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General introduction, aims and
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General introduction

1

Ageing of the population in the Western World is causing a high prevalence of
degenerative joint diseases 5. The annual increase in demand for joint replacement
surgery will have a significant impact on national healthcare budgets 7. According
to the Dutch National Orthopaedic Register (LROI), a total of 29.937 primary total
hip arthroplasties (THAs) were performed in 2017, corresponding to 550 per
100.000 inhabitants annually 8. The trend projection suggests an estimated increase
in the Netherlands of 140% by 2030 7, 9. The majority of patients are older than 60
years of age and severely limited in daily activity due to progressive osteoarthritis of
the hip7. The initial treatment is physical therapy in combination with acetaminophen
and non-steroidal anti-inflammatory drugs in order to optimise physical function
and suppress pain10. Unfortunately, the progressive nature of the disease often results
in failure of non-operative treatment. For many of those patients, THA is an effective
treatment to restore patients’ mobility and quality of life. The survival of protheses
reported in patients over 65 years of age exceeds expectations and was hailed “the
operation of the century” in The Lancet 11, 12, 13. Due to its success, age limits for
THA have been lowered and THA is offered to younger patients with end-stage
primary but also secondary osteoarthritis as result of developmental dysplasia of
the hip, osteonecrosis of the femoral head or rheumatoid arthritis. Unfortunately,
conventional THA falls short amongst high-demand young patients, who want to
resume their sports-activities at a high level. Long-term results in this relatively
younger patient category are worse compared to patients older than 60 years of
age 8, 12, 14-16. Problems still to overcome particularly for younger and more active
patients are prosthesis wear-related problems with bearing debris, insufficient prosthesis
stability with risk of hip dislocation, periprosthetic bone loss, and persistent gait
impairment after surgery. Combined with an increased life expectancy, the risk for
revision of the primary implant rises even more, and so the search for perfection in
THA is continuing.

A short history of the evolution of hip arthroplasty
With THA an artificial socket is implanted in the pelvis acetabulum. At the femoral
side the head and/or neck is replaced by a stem and spherical head, creating a new
ball & socket joint. It was a revolutionising concept in the 20th century. Previously,
multiple attempts had been undertaken to reduce pain originating from the hip joint.
In the late 19th century, interposition arthroplasties were offered as an alternative
to a disabling hip arthrodesis or girdlestone procedure, by interposing various soft
tissues — such as fascia lata, skin tissue and mucosa of pig bladder — between the
articulating surfaces; unfortunately, all with unsatisfactory results 13.
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The interposition arthroplasties evolved, led by Smith-Peterson, to customised
moulds made of glass, Pyrex or Bakelite covering the femoral head. Results
remained poor, as the materials used were not resistant to the forces within the hip
joint. Not until 1938, when Smith-Peterson introduced a new arthroplasty using a
vitallium mould to cover the femoral head, did patient satisfaction with arthroplasty
surpass that for hip arthrodesis (Figure 1A) 17. In that same year, Wiles developed the
first prosthetic total hip replacement by implanting a cementless stainless steel
acetabular and femoral component, creating an new metal-on-metal fetlock joint
(Figure 1B) 3. The main problem remained poor prosthesis survival, mainly due to
the design and inferior materials used, resulting in short-term mechanical failure.
Thereafter, several experimental metal-on-metal (MoM) fetlock prostheses were
developed, such as by McKee and Watson-Farrar, but these often failed due to
fixation and material failure (Figure 1C) 4.

Figure 1 A. Smith-Peterson acetabular cup, `vitallium' alloy (Cobalt-chromium-molybdenum)
1930-1940 (source: Science Museum Group. Smith-Peterson-type acetabular cup for hip
replacement surgery, England, 1930-1940 1. B. Wiles, ball-and-cup arthroplasty 3. C. Replacement
of arthritic hips by the McKee-Farrar metal-on-metal prosthesis 4. D. Charnley’s low-friction
arthroplasty 6.
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Sir John Charnley revolutionised the THA concept in 1962 with the introduction of
low-friction torque arthroplasty, component fixation to living bone with filling
methacrylate bone-cement, and the use of high-density polyethylene as a bearing
surface (Figure 1D) 6. The reported survival rate of approximately 77% to 81% at
25-year follow-up, with revision of any component as endpoint, still meets modern
standards 18. Failure mechanisms of early THAs included fracture of the implant,
infection, polyethylene wear, dislocation and loosening as a result of failure of the
host–implant interface13. In young patients, the reported failure rates were higher,
and so THA remained restricted to elderly people 19, 20. Loosening of the implant
became known as ‘cement disease’, an inflammatory host-response to small cement

1
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particles resulting in osteolytic lesions 21.
Over the years the chemical composition
of methacrylate bone cement has remained
the same; however, the cementing technique
has been further optimised from the “fingerpacking technique” to current pulse lavage
and pressurisation to enhance the penetration
of bone cement into cancellous bone,
creating a stable mechanical interlock 22-24.
Over the years, two different and successful
concepts in cemented stem design have
been developed. A stem based on a taper
slip design — a highly polished stem which
settles within the cement mantle, or a
stem based on a composite beam design
— a stem relying on the shape and
Figure 2 Cementless stem; (Zweymuller
composite fixation of the stem to cement
Classic, Zimmer Inc.) with the ceramic head
and subsequently to the bone stock. As for and a threaded solid backed titanium
the acetabular cup, a polyethylene cup is acetabular component with a polyethylene
still used. The acetabulum is reamed and inlay (Zweymüller CSF; Zimmer Inc.)
thoroughly cleaned before pressurisation
of the cement and cup placement 13. Over the years, the wear properties of the
polyethylene used have been improved, by increasing the level of crosslinking and
recently by introducing vitamin E-enriched polyethylene.
In response to the premature loosening, probably due to cement disease,
cementless implants were developed in the 1970s to eliminate this key mechanism
of implant loosening (Figure 2) 13, 21. Cementless implants were designed to
encourage implant–bone integration, by employing stems frequently made with a
porous coating to directly anchor the implant in the bone. However, despite a
stable press-fit fixation, these stems were also prone to late osteolytic lesions 25, 26.
In the context of preventing lytic defects, the role of bearing surfaces used in hip
arthroplasty began to be addressed in the late 1970s. Bearing surfaces consisting
of a metal head on a polyethylene acetabulum were prone to producing wear
particles, which initiate a complex inflammatory response resulting in osteolysis
and implant loosening. In the 1980s and 1990s, metal-on-metal bearings as a
large-diameter MoM THA or as a resurfacing hip arthroplasty design (RHA) were
developed and introduced to the market, improving the linear annual wear rate and
preventing bearing debris through the use of hard, high-carbon cobalt chromium
alloys (Figure 4) 27. These MoM bearings generate 100-fold less wear debris
compared to metal-on-polyethylene bearings 28. With modern manufacturing
techniques, the bearing surface smoothness could be increased, and thinner
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acetabular components could be made, facilitating the development of larger
femoral heads. The possibility to use larger head diameters theoretically increases
hip range of motion, but more importantly it increases the jump distance, i.e., the
maximum distance between the femoral head and the acetabulum before the joint
dislocates. Large head diameters are therefore of particular interest for young and
active patients. Unfortunately, failures of MoM RHA and large head diameter MoM
THA came to light between 2000 and 2010, the bearings generating excessive
metal ion releases with unexpectedly high early revision rates due to metal debris.

Current situation
For both cemented and non-cemented prosthesis designs, osteolysis with aseptic
loosening of components remains a major obstacle to improving prosthesis
survival. The prostheses used in young patients still do not last a lifetime, so the risk
of revision increases as the age of the recipient is lowered. The introduction of
low-friction torque arthroplasty, component fixation to living bone with filling using
methacrylate bone-cement, and the use of high-density polyethylene as a bearing
surface by Sir John Charnley started a revolution in the treatment of end-stage
osteoarthritis. Still, THA is not perfect in its current form, and several problems
need to be addressed. Firstly, prosthesis wear properties need to improve, as does
prevention of aseptic implant loosening. Secondly, implant dislocation rates should
be lowered. Thirdly, periprosthetic bone stock needs to be preserved to facilitate
future revision, and finally, the patient’s natural gait should be restored. What will
be the next innovation to spark a new revolution in the treatment of end-stage
osteoarthritis of the hip, particularly in young patients, and how may we foresee it?

The (r)evolution of innovation

12

A phenomenon well-known from consumer markets, the ‘Hype Cycle’, may well be
applicable to illustrate the evolution of (healthcare-related) innovations in orthopaedics
(Figure 3) 29. In this model, product evolution is divided into 3 phases. First, the
sceptical resistance phase; the interval from novel technology invention to clinical
use. Second, the hype phase; when the new technology is subject to optimistic
mass consumer embrace; the transition from sceptical resistance to hype often
happens abruptly (potential benefits outweigh potential risks). Third, the post-hype
phase; users gain a more realistic understanding of the strengths and weaknesses
of the technology, which evolves into a slope of enlightenment and plateau of
productivity. However, for medical innovations, this smooth transition does not always
happen. In the post-hype phase, stagnation is often seen, sometimes followed by a
rapid drop into obsolescence. In contrast to consumer products, medical innovations
are subject to more regulations, and so it can be difficult to make changes to the
underlying product as it progresses through the development cycle. Therefore
medical innovation is more prone to obsolescence than to improvement.

1

Innovations especially of orthopaedic implants have become a major focus of both
the political and scientific communities to ensure patient safety. This has become
more acute in the aftermath of recent serious issues concerning MoM bearings
used in RHA. RHA is an implant designed for young patients, marketed at the
beginning of the 21 st century as the latest advancement in hip replacement surgery
by implementing MoM bearings with large femoral head diameters (Figure 4).
Its selling features were a bone stock-preserving implant that would last a lifetime
due to presumed low wear rates with its MoM bearing, and its large-diameter head
to prevent dislocation.
There was great interest particularly among young, high-demand patients with
end-stage osteoarthritis, who wanted to receive a resurfacing hip implant, also
known as “The Sports Hip”. The early high expectations regarding the low wear rate,
low dislocation rate and bone stock-preserving nature of the resurfacing hip
concept led to an accelerated introduction of multiple types of resurfacing hip
implants. However, hopes and high expectations soon turned to shock and
disillusion as national and international registry databases began reporting
unexpectedly high five-year revision rates in both men (5.3%) and women (13.5%)
after large head diameter MoM THA and RHA 30. Prostheses for THA and RHA are
only recommended as treatment options for patients with end-stage osteoarthritis
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Figure 3 The three phases of the modified hype cycle: 1. Sceptical resistance phase, 2. Hype
phase, 3. Post-hype phase: obsolescence or evolution.
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Figure 4 Resurfacing hip arthroplasty (Conserve® Plus; Wright Medical Technology, Arlington, TN).

if the prostheses have rates of revision (or projected rates) of 5% or less at 10-year
follow-up31. Elevated serum metal ions combined with adverse reactions to metal
debris encountered in revision surgery raised concerns over the use of MoM bearings.
Potential shortcomings at introduction were either downplayed or ignored regarding
the risk of excessive metal-ion release and the risk of pseudotumour formation as
part of an adverse reaction to metal debris (ARMD) 32.
So, in retrospect, what went wrong and how did we not foresee these poor
outcomes? Were we blinded by the hype and patient demand regarding “The Sports
Hip”? As stated by Dr. P. Bisseling 33: “lessons can be learned from the problems
related to the current generations of RHA that will hopefully give rise to better
innovations in hip arthroplasty and more regulated introductions of novel implants
on the market”. So, how should we measure treatment outcome?

Outcome measures

14

The rapid development and introduction of new technologies such as the MoM
resurfacing hip concept illustrates the often-conflicting goals of different stake holders involved in implementing new medical technology: profitability, high
quality, cost containment, safety, convenience, patient-centredness and satisfaction.
Lack of clarity about goals may lead to divergent approaches, gaming the system
and eventually slow progression 2. Porter et al. defined a system to measure our
current healthcare performance and additional value of modification to it 2. In this
system, achieving high value for patients is set as the overarching goal of healthcare
delivery. Within this system, ‘value’ in healthcare is a framework for performance
improvement and should always be centred around the customer. The additional
value depends on results, not inputs, and so value in healthcare should be measured
by outcomes achieved, not the volume of services delivered. Ideally, relevant
patient outcome measurements should cover both near-term and longer-term

health, and provide enough measurement of risk factors or initial conditions to
allow for risk adjustment. To do so, a three-tiered outcome measures hierarchy to
measure success or results of treatment is applied by following the patient through
the process of care. The top tier is the most important, and lower-tier outcomes
involve a progression of results depending on the success of the higher tiers. Each
tier contains 2 levels involving one or more outcome dimensions (Figure 5).

Examples:
hip arthroplasty

The outcome measures hierarchy

Tier 1

Health status
Achieved or
retained

Tier 2

Survival

1

- Alive
- Dead

Degree of health recovery

- Gait recovery
- PROM’s

Time for recovery & time to
return to other activities

- BMD recovery after IBG

Disutility of care or
treatment process
(e.g diagnostic errors,
ineffective care, treatment
related discomfort,
complications,
adverse events)

- Early complications
- Early revision
- Rehospitalisation

Tier 3

Sustainability
of health

Sustainability of health or
recovery & nature of
recurrences

Long-term consequences of
therapy
(e.g. care-induced illness

-

Late complications
Hip dislocation
BMD preservation
Implant loosening
Late Implant revision

- Osteolytic bone defects
- Pseudotumour formation
- PROM’s
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Process of
recovery

Figure 5 The Outcome Measures Hierarchy 2
BMD = bone mineral density, IBG = impaction bone grafting, PROMs = Patient reported outcome measures.
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Subsequently, multiple outcomes collectively define success. By projecting the
outcome measure hierarchy onto patients with end-stage osteoarthritis treated
with THA, the additional value of modifications or innovations on THA can be
evaluated. The overarching goal of high value for patients in terms of long-term
survival and mobility (Tier 1) is influenced by each lower tier and can be reduced to,
for example, the implant designs and recovery programs used (Tier 2). Most
important is to measure outcomes that are most relevant for patients, such as
survival, mobility (quality of life) and complications after surgery.

Outline of this thesis

16

THA has already proven to be a highly effective procedure for treating degenerative
hip disease. This thesis discusses several recent innovations and their additional
value in the treatment of end-stage hip osteoarthritis. First, as each patient has a
unique anatomy, modular designs in THA allow better reconstruction of the natural
hip geometry. Single modular stem designs (junction at the head-neck interface)
have become the current standard in THA, giving the surgeon the opportunity to
reconstruct the femoral offset more accurately to fit the patient’s anatomy, lowering
the risk of hip dislocation. Newer designs attempt to allow even better reconstruction
of geometry to reduce the risk of leg length discrepancy and dislocation by adding an
additional modular junction at the stem–neck interface (modular taper). In Chapter 2,
the presumed advantages of this additional modular taper stem design in primary
hip arthroplasty are evaluated on hip geometry reconstruction and dislocation rate
compared to the single modular stem.
Hip dislocation after THA remains a feared complication by both patients and
surgeons (figure 6). Dislocation rates reported in the literature range between 1-10%
for primary THA and even higher rates are reported after revision surgery 34, 35.
To reduce the risk of dislocations, hooded rim inserts for the acetabular component
are available. The polyethylene hooded rim at the posterior side of the acetabular
component mechanically prevents the dislocation of the femoral head out of
the acetabular component during flexion, endorotation and adduction of the hip.
This stabilising effect might also be appealing for surgeons and patients for use in
primary hip arthroplasty, but what are the risks of using a hooded insert? In Chapter 3
a consecutive retrieval cohort is presented with early acetabular revisions related
to accelerated polyethylene wear induced by these hooded inserts.
In 1984 the tapered cementless Spotorno (CLS) stem was introduced (Zimmer,
Warsaw, USA) and is currently one of the most widely used cementless femoral
components worldwide. Attracted by the excellent track record and low revision
rates of the CLS stem, the CLS stem was introduced in our practice (Rijnstate
Hospital). After introducing this wedge-shaped press-fit stem design, the intra-

1
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operative calcar fracture rate seemed to
increase notably. Chapter 4 reports the
incidence of calcar fractures in a consecutive
case series of primary THA, evaluating
protentional risk factors.
Prosthesis design directly affects hip
joint stability and mobility after surgery.
The resurfacing hip concept is an attempt
to reduce the risk of hip dislocation and
restore the patient’s natural gait with the
use of more anatomic, large femoral head
diameters with MoM bearings. The theses of
dr. Smolders 36 and dr. Bisseling 33 report on
differences between RHA and conventional
MoM THA on postoperative functionality,
bone preservation, and metal ion-related
problems in the short-term. Several questions Figure 6 Dislocated total hip arthroplasty
remained unanswered. Chapter 5 reports
on restoration of patients’ postoperative gait, including results of a treadmill-assisted gait analysis of relatively young and active patients with either a resurfacing hip
arthroplasty or a more conventional small head diameter MoM THA at their top
physical capacity.
One of the other potential benefits of RHA is the preservation of the femoral
bone stock, facilitating future revision surgery or, if needed, conversion to a THA.
Especially in young patients, bone stock preservation is an important goal regarding
long-term implant survival and the success of revision surgery. Chapter 6 and 7
report on the mid-term results of a randomised controlled trial comparing RHA to
a conventional small head diameter MoM THA on periprosthetic bone mineral
density changes and the onset of neck narrowing after RHA. In addition, in Chapter 8,
a sub-analysis is presented on the correlation between patient activity level and
peri-prosthetic bone mineral density changes after RHA.
Loss of periprosthetic bone stock is inevitable due to stress-shielding and
wear-related osteolytic bone degradation. When performing revision surgery, the
philosophy advocated at the Radboud Medical Centre is to compensate bone loss
biologically with the impaction bone grafting (IBG) technique. In Chapter 9 the
process of bone graft incorporation within the bone graft has been monitored with
dual-energy-absorptiometry to give further insight in the early biological process of
bone graft remodelling within the graft.
A summary of the chapters and general discussion is presented in Chapter 10
and 11 (Dutch).

17

Aims of the thesis
This thesis outlines implant innovations and concepts in hip arthroplasty that have
been used in our practice in recent years, with the goal to evaluate their additional
value in the treatment of end-stage osteoarthritis. The following 8 hypotheses were
formulated:

Part A: Component design innovations in hip arthroplasty: hype or (r)
evolution
1. A stem with a modular taper is an additional component feature presumed to
increase the surgeon’s capability to reconstruct the anatomical hip geometry
more closely. Hypothesis 1: Using a stem with a modular taper, hip anatomy
is reconstructed more precisely and thereby increases hip joint stability and
prevents dislocation.
2. Hooded polyethylene cup inserts in hip arthroplasty increase hip joint stability
and prevent dislocation. Hypothesis 2: A polyethylene hooded cup insert can be
used safely in primary THA in an attempt to reduce dislocation risk.
3. Direct press-fit stability of a femoral stem in cementless implants is crucial.
The addition of proximal fins to tapered stem increases this press-fit bone-stem
anchoring stability. However, these proximal fins may cause a concomitant new
risk of fractures from excessive peak loading during stem implantation. The calcar
is at risk of fracturing during implantation of such a press-fit cementless stem,
and this risk may increase with varus alignment and high femoral osteotomy.
Hypothesis 3: The risk of an intra-operative calcar fracture is related to varusalignment of the stem and a high femoral neck osteotomy.

Part B: Effect of implant design on functional and biological outcome
measures

18

4. What has RHA, as a new design concept, brought compared to conventional THA?
A. Hypothesis 4: Normal postoperative gait is restored better after RHA compared
to conventional MoM THA.
B. Periprosthetic bone stock is influenced by prosthesis design and fixation.
The bone mineral density (BMD) is better preserved after RHA compared to
conventional THA at the femoral side (hypothesis 5) but not at the acetabular
side (hypothesis 6).
C. Hypothesis 7: In patients undergoing RHA, higher postoperative physical
activity correlates to an increased periprosthetic BMD at both the femoral
and acetabular sides.
5. Impaction bone grafting is a widely implemented technique in revision hip surgery
to address periprosthetic bone loss. Impacted dead bone grafts from a donor
remodel towards new vital host bone; however, there is a lack of knowledge

1
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about the speed of this biological process. Hypothesis 8: The bone graft is
vulnerable during an initial resorption phase, resulting in an initial drop in BMD
within the first 6 months, followed by a steady increase in BMD as the bone graft
is incorporated and remodelled towards vital host bone.

19
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Abstract
Introduction: Modular necks were introduced in total hip arthroplasty (THA) to
improve restoration of hip-geometry and reduce dislocation-rates.
Patients and methods: This presumed advantage was evaluated retrospectively for
patients with arthritis in otherwise anatomically normal hips. Restoration of hipgeometry was assessed on preoperative and postoperative calibrated radiographs
in 95 consecutive primary THAs with a modular neck design and compared with
95 match controlled THAs with a similar monoblock stem.
Results: No significant differences were seen in restoration of body moment arm,
leg length and cupangle. Offset restoration revealed a borderline significant difference
(p = 0.48) with higher values for the monoblock stem. In both groups 4 dislocations
within one year were encountered.
Conclusion: In this study modular necks did not reveal a clear benefit in restoring
hip geometry and dislocation rate after straightforward THA.
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Modular necks in total hip arthroplasty

Total hip arthroplasty (THA) is one of the most successful and frequently executed
orthopedic procedures 1, inducing relief of pain and improving patient’s mobility 2.
Its high success rate and instant hip function improvement go along with increased
expectations. Further increase in the successes of THA can be obtained by reducing
dislocation rates and improving hip functionality. Dislocation rates may be
decreased by optimal preoperative restoration of the geometric parameters of the
hip such as the body moment arm (BMA), femoral offset (FO), the abductor moment
arm (AMA) and leg length 3, 4. By precisely restoring the optimal balance of these
geometric parameters, soft-tissues and muscular tension are optimized and would
thereby minimize the risk of hip dislocation 5. The introduction of a single modularity
of the femoral stem at the neckhead junction (SMJ) has already offered a clear
benefit in options to restore hip geometry and is now most commonly used in
THA. This modular head-neck design already provided the opportunity to restore
FO and leg length more accurately 6. Recently, these options within single modular
systems have been expanded with a second modular junction at the base of the
neck. These are so called ‘dual modular junction’ (DMJ) THAs, in which modular
necks are available, enhancing the opportunities for the surgeon to further
customize anteversion, retroversion, varus and valgus orientation of the stem intraoperatively. These modular necks claim to enhance restoration of hip geometry
and to decrease dislocations rates. To date, however, this advantage has not been
proven in clinical studies. Besides controversy on these potential benefits of
modular necks, concerns have been raised about release of metal debris and
subsequent development of an adverse reaction to this metal debris (ARMD) from
corrosion and third body wear at the junction of these modular necks with the
femoral stem 7-9. Furthermore, a number of cases have reported on mechanical
failure and subsequent breakage at the base of these modular necks 10-16. Attracted
towards the potential of DMJ stems to increase options to facilitate intraoperative
restoration of hip geometry and stability a DMJ stem was introduced in our practice.
In this exploratory retrospective matched control study we report on the restoration of
hip geometry after this DMJ versus the available SMJ system in a series of patients with
primary arthritis in otherwise anatomically normal hip joints based on examination
and preoperative radiographs. In addition we explored the potential of DMJ to
reduce the dislocation rate and weighted presumed advantages of the use of
modular necks against their potential disadvantages.
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Patients with a primary arthritis in otherwise anatomically normal hip joints and no
significant comorbidities are operated on in our hospital in a joint rapid recovery
program (‘Joint Motion’). In this highly protocolized program patients are operated
on by one of five experienced hip surgeons and mobilized after surgery also
according to a strict protocol. This program reduced both waiting lists for surgery
and in hospital stay. Patients with profound comorbidities (ASA IV) or significant
anatomical deformities of the hip such as profound acetabular dysplasia, leg length
discrepancy or anatomical deformities of the proximal femur cannot be operated
on in this ‘Joint Motion’ program since implant choice and rehabilitation frequently
have to be personalized.
All patients from this ‘Joint Motion’ program with a THA operated between
March 2008 and July 2011 were evaluated for eligibility to enter this retrospective
study. A total of 645 patients (684 THAs) were registered in the database as having
a SMJ design Alloclassic Zweymüller, Zimmer, Warsaw, Indiana, USA) and 119
patients (125 THAs) as a DMJ design (Profemur Z, Wright Medical Technology,
Arlington, Tennessee, USA). Patients with a DMJ stem were supposed to have
similar patient and hip joint characteristics as patients with a SMJ stem since both
groups were included in the ‘Joint Motion’ program with a straightforward arthritis
in an otherwise anatomically normal hip joint. Patients were assigned to receive a
DMJ or a SMJ stem by chance. In general 4 THAs were performed a day in this
‘Joint Motion’ program and mostly the first two received a SMJ stem and the
second half a DMJ stem or vice versa; this decision was simply left to the scheduling
OR staff.
Inclusion criteria for radiographic assessment were patients with primary
osteoarthritis, treated with one of these two femoral stem designs in combination
with a threaded solid backed titanium acetabular component with a polyethylene
inlay for a 32 mm femoral head (Zweymüller CSF; Zimmer Orthopaedics, Warsaw,
Indiana, USA) and a minimum one year follow up. In spite of the fact that stems
from two different companies were evaluated, head-neck geometry and head neck
ratio were similar between both stems (Figure 1). Since the available SMJ stem
design did not have a modularity option a DMJ stem design was chosen with similar
geometry in attempt to avoid as much bias from different stem design as possible
(Figure 1).
To reduce confounding factors the following patient groups were excluded
from our initial database. Patients with a THA as treatment for a femoral neck
fracture were excluded, since preoperative hip geometry could not be established
anymore and these patients have a recognized relatively high dislocation rate. This
also applied for patients with a different acetabular component as described above
and patients with incomplete calibrated pelvic preoperative or postoperative

Table 1 Flowchart: patient inclusion for radiographic assessment.
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(DMJ) Dual modular junction, (SMJ) single modular junction.
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B

Figure 1 (A) Frontal view of both implants (left: DMJ stem (Profemur Z, Wright Medical); right: SMJ
stem (Zweymuller Classic; Zimmer Inc.)) with the ceramic 32 mm head and a threaded solid
backed titanium acetabular component with a polyethylene inlay (Zweymüller CSF; Zimmer Inc.).
(B) Posterolateral view, illustrating similar shaft- and 12/14 taper design.
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radiographs. This way, 90 patients (95 THAs) out of the initial 119 patients (125 THAs) in
the database with a DMJ were included for further evaluation. These patients were
computer-matched with 95 (out of 684) THAs controls with a neutral version SMJ
stem design (Table 1).
MATLAB (version R2010b, Math-Works Inc., Natick, Massachusetts, USA) was
used for computer-matching. Both patient groups were matched on: date of surgery
with a maximum spread of 2 months, age at time of surgery with a maximum spread
of 10 years, gender and operated side.
All surgeries were performed by a skilled orthopedic surgeon with at least
5 years of experience in total hip arthroplasty (>100 implants / year). A posterolateral
approach was used in all cases. Main technical objectives during surgery were to
restore hip anatomy, prevent hip instability and avoid leg length discrepancy.
In achieving these objectives, preoperative implant planning was performed using
digital templating software (Easyvision, Philips, Eindhoven, The Netherlands). Intraoperative implant positioning was verified with an aiming device for cup inclination
and with the Ranawat sign for achieving a combined anteversion between 30 and
45 degrees in all cases 17-19. Both the SMJ and the DMJ stem designs are composed
out of a conical straight stem with a morse tapered (12/14) neck design. In spite of
the fact that both stems are from different companies the overall geometry of the
stems is grossly similar (Figure 1). Since a 32 mm head was used in all cases and
both stems had a similar 12/14 taper, one can conclude that head neck ratios were
similar between both implants. As compared to the SMJ stem with only one offset
available, the DMJ (Profemur Z) THA had an inventory of 9 stem sizes with 17

different modular neck components; 3 neck length options and FO combinations
in 7 different angles (not all necks have all options).

2

Preoperative and postoperative standard anterior-posterior (AP) pelvic radiographs
were obtained in all patients. Radiographic measurements were executed using
Philips Easyvision with an extended Ortho-toolbox. Preoperative and postoperative
AP pelvic x-rays were calibrated on the prosthesis femoral head with a standard
diameter of 32 mm. Thereafter, the contralateral anatomic femoral head diameter
was measured and projected on the preoperative AP pelvic x-ray. This way all
preoperative pelvic radiographs were calibrated against the postoperative radiograph
ensuring reliable measurement and comparison of the radiographic parameters,
subsequently we compared the preoperative and postoperative AP pelvic x-rays
measurements (Figure 2).
Four radiographic parameters were used to evaluate restoration of hip geometry1.
The body moment arm (BMA) is the perpendicular distance between the center of
rotation of the hip and a vertical line through the symphysis pubis 2. The abductor
moment arm (AMA) is closely correlated to the femoral off set (FO) 3, 20 and is the
distance of a perpendicular line between an imaginary line parallel to the lateral
slope of the trochanter major and the center of rotation of the hip4. Postoperative
leg length discrepancy was determined as the difference in distance between a
horizontal interischial line toward the trochanter major, present on both preoperative
and postoperative AP pelvic x-rays. Reduced distance towards the trochanter tip
typically correlates with leg length elongation and an increased distance with
shortening. At last the cupangle was determined 3. Since no cross sectional CT
imagining was performed in this study no radiographic assessment of version of
the acetabular and femoral component could be performed. Additionally, the
intraobserver and interobserver reliability for the radiographic measurements were
calculated by re-measuring the First 26 THAs by the first observer (DG) and an
independent second observer (PB). Lastly, dislocations within one year after surgery
were recorded in all cases.

Statistical Analysis
Data were processed in SPSS (SPSS Inc. Chicago, IL, USA) for statistical analysis.
The parameter measurements were normally distributed on histogram, differences
between measurements were calculated with use of the independent Students’
t-test and test results are given as mean and std. error. The Pearson Chi-square test
was used for categorical data. In order to compare the restoration capacity of each
system, we calculated the parameter-discrepancy extracted from preoperative and
postoperative radiographic measurements. The intraobserver and interobserver
reliability were given as a Pearson correlation coefficient.

Modular necks in total hip arthroplasty
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Figure 2 Pelvic AP radiograph: illustrating the geometric parameter measurements in total
hip arthroplasty: body moment arm (BMA), abductor moment arm (AMA), leg length and
cupangle (CA). (Hip implant: Profemur Z, Wright Medical Technology, Arlington, Tennessee,
USA). A: preoperative measurements, B: postoperative measurements.

Results
The DMJ group consisted of 47 (46%) men and patients had a mean age at time of
surgery of 64.5 years (range; 33.3–87.6). A left-sided THA was implanted in 45 (45%)
patients. An anteverted or retroverted neck was used in 34% of the DMJ cases.
The available modular neck options and their subsequent use are summarized in
Table 2.

Table 2 Profemur Z (Wright Medical Technology, Arlington, Tennessee, USA)
inventory of available and used modular necks.
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Short

Stem
Long

Extra Long

Straight

20

32

1

Varus/valgus 8gr

14

12

2

Varus/valgus 15gr

0

2

-

Ante/retro 8gr

8

12

0

Ante/retro 15gr

1

3

-

Ante/retro varus/valgus 1

4

3

-

Ante/retro varus/valgus 2

4

7

-

Totals

51

71

3

The SMJ group consisted of 40 (42%) men and patients had a mean age at time of
surgery of 65.4 years (range; 35.9–83.1). A left-sided THA was implanted in 42 (44%)
patients.
Mean discrepancy in preoperative and postoperative BMA, AMA, leg length
and cupangle measurements between both groups are presented in Table 3.
There were no significant differences in restoration of respectively BMA (−3.6 (0.7)
versus −4.2 (0.7) mm; P = 0.92), leg length (4.3 (0.7) versus 2.1 (0.7) mm; P = 1.00)
and cupangle (50 (0.8) versus 51 (0.8) degrees; P = 0.86) between the DMJ and SMJ
group. Offset increase (AMA) was borderline significantly higher in de SMJ group
compared to the DMJ group (2.1 (0.5) versus −3.3 (0.7) mm; P = 0.048).

2

Table 3 Mean difference (Δ) and Std. error of geometric parameter discrepancy
between preoperative and postoperative measurements on AP pelvic
radiographs.
Profemur
(n = 95)

Zweymuller
(n = 95)

Mean Δ
(Std. Error)

Mean Δ
(Std. Error)

P value

Body Moment Arm (mm)

-3.6 (0.7)

-4.2 (0.7)

0,920

Abductor Moment Arm (mm)

-3.3 (0.7)

2.0 (0.6)

0,048

Leg length increase (mm)

4.3 (0.7 )

2.1 (0.7)

0.995

49.7° (0.8°)

50.7° (0.8°)

0.864

Cupangle (degrees)

In 4 patients (4/95 = 4%) from the DMJ group postoperative dislocations were
recorded in the first year after surgery. Two patients remained stable after closed
reduction, whereas in two patients a revision was performed with a modular neck
and head exchange to increase offset. This was combined with a cup insert
exchange towards an insert with an elevated posterior rim. None of the revised hips
dislocated afterwards. In the SMJ cohort (95 patients), also 4 postoperative
dislocations were recorded. In accordance with the DMJ group two patients
remained stable after closed reduction whereas in two patients a revision was
performed this time only with a similar cup insert exchange and longer head. The
intraobserver correlations for the 4 separated radiographic measurements were
0.95, 0.98, 0.97 and 0.99 for respectively AMA, BMA, leg length and cupangle. The
interobserver correlation was 0.95 for AMA, 0.89 for BMA, 0.87 for leg length and
0.98 for cupangle.

Modular necks in total hip arthroplasty

Negative BMA and AMA correspond with shortening; positive values with elongations.
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In this exploratory study we were unable to establish an improved restoration of hip
geometry in patients with a modular neck THA as compared to a SMJ-design with
similar head-neck geometry and head neck ratio. All patients were candidates for a
rapid recovery protocolized ‘Joint Motion” program which entailed that all surgeries
were selected on relatively uncomplicated cases with primary arthritis in an
otherwise anatomically normal hip joint. No significant differences in BMA and leg
length restoration between both groups could be established, whereas for the AMA
a borderline significant difference was found with relatively larger offset in the SMJ
group. In addition no differences in dislocation rate were found, with 4 traumatic
dislocations in each group within one year after the index surgery.
Besides absence of clear differences in restoration of hip geometry between
both groups, it can be concluded that in general adequate restoration of the original
hip joint anatomy could be achieved for both groups. A similar dislocation rate of
4.2% was recorded in both groups, which corresponds with dislocation rates
reported in literature between 1 and 10% with relatively higher dislocation rates in a
posterolateral approach 2. The mean BMA decreased less than 4 mm in both
groups, indicative for a slight medialisation of the acetabular component; mean leg
length increase was below 5 mm and the mean cupangles were in an acceptable
range around 50 degrees. Only for the AMA restoration, a borderline significant
difference between two groups appeared with a 3 mm offset decrease for the DMJ
group versus a 3 mm offset increase for the SMJ group. A reduced femoral offset
has been associated with a decreased abductor muscle strength and subsequently
a decrease in hip stability 3, however it may be questioned whether this also applies
for the low measured values of approximately 3 mm in this study. The influence of
leg length discrepancies has been extensively studied, showing that lengthening of
b10 mm is well tolerated 21, 22. The leg length discrepancy found in our study was
well below these values.
The concept of modular necks with several intraoperative options to improve
restoration of hip geometry, improving anatomical reconstruction of the joint and
improve stability is appealing both to surgeons and patients. So far, however, the
available literature on this concept is limited and controversial. In a recent study,
Archibeck et al. 23 stated that restoration of hip geometry within 1 mm discrepancy
was achieved in 60% of patients with SMJ-designs and 85% of the patients with a
DMJ-design. They concluded that the use of a dual modular neck in THAs resulted
in a more frequent ability to restore leg length as well as FO. In this study however
no matched control group was provided for their comparison and one can argue
whether a restoration of hip geometry within less than 1 mm is not a rather critical
radiographic goal to achieve and the encountered difference between groups in
their study may thus be not truly clinically relevant.

