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Introduction

Hip osteoarthritis

The World Health Organization estimates that osteoarthritis (OA) is one of the leading causes
of years lost to disability worldwide and one of the most common chronic diseases of the

musculoskeletal system [1, 2]. This means there is a great need to improve the treatment for

OA.

OA is characterised by a progressive degeneration of the entire joint involving the cartilage,
ligaments, and underlying bone. Hip OA is classified into two subgroups. Primary (idiopathic)
OA is by far the most common. However, the aetiology is to a large extent unknown.
Secondary OA has a known aetiology (e.g. previous fracture, infection, congenital disease,

malformation and dysplasia) and is less common.

Prevalence

In a US population aged = 45 years it was estimated that 10% had symptomatic hip OA and
2.5% had moderate/severe radiographic hip OA [3] and it is well recognised that the
prevalence increases with age [3, 4]. Up to 40% of people aged = 65 in the United Kingdom
suffers from symptoms associated with hip or knee OA [5]. The lifetime risk of developing

symptomatic hip OA is estimated to be 25% [6].

Symptoms

Hip OA symptoms are dominated by pain from the diseased joint accompanied by joint
stiffness and reduced physical function. In the early stages, symptoms are present during use
of the joint and relieved when at rest. Later, the symptoms progress to being present at rest
and can eventually disturb sleep. Hip pain is one of the major causes of gait disability and
difficulty in climbing stairs in the elderly population in both Europe and the US [7].
Collectively, symptoms from OA affected joints lead to a marked decrease in the quality of life

[8] and an increase in mortality compared with healthy individuals [9].

Diagnosis

The clinical diagnosis of hip OA is based on the history of symptoms often with gradual
deterioration in combination with a clinical examination where passive motion, joint stiffness
and pain during motion are assessed and finally a hip radiograph where joint space

narrowing, osteophytes, bony sclerosis and cysts present as hallmarks of OA [10].
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Treatment

There is currently no cure for hip OA. All treatment strategies aim at relieving the symptoms.
Osteoarthritis Research Society International (OARSI) recommends that the treatment be
divided into three stages [7]. The first stage involves non-pharmacological and non-surgical
treatments, which should be offered to all patients. It consists of education, coping strategies,
exercise and weight loss (when indicated). The second stage treatment is for the group of
patients with progressive symptoms and includes pharmacological treatments with
paracetamol and/or non-steroidal anti-inflammatory drugs, walking aids, physiotherapy and
steroid joint injection. The last stage is surgical treatment with a THA and should only be
offered to patients where first and second stage treatment does not reduce symptoms
sufficiently [7]. Figure 1 illustrates the treatment pyramid. Total hip arthroplasty (THA)

surgery is performed to treat primary OA in 80% of all cases in Denmark [11].

Figure 1. Principles of hip OA management
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Pathogenesis and management of pain in osteoarthritis. Lancet 2005; 365: 965-73.

Reprinted with permission from Elsevier
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Total hip arthroplasty

The success

THA surgery is a well-recognised treatment offered to patients with hip OA [12]. In the 1960s,
Sir John Charnley’s design of a low friction arthroplasty revolutionised management of
patients with OA [13] with good long-term results [14, 15]. Due to its great success, THA has
been called ‘The operation of the century’ [16].

THA is one of the most frequently performed procedures in orthopaedic surgery [17].
Worldwide, over a million patients receive a THA each year. In the US, about 427,000 primary
THAs with any indication are performed every year [17]. In Denmark almost 9,000 THAs are
performed [11] and in Sweden over 16,000 THAs are performed [18], and the numbers are
expected to increase due to the growing elderly population and a decrease in mean age at

surgery [17, 18].

Conventional outcomes

Conventional outcomes regarding THA surgery are: revision rate including causes of revision
(e.g. aseptic loosening, dislocation and infection), survival rates of different prosthetic
component concepts, surgically related complications (e.g. perioperative fractures, infections,
need for blood transfusion, deep vein thrombosis and pulmonary embolism), surgeon-

reported outcomes [19] and mortality rate.

But with low mortality rate [20], acceptable revision rates and increasing survival rates of the
prosthesis [11, 21] a shift from using conventional outcome to patient-reported outcome
measures (PROM) has increased over the last decade. This partly because it has been shown
that there is a discrepancy between conventional surgeon-reported outcomes and patient-

reported outcomes (PROs) [22, 23].

Patient-reported outcomes

Despite great success with THA surgery, the PROs have revealed that 15 to 30% of the
patients reported little or no improvement or were unsatisfied with the results [21]. Chronic
pain was reported by 12% of the patients after THA in Denmark [24] and patients did not
accomplish the same level of physical function compared with the general population [25, 26].
According to the Danish Hip Arthroplasty Register 2005, 6% of patients with primary THA

were ‘unsatisfied’ or ‘not completely satisfied” after a minimum of 6 months follow-up [27],

12



and in Sweden up to 14% of the patients were not satisfied post-operatively [20]. One factor

influencing the PROs may be the surgical approach [28, 29].

Factors with influence on outcome after THA

However, several factors have an influence on both the conventional outcomes and the PROs
after THA surgery. Patient-related factors like co-morbidity, the diagnosis leading to THA
surgery, gender and age, all play a role in the outcome [11, 18, 30, 31]. Surgeon-related factors
like experience and the volume of surgeries performed each year may have an influence [32,
33]. And finally, surgically-related factors like choice of prosthetic concept (e.g. cemented
versus cementless concepts) and the surgical approach may also influence the outcome [11,
34]. In this thesis we will focus on the influence the choice of surgical approach may have on

both patient-reported and objective outcomes.

Surgical approach
The choice
The choice of surgical approach is an important part of any pre-operative planning in

orthopaedic surgery.

The surgical approach must enable sufficient overview of important anatomical structures.
Thus the acetabulum and the proximal femur must be visible and accessible to facilitate
optimal positioning of the cup and stem [35, 36]. At the same time, it must facilitate sparing of
vital anatomical structures (e.g. the sciatic nerve and arteria femoralis). It is important that
the approach induces limited surgical trauma to the tissue (muscles, tendons, joint capsule) to
preserve the hip joint’s stability, function and muscle strength [37]. However, it should be

possible to extend the exposure per-operatively in difficult cases [37].

Furthermore, the surgery must be carried out within a reasonable time period to lower risk of
infection, bleeding and other surgically-related complications but also to make the treatment

cost-effective.

The need for special equipment and the number of personnel required to carry out the
surgery must be considered. The approach should not lead to extensive post-operative
restrictions delaying mobilisation and rehabilitation [38] and must allow for later revision.

Last but not least, the approach should provide satisfying outcomes for the patient.

13



The choice of approach is often based on surgical traditions within a country, region or

surgical department and on the surgeon’s personal preference [39].

Nomenclature

A variety of surgical approaches has been described and many are frequently used today.
However, the nomenclature can be confusing due to many synonyms and inconsistent use of
them, especially for the lateral approach [40]. Furthermore, many studies have insufficient
descriptions of the approach [41-43]. This complicates the comparison of outcomes between

approaches [40, 44].

Table 1 describes five different conventional surgical approaches to the hip and their relation
to important anatomical structures. Figure 2 shows the many variations of the muscle split
performed during the lateral approach. These variations are the cause of many of the
synonyms. The different impact on soft tissue and muscles during surgery are hypothesised to

result in different risk of complications [44].

Figure 2. A) Variations in the gluteus medius and vastus lateralis split during the lateral
approach. B) The gluteus medius and vastus lateralis split during the modified direct lateral

A L B Mulliken et al. 1998
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The posterior approach is hypothesised to increase the risk of dislocation and risk of revision
due to dislocations because of the surgically induced trauma to the posterior stabilising
structures [44, 45]. In contrast, the surgically induced trauma on the hip abductor muscles
performed during the lateral approach is hypothesised to cause hip abductor muscle
weakness [46, 47], limping [28, 40, 48], and as a consequence of these potential adverse

effects, the PROs may be influenced negatively [28, 29].
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A recent worldwide survey revealed that the surgeons’ choice of approach was divided
between the posterior approach (PA) (45%) and the direct lateral approach (LA) (42%),
followed by the direct anterior approach (DAA) (10%) and others (3%). North American
surgeons favoured the PA more than European surgeons (69% compared with 36%,

respectively) [49].

In the Scandinavian countries the choice of surgical approach is registered in the national
arthroplasty registries and is divided mainly between two approaches. In Denmark, the
posterior approach is favoured in most cases (95%), whereas in Norway the lateral approach
is favoured (75%). In Sweden, a more equal use of PA and LA are seen (60% vs. 40%,
respectively) [11, 50],

Figure 3.

Figure 3. The distribution of PA and LA in the Scandinavian countries

Russland

Since most THAs are performed with the posterior or the lateral approach worldwide and also
in Denmark, the focus in this thesis will be on those two approaches. Descriptions of the two

approaches can be found in section ‘Intervention set-up’, page 30.
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Table 1. Description of five conventional surgical approaches

Surgical approach Synonyms* Authors* Anatomical description of approach Anatomical structures at risk
Posterior (PA) Posterolateral Langenbeck 1874 Blunt dissection of gluteus maximus. The sciatic nerve
Gibson Gibson 1950 Detachment of the small external rotators. Posterior stabilizing tissue (joint
Moore Moore 1959 Incision of the posterior part of the hip capsule. capsule and small external rotators)
Southern hip exposure Hunter 1986 May include capsular repair and re-insertion of
Gluteus maximus split the small external rotators.
Lateral (LA) Direct lateral Bauer 1979 The anterior one-third of the gluteus medius The superior gluteal nerve
Hardinge Hardinge 1982 and the gluteus minimus tendon insertions on ~ The abductor muscles
Stracathro approach McLauchlan 1984 the greater trochanter are split longitudinally
Abductor split Gammar 1985 and sharply separated from the greater
Translateralt Frndak and Mallory  trochanter.
Gammer 1993 Vastus lateralis is split and detached anteriorly
Modified direct lateral Mulliken 1998 in the combined tendon and periosteum with
approach the gluteus medius.
Many variations of the gluteus medius muscle
split along with vastus lateralis are described,
Figure 2.
Lateral Lateral approach with Charnley 1961 The gluteus medius and vastus lateralis are The superior gluteal nerve
transtrochanteric osteotomy visualised. The abductor muscles
(LA+TO) The osteotomy is performed after Non-union/displacement of the

identification and freeing the borders of the
gluteus medius, and elevation of the origin of
the vastus lateralis.

