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ABSTRACT

Introduction

The incidence of hip arthroplasty surgery in young and
active patients is increasing. Consequently, an increas-
ing number of patients will live with hip prostheses
for longer periods of time in the future. The mismatch
in modulus of elasticity between the stiffer metal
components and the surrounding bone will induce
periprosthetic adaptive bone remodelling. The clinical
importance of this is still uncertain but the risk of late
occuring complications, secondary to periprosthetic
bone loss, should not be neglected.

This thesis focuses on patterns of bone remodelling
around uncemented hip implants and on options how
to influence the bone remodelling process.

Hypotheses

We hypothesized that (1) femoral hip revision surgery
with a proximally coated uncemented tapered stem is
a reliable procedure, with good results, if bone defects
at revision are moderate, (2) the femoral adaptive
periprosthetic bone remodelling is pronounced after
such an operation, (3) oral bisphosphonates, once
weekly for six months, will reduce the periprosthetic
bone resorption around an uncemented tapered stem
up to 2 years after primary hip arthroplasty, (4) an
ultra-short wedge shaped uncemented femoral stem
gives less periprosthetic bone loss than a conventional
uncemented tapered stem, and finally, (5) an acetabu-
lar component with a backside coating of a three-
dimensional porous titanium construct gives less peri-
prosthetic bone loss than a conventional porous- and
hydroxyapatite coated titanium acetabular shell.

Materials and methods

Two different hydroxyapatite coated femoral stems
and two titanium acetabular cups, with differing prop-
erties regarding shell backside coating and articulating
polyethylene, were evaluated.

Bone mineral density (BMD) was measured with Dual
Energy X-ray Absorptiometry (DEXA). Radiographic
assessment was done with consecutive radiographs
in study I-III. Implant migration was measured with
Einzel-Bild-Rontgen-Analyse (EBRA) in study III and
with radiostereometric analysis (RSA) in study IV-V.
RSA was also used to analyze polyethylene wear in
study V. Clinical outcome was evaluated with self ad-
ministered score protocols.

MATS THESIS 2013.indb 2

Results

Study I: A retrospective analysis of 60 patients (62
hips), with a mean follow-up of 6 years after unce-
mented femoral revision due to aseptic loosening,
with moderate bone loss at revision, revealed a stem
survival rate of 95%. Radiographical signs of stem
osseointegration, as well as diminishing peri-implant
osteolysis, were recorded.

Study II: In a cross sectional study 22 patients from
the cohort in study I, with a healthy hip on the contra-
lateral side, were evaluated with DEXA after a mean
follow-up of 6 years. We noted a large reduction of 36-
45% in BMD in Gruen zones 1-2 and 6-7 compared to
the contralateral hip.

Study III: In a randomized, double-blind, placebo-
controlled trial of 73 patients operated with an un-
cemented stem due to primary osteoarthritis, the
treatment group was given risedronate once weekly
for 6 months. In the treatment group BMD loss in the
proximal femur was reduced with 7% 12 months after
surgery but no statistically significant reduction was
found after 2 years.

Study IV: In a randomized controlled trial of 51 pa-
tients periprosthetic bone remodelling was evaluated
around an ultra short stem, compared to a convention-
al tapered stem, in uncemented THA due to primary
osteoarthritis. BMD loss was significantly reduced
around the ultra short stem up to 2 years after surgery.
Study V: In a randomized controlled trial of 51 pa-
tients, comparing two acetabular implants with dif-
fering properties regarding shell backside coating and
articulating polyethylene, no differences in peripros-
thetic bone remodelling, implant fixation or polyeth-
ylene liner wear was found, up to 2 years after surgery.

Conclusions

Adaptive periprosthetic bone remodelling after
uncemented total hip arthroplasty could be reduced
with bisphosphonates and with altered stem design.
Periacetabular bone demineralization could not be
reduced with a new porous titanium construct mate-
rial. Alpha-tocopherol diffusion of HXLPE liners gave
reduced creep but not less polyethylene wear up to 2
years after surgery.

An uncemented, proximally porous- and HA-
coated tapered stem could be used with good results
in femoral revision surgery if bone loss was moderate.
Even though stem fixation was excellent, proximal
femoral bone demineralization was pronounced. ®
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UNCEMENTED HIP ARTHROPLASTY IN PRIMARY AND REVISION SURGERY

Abstract

ABSTRACT

Introduction
The main reason for failure in total hip arthroplasty (THA) is aseptic loosening of the
components. In younger and more active patients biological fixation with uncemented
implants has shown better outcome than cemented fixation (1). Even though long term
fixation is improved the mismatch in modulus of elasticity between the stiffer metal com-
ponents and the surrounding bone will induce periprosthetic adaptive bone remodelling
(2, 3). The incidence of hip arthroplasty surgery in young and active patients is increasing
and consequently an increasing number of patients will live with hip prostheses for longer
periods of time. The clinical importance of the ongoing adaptive bone remodelling is still
uncertain but the risk of late complications secondary to periprosthetic bone loss should
not be neglected.

This thesis focuses on patterns of bone remodelling around uncemented hip implants
and options of how to influence the bone remodelling process.

Hypotheses

We hypothesized that (1) femoral hip revision surgery with a proximally coated unce-
mented tapered stem is a reliable procedure if bone defects prior to revision are moderate,
(2) the femoral adaptive periprosthetic bone remodelling is pronounced after such an
operation, (3) oral bisphosphonates, once weekly for six months, will reduce the peri-
prosthetic bone resorption around a proximally coated uncemented tapered stem up to 2
years after primary hip arthroplasty, (4) an ultra-short wedge shaped uncemented femoral
stem induces less periprosthetic bone loss than a conventional uncemented tapered stem
and finally (5) an acetabular component with a backside coating of three-dimensional
titanium porous construct induces less periprosthetic bone loss than a conventional po-
rous- and hydroxyapatite coated titanium acetabular shell.

Materials and Methods

Two different hydroxyapatite coated femoral stems and two titanium acetabular cups,
with differing properties regarding shell backside coating and articulating polyethylene,
were evaluated.

Bone mineral density (BMD) was measured with Dual Energy X-ray Absorptiometry
(DEXA). Radiographic assessment was done with consecutive radiographs in study I-III.
Implant migration was measured with Einzel-Bild-Rontgen-Analyse (EBRA) in study III.
Radiostereometric analysis (RSA) was used to measure implant migration in study IV-V
and polyethylene wear in study V.

Clinical outcome was evaluated with self administered score protocols.
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Abstract

Results

STUDY |

A retrospective analysis of 60 patients (62 hips), with a mean follow-up of 6 years after
uncemented femoral revision due to aseptic loosening, with moderate bone loss at revi-
sion, revealed a stem survival rate of 95%. Four hips required re-revision due to fracture
or dislocation. No stem was loose. Radiographical signs of stem osseointegration, as well
as, diminishing peri-implant osteolysis were recorded.

STUDY Il

In a cross sectional study 22 patients with a healthy hip on the opposite side, from the
cohort in study I, were evaluated with DEXA after a mean follow-up of six years. We
noted a large reduction of 36-45% in BMD in Gruen zones 1-2 and 6-7, compared to the
contralateral hip.

STUDY Il

In a randomized, double-blind, placebo-controlled trial of 73 patients operated with an
uncemented stem due to primary osteoarthritis, the treatment group was given risedro-
nate once weekly for 6 months. In the treatment group BMD loss in the proximal femur
was reduced with 7% 12 months after surgery but no statistically significant reduction was
found after 2 years.

STUDY IV

In a randomized controlled trial of 51 patients periprosthetic bone remodelling was evalu-
ated around an ultra short stem compared to a conventional tapered stem in uncemented
THA due to primary osteoarthritis. BMD loss was significantly reduced around the ultra
short stem.

STUDYV

In a randomized controlled trial of 51 patients, comparing two acetabular implants with
differing properties regarding shell backside coating and articulating polyethylene, no dif-
ferences in periprosthetic bone remodelling, implant fixation or polyethylene liner wear
was found, up to 2 years after surgery.

Conclusions

Adaptive periprosthetic bone remodelling after uncemented total hip arthroplasty could
be reduced pharmacologically with bisphosphonates and with altered stem design. Peri-
acetabular bone demineralization could not be reduced with a new porous titanium con-
struct material with enhanced porosity. Alpha-tocopherol diffusion of HXLPE liners gave
reduced creep but not less polyethylene wear up to 2 years after surgery.

An uncemented, proximally porous- and HA-coated tapered stem could be used with
reliable results in femoral revision surgery if bone loss at revision was moderate. Even
though stem fixation was excellent, proximal femoral bone demineralization was pro-
nounced. ®
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Abbreviations

1 ABBREVIATIONS

3D

ASA
BMD
BMI

CI

CN

CoCr

Cv
DEXA
EBRA
EQ-5D
HA

HHS
HXLPE
ME
NARA
OA
PMMA
RCT

ROI

RSA

SD
SHAR
THA

Ti
Ti-6Al1-4V
UHMWPE
WOMAC
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Three dimensional

American Society of Anesthesiologists
Bone mineral density

Body mass index

Confidence interval

Condition number

Cobalt-Chrome

Coefficient of variation

Dual-Energy X-ray Absorptiometry
Einzel-Bild-Rontgen-Analyse
European Quality of Life-5 Dimensions
Hydroxyapatite

Harris Hip Score

Highly cross-linked polyethylene

Mean error of rigid body fitting

Nordic Arthroplasty Register Association
Ostheoarthritis
Polymethylmethacrylate

Randomized controlled trial

Region of interest

Radiostereometric analysis, radiostereometry
Standard deviation

Swedish Hip Arthroplasty Register
Total hip arthroplasty

Titanium
Titanium-6Aluminium-4Vanadium

Ultra high molecular weight polyethylene

Western Ontario and McMaster Universities Osteoarthritis Index
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Definitions

2 DEFINITIONS

ADAPTIVE BONE REMODELLING
Dynamic changes in bone miner-
al content due to different loading
conditions over time.

ASEPTIC LOOSENING

Mechanical loosening of a pros-
thesis component without signs
of infection.

BONE INGROWTH

New bone formation in direct
contact with the porous struc-
tured surface of an implant.

BONE LOSS
Diminishing bone mass either
because of osteolysis or bone re-
sorption.

BONE REMODELLING

Adaptive changes in bone archi-
tecture. See also adaptive bone
remodelling.

CREEP

Plastic deformation of material, in
this thesis of polyethylene, with-
out production of wear debris.

CORTICAL HYPERTROPHY
Increased cortical bone mass sec-
ondary to increased load.

DISUSE ATROPHY

Bone mineral decrease due to off-
loading of bone. See also stress
shielding.

HYDROXYAPATITE

Calcium phosphate mineral. The
principal inorganic constituent of
bone.

MATS SALEMYR
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IMPLANT
A medical device made from bio-

materials, intentionally placed in
the body.

OSSEOINTEGRATION

Direct structural and functional
connection between living bone
and the surface of a load-bearing
implant.

MODULUS OF ELASTICITY

The ratio between stress per unit
area and the resulting deforma-
tion.

OSTEOLYSIS

Localized areas of active bone dis-
solution or resorption in relation
to a joint prosthesis. Often caused
by wear particles from the joint

PEDESTAL SIGN
Endosteal bone formation at the
tip of a femoral stem.

POROUS COATING

Coating of an implant deliberate-
ly applied to contain void regions
with the intent of enhancing fixa-
tion of an endoprosthesis

PRESS FIT
Insertion of an implant into an
undersized pre made cavity.

RADIOLUCENT LINES

Linear radiolucencies lining the
implant contour without densifi-
cations.

REACTIVE LINES

Endosteal densifications parallel
to and in close proximity to the
contour of an implant.

RIGID BODY

In RSA, the number of markers
forming a segment correspond-
ing to either part of the body or
the object of interest

SPOT WELDS

Thin endosteal bone formation
bridging from the cortical bone
to an implant s surface

STRESS SHIELDING

Non-anatomical reduction in
bone mineral density as a result
of off-loading bone by an implant.

UNCEMENTED
Implants designed for fixation by
bone ingrowth.

WEAR

Undesired removal of material
from implants and other bioma-
terials.

WOLFF'S LAW

States that bone will remodel in
response to the load it is placed
under. Less load will decrease
and more load will increase bone
mass.

11
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Introduction

3 INTRODUCTION

Background

Total hip arthroplasty (THA) is one of the best treat-
ment procedures that health care systems in the de-
veloped world can provide from a gain in life-quality
perspective. Pain from degenerative, as well as, trau-
matic hip disorders is effectively treated with a joint
replacement. The incidence of hip replacement has
increased continuously over the last few decades
worldwide. Today, 16 000 THAs are performed an-
nually in Sweden (1) and 1.5 - 2 million globally.

Component fixation in total

hip arthroplasty

The modern era of THA started in the 1960s with
the Charnley prosthesis. Component fixation was
achieved with the use “bone cement”, polymethyl-
methacrylate (PMMA). This plastic polymer is not
a glue but a grout where fixation relies on micro-
interlock from cement intrusion into the porosity of
cancellous, trabecular bone. Cement for component
fixation is still used extensively in the Nordic coun-
tries and the outcome has been excellent. The 10-
year prosthesis survival rate for cemented implants
in Sweden was 95.2% in 2011, (Table 1).

All cemented implants
all diagnoses and all reasons for revision

100

S

o
X

percent not revised

Copynght© 2017 Sweclsh Fip Ahroplasty Regiser

o
3

92

—— 19922001, 10y = 94.0% (93.9-94.2), n = 93,627

—— 20022011, 10y = 95.2% (94.9-95.6), n = 111,752

90 T T T T T T T T T
0 2 4 6 8

=)

years postoperatively

TABLE 1. Reprinted with permission from the Swedish Hip Arthro-
plasty Register (SHAR).

As a consequence of the excellent results the indi-
cations for THA-surgery have widened. Younger
and more active patients are now undergoing THA.
These patients will live with their hip replacements
for longer periods of time and as a consequence of
a more active life style, the functional performance
of the new hip joint will have to have to meet greater
challenges. In this group of patients, the cemented
interface between bone and the implant has limita-
tions in its capacity to endure forces that occur in the
human hip over decades.

Results from the Nordic Arthroplasty Register
(NARA) show that biological fixation with unce-
mented components is superior to cemented fixa-
tion, in patients 45-79 years of age, with a lower odds
ratio for aseptic loosening (4). Biological fixation is
achieved by initial press fit, i. e. fill of the implant
into a preformed cavity in the host bone. The ini-
tial press fit secures primary stability of the implant
mechanically. Secondary fixation will be achieved
by bone osseointegration, a biological chemical or
microinterlock bond, between bone and implant.
Albrektsson and Branemark showed that this phe-
nomenon, referred to as bone ingrowth, occurred by
direct structural and functional connection between
bone and the surface of the implant (5). With the
resolution of an electron microscope apposition
of calcification to the titanium oxide at the surface
of a titanium implant can be seen (6), (Fig. 2) The
strength of the bond is of the same magnitude as
bone itself.

For patients with good bone stock a shift towards

FIG 2. Osseointegration.
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Introduction

biological fixation of the components in THA is
ongoing. Even though long term fixation is superior
with biological fixation, there are some issues with
uncemented implants. During the first two years
after surgery there is an increased risk of peripros-
thetic femoral fractures (4) and this is an important
limitation in the use of uncemented implants. Bone
stock has to be strong enough to withstand the forces
from impacting these implants during surgery. Dur-
ing rehabilitation, before biological osseointegration
has occurred, the bone stock also has to withstand
the forces from loading the initially mechanically
fixed implants. Osteoporosis or compromised bone
stock for other reasons are relative contraindications
for using uncemented implants in hip arthroplasty
surgery. Once biological fixation has been achieved,
no difference in the incidence of periprosthetic
femoral fractures can be seen during the period 2-16
years after surgery (4).

Revision hip arthroplasty

Data from the Annual report of 2011 from Swed-
ish Hip Arthroplasty Register (1) show that aseptic
loosening of the components is the predominant
reason for revision surgery with a proportion of 56%.
Infection (12%), dislocation (12%) and periprosthetic
fractures (8%) accounts for approximately one-third
of the revisions, (Table 2).

However, the reasons for failure leading to revi-
sion hip surgery are changing. Aseptic loosening of
the components is decreasing and both peripros-
thetic fractures and infections are increasing.

Surgical options in femoral hip revision surgery
are cementing a new component, either with or
without the addition of impacted morselized al-
lograft bone, or biological fixation with uncemented
components. Recementing a component might
be chosen in elderly patients with low functional
demands. In active patients with poor bone stock,
hip revision with impacted morselized allograft
bone has shown good long-term results (7, 8), but
the technique is technically demanding and time
consuming. In patients with severe bone loss, good
bone restitution with impaction bone grafting has
been reported. However, high complication rates,
especially due to periprosthetic femoral fractures,
have also been reported with this method (9). Hip
revision surgery with re-cementation of implants,

OIS FANEMYRERG
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with or without bone grafting, fall outside the scoop
of this thesis, as do acetabular revision surgery, even
though complications with the acetabular compo-
nent are the major problem in contemporary unce-
mented THA (10-12). Possible efforts to improve the
outcome of the actebular component are discussed
in study V but, in this thesis, hip revision surgery
will focus on uncemented femoral revision with
proximally coated stems (study I and II).

A loose femoral stem will compromise proximal
femoral bone stock. Most uncemented stems used
in revision surgery are therefore designed to bypass
the proximally damaged zone and to achieve initial
stability from press-fit distally. Clinical results with
these types of stems have been excellent (13-16).
The main drawback is the transfer of excessive load
distally, leading to further deterioration of proximal
bone stock. Severely compromised bone stock will
influence the outcome after hip revision surgery
with increased risk of periprosthetic fractures and
perhaps implant loosening (17). Besides this, it also
contributes to more technically demanding revision
surgery with increased risk of surgery related com-
plications.

From what is mentioned above it is prudent to be
as conservative as possible, both in primary and re-
vision hip arthroplasty and always be aware of a pos-

100%

90%

80%

70%

60%

s H H H H H H H

wHd H H H H H H H

30% +H | O Other = = = H

O Peri-prosthetic fracture

0/, 4 —-— — — -
% O Infection

@ Dislocation

O Loosening

0% _— _— _— T T T
19913 1994-6 1997-9 2000-2 2003-5 2006-8 2009-11

10% H

TABLE 2. Reprinted with permission from the Swedish Hip Arthro-
plasty Register (SHAR).
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Introduction

sible need for further surgery. Using stems designed
for proximal fixation, the goal of being conservative
can be achieved. Outcome with proximally coated
tapered stems in hip revision have shown promising
results if bone loss at revision was mild to moderate
(18-20).

In study I in this thesis, we evaluated the medium
term outcome after aseptic femoral revision surgery
with a proximally porous- and HA-coated unce-
mented tapered stem.

Periprosthetic bone remodelling
STRESS SHIELDING
Bone is a living tissue that remodels continuously,
adapting itself to the local environment in the skel-
eton. This so called adaptive bone remodelling is a
physiological process enabling the skeleton to with-
stand the load forces acting upon it. For biological
reasons, bone that is not loaded, i. e. not needed,
will diminish and bone that is over-loaded will in-
crease, both in regard to volume and bone mineral
density. These fundamentals of bone remodelling
are referred to as Wolff's law (21). Uncemented
total hip arthroplasty (THA) implies periprosthetic
bone resorption to a level higher than that of nor-
mal ageing but the extent and distribution of BMD
changes differ between different stem types (2, 22).
The mismatch in modulus of elasticity between the
prosthetic components and the surrounding bone
off-loads certain periprosthetic regions (23-26). In
the femur load is transferred distally, off loading the
proximal regions, and in the pelvis load is primar-
ily transferred to the acetabular rim, off-loading
the central acetabular regions. This adaptive bone
remodelling-phenomenon is referred to as “stress
shielding” and relates to bone being shielded from
load by adjacent stiffer metal implants. Stress shield-
ing is a key subject in this thesis. The eventual fragile
periprosthetic bone may limit the longevity of the
hip replacement due to periprosthetic fractures (27,
28) and avulsions of tendon and muscle insertion.
Periprosthetic fractures are expected to be a more
common mode of failure in THA in the future, as
younger patients are undergoing surgery and, hence
will live with their hip prosthesis for longer periods
of time (Fig. 3 and 4).

Attempts to reduce stress shielding-mediated
adaptive bone resorption can be achieved pharma-
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7 years between
examinations

I
FIG 3. Note the pronounced reduction in cortical bone around the
stem as a result of adaptive bone remodelling).