2
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Another study on potential benefits of modular necks evaluated computerized
three-dimensional (3D) preoperative planning in which the anteversion or
retroversion of the femoral neck could be measured as an adjunctive tool in
adequately restoring hip geometry with a THA. Sariali et al. 24 determined the
accuracy of computerized 3D preoperative planning by comparing the preoperative
and postoperative anatomy of 223 uncemented THAs with a modular neck
(SPS-Modular, Symbios). They concluded that 3D planning was greatly superior to
the two dimensional templating and that the availability of modular necks enabled
the surgeon to restore version according to preoperatively obtained templating
data from CT. From this study it also appeared that intraoperatively the surgeon,
with his intraoperative findings, was unable to predict the choice of a modular neck
as calculated from the preoperative CT scan. Apparently, intraoperative stability
testing fails to dictate a choice of modular neck which corresponds with a CT scan
determined choice of modularity which corresponds with 3D restoration of hip
geometry.
In an attempt to reduce dislocations rates in our practice the DMJ stem was
introduced parallel to the use of the available SMJ stem. In contrast to what was
anticipated this interim analysis revealed no clear benefit from the use of modular
necks. Firm conclusions, however, cannot be drawn from this exploratory study
since there are several limitations present. First, it is a retrospective matched control
study. It would have been more ideal to perform a prospective randomized
controlled trial. In fact this was the original plan, however, in order to obtain
adequate power to detect differences a relatively large number of patients were
anticipated. From the controversy around the use of modular necks and increasing
concerns about potential mechanical failures at the base of the modular neck we
felt it would be more appropriate to perform an interim analysis on a limited number
of patients in a matched control setting. From the results obtained we decided to
abstain from performing a larger randomized trial. Secondly, two different stems
were compared from different manufacturers. A difference in head-neck geometry
and head neck ratio clearly can introduce a great bias in the study findings. We feel
however that in spite of the fact that both stems are from different manufacturers
their geometry is quite similar (Figure 1). The Zweymuller stem has an extensive
clinical record with excellent survival and stem geometry has thus also been used
in many newer designs. Since there was no modular neck option available from the
SMJ stem used we had to search for a model from a different manufacturer with
approximately similar geometry. Both stems have a 12/14 taper and were combined
with a 32 mm head thus a similar head-neck ratio can be concluded. In addition, a
relatively small total number of 95 THAs was included in each group. In spite of the
fact that these numbers are relatively small, they were large enough still to detect a
significant difference for the restoration of the AMA. A larger number of patients
was not possible since we decided to do an interim analysis with the DMJ THA
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available at that time. With the given results a post hoc power analysis (power 80%)
concluded that a total of at least 5000 patients had to be included to be able to
establish a significant difference in all four radiographic parameters. Given this
post-hoc power analyses it can safely be concluded that in this study on patients
with a relatively straightforward arthritis of an otherwise anatomically normal hip
the DMJ design did not provide a rather large benefit in radiological restoration of
hip geometry and that the clinical relevance most likely will be limited. As for the
calculated dislocation rate, the number of patients is also rather small, however the
recorded percentages offer an acceptable reflection of the general population
within our clinic taken into account that within the complete SMJ group (684 THAs)
a total of 36 dislocations (within the first 3 years postoperative) were registered
(5.3%). Finally, we performed our radiographic analysis on calibrated standard AP
pelvic radiographs and not on 3D CT scan as in the study of Sariali et al. 24 Since CT
scanning was not available no information was available in our study on anteversion
or retroversion of both the acetabular and the femoral implant. This is an important
limitation which has to be taken into account when interpreting the results. We feel
however, that implant positioning can be expected to be similar between both
groups since attention was paid to achieve a combined anteversion between 30
and 45 degrees at time of surgery based on the Ranawat sign 17-19. Similar implant
positioning between both groups could at least be confirmed for the comparable
cup inclination of 50 degrees for both groups, which is reassuring also for
anteversion findings. In spite of the fact that we have no CT scanning data, our
methodology resembles clinical practice more closely and proved to be accurate
and reproducible as can be concluded from the acceptable intraobserver as well
as interobserver reliability (correlations: 0.95–0.99, and 0.87–0.98). Added to this,
the mean measurement error for all parameters combined was <6% (0.21 mm),
contrasted against the absolute mean preoperative and postoperative measurement
discrepancy of 3.2 mm, makes our radiographic measurement-protocol excellent.
Comparing the possible advantages of the use of modular necks in THA to the
potential disadvantages, one has to take into consideration the increasing concerns
about adverse events originating from the additional junction at the base of the
modular neck. There are a number of reports available on catastrophic fractures 10-16,
corrosion and release of metal debris at the base of the modular neck with
subsequent pseudotumor formation 7-9. In a study 7, where 57 retrievals from seven
modular total hip designs were analyzed on the degradation mechanism at the
neck-stem junction, the authors concluded that even with modern taper designs
and corrosion-resistant materials, corrosion, fretting and particulate debris were
observed to a greater extent in the neck-stem junction. Degradation of the
additional metal-on-metal junction could contribute to metal ion release and
ARMD. It has to be noted however that so far in our cohort of patients no such
adverse events with the modular neck have occurred.
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In conclusion, we feel that we did not establish a clear benefit from the use of
modular necks on restoration of hip geometry or dislocation rate in primary THA
for patients with arthritis of an otherwise anatomically normal hip. The numbers
available in this study are too small to draw firm conclusions and limitations are
clearly present. For example, it may still be possible that some improvement in
radiographic hip geometry can be obtained with modular necks when preoperative
planning entails for example 3D CT scanning. This is however relatively far from
clinical practice and one can argue whether this benefit would be clinically relevant.
In addition it has to be noted that this study focused on the use of modular necks
in THA patients with relatively normal hip anatomy. Modular necks may still appear
to have additional value in patients with severe deformities such as profound
acetabular dysplasia and proximal femoral torsional deformities or in difficult
revision cases; these cases were excluded in this study. From the observed trend in
this study we feel that it is unlikely that clinically significant advantages can still be
expected from the use of modular necks in straightforward THA patients and that
the presumed advantages should not be overestimated in these cases. Weighted
against concerns on potential mechanical failure, degradation and corrosion of the
metal-on-metal junction at the base of the modular neck surgeons should balance
these potential disadvantages against the absence of convincing evidence of a true
benefit in their decision making on the use of modular necks in standard primary
THA 7, 8, 10-16.
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Abstract
Introduction: In total hip arthroplasty (THA) the use of a polyethylene (PE) insert
with a hooded rim can be considered to reduce dislocation risks. This benefit has
to be balanced against the potential introduction of impingement of the femoral
component on this rim. We present a case series of early acetabular revisions for
excessive PE wear and acetabular bone defects from overuse of such a hooded
rim insert.
Patients and methods: Twenty-eight patients with 34 consecutive early acetabular
revisions were evaluated on failure mechanism. One type of implant was used in
all cases. Standard pelvic radiographs and pre-operative CT scans were used to
quantify PE wear, implant positioning and acetabular bone defects.
Results: An acetabular revision with impaction grafting was performed in all cases
with a mean cup survival of ten years (range 1.3-19.3). No concurrent stem revisions
were necessary. Overall implant positioning was adequate with a mean cup
inclination of 45° (range 39-57) and anteversion of 25° (range eight to 45). The mean
PE wear was 0.24 mm/year (range 0.00-1.17). The mean acetabular bone defect
on pelvic CT scans was calculated as 352 mm² (range zero to 1107) and 369 mm²
(range zero to 1300) in the coronal and transversal planes, respectively. A hooded
acetabular insert was retrieved in all cases and profound PE wear, typically from the
posterior hooded rim, was encountered.
Conclusion: The use of hooded acetabular inserts may be considered to improve
implant stability intra-operatively. This case series clearly presents that together
with these devices, component impingement with concordant complications such
as accelerated PE wear may be introduced. Standard use of these stabilizing inserts
should thus be avoided.
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Introduction

Material and methods
From December 2010 to September 2013 a total of 34 consecutive acetabular
revisions were performed and retrospectively analysed for PE wear, pelvic bone
defects and failure mechanism. In all cases the same acetabular (Lamella cup with
a Lamella hooded Sulene PE-insert; Zimmer, Warsaw, Indiana, USA) and femoral
(Emeraude stem and Protasul-S30 head; Zimmer, Warsaw, Indiana, USA) component
had been used at the index procedure. The primary total hip arthroplasties (THAs)
were performed by a single surgeon, not involved in the study, through a posterior

3

PE-wear & bone defects from hooded inserts in THA

Total hip arthroplasty (THA) is one of the most frequently executed orthopaedic
procedures 1, inducing relief of pain and improving patient’s mobility 2. Its high
success rate and instant hip function improvement go along with increased
expectations, however dislocations remain a feared complication by both patients
and the surgeon 3. Hooded rim inserts for the acetabular component are available
for several brands and claim to improve stability and reduce dislocation risks. Intraoperatively this hooded rim of the polyethylene (PE) insert can be positioned where
the femoral head tends to dislocate during flexion, endorotation and adduction of
the hip. Most surgeons choose a posterior approach and these rim inserts are then
positioned in a 7 to 11 o’clock position or a 1 to 5 o’clock position for a right or
left-sided hip arthroplasty, respectively. Considering their stabilizing effect the use
of these devices may thus be appealing to the operating surgeon. On the other
hand, it has to be noted that with these hooded inserts a potential new source of
prosthetic impingement is introduced by the leveraging effect from the femoral
component4. This typically accounts for exorotation and extension movements of
the hip in otherwise well positioned implants. The forces created between the
metallic femoral neck and the acetabular insert rim augment the release of PE
debris. Few studies have reported on this mechanism of enhanced PE debris due
to impingement 5-7.
After a relatively small rural hospital had been incorporated into our larger
regional teaching hospital a relatively high early acetabular revision rate, due to
increased PE wear and pelvic bone defects, was encountered in the series of a
retired surgeon. Standard use of hooded rim inserts in otherwise well positioned
acetabular components appeared to be an important causative factor for the
encountered PE wear and subsequent pelvic bone defects. We report on a
consecutive series of these early cup revisions with acetabular bone impaction
grafting to emphasize that hooded rim inserts are appealing as stabilizing devices;
however, surgeons should be aware that they also have a down-side.
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approach. All acetabular revisions were performed by an experienced hip revision
surgeon (>100 implants/year) through a posterior approach using a bone impaction
acetabular reconstruction. The indication for acetabular revision was PE wear with
or without pelvic bone defects and recurrent dislocation in all cases. Patient
demographics are summarized in Table 1.

Table 1 Demographic and revision data.
THA (n=34)
Emeraude/Lamella
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Age at surgery, mean (range)

54 (28 - 72)

Sex (Female/Male)

15/19

Mean time to revision (years)

10 (1.3 - 20.4)

Age at revision, mean (range)

64 (39 - 82)

A

B

C

D

Figure 1 CT scans: Cup anteversion (A), the angle between the line bisecting the anterior and
posterior part of the metal lamella cup and a perpendicular line towards the horizontal line
connecting the posterior portions of the pelvis. Maximal pelvic bone defect in the transversal
(B) and coronal (D) plane in square millimeter by using software Orthotoolbox. Cupinclination
(C), the angle between the horizontal interteardrop-line and the line bisecting the superior
and inferior part of the metal lamella cup.

Radiographic analysis

3

PE-wear & bone defects from hooded inserts in THA

Standardized standing anterior-posterior
(AP) pelvic radiographs were available in all
patients both directly after the primary THA
implantation and at their latest follow-up
prior to the acetabular revision surgery.
Pelvic radiographs were calibrated against
the femoral head component with a 28
mm diameter. Radiographic measurements
were executed using Philips Easyvision
with an extended Ortho- toolbox (Fig. 1).
The cup inclination was measured as the
angle between the horizontal transischial
line and the line bisecting the superior and
inferior parts of the acetabular metal
Figure 2 PE-wear measurement on AP
lamella cup (Fig. 2). In addition, PE wear was pelvic radiograph as the displacement
measured on the latest pelvic radiograph distance between the centre's of rotation
using an digitalized technique modified of the prosthesis cup and head.
from the method described by Livermore et
al., a widely accepted method for 2D-wear measurement 8-10. This technique is based
on the principle that normal loading of the polyethylene cup comes up the femoral
shaft, along the femoral neck towards the lumbar spine. So it is normal to see slight
thinning in the area of the weight bearing as the polyethylene moulds itself.
Abnormal loading leads to pressure more lateral, resulting in polyethylene wear on
the supero-lateral side, visible as an eccentric position of the femoral head in the
cup 11. PE wear was quantified by fitting a circle, which intersected with the cup
edges, in the acetabular component. The centre of this outer circle corresponds
with the original centre of rotation of the cup at the time of index surgery.
Subsequently, a second circle is generated around the femoral head, whereby the
centre of this inner circle represents the new centre of rotation of the cup at the
time of latest follow-up. The distance between these two centres of rotation
represents the two-dimensional degree of PE wear (Fig. 2). Pelvic CT scans prior to
revision surgery were available in 26 out of 34 cases to visualize acetabular bone
defects. These CT scans were also used to determine the anteversion of the
acetabular component according to the method described by Mian et al. 12 (Fig. 1a).
The cup inclination was re-measured in the coronal plane as the angle between
the horizontal interteardrop line and the line bisecting the superior and inferior
parts of the acetabular metal lamella cup (Fig. 1c).
The presence and extent of acetabular bony defects were measured in both
the coronal and the transversal planes. The area of the acetabular bone defects
was calculated in square millimeters by using Ortho-toolbox software (Fig. 1b, d).
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To improve reproducibility, for each case and in each plane the CT slice representing
the largest bone defect was chosen for surface measurements. A maximum bone
defect on the transversal or coronal plane of more than 1000mm² was labelled
as severe, between 250 and 1000 mm² was moderate and mild when less than
250 mm². All CT scans and pelvic radiographs were assessed by two independent
observers (DG and RS) and interobserver reliability for the radiographic measurements
was calculated.

Correlation and statistical analysis
Data was processed in SPSS (SPSS Inc. Chicago, IL, USA) for statistical analysis.
The parameters measurements on AP pelvic radiograph and CT scanning were
normally distributed on histogram. The entire cohort was divided into two groups
with a calculated PE wear rate greater or less than 0.20 mm/year. Subsequently,
the correlation (Fisher’s exact test and Pearson’s correlation coefficient) between
wear rates and degree of pelvic bone defects (mild, moderate or severe) was calculated.
The interobserver reliability is given as an interclass correlation coefficient.

Results
Thirty-four acetabular revisions in 28 patients were evaluated. A right-sided acetabular
revision was performed in 20 cases and 19 were male. No femoral component
revisions were performed since all stems appeared to be well fixed at time of
revision. Pelvic standardized radiographs were available for evaluation in all cases,
and 26 cases also had a CT scan available; three CT scans were excluded for
measurement of implant positioning and bone defects due to profound artifacts
which made proper evaluation impossible. Patients’ mean age at time of the primary
THA was 54 years (28–72) and the mean acetabular implant survival at time of
revision was ten years (1.3–20.4) (Table 1).

Radiographic analysis
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A cup inclination of 46° (range 37–65°) was measured on pelvic radiographs. This
inclination was confirmed by re-measurement on the available CT scans with 45°
(range 39°–57°). The anteversion of the acetabular component was 25° (range
8°–45°) on CT scan. On the pelvic radiographs a total mean PE wear of 2.0 mm
(0.0–7.0) was calculated according to the method described (Fig. 2). This overall PE
wear could be calculated towards a mean PE wear per year of 0.24 mm (0.0–1.17).
The maximum surface of the acetabular bony defect measured 352 mm² (range
zero to 1107) in the coronal plane and 369 mm² (range zero to 1300) in the
transversal CT plane. These bone defects were categorized as mild (<250 mm²;
n=13), moderate (25–1000 mm²; n=7) or severe (>1000 mm²; n=3). In addition,

in nine cases bone defects were also encountered on the femoral side in the
trochanteric area. Since no stem revision was performed and the primary purpose
of this study was to focus on the acetabular side we did not incorporate
measurements of these additional bony defects on the femoral side in our
evaluation. All radiographic parameters are summarized in Tables 2 and 3. As for PE
wear, cases could be divided in a high wear rate group with more than 0.20 mm/
year (n=15) and a low wear rate group with less than 0.20 mm/year (n=19). PE wear
rates per year did not correlate with the degree of encountered acetabular bone
defects (mild/moderate/severe) with a Pearson correlation coefficient of 0.02 for
the transversal plane and 0.164 for the coronal plane (p=0.12, Fisher’s exact test)
(Table 3).

3

Table 2 Implant positioning, wear characteristics and extent of acetabular
bone defects (ABD).
THA (n=34)
Emeraude/Lamella
Parameters on CT-scanning
(n=23)
- Cup Anterversion (range)

25⁰ (8 - 45)
45⁰ (39 - 57)
352 (0 - 1107)

Mean total area ABD: (mm2) (transversal plane)

369 (0 - 1300)

Parameters on AP pelvic X-ray
(n=34)
- Cup Inclination (range)

46 (37 - 65)

- Linear wear (mm), mean

2.0 (0.0 - 7.0)

- Linear wear rate (mm/ year), mean

0.24 (0.00 - 1.17)

Table 3 Polyethylene wear versus degree of acetabular bone defects (ABD).
PE-wear
<0.2 mm/year (n=19)

PE-wear
>0.2 mm/year
(n=15)

Mild: <250mm (n=13)

62%

40%

Moderate: 250-1000mm (n=7)

38%

30%

Severe >1000mm (n=3)

0%

30%

Acetabular Bone Defect

No significant correlation between extent of ABD and polyethylene wear yearly (n=34). ABD measured
on available CT-scans on both coronal and transversal plane )n=23). Fisher exact test: P-value 0.12.

PE-wear & bone defects from hooded inserts in THA

- Cup Inclination (range)
Mean total area ABD: (mm2) (coronal plane)

47

Intra-operative findings
Intra-operative findings at the time of revision surgery were consistent in most
cases. At all times a hooded PE insert (Lamella hooded PE-insert; Zimmer, Warsaw,
Indiana, USA) had been used and profound PE rim damage had occurred from
impingement of the femoral neck on this rim in exorotation and extension (Fig. 3).
The acetabular component could be removed relatively easily using the original
introduction device. Behind the acetabular component mild to severe bony defects
were encountered matching the pre-operative CT scan imaging. After debridement
of these bony defects an acetabular reconstruction could be performed with
impacted allograft chips followed by a cemented cup revision. Occasionally
reinforcement meshes were used to create a contained defect prior to impaction
grafting. In nine cases we also encountered bone defects on the femoral side in the
trochanter area. These defects were also debrided and grafted with morselized
bone allograft; all stems appeared to be well
fixed and were left in place.

A

B

C

Figure 3 Typical example of Intraoperatively encountered polyethylene wear. (A) Acetabular
component intraoperative, impingement is visible at the hooded rim. (B) Retrieved acetabular
component illustrating the damage due to neck impingement over the entire polyethylene
insert rim. (C) Acetabular metal lamella cup.

The inter-observer variability (interclass correlation coefficient) for the radiographic
measurements on CT scanning were 0.81, 0.73 and 0.96 (p=<0.001) for cup
anteversion, cup inclination and acetabular bone defects, respectively. The interobserver variability for the AP pelvic radiographic measurements of PE wear and
cup inclination were 0.87 and 0.92 (p=<0.001). Distribution of individual variables
(age, sex, weight, time to revision, component positioning and wear damage) were
normal on histogram.
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Discussion
3

PE-wear & bone defects from hooded inserts in THA

An important objective in THA design is to maintain an adequate range of motion
(ROM) and stability of the joint after implantation. The availability of modular
acetabular components allows the surgeon to choose a plain or hooded acetabular
liner for many implant types. These hooded rim options have become commonplace
and are still widely used on a routine basis or in cases of intra-operative instability
in up to 40%13. The use of a hooded rim is appealing and supports the surgeon’s
desire to maximize hip stability. Few studies, however, report on disadvantages of
the use of these stabilizing devices 13, 14.
In our study a hooded acetabular PE insert had been used at the primary
THA procedure in all cases. Excessive PE wear, typically from the hooded rim,
was encountered during revision surgery in 34 consecutive cases (Fig. 3). Only after
revising multiple cases with this type of acetabular implant we could conclude
that most PE wear originated from impingement on the elevated rim and to a
lesser degree from the articulating surface. Pre-operative radiographs revealed
an eccentric position of the femoral head within the cup together with acetabular
bone defects in a relatively large number of patients, which subsequently triggered
our attention. Since the PE insert with hooded rim is not visible on radiographs
initially, we felt an inferior PE was most likely to be the causative factor. On the
pre-operative pelvic radiographs a mean polyethylene wear of 2.0 mm was
measured at a mean follow-up of ten years. These values were calculated towards
a mean wear rate of 0.24 mm per year which is acceptable within the upper range
of normality 15; a wear rate greater than 0.20 mm yearly is considered to be
extensive. In our series 19 cases had less and 15 cases more than 0.20 mm wear
yearly (Table 3). The fact that the measured PE wear on the pelvic radiographs
(mean 0.24 mm/year) was in the high range, though not extensively high, combined
with the absence of a significant correlation between this PE wear and the extent
of acetabular bone defects, supports our belief that the vast majority of PE wear in
this series originated from impingement on the hooded acetabular insert rim.
Besides the profound PE wear from the hooded insert (Fig. 3), it cannot be ignored
that PE wear was also present from the eccentric position of the femoral head in
the cup and thus from the articulating bearing. The experienced annual wear rate
of the articulating PE of 0.24 mm (0.00–1.17) is still relatively high and higher than
one would expect for the Sulene PE (ultrahigh-molecular-weight polyethylene)
used in this insert 16. It is possible that the leverage of the femoral component on
the hooded rim caused forces and peak stresses also on the articulating insert
resulting in accelerated wear patterns. Moreover, when impingement on the rim
occurs, repetitive motion between the metal shell and PE insert may facilitate the
spread of PE wear particles between the PE insert and the inner surface of the
acetabular shell 17. The central fixation opening at the bottom of the metal shell

49

50

used in this study (Fig. 3c) may facilitate release of PE wear particles behind the
acetabular shell, subsequently initiating the observed bony erosions from a
macrophage reaction, also referred to as ‘particle disease’ and backside wear.
Literature is still inconclusive regarding fixation openings accelerating backside
wear 18-20, but there is literature available where this type of opening is recognized
as a potential key hole through which PE wear particles can be pressed behind the
acetabular component 21, 22. In more modern acetabular devices these openings
are therefore closed with a cap.
Studies on disadvantages of the use of hooded acetabular inserts are scarcely
available. Krushell et al. for example, already concluded that when the shell is not
malpositioned, a hooded insert does not provide greater ROM or significantly improves
stability 14. Only in cases of acetabular shell malpositioning an optimally oriented
hooded insert appeared to improve stability. Besides the potential benefit of improving
stability in malpositioned acetabular shells the authors also described disadvantages
such as damage from high loads and impingement on these unsupported
polyethylene rims. Furthermore, the authors state that the beneficial effect of a
hooded insert is sensitive to the exact positioning of the hooded rim and relocation
of the prosthesis is more difficult once dislocated. The prevalence and contributing
factors of insert impingement in 162 retrieved components of different THA designs
has also been described by Shon et al 13. In their series impingement of the polyethylene hooded rim occurred in up to 92% of the hooded acetabular components.
Given the fact that there is a paucity of literature on potential disadvantages of
overuse of hooded inserts our series is exceptional since it reflects the consequence
of standard use of these stabilizing implants. However, the retrospective nature of
the study and the fact that only 34 consecutive patients are reported on are
important limitations. In addition, implant positioning is known to be an important
factor in determining a possible (contra)indication for a hooded insert and this
could only be determined adequately on CT-scanning in 23 out of 34 patients.
On the other hand, pelvic radiographs supported implant positioning within acceptable
ranges in all patients, which was subsequently confirmed for both planes when CT
scanning was available 3, 23-25. Furthermore, PE wear could only be measured from
the actual bearing surface according to a widely used method first described by
Livermore et al. 9, 10; whereas most PE wear appeared to originate from impingement
on the hooded rim which was not visible on plain radiographs. In order to assess
the total amount of PE wear from the hooded rim all retrieved damaged acetabular
cups should have been retained and analysed accordingly. Since the structural
mechanism of failure was only recognized after a number of acetabular revisions,
we unfortunately did not retrieve all acetabular components to measure the exact
polyethylene debris due to rim impingement. For that reason we can only provide
data from the recorded intra-operative established hooded rim damage as described
in all cases by the operating surgeon.

3

PE-wear & bone defects from hooded inserts in THA

In conclusion, we report on an exceptional series of early acetabular revisions for
accelerated PE wear and pelvic bone defects where standard use of a hooded rim
acetabular insert at the index primary THA was identified as causative factor. In well
positioned implants surgeons should be aware that component impingement
with concordant complications may be introduced when using these stabilizing
devices. Hooded rim inserts are appealing, however their use should be reserved
for selected cases where implant malpositioning is suspected. Standard use in
primary THA should be avoided.
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Abstract
Introduction: This study reports on the incidence of intraoperative calcar fractures
with the Cementless Spotorno (CLS) stem and the potential role of a learning curve
and implant positioning is investigated.
Patients and Methods: After introduction of the CLS stem, 800 consecutive
cementless Total Hip Arthroplasties (THA) were analyzed. The incidence of calcar
fracture in the first 400 THA was compared with the second 400 THA, in order to
study a potential learning curve effect. According to the Instruction For Users (IFU),
varus positioning of the stem was avoided and a femoral neck osteotomy was
aimed relatively close to the lesser trochanter since these are assumed to be
correlated with calcar fractures. Implant positioning (neck shaft angle, femoral
offset and osteotomy-lesser trochanter Distance) was measured on postoperative
pelvic radiographs of all THA with calcar fractures and 100 randomly selected
uncomplicated control cases.
Results: Seventeen (2.1%) intraoperative calcar fractures were recorded. The
incidence of calcar fracture differed between the first 400 THA(n=11) and the
second 400 THA(n=6). This difference was not statistically significant (p=0.220),
however these numbers indicate a trend towards a learning effect. No significant
difference in stem positioning nor the height of the femoral neck osteotomy was
measured between THA with a calcar fracture (n=17) and the control cases (n=100).
Conclusions: We report on a high incidence of intraoperative calcar fractures with
the use of a CLS stem. The risk for calcar fractures remains clinically significant
even after adequate implant positioning in the hands of experienced hip surgeons.
Surgeons should be aware of this implant related phenomenon and be alert on this
phenomenon intraoperatively.
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Introduction

4

Calcar fractures with the CLS Spotorno hip stem

Total hip arthroplasty (THA) is the treatment of choice in patients with debilitating
hip impairment due to osteoarthritis, inducing relief of pain and improving mobility.
Nowadays THA is one of the most successful and frequently executed orthopedic
procedures with a reported patient satisfaction rate of more than 95% 1. Clinical
outcome of cementless femoral stems have been further improved by using
tapered designs for press fit fixation combined with a rectangular cross-sectional
shape for rotation-stability 2, 3. In 1984 the tapered cementless Spotorno (CLS) stem
was introduced (Zimmer, Warsaw, USA) and is currently one of the most widely
used cementless femoral components in the world. Attracted towards the excellent
track record and low revision rates of the CLS stem with an ODEP ‘10A*’ rating
(ODEP 2014), the CLS stem was introduced in our practice in March of 2013 4-7.
After introduction the intraoperative calcar fracture rate seemed to increase
notably; in fact this phenomenon was basically new to us. Femoral fracture is a
recognized complication of cementless THA, especially in tapered and rectangular
designs. Intraoperative calcar fractures increase the risk of revision, add to operation
time and frequently require further surgical exploration while also possibly delaying
recovery after the index operation 8, 9. As such this is an important complication
with potentially hazardous consequences for patients especially when missed intraoperatively. There is limited literature available on this topic and the problem may
be underestimated by publication bias. Incidence rates for intraoperative calcar
fractures with cementless THA have been reported ranging 0.4-5.4% 3, 8-11. (Only)
three articles reported on calcar fractures in cohorts with the CLS stem, fracture
occurrence ranging from 2.2% to 13.4% 6, 12, 13.
Numerous cementless stem designs have reported a different incidence of
calcar fractures, which indicates that an ‘implant factor’ plays an important role in
this phenomenon. From a biomechanical perspective, calcar fractures may be
induced by varus positioning of the stem during implantation and a relatively high
femoral neck osteotomy 14, 15. A learning curve could also be involved, which then
in combination with radiographic implant positioning would represent a ‘surgeon
factor’ in regards to this complication.
From our observation, we performed a retrospective analysis on the first 800
consecutively implanted CLS prostheses from introduction in our clinic in March
2013. Our main goal was to determine the incidence of calcar fracture with this
particular implant design and how to avoid or decrease its occurrence. Secondly,
to determine to which extend a learning curve could be held responsible for the
incidence of calcar fractures. Thirdly, to identify radiographic hip geometry aspects
a surgeon could avoid during implantation to limit the surgeon factor. Since the
occurrence of calcar fractures was a relatively new phenomenon in a high-volume
hip arthroplasty clinic with over a decade of experience with another tapered and
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rectangular cementless stem design we hypothesized a dominant role for the
implant design related factor.

Patients and methods
In the authors clinic, patients with primary osteoarthritis of the hip in otherwise
anatomically normal hip joints without significant comorbidities are operated on in
a joint rapid recovery program. In this highly protocolled program patients are
operated on by one of five experienced hip surgeons (> 100 implants/year). Patients
younger than 65 years of age at the time of surgery with normal anatomy and bone
stock, receive an cementless THA (CLS Spotorno cup and stem, Zimmer, Warsaw,
USA).

Prosthesis (CLS)
The CLS Spotorno stem is a cementless stem with a characteristic coronal threedimensional wedge shape and sharpened ribs in the proximal region for predominantly
proximal anchorage, providing press-fit and a long-lasting mechanical stability
through a large contact area for osseointegration. These factors should ensure
primary and rotational stability (from: The CLS Spotorno Stem, Zimmer 2008).
The manufacturer of the CLS stem recommends to avoid a varus position when
introducing the stem into the femoral canal and to aim for a femoral neck osteotomy
of 1.0-1.5 cm above the lesser trochanter (from: CLS Spotorno Hip Stem, Surgical
technique, Zimmer 2008-2011). Following these recommendations, the incidence
of calcar fractures may be minimized.

Cohort selection
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The first 800 cementless THA with the CLS femoral component from the rapid
recovery program operated on between March 2013 and January 2016 were retrospectively evaluated for implant positioning and intra- and postoperative calcar
fractures. In order to evaluate a possible learning curve concerning calcar fractures,
we divided this cohort in two consecutive groups; the first 400 THA implanted
(Group 1), and the second group of 400 THA implanted (Group 2). The group was
simply split in half since we felt that at least 70-100 implants should have been
placed by each surgeon before a potential learning curve effect would have
disappeared. From the literature a number of at least 50 cases is recognized as an
acceptable learning curve 16, 17. All cases with calcar fracture, intraoperative identified
or on the postoperative pelvic x-ray, followed geometrical analysis. A group of 100
uncomplicated THA were randomly selected from Group 1 as a control group for
geometrical comparison.

Surgical technique

Figure 1 Intra-operative image. Typical example how the distance of the femoral osteotomy
towards the end of the neck-taper is measured (37 mm in this example). This distance should
match with the trial implant situation.
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All surgeries were performed by an experienced hip surgeon with at least 5 years of
experience in total hip arthroplasty (>100 implants/year). A posterolateral approach
was used in all cases. Main technical objectives during surgery were to restore hip
anatomy, prevent hip instability and avoid leg length discrepancy. In achieving these
objectives, preoperative implant planning was performed using digital templating
software (Easyvision, Philips, Eindhoven, The Netherlands). Perioperative positioning
of the stem was targeted at 15-20 degrees anteversion and a neutral varus/valgus
angle. The femoral neck osteotomy was aimed at 1 cm above the lesser trochanter.
In order to detect any potential calcar fissuring intraoperatively we routinely
measure stem depth in the femoral canal of the final implant against the trial stem.
With the press-fitted trial implants in place, we measure the distance from the
osteotomy towards the end of the neck-taper (typically around 35-40 mm).
Subsequently, the final stem is placed and this distance is measured again (Figure 1).
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In case the final stem position is any deeper than the well-fitted trial stem one
should be alert on fissuring and check for it posteriorly. Fissuring occurs as the
robust proximal ribs of the final stem are press-fitted in the canal after reaming.
The radial stresses applied on the calcar may become too high and cause cortical
fracturing. Typically this fracture occurs below the posterior corner of the rectangular
stem and can easily be missed. In case of fissuring one can decide to provide a
cerclage around the proximal femur or convert towards a cemented implant. Most
importantly, a missed fracture may easily result in an early postoperative periprosthetic
fracture after mobilization.

Radiographic analysis
Postoperative standard anterior-posterior (AP) pelvic radiographs were obtained in
all patients at 6 weeks postoperatively. Radiographic measurements were executed
using Philips Easyvision with an extended Ortho-toolbox (Philips Medical Systems,
Eindhoven, The Netherlands). Postoperative AP pelvic x-rays were calibrated on the
prosthesis femoral head with a standard diameter of 36mm (cup diameter ≥ 50mm)

Figure 2 6 Weeks postoperative pelvic anteroposterior radiograph. Template of the geometric
parameter measurements in total hip arthroplasty: offset (OFF), neck shaft angle (NSA), femoral
neck osteotomy distance (FC).
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AP: anteroposterior; THA: total hip arthroplasty.

or 32mm (cup diameter ≤ 48mm). Next, three key radiographic parameters were
used to evaluate postoperative hip geometry. Femoral off set (OFF) was measured;
the distance between the center of rotation and a line through the center of the
femoral shaft (Figure 2). Secondly, distance of the femoral neck osteotomy towards
the lesser trochanter was measured (FC) (Figure 2). Finally, the neck-shaft angle
represents the angle between the prosthesis neck and a line through the center of
the femoral shaft (NSA); a negative NSA corresponds to a valgus positioning and a
positive value corresponds to a varus positioning of the stem (Figure 2).

4

Statistical Analysis
Data was processed in SPSS (SPSS version 21.0 Inc. Chicago, IL, USA) for statistical
analysis. All data were controlled for normal distribution by means of the ShapiroWilk test. Normally distributed data is presented as mean with standard deviation.
Normally distributed measurements will be compared with use of the independent
Students’ T-test. When appropriate the Pearson Chi-Square test was used. Differences
were considered statistically significant with a p-value <0.05.

Eight hundred consecutive THA were performed with a CLS Spotorno Stem. Group 1
consisted of 400 THA implanted between March 2013 and September 2014.
In the time period between September 2014 and January 2016, the next 400 THA
were implanted (Group 2). The groups were well comparable at baseline; no significant
differences in baseline characteristics were recorded (Table 1).

Table 1 Patient characteristics at baseline. Results are presented as number of
cases (n) and percentages or as means with standard deviation.
Total
(n=800)

Group 1
(n = 400)

Group 2
(n = 400)

P-value

Age

64.0 (8.8)

64.6 (8.3)

63.4 (9.4)

0.06

Side (n)
Right

417 (52.1%)

202 (50.5%)

215 (53.8%)

0.36

Gender (n)
Male

315 (39.4%)

161 (38.5%)

154 (40.3%)

0.61

Calcar fractures (n)

17 (2.1%)

11 (2.8%)

6 (1.5%)

0.22

Calcar fractures with the CLS Spotorno hip stem
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Calcar fractures
A total of 17 (2.1%) calcar fractures were recorded in our cohort of 800 THA. All five
orthopedic surgeons experienced one or more calcar fracture without any outliers
amongst them. One calcar fracture was identified on the postoperative radiograph;
this patient was treated with a weight bearing restriction for 6 weeks. Two cases
were intraoperatively converted to a cemented stem because of a calcar fracture.
The remaining calcar fractures (n=13) were successfully treated with one or two
cerclage wires intraoperatively and limited weight bearing the first six weeks after
surgery.
In Group 1 a total of 11 (2.8%) calcar fractures were encountered compared to
6 (1.5%) in Group 2 (Table 1). This difference was not statistically significant (P=0.220);
however, a trend towards a gradual decrease was present. Different cut-of points, such
as 100 versus 700 and 300 versus 500, were also assessed with similar outcome.

Geometrical characteristics
A flowchart regarding patient selection for geometrical comparison is presented in
Figure 3. As noted previously, Figure 2 shows the method of measurement of the
different characteristics. Geometrical characteristics were compared between the
THA with a calcar fracture and 100 THA from the control group. Table 2 represents
the comparison of the key geometrical characteristics measured. The femoral neck
osteotomy was 10.3mm (standard deviation (SD) 3.9mm) above the lesser trochanter
in the control group and 11.7mm (SD 4.3mm) in THA with a calcar fracture (p=0.18).
Patient with a calcar fracture had a mean offset of 47.6mm (SD 8.4mm) while the
control group had a mean of 46.0mm (SD 5.3mm) (p=0.45). The mean neck-shaft
angle was 1.4° valgus in the control group with an SD of 2.8°, while THA with a
calcar fracture had a mean valgus alignment of 2.6° (SD 3.1°) (p=0.11). All three
parameters did not differ statistically significant.