The anterior capsule is exposed by external
rotation of the femur and divided

The osteotomised fragment is reflected
proximally and a capsulectomy is performed.

trochanteric osteotomy

Antero-lateral (ALA) Watson-Jones

Watson-Jones 1936

Utilises the intermuscular interval between the
tensor fasciae latae and the gluteus medius
without any incision or dissection of the
muscles

The superior gluteal nerve

Direct anterior
Smith-Petersen

Direct Anterior
(DAA)

Smith-Petersen
1949

Utilises the internervous and intermuscular
interval between the muscles of sartorius,
rectus femoris and iliopsoas on one side and
the tensor fasciae latae on the other side

The lateral femoral
cutaneous nerve

*The list of synonyms and authors may not be exhaustive
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Surgical approach and patient-reported outcomes

Choosing the most optimal surgical approach regarding PROs would contribute to achieving a
better treatment for thousands of patients. However, the literature reveals that evidence from
level 1 studies comparing PA with LA is missing. Four registry-based studies and one
prospective cohort study (level II evidence) have revealed a significant but small difference in
favour of PA on varying PROMs. Only one randomised controlled trial (RCT) (level I evidence)
has been performed, using the surgeon-reported outcome measure Harris Hip Score (HHS) as
primary outcome and as secondary outcome, the Western Ontario and McMaster Universities
Arthritis Index (WOMAC) which is a PROM was used [51]. They reported no significant
difference between PA and LA after 3 months follow-up [51] Table 17, page 64 lists the
studies that have evaluated the PRO after PA compared with LA. One systematic Cochrane
review has been performed investigating potential differences between LA and PA, but they

were not able to include PROs in the analysis, due to lack of studies [44].

The registry-based study by Amlie et al. 2014 also included evaluation of self-reported
limping gait and found that twice as many patients in the LA group had limping gait compared
with the PA group. They also showed that limping gait, irrespective of surgical approach, was
associated with significantly reduced PROs measured on the Hip Disability and Osteoarthritis
Outcome Score (HOOS) [28]. Furthermore a prospective study has shown that the gait
measured with a 6-minute walk test was positively correlated with PROs measured on

WOMAC and SF-36 [52]. Thus, the gait seems to also influence the PROs.

Gait function

Limping gait is a major concern after THA [37, 40, 48, 53, 54]. However; no clear definition of
limping exists although it can be referred to as asymmetry in the gait [46]. A narrative review
of the literature from 1970 to 2001 [40] reported a slightly higher prevalence of limping gait
among LA patients 4%-20% versus PA patients 0%-16% [40]. But, the studies included were
in general of lower quality, limping was measured with different methods often with low
validity, thus making a direct comparison between studies difficult [40]. A more direct
comparison between LA and PA was performed in the study by Amlie et al. 2014. They
showed that 12% of PA patients had self-reported limping post-operatively compared with
24% of the patients in the LA group. But they also did not attempt to define limping gait.
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Since limping gait is not well defined and gait function is difficult to measure due to the
complexity of the biomechanics involving all major joints in the lower extremities in three
planes, the three dimensional gait analysis (3-DGA) is often used to objectively asses gait
function in patients with THA [55]. Several gait analysis studies have shown that THA patients
do not achieve the same gait pattern as healthy controls [56-62]. A narrative review of these
studies also revealed a large variety in the discrete variables reported. Thus 46 different 3-
DGA variables were reported in the seven include studies (7 temporo-spatial, 18 kinematic,
21 kinetic) [55]. However, no consensus on which variables to report exist and only six
variables (walking speed, stride length, sagittal hip range of motion, peak flexion moment,

peak extension moment and peak abduction moment) were reported in three or more studies.

The number of discrete variables is numerous and it makes a coherent interpretation of the
gait pattern difficult. Furthermore discrete variables lack the ability to evaluate the overall
gait pattern or gait ‘quality’ throughout the entire gait cycle [63]. Therefore, there is an
increasing interest in implementing a summary index that describes the overall gait ‘quality’

expressed as the degree of deviation from normality.

The Gait Deviation Index (GDI) has been proposed to simplify the kinematics of the lower limb
during gait in one index ranging from 0 to >100, where an index 2100 represents normal gait
‘quality’ [64]. GDI has previously shown improvements when used to assess the change in
pre-operative to post-operative gait ‘quality’ in THA patients [65, 66] and has also been

applied in other patient groups [67-71].

True validation of GDI in hip OA/THA patients is difficult since no gold standard exists for the
measure of gait ‘quality’. However, GDI has been validated against the Gross Motor Function
Measure in cerebral palsy patients [72]. Research into associations between GDI as a measure
of gait ‘quality’ and validated clinically important outcomes will improve the understanding of
the clinical utility and application of GDI in research and in the clinical context. This has, to
our knowledge, only been performed in patients with cerebral palsy and rheumatoid arthritis

[70, 71, 73].

Three gait analysis studies have investigated gait pattern in patients operated on with PA
compared with LA [43, 59, 74]. The studies by Madsen et al. 2004 and Whatling et al. 2008

classified patients based on discrete 3-DGA variables in comparison with healthy controls.
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Both studies concluded that the LA patients had a more abnormal gait than the PA patients
compared with healthy controls. The study by Queens et al. 2013 did not find any difference
between the PA and LA groups at 12-month follow-up [74]. All three studies investigated
varying discrete variables from the 3-DGA and they were based on small sample sizes of 10-
14 patients in each group. None of the studies were randomised [43, 59, 74] and the

evaluation of overall gait ‘quality’ was not performed.

Hip muscle strength
Several studies have shown that both patients with hip OA and patients after primary THA

surgery have reduced hip muscle strength compared with healthy controls [46, 75-77].

Further, it has been shown that reduced lower limb muscle strength is a predictor of the onset
of dependency in activities of daily living (ADL) and reduced physical function in elderly and
knee OA patients [78, 79]. Therefore, it is important to investigate if the surgical approach has

any influence on the post-operative hip muscle strength.

The Trendelenburg test was described as a clinical test for hip abductor function by
Hardcastle and Nade 1985 [80], and is widely used as a surrogate measure of abductor muscle
strength [81]. Three studies used the Trendelenburg test to compare the abductor muscle
strength between the PA and LA [51, 81, 82]. They found a higher prevalence of a positive
Trendelenburg test in the group of LA patients versus PA patients, indicating abductor
weakness in the LA group. Also the narrative review of the literature by Masonis et al. 2002
reported a slightly higher prevalence of a positive Trendelenburg test in the LA patients
(5.7%- 16%) compared with PA (4.7%-13%) [40]. However, the validity of the Trendelenburg
test as a measure of abductor muscle strength has recently been questioned. Kendall et al.
2010 concluded that the magnitude of pelvic drop and hence a positive Trendelenburg test
was poorly correlated to weak hip abductor muscles [83] and that the Trendelenburg test

should not be used as a screening measure for hip abductor strength [84].

Table 2 shows five studies that have investigated the hip abductor muscle strength between
PA and LA. The results vary greatly. The study by Winther et al. 2015 found significantly
lower hip abductor muscle strength 6 weeks post-operatively in the LA group compared with
the PA group [46]. Another study reported reduced hip abductor muscle strength in the
operated leg compared with the unaffected leg in the LA group, but not in the PA group [47].
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The other three studies did not report significant difference between the two groups [85-87].
None of the five studies were RCTs. Two of the studies measured the hip muscle strength with
less reliable methods [85, 87], the study by Winther et al. 2015 measured the maximal muscle
strength by a ‘one-repetition maximum strength test’ and, therefore, not an isometric muscle
strength test. Lastly, the results in the study by Downing et al. 2001 may be influenced by a
large drop-out rate on 27% [86]. Thus, no firm conclusion can be drawn about a difference in

hip muscle strength after THA performed with PA compared with LA.
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Table 2. Studies comparing hip abductor muscle strength in patients with PA versus LA

Design

Number of
patients

Diagnosis

Approach

Follow-up

Hip muscle strength

Results

Gore et al. Cross-sectional PA: 52 Primary OA PA- with no repair Mean 2.5 years Isometric maximal abductor Significant difference
1982 study ALA: 33 Fractures ALA- Watson-Jones strength between hip abductor
Avascular necrosis Compared with contralateral strength in the operated
healthy leg and healthy leg in the ALA
group
No difference in the PA
group
Barber et al. Cohort study PA: 28 Primary OA PA- with no repair 1 year Manual testing-grade 0-5 No significant difference
1996 LA: 21 LA- Hardinge between groups
Downing et al. Prospective PA: 51 Primary OA PA- with repair? Pre-operatively Isometric maximal abductor No significant difference
2001 cohort LA: 49 LA- Hardinge 3 months strength between groups
1 year
Kiyama et al. Cross-sectional PA: 40 Primary OA PA- with repair Mean Isometric maximal abductor No significant difference
2010 study LA: 38 Avascular necrosis  LA- Frndak and 3.3to 3.5 years strength measured in a ratio between groups
Mallory compared with contralateral Decreased abductor
healthy leg strength compared with
Hand-held dynamometer with  healthy leg in both groups
the patient in supine position
Winther et al. Prospective PA: 19 Unilateral OA PA- with repair Pre-operatively 1 repetition maximal hip Significant difference up
2015 cohort study LA: 21 Unclear if all LA- Hardinge 2 days abduction strength tested to 6 weeks between
indications were 8 days with the patient in supine groups
included 6 weeks position At 3 month no significant
3 months difference between

groups
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Motivation for this Ph.D.-thesis

As outlined above, the literature comparing PA with LA generally is of a lower evidence level
and the optimal choice of surgical approach remains unclear. The extent to which the choice
of surgical approach affects the outcome from a patient’s perspective, the patients gait and hip
muscle strength needs to be further investigated. Therefore, the motivation for this Ph.D.
thesis was primarily to investigate if PA was superior to LA regarding improvements in PROs,

gait function and hip muscle strength in a prospective RCT (evidence level I).

Secondarily, it was to investigate the application of the gait ‘quality’ index (GDI) in hip OA and
THA patients.
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Aims and Hypotheses of the Ph.D.-thesis

Protocol

The aim was to facilitate transparency and access in research, by a priori clearly describing
and publishing the protocol for a randomised controlled trial to investigate the superiority of

PA compared with LA.

