete clinical data and functional outcomes. If patients did not have any clinical peri-articular pain 

or subjective groin pain, they were assigned to have a forgotten hip.  

The Mann-Whitney U, Fisher’s exact and trend tests were used to compare both approaches. 

Spearman correlations were used to evaluate the relation between functional and pain scores. The 

adaptive percentile modified Wilcoxon test has been performed in the R software, with the package 

aPMW received from the authors. P-values smaller than 0.05 are considered significant. No 

corrections for multiple testing are used. Analyses were performed using SAS software, version 9.2 of 

the SAS System for Windows. Copyright © 2002 SAS Institute Inc. SAS and all other SAS Institute 

Inc. product or service names are registered trademarks or trademarks of SAS Institute Inc., Cary, NC, 

USA.  

D. Results 

 

 
Table 1. Patient demographics. 

 

Demographics. Both cohorts were comparable in age, gender and BMI (Table 1). The mean age was 

65 years (SD=12) and the mean BMI was 26,8 (SD=3,8). Pre-operatively, both cohorts were 

comparable for all functional scores except the SF-36 RP and SF (Table 2 Addendum 3). The pre-

operative modified Harris-Hip scores before surgery are distributed rather symmetrically (skewedness 

= 0.17) around a mean value of 44 (SD=17), whereas in a reference sample of age- and gender-

matched healthy subjects, the distribution is clearly heavily left-skewed (skewedness = -2.4), with 

51% of the subjects having a maximal modified Harris-Hip (Figure 1). As a result the AUC with the 

reference population was 0,998 (95% CI: 0,995 - 1) indicating that there was little to almost no 

overlap between both curves.  

PLA DAA MWU Fisher

Demographics N=25 N=26

Gender

Male 17 (68%) 22 (85%) 0.2

Female 8 (32%) 4 (15%)

Age 

Mean 65 65 0.9

SD 12,4 12

BMI

Mean 26.7 26.8 0.5

SD 3.6 4
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(a) (b) 

Figure 1. The pre-operative distribution of mHHS (a) is different from the normal reference population (b). 
 

Conventional comparison. Using a classical non-parametric approach (i.e. the Mann-Whitney U 

test), none of the functional scores 1 year post-op differed between both groups (Table 2 Addendum 

3) (Table 3). 

 
Table 3. Overview of outcomes of different statistical tests to compare both cohorts. 

 

Optimal dichotomization based upon the data. The optimal cut-off value for the mHHS in the 

current study equalled 63, and the proportion of subjects with a score higher than 63 differed between 

both groups: 84% (21/25) for PLA versus 100% (26/26) for DAA (p=0.05). Since the choice of the 

T-test equal variances MWU test Optimal cut-off value aPMW
Modified Harris Hip 0.3 0.7 0.05 0.1

UCLA 0.2 0.4 0.02 0.03
UCLA activity 1 0.7 0.6 0.03
UCLA pain 0.08 0.08 0.1 <.0001
UCLA gait 0.06 0.1 0.1 <.0001
UCLA function 0.4 0.9 0.1 <.0001
HOOS Symptoms 0.4 0.2 0.1 0.003
HOOS Pain 0.2 0.2 0.03 0.007
HOOS ADL 0.4 0.8 0.2 0.04
HOOS Sport&rec 0.3 0.4 0.2 0.1

HOOS QOL 0.06 0.1 0.01 0.008
WOMAC Pain 0.3 0.4 0.4 <0.001
WOMAC Stiffness 0.2 0.2 0.2 <0.001
WOMAC Function 0.4 0.8 0.2 0.04
WOMAC Index 0.3 0.5 1 0.7

T-test equal variances MWU test Optimal cut-off value aPMW
SF-36 PF scale 0.09 0.2 0.05 0.06

SF-36 RP scale 0.07 0.08 0.2 <0.001
SF-36 RE scale 0.1 0.09 0.07 <0.001
SF-36 VT scale 0.4 0.4 0.07 0.1

SF-36 MH scale 0.3 0.2 0.045 0.4

SF-36 SF scale 1 0.9 0.7 0.04
SF-36 BP scale 0.2 0.4 0.1 0.047
SF-36 GH scale 1 0.8 0.1 0.3

Comparison of statistical tests

Comparison of statistical tests



 171 

cut-off value is based on the optimal result (lowest p-value) of the test procedure, such approach is not 

appropriate. Indeed, the cut-off value should be defined a priori. Therefore, we used the cut-off values 

that were based upon the outcomes of the highly selected population. Comparing the incidences of 

subjects that did not reach these cut-off values showed that there were no differences between both 

cohorts. As a matter of fact, the majority of subjects in this more heterogeneous population did not 

reach the optimal cut-off outcome of the more homogenous (highly selected) population (Table 4).  

 
Table 4. Overview of percentage of subjects that did not reach the optimal cut-off value based upon 
the homogenous group data (section 4.III). P-value = p-value Fishers exact test. % = % below the cut-off 
value 
 

Dichotomization based upon the percentiles of the normative data set. Using percentile 5 as a 

predefined cut-off value yielded the following result for the modified HHS:  80% (20/25) PLA versus 

100% (26/26) DAA patients reached the 5th percentile of the reference population (p=0.02) (Table 5). 

The difference disappeared when percentile 10 and 25 were investigated. This finding confirms that 

the crucial difference between both distributions is in the presence of a small set of subjects in the 

PLA group who are after surgery not as good as 95% best healthy scores. In the DAA cohort, all 

patients reached the 5th percentile in 12 of 15 scores. Four to 20% of PLA patients did not reach the 5th 

percentile in any of the scores. However, the difference was only significant in 3 scores (Table 6) 

(Figure 2).  

 

 

Cutoff of highly selected cohorts PLA DAA P-value

Modified Harris Hip 97 92% 81% 0,4

UCLA 36 56% 58% 1

UCLA activity 8 60% 81% 0,1

UCLA pain 10 60% 35% 0,09

UCLA gait 10 24% 7.7% 0,1

UCLA function 10 48% 54% 0,8

HOOS Symptoms 95 60% 46% 0,4

HOOS Pain 100 84% 65% 0,2

HOOS ADL 100 80% 77% 1

HOOS Sport&rec 100 92% 88% 1

HOOS QOL 94 76% 77% 1

WOMAC Pain 100 64% 50% 0,4

WOMAC Stiffness 100 72% 54% 0,2

WOMAC Function 100 80% 77% 1

WOMAC Index 24 80% 85% 0,7

PLA DAA Fisher

Position within age-matched reference cohort

<Percentile 5 5 (20%) 0 0.02

>Percentile 5 20 (80%) 26 (100%)

<Percentile 10 5 (20%) 3 (12%) 0.5

>Percentile 10 20 (80%) 23 (88%)

<Percentile 25 10 (40%) 11 (42%) 1

>Percentile 25 15 (60%) 15 (58%)

Table 5. Overview of patients that 
reached the same mHHS as 95%, 90% 
and 75% of the normative population. 
!
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Figure 2. Significantly more PLA patients did not reach the 5th percentile of a healthy population 
(black dots below line). 
 

The adaptive percentile modified Wilcoxon test (aPMW). The AUC between the PLA cohort and 

the normative population was 0.81 (95% CI: 0.72 - 0.9). The AUC for the DAA and the normative 

population was 0.79 (95% CI: 0.7 - 0.89). There was thus better overlap between the reference 

population and the DAA cohort. This illustrates the difference in the distribution of the scores. 

Although the median values were comparable, there was a higher proportion of subjects with lower 

scores in the PLA group, yielding a distribution with a higher variability and a higher degree of left-

skewedness: the median values are 91 (SD = 14.9; skewedness = -1.72) and 92 (SD = 7,7; skewedness 

= -1.08) for PLA and DAA respectively (Figure 3). This implies that the aPMW would be a more 

appropriate approach for statistical analysis than the conventional MWU. With the aPMW test 12 of 

15 scores are significantly different between both cohorts as opposed to none with the classical MWU 

test (Table 3). Similarly, 4 of 8 sub-scores of the SF-36 outcome were significantly different because 

of the difference in skewedness which would not be identified with the conventional MWU (Table 3).  
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Table 6. Overview of the percentage of patients that did not reach the 95% of the normative population. 
Although the results were often not significantly different, the table shows that there was a different level of 
predictability to reach the pre-defined goal. P-value = p-value Fishers exact test.  
 
 

(a) (b) 

(c) (d) 

(e) (f) 
Figure 3. Illustration of the different distributions of the mHHS, UCLA and HOOS symptoms for the PLA 
(a,c,e) and DAA (b,d,e). 

 

PLA DAA P-value

modHHS 20% 0 0.02

UCLA 16% 0 0.05

UCLA_activity 8% 0 0.2

UCLA_pain 8% 0 0.2

UCLA_gait 12% 0 0.1

UCLA_function 4% 0 0.5

HOOS_Symptoms 8% 4% 0.6

HOOS_Pain 8% 4% 0.6

HOOS_ADL 8% 0 0.2

HOOS_Sport_rec 8% 0 0.2

HOOS_QOL 16% 0 0.05

WOMAC_Pain 8% 0 0.2

WOMAC_Stiffness 12% 0 0.1

WOMAC_Function 8% 0 0.2

WOMAC_Index 4% 4% 1



 174 

Forgotten hip. The peri-articular pain score tended to be higher after PLA (p=0.095). The 

percentage of patients with peri-articular pain was significantly higher after PLA (72% versus 42%, 

p=0.048) (Table 7). This difference originated from the difference in greater trochanter pain, rather 

than from a difference in groin pain. Subjective groin pain was present in 10 (40%) PLA patients and 

in 6 (23%) DAA patients (p=0.004). Combining the clinical with the subjective evaluation showed 

that 2 (8%) PLA and 12 (46%) DAA patients had a ‘forgotten hip’ (p=0.004). None of the patients had 

residual hypoesthesia over the antero-lateral thigh (LFCN region). 

The subjective evaluation of groin pain did not predict the clinical evaluation of peri-articular pain 

(p=0.6). Sensitivity and specificity were low (28% and 63%, respectively) and the tetrachoric 

correlation was negative (r=-0.15). This means that 8 of 29 patients (28%) with clinical peri-articular 

pain also reported subjective groin pain (sensitivity of subjective groin pain). Furthermore, 14 of 22 

patients (64%) without peri-articular pain also reported no subjective groin pain (specificity). Similar 

conclusions were found for the predictive accuracy of the subjective evaluation of groin pain, for the 

clinical evaluation of the greater trochanter pain and the clinical evaluation of the groin pain. Similar 

to the homogenous population, the functional scores were not discriminative for ‘forgotten hips’ 

because the AUC was very low for all scores (Table 8) (Figure 4).  

 

 
Figure 4. The mHHS was not discriminative for forgotten hips. 
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Table 7. Overview of clinical findings.     Table 8. Overview of AUC for forgotten hip.  

 

E. Discussion 

 

With this study we aimed to validate the findings of the study that included only highly selected 

patients (i.e. homogenous groups). We investigated 5 different research questions. The overall 

conclusion is that the findings of the first study were substantiated and validated but that some 

differences were found.  

Conventional comparison. The more classical approaches such as the independent t-test and 

MWU-test to compare functional scores between groups are not always optimal. This was also shown 

in this comparison. The mean values differed not significantly in any of the scores. However, the 

shape of the distribution was clearly different and therefore the conventional techniques are blind for 

the left sided scores. In this case alternative techniques should be considered. Interesting to note was 

PLA DAA Fisher

N=25 N=26

Clinical pain

Groin

No pain 22 (88%) 20 (77%) 0.5

Pain 3 (12%) 6 (23%)

Trochanter

No pain 7 (28%) 15 (58%) 0.048

Pain 18 (72%) 11 (42%)

Peri-articular

No pain 7 (28%) 15 (58%) 0.048

Pain 18 (72%) 11 (42%)

Subjective pain in the groin

No pain 15 (60%) 20 (77%) 0.2

Pain 10 (40%) 6 (23%)

Forgotten hip

Yes 2 (8%) 12 (46%) 0.004

No 23 (92%) 14 (54%)

PLA DAA Exact Trend

N=25 N=26

Level of clinical pain

Groin

0 22 (88%) 20 (77%) 0.4

1 2 (8%) 4 (15%)

2 1 (4%) 1 (4%)

3 0 1 (4%)

Trochanter

0 7 (28%) 15 (58%) 0.056

1 12 (48%) 7 (27%)

2 3 (12%) 4 (15%)

3 3 (12%) 0

Peri-articular

0 7 (28%) 15 (58%) 0.09

1 12 (48%) 7 (27%)

2 3 (12%) 3 (12%)

3 3 (12%) 1 (4%)

Forgotten hip
AUC(95%CI)

Modified Harris Hip 0.446 (0.285;0.607)

UCLA 0.486 (0.315;0.656)

UCLA activity 0.486 (0.308;0.663)

UCLA pain 0.581 (0.425;0.738)

UCLA gait 0.515 (0.407;0.624)

UCLA function 0.469 (0.307;0.631)

HOOS Symptoms 0.579 (0.397;0.761)

HOOS Pain 0.550 (0.371;0.729)

HOOS ADL 0.462 (0.286;0.638)

HOOS Sport&rec 0.561 (0.374;0.747)

HOOS QOL 0.608 (0.439;0.777)

WOMAC Pain 0.482 (0.316;0.647)

WOMAC Stiffness 0.575 (0.409;0.741)

WOMAC Function 0.462 (0.286;0.638)

WOMAC Index 0.481 (0.299;0.662)

SF-36 PF 0.568 (0.365;0.770)

SF-36 RP 0.454 (0.258;0.650)

SF-36 RE 0.561 (0.403;0.719)

SF-36 VT 0.539 (0.351;0.726)

SF-36 MH 0.611 (0.422;0.799)

SF-36 SF 0.468 (0.251;0.686)

SF-36 BP 0.496 (0.314;0.677)

SF-36 GH 0.588 (0.411;0.764)



 176 

that the scores in the patient population of this study are lower than the scores in the highly selected 

group.  

Optimal dichotomization based upon the data. Similar to the findings in the first study, we 

conclude that significantly more DAA patients reached the data-driven cut-off value in 4 out of 15 

scores (mHHS, UCLA, HOOS QoL and HOOS pain). These were different scores than those in the 

first study. This is another argument to use multiple scores in a RCT because the sensitivity of 

functional scores to differences might also be population dependent. As mentioned in previous section, 

this approach is completely data driven. It would be more appropriate to use the cut-off values of the 

homogenous cohort as cut-off values. However, both approaches failed to reach these values in the 

majority of patients. This finding indicates the values and differences of comparing homogenous and 

more heterogeneous cohorts of patients. The first might be the most optimal patient population that 

isolates the investigated variable as much as possible. Whereas such a population is of value, it does 

not represent the regular THA population. It might be that surgical approach can have a different 

influence on outcome in a more heterogeneous. We believe that either homo- or heterogeneous cohorts 

have their values and should be used to fully understand the effect of surgical approach on the 

outcomes of patients.      

Dichotomization based upon the percentiles of the normative data set. Another solution is to 

dichotomize the functional score using a cut-off value corresponding to a specific percentile (e.g. 

percentile 5) of a reference distribution of healthy subjects. Using age- and sex matched cut-off values 

allows correcting for potential differences in patient characteristics, a necessary tool in any non-

randomized setting. In contrast to the study with the highly selected group, this dichotomisation 

allowed detecting a difference between both cohorts. However, the difference disappeared when the 

10th or 25th percentile was evaluated. This can be explained by the fact that the differences between 

both cohorts are found in a small subset of patients who do not reach the normal level. When the 

criteria become more stringent the difference disappeared because also more patients in the DAA 

cohort did not reach this more stringent criterion. In the PLA population 20% did not reach the 10th 

percentile in comparison to 12% of DAA patients. Comparing to the 25th percentile only 60% and 58% 

of PLA and DAA patients reached the functionality of the 75% best healthy patients. This could be 

caused by the fact that some patients had more-co-morbidities than the healthy-population. Note that 

the observation of a difference in the 5th percentile is in accordance with the chosen percentiles by the 

adaptive percentile modified MWU test because the percentage of data used in the left hand tail of the 

distribution equalled 7.8%. 

The adaptive percentile modified Wilcoxon test (aPMW). The usefulness of the aPMW test in 

case of differences in data distribution is clear from this study. As explained earlier, the idea is to 

focus on the region in the distribution where differences in locations between both groups are most 

salient. Because the difference between both cohorts was higher than in the highly selected population, 

the test became more powerful. In this study, 12 of 15 scores were different between both cohorts in 
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addition to 4 of 8 SF-36 sub-scores. In the highly selected population, 4 of 15 tests were different and 

3 tests deviated towards a trend in difference. This finding is a strong argument that the assessment of 

only the shift of means or mean ranks is not sufficient to fully capture functionality of both cohorts. 

The data distribution should be taken into account and more appropriate statistical analyses should be 

used to more correctly compare the functional outcomes of 2 procedures.   

Forgotten hip. Similar to the first study there was a significant difference in incidence of a 

‘forgotten hip’ between both cohorts. However, it was remarkable that the incidence of ‘forgotten hip’ 

was lower than in the highly selected population. Similar to the first study we found that also in this 

population the clinical findings and subjective complaints should be assessed and reported in addition 

to the functional outcomes because the functional outcomes were not well correlated with the 

‘forgotten hip’. It was clear from this study that functional scores are not sufficient to describe the 

overall outcome of a patient. The clinical and subjective evaluations of groin pain contain additional 

information. The functional outcomes are blind for clinical outcomes such as the forgotten hip, which 

are relevant for the patient. The correlations between functional outcomes and the clinical assessments 

are lower in the current population than in the highly selected group.  

 

F. Conclusions 

 

Both approaches perform very well at 1 year following the procedure. There was no difference in 

the mean outcomes of both patient cohorts. However, the following pattern was constant throughout 

both studies: there was more variability in the functional outcomes of the PLA group due to the 

presence of a small subset of patients with lower scores. This difference could only be detected by 

means of tests that take the difference in distribution into account. We used several ways to investigate 

the importance of the data set distribution to correctly reflect the comparability of 2 data sets. This 

study supported the use of 3 levels of assessment in case of difference in data distribution between 2 

almost equally well performing surgical techniques. In this way one can bypass the shortcomings that 

are associated with the most frequently used outcome scores. In case the 3 levels are fully comparable, 

one can conclude that there is really no difference between the investigated techniques.  

The findings of post-operative peri-articular pain add new information to the overall outcome of 

our patients following a procedure. This can only be detected in case the patient is clinically examined. 

Functional outcomes are influenced by the presence of pain but are clearly not sensitive enough to 

significantly discriminate between those with or without pain. We believe that a higher incidence of a 

‘forgotten hip’ can be considered as an improvement in overall outcome. 

This study validated the findings of the homogenous study population. It was by means of both 

studies that we were able to show that both techniques performed by average equally well but that the 

only difference between both techniques was in distribution of the outcomes. This also needs to be 

taken into account to fully understand the functionality following a hip procedure. When this is 
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distribution is taken into account, we found that both techniques differed significantly. Finally, both 

studies showed that functional outcomes are not sufficient to fully reflect the clinical behaviour after a 

surgical procedure. Clinical examinations are thus also required. This allowed defining a novel 

concept, the forgotten hip.  
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4. V. Conclusions for the design of the RCT 

 

A. Lessons learned from the presented studies 

 

The findings from the studies in this chapter can be used to design a multi-centre RCT study that 

compares the functional and clinical outcomes of PLA and DAA. The patient populations of both 

studies could maybe be considered as a representative population. The first study included highly 

selected patients (homogenous group). Although it can be anticipated from the start of the RCT that 

only highly selected patients are included, one can expect that during the follow-up the co-morbidity 

of these patients could change towards the co-morbidity of the more heterogeneous population 

investigated in the second study. Therefore, we believe that both populations are probably 

representative for a ‘regular’ THA population at early, intermediate or late follow-up.  

The set-up of an RCT implies to determine the primary aim. “Does the RCT aim to detect 

superiority of one cohort over the other?” or “Does the RCT aim for equivalence between both 

cohorts?” The findings from both studies suggest that the differences between both approaches are 

small and require more advanced statistics to be detected. However, taking the shortcomings of the 

studies into account, we can conclude that DAA was associated with improved outcomes and with a 

higher proportion of ‘forgotten hips’. Therefore, the RCT should aim to investigate whether the 

suggested superiority could be substantiated in an evidence-based setting.  

All subjects will be assessed by means of the same functional scores that were used in the above-

mentioned studies. Multiple scores should be used. The complex interplay of confounding variables on 

the functional outcome scores suggested that a combination of multiple scores would be better to fully 

understand the functionality of a hip procedure. Each confounding variable influenced the functional 

scores to a different extent. This was also shown in the clinical studies. The use of multiple scores 

allows for a more comprehensive functional assessment because it was clear from the studies that 

scores have a different level of sensitivity and are also influenced by the patient population co-

morbidities. Groin pain was the most influencing predictor for the modified HHS, the UCLA score for 

pain and the WOMAC score for pain and stiffness. Other confounding variables such as knee or lower 

back pain had much less influence on these outcomes. In contrast, the UCLA activity and total score 

and the WOMAC index are more influenced by pain from other joints than the groin. It will be one of 

the goals of the RCT to determine how all the different outcome scores and the forgotten hip can be 

integrated into 1 ‘functional outcome platform’. This can only be done in case evidence-based 

‘weights’ of a large number of patients can be given to each functional outcome score. The clinical 

assessment cannot be replaced by the functional outcomes because the outcome scores were not 

discriminative enough for patients with or without a forgotten hip. Therefore, clinical assessment adds 

new and relevant information regarding the outcome of the procedure. All patients will be investigated 

for peri-articular pain. Finally, studies should also report the pre- and post-operative incidence of groin 
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pain at the non-operated side because groin pain at the non-operated hip could affect the functional 

outcomes. This was supported by the retrospective study of SRA and THA. Patients should thus be 

stratified to contra-lateral groin pain followed by age because this will influence the outcome score 

more than e.g. gender or BMI. 

Three levels of comparing functional outcome scores can be identified in case the differences 

between 2 cohorts are minor and located in a smaller subset of patients. Level 1. Comparison of 2 data 

sets with the ‘classical’ non-parametric tests. This allows detecting differences in the mean or mean 

ranks. Level 2. In case there is no difference in the shift between the means or mean ranks, 

dichotomization based upon the 5th to 25th normative percentile can be helpful. This allows assessing 

whether a predefined goal could be predictably achieved. Level 3. Investigate the data distribution by 

means of the skewedness and the AUC in comparison to the normative outcomes. More overlap with 

the normative data and less left sided skewedness would be more desirable. In case of important 

skewedness, the aPMW test should be used because it takes the differences in skewedness between 2 

cohorts into account. 

 

B. Evidence-based design of the RCT 

 

Crucial in the setup of the RCT is the definition of the primary endpoint and the statistical analysis 

planned to compare this endpoint between both cohorts. The presented studies indicate that if a single 

score is used, the natural choice should not be the mean or median as endpoint, compared with a 

classical parametric or non-parametric test. Although being far less common, the modified aPMW test 

is a more appropriate choice. A possible strategy is to anticipate in a study protocol that a location-

shift test (as the t-test and MWU-test) is not the most appropriate one by using only the latter test if 

there is no clear indication for differences in variability between both cohorts. Another option to 

handle the difference in variability and/or skewedness is to define the patient as being normal or 

abnormal, using a low percentile (e.g. 5%, 10%) of the age and sex matched distribution of healthy 

subjects. As such, the primary analysis boils down to a comparison of two proportions. A similar 

meaningful primary endpoint is the presence of ‘forgotten hip’.  

Further, the results of the presented studies indicate that the relevant difference between both 

cohorts might not be captured by a single score. Indeed, although being correlated, the various scores 

are not perfectly overlapping and as a consequence different results were obtained for the comparison 

of both cohorts depending on the specific score. If multiple scores are deemed important as primary 

endpoint, various approaches are possible: (1) comparison of the multivariate distribution of the scores 

between cohorts, (2) performing multiple univariate comparisons, followed by a correction for 

multiple testing, (3) combining the various univariate test statistics into a single statistic and (4) 

defining a composite endpoint. In a parametric setting, a comparison between two groups of a 

multivariate response vector is known as a multivariate analysis of variance (MANOVA). However, 
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the extension to a non-parametric analysis is less straightforward. Similarly, a multivariate extension 

of the aPMW test has not been developed. When multiple scores are defined as primary endpoint, a 

correction for multiple testing needs to be applied, which lowers the power to make a claim about a 

specific score. An alternative lies in the combination of the various univariate test statistics into a 

single test (for example, Stouffer's Z-score). However, since the tests cannot be considered to be 

independent, the alpha-level (typically 0.05) also needs to be adapted (i.e. lowered), which has a 

comparable consequence as a correction for multiple testing. An intuitively appealing approach to 

handle the presence of multiple scores is to define a composite endpoint. Possible solutions in the 

current context are ‘the number of abnormal scores’ or ‘the presence of at least 1 abnormal score’. 

The latter composite endpoint is an elegant solution to handle the problem with location-shift tests as 

well as to acknowledge the importance of multiple scores in the comparison of both cohorts. To 

compare the primary endpoint ‘presence of at least 1 abnormal score‘ between DAA and PLA, there 

is with 160 patients in each group 82% power to detect a difference of 5% versus 15%, respectively 

(based on a two- sided Fisher’s Exact test with alpha set at 5%). Note that only a lower number of 

patients is needed when the comparison is based on the proportion ‘forgotten hip’. To detect a 

difference between 70% and 50% ‘forgotten hips’ between DAA and PLA, respectively, 103 patients 

per group are needed to have at least 80% power. If both endpoints are considered as primary, the 

alpha level for each comparison should be set at 2.5% which implies a higher number of needed 

patients per cohort: 181 for the composite endpoint ‘presence of at least 1 abnormal score‘ and 123 

for the ‘forgotten hip’.  
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Chapter 5:  

What can be improved in the radiographic biomechanical profile assessment of a hip 

replacement? 

 

"Hip resurfacing used as a model to the set-up a radiographic biomechanical profile: a validation 

study." 

 

Summary 

Precise biomechanical reconstruction of the hip joint is essential for the success of the procedure. 

Reconstruction of the abductor moment arm (AMA) is desirable in order optimize the lever am of the 

gluteus medius which is the most important stabilizer of the hip joint. Several radiographic methods 

have been suggested however none has ever been validated. We used a hip resurfacing model to 

compare the radiographic and 3D modeled AMA measurements. The middle part of the gluteus 

medius remained constant during a complete gait cycle and was deemed the most important part of the 

medius. This part could be accurately measured on pelvic radiographs with a high intra- and inter-

observer agreement. Hip resurfacings showed a significant reduction in AMA compared to THA were 

the AMA was lengthened. 

Wear of the articulating surface is determined by the interplay of component positioning and joint 

loading. The same hip resurfacing model showed that small inaccuracies of the component mal 

positioning could lead to significantly increased contact stresses in comparison to the ‘neutral’ 

component positioning. Especially socket inclination, loss of femoral offset and lateralization of the 

center of rotation were associated with increased contact stresses. The accumulative displacements of 

the socket and femoral component could increase the contact stresses between 4.5% and 24% when 

the socket position remained ‘neutral’ in terms of inclination and anteversion. A combined increase in 

socket inclination and anteversion further increased the contact stresses between 6% and 11% 

Therefore, all efforts should be undertaken to reconstruct the biomechanics as closely as possible. 

Finally, the most pronounced difference between the DAA and PLA was the difference in socket 

anteversion and leg length discrepancy. Significantly more sockets in the PLA cohort had an 

anteversion of >30° whereas the inclination of sockets in the DAA cohort was significantly lower. 

Stem alignment was comparable as well as the AMA reconstruction. Finally, the leg length 

discrepancy was significantly larger in the PLA cohort. In general, the biomechanical profile of DAA 

and PLA THA is similar but the biomechanical effects of small differences needs more detailed 

evaluation.    
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Scientific output: 

Publications: 

“The effect of femoral component placement on contact stresses and range of motion of resurfacing 

arthroplasty of the hip” Submitted to Clinical Biomechanics. 

“The clinical relevance and validation of a novel technique to measure the abductor moment arm of 

on a pelvic radiograph” Submitted to Clin Orthop Rel Res. 

Presentations: 

“The clinical relevance and validation of a novel technique to measure the abductor moment arm of 

on a pelvic radiograph” ISTA meeting in Bruges, 20-23th of September 2011. (poster) 

“Lack of accurate reconstruction of the femoral biomechanics is associated with increased contact 

stresses and gait aberrations following hip resurfacing” ISTA meeting in Bruges, 20-23th of 

September 2011. (poster) 

“The effect of femoral component placement on contact stresses and range of motion of resurfacing 

arthroplasty of the hip” ISTA meeting in Bruges, 20-23th of September 2011. (podium) 

“The effect of component placement on joint loading and contact stress of resurfacing arthroplasty 

of the hip” EFORT meeting, Copenhagen, 1-4 June 2011. 

“The effect of component placement on joint loading and contact stress of resurfacing arthroplasty 

of the hip” Annual meeting of Orthopaedic Research Society, Long Beach, 13-16 January 2011 

(poster). 

“Learning curve and femoral component positioning of surface replacement arthroplasty of the 

hip: computed navigation versus jig instrumentation” EFORT meeting Madrid, 2-5 June 2010. (e-

poster) 

“How can we significantly change the biomechanics of the surface replaced proximal femur?” 

EFORT meeting in Vienna 3-6 June 2009.  (poster)  

“The effect of surgical interventions on the femoral biomechanics of the resurfaced hip.” EFORT 

meeting in Vienna 3-6 June 2009.  (podium)  

“The effect of surgical interventions on the femoral biomechanics of the resurfaced hip.” Canadian 

Orthopaedic Assocation (COA) meeting in Whistler 3-6 July 2009.  (poster) 

“Accuracy of the BHR femoral component positioning using the jig instrumentation.” EFORT 

meeting in Vienna 3-6 June 2009.  (upgraded poster to podium)  

“Accuracy of the BHR femoral component positioning using the jig instrumentation.” Canadian 

Orthopaedic Assocation (COA) meeting in Whistler 3-6 July 2009.  (poster)  

“Reconstruction of acetabular hip biomechanics with surface replacement arthroplasty.” Canadian 

Orthopaedic Assocation (COA) meeting in Whistler 3-6 July 2009. (podium)  

“Reconstruction of femoral hip biomechanics with surface replacement arthroplasty.” Canadian 

Orthopaedic Assocation (COA) meeting in Whistler 3-6 July 2009. (poster) 
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“Reconstruction of femoral hip biomechanics with surface replacement arthroplasty.” EFORT 

meeting in Vienna 3-6 June 2009.  (poster) 

“Reconstruction of acetabular hip biomechanics with surface replacement arthroplasty.” EFORT 

meeting in Vienna 3-6 June 2009. (nominated for the best poster award) 
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5. I. A validation study of the radiographic measurements of the hip abductor moment arm 

(AMA) 

 

A. Research questions 

Precise biomechanical reconstruction of the hip joint by a hip replacement is essential for the 

success of the procedure. Wear of the articulating surface is determined by the interplay of component 

positioning and joint loading (see also Section 5.II.). The latter is determined by the reconstruction of 

the femoral biomechanics such as the restoration of the femoral offset.1,2 This will in turn restore the 

abductor moment arm of the gluteus medius (AMA). Several radiographic assessment methods of the 

AMA have been published and utilized in clinical studies.3-5 However, these measurement methods 

have never been validated. The gluteus medius anatomically consists of 3 parts. It remains unclear 

which part is the most relevant for abduction of the hip during walking. In addition, to the best of our 

knowledge a 3D-evaluation of the dynamic changes of the moment arm lengths of the 3 parts of the 

gluteus medius has not been reported yet during gait and unipodal stance.  

     First, it was the purpose to measure the length of the 3 parts of the AMA of the gluteus medius and 

to measure the length changes during simulated gait. Second, it was the aim to validate the 

radiographic AMA measurement.   

 

B. Hypothesis 

1. The AMA of the gluteus medius can be measured on an antero-posterior pelvic radiograph. 

2. The new and classic AMA measurements differ significantly and show a different level of observer 

agreement. 

3. The inter-observer and intra-observer intra-class correlation (ICC) of the new measurement 

technique will be assessed.  

4. The change in AMA is different between SRA and THA.  

  

C. Materials and methods  

Twelve non-arthritic hips from 6 

cadavers were anatomically dissected with 

marking of the pelvic and femoral insertion 

sites of the 3 parts of the gluteus medius  

(Figure 1). CT and radiographic images of 

the pelvis and both femurs were acquired. 

Radiographs were taken with both femurs 

in 15° of internal rotation. Grey-value 

segmentation in Mimics (Materialise, Figure 1. Pelvic radiographs with markings (nails) of the 
gluteus medius insertion sites with femur internally rotated 
(left) and externally rotated (right). 
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Belgium) produced contours 

representing the bone geometry 

(Figure 2) and identifying the 

outlines of the 3 parts of the 

gluteus medius. The AMA was 

determined as the perpendicular 

distance of the hip centre of 

rotation (COR) to a part of the 

muscle (Figure 3). The changes 

of the AMA length of each part of 

the medius were evaluated for 

neutral rotation, 15° of external 

and 15° of internal rotation. In addition, the changes were also modelled 

during a normal gait cycle. The orientation of the femur with respect to the 

pelvis, given in Euler angles, originated from a normal gait pattern from a 

lower limb musculoskeletal model provided by OpenSim.6 The 

radiographic insertions of each part of the gluteus medius were determined 

on the antero-posterior radiographs of the pelvis (Figure 4). A 

magnification marker was used. The radiographic position of each part of 

the muscle and its corresponding AMA length could be determined (Figure 

5). In addition, the AMA length was also measured according to the 

methods described by Beaulé et al.,5 and Russoti et al.3 (Figure 6). The 

same measurements were repeated after 2 

weeks. All measurements were compared to the 

AMA measurements in the CT-models. Bland-

Altman plots were generated to compare the 

radiographic AMA-length with the CT-

measurements. The Student’s T-test with a CI of 

95% and a significant p-value <0.05 was 

utilized. The intra-class correlation for a single 

value (ICC) and 95% CI was obtained from a 2-

way random model. A Wilcoxon Signed Rank 

test was used to compare the systematic 

difference between observers.  

The inter- and intra-observer repeatability 

testing of the radiographic AMA measurement was done by 2 observers. The observers measured the 

AMA length of 51 unilateral hip replacements (22 SRA and 29 THA) without contra-lateral 

Figure 2. (a) 3D 
contours of the native 
femur were created. 
 

Figure 2. (b) The femoral ante-
torsion was measured as the angle 
between the femoral neck and the 
posterior condylar line.  
 

Figure 3. The AMA of the anterior (red), 
middle (blue) and posterior (green) part of 
the gluteus medius was measured. 
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osteoarthritis. The same measurements were done with 2 

weeks intervals. We divided XR quality to ‘perfect’ and ‘not 

perfect’ with perfect being a antero-posterior pelvic XR with 

a straight line connecting the symphysis pubis and the middle 

of the sacrum. In addition, the distance of the symphysis to 

the sacro-coccygeal joint was between 1,5 and 2,5cm.7    

The inter-observer reliability was evaluated on the first 

measurement. Differences between the measurements from 

two observers and 95% limits of agreement were visualised 

using Bland-Altman plots.8 The intra-class correlation for a 

single value (ICC) and 95% confidence interval (CI) is 

obtained from a 2-way random model, using the absolute 

agreement definition.9,10 which corresponds to the ICC(2,1) 

in the Shrout & Fleiss terminology.11 The within-subject 

standard deviation (SD) from this model is expressed 

relatively to the mean abductor moment level, yielding the 

within-subject coefficient of variation (WSCV) and split up 

into a systematic and random part.12 The first part refers to 

the systematic difference between both observers and the 

second part to the remaining within-subject variability 

(subject = patient). A lower WSCV indicates a higher reproducibility of the method. A Wilcoxon 

Signed Rank test was used to compare the systematic difference between observers and between 

methods. The evaluation was done separately 

for measurements on THP and measurements on 

the contralateral side, and for the difference 

between contra-lateral hip (CL) and THA (i.e. 

the ‘AMA reduction’). Note that in the latter 

case, interpretation of the WSCV is not 

meaningful since the difference can take 

negative values. A similar methodology has 

been used to evaluate the intra-observer 

agreement. Likelihood-ratio tests are used to 

compare the within-subject SD between methods 

and between levels of Rx quality (3 levels). The 

difference in AMA reduction between patients with SRA and patients with THA is verified in a linear  

Figure 4. The insertion sites of the 
gluteus medius were marked on pelvic 
radiographs. The same colour coding 
was used as in Figure 3. The posterior 
part was also marked with iron wires, 
which allowed for easy recognition of 
the insertions. 