Table 2 Mean geometric parameter measurements on AP pelvic radiographs
of uncomplicated total hip arthroplasty (THA) and THA complicated by
intraoperative calcar fractures. Results are presented as means with
standard deviation.
Control group
(n = 100)
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Calcar fracture
(n = 17)

P-value

Osteotomy distance (mm)

10.3 (3.9)

11.7 (4.3)

0.18

Offset (mm)

46.0 (5.3)

47.6 (8.4)

0.45

Delta neck-shaft angel (°)

-1.4 (2.8)

-2.6 (3.1)

0.11

THA with CLS stem
n=800

Group 1

Control group

n=0-400
Year: 2013-2014

4

n=100

Calcar fracture
n=11

Group 2
n=401-800
Year: 2014-2015

Calcar fracture
n=6

Figure 3 Flowchart: Patient inclusion for radiographic assessment.
THA: Total Hip Arthroplasty; CLS: Cementless Spotorno

In this retrospective study, the incidence of calcar fractures was 2.8% in the first 400
cases, which decreased towards 1.5% in the subsequent 400 cases. With numbers
available this difference was not statistically significant; however, a trend towards a
learning effect appeared to be present. In contrast to the suggested correlation
between the risk for calcar fractures as described in the manufacturer’s IFU and
varus positioning or high femoral neck osteotomy, we could not establish a trend
supporting this claim. In our cohort the incidence of calcar fractures was not linked
to the positioning of the stem, or the height of the femoral neck osteotomy.
Obviously profound varus positioning and high osteotomy should still be avoided,
however we feel that calcar fractures may still occur irrespective of adequate
implant positioning of this particular design and that the IFU as such may be too
reassuring. The learning curve and thus the surgeon factor could have played a role
in the incidence of calcar fractures in this series, however to our opinion the implant
factor plays a dominant role with this particular stem design.
Calcar fracture is a known complication of THA, and is notably more common
in cementless THA 18-20. Our overall incidence rate of 2.1% is comparable with the
available literature. It also compares to the incidence rates reported concerning the
CLS stem specifically 6, 12. Only Min et al and Hwang et al reported on calcar
fractures in non-selected cohorts with the CLS stem, finding 5 in 106 (4.7%) and 5
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in 227 (2.2%) THA respectively 6, 12. Kim et al found 3 calcar fractures in 23 THA in
patients with rheumatoid arthritis, resulting in a high occurrence rate of 13.4% 13.
An intraoperative calcar fracture is associated with a longer operating time and
cost, necessitating further exposure and risk of nerve or vascular damage 21. While
a calcar fracture is a significant complication, literature shows appropriate treatment
does not necessarily compromise the long-term results, when considering both
survival and clinical results, of total hip arthroplasty 18, 22-24. However, when not
recognized intraoperatively and thus not treated appropriately, a periprosthetic
fracture generally warrants reoperation and potentially risks survival of the implant
due to the re-do accompanied with an increased infection risk. Therefore,
we believe attention should be paid towards the incidence and risk factors
predisposing for this complication and that recognition of this phenomenon intraoperatively is of key importance to be able to deal with adequately.
Several potential risk factors have been previously identified for intraoperative
femoral fractures in THA, including female sex 8, 18, 19, 22, 25, osteoporosis 14, 21, 22, 26,
anterolateral and direct lateral approaches 8, 10, 18, stem design and surgical
technique 3, 14, 22, 26. Regarding stem design, press-fit stems are associated with a
higher risk of calcar fracture 3, 14, 22. This is probably due to the fact that in press-fit
designs, the corresponding reamer has a smaller diameter than the implanted stem.
As demonstrated by Berend et al. and Jasty et al., this results in higher proximal
strain during implantation thus creating more risk of a proximal fracture 3, 27.
We believe this to be an important contributing factor to the incidence of calcar
fractures with the CLS stem. On the contrary, an antero-posteriorly flat and
medio- laterally wedge tapered design has been reported to have the lowest rate
of intraoperative fractures 3.
Despite the incidental occurrence of calcar fractures, we continue to use the
CLS stem in our hospital. It has an excellent record of survival and revision rate 4-7.
Intraoperative calcar fractures are a clinically significant risk with this particular
femoral stem design and hip surgeons should be aware of this. The surgeon factor
seems not to be the main causative factor; as no difference in incidence on calcar
fractures between surgeons was seen and no significant correlation between
osteotomy level, stem positioning and the onset of calcar factures was measured.
We believe the problem remains mainly implant related. We recommend aiming for
a straight position of the CLS stem during introduction and planning for a femoral
neck osteotomy of 1 cm above the lesser trochanter, according to the IFU. These
recommendations, however, clearly do not prevent the occurrence of calcar
fractures. Surgeons should actively check for cortical fissuring in the posterior
corner behind the stem, for example by assessing the distance between the femoral
osteotomy and the end of the neck-taper after final stem implantation against the
trial implant situation, as missed fracture may easily result in an early postoperative
periprosthetic fracture after mobilization.
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Abstract
Introduction: Gait analysis performed under increased physical demand may
detect differences in gait between total (THA) versus resurfacing hip arthroplasties
(RHA) which are not measured at normal walking speed. We hypothesized that
patients after RHA would reach higher walking speeds and inclines compared to
THA. Additionally a RHA would enable a more natural gait when comparing the
operated to the healthy contralateral hip.
Patient and methods: From a randomized controlled trial comparing THA to RHA
with at least 5 years follow up patients with a UCLA score of more than 3 points
(n=34) were included for an instrumented treadmill gait analysis. 25 patients with
a unilateral implant (primary analysis: 16 THA versus 9 RHA) and 9 patients with
a bilateral implant (sub-analysis: n=5 RHA + THA; n=4 THA + THA). Spatiotemporal
parameters, ground reaction forces and range of motion were recorded at increasing
walking speeds and inclines. Functional outcome scores were obtained.
Results: At a normal walking speed of 1.1m/s and at increasing inclines no differences
were recorded in gait between both groups with a unilateral hip implant. With increasing
walking speed the RHA group reached a higher top walking speed (adjusted
difference 0.07m/s, 95%CI -0.11 – 0.25)) compared to THA. Additionally, RHA patients
tolerated more weight on the operated side at TWS (155N, CI 49 – 261) and as such
weight bearing approached the unaffected contralateral side. For the RHA group a
‘between leg difference’ of 8N (CI 3 - 245) was measured versus -129N (CI -138 - -29)
for THA (adjusted difference 144N CI 20 – 261). Hip flexion of the operated side at
TWS was higher after RHA compared to THA (adjusted difference 8° (CI 1.7 – 14).
Conclusion: In this study RHA patients reached a higher walking speed, preserved
a more normal weight acceptance and a greater range of hip flexion against their
contralateral healthy leg as compared to patients with a THA.
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Introduction

Patients and methods
The study group included RHA and THA patients from a larger randomized
controlled trial to compare RHA against a conventional small-diameter MoM THA
with at least a complete 5-year follow up 17. 34 RHA and 26 THA patients were
available to participate in this instrumented gait analysis follow up study. Only
relatively active patients, who did not use walking aids during daily living, with more
than 3 points according to the university of California at Los Angeles (UCLA) activity
score at 5 years follow up were approached. Exclusion criteria were contralateral
hip osteoarthritis, presence of a total knee arthroplasty or any musculoskeletal
disorder affecting patients gait other than the hip implant. 34 patients could be
included for gait analysis. Patients were categorized into 2 groups: 1) 25 patients

5

Gait pattern after RHA versus THA

Increasing numbers of young patients choose hip arthroplasty instead of accepting
hip impairment. In an attempt to increase implant durability and future revision
options the metal on metal (MoM) resurfacing hip arthroplasty (RHA) was
introduced, improving implant stability with the use of larger femoral head
diameters and preservation of femoral bone stock 1-5. Patients benefit from
regaining hip function near to normal as gait analysis studies and questionnaires
have shown 6, 7, 8, 9. However, the use of RHA has decreased over the past decade
due to concerns about adverse reactions to metal debris 10-12. Still, the hip
resurfacing concept, restoring patients’ mobility particular in young active patients,
remains relevant since previous studies have reported somewhat better functional
outcome after RHA versus THA 9, 13, 14. So far, only 2 randomized controlled trials
have been performed comparing postoperative gait between RHA and THA 15, 16.
In these studies, the clinically perceived benefit of RHA compared to conventional
THA on patient mobility and gait could not be confirmed. However, these studies
may not be entirely conclusive since a limited number of patients was enrolled and
measurements were done at normal walking speed. More modern gait analysis
does allow assessment of patients’ gait pattern at increasing walking speeds and
inclines. The advantage of using an instrumented treadmill is the ability to continuously
increase speed and walking incline to detect gait differences that may not be
detected at a normal or slow walking speed.
In this study a modern instrumented treadmill assisted gait analysis after RHA
versus THA was performed where spatiotemporal, kinematic and kinetic data could be
continuously monitored under increasing walking speed and incline. We hypothesized
that this way RHA patients would still proof to preserve a more normal gait pattern
of the operated leg similar to the gait pattern of the healthy contralateral leg.
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with a unilateral hip implant (16 RHA and 9 THA), and 2) 9 patients with a bilateral
hip implant (4 THA+THA and 5 RHA+THA). The primary analysis concerns patients
with a unilateral hip implant, comparing THA to RHA, the secondary analysis
concerns patients with bilateral implants. (Figure 1, Table 1).

Functional questionnaires:
2 weeks prior to the gait analysis all patient completed the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC), EuroQol 5D (EQ-5D), UCLA
activity score, and the Oxford hip score (OHS) to establish patient-reported outcome
after surgery (Table 2).

Assessed for eligibility at
5 years postoperative
RHA (n=34) versus THA (n=26)

Excluded for gait analysis RHA n=13 (34)
n=2 Not willing to participate
(well-functioning implant)
n=1 Lost to follow up
n=1 Metastatic cancer disease
n=1 Parkinson disease
n=2 Symptomatic contralateral hip
osteoarthritis
n=2 Symptomatic knee osteoarthritis
n=1 Chronic obstructive pulmonary disease
n=2 Cup revision
n=1 Radicular back pain

Excluded for gait analysis THA n=12 (26)
n=4 Not willing to participate
(well-functioning implant)
n=2 Lost to follow up
n=1 Claudicatio intermittens
n=1 Polymyalgia rheumatic
n=2 Symptomatic contralateral hip
osteoarthritis
n=1 Chronic obstructive pulmonary disease
n=2 Bursitis trochanterica

Included for gait analysis: RHA n=21 & THA n=13

Primary analysis n=25
Unilateral implants:
RHA n=16 versus THA n=9
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Figure 1 Flowchart

Secondary analysis n=9
Bilateral implants:
RHA + THA n= 5
THA + THA n=4

Table 1 Clinical details of the patients with a unilateral hip implant for both groups.
RHA
(n = 16)

THA
(n=9)

p-value

5/11

1/8

0.4 a

26 (3)

28 (5)

0.2b

* Length in centimeters (SD)

177 (13)

180 (9)

0.5 b

Sex (women/men)
Mean body mass index (SD)
* Weight in Kilogram (SD)

82 (19)

91 (21)

0.3 b

Mean age at surgery in years (SD)

52 (10)

57 (8)

0.2b

Mean follow-up in years (SD)

6.3 (1)

6.2 (0)

0.9b

a Fisher’s

5

exact probability test
t-test

b Student’s

Table 2 Clinical scores according to the UCLA activity score, Oxford Hip score
(OHS: best - worst 12 – 60 points scoring), EQ-5D visual analogue scale
and WOMAC hip score (best to worst 0-94 points scoring).
Unilateral

RHA (n=16)

THA (n=9)

p-value

OHS

14 (3)

14 (2)

0.9

UCLA

6.9 (2.4)

7.3 (2.4)

0.7

EQ-5D VAS

80 (7)

78 (10)

0.6

WOMAC

4 (5)

4 (5)

0.8

All values are presented as mean with standard deviation. A Student’s t-test was performed

Patients were assessed by a Gait Real-time Analysis Interactive Lab (GRAIL; Motek
Medical, Amsterdam, Netherlands). A 3D motion capture system with an instrumented
dual-belt treadmill with force plates underneath both belts to record the kinetics of
each step, left and right, independently at increasing speed and inclination (maximum
10 degrees). A motion-capture system with 24 anatomic placed body markers on
the lower extremities, pelvis and spine is integrated in the GRAIL to record changes
in body position and range of motion of the hip joint during each gait cycle. Since
body markers were placed on anatomical landmarks including the lateral femoral
epicondyle, greater trochanter of the femur, anterior and posterior superior iliac
spine, sacral bone and Th10, hip flexion and extension could be monitored after
correction for concomitant spine motion. The 3D marker trajectories were collected
(100 Hz) with a 10 camera 3D motion capture system (Vicon Nexus, Oxford Metrics Ltd.,
Oxford, UK) and processed in D-flow (Motekforce Link, Amsterdam, the Netherlands).

Gait pattern after RHA versus THA

Gait analysis
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Kinetic data were collected from the force plates (Forcelink, 12 channels, sample
frequency 1000 Hz) during the stance phase according to the gait analysis protocol
published by Aqil et al. 7 resulting in 4 variables for analysis: maximum weight acceptance,
mid support, maximum push off and impulse. Maximum weight acceptance and
maximum push off are the first and second force peaks in the stance phase with the
mid support force being the lowest point between both peaks. The impulse is
defined as the total force throughout the stance phase or the area under the curve
(Figure 2). Kinetic data obtained from the force plates was normalized for bodyweight
towards a standard 80 kilogram.

Figure 2 Illustration of the ground reaction force (N) plotted against time (sec) during a gait
cycle from heel-strike to toe-off: with the maximum weight acceptance (first peak), mid
support, maximum push (second peak) off and the impulse (area under the curve).
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With the motion capture system the spatiotemporal parameters; speed, step length,
stride time and cadence as well as the kinematic data of hip range of motion, were
continuously recorded. All patients were tested by 2 independent physical therapists,
blinded for the implant type and side. Testing followed a 6-minute acclimatization
period at a fixed 1.11m/s (4 km/h) speed to eliminate inconsistencies in the patients’
gait due to lack of warming up 18, 19. Patients walked on shoes, without any support
or walking aids on the treadmill.
Flat ground walking started at 1.11m/s and was increased by 0.28m/s (1km/h)
every 20 seconds up to the patients’ top walking speed (TWS). After a 5 minutes

break, patients were asked to walk uphill at a fixed speed op 1.11m/s, with increments
of 1 degree every 20 seconds. The treadmill was inclined up to the patient maximum
walking incline (TWI), with a maximum treadmill incline of 10 degrees which
corresponds with intensive hiking.

Statistics
All data extracted from the GRAIL system was analyzed using MATLAB (R2014b,
The MathWorks Inc., Natick, Massachusetts). Force calculations were only performed
on correctly measured steps. A correctly measured step was defined as a deviation
from the mean of all steps of less than 2 times the standard deviation.
Descriptive statistics were used to summarize the data. Independent samples
T-tests and non-parametric independent T-tests were used to assess differences
between baseline scores. As the participants were selected from a previously
performed randomized controlled trial (Smolders et al 2010), no prior power
calculation was performed. Linear regression was used to test between group
differences (RHA vs THA) in spatiotemporal, kinetic and kinematic parameters while
adjusting for sex, age at surgery, BMI and UCLA-score. Results are presented as
means with 95% confidence intervals (CI). Additional analyses were performed on
the 9 patients with bilateral hip implants; a RHA combined with a THA (n=5), or a
bilateral THA (n=4). In these small groups, paired T-tests were used to assess the
between leg differences regarding the ground reaction forces in both groups,
kinematic and spatiotemporal parameters. Differences were considered statistically
significant with a p-value <0.05. All statistical analyses were performed using R
version 3.5.1 (R Foundation for Statistical Computing, Vienna.
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Approval from the regional ethics committee was obtained for the gait analysis
(LTC 2015-0576 / METC NL50830.091.14) and registered as clinical trial (NCT02484781).
An independent institutional research grant was obtained (Rijnstate Vriendenfonds).
Written informed consent was obtained from all patients. There are no conflicts of
interest to be reported by any of the authors.

Results
Primary analysis
Clinical outcome
Patient characteristics and surgical data for the primary analysis are summarized
in Table 1. 16 unilateral RHA and 9 unilateral THA were included. Clinical outcome
scores are presented in Table 2. Overall both groups presented with a good OHS,
UCLA score, EQ-5D VAS and WOMAC without clinically relevant differences.
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Primary gait analysis (patients with a unilateral hip implant)
1. Fixed speed (1.11m/s), no incline (0 degrees)
No statistically significant differences were measured between the RHA and the
THA regarding the spatiotemporal, kinetic and kinematic parameters recorded
when walking at a normal speed of 1.11m/s (4km/h) (supplementary data: Tables 3,
4 and 5). In addition, no statistically significant discrepancy between the implanted
hip and the contralateral hip was observed irrespective the type of implant.
2. Increasing walking speed towards TWS with no incline (0 degrees)
RHA reached a higher TWS compared to THA, respectively 2.03 m/sec (SD 0.2)
versus 1.92 m/sec (SD 0.2) (adjusted difference 0.07m/s (CI -0.11 – 0.25)).
No differences were seen regarding the stride time, stride length or the cadence,
both parameters adopted similar towards TWS (supplementary data, Table 3).
For the THA group an increasing walking speed coincided with an increasing
discrepancy in weight acceptance between the implanted (977N (SD 103)) and the
contralateral healthy hip (1106N (SD 85)) (Δ = -129N at TWS (CI -138 - -29). As for the
RHA group a minor between legs difference was measured of 1132N (SD 153)
versus 1124N (SD 114) for the contralateral side (Δ = 8N at TWS (CI 3 - 245). Thus the
adjusted difference in weight acceptance between legs at TWS for the RHA group
and the THA group was 144N (CI 20 – 261). For the other ground reaction forces
recorded no statistical significant differences were seen at top walking speed
(supplementary data, Table 4a). Regarding hip range of motion at an increasing
walking speed up to patients’ TWS hip flexion increased from 35 º (SD 6) towards 47
º (SD 5) after RHA versus 33 º (SD 8) toward 39 º (SD 6) º after THA. Hip flexion of
the operated leg at TWS was higher after RHA (adjusted difference 8 º (CI 1.7 – 14).
Additionally, a minor between leg difference was measured (adjusted difference
-2.8 (CI -7.4 – 1.8)) (supplementary data, Table 5).
3. Fixed walking speed and an increasing incline towards TWI
At an increasing incline with a fixed normal walking speed (1.11m/s) no statistically
significant differences were seen between RHA and THA at patients’ TWI (supplementary
data, Table 3). Regarding the ground reaction forces measured no differences between
groups or between the operated and the contralateral hip were measured at
increasing inclines (supplementary data, Table 4a). No difference was measured in
patients hip range of motion between legs or between groups for hip flexion and
extension (supplementary data, Table 5).

Secondary gait analysis: patients with bilateral hip implants
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The group of 5 bilateral patients (4 women) with a RHA on one side and a THA on
the other side had a mean BMI of 28 (SD 4), mean UCLA of 7.8 (SD 0.8) and a mean
age at surgery of 60 years (SD 4). From the small number of patients obviously no

statistically significant differences could be detected between leg differences
regarding the ground reaction forces, stride length, stride time and hip range of
motion. Overall, at normal walking speed and TWI all mean values were comparable
between both legs (supplementary data, Table 4b and 6). This also accounted for
TWS, except that the difference in maximum weight acceptance between both legs
increased in favour of the side with a RHA (adjusted difference 45N (CI -63 – 153)
The group of 4 patients (3 women) with a bilateral THA had a mean BMI 24 (SD 2),
mean UCLA of 7.4 (SD 1) and a mean age at surgery of 54 years (SD 12). Again,
overall no between leg differences were measured at normal walking speed, TWS
or TWI regarding the ground reaction forces, stride length, stride time and hip
range of motion (supplementary data, Table 4b and 6). This time the difference in
weight acceptance between both legs (THA and THA) was less (2N (CI -82 - 87)).
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Postoperative gait differences between RHA and THA remain controversial
regarding presumed benefits for RHA. In this treadmill assisted gait analysis indeed
no differences in gait pattern were measured at a fixed flat walking speed of 1.11m/s
nor at increasing inclines with a fixed flat walking speed. However, with increasing
speeds towards patients’ TWS, patients with a RHA had a weight acceptance on
the operated hip similar to the weight acceptance of the healthy contralateral hip.
In the group of patients with a THA this weight acceptance on the operated leg was
relatively lower, resulting in a higher between leg difference at top walking speed.
In addition, a greater range of motion in the hip joint was measured and a trend
towards a higher top walking speed and a greater stride length was observed after
RHA. The primary gait analyses focussed on patients with a unilateral hip implant.
In an attempt to maximize the potential inclusion of patients available for gait
analysis a secondary gait analysis was performed also on patients with bilateral hip
implants. The 2 secondary gait analyses of patients with a bilateral hip implants
(RHA + THA and bilateral THA) overall confirmed the outcome of the primary analyses
without clear between leg differences in the evaluated outcome parameters,
in particular for the bilateral THA group. Interestingly, patients with a RHA and a THA
revealed a similar weight acceptance between legs at normal walking speed
whereas at TWS the difference in weight acceptance increased in favour of the RHA
side. With the small sample size this difference was statistically not significant.
2 randomized controlled trials on gait analysis have already reported on similar
postoperative walking speed and gait restoration after RHA versus THA without a
statistically significant difference between groups 15, 16. However, in contrast to our
study Petersen et al. 16 assessed gait adaptation at patients’ comfort walking speed
at 6 and 12 weeks after surgery in 30 patients (15 RHA versus 15 THA). A respective
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non-significant difference in speed increase from 6 to 12 weeks after surgery was
observed of 1.19 (SD 0.3) to 1.32 (SD 0.2) m/s (RHA) versus 1.10m/s (SD 0.3) to
1.25m/s (SD 0.2) (THA). No differences in kinematic and kinetic parameters were
measured between groups at these comfort walking speeds. Lavigne et al. 15
reported on a non-significant difference in comfortable walking speeds favouring
RHA (n=24) at 12 months postoperative. In that study however, RHA was compared
to a large diameter head THA (n=15) instead of a more conventional small head
diameter THA. Both these earlier studies differ importantly from our study since
most parameters were evaluated only at normal, comfortable walking speeds and
weight acceptance of the operated leg was not assessed. For this reason we feel
that these earlier studies missed the encountered differences in our study. A more
recent non-randomized study by Wiik et al. 18 also used gait analysis on an
instrumented treadmill to compare 22 RHA, 22 THA and a control group (n=23).
They reported on a top walking speed (TWS) of 2.06 m/s (SD 0.22) after RHA versus
1.90 m/s (SD 0.19) after THA (p<0.05), whereas the control group without a hip
arthroplasty reached 2.08 m/s (SD 0.17). As such that study also confirmed a better
performance for RHA with increasing walking speeds, however it may have been
biased since cohorts where selected. The strength of our study is that these findings
were confirmed also in patients from a randomized study.
The use of a large femoral head diameter in RHA and the absence of an
intramedullary stem in the femur may explain the perceived more natural gait
frequently claimed by patients after RHA. Our findings objectively support this
assumption as indicated by a more natural postoperative gait restoration seen after
RHA compared to conventional THA (Figure 3: typical examples of gait adaptation
after RHA and THA). Besides the larger range of motion which can be obtained with
a larger femoral head diameter 20, especially the absence of an intramedullary stem
did allow for weight acceptance on the operated leg comparable to the
non-operated contralateral side. Earlier studies did already recognize this tendency
towards a more physiological gait after RHA 6, 7, 21. For example, Aqil et al. 7
performed an instrumented treadmill assisted gait analysis in 9 patients with bilateral
hip arthroplasties, THA (head diameters range from 28-38mm) on one side versus
RHA contra-laterally. A strong correlation between increasing speeds and increasing
between leg differences in ground reaction force was also described.
The presence of an intra medullary stem obviously stiffens the femur which in
turn decreases weight tolerance of that femur. The fact that with RHA such a stemmed
device can be avoided appears to be a benefit. It should be noted however that
only with gait analysis using increasing walking speeds this benefit for RHA could be
quantified and as such it may not be as clinically significant. In addition this benefit
for RHA has to be balanced against the increasing concern around metal-on-metal
articulation 22, 23. For the future it may remain interesting to focus on research
allowing for the resurfacing concept whilst avoiding metal-on-metal articulations 24.
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Figure 3b Typical example of gait adaptation towards top walking speed (TWS) after THA.
Minor between leg differences are measured at 4km/h between the healthy and operated
leg, however at TWS this between leg difference increases, in this case at 7km/h.
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Figure 3a Typical example of gait adaptation towards top walking speed (TWS) after RHA.
Similar leg differences are seen at 4km/h and at TWS (in this case at 8km/h) between the
healthy and operated leg.
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An important strength of this study is that patients were recruited from a randomized
trial and that selection bias could be avoided which may be a risk when cohort
series are compared. In addition the gait analysis was performed on an advanced
instrumented treadmill with the use of motion capture which ensured computerized
measurements and provided a simultaneous registration of spatiotemporal, kinetic
and kinematic measurements.
Some potential limitations also have to be discussed. We decided to perform
an additional gait analysis on patients already included in an RCT with a completed
5 years follow up. Thus the available number of patients was predetermined and
could not be increased to improve the power of the study. In addition, patient
inclusion was based on the UCLA score and the patient’s comorbidities recorded in
patients’ medical file that could have influenced the gait analysis. This might have
induced selection bias and introduced imbalances in covariates, although patient
demographics and functional scores were similar. However, in our analyses we
adjusted for these imbalances. Moreover, in a secondary analysis, bilateral cases
were analyzed and confirmed our findings. Besides due to the selection criteria a
rather homogeneous study group of relatively active individuals was established
which may also have strengthened the study potential to identify an implant related
difference in this rather small number of patients.
For the statistical analysis of the ground reaction forces patient body weight
was normalized towards 80kg. Since the main focus of this study was detecting
potential inter-patient (between leg) and not intra-patient differences this correction
for bodyweight did not bias the results. Finally, since the number of available
patients was predetermined no prior power calculation for this study was performed.
In summary this study confirms that at a normal walking speed (1.11m/s) no
major differences in patient postoperative gait pattern can be expected comparing
RHA to conventional THA. However, with increasing walking speeds RHA patients
preserved a more normal weight acceptance and a greater range of hip flexion
against their contralateral healthy leg as compared to patients with a THA. We
believe that maintenance of a large femoral head diameter and avoidance of
stiffening the femur with an intramedullary stem are the main contributors to this
benefit for RHA. Obviously, the concerns around adverse reaction to metal debris
from a metal-on-metal articulation so far remain an important disadvantage for
RHA and should be balanced against this benefit in gait; future innovations avoiding
metal-on-metal articulation in resurfacing remain interesting.
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Supplementary data
Table 3 Spatiotemporal parameters regarding patients with a unilateral hip
implant: flat walking at 1.11m/s (4km/h), patients’ top walking speed
(TWS) and top walking incline (TWI) (maximum treadmill incline
10 degrees), values are presented as mean with standard deviation. (aΔ)
represent adjusted between group differences (CI).

5

Spatiotemporal parameters
Speed
(m/sec)

Mean stride length
(m)

Walking

RHA

THA

aΔ

RHA

THA

aΔ

1.11
m/s

1.11

1.11

-

1.25
(0.07)

1.25
(0.06)

0.00
(-0.00 - 0.00)

TWS

2.03
(0.21)

1.92
(0.22)

0.07
(-0.11- 0.25)

1.75
(0.18)

1.64
(0.18)

0.00
(-0.02 – 0.01)

TWI

9.50
(1.41)

9.22
(1.39)

0.25
(-0.93 – 1.43)

1.23
(0.07)

1.22
(0.09)

0.00
(-0.00 – 0.00)

Mean stride time
(sec)
RHA

THA

aΔ

RHA

THA

aΔ

1.11
m/s

1.12
(0.06)

1.12
(0.06)

0.00
( -0.00 – 0.00)

53.6
(2.9)

53.5
(3.0)

-0.02
(-0.07 – 0.04)

TWS

0.87
(0.05)

0.85
(0.03)

0.00
( -0.01 – 0.00)

69.5
(3.9)

70.5
(2.8)

-0.17
(-0.27 – 0.61)

TWI

1.11
(0.07)

1.10
(0.08

0.00
( -0.00 – 0.00)

54.4
(3.3)

54.6
(3.8)

-0.02
(-0.05 – 0.02)

Walking
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Cadence
(steps/min)

85

842
(77)

1132
(153)

812
(95)

O

648
(59)

368
(115)

596
(55)

1.11m/s

- TWS

- TWI

walking

1.11m/s

- TWS

- TWI

599
(61)

359
(109)

638
(73)

CL

RHA

826
(73)

1124
(114)

824
(98)

CL

769
(80)

977.3
(103)

814
(78)

O

-3
(39)

10 (60)

10 (53)

Δ

460
(83)
621
(50)

635
(54)

650
(46)

CL

THA

479
(98)

639
(37)

O

14
(53)

20
(54)

-11
(57)

Δ

-29
(65)

-129
(130)

1106
(85)
799
(57)

-31
(63)

Δ

845
(45)

CL

Mid stance support (N)

-14 (65)

8 (100)

18 (84)

Δ

THA

Max. weight acceptance (N)

17
(-29 – 64)

6
(-52 – 65)

-14
(-72 – 45)

343
(30)

338 (45)

454
(52)

445
(60)

444
(460

435 (53)

CL

O

RHA

881
(99)

840
(97)

-14
(-83 - 54)

aΔ

766
(176)

818
(86)

817
(65)
751
(224)

CL

O

-141
(-261 - -20)

-20
(-90 - 50)

aΔ

RHA

-19
(31)

-6
(25)

-1
(42)

Δ

-41
(50)

-15
(67)

-1
(65)

Δ

841
(49)

803
(139)

811
(37)

CL

THA

433
(26)

325
(37)

441
(31)

O

451
(43)

353
(25)

455
(29)

CL

THA

Impulse (N*s)

827
(52)

748
(94)

801
(34)

O

-18
(27)

-28
(52)

-14
(38)

Δ

-13
(28)

-56
(67)

-11
(29)

Δ

Max. Push of force (N)

-3
(-33 – 29)

-25
(-65 – 15)

-1
(-42 – 40)

aΔ

29
(-17 – 75)

-48
(-120 – 23)

-5
(-59 – 50)

aΔ

Results are presented for both legs the operated hip (O) and the contralateral healthy hip (CL). The difference between de operated and the contralateral leg in each
group is noted as Δ, values are presented as mean with standard deviation. (aΔ) represent adjusted between group differences (CI).

O

walking

RHA

Ground reaction forces (16 RHA versus 9 THA)

Table 4a Leg differences in ground reaction forces at flat walking at 1.11m/s (4km/h), at top walking incline and at patients’ top
walking speed (TWS).
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Table 4b Sub-analysis of patients with 1 resurfacing (RHA) and 1 total hip
arthroplasty (THA) (n=5) and patients with a bilateral THA (n=4).
Ground reaction forces
(n=5 RHA + THA)
Max. weight acceptance (N)

Max. Push of force (N)

RHA

THA

Δ

RHA

THA

Δ

1.11m/s

833
(47)

814
(41)

19
(-4 – 42)

784
(27)

781
(33)

3
(-36 – 43)

- TWS

1075
(107)

1030
(77)

45
(-63 – 153)

726
(64)

732
(76)

-6
(-80 – 68)

- TWI

797 (32)

801
(33)

-4
(-57 – 50)

794
(47)

805
(28)

-11
(-71 – 50)

Mid stance support (N)

Impulse (N*s)

RHA

THA

Δ

RHA

THA

Δ

650
(23)

643
(43)

6
(-49 – 62)

422
(26)

420
(26)

2
(-14 – 17)

- TWS

464 (49)

486
(47)

-22
(-65 – 20)

336
(26)

336
(25)

0
(-24 – 24)

- TWI

611 (46)

605
(60)

6
(-20 – 33)

415
(22)

427
(18)

-12
(-30 – 7)

1.11m/s

5

Ground reaction forces
(n=4 THA + THA)
Max. Push of force (N)

THA

Δ

THA

THA

Δ

812 (110)

791
(123)

21
(-45 – 88)

756
(103)

739
(113)

18
(-36 – 72)

- TWS

1075
(63)

1072
(47)

2
(-82 – 87)

752
(127)

749
(124)

3
(-2 – 8)

- TWI

867
(17)

832
(50)

35
(-17 – 90)

810 (43)

789
(23)

21
(-12 – 55)

1.11m/s

Mid stance support (N)

Impulse (N*s)

THA

THA

Δ

THA

THA

Δ

1.11m/s

611
(77)

591
(77)

-20
(5 – 34)

396
(72)

386
(76)

9
(-4 – 23)

- TWS

487
(54)

492
(63)

-4
(-69 – 61)

352 (50)

348
(51)

3
(-24 – 31)

- TWI

593
(49)

615
(74)

-21
(-62 – 20)

416 (28)

415
(28)

1
(-12 – 13)

Intra-patient between leg differences measured in ground reaction forces at normal walking speed
(4km/h), top walking incline and at patients’ top walking speed (TWS), values are presented as mean with
standard deviation. A paired T-test was performed. (Δ) represent between group differences (CI).
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Max. weight acceptance (N)
THA

87

55
(6)

TWI

57
(7)

47
(6)

37
(6)

CL

RHA

Δ

-2.1
(5.0)

0.3
(3.9)

-1.6
(4.8)

O

56 (13)

38.5
(6)

33
(8)

53
(6)

3.0
(10.5)

-3.5
(5.1)

42
(6)

Δ
-2.1
(5.8)

35
(5)

CL

THA
aΔ

6.6
(-1.0 – 14.1)

-2.8
(-7.4 – 1.8)

1.2
(-3 – 5.4)

O

CL

-1 (6)
1 (8)

4 (8)

1 (7)

1 (6)

3 (7)

RHA

2.9 (4.6)

1.6 (5.7)

O

4 (8)

1
(9)

1 (7)

5 (6)

0
(6)

1
(6)

CL

THA

-1.3
(7.7)

1.4
(7.2)

0.1
(5.9)

Δ

Mean max. Hip extension

1,7 (5.4)

Δ

Kinematics (16 RHA versus 9 THA)

aΔ

-5.5
(-11.7 – 0.6)

-0.9
(-7.6 – 5.8)

-1.9
(-7.8 – 4)

Results are presented for both legs with patients’ maximum flexion and extension measured in degrees at the operated (O) hip and the healthy contralateral hip (CL) with
standard deviation. The difference between de operated and the contralateral leg in each group is noted as ‘Δ’, values are presented as mean with standard deviation. (aΔ)
represent adjusted between group differences (CI).