Study 1
The aim was to investigate potential associations between gait ‘quality’ measured by GDI, hip

muscle strength and PROMs in patients with severe primary hip OA.

We hypothesised that low hip muscle strength, high pain levels and impaired self-reported

physical function and quality of life would be associated with reduced GDI scores.

Study 2
The primary aim of this trial was to evaluate the efficacy of two surgical approaches to THA on
patient-reported physical function, and the secondary aims were to evaluate their efficacy on

patient-reported pain, physical activity, limping and quality of life.

We hypothesised that patient-reported outcomes within the first year would improve more in

patients receiving PA compared with LA surgery.

Study 3
The primary aim of this explorative randomised controlled trial was to evaluate the efficacy of
PA compared with LA after THA on gait function and secondarily evaluate the efficacy on hip

muscle strength.

We hypothesised that gait function measured with GDI, temporo-spatial parameters,
kinematic variables and hip muscle strength would improve more in patients operated on

with PA compared with LA at 12 months follow-up.
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Methodological considerations

Protocol

It is highly recommended to describe and publish the protocol when initiating an RCT [88,
89]. This facilitates transparency and access to research [88]. Transparency is important in
order to reduce selective reporting, to avoid changes in inclusion criteria during the study
period and post hoc changes in the primary outcome, all of which reduces the fully
understanding of a trial’s validity [88]. Access to research protocols and results is important
to secure the transparency of trial conduct, but also to avoid ‘waste of research’ when results

are not published or replicated but knowledge already exists [88].

We therefore published a full study protocol and the study was registered at ClinicalTrials.gov
no: NCT01616667 prior to inclusion of patients. This has facilitated a structured study with
clearly defined primary, secondary and explorative outcomes. This thesis focused on the
primary and secondary PROs and explorative outcomes from the 3-DGA. All of these outcomes
were measured with 12 months follow-up. The remaining explorative outcomes including
physical performance test and consumption of pain killers were measured with 3 months
follow-up and will be analysed in forthcoming publications outside the scope of this thesis. In

the following sections important aspects of the methodological choices will be discussed.

Study design

Study 1- cross sectional

A cross-sectional design was used in this study to investigate associations between the GDI
and hip muscle strength, pain and PROs. A cross-sectional study can be conducted more
quickly, since no follow-up is needed and can be used to generate hypotheses. These
advantages were utilised in Study 1. This design has also been applied in studies investigating
the association between the GDI and clinical outcomes in different patient groups [71, 90].
The design, nevertheless, has some disadvantages. A cross-sectional study provides only a
'snapshot’ of the outcomes at one specific time point, hence no causal explanations can be

based on the results [91].

Study 2 and Study 3- RCT design
As outlined in the introduction, only one RCT had been performed comparing LA and PA in

patients receiving a primary THA and that study did not use a PRO as the primary outcome. A
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RCT is considered the gold standard within medical research [92]. The merits of a RCT are to a

large extent caused by the random allocation of patients to treatment.

First, the random allocation to treatment eliminates selection bias. Second, random allocation
allows the assumptions that any difference in outcome between treatment groups is caused
by change. Third, random allocation facilitates successful blinding to treatments both to the

investigators and the participants, which reduces bias after assignment of treatments [92].

This study utilised balanced block randomisation [1:1], using a computer-generated list
containing a sequence of one letter and one number: ‘A’ referring the patient to PA, ‘B’
referring the patient to LA. ‘1’ referring the patient to participate in the gait analysis thus
contributing with data on the GDI, and ‘0’ referring the patient not to participate in the gait
analysis (see CONSORT flow diagram from the protocol, Appendix A). We used block
randomisation (4 blocks of 20 patients each) to prevent imbalance in the number of patients
allocated to the two treatments at any time during inclusion which has been recommended
for sample sizes <100 [93]. However, the blocks were large enough to conceal the allocation
sequence from the principal investigator (SR), who enrolled patients into the study. As shown
in the CONSORT flow diagram based on the actual enrolment (Figure 6, page 46) we

succeeded in a balanced randomisation of 41 and 39 patients in the two groups.

The randomisation sequence was generated by a third person (JL) not otherwise involved in
the trial. The letter and number combination was written on paper, folded and placed in
sealed opaque consecutively numbered envelopes. The booking secretary opened the
envelopes in the given order, and according to the content the patient was scheduled for

surgery.

In the first three blocks, there was a 66% chance of being allocated to group 1 (gait analysis).
Hence we were able to verify the initial sample size calculation based on pre-operative
ungrouped results of the GDI for the first 20 actual gait analyses performed (see sample size

page 39).
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Blinding
Both the patients and the principal investigator (SR) who enrolled the patients and conducted
the primary and secondary statistical analyses were blinded to treatment allocation

throughout the study period (Studies 2 and 3).

The surgeons, operating theatre personnel, ward doctors, ward nurses and ward
physiotherapists were not blinded due to the nature of the intervention and the surgery
descriptions in the medical records. However, they were all informed about the project and
were well aware of the importance of not discussing the intervention with the patients. Since
all patients were treated with the same rehabilitation protocol, described in the Protocol [94],

there was no need to discuss the specific intervention.

The patients were informed, prior to participation, that the type of intervention would not be
revealed to them before the end of the study and the reason for blinding was carefully
explained to them. Blinding of the principal investigator during the analyses was possible to
maintain because of the use of project id numbers for all patients, recoding of the allocation
sequence from letters to numbers and the nature of the self-reported outcomes. However, the
data collector (the principal investigator, the project engineer (DBN) and project
physiotherapists (RSS)) conducting the 3-DGA were not blinded to the scar at the hip, since
marker placement on the hip was necessary. We are aware that a few patients may have
guessed their intervention but we did not measure the success of blinding systematically in

accordance with the CONSORT statement [92].

Population

The study population in all three studies was based on patients with unilateral primary hip
OA scheduled for a primary cementless THA. Patients were enrolled in the trail according to
well-defined inclusion- and exclusion criteria, Table 3. The selected age criterion between 45
and 70 years was based on two considerations. Patients under the age of 45 years are more
likely to suffer from secondary OA and thus they constitute another patient group. All patients
over the age of 70 years are in our department offered a total cemented prostheses and the

trial was not designed to account for differences in prosthetic concepts.
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Table 3. Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Aged 45 to 70 years Symptoms in several joints (hip, knee or ankle) with
expected total joint arthroplasty within one year
Diagnosed with primary hip osteoarthritis (0OA) Prior total joint arthroplasty at any joint (hip, knee

or secondary OA due to mild hip dysplasia or ankle) or major lower limb surgery, still causing
(center-edge-angle > 20 degrees) symptoms

Scheduled for primary cementless* total hip BMI > 35 (kg/m?)

arthroplasty

Any physical disability preventing the patient from
walking freely without walking aids

Any neurological disease (e.g. cerebral thrombosis,
Parkinson Disease) compromising walking ability
Any severe medical condition compromising
physical function (e.g. chronic heart failure, chronic
obstructive pulmonary disease)

Severe dementia (OMC < 18)

Inability to read and understand Danish written and
oral instructions
*Cementless Bi-metric stem® and Exceed ABT Ringloc-x Shell™; OMC= Orientation-Memory-Concentration Test

In total, 499 patients aged 45-70 years were screened in the period May 2012 to May 2014,
Figure 6. According to the inclusion criteria 151 patients were not eligible, primarily because
they were diagnosed with conditions other than primary OA. Of the remaining 348 patients,
208 patients were excluded due to comorbidity. Over half of them had a prior total joint
arthroplasty. The remaining 140 patients were eligible, but 60 patients were not included

either because they did not want to participate or because, by mistake, they were not asked.

We performed dropout analyses of differences in the demographic outcomes between
patients included in the study and those who did not want to participate or were not asked to
participate. We found a higher proportion of patients with the American Society of
Anaesthesiology Classification (ASA) score 2 and more females in the not included group,
Table 4. The exclusion of this otherwise eligible group of patients may have reduced the

external validity of the study.
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Table 4. Demographic differences between included and not included patients in the trial

Included patients Not included patients*
(n=77) (n=60)

Male, n (%)* 52 (68) 30 (50)

Age at surgery, mean * SD 60.9 £ 6.5 62.0 + 6.6

BMI (kg/m?), mean * SD 27.3+3.5 27.5+3.3

ASA class; 1: n (%)*; 2; n (%)*;3n (%) 58 (75); 13 (17); 6 (8) 27 (45); 30 (50); 3 (5)

ASA= American Society of Anaesthesiology Classification; *Significant difference (Chi-square test)

#Not included patients are those who declined to participate or, by a mistake, were not asked to participate

Implication of Study 1

The selected group of patients included in this study constituted younger patients with
primary hip OA scheduled for a THA with little or no comorbidity. They provided a
homogenous patient group with high internal validity. Nevertheless, performing correlation
analyses in a homogeneous group may reduce the strength of the correlation due to limited

variance in the study group.

Implications of Study 2 and Study 3

The exclusion criteria Table 3 were primary selected to improve the strength of the results
from the gait analyses. Comorbidity in terms of for example, earlier surgery in lower limbs or
additional symptomatic joints diseased with OA, may have influenced the outcomes achieved
from the gait analyses, hence masking the effect of unilateral hip OA disease and subsequent
THA intervention. High BMI reduces a precise marker placement and may also increase the

risk of soft tissue artefacts.

Therefore generalisation beyond the study population may be limited but this is an inherent
consequence of the RCT design [92]. This trial included younger patients (45 to 70 years)
receiving a cementless THA. On the other hand, 80% of all THA patients are diagnosed with
primary OA [11] and thus patients in this trial represent the vast majority of all THA patients.

The same considerations must be applied to the study population in Study 3, which
constituted a subgroup of all patients included. The selection of patients to participate in the
gait analysis study was incorporated into the primary randomisation and no patients declined

to participate or withdraw their consent because of the additional amount of visits to the gait
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laboratory. No visits were cancelled except for those who were unable to participate due to

recent peri-prosthetic or pelvic fractures Figure 9.