Figure 5. The radiographic AMA of the 3 parts was 
measured.  



 188 

(a)  (b) 

 (c) 

model where gender and radiographic quality are added as potential confounders. This analysis is 

performed on mean values over the two observers, two time points and four methods. The analysis is 

repeated for each method separately. The four methods are compared with a multivariate linear model 

for repeated measures. All analyses were performed using SAS software, version 9.2 of the SAS 

System for Windows. Copyright © 2002 SAS Institute Inc. SAS and all other SAS Institute Inc. 

product or service names are registered trademarks or trademarks of SAS Institute Inc., Cary, NC, 

USA. 

 

C. Results 

 

3D Measurement of the AMA. In neutral rotation, the length of the middle, anterior and posterior 

part was 58mm, 56mm and 37mm, respectively. The posterior AMA was significantly shorter than the 

middle AMA. The AMA of the middle and anterior part were not significantly different. External 

rotation of the femur significantly reduced the AMA. Internal rotation significantly lengthened the 

posterior AMA to 41mm. The middle and anterior AMA increased slightly (Table 1). A normal gait 

was modelled to assess the changes of the AMA during gait and unipodal stance. The middle part had 

a moment arm of 56.4mm, which was significantly longer than the anterior (mean, 51.3mm) (range, 

44.6-56.7) (p=0.002) and the posterior (mean, 40.5mm) (range, 32.9-46.8) (p<0.0005) (Figure 7). 

 

 

 

Figure 6. Three different AMA measurement methods were 
compared. (a) The method as used as in the publication of Beaulé 
et al. where the gluteus medius is considered as a line tangential 
to the lateral surface of the greater trochanter.5  (b) The method 
described by Russoti et al. where the gluteus medius is 
considered as a tangential line from the trochanter to the ASIS.3 
(c) The novel measurement technique. 
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Table 1. AMA measurement is determined by rotation of femur. The length of the middle portion (60mm) is 
significantly different from the anterior (57mm) and posterior  (41mm) portion in all positions. External rotation 
should be prevented at all times when the AMA length is measured.  
 

 
 

Radiographic measurement of the AMA. The AMA of middle part of the gluteus medius was 

considered the most important based upon the abovementioned data. Radiographic insertion sites of 

the middle part with the femur 15° internally rotated were identified and the centre of the marked 

insertion sites was used to indicate the direction of the middle part of the medius. The femoral 

insertion site was 9mm distal (range, 3 to 15) and 7mm medial (range, 3 to 13) from the lateral edge of 

the greater trochanter.  The iliac insertion site was identified as a point 15mm (range, 10 to 20) medial 

from the iliac crest on a well-defined and consistent line connecting both crests (Figure 8). The 

radiographic AMA length was 63mm (range, 49-68). This was not significantly different from the CT-

measured AMA length (p=0.2). The AMA length measured with the Beaulé method was 66mm 

(range, 52-74), which was significantly different from the CT-measurements (p=0.005). Similarly, the 

AMA length measurement according to the method presented by Russoti et al. showed significantly 

Subject Side Posterior Middle Anterior Posterior Middle Anterior Posterior Middle Anterior

07_06 R 23 47 45 30 52 47 35 53 46

07_06 L 27 49 49 32 55 54 35 56 56

11_06 R 33 53 49 39 59 54 42 62 56

11_06 L 26 50 52 33 56 57 38 59 58

12_06 R 37 59 58 43 63 61 46 63 61

12_06 L 32 55 56 39 61 61 43 63 63

13_06 R 24 45 47 32 54 53 38 59 56

13_06 L 30 51 48 37 57 52 42 61 55

14_06 R 31 56 55 39 63 60 44 66 62

14_06 L 33 54 56 40 60 61 45 63 62

22_06 R 30 51 52 36 57 56 40 58 57

22_06 L 32 53 50 37 57 54 40 58 55

30 52 51 37 58 56 41 60 57

0.001 0.001 0.01 0.009 0.1 0.4

<0.001 <0.001 <0.001

0.7 0.2 0.1T-test middle versus anterior

15° External rotation Neutral rotation 15° Internal rotation

Mean

T-test rotation vs neutral

T-test middle versus posterior

Figure 7. The length of each AMA was modelled for 
a normal gait cycle. At mid-stance (50-60% of gait 
cycle) it was clear than the posterior AMA (blue) 
significantly lengthened whereas the anterior 
shortened (red). The middle AMA (green) varied only 
slightly in length troughout a full gait cycle. This 
indicates the middle AMA remained constantly the 
longest and was able to produce most leverage for the 
gluteus medius. Therefore, we concluded this AMA 
was the most important lever arm of the gluteus 
medius.  
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different lengths of 74mm (range, 61-79) compared to the modelled length (p<0.001) (Table 2). In 

addition, there was a high level of agreement (LOA) between the new method and the CT model 

measurements (LOA: -0.25). This was better than the LOA between the other measurement techniques 

and the CT models (LOA: -1.24 to -2.8). 

(a) (b) 

(c)  

 

There was a systematic error of 1.7mm when 2 repeated measurements are done with 2 weeks 

interval (Table 3).  This compared favourably to the 4.3mm and 9.9mm with the Beaulé and Russoti 

methods. The intra-class correlation (ICC) of the new method was 0.65 (95% CI: 0.2 to 0.9). This 

compared favourably to the 2 other methods with an ICC of 0.24 (95% CI: -0.3 to 0.7) and -0.5 (95% 

CI: -0.8 to 0.07), respectively.  

 

 
Table 2. Radiographic measurements compared to the CT-models.  

N Mean SD Median Min Max
CT 12 60.1 3.6 60 53 66

New method 12 62.6 5.2 64.5 49 68
Beaulé 12 66.3 5.8 67.2 52 74
Russoti 12 74.1 5 76 61 79

Figure 8. (a) The pelvic insertion site was 
identified on the line connecting both crests 
(orange line) and (b) was 15mm medial from 
the crest. (c) The femoral insertion site was 
9mm medial to the lateral cortex of the greater 
trochanter and 7mm distal to the superior 
margin of the greater trochanter. 
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Table 3. Overview of inter-observer agreement. SD = standard deviation. SEM: standard error of measurement. 
WSCV = Within-subject coefficient of variation.12 Lower = lower limit. Upper = Upper limit 95% CI for WSCV 
is based on a variance-stabilising transformation. 95% CI for variance components are based on modified large-
sample (MLS) methods. 
 

 
Table 4. Validation study of AMA measurement. CL = contra-lateral. CL-hip replacement = change in AMA 
length. SD = standard deviation. 
 

 

Value Lower Upper Value Lower Upper Value Lower Upper

Mean value 61.4 59 64 63 60 66 67 63 71

WSCV (%) 4.5 3.2 5.7 8 5.7 10 12.4 9 15.8

Between-Subjects SD 3.7 1.8 6.9 2.8 0 6.8 . 0 2.3

Within-Subjects SD 2.7 2 4.5 5 3.6 8.2 10.1 7.2 16.6

Systematic error (SD) 1.7 0.4 57.6 4.3 1.8 140 9.9 4.3 315

Random error (SD)/ SEM 2.1 1.5 3.6 2.5 1.7 4.2 2 1.4 3.5

New method Beaulé Russoti

Observer Time Total SD Mean SD Median Min Max

Hip replacement 1 First 55.6 5.1 55 44 66

Second 56.4 4.5 56 47 66

2 First 56.2 4.6 55.5 44 67

Second 56.2 4.7 55 44 66

CL 1 First 54.2 5.3 53.5 44 69

Second 54.2 5.2 53.5 45 67

2 First 53.7 4.9 53.3 44 64

Second 54.2 5.1 53.3 45 67

CL-Hip Replacement 1 First -1.5 5.8 -1.5 -13 15

Second -2.3 5.6 -2 -13 14

2 First -2.6 4,4 -2.3 -12 6.5

Second -2 4,6 -1.5 -11 8

56 4.8

56.2 4.6

-2.3 4.5

54.2 5.2

54 5

-1.9 5.7

ICC LL UL
Hip replacement Mean SD Median P-value Lower Upper Rho P-value Rho P-value

Inter-observer first -0.5 2.1 -0.5 0.09 -4.7 3.7 0,2 0.1 0.07 0.6 0.9 0.8 0.9
Inter-observer second 0.3 1.6 0.5 0.2 -2.8 3.3 -0.09 0.5 0.2 0.3 0.94 0.9 1

CL
Inter-observer first 0.2 1.6 0 0.4 -2.9 3.3 0.05 0.7 0.2 0.1 0.95 0.91 0.97

Inter-observer second -0.3 2.1 0 0.5 -4.5 3.9 -0.2 0.3 0.03 0.8 0.91 0.85 0.95
CL-Hip replacement

Inter-observer first 0,8 2.1 0.8 0.007 -3.3 4.8 0.5 <0.001 0.24 0.09 0.9 0.84 0.94
Inter-observer second -0.6 1.9 -1 0.02 -4.3 3.1 0.3 0.03 0.05 0;8 0.92 0.86 0.95

Difference 95% LOA Direction Magnitude
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Table 5.  Inter observer agreement at first and second measurement. Mean=mean difference. SD=standard 
deviation of difference. Median=median difference. P = p-value signed rank test. LOA: limits of agreement. 
ICC = Intra-class correlation. LL= lower limit. UL=upper limit. CI=confidence interval.10 SEM: standard error 
of measurement. WSCV=Within-subject coefficient of variation.12 95% CI for WSCV is based on a variance-
stabilising transformation. 95% CI for variance components are based on modified large-sample (MLS) 
methods. 
 

Inter- and intra-observer agreement. The mean AMA was higher on the hip replacement side 

than on the contralateral side (56mm versus 54mm, respectively) (Table 4). The mean inter-observer 

difference was small and the ICC was high (>0.9) for the AMA measurement of the hip replacement 

side, the contralateral side and the change in AMA (Table 5). This was further supported by a very 

low WSCV, a low within subject standard deviation and a low systematic error (Table 5). In 

conclusion, the inter-observer variability of all measurements is very low and the conclusions of 

change of AMA length following a hip replacement were reproducible for both observers. Similarly, 

the intra-observer ICC was even higher indicating that the same observer was able to reproduce his 

measurements in both sessions (Table 6). There was no inter-observer difference with different levels 

of XR quality (p=0.07). The intra-observer difference was significant for the AMA measurements of 

observer 2 on the CL side (p=0.006).  

 

 
Table 6. The intra-observer agreement is high. ICC=ICC from two way mixed model with absolute agreement 

definition. Within SD: within-subjects standard deviation. 

 

Resurfacing versus THA. The AMA increased by average 1,9mm in the total cohort. In the THA 

cohort, the AMA increased by 4.7mm in comparison to the CL side. In the SRA cohort, the AMA 

shortened by 1.8mm. This was significantly different compared to THA (p<0.001) (Table 7). After 

correcting for gender and XR quality with the linear regression model, the AMA was still significantly 

reduced in the SRA cohort (+4.6mm versus -2.1mm, respectively) (p<0.001). The difference in AMA 

reduction was 6.8mm (95% CI: 4.2 to 9.4). 

Value Value Value Value

Mean value 55.9 54.6 57.2 56.3 55 58 54.1 52.6 55.6 54.3 52.9 55.7
WSCV (%) 2.8 2.2 3.3 2 1.6 2.3 2.1 1.7 2.5 2.8 2.3 3.3

Between-Subjects SD 4.6 3.8 5.7 4 3.7 5.6 5 . . 4.9 . .
Within-Subjects SD 1.5 1.3 1.9 1 0.9 1.4 1.1 . . 1.5 . .

Systematic error (SD) 0.3 0,0 12.2 0.09 0 5.7 . . . 0.08 . .
Random error (SD)/ SEM 1.5 1.3 1.9 1 0.9 1.4 1.1 . . 1.5 . .

Hip Replacement CL

Inter-observer 1st Inter-observer 2nd Inter-observer 1st Inter-observer 2nd
95% CI 95% CI 95% CI 95% CI

Inter-observer ICC Within SD ICC Within SD ICC Within SD

First measurement 0.9 1.6 0.95 1.1 0.9 1.5

Second measurement 0.94 1.1 0.9 1.5 0.92 1.4

Intra-observer

First observer 0.98 0.7 0.97 0.8 0.97 0.8

Second observer 0.9 1.6 0.92 1.5 0.95 1.3

Hip replacement CL CL-Hip replacement
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Table 7. AMA comparison measurement of SRA and THA. 

 

D. Discussion 

Precise reconstruction of the biomechanics of the hip joint has been associated with improved 

results such as better clinical function and abductor strength, as well as reduced wear of 

polyethylene.13-17 The abductor mechanism is the most important stabilizer of the hip joint. The 

gluteus medius is part of the abductor mechanism and is accepted to be the most important contributor 

to hip joint loading. The efficiency of the abductor moment arm of the gluteus medius is influenced by 

a three-dimensional interplay between femoral offset, location of the hip joint center of rotation and 

femoral antetorsion. Salkale et al. showed that THA with reduced femoral offset were associated with 

significantly more PE at intermediate term follow-up.17 Other studies also compared the femoral 

biomechanics of SRA with THA and found that the offset was significantly reduced in SRA whereas 

other could not confirm this finding.5,18 Femoral offset is influenced by femoral antetorsion and is also 

highly influenced by the quality of the XR such as the rotation of the femur. Therefore, the use of the 

AMA as an outcome parameter of restoration of the biomechanics of the hip might be more 

appropriate because it directly reflects the working mechanism of the abductors. Moreover, the 

resultant vectors of the abductors can be taken into account. This might be important for the loading of 

the joint. The problem is however that no validation of the accurate radiographic measurement of the 

AMA had been provided yet. In addition, to date no inter- and intra-observer repeatability study on 

these measurements had been provided. 

We aimed to identify the most important AMA of the gluteus medius. Second, we aimed to 

investigate whether this AMA could be accurately measured on pelvic radiographs. We then 

conducted an observer agreement study by means of the comparison of THA and SRA with 2 

observers who measured the AMA in 2 sessions with more than 2 weeks interval.  

 3D Measurement of the AMA. The simulation based upon the 3D models allowed identifying the 

middle part of the gluteus as the most important part because it had the longest AMA that remained 

almost constant throughout a full gait cycle. This was also supported by the changes of AMA length 

with femoral internal and external rotation. It was clear that the posterior part was most dramatically 

influenced. The middle and anterior part were only mildly changed. In conclusion, the middle part was 

the least influenced by femoral rotation and during simulated gait, which allowed us to conclude that 

this part of the muscle can remain its lever arm length constant with different movements. Therefore, 

N Mean SD Median Min Max P-value

AMA reduction 51 -1.9 5.3 -1.8 -11.9 14.5

CL-THA 29 -4.7 4.1 -3.6 -11.9 4 <0.001

CL-SRA 22 1.8 4.3 1.8 -5.1 14.5
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we hypothesize that this part is probably the most important and constant contributor to the abduction 

generating capacity of the hip musculature. 

Radiographic measurement of the AMA. The radiographic insertion sites of the middle part 

could accurately be identified and the resultant AMA showed higher accordance with the 3D models 

than the AMA measured with the other assessment methods. Even more, the intra-observer agreement 

of the AMA measurement was highest for the new measurement method.  

Inter- and intra-observer agreement. The findings of the cadaver study were substantiated by the 

high intra- and inter-observer agreement in the clinical validity study conducted by 2 independent 

observers. Both observers measured AMA lengths comparable to the 3D measurements and were able 

to accurately reproduce the measurements with 2-week intervals. In addition, the conclusions 

regarding the changes in AMA compared to the normal contralateral hip were the same with both 

observers. The only difference between both observers was that the XR quality influenced the 

conclusions more in the measurements of the second observer. Therefore, XR quality should still be 

taken into account when the biomechanical reconstructions of 2 techniques are being compared. 

Resurfacing versus THA. In line with other studies we found that the biomechanical 

reconstruction of the native hip joint in terms of AMA reconstruction was different between SRA and 

THA.  

Shortcomings. The limitations of this study are that we do not have any evidence that the 

measurement of the AMA is associated with important clinical endpoints. Therefore, we believe that 

the AMA measurement is an adjunct to the conventional measurements such as femoral offset, 

acetabular offset and socket positioning. Whether this new and validated measurement is associated 

with clinical relevant outcomes needs to be investigated in the multicentre RCT. In addition, we did 

not measure the difference in inclination of the resultant abductor vector. This will be measured in the 

next section. Finally, the effect of femoral antetorsion is not taken into account. In order to accurately 

estimate this influence, we need more detailed analyses such as musculo-skeletal models. These 

models are built upon CT- and MRI- data that are integrated with patient specific gait analysis data. 

These models allow in depth analysis of joint loading and the influence of component positioning. 

This will be investigated in a number of subjects in the multi-centre RCT. 

 

E. Conclusions 

Accurate reconstruction of the hip joint biomechanics implies that also the abductor moment arm is 

perfectly reconstructed in addition to the accurate reconstruction of other biomechanical parameters. 

Whether accurate AMA reconstruction is associated with clinically improved outcomes will be 

investigated in the multi-centre RCT.  

 

 

 



 195 

References 
1. Sakalkale DP, Sharkey PF, Eng K, Hozack WJ, Rothman RH. Effect of femoral component offset on polyethylene wear in 

total hip arthroplasty. Clin Orthop Relat Res. 2001;388:125-34. 

2. Zahiri CA, Schmalzried TP, Ebramzadeh E, Szuszczewicz ES, Salib D, Kim C, Amstutz HC. Lessons learned from 

loosening of the McKee-Farrar metal-on-metal total hip replacement. J Arthroplasty. 1999;14:326-32.  

3. Russotti GM, Harris WH. Proximal placement of the acetabular component in total hip arthroplasty. A long-term follow-

up study. J Bone Joint Surg Am. 1991;73:587-92. 

4. Johnston RC, Larson CB. Biomechanics of cup arthroplasty. Clin Orthop Relat Res. 1969;66:56-69. 

5. Beaulé PE, Lee JL, Le Duff MJ, Amstutz HC, Ebramzadeh E. Orientation of the femoral component in surface 

arthroplasty of the hip. A biomechanical and clinical analysis. J Bone Joint Surg Am. 2004;86:2015-21.  

6. Delp S, Anderson A, Loan J, Habib A, John C, Guendelman E, Thelen D. Opensim: Open-source software to create and 

analyze dynamic simulations of movement. IEEE Transactions on Biomedical Engineering. 2007;54:1940-51. 

7. Clohisy JC, Carlisle JC, Beaulé PE, Kim YJ, Trousdale RT, Sierra RJ, Leunig M, Schoenecker PL, Millis MB. A 

systematic approach to the plain radiographic evaluation of the young adult hip. J Bone Joint Surg Am. 2008;90 (Suppl 

4):47-66.  

8. Bland JM, Altman DG. Statistical method for assessing agreement between two methods of clinical measurement. The 

Lancet. 1986;307-10. 

9. Kenneth O. McGraw S. P. Wong. Forming inferences about some intraclass correlation coefficients. Psychological 

Methods. 1996;1:30–46.  

10. McGraw KO, Wong SP. Correction to McGraw and Wong. Psychological Methods. 1996;1:390. 

11. Shrout PE, Fleiss JL. Intraclass Correlations: Uses in Assessing Rater Reliability. Psychological Bulletin. 1979;86:420–

27. 

12. Quan Q, Shih WJ. Assessing reproducibility by the within-subject coefficient of variation with random effects models. 

Biometrics. 1996;52:1195-1203. 

13. Yamaguchi T, Naito M, Aasayama I, Ishiko T.  Total hip arthroplasty: the relationship between posterolateral 

reconstruction, abductor muscle strength, and femoral offset. J Orthop Surg (Hong Kong) 2004;12:164-7.  

14. McGrory BJ, Morrey BF, Cahalan TD, An KN, Cabanela ME. Effect of femoral offset on range of motion and abductor 

muscle strength after total hip arthroplasty. J Bone Joint Surg Br. 1995;77:865-9.  

15. Asayama I, Naito M, Fujisawa M, Kambe T. Relationship between radiographic measurements of reconstructed hip joint 

position and the Trendelenburg sign. J Arthroplasty. 2002;17:747-51.  

16. Asayama I, Chammongkich S, Simpson KJ, Kinsey TL, Mahoney OM. Reconstructed hip joint position and abductor 

muscle strength after total hip arthroplasty. J Arthroplasty. 2005;20:414-20. 

17. Sakalkale DP, Sharkey PF, Eng K, Hozack WJ, Rothman RH. Effect of femoral component offset on polyethylene wear 

in total hip arthroplasty. Clin Orthop Rel Res. 2001;388:125-34. 

18. Girard J, Lavigne M, Vendittoli PA, Roy AG. Biomechanical reconstruction of the hip: a randomised study comparing 

total hip resurfacing and total hip arthroplasty. J Bone Joint Surg Br. 2006;88:721-6. 

 

 

 

 

 

 

 



 196 

5. II. The effect of component positioning on estimated contact stresses 

 

A. Research questions 

Precise biomechanical reconstruction of the hip joint by a hip replacement is essential for the 

success of the procedure.1,2 Correct component placement on either the acetabular or femoral side has 

been shown to highly influence the survivorship of implants such as surface replacement arthroplasty 

(SRA).3-7 High socket inclination leads to edge loading, high contact stresses and increased wear 

thereby leading to early failure of the implant.5-7 However, contact stresses are also influenced by the 

joint loading, which in turn is determined by the position of the hip joint centre of rotation (COR).1,2,8-

11 Some studies have shown that the femoral offset is decreased.12 This would decrease the abductor 

moment arm of the gluteus medius, which in turn leads to increased joint loading and wear.1,2 To date, 

no evaluation of the interplay between the three-dimensional socket placement and the displacement 

of the COR on joint loading and contact stress of a hip resurfacing has been reported yet. 

The purpose of this study was to better understand the biomechanical consequences of optimal and 

non-optimal placement of THA components. This was done by means of a hip resurfacing model. 

 

B. Hypothesis 

Variations in acetabular and femoral component positioning significantly influences the joint 

loading and contact stresses of hip resurfacing implants. 

 

C. Materials and methods 

(a) (b) (c) 

(d)  

First, it was the aim to reconstruct the native center of rotation as closely as possible with 19 

Birmingham Hip Resurfacing (Smith & Nephew, Birmingham, UK) procedures with femoral 

navigation (Kolibri, Brainlab). The femoral component was aimed for a stem shaft angle of 0° (= 

‘neutral position’). The acetabular component was aimed at 45° and 15° of inclination and anteversion, 

Figure 1. (a) The pelvis and femur were modelled based upon CT 
images. (b) The abductor moment arms were identified. (c) The 
post-operative and pre-operative models were fitted in order to 
understand (d) the changes in location of the center of rotation 
(COR). 
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respectively. Pre- and post-operative radiographs and CT-scans of both femurs and the pelvis were 

obtained and templated. Nails marked the insertion sites of the posterior, middle and anterior part of 

the gluteus medius on the femur and pelvis (Figure 1). The components were removed to prevent 

scattering over the bony landmarks. Grey-value segmentation in Mimics (Materialise, Leuven, 

Belgium) produced contours representing the bone geometry and identifying the outlines of the 3 parts 

of the gluteus medius. This allowed for linking the pre- and post-operative bone meshes by registration 

in order to determine the displacement of COR (Figure 1d).13 The native COR was determined by a 

normal shooting procedure. This provided a measure of the distance between the femoral head and the 

acetabulum. Normals on the surface for each vertex were calculated and the intersection with the 

pelvis was located. A weighted root mean square approximated intersection point of the resulting 

normals determined the COR. Due to the absence of cartilage wear, the location of the COR of the 

articular surface and the subchondral bone were similar.14 Postoperatively, the femoral and acetabular 

COR were determined based on geometrical data from the segmented bones and the data from the 

component geometry. The ‘neutral’ femoral COR was determined by computing the geometric data of 

the utilized component with a cement mantle thickness of 3 mm over the drilling axis of the stem 

(Figure 1d).15 The ‘neutral’ acetabular COR with respect to the pelvis was determined by fitting the 

outer surface of the socket into the reamed bone with the desired orientation of 45° of inclination and 

(a) (b) (c) 

Figure 3. (a) The socket was modeled in the reamed acetabulum according to the anterior pelvic plan (b). (c) 
The anteversion of the femur was also modeled.   
 

15° of anteversion relative to the pre-determined anterior pelvic plane (Figure 3). The following 

biomechanical parameters were evaluated for the ‘neutral’ positions: (1) the abductor moment arms 

(AMA) of the 3 parts of the gluteus medius, (2) the hip joint contact forces and (3) the contact stresses 

between the articulating surfaces. The AMA was measured pre- and postoperatively for normal gait 

acquired from a generic lower limb musculoskeletal model provided by OpenSim.16 The AMA was 

determined as the perpendicular distance of the COR to the line connecting the centers of the bone 

insertion regions of each part of the muscle (Figure 1). The orientation of the femur with respect to 

the pelvis, given in Euler angles, was then determined for a normal gait pattern. This allowed 

determining the instant changes of the AMA of the three parts of the gluteus medius during normal 

gait. The hip joint loading was then calculated for normal gait with the body weight of the specimens 

attached to the center of the pelvis, which was defined as the intersection of the line connecting both 

centers of rotation with the medio-sagittal plane. The moment of the body weight was then balanced 
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for the unipodal stance phase in the frontal plane. In this position the gluteus medius is the most 

important abductor muscle.9,17 Contact forces could then be calculated from the achieved static 

equilibrium. The contact stresses could then be estimated by dividing the total contact force with the 

projected surface of the acetabular component in the direction of the force.   

Second, the same biomechanical calculations were used for ‘non-optimal component placement’. 

The femoral component was translated over the drilling axis of the stem within a range of 12 mm (i.e. 

shortening or lengthening of the femoral neck) in combination with variations of socket inclination 

(range, 30°-60°) and anteversion (range, -10° to 40°). In addition, the biomechanical effects per mm of 

ventral, cranial and lateral displacement of the COR were also calculated.  

The Wilcoxon signed-rank test with a CI of 95% and a significant p-value of p<0.05 was used to 

compare the effect of non-optimal component placement relative to the ‘neutral’ placement. 

 

D. Results  

 

Neutral component placement. Complete pre- and post-operative bone and muscle meshes could be 

obtained in 12 of 19 procedures. The obtained anterior and cranio-caudal head-neck ratios were 1.5 

and 1.4, respectively. The neck-shaft and stem-shaft angles were 128° and 129°, respectively (p=0.8). 

The mean femoral offset was decreased by 2.3 mm (p<0.01). This indicated that an accurate 

reconstruction of the femoral anatomy could be obtained.  

 

Displacement (mm) Dorsal Medial Cranial 
COR Acetabulum 1.7 ± 1.6 3.9 ± 2.9 3.5 ± 2.5 
COR Femur  0.5 ± 0.9 -2.3 ± 2.0° 1.2 ± 2.6 
Trochanter  1.2 ± 1.75 6.2 ± 3.4* 2.4 ± 3.9 

 
Table 1. Displacement of the acetabular and femoral COR with resultant displacement of the greater 
trochanter relative to the pelvis. *displacement of the trochanter insertion of the gluteus medius was 
into the medial direction by 6.2mm because the femoral COR had been lateralised (i.e. the femoral 
offset had been decreased)° and the socket COR was also medialised 
 

The displacement of the COR showed relatively good accuracy with only minor displacements for 

the femoral and acetabular COR (Table 1). However, the accumulative displacement was 2.4mm in 

the cranial and 6.2mm in medial direction. This displacement was in the direction of the gluteus 

medius fibers thereby inducing a significant (p<0.01) shortening of the muscle length of all parts with 

the largest shortening of the posterior part by 5.2mm (4.2%). As a result, the abductor moment arm of 

the middle and posterior parts of the gluteus medius were significantly decreased by 2.5% (p=0.02) 

and 3.2% (p=0.04), respectively. However, there was no significant increase in the resultant contact 

force because the acetabular COR was medialised by 4 mm. 
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Displacement of the femoral component relative to the ‘neutral’ position. Caudal displacement in 

the direction of the drill hole (i.e. neck shortening) significantly decreased the AMA of all parts of the 

gluteus medius muscle by approximately 33% of the total displacement (i.e. 0.35 mm/mm 

displacement). As a result, the joint contact forces increased by 0.5% per millimeter of displacement. 

The estimated contact stress increased by 0.6% per millimeter of displacement. The same, but 

reversed, calculations count for cranial displacements. The effect of displacement in the ventral, 

cranial and lateral direction beyond the direction of the drill hole was also calculated. Each millimeter 

of lateral displacement (i.e. decrease of femoral offset) increased the contact force by 1 to 1.4%, 

whereas a cranial displacement (i.e. leg lengthening without changing the offset) increased the contact 

force by 0.3 to 0.6% (Figure 4)(Table 2).  

 
Figure 4. The changes in contact stresses were modeled for different variations in socket anteversion 
angle, socket abduction angle, neutral neck length (lower graph) and 6mm decrease in neck length 
(upper graph). The contact stress was highest in case of high socket abduction-anteversion in 
combination with a decreased neck length. 
 

Displacement of the socket and variations in inclination and anteversion. The abductor moment 

arms and contact forces were not significantly influenced by an increased inclination or anteversion of 

the socket (<0.06% change per degree of socket variation). However, the contact stresses changed 

significantly by 0.8% and 0.2% per degree of inclination and anteversion, respectively (Table 3). Each 

millimeter of lateral displacement of the acetabular COR increased the contact force by approximately 



 200 

1.2% whereas the effect of ventral displacement was almost negligible (Table 2).  

 

Cumulative effects of component displacements relative to the neutral positioning. Various 

displacements of both components can occur and as a result can have a cumulative effect on the 

contact stresses. Increased socket inclination and anteversion in combination with a decreased neck 

length by displacement over the drill hole were associated with extremely high contact stresses 

(Figure 4). 

The accumulative displacements of the socket and femoral component could increase the contact 

stresses between 4.5% and 24% when the socket position remained ‘neutral’ in terms of inclination 

and anteversion. A combined increase in socket inclination and anteversion further increased the 

contact stresses between 6% and 11% (Table 4).  

 

 
Table 4. Accumulative changes in contact stress caused by (a) femoral and acetabular component displacement 
and (b) variations in socket positioning (relative to the ‘neutral’ position). The accumulative effect of component 
displacement on contact stresses could be higher than the effect of variations in socket positioning. Lateralisation 
of the femoral component equals decrease of femoral offset.  
 

E. Discussion 

It remains a challenge to achieve good long-term results in young and active patients with a hip 

replacement.17-20 The crucial determinant of wear of a specific articulating surface is the contact stress, 

which in turn is influenced by the contact forces and the contact area. The contact forces are 

determined by the displacement of the center of rotation on both sides. Restoring the femoral offset 

will restore the abductor moment arm thereby minimize the joint loading, the contact stresses and the 

resultant wear rates.1,2,10-13 In addition, medialisation of the acetabular COR will decrease the body 

weight moment arm, thereby also decreasing the hip joint loading.1,2,8-11 Optimizing the contact area by 

accurate socket positioning will prevent edge loading to occur thereby minimizing the contact stresses 

and wear rates.3-7 

The results confirm the hypothesis that hip resurfacing can accurately mimic the biomechanics of 

the hip joint when components are placed in the ‘neutral’ position. The contact forces were not 

significantly increased due to the compensatory effect of the medialisation of the acetabular COR. 

Displacement Socket
Cranialisation Lateralisation Neck Shortening Lateralisation Cranialisation Lateralisation Neck shortening

mm 0,5%/mm 1,2%/mm 0,6%/mm 1,2%/mm
2.5 1,25 3 1.5 3 4.25 6 4.5

5 2.5 6 3 6 8.5 12 9
7.5 3.75 9 4.5 9 12.75 18 13.5
10 5 12 6 12 17 24 18

Positioning
Abduction Anteversion Combined

° 0,8%/° 0,2%/°
5 4 1

10 8 2
15 12 3
20 4

5 and 10 6
5 and 15 7

10 and 10 10
10 and 15 11

Combined changed socket and femur component positioningFemur

Socket
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However, there was a significant shortening of the muscle fibers due to the resultant displacement of 

the greater trochanter in the cranial and medial direction. As a consequence, the muscle will not be 

able to optimize its force generating capacity. Taking both remarks together suggests that 

medialisation and cranialisation of the COR should optimally be outbalanced by increasing the 

femoral offset which can be difficult to obtain in hip resurfacing. In conclusion, the acetabular COR 

should be reconstructed as closely as possible to obtain an optimal balance between ROM, muscle 

tension and contact stresses.   

The importance of accurately reconstructing the AMA was clear. The shortening of the AMA was 

associated with increased contact forces and resultant increased contact stresses. Shortening the leg or 

decreasing the femoral offset can result in a shorter AMA, which could jeopardize the biomechanics of 

the hip. This study supported the relevance of adequate soft tissue reconstruction for the stresses acting 

upon the articulating surface. Decreasing the femoral offset increased contact stresses by 1-1,4% and 

shortening the neck shortened the AMA by 0,35mm/mm shortening, which resulted in 0,6% increase 

in contact stress per mm shortening.  

Retrospective radiographic assessment studies showed that socket inclination plays a detrimental 

role in edge loading, increased wear and metal ion release.3-7 However, the contact stresses and the 

wear of articulating surfaces result from the 3D, dynamic interplay between joint contact forces that 

are absorbed by the ‘instant’ articulating surfaces in the direction of the force. Therefore, the surface 

of the articulating components in the coronal and axial plane should be taken into account together 

with the magnitude and direction of the contact force in order to estimate the resultant contact stresses. 

This study has shown that a more inclined and anteverted socket will significantly increase the contact 

stresses. But our results also showed that combined displacements of the acetabular and femoral COR 

particularly in the lateral direction can increase the joint contact forces to such a magnitude that the 

resultant contact stresses were even higher than with a combined socket inclination and anteversion of 

55° and 25°. Some studies have shown that femoral offset was decreased by 4.5mm and the socket 

COR was lateralized by 2mm in hip resurfacings. In contrast, the femoral offset was restored and the 

COR medialized in THA.12 Based on our results (Table 4), this would have caused an increased 

contact stress of at least 9% compared to the THA group. We conclude that not as much the change in 

biomechanics on one side but multiple -often smaller- aberrations in component placement on both 

sides may lead to an accumulation of increased contact stresses to up to 35% in the worst-case 

scenario. For example, 2.5mm of femoral offset loss combined with 5mm neck length loss in 

combination with a socket placement of 2.5mm lateralization, 50° inclination and 25° anteversion 

would increase the contact stresses by approximately 15%.  This represents contact stresses of 10% 

more than only the abovementioned socket position (Table 4).    

The following conclusions apply to THA. First, displacement of the femoral COR should remain 

within a range of 5mm to prevent high contact stresses to occur. Second, offset loss should be 

prevented at all times. Third, the thickness of the socket (i.e. the shell + the liner) should be taken into 



 202 

account when the surgeon reams the acetabular bone. Reaming to the acetabular floor is therefore 

beneficial when a modular socket is being used to minimize the risk of lateralization of the acetabular 

COR. In case e.g. monoblock socket with 6mm thickness is used, the surgeon should take into account 

that reaming to the floor will not always be offset by the component thickness.  The muscle will 

slacken and the ROM might be decreased if the femoral offset cannot compensate for the resultant 

trochanter displacement. Finally, leg lengthening by e.g. 10mm, will increase the contact stress by 5% 

which is an effect similar to a combined socket inclination-anteversion placement of 50° and 25°, 

respectively. In addition, lengthening of the leg will also lift up the ipsilateral pelvis, thereby relatively 

increasing the socket inclination. Therefore, leg lengthening is not harmless in terms of contact 

stresses.  

This study has some limitations. First, only the gluteus medius moment arm changes were 

modeled. However, the abductors are accepted to be the most important contributors to hip joint 

loading, especially during the unipodal stance phase, which was the subject of our study.9,17 In 

addition, we did not simulate the increase of the body moment arm during the swing of the 

contralateral leg. Second, a generic musculoskeletal model was utilized to simulate a normal gait 

cycle. These models do not fully account for anatomical differences between subjects.21-24 However, 

not as much the absolute contact stresses but their relative changes induced by varying the component 

placement are relevant to the surgeon in order to understand the consequences of his surgical acts. This 

is to our knowledge the first study that evaluated the biomechanical effects of the 3D component 

placements in the 3 dimensions during a normal gait cycle. This could only be achieved by 

transferring the 3D CT-models to generic musculoskeletals models. Third, we did not aim for a stem 

shaft angle of 10° of valgus relative to the neck shaft angle.3 We defined the ‘neutral’ position as the 

best possible hip joint reconstruction that could be achieved with a navigated hip resurfacing. All 

investigated procedures remained within the range of <5mm of COR displacement. We simulated a 

2.5mm cranialisation and lateralization of the femoral COR, which can account for a stem shaft valgus 

position of 10°. This increased the stresses by 4.3% relative to the ‘neutral’ position. Fourth, the effect 

of surgical approach was not taken into account and simulated a gait pattern >1-year post-

operatively.25 Fifth, the investigated cohort was too small to investigate the effect of component size 

on the biomechanics.18,26 However, it is not unreasonable to suggest that the biomechanics of hip joints 

requiring smaller components will be more prone to larger effects of smaller aberrations. Sixth, the 

advantage of hip resurfacing is that the reamed bone without the components in place allowed using 

this ‘neutral placement’ as the reference to which all simulations could be compared without having 

problems with scattering. This allowed translating the data from real surgery into the models. 