47
(5)

TWS

O

35
(6)

1.11m/s

Walking

Mean max. Hip flexion

Table 5 Hip range of motion differences at flat walking at 1.11m/s (4km/h), at top walking incline and at patients’ top
walking speed (TWS)
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Table 6 Sub-analysis of patients with bilateral hip implants; 1 resurfacing
(RHA) and 1 total hip arthroplasty (THA) (n=5) and patients with a
bilateral THA (n=4)
Spatiotemporal parameters (n=5 RHA + THA)
Mean stride length (m)

Mean stride time (sec)

5

RHA

THA

Δ

RHA

THA

Δ

1.11m/s

1.18
(0.05)

1.18
(0.05)

0.00
(-0.00 – 0.00)

1.06
(0.05)

1.06
(0.05)

0.00
(-0.00 – 0.00)

TWS

1.64
(0.18)

1.64
(0.18)

0.00
(-0.00 – 0.00)

0.87
(0.07)

0.87
(0.07)

0.00
(-0.00 – 0.00)

TWI

1.18
(0.07)

1.18
(0.07)

0.00
(-0.00 – 0.00)

1.07
(0.04)

1.07
(0.04)

0.00
(-0.00 – 0.00)

Kinematic parameters (n=5 RHA + THA)
Mean max. Hip flexion
1.11m/s

Mean max. Hip extension

RHA

THA

Δ

RHA

THA

Δ

33 (5)

34 (5)

-1 (-6 – 3)

4 (5)

3 (4)

2 (-3 – 6)

TWS

41 (7)

42 (6)

-1 (-6 – 3)

6 (5)

6 (5)

0 (-6 – 6)

TWI

52 (7)

54 (6)

-2 (-7 – 4)

3 (4)

0 (5)

3 (-2 - 8)

Spatiotemporal parameters (n=4 THA + THA)
Mean stride length (m)

Mean stride time (sec)

THA

THA

Δ

THA

THA

Δ

1.18
(0.09)

1.18
0.09

0.00
(-0.00 – 0.00)

1.06
(0.09)

1.06
(0.09)

0.00
(-0.00 – 0.00)

TWS

1.57 (0.11)

1.57 (0.11)

0.00
(-0.00 – 0.00)

0.87
(0.12)

0.87
(0.12

0.00
(-0.00 – 0.00)

TWI

1.16 (0.09)

1.16 (0.09)

0.00
(-0.00 – 0.00)

1.05
(0.08)

1.05
(0.09)

0.00
(-0.00 – 0.00)

1.11m/s

Mean max. Hip extension

THA

THA

Δ

THA

THA

Δ

1.11m/s

35 (4)

34 (6)

1
(-3 – 4)

1 (3)

1 (5)

0
(-7 – 7)

TWS

48 (16)

42 (8)

6
(-19 – 31)

4 (3)

2 (9)

2
(-11 – 14)

TWI

54 (8)

55 (7)

-1
(-7 – 5)

-1 (4)

0 (6)

-1
(-6 – 5)

Intra-patient between leg differences measured regarding spatiotemporal and kinematic parameters at
normal walking speed (4km/h), top walking incline and at patients’ top walking speed (TWS), values are
presented as mean with standard deviation. A paired T-test was performed. (Δ) represent between group
differences (CI).

Gait pattern after RHA versus THA

Kinematic parameters (n=4 THA + THA)
Mean max. Hip flexion
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Abstract
Introduction: We studied whether bone mineral density (BMD) is preserved without
significant femoral neck narrowing (FNN) after hip resurfacing (RHA) (n=42) versus
small diameter metal-on-metal total hip arthroplasty (MoM THA) (n=40).
Patients and methods: In this three to five year randomized trial BMD was measured
in the calcar with dual energy absorptiometry (DXA) preoperatively, at three and six
months, one, two, three and five years postoperatively. Four additional BMD regions
of interest (ROIs) and femoral neck narrowing (FNN) were measured after RHA.
Results: BMD in the calcar increased to 107% (P < 0.001) at one year and remained
stable. Additional ROIs in the femoral neck and trochanter area BMD changes
fluctuated between 99.9% and 104.1%. FNN was minimal with a mean of 1.3% at
three years. After THA BMD decreased in the calcar to 80% at one year (P b 0.001)
and stabilized.
Conclusion: This bone stock preserving nature of RHA must be weighed against
potential disadvantages caused by specific metal-on-metal bearing problems.
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Introduction

6

Femoral BMD-changes after RHA versus THA

Hip resurfacing arthroplasty (RHA) offers an alternative to conventional total hip
arthroplasty, especially for the treatment of osteoarthritis in young and active
patients 1. A theoretical advantage at the introduction of the RHA was the
preservation of the femoral neck 2-4, which might facilitate future revisions. For this
to be true the femoral bone stock should indeed be preserved without loss of
strength or decreased bone mineral density (BMD). The preservation of femoral
bone and BMD after RHA has been studied before in short-term 2-4, illustrating
postoperative BMD decreases within six to twelve weeks and returned to the almost
pre-operative levels within one year. A few studies have focused on the BMD
development after conventional total hip arthroplasty up to three year after surgery.
In these studies early BMD decreases have been seen as a common sequela of total
hip arthroplasty (THA) 3 and to a lesser extent after RHA 2, 5, 6. These short-term
differences in BMD changes between THA and RHA may be explained by the fact
that with a rigid intramedullary THA stem, the loading forces will be transferred
through the prosthesis instead of through the calcar. Whereas RHA enables a more
natural loading of the femur without this stress-shielding pattern5,7,8. To be clinically
relevant, BMD and bone stock have to be preserved in long-term after RHA.
Well-designed comparative studies between THA and RHA with longer follow-up
are necessary to validate these assumptions from earlier studies.
A gradual decrease in BMD is also considered to weaken the bone and has
been associated with early periprosthetic fracturing 7. This might play a role in the
occurrence of femoral neck fractures as observed after RHA. The fracture risk after
RHA may also be associated with femoral neck narrowing (FNN), a commonly
reported phenomenon after RHA8-10. The prevalence of FNN after RHA is not clear
and reports from the literature vary from 3.6% to 59% 8, 9, 11. The etiology of FNN is
unknown and has been suggested to be multifactorial: representing adaptive
remodeling due to stress- shielding in finite element analyzes 10, 12, 13, related to
wear particles 8 or caused by an insufficient blood supply as a result of a posterolateral surgical approach 14. Past studies consider it as a rather benign process,
not increasing the risk of neck fractures or failure rates 10, 15.
To claim the clinical relevant bone preserving characteristic of a RHA BMD
should be maintained in the long-term as compared to conventional THA.
In addition no significant FNN should occur, as this might be indicative for loss of
bone stock and increased chance on femoral neck fractures in time. In order to
elucidate this hypothesis we present the three to five year follow-up results of a
randomized controlled trial (RCT) comparing femoral BMD changes after RHA
versus conventional THA. One year follow-up data have been reported before 4
and we now complement these data on BMD changes with measurement of
concurrent FNN in the same RHA group.
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Patient and methods
This RCT was designed to compare the BMD changes in the proximal femur of
patients who received an RHA against a conventional small- diameter MoM THA.
The preliminary one year results of these patients have already been reported 4.
We now present three to five years’ data from a further recruitment of patients with
a mean follow up of 62 months and the prevalence of femoral neck narrowing has
now been included in the analysis.
Between June 2007 and January 2010 82 patients were randomly assigned to
receive one of these two hip implants. Consecutive randomization was employed
with a computer-generated variable block schedule. The randomization list was
generated by an independent statistician and treatment allocations were stored in
sealed opaque envelopes. Randomization occurred prior to surgery. Neither the
patient nor the surgeon could influence the randomization process. The criteria for
inclusion were patients under 65 years, who needed a primary hip arthroplasty for
osteoarthritis. As a potential benefit for RHA was expected only in relatively young
and active patients, both groups had a 65 years age cut-off. Patients were excluded
if they had (previous) infection of the hip or other sites, hip fracture, avascular necrosis
with collapse, osteoporosis, neoplasm, or renal failure. Inclusion and subsequent
follow-up of patients are summarized in the consort statement (Fig. 2). Sixty-five
patients had a follow-up of at least three years; 36 RHA and 29 THA patients,
36 patients had a follow-up of more than five years; 18 RHA and 18 THA patients.
There were no significant differences between the groups for age, body mass index
(BMI) and gender (Table 1). Cup inclination was measured on postoperative anterior–
posterior (AP) pelvic radiographs. Approval from the regional ethics committee of
the Radboud University Nijmegen Medical Centre was obtained (LTC 419-071206).
All patients agreed to sign an informed consent. The study was performed in
compliance with the Helsinki declaration, and is registered in EudraCT (2006005610-12).

Surgical Technique
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Pre-operative digital templating for implant positioning (Easyvision, Philips Medical
Systems, Eindhoven, The Netherlands) was carried out in all patients. All operations
were carried out by one author (JvS) and two other experienced hip surgeons through
a posterolateral approach as described earlier 16. In the RHA group, the Conserve
Plus A Class® resurfacing arthroplasty (Conserve Plus, Wright Medical Technology,
Arlington, Tennessee) was implanted with both components made of a cast, heattreated solution-annealed Co-Cr alloy. In the THA group, an uncemented grit-blasted
titanium alloy Zweymüller tapered stem and a threaded acetabular component
(Zweymüller Metasul, Zimmer Orthopedic, Warsaw, Indiana) were implanted. As this
trial was designed to minimize confounding variables, a metal-on-metal bearing

was also used for THA with a Metasul 28 mm diameter modular head and a Metasul
lined acetabular component. Both groups received identical prophylaxis against
infection, periarticular ossification and venous thrombosis during the hospital
admission and for six weeks after operation. Patients mobilized without any
weight-bearing restriction according to their tolerance.

Bone Densitometry

A

B

C

Figure 1 Templated example of the bone mineral density measurements in all five separate
ROIs in resurfacing hip arthroplasty (A) versus total hip arthroplasty (B). A diagrammatic
representation of distribution of the ROI on a standardized pelvic X-ray (C).
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Femoral BMD-changes after RHA versus THA

The BMD was measured by DXA (Lunar Prodigy, GE Healthcare, Little Chalfont,
United Kingdom) with the software package Encore 2007 version 11.30.062.
Measurements were performed two weeks preoperatively at three and six months
and at one, two, three and five years after surgery. Since the actual ROI could only
be defined after implantation of the hip components, these ROIs were imported
from the three-month DXA scan to the pre-operative DXA scan in order to measure
baseline BMD levels in the absence of the implant. The patients were positioned
according a strict protocol. The software used in our study was designed to
measure the periprosthetic BMD in five ROIs in the proximal femur in the RHA
group and one ROI (Gruen zone 7) in the THA group (Fig. 1). DXA scans and patient
positioning were standardized with a coefficient of variation of 2.3% as described
earlier 4. The precision in our study was thus adequate and consistent with the
literature 17, 18. Quality controls for the DXA equipment were undertaken daily
according to the manufacturer’s guidelines to verify the stability of the system. No
change was observed during the entire study period.
The evaluation of femoral neck narrowing was performed on the calibrated
DXA scans. The prosthesis diameter (P) and the femoral neck diameter were measured
at the neck–implant junction (FN); subsequently, the femoral neck diameter was
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Assessed for eligibility n=107

Excluded n=25
- Not meeting inclusion criteria (n=15)
- Refused to participate (n=10)

Baseline Assessment & Randomization
82 patients

Allocated to RHA, group A (n=42)
Received allocated intervention

Allocated to THA, group B (n=40)
n=39

Did not receive allocated intervention
n=3
n=1 Co-morbidity while on waiting list
n=2 Peroperative conversion to THA because
of posttraumatic local bone quality

Received allocated intervention
Allocation

Lost to follow -up
n=2
n=1 Direct postoperative
n=1 Analyzed up to 1 year: lack of motivation
Discontinued intervention
n=2
n=2 Revision to THA
1 femoral necrosis analyzed up to 2 years
1 pseudotumors after 3 years

Did not receive allocated intervention
n=6
n=2 Co-morbidity while on waiting list
n=4 Patient withdrawal from trial after allocation

Lost to follow-up
n=4
n=1 Direct postoperative, another prosthesis
n=1 Analyzed up to 2 years, lack of motivation
n=2 Deceased, analyzed up to 2 years
Follow-up

Discontinued intervention
n=1
n=2 Cup revision because of recurrent dislocation,
continued femoral BMD follow-up
n=1 THA revision due to pseudotumor formation,
analyzed up to 3 years

Completed 5 years follow-up
n=18
n=17 Incomplete 5 years follow-up

Completed 5 years follow-up
n=18
n=16 Incomplete 5 years follow-up

Analyzed (n=38)
* 0-1 year n=38
* 0-2 years n=37
* 0-3 years n=36
* 0-5 years n=18

Analyzed (n=33)
* 0-1 year n=33
* 0-2 years n=33
* 0-3 years n=29
* 0-5 years n=18

Analysis

Figure 2 Consort statement: Flowchart of participants throughout the study.
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n=34

measured at 1 cm from the prosthesis rim (FN1). Results are given as a ratio: FN/P
and FN1/P (Table 4). In addition, the surface of the femoral neck was determined as
the area between the resurfacing prosthesis and the intertrochanteric line (Fig. 3).

Complications and revisions

A

B

Figure 3 (A) Typical example of a radiograph of a hip resurfacing arthroplasty with a diagrammatic
illustration of the Femoral Neck measurements. (1) Ratio: proximal femoral neck diameter
divided by the distal prosthesis diameter. (2) Ratio: femoral neck diameter measured at 1 cm
from prosthesis divided by the distal prosthesis diameter. (3) Femoral neck surface: the
surface area between the intertrochanteric line and base of the prosthesis. (B) Example of the
measurement template used for the femoral neck parameters on the DXA-scans.
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Femoral BMD-changes after RHA versus THA

In the THA group we encountered 3 patients with a recurrent dislocation which
could be dealt with conservatively in one patient, whereas in two patients an early
re-intervention with a hooded liner and head exchange was performed. Another
revision in the MoM-THA group occurred at 36 months for unclassified pain which
appeared to come from a profound pseudotumor with the typical aspect of an
adverse reaction to metal debris (ARMD). In the RHA group two revisions were
encountered. One revision at 24 months for an early aseptic loosening from avascular
necrosis of the femoral head mandated a conversion to an intramedullary stem
with a big femoral head. The metal acetabular cup was maintained since the patient
had been pain free for two years. Another patient was revised after 36 months
because of pseudotumor formation.
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Statistical analysis
The study was designed following a power analysis based on the work of Lian
et al. 19 The minimum number of participants in each group to obtain a power of
80% with a significance level of p<0.05, was determined as 34, with a calculated
difference of 2.98% (SD 6.14) in BMD ratio. The BMD data were normally distributed
and the differences in each ROI between the two groups pre-operatively and at
follow-up were analyzed using a Student’s t-test. The BMD changes of each ROI
over the observed period were analyzed with a linear mixed model with random
intercept to account for repeated measures. To compare the changes between
the time intervals, the mean relative BMD as a percentage of the baseline value
(presented as 100%) was calculated. Differences were considered statistically significant
with a P value < 0.05. Mean femoral neck changes were calculated at each time
interval compared to 3-month levels and correlated with BMD changes per ROI.
All statistical analyses were performed using SPSS software version 20.0 (SPSS Inc.
Chicago, Illinois).

Results
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The demographic and surgical characteristics of both groups are summarized in
(Table 1). The mean time of surgery was significantly longer for the resurfacing
procedure compared to THA, illustrating the more complex nature of this procedure
(P < 0.001). Acetabular component positioning, measured as the mean cup
inclination, did not differ between both groups: RHA 45° (range; 30.2–61.6) and in
the THA 48° (range; 31.0–62.3) (P = 0.36); cup inclination did not correlate with
BMD changes in the calcar.
The available mean BMD values (Table 2) and ratios (Table 3) obtained during
the five-year follow up were compared with the mean baseline levels and are
visualized in Fig. 4. At five-year follow-up in the RHA group, the BMD in ROI 1, 2, 3
and 4 did not significantly change compared to baseline levels, respectively 100.6%,
101.5%, 104.1%, and 99.9% at final follow-up. Due to the nature of the RHA and THA,
where the femoral neck is removed, only BMD measurements of ROI 5 were
available for both systems to be compared. ROI 5, corresponding with the calcar
region, did significantly increase to 106.8% (P < 0.001) at one-year follow-up after
RHA and this increase in BMD was maintained throughout further follow-up until
five years. The corresponding ROI in the THA decreased significantly to 80.5% at
one year (P < 0.001) and stabilized thereafter toward 82.5% (P < 0.001) at five year
follow-up (Table 3) (Fig. 4). Preoperative BMD levels in ROI 5 did not differ between
THA and RHA (P = 0.62). At all postoperative time intervals the BMD had significantly
changed as compared to baseline levels; in the THA group a decreased BMD was
encountered while in the RHA group an increase was measured (P < 0.001).

Table 1 Clinical Details of the Patients in Both Groups.
RHA
(n = 38)
Sex (women/men)
Mean follow-up in months (SD)
Mean body mass index (SD)
Median age at operation in years (range)
Diagnosis (OA/AVN/CHD)
Mean blood loss in mL (range)
Mean operating time in minutes (SD)
Cupinclination (range)

THA
(n=33)

p-value

17/21

12/21

.629a

61 (9.3)

62 (8.2)

.810 b

26.1 (3.1)

28.0 (5.1)

.059b

57.5 (24-65)

59.1 (37-65)

.475c

35/1/2

31/0/2

.639d

300 (100-600)

250 (100-900)

.993c

75.0 (40)

54.0 (45)

<.001b

45 (30.2–61.6)

48 (31.0–62.3)

0.36 b
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The prevalence of femoral neck narrowing (FNN) was evaluated for the RHA group
only. Mean femoral neck ratios and surface measurements of the RHA group for
each time interval with the available follow-up over five years are summarized in
Table 4. Some amount of femoral neck narrowing at the neck implant junction was
observed in 23 out of the 36 cases available, for example at three-year follow-up.
On the other hand, an increase of femoral neck diameter at the neck implant
junction was encountered in the remaining 13 cases.
As for the 23 cases with true FNN, a mean narrowing of 2.9% (range; 0.09–8.61)
of baseline was calculated at three years. However, only 1.3% FNN was calculated
for the entire group of 36 cases, thus including the 13 cases where some femoral
neck increase was measured. In only three cases we observed FNN of more than
5%. A percentage of more than 5% or 10% is commonly recognized in the literature
to be significant FNN8, 20. FNN was also determined at 1 cm lateral from the neck
implant junction and FNN was observed in 13 out of 36 cases, with a mean
narrowing of 3.7% (range; 0.22–8.47) at three years. However, again these
percentages decreased towards only 0.1% when the overall mean narrowing was
calculated for the entire group of 36 cases, which is more in accordance with what
is done so far in the literature. For the remaining cases no narrowing could be
measured; instead in some case femoral neck widening was observed. As for the
13 cases where femoral neck widening at the neck implant junction was
encountered at three-year follow-up this increase in neck diameter was 1.6% of the
baseline diameter (range; 0.16–6.94) and at 1 cm from the neck implant junction a
widening of 1.9% (range; 0.28–4.77)was measured in the respective remaining 23
cases. In addition to the measured FNN at two different sites of the femoral neck,

Femoral BMD-changes after RHA versus THA

OA, osteoarthritis; AVN, avascular necrosis; CHD, congenital hip dysplasia.
a Fisher’s exact probability test,
b Student’s t-test,
c Mann-Whitney U test,
d Pearson Chi-Square
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a

a

RHA

RHA

RHA

RHA

THA

2

3

4

5

5

1.90 (0.07)

1.94 (0.07)

1.32 (0.04)

0.92 (0.04)

1.34 (0.06)

0.89 (0.04)

n = 38
n = 33

Preop

0.92 (0.04)
1.31 (0.04)
2.03a (0.07)
1.58 a (0.07)

1.29 a (0.04)
2.00a (0.07)
1.66 a (0.07)

1.35 (0.06)

0.86 (0.04)

n = 38
n = 33

6 months

0.88 (0.04)

1.33 (0.06)

0.84 a (0.04)

n = 38
n = 33

3 months

1.52a (0.07)

2.05a (0.07)

1.32 (0.04)

0.93 (0.04)

1.38 (0.06)

0.88 (0.04)

n = 38
n = 33

1 year

1.55a (0.07)

2.07a (0.07)

THA

5

100

100

100

100

100

100

n = 38
n = 33

99.2 (0.98)
104.6 a (1.56)
83.7 a (2.40)

97.9 a (0.98)
103.1 a(1.56)
88.3 a (2.40)

101.4 (4.40)

100.2 (1.80)

97.6 (1.86)

n = 38
n = 33

6 months

97.8 (4.40)

98.7 (1.80)

94.6 a (1.86)

n = 38
n = 33

3 months

Significant compared to baseline levels: p≤0.05

RHA

RHA

4

RHA

3

5

RHA

RHA

2

Group

1

ROI

RHA
THA

Preop

80.5 a (2.40)

105.9 a (1.56)

100.2 (0.98)

103.4 (4.40)

102.3 (1.80)

100.5 (1.86)

n = 38
n = 33

1 years

82.1 a (2.40)

106.8 a (1.57)

100.5 (0.98)

81.1 a (2.47)

107.2 a (1.58)

101.5 (0.99)

101.5 (2.11)
107.5 a (4.43)

107.2 a (4.42)

82.5 a (2.70)

106.8a (1.85)

99.9 (1.19)

104.1 (5.00)

100.6 (2.27)

103.2 (1.88)

n = 18
n = 18

103.2 a (1.82)

n = 36
n = 29

5 years

1.57a (0.07)

2.07a (0.07)

1.35 (0.04)

0.95 (0.05)

102.6 (1.81)

102.0 (1.87)

n = 37
n = 33

2 years

3 years

1.53a (0.07)

2.07a (0.07)

1.34 (0.04)

0.97a (0.04)

0.96a (0.04)
1.32 (0.04)

0.88 (0.05)
1.37 (0.06)

1.39a (0.06)

n = 18
n = 18

5 years

0.91 (0.04)

n = 36
n = 29

3 years

1.38 (0.06)

0.89 (0.04)

n = 37
n = 33

2 years

Table 3 Mean (SE) bone mineral density ratio (%) for each group at each study interval, given in months

Significance compared to baseline level: p = <0.05

RHA

1

ROI

RHA
THA

Table 2 Mean (SE) bone mineral density (g/cm2) for each group at each study interval given in months

100

A

6

Figure 4 Graph of the mean bone mineral density (g/cm2) values (A) and as a calculated
proportional ratio (B) of the pre-operative baseline values (100%) for all respective ROI in
resurfacing hip arthroplasty (RHA ROI 1–5a) and total hip arthroplasty (THA ROI 5b).

the change in actual femoral neck surface in square centimeters was also
determined throughout follow-up. Briefly, this femoral neck surface appeared to
remain stable around a mean neck surface of 9.85 cm2 (SD 3.10) at three years
without significant changes with other time intervals (Table 4).
The occurrence of FNN at the neck implant junction and measured at 1 cm
could not be correlated with any BMD change in the different ROIs with Pearson
correlations varying from 0.154 to 0.1275 and 0.144 to 0.319.

Femoral BMD-changes after RHA versus THA

B
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9.93 (3.12)

1.7% (n= 17)

n= 1

n= 2

n= 14

n= 21

-0.4
(n= 38)

0.90 (0.06)

1.6% (n= 22)

n= 1

n= 1

n= 20

n= 16

-0.4% (n= 38)

0.87 (0.05)

n = 38

6 months

9.85 (3.07)

3.0% (n= 15)

n= 4

n= 2

n= 9

n= 23

-0.3%
(n= 38)

0.90 (0.06)

3.0% (n= 22)

n= 4

n= 4

n= 14

n= 16

-0.9% (n= 38)

0.86 (0.06)

n = 38

1 year

9.81 (3.10)

2.6% (n= 15)

n= 1

n= 5

n= 9

n= 22

-0.1% (n= 37)

0.89 (0.06)

2.6% (n= 24)

n= 3

n= 3

n= 18

n= 13

-1.0% (n= 37)

0.86 (0.06)

n = 37

2 years

9.85 (3.10)

3.6% (n= 13)

n= 3

n= 5

n= 5

n= 23

-0.1% (n= 36)

0.89 (0.05)

2.9% (n= 23)

n= 3

n= 5

n= 15

n= 13

-1.3% (n= 36)

0.86 (0.05)

n = 36

3 years

9.69 (3.27)

3.0% (n= 10)

n= 3

n= 3

n= 6

n= 6

-1.3%
(n= 18)

0.91 (0.06)

2.9% (n= 9)

n= 2

n= 4

n= 6

n= 6

-1.15% (n= 18)

0.86 (0.06)

n = 18

5 years

1: the mean diameter ratio of FN/P calculated as femoral neck diameter (FN) at the neck head junction divided by prosthesis diameter (P) 2: The mean diameter ratio of
the femoral neck at 1cm (FN1) divided by the prosthesis diameter (P) 3: Mean total surface of the femoral neck (FN) measured towards the intertrochanteric line (Surface
FN) in cm2. In addition, in case of FNN these RHAs are categorized in <3%, >3% and >5% narrowing, with a total mean narrowing in the FNN-group.

3: Surface FN

9.91 (3.11)

-

- FNN >5%

0% Baseline

-

- FNN 3 - 5%

cm2 (SD)

-

Mean degree of FNN (%)

-

100% Baseline

Mean ⌀ FN1 changes (%)

- Any FNN <3%

0.90 (0.06)

- No FNN

0% Baseline

2: ⌀FN1 / ⌀P Mean (SE)

-

- FNN >5%

Mean degree of FNN (%)

-

- Any FNN <3%

- FNN 3 - 5%

-

100% Baseline

- No FNN

Mean ⌀ FN changes (%)

n = 38

0.87 (0.05)

1: ⌀FN / ⌀P Mean (SE)

Total RHA

3 months

Table 4 Mean femoral neck diameter and changes up to five years after hip resurfacing arthroplasty compared to baseline levels.
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This RCT shows that BMD is preserved after RHA up to five-year follow-up.
A significant increase in BMD to 107% of baseline levels was encountered in the calcar
after RHA, whereas significant BMD decrease to 83% occurred in the corresponding
ROI after an uncemented THA. As for the remaining ROIs in the femoral neck minor
BMD decreases in the early postoperative period were encountered with a relatively
rapid recovery to baseline levels at one year. No significant changes in BMD and
stable levels around baseline were found throughout follow-up up to five years
after RHA. In addition no clinically relevant FNN seemed to occur after RHA.
Previous studies on BMD changes in the proximal femur after RHA, Amongst
which our own early report 4, have also described a decrease in BMD measurements
at three-month follow up for both THA and RHA 2-4, 6, 21, 22. According to finite
element analyzes these BMD changes in the proximal femoral neck after RHA and
THA are considered to be stress-related remodeling during the early postoperative
period 10, 12, 13. In contrast to the situation after a THA, RHA patients show a
subsequent increase in BMD towards baseline levels in the ROIs at the femoral neck
and an increase above baseline levels for the calcar. It is hypothesized that this
BMD recovery in the proximal femur is initiated by the maintenance of a normal
load transfer through the femoral neck after RHA. As compared to earlier reports
on BMD changes after RHA, our study provides relatively strong evidence to support
this hypothesis. We performed a randomized comparison with conventional THA
and used ultra-modern DXA techniques with validated low coefficient of variation
of 2.3% 4. In addition, a relatively large number of patients were included in this
study and the percentage of patients with a follow-up of five years, available at the
moment of publication, of more than 50% in each group. Prolonged studies are
important to prove the assumed benefit of a clinically relevant bone preservation
after RHA.
To the best of our knowledge there is only one other study which reports on
BMD changes in the femoral neck after RHA with a five-year follow-up 2.
In accordance with our preliminary results 4 these authors also describe an initial
significant decrease of BMD of the trochanteric and superior part of the femoral
neck at three months (P b 0.001), which recovered to baseline levels at one year
and kept increasing up to five years to an estimated 108%. In addition, some
correlation was established between a steep acetabular component position and
higher trochanteric BMD levels (P = 0.045) at five years. In our study such a
correlation could not be established, however it should be noted that only a weak
correlation was described in the earlier report. Besides the fact that our study was
randomized and included more patients, overall both studies have a similar set up
and report on similar findings. This way our study provides a second study about a
five-year follow-up on BMD changes after RHA, thus increasing the available level
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of evidence in the literature for true bone preservation in the proximal femur after
RHA.
Our results on BMD changes in the femoral neck support the hypothesis that
normal load transfer through the proximal femur is restored after RHA. This leaves
us with the unexplained phenomenon of FNN after RHA, which has been described
before in literature 6, 8, 10, 14, 20, 23. For this reason we decided to also evaluate the
prevalence of FNN in this prospective DXA study. FNN has been associated with
femoral neck notching secondary to hip impingement 9, wear debris 10 and vascular
insufficiency of the femoral neck 14. Late femoral neck narrowing of more than 5%
has been reported to occur in up to one third of the RHAs with a posterolateral
approach 9, 11. In our series of RHA we did not encounter these high percentages of
FNN. In fact, after three-year follow-up in 23 out of 36 patients no FNN was
measured at 1 cm from the base of the implant. On the contrary, in some of these
cases the femoral neck diameter had increased. In the remaining thirteen patients
some FNN was encountered and only in three cases a clinically relevant FNN of
N5%was registered, which corresponds with 8% of all RHA patients. It has to be
noted that with prolonged follow-up this percentage seemed to increase (Table 4).
Heilpern et al. even reported a 15% incidence of more than 10% FNN after RHA 23.
We do not have a clear explanation for this wide range of FNN reported in the
literature. We feel that the methodology used in our study is rather rigorous and
it should be noted that we also encountered increase in femoral neck diameter in
a significant number of patients. The mean FNN encountered with a follow-up
towards five years did not surpass the 4%. In addition, we also determined the
actual surface area of the femoral neck (Fig. 3) and no significant change was
recorded during followup. In our opinion FNN can be encountered after RHA and
is then most likely a consequence of gradual adaptation or remodeling of the
femoral neck after disturbed vascularization at the time of index surgery. As such,
its incidence may be influenced by surgical technique, implant type, prolonged
follow-up and patient factors. In contrast to the observed changes in BMD we feel
that change in load transfer through the femoral neck or stress shielding is not the
causative factor for FNN. In our RHA patient series the prevalence of FNN was
relatively low as was the percentage of encountered FNN and no correlation with
BMD changes could be established. In addition there were no adverse events such
as femoral neck fractures recorded amongst our patients.
In spite of its rigorous set-up our study has some limitations. The main limitation
entails that not all patients reached their five-year follow-up yet. On the other hand,
all patients did reach the three-year follow-up and at the time of preparation of this
manuscript 18 patients in both groups reached the five-year follow-up. Since the
results are highly consistent and standard deviations very small, also at five-year
follow-up, we do not expect any shift in outcome by waiting for a complete
five-year follow-up. In our study design we have chosen a conventional 28 mm
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femoral head in THA, as a large femoral head could have been used to further
minimize confounding factors. However in a recently published study by Huang et al. 3
comparing BMD changes in the proximal femur and acetabulum after MoM-RHA
(n = 26) versus a large diameter MoM THA (n = 25) the authors found similar results.
A BMD increase of 8% was found in Gruen zone 7 after HRA compared to a 13%
BMD decrease after large diameter THA at three-year follow up. Thus it appears that
no major difference in outcome in BMD changes in the proximal femur can be
expected with the use of a different head diameter in MoM THA. As another
limitation, femoral neck diameter ratios were analyzed on DXA-scans according to
the prosthesis diameter at the neck implant junction, and therefore we lack a true
preoperative baseline comparison for this parameter. Since we did not encounter
profound FNN (N10%) or changes in the surface area of the femoral neck from
three-month follow-up till five years we do not believe that the absence of a true
baseline parameter is a major issue. Furthermore, the results in this study are
obtained with two distinct brands of hip arthroplasty implants and we cannot rule
out the possibility that the outcomes may be implant specific to a certain extent
and thus may not be applied to all RHAs and THAs in general. Moreover, it may be
hypothesized that the BMD changes encountered in our study are related to the
metal-on-metal bearing used in both implants, however we feel that the bearing is
of minimal influence on the BMD changes encountered. This is also supported by
a recent study by Penny et al. 24 comparing RHA (n= 19) to ceramic on polyethylene
THA (n = 19) where the authors found similar results for BMD changes in the calcar
region as in our study. In conclusion, this study provides a high level of evidence
that BMD and thus bone stock in the proximal femur are preserved, either increased,
after RHA up to five-year follow-up. This contrasts with the significant decrease in
BMD in the calcar after the use of an uncemented tapered stem of the conventional
THA. Some FNN, approximately 3% of baseline diameters, was encountered in 64%
of resurfacing patients, without clear clinical relevance. There was no correlation
between FNN and BMD changes. Nonetheless the clinical relevance of this proven
bone stock preserving nature of RHA has to be weighed against potential
disadvantages, such as the higher revision rates for metal-on-metal bearings.
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Abstract
Introduction: We studied whether acetabular bone mineral density (BMD) is better
preserved after resurfacing hip arthroplasty (RHA) versus small diameter metal-onmetal total hip arthroplasty (THA).
Patients and methods: This randomized controlled trial included 82 patients. BMD
was measured in five periprosthetic regions of interests (ROI) with dual-energy
absorptiometry (DXA) preoperatively, at three and six months, one, two, three and
five years postoperative. 34 RHA and 26 THA had a complete five years follow-up.
One RHA and one THA was revised due to pseudotumor formation, two THA were
revised because of recurrent dislocations and one RHA for avascular necrosis.
Results: Overall an initial decrease in BMD was observed for both implants, stabilizing
after two years. Five years after RHA a BMD change of +1% in upper cranial,
-4% (p≤0.01) in cranial, -8% (p≤0.01) in craniomedial, -7% (p≤0.01) in medial and
+4% in caudal ROI compared to baseline values was seen. Five years after THA
a BMD change of -3%, -13% (p≤0.01), -21% (p≤0.01), -11% (p≤0.01) and -2% for each
respective ROI. The observed BMD decrease in different regions was structurally
favoring the RHA-cup, with significantly higher levels in the cranial and craniomedial
ROI.
Conclusion: acetabular BMD is better preserved behind a rigid press-fit convex cup
in RHA compared to a titanium threaded cup in conventional THA in the cranial and
craniomedial ROI. Despite of a theoretical higher stress-shielding behind the stiff
acetabular component in RHA, compared to the more elastic threaded titanium
THA-cup, bone depletion behind the RHA component does not seem to be of
major concern.
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The preservation of bone mineral density (BMD) especially in young patients is an
important goal regarding implant survival and future revision surgery. According to
the Swedish hip register 65% of all revisions are because of acetabular cup failure 1.
Particularly periprosthetic bone deterioration remains a major concern in hip
arthroplasty 2 and revision surgeons are facing increasing challenges from acetabular
bone loss. Postoperative bone remodeling is a complex phenomenon with an
interaction between bone properties, implant fixation, geometry, material stiffness
and patient characteristics. The preservation of the periprosthetic bone quality is
strongly influenced by implant design and bearing selection since stress-shielding
and particle release are both key factors in periprosthetic osteolytic degradation of
the acetabular bone stock 3-5 . With the introduction of metal-on-metal (MoM) hip
arthroplasty wear-particle induced bone resorption was presumed to decrease
because of a relatively low total volumetric wear in these implants. This decrease in
total volumetric wear mainly originates from the fact that metal particles are
relatively small in size. In fact the total amount of particles released from MoM
bearings is known to be significantly higher than from poly-ethylene bearings with
a more intense observed tissue reaction 6. Comparing the abundant literature
about periacetabular bone resorption around hard-on-polyethylene bearings only
little is known about periprosthetic bone preservation with the use of MoM
bearings 7, 8. In this randomized controlled study, we prospectively compared
periacetabular BMD changes between two types of MoM hip arthroplasties.
The resurfacing concept (RHA) with a relatively thick and stiff acetabular shell was
compared with a conventional total hip arthroplasty (THA) with a threaded titanium
cup in combination with a small diameter MoM bearing. Since with RHA the implant
has to be relatively stiff from its minimal thickness, stress-shielding could result in
excessive acetabular bone losses 9-11. It was hypothesized that both MoM implants
would reveal bone depletion around the acetabular component but this would be
most pronounced behind the resurfacing cup. In a previous short term report,
we found periacetabular BMD overall to be better preserved after RHA two years
postoperative 12. Because of the ongoing debate on the surplus value of RHA
against conventional THA, it would be appropriate to provide a mid-term update as
it remains questionable if this benefit in bone preservation is sustainable over a
longer time period.
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Materials and Methods
This randomized controlled study was designed to compare, amongst other
outcome parameters the periprosthetic acetabular BMD changes of patients who
received a RHA with a 6-mm thick cobalt-chromium cup against a conventional
THA with a more conical threaded titanium cup (Fig 1). The two year results of these
patients have been reported 12, we present a further recruitment of patients with a
complete five year follow up.
Briefly, between June 2007 until January 2010 82 patients were randomly
assigned to receive one of two hip implants. Consecutive randomization was employed
with a computer-generated variable block schedule. Randomization occurred prior
to surgery. Neither the patient nor the surgeon could influence the randomization
process. The criteria for inclusion were patients under 65 years, who needed a
primary hip replacement for osteoarthritis. Patients were excluded if they had
(previous) infection of the hip or other sites, hip fracture, avascular necrosis with
collapse, osteoporosis, neoplasm, or renal failure. Inclusion and subsequent follow-up
of patients is summarized in a flow diagram according to the consort statement
(figure 2). Sixty patients had a complete five year follow-up; 34 RHA- and 26 THA
patients. There were no significant differences between the groups for age, body
mass index (BMI) and gender (table I). Cup inclination was measured on the standard
postoperative anterior-posterior (AP) pelvic radiograph. Approval from the regional
ethics committee from the Radboud University Nijmegen Medical Centre was
obtained (LTC 419-071206 / NL16121.091.07) and all patients signed an informed
consent. The study was performed in compliance with the Helsinki declaration and
is registered in EudraCT (2006-005610-12).