Reference group

A convenience sample of 20 healthy able-bodied adults aged 45 to 70 years was recruited to
provide a reference data set collected in our own laboratory. The calculation of the GDI was
based on this data set and used in Studies 1 and 3. The reference group was recruited using
the same inclusion criterion with respect to age and by the same exclusion criteria as the
patients, but they were not matched at a group level. The reference group characteristics are
shown in Table 5. We did not perform any analyses between the patients and the reference
group, since it was not considered an actual control group and the purpose with the studies
was not to investigate differences between healthy and patients receiving a THA, but solely to
investigate differences between the two interventions. The collection of a reference group
data set in our own gait laboratory improves the reliability of the GDI. Thus we avoided
introducing bias in the data due to systematic and unknown differences between the gait
laboratory protocols [95] and we avoided comparison with typically developing children’s

gait with that of hip OA/THA patients [64].

Table 5. Demographic characteristics of able-bodied participants in the study

Characteristics Able-bodied (n=20)

Age (years), mean *SD 56.9 £7.1

Male (%) 9 (45)

BMI (kg/m?), mean *SD 25.6+2.9

Self-selected walking speed (m/s), mean +SD 1.33+0.14
Ethics

The trial complied with the Declaration of Helsinki. It was approved by the Danish Data
Protection Agency and The Danish Regional Committee on Biomedical Research Ethics
(Southern Denmark), Project-ID S-20120009. A written and orally informed consent was

collected from the patients prior to inclusion.
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Intervention set-up
All patients had surgery at Odense University Hospital and participated in the same
standardised rehabilitation and pain management program. Details about the post-operative

medical treatment and rehabilitation can be found in the published protocol [94].

Templating was performed using the software TraumaCad® as part of the pre-operative
planning, thus estimating the size and position of prostheses implants aimed at restoring an
equal leg length and the femoral off-set. All the surgeons aimed at placing the cup within 5° to

15° of anteversion and 30° to 50° of inclination [96].

During surgery, patients were positioned in the lateral decubitus position. All patients
received the same type of cementless components (Bi-metric stem® and Exceed ABT Ringloc-

x Shell™ and metal head size 32mm or 36mm).

Posterior approach

PA was performed through an incision over the posterior part of the greater trochanter
through the fascia, followed by blunt dissection of the gluteus maximus. Then detachment of
the external rotators and incision of the hip capsule was performed [97]. The hip was
dislocated by internal rotation and flexion. During closure of the wound, capsular repair and

re-insertion of the external rotators were performed if possible.

Lateral approach

LA was performed through a midline incision over the greater trochanter and involved
detachment of the anterior one-third of the gluteus medius insertion and gluteus minimus
insertion on the tip of the greater trochanter. Excision of the hip capsule was performed on
the anterior side of the joint, from the basis of collum femoris to the acetabular rim. The hip
was dislocated by external rotation, adduction and flexion. During closure of the wound, re-
insertion of the detached part of muscle gluteus medius and minimus was performed. No

capsular repair was performed [37].

Two teams of three experienced surgeons performed all operations: one team was
responsible for the PA procedure and the other team was responsible for the LA procedure.
The surgeons in each team were selected due to their special skills in performing either PA or

LA. As a result, we avoided a potential learning curve period and by including three surgeons
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in each team, we avoided the potential bias of comparing two surgeons’ skills or preference

rather than the effect of the surgical approaches.

Outcomes

The outcomes in this thesis were selected on the basis of the recommendation from the
Outcome Measures in Rheumatology Clinical Trials (OMERACT) [98] and they involved three
of four health dimensions included in the International Classification of Functioning, Disability
and Health core sets for osteoarthritis; namely ‘body structure’, ‘body function’ and ‘activities
and participation’ [99]. Since the main hypothesis in this thesis was the potential reduction in
physical function caused by LA compared with PA, several patient-reported physical function
outcomes were selected covering different aspects of this construct. Before choosing the
outcome measures it is important to gain knowledge about the measurement properties. The
outcome measures must be reliable, valid and responsive. We selected outcome measures that
have been validated and that are widely used. The questionnaire in full length is attached in
Appendix E. Finally, we supplied the patient-reported outcomes with objective measures of

gait function and maximal hip muscle strength.
Primary outcome

HOOS-Physical function

The Hip Disability and Osteoarthritis Outcome Score (HOOS) subscale of Physical Function
Short form (HOOS-Physical Function) [100] was used as the primary outcome, with the
primary endpoint at 12 months post-operatively. It was chosen because it measures the key
objective in this trial, namely whether physical function is influenced by the surgical
approach. HOOS- Physical Function is an aggregation and shortening of the two original
subscales of HOOS-ADL and HOOS-Sport and Recreation [100]. It is designed to optimise the
measurement of physical function and at the same time reduce the burden of long
questionnaires for the patients [100, 101]. Studies suggest that the subscale of HOOS-ADL and
WOMAC physical function consisting of 17 items, include a number of unnecessary items and
the range of demands in the items are limited [101-103]. The HOOS- Physical Function
subscale includes five items (three from HOOS-ADL and two from HOOS-Sport and
Recreation) that cover a wide range of physical functions, from low demand to high demand

functions [100]. Each item is scored on a 5-point Likert scale and the score from each item (0-
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4) is included in the calculation of the subscale that ranges from 0 (extreme symptoms) to 100
points (no symptoms). The HOOS-Physical Function has shown high internal consistency and

responsiveness in THA patients [101]. All items have been translated into Danish [104].

Secondary outcomes

To supplement the primary outcome the subscales HOOS-Pain and HOOS-Quality of Life from
HOOS 2.0 were used. As for HOOS-Physical Function each item is scored on a 5-point Likert
scale and the score from each item (0-4) is included in the calculation of the subscale that
ranges from 0 (extreme symptoms) to 100 points (no symptoms). HOOS 2.0 has shown high
validity, reliability and responsiveness in patients diagnosed with hip OA [105]. The patients
completed the Danish version of the questionnaire, that has been validated for trans-cultural

adaptation [104].

UCLA

We used a Danish version of the original University of California Los Angeles activity score
(UCLA) [106] to measure the patient-reported activity level. It is a questionnaire that evaluate
the physical activity on an ordinal 10-point (1-10) Likert scale ranging from ‘wholly inactive:
dependent on others, and cannot leave residence’ to ‘regularly participate in impact sports or
heavy labour’, a higher score being better [106]. It contributes with qualitative information
about the clinical outcome after THA [107] and has shown good test-retest reliability, good
construct validity, low ceiling effect and to be feasible in the evaluation of THA patients [108,

109].

EQ-5D-3L

The Danish version of the questionnaire [110] EuroQol 5-Dimension 3-Likert scale Health
Questionnaire (EQ-5D-3L) [111] was used as a generic health questionnaire. The first part
evaluates health status in five dimensions. The global health status index ranges from -0.624
(worst) to 1.00 (best) based on the Danish value set [112]. The second part evaluates the
patient’s current perception of their overall state of health and is scored on a ‘thermometer-
like’ 100-point visual analogue scale from 0 (worst imaginable) to 100 (best imaginable). We
included this questionnaire to evaluate the improvement in the patients overall health status
and the results can be interpreted as a global assessment their state of health. However, it

cannot be used as a global assessment anchor question. It is recommended to evaluate health
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related quality of life (HRQoL) with EQ-5D-3L in THA patients [113] and since 2002, the EQ-
5D has been used in the Swedish Hip Arthroplasty Register [114]. The patients completed the
Danish version of the questionnaire that has been validated for trans-cultural adaptation

[110].

Limping

The cause of limping is probably multifactorial. Poor hip muscle function, and in particular hip
abductor muscle weakness, is suggested to cause limping gait [46]. Reduced abductor muscle
strength may be caused by the surgical trauma to the hip abductors, changes in the
biomechanical properties of the hip joint like the femoral off-set [87, 115] or nerve injury to
the gluteus superior nerve [116, 117]. Pain or leg length discrepancy may also lead to limping

gait.

To measure the patients’ own perception of gait function, we included a question about
limping from the function domain of the HHS [118]. Limping is scored on an ordinal 4-point
Likert scale (1= no limping, 2= slight, 3= moderate and 4= severe limping). We did not

attempt to define limping gait for the patients.

The validity of this isolated domain of the HHS has not been established. However, the
reliability and validity of the complete HHS has been tested in a THA population and showed
good test-retest and inter-observer reliability, high internal consistency in each domain, low

floor effect but high ceiling effect [119]. HHS has been translated into Danish.

Ceiling effect

Despite the careful considerations about choices of PROMs and their measurement properties,
we observed a ceiling effect (up to 51% of the patients reached the maximum score) in all the
PROMs except for UCLA activity score post-operatively. Pre-operative data showed no signs of
a ceiling effect, Table 6. A ceiling effect of 15% is considered the maximum acceptable
threshold [120], although, some argue that higher ceiling effects may be acceptable given it is
only present post-operatively [121]. A ceiling effect leads to a limitation in the discriminative
ability of the questionnaire to detect clinically relevant changes in people who score high on
the scale, which is a well-known disadvantage of these PROMs [121, 122]. In this trial, the
ceiling effect may be because the study population constituted younger patients with primary

hip OA and little or no comorbidity. Consequently, we cannot rule out that some patients
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would have improved even more if the HOOS questionnaire had included items with higher
physical demands, thus potentially changing the results. However, the absence of a ceiling

effect pre-operatively enabled patients to improve in all outcomes.

Table 6. Ceiling effect in the primary and secondary outcomes pre-operatively and post-
operatively

Pre-operatively 12 months follow-up
Outcomes Lateral Posterior Lateral Posterior
n (%) approach approach approach approach

(n=37) (n=39) (n=37) (n=39)
HOOS- Physical Function 0 (0) 0 (0) 15 (41) 20 (51)
HOOS-Pain 0 (0) 0 (0) 16 (43) 18 (46)
HOOS-QOL 0 (0) 0 (0) 9 (24) 13 (33)
EQ-5D-3L-index 0 (0) 0 (0) 20 (54) 23 (59)
EQ-5D-VAS 0 (0) 1(3) 4(11) 7 (18)
UCLA Activity score 1(3) 0(0) 5(14) 2 (5)
Limping score 0(0) 0(0) 17 (46) 25 (64)

Digital scanning

All questionnaires were printed in a lay-out suitable for digital scanning reducing typing
errors [123]. We performed manual data validation where missing data occurred. Ambiguous
answers in the UCLA activity score where 2 or more boxes were ticked, the answer which
indicated the best activity level was chosen. No ambiguous answers in the Limping score
occurred. The HOOS scores were calculated according to the guidelines of HOOS 2.0 [124]. The
EQ-5D was calculated according to the User Guide of EQ-5D with the Danish value set [125].