However, we did not take into account whether this was feasible without notching of the neck because 

it was also the aim to investigate the effects of such changes when applied to THA.  
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F. Conclusion 

Hip resurfacing was used as a template to evaluate the biomechanical effects of non-optimal 

component placement in hip replacement procedures. Isolated femoral COR displacement in the 

cranial or lateral direction significantly increased the hip joint loading and contact stresses. 

Accumulative errors of both component displacements could lead to detrimental increases in contact 

stresses of up to 35%. Therefore, the COR should be reconstructed within a 5mm range from the 

native COR and the socket position should remain as closely as possible to ‘neutral’.  
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5. III. The biomechanical profile of DAA and PLA THA 

 

A. Research questions 

We questioned whether component positioning was jeopardized during the learning curve of the 

DAA. In addition we also questioned whether the biomechanical profile of the native hip could be 

restored by means of a hip replacement conducted through the PLA and DAA.  

 

B. Hypothesis 

1. Component positioning is not significantly different during the learning curve of the DAA 

compared to the PLA.  

2. The biomechanical profile of the native hip could equally restored with both techniques.  

 

C. Materials and methods.  

An independent observer (BS) evaluated the component positioning by means of a digital 

templating program (OrthoView, Southampton, United 

Kingdom). The pelvic radiographs were checked for proper 

inclination and rotation.1 In total 178 DAA and 200 PLA 

radiographs were compared. Both surgeons aimed for a 

socket inclination of 35° to 40° and a socket anteversion of 

20° to 25°. The radiographs of the first 100 DAA cases were 

compared to 100 PLA cases. Socket inclination was 

calculated as the angle with the inter-teardrop line (Figure 

1). Socket anteversion was calculated according to the 

validated methods of Hassan et al. and Lewinnek et al 

(Figure 2).2 The mean of both methods was used. The leg 

length discrepancy was measured as the distance of the 

inter-tuber line to the lesser trochanter (Figure 3). The femoral component alignment was calculated 

as the angle between the femoral shaft and stem axis (Figure 4).  

(a) (b) 

Figure 2. The socket anteversion was calculated according to (a) Hassan et al. and (b) Lewinnek et al.2 

 

 

Figure 1. Calculations of socket 
positioning. 
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Seventy DAA and 70 PLA THA with perfect pelvic 

radiographs and femoral rotation were compared for component 

positioning. In total 40 radiographs of patients with no contra-

lateral osteoarthritis and 15° of internal rotation of the femur 

were also evaluated for the reconstruction of the pelvic and 

femoral biomechanics. The length of the abductor moment arm 

was measured according to the new measurement method: (1) 

The pelvic insertion site was identified on the line connecting 

both crests and was 15mm medial from the crest. (2) The femoral 

insertion site was 9mm medial to the lateral cortex of the greater trochanter and 7mm distal to the 

superior margin of the greater trochanter (Figure 5a). In 

addition, the inclination angle of the middle part of gluteus 

medius relative to the femur and the pelvis was measured 

(Figure 5b). The femoral inclination angle was determined as 

the angle between the line of the middle part of the gluteus 

medius and the line connecting the hip joint centre of rotation 

(COR) and the femoral insertion of the gluteus medius. The 

pelvic angle was determined as the angle between the middle 

part of the gluteus medius and the line connecting both 

insertion sites at the pelvis. Smaller angles imply more vertical 

insertion at the femur or the pelvis. Finally, also the medio-lateral and cranio-caudal shift of the COR 

were determined relative to the teardrop and the inter-teardrop line, respectively. The femoral offset 

was determined as the perpendicular distance of the axis of the femur to the COR. 

The paired Student’s t-test with significance levels of <0,05 was used for comparison using 

statistical software. Chi-square test for comparison of number of sockets >30° anteversion.  

(a) (b) 

Figure 5. (a) The AMA was measured and the femoral and (b) pelvic inclination angles of the gluteus medius 
were also measured. 
 

 

 

Figure 3. Leg length discrepancy. 

Figure 4. Stem alignment. 
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D. Results 

The mean socket anteversion was 23° (range, 5-36) and 25° (range, 6-40), respectively in the DAA 

and PLA cohort (p<0.001) (Table 1). In total 47 PLA (24%) and 23 DAA (13%) sockets had an 

anteversion of >30° (p=0.1). The socket inclination was 32° in the DAA cohort (range, 15-59) and 35° 

in the PLA cohort (range, 21-52) (p<0.001). The mean stem alignment was 1.6° and 2.2° of varus, 

respectively (p=0.007). The mean leg length discrepancy was -1.1mm and 3.7mm, respectively 

(p<0.001). Considering the first 100 DAA cases, there was no significant difference with the PLA 

cohort except for leg length discrepancy (-1.2mm and 3mm for DAA and PLA, respectively) 

(p<0.001) (Table 1) (Figure 8).  

 
Table 1. LLD = leg length discrepancy 

(a) 

(b) 

Figure 8. The acetabular component positioning was not jeopardized during the first 100 consecutive cases, 
neither for (a) anteversion nor (b) for inclination. Note the decreased inclination at the end of the DAA series. 
This was because the surgeon intentionally declined the sockets more because he started using ceramic-on-
ceramic bearings. 

Anteversion Inclination Alignement LLD Anteversion Inclination Alignement LLD
DAA (N=178)

Mean 23.2 32.2 1.6 -1.1 24.4 33.7 1.6 -1.2
Min 5.2 15 -5 -17 5 15 -5 -17

Max 35.6 59 8 14 35.6 59 8 14
SD 5.4 8.2 2.3 6.3 5.5 8.5 2.3 6.7

PLA (N=200)
Mean 25.4 34.6 2.2 3.7 25.6 34 1.9 3

Min 5.7 21 -3 -10 11 21 -3 -10
Max 40 52 10 19 40 49 10 19

SD 5.9 5.6 2.3 5.9 6.1 5 2.5 6.8
t-test <0.001 <0.001 0.007 <0.001 0.1 0.8 0.4 <0.001

All First 100
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The differences in stem alignment disappeared after excluding radiographs that were not deemed 

perfect (Table 2). The differences in leg length discrepancy and socket anteversion and inclination 

remained (p=0.02). In total 4 DAA (6%) and 21 PLA (30%) sockets had an anteversion >30° (p=0.02). 

Four DAA patients (6%) had a LLD of >10mm in comparison to 12 PLA (17%) (p=0.06). The 

accuracy of the biomechanical reconstructions of the native hip joint was comparable (Table 3). The 

difference in AMA length between the normal contra-lateral hip and the reconstructed hip was +3mm 

in both cohorts (p=0.3). The change in pelvic angle was not significantly different (p=0.08). The 

change in femoral abductor angle was 2° more vertical in the DAA cohort compared to the native hip 

and 7° more vertical in the PLA cohort compared to the native hip (p=0.0006). The change in femoral 

offset was +5mm in both cohorts (p=0.8). Stem alignment was similar in both groups but the leg 

length discrepancy was -1mm and 3mm, respectively in DAA and PLA (p=0.002). The change in 

location of the COR was comparable in both cohorts with 1mm of medial shift and 5mm of cranial 

shift (p=0.6 and p=0.9) (Table 3).   

 
Table 2.  

 
Table 3. 

Stem Leg length
DAA (N=70) Anteversion Inclination Alignement Discrepancy

Mean 23.8 31.1 1,4 -0,3
Min 14.4 15 -3 -14

Max 33 50 7 14
SD 4.4 8 2.1 6.3

PLA (N=70)
Mean 26 33.9 2.1 3.5

Min 11.5 21 -3 -10
Max 40.2 49 10 19

SD 6.2 5.2 2.6 6.8
t-test 0.02 0.02 0.1 0.004

Socket

DAA (N=40) THA CL Difference THA CL Difference THA CL Difference
Mean 51 48 3 7 6 1 73 75 -2

Min 5 5 4 4 3 4 7 7 7
Max 41 38 -8 0 0 -4 57 60 -18

SD 63 59 11 14 13 9 88 94 11
PLA (N=40)

Mean 52 50 3 7 6 1 71 78 -7
Min 40 44 -7 0 0 -8 54 64 -19

Max 58 59 12 15 14 6 96 96 7
SD 4 3 5 4 4 4 8 7 6

t-test 0.3 0.2 0.8 0.9 0.7 0.08 0.3 0.2 0.006

Stem Leg length
DAA (N=40) THA CL Difference ML CC Alignement Discrepancy

Mean 44 39 4.6 -0.8 4.8 1.4 -1.2
Min 30 27 -7.5 -10.5 -3 -3 -19

Max 58 55 15.5 9 17.5 6 15
SD 5 6 5.1 3.6 4 2.2 8.6

PLA (N=40)
Mean 47 42 5 -0.4 5 2.2 3.3

Min 35 31 -11 -7.5 -9.5 -3 6.4
Max 61 54 15.5 4.5 16.5 10 -8

SD 7 6 5.5 2.8 5.1 2.9 16
t-test 0.04 0.06 0.8 0.6 0.9 0.2 0.002

Femoral offset Difference in COR

AMA length Pelvic angle Femoral angle
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E. Discussion 

The learning curve of a surgical approach also implies that the positioning of the components can 

be jeopardized. It is important that the surgeon has an optimal view on both components and that the 

components can be put in in a reproducible way. Therefore, some surgeons and surgical techniques 

suggest using fluoroscopy during the procedure. Although this might be advisable, there is no 

evidence that this would improve the learning curve of he surgeon.3 It was clear from this study that 

component positioning is not jeopardized during the learning curve of the first 100 cases. The 

component positions were comparable to the PLA. However, there are 2 remarks. First, the learning 

curve surgeon was mainly trained with the direct lateral approach. This might be different from 

switching from the PLA to the DAA because the surgeon was used to approach the joint from the 

antero-lateral part instead of from posteriorly. Therefore, the switch might be a little bit easier 

compared to a switch from the PLA. Second, the PLA components were also put in by residents under 

the direct supervision of the senior surgeon. This might explain some differences in variability. 

Nevertheless, the conclusion of this study concerning the fact that an acceptable component 

positioning was achieved with the DAA holds true, even in the learning curve.  

It was clear from this study that the DAA surgeon shifted towards decreasing the socket inclination 

angle. This can be explained by several findings. First, the decrease in inclination was clear during the 

first 100 cases because the surgeon was using more ceramic liners. Therefore he decided to decline a 

little bit more in order to minimize the risk for edge loading. Clearly the inclination was too low in 

some cases probably because of the use of offset handle of the socket inserter. The surgeon always 

assessed for intra-articular impingement between both components and this was not found in any case. 

Nevertheless it is clear from this study that the surgeon was struggling more with the reproducibility 

of his component positioning than the more experienced PLA surgeon who really achieved the goal of 

35° of inclination in a more reproducible way. This difference in variability can also be explained by 

the use of monoblock sockets, which are more difficult to insert and are less forgiving when mal 

positioned. In contrast, the anteversion angle was more within the predefined goal in the DAA cohort. 

This can be explained by the supine position but also by the tendency to intentionally put the socket in 

more anteversion when the PLA is used. This would minimize the risk for dislocation.  

Both approaches allowed for accurate reconstruction of the native biomechanics despite the fact 

that different implants and articulating surfaces were used (cfr. Chapter 3.III.). The most importance 

difference was the leg length discrepancy, which was different in both cohorts, regardless of the 

quality of the radiographs. As a result the femoral inclination angle of the middle part of the gluteus 

medius was significantly more vertical in the PLA. Whether this is associated with a different 

biomechanical behaviour remains subject of further investigation by means of musculoskeletal 

models. It is clear however that the vertical vector of activation of the gluteus medius is larger in these 

cases. Therefore, it might be that in case of less optimal socket inclination this might increase the edge 

loading of the articulating surface. Considering the relatively low inclination angle in these series, this 
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is however unlikely to affect the contact stresses in the investigated series. We cannot use the 

biomechanical profile that was developed in the second part of this chapter because the profile was 

based upon large diameter articulating surfaces. Nevertheless, some findings of that study indicate that 

the contact stresses in both cohorts can be different because increased socket anteversion and 

increased leg length were associated with increased contact stresses. The question remains however 

whether these increased estimated contact stresses are clinically relevant in smaller diameter 

articulating surfaces.  

 

F. Conclusion 

In conclusion, component positioning was not jeopardized during the learning curve of the DAA 

without the use of fluoroscopy. Femoral component positioning was comparable and both approaches 

accurately reconstructed the native hip joint biomechanics. Although socket positioning was 

acceptable in the DAA cohort, there seemed to be a learning experience to achieve a more desirable 

inclination of 35° to 40°. Socket anteversion was reproducible. The most important difference between 

both cohorts was in the leg length discrepancy. The soft tissue biomechanics such as the AMA were 

similarly reconstructed in both cohorts.  

The detailed biomechanical effects in terms of joint loading and contact stresses remain subject of 

research with more sophisticated investigations such as musculo-skeletal models. 
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Chapter 6:  

Gait analysis of THA: does it add any value? Development of an integrated 

biomechanical workflow 

 

"Three-dimensional gait analysis used as an objective outcome tool following THA" 

 

Summary 

Gait analysis allows for an objective assessment of one of the most fundamental goals of a hip 

replacement: recovery of normal gait. Hip resurfacing (SRA) has been promoted to be the hip 

replacement that allowed for the best recovery towards normal gait. We compared healthy subjects 

(normal gait) to THA conducted trough the DAA and to SRA conducted by the direct lateral (DL) and 

postero-lateral approach (PLA). Gait aberrations persisted in all patient groups, even after years of 

follow-up. Frontal plane aberrations were not significant but sagittal plane compensatory mechanisms 

failed to reach the normal level. Hip resurfacing patients showed significant and most pronounced 

aberrations, especially in the sagittal plane. Direct lateral approach SRA showed the most distinct 

aberrations followed by posterolateral approach SRA. Although DAA patients with THA did not reach 

the normal level at more than 12 months follow-up, the differences were markedly less pronounced 

than with hip resurfacing. The most important deficits of the DAA were in the sagittal kinetics, which 

could maybe be targeted by means of dedicated physiotherapy. We conclude that direct anterior 

approach THA showed improved gait parameters in comparison to hip resurfacing patients. This new 

information could only be retrieved from detailed gait analysis. Therefore, we conclude that gait 

analysis should be included in the comprehensive outcome platform.  

However gait analysis is also associated with some shortcomings. Conventional gait analysis 

consists of only ‘level’ walking that does not challenge the hip- and lower limb musculature as much 

as stair ascent and descent. A preliminary study of stair ascent and stair descent was conducted on 

healthy subjects and patients with cox arthrosis. These more strenuous tasks made gait analysis more 

discriminative between healthy and pathologic gait characteristics. Therefore, these tasks should be 

included in the comprehensive outcome platform.  

The effect of the found gait aberrations on joint loading and contact stresses can only be properly 

investigated by means of specialized tools. Patient specific musculo-skeletal models (MSM) provide 

detailed information concerning joint loading of the implant. The models are built by integrating 

patient specific anatomy (MRI and CT) with muscle dynamometry and gait analysis parameters. This 

allows assessing internal joint moments more accurately. In addition, aberrant loading of other joints 

can also be investigated. A multi-disciplinary consortium of experts of 5 different fields of musculo-

skeletal sciences has developed the protocol for an integrated biomechanical outcome platform that 
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will be able to deliver innovative insights in the dynamic biomechanical behaviour following THA. 

The clinical goal is to set-up evidence-based and surgical technique specific physiotherapy care plans. 

Such an integrated biomechanical assessment of THA has to date not been utilized as an outcome 

measure despite the fact that the biomechanical behavior determines functional outcome and longevity 

of the implant (novelty). The surplus value of the proposed project is that it will consider into detail 

the interactions between trunk, hip and lower limb dynamics integrated with hip loading and muscle 

strength. Advanced data processing will be used to create a dynamic inventory (novelty). As a result, 

this will allow GA to become a powerful diagnostic tool of gait aberrations that allows setting up a 

patient specific treatment protocol to improve muscle weakness, hip loading and outcomes scores 

(novelty). The evidence-based protocol of this integrated biomechanical workflow will be presented in 

the third section of this chapter. 

In conclusion, the added value of the project lies in the development of the integrated workflow 

that will allow utilizing GA as a powerful diagnostic and predictive tool of impaired outcome and joint 

loading. This allows for early evidence based intervention to treat gait aberrations. Finally, GA can be 

used as a screening tool of new techniques that may illustrate gait aberrations not detectable without 

these advanced techniques. The most important focus of this project will lie on the clinical value. By 

combining well-considered parameters as input from GA, patient specific MS models and 

dynamometry, we aim at providing profiles of hip loading and balance control. This will allow 

surgeons and physiotherapists setting up a patient specific treatment care plan. Additional to its 

diagnostic value. It will thus also have an important value towards treatment and prevention strategies 

of gait aberrations. Under the leadership of the PhD candidate and the promoter of this thesis, the 

consortium managed to receive funding for this 4-year collaborative multi-disciplinary investigation 

(IWT-TBM nr 100786). 

 

Scientific output: 

Publications: 

“Clinical evaluation of patients following total or surface hip replacement with large femoral head 

sizes: how good are we?” Joint first authorship with C. Meyer. Submitted to Gait & Posture. 

 

Presentations: 

“Early clinical gait analysis of patients following DAA THA.” Presented at ESMAC 2012.  

 “Clinical gait analysis in patients following total hip resurfacing: effect of surgical approach on 

biomechanical behaviour” Presented at the ISB meeting Brussels, 7th July 2011. (podium) 

“Preliminary results of gait analysis in Surface Replacement Arthroplasty of the hip: The 

Posterolateral versus the Lateral Surgical Approach.” Presented at the International Hip Meeting, 

19-21 June 2007, Leuven, Belgium. (poster) 
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6. I. Hip replacement surgery: how good are we in the young and active patient? A retrospective 

gait analysis study. 

 

A. Research questions 

The purpose of this study was to evaluate the functional gait recovery of young and active patients 

following a hip replacement at >1 year follow-up.  

 

B. Hypothesis 

1. Complete gait recovery is not be achieved at >12m follow-up.  

2. Gait abnormalities are different between different surgical approaches.  

3. Patients exhibit dissimilarities between operated and non-operated sides. 

 

C. Materials & methods 

Patients with a minimum follow-up of >12 months following THA or SRA were retrospectively 

selected from our database. Exclusion criteria were osteoarthritis or arthroplasty at any other joint of 

the lower limb as well neuromuscular disease, neurological complications and low-back pain. 

Fourteen patients with a mean age of 49 years underwent a Birmingham hip resurfacing (Smith & 

Nephew) through the posterolateral approach (PLA) (BMI: 25±2.8 kg/m2). Eight patients with a mean 

age of 53 years underwent a Durom hip resurfacing (Zimmer) conducted through the direct lateral 

approach (DL). Twelve patients with a mean age of 48 years had a THA conducted through the DAA 

conducted by the same surgeon (KC) (Corail-Deltamotion, Depuy-Synthes). All patients had a large 

diameter articulating surface of >36mm. A matched control cohort of 17 healthy volunteers with a 

mean age of 52 years was used as the normative reference population (Table 1).  

 

  Controls PLA DL DAA 
  N=17 N=14 N=8 N=12 

Age at gait analysis (years) 52±4.8 49±14 52±8 46±13 
Gender 9F/8M 11F/2M 2F/6M 6F/7M 

BMI (kg/m2) 24±3.1 25±2.8 28±3 26±3 
Time of follow-up (months) NA 49±23 35±14 14±2 

Table 1. Overview of patient and control demographics. 

 

Subjects were fitted with 22 passive retroflective markers located on the lower limbs, pelvis, and 

trunk (Total body Plug-in-Gait marker set, Vicon, Oxford, UK). Three-dimensional motion analysis 

was performed using an optical data capturing system (Vicon Motion Systems, UK) with 10 cameras, 

which determined the 3D trajectories of the markers. Marker trajectories were collected at 100Hz. 

Ground reaction forces, synchronized with the motion capture system, were collected at 1000Hz from 

two force plates (AMTI, Watertown, MA, USA) for gait cycle definition and kinetic analysis. All 
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patients performed three trials of level walking at a self-selected pace, including accurate force plate 

data for each limb. Marker coordinate data were filtered using Woltring’s generalized cross-validation 

quintic smoothing spline with a predicted mean-square error of 15mm. Joint kinematics and kinetics of 

the ankle, knee and hip as well trunk kinematics were calculated and computed with commercially 

available software (Vicon Motion Systems, UK). Internal joint moments were normalized to body 

weight and time normalized to 0-100% gait cycles.  

After data processing, spatio-temporal variables such as walking velocity, step length, single 

support time, double support time and stance duration were extracted. Kinematic and kinetic 

continuous waveforms were generated from operated and non-operated side for the patients and both 

sides for the controls. Discrete gait parameters were automatically extracted from the continuous gait 

waveforms using custom-made MATLAB® software (Mathworks, USA) for each trial. Averages 

were calculated for each discrete parameter and for each subject. The selection of discrete gait 

parameters was based on literature search and on clinical relevance including maximal and minimal 

values and range of motion (ROM) with focus on the stance phase.1-4 All moments are expressed as 

internal moments.  

Analyses were performed using 3 gait cycles. For each parameter separately, a model for repeated 

measures using a direct likelihood approach with an unstructured 2x2 covariance matrix was used to 

compare the groups (controls vs patients), the operated and non-operated side, the four subgroups 

(controls vs PLA vs DL vs DAA) and to verify whether the differences between sides depend on 

group. Given most of kinematic and kinetic variables are influenced by walking velocity, it was 

included as a correction factor. All analyses were performed using SAS software, version 9.2 of the 

SAS System for Windows (SAS Institute Inc., Cary, NC, USA). 

 

D. Results 

Differences between controls and patients. Seven of 12 kinematic parameters were significantly 

different between patients and controls.  The results highlight residual abnormalities in the sagittal 

plane with significantly reduced hip extension and hip range of motion (p<0.0001). Maximal trunk 

flexion, trunk flexion at initial contact and pelvic tilt were significantly higher than controls (p<0.001). 

Frontal plane kinematics such as pelvic obliquity and hip abduction/adduction were not different 

(0.3<p<0.97) (Table 2). Five of 12 kinetic parameters were significantly different between patients 

and controls, again particularly in the sagittal plane (Table 3). Peak hip flexion moment during stance  
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Mean difference estimate Standard Error p-value
Pelvic tilt -3.4 1.32 0.01

Maximal pelvic obliquity -0.13 0.58 0.82
Hip flexion IC -3.16 1.7 0.07

Maximal hip extension -7.84 1.54 <0.0001
Sagittal hip RoM 4.6 1.11 <0.0001

Maximal hip adduction during stance -0.04 0.9 0.97
Maximal hip abduction during stance -0.92 0.9 0.3

Trunk flexion IC -7.69 1.63 <0.0001
Maximal trunk flexion -8.6 1.56 <0.0001
Minimal trunk flexion -8.31 1.65 <0.0001

Sagittal trunk RoM -0.28 0.45 0.5
Mean foot progression angle -2.62 1.22 0.04  

Table 2. Overview of differences in kinematic parameters of the hip replacement patient group compared to 
normal subjects. Negative difference estimate indicates patients had larger values than controls. 
 

 
Table 3. Overview of difference in kinetic parameters of the patient group compared to normal subjects. 

 

was significantly smaller in controls (p<0.0001). Maximal hip extension moment at loading response 

was reduced for the three patient groups on the operated side but this was not significantly different 

from controls. The maximal hip flexion moment during mid-stance on the operated side was 

significantly decreased for all groups compared to controls ranging between a 17% to 29% reduction 

in flexion moment. The maximal hip power absorption at mid-stance and the hip power generation 

around toe-off on the operated side was largely decreased in all groups (Figure 1). The percentage of 

zero crossing for the hip extension/flexion moment was significantly earlier in the patient cohort, also 

after the correction for walking velocity (p=0.04). The percentage of zero crossing is an indicator for 

the timing where the hip moment changes from extension to flexion. Maximal knee extension moment 

at mid-stance was significantly different (p=0.04). No significant differences were found in the frontal 

plane. Furthermore, maximal hip power absorption at mid-stance and maximal hip power generation at 

toe-off were significantly smaller in patients (p<0.0001).  

 

Mean difference estimate Standard Error p-value
Maximal hip abduction moment 1 0.035 0.043 0.4
Maximal hip abduction moment 2 -0.037 0.046 0.4

Maximal hip extension moment 0.118 0.071 0.1
Maximal hip flexion moment -0.256 0.053 <0.0001

% of zero crossing -4.241 1.98 0.04
Maximum hip power absorption -0.188 0.071 0.01

Maximum power genration at toe-off 0.414 0.099 <0.0001
Maximum knee extension moment 0.092 0.041 0.04

Maximum knee flexion moment -0.078 0.042 0.07
Maximum knee abduction moment 0.057 0.043 0.2
Minimum knee adduction moment 0.023 0.025 0.4

Maximum plantarflexion moment PSw -0.011 0.038 0.7
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(a) 

(b) 
Figure 1. The kinetic parameters differed between the (a) non-operated and (b) operated side. Most distinct was 
the decrease in hip power around toe off and maximal hip flexion moment on the operated side.  
 

Differences between sub-groups. There were clear differences between subgroups for the sagittal 

kinematic parameters on the operated side (Figure 2) (Table 4). The most pronounced difference was 

found in a decreased maximal hip extension of 0.2° and 2° respectively for the DL (p<0.0001) and the 

PLA (p<0.0009) groups compared to 11° for the control group and 8° for the DAA group (p=0.06). 

All subgroups exhibited significantly reduced hip sagittal excursion, with a decrease of 7% for the 

DAA and a decrease of 11% for the DL and PLA groups. Also, significantly increased anterior pelvic 

tilt (16°) and hip flexion at initial contact (39°) was observed for the DL group compared to controls 

(10° and 33°) and DAA (12° and 33°) (p=0.02) (Table 4). The trunk flexion at initial contact and the 

maximal trunk flexion during gait were found to be significantly different for the three subgroups 

when compared to controls (0.7°) (p<0.0001). However, a larger increase was noticed for DL (14°) 

and PLA (8°) groups that were also significantly different from the DAA group (4°) (Figure 3). The 

kinematic parameters of the non-operated side were also investigated (Figure 2). Although decreased, 
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the maximal hip extension was not significantly different between the three subgroups. Significantly 

increased hip flexion at initial contact was found in the DL (43°) and PLA (38°) groups 

(0.002≤p≤0.02). The hip flexion of the non-operated side in the DL group (43°) was significantly 

different from the DAA group (34°) (p=0.009). Contrary to the operated side, hip sagittal excursion of 

the non-operated side was not significantly different between the subgroups and was even slightly 

increased for the three patient groups when compared to controls.  

 

(a) 

(b) 
Figure 2.  (a) Only minor differences in kinematic sagittal plane parameters were found for the non-operated 
side. (b) Kinematic parameters differed significantly between groups on the operated side in the sagittal plane. 
The controls were represented in the left hand bar. * = significantly different from controls ; § = significantly 
different from DAA 
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Table 4. Overview of the kinematic parameters presented as mean degrees. Statistical differences were found for 
the side effect = operated versus non-operated side kinematic features for the whole patient group. Statistical 
differences were found for subgroup analysis (i.e. DAA vs PLA vs DL), independently of side. Finally, 
interactions between side effect and subgroups were also investigated. This revealed that still in the sagittal plane 
there were significant differences between subgroups. SE= standard error; Int = interactions; IC = initial contact.   
 

Similarly to the kinematic parameters, most significant differences in kinetics were found in the 

sagittal plane. Maximal hip extension moment was significantly greater for the DL and PLA groups 

when compared to the DAA group (0.02≤p≤ 0.09). For the non-operated side the maximal hip flexion 

moment was significantly different between the DL and DAA group (p=0.02). The hip abduction 

moment of both sides was comparable between controls, the DAA and PLA groups. The DL group 

appeared to have a slightly increased hip abduction moment on both sides reaching significance 

compared to the three other groups (0.04≤p≤0.09). On the operated side, maximal knee extension 

moment was significantly decreased in the DL group (p=0.02) whereas the maximal knee flexion 

moment was significantly decreased in the PLA group (p=0.04). 

 

Operated versus non-operated side. The most pronounced asymmetries (i.e. differences between 

operated and non-operated side) were found in the sagittal plane (Figure 2). All patient groups 

exhibited asymmetry for maximal hip extension and hip sagittal excursion although it was most 

pronounced in the PLA group (p<0.0002). Such hip kinematic asymmetry was the least noticeable in 

the DAA group. Maximal knee extension was asymmetric for the PLA group. The described abnormal 

kinetics were asymmetric for all groups at the level of maximal hip flexion moment, maximal power 

absorption during stance and maximal power generation around toe-off, which were all lower for the 

operated side (Table 5). They were more pronounced in the PLA and DL groups but nonetheless they 

Mean (°) SE Mean (°) SE Mean (°) SE Mean (°) SE Side Subgroup Int
Pelvic tilt 10.4 1.0 11.9 1.2 15.9 1.8 13.6 1.6 0.3 0.1 0.3

Hip flexion IC 32.9 1.2 32.6 1.6 39.4 2.1 36.1 2.3 0.002 0.02 0.004
Maximum hip extension 10.9 1.1 7.6 1.4 0.3 1.7 1.8 2.3 0.0003 0.004 0.0003

Sagittal hip RoM 44.7 0.8 41.4 1.1 39.5 1.3 39.4 1.0 <0.0001 0.5 <0.0001
Mean foot progression angle 8.9 0.7 -5.9 1.3 -5.9 2.1 -7.0 1.4 0.003 0.5 0.2

Trunk flexion IC 0.7 1.1 3.7 1.3 13.8 2.7 7.8 1.9 0.4 <0.0001 0.3
Maximal trunk flexion 1.3 1.0 4.8 1.3 14.8 2.7 10.2 1.7 0.5 <0.0001 0.9

Minimum trunk flexion 1.2 1.2 2.0 1.3 12.4 2.7 6.8 1.9 0.2 <0.0001 1.0
Sagittal trunk RoM 2.6 0.2 2.8 0.4 2.3 0.3 3.4 1.0 0.7 0.4 0.9

Mean (°) SE Mean (°) SE Mean (°) SE Mean (°) SE
Pelvic tilt 10.5 1.0 11.8 1.1 15.3 2.2 13.7 1.6

Hip flexion IC 32.3 1.1 34.2 1.2 42.8 2.9 38.3 2.2
Maximum hip extension 9.9 1.1 9.3 1.2 4.0 2.9 5.4 2.3

Sagittal hip RoM 43.2 1.1 44.5 1.3 46.6 2.5 44.4 1.0
Mean foot progression angle 9.2 0.8 9.2 1.0 7.8 2.1 9.3 1.3

Trunk flexion IC 0.4 1.1 4.1 1.4 13.9 2.6 8.4 1.0
Maximal trunk flexion 1.6 1.1 4.8 1.3 15.0 2.8 10.3 1.8

Minimum trunk flexion -1.1 1.1 2.1 1.4 12.7 2.9 7.0 1.8
Sagittal trunk RoM 2.7 0.2 2.7 0.3 2.3 0.3 3.3 0.6

Effect (p-value)OPERATED
Controls DAA DL PLA

NON OPERATED
Controls DAA DL PLA
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were also present in the DAA group (Table 4). An alternative but clear way to highlight the 

asymmetries and differences between subgroups is shown in Figure 5. 

 
Figure 3. Trunk kinematic parameters differed significantly between groups in the sagittal plane. * = 
significantly different from controls ; § = significantly different from DAA 
 

 
Table 5. The kinetic parameters were also asymmetric between operated and non-operated side.  

 

Mean SE Mean SE Mean SE Mean SE
Maximal hip abduction moment 1 0.84 0.03 0.8 0.05 0.8 0.04 0.83 0.03
Maximal hip abduction moment 2 0.75 0.04 0.7 0.04 0.86 0.05 0.78 0.03

Maximal hip extension moment 0.95 0.06 0.8 0.05 0.82 0.05 0.87 0.05
Maximal hip flexion moment 1.11 0.05 0.9 0.06 0.79 0.04 0.86 0.04

Maximum hip power absorption 0.8 0.06 0.73 0.1 0.63 0.05 0.47 0.05
Maximum power around toe-off 1.8 0.08 1.4 0.07 1.4 0.07 1.3 0.08

Mean SE Mean SE Mean SE Mean SE
Maximal hip abduction moment 1 0.85 0.04 0.82 0.06 0.82 0.07 0.82 0.03
Maximal hip abduction moment 2 0.85 0.04 0.77 0.05 0.91 0.07 0.76 0.04

Maximal hip extension moment 0.89 0.05 0.77 0.05 0.92 0.04 1.0 0.07
Maximal hip flexion moment 1.05 0.05 1.08 0.04 0.93 0.04 0.95 0.05

Maximum hip power absorption 0.75 0.06 0.83 0.08 0.84 0.05 0.62 0.06
Maximum power around toe-off 1.69 0.09 1.55 0.11 1.63 0.08 1.62 0.07

OPERATED
Controls DA DL PL

NON-OPERATED
Controls DA DL PL
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Figure 5. Three kinematic and 5 kinetic parameters are shown for the different subgroups. In order to make the 
graphs visually understandable for physicians who are not familiar with gait analysis graphs, coloured coding 
was added for each subgroup starting from top (DAA) to bottom (PLA and DL). The left side of the graph 
indicates the initiation of the gait cycle. Conventional graphs of the whole gait cycle are shown above the 
coloured coding. A green bar indicates the parameter of the subgroup is similar to the control population over the 
gait cycle (e.g. DAA group non-operated side hip sagittal plane angles). Blue indicates deviation away from the 
controls in the + direction starting from light blue (small + deviation) to dark blue (strong + deviation) (+ 
indicates higher values of the measured parameter). Similarly, yellow to red indicates deviation away from the 
controls in the negative direction with dark red being the strongest – deviation (- indicates lower values of the 
measured parameter). From these graphs on the operated side it is clear that PLA and DL strongly deviated away 
in the + direction at mid stance in the hip sagittal angle (dark blue). DAA only mildly deviated away (light blue). 
Similar findings were noted for the hip sagittal moment where PLA and DL showed more deviation (light to 
dark blue) than DAA (green). Differences were also found on the non-operated side. This way of visual 
presentation allows better understanding that kinematic and kinetic parameters in DL and PLA deviated away in 
most parameters whereas for DAA much less collared coding was found indicating more close resemblance of 
normal gait was found in the DAA cohort. Compensatory mechanisms were thus more pronounced in the PLA 
and DL group compared to DAA. 
 
 
E. Discussion 

Although functional outcome scores aim to reflect the functionality following a hip replacement 

procedure, they do not quantify the most fundamental aspect of a hip replacement, namely the 

objective assessment of gait characteristics. This can only be obtained by means of three dimensional 

gait analysis studies. Abnormal gait patterns have been reported even after more than 1 year following 

a hip replacement despite the fact that patients were having a good functional outcome score.1,5-7 

Asymmetric leg loading has been reported with persistent adaptations such as increased load on the 

non-operated side.2-4,8,9 In addition, decreased walking velocity, decreased sagittal hip range of motion, 

increased pelvic obliquity, reduced hip extension/flexion moments, hip abduction moment and hip 
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power absorption on the operated limb are other abnormal gait parameters following either total or 

surface hip replacements.1-9 As a consequence, implant survivorship or other joints on the non-

operated side might be jeopardized due to abnormal loading.10 Recently, Mellon et al. highlighted that 

not only the biomechanical reconstruction of the hip joint but also the patients’ activity patterns 

contribute to increased wear from abnormal loading.11,12 These impaired gait patterns in combination 

with the younger age and higher activity level of the contemporary patient population undergoing a 

hip replacement, might jeopardize the long-term survivorship of the implant.13 Therefore, all efforts 

should be undertaken to minimize gait aberrations and to understand the most important factors 

influencing these aberrations. This would allow defining enhanced physiotherapy care plans to target 

certain gait patterns following a hip replacement. It has been well described that gait patterns evolve 

during the first post-operative year but only rarely have gait analysis studies reported on longer term 

follow-up studies beyond 12 month.7,14-17 These residual aberrations are specifically of interest to 

minimize the risk for jeopardized joint loading. Studies at longer-term follow-up found that mainly 

spatio-temporal gait parameters were not recovered.15-17 Other studies found abnormal kinetics and 

kinematics particularly in the sagittal plane.14–17 Queen et al. reported a 10-year follow-up gait analysis 

study and found asymmetric gait patterns compared to the controls.7  

In an attempt to better understand the gait patterns following a hip replacement, we conducted a 

retrospective gait analysis study that focussed on young patients with hip resurfacing and total hip 

replacement. We acknowledge that both replacement techniques are different but most gait analysis 

studies reporting on hip resurfacing found that the gait parameters were better in hip resurfacing than 

in THA.18,19 It has been suggested that this is caused by the large diameter articulation or by the 

proprioceptive features induced by preserving the femoral neck. Therefore, we considered hip 

resurfacing to be the hip replacement that obtained the best gait parameters in the young population. In 

addition, SRA is typically used in the younger patient population. We compared PLA and DL hip 

resurfacing with controls and with DAA THA with >36mm diameter articulating surfaces. We 

questioned the overall gait aberrations beyond the first post-operative year compared to the normal 

population. We also questioned whether different hip resurfacing techniques would be associated with 

different gait parameters compared to DAA THA.  