Surgical technique
The surgical technique, postoperative treatment and rehabilitation protocol have
been described in the previous report on this study 12. In the RHA group the Conserve
Plus A Class® resurfacing arthroplasty (Conserve Plus, Wright Medical Technology,
Arlington, Tennessee) was implanted with both components made of a cast, heattreated solution-annealed Co-Cr alloy. In the THA group, an uncemented gritblasted titanium alloy tapered stem and a threaded solid backed titanium alloy
conical acetabular cup with a polyethylene insert with metal liner (Zweymüller classic)
were placed together with a Metasul® 28mm metal head (Zweymüller Metasul,
Zimmer Orthopedic, Warsaw, Indiana).
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Bone densitometry

A

B

Figure 1 A diagrammatic representation of the bone mineral density measurement in all five
separate acetabular ROI in resurfacing hip arthroplasty (A) and total hip arthroplasty (B).
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BMD was measured by dual-energy absorptiometry (DXA) (Lunar Prodigy, GE
Healthcare, Little Chalfont, United Kingdom with the software package Encore
2007 version 11.30.062). Our method has been described in detail in our earlier
report on acetabular BMD 12. Measurements were performed two weeks preoperatively at three and six months and at one, two, three and five year after surgery.
The estimated marginal mean BMD values (Table II) obtained during the five years
follow up were compared with the mean baseline levels, subsequently a ratio
towards baseline levels was calculated, visualized in Figure 3a. BMD values were
categorized in upper cranial ROI 5, cranial ROI 1 and, craniomedial ROI 4, medial
ROI 2 and caudal ROI 3 in relation to the acetabular cup. Since the actual region of
interest (ROI) could only be defined after implantation of the hip cups, these ROI
were imported from the three months DXA scan to the preoperatively DXA scan to
measure baseline BMD levels in the absence of the implant. The patients were
positioned according a strict protocol to minimize pelvic tilt. The software used in
our study was designed to measure the periprosthetic BMD in five ROIs surrounding
the acetabular cup (figure 1). DXA scans and patient positioning were standardized
in order to minimize differences in pelvic tilt between subsequent intervals to
enhance reproducibility of the BMD measurements resulting in a mean coefficient
of variation of 2.6% (SD 0.9) which is adequate and consistent with the literature 12, 13.
Quality controls for the DXA equipment were undertaken daily according to the
manufacturer’s guidelines to verify the stability of the system. No change was
observed during the entire study period.
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Assessed for eligibility n=107

Excluded n=25
- Not meeting inclusion criteria (n=15)
- Refused to participate (n=10)

Baseline Assessment & Randomization
82 patients

Allocated to RHA, group A (n=42)
Received allocated intervention
n=39
Did not receive allocated intervention
n=3
n=1 Co-morbidity while on waiting list
n=2 Peroperative conversion to THA because
of posttraumatic local bone quality
Lost to follow -up
n=1 Direct postoperative
n=1 Analyzed up to 1 year
n=1 Analyzed up to 3 years

Allocation

n=3

Discontinued intervention
n=2
n=1 Revision to THA due femoral head necrosis
after 2 years
n=1 Revision to THA due to pseudotumor
after 3 years
Completed 5 years follow-up

Allocated to THA, group B (n=40)

Lost to follow-up
n=5
n=1 Direct postoperative, another prosthesis
n=2 Analyzed up to 2 and 3 years, lack of motivation
n=2 Deceased, both analyzed up to 2 years
Follow-up

n=34

Analyzed (n=38)
* 0-1 year n=38
* 0-2 years n=37
* 0-3 years n=36
* 0-5 years n=34

Received allocated intervention
n=34
Did not receive allocated intervention
n=6
n=2 Co-morbidity while on waiting list
n=4 Patient withdrawal from trial after allocation

Discontinued intervention
n=3
n=2 Cup revision because of recurrent dislocation,
analyzed up to 2 years
n=1 THA revision due to pseudotumor formation,
analyzed up to 2 years
Completed 5 years follow-up

Analysis

n=26

Analyzed (n=33)
* 0-1 year n=33
* 0-2 years n=33
* 0-3 years n=27
* 0-5 years n=26

Figure 2 Consort statement: Flowchart of participants throughout the study.

Statistical analysis
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The study was designed following a power analysis based on the work of Lian et al 14.
The minimum number of participants in each group to obtain a power of 80% with
a significance level of p<0.05, was determined at 34, with a calculated difference of
2.98% (SD 6.14) in BMD. The BMD changes of each ROI over the observed period
and differences between the two groups were analyzed in linear mixed models
with random intercept to account for repeated measurements. Missing data were

Figure 3A Cranial region of interest 1

7

Figure 3C Caudal region of interest 3
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Figure 3B Craniomedial region of interest 2
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Figure 3D Medial region of interest 4

Figure 3E Uppercranial region of interest 5

Figure 3 Graph of estimated marginal mean BMD changes (g/cm2) as percentage of preoperative
baseline values (%) with standard error of the mean during 5years follow-up for al ROI of RHA
(blue line) and THA ( green line). 3A: Cranial to the acetabular cup ROI 1. 3B: Craniomedial to
the acetabular cup ROI 2. 3C: Caudal to the acetabular cup ROI 3. 3D: Medial to the acetabular
cup ROI 4. 3E: Upper cranial to the acetabular cup ROI 5.
* = Significant difference (p < 0.05) in BMD changes as percentage of baseline values between RHA and
THA at each follow up moment.
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assumed to be missing at random. BMD data were normally distributed and are
presented as estimated marginal mean with standard error (SE). Data of patient lost
to follow up were analyzed up to their last measurement. To compare changes
between RHA and THA at each time interval, the BMD ratios as a percentage of the
baseline value (presented as 100%) were calculated making use of the estimated
marginal means. Differences were considered statistically significant with a p-value
<0.05. All statistical analyses were performed using SPSS software version 21.0
(SPSS Inc. Chicago, Illinois).

Results
Patient characteristics and surgical data of both groups are summarized in table 1.
Excluding the patients who were lost to follow up, revised and deceased, all others
reached five years’ follow-up. Groups were comparable for sex, follow-up, blood
loss and postoperative measured cup inclination. The mean time of surgery was
significantly longer for the resurfacing procedure (77.3 min) compared to THA (55.6
min), illustrating the more complex nature of this procedure (p<0.001). Acetabular
cup positioning, measured as the mean cup inclination, did not differ between both
groups, RHA 45° (SD 7.3) and in the THA 48° (SD 6.6) (p=0.36).
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Table 1 Clinical details of the patients in both groups.
RHA
(n = 38)

THA
(n=33)

p-value

Sex (women/men)

17/21

12/21

0.629a

Mean body mass index (SD)

26.1 (3.1)

28.0 (5.1)

0.059b

Mean age at surgery in years (SD)

54.4 (9.5)

56.5 (7.3)

0.475c

Diagnosis (OA/AVN/CHD)

35/1/2

31/0/2

1.00a

Median blood loss in mL (IQR)

300 (100-300)

250 (100-300)

0.993c

Mean operating time in minutes (SD)

77.3 (11.2)

55.6 (11.8)

<.001b

Mean cup inclination (SD)

45 (7.3)

48 (6.6)

0.360 b

OA: osteoarthritis; AVN: avascular necrosis; CHD: congenital hip dysplasia.
b Student’s t-test, c Mann-Whitney U test, d Pearson Chi-Square
exact probability test,

Complications and revisions
In the THA group we encountered 3 patients with a recurrent dislocation. This was
treated conservative in one patient, whereas in two patients a re-intervention at
two years with a hooded liner and head exchange was performed. Another third
revision in the THA group occurred just before 36 months for unclassified pain
which appeared to come from a profound pseudotumor with the typical aspect of
an adverse reaction to metal debris (ARMD). In the RHA group two revisions were
encountered. One revision at 2 years for an early aseptic loosening from avascular
necrosis of the femoral head mandated a conversion to an intramedullary stem
with a big femoral head, while the cup was maintained. Another patient was revised to
a conventional metal-on-poly THA after 36 months because of ARMD pseudotumor
formation.
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Table 2 Estimated marginal bone mineral density mean per region of interest
(g/cm2) with Standard Error (SE) for both groups.
Cranial
Group

Time

ROI 5

Medial
ROI 1

ROI 2

Caudal
ROI 4

ROI 3

RHA
n=38

0

1.747 (0.06)

1.811 (0.05)

1.643 (0.06)

1.465 (0.09)

1.519 (0.07)

n=38

3

1.696 (0.06)a

1.726 (0.05)a

1.542 (0.06)a

1.383 (0.09)a

1.472 (0.07)

n=38

6

1.723 (0.06)

1.763 (0.05)

1.526 (0.06)a

1.369 (0.09)a

1.450 (0.07)a

n=38

12

1.728 (0.06)

1.757 (0.05)a

1.565 (0.06)a

1.383 (0.09)a

1.509 (0.07)

24

1.711 (0.06)

(0.05)a

(0.06)a

(0.09)a

1.465 (0.07)a

n=36

36

1.740 (0.06)

1.733 (0.05)a

1.519 (0.06)a

1.374 (0.09)a

1.486 (0.07)

n=34

60

1.742 (0.06)

1.728 (0.05)a

1.511 (0.06)a

1.362 (0.09)a

1.467 (0.07)

n=37

1.735

1.537

1.351

THA
n=33

0

1.734 (0.06)

1.794 (0.06)

1.676 (0.06)

1.389 (0.10)

1.154 (0.08)

n=33

3

1.644 (0.06)a

1.674 (0.06)a

1.423 (0.06)a

1.268 (0.10)a

1.067 (0.08)a

n=33

6

1.647 (0.06)a

1.620 (0.06)a

1.341 (0.06)a

1.249 (0.10)a

1.057 (0.08)a

12

1.605

(0.06)a

(0.06)a

(0.06)a

(0.10)a

1.071 (0.08)a

n=33

24

1.640 (0.06)a

1.598 (0.06)a

1.339 (0.06)a

1.273 (0.10)a

1.108 (0.08)

n=27

36

1.647 (0.06)a

1.581 (0.06)a

1.364 (0.06)a

1.254 (0.10)a

1.113 (0.08)

60

(0.06)a

(0.06)a

(0.06)a

(0.10)a

1.113 (0.08)

n=33

n=26
a

1.672

1.577

1.556

1.303

1.312

1.246

1.245

Significant difference at the 0.05 level against baseline within each region of interest (ROI).
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For RHA patients with a press-fit acetabular cup, the mean BMD ratios of craniomedial
ROI 2 and medial ROI 4 showed a significant decrease of 7% and 8% from three
months up to five years (p<0.01). BMD in caudal ROI 3 remained stable around
pre-operative baseline levels up to five years (p=0.148) after an initial significant 2%
decrease at 6 months (p<0.041).
Cranial ROI 1 showed a gradual decrease which showed to be significant at
five years with 4% (p<0.01). The upper cranial ROI 5 showed an initial significant
decrease of 3% (p<0.019) at three months follow up which returned to baseline
values and remained stable throughout further follow up (p=0.821).
In the THA group, the mean cranial BMD ratio in ROI 1 significantly decreased
13% (p<0.01). The upper cranial ROI 5 partially returned to baseline values at five
years follow-up with a significant 3% loss (p=0.015). These results are comparable
to the ones after RHA. ROI 3 caudal to the cup initially showed a significant decrease
up to 1 year postoperative of 6% (p<0.01) but recovered back to baseline values at
five years. Medial to the cup the most excessive BMD loss was seen craniomedial

(ROI 2) to the cup, a BMD decrease of 15% at three months postoperative and up to
21% at five years follow up (p<0.01). In ROI 4, medial to the cup, a significant loss of
8% to 11% was seen from three months up to five years follow up.
At five years postoperative there were significant differences between RHA and
THA in ROI 1 and 2 of 8.8% (p=0.01) and 12.8% (p<0.01) respectively, favoring RHA.
For ROI 3, 4 and 5 there were no significant differences measured at five years
follow up.

This prospective randomized trial shows more pronounced BMD losses cranio medial and directly cranial to the threaded conical cup in the THA group compared
to the press-fit 6 mm thick cup used in the RHA group. As discussed at the previous
report on the two year results 12, the smaller BMD losses cranial to the cup after
RHA compared to THA, remains a remarkable finding. An initial decrease in BMD
followed by an increase back to baseline levels was seen in the caudal and
uppercranial ROI after THA and to a limited extend after RHA, though no significant
difference between the groups was seen at five years follow up. Likewise, the
significant BMD decrease for both groups medial to the cup (ROI 4) did not differ
between groups.
Our results are in accordance with the literature, however literature is rather
scarce on periacetabular BMD changes with a long-term follow. What is clearly
illustrated in our results and confirmed by others, is that the most rapid changes in
BMD occur within the first six months to one year postoperative, but (smaller)
changes are seen up to five years 15, 16. A wide range of BMD changes is reported,
with losses up to 50% medial after a variety of uncemented components in clinical 8, 17
as well as in finite element studies 18.
For threaded cups the BMD losses in general are more pronounced. In line
with our observed decrease of 21% (ROI 2) and 11% (ROI 4) medial to the cup, Sabo
et al reported a decrease in BMD of 18% cranial and 29% medial to the cup at five
years postoperative. These losses in BMD were also seen in finite element studies
on stress analyses of conical shaped threaded cups. Showing the existence of
tensile stresses medial at the bony socket-bottom of the cup with excessive bone
losses as result 19, 20.
The press-fit hemispherical cup was looked after by Huang et al. 21, who compared
26 RHA to 25 large diameter head (LDH) MoM THA with a three years follow up.
They recorded no differences between groups in BMD changes. A mean net BMD
decrease of 11% versus 10% (p=0.35) was measured respectively and, in accordance
with our results, a slight increase of 5% cranial to the cup after RHA. Gauthier et al. 22,
quantified periacetabular BMD changes up to two years after a LDH MoM THA

7

Acetabular BMD changes after RHA versus THA

Discussion

119

system with hemispherical cup, which shows comparable results to ours on the
short term. A comparable initial BMD decrease towards 94% after one year in the
cranial region was seen with subsequent normalization of BMD to baseline levels.
A long-term follow up of 10 years on BMD changes was provided by Mueller et al.
(23), and subsequently Kress et al. 10, 23, who studied periacetabular BMD using
quantitative computed tomography (QCT) with detailed mapping of cancellous and
cortical acetabular BMD changes. They found a discrepancy between cancellous
and cortical BMD changes with excessive losses in cancellous and cortical BMD
medial to the cup presumably due to cancellous bone stress-shielding. However,
a cortical increase cranial to the cup was measured, most likely because of an
altered load at the rim primarily transferred through the cranial cortical bone
according to Wolff’s law. Elaborating on that idea the altered postoperative stress
configuration surrounding the cup results in adaptive peri-prosthetic bo remodeling
with BMD changes, these changes over time are interpreted as surrogate measurement
for bone stock quality. At the femoral side, specifically in the calcar region,
postoperative to RHA, an increased BMD has been shown 15, 24, 25. At the acetabular
side an overall BMD decrease is seen, most distinctive medially to an uncemented
cup. This might be indicative for load primarily concentrated at the periphery of the
cup, resulting in a relative minor BMD losses in the cranial region and more
pronounced BMD losses at the medial wall due to stress-shielding 18-20, 26.
Limitations of our study are those associated with DXA measurements. Due to
its two-dimensional nature DXA is limited in assessing retro-acetabular bone.
Furthermore, it is less discriminative between cortical and cancellous bone, compared
to a three-dimensional measurement with QCT 27. QCT however, results in a
relatively high radiation dose and would therefore not be suitable for multiple BMD
assessments in the long-term follow-up. Comparing results between different
studies and cohorts is complicated by differently defined periacetabular regions,
which do not always correspond to the exact same anatomic region 13, 28.
To minimize confounders in our measurements the change in BMD was recorded
against preoperative BMD values with a fixed template imported to each follow up
measurement.
In conclusion, acetabular BMD preservation remains an important goal regarding
implant survival and future revision in especially young patients. We encountered
a magnitude of BMD changes and provide evidence that acetabular BMD is
remarkably better preserved behind a rigid press-fit cup in RHA in the cranial and
craniomedial ROI compared to a titanium threaded cup in conventional THA.
Despite of the existence of theoretically high stress shielding behind the thick and
stiff acetabular component in RHA, bone depletion behind this component does
not seem to be a major concern.
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Abstract
Purpose: Bone preservation is an important advantage of the resurfacing hip
arthroplasty (RHA) concept. We hypothesized that patients’ increase in physical
activity level after RHA would positively relate with periprosthetic bone mineral
density (BMD) changes and thus facilitate bone preservation.
Methods: BMD-changes were prospectively recorded in 38 patients after RHA.
Dual-energy absorptiometry was used to quantify BMD-changes in six periprosthetic
regions of interest preoperatively, at six months, one, two and three years
postoperative. The effect estimates of patients’ physical activity, according to their
Harris Hip Score (HHS) and University of California at Los Angeles (UCLA) Activity
Score, on these BMD changes were assessed in linear mixed models.
Results: The UCLA (coefficient= 0.02 (95%CI 0.010, 0.034);p<0.001) and HHS
(coefficient= 0.002 (95%CI 0.001, 0.003);p<0.001) were associated with the BMD
in the calcar region. As for BMD-changes in the femoral neck only the HHS was
associated (coefficient = 0.0006 (95%CI <0.0001, 0.001);p=0.04). Both the UCLA
and the HHS were inversely associated with BMD in the medial acetabular region
(UCLA: coefficient= -0.02 (95%CI -0.038, -0.007);p=0.005, HHS: coefficient=
-0.002 (95%CI -0.003, -0.001), the same accounted for the HHS to BMD-change
cranial to the acetabulum (-0.001 (95%CI -0.0018, -0.0001);p=0.03). For the caudal
acetabular and femoral subtrochanteric region no relation with BMD-changes was
found.
Conclusion: The increase in activity scores after RHA was indeed associated with
an increase in BMD in the calcar region, however unexpectedly also with a BMD
decrease on the acetabular side. Stress shielding from the implant is the most likely
causative factor.
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Introduction

8

Physical activity and BMD-changes after RHA

Hip arthroplasty was originally a salvage procedure to relief pain and restore basic
activities. Over the last decades clinical outcome after hip arthroplasty has improved
tremendously due to design innovations, improved biomaterials and surgical
techniques. As the number of patients younger than 60 years is steadily increasing,
not only implant survival should be extended, but patients get more demanding
regarding hip functionality and high-level activities 1. Resurfacing hip arthroplasty
(RHA) has been introduced to offer an alternative to conventional total hip arthroplasty
(THA) with proposed bone stock preservation to facilitate future revision and to
achieve a greater range of motion. Multiple studies reported preservation of femoral
bone mineral density (BMD) in the calcar with a good functional outcome in young
patients on short term follow up 2-6.
On the other hand concerns have been raised regarding adverse reaction to
metal debris, with unacceptable revision rates seen after RHA due the introduction
of large head diameter metal-on-metal (MoM) bearings. Volumetric wear increases,
occasionally resulting in an excessive release of metal ions. According to the national
joint registry a predicted 5 years revision rate as high as 8.3% in woman was reported
when using a 42mm large head diameter 7.
Despite these growing concerns regarding adverse reaction to metal debris,
RHA is still serving a niche market for young active patients ambitious in sports 8-10.
More into detail according to Lavigne et al. and Smolders et al. patients do return to
their sport activities and with a RHA patients reach higher activity levels compared
to THA 11, 12. In addition, Karampinas et al. and Petersen et al, showed higher walking
speeds favouring RHA compared to THA 13, 14. Girard et al. recently stated that RHA
allows younger and more active patients to resume physical and sports activities
without restriction. The rate of return to sports has been reported to be unequalled
by conventional THA 15.
Especially in these young and active patients bone stock preservation is an
important goal regarding long-term implant survival. Häkkinen et al. already
investigated the effect of patients’ walking ability, measured as walking distance
over 1500 meters, on BMD changes up to 1 year postoperative 5. They could not
find a correlation between walking ability and BMD changes. From a biomechanical
perspective higher activity levels results in an increased loading of femur and
acetabulum which may affect BMD. The role of patients’ physical activity on BMD
in specific regions of interests (ROIs) has not been investigated so far. Therefore, the
aim of this study was to evaluate the effect of physical activity on BMD after RHA in
young patients in different ROIs. We hypothesized that higher reported physical
activity levels would result in higher femoral and acetabular BMD levels.
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Patients and methods
The study group included all RHA with a complete 3 years follow up. This group
was part of a larger randomized controlled trial, designed to compare the BMD
changes in the proximal femur and acetabulum of patients who received a RHA
against a conventional small-diameter MoM THA 16.
Briefly, between June 2007 and January 2010 42 patients were allocated to
receive a RHA. Patients under 65 years with osteoarthritis planned for a primary hip
replacement were included. Patients were excluded if they had (previous) infection
of the hip or other sites, hip fracture, avascular necrosis with collapse, osteoporosis,
neoplasm, or renal failure. Inclusion and subsequent follow-up of patients is
summarized in a flow chart (figure 1). Demographic data of the RHA group is
summarized in table 1. Approval from the regional ethics committee was obtained
(LTC 419-071206 / NL16121.091.07). All patients agreed to sign an informed consent.
The study was performed in compliance with the Helsinki declaration and registered
in EudraCT (2006-005610-12).

42 allocated RHA cases (2007-2010)
Did not receive allocated intervention
n=1 Co-morbidity while on waiting list
n=2 Peroperative of posttraumatic local
bone quality

n=3

Received allocated intervention

n=39

Lost to follow-up
n=2
n=1 Direct postoperative
n=1 Analyzed up to 1 year: lack of motivation

Discontinued intervention
n=2
n=2 revision to THA
1 femoral necrosis analyzed up to 2 years
1 pseudotumors after 3 years.

BMD / activity scores analyzed
* 0-1 year n=38
* 0-2 years n=37
* 0-3 years n=36
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Figure 1 Flowchart of number of participants throughout the study.

Surgical technique
Pre-operative digital templating for implant positioning (Easyvision, Philips Medical
Systems, Eindhoven, The Netherlands) was carried out in all patients. Three experienced
hip surgeons performed the surgery by a posterolateral approach 17. The Conserve
Plus A Class® resurfacing arthroplasty (Conserve Plus, Wright Medical Technology,
Arlington, Tennessee) was implanted with both components made of a cast, heattreated solution-annealed Co-Cr alloy. The femoral component was fixated with
low viscosity cement after first preparing the femoral head with subchondral anchor
holes. The hydroxyapatite coated acetabular component, was press fitted in the
acetabulum (underreamed by one millimeter). Patients received prophylaxis against
infection, periarticular ossification and venous thrombosis during the hospital
admission and for six weeks after the operation. Patients were allowed to mobilize
without any weight-bearing restriction according to their tolerance.

8
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Figure 2 A diagrammatic representation of the distribution of the femoral and acetabular ROI for
bone mineral density measurement on dual-energy X-ray absorptiometry. Femoral: femoral neck
(FN), calcar (CAL) and subtrochanteric (ST). Acetabular: cranial (CR), medial (ME) and caudal (CA).

Physical activity and BMD-changes after RHA

BMD was measured by dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy, GE
Healthcare, Little Chalfont, United Kingdom). Measurements were performed two
weeks pre-operatively, at six months and at one, two, and three years after surgery.
The patients were positioned according a strict protocol. The software (Encore
package 2007 version 11.30.062) used in our study was designed to measure the
periprosthetic BMD in three ROIs in the proximal femur and three ROIs in the
acetabulum. Femoral ROIs were defined as femoral neck, calcar and subtrochanteric.
Acetabular ROIs were defined as cranial, caudal and medial from the cup (figure 2).
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To ensure that the same ROIs were measured both pre- and postoperatively,
postoperative defined ROIs (after implantation of the RHA components) were
transferred and used to measure the preoperative BMD levels.
Implant positioning was verified and cup inclination was measured on the direct
postoperative anterior-posterior (AP) pelvic radiographs.

Functional questionnaires:
All RHA patients completed Harris Hip Score (HHS) ( 0–100 points scale) and the
University of California at Los Angeles (UCLA) Activity Score (0-10 points scale)
questionnaires two weeks pre-operatively and at six months, one, two, and three
years after surgery. An independent research staff member assessed the range of
motion and absence of deformity in the HHS.

Statistical analysis
Descriptive statistics were used to summarize the data. Linear mixed models were
used to study the effect of change in physical activity scores (UCLA and HHS) on
bone mineral density after RHA at the specified femoral and acetabular regions of
interest over time, with adjustment for patients’ age at surgery, sex, BMI at surgery,
femoral head size, and cup inclination. These confounding variables were selected
based on the approach described by Shrier and Platt. Directed acyclic graphs were
used to depict a possible causal relation between the patients’ activity levels,
possible confounding variables, and the outcomes 18. Missing data were assumed
to be missing at random. Effect estimates are presented with their 95% confidence
intervals (95% CI). P-values < 0.05 were considered statically significant. The statistical
analyses were performed using R version 3.1.3 19.

Results
Patients follow-up and demographics
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Out of the 42 patients allocated to receive a RHA, two patients were converted to
receive a THA intraoperatively, and one patient was cancelled because of comorbidity while on the waiting list. In total 39 patients received a RHA. One patient
was lost-to-follow-up directly postoperative and another patient after one year of
FU both due to a lack of motivation to continue. At one year postoperative
38 patients were analysed, 21 males and 17 females. After 2 years one patient was
revised to a THA because of an early aseptic loosening from avascular necrosis of
the femoral head that mandated a conversion to an intramedullary stem with a big
femoral head. Finally, a total of 36 patients reached the three years follow up. Mean
age at surgery was 54.4 (SD 9.4) and BMI was 26.1 (SD 3.1). The demographic and
surgical characteristics are summarized in table 1.

Table 1 Patient characteristics presented as mean with standard deviation.
RHA
(n = 38)
Sex (women/men)

17/21

Body Mass Index

26.1 (3.1)

Age at surgery in years

54.4 (9.4)

Diagnosis (OA/AVN/CHD)

35/1/2

Blood loss in mL.

223.7 (160.7)

Operating time in minutes

77.3 (11.2)

Cup inclination

45.3 (7.3)

Mean femoral head size in mm.

8

48 (3.5)

OA, osteoarthritis; AVN, avascular necrosis; CHD, congenital hip dysplasia.

Bone Mineral Density and clinical evaluation
Mean BMD values (g/cm2) obtained during the follow-up visits are summarized in
table 2. The clinical HHS and UCLA activity scores are summarized in table 3.

Table 2 Mean (SD) absolute bone mineral density per region of interest (g/cm2)
at each follow-up visit.
Pre-operative

6 months

1 year

2 years

3 years

n = 38

n = 38

n = 38

n = 37

n = 36

Calcar

1.942
(0.398)

2.028
(0.436)

2.052
(0.433)

2.064
(0.457)

2.066
(0.449)

Femoral neck

1.113
(0.226)

1.103
(0.237)

1.127
(0.244)

1.138
(0.258)

1.144
(0.266)

Subtrochanteric

1.321
(0.246)

1.309
(0.246)

1.320
(0.238)

1.318
(0.240)

1.332
(0.255)

Cranial

1.744
(0.264)

1.744
(0.305)

1.738
(0.330)

1.709
(0.334)

1.706
(0.358)

Medial

1.549
(0.335)

1.457
(0.412)

1.477
(0.394)

1.457
(0.416)

1.453
(0.447)

Caudal

1.483
(0.472)

1.450
(0.449)

1.532
(0.508)

1.463
(0.518)

1.485
(0.513)

Acetabular

Physical activity and BMD-changes after RHA
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Table 3 Harris Hip score (HHS) and the University of California at Los Angeles
(UCLA) Activity Score at each follow-up visit. All values are given as
the median (IQR).
Preoperative

6 Months

1 Year

2 Years

n=38

n=38

n=38

n=37

3 Years
n=36

HHS

57 (50-61)

96 (91-98)

98 (95-100)

98 (96-100)

98 (96-100)

UCLA

5.0 (4.0–7.0)

7.0 (6.0–8.5)

7.5 (6.5–9.0)

7.0 (7.0–8.5)

7.0 (6.5–8.0)

Effect of physical activity on BMD
Physical activity levels measured using UCLA (coefficient = 0.02 (95% CI 0.010 to
0.034); p < 0.001) and HHS (coefficient = 0.002 (95% CI 0.001 to 0.003); p < 0.001)
were significantly associated with BMD levels in the calcar region, adjusted for age,
gender, BMI, femoral head size, and cup inclination (Table 4a & 4b). In addition,
HHS was significantly associated with the BMD in the femoral neck region
(coefficient = 0.0006 (95% CI <0.0001 to 0.001); p=0.04). No effect of physical
activity levels on subtrochanteric BMD was found.
Adjusted for age, gender, BMI, femoral head size, and cup inclination angle,
physical activity levels were inversely associated with BMD in the medial acetabular
region (UCLA: coefficient = -0.02 (95% CI -0.038 to -0.007); p = 0.005, and HHS:
coefficient = -0.002 (95% CI -0.003 to -0.001); p < 0.001) (Table 4a & 4b). HHS
was also inversely associated to cranial BMD (-0.001 (95% CI -0.0018 to -0.0001);
p = 0.03). No effect of physical activity on caudal acetabular BMD was found.
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b

a

0.037
(0.001, 0,074)

- BMI

46

48

50

52

54

o

o

o

o

o

0.183
(-0.412, 0.778)

0.220
(-0.380, 0.821)

0.084
(-0.467, 0.636)

0.400
(-0.118, 0.910)

-0.003
(-0.509, 0.503)

0.132
(-0.408, 0.671)

0.012
(-0.005, 0.029)

0.019 a
(0.004, 0.034)

0.037
(-0.217, 0.291)
-0.084
(-0.322, 0.155)
0.048
(-0.194, 0.290)
0.011
(-0.249, 0.271)
0.253
(-0.029, 0.536)
0.332
(0.052, 0.613)

-0.112
(-0.335, 0.110)
-0.050
(-0.259, 0.158)
0.091
(-0.121, 0.303)
-0.035
(-0.262, 0.192)
0.104
(-0.144, 0.351)
0.166
(-0.079, 0.411)

0.002
(-0.002, 0.006)

-0.001
(-0.006, 0.007)

0.001
(-0.006, 0.005)

0.003
(-0.0003, 0.007)

-0.135
(-0.276, 0.006)

0.0006 a
(<0.0001, 0.001)

Femoral neck

-0.265 b
(-0.388, -0.142)

-0.0002
(-0.0002, 0.0005)

Sub-trochanteric

Physical activity and BMD-changes after RHA

Coefficient was significantly different from zero at the 0.05 level.
Coefficient was significantly different from zero at the 0.01 level.
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o

- Head diameter

- Cupinclination

0.004
(-0.005, 0.012)

0.006
(-0.008, 0.020)

- Age

Prosthesis

-0.425 a
(-0.724, -0.126)

0.002 b
(0.001, 0.003)

Calcar

- Sex

Demographics

- HHS

Activity

BMD Femoral

0.449
(-0.067, 0.963)

0.488
(-0.031, 1.007)

0.170
(-0.307, 0.646)

0.377
(-0.067, 0.821)

0.315
(-0.123, 0.751)

0.258
(-0.208, 0.724)

0.004
(-0.003, 0.012)

-0.009
(-0.041, 0.022)

-0.003
(-0.015, 0.010)

-0.163
(-0.422, 0.095)

-0.001 a
(-0.0018, -0.0001)

Cranial

Caudal
-0.001
(-0.002, 0.001)
-0.381
(-0.740, -0.021)
-0.005
(-0.022, 0.012)
0.019
(-0.025, 0.063)
0.002
(-0.008, 0.012)
-0.130
(-0.778, 0.517)
0.118
(-0.492, 0.726)
0.182
(-0.436, 0.799)
-0.030
(-0.693, 0.633)
0.129
(-0.593, 0.850)
0.269
(-0.448, 0.985)

Medial
-0.002 b
(-0.003, -0.001)
-0.254
(-0.533, 0.025)
-0.009
(-0.022, 0.005)
0.016
(-0.018, 0.050)
0.011 a
(0.002, 0.018)
-0.011
(-0.514, 0.492)
0.317
(-0.156, 0.789)
0.444
(-0.036, 0.923)
0.205
(-0.310, 0.719)
0.326
(-0.235, 0.886)
0.535
(-0.022, 1.090)

BMD Acetabular

Table 4a Linear mixed model coefficients (95% CI) for Harris Hip Score as predictor of bone mineral density adjusted for covariates.
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b

a

0.041
(0.005, 0.076)

- BMI

46

48

50

52

54

o

o

o

o

o

0.176
(-0.407, 0.757)

0.216
(-0.371, 0.803)

0.078
(-0.461, 0.616)

0.400
(-0.103, 0.901)

-0.021
(-0.516, 0.474)

0.106
(-0.422, 0.633)

BMD Femoral

0.012
(-0.005, 0.029)

0.019 a
(0.005, 0.034)

0.491
(-0.034, 1.014)
0.450
(-0.071, 0.968)

-0.078
(-0.315, 0.159)
0.056
(-0.184, 0.297)
0.019
(-0.239, 0.277)
0.263
(-0.017, 0.545)
0.342 a
(0.064, 0.622)

-0.055
(-0.262, 0.152)
0.089
(-0.121, 0.299)
-0.038
(-0.264, 0.187)
0.100
(-0.145, 0.346)
0.163
(-0.081, 0.406)

0.172
(-0.310, 0.652)

0.375
(-0.073, 0.822)

0.320
(-0.122, 0.761)

0.040
(-0.212, 0.294)

0.268
(-0.203, 0.738)

0.004
(-0.003, 0.012)

-0.011
(-0.042, 0.021)

-0.003
(-0.015, 0.010)

-0.171
(-0.431, 0.090)

-0.009
(-0.020, 0.003)

Cranial

-0.117
(-0.338, 0.103)

0.002
(-0.002, 0.006)

-0.001
(-0.006, 0.007)

-0.0004
(-0.006, 0.005)

0.003
(-0.0003, 0.007)

-0.133
(-0.273, 0.007)

-0.001
(-0.007, 0.008)

Femoral neck

-0.263 b
(-0.385, -0.140)

-0.003
(-0.002, 0.008)

Sub-trochanteric

Coefficient was significantly different from zero at the 0.05 level.
Coefficient was significantly different from zero at the 0.01 level.
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o

- Head diameter

- Cup inclination

0.003
(-0.005, 0.012)

0.007
(-0.007, 0.021)

- Age

Prosthesis

-0.408 a
(-0.699, -0.115)

0.022 b
(0.010, 0.034)

- Sex

Demographics

- UCLA

Activity

Calcar

0.547
(-0.023, 1.112)

0.331
(-0.242, 0.901)

0.214
(-0.312, 0.737)

0.443
(-0.047, 0.930)

0.339
(-0.146, 0.819)

0.020
(-0.495, 0.532)

0.011
(0.002, 0.018)

0.012
(-0.023, 0.047)

-0.010
(-0.023, 0.004)

-0.273
(-0.557, 0.012)

-0.024 b
(-0.038, -0.007)

Medial

BMD Acetabular

0.267
(-0.455, 0.983)

0.127
(-0.599, 0.848)

-0.030
(-0.697, 0.632)

0.180
(-0.440, 0.796)

0.118
(-0.495, 0.727)

-0.127
(-0.779, 0.521)

0.002
(-0.008, 0.012)

0.018
(-0.025, 0.062)

-0.005
(-0.022, 0.012)

-0.384
(-0.744, -0.024)

-0.004
(-0.024, 0.020)

Caudal

Table 4b Linear mixed model coefficients (95% CI) for the University of California at Los Angeles (UCLA) Activity Score as
predictor of bone mineral density adjusted for covariates
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Physical activity and BMD-changes after RHA

The aim of this study was to evaluate the effect of an increase in physical activity
after a RHA on the BMD in different regions of interest in femur and acetabulum.
Our results showed a significant effect of physical activity on calcar BMD preservation
and an inverse effect on the acetabular BMD medially from the cup. These findings
support our hypothesis that physical activity after RHA contributes to and is associated
with femoral bone stock preservation, however, we also found an unexpected
association with a BMD decrease medial from the acetabular press-fitted component.
Previous studies on BMD changes after RHA have shown similar results with a
BMD increase in the calcar 3, 6, 20 and an acetabular BMD decrease 21. In line with
these results, finite element analyses have also illustrated bone preservation in Gruen
zone 7, corresponding with the calcar region, most likely as a response to an increased
natural load transfer through the calcar 22. As such the encountered correlation
between physical activity and BMD decrease in the calcar region is logical.
The decrease in BMD around the acetabular component and its correlation
with higher activity scores is, however, more difficult to explain. Several factors are
known to induce bone resorption which may have played a role in the observed
relation of increase in physical activity with a decrease in BMD at the medial wall.
First the use of a larger head diameter, requires a metallic and thus rather rigid
acetabular cup resulting in a stiffer implant. This stiffness could make RHA more
susceptible to local bone resorption compared to conventional THA as result of
enhanced acetabular stress-shielding. On the acetabular side stress shielding with
subsequent adaptive bone remodeling is a well-known reason for periprosthetic
bone loss. Using computer simulations Levenston et al. illustrated the effect of a
changed load transfer through the acetabulum as result of a press fitted metal
component 23. They observed a decreased BMD at the medial wall that was induced
by significant stress-related acetabular bone remodeling due to the non-physiologic
transfer of load. These results were also encountered in vivo by Kress et al. in a ten
years follow up with computed tomography-assisted osteodensitometry of the
pelvis after press-fit cup fixation in 24 MoM THAs. They found particularly pronounced
cancellous BMD decrease dorsally and ventrally to the cup of respectively 60 and
71% at ten years follow up 24. The altered acetabular pattern of loading due to the
use of a press fitted acetabular component seems to result in increased stress-shielding
mainly at the medial wall. This study suggests that apparently an increase in physical
activity (and load transfer) aggravates the role of stress shielding behind rigid
metallic press fit implants and subsequently stimulate BMD decrease particularly
behind the medial wall.
Secondly, we learned from recent gait analysis reports 25, that RHA enables a
more normal gait compared to THA, with a measured eight percent higher body weight
acceptance when walking. Differences became more evident when measurements
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were performed at higher walking speeds or walking uphill. An increased body
weight acceptance with a more natural gait could relate with a better preserved
femoral bone stock according to the hypothesis described above. On the other
hand the higher body weight acceptance after RHA may also enhance the negative
effect of stress-shielding at the medial acetabular wall in accordance with our
observed BMD decreases at higher activity levels.
As for comparable studies in the literature Malviya et al. recently published their
five year results on femoral BMD changes in 29 RHAs 3. The authors described a
correlation between a larger acetabular component and steeper inclination
correlated with increased BMD in the trochanteric region. In contrast to Malviya et
al. we did not find a significant correlation between cup size and inclination versus
femoral BMD changes.
The encountered reduced BMD medial to the cup in our study did not have any
clinical consequences at three year follow-up, as none of the RHA was revised due
to cup-loosening or acetabular bone deterioration. However, the downside of the
observed trend of an inverse effect at the medial wall may be a negative influence
on both the long term survival of the acetabular component and the available
acetabular bone stock at time of future revision.
Some limitations of our study have to be discussed. First, we analyzed a complete
three years follow-up, which might be considered a rather short period as stress
shielding and BMD changes are a process of years. However, from a physiological
point of view, we think the main effect of the patients’ physical activity on bone
remodeling should manifest itself within three years when the optimal hip function
is regained postoperative. Second, we used the UCLA activity score and the HHS
for measuring changes in physical activity after RHA. Both grading systems are well
known for their rather fast ceiling effect at one year postoperative. To overcome
this ceiling effect and to be able to better differentiate between well and excellent
performing hip arthroplasty the High Activity Arthroplasty Score may have been
preferable 26 . Furthermore, parallel to the ceiling effect also our measured BMD
changes tend to stabilize after one year postoperative. Third, DXA measures periprosthetic BMD in a two-dimensional plane were a three-dimensional measurement
with computed tomography would be favorable 27. However, it has not been shown
to be superior compared to DXA and with the high radiation dose it would not be
suitable for clinical use nor for long term research follow-up. To obtain an adequate
reproducibility of our results, DXA scans and patient positioning were standardized
resulting in a coefficient of variation of 2.3% as described earlier 16. The precision in
our study was thus adequate and consistent with the literature 28, 29.
In conclusion this is the first study to report on the effect of physical activity on
BMD changes in different ROIs after RHA. We hypothesized that more active
patients would end up with higher BMD levels both on the femoral and acetabular
side. Our results confirmed the positive effect of physical activity on BMD in the

calcar and to some extend in the femoral neck, however an unexpected inverse
effect on the acetabular BMD medially from the cup was encountered. As BMD
changes may be interpreted as a surrogate measure for bone stock preservation an
increase in activity after RHA may thus only be bone preserving on the femoral side.
In fact an increase in activity after RHA appears to be associated with accelerated
acetabular bone depletion. This latter finding and since in general a femoral neck
resection is commonly performed at time of revision suggests that the bone
preserving nature of RHA may not be as clinically relevant as sometimes assumed.