Collectively these procedures almost eliminated missing data in our data set.
Explorative outcomes

GDI

In our gait laboratory we performed 3-DGA using an eight-camera motion capture system
(Vicon Motion Systems© Ltd, T40, Oxford, UK), and the Plug-in-Gait marker model, Figure 4.
The data were processed in Nexus 1.8 software. Only variables from the affected limb were

included in the analyses in Studies 1 and 3.
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Figure 4. Plug-in-Gait marker model

As outlined in the introduction, the use of the GDI was applied to evaluate the overall gait
deviation from the gait of healthy people throughout the entire gait cycle and thus to evaluate
the gait ‘quality’. It has been shown that the pre-operative GDI is a predictor for postoperative

gait function following THA [65, 66].

In general, gait indices are used to evaluate the overall gait pattern by the deviations from
normal gait and at the same time to avoid arbitrary or biased selection of gait variables. The
GDI facilitates an objective evaluation and quantification of the deviation from the normal gait
pattern. In this thesis, we defined the GDI as a measure of gait ‘quality * as also proposed by
Cimolin et al. 2014 and Jensen et al. 2015 [65, 126]. The GDI has been validated in children
and adults with cerebral palsy [67, 70], but not in hip OA patients.

Despite the obvious advantages of simplicity and evaluation of gait throughout the entire gait
cycle, there are limitations. GDI may not include all relevant variables, for example the
kinematics of the trunk and kinetics are not included in the Index. GDI only describes how
(kinematics) the gait pattern is, but not the underlying cause (kinetics) of the gait pattern
[126]. Furthermore, the GDI is a composite gait index, which precludes the possibility of

evaluating which variables contribute (positively or negatively) to the sum of the GDI and
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therefore the GDI provides no insight into where and in which direction the deviations from

normal gait may be [126].

Speed control

Walking speed is known to affect the kinematics during gait [127]. At the pre-operative visit
patients were instructed to walk barefooted at a self-selected speed. At the follow-up
assessments we collected data from the self-selected speed and from additional trials
matching the pre-operative speed (* 5%) if patients walked more than 5% faster or slower.
This approach enabled analyses of the GDI at a pre-operative controlled walking speed, thus
adjusting for the eventual effect walking speed may have on the GDI. No speed-controlled

trials were collected in the reference group.

Temporo-spatial parameters and kinematic variables

Temporo-spatial parameters and range of motion (ROM) kinematic variables from hip and
knee were also evaluated to supplement the investigation of gait function between the two
treatment groups. The outcomes were pragmatically selected, based on which temporo-
spatial parameters are commonly reported (walking speed, cadence, double and single
support time, and stride length) and ROM kinematic variables from the hip in all three planes
and the knee in the sagittal plane [55]. The kinematics from these planes are all included in

the GDI.

If we had investigated the kinetics of the hip during gait, we could have further explored the
relationship between hip moments as a surrogate measure of hip muscle strength during
walking and the maximal hip muscle strength. However, we maintained the focus on the gait

function investigated with kinematic variables as decided a priori [94].

In this thesis we used the following definition: The term gait ‘quality’ was measured by the
GDI and described the patient’s deviations from non-pathological gait, whereas the term ‘gait
function’ was used in a broader context where the gait was investigated with the GDI,

temporo-spatial parameters and kinematic variables.

Muscle strength
We measured the maximal isometric hip muscle strength since it may be directly influenced

by the two treatments. During LA, the hip abductor muscles are detached and during the PA
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the small external rotators and the gluteus maximus are dissected. Thus, the surgically
induced trauma may have a direct influence on the hip muscle strength post-operatively-

especially hip in abduction [46, 82].

[sometric maximal voluntary contractions (iMVC) in hip abduction, hip flexion and hip
extension were recorded in an upright standing position, according to the protocol described
by Jensen et al. 2011 [128], Figure 5. Three maximal contractions were performed after one
submaximal test contraction in each muscle group to ensure familiarisation. The participants
received both visual feedback on a pc-monitor (in the form of a graphical plot of the force over

time) and verbal feedback during each test contraction.

Figure 5. The test set-up for measuring maximal isometric hip muscle strength
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Reproduced with kind permission of Jensen et al. 2011

For each patient two dice randomisations were used to determine first, the starting limb and
second, the sequence of muscle group to be tested. The sequence determined at the first visit
was used during all follow-ups. This was done to avoid a systematic learning bias by always

starting with the healthy limb and with the same muscle group to be tested.
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The two data collectors together performed a visual inspection (face validity) of the
contraction curves to ensure there was no pretension, using a custom-made MATLAB®
program (MathWorks, Natick, MA, US). The contraction with the highest peak moment (Nm)
was selected and normalised according to body mass (Nm/kg). Only iMVC performed on the
affected limb were included in the analyses in Studies 1 and 3. iMVC in the standing position
has shown acceptable validity [129] and high test-retest reliability in healthy adults and
patients with THA [128, 129].

However, the standing position only represents the position of the joint at one time point in
the gait cycle. An alternative could have been to use measurement of isokinetic hip muscle
strength in a dynamic setup mimicking the range of motion and force-velocity during gait

which may have allowed the analysis to reflect a more functional model.

Pain measurement in relation to gait function and hip muscle strength

Pain was measured during all sessions in the gait laboratory: before walking, after walking
and after the last iMVC. Pain measurement was important to obtain both in relation to gait
and iMVC since pain may influence both gait function and the patient’s effort in reaching
maximal muscle strength [130, 131]. No analyses adjusted for pain were planned, but the
measurements should supply information regarding under which conditions the 3-DGA and
muscle strength tests were performed. The validated Numeric Rating Scale for Pain (NRS)

ranging from 0= ‘no pain’ to 10= ‘the worst possible pain’ was used [132].

Primary endpoint

The greatest improvement in PROs occurs within the first three to six months post-
operatively and improvement continues up to the first year [133]. Studies with longer follow-
up have shown that no significant improvement is seen beyond the first year [29, 134], which
is why prolonging the follow-up period would not add substantially more information about
the improvement after treatment. Therefore patients were followed up to 12 months post-
operatively. The inclusion of repeated measurements pre-operatively, 3, 6 and 12 months for
Study 2 and pre-operatively, 3 and 12 months for Study 3 improves the strength of the studies
by reducing the variation in the outcomes and enables a description of the effect of treatment

over time [135].
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Sample size

The sample size calculation performed prior to Study 2 was based on a repeated measure
design [135]. A repeated measure design reduces the number of patients burdened by
participating in medical experiments, the time spent on patient recruitment and cost and
work related to keeping track of patients. Sample size calculation was performed on the
primary outcome HOOS-Physical Function using one pre-operative and three follow-up
assessment time-points and an estimated correlation between follow-up measurements of
0.5. A standard deviation of 16.7 pre-operatively and 16.1 post-operatively was used [101].
The minimal clinically important difference (MCID) between treatment groups was a priori
set to 10 points at 12 months follow-up. Determination of MCID is a difficult task which has
great influence on the sample size. We used 10 points on the HOOS-Physical Function scale as
recommended by the research group who developed the HOOS questionnaire [124]. In
addition 10 points between-group difference has been used in several other recent RCTs
involving patients with hip/knee OA and/or total hip/knee arthroplasty [136-138]. In the
discussion section, page 59, this issue will be returned to in relation to the results and the

existing literature.

The sample size calculation was performed using the ‘change-scores’ method described by
Frison and Pocook 1992 [139] and the function ‘sampsi method (change)’ supported by
the Stata 13 software. To achieve power of 80% (3 = 0.80) and to detect statistical significant
differences at a = 0.05, n = 29 was needed in each treatment group. To account for possible
drop-outs n = 40 was recruited. A few patients (2 in the PA group and 1 in the LA group) were

lost to follow-up due to withdrawal of consent prior to surgery.

A secondary sample size calculation was conducted to estimate the number of patients
needed in Study 3. We based the sample size on the GDI-scores -the a priori-defined primary
explorative outcome [94]. The MCID for the GDI was a priori set to be 7.5 points, which
corresponds to half the standard deviation reported in a published RCT using the GDI [67].
The pre-operative standard deviation for the affected limb, in the first 20 patients, was 9
points [140]. To achieve power of 80% (B = 0.80) and to detect statistically significant
differences at a = 0.05, n = 17 was needed in each group. To account for possible drop-outs a
sample size of n = 20 in each group was needed. However, at the beginning of the study

period, several patients included in Study 3 encountered severe deviations from the planned
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treatment protocol (specified in the manuscript of Study 3, Appendix C). In light of this, we
decided to continue the recruitment of patients for Study 3 and ended with 47 patients
included in total. Thus, per-protocol analyses (including only patients who strictly followed

the planned protocol) were performed on data from 41 patients.

Statistical analysis

The descriptions of the statistics used in this thesis are found in each paper (1-3). No
statistical tests were applied to analyse difference in pre-operative patient characteristics or
pre-operative outcome values between treatment groups which is in accordance with the
CONSORT Statement [92]. Testing the probability that any observed pre-operative between-
group differences in randomised groups could have occurred by chance is redundant, since

any differences must be caused by chance due to randomisation.

Study 1- correlation

We employed the Pearson's correlation analysis to investigate associations between the GDI
as the continuous dependent variable and several independent values (PROs and hip muscle
strength in abduction, flexion and extension). The correlation coefficient provides information
on the strength of association and direction (positive or negative). Pearson’s correlation is
suitable when both the dependent and independent variable are continuous and the residuals
are normally distributed. The Spearmann’s correlation was used to analyse the correlation
between the GDI and pain measured on the ordinal NRS pain scale (categorical outcome).
Multiple linear regression analysis was employed to adjust for walking speed, which is a

known confounder of kinematic outcomes [127].