Differences between controls and patients. It was clear from this study that even after a long 

term follow-up substantial kinematic and kinetic gait aberrations persist especially in the sagittal plane 

of the hip, trunk and the pelvis. In addition, the knee was also abnormally loaded. This is in line with 

the findings of some previous studies.1-9 Rather unexpectedly, we did not find significant aberrations 

in the frontal plane. We hypothesize that this can be explained by compensatory mechanisms that were 

most obvious in the sagittal plane. The compensatory mechanisms were found in all cohorts but were 

most obvious in the DL SRA group. These patients exhibited increased abductor moments but also 

showed the highest deviations in the sagittal plane. We believe that these findings in both planes are 

inter-related. Whether these mechanisms were supported by physiotherapy or whether they appeared 
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spontaneously remains unknown from this retrospective study. This will be investigated in the 

prospective study with gait analysis pre-op, 3-6-12 months post-op. Because patients failed to restore 

normal gait characteristics in the sagittal plane, these findings suggest that physiotherapy should be 

directed towards sagittal plane aberrations. In addition, on the operated side joint moments were not 

normal and therefore we suggest that physiotherapy should also focus on these aberrations in order to 

minimize overloading of other joints such as the knee and spine. Finally, these findings of sagittal 

plane aberrations suggest more research is required to better understand clinical problems such as 

psoas tendinitis, knee joint arthritis or lumbar spine problems that we sometimes encounter following 

THA. In addition, patients with lumbar spine arthrosis will have more problems in order to develop 

sagittal plane compensatory mechanisms following THA. This might be an explanation why some 

patients develop hip instability despite the fact that they have acceptable component positioning.    

Differences between sub-groups. Direct anterior approach patients showed residual aberrations 

compared to controls but especially in the sagittal plane the aberrations were significantly less 

pronounced than in the resurfacing population. This is nicely shown in Figure 5. This might be due to 

the different head-neck ratios between SRA and THA. A decrease ratio might hamper sagittal ROM 

during level walking. However, differences between DL and PLA SRA patients were also present. 

This suggests that approach or better, technique specific physiotherapy is desirable. Most interestingly 

was that in the frontal plane direct lateral approach patients performed very well with even increased 

abduction moments. However, these patients showed the most pronounced aberrations of all in the 

sagittal plane. In other words, the abduction function in the frontal plane was well restored despite the 

damage to the abductors. However, compensatory mechanisms in the sagittal plane were very clear 

and significantly different to the controls but also to DAA and some parameters of the PLA cohort. 

The contralateral side was also involved in the compensatory mechanisms. There was an increased hip 

flexion at initial contact in the DL group compared to DAA patients. Therefore, we conclude that the 

DL patients restored abduction function at first glance, but detailed analysis allowed concluding that 

major compensatory mechanisms were present in the sagittal plane and other joints. Therefore, gait 

analysis clearly added new and valuable information as an outcome parameter of hip replacements. 

The kinetics were also influenced by the presence of a hip replacement. Maximum hip extension at 

loading response, the flexion moment at mid-stance, the hip power absorption at mid stance and the 

hip power at toe off were all significantly reduced. This might suggest a changed proprioceptive 

feedback because there was a clear asymmetry compared to the non-affected side. The knee moments 

were changed in the DL and PLA cohorts compared to controls and DAA patients.  

Shortcomings.  This was a retrospective study of 3 cohorts with different follow-up terms after the 

hip procedure. The pre-operative severity of osteoarthritis symptoms might have been different. In 

addition, the utilized implants were different and therefore the conclusions only hold true for the 

implant in combination with the specific surgical approach. Whether DAA THA perform differently 

from PLA THA was not investigated because we do not have patients with large diameter THA in our 
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database. Another shortcoming is that the followed physiotherapy plan was not controlled. However, 

because currently there are no evidence based physiotherapy plans following hip replacement we 

question whether this would influence the results. This gait analysis was restricted to level walking. 

So-called out-of-plane movements such as stair ascent or descent were not investigated and might add 

more detailed information regarding the true dynamic biomechanical behaviour following a hip 

replacement (see section 6.II). Finally, due to the restrictions of gait analysis we were not able to draw 

any relevant conclusions regarding the internal loading of the implant. This can only be investigated 

with detailed musculoskeletal models that are built with patient specific CT- and MRI-based anatomy 

and gait analysis data.  

 

F. Conclusions 

Gait aberrations persist even after years of follow-up. Frontal plane aberrations were not significant 

but sagittal plane compensatory mechanisms failed to reach the normal level. Hip resurfacing has been 

presented to be the best performing implant in terms of gait characteristics. This was not supported in 

our study that clearly showed that significant and more pronounced aberrations persisted in the sagittal 

plane. Direct lateral approach SRA showed the most distinct aberrations followed by posterolateral 

approach SRA. Although patients with THA conducted through the DAA did not reach the normal 

level at more than 12 months follow-up, the differences were markedly less pronounced than with hip 

resurfacing. The most important deficits of the DAA were in the sagittal kinetics, which could maybe 

be targeted by means of dedicated physiotherapy. 

We conclude that for young patients, the direct anterior approach showed improved gait parameters 

in comparison to hip resurfacing patients. This new information could only be retrieved from detailed 

gait analysis. Therefore, gait analysis should be included in the comprehensive outcome platform.  
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6. II. The added value of strenuous tasks in gait analysis 

 

A. Research questions 

We questioned whether more strenuous tasks would enforce the findings of ‘conventional’ gait 

analysis during level walking. In preliminary study we investigated the added value of stair ascent and 

stair descent. 

 

B. Materials and methods 

This study investigated gait kinematic and kinetic of patients with hip osteoarthritis. A group of 8 

patients prior to surgery was investigated and compared to a matched control group of 10 volunteers. 

All patients and controls had performed a three-dimensional gait analysis (3D GA), at a day prior to 

surgery for the patients. They were fitted with 22 passive retroflective markers (14-mm) located on the 

lower limbs, pelvis, and trunk (Total body Plug-in-Gait marker set, Vicon, Oxford, UK). 3D GA was 

performed using an optoelectronic system (Vicon Motion Systems, UK) with 15 cameras, which 

determined the 3D trajectories of the markers. Data were collected at 100Hz. Ground reaction forces, 

synchronized with the optoelectronic system, were also collected at 1000Hz from two force plates 

(AMTI, Watertown, MA, USA) for joint kinetics calculation and gait cycle definition. All patients and 

controls performed a minimum of three level walking, stair ascent and descent trials, barefoot, at a 

self-selected pace for having 3 force plate contacts for each limb. Stair motion (ascent/descent) was 

accomplished on a wooden custom-build staircase with two steps set on each force plate. The two 

steps comprised boxes that were matched to the size of the force plate and that were not in contact 

with the staircase. Marker coordinate data were filtered using Woltring’s smoothing spline and force 

plate data were filtered using a second order Butterworth low-pass filter with a cut-off frequency of 

6Hz. Multiplanar joint kinematics and kinetics of the ankle, knee, hip joints and trunk (kinematics 

only) were calculated with commercially available software (Vicon Motion Systems, UK). Data were 

time-normalized to a single step (0-100%). 
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C. Results 

 

Gait: level walking. 
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Stair descent. 
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Stair ascent. 
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General results: 

1) Stair ascent highlighted more a deficit of hip generation power during the pushing phase for 

going up (power generated by hip extensors) when compared to gait. There was a decreased 

power probably due to a decreased velocity from flexion to extension since moment remains 

similar to controls. 

2) There was a decreased knee extension moment and knee power generation during gait.  Stair 

ascent highlighted more than gait the compensatory mechanisms between multiple joints such 

as the hip - ankle - knee (compensation/adaptations). 

3) Stair ascent also highlighted the compensation with the trunk. 

4) Stair descent highlighted the abnormalities of the hip joint, similarly to gait but more 

pronounced. Change in hip power generation around toe-off was also more pronounced. 

 

D. Conclusions 

This preliminary study challenged the hip, knee and ankle musculature by adding more strenuous 

tasks to the gait analysis protocol. Although we cannot put any strong conclusions forward, the study 

clearly showed that stair ascent and descent add new information to gait analysis. These more 

strenuous tasks might improve the discriminative capacities of gait analysis. It might allow 

differentiating between healthy and pathologic gait patterns. Therefore, we will include these tasks in 

our more comprehensive gait analysis protocol.  
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6. III. Set-up of a prospective and integrated biomechanical analysis 

 

The set-up of the integrated biomechanical outcome platform is the result of the collaborative work 

of a consortium of experts. This consortium developed, based upon the findings of this thesis, an 

objective outcome platform that will investigate the ‘overall’ outcome of THA patients (IWT-TBM 

project nr 100786). The biomechanical outcome platform will focus on the dynamic biomechanical 

behaviour of THA. Members of the consortium are: 

1) Orthopaedics – functional and clinical outcomes: Dr. Kristoff Corten and Prof. Dr. Jean-Pierre 

Simon 

2) Gait analysis: Prof. Dr. Kaat Desloovere, Davide Monari, MSc, Ir. and Christophe Meyer, MSc 

doctoral student  

3) Musculo-skeletal models: Prof. Ilse Jonkers, Prof. Ir. Jos Vander Sloten and Mariska 

Wesselink, MSc doctoral student 

4) Muscle dynamometry: Prof. Ilse Jonkers, Prof. Dr. Kaat Desloovere, Prof. Dr. Koen Peers and 

Christophe Meyer, MSc doctoral student 

5) Data engineering: Steffen Fieuws, PhD, Davide Monari, MSc, Ir. and Erwin Aertbelien, PhD, 

Ir.  

 

A. Shortcomings of the retrospective gait analysis study.  

Biomechanical approaches investigate the behavior of muscles, joints and limb segments in 

response to movement. In this section, we will successively describe a state-of-the-art on lower limb 

biomechanics and biomechanical approaches of the hip that will be investigated in the multi-center 

prospective study.  

Gait aberrations are an important problem in many Orthopaedic disorders. It is due to the intrinsic 

complexity of the human musculoskeletal system that the understanding and treatment of gait 

aberrations has lagged behind. New developments in musculoskeletal sciences such as gait analysis 

(GA) and personalized musculo-skeletal models (MSM) have been mainly used as stand-alone tools. 

These validated tools have allowed treating successfully gait aberrations in patients with cerebral 

palsy, polio and cerebral vascular insults.1-4 However, integration of the tools has lagged behind in 

many other frequent Orthopaedic disorders such as hip, knee, ankle and spine disorders. We have now 

reached the stage that gait kinematics (GA) combined with the calculated joint loading (MSM) and 

measurements of the force producing capacity of the muscles around the joint (dynamometry), is ready 

for clinical trialing to diagnose and treat a currently underestimated and in general neglected problem 

such as gait aberrations following e.g. THA (novelty). In this section, a state of the art on the 

contemporary biomechanical approaches of gait aberrations will be given and the added value of the 

current project to diagnose and treat gait aberrations following THA will be highlighted. 
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Briefly, GA provides a validated, dynamic examination of the joint and muscle function of the 

lower limb and trunk during gait.5-15 Patient specific MS models have proof of concept and allow for 

in vivo calculations of joint loading and.5,16-19 Dynamic muscle tests allow for assessing the muscle 

function. The 3 assessment tools are complementary and their combination allows for optimizing and 

implementing them into clinical practice. The key features of each instrument will be discussed 

separately. 

The retrospective gait analysis study clearly showed that residual gait aberrations do exist and seem 

to be surgical technique related (i.e. implant and surgical approach combined). These findings have 

different implications. First, joint loading of the implant might be technique specific. This can only be 

more detailed investigated by means of tools that allow assessing internal joint moments more 

accurately. Patient specific musculo-skeletal models (MSM) can provide this information. Second, 

loading of other joints can have detrimental effects. Again, MSM will help us in getting more insight 

in these compensatory effects. Third, physiotherapy specifically targeted to the technique specific 

aberrations should be developed. However, the shortcomings of the retrospective analysis do not allow 

to set-up such a physiotherapy care plan. The gait analysis should be enhanced with muscle strength 

testing and EMG data to get a better insight in these compensatory mechanisms. The real effect of 

such a physiotherapy care plan can only be investigated in a prospective validation study. Finally, 

more strenuous tasks such as stair ascent and descent should be implemented in the assessment 

protocol because it might improve the discriminative capacities of GA. 

 

B. Three dimensional gait analysis 

Instrumentation. GA quantitatively expresses musculoskeletal function through the  

documentation of joint motion (kinematics), joint moments (kinetics) and surface electromyography. 

Three dimensional motion analysis is the most often used procedure when it comes to accurately 

measuring the motion of the human body 

in a 3D space. The video-based 

reflective/passive marker systems measure 

motion between two body segments by 

attaching reflective markers to the skin of 

the participant. The urge for 

standardization in the area of GA research 

has led to the development of ‘golden 

standard’ marker sets (Lower Limb 

Models), which represent the motion of the 

ankle, knee, hip, pelvis and trunk.20 Force 

platforms record foot-ground reaction force and moment time histories during gait. In general, they are 

Figure 1. Reflective markers are mounted and captured by 
the sensors. These data together with EMG and force plate 
parameters determine 3D motion of the human body. 
(Courtesy C. Meyer – Prof. K. Desloovere). 
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extremely accurate instruments if mounted correctly in a gait lab (Figure 1).21 Knowledge of external 

forces acting upon the body during walking is necessary to determine gait alterations. The electrical 

activity of the different muscles of body segments during gait is measured with electromyography 

(EMG). Kinesiologic EMG (kEMG) is predominantly reported in gait literature and studies muscular 

function as related to the motion of body segments.22 Standardization guidelines for kEMG were 

developed within the European Project on ‘Surface EMG for non-invasive assessment of muscles’ 

(SENIAM project) in 1997-1999.23 

Clinical relevance towards THA. A complete gait analysis integrates the information from the 3D 

motion analysis system, force plate and kEMG.24 GA is a pre-requisite to identify abnormal muscle 

activation patterns and their correlation with specific kinematic abnormalities. These abnormal 

patterns can be combined into quantifiable gait aberrations such as the Gillette Gait Index (GGI) or the 

Gait Profile Score (GPS) related to the Gait Deviation Index (GDI).25,26 These indices summarize the 

overall deviation of kinematic data compared with reference data. It is composed by nine kinematic 

variables measured using the 3D system: the pelvic and hip angles, the knee flexion/extension, the 

ankle dorsi-/plantar flexion, and the foot progression. The score of the GPS is reported in degrees as 

the kinematic variables, which makes it understandable for clinicians and patients and makes it useful 

to document and quantify gait aberrations in THA.25,26 In addition to our retrospective findings, other 

studies in patients with THA have demonstrated gait aberrations that impair the hip loading.27-30 Lower 

vertical ground reaction forces (GRF), changed anteroposterior forces and hip joint moments and 

increased loading have been detected.7,9,24,31-35 ‘Qualitative’ gait patterns such as the Trendelenburg or 

Duchenne gait have been described in THA and also involve compensatory movements of the trunk as 

a result of hip abductor muscle weakness.13,36,37 In addition, spatiotemporal parameters such as 

walking velocity, stance time, step width and step length have been found to be changed.32,33,38,39 To 

date, no attempt has been made to quantify the documented gait aberrations in THA (novelty) and link 

them with impaired hip loading (novelty). Most gait aberrations persist for at least one year.7 

Unfortunately, most GA studies of THA have not documented the evolution of gait aberrations at 

regular time-intervals during the first post-operative year (novelty). Nevertheless, these aberrations 

have been pointed as susceptible contributing factors to impaired functionality and increased hip 

loading.27,28,29,30 Understanding how these aberrations can be treated will allow improving the loading 

of the joint. In addition, the effect of gait aberrations to other joints can also be evaluated with GA. 

For example, associations between primary THA and contralateral knee overload with consequent 

osteoarthritis of the knee have been suggested.33,40,41 Finally, gait analysis is mostly conducted in a 

setting where level walking is tested. However, out-of-plane movements such as stair ascent and 

descent require higher forces and put higher loads and torques on the implants thereby possibly 

compromising the required osseo-integration processes to obtain stable long-term fixation.42,43 As a 

result, the level of performance decreases as the task's difficulty increases which allows distinguishing 

smaller differences between groups that would otherwise not be detectable with level walking.24,38,44-46 
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In conclusion, GA is a powerful clinical and diagnostic tool that allows assessing the biomechanical 

outcome of THA before and after treatment of gait aberrations. Specific gait retraining and muscle 

strengthening exercises can maybe treat post-operative gait aberrations.47-50 

Major limitations. The most important limitation of GA is that an adequate quantification of 

internal moments and hip joint loading is not performed as part of a routine clinical GA. Estimations 

of joint loading with routine GA are based on generic models, which have been shown to be less valid 

and accurate than patient specific models.27-30 Only patient specific MS models can achieve this goal 

because (a) quantification of MS loading relies on the use of dynamic simulation techniques that 

require specific biomechanical expertise and (b) the dynamic simulations need to be adapted for the 

(aberrant) patient specific geometry. In conclusion, integrating hip joint loading data from patient 

specific MS models with quantified gait aberrations is required to enhance GA as a clinical and 

accurate assessment tool of gait aberrations (novelty). 

 

C. Personalized musculo-skeletal models (MSM) 

(a) 

(b) 

(c)  

 

Figure 2. (a) The patient specific anatomy is retrieved 
from MRI (soft tissues) and CT (bony anatomy) images. 
(b) Muscle attachments are created. (c) Gait analysis  
and EMG data are integrated into a patient specific 
model that allows predicting internal joint moments, 
joint loading and joint contact stresses. (Courtesy M. 
Wesseling – Prof. I Jonkers) 



 235 

Instrumentation. The development of patient specific MSM should be considered as the biggest 

break-through of the last decades that enables us to understand the dynamics of THA. A MSM 

consists of a set of body segments with associated reference frames, containing one or more bones 

interconnected by joints. The joint definitions consist of kinematic functions that define the relative 

positions of the body segments for all possible combinations of joint angles, expressed in terms of the 

joint’s degrees of freedom. The model includes muscle-tendon actuators, presented as line models 

between origin and insertion on adjacent body segments. Furthermore, additional via points can be 

defined in case the muscle deviates from a straight line between origin and insertion. Calculation of 

the joint kinematics requires an underlying mathematical description of the bones and the joints. 

Quantifying MS loading during gait can be done with the MS models in terms of muscle-tendon force 

production and joint contact forces via dynamic simulations of motion. The construction of MS 

models typically relies on data that are difficult to acquire experimentally. As a result the available 

biomechanical analysis environments rely on the use of generic MS models for the analysis of human 

movement. These models are constructed from generic combinations of data extracted from various 

cadaveric studies on mainly unimpaired male adults, e.g. Delp’s model.51 Whereas most 

biomechanical analysis environments are set-out to allow customization of the underlying model 

definition, they are generally only accommodated for variations in subject size by a rigid rescaling, 

based on 3D positions of markers placed on selected anatomical landmarks and measured during 

static, standing trial. More recently however, the inaccuracy of rescaled generic models has been 

reported in terms of the calculation of an individual subject’s musculoskeletal geometry, muscle 

moment arms, muscle forces and joint contact forces.16,29,52-57 Personalized MS models have been 

shown to solve these inaccuracies.2,16,55,57-59 Given its non-invasive character and its potential to 

visualize soft-tissue geometry, Magnetic Resonance Imaging (MRI) is by far the most popular medical 

imaging modality for the generation of subject-specific MS models (Figure 2).2,16,18,2,55,59-68 Individual 

muscles can be identified with MRI and an automated method for defining line-of-action muscle 

models based on MRI-image data has been developed by our group.3 Bone geometry can be best 

visualized with computed tomography (CT) scans, which are non-invasive but are borne with 

radiation. Currently, CT- and MRI-based information is generally extracted from the medical images 

through manual digitization, which is time-consuming and labor intensive.16,66,68 As a result, the MS 

models have not been integrated in clinical practice. The prospective project aims to achieve this 

implementation (novelty). 

Clinical relevance towards THA. Increased joint loading will lead to increased wear rates of the 

articulating surface.69 As a result, wear particles are produced and can lead to loosening of the 

components or can induce adverse reactions such as pseudotumors.70-74 Patient specific MS models 

have been shown to be able to identify particular factors such as the geometry of THA with impaired 

loading of the implant.27-30 Similarly, gait aberrations have been shown to be associated with impaired 

loading.9,35,75 In conclusion, the patient specific MS models are required to obtain detailed insight in 
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the biomechanical behavior of the implant and the associations between gait aberrations and impaired 

loading of the implant. As such, these models are required to set up a patient specific biomechanical 

profile. Integrating the data from the MS models with quantifiable gait aberrations (GA) into a large, 

dynamic inventory will increase the biomechanical accuracy of GA thereby implementing it into 

clinical practice as an outcome assessment tool (novelty). 

Major limitations. These patient specific MS models are labor intensive and the patient specific 

hip muscle force generating capacities (dynamometry) have to date not been integrated yet (novelty). 

 

D. Dynamometry: measurement of hip muscle force generating capacities 

 

Instrumentation. Muscle strength is in the clinical environment often evaluated by some 

qualitative clinical tests such as the Trendelenburg test or by manual muscle testing.76-78 It grades 

muscle strength on a 5 points scale, which is useful in neurologic disorders but not discriminant 

enough in case other muscles can compensate. Moreover, the reliability is doubtful and a significant 

underestimation of forces was observed when compared with isokinetic dynamometry. Muscle 

strength can be measured in all hospitals and could be used as an important prognosticator for post-

operative gait impairments. However, quantifiable and validated dynamic tests are currently lacking. 

The most important muscles around the hip joint are the abductors (gluteus medius, gluteus minimus 

and the tensor fascia lata) and the gluteus maximus. Also the hamstrings and adductors will provide 

stability of the hip joint. These muscles should be assessed individually and the force generating 

capacity of the gluteus medius will be assessed by neutralizing the tensor fascia lata (flexion of the 

knee during abduction of the hip). 

Clinical relevance towards THA. The gluteus medius is considered to be the most important 

abductor of the hip joint. Muscle weakness is associated with gait aberrations such as the abductor 

lurch (Trendelenburg gait).13,79,80 Muscle strength is in other words an important biomechanical 

Figure 3. (a) Standardized position to measure hip abduction strength and (b) hip flexion strength. 
(Courtesy C. Meyer) 
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parameter. Muscle force generating capacities are determined by muscle force and muscle moment 

arms. Muscle force can be influenced by surgical approach or can be determined by pre-operative 

muscle weakness related to e.g. inactivity due to the osteoarthritic proces. The muscle moment arm is 

influenced by the restoration of the anatomic features of the hip joint (e.g. femoral offset).80 In 

conclusion, a good assessment of muscle force generating capacities will obtain insight in the muscle 

groups causing any post-operative gait aberrations and will allow treating the muscle by means of 

specific physiotherapy. 

Major limitations. Muscle strength assessment (hip abductor strength tests and hip flexion 

strength tests) using isokinetic dynamometry specific to the hip joint has mainly been done in varying 

positions and in different populations.17,81-86 Dynamometry in persons with OA or following THA has 

focused on isometric measurement, which is not representative of the dynamic tasks of everyday life, 

much less attention has been directed at maximal-effort, and full range of motion. Therefore dynamic 

tests are required.77,87-89 Most of the dynamic muscle strength tests obtained with Biodex (Biodex 

Medical Systems, Inc) have been validated with young, healthy subjects. The repeatability and validity 

of the isokinetic and fatigue tests conducted in older subjects and in patients with THA needs to be 

established (novelty). 

 

E. Protocol of the prospective biomechanical study 

A protocol for the prospective integrated biomechanical study was defined within the consortium 

of experts in gait analysis, musculo-skeletal models and surgeons. The experiences, shortcomings and 

findings of the retrospective gait analysis study were used to set-up the prospective analysis. 

 

Objectives 

The main purpose is to establish a study design to investigate whether surgical approach is a 

prognosticator for functional and biomechanical outcome at early follow-up.  

The biomechanical behaviour of total hip replacements will be compared to a normative database 

of age and gender matched subjects. 

Since these subjects are also followed for a minimum of 10 years, it is our aim to evaluate whether 

the biomechanical assessments can predict failure of the implant at a minimum of 10 years of follow-

up.  

 

Outcomes: primary and secondary outcomes 

1) Primary outcomes at 3m, 6m and 1-year follow-up 

A. A difference in kinematic parameters such as velocity, stride length, range of motion, cadence 

etc. between THA patients and a control population. 
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B. A difference in kinetic parameters such as joint loading and contact stress between THA patients 

and the control population. 

C. A difference in all parameters between the PLA and DAA cohort.  

 

2) Secondary outcomes at minimum 2y, 5y and 10y follow-up 

A correlation between kinetic parameters such as internal joint loading and estimated contact 

stresses on radiographic wear parameters, loosening and osteolysis.   

 

Population 

A statistical power analysis to detect a significant difference between the cohorts and the control 

population could not be done because this would be the first study utilizing patient specific musculo-

skeletal models in a study design.  

The retrospective gait analysis studies and a data on other studies allowed conducting a power 

analysis.90 The sample size calculation was based on the 0.30-m/s differences in walking speed 

between 2 approaches observed in our retrospective analysis and the study of Mont et al. The mean 

expected difference of walking speed between each study group at 1 year post-surgery was set at 0.18 

m/s. This represents the smallest difference that was associated with a noticeable clinical difference in 

the patients’ perception of exercise performance.91 With a standard deviation of 0.18 m/s, a power of 

90%, and a significance level of 5%, the required sample size was 21 patients in each group.90 

However, 2 x 24 patients need to be recruited to allow for an anticipated 15% loss to follow-up or 

withdrawal. This left:  

- 24 PLA patients (UZ Leuven) with a unilateral THA 

- 24 DAA patients (Ziekenhuis Oost-Limburg) with a unilateral THA 

All patients eligible for hip replacement will be asked to participate the study in case they meet the 

inclusion criteria. Patients are eligible to be included when they meet the same inclusion criteria as for 

the control group determined in the control cohort (IRB nr S53511). Patients will be asked to be 

randomized to approach and implant. 

 

Inclusion criteria 

Patients are eligible to be included when they meet the following criteria:  

(1) Age:  45-70 years 

- Based upon published research with recommendations for minimum 10-year follow-up 

RCT’s of THA implants (see Chapter 7.I. Corten K. et al. CORR 2011;469:209–217), it is 

required that at least 63 subjects younger than 65 years in each cohort should be included in 

order to have a sufficient number of surviving subjects with a minimum 10 year follow-up. 

(2) Gender: 1:1 ratio of males and females / cohort 

(3) BMI: <30kg/m 
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(4) Diagnosis: THA for primary OA. 

 

Exclusion criteria: 

(1) secondary osteoarthritis caused by e.g. developmental hip dysplasia, rheumatoid arthritis and post-

childhood hip disorders such as Legg-Calvé-Perthes disease 

(2) osteoarthritis, surgery or debilitating pain of the ipsi- or contralateral knee, lower back, ankle or 

foot  

(3) Contralateral hip disorder or hip surgery; Debilitating groin or trochanter pain of the contra-lateral 

hip; 

(4) leg length discrepancies of >10mm 

(5) Neurologic impairment 

 

Reasons for withdrawal from the trial  

(1) Simple request by the patient, even without giving a reason.  

(2) Decision by the investigator, based upon suspicion of non-compliance by the patient. 

(3) Unexpected events not related to the surgical procedure such as serious illness that might impair 

the functionality of the patient. 

 

Recruitment 

All patients eligible for the trial and meeting the inclusion criteria will be asked to participate in 

this observational study. Recruitment of the patients will occur in the outpatient clinic of the 

investigators of the investigational sites.  

 

Trial entry procedure 

The investigators will propose participation to the eligible patients in the outpatient clinic, as soon 

as surgery has been decided. Patients will receive oral information, a ‘Patient information sheet’ and a 

‘Informed Consent form’ for home study. This will give the patient time to think it over and to discuss 

it with the general practitioner, who will be informed by the investigator.  

Once the patient has been included, he or she follows the follow-up schedule. The ‘Clinical data 

sheet’ will be filled in the day prior to surgery. The investigators will again visit the patient and will 

confirm participation in the study.  

At the aforementioned time intervals, the research nurse of the investigational site will clinically 

and functionally assess the patient. Biomechanical assessments of all study patients will be done at the 

Gait lab of the University Hospital of Leuven. Study patients recruited at another investigational site 
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will be asked to come to Leuven for those specific assessments. They will receive reimbursements for 

their travel expenses. The blinded assessor will do the processing of the data.  

 

The biomechanical assessment utilizes ‘patient specific musculo-skeletal models’92-95 that are based 

upon: 

1) Gait analysis data: pre-operatively, 3m, 6m and 12m 

2) EMG data: pre-operatively, 3m, 6m and 12m 

3) Force generating capacities of the hip muscles as measured with dynamometry pre-

operatively, 3m, 6m and 12m 

4) CT-scan lumbar to foot (evaluation of bony anatomy): pre-op and post-op 3m (first 5 patients 

of each cohort) 

5) MRI-scans full leg (evaluation of muscular anatomy): pre-op and post-op 3m (first 5 patients 

of each cohort) 

 

This patient specific integrated workflow has been tested and validated in the IWT-TBM project nr 

100786 with approval by the Ethics committee under project number S53511. The proposed workflow 

represents work package 2 of the TBM project and is an observational assessment method that consists 

of the integration of different assessment tools in order to create a computed patient specific musculo-

skeletal model that allows to most accurately evaluating the hip joint reaction forces during a normal 

gait cycle. 

 

Assessments:  isokinetic/isometric and gait analysis testing combined with EMG 

a. Isokinetic/Isometric Biodex testing 

i. 10 minutes warm-up on a cycle ergometer 

ii. Hip muscle tests: 

o Hip abduction/adduction, full RoM, in a standardized and fixed position: both 

sides. Leg will be placed in a brace for testing. This movement is realized 

using 2 techniques: straight and flexed leg. Patient will be secured with straps 

at waist level and the contralateral leg will be secured onto the table. 

o Hip flexion/extension, 0 to 90°, in a standardized and fixed position (leg in 

brace, 90° of knee flexion = standardized rectus femoris length): both sides. 

For the comfort of the patient, the leg that is not working is resting on a chair. 

Patient will be secured with straps at waist level and the contralateral leg will 

be secured onto the table. 

o Knee flexion/extension, full RoM in a standardized and fixed position both 

sides. Axis of rotation is placed at knee joint. Patients will be secured using 

belts on the backrest to avoid any trunk compensations. 
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o For each testing condition, patients will be asked to perform 3 repetitions at 

60°/s, followed by 3 repetitions of MVIC. Then, 1 isometric contraction at 30 

and 60% of MVIC. Rest is defined between repetitions and sets. Isometric 

contractions will all occur at 10° of hip abduction for hip abd/add, at 45° of 

hip flexion for flex/ext (knee 90) of flexion)) and at 90° of knee flexion for 

knee extension. 

 

b. Gait analysis  

 

i. Motions 

o Unipodal standing: 3 trials Right and 3 trials Left on force plate (FP) 

o Level walking: 3 trials Right/left on FP 

o Stair ascent: 3 trials Right and 3 trials Left on first FP 

o Stair descent: 3 trials Right and 3 trials Left on first FP 

o Chair rise sit: 3 trials, one foot per FP 

 Chair height standardized (knee 90° flexion) 

o Lunge, 3 trials 

 Standardized according to height 

o Trendelenburg test with 

 Foot in neutral position 

 Foot in internal rotation (45°) 

 Foot in external rotation (45°) 

 

ii. EMG analysis 

o Selected muscles 

- Gluteus Medius: 3 bundles. For this study, the exact method of a 

scientific  paper will be used O’Sullivan et al. (Sports Med Arthosc 

Rehabil Ther Technol 2010;2:17.) 
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- Tensor Fascia Lata 

- Rectus Femoris 

- Vastus lateralis 

- Multifidus 

- Gluteus Maximus 

- Biceps femoris 

- Semitendinosus 

- Gastrocnemius Lateralis 

- Tibialis anterior 

- Soleus 

EMG will be surface EMG, non-invasive. 

 

F. Conclusion: added value and innovative aspect of the integration of GA, MSM and 

dynamometry 

Despite the fact that primary THA is a well-established procedure, the results remain patient- and 

surgery specific. As a result, the outcome is not always predictable and preventing these shortcomings 

requires a rigorous scientific approach. Many single-method investigations of THA failure have been 

carried out, each focusing on an isolated parameter (e.g. activity level, gender, age). This bears 

limitations that can be overcome when an integrated approach is being utilized. With the urge for more 

evidence-based practice, it is strongly believed that tools with a proof of concept should be integrated 

as this project proposes to do. Such an integrated biomechanical assessment of THA has to date not 

been utilized as an outcome measure despite the fact that the biomechanical behavior determines 

functional outcome and longevity of the implant (novelty). The surplus value of the proposed project 

is that it will consider into detail the interactions between trunk, hip and lower limb dynamics 

integrated with hip loading and muscle strength. Advanced data processing will be used to create a 

dynamic inventory (novelty). As a result, this might allow GA to become a powerful diagnostic tool 

of gait aberrations that allows setting up a patient specific treatment protocol to improve muscle 

weakness, hip loading and outcomes scores (novelty).  

In conclusion, the added value of the integrated project lies in the development of the integrated 

workflow that might allow utilizing GA to become a powerful diagnostic and predictive tool of 

impaired outcome and joint loading. This allows for early evidence based intervention to treat gait 

aberrations. Finally, GA can be used as a screening tool of other/new procedures that may illustrate 

gait aberrations not detectable without these advanced techniques. The most important focus of this 

project will lie on the clinical value. By combining well-considered parameters as input from GA, 

patient specific MS models and dynamometry, we aim at providing profiles of hip loading and balance 

control. This will allow surgeons and physiotherapists setting up a patient specific treatment care plan. 
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Additional to its diagnostic value, it will thus also have an important value towards treatment and 

prevention strategies of gait aberrations. 

The project can be subdivided in three major levels. The accomplishment of one level is the “Go”-

sign to the next level. The first level is to customize, test and validate an integrated workflow relating 

to characteristics of the patients’ gait (GA) and the forces acting onto the implant (MS models) and 

subject specific force generating capacity around the hip (dynamometry). The innovative technical 

challenges include (1) to establish a clinically relevant and feasible specific gait analysis and 

dynamometry protocol for patients with THA and (2) to analyze musculoskeletal loading during gait 

using a MS model with patient specific geometry as well as force generating capacity. The second 

level is to quantify and analyze the relation between gait characteristics, muscle strength and hip joint 

loading in a relevant population of patients following primary THA. For this purpose higher order 

statistical analyses will be used. The third level is to utilize the integrated workflow in defining a 

personalized physiotherapy care plan (PPCP) that prevents and remediates postoperative gait 

aberrations and impaired implant loading in THA. The developed PPCP will be tested and validated in 

a multicenter study. 

It was by means of the results from this thesis and under the leadership of the candidate and his 

promoter that a consortium of experts was constructed to reach the goals of this integrated 

biomechanical assessment. This consortium defined the protocol and managed to receive funding for 

the prospective multi-center study by means of the IWT-TBM project nr 100786.  
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Chapter 7: 

What implants should we use and what can we expect from a long term RCT? 

 

“Evidence-based set-up of an RCT in THA: lessons learned from the past.” 