Physical activity and BMD-changes after RHA
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Abstract
Introduction: Impaction bone grafting (IBG) is an established method in hip revision
surgery to reconstruct loss of bone stock. There is limited knowledge about the
actual bone remodelling process within the allograft. With repeated bone mineral
density (BMD) measurements we investigated the biological process of bone
remodelling in the allograft in-vivo. We hypothesized that an initial decrease in BMD
would be followed by an increase towards baseline values.
Patients and methods: Dual-energy X-ray absorptiometry (DXA) was used to measure
BMD values in 3 regions of interest (ROI) in 20 patients (11 males, average age at
surgery 70 years) after an acetabular reconstruction with IBG and a cemented cup.
A postoperative DXA was used as baseline and DXA was repeated at 3 and 6 months
and at 1 and 2 years. The Oxford Hip Score (OHS), the 12-Item Short Form Health
Survey (SF12) and a 0 to 100mm visual analogue scale (VAS) for pain and satisfaction
were obtained simultaneously.
Results: The overall mean BMD in the IBG regions significantly increased with 9%
(CI 2-15) at 2 years follow-up. In the cranial ROI BMD increased 14% (CI 6-22),
whereas the BMD in the medial and caudal ROI showed an increase of 10% (95%CI
1-18) and 4% (CI -6-16) respectively. The OHS, SF12-mental, and VAS for pain all
improved 2 years after surgery, with a mean VAS for satisfaction of 77 (CI 63-90) out
of 100 points. The SF12-physical showed a non-significant improvement.
Conclusion: The BMD in the allograft gradually increased after IBG for acetabular
reconstruction arthroplasties, particular in the cranial ROI. An initial decrease in the
BMD was not encountered. These BMD changes, as proxy measurements for bone
remodelling, may indicate progressive apposition of vital new host bone in the
grafted area.
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Introduction

Patients and methods
Study design
This exploratory study was designed to evaluate the BMD changes in the impacted
bone graft region after acetabular reconstruction surgery. From December 2013 up
to December 2014 25 consecutive patients with a clinical suspicion of cup loosening
in the presence of an expected contained acetabular bony defect on plain pelvic
radiographs were engaged in this exploratory study. Patients mean age was 70 (9)

9

BMD-changes within the acetabular impacted bone graft

In revision hip arthroplasty (THA), acetabular bone loss can be managed by
impacting allograft bone chips 1. An adequately impacted bone graft (IBG) provides
initial stability for the implanted prosthesis and facilitates bone remodelling 2. With
a stable IBG, revascularisation and incorporation of the graft into the host skeleton
is stimulated; a process known as ‘creeping substitution’ or bone graft incorporation.
The impacted allograft serves as a non-vital matrix facilitating ingrowth of vital host
bone and as such the restoration of host bone stock. There is little knowledge or
histological data available about the speed of this process 3. In a goat model
Schimmel et al.4, 5 reported graft resorption, bone apposition and remodelling into
new trabecular bone without hardly any graft remnants after 24 weeks. A subsequent
human case series by van der Donk et al. 6 investigated 24 acetabular biopsy
specimens collected at different time points up to 9 years. First the graft consisted
of non-vascularized graft remnants, at 3 to 5 months postoperative a transition
from the avital graft towards newly incorporated host bone was visible through a
revascularization front. By 6 months approximately 30% of the graft had been
incorporated. In biopsies from 6 months up to 9 years follow-up 70% of the graft
had been incorporated and trabecular bone had been formed. Besides these
studies no in-vivo data are available on the early biological process of bone graft
remodelling after acetabular IBG.
In earlier studies repeated dual energy X-ray absorptiometry (DXA) proved
successful to monitor periprosthetic BMD changes after different types of hip
arthroplasties 7-10 and was also used to monitor the incorporation of bone graft
after spinal fusion 11.
We performed a 2 year prospective study with repeated DXA measurements,
specifically monitor BMD changes in vivo within the graft, to gain further insight in
the process of bone graft incorporation after acetabular IBG. We hypothesised an
initial BMD decrease or demineralization to occur within the IBG up to 6 months
postoperative as result of graft resorption, followed by a steadily increase in BMD as
new vital trabecular bone is established.
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years (Table 1). The indication for acetabular IBG was determined preoperative
based on standard pelvic radiographs and sometimes combined with pelvic
computer tomography (CT) scanning to assess the degree of acetabular bone
deterioration. Patients were excluded in case of a current infection of the hip joint
or other sites, a hip fracture, immunocompromised or taking immunosuppressive
medication, a history of medication for osteoporosis (i.e. bisphosphonates), or
neoplasm. Besides plain radiographs additional CT scanning of the pelvis was
available in 10 cases. 20 patients (9 men) of 25 patients were intraoperatively
confirmed to have cavitary defects type 2 (according to AAOS Classification of
Acetabular Bone Loss) 12 and could be reconstructed with acetabular bone
impaction grafting without the use of metal augments. In 5 patients adequate
reconstruction of the defect required metal meshes to ensure containment of the
acetabular defect, these were excluded for DXA follow up since these meshes
would interfere with BMD measurements.

Table 1 Clinical details of the patients who received an acetabular
reconstruction using bone impaction grafting.
THA
(n = 20)
Sex (women/men)

11/9

Mean BMI (SD)

27 (4)

Mean age at surgery in years (SD)

70 (9)

Diagnosis (POA /RAL/INF/HA)

2/14/3/1

Mean blood loss in mL (SD)

558 (229)

Mean surgery time in minutes (SD)
Mean cupinclination (SD)
Median acetabular cup size in mm (range)

103 (25)
50 (9)
49 (44-52)

POA = primary osteoarthritis with acetabular bone defects
RAL = revision for aseptic loosening
INF = revision THA secondary to infection
HA = Revision hemiarthroplasty

Study population and follow-up
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14 Acetabular revisions with IBG were performed for cup loosening with osteolytic
bony defects due to profound PE-wear and 3 cups were revised as part of a 2-stage
revision procedure for infection which was considered healed at the second stage.
The remaining 3 cases consisted of 1 hemiarthroplasty patient with acetabular
protrusion which was converted towards a THA and 2 primary THA: 1 with profound
acetabular protrusio and a 1 with a large post-traumatic acetabular bony defect.

Out of the 17 cup revisions (11 uncemented and 6 cemented), in 8 cases the cup
revision was combined with a cemented stem revision (Exeter stem, Stryker,
Newbury United Kingdom). All patients reached 1 year follow-up. In 3 patients BMD
could not be measured at 2 years. 2 Patients refused the final follow-up because of
other illness and 1 patient was re-revised after 15 months towards a dual mobility
cup for recurrent dislocations, however clinical outcome scores could be assessed
in all patients at 2 years excluding the 1 patient who was revised.

Surgical technique

Bone densitometry
The impacted bone graft BMD was measured with DXA (Lunar Prodigy, GE
Healthcare, Little Chalfont, United Kingdom, software package Encore 2007 version
11.30.062). JvS identified and selected the impacted bone graft area on the
postoperative DXA with reference to the intraoperative findings and preoperative
radiographs and/or CT scan.

9
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All patients received the standard surgical procedure for revision hip arthroplasty
with acetabular IBG through a posterolateral approach, performed by 3 experienced
hip surgeons. Pre-operative digital templating for implant positioning (Easyvision,
Philips Medical Systems, Eindhoven, The Netherlands) was carried out in all patients.
The bone impaction grafting technique used is described in detail by Schreurs et al. 13.
Briefly, via a posterolateral approach the acetabulum was exposed and in revision
cases the failed component was removed. All existing cement and fibrous tissue
was removed. The sclerotic acetabular wall was penetrated by 5 to 10 superficial
drill holes using a 3mm burr. The contained defect was packed and filled layer by
layer with handmade bone chips (7 to 10mm) from fresh frozen femoral head
allografts using a rongeur. Subsequently, the acetabular socket was restored using
incremental metal impactors and a metal hammer. Bone cement (40 grams) with
broad spectrum antibiotics (COPAL® Gentamycin + Clindamycin, Heraeus Holding,
Hanau Germany) was placed on top of the impacted bone graft and pressurized
with a seal. Subsequently a cemented polyethylene cup was implanted in all cases,
aiming for a 2mm thick cement layer (Exeter™ Contemporary™ Flanged Cup,
Stryker Newbury United Kingdom). Cup positioning was measured on the direct
postoperative standard anterior-posterior pelvic radiograph. A median outer cup
size of 49 mm (range 44-52) was implanted with a mean cup inclination of 50 (8)
degrees. Patients received 24 hours of systemic cefazolin (preoperative 1x1g,
postoperative 2x1g), NSAID (3x50mg diclofenac) to prevent heterotopic ossification
was given for 1 week and anticoagulation therapy for 3 months (nadroparin 2850IE
daily). Mobilization was started 24 hours after surgery with partial weight bearing on
crutches for 6 weeks.
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Table 2 Point estimates of mean bone mineral density (g/cm2) and as
percentage of baseline values (100%) with 95% confidence intervals
per region of interest of the impacted bone graft at each study interval.
BMD changes where tested for significant difference compared to
the postoperative value in a linear mixed model.

Cranial:

g/cm2
%

Medial:

g/cm2
%

Caudal:

g/cm2
%

Total:

g/cm2
%

a Statistically

146

0 months

3 months

6 months

1 year

2 years

n = 20

n = 20

n = 20

n = 20

n = 17

2.46
(2.11-2.79)

2.58 a
(2.27-2.96)

2.67 a
(2.33-3.00)

2.76 a
(2.41-3.04)

2.80 a
(2.48-3.14)

100
(97-104)

+6 a
(2-10)

+9 a
(5-13)

+13 a
(8-18)

+14 a
(6-22)

2.29
(1.95-2.65)

2.39
(2.07-2.76)

2.40 a
(2.08-2.71)

2.49 a
(2.16-2.82)

2.49 a
(2.09-2.85)

101
(97-106)

+6 a
(1-11)

+6 a
(0-11)

+9 a
(3-16)

+10 a
(1-18)

2.27
(1.96-2.58)

2.30
(2.00-2.65)

2.31
(1.94-2.65)

2.32
(1.94-2.66)

2.35
(1.98-2.73)

101
(97-106)

+3
(-3-8)

+3
(-3-9)

+4
(-3-11)

+4
(-6-16)

2.36
(2.09-2.64)

2.44 a
(2.15-2.72)

2.48 a
(2.17-2.75)

2.54 a
(2.26-2.85)

2.55 a
(2.19-2.92)

101
(98-104)

+4 a
(1-8)

+6 a
(2-10)

+8 a
(4-13)

+9 a
(2-15)

significant different BMD value compared to the baseline value.

Typically, a hemisphere surrounding the medial surface of the cup was selected with
varying thickness depending on the volume of the grafted defect (Figure 1). This
hemisphere or IBG area was divided in 3 regions (cranial, medial and caudal) each
covering approximately 1/3 of the surface. To enhance reproducibility, the defined
template of the bone grafted area on the first postoperative DXA (Figure 1) was
incorporated in each subsequent measurement by software recognizing the pelvis
bony contours. Baseline measurements were performed within 2 weeks after
surgery, at 3 and 6 months and at 1 and 2 years. BMD values of the impacted bone
graft obtained during the 2 years follow-up were compared with baseline levels
(Table 2). BMD values are also expressed as percentage against the original baseline
levels (100%) (Table 2, Figure 3). BMD values were categorized in a cranial, medial
and caudal ROI in relation to the acetabular cup. The software used in our study
was designed to recognize the prosthesis and to measure periprosthetic acetabular
BMD only (Figure 1). DXA scans and patient positioning were standardized according
to a strict protocol; patients were positioned supine with their feet attached to a
positioning device to obtain a reproducible 20 degrees of internal rotation. A range

A

B

C

9

of 15 degrees internal to 15 degrees external rotation yields a precision of 1.7%
according to Mortimer et al 14. This precision error was also confirmed by a daily
calibration procedure of the DXA where repeated measurements were performed
on a phantom. In previous studies, regarding acetabular BMD changes after
resurfacing and total hip arthroplasty, repeated measurements were also perfomed
in study patients resulting in a mean coefficient of variation of 2.6% (SD 0.9) 8, this
was not repeated for this study. Quality controls for the DXA equipment were
undertaken daily according to the manufacturer’s guidelines to verify the stability of
the system. No change was observed during the entire study period.

Clinical outcome measurements:
Clinical outcome measurements were completed preoperatively, at 3, 6 months,
1 and 2 years after surgery. This included the Oxford Hip Score (OHS), the 12-item
Short Form Health Survey (SF12), a 0 (no pain) - to 100mm (maximum pain) visual
analogue scale (VAS) for pain and a 0 (minimum) - to 100mm (maximum) VAS for
satisfaction.

Statistics
20 Patients were included for a 2-year follow-up in this exploratory study, this
number of patients was selected and considered adequate to detect statistically
significant differences regarding acetabular BMD changes based on earlier studies

BMD-changes within the acetabular impacted bone graft

Figure 1 A: Example of an anterior-posterior (AP) hip radiograph with preoperative osteolytic
bone deterioration with excessive cup protrusion and loosening. B: Postoperative AP radiograph
with reconstruction of the contained acetabular bony defect using the bone impaction
grafting technique without metal meshes. C: With dual-energy X-ray absorptiometry, bone
mineral density was measured in 3 separate regions of interest covering the postoperative
acetabular impacted bone graft; cranial (green), medial (red) and caudal (blue) to the
polyethylene cup. The same ROI template was used for each subsequent time-interval.
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Figure 2 Spaghetti plot of measured bone mineral density (BMD) changes of the impacted
acetabular bone graft (g/cm2) as percentage of the direct postoperative baseline values (%) at
an individual patient level.
Note: the outlier with a decrease in BMD of 20%, corresponding with the early revision case due to recurrent
dislocations of the hip.
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using this DXA technique 10 (Smolders et al. 2010). 20 Patients have also proven to
have adequate power monitoring BMD changes after bone grafting in a different
field of interest; spinal fusion 11. For this reason, we performed no sample size
calculation for the current study. All data were checked for normal distribution by
means of the Shapiro-Wilk test. Normally distributed data is presented as mean (SD).
Not normal distributed data is presented as median (range). The absolute (g/cm2)
and relative (%) BMD changes of each ROI over the observed period and clinical
scores were compared to baseline values using linear mixed models with random
intercept (patient) and random slope (time). Time (categorical) and sex were treated
as fixed factors. Result from the mixed model were reported with use of point
estimates with corresponding 95% confidence interval (CI). The assumptions for
this model were checked and found to be adequately met. No adjustments for
multiple testing were performed. Missing data were assumed to be missing at
random, residuals of the model were normally distributed. Data of patients lost to

Bone mineral density change (g/cm2)
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Figure 4 Point estimates of mean bone mineral density (BMD) changes of the impacted bone
graft (g/cm2) with 95% confidence intervals during 2 years follow up. The mean total BMD
(grey) is divided in 3 regions of interest; cranial (green), medial (red) and caudal (blue) to the
acetabular cup.

BMD-changes within the acetabular impacted bone graft

Figure 3 Point estimates of relative mean bone mineral density (BMD) changes within the
impacted acetabular bone graft (g/cm2) compared to direct postoperative baseline values
with 95% confidence intervals during 2 years follow-up. The total mean BMD (grey) is divided
in 3 regions of interest; cranial (green), medial (red) and caudal (blue) to the acetabular cup.
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follow-up were included up to their last measurement. Differences were considered
statistically significant with a p-value <0.05. All statistical analyses were performed
using SPSS software version 21.0 (SPSS Inc. Chicago, Illinois).

Ethics
Approval from the regional ethics committee from the Radboud University
Nijmegen Medical Centre was obtained (NL 46305.091.13) and the study was
registered on Clinical Trials registry (NCT02061904). Written informed consent was
obtained from all patients. There are no conflicts of interest to be reported by any
of the authors. Research funding was obtained from Rijnstate Vriendenfonds.

Results
Bone mineral density
The point estimates of the mean absolute (g/cm2) and relative (%) BMD values of
the IBG are summarized in Table 2 and are visualized in Figure 3. In the cranial
region a higher BMD was measured at baseline compared to the medial (p=0.02)
and caudal region (p=0.07). In the overall grafted area, a BMD of 2.4 g/cm2 was
measured at baseline. From postoperative baseline (100%) a gradual BMD increase
of 9% was measured at 2 years follow-up for the overall grafted area. An initial
decrease in BMD early after surgery, as hypothesized, was not seen. As for each
specific ROI; the cranial region revealed the most pronounced BMD increase of
14%. In the medial region BMD increased 10% at 2 years follow-up, whereas for the
caudal region this was 4%. Trends in measured BMD change for the grafted area at
an individual patient level are summarized in Figure 2. Most patients reveal an
increase in BMD over time, and some patients fluctuate around baseline levels.
1 outlier was seen with a decrease in BMD close to 20% at 1 year follow-up.
This patient was the single revision case at 15 months for recurrent (4 times)
dislocation. Figure 4 represent mean values (%) for the entire group and as such the
overall trend in BMD change is clearly visible (Figure 3, represents mean BMD values
in g/cm2).

Clinical outcome.
All clinical outcome scores had improved at 2 year follow-up (Table 3).
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Table 3 Point estimates of clinical scores over time with 95% confidence
interval; Results were tested for significant difference compared to the
postoperative value in a linear mixed model. Oxford Hip score (OHS),
SF12-score and a visual analogue scale (VAS) for pain and satisfaction:
‘0’ is minimum score and ‘100’ is maximum score.
Preoperative
n=20

3 Months
n=20

6 months
n=20

1 Year
n=20

2 Years
N=19

Oxford Hip Score

39
(35-43)

31 a
(27-35)

27 a
(23-32)

26 a
(21-31)

25 a
(17-34)

SF 12-physical

46
(34-58)

40
(28-51)

51
(40-64)

50
(37-63)

50
(34-67)

SF12-mental

50
(38-58)

49
(40-61)

61a
(49-72)

58 a
(46-70)

63 a
(49-78)

VAS-pain

60
(46-71)

35 a
(25-48)

29 a
(19-40)

29 a
(17-42)

31 a
(19-48)

-

71
(59-82)

78
(65-89)

77
(65-88)

77
(63-90)

VAS-satisfaction

a Statistically

9

significant different BMD value compared to the baseline value.

There is a knowledge gap regarding the actual bone remodelling process of
impacted bone grafts used in acetabular reconstruction surgery. This prospective
DXA study was designed to measure BMD changes after an acetabular reconstruction
with impacted bone grafting, monitoring the process of acetabular bone graft
incorporation in-vivo. The expected BMD decrease in the first 6 months after
surgery, as observed in studies regarding acetabular BMD changes after primary hip
arthroplasty was not seen 8, 10, 15. In contrast to our hypothesis, BMD gradually
increased directly from postoperative baseline levels. An increasing trend was seen
in all 3 separate ROIs with the strongest increase of 14% cranial to the cup. In
addition, baseline BMD levels (g/cm2) where significantly higher in this cranial
region immediately after surgery compared to the medial and caudal region. These
higher direct postoperative BMD values corresponds with the direction of impaction
force at the time of implantation and may thus represent the presence of denser
bone graft. The encountered BMD increase up to 2 years after surgery may be
indicative for the gradual apposition of vital new bone whereas initial bone depletion
and excessive loss of density of the graft does not seem to occur. Interestingly, as
noted in figure 2, 3 patients do show minor BMD changes or even a slight decrease
in BMD within the IBG. This is an interesting result on top of that 1 outlier is seen
with a decrease in BMD close to 20% at 1 year-follow-up. This outlier experienced

BMD-changes within the acetabular impacted bone graft
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recurrent hip dislocations and the inability of full weight bearing may have affected
the process of graft incorporation in this specific case resulting in a steep BMD
decrease.
The functional outcome scores, all improved significantly after surgery and
patients reported a high satisfaction rate in accordance with earlier literature 16, 17.

Bone remodelling after IBG
The impaction bone grafting technique has already proven its value in hip arthroplasty
after it was introduced 18. With this biological approach in reconstructing the
acetabulum satisfying long term results on implant survival and preservation of the
bone stock have been published 19-22. The process of bone graft incorporation
depends on the initial mechanical stability of the IBG and the biological interaction
with the host bone 23. The bone graft resorption and bone ingrowth should be well
balanced in order to retain its mechanical stability and to prevent cup migration,
as confirmed by our findings as we did not observe a BMD decrease.

BMD measurements after IBG
Limited data is available regarding the process of acetabular bone graft incorporation
with special reference towards its speed and correlation with BMD changes6, 24, 25.
The available literature so far concerns BMD changes after IBG at the femoral
side26, 27. The group of Ullmark et al. 28 and Piert et al. 29 have reported on the use
of Positron Emission Tomography (PET) in monitoring bone metabolism within the
IBG. By measuring the uptake of ([18F]-fluoride in various regions of the IBG this
active process of bone graft incorporation could be quantified. In a small cohort of
7 cup revisions with segmental and cavitary defects reconstructed with IBG, an
increased uptake of [18F]-fluoride was measured up to 4 months after surgery
compared to the uptake measured at the healthy contralateral hip 28. Subsequently
normalizing uptake levels were measured at 1 year postoperative, indicating the IBG
to be transformed to a living bone stock, similar to our results.

Strength and limitations

152

The strength of this study is that BMD has prospectively been monitored in a
consecutive series of patients with simple cavitary defects reconstructed with IBG.
There are some limitations. First, we included only 20 patients with varying size and
volume of acetabular defects. On the other hand, this is the reality in clinical
practice and the observed mean trend in BMD changes appeared to globally
overlap with the curves for each individual patient (Figure 2). We do not believe that
a larger number of patients or standardization of the defects would have given a
different outcome. However, future studies with a larger number of patients may
allow further insight in the differences in BMD changes in different ROI, as our study
clearly indicates a more pronounced BMD increase in the cranial (weight-bearing)

area. Secondly, CT scanning could also have been considered to monitor BMD
changes overtime. CT scanning may be more accurate, evaluating true bone
mineral density alterations specifically within the IBG in a 3-dimensionally manner
and so excluding over projection of cortical bone at the acetabular rim which is
inevitable with two-dimensional DXA measurements. On the other hand, CT
scanning also generates significantly higher radiation doses and costs and the bias
from concomitant BMD change in the cortical walls is expected to be minimal. To
our opinion, at this explorative stage of evaluating the process of bone remodeling
in IBG, DXA is useful from its proven reproducible nature, low radiation dose and
costs. Finally, template selection for the DXA measurements was performed by a
single individual and could not be standardized. All defects were contained and, in
each case, the inner surface of the acetabular component thus had to be
surrounded by a layer of bone graft, which area appeared to be recognizable on
the first postoperative DXA. Only the size and volume of the defect could differ
between patients which resulted in differing thickness of the bone graft layer.
Defining the grafted area on the first DXA scan together with the subsequent
division in a cranial, medial and caudal graft area had to be individualized. Since we
used a conservative approach where the template was chosen within the boundaries
of the grafted area and the cup cement mantle this limitation is of small importance.
Also the same template was used in all subsequent DXA measurements.

9

A gradual increase in BMD within the grafted area, particular in the cranial ROI, was
encountered up to 2 years after surgery. In contrast to our hypothesis, there was no
initial decrease in BMD. The profound BMD decrease in the one early revision case
supports our belief that early weight-bearing is important for adequate incorporation
of the graft in at least the cavitary defects.
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Summary & General Discussion
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Summary

1. A stem with a modular taper is an additional component feature presumed
to increase the surgeon’s capability to reconstruct the anatomical hip geometry
more accurately. Hypothesis 1: Using a stem with a modular taper, hip anatomy
is reconstructed more precisely and thereby increases hip joint stability and
prevents dislocation.
- Hypothesis rejected
Modular neck–stem interfaces (taper) in THA were introduced to restore original
hip anatomy more accurately and thus to prevent hip dislocation; this presumed
advantage has been evaluated in Chapter 2. In total, 95 consecutive primary THAs
with a dual modular stem design (Profemur Z, Wright Medical Technology, Arlington,
Tennessee, USA) were retrospectively compared with 95 matched control THAs
with a similar monoblock stem (Alloclassic Zweymüller, Zimmer, Warsaw, Indiana,

10

Summary & General Discussion

Total hip arthroplasty (THA) is a highly satisfying treatment for patients with
end-stage osteoarthritis of the hip. Age limits for THA have been lowered and an
increasing number of relatively young patients with primary as well as secondary
osteoarthritis are treated with THA. Over 95% of THAs survive beyond 10 years1.
Unfortunately, a proportion of patients continues to have poor results. Younger
patients (<65 years of age) set higher demands upon prosthesis-usage and older
patients expect to remain active. Despite the overall excellent results of THA,
patients are still confronted with dislocations, gait impairment and periprosthetic
bone loss with implant loosening. In addition, young patients are very likely to
outlive their hip prosthesis. As such, there is still room for improvement and
addressing these issues remains challenging. Recent incremental changes to
component design have not yet led to substantial improvement of functional
outcome, to fewer complications or to extended implant lifespan. Innovations
should focus on creating additional patient value and be introduced in a regulated
and safe manner, preventing ‘medical hype’ and ensuring long-term beneficial
treatment results. Ideally, a broad range of patient-relevant outcome measures
should be identified covering current healthcare performance and any additional
value for patients2. The outcome measure hierarchy (see chapter 1, figure 4) is a
helpful tool to monitor the additional patient value of innovations, covering health
status achieved after surgery, the process to recovery, and the sustainability of
health2. Within this thesis, a variety of innovative concepts and modifications to
conventional THA have been analysed. In this chapter, the 8 hypotheses formulated
in the preceding chapters concerning innovative hip implant designs and their
presumed additional value in the treatment of end-stage osteoarthritis of the hip
will be summarised and discussed.
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USA). Hip-geometry was measured pre- and postoperative and dislocations within
the first year postoperative were recorded. The presumed advantage of a better hip
geometry reconstruction compared to a monoblock stem could not be confirmed.
Additionally, no decrease was seen in the dislocation rate postoperative. No clinically
relevant difference between both systems was measured in restoration of the body
moment arm, leg length or offset. Balanced against the concerns on mechanical
failure and potential corrosion with metal debris at the site of this additional junction,
modular taper stem designs in primary THA are not recommended for routine use
and potentially only in very selected patients with abnormal hip anatomy3, 4.
2. Hooded polyethylene cup inserts in hip arthroplasty increase hip joint stability
and prevent dislocation. Hypothesis 2: A polyethylene hooded cup insert can
be used safely in primary THA in an attempt to reduce dislocation risk.
- Hypothesis rejected
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Chapter 3 reports on the negative effect of the standard use of hooded polyethylene
(PE) inserts in primary THA. A case series of 34 consecutive early acetabular
revisions of this implant design was evaluated. These hooded PE inserts have an
elevated PE rim that can be positioned in a 7 to 11 o’clock position (right hip) or a 1
to 5 o’clock position (left hip), where the femoral head tends to dislocate during
flexion, endorotation and adduction of the hip. Considering the stabilising effect,
the use of hooded PE insert might be appealing for surgeons and patients to
prevent hip dislocations. However, in opposite hip movement; exorotation and
extension, these otherwise well-positioned implants might cause impingement of
the femoral component leveraging on the elevated rim, with increased PE wear
debris as a result 5-7. Excessive PE-debris is known to initiate an inflammatory
macrophage reaction resulting in osteolytic bony defects8, 9. Malpositioning of the
cup is a well-known causative factor for accelerated PE wear, with early implant
failure as a result11, 12. In this cohort the cup was well positioned with an anteversion
and inclination of, respectively, 25o (range 8 - 45) and 45o (range 39 - 57). After
revising multiple patients with this type of acetabular hooded insert, we concluded
that most PE wear originated from impingement on the elevated rim and to a lesser
degree from the articulating surface. Excessive backside wear with bony defects
was encountered intraoperatively. A wear rate greater than 0.20mm/year is
considered to be excessive10. The wear rate from the bearing surface (linear wear)
measured on post-operative pelvic radiographs and CT-scans in 34 acetabular
revisions was 0.24mm annually. Within this cohort, 15 patients measured a wear
>0.20mm/year. Overall, a disappointing mean cup survival of 10 years (range
1.3-19.3) was measured. In a search for the causative factor, the surface area of the
bony defects (mm2) measured on preoperative CT-scans could not be related to
the linear wear rate of these implants. We hypothesised that the major causative

factor for early implant failure must have been the PE-debris originating from
femoral component impingement on the elevated PE rim. Therefore, we recommend
not using these stabilising devices in primary THA.

10

Clinical outcomes of cementless femoral stems have been improved by using
tapered designs for press-fit fixation combined with a rectangular cross-sectional
shape for rotation-stability. In 1984, the tapered cementless Spotorno (CLS) stem
was introduced (Zimmer, Warsaw, USA) and is currently one of the most widely
used cementless femoral components13-16. Owing to the press-fit design and
wedge-shaped stem, the increase in proximal bone strain during implantations
could result in proximal femoral fractures17, 18. This risk may increase in cases of
varus positioning or a high femoral neck osteotomy. In Chapter 4 we report on the
possible correlation between the onset of calcar fractures and the level of femoral
neck osteotomy and implant positioning in 800 consecutive patients undergoing
THA. We recorded 17 (2.1%) calcar fractures in this cohort. A calcar fracture incidence
of 2.1% is in accordance with the literature15, 19. Hip geometry and osteotomy level
of these 17 cases with calcar fractures were compared to 100 randomly selected
uncomplicated cases. The femoral neck osteotomy was 10.3mm (SD 3.9mm)
above the lesser trochanter in the control group and 11.7mm (SD 4.3mm) in THA
with a calcar fracture (p=0.18). Patients with a calcar fracture had a mean offset of
47.6mm (SD 8.4mm) compared to 46.0mm (SD 5.3mm) in the control group
(p=0.45). No statistical difference in mean neck-shaft angle between groups was
measured. Additionally, a presumed significant learning curve was not evident,
as an incidence of 11 (2.8%) calcar fractures in the first 400 THA was measured
compared to 6 (1.5%) in the next 400 THA (p=0.22), However, this outcome could
be related to the small sample size (type 2 error). The conclusion of chapter 4 is
that cementless stem designs with proximal fins for increased rotational stability
are associated with a risk of intra-operative calcar fractures and this risk remains
clinically relevant even after adequate implant positioning in the hands of experienced
hip surgeons. Surgeons should be aware of this implant-related phenomenon and
be alert to it intraoperatively.
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3. Direct press-fit stability of a femoral stem in cementless implants is crucial.
The addition of proximal fins to a tapered stem increases this press-fit bone–
stem anchoring stability. However, these proximal fins may cause a concomitant
new risk of fractures from excessive peak loading during stem implantation.
The calcar is at risk of fracturing during implantation of such a press-fit
cementless stem, and this risk may increase with varus alignment and high
femoral osteotomy. Hypothesis 3: The risk of an intra-operative calcar fracture
is related to varus-alignment of the stem and a high femoral neck osteotomy.
- Hypothesis rejected

4. What has resurfacing hip arthroplasty (RHA), as a new design concept, brought
compared to conventional THA?
A. Hypothesis 4: Normal postoperative gait is restored better after RHA
compared to conventional MoM THA.
- Hypothesis accepted
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Increasing numbers of relatively young patients choose to undergo a hip arthroplasty
instead of accepting hip impairment. In an attempt to increase the durability of
implants, the MoM RHA was introduced, improving implant stability with the use of
larger femoral head diameters that mimic hip anatomy more closely and facilitate a
more natural gait20-24. Particularly for young and active patients, a close to normal
hip function is desirable22. In Chapter 5, the results of a treadmill-assisted gait analysis
(Gait Real-time Analysis Interactive Lab) is presented comparing active and relatively
young patients with conventional THA to RHA five years after surgery. Comparative
gait analyses after total versus resurfacing hip arthroplasties have not been able to
detect clear differences in gait at normal walking speed 25, 26. Gait analysis performed
under increased physical demand may, however, be more discriminating to detect
differences between implants. We hypothesised that patients with an RHA obtain
higher walking speeds. Additionally, an RHA would enable a more natural gait when
comparing the operated to the healthy contralateral hip. In this comparative study, 25
patients with a unilateral hip implant (16 RHA versus 9 THA) and 9 patients with a
bilateral hip implant (5 THA + RHA and 4 THA + THA) were subjected to a treadmill-assisted gait analysis measuring ground reaction forces (Newton), hip range of
motion, and spatiotemporal parameters including walking speed (m/s), stride length
(m) and cadence. Patients started walking at 4km/h (1.11m/s) and increased to their
walking speed (TWS), and secondly from flat walking (fixed speed of 4km/h) towards
the patient’s maximum walking incline.
This study confirmed that at a normal walking speed (1.11m/s), no major differences
in patient postoperative gait pattern can be detected comparing RHA to conventional
THA. The RHA group reached a higher top walking speed compared to THA (adjusted
difference 0.07m/s 95%CI -0.11 – 0.25). However, with increasing walking speeds,
RHA patients preserved a more normal weight acceptance, exhibiting a ‘between-leg
difference’ of only 8N (95%CI 3 - 245) versus -129N (95%CI -138 - -29). A greater range
of hip flexion was measured after RHA (adjusted difference 8 º (95%CI 1.7 – 14)). No
statistically significant differences were measured in the relatively small number of
patients with bilateral hip implants. We believe that maintenance of a large femoral
head diameter and avoidance of stiffening of the femur with an intramedullary stem are
the main contributors to this benefit for RHA. Obviously, the concerns around adverse
reaction to metal debris from a metal-on-metal articulation remain an important
disadvantage for RHA and should be balanced against this benefit in gait. As such, future
innovations that avoid metal-on-metal articulation in resurfacing remain interesting.