Studies 2 and 3

The mixed linear model analysis with repeated measures and point estimates [141] was used
to evaluate the main hypotheses in the RCT: the treatment effect with PA was superior to LA
with respect to improvements in PROs, gait function and hip muscle strength after 12 months.
This model includes the interaction between treatment and follow-up time, adjusted for pre-
operative values and assuming that data are missing completely at random (MCAR) [141].
This statistical analysis model has become more popular within recent years because of
advantages over e.g. repeated measures ANOVA [142]. It has the ability to evaluate

longitudinal data even if missing data occur during follow-up [142]. However, missing data
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were almost absent in both the PROM data set in Study 2 and the explorative 3-DGA data
collected in Study 3. Few patients had missing PRO data pre-operatively. To keep these
patients within the analyses, data imputation was performed pre-operatively by imputing the
mean or median pre-operative value for all the other patients of the relevant outcomes
(applied to 3 patients: 2 UCLA activity scores and 1 EQ-5D-VAS). Otherwise, no data
imputations were performed in Study 2 and no data imputation was performed at any time in
Study 3. We performed the primary analyses using intention-to-treat (ITT) followed by a per-

protocol analysis.

The UCLA Activity Score and limping score were a priori considered as ordinal data and
treated accordingly. But, because of the limited sample size and many categories in each
outcome we modelled UCLA Activity Score and limping score as numerical data and used the
mixed linear model analysis as described above. Since the analyses of improvement in UCLA
Activity Score and limping score were conducted using a linear regression model on ordinal

data, these results must be interpreted with some caution.

Describing the difference between the two treatment groups by mean and confidence interval
provides information about how precise the estimate of the mean is and the p-value describes
the probability that a difference of at least the same size would occur by chance. However,
none of these methods provides information about the size of the difference. Hence we
reported the Cohen’s d effect size. Cohen’s d effect size describes how many standard
deviations two group means are apart and is calculated by:

d _ )?Groupl_XGroupz

SDaverage

Cohen 1992 defined the medium effect size as: ‘an effect likely to be visible to the naked eye of
a careful observer’. He defined a small effect size ‘to be noticeably smaller than medium but
not so small as to be trivial’ and the large effect size were describes as ‘to be the same distance
above the medium as small was below’ [143]. In this thesis we used the following definition:
An effect size of 20.2 to <0.5, 20.5 to <0.8 and =0.8 was defined as small, medium and large,

respectively [143].

The statistical analyses were performed using Stata 13.1 (Stata Corp LP, Brownsville, TX, US).
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Numbers Needed to Treat

To calculate the number needed to treat (NNT), the data needed to be dichotomised,
establishing a cut point above which the outcome was considered acceptable [144]. The NNT
estimates how many patients need to be treated with the superior treatment (hypothesised to
be PA) for one more patient to benefit compared with the control treatment (hypothesised to
be LA). We dichotomised the data based on a patient acceptable symptom state (PASS)
defined as > 88 points on the HOOS-Physical Function subscale as suggested by Paulsen et al.
2014 [145]. We used the Graphpad.com (GraphPad Software Inc, La Jolla, CA, USA) [146] as
statistical software. We found the PASS based on HOOS-Physical Function to be relevant to
use in this study, since it represents a cut-point for the primary outcome score found

acceptable to patients.

Finally, to evaluate the within-group treatment effect we used the minimal clinically
important improvement (MCII) defined as the minimal improvement that represents a
clinically important improvement from the patient’s perspective. Thus, the MCII can also be
used to evaluate improvements on an individual level. We used an improvement of >23 points
12 months post-operatively on the HOOS-Physical Function subscale in accordance with

Paulsen et al. 2014 [145].
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Summary of results

Study 1

Forty-seven patients with unilateral hip-OA and twenty able-bodied participants completed
the evaluation with 3-DGA and hip muscle iMVC. The patient group included 34 males and 13
females. They had a mean age of 61.1 * 6.7 years and a mean BMI of 27.3 * 3.4 (kg/m?2). The

patients’ characteristics are summarised in Table 7.

Table 7. Characteristics of the hip OA patients included in 3-DGA studies

Age (years), mean (SD) 61.1 (6.7)
Male (%) 34 (72)
BMI (kg/m?), mean (SD) 27.3 (3.4)
Self-selected walking speed (m/s), mean (SD) 1.12 (0.18)
Affected side (Right) 25

Hip OA patients had moderately decreased mGDI scores on the affected limb compared to the
reference group (87.9 £ 9.1 vs. 100, p<0.01).

Results from the unadjusted and adjusted associations between the mGDI scores and the
independent clinical outcomes are summarised in Table 8. Significant, moderate associations
between the mGDI and hip abduction iMVC (R% = 0.16; p < 0.01), patient-reported physical
function and quality of life (R2 = 0.17; p < 0.01 and R2 = 0.17; p < 0.01, respectively) were
found as well as a moderately significant negative association between mGDI and pain

measured with NRS immediately after walking (R2=0.20; p < 0.01), Table 8.

We observed a significant weak association between hip flexion muscle strength and mGDI
(R2=0.13; p = 0.01). But we found no association between the mGDI and hip extension muscle
strength and HOOS-Pain (R2= 0.03; p = 0.23). Adjusting for walking speed did not change the

significance of the association, Table 8.
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Table 8. Associations between the mGDI as the dependent variable and hip muscle strength,
pain and HOOS-scores as independent variables from the OA-affected limb.

Independent outcome Simple association* Adjusted association**
variables r-value R? P-value r-value R? P-value
Hip Extension 0.10 0.01 0.50 0.33 0.11 0.08
Hip Flexion 0.37 0.13 0.01 0.41 0.17 0.02
Hip Abduction 0.40 0.16 <0.01 0.43 0.19 0.01
NRS after walk -0.45 0.20 <0.01 -0.48 0.23 <0.01
HOOS-Physical Function 0.41 0.17 <0.01 0.45 0.20 <0.01
HOOS-Pain 0.18 0.03 0.23 0.35 0.12 0.06
HOOS-Quality Of Life 0.41 0.17 <0.01 0.50 0.25 <0.01

* Continuous data analysed with Pearson’s correlation and ordinal data analysed with Spearman’s correlation

** Multiple linear regressions adjusting for walking speed

Abbreviations: OA= Osteoarthritis; GDI= gait deviation index; NRS=Numeric Rating Scale for pain; HOOS= Hip disability and Osteoarthritis
Outcome Score.
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Study 2
Eighty patients were randomised and 77 and 69 patients were available for ITT and per-

protocol analyses, respectively, Figure 6.

Eight (10%) patients (3 in the LA group and 5 in the PA group) did not follow the protocol for

various reasons, Figure 6.

Pre-operative patient characteristics and surgical-related outcomes are presented in Table 9.
There was no difference between the treatment groups regarding femoral head size. But more
patients in the LA group received a lateralised stem and the LA procedure had a longer

duration of surgery.

Within-group and between- group improvements in patient-reported outcomes

Within-group and between-group change scores are presented in Table 10. We found a
statistically non-significant difference in the mean change score of HOOS-Physical Function of
-3.3 [95% CI: -8.7 to 2.1]. Thus, the improvement in physical function 12 months post-
operatively following PA treatment was not superior to the improvement following LA
treatment. The same applied to all the earlier time-points,

Figure 7. Furthermore, there was no additional improvement in the PA group compared with
the LA group in the secondary outcomes at 12 months (HOOS-Pain, HOOS-QOL, UCLA Activity
Score, EQ-5D-3L and EQ-5D-VAS), except for limping, where we found a significant difference
in improvement of 0.4 [95% CI: 0.05 to 0.66] point on the 4-point Likert scale in favour of PA,
Figure 8 and Table 10.
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Figure 6. Flow of patients included in the trial evaluating patient-reported outcomes

499 patients aged 45 to 70 years who had THA surgery and were assessed for eligibility at the orthopaedic
clinics of Odense University Hospital and Svendborg Hospital, Funen, Denmark
(May 2012 to May 2014)

151 patients were not eligible
- 126 diagnosed with other than primary OA
- 25 were scheduled for other prosthetic concepts*

208 patients were excluded

- 106 had prior total joint arthroplasty (TJA) or prior major
surgery of lower limb

- 50 had multiple joints with OA and expected TJA within a
year

- 16 had BMI over 35 [kg/m?]

- 13 had neurological diseases affecting walking ability

- 8 had medical diseases affecting walking ability

- 3 could not walk 20 meters without walking aids

- 2 could not read and/or understand Danish

- 10 due to other reasons (psychological disease, alcoholism)

60 patients met the inclusion criteria but
- 31 declined to participate **
- 29 were by mistake not asked to participate**

N
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Withdrew consent before surgery (n=2) &
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Did not return questionnaire (n=0)
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3 months (n=36)

Did not return questionnaire (n=2)
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Did not return questionnaire (n=1)
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Did not return questionnaire (n=1)
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Included in the primary ITT analysis (n=39)

Included in the primary ITT analysis (n=38)

Included in the per protocol analysis (n=34)
Not included due to:

Peri-prosthetic fracture (n=2)

Dislocation (n=1)

Cemented cup (n=1)

Pelvic fracture (n=1)

Included in the per protocol analysis (n=35)
Not included due to:

Parkinson disease (n=1)

Aseptic loosening (n=1)

Did not return any questionnaires (n=1)
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Table 9. Demographic and clinical characteristics for all patients in each treatment group

Lateral Approach (n=38) Posterior Approach (n=39)

Demographic patient characteristic

Male, n (%) 26 (68) 26 (67)

Age at surgery, mean * SD 60.2 + 6.9 61.5+6.1

BMI (kg/m?), mean * SD 27.0+3.4 27.7+3.6

Affected side, right (%) 20 (53) 19(49)

ASA class; 1: n (%); 2; n (%); 3 n (%) 28(74);7(18); 3(8) 30 (77); 6 (15); 3 (8)
OMC score, mean = SD 266 £2.1 26.2+2.4

Clinical characteristics

Pre-operative Hgb (mmol/L), mean * SD 9.1+0.8 8.9+ 0.6
Post-operative Hgb (mmol/L), mean+#SD 6.9+ 1.2 6.9+0.9
Blood loss (ml), mean * SD 363+171 362 + 140
Received blood transfusion, n (%) 2(5) 1(3)
Anaesthesia, n (%)

Spinal 32 (84) 26 (67)
General 6 (16) 13 (33)
Duration of surgery (min), mean * SD* 60.4+12.3 53.7+12.6
Prosthetic head size, n (%)

32mm 30 (79) 33 (85)

36 mm 8 (21) 6 (15)
Stem type, n (%)**

Standard 8 (21) 19 (49)
Lateralised 30 (79) 20 (51)
Patient-reported outcome measures