 

Summary 

Some debate remains about the best fixation technique of the THA stem. Sample size calculations 

to compare 2 fixation techniques were made upon the experiences of a long term RCT. This 

calculation showed that the number of patients that should be included to detect a difference in 

survivorship between 2 THA designs depends on the expected follow-up period and the age of the 

patient at time of inclusion. Including only patients <65 years in a RCT that is planned for at least 10 

or 15 years of follow-up would require 60 and 40 patients, respectively in each treatment group. 

However, the numbers would have to be 110 and 100 patients if also patients >65 years would be 

included. The articulating surface is the weakest link in contemporary THA. Ceramic and metal liners 

have been associated with some specific problems and without clear evidence of improved 

survivorship. Therefore, polyethylene liners remain the gold standard and a socket with a polished 

inner surface is associated with excellent long-term results. In this chapter we will provide evidence 

for the design of a long term follow-up RCT on implant survivorship. We will also support the 

argumentation about the implant characteristics that will be investigated.  

 

Scientific output: 

Publications: 

“What Works Best, A Cemented or Cementless Primary Total Hip Replacement? Lessons Learned 

From The 20-Year Results of a Randomized Controlled Trial.” Corten K. et al. Clin Orthop Relat 

Res. 2011;469:209-17. (IF 2.787) 

“Acetabular Options:  Notes From The Other Side.” Corten K. et al. Orthopedics 2009;32. (IF 2.66) 

“Mid-term Results Of Solid Trispiked Reflection  Cementless Acetabular Component For Primary 

THR.  A 5- To 11-Year Follow-Up Study.” Corten K. et al. J Arthroplasty. 2011;26:1350-6. (IF 

2.608)  

“The Minimum 10-Year Results of a Second-Generation Cementless Acetabular Shell With a 

Polished Inner Surface.” Teo YS, Corten K. et al. J Arthroplasty. 2012;27:1370-5. (IF 2.608) 

“Ceramic On Ceramic Bearings: For The Hard Of Hearing And Lives Alone.” Corten K. et al. 

Seminars in Arthroplasty 2010;21:24-26. (IF 3.57) 

“Cemented versus cementless stems: a verdict is in.” Bourne RB, Corten K. Orthopedics. 

2010;33:638. (IF 2.66) 

Presentations: 
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“A >20 Year Comparison of Cemented and Cementless Femoral Stems In Primary Total Hip 

Replacement” Presented at the AAOS, San Diego, 15-19 February (podium). 

“What works best, a cemented or cementless primary THR? 20 Year results of a RCT” AAOS,  San 

Diego, 15-19 February (poster). 

“What works best, a cemented or cementless primary THR? 20 Year results of a RCT.” COMOC, 

Glasgow, September 14th, 2010. 

“Minimum 10 year results of the Reflection second generation acetabular component” COA 

meeting Edmonton, Canada, 17-20 June 2010. (best poster award) 

“Mid-term Results Of Solid Trispiked Reflection Cementless Acetabular Component For Primary 

THR.  A 5- to 11-year follow-up study.” EFORT meeting Madrid, 2-5 June 2010. (podium) 

“What works best, a cemented or cementless primary THR? 20 Year results of a RCT.” EFORT 

meeting Madrid, 2-5 June 2010. (e-poster) 

“Cemented and cementless THA: results of a randomized controlled trial at 17 to 21 years.” COA 

meeting in Whistler 3-6 July 2009. (podium) 
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7. I. Lessons learned from a long term RCT 

 

“What Works Best, A Cemented or Cementless Primary Total Hip Replacement? Lessons Learned 

From The 20-Year Results of a Randomized Controlled Trial.” 

Corten K. et al. Clin Orthop Relat Res. 2011;469:209-17. (IF 2.787) 

 

Abstract 

Background Total hip arthroplasty (THA) has been associated with high survival rates, but debate 

remains concerning the best fixation mode of THA. 

Questions/purposes We conducted a randomized controlled trial (RCT) with 250 patients with a 

mean age of 64 years between October 1987 and January 1992 to compare the results of cementless 

and cemented fixation. 

Patients and Methods Patients were evaluated for revision of either of the components. One hundred 

twenty-seven patients had died (51%) and 12 (4.8%) were lost to follow-up. The minimum 17-year 

follow-up data (mean, 20 years; range, 17-21 years) of 52 patients of the cementless group and 41 

patients of the cemented group were available for evaluation. 

Results Kaplan-Meier survivorship analysis at 20 years revealed lower survival rates of cemented 

compared with cementless THA. The cementless tapered stem was associated with a survivorship of 

99%.  Age younger than 65 years and male gender were predictors of revision surgery. 

Conclusions The efficacy of future RCTs can be enhanced by randomizing patients within specific 

patient cohorts stratified to age and gender in multicentre RCTs. Including only younger patients 

might improve the efficacy of a future RCT with smaller sample sizes being required. A minimum10-

year follow-up period should be anticipated, but this can be expected to be longer if the difference in 

level of quality between the compared implants is smaller. 

Level of Evidence: Level I, Therapeutic study.  
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A. Introduction 

During the early 1980s, with THA becoming a much more established procedure, concerns 

surrounding the use of cement fixation started to surface. The longevity of the first-generation 

cementing techniques was being questioned, especially in young, active patients.1-5 The more frequent 

occurrence of osteolysis, which in retrospect was erroneously attributed to “cement disease”, promoted 

the renewed interest in improved cementing techniques, improved cemented stem designs with 

different surface roughness and implant geometry and in cementless fixation with in- or on-growth of 

bone to the stem. The first generation of cementless femoral stems produced mixed survivorships with 

problems being related to fixation failure, thigh pain, wear, and osteolysis.6-10 Subsequent generations 

of uncemented femoral stems have tried to address these complications and have achieved a longevity 

at least comparable to that of their cemented counterparts with 10 or more years of followup.11-20The 

authors of one paper suggested arthroplasties performed without cement were preferable to those with 

cement, especially in younger, more active individuals.21 To date, there is still no consensus on the 

best fixation mode for THA. In Sweden, most surgeons prefer to use cement fixation, whereas in 

North America and Australia, most surgeons prefer cementless fixation unless in particular cases such 

as severe osteoporosis or a Dorr C-type morphology of the femur.22-29 Nonetheless, THA is reportedly 

one of the most cost-effective operations known.30 

A randomized clinical trial (RCT) seemed to be the best way to determine whether cemented or 

cementless fixation was superior in THA, minimizing selection bias and other confounding 

variables.30-31 We initiated such a RCT in 1987 on patients with osteoarthritic hips who met strict 

inclusion criteria. A THA system with a similar geometry and alloy for cemented and cementless 

fixation was chosen. At that time, a titanium alloy was thought to provide the best fixation, also for 

cemented THA.30-32 Short-term follow-up analyses at minimum 2 years (2 to 5 years) clearly 

demonstrated the efficacy of both cemented and cementless THAs in relieving pain and restoring 

function.30 However, midterm follow-up (mean, 6.3 years) was beginning to demonstrate issues such 

as increased polyethylene wear and loosening of both the cemented and cementless acetabular sockets 

and the cemented stem.31 Because many patients undergoing THA live 20 or more years after their 

surgical procedure, long-term follow-up is critical.  

The purpose of this study was to present longer-term follow-up of our RCT and to answer the 

following questions: (1) which mode of fixation, cemented or cementless, provided the best long-term 

overall socket and stem implant survivorship; (2) were there patient (age and gender), surgeon, or 

implant factors associated with poorer outcomes; and (3) were their lessons that we might learn from 

this unique RCT carried out to 20 years follow-up? 
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B. Materials and methods  

The study was conducted between October 1987 and January 1992.30,31 Briefly, patients with any 

age between 18 and 75 years old were eligible for the study if they had osteoarthritis of the hip and 

were undergoing a unilateral primary THA that was conducted with use of a direct lateral approach by 

the two senior surgeons (R.B. and C.R.) (Table 1). Randomization was computer-generated and 

stratified by surgeon. At initiation of the study, a total sample size of 300 patients was calculated to 

provide 80% power to detect a difference between the two groups of 3.25 points or greater in the 

Harris hip score and 10% in the 10-year revision rate.31 Patients were evaluated for revision of either 

of the components and for availability to follow-up at a minimum of 17 years. If the patients did not 

have a minimum 17-year follow-up visit, they were either contacted by phone or the family physician 

was contacted to inform about the revision status and the survivorship of the patient.  Patients who had 

undergone revision surgery of only one component, thereby leaving the other component in place, 

were also evaluated for the same criteria to evaluate the status of the retained component. We obtained 

prior approval of our Institutional Review Board of the hospital and all patients had signed an 

informed consent for participation in the study. 

Inclusion criteria Exclusion Criteria Willingness to participate Aim 
unilateral THA for 
osteoarthritis age >75 years Agree: 78% ≥3.25 difference in HHS 
age between 18 and 75 
years 

severe osteoarthritis of either knee or the 
contralateral hip Refused: 22% 

10% difference revision rate at 
10 years 

 
previous arthroplasty of the ipsilateral hip at 
any time 

Bias for cementless design: 
41% number aimed to include: 300 

 
 >5 years arthroplasty on the contralateral 
side No interest: 37%  

 infectious arthritis 
No willingness to be 

blinded: 22%  
Table 1. Overview of the inclusion and exclusion criteria of the study. 

 
Age distribution Start Final FU range (years)
Whole group 64 (41-74)
Survived patients

Whole group 61 (41-74) 80 (61-96) 19.5 (17-22)
Cementless 62 (46-73) 81 (68-93) 19 (17-22)
Cemented 61 (41-74) 80 (61-96) 20 (17-21)

p=0.8 p=0.7 p=0.9
Deceased patients Start Final FU range (years)

Whole group 127 (51%) 13 (1-21)
Cementless 66 (52%) 13 (4-18)
Cemented 61 (49%) 13 (1-21)

Gender distribution Start Final FU range (years)
Whole group

Female 48% 51% 19.6 (17-22)
Male 52% 49% 19.3 (18-22)

p=0.5
Cementless

Female 46% 44% 20
Male 54% 56% 19

p=0.6
Cemented

Female 48% 60% 20
Male 52% 40% 19

p=0.5  
Table 2. Patient demographics. 
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A total of 250 patients were 

randomized to either a cementless (N 

= 126) (Figure 1) or cemented (N = 

124) (Figure 2) THA (Table 1). The 

patient demographics in both groups 

were comparable at the time of 

randomization and at final follow-up 

(Table 2).31 The minimum follow-up 

was 17 years (mean, 19.5 years; 

range, 17-22 years). One hundred 

twenty-seven patients had died 

(51%), 12 (4.8%) were lost to follow-up. (Fifty-five female patients (47%) had died in comparison to 

73 male patients (55%) (p=0.098) at a mean of 13 years (range, 1-21 years) after the index procedure. 

The percentage of patients who had died differed between age groups. Over 80% of the patients who 

were older than 70 years at the time of 

surgery had died, whereas the death rate 

of the 50- to 65-year-old patient 

population varied from 10% to 35%. 

Thirty-one patients (12%) refused to 

continue with all of the health-related 

quality-of-life follow-up examinations, 

but they continued to attend our regular 

follow-up clinics. Minimum 17-year 

follow-up data of 12 patients (4.8%) 

with a primary THA were not available 

and these patients were considered lost 

to follow-up. The age group of patients 

65 years or older represented at the initiation of the study 53% of all patients but at final follow-up, 

they represented only 36% of all available data (Figure 3). The data of only 14% (older than 70 years) 

to 35% (65-70 years) of patients 65 years or older were still available at final follow-up, whereas the 

data of 50% to 70% of patients between 50 and 65 years of age were available for evaluation at a 

minimum of 17 years. After 17 years, 60% of the available data were from the age group between 50 

and 65 years at the time of surgery (Figure 3). The minimum 17-year follow-up data of 52 patients of 

the cementless group and 41 patients of the cemented group were available. The mean age at final 

follow-up was 80 years (range, 61-96 years). Deceased patients and those lost-to-follow-up were not 

included as failures in the survivorship analysis. 

The Mallory Head total hip system (Biomet, Warsaw, IN) seemed ideal for a RCT because the 

Figure 1. Overview of the follow-up of the patient population of 
the cementless group. 
XR FU: radiographic follow-up; LTF: lost-to-follow-up 
!

Figure 2. Overview of the follow-up of the patient 
population of the cemented group.  
XR FU: radiographic follow-up; LTF: lost-to-follow-up; XR 
FU MH stem + revision cup: radiographic follow-up of the 
Mallory-Head stem with a revised socket 
!
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distinct cemented and cementless 

components were inserted with 

common instrumentation.32 Both 

surgeons were experienced hip 

surgeons and had been using both 

systems prior to the presented 

study.19 Both femoral stems were 

made from titanium (Ti) alloy. The 

ultrahigh-molecular-weight PE was 

sterilized by gamma-in-air 

sterilization. All femoral heads were 

28 mm in diameter and fabricated from Ti alloy hardened by ion implantation, a technique popular in 

1987. The cemented acetabular socket was nonmodular and backed with a Ti alloy metal backing. The 

modular, cementless, HexLox acetabular component featured a Ti alloy shell and nonhemispheric 

UHMWP/shell interface. Both the cementless acetabular and femoral components had a plasma spray 

ongrowth surface.  

At initiation of the study, patients were requested to attend the clinic every 2 years after the first 

postoperative year. Patients were assessed using validated disease-specific scores of which the Harris 

hip score was used throughout the follow-up period.31 AP radiographs of the pelvis and cross-table 

lateral radiographs of the hip were made preoperatively and at each follow-up visit. Component 

stability and wear of the polyethylene liner as was assessed by one observer (KC) according to the 

criteria described previously.16,19,33-40 A cementless stem was considered unstable if there was 

progressive subsidence or a circumferential radiolucent or radiodense line around the porous 

coating.19,37,40 A cemented stem was considered unstable in the presence of cement cracks, subsidence 

or fracture of the stem.15 The stem was classified as possibly loose if only radiolucent lines without 

migration were present.35,36,38 The location of radiolucent lines around the cup was recorded in the 3 

zones as described by DeLee and Charnley.33 The radiolucent lines were categorized as follows: no 

radiolucency or radiolucency greater than 2 mm.16 Osteolysis was defined as a circular or oval area of 

distinct bone loss. Evidence of migration was measured on 2 consecutive radiographs. The acetabular 

component was considered loose if there was ≥3 mm of migration from either the inter-tear-drop or 

vertical lines, or a change of ≥4° in the abduction angle.39 The cup was considered possibly loose if 

there were radiolucent lines in the 3 zones without migration on 2 consecutive radiographs.  

The different research questions were evaluated with the following statistical methods: (1) Similar 

to the Australian national joint registry, we made the distinction between major (component) and 

minor revisions (liner and head exchange).22 The Kaplan-Meier (KM) predicted survivorship method 

was used to generate survivorship curves with 95% confidence intervals and to determine predicted 

cumulative survivorship at 5, 10, 15, and 20 years. Cox regression and KM were repeatedly used with 

Figure 3. Age group representation at start and at final follow-up!
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multiple end point variables: any revision THA, aseptic revision THA, aseptic acetabular cup revision, 

aseptic femoral stem revision, and aseptic liner/head exchange. (2) As in the Australian national joint 

registry, age at surgery was dichotomized (younger than 65 or 65 years or older) to be analysed as a 

categorical variable. Cross tabulation with chi-square and Fisher’s exact test was used to determine 

significance in the distribution of age and gender across THA groups. This statistical method was also 

used to investigate revision rates across THA group, age category, and gender. Cox regression analysis 

was performed with THA fixation group, age, and gender as covariates to determine their effect on 

failure.  (3) Based on the revision rates observed in this study, sample size calculations were made to 

assess the effect of excluding older patients (65 years of age or older) from a future RCT or changing 

the length of time for which patients are maximally followed up.  Sample size calculations were done 

using nQuery Advisor 5.0 (Statistical Solutions, Saugus, MA).  Rather than assuming an exponential 

distribution for the events or dropouts, observed event and dropout rates at 1 to 20 years were used as 

input.  Also, it was assumed that patients were followed for a fixed period of time (unless they 

dropped out early) and that after this fixed time, patients are no longer followed up, even if the study is 

still on-going at that time.  Sample size calculations were done using data for the whole population 

and for patients younger than 65 years. The calculations were also made for follow-up periods of 7, 

10, and 15 years.  The required number of patients per group to achieve 80% statistical power when 

assessing a log rank test at the 5% significance level was calculated. Finally, the Mann-Whitney U test 

for nonparametric data was used to determine differences in Harris hip score outcome between the two 

THA groups. 

 

 Any reason Aseptic Revision 
Revision and Survival Data 

 Overall Cementless Cemented Overall Cementless Cemented 

Sample Size (n) 250 126 124 250 126 124 
Revisions (n) 79 31 48 77 31 46 
Revision Rate (%) 31.6% 24.6% 38.7% 30.8% 24.6% 37.1% 

Sign. Levelβ na 0.02 na 0.04 
Kaplan-Meier Survivorship           

at 5 years 0.984±0.008 1 0.966±0.017 0.988±0.007 1 0.974±0.015 
at 10 years 0.889±0.021 0.941±0.022 0.832±0.035 0.897±0.020 0.941±0.022 0.858±0.033 
at 15 years 0.729±0.030 0.795±0.038 0.660±0.046 0.736±0.030 0.795±0.038 0.673±0.046 
at 20 years 0.592±0.042 0.694±0.051 0.479±0.066 0.598±0.042 0.694±0.051 0.489±0.067 

Sign. Levelγ na 0.007 na 0.02 
Table 3. Survivorship comparison. β - Significance for revision rate determined by two-way cross tabulation 
with Fisher's Exact test for significance.  γ - Significance for Kaplan-Mieier Survivorship determined by 
Breslow (Generealized Wolcoxon) test of equality of survival distributions. Sign. Level: significance level 

 

C. Results  

Seventy-nine of the 238 hips available for follow-up (33%) were revised. The survivorship of 

cementless THA was significantly better than cemented THA from the 10-year follow-up term 

(p=0.02) (Table 3). Forty-two of 42 (100%) cementless stems and 23 of 24 (96%) primary cementless 
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sockets were radiographically stable at a minimum of 17 years. Twenty of 21 (95%) cemented stems 

were radiographically stable whereas only 4 of 8 (50%) survived cemented cups were radiographically 

stable after more than 17 years. None of the implants was revised for instability problems. 

 All Aseptic Revision 
THA procedures 

Aseptic Acetabular 
Cup Revisions 

Aseptic Femoral Stem 
Revisions 

Aseptic Liner/Head 
Exhanges 

Variables   Sign. Level risk* Sign. Level risk* Sign. Level risk* Sign. Level risk* 

THR Group (cemented) 
0.006 1.91 0.9  0.002 2.3 0.9  

Age (<65) 
<0.001 3.21 0.035 9.39 0.001 2.54 0.2  

Gender (male) 
0.01 1.83 0.06   0.051   0.5   

Table 4. Cox regression analysis of cemented fixation, age and gender as risk factors for revision. *risk to 
revision is reported only for those varaibles that were significant within each Cox regression analysis; Sign. 
Level; significance level 

 

Cemented THA, age younger than 65 years at the time of surgery, and male gender predicted 

higher risk of revision and lower survivorship (Table 4). Age was associated with the largest risk of 

revision (p<0.001, risk = 3.21). Considering only aseptic socket revisions, age was the only predictor 

for an increased risk of revision (p=0.035, risk = 9.39) indicating that patients younger than 65 years at 

the time of surgery were 9.39 times more likely to undergo a major socket revision. Cemented stem 

fixation (risk = 2.3) and younger age (risk = 2.5) were predictors for stem failure. None of the 

covariates were predictive for liner/head exchange. Age at the time of surgery significantly influenced 

the revision rates of the THA systems with significantly more revisions in the younger age group 

(p<0.001) (Table 5). In this age group, cementless sockets had significantly lower major revision rates  

 
THA Revisions Stem Revisions Socket Revisions Liner Exchanges 

<65 ≥65 <65 ≥65 <65 ≥65 <65 ≥65 

Sample Size (n) 117 133 117 133 117 133 117 133 
Revisions (n) 55 36 13 10 41 20 8 1 
Revision Rate (%) 47% 27% 11% 7.5% 35% 15% 7% 1% 
Revision Rate Significanceβ <0.001 0.4 <0.001 0.01 

Table 5. Revision rates stratified per age group (< or ≥65 years). β - Significance for revision rate determined 
by two-way cross tabulation with Fisher's Exact test for significance; THA: total hip arthroplasty 
 

(p=0.01) (Table 6). In the older age group, there was no difference in revision rates between groups 

(Table 7). The cementless stems had significantly lower failure rates regardless of age at time of 

surgery (Table 6). The overall revision rates between genders were similar (Table 8). In males, the  
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THA Revisions Stem Revisions Socket Revisions Liner Exchanges 

Cementless Cemented Cementless Cemented Cementless Cemented Cementless Cemented 

Rev. Rate 37% 58% 0% 23% 23% 47% 13% 0% 
Sign. Levelβ 0.04 <0.001 0.01 0.006 
KM               

at 5 years 1 0.945±0.031 1 0.945±0.031 1 0.945±0.031 1 1 
at 10 years 0.912±0.038 0.795±0.055 1 0.867±0.047 0.929±0.034 0.849±0.049 0.982±0.018 1 
at 15 years 0.706±0.062 0.506±0.071 1 0.770±0.062 0.793±0.056 0.580±0.073 0.890±0.047 1 
at 20 years 0.557±0.075 0.297±0.0763 1 0.675±0.086 0.714±0.067 0.345±0.084 0.780±0.076 1 

Sign. Levelγ 0.02 <0.001 0.01 0.02 
Table 6. Revision rates within the age group younger than 65 years of age at time of surgery. β - Significance for 
revision rate determined by two-way cross tabulation with Fisher's Exact test for significance; γ - Significance 
for Kaplan-Mieier Survivorship determined by Breslow (Generealized Wolcoxon) test of equality of survival 
distributions; Rev. Rate: revision rate; Sign. Level: significance level; KM: Kaplan-Meier survivorship. 

 

 
THA Revisions Stem Revisions Socket Revisions Liner Exchanges 

Cemented Cementless Cemented Cementless Cemented Cementless Cemented Cementless 

Rev. Rate 13% 19% 0% 15% 12% 19% 1.5% 0% 
Sign. Levelβ 0.5 <0.001 0.3 1 
KM               

at 5 years 1 1 1 1 1 1 1 1 
at 10 years 0.967±0.023 0.897±0.040 1 0.914±0.037 0.967±0.023 0.897±0.040 1 1 
at 15 years 0.880±0.043 0.823±0.051 1 0.856±0.047 0.880±0.043 0.823±0.051 1 1 
at 20 years 0.860±0.046 0.752±0.068 1 0.783±0.067 0.880±0.043 0.752±0.068 0.977±0.023 1 

Sign. Levelγ 0.3 0.001 0.2 0.3 
Table 7. Revision rates within the age group older than 65 years at time of surgery. β - Significance for revision 
rate determined by two-way cross tabulation with Fisher's Exact test for significance.  
γ - Significance for Kaplan-Mieier Survivorship determined by Breslow (Generealized Wolcoxon) test of 
equality of survival distributions. Rev. Rate: revision rate; Sign. Level: significance level; KM: Kaplan-Meier 
survivorship. 

 

 
THA Revisions Stem Revisions Socket Revisions Liner Exchanges 

Male Female Male Female Male Female Male Female 

Revision Rate 34% 27% 9% 9.5% 26% 22% 5% 2% 
Sign. Levelβ 0.2 1 0.5 0.2 

Table 8. The revision rates compared between genders. β - Significance for revision rate determined by two-way 
cross tabulation with Fisher's Exact test for significance. Sign. Level: significance level 

 

Kaplan-Meier survivorship of cementless stems was better (p<0.001).  However, the survivorship of 

both THA systems was similar (p=0.4) due to the similar survivorships of the sockets (p=0.2) (Table 

9). In females, the survivorship of the cementless THA was better (p=0.001) both on the femoral and 

acetabular side (Table 9).  
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THA Revisions Stem Revisions Socket Revisions Liner Exchanges 

Cementless Cemented Cementless Cemented Cementless Cemented Cementless Cemented 

Males         
Rev. Rate 33% 35% 0% 19% 23% 30% 10% 0% 

 RR SLβ 0.9 <0.001 0.3 0.01 
KM SLγ 0.4 <0.001 0.2 0.03 

Females     
Rev. Rate 14% 38% 0% 18% 10.5% 33% 3.5% 0% 

 RR SLβ 0.003 0.001 0.003 0.2 
KM SLγ 0.001 0.001 0.001 0.2 

Table 9.  Revision rates of the stem, socket and THA system stratified to gender. β - Significance for revision 
rate determined by two-way cross tabulation with Fisher's Exact test for significance.  
γ - Significance for Kaplan-Mieier Survivorship determined by Breslow (Generealized Wolcoxon) test of 
equality of survival distributions. Sign. Level: significance level; RR SL: revision rate significance level; KM 
SL: Kaplan-Meier significance level 
 
 

Sample size calculations were made using data for the whole population (aged 18 to 75 years) and 

for patients younger than 65 years. The required number of patients per group to achieve 80% 

statistical power when assessing a log rank test at the 5% significance level was calculated (Table 10). 

This calculation showed that the number of patients that should be included to detect a difference in 

survivorship between both THA designs depends on the expected follow-up period and the age of the 

patient population. Including only patients younger than 65 years in a RCT that is planned for at least 

10 or 15 years of follow-up would require 60 and 40 patients, respectively, in each treatment group. 

However, the numbers would have to be 110 and 100 patients if also patients 65 years or older would 

have been included.  

Length of follow-up (years) 7 10 15 

All ages included 140* 110 100 
Only age <65 years included 135^ 63 40 

Table 10. Sample size calculations for estimated length of follow-up periods. *the minimum calculated number 
of patients that should be included in a RCT with an anticipated length of follow-up of 7, 10 and 15 years if all 
ages are included and when only patients with an age <65years are included^ 
 
 

D. Discussion  

RCTs are considered the gold standard for study design in evidence-based medicine.41 Despite the 

lack of consensus on the best fixation mode for THA, we are not aware of any RCT that compared 

long-term survivorship of two different fixation modes in THA. The purpose of this study was 

threefold. First, we compared the long-term survivorship of the Mallory Head THA either implanted 

with or without cement. Second, we aimed to evaluate which parameters might influence the long-

term survivorship of both THA designs. Third, we assessed our long-term experience with this single-

centre RCT to set up guidelines for any future RCTs on THA. 
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We note several limitations. First, one of the risks of initiating a long-term follow-up trial of a THA 

system is that the implant has become obsolete at finalization of the trial. Moreover, the failure 

mechanisms found in this study are implant specific and related to the known flaws of the utilized 

designs. However, some valid conclusions regarding the long-term survivorship can be drawn. 

Second, the calculated sample sizes for future RCTs can be considered as the minimum sample sizes 

because they are based on the comparison of designs that are in retrospect associated with important 

flaws and shortcomings. Comparing designs with a higher level of quality can require more patients to 

be included or extending the follow-up time. Third, a possible criticism is whether the results are 

generalizable to other cemented or cementless THAs or to all surgeons. However, the identification of 

gender and age as important variables for implant survivorship are in agreement with the intermediate 

findings of the registries, which can be considered as the representation of the orthopaedic community 

at large.22,27,28  

The Titanium alloy, tapered stem was associated with an excellent 20-year survivorship with only 

one revision being performed for a periprosthetic fracture. None of the stems was revised for aseptic 

loosening. With this stem design, a survivorship at least comparable or even better than that of other 

cementless and cemented stem designs could be achieved.5,11,12,14-18,34,42-53 It is now generally accepted 

that a cemented metal-backed socket, a Ti femoral head, and a Ti alloy cemented stem inserted with a 

ream-and-broach technique are not optimal features for a cemented design to obtain good long-term 

survivorship. This was also clearly shown in our study. The cementless socket design had a better 

survivorship than the cemented socket but less optimal results as compared with newer-generation 

cementless sockets.47,48,54-59 Initial cementless fixation was not the problem, but rather polyethylene 

wear and peri-acetabular osteolysis. The use of a single offset stem and a Ti alloy femoral head 

probably also contributed to the wear rates encountered in this study.60-64 

In this randomized controlled study design we found age and gender as important prognosticators 

for THA failure. This is in concert with some prospective reports and the registry data however there 

where some interesting findings.22,28,29,43 First, we were not able to identify a difference in survivorship 

of sockets in the older age group.  In other words, the cemented socket was more likely to survive the 

elderly patient, thereby obscuring the real shortcomings of the implant. This finding questions the 

efficacy of including elderly patients in long term RCTs. Second, as a group, males did not have 

higher revision rates than females. However, there were differences between fixation modes within 

gender. The requirements of implants to withstand the activity level of patients are thus gender 

specific with the most strenuous requirements being found in male patients. Like with age, the 

distinction between genders should therefore always be made in reports on THA survivorship.  

Some lessons can be learned from our RCT. First, only 73% of the calculated patients that had met 

the inclusion criteria actually participated in the trial. This problem might be easier overcome in a 
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multicentre trial. Second, at a minimum of 10 years, the difference in Harris hip score between groups 

was greater than 3.25, as the study was designed to find. However, this difference was not significant 

(p=0.1) because of large variations. This indicates that multiple scores should be used, as the 

variability is probably score dependent. Third, the goal to identify a difference in survivorship of 

>10% between groups was achieved no earlier than 10 years of follow-up. The difference in 

survivorship between the stems was apparent at an early follow-up interval of 6 years,31 but because 

the cementless socket was also borne with non-optimal features, it took 10 years before the 

survivorship of the cementless THA was better than the cemented THA. This follow-up term might 

even be markedly longer in case one would be comparing implants with improved design features. 

Fourth, older patients have in general lower activity levels and they are also more likely to die before 

implant failure. Only 26% of all revisions were in the age group above 65 years. We conclude that the 

efficacy of this RCT would have been higher if only patients younger than 65 years would have been 

included because 50% fewer patients would have been recruited without changing the conclusions of 

the study. However, the life expectancy of the contemporary patient population is probably higher 

than that of the same patient cohort from 20 years ago. We hypothesize that also including patients 

between 65 and 70 years of age would probably not decrease the efficacy of a future RCT.  

 

E. Conclusion 

We found that cementless tapered stems were associated with an excellent 20-year survivorship. 

We suggest that future projects can be enhanced by randomizing patients within specific patient 

cohorts stratified to age and gender in multicentre RCTs to speed up the recruitment process.  

Including only patients younger than 65 to 70 years might improve the efficacy of a RCT since this 

would require a considerably smaller patient cohort with the highest risk for revision and the best 

chance for long-term follow-up availability. A minimum 10-year follow-up period should be 

anticipated. Improving the efficacy of a RCT is not only cost- and time-efficient but also minimizes 

the number of subjects that are exposed to any potential risks or flaws associated with the investigated 

implants.   
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7. II. Which implants will be used? 

 

In total five papers were published with regards to survivorship of implants. Because these studies 

and review papers do not represent the core research subjects of this thesis, we will only present the 

abstracts in this section and summarize the conclusions.  

 

A. Component fixation and articulating surface 

 

“Acetabular Options:  Notes From The Other Side.” 

Corten K. et al. Orthopedics 2009;32. (IF 2.66) 

Abstract 

Cementless sockets have replaced cemented sockets during primary total hip arthroplasties (THA) 

in many countries. Both cemented all-polyethylene cups and cementless sockets have benefitted from 

stepwise improvements in surgical techniques and designs. The long-term prospective data of 

cementless sockets from high-volume centres show excellent and equivalent survivorship to cemented 

implants, but the insertion technique is easier and quicker. In addition, cementless sockets are more 

versatile than cemented all-polyethylene cups. With cementless sockets there is a move to increased 

porosity of the ingrowth surface, tri-bearing options and enhanced locking mechanisms. There is a role 

for well-conducted randomized controlled trials to assess these new designs because the data from 

various National Registries clearly show that the socket remains the weakest link of primary THA. 

Study Design: Randomized Controlled Trial  

Remark: this paper was based upon the data of the study presented in section 7.I. 

 

“Mid-term Results Of Solid Trispiked Reflection  Cementless Acetabular Component For Primary 

THR.  A 5- To 11-Year Follow-Up Study.” 

Corten K. et al. J Arthroplasty. 2011;26:1350-6. (IF 2.608)  

Abstract 

The purpose of this prospective study was to evaluate the outcomes and survivorship of a tri-

spiked, sintered bead coated titanium shell with a polished inner surface, no screw holes and an 

improved locking mechanism. Five hundred and six total hip replacements with a minimum 5-year 

follow-up were available for review at a mean of 7 years (range, 5 – 11 years). Three sockets (0.6%) 

were revised for reasons other than aseptic loosening and fourteen (2.8%) polyethylene liners were 

exchanged. There was no difference in revision rate between non-cross-linked and highly cross-linked 

liners (p=0.4). There were no cases of radiographic loosening. Retro-acetabular osteolysis was 

identified in 2%. The overall 5- and 10-year Kaplan-Meier survivorship was 97.5% and 97.4% while 

survivorship of the shell was 99.8%.  

Study Design: Prospectively Followed Case Series 
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“The Minimum 10-Year Results of a Second-Generation Cementless Acetabular Shell With a 

Polished Inner Surface.” 

Teo YS, Corten K. et al. J Arthroplasty. 2012;27:1370-5. (IF 2.608) 

Abstract 

The purpose of this prospective study was to evaluate the minimum 10-year outcomes and 

survivorship of the Reflection® shell with a polished inner surface and an improved locking 

mechanism. Three hundred and sixty-three total hip replacements with a mean follow-up of 11.6 years 

(range, 10 to 15.1) were evaluated.  The mean Harris Hip and WOMAC scores at last follow-up were 

87 and 77, respectively. Four cups were revised: two for infection and two for aseptic loosening. 

Thirteen cases underwent liner exchange for wear. Radiographic review of remaining cups identified 

8.8% with identifiable peri-acetabular osteolysis and no cases of loosening. The overall 10- and 15-

year Kaplan-Meier survivorship was 94% and 90% for the THA system while the survivorship of the 

shell remained 99.4% at 15 years. 

Study Design: Prospectively Followed Case Series 

 

“Ceramic On Ceramic Bearings: For The Hard Of Hearing And Lives Alone.” 

Corten K. et al. Seminars in Arthroplasty 2010;21:24-26. (IF 3.57) 

Abstract 

Ceramic-on-ceramic bearings have been used with good results for a long time without any reports 

of squeaking. Along with new designs often come new complications. Squeaking of ceramic-on-

ceramic bearings is a problem that has surfaced over the past 3 years and seemingly is particularly 

associated with current metal backed ceramic liners with an elevated titanium rim. The etiological 

background of this new problem remains uncertain and is probably multi-factorial with factors such as 

the femoral stem design, fluid lubrication and particulate debris possibly playing an important 

causative role.  We believe that squeaking is rather a liner design related problem instead of a problem 

of the whole bearing that is vilified by this particular complication.  

Study Design: Review Paper 

 

“Hip resurfacing data from national joint registries: what do they tell us? What do they not tell 

us?” 

Corten K et al. Clin Orthop Relat Res. 2010 Feb;468:351-7. (IF 2.787) 

Abstract 

Current-generation metal-on-metal hip resurfacing implants (SRAs) have been in widespread 

global use since the 1990s, and in the United States, specific implants have recently been approved for 

clinical use. Many recent publications describe short-term survivorship achieved by either implant-

designing surgeons or high-volume centers. National joint replacement registries (NJRRs) on the other 
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hand report survivorship achieved from the orthopaedic community at large. We therefore reviewed 

SRA survivorship from national registry data and compared with that reported from individual centers. 

Additionally, we compared SRA survivorship reported by registries and compared prognosticators for 

failure with those of conventional total hip arthroplasty (THA). Although resurfacing was associated 

with an overall increased failure rate in comparison to THA (Australian registry 5-year cumulative 

revision rate [CRR], 3.7% and 2.7%, respectively), there were exceptions to this. Male patients 

younger than 65 years with primary osteoarthritis had equivalent results with SRA and THA 

(Australian registry 5-year CRR, 2.5% and 2.8%, respectively). Head size over 50 mm in diameter 

was a predictor of surface replacement arthroplasty survivorship and only females with a head 

diameter of 50 mm or greater (14% of females) had a comparable survivorship to males. Diagnoses 

other than primary osteoarthritis bear a higher risk of early revision of SRA as compared with THA. 

Revision of SRA does not lead to reproducible results with re-revision rates of 11% at 5 years. Given 

these predictors of failure, our review of data from the NJRR suggests stringent patient selection 

criteria might enhance the survival rates of SRA. 

Study Design: Review Paper - Original Research 

 

“Cemented versus cementless stems: a verdict is in.” 