B. Periprosthetic bone stock is influenced by prosthesis design and fixation.
The bone mineral density (BMD) is better preserved after RHA compared to
conventional THA at the femoral side (hypothesis 5) but not at the
acetabular side (hypothesis 6).
- Hypothesis 5 accepted
- Hypothesis 6 rejected
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Excessive periprosthetic bone loss results in implant loosening and more complex
revision surgery, with a negative effect on revised implant survival. RHA is promoted
as a bone-preserving implant, facilitating future revision27-31. To investigate whether
this bone-preserving nature of RHA is long-lasting, Chapter 6 and 7 describe the
results of a randomised controlled trial using dual-energy-absorptiometry (DXA) to
monitor femoral and acetabular BMD changes after RHA and conventional 28mm
MoM THA. DXA measurements were made pre-operatively, at 3, 6, 12, 24, 36 and
60 months after surgery and a mean relative BMD was calculated as a percentage
of baseline (pre-operative) values.
In Chapter 6, the results of consecutive BMD changes in the femur 36 to 60
months after RHA (n=36 and 18) and THA (n=29 and 18) are presented. Additionally,
the onset of femoral neck narrowing is reported, which might play a causative role
in the occasionally observed femoral neck fractures after RHA. BMD was measured
in the calcar in both groups and in 4 additional regions of interest (ROI) in the RHA
group. The calcar bone stock was indeed better preserved after RHA. In fact, BMD
at the calcar region increased compared to preoperative BMD levels to +7%
(p<0.001) at 12 months and remained stable at this level up to 60 months. In the
additional ROI of the femoral neck and trochanter-area, BMD showed an initial
early non-significant decrease followed by a recovery and stabilisation back to
baseline values up to 12 months and thereafter. In contrast, THA showed a BMD
decrease in the calcar region of 20% at 12 months (p<0.001), with stabilisation
thereafter but without recovery. Clearly, RHA gives much better bone stock
preservation at the femoral side. The phenomenon of excessive femoral neck
narrowing after RHA was not measured up to 36 months after surgery. A clinically
irrelevant decrease in diameter of 1.3% was measured.
Chapter 7 describes the results of periprosthetic BMD changes in the
acetabulum up to 60 months after MoM RHA with a press-fit cobalt-chromium cup
(n=34) compared to a MoM THA threaded solid-backed titanium cup with a
polyethylene insert with metal liner (metasul) (n=26). With RHA, the implant is
relatively stiff as a result of its minimal cup thickness, and stress-shielding could
result in excessive acetabular bone loss32-34. We hypothesised that both MoM
implants would reveal bone depletion around the acetabular component, but this
would be most pronounced behind the RHA cup. Overall, an initial decrease in
acetabular BMD was observed for both implants, stabilising after 24 months. At 60
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months after RHA, BMD changes of +1% in the upper cranial, -4% (p<0.01) in the
cranial, -8% (p<0.01) in the craniomedial, -7% (p<0.01) in the medial, and +4% in the
caudal ROI compared to baseline values were measured. At 60 months after THA,
BMD changes of -3%, -13% (p<0.01), -21% (p<0.01), -11% (p<0.01) and -2% for the
respective ROIs were measured. In contrast to our hypothesis, the observed BMD
reductions in different regions structurally favoured the RHA-cup, with significantly
better BMD levels in the cranial and craniomedial ROIs five years after surgery.
Despite the existence of theoretically higher stress shielding behind the thick and
stiff acetabular component used with RHA, bone depletion behind this component
does not seem to be a major concern.
C. Hypothesis 7: In patients undergoing RHA, higher postoperative physical
activity correlates to an increased periprosthetic BMD at (A) the femoral
and (B) acetabular sides.
- A. Hypothesis accepted
- B. Hypothesis rejected
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From a biomechanical perspective, a higher physical activity level results in
increased loading of the femoral and acetabular bone. In Chapter 8, the effect of
patients’ physical activity on periprosthetic BMD is presented. We hypothesised that
an increase in physical activity would have a positive effect on both femoral and
acetabular BMD. A sub-analysis on the RHA group was performed (selected from
the randomised controlled trial described in Chapter 6 and 7). Acetabular and
femoral BMD measurements at pre-operative, 6, 12, 24 and 36 months after surgery,
of all 38 RHA with a complete 36-month follow-up were included. Additionally, the
effect estimates of patients’ physical activity, according to their Harris Hip Score
(HHS) and University of California at Los Angeles (UCLA) Activity Score, on these
BMD changes were assessed. The UCLA Activity Score (coefficient=0.02 (95%CI
0.010, 0.034); p<0.001) and HHS (coefficient=0.002 (95%CI 0.001, 0.003); p<0.001)
were associated with BMD in the calcar region. As for BMD-changes in the femoral
neck, only the HHS was associated (coefficient=0.0006 (95%CI <0.0001, 0.001);
p=0.04). Both the UCLA and the HHS were inversely associated with BMD in the
medial acetabular region (UCLA: coefficient= -0.02 (95%CI -0.038, -0.007);
p=0.005, HHS: coefficient= -0.002 (95%CI -0.003, -0.001), the same accounted for
the HHS to BMD-change cranial to the acetabulum (-0.001 (95%CI -0.0018,
-0.0001); p=0.03). For the caudal acetabular and femoral subtrochanteric regions,
no associations with BMD-changes were found. These findings supported our
hypothesis that physical activity after RHA contributes to and is associated with
femoral bone stock preservation. However, unexpectedly, there was also an
association with BMD reduction medial to the acetabular press-fitted component,
probably due to enhanced stress-shielding.

5. Impaction bone grafting is a widely implemented technique in revision hip
surgery to address periprosthetic bone loss. Impacted dead bone grafts from a
donor remodel towards new vital host bone; however, there is a lack of
knowledge about the speed of this biological process. Hypothesis 8: The bone
graft is vulnerable during an initial resorption phase, resulting in an initial drop
in BMD within the first 6 months (A), followed by a steady increase in BMD as
the bone graft is incorporated and remodelled towards vital host bone (B).
- A. Hypothesis rejected
- B. Hypothesis accepted
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When a revision THA is needed, periprosthetic bone loss requires more complex
surgery. Acetabular bone loss can be managed by impacting allograft bone chips,
which has become an established method in hip revision surgery to reconstruct
bone stock 35. However, there is limited knowledge about the actual bone
remodelling process within the impacted allograft 36. Postoperative patients are
restricted to partial weightbearing for 6-12 weeks in order to protect the impacted
allograft because it is presumed to be vulnerable during the first remodelling phase,
although there is no literature available to support this. Chapter 9 presents the
results of repeated BMD measurements in order to monitor the biological process
of bone remodelling in vivo. We hypothesised the occurrence of an initial BMD
decrease or demineralisation within the impacted bone graft (IBG) up to 6 months
postoperative as a result of graft resorption, followed by a steady increase in BMD
as new vital trabecular bone is formed 37, 38. DXA was used to measure BMD values
in 3 regions of interest (ROI) in 20 patients (11 males, 9 females, average age at
surgery 70 years) after an acetabular reconstruction with IBG and a cemented cup.
A postoperative DXA was used as baseline and DXA was repeated at 3 and 6 months
and at 1 and 2 years. The overall mean BMD in the IBG regions significantly increased
by 9% (95%CI 2-15) at the 2-year follow-up. In the cranial ROI, BMD increased 14%
(95%CI 6-22), and the medial and caudal ROIs showed increases of 10% (95%CI
1-18) and 4% (95%CI -6-16), respectively. Clinical outcomes measures (OHS, SF-12,
and VAS for pain) all improved by the 2-year follow-up. In contrast to our hypothesis,
no initial drop in BMD could be identified. Instead, a steady increase in BMD
occurred directly from the index surgery, which may indicate the bone graft is less
vulnerable than expected during the resorption phase. If so, potentially, more
postoperative weight-bearing may be allowed than has been assumed thus far.
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General discussion
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The evolution of the THA philosophy, as introduced by the British surgeon Sir John
Charnley in 1962, has led to a device that currently successfully eliminates pain and
discomfort associated with osteoarthritis of the hip. The reported survival rate of up
to 81% at 25 years’ follow-up meet current standards 39. The low-friction torque
arthroplasty concept, component fixation to living bone with filling methacrylate
bone-cement, and the use of high-density polyethylene remain the keystones of
modern cemented implants 40. The satisfying results achieved with THA in patients
older than 65 years of age with end-stage osteoarthritis has resulted in lowering the
age limits combined with a shift towards patients with secondary osteoarthritis 41-43.
In the USA, the trend projection suggests that in 2030, 52% of all patients undergoing
THA will be younger than 65 years 44. Unfortunately for young and high-demand
patients, prosthesis survival rates fall short. In patients younger than 55 years,
aseptic loosening is the most frequent indication for revision, caused by bone
resorption due to the inflammatory response initiated by wear debris from bearing
surfaces45. Unsatisfying results are related to persisting gait impairments and risk of
hip dislocation, accounting for 18% of the revision surgeries performed 46. The
lifetime revision risk for male patients aged 50-54 years is 30%, compared to 8% for
ages 70-74 years 1, 47. Ideally, the hip joint is precisely reconstructed or biologically
resurfaced. Tissue engineering to regenerate bone and cartilage is an interesting
field of research. Unfortunately, clinical applications are still far from daily practice.
THA, reconstructing hip anatomy with non-biological components, remains the
treatment of choice. The satisfying results already achieved with THA challenge
efforts to create additional value without introducing new patient risks. As the best
available care for each patient is expected, innovations should be introduced in a
regulated, safe manner that prevents harm to patients. A stepwise introduction
based on long-term results of well-designed clinical trials would be ideal, avoiding
a hyped introduction as was seen with MoM large-diameter bearings and modular
taper designs in primary THA. We have learned from the innovations presented in
this thesis, that a fine balance exists between potential patient benefits and
introducing new risks, where risks may even outweigh any presumed benefits of an
innovation. For example, in our studies, the presumed advantages of modular taper
stem designs — which allow the hip anatomy to be reconstructed more accurately
— compared to conventual stem designs could not be confirmed, nor did we find a
decrease in the incidence of hip dislocations in the former. Instead, the modular
taper stem introduces a potential new source of metal debris deriving from its
additional neck–stem junction. Regarding the use of hooded polyethylene inserts,
the same fine balance exists between potential benefits and introducing new implant-related risks. The use of hooded polyethylene inserts in primary THA did not
prevent hip dislocation, but it did increase the risk of excessive polyethylene wear
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debris related to periprosthetic osteolytic bone degradation. The wedge-shaped
press-fitted stem was evaluated on risk factors associated with the onset of calcar
fractures. Neither the surgeon’s learning curve, the varus alignment nor the level of
the osteotomy showed an association to the calcar fractures encountered, but the
implant design itself did. And finally, impaction bone grafting proved to be one of the
most successful (r)evolutions presented in this thesis, a proven concept to compensate
bone loss in acetabular reconstruction. From our results, we confirmed that the
bone graft seems to incorporate well, as shown by a constant increase in BMD.
In daily practice, innovations are continuously being introduced. Unfortunately,
history has repeatedly proven that these innovations are frequently not sustainable.
Novelties may emerge rapidly and disappear just as quickly when the initial
hype subsides. Still, we should learn from failing innovations. Sir. John Charnley,
for instance, experimented first with Teflon as a bearing material before considering
a low-friction arthroplasty with a metal on polyethylene (MoP) articulation after
he initially was confronted with excessive wear debris. When failing is deemed
unacceptable, innovation is discouraged. The innovative use of metal-on-metal
(MoM) articulations in hip arthroplasty, for example, was first reported in 1948 and
has been used for decades since 48. Due to premature wear and component
loosening, most likely caused by unreliable manufacturing techniques and the
alloys used, MoM articulations fell out of favour in the 1960s. Improved understanding
of joint tribology in the late 1980s resulted in reintroduction of the concept and a
revival of MoM bearing usage in THA and later in RHA. Ideally, step-wise adoption
of this technique should have been based on long-term clinical data. Instead, the
‘hyped’ reintroduction of the MoM bearings led to an exponential rise in MoM THA
and RHA. Following the outcome measures hierarchy (Tiers system) presented in
Chapter 1 (Figure 4), the shortcomings that plagued the introduction of the RHA
and MoM THA may in retrospect be better understood2. The short-term results of
clinical trials on these innovative implants were highly satisfying, restoring each
patient’s gait and ability to return to sports. RHA became known as “the sports hip”
for young and active patients (Tier 1) 22. Time to recovery decreased and the more
bone-preserving nature of RHA compared to THA, amongst others, was confirmed
by our clinical studies (Tier 2). Based on these promising early results, RHA was
widely adopted; however, on Tier 3, the long-term results of RHA and its durability
eventually proved to be insufficient, with unexpectedly high revision rates due to
release of metal debris from the MoM bearings. For an innovative treatment to
succeed, all three Tiers should be adequately met, whereas RHA, dependent on
MoM bearings, fell short at Tier 3. From our studies, the resurfacing concept itself
proved to have potential; however, a suitable bearing material probably still needs
to be found, one able to provide sustained results (Tier 3). As long as RHA remains
dependent on MoM bearings, the resurfacing-concept in its current form will most
likely become more and more obsolete 49.

Hype or (r)evolution
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Amara’s law — “We tend to overestimate the effect of a new technology in the short
run and underestimate the effect in the long run” (figure 1: the Hype Cycle) — is a
maxim frequently referred to when describing digital novelties. A similar caution
may apply to orthopaedics, in terms of overestimating the treatment effects of
implant innovations (in the short run), creating a hype. When disappointing
outcomes or adverse effects become evident, there follows a rapid drop in use of
the product, and obsolescence could mark the end of the innovation. A ‘hyped’
introduction of an innovation carries with it an inherent risk of failure to meet
expectations, followed by a steep decline in usage and subsequent banning of the
innovation completely (‘throwing away the baby with the bath water”). A stepwise
introduction with careful monitoring of an innovation is of great importance both
for patient safety and for the innovation to stand a good chance to become
established in the orthopaedic device market. A practical way to assess how the
introduction of an innovation has evolved in the market is by counting the annual
number of publications in the medical literature that refer to the device. The number
of publications can subsequently be expressed chronologically as a curve. For the
innovations evaluated in this thesis, such curves were created and different patterns
were evident regarding annual publication rates on PubMed. For all innovations,
initially a hype cycle seemed applicable (figure 1) 50. A hype cycle typically begins
with a sceptical resistance phase (phase 1), an interval from novel technology
invention to clinical use. When the new technology is demanded by optimistic
mass consumers, a hype may be created (phase 2). Phase 3 subsequently defines
the sustainability of an innovation and could relate to its future role in orthopedics,
either reaching a plateau of continued use or becoming obsolete. For the
innovations studied in this thesis, the patterns of annual publications on PubMed
seemed to relate to the usage of the innovations and appeared to represent the
phase 3 fates of the respective innovations.
This phenomenon is best illustrated with the MoM RHA concept. After resistance
to an earlier introduction in the 1950s, it was re-introduced decades later as a
revolutionising concept (phase 1), which was followed by rapid growth in the
market, creating a hype (phase 2). The number of annual publications rapidly
increased in the years 2006 to 2011 (Figure 1). Disillusion with the product (phase 3)
was marked by reports of unexpectedly high metal ion release and high early
revision rates 51-53. Subsequently, a rapid drop in annual publications was seen from
2012 through 2018. According to hype-cycle theory, together with the observed
downward trend in the number of publications, the RHA concept is likely to become
obsolete (phase 3). One could argue whether this is entirely valid. In recent years it
has become clear that the indication for RHA is actually narrower than originally
described 54. The critical difference between the well- and non-functioning designs
is now clear, and promising results have been reported in male patients younger
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than 55 years of age with femoral head sizes greater than 50mm 54-56. In addition,
in chapter 5, we reported on postoperative gait recovery after RHA and THA,
showing that patients with an RHA reach higher walking speeds with more-normal
weight acceptance (close to that of the healthy contralateral leg), combined with a
greater range of hip flexion compared to patients with a THA. As such, RHA might
have benefited from a stepwise introduction, preventing the hype and subsequent
disillusion by careful evaluation of this implant following Tier 1 to Tier 2 and Tier 3.
At this point, RHA is facing stagnation or even obsolescence, whereas ‘a plateau of
productivity’ might have been achievable had there been a considered introduction
of the innovation. In contrast to the consumer market, where changes can be
made to a product on its way through the chain of product evolution, adaptation of
medical innovations is more restricted by regulations set by authorities. Therefore,
medical innovations are more prone to obsolescence compared to consumer
products when expectations are not completely met. As for RHA, it might be that
we are ‘throwing the baby out with the bath water’, or it could tap into the niche
market of young and active male patients if regulatory authorities allow. Most likely,
an innovative bearing, replacing metal-on-metal, needs to be created in order to
gain benefit from the resurfacing concept itself.
The trend in annual publications on PubMed concerning taper modularity in
primary THA was also graphed (Figure 2). The peak of inflated expectations appears
to have been reached in 2016, visualized as a steep peak. After 2016, a rapid drop in
the number of publications is evident, probably associated with multiple reports
raising concerns about metal debris from the device’s additional neck-stem
junctions. Taper modularity in primary THA is likely to end in obsolescence in the
years to come, since no opening seems to be present to warrant ‘stagnation’ or a
‘plateau of productivity’.
A completely different pattern is shown in figure 2.2, depicting the evolution of
impaction bone grafting (IBG). There, phase 3 seems to have entered a plateau of
productivity, as a constant number of publications on PubMed is seen over the
years, supporting the fact that this technique has been widely accepted. The peak
of inflated expectations within the graph seen in 2006 is limited, and one may
conclude that IBG has been adopted step-wise into daily practice. As for THA in
general, figure 2.3 shows the annually increasing number of publications on this
topic without a detectable hype pattern. THA obviously has already reached a
plateau of productivity and seems to have avoided the hype-cycle phenomenon.
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Figure 1 The three phases of the hype cycle: 1. Sceptical resistance phase, 2. Hype phase,
3. Post-hype phase: Similarity is seen when projected onto the annual number of publications
registered on PubMed regarding hip resurfacing (RHA). An increasing trend is visible after
2002. At its peak in 2013, 138 articles were published. A steep decline followed, as interest in
this prosthesis design was lost because of potential disadvantages. RHA is trending towards
obsolescence.
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Figure 2 Annual number of publications registered on PubMed for: 1 – impaction bone
grafting, from 2000 to 2018 a plateau of productivity is visible, with a constant publication
rate annually. 2 – taper modularity in THA, a peak of inflated expectations is visible at 2016
followed by a decline, an indication of ‘disillusion’; in the coming years a slope of enlightenment
or obsolescence is possible. 3 – annually increasing number of publications regarding total
hip arthroplasty without a hype pattern.

Lessons Learnt and Adjustments for Future Innovations
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Over 1 million total hip replacements are performed each year and the number is
still increasing, proving its success. The era of major design innovations, like those
that Wiles and Charnley introduced, is probably over, though incremental improvements
continue 47. The introduction of orthopedic implant innovation in a regulated and
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safe manner has become more important in the wake of the problems encountered
with MoM-bearings used in hip arthroplasty. In the 1990s, the reintroduction of
MoM large head diameter (LHD) THA was readily embraced without long-term data
to substantiate the hype, followed by rapid introduction of the MoM RHA concept.
The unexpectedly high early RHA failure rate came to notice too slowly, after a
million patients worldwide had been treated with these MoM implants. The National
Joint Registry in the United Kingdom reported in 2010 on several problems
regarding MoM RHA. One system in particular, the ‘articular surface replacement’
(ASR) developed by DePuy (Warsaw, IN, USA), caused a severe metallosis reaction
accompanied by soft tissue and bone destruction, risking femoral neck fractures.
The implant registries subsequently showed significantly high early revision rates,
especially in women 53. Regulatory authorities published medical device alerts and
guidelines for patient follow-up 57, 58. In an attempt to prevent further collateral
damage in the Netherlands, the Dutch Orthopaedic Society (Nederlandse
Orthopaedische Vereniging) temporarily banned the use of all MoM hip implants
with heads larger than 36mm 58. Worldwide, the use of MoM resurfacing implants
dropped to less than 1% of all prostheses used47. The question remains: how was it
possible that faulty implants found their way into the marketplace in such numbers
without long-term clinical performance data?
The answer begins with the initial biomechanical and clinical success of the
Birmingham Hip Resurfacing (BHR) introduced in 1997 57. The success of the BHR
led to a resurgence of interest in the MoM resurfacing implant by other manufacturers.
Most manufactures rapidly developed their own RHA. In the USA, the Food and
Drug Administration (FDA) has the mandate to ensure patient safety and effectiveness
of devices. In order to do so, medical devices are classified. Class I devices pose no
threat, and only a manufacturer’s self-assessment is required. Class II includes
higher risk but not life-threatening devices. Class III devices could be life-threatening,
as they are supposed to support life or have a significant risk of injury. Briefly, two
pathways exist to apply for FDA approval before introducing a new medical device
or modification to the market 57. When a manufacturer applies for approval,
the FDA judges if the assumed benefits of the device outweigh the potential risks.
For both Class II and III devices, the data supplied must prove safety and effectiveness.
For Class III devices, a ‘premarket approval’ (PMA) is mandatory, covering a broad
range of clinical data from trials and biomechanical testing. A PMA procedure is
expensive for the manufacturer and time consuming. Class II devices should ideally
also be submitted to a PMA procedure; however, this is not mandatory. To avoid a
PMA procedure, manufacturers tend to apply for a less expensive and less timeconsuming option, known as a ‘510(k) procedure’. To be admissible to a 510(k)
procedure, the device must be equivalent to devices already approved by the FDA.
There are two options: first, equivalence may be shown if the device has the same
characteristics and intended use as a device legally approved before 1976 and not
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subjected to a PMA procedure, known as pre-amendment devices. In 1976, the
framework of current regulations, established as the “Medical Device Amendments
of 1976”, was approved in the United States: any device that was on the market
when the Medical Device Amendments were enacted is marked as a pre-amendment
device. In the second option, equivalence may be shown to a device already
approved by a 510(k) procedure; these devices are known as a ‘predicates’. The
device should again have the same intended use and characteristics as the
predicate. For a PMA-approved device, the FDA frequently orders strict post-market
surveillance to monitor clinical results and adverse events. After a 510(k) procedure,
these kinds of surveillance are less frequently imposed. These two pathways, the
PMA and 510(k) procedure, together with their pitfalls, have played a major role in
the MoM problems encountered with LHD MoM THA and RHA.
Most conventional small head diameter MoM THAs have been approved in the
past by a 510(K) procedure and were already on the market before 1976. Again,
MoM bearings were already approved and available long before 2000; as such,
they were not regarded as an entirely new innovation. DePuy made clever use of
these predicates and pre-amendment devices, and was able to show sufficient
equivalence for its larger head diameter MoM THA (ASR XL THR). The argument
from the manufacturer was that only the head diameter of the implant had been
increased, whereas no changes were made to metallurgy or taper design.
Subsequently, this device was approved in 2008 by the FDA through a 510(k)
procedure, requiring minimal pre-market data and post-market surveillance 57.
In contrast to LHD MoM THA, BHR (RHA) was considered to be a new implant,
requiring a PMA procedure. The FDA finally approved the BHR in 2004 57.
In retrospect, we now know that the approval of the ASR XL THR, lacking pre-market
clinical data, has been disastrous. Even the short-term results reported by national
joint registries, with revisions rates up to 10% at 5 years, would have prevented the
introduction today 59. In fact, globally, in general, the high revision rates apply
significantly more to the large diameter MoM THA than to the RHA. This also
explains why the large head MoM THA has been abandoned worldwide, whereas
the RHA is still approved in many countries.
As opposed to the FDA in the United States, a slightly different system exists in
Europe. For medical devices, the Conformité Européene (CE) mark needs to be
obtained. Approval may be given following clinical and biomechanical testing
showing safety and effectiveness. Alternatively (similar to the 510(k) procedure), the
manufacturer may apply for approval according to ‘equivalence’ to previously
approved devices. In contrast to the FDA, with its centrally regulated pathways
ensuring more consistent monitoring with publicly available data, the CE-marking is
outsourced to private companies, known as ‘notified bodies’. There are 59 separate
notified bodies across Europe individually involved in CE-marking. Information
concerning the approval of medical devices by these notified bodies is not publicly
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available, as it is noted as “commercial confidential”, and therefore the process lacks
transparency 57. For example, a manufacturer can shop for approval of their novelty
at different notified bodies throughout Europe. In contrast to the FDA, which
classifies RHA as a class III implant, in Europe the BHR is classified as a class II
device, requiring only laboratory work and clinical literature reviews for supporting
evidence 60. After approval of the BHR in Europe, other manufactures followed
accordingly, showing equivalence of their RHA to the existing and approved BHR
RHA devices, in this case the new predicates. In hindsight, in Europe, the faulty
MoM implants found their way to the market even more easily and in greater
numbers as compared to the United States, all lacking long-term clinical data and
based on equivalence to a predicate.
Obviously, lessons can be learned concerning how MoM hip arthroplasties
found their way into the market in the past and what measures can be taken to
prevent such a recurrence. Most importantly, implant usage should be based on the
best available evidence, including long-term clinical data, and not by extrapolating
results from predicates to similar designs. Even small changes to implant design,
while still being equivalent to the predicates, may have major health consequences.
In response to the MoM problems encountered with LHD THA and RHA, all hip
implants are now categorised as class III devices worldwide and regulatory measures
are enforced.
On top of these international agreements, in the Netherlands the Dutch
Orthopaedic Society (NOV) implemented a system to categorise existing orthopaedic
devices and to regulate the introduction of new innovation in arthroplasty 61.
Implants are categorised into three groups equivalent to the National Institute for
health and Clinical Excellence (NICE) criteria of the National Health Service in the
UK. Category 1A includes implants with an excellent track record, with a revision
rate of less than 10% at 10-year follow-up. Category 1B includes implants with a
revision rate of less than 5% at 5-year follow-up. Up to 5 years, new implants are
always categorised as 2 and may only be used under surveillance of clinical trials.
In the UK, the Beyond Compliance Services, consisting of a panel of experts, has
the mandate to facilitate a safe and step-wise introduction of new or modified
implants. They assess the relative risk of any new product and the rate at which it
should be introduced to the market. The collected data on patients and their recovery
are now available to all stakeholders (similar to the FDA). Real-time data of the
implant’s performance are provided in order to prevent the risks of a rushed, ‘hyped’
introduction of a new implant in the absence of long-term performance data 62.
Miscalculations and failures in the introduction of medical innovations are not
solely applicable to orthopaedic implants. In other medical fields, similar struggles
have been reported as causing enormous distress to patients and physicians.
For example, the disastrous, hyped introduction of the Björk-Shiley mechanical
prosthetic heart valve 63 and the Poly Implant Prothèse silicone breast implant 64

175

are other unfortunate examples where patients have been exposed to risks. Lessons
learned from these examples have implications for the introduction of new medical
technologies in general. New regulations within Europe, coming into effect in 2020,
should hopefully prevent future failures 65. The notified bodies will be subjected
to spot checks in order to monitor clinical results and patient safety. Approved
medical devices will all need a post-market surveillance plan. Subsequently, a central
organisation will monitor premarket clinical testing and the post-market surveillance.
A potential drawback remains in these new plans, as predicates may still be referred
to and a stepwise introduction is not required.
As for the situation in the Netherlands, an additional national guideline has
been developed for the introduction of novel medical products and devices in this
country 66. This guideline (Nieuwe Interventies in de Klinische praktijk) provides a
workflow to evaluate the potential additional value of innovations on the best
available treatment with a prospective risk analysis of the healthcare processes
involved. Most importantly, the guideline provides a workflow ensuring proper
implementation and outcome evaluation with respect to patient safety 67. Reviewing
all the new regulatory initiatives, one may conclude that it remains challenging to
develop regulations that are both stimulatory to innovation and progress while
preventing potential harm to patients. The assessment of innovation should first be
patient-centred and the innovation should potentially create additional patient
value before further evaluation may be initiated. For this purpose, patient-relevant
outcome measures need to be identified, covering the health status achieved after
surgery (Tier 1), the process to recovery (Tier 2), and the sustainability of health (Tier
3)2. When innovation shifts from patient-centred to financial and/or sales-driven
priorities, patient safety will be at risk. Quoting from Porter et al., “Lack of clarity
about goals may lead to divergent approaches, gaming the system and eventually
slow progression“ 2. With intensifying regulation, there is a danger of suffocating
innovation and slowing progression. Still, the safety benefits of a step-wise
introduction outweigh the risk of slowing the pace of progress or widespread
release of an unsafe innovation.
In conclusion, THA is a highly effective and satisfying treatment for end-stage
osteoarthritis of the hip. This thesis clearly illustrates the challenges of innovation to
create additional value without introducing new risks. Innovations should therefore
be closely monitored to assure patient safety. A broad range of patient-relevant
outcomes should be measured to obtain long-term performance data before
widespread usage is allowed. We have learned that a hyped introduction should be
avoided in favour of a regulated stepwise introduction, as hyped medical devices
are prone to obsolescence when early expectations are not fully met, and we
therefore fail to discover their true potential value.

176

References
2.
3.
4.
5.
6.

7.
8.

9.
10.

11.
12.
13.

14.

15.
16.

17.
18.

19.

20.
21.

Bayliss LE, Culliford D, Monk AP, et al. The effect of patient age at intervention on risk of implant revision
after total replacement of the hip or knee: a population-based cohort study. Lancet. 2017; 389: 1424-30.
Porter ME. What is value in health care? The New England journal of medicine. 2010; 363: 2477-81.
Kop AM and Swarts E. Corrosion of a hip stem with a modular neck taper junction: a retrieval study of
16 cases. The Journal of arthroplasty. 2009; 24: 1019-23.
Vundelinckx BJ, Verhelst LA and De Schepper J. Taper Corrosion in Modular Hip Prostheses: Analysis
of Serum Metal Ions in 19 Patients. The Journal of arthroplasty. 2013.
Scifert CF, Brown TD and Lipman JD. Finite element analysis of a novel design approach to resisting
total hip dislocation. Clin Biomech (Bristol, Avon). 1999; 14: 697-703.
Hall RM, Siney P, Unsworth A and Wroblewski BM. Prevalence of impingement in explanted Charnley
acetabular components. Journal of orthopaedic science : official journal of the Japanese Orthopaedic
Association. 1998; 3: 204-8.
Yamaguchi M, Akisue T, Bauer TW and Hashimoto Y. The spatial location of impingement in total hip
arthroplasty. The Journal of arthroplasty. 2000; 15: 305-13.
Schmalzried TP, Brown IC, Amstutz HC, Engh CA and Harris WH. The role of acetabular component
screw holes and/or screws in the development of pelvic osteolysis. Proceedings of the Institution of
Mechanical Engineers Part H, Journal of engineering in medicine. 1999; 213: 147-53.
Yamaguchi M, Bauer TW and Hashimoto Y. Deformation of the acetabular polyethylene liner and the
backside gap. The Journal of arthroplasty. 1999; 14: 464-9.
Hallan G, Lie SA and Havelin LI. High wear rates and extensive osteolysis in 3 types of uncemented total
hip arthroplasty: a review of the PCA, the Harris Galante and the Profile/Tri-Lock Plus arthroplasties
with a minimum of 12 years median follow-up in 96 hips. Acta orthopaedica. 2006; 77: 575-84.
Krushell RJ, Burke DW and Harris WH. Elevated-rim acetabular components. Effect on range of motion
and stability in total hip arthroplasty. The Journal of arthroplasty. 1991; 6 Suppl: S53-8.
Shon WY, Baldini T, Peterson MG, Wright TM and Salvati EA. Impingement in total hip arthroplasty a
study of retrieved acetabular components. The Journal of arthroplasty. 2005; 20: 427-35.
Biemond JE, Pakvis DF, van Hellemondt GG and Buma P. Long-term survivorship analysis of the
cementless Spotorno femoral component in patients less than 50 years of age. The Journal of
arthroplasty. 2011; 26: 386-90.
Sadoghi P, Janda W, Agreiter M, Rauf R, Leithner A and Labek G. Pooled outcome of total hip
arthroplasty with the CementLess Spotorno (CLS) system: a comparative analysis of clinical studies and
worldwide arthroplasty register data. International orthopaedics. 2013; 37: 995-9.
Hwang KT, Kim YH, Kim YS and Choi IY. Total hip arthroplasty using cementless grit-blasted femoral
component: a minimum 10-year follow-up study. The Journal of arthroplasty. 2012; 27: 1554-61.
Aldinger PR, Breusch SJ, Lukoschek M, Mau H, Ewerbeck V and Thomsen M. A ten- to 15-year follow-up
of the cementless spotorno stem. The Journal of bone and joint surgery British volume. 2003; 85:
209-14.
Berend KR and Lombardi AV, Jr. Intraoperative femur fracture is associated with stem and instrument
design in primary total hip arthroplasty. Clinical orthopaedics and related research. 2010; 468: 2377-81.
Jasty M, Bragdon CR, Rubash H, Schutzer SF, Haire T and Harris W. Unrecognized femoral fractures
during cementless total hip arthroplasty in the dog and their effect on bone ingrowth. The Journal of
arthroplasty. 1992; 7: 501-8.
Min BW, Song KS, Bae KC, Cho CH, Kang CH and Kim SY. The effect of stem alignment on results of
total hip arthroplasty with a cementless tapered-wedge femoral component. The Journal of
arthroplasty. 2008; 23: 418-23.
Aqil A, Drabu R, Bergmann JH, et al. The gait of patients with one resurfacing and one replacement hip:
a single blinded controlled study. International orthopaedics. 2013; 37: 795-801.
Burroughs BR, Hallstrom B, Golladay GJ, Hoeffel D and Harris WH. Range of motion and stability in
total hip arthroplasty with 28-, 32-, 38-, and 44-mm femoral head sizes. The Journal of arthroplasty.
2005; 20: 11-9.

10

Summary & General Discussion

1.

177

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

34.
35.

36.
37.

38.

39.

178

40.