FIG 4. Disuse atrophy due to stress-shielding. Postoperatively (A).
At 4 years (B) there are obvious signs of stress-shielding with disuse
bone atrophy proximally. After 5 years the patient sustained a
periprosthetic fracture after minimal trauma (C). The fracture was
fixed with open reduction and internal fixation. The stem was not
revised..

cologically with bone metabolism-interacting agents
such as bisphosphonates (commented in study IIT)
(29-32), with prosthesis design (commented in
study IV) (33-35) and with component surface coat-
ings (commented in study V) (36-39).

OSTEOLYSIS

In contrast to stress shielding, which is a physiological
process, osteolysis is a pathological process leading to
degradation of bone tissue (Fig. 5). The dominating
mechanism for bone degradation is the inflamma-
tory response to wear debris (40). The major source
of wear debris in contemporary THA is polyethylene
(PE) particles being torn away from the articulating
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FIG 5. Signs of focal
osteolysis proximal to the
cup and proximally around
the stem. Note also the
asymmetrical position of
the head as a result of
polyethylene wear.

bearing surfaces (12). Several studies have pointed
to the association between peri-implant bone loss
and inferior long term outcome in THA (41, 42).
The association between periprosthetic osteolysis in
uncemented THA and implant failure does not ap-
pear to be as strong on the femoral side (43, 44) as on
the acetabular side (11, 45). Osteolysis is thought to
be reduced by reducing polyethylene wear and sub-
sequently, better long term outcome in THA is ex-
pected if wear characteristics of polyethylene can be
improved. From wear studies, a stipulated threshold
of an annually polyethylene wear rate above 0.2 mm
has been suggested to be likely to induce peripros-
thetic osteolysis (42, 46). Dumbleton et al carried out
a literature review to investigate the association of PE
wear rate and development of osteolysis (47). They
drew the conclusion that a higher wear rate was asso-
ciated with increased osteolysis and that a threshold
of PE wear rate less than 0.05 mm annually, was less
likely to induce osteolysis. In study V polyethylene
wear rate in two different highly cross-linked poly-
ethylene (HXLPE) liners is compared in a random-
ized controlled trial.

There has been speculation as to whether stress
shielding-mediated bone loss contributes to, or
works synergetically with, the development of oste-
olysis. It may be logical to think that atrophic, stress
deprived bone, with low bone mineral content,
would be particularly sensitive for bone degrada-

MATS SALEMYR

MATS THESIS 2013.indb 15

tion secondary to wear debris-mediated osteolysis.
However, as yet, there is no clear scientific evidence
of such a pathogenesis.

BISPHOSPHONATES ON BONE REMODELLING

It is obvious from what is mentioned above that
periprosthetic bone loss is a risk factor for deterio-
rating long term outcome in THA. Bisphosphonates
have a strong antiresorptive effect on bone tissue via
an osteoclast-apoptosis-mediated effect. There is a
strong affinity for bisphosphonate to hydroxyapatite
in bone mineral and when osteoclasts phagocytos
bisphosphonate-containing bone they lose their bone
resorptive capability.

The result of diminished bone resorption and
on-going bone production by osteoblasts, means the
net effect will be an increase in bone mineral density
(BMD).

Bisphosphonates are used clinically for treatment
of osteoporosis, Paget’s disease and in malignancies
with increased bone turnover. In the orthopaedic
field, it is used to reduce the risk of osteoporosis frac-
tures in the vertebrae, hip, proximal humerus and dis-
tal radius (48-51). Over the last decade, several studies
have focused on the effect of bisphosphonates on
bone remodelling adjacent to orthopaedic implants.
These studies reveal a positive bone-sparing effect of
bisphosphonates (30, 31, 52) but the effect appears
to be temporary. After cessation of the drug, BMD
tends to decrease and extensive long term reduction
in BMD loss have not been consistently recorded
(30). However, the pattern of long term changes in
bone mineral after use of bisphosphonate treatment
is mixed (53). Apart from influencing periprosthetic
bone remodelling, treatment with bisphosphonate has
also been shown to enhance implant fixation. Migra-
tion of the tibial component in cemented total knee
arthroplasty could be reduced after oral (54) and lo-
cal bisphosphonate treatment. Reduced migration in
uncemented acetabular components in THA was re-
corded after postoperative injection of zoledronic acid
(55). The ability of bisphosphonates to reduce initial
implant migration, and enhance early component
fixation, could be a highly beneficial parameter for im-
proved outcome in joint replacement surgery, when
circumstances for implant survival are suboptimal.
Up to now, no algorithm when to use bisphosphonate
treatment in joint replacement surgery is present.
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Biomaterials in total hip arthroplasty
Hip replacement surgery requires implantation
of artificial materials into the human body. A bio-
material is a non-viable material used in a medical
device intended to interact with biological systems
(56). Biomaterials relevant to this thesis are metals,
ceramics and polymers.

METALS

The ideal femoral implant in hip arthroplasty would
be an implant with the same modulus of elasticity, i.
e. same stiffness, as bone itself and with a permanent
strong attachment to bone, to endure the local forces
acting on the skeleton. In such a scenario, load trans-
fer during walking would be evenly distributed in a
physiological pattern from the artificial articulating
head through the implant to the surrounding peri-
prosthetic bone (Fig. 6). At the same time the implant
must be tough enough to withstand the compressive
and bending forces acting on it during ambulation.
Research in the area of modern hip replacement can
assist in the development of such a device. As the ideal
solution is still lacking, other alternatives have been
used with varying success.

STAINLESS STEEL

Stainless steel, an iron-based alloy containing about
20% Chromium, 17% nickel, and Molybdenum, is
tough enough to endure the forces acting on a hip
artroplasty but the modulus of elasticity is ten times
higher than that of bone. For reasons related to stress
shielding this makes it unfavorable to use for biologi-
cal fixation but it is commonly used in cemented THA.
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COBALT-CHROME

Cobalt-Chrome-alloys (CoCr) are widely used in
orthopaedic implants today. These alloys usually
contain 30-60% cobalt, 20-30% chromium, 7-10%
molybdenum, and various amounts of nickel. By
roughening the CoCr-surface with either porous
coating (39) or sintered fiber metal (38) bone in-
growth into the metal surface can be achieved,
enabling use of CoCr-implants for cementless en-
doprosthesis purposes. However, this alloy is also
much stiffer than bone and will induce pronounced
adaptive bone remodelling of the periprosthetic
bone. Because of the high corrosion and fatigue re-
sistance of a CoCr-alloy, it is ideally suited for articu-
lating surfaces such as the artificial articulating head
in hip prosthesis (57). It is also commonly used in
cemented femoral stems, an area which lies outside
the scope of this thesis.

TITANIUM AND TI-6AL-4V

Pure Titanium (Ti) is a very biocompatible metal
(5). The modulus of elasticity is closer to that of
bone but still about five times higher than cortical
bone. Compared to CoCr-alloys, not only the elastic
modulus but also strength is reduced. By adding
6% aluminium and 4% vanadium an alloy (Ti-6Al-
4V) with excellent mechanical and biocompatible
properties are manufactured. Ti-alloy is the most
predominately used substrate for biological fixation
of endoprosthesis components in the world today
(58). Fixation is enhanced by increasing the poros-
ity of the Ti surface, and thereby the roughness and
the area for ingrowth, with beaded microspheres,

FIG 6. The coveted proximal fixation

In A the load on the normal femur. B after inser-
tion of a stem with proximal fixation and C the
usual result; distal fixation and off-loading of the
proximal femur.
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sintered metal fibers or plasmasprayed titanium
substrates (59). It has also been shown that blastered
Ti, with a roughness of only 5-7 um, also provides a
reliable substrate for bone ingrowth (60, 61).
Development of new substrates of metal surfaces
have come to clinical use lately. This is thought to be
of specific importance in situations where patients”
bone stock is severely compromised. Several manu-
facturers of orthopaedic implants have developed a
metal coating aimed at enhancing bone ingrowth.
The average porosity in the materials is as high as
60-80% and the continuous three-dimensional scaf-
fold matrix with enhanced interconnecting poros-
ity resembles the microarchitecture of trabecular
cancellous bone (62). The substrates available today
are made of Titanium or Tantalum (63). The porous
titanium construct will be discussed in paper V in
this thesis.

CERAMICS

Under physiological conditions the surface of a
titanium implant is oxidized and covered with sev-
eral layers of titanium oxide. The oxidized surface
resembles a ceramic coating because of its stable,
hard and very corrosion-resistant properties. This
is probably an explanation for the excellent biocom-
patibility seen with Ti implants.

Bone consists of collagen and bone mineral. The
latter counts for approximately two-thirds of the dry
weight and consist predominately of different com-
positions of calcium phosphates. The most prevalent
form is hydroxyapatite (HA), Ca,(PO,);(OH), (Fig.
7). By coating the surface of metal implants with cal-
cium phosphate ceramics, a bioactive layer is intro-
duced in the interface between metal and bone. The
aim of this bioactive layer is to facilitate and enhance
bone formation to ensure extensive and reliable os-
seous fixation of an implant. The HA coating will
gradually be dissolved and replaced by new bone
in the delicate balance of bone remodelling. HA has
been shown to be osteoconductive and to increase
the mechanical strength between the implant and
the bone (64). Bone ingrowth is also facilitated by
the presence of HA when micromotion is present
and when there is a gap between the implant and
the bone (65-67). This commonly occurs initially
after press fit implantation. If primary stability of the
implant is not fully achieved by the press fit fixation

MATS SALEMYR

MATS THESIS 2013.indb 17

micromotion of the implant may occur. This could
lead to failure of implant fixation or to fibrous fixa-
tion instead of osseous integration (65, 68). HA has
the capability, to a higher extent than in a non-HA-
present situation, to convert initial fibrous tissue in
the interface to bone (69).

Apart from facilitating bone ingrowth of metallic
implants, HA could also contribute to a reduction
in periprosthetic osteolysis. The tight bond between
the HA-coating and the surrounding bone has been
shown to seal the interface between the implant and
the host bone (70, 71). Thus, preventing wear debris
from the joint articulation from migrating into the
interface and causing local bone loss (osteolysis).

Despite the positive effects of HA-coating on
bone formation and implant fixation (36, 72-74),
results from clinical studies focusing on long term
prosthesis survival cannot confirm better outcome
with HA-coated implants compared to other well
functioning non-HA-coated components (61, 75-
78). On the contrary, there are some concerns about
mechanically detached HA-particles causing abra-
sive third-body wear of joint articulation surfaces
(79, 80) and delamination of HA-coatings which
could jeopardize implant fixation (81, 82). This is
discussed more extensively in the section “Discus-
sion on materials”

FIG 7. Hydroxyapatite particles seen in scanning electron micro-
scope.
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POLYMERS

The gold standard of bearing surfaces in joint articu-
lation in THA, at least in the Nordic countries, is still
a metal head articulating in an all polyethylene cup
or in a polyethylene liner in an uncemented shell.
Polyethylene (PE) is an excellent material for this
purpose because of its physical and chemical prop-
erties. It has a low friction coefficient, high impact
absorption capacity and is inert to local chemical
reactions.

Older types of PE have shown signs of consid-
erable wear after years in vivo (83). As mentioned
above, in the light of younger and more active pa-
tients living with a hip prosthesis for longer periods
of time, there is a need for improved wear character-
istics of the polyethylene, to improve the long term
outcome of THA. At the end of the 1990s, a new type
of PE material was developed. By increasing the dose
of gamma irradiation, cross-linking between the
polymer-chains could be increased and, as a result
of this, the wear characteristics were dramatically
improved in laboratory tests (84, 85). Also, in clini-
cal settings the new type of highly cross-linked poly-
ethylene (HXLPE) has shown reduced wear (86-88).
The drawback with an increased dose of irradiation
is that the amount a free radicals, emerging from
the cascade reaction triggered by the cross-linking
irradiation, also increases. It is important to neutral-
ize these to prevent oxidation of the polyethylene.
Oxidation will degrade the PE with reduced tough-
ness and reduced crack fatigue resistance as a con-
sequence (89). By reheating the PE after the cross-
linking procedure free radicals can be neutralized.
There are two ways of doing this, either by annealing
or remelting the PE. The pros and cons with each
method are more thoroughly discussed in “Discus-
sion on materials”.

A second generation of highly cross-linked poly-
ethylene has been developed during the last 5-7 years.
The anti-oxidant, a-tocopherol (vitamin E) is used to
neutralize the free radicals emerging from the cross-
linking irradiation (90). This new vitamin E-diffused
PE is now being tested worldwide. Our results from a
randomized controlled trial of the characteristics of
this material are presented in study V.

Polyethylene is a viscous-elastic material with the
capability to deform under stress. The deformation
is slow and made possible by long polymer-chains
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sliding up on each other. This phenomenon of slow
deformation under stress is referred to as creep and
has nothing to do with polyethylene particles being
torn away from the PE surface. How long this pro-
cess continues after THA surgery is not completely
clear, but it is thought to play a role during the first
six to twelve months after surgery (91-93). Probably,
different types of PE differ in their creep properties
as well. After the creep process is over, PE wear rate
is approximately linear, in a steady-state mode, for
several years (91). A correlation between PE wear
and periprosthetic bone loss due to osteolysis has
been advocated for a long time and there are several
studies concluding this (41, 42, 46, 47). The mecha-
nism of bone loss secondary to PE wear is mediated
through the inflammatory response on abraded PE-
particles, leading to periprosthetic bone degrada-
tion. Reducing polyethylene wear by the use of more
wear resistant HXLPE is thought to be a crucial
factor in diminishing periprosthetic osteolysis and
thereby improving the long term outcome in THA. @
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4 AIMS

The general aims of the studies were to investigate bone remodelling around, and fixation of,
uncemented implants in primary and secondary hip replacement surgery. We also wanted to
assess the clinical function after total hip arthroplasty.

THE SPECIFIC AIMS WITH EACH STUDY WERE:
StudyI:  To study the clinical and radiographical outcome after femoral hip revision surgery for aseptic
loosening using a tapered uncemented proximally porous- and hydroxyapatite-coated stem.

Study II:  To study the periprosthetic adaptive bone remodelling around a tapered uncemented proximally
porous- and hydroxyapatite-coated stem after femoral revision surgery.

Study III: To study the effect of oral risedronate on femoral periprosthetic bone resorption after total hip
arthroplasty in patients with hip osteoarthritis when using a tapered uncemented proximally
porous- and hydroxyapatite-coated femoral stem.

Study IV: To compare an ultra-short wedge shaped uncemented stem to a tapered proximally coated
conventional uncemented stem with respect to periprosthetic adaptive bone remodelling and
implant migration patterns.

Study V:  To compare an acetabular component with a three-dimensional titanium porous construct back-
side and E-vitamin-treated highly cross-linked polyethylene liner to a conventional titanium ac-
etabular component with porous- and hydroxyapatite-coated backside and highly cross-linked
polyethylene liner with respect to periprosthetic adaptive bone remodelling, implant migration
patterns and polyethylene wear. ®

5 HYPOTHESES

StudyI:  Femoral hip revision surgery with a proximally coated uncemented tapered stem is a reliable
procedure with good predictable mid-term results if bone defects at revision are moderate.

Study II: ~ Adaptive periprosthetic bone remodelling is pronounced after femoral hip revision with a proxi-
mally coated uncemented tapered stem.

Study III: Oral risedronate once weekly for 6 months after THA will reduce the periprosthetic bone resorp-
tion around an uncemented tapered stem, up to 2 years after surgery.

Study IV:  An ultra-short wedge shaped uncemented stem reduces periprosthetic bone loss compared to a
conventional uncemented stem, up to 2 years after THA.

Study V:  An acetabular component with a three-dimensional porous titanium construct backside

reduces periprosthetic bone loss compared to a titanium acetabular component with conventional
porous- and hydroxyapatite coated backside, up to 2 years after THA. @
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6 PATIENTS

Patients

STUDY I -1l

Between 1989 and August 2011, 2223 THA were per-

formed using an uncemented femoral stem at Dan-

deryd Hospital. Patients included in this thesis were

all recruited from this population (Fig. 8, Table 3).
During the time period 1989 to 2002, we used dif-

ferent surgical techniques to perform femoral revi-

sions after aseptic implant loosening. In rare cases,

after a risk-benefit analysis, we re-cemented a new

stem in place when treating elderly patients with
low functional capacity. The most frequently used
surgical procedures were cemented impaction bone
grafting (IBG) and press fit fixation of uncemented
stems. The former was used in all cases when bone
defects at revision were pronounced. The latter was
used only when bone defects at revision were mild
to moderate. All patients in the latter group, who
underwent surgery with a proximally coated unce-

c
-.g 2223 uncemented THA
E 1989 - Aug 2011 at DSAB
4
1989-1998 X stem revisions : ; :
147 hips with prima E . .
: 1999-2002 202 stem revisions ’ octoomiic o 2Pl Gy
) with the Bimetric stem osteoarthritis
= 200622008 2009-2011
F
Q
5]
-3
>
T
2
»n .
82 femoral revisions due 51THA in patients 40-70
1%2365(;82()086”'”9 years of age with bone stock
A suitable for uncemented THA
o Paper | Paper Il Paper lll Paper IV Paper V
g- 53 aseptic femoral 22 aseptic femoral 73 THA randomized 51 THA randomized 51 THA randomized
3 revisions revisions with healthy to Risedronate or to ultra-short or to porous titanium

contralateral hip placebo

conventional stem construct cup or

conventional cup

FIG 8. Flow chart of all patients included in this thesis

TABLE 3. Patients characteristics in study I-V compared to patients characteristics in Swedish Hip Arthroplasty Register,

Annual Report 2011
SHAR 2011* Study | Study Il

n=60 n=22
Gender, J/9 (%)42/58 37/23 13/9
Age* J67/969 65(35-84)  75(63-83)
Body Mass Index 27 27(18-39)  27(18-36)
f/h;/';'ey caregory. (o) 58742  17/11/25  13/0/9
ASA, 1-2/3-4 (%) 85/15 29/22 16/6

Study 1l Study IV & Study V

(n=36) (n=37) (n=26) (n=26)
risedronate placebo proxima/ bimetric/
pinnacle regenerex

14/22 16/21 11/15 11/14
61(41-69) 61(41-69) 62 (50-70) 62 (51-70)
27 (22-36) 28 (20-45) 27 (20-35) 28(22-34)
20/13/3 16/16/5 16/10/0 18/7/0

35/1 34/3 21/5 20/5

* Mean (range). Age at follow-up in study I-I1, age at surgery in study I11-V

tSHAR = Swedish Hip Arthroplasty Register Annual report 2011
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mented tapered stem, constituted the study cohort
of 60 patients (62 hips) included in study I. We were
able to evaluate 53 hips in 51 patients. Patients in
study II were recruited from the same cohort. Only
those 22 patients in study I that had surgery primari-
ly (index operation) for primary ostheoarthritis, and
had a healthy hip on the other side, were included.
The mean time from surgery to follow-up in these
two retrospective longitudinal studies was 6 years.

STUDY 1II-V
Patients included in the prospective randomized
controlled trials in studies III-V, were 40-70 years

of age with primary OA and bone stock suitable for
cementless THA, i. e. femur type Dorr A or B (94).
Exclusion criteria were previous hip surgery on the
affected side, medical conditions or medications
that could influence BMD, i. e. glucocorticosteriods,
bisphosphonates or cytostatic drugs taken on a regu-
lar basis six months prior to surgery. Between 2006
and 2008, patients planned for uncemented THA
because of primary OA at Danderyd Hospital were
recruited to study III. After inclusion for study III
was completed, patients were recruited to study IV
and V during the years 2009 to 2011, (Fig. 9). @

Assessed for eligibility (n=543)

[ Enrollment ]

Excluded (n=492)

Not meeting inclusion criteria (n=330)
Declined to participate (n=76)
Administrative reason (n=16)

A4

Anatomy not suitable (stem) (n=25)
BMI to high (stem) (n=14)

Medical reason (n=24)

Unable to follow (n=7)

LR RN

Randomized (n=51)

L

Y Allocation v

J

Allocated to conventional shell with standard
HXLPE liner (n=26)
+ Received allocated treatment (n=26)

|8

v Follow-Up v

Allocated to trabecular titanium shell with a-
tocopherol diffused HXLPE liner (n=25)

+ Received allocated treatment (n=24)

« Received conventional shell and liner (n=1)

J

Lost to follow-up (n=0)
1 pat died 23 months after inclusion

v Analysis v
Yy L Y )i y

Lost to follow-up (n=0)
1 pat died 5 months after inclusion

Analysed (n=26)

FIG 9. Consort flow chart of patients in study V

Analysed (n=25)

+ The mtient with conventional shell and liner
was analysed in designated group according to
intention to treat.
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7 MATERIALS

Only uncemented implants were evaluated in the
studies in this thesis. Two types of hydroxyapatite
coated titanium femoral stems, (Table 4) and two

properties regarding shell backside surface coat-
ings and polyethylene articulating liners have been
evaluated, (Table 5).

types of titanium acetabular cups with differing

TABLE 4. Stem characteristica.