HOOS-Physical Function, mean + SD 53.1+14.3 52.8+17.4
HOOS-Pain, mean * SD 43.8+14.8 42.6 £16.5
HOOS-Quality Of Life, mean + SD 28.5+12.2 28.4+14.4
EQ-5D-3L, mean * SD 0.61 +0.15 0.55 +0.20
EQ-5D-VAS, mean * SD 59.5+17.9 57.0 + 24.5
UCLA Activity Score*, median (Q1; Q3) 5(4;7) 5(3;6)
Limping Score*, median (Q1; Q3) 3(3;3) 3(3;3)

BMI= Body mass index; ASA= American Society of Anaesthesiology Classification; OMC= Orientation-Memory-Concentration Test (0 = worst
outcome, 28 = best outcome); Hgb=haemoglobin

*Significant difference between treatment groups tested with Students t-test; or ** tested with the Chi-square test

HOOS= Hip disability and Osteoarthritis Outcome Score (Scores range from 0 to 100 with higher scores indicating better outcome);
EQ-5D-3L= European Quality of Life Health Questionnaire (Scores range from -0.624 to 1.0 with higher scores indicating better outcome);
EQ-5D-VAS= European Quality of Life visual analogue scale of overall state of health (Scores range from 0 to 100 with higher scores
indicating better outcome);

UCLA= The University of California Los Angeles Activity Score (Scores range from 1 to 10 with higher scores indicating better outcome);
Limping (Score range from 1= no limping to 4= severe limping);

*Median (Q1; Q3 represent 25th and 75th percentiles) presented for the UCLA score and Limping score.
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Table 10. Mean difference in patient-reported outcome scores within and between treatment groups pre-operatively to 12 months
follow-up (ITT)

Within-group change Between-group change (LA minus Cohen’s d effect size
PA)*
Pre-operative to 12 months follow-up, Pre-operative to 12 months follow-up, 12 months follow-up,
mean [95% CI] mean [95% CI] ES [95% CI]
Lateral approach Posterior approach p-value
(n=37) (n=39) (n=77)
HOOS-Physical 36.0[30.2 to 41.7] 39.4 [34.5 to 44.3] -3.3[-8.7 to 2.1] 0.23 0.25[-0.2t0 0.7]
Function
HOOS-Pain 46.2 [39.8 to 52.6] 49.5 [44.3 to 54.6] -2.6 [-8.7 to 3.6] 0.41 0.14 [-0.3 to 0.6]
HOOS-Quality 50.7 [42.2 to 59.1] 55.6 [49.9 to 61.3] -4.9 [-13.2 to 3.5] 0.25 0.22 [-0.2 t0 0.7]
Of Life
EQ-5D-3L 0.27 [0.21 to 0.33] 0.34 [0.28 to 0.40] -0.04 [-0.11 to 0.03] 0.28 0.08 [-0.4 to 0.5]
EQ-5D-VAS 23.6 [15.5t0 31.8] 30.2 [22.5 to 38.0] -4.6 [-11.7 to 2.5] 0.21 0.22 [-0.2 to 0.7]
Median (Q1; Q3)*
UCLA Activity 1(0;3) 2(1;3) -0.6 [-1.3 to 0.0] 0.06 -
Score
Limping Score -1 (-2;-1) -2 (-2;-1) 0.4 [0.0 to 0.7] 0.02 -

HOOS= Hip disability and Osteoarthritis Outcome Score (Scores range from 0 to 100 with higher scores indicating better outcome);

EQ-5D-3L= European Quality of Life Health Questionnaire (Scores range from -0.624 to 1.0 with higher scores indicating better outcome);

EQ-5D-VAS= European Quality of Life visual analogue scale of overall state of health (Scores range from 0 to 100 with higher scores indicating better outcome);

UCLA Activity Score = The University of California Los Angeles activity score (Scores range from 1 to 10 with higher scores indicating better outcome);

Limping Score (Score range from 1= no limping to 4= severe limping);

*Median (Q1; Q3 represent 25th and 75th percentiles) presented for UCLA and Limping score in within-group change.

- Cohen’s effect size is not calculated due to the ordinal nature of the outcome.

#Results from a random effects mixed linear model analysis (repeated measures) with PROM variable as the dependent variable and pre-operative value, treatment, time and interaction between
time and treatment as independent variables. Data from all assessment time-points (Pre-operative, 3, 6 and 12 months post-operatively) were used in the model. A numerically positive value
indicates a better outcome for LA except for Limping.
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Cohen’s d effect size for the primary outcome and all secondary outcomes at 12 months were

small and non-significant, Table 10.

The per-protocol analysis changed the results on the self-reported limping score to a non-

significant improvement in favour of PA. All other results remained unchanged (Appendix C).

A significant within-group improvement in HOOS-Physical Function was observed in both
treatment groups, 39.4 [95% CI: 34.5 to 44.3] and 36.0 [95% CI: 30.2 to 41.7] for PA and LA,
respectively. Both treatments improved more than 23 points on the HOOS-Physical Function
subscale defined as the MCII. The greatest improvement in all outcomes occurred within the
first 3 months, as shown in Figure 7 and Figure 8. On an individual level 8 patients within the
LA group did not improve more than 23 points on HOOS-Physical Function subscale

compared with 4 patients in the PA group.

Figure 7. HOOS Physical Function by time and treatment group, mean [95% CI]
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Figure 8. Limping Score by time and treatment group, mean [95% CI]
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Number needed-to-treat analysis

Fourteen (38%) patients in the LA group had a HOOS-Physical Function score below 88 points
compared with 12 (31%) in the PA group. The absolute risk reduction was 7% [95% CI: -
14.2% to 28.4%] and the NNT was 14 patients, Table 11. This means that one in every 14
patients would benefit from the treatment with PA compared to LA. However, the 95%
confidence interval for the absolute risk reduction extends from a negative number (PA may
harm) to a positive number (PA may benefit) and therefore we cannot conclude with 95%

certainty whether PA is harmful, has no effect, or is helpful, compared with LA.

Table 11. Number needed to treat (NNT) based on the HOOS-Physical Function score

Acceptable Outcome Score for Lateral approach Posterior approach
HOOS-Physical Function (n=37) (n=39)
Yes: HOOS-Physical Function > 88, n (%) 23 (62) 27 (69)
No: HOOS-Physical Function < 88, n (%) 14 (38) 12 (31)

Patient acceptable symptom state (PASS) based upon a cut point of 88 HOOS-Physical Function points 12 months post-operatively
HOOS= Hip disability and Osteoarthritis Outcome Score (Scores range from 0 to 100 with higher scores indicating better outcome)
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Study 3

Inclusion

The flow of patients is presented in Figure 9. Forty-seven patients were allocated to
participate in 3-DGA (sub-group analysis). One patient received a cemented cup and was not

followed up.

Demographic and clinical characteristics for the patients are presented in Table 12. Pre-
operative pain was present in both groups during testing with no differences between the

treatment groups.

Table 12. Demographic patient characteristics and pre-operative clinical characteristics for
the affected limb
Outcomes

Lateral Approach (n=24) Posterior Approach (n=23)

Demographic characteristics

Male, n (%) 17 (71) 17 (74)
Age (years), mean * SD 60.5 + 6.6 61.0+6.7
BMI (kg/m?), mean + SD 27.3+34 27.5+38
Affected side; right: n (%) 14 (58) 11 (48)

Operative outcomes
Anaesthesia, n (%)

Spinal 20 (83) 15 (65)
General 4(17) 8 (35)
Gait deviation index (GDI), mean +SD 88.5+9.0 87.4+9.5
Temporo-spatial variables, mean + SD

Self-selected walking speed (m/s) 1.15+0.17 1.10 £ 0.18
Cadence, (steps/min) 114 + 10 113+ 10
Double support time (%) 243+2.7 248+2.6
Single support time (%) 36.8+1.9 36.3+2.0
Stride length (m) 1.22 £ 0.15 1.17 £ 0.16
Dynamic range of motion (degree®), mean * SD

Hip sagittal 28.1+7.1 279+74
Hip frontal 7.2+3.1 6.3+1.9
Hip transversal 19.4 £5.0 19.2 +3.5
Knee sagittal 519+5.4 50.7 £ 6.1
Hip muscle strength, mean +SD

Hip Abduction (Nm/kg) 1.6 £ 0.3 1.7 £ 0.4
Hip Flexion (Nm/kg) 1.4+0.4 1.2+0.4
Hip Extension (Nm/kg) 24+0.5 2.2+0.6

Numeric Rating Scale for pain (NRS)
(0-10), median (Q1; Q3)

Before 3-DGA 3.5(2;5) 3(2;6)
After 3-DGA 4.5 (1.5; 6) 52;7)
After hip muscle strength test 5.5(3;7.5) 6 (4; 8)

BMI = Body mass index; NRS: 0 = ‘no pain’ to 10 = ‘worst possible pain’; Median (Q1; Q3 represent 25th and 75th
percentiles); 3-DGA= 3-Dimensional Gait Analysis
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Pain measured on the NRS for pain was absent in both groups post-operatively. The median
NRS score after maximal hip muscle strength at 12 months for LA and PA were: 0 (0; 0) and 0

(0; 0)), respectively, with no difference between the two treatment groups.

Per-protocol-analysis
Six out of 47 (13%) patients did not follow the protocol, Figure 9. We therefore performed a

per-protocol-analysis on the 41 patients who strictly followed and completed the protocol.

Within-group and between group improvements in gait function
The mGDI in both groups remained almost constant (= 88 points both pre- and post-
operatively). Consequently, the improvement in gait ‘quality’ at 12 months was not superior

following PA treatment compared with the LA treatment, Table 13 and Figure 10.

Single and double support time in the affected limb a significant difference in favour of PA was
found. However, we found no difference in improvement in walking speed, cadence and stride

length between the two groups, Table 13.

Within-group improvements in the PA group were found in most of the variables except for
cadence, whereas within-group improvements were not found for cadence, single and double

support for the LA group, Table 13.

Dynamic range of motion: No difference in improvement in dynamic range of motion

measured during gait was observed between the two treatment groups, Table 13.

Within-group improvement was found in hip sagittal and frontal planes, but not in the hip

transversal plane or knee sagittal plane for both groups.

Hip muscle strength

The hip muscle strength in abduction and flexion improved more in the PA group than the LA
group at 12 months follow-up. The mean change was: -0.20 [95%CI: -0.4 to 0.0] and -0.20
[95%CI: -0.4 to 0.0], in abduction and flexion, respectively. No between-group difference was

found for hip extension muscle strength Table 13.