Bourne RB, Corten K. 

Orthopedics. 2010;33:638. (IF 2.66) 

Abstract 

The purpose of this randomized clinical trial was to compare the >20-year outcomes of cemented 

(n=124) versus cementless (n=126) total hip replacements (THRs) in patients with end-stage, 

unilateral hip osteoarthritis. At 20 years, 168 patients (67%) were available for follow-up, 78 (31%) 

had died, and 4 (2%) were lost. A power analysis was performed to determine the number of patients 

needed in each study cohort. Patients were assessed pre- and postoperatively by validated disease-

specific Western Ontario McMaster Osteoarthritis Score, patient-specific McMaster Arthritis Score, 

global health (sickness impact profile), functional capacity (6-minute walk), and cost utility (cost-to-

quality adjusted life years). Patients were followed every 2 years clinically and radiographically. The 

cementless THR outperformed its cemented counterpart in terms of overall (p=0.01), socket 

(p=0.009), and stem (p<.0001) Kaplan-Meier survivorships. Patients younger than 65 years had 

significantly poorer cemented and cementless socket survivorships, and male sex adversely affected 

cementless socket survivorship. The cementless tapered stem had 100% survivorship with aseptic 

loosening as the endpoint at 20 years. Although this study has demonstrated the superiority of the 

cementless THR over its cemented counterpart, care must be taken in generalizing these results to 

other cemented and cementless THRs. 

Study Design: Randomized Controlled Trial 

Remark: this paper was based upon the data of the study presented in section 7.I. 
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B. Conclusions 

The acetabular component is considered the weakest link in THA with higher revision rates than 

the stem and with aseptic loosening being by far the most frequent failure mode of 75% to 83% after 6 

months to 3 years.1-4 There is little consensus whether cemented or cementless sockets have the best 

survival rates. In contrast to most of the Scandinavian countries, cementless sockets are the preferred 

treatment of choice in North-America, Canada and Australia.2,4-6 Stepwise changes and improvements 

in surgical techniques and design features have led to reliable and comparable intermediate and long-

term survival rates of cemented and cementless sockets of 90% and more.1,5,7-14 

Metal-backed acetabular components are currently the gold standard because insertion is quick and 

relatively easy. We prefer modular cementless sockets in virtually all our primary THA cases except in 

special circumstances (≈2%) like post-irradiation or when segmental allografts or trabecular metal 

shells are required.  The modularity allows a greater versatility in terms of intra-operative adaptations 

to certain biomechanical requirements such as providing an offset option in the liner. In addition, they 

are versatile and allow for many options in terms of articulating surfaces. It was clear from the NJRR 

data and our studies that metal-backed cemented components are associated with dramatic rates of 

aseptic loosening (Corten K. et al. Orthopedics 2009). Cementless fixation has therefore become the 

gold standard although the debate remains whether it is associated with improved survivorship in 

comparison to cemented polyethylene fixation. The ingrowth of the contemporary socket surfaces is 

reliable and associated with very low incidences of radiographic signs of aseptic loosening at 

intermediate to long-term follow-up (Teo YZ, Corten K. et al. J Arthroplasty 2012). Our prospective 

survivorship data of the cementless titanium shells demonstrated excellent fixation and survivorship at 

intermediate follow-up in addition to an extremely low incidence of osteolysis (Corten K. et al. J 

Arthroplasty 2011). These intermediate survivorship results compared favourably with those of other 

studies reporting on porous coated cups.15-19 Initial stability of cementless components can be 

enhanced by screws, pegs, fins or spikes. Screws have been associated with fretting wear, corrosion, 

impingement on the liner, PE debris and neuro-vascular injury.16,20 Spikes have been found to lead to a 

reliable ingrowth and initial fixation but they bear the risk of theoretically inducing an acetabular 

fracture by impaction of the socket. In addition, revision of these kind of sockets can be troublesome 

and associated with increased acetabular bone loss. Finally, these spikes could potentially shift the 

socket during insertion and could therefore lead to socket mal positioning. Our experiences with 

titanium shells that are fixed with screws are very good and therefore we believe that this fixation 

mode is preferable over spiked fixation. In addition, long-term fixation with porous coating and 

screws has not been associated with major problems (Corten K et al. J Arthroplasty 2011).21-25 

The articulating surface remains the weakest link of any contemporary hip implant. Failure of the 

first generation acetabular components has resulted from the combination of a poor PE locking 

mechanism, PE wear, acetabular osteolysis, and migration.26-29 In an effort to decrease backside wear 

and improve the clinical results, most contemporary sockets are designed as a second- or third-
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generation solid titanium shell, a polished inner surface and improved locking mechanisms. It was 

clear from our intermediate and long terms studies that PE was associated with some specific 

problems such as osteolysis but that the incidence was low, even after more than 10 years of follow-up 

of non-cross linked PE. There is sufficient evidence in the literature and the NJRR that cross-linked 

PE (XLPE) would lead to even better results. Long-term follow-up data of ceramic bearings have also 

been shown to be reliable but some ceramic bearings have introduced specific complications such as 

squeaking (Corten K. et al. Seminars Arthroplasty 2010). Some socket designs were associated with a 

higher incidence of this phenomenon than others. Newer ceramic-on-ceramic designs have introduced 

larger diameter articulating surfaces. Our personal experience showed that this was associated with a 

higher incidence of specific problems such as psoas tendinitis or incomplete socket seating (Chapter 

3.III.). Metal-on-metal large diameter articulating surfaces are also prone to specific complications 

such as pseudotumors and increased loosening (Chapter 1.III.). In conclusion, the preferred 

articulating surface in the RCT-setting is XLPE with a 32mm femoral head because this has been 

shown from the literature and our own experiences to be the articulating surface with the least 

complications.  

The modularity of cementless sockets potentially lowers the threshold to conduct so called minor 

revision surgery to deal with obvious radiographic PE wear or in case of recurrent instability. 

Furthermore, the threshold to change the liner during revision surgery that is primarily directed 

towards the stem is much lower than revising an all-cemented or monoblock socket. Therefore, 

similarly to some of the registries, we should make the distinction between major and minor revisions 

of the socket.2 

Finally, it remains subject of debate whether cemented stems perform equally well as cementless 

stems. We have over 17 years of excellent experience with cemented polished, taper wedged stems 

(e.g. Exeter stem, Stryker).30,31 This is in line with excellent survivorship data from the NJRR (Corten 

K. et al CORR 2010).2,3 In addition, the Corail cementless stem has been associated with similar 

excellent survivorships.2  Therefore, it should be investigated whether cementless stems perform 

equally well as cemented stems in young and active patients. Therefore patients will be randomized to 

either the cemented polished stem or the Corail cementless stem. 
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Chapter 8:  

Development of a comprehensive outcome platform 

 

“Evidence based initiation of a RCT that utilizes the proposed comprehensive assessment 

platform” 

 

8. I. Justification of the RCT 

 

The direct anterior approach has reached a level of reproducibility and safety that patients can be 

randomized to either the direct anterior or postero-lateral approach. The proof of concept has been 

provided in the third chapter.  

The primary aim of the study is to investigate whether the suggested superiority of DAA could be 

substantiated in an evidence-based setting.  

However, the most important goal of this research project is to define and create reference cohorts 

of healthy subjects and patients with ‘reference implants’ and surgical approaches that spare the 

abductors of the hip. The posterolateral approach cohort is representative for the majority of patients 

operated today with a THA. The direct anterior approach cohort can be considered as a new technique 

that is today surrounded with a lot of debate but that bares some potential advantages. In addition, a 

normative cohort of ‘normal’ subjects has also been created with the same outcome platform. As a 

result, the consortium will have an extensive database of functional and biomechanical data that will 

allow defining goals that we want to achieve with our procedures. This will also allow detecting 

deviations away from these evidence-based goals. New technologies will be compared to the 

outcomes in the 3 databases.  

In other words, a hip replacement index can be built based upon the reference databases. New 

technologies and other procedures will then be compared with these reference databases by means of a 

comprehensive outcome platform.  
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8. II. Design of the RCT with the comprehensive outcome platform 

  

The differences between both approaches varied depending of the investigated outcome parameter.  

The direct anterior approach was associated with a lower incidence of intra- and early post-operative 

complications but with more late complications, which were associated with larger diameter 

articulating surfaces (Chapter 3). It will be investigated whether the same holds true in case 32mm 

articulating surfaces are used.  

The mean functional outcomes were not significantly different but the distribution of the data was 

different and when this distribution was taken into account, the differences became more obvious 

(Chapter 4). The functionality of the DAA cohorts showed a more normative distribution and the 

predictability to reach a normative functionality of percentile 5 to 25 was higher with the DAA 

(Chapter 4). However, this was dependent upon the investigated outcome score and therefore 

multiple scores should be used to more accurately mirror the functionality following the procedure. In 

addition, the incidence of the forgotten hip was higher in the DAA cohort (Chapter 4). The power 

analysis of the RCT was based upon the difference in the composite primary endpoint ‘presence of at 

least 1 abnormal score‘ and for the other primary endpoint of the ‘forgotten hip’. The power analysis 

revealed that respectively 181 DAA and PLA should be included to compare the functional outcome 

score. In total 123 of 181 patients in each group will be clinically evaluated for the presence of a 

forgotten hip.  

The differences in radiographic biomechanical profile were relatively minor (Chapter 5). 

Femoral component positioning was comparable. This needs to be further investigated and 

substantiated in the multi-centre trial because both surgeons were high volume surgeons and the 

reproducibility of component positioning might therefore not be representative for surgeons with 

different levels of experience. It was not possible to compare the component positioning in the multi-

centre initiation study because the quality of pelvic radiographs was very often inadequate. Therefore, 

guidelines should be provided to the radiologic departments. In addition, only 40% of pelvic 

radiographs at our radiology department met the criteria, despite prospective communications. A 

substantial 60% drop-out can be expected. Two biomechanical parameters that were shown to be 

associated with increased contact stresses in the hip resurfacing model, were an increased leg length 

discrepancy and socket anteversion angle in the PLA cohort. However it remains uncertain whether 

this relatively minor difference is associated with significantly increased contact stresses in vivo. This 

will be investigated in a subset of patients by means of the proposed integrated biomechanical analysis 

as described in Chapter 6.   

The proposed evidence based gait analysis protocol with stair ascent and descent (Chapter 6) will 

be integrated with dynamometry and kEMG into the subject specific musculo-skeletal models. In total 

24 subjects of each cohort will be requested to participate in the integrated biomechanical analysis. 

The differences between the investigated cohorts were obvious in the sagittal plane. The compensatory 
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mechanisms were different and different joint might be overloaded. This will be further investigated 

by means of the integrated biomechanical protocol.   

The power of the randomized controlled trial meets the minimum power of 110 subjects per cohort 

that was based upon the long term RCT (Chapter 7). In total 5% of patients were lost-to-follow-up. 

This study showed that only 73% of the calculated patients that had met the inclusion criteria actually 

fully participated in the trial for outcomes. This was higher than the 18% in our own prospective study 

(Chapter 3). In addition, we found that approximately 15% to 21% of subjects had contra-lateral 

groin pain, also at longer-term follow-up. This contra-lateral groin pain will influence the functional 

outcomes and therefore these patients should be excluded from functional comparison (Chapter 3). 

Therefore, taking all these considerations together, we anticipate including 25% more patients than 

estimated in the functional power analysis. This would imply that 226 patients should be included to 

compare the functional outcome score and 153 patients for the forgotten hip. The utilized components 

will be implants with a long term proven excellent survivorship because it is the aim to create 

reference databases. The articulating surface will be 32mm ceramic on polyethylene. Two fixation 

types will be compared by means of 2 stems with proven excellent survivorships. It is anticipated that 

this RCT will not be able to detect significant differences in survivorship between both fixation types. 

However, the aim is to create a reference database of outcomes.    

 
Figure 1. Overview of the outcome platform with expected drop-outs and final number of included patients. 
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8. III. Data mining – development of the hip replacement index 

 
Figure 2.  The hip replacement risk index will be constructed based upon weights given to each 
outcome parameter of the comprehensive outcome platform. Each weight is provided with a colour 
that is associated with a quantitative-objective number. This will allow the index to become 
understandable for physicians. A similar approach with colours was used to show aberrations of gait 
between SRA and DAA THA in Chapter 5 section 1.  
 

A structured analysis of the data from the inventory is conducted by means of multivariate 

regression analyses, in collaboration with the Centre of Biostatistics of the KUL. This will allow 

identifying crucial parameters related to aberrations of any of the outcome parameters. Principal 

component analysis is used to detect the variables that are responsible for the largest deviation away 

from the normative database.  

The hip replacement index will be constructed in a way comparable to indices used today to 

determine gait aberrations. Gait pathology identification requires a comprehensive measure, useful in 

clinical practice. Such a comprehensive measure is a pre-requisite to give an overall impression of gait 

quality and to help in the assessment of treatment/intervention outcome, such as THA. One of the 

most used comprehensive measures in clinical gait research and clinical practice is the Gillette Gait 

Index (GGI).1 The Gait Profile Score (GPS) is related to the Gait Deviation Index (GDI) and was 

recently developed.1,2  It is a single index measure summarizing the overall deviation of kinematic data 

compared with reference data. It is composed by nine kinematic variables measured using the three-
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dimensional system: the pelvic and hip angles in all three planes, the knee flex/extension, the ankle 

dorsi/plantar flexion, and the foot progression. The score of the GPS is reported in degrees as the 

kinematic variables, which makes it understandable by clinicians and patients. These validated 

quantifications of gait aberrations can be modified to be more hip specific. The same algorithms will 

be adopted with additional weight to the hip joint and pelvis motion, as well as to kinetics and joint 

loading, to assure that the resulting deviation index or profile score is more sensitive to hip deviations. 

The resulting hip gait profile score can then be used to quantify gait pathology in patients with THA. 

First, the original indices will be used and evaluated in the project. New (hip specific) indices and 

profiles will be developed and clinically validated throughout the project. The different indices will be 

supplemented with kinetic and hip joint loading data from the optimized MS models. This will be an 

important novel approach towards defining gait aberrations (“top-down”). But vice versa (“bottom-

up”), this will also allow defining gait aberrations based upon quantifiable kinematic data and aberrant 

joint loading (novelty). Elements taken into account for the selection of the most adequate model are 

(1) the number of segments that are measured, (2) the kinematic data during level walking and out-of-

plane movements, (3) the variability in the kinematic data of the measured segments and angles and 

(4) the variability of the workflow in the control cohort. The variability of the gait aberrations as 

defined by the indices, will be evaluated and compared between the control group (normal gait) and 

the study cohorts (expected to have aberrations induced by osteoarthritis and the THA). This 

quantification will also allow evaluating the changes of gait aberrations following THA and is 

therefore considered a crucial step towards standardization the integrated workflow. Coloured weights 

will be given to certain aberrations (see also Chapter 5 Section I). A resultant weight will be provided 

towards gait and gait aberrations in the hip index. However, this weight can only be provided in case 

the other outcomes have also been weighted and investigated for their relevance. For example, a 

sciatic nerve injury or dislocation (Complication) will be given a different weight than a difference in 

socket anteversion with slightly increased contact stresses (Biomechanical profile). 

Similar to the development of these gait indices will the complications, aberrations in functional 

outcome, forgotten hip, biomechanical profile be integrated into one overall outcome platform. The 

intellectual challenges of the consortium will be to determine the most accurate and reproducible way 

to define and quantify ‘aberrations’ from the ‘normal’ or ‘gold standard’. This can only be done when 

the data are collected in a scientifically correct way 

 

References 
1. Schwartz MH, Rozumalski A. The Gait Deviation Index: a new comprehensive index of gait pathology. Gait Posture. 

2008;28:351-7.  

2. Baker R, McGinley JL, Schwartz MH, Beynon S, Rozumalski A, Graham HK, Tirosh O. The gait profile score and 

movement analysis profile. Gait Posture. 2009;30:265-9. 

 
 



 278 

8. IV. Utility and future research 

A. Added value for Total hip arthroplasty outcome 

The detected gait aberrations following THA might allow defining an evidence based 

physiotherapy care plane. The integrated workflow and established insights has realistic potential to 

define generic physiotherapy plans for specific cohorts of THA patients. As such, the targeted use of 

established, evidence-based treatment plans will also improve the cost-efficacy of primary THA. 

 

B. Added value for problem identification of generic gait aberrations in orthopedic conditions 

Gait aberrations are an important and frequent problem in many Orthopaedic disorders and affect 

thousands of patients each year. It is due to the intrinsic complexity of the human musculoskeletal 

system that the understanding of gait aberrations has lagged behind. New developments in 

musculoskeletal medicine using biomechanical research results (more specific gait analysis (GA) and 

personalized MS models (MS models)) have substantially advanced the successful treatment of gait 

aberrations in patients with cerebral palsy, polio, cerebral vascular insults etc. However, in many other 

Orthopaedic disorders (such as hip, knee, ankle and spine disorders) the integration of these validated 

diagnostic tools in clinical practice has lagged behind. Based on previous research activities of the 

consortium, we have now reached the stage that gait kinematics (GA) combined with the calculated 

joint loading (MS models) and measurements of the force producing capacity of the muscles around 

the joint (dynamometry), is ready for clinical trialing. The proposed concept could after validation and 

customization be generalized for orthopedic conditions of most of the abovementioned joints. This 

would implicate that this workflow could become a diagnostic tool for many joints that allows to set 

up evidence based therapeutic interventions thereby preventing implant failure (e.g. THA, total knee 

arthroplasty, total ankle arthroplasty) in all its aspects (see below). The results of this project are 

therefore a step-up for future integrated research in other orthopedic conditions and the development 

for condition-specific advanced assessment tools. This workflow would be of primary interest for 

thousands of patients, but also for all health care professionals dealing with these complex problems 

(e.g. physiotherapists, surgeons, sports medicine clinicians). In addition, the overall cost-benefit of 

interventions could be significantly increased if this workflow would allow for e.g. earlier 

rehabilitation, quicker discharge, less risk for failure and improved overall functionality of our 

patients. Optimization and integration of the outcome assessment tools is of interest for the scientific 

community (clinicians and researchers) involved with these instruments. Dissemination of these 

optimizations will lead to new developments in the field of biomechanical assessments of gait 

aberrations and human motion in general. Moreover, our understanding of the complexity of the lower 

limb and spine dynamics will be enhanced due to the innovative integrative set-up of the project. In 

addition, new technologies can be compared to the ‘gold standard’ and the ‘normative database’ by 

means of the ‘hip replacement risk index’. 
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C. Added value of the project leading to its potential utility 

(1) The integrated workflow is based on GA, which will assist clinicians to detect and treat gait 

aberrations at an early stage following THA. Within this project a GA protocol for the evaluation of 

patients with THA was tested. In this, aspects of time efficiency, sensitivity to the specific gait 

dysfunctions and measurement accuracy are balanced. This is an important step forward for the gait 

analytical assessment process of THA and allows GA to become a screening tool in clinical practice. 

For example, GA can be used as the screening tool for residual gait aberrations at e.g. 6 or 12 weeks 

post-operatively which would allow setting up an early physiotherapy care plan to prevent long term 

limping with its associated impaired loading of the implant. 

(2) The results from the large cohort of patients in this project will allow identifying sub-cohorts of 

patients with specific (gait) deviations that can be treated with physiotherapy. Furthermore, the effect 

of treatment can be assessed using the developed workflow. At the end of the project, generic 

physiotherapy care plans for these specific sub-cohorts will be defined and tested. As such, patient 

care in hospitals without access to GA will also benefit from the insights of this project by providing 

evidence-based physiotherapy plans in targeted patient subgroups following THA. 

(3) Assessing and quantifying gait aberrations using GA will become a new standard assessment 

method in the analysis of outcomes of THA procedures. Using the integrated workflow to identify the 

relation between gait characteristics and impaired hip loading, GA will be a standard screening tool to 

evaluate new developments in surgical procedures or implant design. As a consequence, it will play a 

crucial role in the development of new strategies and improving care in an evidence based way. As 

such, this integrated workflow will be valuable for all parties involved with health care such as the 

treating surgeon, but also the social security system. Using this approach, an evidence-based decision 

on reimbursement of new procedures can be made. This development would support the general 

conclusion that strong, evidence based guidelines should be developed in THA surgery given the 

redundancy of implants and procedures currently conducted and reimbursed in Flanders. 

(4) As stated above, the approach and integrated workflow used in this project has great potential to 

be generically applicable so that it can be transferred to other joints of the lower limb and spine, but 

also to other hip or lower limb pathologies not directly related to joint replacement surgery (e.g. for 

the treatment of uni-compartmental arthritis of the knee joint, or for treatment of femoro-acetabular 

impingement). 

(5) As stated above, optimization and integration of the assessment tools into one workflow will 

increase their relevance for clinical practice but also serves more fundamental research questions. The 

results of these processes such as e.g. the development of patient-specific musculoskeletal models in 

terms of musculoskeletal geometry as well as muscle force generating capacity is a very actual 

research topic of interest for the (inter-) national scientific community and subject of currently EU 

funded research projects. 
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(6) Quantification of gait aberrations will broaden the communication between different 

international research consortiums dealing with outcome assessment of THA. 

(7) Enhanced understanding of hip dynamics in THA will be provided with this project. This will 

improve our insight into the pathophysiology of impaired outcomes and implant failure. The data on 

hip joint loading calculated in the current project is of interest for spin-off research projects 

concentrating on implant failure due to wear using finite element analysis or wear simulators. 

Furthermore, the data can be used by the members of the consortium for future either clinical or 

fundamental follow-up projects.  

(8) The project results will identify the crucial parameter set that should be implemented and 

monitored in any joint replacement registry aiming to detect as quickly as possible any problems with 

new procedures or contemporary designs. 

(9) As stated above, we believe there is a desire to improve the care of our patients in a cost-

efficient way. In a side-project, economic data in the RCT study will be collected. This will allow 

setting up a pilot cost-efficacy inventory as a spin-off project. 

(10) The integrated workflow could become a clinical screening tool for new implants and surgical 

techniques.  

 

D. Conclusion 

In conclusion, the clinical implementation of the proposed multidisciplinary and integrated 

approach towards THA will significantly contribute to an improved insight in the diagnosis, therapy 

and the prevention of complications such as gait aberrations, impaired hip joint loading and 

subsequent implant failure. Furthermore, the development of adequate and biomechanical guidelines 

for primary THA has been impeded due to a lack of adequate evidence and understanding of the 

complex biomechanical behavior. One of the major causes of this shortcoming is believed to be the 

absence of a valid and objective assessment platform towards hip function during locomotion. The 

clinically implemented assessment platform that is outcome of this thesis will provide an objective 

biomechanical assessment of hip function during locomotion and serve as a tool for monitoring of 

patient outcome, remediation of therapy and as such the establishment of evidence-based-practice in 

the field of THA. 
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Addendum 1. 

 
 

Procedure Approach BMI FU (y)
Mean Range N % Start FU Mean Range Mean SD Mean SD Mean SD FU score

Martin (1)
THA Anterolateral Röttinger THA AL 67 10 31 12 29% 42 40 NA 12 1 37 16 87 15

THA Direct Lateral Hardinge THA DL 63 10 29 14 34% 41 39 NA 12 1 40 13 87 13
Della Valle (2)

THA MIS PLA THA PLA 64 8 27 11 31% 35 35 NA 12 1 50 12 91 5
THA MIS 2 incision THA PLA 62 8 28 12 32% 37 37 NA 12 1 52 10 89 8

Goossen (3)
THA MIS THA PLA 60 6 26 15 50% 30 29 NA 12 1 60 16 97 4
THA MIS THA AL 60 7 27 15 50% 30 24 NA 12 1 56 15 91 10

All THA PLA+AL 60 7 27 30 50% 60 53 NA 12 1 58 16 94 8
THA THA PLA 62 6 27 13 43% 30 29 NA 12 1 57 13 90 10
THA THA AL 62 7 26 16 53% 30 27 NA 12 1 57 12 90 10

All THA PLA+AL 62 7 26 29 48% 60 56 NA 12 1 57 12 90 10
Malvija (4)

THA MoM LDH THA PLA 64 42-82 29 19 38% 50 NA NA 12-24 2 42 20-73 88 68-100 at 24m
THA MoPE THA PLA 65 24-85 29 23 46% 50 NA NA 12-24 2 46 22-64 88 53-100 at 24m

Restrepo (5)
THA DAA THA DAA 62 35-85 25 17 27% 63 50 NA 12-24 2 52 34-66 97 93-100 at 24m

THA DL THA DL 60 40-76 25 22 37% 59 50 NA 12-24 2 55 42-64 98 93-100 at 24m
Laupacis (6)

THA cemented THA DL 64 8 NA 64 52% 124 77 76 12 to 84 6 44 11 96 10 88 15 at 84m
THA Cementless THA DL 64 7 NA 66 52% 126 86 76 12 to 84 6 43 10 96 11 89 14 at 84m

Inaba (7)
THA  MIS Watson-Jones THA AL 64 11 23 12 24% 50 NA NA 12 1 59 4 92 3

THA  MIS DL THA DL 65 11 24 13 25% 52 NA NA 12 1 59 4 90 3
Muller (8)

THA  MIS DL THA DL 64 35-80 26 8 40% 20 NA NA 12 1 56 12 80 17
THA  MIS Watson-Jones THA AL 66 52-79 28 12 50% 24 NA NA 12 1 56 8 87 7

Calvert (9)
THA conventional PE THA DL or PLA 61 48-100 NA 33 56% 59 42 12 12 1 49 31-67 96 72-100

THA XLPE THA DL or PLA 63 46-75 NA 24 40% 60 34 12 12 1 52 8-69 96 26-100
Carlsson (10)

Short stem THA NA 58 43-72 NA 11 55% 20 20 NA 12-24 2 44 21-68 97 91-100 98 91-100 at 24m
Control THA NA 60 42-72 NA 13 65% 20 19 NA 12-24 2 47 21-65 96 80-100 97 80-100 at 24m

Bascarevic (11)
THA CoC THA NA 54 7 27 21 26% 82 NA 51 8 4 46 8 95 4 at 51m mean

THA XLPE THA NA 56 7 28 31 41% 75 NA 50 9 4 43 8 94 5 at 51m mean
McCalden (12)

THA conventional PE THA DL 73 56-79 30 14 28% 50 49 79 5,7-7,6 7 39 11 83 13 83 15 at 60m
THA XLPE THA DL 72 56-79 30 17 34% 50 49 84 5,6-7,6 7 36 13 85 10 86 13 at 60m

Lombardi (13)
THA MoPE THA NA 49 18-77 29 55 76% 72 NA 40 1,6-5,4 3 53 1 96 1 at 36m mean

THA MoM 28mm THA NA 49 26-73 29 58 74% 78 NA 38 1,8-5,2 3 54 2 95 1 at 36m mean
Digas (14)

THA MoPE Fluo cement THA DL 69 41-79 NA 9 20% 44 NA NA 24 2 35 9-78 93 48-100 at 24m
THA MoPE Palacos cement THA DL 71 31-86 NA 10 22% 46 NA NA 24 2 37 7-78 95 54-100 at 24m

Dahlstrand (15)
THA MoPE THA PLA 65 45-74 27 12 46% 26 26 NA 12-24 2 39 13 97 3 96 5 at 24m

THA MoM 28mm THA PLA 65 45-74 27 15 54% 28 28 NA 12-24 2 38 11 92 15 93 13 at 24m
Healy (16)

THA Trilock CoCR THA DL or PLA 66 25-100 NA 103 52% 199 199 56 2-8.9 5 50 16-71 83 34-100 at 56m mean
THA Trilock Ti THA DL or PLA 64 34-102 NA 99 52% 191 191 55 2-8.1 5 51 23-75 87 55-100 at 56m mean

Total THA DL or PLA 65 25-102 NA 202 52% 390 390 56 2-8.9 5 51 16-75 85 34-100 at 56m mean
D'Antonio (17)

THA  CoC ABC 1 THA NA 55 30-73 28 73 65% 113 73 124 >120 10 51 11 97 8 at 124m mean
THA CoC ABC 2 THA NA 55 26-75 28 69 63% 109 71 124 >120 10 48 107 96 6 at 124m mean

THA MoPE THA NA 54 26-75 28 65 61% 106 72 124 >120 10 50 13 97 6 at 124m mean
Yee (18)

THA Cementless HA THA Dl 48 9 NA 21 62% 34 35 52 0.7 4 40 11 86 15 at 52m mean
THA Cementless non-HA THA DL 50 9 NA 14 54% 26 27 59 1 5 47 15 90 13 at 59m mean

Addendum 1. Table 1

RCT with functional outcome as primary interest

RCT with functional outcome not as primary interest

Harris Hip Score
Age Males Number FU (m) Pre-operative PO 12m PO >12m
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Addendum 1. Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Procedure Approach BMI FU (y)
Mean Range N % Start FU Mean Range Pain SD Stiffness SD Function St Dev Index SD Pain SD Stiffness SD Function SD Index SD Pain SD Stiffness SD Function SD Index SD FU

Vendittoli (19)
THA MoM 28mm THA PLA 51 24-65 30 68 68% 100 72 NA 45627 2 54 18 10 11 9 12 at 24 months

SRA SRA PLA 49 23-64 27 69 63% 109 85 NA 45627 2 53 15 8 13 6 9 at 24 months
Vendittoli (20)

THA MoM 28mm THA PLA 51 30-65 29 33 32% 103 53 NA 45627 2 58 15-96 11 0-41 10 0-54 at 24 months
SRA SRA PLA 49 25-64 27 42 39% 107 64 NA 45627 2 53 31017 9 0-73 5 0-42 at 24 months

Lavigne 2010 (21)
THA MoM LDH THA PLA 50 33-62 28 15 63% 24 NA 14 43435 1 54 15 3 9

SRA SRA PLA 50 38-63 28 14 58% 24 NA 14 43435 1 47 15 3 8
Goossen (3)

THA MIS THA PLA 60 6 26 15 50% 30 29 NA 12 1 50 12 20 22
THA MIS THA AL 60 7 27 15 50% 30 24 NA 12 1 54 16 16 13

All THA PLA+AL 60 7 27 30 50% 60 53 NA 12 1 53 14 18 18
THA THA PLA 62 6 27 13 43% 30 29 NA 12 1 52 17 21 19
THA THA AL 62 7 26 16 53% 30 27 NA 12 1 52 13 18 12

All THA PLA+AL 62 7 26 29 48% 60 56 NA 12 1 52 15 19 16
Liebs (22)

THA  No ergometer THA NA 67 9 27 39 38% 104 88 NA 45627 2 54 26 52 29 56 23 10 14 20 20 15 15 10 15 19 20 15 17 at 24 months
THA Ergo meter THA NA 67 10 27 38 38% 99 74 NA 45627 2 55 25 51 28 53 24 9 14 19 21 13 16 6 11 13 18 9 14 at 24 months

Malvija (4)
THA MoM LDH THA PLA 64 42-82 29 19 38% 50 NA NA 45627 2 69 96-30 60 0-78 69 94-34 10 0-44 15 0-36 19 0-42 at 24 months

THA MoPE THA PLA 65 24-85 29 23 46% 50 NA NA 45627 2 65 20-90 60 13-87 65 17-86 14 0-44 21 0-48 26 0-54 at 24 months
Restrepo (5)

THA DAA THA DAA 62 35-85 25 17 27% 63 50 NA 45627 2 9 41614 2 0-8 at 24 months
THA DL THA DL 60 40-76 25 22 37% 59 50 NA 45627 2 8 41584 2 0-8 at 24 months

Laupacis (6)
THA cemented THA DL 64 8 NA 64 52% 124 77 76 12 to 84 6 5 2 6 2 6 2 1 2 1 2 1 2 1 2 2 3 1 2 at 84 months

THA Cementless THA DL 64 7 NA 66 52% 126 86 76 12 to 84 6 5 2 6 2 6 2 1 2 1 2 1 2 2 2 2 3 2 2 at 84 months
Liebs (23)
THA  aqua training 6d THA NA 67 10 28 50 36% 138 NA NA 24 2 55 23 58 26 57 21 13 19 23 25 17 20 12 17 21 23 16 18 at 24 months
THA aqua raining 14d THA NA 69 10 27 54 38% 142 NA NA 24 2 52 25 52 28 55 23 10 15 19 20 16 16 10 14 17 18 14 15 at 24 months

Carlsson (10)
Short stem THA NA 58 43-72 NA 11 55% 20 20 NA 45627 2 11 42095 5 41457 38 18-51 1 0-7 2 41426 10 14062 1 0-10 1 0-6 7 14366 at 24 months

Control THA NA 60 42-72 NA 13 65% 20 19 NA 45627 2 11 42125 5 41457 37 19-50 1 41395 1 41366 8 43862 2 0-10 1 0-5 7 46508 at 24 months
McCalden (12)

THA conventional PE THA DL 73 56-79 30 14 28% 50 49 79 6-8 7 59 15 18 18 22 18 at 60 months
THA XLPE THA DL 72 56-79 30 17 34% 50 49 84 6-8 7 62 15 17 17 22 19 at 60 months

Addendum 1. Table 2

RCT with functional outcome as primary interest

RCT with functional outcome not as primary interest

WOMAC
Age Males Number FU (m) Pre-operative PO 12m PO >12m
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Procedure Approach BMI M (N) FU (y)
Mean Range Start FU Mean Range Total SD Activity SD Pain SD Total SD Activity SD Pain SD Total SD Activity SD Pain SD FU

Vendittoli (19)
THA MoM 28mm THA PLA 51 24-65 30 68 100 72 NA 12-24 2 NA NA 7 2 7 2 at 24 months

SRA SRA PLA 49 23-64 27 69 109 85 NA 12-24 2 NA NA 7 2 8 2 at 24 months
Vendittoli (20)

THA MoM 28mm THA PLA 51 30-65 29 33 103 53 NA 12-24 2 NA NA 6 2-10 7 3-10 at 24 months
SRA SRA PLA 49 25-64 27 42 107 64 NA 12-24 2 NA NA 7 4-10 8 4-10 at 24 months

Lavigne 2010 (21)
THA MoM LDH THA PLA 50 33-62 28 15 24 NA 14 12-18 1 NA NA 8 2

SRA SRA PLA 50 38-63 28 14 24 NA 14 12-18 1 NA NA 8 2

Calvert (9)
THA conventional PE THA DL or PLA 61 48-100 NA 33 59 42 12 12 1 NA NA 6 3-9

THA XLPE THA DL or PLA 63 46-75 NA 24 60 34 12 12 1 NA NA 8 4-10

Addendum 1. Table 3

RCT with functional outcome as primary interest

RCT with functional outcome not as primary interest

UCLA
Age Number FU (m) Pre-operative PO 12m PO>12m
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Study design SRA design (hybrid) N hips (N pat) (N surg) Age at surg 
(range)

Gender 
(% 

males)

FU y (range) Other 
survivorship 

(revision 
endpoint)

Other 
Reoperations

% 
Reoperations 

(revision + 
other)

Complic rate 
(% all)

OA/RA/DDH/AVN/O % OA Time (y) % ALS/ALC/NOF/D/O % NOF
Designer

Amstutz '10 (37) RS '96-'07 Conserve Plus 1107 (923) (1) NA NA 50 (14-78) 74% 6,8  (2,1 - 12,7) 5 M: 96,5%; F: 93,2% 26/NA/9/1/8 1 NA 3,9 9,1
8 M: 96,2%; F: 87,1%

Daniel ’04 (17) RS 94-’01 McMinn (43)/BHR (403) (<55y) 446 (384) (1) 446/0/0/0/0 100 48 (27-55) 79% 3,3 (1,1-8,2) 4-7 99,8% 1/0/0/0/0 0 0 0,2 0,2
Treacy ’05 (15) RS 97-’98 BHR 144 (130) (1) 125/2/3/10/4 87 52 (17-76) NA >5y (NA) 5 99,0% 0/0/2/0/1 1,4 1 2,8 3,5

McBryde ’08 (176) RS’97-’04 BHR 96 (93) (8) 96/0/0/0/0 100 47 (22-76) NA 4,5 (2,2-9,4) 5 100,0% 0/0/0/0/0 0 0 0 0
McBryde ’10 (36) PS '97-'08 BHR 2123(1826)(26) 2123/0/0/0/0 100 55 +/- 9 62% 3,5 (0,03-10,9) 5 97,5% 6/9/13/20 0,6 NA NA 2,3

Independent
Back ’05 (89) PS '99-'01 BHR 230 (212) (3) 203/3/NA/12/10 88 52 (18-82) 66% 3 (2-4,4) NA 99,14% 0/1/0/0/0 0 7 3,5 11

Hing ’07 (174) 5 (4-6) NA 99,10% 1/0/0/0/0 0 1 4,3^ 12
Pollard ’06 (155) RS 99-’01 BHR 54 (51) (1) 42/0/3/4/5 78 50 (18-67) 78% 5 (4-6) NA 94% 1/0/3/0/0 5,6 0 7,4 9,3
Steffen ’08 (177) RS’99-’06 BHR 610 (532) (7) 519/NA/57/18/16 85 52 (17-82) 59% 4,2 (2-8) 4 & 7 NA 95,8% & 95,1% 1/3/12/2/5 2 NA NA 3,8

>5y FU 120 (107) (7) 110/NA/2/7/1 92 51 (26-70) 71% 5,3 (5-7,6) 5 95,80% 0/0/2/1/2 1,7 NA NA 4
<50y 231 13% DDH 78 <50 8 94%
>50y 379 7% DDH 90 >50 7 96%

Heilpern ’08 PS ‘99-’02 BHR 110 (98) (1) 97/3/4/4/2 88 54 (35-75) 58% 6 (5-7,5) 6 96,3% 2/2/1(+1)/0/0 1,8 1 4,5 7,3
Ollivere '09 (49) RS '01-'07 BHR 437 (437) (5) NA NA 56 (20-70) 66% 3.6 (0.5-90) 5 95,8% 0/0/3/2/7 0,9 NA NA 2,9
Madhu '10 (33) RS '99-'02 BHR 117 (101) (1) NA NA 58% 7 (5-9,4) 7 92,7% 2/0/5/0/1 4,2 NA NA 17

prim OA 95,9%
sec OA 88,1%

^cumulative % of reop RS: retrospective study N surg: number of surgeons OA: osteoarthritis Age at surg: age at tim eof surgery
CRF: chronic renal failure PS: prospective study N pat: number of patients RA: reumatoid arthritis
ALS: aseptic loseninf stem DDH: developmental dysplasia hip
ALC: aseptic losening cup AVN: avascular necrosis
D: dislocations O: other
O: other
Other survivorship: 
evaluated without Kaplan-
Meier and not kane ther 
reopertions into account
*not total female or males, 
but N SRA in females or 
males
°of all patients
56 (46-66): diameter was 
presented for cup
FFU: final follow-up
cyst: at HN junction or sup 
head

Addendum 2

Indication Kaplan-Meier (no sepsis) Revisions



 285 

Addendum 3. Table 3. 
 