Lavigne M, Masse V, Girard J, Roy AG and Vendittoli PA. [Return to sport after hip resurfacing or total hip
arthroplasty: a randomized study]. Revue de chirurgie orthopedique et reparatrice de l’appareil moteur.
2008; 94: 361-7.
Mont MA, Seyler TM, Ragland PS, Starr R, Erhart J and Bhave A. Gait analysis of patients with resurfacing
hip arthroplasty compared with hip osteoarthritis and standard total hip arthroplasty. The Journal of
arthroplasty. 2007; 22: 100-8.
Wiik A, Tankard S, Carten R, Lewis A, Amis A and Cobb J. An Instrumented Treadmill enables
measurement of gait at high speeds, suggesting hip resurfacing almost matches normal controls,
while hip replacement does not. ORS Annu Meet. 2012.
Lavigne M, Therrien M, Nantel J, Roy A, Prince F and Vendittoli PA. The John Charnley Award: The
functional outcome of hip resurfacing and large-head THA is the same: a randomized, double-blind
study. Clinical orthopaedics and related research. 2010; 468: 326-36.
Petersen MK, Andersen NT, Mogensen P, Voight M and Soballe K. Gait analysis after total hip
replacement with hip resurfacing implant or Mallory-head Exeter prosthesis: a randomised controlled
trial. International orthopaedics. 2011; 35: 667-74.
Huang Q, Shen B, Yang J, Zhou ZK, Kang PD and Pei FX. Changes in Bone Mineral Density of the
Acetabulum and Proximal Femur After Total Hip Resurfacing Arthroplasty. The Journal of arthroplasty.
2013.
Kishida Y, Sugano N, Nishii T, Miki H, Yamaguchi K and Yoshikawa H. Preservation of the bone mineral
density of the femur after surface replacement of the hip. The Journal of bone and joint surgery British
volume. 2004; 86: 185-9.
Malviya A, Ng L, Hashmi M, Rawlings D and Holland JP. Patterns of changes in femoral bone mineral
density up to five years after hip resurfacing. The Journal of arthroplasty. 2013; 28: 1025-30.
Penny JO, Brixen K, Varmarken JE, Ovesen O and Overgaard S. Changes in bone mineral density of the
acetabulum, femoral neck and femoral shaft, after hip resurfacing and total hip replacement: two-year
results from a randomised study. The Journal of bone and joint surgery British volume. 2012; 94:
1036-44.
Smolders JM, Hol A, Rijnders T and van Susante JL. Changes in bone mineral density in the proximal
femur after hip resurfacing and uncemented total hip replacement: A prospective randomised
controlled study. The Journal of bone and joint surgery British volume. 2010; 92: 1509-14.
Mueller LA, Kress A, Nowak T, et al. Periacetabular bone changes after uncemented total hip
arthroplasty evaluated by quantitative computed tomography. Acta orthopaedica. 2006; 77: 380-5.
Wright JM, Pellicci PM, Salvati EA, Ghelman B, Roberts MM and Koh JL. Bone density adjacent to
press-fit acetabular components. A prospective analysis with quantitative computed tomography. The
Journal of bone and joint surgery American volume. 2001; 83-A: 529-36.
Morscher E, Berli B, Jockers W and Schenk R. Rationale of a flexible press fit cup in total hip replacement.
5-year followup in 280 procedures. Clinical orthopaedics and related research. 1997: 42-50.
Slooff TJ, Buma P, Schreurs BW, Schimmel JW, Huiskes R and Gardeniers J. Acetabular and femoral
reconstruction with impacted graft and cement. Clinical orthopaedics and related research. 1996:
108-15.
Oakes DA and Cabanela ME. Impaction bone grafting for revision hip arthroplasty: biology and clinical
applications. The Journal of the American Academy of Orthopaedic Surgeons. 2006; 14: 620-8.
Schimmel JW, Buma P, Versleyen D, Huiskes R and Slooff TJ. Acetabular reconstruction with impacted
morselized cancellous allografts in cemented hip arthroplasty: a histological and biomechanical study
on the goat. The Journal of arthroplasty. 1998; 13: 438-48.
van der Donk S, Buma P, Slooff TJ, Gardeniers JW and Schreurs BW. Incorporation of morselized bone
grafts: a study of 24 acetabular biopsy specimens. Clinical orthopaedics and related research. 2002:
131-41.
Berry DJ, Harmsen WS, Cabanela ME and Morrey BF. Twenty-five-year survivorship of two thousand
consecutive primary Charnley total hip replacements: factors affecting survivorship of acetabular and
femoral components. The Journal of bone and joint surgery American volume. 2002; 84-A: 171-7.
Charnley J. Arthroplasty of the hip. A new operation. Lancet. 1961; 1: 1129-32.

42.

43.
44.

45.

46.
47.
48.
49.
50.
51.

52.

53.

54.
55.

56.

57.
58.
59.

60.
61.

Learmonth ID, Young C and Rorabeck C. The operation of the century: total hip replacement. Lancet.
2007; 370: 1508-19.
Shan L, Shan B, Graham D and Saxena A. Total hip replacement: a systematic review and meta-analysis
on mid-term quality of life. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society. 2014;
22: 389-406.
Smith GH, Johnson S, Ballantyne JA, Dunstan E and Brenkel IJ. Predictors of excellent early outcome
after total hip arthroplasty. Journal of orthopaedic surgery and research. 2012; 7: 13.
Kurtz SM, Lau E, Ong K, Zhao K, Kelly M and Bozic KJ. Future young patient demand for primary and
revision joint replacement: national projections from 2010 to 2030. Clinical orthopaedics and related
research. 2009; 467: 2606-12.
Lübbeke A, Garavaglia G, Barea C and Hoffmeyer P. The Geneva Hip Arthroplasty Registry: Why do we
need hospital-based registries? The Geneva Hip Arthroplasty Registry. In: Division of Orthopaedics and
Trauma Surgery GUH, Geneva, Switzerland, (ed.). 2017.
Landelijke_Registratie_Orthopedische_Implantaten. LROI rapportage 2018. In: Vereniging DNO, (ed.).
2018.
Ferguson RJ, Palmer AJ, Taylor A, Porter ML, Malchau H and Glyn-Jones S. Hip replacement. Lancet.
2018; 392: 1662-71.
Howcroft D HM, Steel N,. Bearing surfaces in the young patient: out with the old and in with the new?
Curr Orthop. 2008; 22: 177-84.
Van Susante JLC, Verdonschot N, Bom LPA, et al. Lessons learnt from early failure of a patient trial with
a polymer-on-polymer resurfacing hip arthroplasty. Acta orthopaedica. 2018; 89: 59-65.
Bortfeld T and Marks LB. Hype cycle in radiation oncology. International journal of radiation oncology,
biology, physics. 2013; 86: 819-21.
Bisschop R, Boomsma MF, Van Raay JJ, Tiebosch AT, Maas M and Gerritsma CL. High prevalence of
pseudotumors in patients with a Birmingham Hip Resurfacing prosthesis: a prospective cohort study
of one hundred and twenty-nine patients. The Journal of bone and joint surgery American volume.
2013; 95: 1554-60.
Bisseling P, Smolders JM, Hol A and van Susante JL. Metal ion levels and functional results following
resurfacing hip arthroplasty versus conventional small-diameter metal-on-metal total hip arthroplasty;
a 3 to 5year follow-up of a randomized controlled trial. The Journal of arthroplasty. 2015; 30: 61-7.
Smith AJ, Dieppe P, Howard PW, Blom AW, National Joint Registry for E and Wales. Failure rates of
metal-on-metal hip resurfacings: analysis of data from the National Joint Registry for England and
Wales. Lancet. 2012; 380: 1759-66.
Matharu GS, Pandit HG, Murray DW and Treacy RB. The future role of metal-on-metal hip resurfacing.
International orthopaedics. 2015; 39: 2031-6.
Halawi MJ, Oak SR, Brigati D, Siggers A, Messner W and Brooks PJ. Birmingham hip resurfacing versus
cementless total hip arthroplasty in patients 55 years or younger: A minimum five-year follow-up.
Journal of clinical orthopaedics and trauma. 2018; 9: 285-8.
Ford MC, Hellman MD, Kazarian GS, Clohisy JC, Nunley RM and Barrack RL. Five to Ten-Year Results of
the Birmingham Hip Resurfacing Implant in the U.S.: A Single Institution’s Experience. The Journal of
bone and joint surgery American volume. 2018; 100: 1879-87.
Howard JJ. Balancing innovation and medical device regulation: the case of modern metal-on-metal
hip replacements. Medical devices. 2016; 9: 267-75.
Nederlandse Orthopaedische Vereniging: Het gebruik van metaal-op-metaal heupprothese: aangescherpt
advies aan de NOV leden. 2012.
de Steiger RN, Hang JR, Miller LN, Graves SE and Davidson DC. Five-year results of the ASR XL
Acetabular System and the ASR Hip Resurfacing System: an analysis from the Australian Orthopaedic
Association National Joint Replacement Registry. The Journal of bone and joint surgery American
volume. 2011; 93: 2287-93.
Cohen D. Out of joint: the story of the ASR. BMJ. 2011; 342: d2905.
Bisseling P. Hip resurfacing: perceptions after the storm. Orthopedic Surgery. Nijmegen, The Netherlands:
Radboud University, 2016.

10

Summary & General Discussion

41.

179

62.
63.
64.
65.
66.
67.

180

Beyond compliances Service: http://www.beyondcompliance.org.uk/. 2016.
van der Graaf Y, de Waard F, van Herwerden LA and Defauw J. Risk of strut fracture of Bjork-Shiley
valves. Lancet. 1992; 339: 257-61.
Martindale V and Menache A. The PIP scandal: an analysis of the process of quality control that failed
to safeguard women from the health risks. Journal of the Royal Society of Medicine. 2013; 106: 173-7.
UK_Goverment. An introductory guide to the medical device regulation (MDR) and the in vitro
diagnostic medical device regulation (IVDR). In: Agency MaHpR, (ed.). 2017.
Leidraad NIKP (Nieuwe Interventies in de Klinische praktijk). Kennisinstituut van Medisch Specialisten,
2014.
Holewijn R, Stadhouder A and de Kleuver M. Nieuwe techniek introduceren? Weeg eerst de risico’s.
Medisch contact. 2018.

Summary & General Discussion

10

181

11
Nederlandse Samenvatting

184

Samenvatting

Idealiter wordt er voor het effect monitoren van aanpassing in een behandeling een
breed pallet aan patiënt relevante uitkomstmaten geïdentificeerd om hiermee de
meerwaarde voor de patiënt te bepalen2. Het hiërarchische schema van potentiele
uitkomstmaten weergegeven in hoofdstuk 1 (figuur 4) is een praktisch instrument
om de meerwaarde van een innovatie voor de patiënt vast te stellen. Er wordt
afzonderlijk gekeken naar de gezondheidswinst voor de patiënt, de revalidatie en
de duurzaamheid van de behaalde resultaten2. In dit proefschrift zijn verschillende
innovatieve concepten in de behandeling van heupartrose geanalyseerd. In dit
hoofdstuk worden de 8 geformuleerde hypothesen en bijbehorende hoofdstukken
samengevat.

11

Nederlandse Samenvatting

Totale heupprothesiologie (THA) is een zeer succesvolle behandeling voor patiënten
met een eindstadium artrose van de heup. De successen behaald bij de relatief
oudere patiëntenpopulatie (ouder dan 65 jaar) hebben ertoe geleid dat de
leeftijdsgrens voor het in aanmerking komen voor een heupprothese geleidelijk
aan naar beneden is bijgesteld. In de oudere patiëntenpopulatie zal 95% van de
geïmplanteerde protheses na 10 jaar nog steeds goed functioneren1. Met het naar
beneden bijstellen van de leeftijdsgrens wordt tegenwoordig zowel primaire en
secundaire heupartrose behandeld met prothesiologie. Echter zijn de behaalde
resultaten inferieur gebleken in vergelijking met de resultaten behaald bij de relatief
oude patiënt met artrose van de heup. Een mogelijk verklaring kan zijn dat jongere
patiënten hogere eisen stellen aan het gebruik van de prothese en onder andere de
verwachting hebben zonder beperkingen actief te kunnen blijven. Helaas worden
deze verwachtingen met de huidige protheses niet altijd gerealiseerd. Patiënten
worden dikwijls geconfronteerd met loopstoornissen, heupluxaties en op de lange
termijn met botverlies rondom de prothese, dit heeft als risico loslating en falen van
de prothese, wat reden kan zijn voor een revisie van de prothese. Idealiter gaat een
prothese een mensenleven lang mee en zodoende bestaat er ruimte voor verbetering.
In de afgelopen decennia zijn er vele innovatieve veranderingen doorgevoerd in
prothese-design en operatietechniek. Deze innovaties hebben echter niet geleid
tot een substantiële verbetering in functioneren met een prothese en ook niet tot
een aanzienlijke reductie van het aantal complicaties en revisies. Toekomstige
innovaties zullen bovenal een meerwaarde moeten creëren voor de patiënt en op
een veilige manier worden geïntroduceerd. Een hype rondom de introductie kan
de patiëntveiligheid in gevaar brengen. Zodoende zijn langetermijnresultaten van
groot belang ter bescherming van de patiënt.
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1. Een prothese-steel met een modulaire conus geeft de chirurg een extra
mogelijkheid om nauwkeurig de anatomische heupgeometrie te reconstrueren.
Hypothese 1: Door gebruik te maken van een prothese-steel met een
modulaire conus wordt de heupanatomie nauwkeuriger gereconstrueerd dan
zonder modulaire conus, waardoor de stabiliteit van het heupgewricht wordt
vergroot en het risico op luxaties wordt verminderd.
- Hypothese verworpen.
De modulaire conus werd in de heupprothesiologie geïntroduceerd om de oorspronkelijke heupanatomie nauwkeuriger te kunnen reconstrueren met als doel
het risico op luxaties te verminderen; deze aanname is in hoofdstuk 2 onderzocht.
In totaal werden 95 opeenvolgende primaire totale heupprotheses (THP) met een
modulaire conus (Profemur Z, Wright Medical Technology, Arlington, Tennessee, VS)
retrospectief vergeleken met 95 gematchte THP’s met een vergelijkbaar ontwerp maar
dan met een vaste conus, een zogenaamde monoblock steel (Alloclassic Zweymüller,
Zimmer, Warschau, Indiana, VS). De heupgeometrie werd gemeten voor en na de
operatie en het aantal protheseluxaties binnen het eerste jaar na de operatie werden
geregistreerd. Het veronderstelde voordeel van een nauwkeurigere reconstructie
van de heupgeometrie met een modulaire conus ten opzichte van een monoblock
steel kon niet worden aangetoond. Daarnaast werd er geen daling in het aantal
luxaties na de operatie gemeten. Er werd geen klinisch relevant verschil tussen de
protheses gemeten in de reconstructie van verschillende momentarmen van het
heupgewricht (Bodymoment arm, beenlengte of offset). Echter de introductie van
de modulaire conus heeft wel geleid tot een verhoogd risico op mechanisch falen
van de steel als gevolg van corrosie rondom de additionele verbinding van de
modulaire conus met risico op vrijkomen van metaalpartikels. Protheses met een
modulaire conus dienen dan ook niet routinematig te worden gebruikt bij patiënten
met primaire heupartrose, met uitzondering van patiënten met een afwijkende
heupanatomie3, 4.
2. Het gebruik van een acetabulaire cup met een verhoogde polyethylene (PE)
rand (anti-luxatie insert) verbetert de stabiliteit van het heupgewricht en kan
een luxatie van het heupgewricht voorkomen. Hypothese 2: Een PE-cup met
een anti-luxatie insert kan veilig worden gebruikt in primaire THP om zodoende
het risico op heupluxaties te verminderen.
- Hypothese verworpen.
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In hoofdstuk 3 wordt het standaard gebruik van een PE-cup met verhoogde
opstaande rand in primaire THP besproken. Een case-serie bestaande uit 34
opeenvolgende patiënten met vroege revisies van de prothesecup werden
geanalyseerd (allen met een anti-luxatie insert). Deze PE-cups hebben een hogere

3. Bij een niet gecementeerde prothese is directe press-fit stabiliteit van het
femurcomponent cruciaal. Door toevoeging van proximale vinnen aan een al
wigvormige steel wordt de directe bot-prothese verankering versterkt. Deze
proximale vinnen geven echter ook een hogere piekbelasting in het femur
gedurende de impactie van de steel met mogelijk een verhoogd risico op
fracturen. Met name de calcar regio loopt risico gedurende de implantatie van
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rand ten opzichte van een conventionele PE-cup. Deze opstaande rand kan op een
7 tot 11 uur positie (rechterheup) of op een 1 tot 5 uur positie (linker heup) worden
gepositioneerd, daar waar de femurkop de neiging heeft te luxerende bij flexie,
endorotatie en adductie van de heup. Gezien het stabiliserende effect van een
anti-luxatie insert, kan het voor de chirurg aantrekkelijk zijn deze bij primaire
prothesiologie te plaatsen om het risico op heupluxaties te doen verminderen.
Echter bij tegengestelde heupbewegingen; exorotatie en extensie, kan er wrijving
ontstaan tussen de femurcomponent en de hogere polyethylene rand, met als
gevolg extra slijtage van de cup met vrijgekomen PE-partikels in het heupgewricht.
Een toename van PE-debris in het gewricht geeft een versterkte inflammatoire
macrofagenreactie wat kan leiden tot progressieve osteolytische botdefecten8, 9.
Ook de malpositie van een conventionele PE-cup zonder anti-luxatie insert is een
bekende oorzaak voor een versnelde PE-slijtage met een inflammatoire reactie
leidend tot vroegtijdig falen van de prothese11, 12. In onze case-serie bleek de
anti-luxatie cup echter goed gepositioneerd, met een anteversie en inclinatie van
respectievelijk 25o (bereik 8 - 45) en 45o (bereik 39 - 57). Na revisie van meerdere
patiënten met opvallend veel PE-debris in het gewricht met ook een anti-luxatie
insert werd aannemelijk dat de PE-partikels voornamelijk afkomstig moesten zijn
van de impactie van de femurcomponent op de hoge PE-rand en in mindere mate
van slijtage van het articulerende oppervlak. De overmatige slijtage ter plaatse van
de verhoogde PE-rand ging gepaard met uitgebreide acetabulaire botdefecten
achter de cup. Een PE-slijtage-ratio van het articulerende oppervlak groter dan 0,20
mm/jaar wordt als excessief beschouwd10. De slijtage van het articulerende
PE-oppervlak (lineaire slijtage) gemeten op postoperatieve röntgenfoto’s en
CT-scans bleek 0,24 mm/jaar (n=34). Binnen dit cohort werd bij 15 patiënten een
slijtage-ratio >0,20 mm/jaar gemeten. Binnen het gehele cohort werd slechts een
gemiddelde cupoverleving van 10 jaar gemeten (range 1,3 en 19,3). De lineaire PE
slijtage-ratio van het articulerende oppervlak van de implantaten kon niet worden
gecorreleerd aan het oppervlak van de opvallende grote botdefecten (mm2)
gemeten op pre-operatieve CT-scans. Het vroegtijdig falen van het implantaat als
gevolg van osteolyse achter cup zal hoofdzakelijk zijn veroorzaakt door PE-debris
afkomstig van de verhoogde PE-rand. Het gebruik van deze anti-luxatie inserts bij
primaire heupartrose als additionele stabilisator van het gewricht wordt zodoende
ontraden.
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een dergelijk implantaat. Dit risico kan toenemen bij een varus-alignement en
een hoge femorale osteotomie. Hypothese 3: Het risico op een calcar fractuur
gedurende de operatie is gerelateerd aan een varus-alignement van de steel en
een hoge femurhals osteotomie.
- Hypothese verworpen.
Het gebruik van een press-fit wigvormige femurcomponent in combinatie met een
rechthoekig axiaal design voor goede rotatiestabiliteit heeft geleid tot een significante
verbetering in de overleving van niet-gecementeerde protheses. In 1984 werd de
conische niet-gecementeerde Spotorno (CLS)-steel (Zimmer, Warschau, VS)
geïntroduceerd en deze steel behoort tot één van de meest gebruikte femurcomponenten13-16. Echter door zijn specifieke design wordt het femorale bot gedurende
de implantatie van de prothese aan een hoge botspanning blootgesteld met risico
op fracturen in het proximale femurbot17, 18. Dit risico neemt mogelijk toe in geval
van een varus-alignement van de steel of een hoge osteotomie van de femurhals.
In hoofdstuk 4 wordt de correlatie tussen het ontstaan van calcar fracturen en het
niveau van de femurhalsosteotomie en implantaatpositionering geanalyseerd in
totaal 800 opeenvolgende patiënten met THP’s. Er werden in totaal 17 (2,1%) calcarfracturen in dit cohort geregistreerd, dit percentage is in overeenstemming met
gerapporteerde percentages in de literatuur15, 19. De heupgeometrie en het niveau
van de femurhalsosteotomie van deze 17 patiënten met calcarfracturen werden
vergeleken met 100 random geselecteerde ongecompliceerde patiënten. Het
niveau van de femurhalsosteotomie gemeten tot aan trochanter minor bedroeg in
de controlegroep gemiddeld 10.3mm (SD 3.9mm) en in de groep met een
calcarfractuur 11.7mm (SD 4.3mm) (p=0.18). De gemiddelde offset bedroeg respectievelijk 46.0mm (SD 5.3mm) en 47.6mm (SD 8.4mm) (p=0.45). Er werden geen
statistisch significante verschillen gemeten in het alignement van de steel (de hoek
gemeten tussen de femurschacht en hals van de prothese). Een chirurgische
leercurve mogelijk bijdragend aan het aantal calcarfracturen kon niet worden
aangetoond. Er werd geen statistisch significant verschil gemeten in de incidentie
van calcarfracturen in de eerste 400 THP’s (n=11; 2.8%) ten opzichte van de
daaropvolgende 400 THP’s (n=6; 1,5%) (p=0.22). Mogelijkerwijs kan dit resultaat
ook worden veroorzaakt door een te kleine steekproef. Hoofdstuk 4 illustreert dat
een niet gecementeerde steel met additionele vinnen ter verbetering van de rotatiestabiliteit gepaard kan gaan met calcarfracturen, ondanks een juist alignement en
niveau van de femurhalsosteotomie. Chirurgen moeten zich bewust zijn van dit
implantaat gerelateerde fenomeen en er gedurende de operatie alert op zijn.
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4. Heeft het resurfacing heupprothese (RHP) concept de behandeling van
heupartrose verbeterd ten opzichte van de conventionele behandeling middels
totale heupprothesiologie?

A. Hypothese 4: Met RHP herstelt het natuurlijke looppatroon van de patiënt
na de operatie beter dan na het gebruik van een conventionele metaal-op
metaal (MoM) THP.
- Hypothese geaccepteerd.
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Steeds meer relatief jonge patiënten met heupartrose worden behandeld middels
prothesiologie. De levensduur van de conventionele THP is echter beperkt. Het
RHP-concept zou de levensduur en functionaliteit mogelijk kunnen verbeteren.
RHP maakt gebruik van grotere femurkopdiameters corresponderend met de
natuurlijke heupanatomie van de patiënt. Het gebruik van een groter articulerend
oppervlak draagt bij aan de stabiliteit van het kunst-gewricht en mogelijk in een
beter herstel van het natuurlijke looppatroon van de patiënt na de operatie20,24. Met
name jonge en actieve patiënten verwachten een volledig ‘normale’ heupfunctie
met een prothese22. In hoofdstuk 5 worden de resultaten gepresenteerd, waarbij
gebruik wordt gemaakt van een gangbeeldanalyse een uiterst moderne loopband
(Gait Real-time Analysis Interactive Lab). Het looppatroon van relatief jonge actieve
patiënten met een conventionele THP werd vijf jaar na de operatie vergeleken met
patiënten behandeld middels een RHP. De conventionele gangbeeldanalyse,
waarbij het looppatroon in beeld wordt gebracht gedurende een voor de patiënt
comfortabele loopsnelheid, is niet in staat gebleken een verschil in herstel van het
looppatroon te detecteren25, 26. Een gangbeeldanalyse gedurende oplopende fysieke
inspanning zou mogelijk wel kunnen discrimineren tussen beiden implantaten.
Verondersteld wordt dat patiënten met een RHP, ook wel bekend als de ‘Sport
Heup’ een hogere loopsnelheid halen met behoud van een natuurlijker looppatroon
vergelijkbaar met de gezonde contralaterale heup. In deze vergelijkende studie
werd een gangbeeldanalyse op een loopband verricht bij 25 patiënten met een
unilaterale heupprothese (n=16 RHP versus n=9 THP) en 9 patiënten met een
bilaterale heupprothese (n=5 THP + RHP en n=4 THP + THP). De grondreactiekracht (Newton), het heup-bewegingsbereik en de spatiotemporele parameters
bestaande uit de loopsnelheid (m/s), staplengte (m) en cadans werden continue
gemeten gedurende 2 sessies op de loopband. Patiënten startten eerst met een
loopsnelheid van 4km/u (1.11m/s) wat opliep tot aan de voor de patiënt zijn
maximalen loopsnelheid (TWS). Gedurende de tweede sessie liep men 4km/u en
nam alleen de hellinghoek stapsgewijs toe tot de maximale hellingshoek (TWI) voor
de patiënt. Bij een normale loopsnelheid van 4km/u werd er geen verschil gemeten
in het looppatroon tussen patiënten met een RHP en een conventionele THP.
Patiënten met een RHP bereikten wel een hogere gemiddelde maximale loop snelheid in vergelijking met THP (gecorrigeerd verschil 0,07m/s (95%CI -0,11 - 0,25)).
De belastbaarheid van de RHP bleek vergelijkbaar met de gezonde heup. Met slechts
een klein verschil gemeten de gezonde heup en de RHP van gemiddeld 8N (95%CI
3 - 245) versus -129N (95%CI -138 - - 29) na een THP. Een ruimer bewegingsbereik
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van de heup werd gemeten na een RHP (gecorrigeerd verschil 8 º (95%CI 1,7 - 14)).
In de relatief kleine groep patiënten met een bilaterale heupprothese werd geen
statistisch significante verschil gemeten. Het behoud van een natuurlijke femurkopdiameter bij RHP en het kunnen vermijden een intra-medullaire steel met verstijving
van het femur als gevolg (zoals gebruikelijke bij THP) dragen mogelijk bij het betere
herstel van het looppatroon en belastbaarheid RHP. Het potentiele voordeel van
RHP moet echter zorgvuldig worden afgewogen tegen de risico’s van het gebruik
van een metaal-op-metaal-articulatie binnen de heupprothesiologie. Zodoende
zijn juist innovaties gericht op vervanging van de metaal-op-metaal-articulatie voor
RHP zeer interessant.
B. De peri-prothetische botvoorraad wordt beïnvloed door het design en de
fixatie van de prothese. Het behoud van de botmineraaldichtheid (BMD) is
beter na RHP in vergelijking met een conventionele THP aan de femorale zijde
(hypothese 5), maar niet aan de acetabulaire zijde (hypothese 6).
- Hypothese 5 geaccepteerd.
- Hypothese 6 verworpen.
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Overmatig botverlies rondom de prothese kan ertoe leiden dat een de prothese los
komt te zitten in het bot. De complexiteit van de revisiechirurgie neemt toe bij
meer botverlies, waarbij het botverlies ook een negatieve invloed is op de
levensduur van de prothese. RHP wordt gepromoot als een bot-sparend implantaat
welke zodoende eenvoudiger te reviseren is in vergelijking met een conventionele
THP27-31. In hoofdstuk 6 en 7 worden de femorale en acetabulaire veranderingen
in peri-prothetische botmineraaldichtheid (BMD) rondom RHP en een conventionele
28mm MoM THP gemonitord met dual-energy-absorptiometrie (DXA) in een
gerandomiseerde gecontroleerde studie. DXA-metingen werden pre-operatief
verricht bij 3, 6, 12, 24, 36 en 60 maanden na de operatie. Een gemiddelde relatieve
BMD-verandering werd berekend als procentuele verandering ten opzichte van de
index-meting.
In hoofdstuk 6 worden de femorale BMD-veranderingen gepresenteerd na
een studieloopduur van gemiddeld 36 tot 60 maanden (n = 36 RHP, n = 29 THP).
Bij RHP wordt de hals van het femur gespaard, echter worden in de literatuur ook
femurhals fracturen na RHP gepresenteerd, mogelijk gerelateerd aan een
geleidelijke versmalling van de femurhals. Zodoende wordt de femurhalsdiameter
in het RHP-cohort gerapporteerd. In beide groepen werd de BMD gemeten in de
calcar-regio, daarnaast werden in het RHP-cohort de BMD in 4 additionele regio’s
(region of interest; ROI) in het proximale gedeelte van het femur gemeten. Na RHP
bleef de BMD in de calcar-regio op niveau en werd er zelfs een lichte stijging van
+7% (p <0.001) gemeten na 12 maanden, gevolgd door een stabilisatie van de BMD
op dit niveau tot aan 60 maanden na de operatie. In de additionele ROI van de

C. Hypothese 7: De mate van fysiek activiteit van de patiënt na RHP is
geassocieerd met een toename in peri-prothetische BMD aan femorale (A) en
acetabulaire zijde (B).
- A. Hypothese geaccepteerd
- B. Hypothese verworpen
Een hogere mate van fysieke inspanning geeft een sterkere femorale en acetabulaire
botbelasting. In hoofdstuk 8 wordt het effect van het fysieke activiteitenniveau
op de peri-prothetische BMD-ontwikkeling gepresenteerd. Een toename in fysieke
activiteit zou een positief effect kunnen hebben op de femorale en acetabulaire
BMD. Een sub-analyse werd verricht op het RHP-cohort (geselecteerd uit de
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femurhals en het trochanter-massief werd aanvankelijk een statistisch niet
significante daling in BMD gezien, gevolgd door een herstel en stabilisatie gelijk aan
de index-meting. Na THP nam juist de BMD af in de calcar-regio met 20% na 1 jaar
ten opzichte van de index meting (p<0.001). Deze daling stabiliseerde vervolgens
op dit niveau maar een herstel werd daaropvolgend niet gemeten. Aan de femorale
zijde blijkt het behoud van BMD beter na RHP dan na THP. Het fenomeen van femurhalsversmalling na RHP werd in ons cohort tot aan 36 maanden niet
waargenomen. Een klinisch en statistisch niet significante vermindering van de femurhalsdiameter van 1.3% werd gemeten.
Hoofdstuk 7 beschrijft BMD-veranderingen aan de acetabulaire zijde tot 60
maanden na RHP gebruikmakend van een press-fit kobalt-chroom cup (n=34) en
na MoM THP gebruikmakend van een titanium schroef-cup met een polyethyleen
binnen-cup met een metasul-coating (n=26). Theoretisch is er een hogere mate
van stress-shielding na RHP. Dit wordt veroorzaakt doordat het implantaat relatief
stijver is dan de cup gebruikt bij THP. Een dikkere cup om de kracht in het
heupgewricht te kunnen weerstaan heeft als gevolg dat het aangrenzende bot niet
fysiologisch en minder wordt sterk wordt belast (stress-shielding)32-34. Stress-shielding zal bij beide type cups in enige mate aanwezig zijn en mogelijk leiden tot
botverlies. De gemeten peri-prothetische BMD lieten direct na de operatie een
daling zien rondom beide cups en stabiliseerden vervolgens na 24 maanden. 60
maanden na implantatie van een RHP werden BMD-veranderingen gemeten van
+1% hoog craniaal, -4% (p <0.01) direct craniaal, -8% (p<0.01) in de cranio-mediaal,
-7% (p<0.01) mediaal en +4% caudaal van de cup. Respectievelijk werden na THP
BMD veranderingen van -3%, -13% (p<0,01), -21% (p<0,01), -11% (p<0,01) en -2%
gemeten rondom de cup. In tegenstelling tot hypothese 6, bleek structureel in alle
regio’s het behoud BMD beter na RHP met een statistisch significant verschil
craniaal en cranio-mediaal van de cup 5 jaar na de operatie. Ondanks de
theoretische hogere mate van stress-shielding acetabulair als gevolg van de dikke
stijve cup gebruikt voor RHP blijkt het peri-prothetische botverlies beperkt.
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gerandomiseerde studie beschreven in hoofdstuk 6 en 7). De BMD-metingen van
het cohort (n=38) preoperatieve, 6, 12, 24 en 36 maanden na de operatie geanalyseerd.
De effectschattingen fysieke activiteitniveau op BMD werd berekend, waarbij het
fysieke activiteitenniveau werd bepaald met de Harris Hip Score (HHS) en University
of California in Los Angeles (UCLA) Activity Score. De UCLA Activity score (coëfficiënt =
0.02 (95%CI 0.010 - 0.034); p<0.001) en HHS (coëfficiënt = 0.002 (95%CI 0.001 0.003); p <0.001) waren geassocieerd met een toename van BMD in de calcar-regio.
Voor BMD in de femurhals toonde enkel de HHS een positieve associatie
(coëfficiënt=0,0006 (95%CI <0,0001, 0,001); p=0,04). Zowel de UCLA als de HHS
werden geassocieerd met juist een negatief effect op de acetabulaire BMD in de
mediale regio (UCLA: coëfficiënt= -0,02 (95%CI -0,038 - -0,007); p=0,005, HHS:
coëfficiënt= -0,002 (95%CI -0,003 - -0,001). De HHS toonde daarnaast een negatieve
associatie met BMD craniaal geleden van de cup (coëfficiënt= -0.001 (95%CI
-0.0018, -0.0001); p=0.03). De activiteitenscores toonden geen associatie met
BMD-veranderingen in de caudaal gelegen acetabulaire en femorale subtrochantaire
regio’s. Deze resultaten ondersteunen de hypothese dat een hoger fysieke activiteitniveau geassocieerd is met een behoud dan wel versterking van het bot aan
femorale zijde. Echter onverwacht leidt het ook tot een reductie van BMD in het bot
mediale gelegen van de press-fit cup mogelijk als gevolg van meer stress-shielding.
5. De impactie van botsnippers/transplantaat (impaction bone grafting; IBG) is
een veel gebruikte techniek om botverlies te compenseren in geval van revisiechirurgie. De impactie van de donor botsnippers worden door de patiënt
geremodelleerd tot lichaamseigen vitaal bot. Echter de snelheid waarmee IBG
in vivo remodelleert is niet bekend. Hypothese 8: Gedurende de resorptiefase
na de operatie is IBG kwetsbaar, wat kan resulteren in BMD-daling de eerste
6 maanden na de operatie (A), gevolgd door een geleidelijk toename in BMD
naarmate de IBG wordt geïncorporeerd en geremodelleerd tot vitaal lichaamseigen bot (B).
- A. Hypothese verworpen.
- B. Hypothese geaccepteerd.
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Peri-prothetisch botverlies maakt revisiechirurgie complex. Met IBG kan botverlies
worden aangevuld en het acetabulum worden gereconstrueerd, een bewezen
effectieve een duurzame techniek binnen de heuprevisiechirurgie 35. De gebruikte
donorbotsnippers worden geleidelijk geïncorporeerd en geremodelleerd 36.
De eerste 6 tot 12 weken na de operatie mogen patiënten het geopereerde been
niet volledig belasten om zodoende de IBG te beschermen gedurende de theoretisch
kwetsbare resorptiefase. Hoofdstuk 9 verschaft inzicht in het biologische remodelleringsproces van de IBG door middel van herhaalde in vivo BMD-metingen in het
transplantaat. De hypothetische initiële demineralisatie van de IBG gedurende de

11

Nederlandse Samenvatting

resorptiefase in de eerste 6 maanden na de operatie wordt gevolgd door vorming
van vitaal trabeculair bot met waarschijnlijk een gestage toename in BMD
(hypothese 8) 37, 38. BMD-waarden werden met behulp van DXA in 3 regio’s (region
of interest; ROI) in de IBG gemeten. Het cohort bestond uit 20 patiënten, waarbij
een ieder een acetabulaire reconstructie met IBG onderging gevolgd door
implantatie van een gecementeerde polyethylene cup (11 mannen, 9 vrouwen,
gemiddelde leeftijd van 70 jaar tijdens de operatie). De basis BMD-meting werd
direct verricht, gevolgd door DXA op 3 en 6 maanden en 1 en 2 jaar na de operatie.
De IBG in toto toonde een gestage toename in BMD van 9% (95%CI 2-15), gemeten
2 jaar na de operatie. Onderverdeeld werd in de craniale ROI de sterkste stijging
gemeten van respectievelijk 14% (95%CI 6-22), in de mediale en caudale ROI’s werd
respectievelijk een stijging gemeten van 10% (95%CI 1-18) en 4% (95%CI -6-16). De
klinische uitkomstmaten afgenomen gedurende de studie (Oxford Hip Score, SF12
en VAS voor pijn) toonden elk een verbetering 2 jaar na de operatie ten opzichte
van voor de operatie. In tegenstelling tot hypothese 9 werd er geen initiële BMD
daling gemeten gedurende de resorptiefase. Daarentegen werd een gestage BMD
toename waargenomen. Deze directe toename in BMD kan betekenen dat de IBG
de eerste maanden na de operatie minder kwetsbaar is dan vooraf verondersteld
wordt en een bescherming van de reconstructie door middel van het onbelast
laten mobiliseren van de patiënt niet strikt noodzakelijk is.
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