Stem Properties Proxima® Bimetric®

Design Material Coating Anatomically wedge shaped

Titanium alloy (Ti-6Al-4V)

Fully porous coated with sintered beads,
mean pore size 250 um, covered with
hydroxy-apatite (thickness 30 um, highly
amorphous, Duofix™)

Distal tip textured.

Straight tapered (3°), collarless

Titanium alloy (Ti-6Al-4V)

Proximal 25% porous coated, mean pore
size 300 pm, covered with plasma-sprayed
hydroxy-apatite (thickness 40-70 pm,
crystallinity 50-70%, purity >95%)

Distal 75% grit-blasted with 6.9 um rough-
ness.

71-83 mm 130-155 mm

Stem lengths used,

TABLE 5. Characteristica of the acetabular implants evaluated in study V.

Cup Properties Regenerex® + E1-poly® liner Pinnacle® + Marathon® liner

Design Hemispheric press fit shell, Hemispheric press fit shell,
RingLoc® liner locking mechanism Tapered liner locking mechanism
Material Titanium alloy (Ti-6Al-4V) Titanium alloy (Ti-6Al-4V)
Coating Regenerex®, porous titanium 3D-construct, Duofix®, three layers of pure titanium
thickness 1,5 mm, sintered beads,
average porosity 67%, mean pore size 250 ym,

mean pore size 300 ym plasma-sprayed highly amorphous 35 um

thick HA

Articulation Polyethylene HXLPE liner, Polyethylene HXLPE liner,
10 Mrad gamma irradiation, 5 Mrad gamma irradiation,
a-tocopherol diffused, CoCr modular head, 32 mm diameter
CoCr modular head, 32 mm diameter

Manufacturer Biomet Inc., USA DePuy Orthopaedics, Inc.,

Johnson&Johnson, USA

BIMETRIC STEM

The Bimetric® stem (Fig. 10) was used in studies I-V.
It has a circumferential proximal plasma-sprayed
porous and HA-coating. It is tapered in three di-
mensions, in the frontal plane, sagittal plane but also
from the lateral shoulder to medial calcar.

The stem is available in proportional sizes from 7 to
19 mm with corresponding lengths from 115 to 175
mm. In study I and II there was only one standard
offset stem available. A modular cobalt-chrome
head of varying neck extension lengths have been
used. Head diameters in study I-II are 22 or 28 mm,
in study IIT 28 mm and in study IV-V 32 mm.

FIG 10. The proximally porous-
and hydroxyapatite coated
tapered Bimetric stem. Note
the towers with Tantalum
beads for RSA analysis. Photo
by Carin Wesstrom.
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PROXIMA STEM
The Proxima® stem (Fig. 11), was used in study IV
and V. The stem is a result of the combined prop-
erties from an earlier stem, IPS®, and a successive
shortening of an initially custom made stem devel-
oped by Prof. Santori, Rome, Italy, (95). The aim was
to develop a stem that could reduce stem-mediated
stress shielding. Because of its very short length it
was thought to shield less femoral bone. This is dis-
cussed extensively in paper IV. The stem is available
in 8 proportional sizes with increasing lengths and
offsets, ranging from 67 to 86 mm in length and
from 38 to 52 mm in offset. Design rationales for the
ultra-short stem are an anatomically wedge shape, a
prominent lateral flare and absence of a diaphyseal
stem. These features are claimed by the manufac-
turer to provide initial stability both vertically and
rotationally and together with a high horizontal
neck resection ensure load transfer to both the
medial and lateral aspects of the proximal femoral
metaphysis (96-98). The
macrotexture of the sur-
face is stepped to increase
the area for ingrowth and
to transform tangential
forces into compressive
loads to the bone (99).

FIG 11. The porous- and hydroxyapatite
coated anatomic ultra-short Proxima stem.
Photo by Carin Wesstrom.

REGENEREX CUP AND E1-POLY LINER

The Regenerex® cup, (Fig. 12), is a press fit hemi-
spherical acetabular implant made of titanium al-
loy. It has a solid titanium shell coated with a three
dimensional (3D) porous titanium construct back-
side surface. The specific characteristics of the new
coating architecture are described in Table 5. Design
rationales for the 3D porous titanium construct
backside are to increase friction, porosity and com-
pressive strengths and at the same time maintain a
modulus close to cancellous bone. These features
are claimed by the manufacturer to increase initial
stability and to enhance bone ingrowth into the ti-
tanium construct. With increasing diameter in cup
size, titanium shell thickness is also increased but
the thickness of the coating stays constant at 1.5 mm
for all diameters of the shell.
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FIG 12. An acetabular shell with
a porous titanium construct
coating (Regenerex) and an
a-tocopherol treated highly
cross-linked polyethylene liner
(ET-poly)

The acetabular implant used in study IV and V
had holes for additional screw fixation. In only one
case did we use a screw to enhance fixation. The
screw holes not used were left open.

Together with the Regenerex shell we used a HX-
LPE liner that had been treated with an anti-oxidant,
a-tocopherol. The rationales for a-tocopherol treat-
ment of the PE is to conserve the improvements in
wear characteristics that crosslinking of the PE with
gamma irradiation give (100). At the same time, the
irradiated PE gains oxidative stability because of the
eradication of free radicals. This is more thoroughly
explained in the section Discussion on polymers.

PINNACLE CUP AND MARATHON LINER
The Pinnacle cup and Marathon liner, (Fig. 13), were
used in the control group in study V. It is a clinically
well proven acetabular implant (101) with docu-
mented low PE wear rate (85, 92). Characteristics of
the shell and liner are presented in (Table 5). The HA
layer is highly amorphous, low crystalline and only
35 pm thick. The purpose for this, according to the
manufacturer, is that the HA should not occlude the
pores of the underlying porous coating of sintered
Titanium beads, and thus should not impair bone
in-growth.

The shell we have used had holes for additional
screw fixation which we did not use. The screw holes
were left open. ©

FIG 13. The Pinnacle cup with
porous- and hydroxyapatite
coating and a highly cross-
linked polyethylene liner
(Marathon). Photo by Carin
Wesstrom.
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8 METHODS

Surgery

SURGICAL TECHNIQUE AND PERIOPERATIVE CARE

In studies I-V we used a standard posterolateral ap-
proach as described by Moore (102). Except for the
operations performed during the first years in study I
and IT we also repaired the posterior capsule and exter-
nal rotator muscles (103). Preoperative templating was
performed by drawing on radiographic films in study
I and II, and with a software for templating in studies
II1-V (mDesk®, RSA Biomedical, Umea, Sweden).

In studies IV-V we inserted Tantalum beads, 1
mm in diameter, well spread out in the periacetabular
region as well as in the proximal femur. We aimed to
insert 9 beads in each segment using a spring-loaded
insertion device with inside-out and outside-in tech-
nique. We also inserted beads peroperatively in the
outer rim of the PE liner in an attempt to enhance
precision for the edge detecting markerless RSA mea-
surements.

Prophylactic antibiotics (CloxacillinR, Meda, Swe-
den) were given to all patients 30 minutes prior to the
start of surgery and it was repeated 3 times during
the first 24 hours postoperatively. To all patients in
studies III-V intravenous tranexamic acid (Cyclo-
kapronR, Pfizer, Sweden) was administered before
the start of surgery to reduce bleeding. In study IV-V
local infiltration analgesia with ropivacain, ketorolak
and epinephrine was given peroperatively in the soft
tissues to minimize postoperative pain. To reduce
the risk of thromboses Dextran was given preopera-
tively in all patients and postoperatively every second
day until mobilization was achieved in studies I-II.
Patients in studies III-V was given daltaparin (Frag-
min°®, AstraZeneca, Sweden) for 7 up to 28 days after
surgery depending on individual risk assessment of
postoperative thrombosis.

REHABILITATION

The rehabilitation protocol for patients in studies
I-II was individualized depending on the degree
of preoperative bone loss and initial fixation of the
implants. In study III-V full weight-bearing was al-
lowed as tolerated and crutches were recommended
during the first weeks after surgery according to
each patient’s preference. Rehabilitation was super-
vised by a physiotherapist on the ward and thereafter
in an outpatient clinic during the first weeks.
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Radiographic evaluation

Radiographic assessment of hip replacements plays
a major role in studies I-III in this thesis. Accord-
ing to the standardized technique of radiographic
evaluation recommended by the Swedish Orthopae-
dic Association (104) three exposures were taken at
every follow-up. That is an antereoposterior (A-P)
and a lateral view of the hip and an A-P view of the
pelvis. We compared consecutive radiographs taken
immediately before and after surgery, and all radio-
graphs taken thereafter during follow-up.

STUDY I-11

In studies I-II we analyzed the radiographs in order
to address three particular issues. Firstly, we classi-
fied bone defects prior to revision surgery, secondly,
we assessed stem fixation, and thirdly, signs of peri-
prosthetic bone remodelling.

Bone defects were classified according to the clas-
sifications of Gustilo and Pasternak (105) and Endo-
Klinik (106) (Fig. 14). These classification systems are
described in more detail in Discussion on methods.

Assessment of fixation and bone remodelling was
done according to the criteria of Engh et al (107).
This instrument differentiates the assessed radio-
graphic parameters into either two signs predicting
osseous fixation or six signs predicting implant sta-
bility, i e a well fixed implant with expected fibrous
fixation. Signs of osseous fixation are endosteal bone
bridges (spot welds), predominately in the coated
region of the implant, and absence of reactive lines

%

€

FIG 14. Aseptic loosening with bone defects type I, Il and IlI
according to Gustilo-Pasternak and Endo-Klinik classification
systems
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along more than 50 % of the coated region. Signs de-
termining stability are the appearance or absence of
the following six parameters; reactive lines along the
stem-bone interface in the non-coated region, ped-
estal formation at the tip of the stem, calcar atrophy;,
interface detoriation, implant migration and particle
shedding from the stem surface (Fig. 15). Migration
of the femoral implants was defined as a change in
the vertical distance between the easily identified
inferior border of the stem coating to the most me-
dial point of the lesser trochanter or as any change
in alignment or rotation. The subsidence was con-
sidered definite if the change was more than 4 mm
(108). Bone remodelling assessed from consecutive
radiographs in studies I-II were divided into “Stress
shielding”-parameters, such as calcar atrophy and
distal cortical hypertrophy and the appearance and
dynamics of periprosthetic linear or focal osteolysis.
Distal cortical hypertrophy was defined as enlarge-
ment of the external femoral diameter around the
distal part of the prosthesis, compared to the post-
operative x-ray.

Heterotopic ossification was graded from the
A-P hip x-rays according to Brooker’s classifica-
tion (109). This is a four level scale graded from
the amount of ectopic calcification between the

FIG 15. Skeletal signs of
bone remodelling, A: spot-
weld, B: calcar atrophy, C:
distal cortical hypertrophy, D:
pedestal formation
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proximal femur and the pelvis. Grade 1 represents
“islands” of calcifications in the soft tissues. In grade
2 the distance between femoral calcifications and the
pelvic bone is >1 cm. In grade III the distance is <1
cm. Ankylosis is graded as 4.

STUDIES IlI-V

In study III, implant fixation and bone remodelling
was evaluated according to the above mentioned
criteria of Engh et al (107) and stem migration
was measured with Einzel-Bild-Rontgen-Analyse
(EBRA) (110).

In studies ITI-V an important inclusion criteria
was bone stock suitable for uncemented THA. We
assessed bone quality according to Dorr classifica-
tion (94). This classification is divided into three cat-
egories, and based on the appearance of shape and
thickness of cortical bone in the proximal femur,.
Category A has thick cortices on A-P and lateral
x-rays and a taper-shape of the endosteal borders
in the proximal medullary canal. Type B has thin-
ner cortices than A, especially the posterior cortex
on the lateral view, but a typical taper-shape of the
endosteal borders at the level just below the lesser
trochanter on A-P view. Type C has thin cortices on
A-P and lateral x-rays and a stovepipe shape of the
medullary canal. Femurs in category A and B were
considered suitable for uncemented THA.

In study V, we measured pre- and postoperative
offset in both groups from digitized radiographs
using software (mDesk) from RSA Biomedical,
Umed, Sweden. We measured offset as the horizontal
distance from the center of the head to the vertical
midline of the proximal femur visualized on the AP
hip radiograph.

EBRA

In study III, implant migration was measured with
Einzel-Bild-Rontgen-Analyse (EBRA) (110). This
is a method to evaluate THA component migra-
tion from consecutive plain radiographs. The soft-
ware assesses consecutive digitized radiographs to
calculate the migration in a 2-dimensional pattern
(horizontal and vertical migration). Measurement
of component migration is done from several refer-
ence points marked on every separate film (Fig. 16)
The software has two features to improve accuracy
of the measurements. Firstly, it compares whether
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FIG 16. Refer-
ence points and
lines used in mi-
gration analysis
with Einzel-Bild-
Réntgen-Analyse
(EBRA)

consecutive examinations are comparable to each
other from reference points of view. A default value
between 1 and 4 mm, to be accepted as the largest
distance between comparable reference points on
consecutive x-rays, can be set. Secondly, the EBRA
software gives examinations different weight in the
analysis depending on the level of comparability.
Migration calculated from examinations with high
comparability gets higher weight in the component
migration analysis.

Accuracy with the EBRA-method is for stem mi-
gration +1.5 mm and for cup migration +1.0 mm
(110, 111). This is precise enough to do clinically
relevant analyses of component migration in THA
in order to detect patients that might have inferior
outcome due to later clinical manifest loosening of
components (112). In a study comparing EBRA to
RSA the sensitivity of the EBRA-method was 100%
to detect a migration of 1 mm and the specificity was
78% (111). The somewhat lower specificity was due
to a tendency of EBRA to under-estimate migration
compared to RSA-measurements.
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Radiostereometric analysis (RSA)
Radiostereometric analysis (RSA) (synonyms; Ra-
diostereometry, Roentgen stereophotogrametric
analysis) is based on the geometrical reconstruction
of x-ray beams from calibrated stereo-radiographs
(113). RSA is the gold standard for accurate mea-
surements of component migration in six degrees of
freedom, i e translation along and rotation around
the x-, y- and z-axes. Component migration in THA
is a valuable predictor for the outcome of long term
fixation. An initial large or continuously on-going
migration of an implant can predict later aseptic
loosening (114-117).

The precision of RSA is, in laboratory conditions,
close to perfect (118). In a clinical setting the preci-
sion is approximately 0.2 mm for translation along
and 0.5° for rotation around the three axes in space.
The high precision enables RSA to, from relatively
few patients, determine whether an implant has a
migration pattern that is coherent with migration
patterns known to be well functioning.

The method requires peroperative insertion of ra-
diodense markers in the skeleton as well as marking
of the implants. For stems this should be done by the
manufacturers but for acetabular components there
are edge-detecting ellipse algorithms which can out-
line the outer diameter and the opening diameter of
the metal shell. With these markerless techniques
the position of a hemispherical shell can be calcu-
lated on calibrated radiographs (119).

The unique pattern of marker distribution in the
pelvis, the proximal femur and the implant, outlines
a rigid-body-shape called segment. Migration is
determined by comparing the relationship of each
segment’s centre of gravity between consecutive
examinations. The irregular form of each rigid-body
segment is expressed with the entity Condition
Number (CN) (120). This entity is inversely cor-
related to the extent of distribution of the markers
included in the segment, so the more spread out the
markers are the lower the condition number will be.
Preferably, to get accurate measurements of rota-
tions around all three axes and translation along the
z-axis, CN should be less than 100 when THA are
evaluated (121). At least three consistent and stable
markers in each segment are needed to perform ac-
curate migration measurements. The entity express-
ing the stability of the shape of the segment is called
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Rotation
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x-axis |anterior tilt | posterior tilt
y-axis |retroversion | anteversion
z-axis valgus varus
Translation
) @)
x-axis | medial lateral
y-axis | proximal | distal
z-axis |anterior | posterior

TABLE 6. Labeling of the coordinate system defining micromotions of hip implants. With permission from Stergios Lazarinis.

the “mean error of rigid body fitting” (ME). It mea-
sures the summarized discrepancies of each point in
the rigid body between consecutive examinations.
According to the standardized algorithm for RSA-
measurements in hip arthroplasty ME should be less
than 0.30 mm (121).

The coordinate system in which the measured
migration is labeled is shown in (Table 6).

RSA IN THIS THESIS

Radiostereometry (RSA) was used in this thesis to
measure implant migration in studies IV and V and
to measure polyethylene wear in study V. We used
one stationary and one mobile x-ray source (120 kV,
4-6 mAs) and a uniplanar calibration cage (Unipla-
nar digital 43, RSA Biomedical AB, Umed, Sweden)
to take digital calibrated radiographs (Bucky Diag-
nostics®, Philips, Eindhoven, Netherlands) (Fig.17)
and we followed the published guidelines for report-
ing RSA results (121).

Before commencement of study IV, each of the
ultra-short stems and the conventional stems were
labeled with three Tantalum beads by the manu-
facturers. During surgery we marked the proximal
femur with up to nine 1.0 mm Tantalum beads as
well. Our plan was to compare stem migration in six
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degrees of freedom for the two stem types. Because
of uneven distribution of stem sizes in both groups,
i.e. some sizes were used more than others, we ran
out of Tantalum beads-labeled stems. As a conse-
quence of this, stems available for segment motion
analysis were unevenly distributed, making group
analysis of migration in six degrees of freedom un-
reliable. However, we could evaluate differences in
overall magnitude of migration by calculating maxi-
mum total point motion (mtpm). This was done by
calculating the 3-D translation vector of the femoral
stem marker that had the largest movement, i. e.
centre of the prosthesis head, in relation to the seg-
ment formed by the markers in the proximal femur.
Complementary to the 3D mtpm-measurements we
measured varus migration by calculating the hypot-
enuse with Pythagoras theorem from point migra-
tion along the x- and y-axes. The mean condition
number was 38 (median 38, range 17-120) and the
mean numbers of markers used in the femoral ref-
erence segment was 6 (median 6, range 4-9). Mean
error of rigid body fitting was <0.3 mm.

In study V the periacetabular bone was marked
with up to nine, well distributed, 1 mm in diameter,
Tantalum spheres to form a rigid body segment. The
cup segment was measured with the edge-detecting
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marker-less technique mentioned above (119). Per-
operatively, we inserted Tantalum marker beads in the
peripheral rim of the polyethylene liners as well. One
to 3 consistently visible liner beads were used in con-
junction with the marker-less algorithm to evaluate
three dimensional translations and rotations in six de-
grees of freedom of the cup-liner-segment, in relation
to the surrounding periacetabular pelvic bone. The
mean condition number for the pelvic reference seg-
ment was 47 (median 34, range 16-137) and the mean
numbers of markers used was 5 (median 5, range 5-8).
Mean error of rigid body fitting was <0.3 mm.

Maximum Total Point Motion (mtpm) of the cen-
ter of prosthesis head was used as a proxy variable
for polyethylene liner wear. Head penetration into
the polyethylene liner, expressed as mtpm in mm,
cannot distinguish between creep, i e plastic defor-
mation of the polyethylene without production of
wear particles, and true liner wear. We assumed that
head penetration during the first year was the result
of the combined processes creep and wear (91, 92).
The amount of head penetration between the first and
second year after surgery was considered to be solely
a result of abrasive polyethylene wear. The mean con-
dition number for the cup reference segment was 26
(median 25, range 18-43) and the mean numbers of
“markers” used was 5 (median 5, range 5-8). Mean er-
ror of rigid body fitting was less than 0.3 mm.

At 12 months follow-up we did duplicated RSA-
examinations in all the patients. By multiplying the
standard deviation of the differences between the
duplicated examinations with the appropriate t-
value we obtained the 99% precision interval.