 
 
 

Age Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
No groin pain

15-20 99,8 0,9 8,8 1,6 10,0 0,0 10,0 0,0 10,0 0,0 38,8 1,6
20-30 99,8 1,1 8,7 1,5 10,0 0,3 10,0 0,0 10,0 0,2 38,6 1,5
30-40 100 0,7 8,4 1,5 10,0 0,3 10,0 0,0 10,6 7,0 39,0 7,3
40-50 99,7 1,0 8,0 1,7 10,0 0,3 10,0 0,0 9,8 0,9 37,7 2,1
50-60 99,1 2,0 7,4 1,4 9,9 0,4 10,0 0,0 9,8 0,9 37,2 1,8
60-70 98,6 2,4 7,0 1,1 9,8 0,6 10,0 0,0 10,0 0,0 36,8 1,2

70+ 93,7 5,0 6,4 1,7 9,7 0,7 10,0 0,0 8,6 2,0 34,7 2,9

Groin pain
15-20 91,7 8,6 8,4 1,4 9,0 1,4 10,0 0,0 9,8 0,7 37,1 1,8
20-30 89,7 7,5 8,1 1,7 7,7 1,5 9,9 0,4 9,5 0,9 35,2 3,4
30-40 91,3 11,3 7,9 1,8 7,9 1,5 9,9 0,6 9,6 1,1 35,3 4,2
40-50 87,3 9,7 7,0 2,0 7,3 1,8 9,8 0,9 8,4 2,1 32,5 5,1
50-60 86,8 12,5 6,3 1,9 7,3 1,7 9,4 1,6 8,6 2,0 31,7 6,2
60-70 78,1 14,4 5,5 1,5 6,6 2,4 9,5 1,1 8,1 2,3 29,7 5,5

70+ 83,7 9,0 5,5 1,5 7,3 2,1 9,1 1,8 8,2 1,7 30,1 5,6

Age Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
No groin pain

15-20 0,2 1,0 0,5 2,3 0,2 0,6 0,3 0,7 97,9 4,2 99,9 0,5 99,7 0,7 96,2 8,3 95,9 9,6
20-30 2,1 8,0 1,4 6,0 1,1 5,9 1,4 5,7 98,1 4,5 98,1 5,6 98,8 6,0 98,7 5,4 97,2 7,5
30-40 0,2 1,2 0,7 3,6 0,1 0,9 0,2 0,9 99,0 2,9 99,7 1,3 99,8 0,9 99,1 4,3 99,6 1,8
40-50 1,0 4,1 1,5 5,9 0,8 3,4 0,9 3,4 98,1 5,0 98,8 5,2 99,2 3,4 98,4 5,1 99,6 1,5
50-60 0,9 3,4 2,2 7,9 1,1 2,8 1,1 2,9 95,6 9,0 98,5 3,8 98,9 2,8 97,4 6,4 98,4 4,2
60-70 0,2 0,9 1,8 5,4 1,4 2,5 1,1 1,8 98,9 2,8 98,8 2,8 98,6 2,5 94,4 10,3 97,8 6,1

70+ 6,1 14,7 9,8 15,4 5,8 7,9 5,9 7,5 92,4 6,4 93,6 14,8 94,1 7,7 78,3 22,9 95,1 13,1

Groin pain
15-20 3,1 4,3 6,1 12,3 3,6 6,7 3,8 5,8 87,5 15,2 92,2 11,3 96,3 6,6 86,7 20,8 92,2 8,7
20-30 10,3 13,0 14,4 23,3 8,6 12,3 9,4 12,8 83,9 18,7 86,2 15,6 91,3 12,3 80,6 22,7 80,6 19,4
30-40 11,0 13,8 17,2 19,0 8,2 14,1 9,5 13,7 83,5 16,2 87,6 14,2 91,8 14,0 87,4 16,8 82,3 14,2
40-50 17,8 14,9 21,4 20,7 15,0 15,3 16,2 14,6 78,0 17,6 80,1 14,2 84,9 15,4 74,0 20,4 73,5 17,6
50-60 16,4 14,5 23,0 19,4 18,5 16,0 18,5 15,3 79,0 16,6 77,7 15,2 81,5 15,9 73,0 22,6 72,9 14,8
60-70 23,3 18,0 34,1 22,5 27,9 20,7 27,6 19,6 69,3 15,7 71,6 17,2 72,0 20,6 54,8 20,1 68,2 19,6

70+ 20,3 16,4 27,1 24,3 23,5 17,4 23,1 16,7 78,2 15,4 75,4 14,6 76,5 17,4 61,7 23,5 70,8 18,9

Addendum 3. Table 3.

modHHS UCLA
Activity Pain Gait Function Total
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Pain Stiffness Function Index Symptoms Pain ADL Sport&rec QOL
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N (%) Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
Groin pain

M 56 (17%) 89,5 9,4 7,4 1,9 8,1 1,4 9,8 0,9 9,0 1,3 34,3 4,1
F 144 (23%) 86,3 12,2 6,8 2,1 7,2 1,9 9,7 1,2 8,7 2,0 32,4 5,8

T-test
No groin pain

M 268 (83%) 98,1 3,7 8,2 1,8 9,8 0,7 10 0,2 9,6 3,6 37,5 4,4
F 495 (77%) 98,6 3,7 8,0 1,7 9,8 0,7 10 0,3 9,9 1,1 37,7 2,7

T-test
No pain

M 122 (38%) 99,4 1,7 8,2 1,6 9,9 0,4 10 0,0 9,8 4,6 38,0 5,1
F 264 (41%) 99,5 1,8 8,1 1,6 9,9 0,3 10 0,0 10,2 0,9 38,2 2,0

T-test
All

M 324 96,6 6,0 8,0 1,7 9,5 1,1 9,9 0,5 9,5 1,1 36,9 3,2
F 639 95,9 8,1 7,7 1,9 9,2 1,6 9,9 0,6 9,6 3,4 36,5 5,3

T-test

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
Groin pain

M 10,3 13,7 18,4 21,3 11,4 15,0 11,7 14,5 82,4 16,2 85,7 14,9 88,6 14,9 80,4 21,8 80,1 18,9
F 17,5 15,7 22,5 21,6 18,0 19,2 17,8 16,5 78,3 17,6 79,4 15,9 83,3 17,5 73,0 23,0 74,6 16,8

T-test
No groin pain

M 3,7 7,1 4,3 9,8 3,4 7,3 3,5 6,9 95,4 9,7 96,0 10,9 96,7 10,1 93,5 15,7 96,3 10,2
F 2,1 11,9 3,2 12,1 2,1 10,9 2,2 10,6 96,1 8,4 97,6 7,0 97,8 7,3 95,7 12,5 97,7 6,8

T-test
No pain

M 1,7 3,2 2,0 6,2 1,6 2,5 1,6 2,6 98,2 4,3 98,1 7,2 98,4 6,2 96,4 10,5 97,9 7,9
F 0,7 7,7 1,5 7,0 0,7 6,2 0,7 5,7 97,8 5,3 99,1 3,3 99,3 2,5 97,7 7,3 98,6 4,6

T-test
All

M 4,8 12,5 6,7 15,1 4,7 12,1 4,9 11,8 93,1 12,1 94,3 12,3 95,3 11,5 91,2 17,6 93,5 13,6
F 5,5 11,6 7,5 15,6 5,4 12,1 5,6 11,8 92,1 13,4 93,5 12,3 94,6 12,1 90,7 18,0 92,6 13,8

T-test

Addendum 3. Table 4.

modHHS UCLA
Activity Pain Gait Function Total

0,4

0,07 p=0,046 p=0,001 0,5 0,2 p=0,01

0,1 0,1 0,5 0,2 0,06

0,1

0,6 0,4 0,7 0,9 0,1 0,5

0,1 p=0,009 p=0,003 0,8 0,3

WOMAC HOOS
Pain Stiffness Function Index Symptoms Pain ADL Sport&rec QOL

p=0,002 0,2 p=0,04 p=0,02 0,1 p=0,009 p=0,03 p=0,04 0,06

0,1 0,05 0,06

0,2 0,5 0,09 0,09 0,3 0,1 0,1

p=0,04 0,2 0,1 0,07 0,3 p=0,03

0,3

0,2 0,4

0,4 0,5 0,4 0,4 0,3 0,4 0,4 0,7



 287 

Addendum 3. Table 5. (please contact author for the extensive table) 
 

 
 
 

All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
modHHS

Intercept 92.69 (0.41) . . 87.37 (2.07) . . 92.34 (0.59) . . 92.99 (0.55) . .
Age (years) -0.83 (0.13) <.0001 2.67% -1.56 (0.52) 0.0034 3.95% -0.66 (0.17) <.0001 3.28% -0.91 (0.18) <.0001 2.40%

Gender 0.51 (0.40) 0.2027 0.10% 3.02 (1.73) 0.0825 1.37% -0.06 (0.08) 0.4330 0.13% 0.01 (0.07) 0.8230 0.00%
BMI 0.00 (0.05) 0.9507 0.00% 0.21 (0.18) 0.2446 0.61%

Pain Back -1.50 (0.41) 0.0003 0.83%
Pain Knee -2.92 (0.46) <.0001 2.54%

Pain Foot/Ankle -2.99 (0.89) 0.0008 0.70%
Pain Elsewhere -0.62 (0.53) 0.2460 0.08% -2.30 (1.75) 0.1908 0.77% 0.46 (0.78) 0.5526 0.07% -1.83 (0.69) 0.0083 0.66%

Pain Groin Occasional -8.75 (0.48) <.0001 20.24% -7.05 (0.73) <.0001 19.01% -9.81 (0.63) <.0001 22.55%
Pain Back - Lower Limb -5.16 (1.75) 0.0036 3.89% -2.76 (0.56) <.0001 4.94% -2.10 (0.53) <.0001 1.51%

UCLA All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 39.52 (0.22) . . 37.80 (0.92) . . 39.88 (0.32) . . 39.57 (0.28) . .

Age (years) -0.64 (0.07) <.0001 6.04% -1.17 (0.23) <.0001 10.27% -0.67 (0.09) <.0001 11.56% -0.64 (0.09) <.0001 4.57%
Gender 0.64 (0.21) 0.0023 0.60% 1.85 (0.77) 0.0169 2.35%

BMI -0.09 (0.03) 0.0004 0.81% -0.05 (0.08) 0.5173 0.17% -0.07 (0.04) 0.1241 0.48% -0.11 (0.03) 0.0009 1.09%
Pain Back -1.12 (0.21) <.0001 1.73%
Pain Knee -0.76 (0.24) 0.0016 0.64%

Pain Foot/Ankle -1.63 (0.47) 0.0005 0.78%
Pain Elsewhere -0.55 (0.28) 0.0471 0.25% -1.13 (0.78) 0.1467 0.86% -0.66 (0.42) 0.1147 0.51% -0.93 (0.36) 0.0095 0.66%

Pain Groin Occasional -3.44 (0.25) <.0001 11.76% -2.60 (0.39) <.0001 8.80% -4.00 (0.33) <.0001 14.50%
Pain Back - Lower Limb -1.91 (0.78) 0.0151 2.43% -0.95 (0.30) 0.0019 2.00% -1.14 (0.27) <.0001 1.71%

UCLA activity All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 8.98 (0.12) . . 9.02 (0.33) . . 9.34 (0.18) . . 9.03 (0.14) . .

Age (years) -0.38 (0.04) <.0001 9.29% -0.53 (0.08) <.0001 14.88% -0.39 (0.05) <.0001 13.34% -0.39 (0.05) <.0001 8.09%
Gender 0.46 (0.11) <.0001 1.33% 0.60 (0.28) 0.0328 1.71%

BMI -0.07 (0.01) <.0001 2.04% -0.07 (0.03) 0.0225 1.95% -0.06 (0.02) 0.0184 1.32% -0.08 (0.02) <.0001 2.62%
Pain Back -0.33 (0.11) 0.0038 0.66%
Pain Knee -0.10 (0.13) 0.4152 0.05%

Pain Foot/Ankle -0.70 (0.25) 0.0046 0.63%
Pain Elsewhere -0.14 (0.15) 0.3391 0.07% -0.32 (0.28) 0.2604 0.47% -0.27 (0.24) 0.2590 0.30% -0.21 (0.18) 0.2496 0.16%

Pain Groin Occasional -0.55 (0.13) <.0001 1.33% -0.49 (0.23) 0.0306 1.11% -0.62 (0.17) 0.0002 1.66%
Pain Back - Lower Limb -0.60 (0.28) 0.0338 1.69% -0.16 (0.17) 0.3646 0.19% -0.39 (0.14) 0.0056 0.94%

UCLA pain All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 10.13 (0.07) . . 8.36 (0.33) . . 10.22 (0.10) . . 10.15 (0.10) . .

Age (years) -0.09 (0.02) <.0001 0.87% -0.22 (0.08) 0.0081 3.28% -0.10 (0.03) 0.0005 2.26% -0.08 (0.03) 0.0125 0.49%
Gender 0.17 (0.07) 0.0161 0.31% 0.87 (0.28) 0.0019 4.53%

BMI -0.01 (0.01) 0.4952 0.03% 0.01 (0.03) 0.8052 0.03% -0.01 (0.01) 0.6493 0.04% -0.01 (0.01) 0.6234 0.02%
Pain Back -0.34 (0.07) <.0001 1.21%
Pain Knee -0.14 (0.08) 0.0793 0.17%

Pain Foot/Ankle 0.09 (0.16) 0.5752 0.02%
Pain Elsewhere -0.07 (0.09) 0.4623 0.03% -0.19 (0.28) 0.5059 0.20% 0.12 (0.13) 0.3690 0.15% -0.21 (0.12) 0.0821 0.24%

Pain Groin Occasional -2.15 (0.09) <.0001 34.09% -1.60 (0.12) <.0001 30.50% -2.43 (0.11) <.0001 37.83%
Pain Back - Lower Limb -0.53 (0.28) 0.0587 1.65% -0.34 (0.10) 0.0003 2.40% -0.25 (0.09) 0.0068 0.58%

UCLA gait All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 10.08 (0.04) . . 10.21 (0.21) . . 10.05 (0.06) . . 10.09 (0.05) . .

Age (years) -0.02 (0.01) 0.0501 0.37% -0.15 (0.05) 0.0039 4.15% -0.02 (0.02) 0.3326 0.28% -0.03 (0.02) 0.0623 0.51%
Gender 0.01 (0.04) 0.6902 0.02% 0.10 (0.17) 0.5635 0.16%

BMI -0.00 (0.00) 0.4135 0.06% -0.01 (0.02) 0.5792 0.15% -0.00 (0.01) 0.6605 0.06% -0.00 (0.01) 0.4350 0.09%
Pain Back -0.07 (0.04) 0.0514 0.37%
Pain Knee -0.11 (0.04) 0.0139 0.58%

Pain Foot/Ankle -0.30 (0.08) 0.0003 1.24%
Pain Elsewhere -0.02 (0.05) 0.7566 0.01% 0.02 (0.17) 0.9040 0.01% -0.08 (0.08) 0.2940 0.33% -0.05 (0.06) 0.4481 0.08%

Pain Groin Occasional -0.22 (0.05) <.0001 2.32% -0.17 (0.07) 0.0178 1.70% -0.28 (0.06) <.0001 3.26%
Pain Back - Lower Limb -0.12 (0.17) 0.4920 0.23% -0.09 (0.05) 0.1173 0.74% -0.06 (0.05) 0.1966 0.25%

UCLA function All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 10.33 (0.08) . . 10.21 (0.32) . . 10.27 (0.13) . . 10.31 (0.10) . .

Age (years) -0.15 (0.02) <.0001 3.01% -0.26 (0.08) 0.0015 4.62% -0.17 (0.04) <.0001 5.86% -0.14 (0.03) <.0001 2.14%
Gender -0.00 (0.08) 0.9669 0.00% 0.29 (0.27) 0.2917 0.50%

BMI -0.01 (0.01) 0.2074 0.13% 0.02 (0.03) 0.5418 0.17% 0.00 (0.02) 0.9060 0.00% -0.02 (0.01) 0.0694 0.42%
Pain Back -0.37 (0.08) <.0001 1.77%
Pain Knee -0.41 (0.09) <.0001 1.73%

Pain Foot/Ankle -0.72 (0.17) <.0001 1.42%
Pain Elsewhere -0.33 (0.10) 0.0015 0.83% -0.65 (0.27) 0.0183 2.51% -0.43 (0.17) 0.0117 1.69% -0.46 (0.13) 0.0004 1.61%

Pain Groin Occasional -0.52 (0.09) <.0001 2.49% -0.33 (0.16) 0.0385 1.14% -0.68 (0.12) <.0001 4.06%
Pain Back - Lower Limb -0.66 (0.27) 0.0177 2.54% -0.36 (0.12) 0.0034 2.29% -0.44 (0.10) <.0001 2.51%

Womac pain All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 101.19 (0.74) . . 94.82 (2.70) . . 99.89 (1.46) . . 102.45 (0.80) . .

Age (years) -0.94 (0.23) <.0001 1.36% -2.38 (0.68) 0.0006 5.17% -0.50 (0.41) 0.2258 0.42% -1.20 (0.26) <.0001 2.05%
Gender 0.57 (0.71) 0.4230 0.05% 7.02 (2.26) 0.0022 4.14%

BMI -0.20 (0.09) 0.0255 0.39% -0.30 (0.24) 0.2185 0.65% -0.16 (0.20) 0.4030 0.20% -0.22 (0.10) 0.0209 0.53%
Pain Back -2.17 (0.73) 0.0031 0.69%
Pain Knee -3.83 (0.82) <.0001 1.72%

Pain Foot/Ankle -1.89 (1.59) 0.2334 0.11%
Pain Elsewhere -1.20 (0.95) 0.2066 0.12% -1.76 (2.28) 0.4425 0.25% 1.17 (1.93) 0.5449 0.11% -2.77 (1.01) 0.0061 0.74%

Pain Groin Occasional -10.56 (0.87) <.0001 11.60% -5.68 (1.82) 0.0019 2.81% -12.65 (0.93) <.0001 18.36%
Pain Back - Lower Limb -5.79 (2.28) 0.0121 2.75% -4.56 (1.40) 0.0012 3.07% -3.50 (0.77) <.0001 2.05%

Womac stiffness All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 101.87 (0.94) . . 92.60 (3.92) . . 102.35 (1.66) . . 102.46 (1.11) . .

Age (years) -1.59 (0.29) <.0001 2.31% -3.27 (0.99) 0.0011 5.05% -1.54 (0.47) 0.0011 2.77% -1.60 (0.37) <.0001 2.02%
Gender 0.47 (0.91) 0.6039 0.02% 3.87 (3.27) 0.2378 0.65%

BMI -0.26 (0.11) 0.0233 0.39% -0.25 (0.35) 0.4655 0.25% -0.05 (0.22) 0.8260 0.01% -0.36 (0.13) 0.0073 0.76%
Pain Back -3.55 (0.93) 0.0001 1.10%
Pain Knee -2.04 (1.04) 0.0497 0.29%

Pain Foot/Ankle 3.19 (2.02) 0.1158 0.19%
Pain Elsewhere -1.79 (1.21) 0.1391 0.17% -5.52 (3.31) 0.0967 1.29% 2.24 (2.20) 0.3092 0.26% -3.60 (1.40) 0.0104 0.70%

Pain Groin Occasional -15.02 (1.10) <.0001 13.99% -12.78 (2.07) <.0001 9.67% -15.85 (1.29) <.0001 15.99%
Pain Back - Lower Limb -2.34 (3.30) 0.4804 0.23% -5.40 (1.59) 0.0008 2.92% -3.73 (1.06) 0.0005 1.30%

Womac function All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 102.36 (0.74) . . 99.42 (2.89) . . 101.58 (1.37) . . 103.23 (0.85) . .

Age (years) -1.37 (0.23) <.0001 2.80% -3.59 (0.73) <.0001 9.78% -1.09 (0.39) 0.0053 2.16% -1.53 (0.28) <.0001 3.07%
Gender 0.64 (0.72) 0.3727 0.06% 5.10 (2.42) 0.0358 1.81%

BMI -0.27 (0.09) 0.0033 0.66% -0.53 (0.26) 0.0394 1.74% -0.13 (0.18) 0.4947 0.13% -0.34 (0.10) 0.0007 1.18%
Pain Back -2.91 (0.73) <.0001 1.20%
Pain Knee -3.57 (0.82) <.0001 1.45%

Pain Foot/Ankle 0.51 (1.60) 0.7498 0.01%
Pain Elsewhere -1.07 (0.95) 0.2641 0.10% -1.32 (2.44) 0.5877 0.12% 2.17 (1.83) 0.2343 0.39% -2.97 (1.07) 0.0059 0.78%

Pain Groin Occasional -9.96 (0.87) <.0001 10.04% -7.01 (1.71) <.0001 4.57% -11.25 (0.98) <.0001 13.38%
Pain Back - Lower Limb -5.76 (2.44) 0.0195 2.25% -4.43 (1.32) 0.0009 3.09% -3.74 (0.82) <.0001 2.16%

Hoos symptoms All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 100.13 (0.76) . . 88.14 (3.17) . . 100.90 (1.28) . . 100.33 (0.92) . .

Age (years) -1.04 (0.23) <.0001 1.41% -1.72 (0.80) 0.0332 2.18% -1.07 (0.36) 0.0031 2.08% -0.93 (0.30) 0.0024 0.93%
Gender 0.69 (0.73) 0.3493 0.06% 4.02 (2.65) 0.1309 1.09%

BMI -0.24 (0.09) 0.0102 0.46% -0.30 (0.28) 0.2812 0.55% -0.28 (0.17) 0.1053 0.61% -0.24 (0.11) 0.0305 0.47%
Pain Back -3.25 (0.75) <.0001 1.30%
Pain Knee -3.51 (0.84) <.0001 1.22%

Pain Foot/Ankle 1.37 (1.63) 0.4007 0.05%
Pain Elsewhere -1.93 (0.98) 0.0487 0.27% -2.24 (2.68) 0.4033 0.33% 1.03 (1.69) 0.5444 0.09% -3.57 (1.16) 0.0023 0.93%

Pain Groin Occasional -13.89 (0.89) <.0001 16.99% -11.63 (1.59) <.0001 12.45% -15.07 (1.07) <.0001 19.72%
Pain Back - Lower Limb -5.14 (2.68) 0.0569 1.73% -5.25 (1.22) <.0001 4.30% -4.05 (0.88) <.0001 2.08%

HOOS Pain All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 101.68 (0.71) . . 94.17 (2.73) . . 100.93 (1.37) . . 102.57 (0.79) . .

Age (years) -1.15 (0.22) <.0001 1.92% -2.85 (0.69) <.0001 7.11% -0.92 (0.39) 0.0183 1.48% -1.27 (0.26) <.0001 2.06%
Gender 0.46 (0.69) 0.5042 0.03% 6.14 (2.28) 0.0076 3.02%

BMI -0.17 (0.09) 0.0527 0.26% -0.21 (0.24) 0.3813 0.32% -0.11 (0.18) 0.5552 0.09% -0.20 (0.09) 0.0318 0.40%
Pain Back -2.60 (0.70) 0.0002 0.93%
Pain Knee -3.73 (0.79) <.0001 1.54%

Pain Foot/Ankle -2.14 (1.53) 0.1621 0.13%
Pain Elsewhere -1.42 (0.91) 0.1202 0.17% -2.30 (2.30) 0.3182 0.42% 1.17 (1.82) 0.5197 0.11% -3.23 (1.00) 0.0012 0.91%

Pain Groin Occasional -13.28 (0.83) <.0001 17.36% -9.06 (1.71) <.0001 7.40% -15.21 (0.91) <.0001 23.85%
Pain Back - Lower Limb -6.80 (2.30) 0.0035 3.63% -4.87 (1.31) 0.0002 3.62% -3.74 (0.76) <.0001 2.11%

HOOS ADL All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 102.36 (0.74) . . 99.42 (2.89) . . 101.58 (1.37) . . 103.23 (0.85) . .

Age (years) -1.37 (0.23) <.0001 2.80% -3.59 (0.73) <.0001 9.78% -1.09 (0.39) 0.0053 2.16% -1.53 (0.28) <.0001 3.07%
Gender 0.64 (0.72) 0.3727 0.06% 5.10 (2.42) 0.0358 1.81%

BMI -0.27 (0.09) 0.0033 0.66% -0.53 (0.26) 0.0394 1.74% -0.13 (0.18) 0.4947 0.13% -0.34 (0.10) 0.0007 1.18%
Pain Back -2.91 (0.73) <.0001 1.20%
Pain Knee -3.57 (0.82) <.0001 1.45%

Pain Foot/Ankle 0.51 (1.60) 0.7498 0.01%
Pain Elsewhere -1.07 (0.95) 0.2641 0.10% -1.32 (2.44) 0.5877 0.12% 2.17 (1.83) 0.2343 0.39% -2.97 (1.07) 0.0059 0.78%

Pain Groin Occasional -9.96 (0.87) <.0001 10.04% -7.01 (1.71) <.0001 4.57% -11.25 (0.98) <.0001 13.38%
Pain Back - Lower Limb -5.76 (2.44) 0.0195 2.25% -4.43 (1.32) 0.0009 3.09% -3.74 (0.82) <.0001 2.16%

HOOS Sports-Recrea All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 104.84 (1.09) . . 95.05 (4.21) . . 103.30 (1.94) . . 106.74 (1.28) . .

Age (years) -3.23 (0.33) <.0001 6.46% -5.94 (1.06) <.0001 12.45% -2.41 (0.55) <.0001 5.01% -3.76 (0.42) <.0001 7.33%
Gender 1.25 (1.05) 0.2350 0.10% 9.36 (3.51) 0.0084 2.83%

BMI -0.33 (0.13) 0.0138 0.42% -0.54 (0.37) 0.1471 0.85% -0.07 (0.26) 0.7754 0.02% -0.44 (0.15) 0.0045 0.75%
Pain Back -2.87 (1.08) 0.0081 0.49%
Pain Knee -5.95 (1.21) <.0001 1.68%

Pain Foot/Ankle -1.51 (2.35) 0.5209 0.03%
Pain Elsewhere -1.52 (1.40) 0.2774 0.08% -6.81 (3.55) 0.0566 1.47% 0.07 (2.57) 0.9789 0.00% -2.86 (1.62) 0.0773 0.29%

Pain Groin Occasional -16.96 (1.28) <.0001 12.13% -10.75 (2.42) <.0001 5.08% -19.42 (1.48) <.0001 15.69%
Pain Back - Lower Limb -1.33 (3.55) 0.7083 0.06% -6.54 (1.86) 0.0005 3.19% -4.86 (1.23) <.0001 1.43%

HOOS QOL All P-value Semi-partial R2 Only groin pain P-value Semi-partial R2 Males P-value Semi-partial R2 Females P-value Semi-partial R2
Intercept 100.94 (0.77) . . 88.00 (3.19) . . 100.87 (1.45) . . 101.19 (0.86) . .

Age (years) -1.03 (0.23) <.0001 1.18% -3.61 (0.81) <.0001 8.86% -1.12 (0.41) 0.0064 1.81% -0.92 (0.28) 0.0012 0.81%
Gender 0.36 (0.74) 0.6284 0.01% 6.31 (2.66) 0.0188 2.48%

BMI 0.05 (0.09) 0.5827 0.02% -0.05 (0.28) 0.8716 0.01% 0.26 (0.20) 0.1909 0.41% -0.03 (0.10) 0.7504 0.01%
Pain Back -1.97 (0.76) 0.0094 0.41%
Pain Knee -2.88 (0.85) 0.0007 0.71%

Pain Foot/Ankle 1.00 (1.65) 0.5452 0.02%
Pain Elsewhere -0.53 (0.99) 0.5929 0.02% -4.17 (2.69) 0.1234 1.06% 1.40 (1.93) 0.4696 0.13% -1.74 (1.09) 0.1107 0.20%

Pain Groin Occasional -19.86 (0.90) <.0001 29.89% -15.13 (1.81) <.0001 16.80% -21.90 (1.00) <.0001 37.12%
Pain Back - Lower Limb 0.66 (2.69) 0.8078 0.03% -3.55 (1.39) 0.0111 1.57% -2.61 (0.83) 0.0017 0.77%

the highest semi-partial R2 = most important infleuncing parameter for variability in outcome
the second highest semi-partial R2

Addendum 3. Table 5.
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Addendum 3. Table 11. 
 

 
 
 

OS = operated side
SRA Mean SD CL = contra-lateral side
Pain OS 82,3 15,8

Pain CL 79,8 19,3
No pain CL 84 14,2

No pain OS 89,3 11,9
Pain CL 87 15,3

No pain CL 90,2 10,6
THA
Pain OS 78,9 13,7

Pain CL 83,5 11,1
No pain CL 73,6 15,8

No pain OS 89,7 11,1
Pain CL 83,7 14,7

No pain CL 90,9 10

SRA Mean SD Mean SD Mean SD Mean SD Mean SD
Pain OS 31,5 5,3 6,4 1,6 7,8 1,6 9,2 1,8 8,3 1,4

Pain CL 30,2 6,1 6,2 1,3 7,2 2,3 9,2 1,1 7,6 1,7
No pain CL 32,9 4,8 6,6 1,8 8,3 0,8 9,1 2,3 8,9 1,1

No pain OS 35,6 4,3 7,5 1,8 9,1 1,5 9,7 0,9 9,2 1,2
Pain CL 33,8 6,2 7,3 2 8 2,1 9,5 1,4 9 1,5

No pain CL 36,2 3,3 7,6 1,7 9,5 0,9 9,8 0,6 9,3 1,2
THA
Pain OS 29,7 5,3 5,6 1,5 7,2 2,1 9,5 1,4 7,5 2,4

Pain CL 30,8 5 5,8 1,6 7,3 2,2 9,8 0,6 7,9 2,3
No pain CL 28,5 5,5 5,3 1,4 7,1 2,1 9,1 1,9 7,1 2,3

No pain OS 34,6 4,8 6,5 1,9 9,4 1,1 9,5 1,4 9,2 1,7
Pain CL 32 7 6,2 2,5 8,6 1,3 9,2 1,4 8 2,8

No pain CL 35,1 4,1 6,6 1,8 9,6 1 9,5 1,4 9,4 1,2

SRA Mean SD Mean SD Mean SD Mean SD Mean SD
Pain OS 77,1 16,7 77,7 18,2 78,7 18,6 51 32 60,9 21,7

Pain CL 76 20,4 77,5 14,8 75 18,3 45 27,7 60 28,2
No pain CL 77,9 15,2 77,9 21,4 81,3 19,8 55,4 36,2 61,6 18,2

No pain OS 87,4 15,7 88 15,1 87,8 15,1 72,2 28,7 82,3 19,8
Pain CL 86,3 14,6 86,9 15,4 88,2 15, 9 73,4 28,9 78,1 22,9

No pain CL 87,9 16,4 88,5 15,4 87,6 15,2 71,7 29,3 83,9 18,8
THA
Pain OS 70,9 21,6 74,7 16,3 76,6 16,2 45,3 27,7 58,2 18,4

Pain CL 73,6 19,4 75,2 12,6 77,8 12,6 52,5 24 56,4 18,4
No pain CL 67,6 24 74,1 20,1 75,3 19,9 36,9 29,9 60,4 18,7

No pain OS 88,2 14,3 90,8 14 88,3 15,5 63,7 28,7 84,7 18,4
Pain CL 80,5 21 81,7 21,9 77,6 22,2 51,9 40 73,2 30,1

No pain CL 89,8 12,2 92,7 11,1 90,6 12,9 66,3 25,5 87,1 14,2

SRA Mean SD Mean SD Mean SD Mean SD
Pain OS 79,6 17,5 72,9 16,7 78,7 18,6 21,6 17,3

Pain CL 79 13,9 72,5 18,5 75 18,3 24,4 16,8
No pain CL 80 20,8 73,2 16,8 81,3 19,8 19,6 18,7

No pain OS 91,2 14,2 88,8 17,1 87,8 15,1 11,4 14,3
Pain CL 90,6 13,7 87,5 11,6 88,2 15,9 11,3 14,1

No pain CL 91,4 14,8 89,3 19,1 87,6 15,2 11,5 14,8
THA
Pain OS 79 14,3 70,6 23,1 76,6 16,2 23,4 15,2

Pain CL 78,6 13,4 71,1 21,6 77,8 12,6 22,6 12,1
No pain CL 79,5 15,7 69,9 25,3 75,3 19,9 24,3 18,5

No pain OS 93,9 11,6 89,8 14 88,1 15,4 10,5 13,3
Pain CL 87,5 17,8 85,1 16,5 77,6 22,2 19,6 19,1

No pain CL 95,3 9,5 90,8 13,4 90,4 12,8 8,5 11,1

Addendum 3. Table 11

p>0,05

Mod HHS

p=0,7

p=0,9

p=0,03

p=0,2

UCLA UCLA activity UCLA Pain UCLA Gait UCLA Function

p>0,05

p>0,05

WOMAC PainWOMAC Stiffness WOMAC Function WOMAC Index

p>0,05

HOOS Symptoms HOOS Pain HOOS ADL HOOS Sports & Rec HOOS QoL

p>0,05

p>0,05

p>0,05

p>0,05

p>0,05

p>0,05

p>0,05

p>0,05
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Addendum 3. Table 12. 
 

 
 
 

Mean Std Median MWU
Modified Harris Hip 93.6 6.7 96.0

PLA 92.7 6.9 96.0 0.1

DAA 95.0 6.4 97.0

UCLA 35.6 3.3 36.0

PLA 35.3 3.4 36.0 0.4

DAA 36.0 3.2 36.5

UCLA activity 7.0 1.8 7.0

PLA 7.1 1.7 7.0 0.7

DAA 7.0 1.9 7.0

UCLA pain 9.3 1.2 10.0

PLA 9.1 1.1 10.0 0.07

DAA 9.5 1.4 10.0

UCLA gait 9.9 0.5 10.0

PLA 9.8 0.6 10.0 0.5

DAA 9.9 0.4 10.0

UCLA function 9.4 1.6 10.0

PLA 9.3 1.9 10.0 0.5

DAA 9.6 1.0 10.0

HOOS Symptoms 90.1 11.3 95.0

PLA 89.4 10.8 90.0 0.4

DAA 91.0 12.1 95.0

HOOS Pain 93.1 8.3 98.0

PLA 92.5 7.6 95.0 0.2

DAA 93.9 9.3 100.0

HOOS ADL 92.0 9.7 96.0

PLA 91.4 8.4 93.0 0.07

DAA 92.8 11.3 100.0

HOOS Sport&rec 81.5 18.5 88.0

PLA 81.0 15.7 84.5 0.4

DAA 82.2 22.0 88.0

HOOS QOL 86.8 14.8 94.0

PLA 86.7 12.0 88.0 0.4

DAA 86.8 18.2 94.0

WOMAC Pain 95.7 6.6 100.0

PLA 95.8 5.7 100.0 0.7

DAA 95.6 7.7 100.0

WOMAC Stiffness 89.4 16.0 100.0

PLA 88.4 16.7 100.0 0.5

DAA 90.7 15.2 100.0

WOMAC Function 91.7 9.7 96.0

PLA 90.8 8.5 92.0 0.06

DAA 92.8 11.3 100.0

WOMAC Index 7.1 8.6 3.0

PLA 7.3 7.6 5.5 0.1

DAA 6.8 9.9 0.0

P-value is from a Mann-Whitney U test.