FIG 17. All data were analyzed using the UmRSA® computer
software (RSA Biomedical AB, Umed, Sweden)
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Dual Energy X-ray Absorptiometry
(DEXA)

Periprosthetic bone remodelling is a key subject in
this thesis. To obtain accurate and reliable measure-
ments of the dynamics of bone mineral density
(BMD) changes after THA, we have used DEXA mea-
surements in this thesis. DEXA quantifies bone min-
eral content per area and thus the entity is expressed
in gram/cm2. The method is a low energy radiation
technique which emits gamma irradiation with two
different frequencies. After passing through the body
the digital detector produce a signal for each fre-
quency. The difference in attenuation coefficient for
soft tissues, as opposed to bone of various densities, is
used to calculate BMD (Fig. 18)

To achieve highly accurate and reproducible mea-
surements, in consecutive examinations, it is impor-
tant to standardize the routines with regard to the
set up and the periprosthetic area to be evaluated.
Patients were scanned supine with foot positioning
support to get reproducible internal hip rotation
(122). Apart from this, the accuracy of the DEXA
machine itself was controlled by a physicist, who
performed weekly scans on an aluminum vertebrae
phantom. In addition to this, daily scans of a phan-
tom were done to calibrate hardware and software
parameters and radiation dose, according to the
manufacturer’s guidelines. The standard deviation
of the quality control values have been less than 1%
of the mean since the equipment was installed at
our department. In this thesis, two different DEXA
machines were used. In study II we used a DPX-L™
from Lunar Co., Madison, Wisconsin, USA and in
studies III-V we used a Lunar Prodigy Advance
machine from General Electric Healthcare. The
latter machine was used together with the software
enCore version 13.31.016.

STUDY Il

In study II the BMD analysis was a cross-sectional
comparison of the femoral periprosthetic BMD in
the operated hip, with the contralateral healthy hip as
control (123, 124). On the basis of density changes be-
tween the prosthesis stem and the surrounding bone,
a prosthesis mask was simulated by the software.
By superimposing the mask on the healthy hip side
this could be scanned at the corresponding level and
BMD in seven regions of interest (ROIs), based on
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Gruen’s zones (125), were analyzed. The values were
measured as areal BMD, g/cm?2 and the ratio between
the operated side and the control side was calculated
and expressed in percent.

STUDY 1L, IV, V

In studies ITI-V the BMD analyses were longitudinal,
i. e. a baseline value was measured postoperatively for
each patient and all follow-up measurements were
compared to this value. In study III we used Gruen’s
zones for BMD analysis. Each patient’s individual
regions of interest (ROI) were saved and used for sub-
sequent examinations to reduce measurement errors.

In study IV the Gruen’s zones differed in size
between the two stem types because of the differ-
ence in stem lengths. For the ultra short stem we
therefore analyzed Gruen’s zones 1 and 2 as one
zone and compared it to zone 1 in the conventional
stem (Fig. 19).

In study V BMD was measured in four zones
defined by Wilkinson et al (126) and subsequently
slightly modified by Laursen et al (127) (Fig. 20). In
a study by Wilkinson et al the four-ROI method was
found to be more sensitive to detect BMD changes
over time than the three-ROI method originally de-
scribed by DeeLee and Charnley (126, 128).

In studies III-V the change in bone mineral den-
sity in each zone was calculated by dividing the bone
mineral density value from each examination by the
baseline value measured two days postoperatively.
The ratio was expressed as a percentage of the base-
line value.

PRECISION OF DEXA

In study IV and V we performed duplicated exami-
nations with repositioning of the patient to calcu-
late the precision of the DEXA measurements at the
12 months follow-up. Precision was expressed as
the Coefficient of Variation, in percent, i e the stan-
dard deviation of the differences between all the
duplicated examinations was divided by the mean
of all the mean values of the repeated examinations.
The precision for each ROT is listed in (Table 7) and
(Table 8). Precision was in accordance with what
other research groups have reported (124, 129).

MATS SALEMYR

MATS THESIS 2013.indb 29

GENERAL BONE MASS EVALUATION

In studies III-V we measured every patients general
bone mass at inclusion and after 2 years, to evalu-
ate each patient’s loss in general bone mass during
the study period. We scanned the proximal femur
and the lumbar vertebraes, L1-L4, according to the
criteria of World Health Organization (WHO total
hip and WHO lumbar spine).

Clinical Outcome measures

In all the studies included in this thesis each pa-
tient’s functional capacity was graded according
to Charnley’s classification (130). This is a clas-
sification system for assessing the walking ability
of patients who are candidates for hip arthroplasty
surgery. Classification (A) denotes a patient with
unilateral hip disease or unilateral THA, (B) is a
patient with bilateral hip disease (or with a THA in
one hip and disease in the other) and (C) is a pa-
tient with other disabilities than the hip interfering
with their functional capacity such as rheumatoid
arthritis, knee OA, spinal stenosis, cardiovascular
or respiratory disability. This classification system
allows comparison of THA results between different
groups of patients. In study I-II classification was
done at the time of follow-up and in study III-V it
was done at the time of inclusion.

Clinical outcome was evaluated with self admin-
istered score protocols. To evaluate hip function,
Harris Hip Score (HHS)(131) was used in study I-V
and Western Ontario and McMaster Universities Os-
teoarthritis Index (WOMAC) (132, 133) was used in
study IV-V. In study III-V preoperative assessment

FIG 18. Patient is scanned supine with foot supports to increase
reproducibility between consecutive examinations
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was filled in at the time of inclusion, as a baseline
value, and thereafter clinical outcome assessment
was done at every consecutive follow-up. HHS is the
most commonly used hip-specific outcome score
and has been shown to be a valid and reliable score
for hip function after THA (134). It consists of four
domains, pain, function, hip range of movement and
hip deformity. Maximum score is 100 points. Pain
and function have heaviest weight accounting for
44 and 47 points respectively. WOMAC has three
domains, pain, stiffness and function. Maximum
points are 96. We have used a normalized WOMAC
score by converting the scale to a maximum of 100
points, as is done in the National Joint Registry in
England (135).

Mid-thigh pain was graded simply by asking the
patients if they had mid-thigh pain or not. It was
graded as none, mild, moderate or severe.

Health-related quality of life was evaluated with
EQ-5D (136) in studies III-V. It is a standardized,
self-reported, non-disease-specific instrument for
measurement of health-related quality of life that
was developed by the EuroQoL group. EQ-5D de-
scribes health status in 5 dimensions: mobility, self-
care, usual activity, pain/discomfort and anxiety/
depression. Each dimension is divided into 3 levels:
1 - no problems, 2 - some problems and 3 - extreme
problems. This generates 243 different “health states”
and the EQ-5D index score assigns each “health
state” a value, ranging from -0.59, indicating the
worst possible health state, to a value of 1, indicating
full health. EQ-5D has been used in clinical trials in
many different fields of medicine and is frequently
used to assess quality of life after THA (137, 138).

Statistics
The statistical analyses in this thesis have been per-
formed with the statistical software SPSS, version
20-22, from IBM. Microsoft’s Excel 2007 has also
been used.

Statistical significance was assumed at p-values
<0.05.

In studies III-V; if subjects had missing data at any
of the follow-ups, we used “last observation carried
forward” before the calculations were done. We also
re-calculated the analyses, with the data missing,
and found no differences in the results.

From a study on risk prevention of hip fractures
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FIG 19. Because of the difference in stem lengths Gruen’s zones

1 and 2 in the ultra short stem was analyzed as one zone and
compared to zone 1 in the conventional stem. Of the same reason
zones 6 and 7 were compared to zone 7 in the conventional stem
By doing so the proximal zones in both stems were anatomically
comparable and easily reproducible. Photo by Carin Wesstrom

FIG 20. Bone mineral
density was measured

in four zones defined by
Wilkinson and subse-
quently slightly modified
by Laursen.

Photo by Carin Wesstrom

TABLE 7. Precision of Dexa measurements in all Gruen

zones calculated with Coefficients of variation in percent
(CV%).

Gruen zone 1*

2% 3 4 5
33 47 28 41

6** 7*

CV% 515 27 7.0

* For the ultra-short stem Gruen zone 1 and 2 are analyzed to-
gether as zone 1 and zone 6 and 7 are analyzed as zone 7. **Only
the results for the conventional stem are shown.

TABLE 8. Precision of Dexa measurements in the four

periacetabular zones calculated with Coefficients of
variation in percent (CV%).

Zone 1 2 3 4
CV% 29 44 56 45

MATS SALEMYR

2013-11-12 17:33



UNCEMENTED HIP ARTHROPLASTY IN PRIMARY AND REVISION SURGERY

Methods

with bisphosphonate treatment, a BMD increase of
approximately 5% in the proximal femur was found
to reduce the relative risk with 70% (absolute risk re-
duction 1.1%) (49). In the power analyses we there-
fore assumed that a difference in BMD of 10-15%
would be clinically relevant in preventing future
periprosthetic fractures.

Bone remodelling data and stem migration data
were tested for normality and homogeneity using
Kolmogorov-Smirnov and Levene s test.

Clinical score data were analyzed with non-
parametric Mann Whitney U-test for between group
comparisons since these are ordinal data level.

In studies IV-V correlations between change in
bone mineral density and other factors known to
influence BMD, such as age, gender (26, 139), BMI
(140, 141) and preoperative general bone mass were
analyzed with a multivariate linear regression analy-
sis.

STUDY I AND 11

The Mann-Whitney U-test was used to test the
association between HHS and Charnley s classifica-
tion system.

Even though functional score data are on ordinal
data level we presented mean HHS values because
this is how it is often presented in scientific journals.

In study 11, Pearson’s correlation coefficient was
calculated to illuminate the relationship between
BMD-loss and time from surgery to follow-up.

STUDY Il
Analyses of efficacy with risedronate treatment
compared to placebo were based on the intention-
to-treat principle. All patients that received at least
one dose of the study drug were included in the final
analyses.

A power analysis, with the above mentioned as-
sumption for a clinical relevant increase of BMD as
a basis, showed that a total of sixty patients (thirty
in each group) would be required to provide 90%
power to detect a difference of 10% in BMD in zones
1 and 7, assuming a standard deviation of 11% (142)
and considering a two-sided p-value of 0.05 to be
significant. We therefore planned to recruit seventy-
four patients to allow for losses.

Differences in BMD between the two groups, at
each follow-up, were analyzed with independent
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student s t-test.

We used a one-way repeated measures analysis
of variance (ANOVA) to detect an overall effect
of treatment throughout the study period. Factors
known to influence periprosthetic bone loss, such
as sex (139), age, BMI (140), stem size (142) and
pre-operative BMD in the hip (33), were included as
covariates in the analyses.

A subgroup analysis of changes in periprosthetic
BMD, in subjects dichotomized to either having high
or low preoperative bone mass based on the median
BMD in the hip preoperatively, was performed.

STUDY IV

A power analysis revealed that to detect a difference
in BMD of 15%, in Gruen zones 1 and 7, with a
power of 90%, on a 5% significance level, 17 patients
were required in each group, if the standard devia-
tion was 14%. To add up for possible drop outs we
included 25 patients in each group.

Bone mineral density data were normally dis-
tributed but point motion radiostereometric data
regarding stem migration were not. Between groups
comparisons were analyzed with independent
student’s t-test for BMD data and with Mann-
Whitney U-test for implant migration data. With-in
groups longitudinal BMD changes were analyzed
with paired t-test.

Presence or absence of the clinical outcome pa-
rameter “mid-thigh pain”, in the two groups, was
analyzed with chi-square test, and Fischer’s exact
test, due to observations being fewer than five.

STUDYV
A power analysis revealed that to detect a difference
in BMD of 10%, proximal to the cup in ROI 1 and 2,
with a power of 90%, on a 5% significance level, 22
patients were required in each group, if standard de-
viation was 10% (126, 141). To account for possible
drop outs we included 25 patients in each group.
Both bone remodelling data and implant mi-
gration data were normally distributed. We used
independent student’s t-tests for between group
comparisons. ®
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9 RESULTS - SUMMARY OF PAPERS

Study |

We retrospectively evaluated 60 patients (62 hips) after femoral revision due to aseptic loose-
ning with a proximally porous and hydroxy-apatite coated uncemented tapered titanium stem.
Surgery was performed between 1989 and 2002. Bone defects at revision were small to mode-
rate. We found a good clinical outcome, a stem survival rate of 95% (95% Cl: 0.83-0.98) and
obvious signs of stress shielding after a mean follow-up of 6 years.

CLINICAL OUTCOME

Mean HHS at follow-up was 75 (range 30-100).
Almost half of the patients were classified as Charn-
ley functional class C. We noted lower HHS for
patients in this function class compared to patients
in class A (p < 0.001) and B (p < 0.005) (Fig. 21)

RADIOGRAPHICAL OUTCOME

Bone defects prior to revision surgery were mostly
of grade I and IT in the Gustilo-Pasternak classifi-
cation and of grade I and III in the Endo-klinik
classification. The latter classification being more
sensitive to smaller bone defects than the former.
In nineteen stems we suspected subsidence, but
with plain radiography a migration larger than 4
mm is required for a change in position to be valid

TABLE 9. Bone remodelling at follow-up (53 hips)

STEM STABILITY PARAMETERS No.
Fixated stems 53
Subsidence 19
Change in varus-valgus alignment 0
Spot welds 30

STRESS-SHIELDING PARAMETERS
Calcar resorption 16
Calcar "round-off” 7
Distal cortical hypertrophy (1-4 mm) 14

BONE REMODELLING PARAMETERS
Osteolysis at revision 48
Regression of osteolysis

total 7
partial 37
Newly formed osteolysis 2

UNSPECIFIED PARAMETERS
Pedestal formation 36
Reactive lines 16
Heterotopic ossification

grade 1/2/3/4 13/6/5/0

32

ATS THESIS 2013.indb 32

(108). Five stems had subsided with certainty, with
a maximum distance of 8 mm. At follow-up, all
stems were well osseointegrated. Several skeletal
signs of fixation were seen indicating stem ingrowth
both proximally and distally. Obvious signs of stress
shielding were present (Table 9).

COMPLICATIONS

Nine patients had dislocations, and 2 of these were
recurrent (Table 10). The incidence of dislocation was
higher than in other comparable studies (18). We had
four peroperative calcar fissures and four postopera-
tive periprosthetic fractures. This compares favorably
to other studies using proximally coated prosthesis in
femoral revision (143, 144).

TABLE 10. Complications and revision surgery of the
original 62 hips

Cup revi-
. Stem re- . X
Complications . sion/liner
revision
exchange

Dislocation? 9 1
Cup loosening 5 5
Periprosthetic fracture

Peroperative® 4 1

Postoperative 4 2¢
Deep infection 1
Superficial infection 2
DVT 1
Sensory sciatic nerve injury 1

2 Two had recurrent dislocations, 1 underwent liner

exchange converting it to a larger articulation.

Two of these were treated with cerclage wiring perop-

eratively. The revised patient, who sustained a fissure in

the lesser trochanter peroperatively, suffered from pain

and subluxations. The stem had subsided and he was

re-revised using impacted morselized bone allograft and

a cemented stem.

< One re-revision due to fracture through a fenestration
done at surgery and one after a fall 18 months after

surgery.

o
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FIG 21. Harris hip score (HHS) in the different Charnley classes (A, B, C) Significance between groups measured with
Mann-Whitney U test.
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Results

Study Il

We found a pronounced reduction of periprosthetic bone mineral density (BMD) in all Gruen
zones (125) compared to the contralateral healthy hip 6 years after uncemented aseptic femoral
revision with a proximally porous and hydroxy-apatite coated tapered stem. Most pronounced
bone loss was registered in the proximal zones, both medially and laterally, where BMD had

diminished with 36-45%.

Patients in study II are a subgroup of patients from
study L. To ensure similar conditions for bone me-
tabolism we only included patients who had had
their first THA because of primary osteoarthritis.
The cohort consisted of 22 patients who had under-
gone uncemented femoral revision due to aseptic
loosening and had a healthy hip on the contralateral
side. In 13 of the 22 (59%) patients proximal impac-
tion of small amounts (10-20 ml) of morselized bone
grafts was performed to fill out the gap between the
stem and the endocortices.

After a mean of 6 years following surgery, we
retrospectively reviewed the patients clinically us-
ing Harris Hip Score (HHS), and radiograhically
regarding stem fixation and skeletal signs of bone
remodelling, according to Engh’s fixation score
(107). Periprosthetic bone mineral density (BMD)
was evaluated with DEXA.

CLINICAL AND RADIOLOGICAL OUTCOME

Mean HHS at follow-up was 74 (median 73, range
30-100). For patients in Charnley functional class A
(n=13) mean HHS was 86 points and for those clas-
sified as class C (n=9) it was 58. The difference was
statistically significant (p = 0.003).

It has already been mentioned that all stems were
well fixed. Bone remodelling parameters revealed
signs of stress shielding, similar to those in study I
(Table 11).

BONE MINERAL DENSITY CHANGES

The median change in periprosthetic BMD was ex-
pressed as a percentage of that on the healthy side
for each of the 7 zones. Bone loss around the stem
was pronounced and the difference between the
sides were statistically significant (p<0.05) in every
zone (Fig. 22). We could find no association between
BMD loss and grade of bone deficiency at revision,
time elapsed from surgery to follow-up or patients
that had been bone grafted proximally compared to
those who had not.
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TABLE 11. Bone remodelling at follow-up (22 hips)

STEM STABILITY-PARAMETERS No.
Fixed stems 22
Subsidence (5- 7 mm) 2
Change in varus-valgus alignment 0
Spot welds 12

STRESS SHIELDING-PARAMETERS
Calcar resorption 8
Calcar "round off 2
Distal cortical hypertrophy (1-4 mm) 6

BONE REMODELLING- PARAMETERS
Osteolysis at revision 21
Regression of osteolysis 19
Newly formed osteolysis 1

UNSPECIFIC PARAMETERS
Pedestal formation 16
Reactive lines 7
Heterotopic ossification

grade 1/2/3/4 6/2/1/0

-39% (~27% to ~53%) *

-45% (-19% to -57%)? -42% (-20% to -53%)?

-19% (-6% to -27%)? ~7% (+3% to -11%)2

-12% (-4% to -17%)?

2p<0.05 between sides
FIG 22. Percentage side difference in BMD in different Gruen re-
gions after the rearthroplasty. Median values (25-75 percentiles) are
given. An asterisk indicates a difference between sides (p < 0.05).
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Results

Study Il

In this prospective randomized, double-blind, placebo-controlled trial of 73 patients with prima-
ry hip osteheoarthritis, 35 mg of risedronate, taken orally, once weekly, was effective in reducing
periprosthetic femoral BMD resorption up to one year after surgery. There was a trend towards
an effect up to 2 years. No effect on stem migration or clinical outcome was seen.

CLINICAL OUTCOME

Clinical outcome evaluated with HHS, EQ-5D
and Pain Numerical Rating Scale (PNRS) showed
equally excellent improvements in both groups with
no statistically significant differences. Improvements
in HHS (median values) were 45 to 100 versus 48 to
98 in the Risedronate and placebo group respectively
(p=0.134)

RADIOLOGICAL OUTCOME

Bone remodelling and stem fixation was evalu-
ated according to Engh s fixation and stability score
(107). All stems were stable. Using Einzel-Bild-
Roentgen-Analyse (EBRA) (110, 111) a mean verti-
cal stem subsidence of 1.7 mm (SD 1.2-1.5) in both
groups was recorded two years after surgery.

BONE MINERAL DENSITY CHANGES

Periprosthetic BMD was measured with DEXA in
the seven regions described by Gruen (125). The
first postoperative examination, 2 days after surgery,
served as baseline. Each consecutive examination
was correlated to this and the ratio was expressed as
a percentage. Dexa examinations were performed at
3, 6, 12 and 24 months after surgery. BMD resorp-
tion was significantly reduced in the risedronate
group, up to 2 years after surgery, when repeated

TABLE 12. The effect of risedronate on BMD

measure analysis of variance (ANOVA) was used
to compare the two groups. However, when differ-
ence in BMD, between the groups, at each follow-up
was compared with student’s t-test, BMD loss was
significantly less in the risedronate group up to 6
months in zones 1 and 7, and it stayed significantly
reduced at 12 months in zone 1 (Table 12). After ces-
sation of bisphosphonates, 6 months after surgery,
BMD diminished faster in the risedronate group
than in the placebo group and, as is shown in (Fig.
23), differences in BMD were no longer statistically
significant.

COMPLICATIONS
Adverse events were evenly distributed in the two
groups (risedronate group 20/36 patients, placebo
group 24/37 patients, p=0.416). One patient was
revised shortly after surgery because of a disloca-
tion. Four patients in the risedronate group discon-
tinued the study drug because of urticaria (2) and
nausea (2). None in the placebo group did the same
(p=0.037). Two patients withdrew their informed
consent, but were followed clinically and radiologi-
cally. One of these had nausea postoperatively, the
other experienced no adverse events.

We had one pulmonary embolus and one deep
vein thrombosis, both in the placebo group.

Outcome risedronate placebo difference (95% Cl)  p value
CHANGE IN BMD ZONE 1 (%)*
3 months 1.2£7.6 -5.9£9.0 7.2(3.2-11.1) <0.001
6 months -0.5+£10.8 -9.7+9.9 9.2(4.2-14.1) <0.001
12 months -7.4+14.7 -14.5£11.2 7.2(1.0-13.3) 0.006
24 months -13.6%£12.3 -17.7£13.1 4.1(-2.0-10.2) 0.066
CHANGE IN BMD ZONE 7 (%)*
3 months -3.6x10.2 -10.3£10.9 6.7(1.6-11.7) 0.007
6 months -5.1£10.6 -13.14£11.7 8.0(2.7-13.4) 0.003
12 months -11.9£12.3 -16.1£12.0 43(-1.5-10.1) 0.318
24 months -17.2£13.2 -18.1£14.9 0.9(-5.9-7.7) 0.699
2 mean %SD, p-value Student's t-test.
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FIG 23. The mean (95% Cl) percentage change in BMD around the stem in patients receiving risedronate (solid line)
or placebo (dashed line). *p<0.05.

36 MATS SALEMYR

ATS THESIS 2013.indb 36 2013-11-12 17:33



UNCEMENTED HIP ARTHROPLASTY IN PRIMARY AND REVISION SURGERY

Results

Study IV

In this prospective randomized controlled trial 51 patients with primary hip osteoarthritis were
randomized to uncemented THA with an ultra-short stem or a conventional tapered stem. The
ultra-short stems had less BMD loss compared to the conventional stems up to 2 years after
surgery. Stems in both groups became well fixed and the clinical outcome was equally excellent.

CLINICAL OUTCOME

There was a trend for larger improvement in clinical
scores in the ultra-short stem group but no statis-
tically significant differences were seen. Improve-
ments in HHS were 46 to 95 for the ultra-short stems
versus 56 to 92 for the conventional stems (p=0.173).
Improvements in the WOMAC score were 43 to 95
versus 46 to 95 for the ultra-short stems and the
conventional stems respectively (p=0.085), (median
values). During the first 6 months there were more
patients suffering from mid-thigh pain in the con-
ventional stem group, but the differences were not
statistically significant at any time. One patient in
each group was excluded from the analyses because
of a periprosthetic fracture and a periprosthetic in-
fection respectively.

BONE REMODELLING

Periprosthetic femoral BMD was evaluated with
DEXA post operatively and at 3, 6, 12 and 24 months
after surgery (Fig. 24). Because of the difference in
stem lengths the Gruen's zones differed in size be-
tween the two stem types. For the ultra short stem
we therefore analyzed Gruen’s zones 1 and 2 as one
zone and compared that to zone 1 in the conven-
tional stem. For the same reason, zones 6 and 7 were
analyzed as one zone and compared to zone 7 in the
conventional stem (Fig. 19). The ultra-short stems
had less BMD loss at every follow-up except for in
Gruen zone 7 at 24 months (Fig. 25). For the conven-
tional stems longitudinal bone loss from baseline to
24 months after surgery was statistically significant
in all three measured regions, i e Gruen zones 1, 7,
1-7. For the ultra-short stems a statistically signifi-
cant longitudinal reduction in BMD was only seen
in zone 7 during the same period.

IMPLANT MIGRATION

To compare migration of the two stem types we mea-
sured Maximum Total Point Motion (mtpm) with
radiostereometry (RSA). According to published
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guidelines for reporting RSA results (121), mean
error of rigid body fitting was set to <0.3 mm and
cut off limit for condition number to <120. Precision
for our set up was 0.54 mm. The ultra-short stems
migrated 0.77 mm more during the first six weeks
(p=0.002). From six weeks to 24 months migration
was 0.2 mm and 0.13 mm for the ultra-short and the
conventional stems respectively (p=0.861). Three
months after surgery no further migration was seen
and all implants were stable (Fig. 26).

Inclusion and randomization
DXF**, DXV**, Clin

1 day preop
A4
Surgery
v
2 days postop DXG, RSA, Rad
A4
6 weeks RSA, Clin
3 months DXG, RSA, Clin
A4
6 months DXG, RSA, Clin
A
12 months DXG*, RSA*, Rad, Clin

FIG 24. Follow-up protocol in study IV

DXG= Dexa scan of Gruen zones, DXF=Dexa scan of proximal femur (WHO
total hip), DXV= Dexa scan of vertebrae L1-L4 (WHO Lumbar spine),
RSA=Radiostereometry radiographs, Rad=Anterioposterior and lateral
radiographs, Clin=Self-administered clinical scores including HHS, WOMAC,
EQ-5D. *Duplicated examinations for calculating precision

**General bone mass evaluation
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FIG 25.

Mean percentage change in bone mineral density in Gruen zones 1, 7, 1-7. Error bars 95% Cl. Differences
analyzed with Independent student’s t-test, p<0.05. ns = non significant difference.
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\

Solid black line = mtpm ultra short stems (median)
Dashed black line = mtpm conventional stems (median)

25
Months after surgery

FIG 26.
Stem migration as maximum total point motion (mtpm) in millimeter for individual stems. Red lines for ultra-short stems, green lines for
conventional stems.
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Results

Study V

In this prospective randomized controlled trial 51 patients with primary hip osteoarthritis were
randomized to uncemented THA with either an acetabular titanium cup with a three dimensio-
nal porous titanium construct backside, together with an a-tocopherol-treated highly cross-
linked ultra high molecular weight polyethylene (HXLPE) liner, or a porous and hydroxyapatite
coated conventional titanium cup with a +4 mm offset HXLPE liner.

No differences in periacetabular bone remodelling, implant fixation or polyethylene liner wear
was found up to 2 years after surgery. However, creep was significantly less in the a-tocopherol-

treated liner. Both implants conserved the periacetabular bone and the clinical outcome was

equally excellent.

CLINICAL OUTCOME

Patients in study V were also included in study IV
in this thesis. No statistically significant differences
between the groups were seen in clinical outcome,
measured with HHS, WOMAC and EQ-5D. Im-
provements in HHS were 56 to 92 points for the
porous titanium construct cups and 46 to 95 for
the conventional cups (p=0.173) (median values).
WOMAC score improved from 46 to 95 versus 43 to
95 points (p=0.085) (median values), for the porous
titanium construct and conventional cups respec-
tively. One patient in each group was excluded from
the analyses because of a periprosthetic femoral
fracture and a periprosthetic infection respectively.

BONE REMODELLING

Periacetabular BMD was evaluated with DEXA in
four zones described by Wilkinson et al (126) and
Laursen et al (127), (Fig. 20). Dexa examinations
were performed postoperatively and at 3, 6, 12 and
24 months after surgery. Comparison of bone re-
modelling in the periacetabular region as an entity,
i e zones 1-4, showed that bone mineral density was
almost completely restored to baseline values after
24 months in both groups (Fig. 27). The pattern of
bone remodelling was also similar in the two groups,
with diminishing BMD in the two proximal zones
and increasing BMD in the two distal ones. There
was a trend for less bone loss in the zones behind the
porous titanium construct shell, i e zones 2 and 3,
compared to corresponding zones behind the con-
ventional shell.
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IMPLANT MIGRATION

Radiostereometric analysis revealed an initial mi-
cromotion in both implants up to 6 months postop-
eratively. After that, all implants were stable and we
saw no radiographic signs of loosening. The porous
titanium construct cup migrated 0.14 mm (95% CI
-0.28 to -0.0005, p=0.049) more proximally than the
conventional cup did. Apart from this, differences in
shell migration in all six axes were non-significant at
all follow-ups (Table 13).

POLYETYLENE WEAR

Maximum Total Point Motion (mtpm) was used as
a proxy variable for polyethylene liner wear. The
difference in head penetration between the two
polyethylene liners was statistically significant up
to 12 months after surgery. Less head penetration
was measured for the a-tocopherol-treated liner,
(Fig. 28). However, at 24 months the difference was
0.07 mm (95% CI -0.001 to 0.15) which was non-
significant (p=0.090).

We assumed that head penetration during the first
year was the result of the combined processes creep
and wear (88, 89). Polyethylene wear rate, expressed
as the amount of head penetration between the 12
months examination and the 24 months examina-
tion, was 0.031 mm/year (SD+0.12) and -0,003 mm/
year (SD+0.08) for the a-tocopherol treated liner
and the conventional liner respectively. The differ-
ence -0.033 mm/year (95% CI -0.09 to 0.02) was not
significant (p-value 0.236).
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FIG 27. Mean percentage change in bone mineral density in zones 1, 2, 3. 4 and 1-4. Error bars 95% CI. Differences analyzed with Inde-
pendent student’s t-test, p<0.05. n.s. = non significant differences. Photo by Carin Wesstrom
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TABLE 13. Total migration 24 months after surgery and differences in cup migration in six degrees of freedom at each

follow-up measured with radiostereometry (RSA).Conventional cup in relation to porous titanium construct cup.

X-rotationt Y-rotationt Z-rotationt X-translationt  Y-translationt  Z-translation*
6 weeks Difference -0.76 -0.63 0.01 -0.03 -0.13 0.08
95% Cl -1.61-0.10 -1.75-0.48 -0.60-0.62 -0.18-0.13 -0.25 - -0.02 -0.06-0.23
p-value 0.081 0.260 0.964 0.732 0.024 0.259
3 months Difference -0.85 -0.63 0.06 -0.03 -0.14 0.03
95% Cl -1.81-0.11 -1.78-0.52 -0.56-0.68 -0.18-0.12 -0.25- -0.02 -0.13-0.20
p-value 0.081 0.277 0.855 0.682 0.022 0.679
6 months Difference -0.50 -0.60 0.01 -0.06 -0.16 -0.08
95% Cl -1.40-0.40 -0.90-0.71 -0.63-0.64 -0.22-0.11 -0.28- -0.05 -0.22-0.05
p-value 0.268 0.365 0.986 0.489 0.006 0.226
12 months Difference -0.57 -0.18 -0.11 -0.07 -0.16 -0.02
95% Cl -1.49-0.33 -1.44-1.08 -0.72-0.51 -0.23-0.10 -0.29- -0.02 -0.19-0.01
p-value 0.210 0.776 0.727 0.438 0.025 0.772
24 months Difference -0.92 -0.45 -0.04 -0.04 -0.14 -0.01
95% Cl -1.89-0.04 -1.76-0.85 -0.72-0.64 -0.24-0.16 -0.28- -0.0005 -0.16-0.14
p-value 0.060 0.489 0.899 0.682 0.049 0.902
Total Porous ti- 1.8+1.8 17525 -0.41.1 0.09£0.40 0.38£0.27 -0.10£0.31
tanium cup
migration C°“"i:;‘°“a' 09+15 13£1.9 -05¢1.2 0.05£030 0.2420.21 -0.1120.21
t degrees, * millimeter
0,4 - <0,05
= * p<b, n.s
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FIG 28. Head penetration into the articulating polyethylene as a result of creep and wear. Error bars 95% Cl. n.s. = non significant differ-
ence. Differences analyzed with Independent student’s t-test.
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10 DISCUSSION

10.7 DISCUSSION ON MATERIAL

The Bi-Metric stem

We have used the Bimetric stem in uncemented
THA for 24 years at our institution. The long term
outcome has been excellent with a survival rate of
100% for aseptic loosening (145). Even though the
stem is designed for metaphyseal fixation, osseointe-
gration occurs both proximally and distally leading

to obvious signs of distal load transfer (142, 145).
The Bimetric stem we used has porous- and HA-
coating proximally, but there are numerous studies
showing equally excellent long term stem survival
with and without HA proximally (Table 14).

TABLE 14. Studies on the uncemented Bi-Metric stem with and without HA-coating. Only studies with a minimal follow-

up of 5 years of 50 hips are shown. In the bottom is, for comparison, the unpublished data from Danderyds Hospital.

Authors year n age
Puolakka et al. 1999 384 n.r.
Jacobsen et al. 2003 97 50
Yamamoto et al. 2003 70 55
Lybéck et al. 2004 77 28
Meding et al. 2004 105 56
Bodén et al. 2006 115 52
Eskelinen et al. 2006 1982 <55
Isaac et al. 2007 58 57
Skoldenberg et al. 2009 332 52
Davies et al. 2010 64 54
Makela et al. 2010 5379 >55
Danderyd Hospital 2010 1718 61

fu (yr) HA aseptic loosening  all revisions
7.5 no 0.8% 2.7%
8.0 no 0% 1%
6.8 no 0% 0%
9.6 no 0% 2.1%
11 no 0% 0%
12.2 yes 0% 0%
6.6 no 1.9% 3.7%
7.6 no 0% 0%
12.9 yes 0% 0%
15.2 no 0% 0%
6.8 no 1.0% 2.5%
7.3 yes 0% 0.8%

n: number of hips, age: mean age at surgery, fu: mean follow-up time in years

The Proxima stem

Our experience with the Proxima ultra-short stem
is that it is more technically demanding than im-
plantation of a conventional stem. During the pilot
series preceeding study IV we learnt a few technical
skills. The advocated “round the corner”-broaching
technique, where broaching is done with succes-
sively larger broaches in an arced manner “around”
the femoral calcar, is soft tissue sparing for the ab-
ductor muscles. The prolonged medial facet of the
stem favors a high neck resection level which is bone
conserving compared to insertion of a conventional
stem (Fig. 29). It is important to be quite aggressive
in sizing, especially in the AP-plane to get initial
rigid press fit fixation. The wedge shape of the ultra-
short stem is “blunt” enough to tolerate hard impac-
tion without high risk of inducing femoral fractures.
We had no peroperative fracture in our series. Bone
quality is also a key parameter to achieve initial rigid
fixation.
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FIG 29. Insertion of the ultra-short stem is bone conserving with a
higher neck resection level and less violation of the gluteus medius
muscle insertion.
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Hydroxyapatite
The most prevalent form of inorganic bone mineral
is hydroxyapatite (HA), Ca, (PO4)(OH),, with a
molar ratio of 1.67. By coating implants with cal-
cium phosphate ceramics. a bioactive layer is in-
troduced in the interface between metal and bone.
Bioactivity is mediated via dissolution of Calcium
and Phosphate ions in the interface followed by a tis-
sue response where osteoblasts adhere to the metal
surface and bone formation starts. Bone formation
coupled to balanced bone remodelling, where the
calcium phosphate ceramics is gradually replaced
by new bone formation, will ensure a biological fixa-
tion of the metal component into the bone. Various
parameters will influence the properties of the HA-
coating. The most important of these are the chemi-
cal composition, i. e. the proportions of the different
calcium-phosphates, the method of attachment on
to the metal substrates, the cristallinity, density,
purity and thickness of the ceramic layer. The level
of cristallinity will determine the resolution rate of
the coatings and thus, the grade of bioactivity. A
more amorphous compound has higher bioactivity
because of quicker resolution. On the other hand,
higher cristallinity will enhance the mechanical
properties, as will a thinner coating. As a rule of
thumb, as high a purity as possible (95-97%), cristal-
linity of 70-90% and a coating thickness of 50-75um
is thought to be advantageous in a clinical setting.
In both experimental and in vivo settings HA has
been shown to have an osteoconductive effect en-
hancing bone formation (146, 147). It has also been
shown to stimulate bone formation to bridge over
wider gaps between bone and implant, by inducing
bone formation from the implant side of the gap as
well as from the host bone tissue (65-67). The at-
tachment strength of a HA-coated implant into the
bone is increased compared to Ti-implants without
HA-coating and HA has also been shown to facili-
tate and improve fixation of an implant in situations
where micromotion is present (65, 69). Except for
the mechanisms mentioned above, where HA en-
hances and facilitates bone ingrowth, HA has also
been shown to contribute to reduced periprosthetic
osteolysis. Wear debris from the joint articulation
and from other sources that contribute with inflam-
matory agents in the local environment, such as ce-
ment particles and detached HA-particles, migrates
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in to the interface between the implant and the host
bone. The inflammatory response to these particles
from macrophages gives rise to local bone resorp-
tion known as osteolysis (40, 148, 149). This is an
important mechanism for periprosthetic bone loss
which eventually can lead to failure of the implant
fixation. In an implant with a circumferential layer
of HA the interface gets “sealed off” and the origin
and progress of especially distal femoral osteolysis
can be prevented (70, 71).

Technically, HA-coating of implants can be done
in several ways. It is of utmost importance to get a
strong adhesion to the underlying surface to prevent
delamination of the HA layer. Different methods of
chemical deposition have been used. A favorable
method is deposition of HA by plasma-spraying it
on to the metal substrate. This means injecting HA-
particles in a high-temperature gas flame beamed at
the metal substrate where layers of HA-particles are
built up (146). More recently, other methods to ad-
here the HA-coating to the substrate are performed
by electrochemical deposition (150, 151). With this
method the HA-layer can be made much thinner
(5 pm). This is thought to be advantageous from a
mechanical point of view and the optimal pore size
of the underlying porous coating, ~300 um, can be
preserved. Resorption of a thinner layer of HA would
also be quicker which might contribute to faster bone
ingrowth. In a randomized controlled trial, compar-
ing a stem with plasma-sprayed HA to the same stem
with electrochemically deposited HA, the latter was
found to retain significantly more bone in Gruen
zone 1 during the first 2 years. No difference in stem
migration or fixation could be seen between the two
groups (151).

There are concerns of side effects with HA-coating
as well. The risk of delamination of the coating from
the metal surface has been mentioned in Introduc-
tion. If delamination of a more substantial area of HA
would occur implant fixation could be at risk. This
phenomenon has been reported after HA-coating
of smooth Ti cups (81, 82). Mechanically detached
HA-particles can act as abrasive wear particles with
deterioration of articulating surfaces and also act as
inflammatory agents leading to deterioration of in-
terface homogeneity (79, 80). In two registry studies
from the Swedish Hip Arthroplasty Register these
mechanisms was thought to be the reasons for the
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increased risk of cuprevision seen with HA-coated
acetabular implants in a primary setting and also the
reason for increased risk of liner re-revision in a revi-
sion setting (78, 152)

Polymers

Polyethylene is the most predominately used bear-
ing surface in THA. The material consists to ap-
proximately 55% of a crystalline part and to 45%
of an amorphous part. The molecule is built up by
enormously long chains of carbon-hydrogen in re-
petitive polymers of ethylene, CH,-units. These car-
bon-hydrogen chains, folding back and forth, form
microscopic lamellae which build up the crystalline
part of the material. Because of the long chains of
polymers the molecular weight is very high which
explains the technical name of this material, ultra
high molecular weight polyethylene (UHMWPE).

MANUFACTURING AND STERILIZATION OF POLYETHYLENE
In principle, there are three different ways to manu-
facture a polyethylene cup or liner. Pressure, temper-
ature and time are crucial parameters to influence the
characteristics of different types of PE. Compression
molding means that the PE is compressed directly to
the final shape of the implant. Ram extrusion means
that a long bar of PE is manufactured first and from
this is the implant machined to its final shape. The
third method is a multistep process called HIPing
(hot isostatic pressure) where machining also is used
to produce the final implant.

Sterilization of the polyethylene can be carried
out in different ways, each with its pros and cons
regarding the influence on wear characteristics of
the material. Surface sterilization with chemical
agents, such as ethylene oxide or gas plasma, does
not contribute to the same amount of wear charac-
teristic-improvements as is seen with sterilization by
irradiation. Irradiation induces cross-linking of the
polymer-chains and this improves the wear proper-
ties. Therefore, sterilization with gamma-irradiation
is commonly used today. Earlier this was done in an
oxygen environment which gave rise to oxidation of
the PE due to the free radicals emerging from the
irradiation. Oxidation degrades the PE with reduced
toughness and reduced crack fatigue resistance as a
result (89). To prevent oxidation gamma-irradiation
is now performed in an oxygen-free environment
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of either vacuum, inert nitrogen or argon gas (153).
The sterilized product is packed in a vacuum con-
tainer to prevent oxidation from the free radicals
still in the material after the sterilization process.
After implantation of the PE component oxygen
becomes present again and with that the risk for
oxidation. However, the magnitude of oxidation that
will occur in vivo is still unclear (154). To neutralize
the free radicals emerging from the cascade reaction
during sterilization with gamma-irradiation the PE
is reheated. This can be achieved in two different
ways, either by annealing or remelting the material.
Annealing is reheating to a submelting point which
will get rid of the free radicals in the superficial lay-
ers of the material. Remelting eradicates all the free
radicals but it will also reduce the crystallinty in the
PE-compound, leading to undesired reduction of
mechanical wear properties.