Min=lowest value, max=highest value, Q1=percentile 25, Q3=percentile 75, Std=standard deviation

Addendum 3. Table 12
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Addendum 3. Table 13.  
 

 
 
 

Mean SD P-value Mean SD P-value
mod HHS 44.3 17.2 mod HHS 88.0 11.8

PLA 47.2 17.1 0.250 PLA 86.1 14.9 0.670
DAA 41.7 17.2 DAA 89.9 7.7

UCLA 17.3 5.8 UCLA 33.2 5.1
PLA 18.7 7.0 0.164 PLA 32.2 6.5 0.488
DAA 16.0 4.2 DAA 34.2 3.1

HOOS 32.7 14.0 UCLA activity 6.4 1.8
PLA 33.8 16.8 0.909 PLA 6.4 2.0 0.690
DAA 31.7 11.4 DAA 6.4 1.6

SF-36 PF 27.8 20.1 UCLA pain 8.7 1.7
PLA 32.4 24.3 0.293 PLA 8.3 2.0 0.080
DAA 23.8 15.1 DAA 9.2 1.3

SF-36 RP 18.5 33.1 UCLA gait 9.5 1.6
PLA 33.3 42.1 0.013 PLA 9.0 2.1 0.095
DAA 5.6 13.4 DAA 9.8 0.5

SF-36 RE 26.7 41.2 UCLA function 8.6 1.7
PLA 36.5 44.6 0.078 PLA 8.4 2.1 0.869
DAA 18.1 36.8 DAA 8.8 1.2

SF-36 VT scale 58.8 16.8 HOOS Symptoms 86.7 15.1
PLA 61.5 20.1 0.282 PLA 84.8 15.2 0.201
DAA 56.5 13.4 DAA 88.5 15.0

SF-36 MH 62.5 20.6 HOOS Pain 87.6 14.1
PLA 64.6 24.3 0.472 PLA 84.8 16.3 0.164
DAA 60.7 17.1 DAA 90.4 11.2

SF-36 SF 66.8 23.5 HOOS ADL 87.3 15.5
PLA 74.4 22.9 0.036 PLA 85.5 18.5 0.783
DAA 60.1 22.5 DAA 89.1 12.1

SF-36 BP 38.1 20.0 HOOS Sport&rec 69.4 21.9
PLA 43.7 21.1 0.135 PLA 66.3 24.3 0.399
DAA 33.2 18.1 DAA 72.4 19.2

SF-36 GH 57.8 16.6 HOOS QoL 80.6 20.4
PLA 61.3 15.5 0.178 PLA 75.3 23.8 0.124
DAA 54.7 17.2 DAA 85.8 15.2

WOMAC Pain 89.5 13.7
PLA 87.4 16.2 0.391
DAA 91.5 10.7

WOMAC Stiffness 82.1 19.9
PLA 78.0 22.0 0.147
DAA 86.1 17.1

WOMAC Function 87.3 15.5
PLA 85.5 18.5 0.783
DAA 89.1 12.1

WOMAC Index 12.7 14.6
PLA 14.8 17.2 0.444
DAA 10.7 11.6

SF-36 PF 77.3 19.0
PLA 70.9 23.2 0.150
DAA 81.4 14.8

SF-36 RP 71.5 38.2
PLA 58.1 42.7 0.077
DAA 80.0 33.1

SF-36 RE 81.7 31.1
PLA 71.1 37.5 0.083
DAA 88.0 25.2

SF-36 VT scale 74.4 15.8
PLA 71.7 17.7 0.367
DAA 76.0 14.6

SF-36 MH 76.9 16.1
PLA 73.3 18.4 0.212
DAA 79.2 14.4

SF-36 SF 87.0 15.1
PLA 87.0 14.1 0.899
DAA 87.0 15.9

SF-36 BP 84.8 17.3
PLA 80.2 21.8 0.410
DAA 87.7 13.4

SF-36 GH 73.7 17.3
PLA 73.9 20.3 0.799
DAA 73.5 15.5

P-value is from a Mann-Whitney U test.
Min=lowest value, max=highest value, Q1=percentile 25, Q3=percentile 75, Std=standard deviation
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List of abbreviations 
 
ADL Activity Daily Living
AIIS Anterior Inferior Iliac Spine
AL Antero-Lateral approach
ASIS Anterior Superior Iliac Spine
BMI Body Mass Index
CL Contralateral
CRR Cumulative Percentage Revision Rate
DAA Direct Anterior Approach
DL Direct Lateral approach
FU Follow-up
GA Gait Analysis
HHS Harris Hip Score
HOOS Hip Disability and Osteoarthritis Outcome Score
IO Intra-operative
kEMG Kinesiologic EMG
LDH Large diameter head
LDH Large Diameter Head
LFCN Lateral femoral cutaneal nerve
mHHS Modified Harris Hip Score
MIS Minimal invasive surgery
modHHS Modified Harris Hip Score
MoM Metal-on-Metal
MoM Metal-on-Metal
MoPE Metal-on-Polyethylene
MSM Musculo-Skeletal Models
NA Not available
NJRR National Joint Replacement Registries
OA Osteoarthritis
OI Obturator Internus muscle
PA Peri-articular 
PE Polyethylene
PLA Posterolateral Approach
PO Post-operative
QoL Quality of Life
RCT Randomized Controlled Trial
SD Standard Deviation
SF-36 Short Form 36 health survey
SRA Surface Replacement Arthroplasty
TAL Transverse Acetabular Ligament
TFL Tensor Fascia Lata
THA Total Hip Arthroplasty
TKA Total Knee Arthroplasty
UCLA University of California at Los Angeles hip score
UPC Unit Packed Cells
WOMAC Western Ontario and McMaster University Osteoarthritis Index
XLPE Cross-Linked Polyethylene
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Curriculum Vitae of Dr. Kristoff Corten, °8/11/1977 

9 januari 2014 

 

A. Name and General Information 

- name: Corten Kristoff 

- date of birth: 08/11/1977, Turnhout 

 

B. Special awards 

- “Posterolateral corner injuries of the knee: end of a sportscarreer?” Bruccosport 

Best Paper Award, October 2002. 

- “Minimum 10 year results of the Reflection second generation acetabular 

component” Best poster award presented at COA meeting Edmonton, Canada, 17-20 

June 2010. (poster) 

- “Histologic assessment of acetabular labrum healing” Richard Villar Trainee 

Excellence In Clinical Research Award. 2012 ISHA Annual Scientific Meeting, 

September 27-29, 2012 in Boston, Massachusetts (MA), United States of America 

(USA)(oral). 

 

C. Scientific presentations: national and international 

- “Posterolateral corner injuries in the athlete: end of a sportscarreer?” Presented at 

the 2th European Congress of Sport Traumatology in Monaco, 3th of May, 2003. 

(podium) 



 293 

- “Peri-prosthetic femoral fractures in 54 elderly patients: results and complications 

at the Traumatology department of the Catholic University of Leuven.” Presented at 

the meeting of the European Traumatology Society in Lublijana, Slovenia, the 14th of 

May 2006. (podium) 

- “Preliminary results of gait analysis in Surface Replacement Arthroplasty of the 

hip: The Posterolateral versus the Lateral Surgical Approach.” Presented at the 

International Hip Meeting, 19-21 June 2007, Leuven, Belgium. (poster) 

- “Functional evaluation of the lateral approach in hip surface replacement 

arthroplasty.” Presented in Dreesden, Germany, at the Master Class Meeting for 

Surface Replacement Hip Surgery organised by Zimmer from 29-30th of March 2007. 

(podium) 

-  “The results of 40 periprosthetic fractures treated with a plate and cable system”. 

Presented at the BVOT spring meeting 17-18 April 2008.  (podium) 

- “The results of 40 periprosthetic fractures treated with a plate and cable system”. 

Presented at the European Congress of Trauma and Emergency Surgery (ESTES), 

Budapest, 24-27 May 2008. (podium) 

- “B2 and B3 type periprosthetic fractures treated with a long, fully coated 

uncemented revision stem: 17 modular stems vs 18 Wagner stems.”  Presented at the 

European Congress of Trauma and Emergency Surgery (ESTES), Budapest, 24-27 

May 2008. (podium) 

- “Reconstruction of Acetabular Hip Biomechanics with Surface Replacement 

Arthroplasty.” Presented at the EFORT meeting in Vienna 3-6 June 2009. (nominated 

for the best poster award) 

- “Reconstruction of Acetabular Hip Biomechanics with Surface Replacement 

Arthroplasty.” Presented at the Canadian Orthopaedic Assocation (COA) meeting in 

Whistler 3-6 July 2009. (podium)  
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- “Reconstruction of Femoral Hip Biomechanics with Surface Replacement 

Arthroplasty.” Presented at the Canadian Orthopaedic Assocation (COA) meeting in 

Whistler 3-6 July 2009. (poster) 

- “Reconstruction of Femoral Hip Biomechanics with Surface Replacement 

Arthroplasty.” Presented at the EFORT meeting in Vienna 3-6 June 2009.  (poster) 

- “Accuracy of the BHR Femoral Component Positioning using the Jig 

Instrumentation.” Presented at the Canadian Orthopaedic Assocation (COA) meeting 

in Whistler 3-6 July 2009.  (poster)  

- “Accuracy of the BHR Femoral Component Positioning using the Jig 

Instrumentation.” Presented at the EFORT meeting in Vienna 3-6 June 2009.  

(upgraded poster to podium)  

- “The effect of surgical interventions on the femoral biomechanics of the resurfaced 

hip.” Presented at the Canadian Orthopaedic Assocation (COA) meeting in Whistler 

3-6 July 2009.  (poster) 

- “The effect of surgical interventions on the femoral biomechanics of the resurfaced 

hip.” Presented at the Annual EFORT meeting in Vienna 3-6 June 2009.  (podium)  

- “How Can we Significantly Change the Biomechanics of the Surface Replaced 

Proximal Femur?” Presented at the Annual EFORT meeting in Vienna 3-6 June 

2009.  (poster)  

- “A surgical treatment algorithm using the lateral plate and cable system for 

periprosthetic fractures of the femur around a well-fixed stem.” Presented at the 

EFORT meeting in Vienna 3-6 June 2009. (poster) 

- “A surgical treatment algorithm using the lateral plate and cable system for 

periprosthetic fractures of the femur around a well-fixed stem.” Presented at the 

Canadian Orthopaedic Assocation (COA) meeting in Whistler 3-6 July 2009. 

(podium) 
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- “Mid-term Results Of Solid Trispiked Reflection  Cementless Acetabular 

Component For Primary THR.  A 5- to 11-year follow-up study.” Presented at 

Annual COA meeting in Whistler 3-6 July 2009. (poster) 

- “Results of Long Stemmed Cemented Femoral Revisions for Periprosthetic 

Femoral fractures in the Elderly.” Presented at Annual COA meeting in Whistler 3-6 

July 2009. (poster) 

- “Early Complications of Surface Replacement Arthroplasty of the Hip: A 1 to 5 

year follow-up study.” Presented at Annual COA meeting in Whistler 3-6 July 2009. 

(poster) 

- “Cemented and cementless THA: results of a randomized controlled trial at 17 to 21 

years.” Presented at Annual COA meeting in Whistler 3-6 July 2009. (podium) 

- “The fate of the unseated cup in the Birmingham Hip Resurfacing.” Presented at 

AAOS meeting 9-13 March 2010, New Orleans. (poster)  

- “The prognosticators for intermediate term osteoarthritis of the hip following 

Slipped Capital Femoral Epiphysis.”  Presentation at the annual BVOT meeting, 

Ostend, 19-22 May 2010. 

- “What works best, a cemented or cementless primary THR? 20 Year results of a 

RCT.” Presented at EFORT meeting Madrid, 2-5 June 2010. (e-poster) 

- “Mid-term Results Of Solid Trispiked Reflection  Cementless Acetabular 

Component For Primary THR.  A 5- to 11-year follow-up study.” Presented at 

EFORT meeting Madrid, 2-5 June 2010. (podium) 

- “Long Cemented Stem Constructs tot treat Vancouver B2 Periprosthetic Fractures 

in the Compromised Patient.” Presented at EFORT meeting Madrid, 2-5 June 2010. 

(e-poster) 

- “What happens if the acetabular component of the Birmingham Hip Resurfacing is 

not fully seated?” Presented at EFORT meeting Madrid, 2-5 June 2010. (e-poster) 
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- “Learning curve and femoral component positioning of surface replacement 

arthroplasty of the hip: computed navigation versus jig instrumentation;” Presented 

at EFORT meeting Madrid, 2-5 June 2010. (e-poster) 

- “Age and co-morbidity level determine outcome of extensively coated stems to treat 

periprosthetic fractures.” Presented at EFORT meeting Madrid, 2-5 June 2010. (e-

poster) 

- “Minimum 10 year results of the Reflection second generation acetabular 

component” Presented at COA meeting Edmonton, Canada, 17-20 June 2010. (best 

poster award) 

- “Torsional injuries of the lower limb: An analysis of frictional torque between 

different types of artificial grass and shoe outsoles” Presented at EFORT meeting 

Madrid, 2-5 June 2010. (e-poster) 

- “The prognosticators for intermediate term osteoarthritis of the hip following 

Slipped Capital Femoral Epiphysis.”  Presented at IFPOS, September 8-11 2010, 

Seoul, Korea. 

- “What works best, a cemented or cementless primary THR? 20 Year results of a 

RCT.” Presented at COMOC, Glasgow, September 14th, 2010. 

- “Infection in primary THA after intra-articular steroid injection.” Presented at the 

European Hip Society, Athens, 2010. 

- “The use of pre-operative DEXA scans to evaluate bone quality in hip resurfacing: 

a pilot study.” Presented at the European Hip Society, Athens, 2010. 

- “Hip resurfacing arthroplasty in older patients.” Presented at the European Hip 

Society, Athens, 2010. 

- “Bowing of the femur: A new reference plane for axial alignment of total knee 

replacements” Presented at the Annual meeting of Orthopaedic Research Society, 

Long Beach, 13-16 January 2011. 
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- “The effect of component placement on joint loading and contact stress of 

resurfacing arthroplasty of the hip” Presented at the Annual meeting of Orthopaedic 

Research Society, Long Beach, 13-16 January 2011 (poster). 

- “What works best, a cemented or cementless primary THR? 20 Year results of a 

RCT” Presented at the AAOS,  San Diego, 15-19 February (poster). 

- “A >20 Year Comparison of Cemented and Cementless Femoral Stems In Primary 

Total Hip Replacement” Presented at the AAOS, San Diego, 15-19 February 

(podium). 

- “The effect of component placement on joint loading and contact stress of 

resurfacing arthroplasty of the hip” Accepted for presentation at the EFORT 

meeting, Copenhagen, 1-4 June 2011. 

- “Ectopic ossification of the acetabular rim in coxa profunda. A novel 

pathophysiological entity in pincer impingement” Accepted for presentation at the 

EFORT meeting, Copenhagen, 1-4 June 2011. 

- “The prognosticators for long term functional outcome and osteoarthritis of the hip 

following Slipped Capital Femoral Epiphysis” Accepted for presentation at the 

EFORT meeting, Copenhagen, 1-4 June 2011. 

- “Hip resurfacing arthroplasty in older patients.” Presented at EFORT meeting, 

Copenhagen, 1-4 June 2011 (e-poster). 

- “Infection in primary hip replacements after previous injection of intra-articular 

steroid” Presented at EFORT meeting, Copenhagen, 1-4 June 2011 (e-poster). 

- “To scope or not to scope” Presentation on SORBCOT-BVOT meeting 6 may 2011. 

- “ORIF in peri-prosthetic fractures of the femur around a THA” Invited speaker at 

the BOTA meeting in Antwerp 10 september, 2011. 

- “The Effect of Femoral Component Placement on Contact Stresses and Range of 

Motion of Resurfacing Arthroplasty of the Hip” Presented at the ISTA meeting in 

Bruges, 20-23th of September 2011. (podium) 
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- “Bowing of the Femur: A New Reference Plane for Axial Alignment of Total Knee 

Replacements” Presented at the ISTA meeting in Bruges, 20-23th of September 2011. 

(podium) 

- “A Low Complication Rate With Anterior Total Hip Arthroplasties Conducted on a 

Regular or Table.” Presented at the ISTA meeting in Bruges, 20-23th of September 

2011. (poster) 

- “The Prognosticators for Intermediate Term Osteoarthritis of the Hip Following 

Slipped Capital Femoral Epiphysis” Presented at the ISTA meeting in Bruges, 20-

23th of September 2011. (poster) 

- “Bone Apposition of the Acetabular Rim in Deep Hips: A Distinct Finding of 

Global Pincer Impingement” Presented at the ISTA meeting in Bruges, 20-23th of 

September 2011. (poster) 

- “Lack of Accurate Reconstruction of the Femoral Biomechanics Is Associated With 

Increased Contact Stresses and Gait Aberrations Following Hip Resurfacing” 

Presented at the ISTA meeting in Bruges, 20-23th of September 2011. (poster) 

- “The Clinical Relevance and Validation of a Novel Technique to Measure the 

Abductor Moment Arm of on a Pelvic Radiograph” Presented at the ISTA meeting 

in Bruges, 20-23th of September 2011. (poster) 

- “Is there still a place to treat Vancouver type B2 fractures conservatively?” 

Presented at the ISTA meeting in Bruges, 20-23th of September 2011. (podium) 

- “Clinical gait analysis in patients following total hip resurfacing: effect of surgical 

approach on biomechanical behaviour” Presented at the ISB meeting Brussels, 7th 

July 2011. (podium) 

- “Variables Influencing The Functional Outcome Scores Of The Hip” Presentation 

at the annual AAOS meeting, February 7-11, San Francisco, 2012. (podium) 

- “A biomechanical evaluation of the interprosthetic distance as a risk factor for 

periprosthetic fractures of the femur: does the gap distance matter?” Presentation at 

the annual ORS meeting, February 4-7, San Francisco, 2012 (Poster nr 425). 
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- “Anatomy of the hip. Arthroscopic landmarks and portals” Invited speaker at the 4th 

International Hip Arthroscopy Course Ypres, 25-26th of November 2011. 

- “Bone apposition of the acetabular rim in deep hips” Invited speaker at the 4th 

International Hip Arthroscopy Course Ypres, 25-26th of November 2011. 

-  “A biomechanical evaluation of the interprosthetic distance as a risk factor for 

periprosthetic fractures of the femur: does the gap distance matter?” Accepted for 

presentation at the annual EFORT meeting, Berlin, 23-25 May 2012 (poster). 

- “Variables Influencing The Functional Outcome Scores Of The Hip” Presentation 

at the annual EFORT meeting, Berlin, 23-25 May 2012 (podium). 

- “The risk of blood transfusion in two-stage bilateral total hip arthroplasty” 

Presentation at the annual EFORT meeting, Berlin, 23-25 May 2012 (podium). 

- “Torsional injuries of the lower limb: An analysis of the frictional torque between 

different types of football turf and the shoe outsole” Accepted for presentation at the 

International conference on sports rehabilitation and traumatology, London (Chelsea), 

21-22 April 2012 (podium). 

- “What is the best way to fix a meniscal scaffold?” Presentation at the annual ESSKA 

meeting, 2 May 2012 (podium). 

- “Open surgical dislocation: a powerful tool in joint preservative surgery of the hip” 

Presentation at the BHS meeting, 17 March 2012 (podium). 

- “Incidence and prognosticators for Injuries in Belgian Soccer players: evolution 

over the past decade” Presentation at the International conference on sports 

rehabilitation and traumatology, London (Chelsea), 21-22 April 2012 (podium). 

- “Functional scores following THA/SRA: are we normal?” Presentation at the 

Annual meeting of the BVOT, 21-22 June 2012 (podium). 

- “Extra-articular impingement in THA/SRA: the “hidden” aliens in THA/SRA?” 

Presentation at the Annual meeting of the BVOT, 21-22 June 2012 (podium). 

- “The learning curve complication rate of the direct anterior approach on a regular 

OR table is lower than the reported complication rate of the same approach on the 
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traction table." Accepted for presentation at the European Hip Society meeting, 

Milano, 20-22 September 2012 (podium) 

- "The interprosthetic gap as a risk factor for peri-prosthetic fractures of the femur. 

A biomechanical evaluation." Accepted for presentation at the European Hip Society 

meeting, Milano, 20-22 September 2012 (podium) 

- “The influence of interprosthetic gap on single-plate fracture reconstruction with 

or without anterior strut allograft. A biomechanical evaluation.” Accepted for 

presentation at the European Hip Society meeting, Milano, 20-22 September 2012 

(podium) 

- "Is There Still a Place for Conservative Treatment of a Vancouver Type B2 Burst 

Fracture Around a Cemented Polished Tapered Stem?" Accepted for presentation at 

the European Hip Society meeting, Milano, 20-22 September 2012 (podium) 

- "The direct anterior approach on a regular OR table with one assistant next to the 

surgeon: description of a safe technique in 300 cases." Accepted for presentation at 

the European Hip Society meeting, Milano, 20-22 September 2012 (poster) 

- "Sciatic Nerve Palsy in Posterolateral Total Hip Arthroplasty: Do Nerve Exposure 

and Gluteal Sling Release make any Difference?" Accepted for presentation at the 

European Hip Society meeting, Milano, 20-22 September 2012 (poster) 

- "Peri-articular pain following a THA conducted through the direct anterior and 

postero-lateral approach: A neglected problem?" Accepted for presentation at the 

European Hip Society meeting, Milano, 20-22 September 2012 (poster) 

- "Is pinning in situ for slipped femoral capital epiphysis a safe procedure in the long 

run? Results from a 17 year follow-up study." Accepted for presentation at the 

European Hip Society meeting, Milano, 20-22 September 2012 (poster) 

- "Cost evaluation of the direct anterior and posterolateral surgical approach in 

THA." Accepted for presentation at the European Hip Society meeting, Milano, 20-22 

September 2012 (poster) 
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- “The interprosthetic gap as a risk factor for peri-prosthetic fractures of the femur. 

A biomechanical evaluation.” Accepted for presentation at the European Orthopaedic 

Research Society, Amsterdam, 26-28 September 2012 (podium) 

- “The influence of interprosthetic gap on single-plate fracture reconstruction with 

or without anterior strut allorgraft. A biomechanical evaluation.” Accepted for 

presentation at the European Orthopaedic Research Society, Amsterdam, 26-28 

September 2012 (podium) 

- “The influence of interprosthetic gap on single-plate fracture reconstruction with 

or without anterior strut allorgraft. A biomechanical evaluation.” Accepted for 

presentation at the European Orthopaedic Research Society, Amsterdam, 26-28 

September 2012 (poster) 

- “The interprosthetic gap as a risk factor for peri-prosthetic fractures of the femur. 

A biomechanical evaluation.” Accepted for presentation at the European Orthopaedic 

Research Society, Amsterdam, 26-28 September 2012 (poster) 

- “Hip Resurfacing Arthroplasty in Older Patients” Accepted for presentation at the 

European Orthopaedic Research Society, Amsterdam, 26-28 September 2012 (poster) 

- “The Use of Preoperative DEXA Scans to Evaluate Bone Quality in Hip 

Resurfacing” Accepted for presentation at the European Orthopaedic Research 

Society, Amsterdam, 26-28 September 2012 (poster) 

- “Validity and reliability of newly developed hip muscle strength tests” Accepted for 

presentation at the ESMAC meeting 12-14 september 2012 (poster) 

- “Early clinical gait analysis of patients following direct anterior approach total hip 

arthoplasty” Accepted for presentation at the ESMAC meeting 12-14 september 2012 

(podium) 

- “The Direct Anterior Approach on a Regular OR Table with One Ipsilateral 

Assistant: Development of a Safe and Cost-efficient Surgical Technique.” Accepted 

as a scientific exhibit at the AAOS, Chicago, March 2013. 
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- “Hip Abductor Moment Arm: validity, reliability and clinical application of a new 

measurement technique.” Accepted for presentation at Internation Society of 

Biomechanics meeting, 2014, Brazil. 

 

D. Scientific presentations: local and regional 

- “Periprosthetic fractures of the femur: a review.”  

Presented at the post-graduate meeting in the University Hospitals Leuven, Belgium, 25 

November 2006.  

- “Cartilage damage determines intermediate outcome in the late multiple ligament 

and posterolateral corner reconstructed knee. A 5-10 year follow-up study.”  

The results of this work were presented at the annual Resident’s congress University 

Hospital Leuven, 21 June 2006. 

- “The results of B1- periprosthetic fractures treated with a plate and cable system”.  

The results of this work were presented at the annual Resident’s congress University 

Hospital Leuven, 25 June 2008. 

- “A swollen and tender calf following an irrigation pump assisted arthroscopic 

synovectomy for a corticoid induced septic arthritis of the knee” 

Presented at the Belgian Knee Society Meeting for Residents, 7th of November 2007. 

- “Surgical dislocation of the hip: indications and surgical technique” Invited 

speaker at annual symposium of the Belgian Hip Society Turnhout, 17th of March 

2012. 

- “Functional scores following THA/SRA: are we normal?” Presentation at the 

Resident’s seminar, 17 September 2012. 

 

E. Movies and Slide shows:  

- Instructional video “Minimally Invasive Anterior Approach for Total Hip 

Replacement” (Life Smith &Nephew training session)  
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F. Post-graduate meetings organised:  

- Zimmer Institute training session 6/03/2012: “Practical aspects of hip MIS anterior 

supine approach” 

- Zimmer Institute training session 7/03/2013: “Practical aspects of hip MIS anterior 

supine approach” 

- Pentalfa session 28 March 2013: “Direct anterior approach in total hip arthroplasty” 

 

G. Memberships of Orthopaedic Organisations: 

- BVOT (Belgian Association of Orthopaedic and Traumatology Surgeons) 

- Belgian Hip Society 

 

H. Committee appointments in organisations: none 

 

I. Committee appointments at medical school – residency – fellowship - consultancy:  

- January 2002: accepted as first out of 18 candidates for a six year training period as a 

Specialist Resident towards certification in Orthopaedics and Traumatology 

- July 2002: Medical Degree with distinction (cum laude) 

- Results of Orthopaedic exams organised by the Belgian Association of Orthopaedic 

and Trauma surgeons: 

i. May 2004, general orthopaedic exam following the first 2 years of training: 

passed with great distinction (magnum cum laude) 

ii. June 2005, Paediatric Orthopaedics, Basic Science and Orthopaedic Oncology 

exam: passed with great distinction  (magnum cum laude) 

iii. June 2006, Upper Limb and Basic Science: passed with great distinction  

(magnum cum laude) 

iv. June 2007, Lower Limb and Basic Science: passed with distinction (cum 

laude) 

v. June 2008: Passed the General Belgian Orthopaedic exam (pass or fail exam) 
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- Resident training from August 2002 until June 2008 of which one year training at the 

Princess Elisabeth Orthopaedic Center, Exeter, United Kingdom (2004-2005). 

- Fellowship Adult Reconstructive Surgery of the Lower Limb at the London Health 

Science Centre, London, Ontario, Canada under charge of Prof. Dr. Steven 

MacDonald and Prof. Dr. Robert Bourne (July 2008- June 2009). 

- Clinician fellowship at the Mayo Clinic, Rochester, Minnesota under charge of Prof. 

Dr. Arlen Hanssen 5-30 October 2009. 

- Clinical fellowship in Bern/Zurich, Switzerland with Prof. Dr. Ganz and Dr. Leunig 

PD for peri-acetabular osteotomies and the treatment of the young adult hip 1 January 

2010 – 26 March 2010. 

- Assigned as Consultant Orthopaedic Surgeon and staff member with a special interest 

in adult reconstructive hip surgery and joint preservative surgery of the hip joint at the 

department of Orthopaedic Surgery, University Hospital Leuven - Pellenberg, 

Belgium from 1 August 2009 - 8 February 2013. 

- Self-employed 9 February 2013. Member of the Hip Unit of the Associatie 

Orthopedie Genk since 1st of April 2013. 

- Assigned as Director of the Institute for Orthopaedic Research and Training, KU 

Leuven from 1 August 2009. 

 

J. Clinical work – job description: 

- Reconstructive surgery of the hip joint: 

i. Primary total hip replacement 

ii. Revision hip replacement 

- Young adult hip unit: joint preservative surgery of the hip joint of the adolescent and 

young adult 

i. Arthroscopy of the hip joint 

ii. Open surgical dislocation of the hip 
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iii. Post-pediatric diseases of the hip joint in the young adult: relative lengthening 

of the femoral neck, Dunn osteotomy, labral reconstructions 

iv. Peri-acetabular osteotomies 

 

K. Research grants: 

- Clinical research grant (KOF-mandaat) 2009-2013 of University Hospital Leuven.  

- Granted IWT-TBM research grant nr 100786 of IWT Flanders, 2011-2015, Belgium: 

“A patient specific care plan to treat gait aberrations following primary THA”  

- BVOT research grant 2012: “The interprosthetic gap as a risk factor for peri-

prosthetic fractures of the femur: A biomechanical evaluation of the optimal 

reconstruction technique of inter-prosthetic fractures” 

 

L. Publications in peer-reviewed journals: 

- “Cartilage damage determines intermediate outcome in the late multiple ligament 

and posterolateral corner reconstructed knee. A 5-10 year follow-up study.”  

Corten K, Bellemans J. Am J Sports Med, 36:267-275 (2008) (IF 3,397) 

- “Evaluation of rotational gait deviations in children with CP”  

K. De Sloovere, G. Molenaers, K. Corten, I. Jonkers, J. Nijs.Gait and Posture 16 

(suppl.1): S119-120. (IF 1,976) 

- “Surgical treatment for chronic bursitis of the medial collateral ligament of the 

knee” Corten K, Vandenneucker H, Van Lauwe J, Bellemans J. Am J Sports Med. 

2009;37(3):610-3. (IF 3,397) 

- “A pyogenic, ruptured Baker’s cyst induced by arthroscopic pressure pump 

irrigation ” Corten K, Vandenneucker H, Reynders P, Nijs S, Pittevils T, Bellemans 

J. Knee Surg Sports Traumatol Arthrosc. 2009;17(3):266-9. (IF 1,626) 

- “Bilateral patellar Kohler’s disease in an eleven year old with growth retardation. A 

case report” Corten K, Vandenneucker H, Molenaers G, Bellemans J, Moens P. Acta 

Orthopaedica Belgica. 2009;75(2):273-6. 
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-  “Long-term results of isolated anterolateral bundle reconstructions of the posterior 

cruciate ligament: a 6-12 year follow-up study.”  

Hermans S, Corten K, Bellemans J. Am J Sports Med 2009;37(8):1499-507. (IF 

 3,397) 

- “Surgical treatment of Stener-like lesions of the medial collateral ligament of the 

knee.” Corten K, Hoser C, Fink C, Bellemans J. Clin Orthop Rel Res 2009 July E-

pub ahead of print.  (IF 1.891). 

- “A surgical treatment algorithm using the lateral plate and cable system for 

periprosthetic fractures of the femur around a well-fixed stem” Corten K, Vanrykel 

F, Bellemans J, Reynders P, Simon JP, Broos P. J Bone Joint Surg Br 2009; 91:1424-

30 (IF 1.868).  

- “Acetabular options: notes from the other side.”  Corten K, Au K, Bourne RB. 

Orthopedics 2009;32(9).  

- “Hip resurfacing data from the National Joint Replacement Registries: what do 

they tell us? What do they not tell us?” Corten K, MacDonald SJ. Clin Orthop Rel 

Res 2010;468:351-7. (IF 1.891). 

- “Automated method for computing the morphological and clinical parameters of 

the proximal femur using heuristic modelling techniques.” Cerveri P, Marchente M, 

Bartels W, Corten K, Simon JP, Manzotti A. Ann Biomed Eng. 2010 Feb 23. [Epub 

ahead of print] 

- “Ceramic on ceramic bearings: for the hard of hearing and lives alone.” Corten K, 

MacDonald SJ. Seminars in Arthroplasty 2010;21:24-26 .  

- “What Works Best, A Cemented or Cementless Primary Total Hip Replacement? 

Lessons Learned From The 20-Year Results of a Randomized Controlled Trial.” 

Clin Orthop Rel Res 2010 epub ahead (IF 1.891). 

- “Towards automated computer-aided knee surgery by innovative methods for 

processing the femur surface model” Int J Med Robot 2010 epub ahead. 
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- “Results of Long Stemmed Cemented Femoral Revisions for Periprosthetic 

Femoral fractures in the Elderly” Accepted by J Arthroplasty (IF 1.609). 

- “Comparison of total hip arthroplasty performed with and without cement: a 

randomized trial. A concise follow-up at 20 years.” Accepted by JBJS Am (IF 

2.487).   

- “Cemented versus cementless stems: a verdict is in.” Orthopedics 2010;33:638. 

- “Hip Resurfacing: current status and future perspectives” Published by European 

Cells & Materials (IF 5.378). 

- “Bone apposition of the acetabular rim in deep hips: A distinct finding of global 

pincer impingement.” Accepted by JBJS Am (IF 2.487).   

- “Mid-term Results Of Solid Trispiked Reflection  Cementless Acetabular 

Component For Primary THR.  A 5- to 11-year follow-up study.” Epub ahead J 

Arthroplasty (IF 1.609).  

- “Sports injuries around the hip joint in children and adolescents” Tijdschrift van de 

Belgische Kinderarts 2011;13:24-30. 

- “Knee ligament injuries in the skeletally immature patient” Tijdschrift van de 

Belgische Kinderarts 2011;13:14-16. 

- “Removal of the intra-pelvic socket: Description of a safe surgical technique.” 

Accepted for publication in Acta Orthopaedica Belgica. 

- “The Minimum 10-Year Results of a Second-Generation Cementless Acetabular 

Shell With a Polished Inner Surface. J Arthroplasty 2011 Dec 28. [Epub ahead of 

print] (IF 1.609). 

- “Is the Infection Rate in Primary Total Hip Arthroplasty Increased After Steroid 

Injection?” Clin Orthop Rel Res 2012 epub ahead (IF 1.891) 

- “Histologic Assessment of Acetabular Labrum Healing” Accepted for publication in 

J Arthroscopy 2012. 

- “Torsional injuries of the lower limb: an analysis of the frictional torque between 

different types of football turf and the shoe outsole.” Br J Sports Med. 2012 Jul 28. 
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- “What is the best way to fix a polyurethane meniscal scaffold? A biomechanical 

evaluation of different fixation modes” Knee Surg Sports Traumatol Arthroscop 

2013 

   

M. Published abstracts:  

All the abstracts of the aforementioned presentations were published in the respective 

meeting books. 

 

N. Non-peer reviewed publications: 

- “Osteosarcoma of the talus” Tijdschrift voor Geneeskunde 2008.   

- “Sportletsels van het onderste lidmaat bij het kind” Percentiel 2012 (to be 

published). 

 

O. Book chapters: 

- “PCL injury associated with a posterolateral tear” K. Corten and J. Bellemans, 

Chapter in a reference book on Knee Surgery “The Knee Joint”, edited by Springer, 

published in February 2012. 

- “Bicruciate retaining TKA: the future?” J. Bellemans, K. Corten et al. Chapter in a 

reference book on Knee Surgery “The Knee Joint”, edited by Springer, published in 

February 2012.  

- “Why I always resurface the patella in TKA” K. Corten and SJ. MacDonald, 

Chapter in a reference book on Knee Surgery, “The Knee Joint”, edited by Springer, 

published in February 2012. 

- “Revision TKA: component removal” K. Corten and SJ. MacDonald, Chapter in a 

reference book on Knee Surgery, “The Knee Joint”, edited by Springer, published in 

February 2012. 
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- “The uncemented tapered femoral component” K. Corten and RB Bourne, Chapter 

in a reference book on Hip Surgery, “Surgery of the Hip”, edited by Elsevier, editor 

D. Berry, published in 2013. 

- “The labral reconstruction technique” K. Corten  and M. Leunig, Chapter in a 

reference book on hip joint preservative surgery edited by Elsevier. 

 