SECOND GENERATION OF HIGHLY CROSS-LINKED
POLYETHYLENE
A second generation of highly cross-linked polyeth-
ylene (HXLPE) has been developed during the last
5-7 years. The anti-oxidant, a-tocopherol (vitamin E),
is used to neutralize the free radicals emerging from
the cascade reaction triggered by the cross-linking ir-
radiation of the polyethylene. This makes it possible
to fully conserve the improved wear characteristics
from cross-linking because annealing or remelting is
not longer necessary and at the same time produce an
oxidative stability of the HXLPE (90, 100). There are
two methods of incorporating vitamin E into the HX-
LPE. Either vitamin E is blended in the UHMWPE
before the consolidation and irradiation processes has
started or vitamin E could be diffused into the HXLPE
after it has been irradiated. With the latter method a
homogenization process is added to obtain adequate
amount of vitamin E throughout the material (155). A
possible advantage with not having vitamin E blended
in the material before the irradiation process could be
that the amount of cross-linking of the PE will not be
influenced by the presence of an anti-oxidant.
Recently, a new mechanism of oxidation of HXLPE
in vitro has been found. Oxygen in synovial lipid flu-
ids has been shown to contribute to PE oxidation even
after eradication of free radicals has been done (156).
The importance of this mechanism in vivo is not yet
known.
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CREEP AND POLYETHYLENE WEAR
Initially after THA surgery with implantation of a
PE-bearing surface the viscous-elastic PE material
deforms slowly secondary to load stresses from the
articulation. It seems logical to believe that the time
perspective for this creep process may vary depend-
ing on the properties of the PE. The initial plastic
deformation of the PE makes it difficult to evaluate
true PE-wear. In the clinical setting, when PE wear
measurements are done, a common definition is to
count the head penetration rate during the first year
as a result of the combined processes creep and true
PE wear (92). After the creep process is over, PE wear
rate is approximately linear for several years (91).
PE wear could be subdivided into four different
types depending on the wear mechanism. Adhesive
wear is the wear from two articulating surfaces by
pulling away particles from the bearing surfaces. An-
other type of wear can arise when bearing surfaces
articulate against each other in a way not intended,
for example a metal head articulating against the ac-
etabular metal shell due to wear-through of the PE-
liner. Abrasive wear is when a particle not intended
to be there, is causing wear of articulating surfaces.
This is also called third-body wear. Common wear
particles responsible for this kind of wear are cement
particles and HA-particles. The last type of wear is
fretting. This is also referred to as backside-wear,
i e when the backside of a PE-liner or a PE-insert
in a knee prosthesis is rubbing against the underly-
ing metal surface. In THA, running-in is the initial
phase of wear when the articulating head finds its
place in the PE-liner. Bedding-in is referred to as
the setting of the PE-liner in the metal shell. Both
this processes increases the conformity and thereby
reduces the PE-wear due to lower contact stresses
(157,158). @
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10.2 DISCUSSION ON METHODS

Surgery

In studies I-II the proximally porous and HA-coated
stem was impacted to initial press fit fixation, which
was often established by three-point contact. In 33
patients in study I and in 13 patients in study II, the
gap between the coated stem surface and the sur-
rounding proximal femur was filled with bone chips
by impaction from the top. In no case did we fill the
femoral canal with retrograde impaction bone graft-
ing before insertion of the stem. Even if the stem is
meant for proximal fixation we saw several signs of
distal stem osseointegration as well. As is mentioned
in “Results” the periprosthetic BMD did not differ
between the patients who recieved impaction bone
grafting, compared to those who did not. A possible
reason for this is the distal ingrowth of the stem lead-
ing to load transfer distally, bypassing the proximal
bone graft. If the bone graft was not heavily loaded
mineralization would not be extensive.

Radiographic methods
Many error sources can deteriorate assessment of
subtle skeletal signs on radiographs. Poor quality of
the radiographs is a major contributor to this. Posi-
tion of the patient, especially control of hip rotation,
and corresponding projections of the x-ray beams
in consecutive examinations cannot be emphasized
enough to facilitate assessment of radiographic signs.
The conventional radiographs analyzed in study

I and II were mostly radiographic films but the later
ones were taken with digitized technique. Digitized
radiographs were easier to evaluate because of the
possibility to adjust contrast and lightness. These pa-
tients had undergone femoral revision surgery, and
as a consequence of this, it was sometimes difficult
to analyze whether subtle skeletal signs were present
or if these were remnants of earlier surgery.

We chose to use two classification systems to deter-
mine bone defects prior to revision, the Gustilo-Pas-
ternak (105) and the Endo-Klinik (106) classifications.

The classification from Endo-Klinik is more sensi-
tive to small bone defects (Table 15). Stem subsidence
is referred to as a grade II bone deficiency in the Endo-
Klinik classification but not in the Gustilo-Pasternak
classification. There is also a larger step between a type
IT and a type IIT defect in the latter classification.

In study V we measured pre- and postoperative
femoral offset as the perpendicular distance between
center of rotation and longitudinal axis of the femur.
Error sources in this evaluation were lack of consis-
tency regarding hip rotation between consecutive
examinations but also excessive medialization of the
cup could contribute to a functionally decreased oft-
set despite the measured distance being unchanged.

Plain radiography is not a very accurate method
in evaluating implant migration or bone remodel-
ling. This is further discussed in the following sec-
tions in this chapter.

TABLE 15. A schematic division of bone deficiencies in the Gustilo-Pasternak and Endo-Klinik classifications

Classification
of bone defects

| Minimal endosteal bone defects

Gustilo-Pasternak

1 Widening of proximal medullary canal
Thinning of cortex >50%
Defect of endosteal lateral cortex, intact wall
Substantial loss of cancellous bone

lesser trochanter

v Loss of cortical circumference below level of
lesser trochanter

1 Cortical defect in postero-medial wall involving

Endo-Klinik

Minimal endosteal bone defects
Radiolucencies around proximal 50% of the stem

Stem subsidence

Radiolucencies around 100% of the stem
Widening of the medullary cavity
Moderate loss of cancellous bone

Substantial loss of cancellous bone

Widening of the medullary cavity including widening of outer
femoral diameter

Cortical perforation proximally

Extensive or total bone loss of proximal and middle part of
femur

Substantial loss of cancellous bone and cortical thinning distally
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EBRA

To improve accuracy in assessment of implant mi-
gration on plain radiographs computerized meth-
ods, such as Einzel-Bild-Rontgen-Analyse (EBRA),
can be used. With manual measurements on plain
radiographies a migration of >4 mm can be detected
with high accuracy (108), whereas with computer-
ized methods accuracy is improved to 1-1,5 mm
(95% CI) (111, 159).

EBRA uses bone landmarks as reference points
instead of well defined easily identified Tantalum
markers which are used as reference points in radio-
stereometry. Using bone landmarks will contribute
to measurement errors because of bone remodelling
or ectopic ossifications, concealing the landmarks
between consecutive examinations, but also because
of differing projections of x-ray beams between
consecutive examinations (160). Compared to ra-
diostereometry more patients are needed to get valid
results. The great advantage of computerized meth-
ods such as EBRA is that it can be used retrospec-
tively on plain consecutive x-rays, without requiring
marking of the implants or the periprosthetic bone.

RSA

Accuracy and precision of RSA has improved with
time (161-163). This is a consequence of the more
accurate methods used in handling the raw data,
such as digitized film cassettes, computerized mea-
surements of marker labeling and edge-detecting
techniques to outline the contours of an implant. It
is important to have “robust” routines for the Radio-
stereometric examinations. The most important step
to achieve accurate data is the quality of the radio-
graphs. A less than optimal exposure or suboptimal
centering of focus can result in too poor accuracy
for the examination to be included in the analysis. In
studies IV and V, 1% and 4% respectively of the RSA
examinations were unable to be analyze because of
poor accuracy due to technical errors. In these situa-
tions last observation was carried forward.

Even though there is an international standard-
ization for analyzing and reporting RSA-results this
is not fulfilled perfectly (121). For example, preci-
sion could be calculated in different ways and is not
always correlated to the study set up from which the
results are derived.

A disadvantage with Radiostereometric analyses
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is the time consuming, and for the manufacturer
costly, procedure of marking the implants with Tan-
talum beads. Development is on-going to circum-
vent this problem by using applications for marker-
free RSA, as in study V. By using an edge-detecting
algorithm for ellipses the position of a hemispherical
shell and a circular prosthesis head can be made
without marking of the implants (119).

Other marker-free options for Radiostereometric
analyses of hip replacement implants are different
model-based methods (164, 165). They base their
calculations on CAD-models or on mathematical
geometrical reconstructions of the implants. These
interesting methods belong to the future in evaluat-
ing outcome of hip replacement surgery, but they lie
outside the scope of this thesis.

Determining PE wear from plain radiographs
can be done with manual methods (166) as well as
with computerized methods (167, 168). Accuracy
is enhanced even further when radiostereometry
is used for PE wear measurements, as in study V
(169). In this study Maximum Total Point Motion
(mtpm) of the centre of the prosthesis head was
used as a proxy variable for polyethylene liner wear.
By measuring the vector, mtpm, wear is expressed
as a linear process. We know from retrievals of PE
bearings at revision surgery, that this is not the case.
The prosthesis head wears the PE not in a linear, but
in a conical pattern. Thus, wear analysis based on
RSA will underestimate the volume of PE particles
being abraded from the bearings surface. Develop-
ment is on-going to validate new RSA techniques for
examining volumetric PE wear but, as yet, no such
method is in clinical use.

Dual Energy X-ray Absorptiometry (DEXA)

Periprosthetic bone remodelling is a key subject of
this thesis. Conventional plain radiography has been
shown not to be accurate enough for assessing BMD
changes longitudinally. In a study comparing the as-
sessment of BMD changes from plain radiographs,
examined by experienced surgeons, compared to
true BMD changes, measured with DEXA, it was
shown that a reduction of 30% in BMD was neces-
sary before it could be seen as a region with lower at-
tenuation on radiographs (170). A 70% reduction in
BMD was needed before radiographic changes in at-
tenuation could be detected with high reproducibil-
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FIG 30. Schematic drawing of dexa zones according to DeLee-Charnley and Digas.

ity. In light of this, it is obvious that a more accurate
and reliable method than conventional radiography
is needed to evaluate periprosthetic BMD changes.

In study II the methodology of the BMD mea-
surements was less than optimal. It is convenient to
use the contralateral healthy hip as each patient’s
own control but there are factors that could distort
the comparison. Broaching of the femur during
surgery will affect the postoperative BMD. Reduced
weight bearing due to pain pre- and postoperatively
will also negatively influence BMD measurements in
the operated hip. This is not seen to the same extent
in the contralateral hip (171, 172). Sometimes this
methodological approach is the only one possible,
as in retrospective cross-sectional studies. In these
situations it is important to measure BMD when
bone remodelling has reached a steady state to mini-
mize the effect of the confounders mentioned above.

In longitudinal studies as in studies III-V; it is
important to be cautious with the set up, both re-
garding patient positioning and defining the ROIs,
to achieve good accuracy and good reproducibility
between consecutive examinations (122, 173).

For conventional stems the Gruen’s zones are
well defined and standardized which enables com-
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parisons of BMD analyses from different studies and
different stems. For short stems, as in study IV, the
current literature is divergent regarding standardiza-
tion of femoral regions of interests (ROIs). Differ-
ences in stem lengths and stem designs influence
the positions of the ROIs (35, 174-176). The lack of
standardization of ROIs makes it hard to compare
bone remodelling results in short stems measured
with DEXA .

On the acetabular side ROIs used for BMD analy-
sesare not standardized either. Acetabular zones were
originally described by DeLee and Charnley (128)
but these were developed for assessment of radiolu-
cencies behind cemented cups (Fig. 30). Digas et al
has described another set up of five ROIs for analyz-
ing periacetabular BMD (177). A possible problem
with this set up is the risk of measuring varying areas
in different patients depending on the anatomy and
placement of the cup. It is not simple to define each
zone and this might contribute to reduced reproduc-
ibility. Wilkinson et al compared the reproducibility
of BMD measurements with the three ROI-method
described by DeLee and Charnley and the four ROI-
method used in study V (126). They concluded that
the four-ROI method offered higher precision and,
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consequently, could differentiate smaller changes in
BMD. A disadvantage with the four ROI-method is
that it measures BMD changes proximal to the cup
as one entity, when there is evidence for differing
BMD-changes in the more loaded proximolateral
cortical region compared to the more stress shielded
proximomedial region (3, 24). To some extent this
could be accounted for using the models described
by DeLee-Charnley and Digas et al.

Another option is to evaluate BMD with quantita-
tive Computer Tomography (qCT), where the peri-
acetabular bone is scanned at several levels around
the cup (178). There are pros and cons with each
method. qCT has the ability to distinguish between
cortical and cancellous BMD and it is also possible
to analyze thin slices of the bone in front of, as well
as behind, the shell. On the other hand, precision
and accuracy is higher with DEXA which is advan-
tageous when BMD changes over time are subtle
(2, 179). The amount of radiation delivered to the
patient is much higher with qCT (180).

Clinical outcome measures

An ideal clinical assessment instrument is valid and
accurate in its description of a clinical state and it
is precise and responsive in demonstrating a quan-
titative difference in the clinical change measured.
The most reliable instruments for measuring clinical
outcomes are validated self-administered question-
naires (181), which we have used in all of the studies
in this thesis.

Both HHS and WOMAC have a “ceiling effect”. It
means that the scores are not as sensitive in the high
point-range as in the low-point range. In compara-
tive total joint replacement studies the clinical func-
tional improvement is of such a magnitude that it is
difficult to find a difference between groups related
to implant matters. Even though differences between
implants might be of great importance in the long
term, the clinical difference related to implant fac-
tors, in the short term perspective, tends to be lost in
the great improvement normally seen after any type
of modern total joint replacement surgery.

Mid-thigh pain is a vague parameter commonly
used as an outcome parameter after THA with un-
cemented stems (16, 43). It is aimed to grade the
eventual discomfort or pain from the mid-thigh
region derived from excessive load transfer and/
or micromotion at the stem tip. Our opinion, af-
ter evaluating all the patients in this thesis, is that
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patients are not perfectly clear over what kind of
sensation mid-thigh pain correlates to. As a result of
this, pain or discomfort for other reasons, or from
other locations than the mid-thigh, was sometimes
confounded when patients graded mid-thigh pain.
Despite the fact that not many patients in this thesis
suffered from mid-thigh pain we think a careful in-
terpretation of this parameter is important. ®

MATS SALEMYR

2013-11-12 17:33



UNCEMENTED HIP ARTHROPLASTY IN PRIMARY AND REVISION SURGERY

Discussion

10.3 INFLUENCE ON BONE REMODELLING BY IMPLANT DESIGN,
SURFACE FINISH AND BISPHOSPHONATE TREATMENT

Implant design and surface finish
Attempts to reduce stress shielding-mediated adap-
tive bone resorption can be done by altering stem
design and surface finish of the implants (33, 35,
175, 182). Uncemented stems can be divided into
several subgroups based on the design and surface
finish. Principally, there are three main categories
of stems, cylindrical, anatomical and tapered (183).
The evolution of uncemented stems started with
extensively coated cylindrical stems aiming for fixa-
tion in the femoral isthmus region (184, 185). Due
to severe stress shielding of the metaphyseal bone ta-
pered stems were introduced by Zweymuller (186).
To further enhance load transfer to the proximal
metaphyseal femoral bone, stems were made more
bulky proximally (33).

Implant surface finish has also been used to op-
timize properties for bone ingrowth. By coating the
proximal part of a stem with a porous surface layer
(39), and sometimes also with HA (147), attempts to
mimic physiological loading conditions are stressed
even further. However, these theoretical rationales
to achieve load transfer proximally have been a
disappointment in the clinical setting. Most of the
conventional uncemented stems used today do not
prevent proximal stress shielding (2, 22, 183).

Isoelastic stems
Apart from altering implant design and surface fin-
ish attempts to achieve physiological load transfer
has been tried with isoelastic implants, i. e. stems
with modulus of elasticity close to bone itself. The
first generation of the isoelastic composite stems
had poor results because of pronounced osteolysis
and aseptic loosening (187). An updated version of
an isoelastic stem has shown good short to medium
term results regarding bone remodelling and clinical
outcome (188, 189). However, 7 years after surgery
the bone sparing effect, measured with Dexa, only
remained in the calcar region (Gruen zone 7) (190).
An alternative mode of biological fixation was
tested in the 1980s. A stem made of cobalt-chromi-
um-molybdenum alloy was coated with a composite
material made of polytetraflouroethylene (191-193).
The composite surface was reinforced with carbon fi-
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ber and designed to enhance fibrous tissue ingrowth.
The soft tissue interface was meant to transform load
uniformly to the periprosthetic bone, and thus pre-
vent adaptive bone remodelling. The outcome was
disappointing with high revision rates due to aseptic
loosening and significant BMD loss along the entire
stem (194, 195).

Short uncemented stems
Short uncemented stems
were introduced in the
early 1990s (196), but not
until recently has interest
for these increased (Fig.
31). The rationales for us-
ing short stems is based on
the idea of achieving a more
physiological load pattern
in the proximal femur. Ini-
tial implant stability is a key
factor for success in biologi-
cal fixation (65, 68, 112) and the lack of a diaphyseal
engaging stem could be a challenge with the use of
these components. On the contrary, the absence of
a stem is also a key factor in preventing off-loading
of the proximal femoral bone. Today, several types
of short stems with differing designs are used (Table
16). Generally, in the short term perspective, clini-
cal results have been excellent and stable durable
fixation has been achieved (35, 174, 176, 197-201).
Disappointingly, the majority of these short stems
have not been able to prevent BMD loss in the most
proximal femoral regions (197, 198, 202). However,
studies on bone remodelling with the Metha stem
have implicated load transfer to the proximomedial,
i e calcar, region in a study by Lerch et al (203) and
in study IV in this thesis we present data that reveals
a bone-sparing effect of the ultra-short Proxima
stem in the proximolateral, i. e. greater trochanteric,
region.

Periacetabular bone remodelling

Even acetabular implants vary in design and surface
finish. The porous titanium construct cup that is
examined in study V has a trabecular like titanium
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TABLE 16. Studies on bone mineral density (BMD) changes with short uncemented stems in THA.

Only studies measuring BMD with DEXA or quantitative Computer Tomography (qCT) are included.

First author FU (years) Hips N Type of stem BMD-changes Comments
Albanese (2009) 3 37 Custom made Reduced BMD loss in ROI Stem shortening increased load
Cross-sectional type | vs type Il 4-5 (5 ROIs) transfer proximomedially
Kim (2011) 3 120 Proxima vs Profile BMD +9% vs -30% in ROI 1 Short stem reduced bone loss
RCT (60/60) (conventional stem) BMD-10% vs -33% in ROI 7 proximally
Logroscino (2011) 1 31 Proxima vs Nanos Reduced BMD loss in ROI Load transfer distally with Nanos
(19/12) 3-4 (5ROls) stem

Lazarinis (2013) 2 30 Collum femoris BMD -17% (zone 2), -28% Load transfer distally
Cohort preserving (CFP) (zone 6), -19% (zone 7)

Schmidt (2011) 3 31 CFP Cancellous BMD -45% Metaphysis fixation not
Cohort Cortical BMD -22% achieved but distal fixation

Kress (2012) 7 38 CFP Cancellous BMD -66% Metaphysis fixation not
Cohort Cortical BMD -27% achieved but distal fixation

Lerch (2012) 2 25 Metha vs Bicontact BMD -13% zone 1, +13% Load transfer proximomedially

RCT (conventional stem) zone 6, +6% zone 7
Chen (2009) 6 29 Mayo BMD -14% zone 1, +9% zone  Load transfer distally laterally
Cross-sectional 2,+20% zone 3, -16% zone 6,
-18% zone 7

Gotze (2010) 1 36/36 Nanos vs Alloclassic BMD -6% (zone 1), +9% Load transfer distally laterally
Cohort (conventional stem) (zone 2), -7% (zone 7)

Decking (2008) 1 20 Cut BMD +1.4% ROl laterally, Small BMD changes. Load
Cohort -0.4% ROl medially transfer laterally.

coating with enhanced porosity aiming for increased
bone ingrowth. The porous titanium construct shell
is also, at least theoretically, less stiff than a shell
with a conventional coating of the same shell size,
because the coating is thicker in the porous titanium
construct cup. However, despite these two design
features, we could not record any bone sparing effect
in periacetabular BMD compared to a conventional
uncemented cup.

In a study by Field et al the Cambridge cup, with
its ultra thin shell, was found to preserve BMD in the
zones proximal to the cup (204). This is in contradic-
tion to conventional uncemented shells where BMD
in the proximal periacetabular region diminishes
after implantation of an uncemented cup, (Table 17)
(3, 25, 141, 177, 205, 206). This is explained, at least
partly, by the stiff shell giving rise to predominately
rim loading, and consequently, proximal and central
cancellous bone gets stress shielded. This is more
thoroughly discussed in “Discussion on results” in
study V.

Bisphosphonate treatment on bone
remodelling

During the last decade, several studies have focused
on the prophylactic effect of bisphosphonate treat-
ment on bone remodelling adjacent to orthopedic
implants. The aim is to prevent periprosthetic bone
loss and to enhance the mechanical stability of the
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components. Both these parameters are associated to
the long-term outcome in THA (40, 114, 115). Gen-
erally, there is a bone sparing effect during on-going
treatment with bisphosphonates but the effect seems
to be transient, with diminishing BMD after cessa-
tion of the drug. However, the pattern of peripros-
thetic long term changes in bone mineral after treat-
ment with bisphosphonates is not unanimous (53).
Wilkinson et al noted less bone loss in the femoral
calcar region 2 years after THA followed by 6 months
treatment with pamidronate (207). Arabmotlagh et
al compared BMD changes in THA patients receiving
either alendronate or placebo postoperatively. BMD
remained higher in the treatment group, compared
to the placebo group, 1 year as well as 6 years after
surgery (32). Single dose treatment with pamidronate
was followed by higher BMD 6 months after surgery
in a randomized controlled study by Wilkinson et al
(208) but no difference in BMD was seen after 5 years
(209). The long term effect of infusion of Zoledronic
acid 2 weeks and 12 months after surgery, compared
to placebo, revealed less femoral BMD loss in the
treatment group up to 2 years after surgery (210). The
differences in the effects recorded could depend on
different properties of bisphosphnates.
Bisphosphonates have also been shown to reduce
implant migration of uncemented acetabular compo-
nents in THA and cemented tibial knee components
in total knee arthroplasty (TKA) (54, 55). In animal
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models, locally eluted zoledronic acid from the HA-
coating in porous structured implants improved the
mechanical stability of the implant and enhanced the
amount of bone ingrowth (211, 212).

Thillemann et al. conducted a nationwide popula-
tion-based study on the use of bisphosphonates and
risk of revision after THA in osteoporotic patients
(213). No decreased risk ratio was found for aseptic
loosening between users and non-users. However,
a subgroup analysis revealed lower risk for revision
in patients who had had bisphosphonate therapy
for more than 8 months. This finding together with
what we (in study IIT) and others have found regard-
ing increased bone loss in patients with low preop-
erative BMD may warrant prolonged treatment with
bisphosphonates after THA in osteoporotic patients.
However, evidence for the risk of atypical insuffi-

ciency fractures in the subtrochanteric region after
prolonged treatment with bisphophonates is still
debated (214-216). A risk-benefit perspective must
always be considered before prolonged treatment
with bisphosphonates is initiated.

It is important to mention that despite what has
been discussed above about the efforts to prevent
periprosthetic bone loss, the mechanically induced
adaptive bone resorption as a mechanism for pros-
thetic loosening is controversial (43, 188). Increased
incidence of femoral osteolysis or implant loosening
has not been directly associated with stress shield-
ing (44). It is also unclear whether varying degree of
stress shielding, seen with different implant designs,
will have a clinically significant effect on the reduc-
tion of other, late coming, complications such as
periprosthetic fractures. ®

TABLE 17. The effect on bone remodelling of different cup designs in THA.
Only studies using DEXA or quantitative computed tomography (qCT) are included.

Bearing surfaces in the articulations were metal heads on polyetheylene in the studies by Laursen, Baad-Hansen, Digas,
Lazarinis and Field. In studies by Penny, Kim and Schmidt bearing surfaces were ceramic heads on polyetheylene.

Lazarinis et al from 2013 are unpublished data from his thesis.

First author FU (years) Hips N Type of stem
Laursen (2007) 3 89 Titanium shell with
RCT 2 grp titanium fiber-mesh
+HA
Baad-Hansen 2 50 Titanium shell with
(2011) RCT 2 grp trabecular tantalum
vs titanium fiber-
mesh coatings
Penny (2012) 2 39 Titanium shell vs
RCT 2 grp CoCr resurfacing shell
(ASR)
Digas (2006) 2 88 Titanium shell PC/
RCT 3 grp HA Cemented all poly
cup with Flouride
cem Cemented all
poly cup with gen-
tamicin
Lazarinis (2013) 2 29 Titanium shell with
Cohort porous- and HA
coating. Equatorial
threads
Kim (2007) 5 100 (bilat  Titanium shell with
THA) porous coating and
alumina vs polyethyl-
ene bearing
Field (2006) 2 11 Horseshoe shaped
Cohort extremely thin carbon
inforced polymer
shell + HA
Schmidt (2012) 7 38 Titanium shell with
porous- and HA
coating. Equatorial
threads

BMD-changes
for Titanium cups
Wilkinson’s 4-ROI

Wilkinson’s 4-ROI

Wilkinson’s 4-ROI

Zone 1-5% 2 -9%
3-0.6% 4+4%

5-ROI metod.

Zonel -3% 2 -6%
3 -17% 4 +4%
5 +8%

5-ROI metod.

Zone 1-13% 2-16%
3-10% 4+13%
5-0.8%

DeLee-Charnley’s 3-ROI
Zone 1 20%

2-25%

3 1%

Delee-Charnley’s 3-ROI
Zone1~%x0% 1-3-6%
2 ~x0%
3~-14%

BMD Cancellous / Cortical
cranial -30% /5%

ventral -62% /22%

dorsal -84% /19%

Comments

BMD reduction in zone 1-3.
BMD gain in zone 4. No differ-
ence between coatings.

BMD reduction in all zones.
Most pronounced in the two
proximal. No difference be-
tween cup designs.

BMD reduction in zone 1-3.
BMD gain in zone 4. No differ-
ence between cup designs

BMD reduction proximally and
medially. Uncemented cup
looses more bone. No differ-
ences between cemented cups.

BMD reduction proximally
and medially. BMD gain distal
medially

BMD reduction proximal medi-
ally. BMD gain proximal laterally

All patients were female with
neck of femur fractures. BMD
returned to baseline proximally.

BMD measured with Quantita-
tive Computed Tomography.
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10.4 DISCUSSION ON RESULTS
Study |

The aim of using proximally coated stems in femo-
ral revision surgery is to enhance proximal fixation
and thereby minimize load transfer distally. The key
parameter to achieve good results with these stems is
the degree of bone loss at revision (18, 19). Extensive
bone loss will prevent initial rigid, press fit fixation of
a conventional proximally coated stem. Continuous
micromotion in the interface between stem surface
and host bone can result in fibrous fixation (68, 217),
or absence of fixation which, of course, will give
poorer clinical outcome. The clinical outcome from
studies using proximally coated stems in uncemented
femoral revisions are listed in (Table 18).

CLINICAL RESULTS

A mean HHS of 75 at follow-up, (range 30-100) is
slightly lower than what others have reported (18,
19, 218). This might be a consequence of the large
proportion of patients in Charnley class C in this
study. We presented the clinical outcome in HHS
subdivided in category groups (excellent, good, fair
and poor). We have learnt that this is not recom-
mended because score data is on the ordinal level
because the scale is not continuous and proportion-
al. A score parameter given a value of 8 instead of 11
does not reflect a statistically significant difference
in function between two patients but it could lead
to the patients being assigned to different outcome

FIG 32. The linear osteolysis along the stem postoperatively has
been filled out with new bone formation

categories. This will distort the interpretation of the
clinical outcome (219).

RADIOGRAHICAL RESULTS
We chose to use two classification systems to determine
bone defects prior to revision, the Gustilo-Pasternak
(105) and the Endo-Klinik (106) classifications.

As a consequence of the relatively small bone
defects at revision we were able to achieve initial sta-

TABLE 18. Studies on outcome after femoral revision with proximally coated uncemented stems.
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First author FU (years) Hips N Type of stem Survival rate Comments
Berry (1995) 8 375 6 different types 58 % aseptic survival rate Insufficient fixation proximally
due to inadequate bone stock
Woolson (1995) 6 (4-8) 28 Straight, cylindrical 80 % survival rate Bone defects moderate to severe.
52% radiographically unstable
Peters (1995) 5 (4-7) 49 Long, curved 96% for revision , 37% for High incidence of progressive
revision or subsidence subsidence
Malkani (1996) 3(2-5) 69 Metaphyseal filling, 82 % for entire group. 58 %  Perperative fracture in 46 %
long, curved for fracture group
Mulliken (1996) 5 (4-6) 52 Metaphyseal filling, 76 % overall mechanical Peroperative fracture in 40 %.
long, curved survival rate Insufficient fixation if moderate or
severe bone defects
Suominen (1996) 5 39 Long, curved 72 % overall mechanical High incidence of revision or
survival rate radiographical loosening
Emerson (2003) 12(9-15) 66 Metaphyseal filling, 94 % overall and 97 % Used strut allografts if insufficient
long, curved aseptic survival rate bone stock proximally
Kelly (2006) 5(4-7) 33 Straight, tapered 100% Good results if sufficient bone
stock.
Salemyr (2006) 6 62 Straight, tapered 95 % overall survival rate Bone defects mild to moderate
Study |
Khanuja (2013) 4 19 Straight, tapered 95% aseptic survival rate Bone defects Paprosky type I-11.
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bility of almost all implants (Table 19). Nineteen of
the stems initially subsided a few millimeters in the
sclerotic tubular proximal femur but the imprecise
method for analyzing migration in this study, plain
radiography, could not establish this with certainty
in more than five stems (108), that had subsided 5-8
mm. However, at follow-up all stems showed evi-
dence of being well fixed but the aim to achieve pre-
dominately proximal load transfer was not fulfilled.
Periprosthetic bone remodelling revealed several
signs of stress shielding.

Periprosthetic linear osteolysis, seen in almost
everyone of the patients at revision, had diminished
substantially at follow-up, (Fig. 32). The reason for
this was the rigid fixation of the stems, enabling load
transfer to the surrounding bone and subsequently a
drive for bone remodelling according to Wolft’s law
(21).

COMPLICATIONS

Nine patients suffered from dislocation. This high
dislocation rate is most likely the result of a combi-
nation of several factors; the use of small head sizes
(22, 28, 29 mm), a posterolateral surgical approach
without repair of the posterior capsule and that only
one offset version of the stem was available during
the first years of surgery.

TABLE 19. Bone defects were predominately type Il in

both classifications, and no type IV defect was observed.
Femoral bone defects at revision (53 hips)

Type Gustilo and Pasternak Endo-Klinik
| 17 4
1 35 38
1] 1 1
v 0 0

Study Il

CLINICAL AND RADIOGRAPHICAL OUTCOME

The clinical and radiograhical results in study II
were similar to study I, since the study cohort de-
rived from the patients included in study I.

PERIPROSTHETIC BONE MINERAL CHANGES

Because of the retrospective design of this study we
used the contralateral healthy hip as control to evalu-
ate femoral periprosthetic BMD changes after aseptic
uncemented stem revision. The inherent method-
ological problems that arise with such a study design
are discussed in “Discussion on methods”.

We analyzed whether differences in time elapsed
from surgery to follow-up had any influence on
reduction of BMD. We found no such correllation
and the R*-coefficient was 0,021 for the entire peri-
prosthetic region as an entity (Gruen zones 1-7) and
0,016 for the proximal four zones (Gruen zones 1-2
+ 6-7). This is probably an effect of that we did the
measurements more than 2 years after surgery, when
the initial postoperative bone remodelling process
had reached a steady state (129).

The radiographic results, as well as the BMD
changes, revealed that the proximally coated stem
became osseointegrated both proximally and dis-
tally. The large reduction in BMD was most pro-
nounced in the four proximal Gruen zones (1-2

MATS SALEMYR
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and 6-7), indicating that the stem design could not
prevent load transfer distally.

In study II both the amount and the extent of
BMD loss was larger than after primary THA with
the same stem (2, 142). Patients who require stem
revision have femoral bone stock of lower quality,
and with lower BMD, than patients undergoing pri-
mary hip arthroplasty. Because of lower preopera-
tive BMD, and the need for larger diameter stems to
achieve initial stability, stress shielding after femoral
revision will be more pronounced than after primary
hip arthroplasty (33, 142).

BMD reduction did not differ between patients
who had been bone grafted proximally from those
who had not. The reason for this is probably the
inherent rigidity of the stem which, to some extent,
by-passed the bone grafted regions. Consequently,
mineralization of the newly formed bone in the
grafted region was not extensive. However, it cannot
be ruled out that bone grafting had some influence,
since the measured BMD-loss is larger in zones 2
and 6 compared to zones 1 and 7.

In 19 of 21 patients the linear periprosthetic os-
teolysis present at the time of revision was filled out
with new bone formation. Despite this new bone for-
mation BMD was markedly reduced, probably due to
load transfer distally, as is mentioned above.
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Study Il

During the last decade, several studies on peripros-
thetic bone remodelling after THA have shown the
possibility of reducing periprosthetic bone resorp-
tion with bisphosphonate treatment (31, 32, 52, 207,
208). In study IIT we evaluated whether risedronate,
taken once weekly for six months after uncemented
THA, influenced periprosthetic femoral BMD
changes up to 2 years after surgery.

RADIOGRAPHICAL CONSIDERATIONS
When we analyzed the conventional radiographs
we saw several signs of distal load transfer, such as
calcar atrophy, distal cortical hypertrophy, pedestal
formation at the stem tip and, in severe cases, dimin-
ishing attenuation of the proximal bone. We could
correlate loss in BMD, measured with DEXA, to ra-
diographical signs of disuse atrophy proximally but
gain in BMD could not be correlated to signs of load
transfer distally. This could be interpreted as indirect
evidence of the low sensitivity for evaluating bone
mineral remodelling with conventional x-rays (170).
We found significantly less endosteal bone
bridges, i e spot welds, in the risedronate group even
though all stems, in both groups, showed evidence
of being well fixed. A probable explanation for this is
the inhibition of osteoclasts by risedronate, leading
to altered and diminished bone remodelling. Re-
duced bone metabolism may not be entirely positive
and whether reduced bone turnover will result in a
more brittle skeleton and an increased risk of atypi-
cal fractures is unclear (214-216).

PERIPROSTHETIC BONE MINERAL CHANGES

After THA, bone remodelling is most pronounced
during the first months (129). In study III we chose
to intervene with risedronate for six months. Our
hypothesis was that by inhibiting bone resorption
during the period when bone remodelling is most
intense, the overall bone loss should be minimized.
However, expectations of that the phase with steady
state low continuous bone metabolism should be
entered in the same manner, and in the same time
span, as in the natural situation was not fulfilled.
Our results revealed that the initial intense bone re-
sorption was only postponed until the bisphospho-
nate treatment was ended. After cessation, a more
rapid bone loss was recorded in the treatment group,
especially from 12 to 24 months, in comparison to
the placebo group. This phenomenon is clearly vi-
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sualized in (Fig. 23) as a steeper slope of the curves
in the treatment group, between 12 and 24 months.

We calculated the median BMD in general bone
mass preoperatively and from that dichotomized the
patients in two groups, one with low and one with
high general bone mass. Patients in the placebo
group with low pre-operative bone mass had lost
23% and 27% in zones 1 and 7 of the operated hip
after 2 years, whereas patients with high systemic
BMD lost only 14% and 11% respectively. This is
consistent with results from earlier studies showing
a correlation between low preoperative bone mass
and increased bone loss around uncemented stems
(33, 220). Another factor influencing periprosthetic
BMD was the stem diameter. Stems were divided in
three groups with differing stem sizes. Larger sizes
were associated with increased bone resorption in
zone 1 (p=0,045). This is in accordance with earlier
reported results as well (142).

According to the “intention to treat’-principle
used in this study, 3 patients in the risedronate group
were included in bone remodelling analyses despite
discontinuation of the active substance. This reflects
the clinical situation where patients will stop their
medication if side effects arise. If these patients are
excluded from the analyses the effect of the studied
drug will be boosted compared to a clinical setting.
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Study IV
Interest for short stems in THA is increasing. The
rationale for this is the desire to be as conservative as
possible because of the assumption that people will
live with their hip replacement for longer periods of
time in the future.

Not all short stems fulfill the aim of saving bone
in the most proximal femoral regions (Table 16).
However, shorter stem lengths will inevitably leave
more of the proximal femoral diaphysis untouched
and, consequently, preservation of femoral bone
stock is favored by the use of shorter stems.

PERIPROSTHETIC BONE MINERAL CHANGES

BMD loss in the periprosthetic region as an entity, ie
Gruen zones 1-7, was -0.3% (SD=+7.8) for the ultra-
short stems and -5.5% (SD+4.7) for the conventional
stems 2 years after surgery (p=0.008). The BMD
result for the ultra-short stem compares favorably
with other short stems with equally excellent clinical
outcome reported. Bone loss around the Metha stem
was found to be -2.8% two years after surgery (203)
and -3.3% six years after implantation of the Mayo
stem (197). Whether a 5% reduction in BMD in the
short-term perspective is sufficient to reduce the in-
cidence of periprosthetic fractures is still unknown,
but a BMD reduction of the same magnitude has
been found to reduce the relative risk of hip frac-
tures in an elderly osteoporotic clientele (49).

IMPLANT MIGRATION

Bone quality is a key parameter to achieve rigid press
fit fixation with a metaphyseal stem (99, 221, 222).
We found that the short stem used in study IV was
not as forgiving as a conventional stem regarding
surgical technique and that correct implant sizing
is mandatory to achieve good fixation. The initial
varus migration was larger in the ultra short stem
group than in the conventional stem group (Fig. 33).
After 2 years the ultra-short stems had migrated 1.71
mm (median, range 0.39-6.00), which was 0.84 mm
more than the conventional stems (p=0.014). This
is a slightly larger migration than the proposed safe
zone for an implant not having an increased risk of
later loosening (114). However, no migration oc-
curred after the three months follow-up and there-
fore it seems reasonable to assume that long-term
fixation of the implants is not at risk (115, 223).
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CLINICAL OUTCOME

We found a trend for larger improvements in clinical
scores with the ultra-short stem. The power analysis
was not based on the clinical outcome and the dif-
ference might have been statistically significant if a
larger number of patients had been included. On the
other hand, hip specific clinical outcome scores do
not have high responsiveness measuring outcome in
the upper range of the scale. Consequently; a clinically
important difference between two implants may be
lost in the great improvement normally seen after any
kind of modern joint replacement surgery.

It is important to emphasize that the excellent
outcome in this study relates to patients with good
bone quality. We do not know whether we would
obtain similar results in patients with compromised
bone stock, even though others have used the ultra
short stem in elderly patients and reported good
results (224, 225). In our opinion, patient selection
and surgical technique are crucial factors for a suc-
cessful outcome. Preceding this randomized study
we conducted a pilot series of 19 THAs with the
ultra-short stem. In the pilot series we had two cases
with aseptic loosening of the stem due to insufficient
primary stability. It is probable that the pilot series
contributed to the low complication rate and excel-
lent results reported in study IV.

7] mm
6
[ —
/
5
Solid black line = mtpm ultra short stem(median)
2 Dashed black line = mtpm conventional stem (median)

0 5 10 15

FIG 33. Varus migration in millimeter for individual stems. Red
lines for ultra-short stems, green lines for conventional stems.
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Study V
Problems related to the acetabular component are
the most frequent mode of failure in contemporary
uncemented THA (10, 11). Periacetabular bone loss
derives from wear debris-induced osteolysis and
from stress shielding-mediated BMD changes be-
hind stiff metal shells (11, 24). To improve the long
term outcome, it is important to develop better ma-
terials to reduce the production of wear particles and
to enhance bone ingrowth into the porous surface of
the backside of acetabular shells.

In study V we have focused on these two ques-
tions.

PERIPROSTHETIC BONE MINERAL CHANGES
In study V there was a trend towards less bone loss
in the zones behind the porous titanium construct
shell, i e Wilkinson’s zones 2 and 3, compared to
corresponding zones for the conventional shell. The
difference did not reach statistical significance, prob-
ably due to larger standard deviations for the BMD-
measurements in the porous titanium construct
cup. It is possible that bone ingrowth was more
pronounced in the coating with increased porosity
(62, 63). Another possible explanation that might
contribute to the trend for higher BMD in the zones
behind the porous titanium construct cup could be
the thickness of the coatings. This is 1.5 mm in the
porous titanium construct cup and much less in the
conventional cup, where it consists of three layers of
titanium sintered beads. For a certain size of cup the
solid titanium shell underlying the coatings is there-
fore thicker in the conventional cup. This will lead to
different modulus of elasticity and as a consequence
of that the adaptive bone remodelling might differ.
There is a lack of standardization of how to
measure periacetabular BMD changes after THA.
Different regions of interest are used but also dif-
ferent measuring methods. A draw back with the
most common method, DEXA, is its inability to dif-
ferentiate between BMD changes in cancellous bone
from that in cortical bone. A reduction of BMD in
Wilkinson zone 1, proximal to the cup, could be an
effect of pronounced bone loss in cancellous bone
and at the same time gain, or at least stable, BMD
in the cortical bone. Finite element analysis (FEA)
(226) and BMD measurements with quantitative
computer tomography (qCT) (3, 24, 178, 227, 228)
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reveals such a pattern of BMD changes, i. e. rim
loading of cortical bone and shielding of central
cancellous bone.

In general terms, in opposition to what was
thought to be the case according to FEA-analysis and
Wolff s law, the load pattern after press fit fixation of
uncemented acetabular implants induces a reduc-
tion of BMD in the proximal and medial regions,
and stable or increasing BMD in the distal regions
(25, 141, 177, 205). The results listed in (Table 17)
are from titanium acetabular shells. Despite differ-
ences regarding the type of material and finish of
the coatings, the pattern of bone remodelling was
similar.

The reasons for increasing BMD in the distal
regions are not clearly understood. A contributing
factor could be that, by reaming during surgery,
the shells are medialized to the absolute proxim-
ity of the distal medial acetabular wall. This region
is normally covered by the central ligament of the
femoral head and perhaps, forces will be transmitted
from the backside shell to the underlying bone, to a
larger extent than in a native hip joint. This possible
explanation is in accordance with the results of the
Cambridge cup published by Field et al (204). This
extremely thin, metalbacked polyethylene cup has
the shape of a horseshoe, and thus does not transfer
load to the distal medial region of the acetabulum.
BMD in zone III according to DeLee-Charnley clas-
sification was reduced in this study, contrary to what
is seen with hemispherical acetabular implants. In
the same study, no reduction in BMD was recorded
in the proximal regions, ROI I and II. This is also
in opposition to other studies. A possible reason
could be the difference in metal shell thickness. In
the Cambridge cup the shell is only 1.5 mm thick,
compared to a standard shell where the thickness of
the solid titanium is approximately 3.5-5 mm. The
difference in modulus of elasticity will give rise to
different load patterns transferred to the underlying
bone.

IMPLANT FIXATION

Implant fixation was excellent with both types of
shell. During the first six months migration oc-
curred, predominately, as rotation around x- and
y-axes. Even though the amount of migration was
above the level, suggested by Pijls (117) to be “ac-
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ceptable”, we think that fixation of the cups is not “at
risk” of inferior results due to loosening, because no
continuous migration was seen. It is possible that the
larger initial migration seen in the porous titanium
construct cup is an effect of its higher friction coef-
ficient. As a result of this we may not have been able
to impact the shell during surgery all the way in to
the acetabular bone, as often as we were able to do
with the conventional shell.

POLYETHYLENE WEAR

How long the creep process, i e deformation of the
polyethylene without production of wear particles,
will continue after THA is not well defined. It may
vary depending on different manufacturing processes
of the polyethylene, for example, the amount of cross-
linking radiation. In some studies the creep process
is assumed to continue for approximately 2 months
(93), and in other studies for up to 12 months (92)
after surgery.

In study V we decided to present head penetration
data up to 12 months, as a result of the combined pro-
cesses polyethylene creep and wear. Steady state-head
penetration is recorded between 12 and 24 months for
the conventional liner but not for the a-tocopherol-
treated liner. Whether this is a coincidence, or a
matter of extended time for the creep process in this
type of polyethylene, is unknown. Undoubtedly, the
a-tocopherol-treated polyethylene was harder, result-
ing in less head penetration during the first postoper-
ative year. Bearing in mind the short time perspective,
two years in this study, and the uncertain factor of
how long creep should be considered as a parameter
influencing head penetration data, calculation of true
polyethylene wear is not reliable in our study.

A big difference between the groups in postop-
erative offset might had influenced the results of
polyethylene wear. We recorded a 3.7%, equal to 1.5
mm, larger increase in postoperative offset in the
conventional cup group. Some studies have shown
that an offset polyethylene liner wears more than a
conventional liner (229, 230). On the contrary, in a
study by Sakalkale et al, it was found that lower offset,
and inability to restore preoperative offset, resulted in
higher polyethylene wear (230). We do not consider
the small difference in restoring offset, between the
two groups, had any impact on the PE wear outcome
in this study. ®
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10.5 STRENGTHS AND LIMITATIONS

Study |

The retrospective study design is a weakness in study
L. It would have been preferable to have recordings of
HHS prior to revision.

Conventional radiographs on plain films was not
an optimal method for detailed analysis of dynamics
of osteolysis, or other subtle skeletal signs of bone
remodelling. It was sometimes hard to differentiate
between, for example, disuse osteopenia and focal
osteolysis, or to identify spot welds or reactive lines.
In some radiographs there were non-specific skeletal
signs left as remnants after earlier surgery which
also contributed to difficulties in the radiographical
analysis.

The strengths of this study were the relatively large
sample size and that we were able to re-examine all
patients who were still alive.

Study Il

Apart from what is mentioned for study I regarding
the retrospective study design, the lack of baseline
measurements of periprosthetic BMD and general
bone mass were limitations in study II. The use of
the contralateral hip as the control for periprosthetic
BMD changes is suboptimal. There might have been
a side difference in BMD preoperatively and broach-
ing during surgery could also have influenced BMD.
If the contralateral hip is to be used for comparison,
results will be more accurate if measurements are
done when bone remodelling is stationary, i. e. more
than a year after surgery, as in study II (140).

Study Il

The use of EBRA instead of RSA gave lower resolu-
tion in the implant migration analysis. Two different
concepts of cup fixation, cemented and non-cement-
ed, were used. However, the type of PE used in both
cup types was the same. It is known from a previous
study that difference in bearing materials did not af-
fect BMD in the proximal femur in the short term
perspective (231).

The strengths in study III were the randomized
double-blinded study design, the high follow-up rate
and large sample size, and that the outcome analysis
was done according to intention-to-treat-principle.
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Study IV

Originally, when we planned this study, we intended
to analyze implant migration in six degrees of free-
dom with radiostereometric analysis. The uneven
distribution in the two groups of Tantalum-marked
stems made this impossible.

From a methodological point of view, the trial
would have benefited from a blinded study design
but we do not believe that not having such a design
influenced the outcome.

The strengths of this trial were the prospective
randomized protocol, the high follow-up rate, an
adequate sample size as determined on the basis of
a power analysis and that we evaluated our primary
and secondary endpoints with highly accurate ex-
amination methods.

Study V

The study was not blinded but the analysis of efficacy
was performed according to the intention-to-treat
principle. A weakness in the study design was the
difference in liner design and the amount of irradia-
tion used to crosslink the polyethylene.

The strengths were that we were able to follow all
the patients, with none were lost to follow up, and
the highly accurate methods used to evaluate bone
mineral density, implant migration and polyethyl-
ene wear ©
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10.6 GENERAL DISCUSSION

Aspects on change in indications for
THA

As a consequence of the excellent clinical outcome
after THA, the indications for hip-joint replacement
surgery have widened. A potential problem is that
the results achieved in the slightly older popula-
tion undergoing surgery today may not apply when
younger and more active patients undergo THA sur-
gery. We know from hip arthroplasty registers that
the outcome in the younger group is not as good as
those of the older group (1) (Table 20 & 21). People
living in developed countries tend to be older,
healthier and have a more active life style. This will
contribute to higher demands on hip replacements
being carried out today. The implants will have to
endure forces of greater magnitude over longer pe-
riods of time than those which are showing excellent
results in the hip arthroplasty registers of today. This
is a reality that will have to be considered as we con-
tinually strive toward excellent long-term outcome.
More long-lasting implants that have the advantage
of conserving the biological environment in the hip,
facilitating subsequent re-operations, should the
need arise, is the target goal.

Influence on bone remodelling by
implant design, surface finish and
bisphosphonates
One way to conserve the local biological environ-
ment is to influence adaptive bone remodelling, to
reduce periprosthetic bone loss. The studies in this
thesis focus on illuminating the options to do so by
altered implant design, implant surface finish and
pharmacologically with the use of bisphosphonates.
Implant mediated bone loss through stress shielding
can be influenced by stem design, at least in the short
term perspective (33, 35, 182, 232).
Bisphosphonates influence two proxy-variables
for long term outcome in THA, i e. periprosthetic
bone loss and implant migration. Stress shielding-
mediated bone loss can be reduced with bisphospho-
nates (30, 32, 207) but today it is not known how long
the treatment should be continued. There are some
well known negative side effects of this pharmaco-
logical treatment, but in the future, as it is expected
that patients will live longer with their prostheses,
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one can question whether this is the best treatment
in order to reduce periprosthetic bone resorption
(214, 215). It might have a place in improving the
clinical outcome in certain categories of patients, for
example, those with severe osteoporosis or patients
undergoing hip revision where bone stock is severely
compromised.

Altering implant surface finish with bioactive
coatings, such as HA, has not been shown to reduce
periprosthetic bone resorption. However, in recent
register studies the same type of coating resulted in a
higher incidence of cup and liner revisions in prima-
ry and revision settings (78, 152). One probable ex-
planation is that the release of HA-particles leads to
third-body wear. HA-coating does not improve long
term outcome in a well functioning uncemented ta-
pered stem (77). From these results, and from what
we know about the properties of HA in this thesis, it
appears as though HA coating has a positive effect
primarily on early implant fixation and may prove to
be a drawback for the long-term outcome.

Altering implant surface finish with a type of
bio-friendly metal (Tantalum) or a new geometrical
titanium-coating architecture has been shown to in-
crease bone ingrowth in laboratory tests (37, 62, 63).
In a clinical setting, less bone resorption could not
be shown with tantalum coating (141) and we could
not verify this either in study V. Even if these new
implant surfaces with enhanced porosity may not
have a bone sparing effect, the higher friction coef-
ficient makes them suitable in cup revision surgery
where they expand the arsenal of implants to give
good primary fixation in compromised host bone.

Clinical relevance of stress shielding

As yet, no studies have shown a correlation between
periprosthetic BMD decrease and revision rate or
clinical outcome. However, in total hip replacement,
periprosthetic fractures are an increasing problem
as the population ages and have an increased risk
of falling. Continuous on-going bone loss ought to
be disadvantageous for the long term outcome in
these patients. Furthermore, stress-shielding could
increase the risk of periprosthetic fractures and im-
plant loosening. The drawbacks may not be apparent
until sufficient “exposure time” has elapsed. From
studies done on the reduced risk of osteoporosis-
related hip fractures with prophylactic treatment us-
ing bisphosphonates, it seems reasonable to suppose
that the same relationship could be true in THA
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(49). This suggests that a reduction in BMD loss of
approximately 5-10% could reduce the incidence of
late onset periprosthetic fractures.

Clinical relevance of osteolysis

There is an on-going debate as to whether stress
shielding predisposes to osteolysis, but it has not been
verified in clinical studies (43, 44). However, an as-
sociation between polyethylene wear and osteolysis
has been shown (47), both on the pelvic side (11, 45)
and on the femoral side (42). In these studies it was
evident that periprosthetic osteolysis was a risk fac-
tor for implant loosening and poor clinical outcome
in THA. A possible consequence of this association
is that outcome can be improved by reducing poly-
ethylene wear. Highly cross-linked polyethylene
(HXLPE) liners, with improved wear characteristics,
are an attempt to reduce periprosthetic osteolysis and
achieve better clinical outcome. This should hold true
unless the wear particles released from HXLPE liners,
though fewer in numbers and smaller in size, induce
a more aggressive osteolytic reaction compared to
conventional PE wear particles (233, 234).

A second generation of HXLPE liners is now be-
ing used in THA. To get rid of the oxidation-prone
free radicals emerging from the cross-linking irra-
diation, the antioxidant vitamin E has been used in
the manufacturing process. Wear characteristics for
the vitamin E-treated HXLPE has been promising in
laboratory tests (100), but no long-term results from
a clinical setting are yet available. In the short two
year perspective, as in study V, no conclusions of PE
wear rate can be drawn. Whether these new bear-
ings will reduce PE wear, and consequently reduce
the periprosthetic osteolysis, on-going randomized
controlled trials, as study V, will tell.
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17 CONCLUSIONS

I Aseptic femoral revision with a proximally po-
rous- and hydroxyapatite-coated tapered stem is
a reliable procedure, with encouraging results,
in the mid-term perspective, if bone defects at
revision are moderate

IT Aseptic femoral revision with a proximally po-
rous- and HA-coated tapered stem gives good
clinical results but pronounced proximal femo-
ral bone demineralization.

III Risedronate given once weekly for 6 months af-
ter THA is effective in preventing periprosthetic
proximal bone loss after THA around an unce-
mented stem up to 12 months, with a trend to-
wards an effect up to 24 months postoperatively.

IV An ultra-short uncemented anatomical stem
gives less periprosthetic bone loss and equally
excellent stem fixation and clinical outcome,
compared to a conventional tapered stem, up to
2 years after THA.

V Comparing two acetabular titanium implants
with different properties regarding shell back-
side surface coating and articulating polyeth-
ylene showed no differences in periprosthetic
bone loss, cup migration or polyethylene liner
wear, up to 2 years after THA.
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GENERAL CONCLUSION
In summary, adaptive periprosthetic bone remodel-
ling after primary uncemented total hip arthroplasty
could be reduced pharmacologically with bisphos-
phonates and with altered stem design. Periacetabular
bone demineralization could not be reduced with
a new porous titanium construct material. Alpha-
tocopherol diffusion of HXLPE liners gave reduced
creep, but not less polyethylene wear up to 2 years
after surgery.

Periprosthetic bone resorption 6 years after aseptic
femoral revision was profound. ®
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Implications for future research

12 IMPLICATIONS FOR FUTURE RESEARCH

Future research in hip arthroplasty surgery should focus on

# the association between polyethylene wear, oc- s which patients who should benefit from bisphos-
currence of periprosthetic osteolysis and when to  phonate treatment after THA and for how long such
interfere to prevent implant failure treatment should go on.

# the options to interfere with clinically relevant s the possibilities to interfere with periprosthetic

adaptive bone resorption, to reduce the incidence of bone metabolism through the RANK- RANKL-
late occuring periprosthetic fractures osteoprotegerin (OPG) system. ®
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13 SUMMARY IN SWEDISH
- SAMMANFATTNING PA SVENSKA

Hoftproteskirurgi 4r en framgangsrik behandlings-
metod bade for patienten och for samhallet. For
patienten beror det goda resultatet pd den effektiva
smartlindrande effekten som operationen medfor
och for samhillet innebar detta att arbetsfora per-
soner klarar sin forsérjning och potentiellt hjilpbe-
hovande dldre personer klarar ett sjalvstandigt liv, i
storre utstrackning efter operationen an fore.

Frekvensen av hoftprotesoperationer har varit sti-
gande under en ling rad av ar och i Sverige idag
utfors drygt 16 000 hoftprotesoperationer arligen.
De goda langtidsresultaten har bidragit till att yngre
och aktivare méinniskor, med smértproblematik fran
hoftlederna, nu blir opererade i hégre omfattning
an for ett decennium sedan. Det dr dock vil kant
att langtidsresultatet vid hoftproteskirurgi inte ar
lika bra hos yngre minniskor som hos &ldre. Inte
heller vet man idag hur riskbilden att leva med en
hoftprotes i 20-30 ar, eller dnnu langre, kommer att
se ut. Samtidigt som allt yngre manniskor opereras
forvantas medellivslingden fortsitta att 6ka. Sam-
mantaget kommer detta att leda till att andelen mén-
niskor som lever med en hoftprotes i flera decennier
okar markant i framtiden. Det dr darfor viktigt att
kartldgga vilka risker detta medfér samt hur risk-
erna kan motverkas.

Fixation av proteskomponenter sker antingen
med hjilp av bencement eller pd biologisk vig,
genom att skelettet “vaxer in” i den mikropordsa
titanytan som tidcker proteskomponenter dmnade
for biologisk fixation. Denna avhandling fokuserar
enbart pd komponenter som fixeras pa biologisk
vig. Dessa icke-cementerade komponenter kraver
bra benkvalitet for att fixeras pé ett stabilt satt, men
har samtidigt visat sig ge béttre ldngtidsfixation an
cementerade dito. Darfor anvinds de mer frekvent
vid hoftproteskirurgi hos unga patienter.

Protesdelarna i metall som insdtts vid hoftpro-

teskirurgi 4r styvare dn det omgivande benet. Det
medfor att det protesndra skelettet avlastas eftersom
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kraftoverforingen foretradesvis sker via den styvare
metallkomponenten. Denna process fortgir kon-
tinuerligt. Med tiden tunnas den skelettnidra ben-
massan ut och en situation med artificiellt framkallad
benskorhet uppkommer. Det é4r inte orimligt att tro
att detta kan leda till 6kad risk for protesnara fraktur
i samband med ett framtida fall eller annat mindre
trauma. Huruvida den protesnira benurkalkningen
aven kan bidra till 6kad risk for lossning av protes-
komponenterna dr inte lika uppenbart ur teoretisk
synvinkel, men icke desto mindre debatterat.

Mot bakgrund av ovanstiende resonemang syftar
studierna i denna avhandling till att belysa det klini-
ska och radiologiska resultatet vid hoftproteskirurgi,
med icke-cementerade proteskomponenter, efter
saval forstagings- som om-operationer. Vidare
syftar delarbetena III-V &ven till att belysa hur
omf6rdelningen av den protesnira benmassan kan
paverkas och motverkas, med hjilp av likemedel
samt design och ytskikt pd protesdelarna.

Resultatet av studie I visar att om-operation av loss-
nade protesstammar kan utforas pa ett sikert sitt,
och med bra kliniskt resultat, med en icke-cement-
erad stam dmnad for forstagdngsoperationer, om
skelettet inte dr kraftigt nedbrutet runt den lossnade
stammen. Trots att den anvianda icke-cementerade
stammen &r designad for att 6verfora belastningen
till skelettet foretridesvis i ovre delen av larbenet,
och pé sa sitt verka benbesparande, uppfylls inte
detta syfte fullt ut. I studie II visar bentithetsmat-
ningar av det protesnira skelettet omfattande forlus-
ter av benmineralmassa, framfor allt runt 6vre delen
av stammen, av skil som ovan nimnts. Studie III
visar att man kan minska benmineralurkalkningen
i det protesnira skelettet, upp till ett ar efter hoft-
proteskirurgi, efter 6 manaders medicinering med
osteoporosmedicinen bisfosfonat. I studie IV visas
att en mycket kort kilformad design av en hoftpro-
tesstam kan minska den protesnidra benmineral-
urkalkningen, upp till tva efter hoftproteskirurgi,
jamfort med en konventionell stam. Slutligen, i
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studie V; testas om en ny typ av titanyta pa led-
skalens baksida, kan minska den protesnira ben-
mineralurkalkningen genom att 6ka beninvixten i
den microskrovliga ytan. Denna hypotes kunde inte
verifieras da benforlusterna bakom den nya typen av
ledskal uppvisade samma monster och samma om-
fattning som bakom en konventionell ledskal i titan.
I studie V jamfordes dven slitaget av plastledytan
mellan den artificiella metallkulan och ledskalen i
polyetylen. Slitageprodukter av polyetylen har visats
ge bennedbrytning i det protesndra skelettet och
bidrar darfor till protesnira benforluster efter hoft-
proteskirurgi. Vi fann ingen skillnad i slitage mellan
en modern E-vitaminbehandlade, hoggradigt sl-
itagebestandig polyetylenplast och en konventionellt
hoggradigt slitagebestindig plast, upp till tva efter
operation. Didremot uppvisade E-vitaminplasten
storre hardhet, da den deformerades i mindre om-
fattning under det forsta postoperativa aret.

Sammanfattningsvis visar studierna i denna
avhandling att protesnira benmineralforluster kan
minskas med hjdlp av farmakologi och protesde-
sign men inte sdkert med ytstrukturer med 6kad
porositet. Om-operation av l6sa hoftprotesstammar
kan utféras med bra kliniskt resultat med en icke-
cementerad stam, amnad for férsta-gangsoperation,
om bendefekterna i larbenets 6vre del inte dr omfat-
tande. ®
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