The per-protocol-analysis enhanced these differences for both muscle groups: -0.25 [95%CI: -

0.5 to 0.0] and -0.21 [-0.4 to 0.0] for abduction and flexion, respectively. This was also shown
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in the slight increase in the Cohen'’s d effect size for abduction from 0.6 in the ITT analyses to

0.7 in the per-protocol analysis.

In the LA group there was no significant within group improvement in hip abductor strength
in the affected limb at 12 months -0.1 [95%CI: -0.3 to 0.1], Figure 11. However, we did find

within-group improvements for both treatment groups in hip flexion and extension.
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Figure 9. Flow of patients included in the explorative trial evaluating gait function and hip muscle strength
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Table 13. Mean change scores within and between treatment groups at 12 months follow-up (Intention to treat analysis)
Gait Deviation Index, temporo-spatial parameters, kinematic variables and hip muscle strength from the affected limb

Outcome

Pre-operative to 12 months follow-up [95% CI]

Lateral approach
n=24

Within-group mean change

Posterior approach
n=23

Between-group mean change
(LA minus PA)S
Pre-operative to 12 months

follow-up [95% CI]
n=47

Cohen’s d effect size

12 months follow-up

[95% ClI]

Gait Deviation Index (GDI)#

Self-selected walking speed

-0.2 [-5.6 t0 5.2]

0.7 [-4.6 to 6.1]

-0.1 [-4.7 to 4.5]

0.0 [-0.6 to 0.6]

Controlled walking speed

-0.2 [-5.7 to 5.4]

-0.7 [-5.9 to 4.5]

1.6 [-3.1t0 5.8]

-0.2 [-0.8 to 0.4]

Temporo-spatial variables

Self-selected walking speed, (m/s)

0.13 [0.03 to 0.23]*

0.16 [0.05 to 0.26]*

-0.01 [-0.06 to 0.05]

-0.2 [-0.8 to 0.4]

Cadence, (steps/min)

1.0 [-4.8 to 6.8]

2.7 [-2.8 to 8.3]

-1.8 [-4.2 to 0.6]

0.1[-0.5 to 0.7]

Double support time, (%)

-0.5[-2.1to 1.1]

-2.1[-3.8 to -3.3]*

1.3[0.3 to 2.4]

-0.3[-0.9 to 0.3]

Single support time, (%)

0.8 [-0.3 to 2.0]

2.3 [1.2 to 3.5]*

-1.3[-2.1to -0.4]

0.5 [-0.1 to 1.1]

Stride length, (m)

0.13 [0.04 to 0.22]*

0.13 [0.04 to 0.23]*

0.02 [-0.02 to 0.06]

-0.3[-0.9 to 0.3]

Dynamic range of motion (degree®)

Hip sagittal ROM 12.8[9.1to 16.6]* 11.2 [6.7 to 15.8]* 1.8 [-1.1 to 4.7] -0.3 [-0.9 to 0.3]
Hip frontal ROM 2.6 [0.9 to 4.4]* 2.0 0.6 to 3.3]* 1.0 [-0.3 to 2.3] -0.6 [-1.1 to 0.0]
Hip transversal ROM 0.5 [-2.4 to 3.5] 0.1 [-2.5t0 2.7] 0.6 [-1.5 to 2.7] -0.1 [-0.7 to 0.5]
Knee sagittal ROM 0.5 [-2.5 to 3.4] 1.8 [-1.9 to 5.5] -1.1[-3.3t0 1.2] 0.0 [-0.6 to 0.6]

Hip muscle strength (Nm/kg)

Hip abduction

0.08 [-0.15 to 0.32]

0.30 [0.04 to 0.55]*

-0.20 [-0.4 to 0.0]

0.6[0.0to 1.2 ]

Hip flexion

0.29 [0.05 to 0.54]*

0.57 [0.32 to 0.81]*

-0.20 [-0.4 to 0.0]

0.2 [-0.4 to 0.8]

Hip extension

0.33 [0.03 to 0.63]*

0.49 [0.05 to 0.93]*

-0.07 [-0.3 t0 0.2]

0.0 [-0.6 to 0.6]

SResults from a random effects mixed linear model analysis (with repeated measures) with absolute value as the dependent variable and pre-operative value, treatment group, time and interaction between

time and treatment as covariates. Data from all assessment points (pre-operatively, 3 and 12 months post-operatively) were included in the model.
#GDI scores range from 0 to >100 with higher scores indicating near normal walking pattern; GDI= Gait Deviation Index; Nm= Newton meter.
*Significant difference within group, tested with a paired t-test.
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Figure 10. Mean score in Gait Deviation Index at a self-selected walking speed by time and
treatment group; mean [95% CI]
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Figure 11. Mean score in maximal hip abduction strength by time and treatment group; mean
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Supplementary results

Limping

Post-hoc analyses of the data set were performed, where all 77 patients were divided into two
groups depending on their self-reported limping score. All patients with a limping score of 1 =
no limping were one group and the remaining patients with a limping score > 1= slight,

moderate or severe limping constituted the other group.

Table 14 shows the frequency of patients with limping in the PA group compared with the LA

group. There was no significant difference.

Table 14. The proportion of patients with and without self-reported limping in the two

treatment groups
Self-reported limping status at 12 Lateral approach Posterior approach
months follow-up (n=37) (n=39)
No limping, n (%) 17 (46) 25 (64)
Slight to severe limping, n (%) 20 (54) 14 (36)

No significant difference between treatment groups p= 0.11 (The Chi-square test)

The analyses presented in Table 15 were based on the patients grouped irrespective of their
original treatment allocation. We evaluated if there were significant difference in the PROMs
at 12 months between the group of patients with limping compared with the group without
limping. For all PROMs, we found significantly better outcomes for the group of patients

without limping.

Table 15. Patient-reported outcomes in patients with and without self-reported limping,
irrespective of surgical approach at 12 months follow-up

No limping Slight to severe limping Mean difference*

[95% CI] [95% CI] [95% CI]

(n=42) (n=34)
HOOS-Physical Function 95.2[92.7t097.8] 85.2[80.0 to 90.3] 10.1 [4.8 to 15.4] <0.00
HOOS-Pain 96.3[93.7t098.9] 84.7[78.8 to 90.6] 11.6 [5.7 to 17.5] <0.00
HOOS-QOL 89.0 [84.6t093.4] 72.8[64.4to 81.2] 16.2 [7.3 to 25.1] <0.00
EQ-5D-3L-index 0.94 [0.90t0 0.97] 0.82[0.77 to 0.88] 0.11 [0.05 to 0.18] <0.00
EQ-5D-VAS 91.8[88.1t095.6] 78.1[72.6to 83.6] 13.7 [7.3 t0 20.1] <0.00

*Student’s t-test (two-sample t test using groups)
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Radiographic measurements of change in off-set
We evaluated the changes in femoral off-set, cup-off-set, total off-set and abductor moment
arm in a sub-group of patients (28 patients from each of the LA group and PA group) with a

valid set of pre-operative and post-operative radiographs.

Table 16. Change in off-set and abductor moment arm in the two groups at 12 months follow-
up

Radiographic  Lateral Posterior Between-group mean difference
measurements approach approach (LA-PA)*
(n=28) (n=28) mean [95% CI], p-value
Mean +SD Mean * SD
AFO (mm) 0.8+4.4 51+6.6 -4.3[-7.4t0-1.3],<0.01
ACO (mm) -7.8+3.8 -59+43 -19[-41t00.2], 0.08
ATO (mm) -7.1+5.6 -0.8+6.8 -6.3 [-9.6 to -3.0], < 0.00
AAM (mm) -0.7+5.4 4152 -4.8 [-7.6t0 -1.9],<0.00

*Tested with Students t-test
Abbreviations: FO=femoral offset, CO=cup offset, TO=total offset, AM=abductor moment arm

We found that patients in the PA group increased more in femoral off-set, total off-set and
abductor moment arm compared with the LA group, Table 16. These finding will be discussed

below in relation to the difference found in hip muscle strength, Discussion section page 71.
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Discussion

Patient-reported outcomes and minimal clinically important difference

The aim in Study 2 was to evaluate the efficacy of PA compared with LA measured with
patient-reported physical function, pain, quality of life, physical activity and limping. The
results from the current trial provide level I evidence about the superiority of PA compared
with LA 12 months post-operatively. Contrary to our hypotheses, no significant difference in
improvement of patient-reported physical function was observed. The same applied to all

secondary outcomes except for limping score.

Four registry-based studies (three of which were published after initiation of the current
trial), one prospective cohort study and one RCT have investigated the difference in PROs
between PA and LA previously, Table 17, page 63. All the studies reports statistically
significantly better outcome for PA compared with LA except for the RCT study by Witzleb et
al. 2009 [51]. Witzleb et al. 2009 found no significant difference between PA and LA at 3
months follow-up measured with the HHS as a surgeon-reported outcome measure and
consequently it cannot be considered as a genuine PROM [51]. However, the study did find a
non-significant tendency to better outcomes for the patients in the PA group compared with
the LA group of 10-15 points on the three subscales measured with WOMAC, thus in line with

the results from this and the other studies.

The prospective cohort study by Palan et al. 2009 reported a statistically significant difference
in OHS of 2 points after 1 year, but no difference was present at 5 years follow-up [134]. They
defined a priori a MCID of 2 points based on the work of Murray et al. 2007 [147]. Murray et
al. 2007 estimated the MCID to be between 3-5 points, and discussed the possibility that it
may be as low as 2 points. Thus, although the study by Palan et al. 2009 found a statistically
significantly difference at 1 year, it is questionable whether it has any clinical relevance to
patients. Furthermore, the study by Palan et al. 2009 included patients with any indication for
THA, also patients with femoral fractures, which constitute a different patient group
compared to patients with OA [11, 148] and the findings may also be limited by the
heterogeneity of implants used. These factors reduce the internal validity of this study
together with the non-randomised design [134]. However, the study by Jameson et al. 2013

supports the findings by Palan et al 2009, as they also found a similar difference of 2 points in
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OHS 6 months post-operatively in a primary hip OA cohort [149]. But they did not report

longer follow-up time and the difference between groups is less than the MCID.

The results from Study 2 are best compared with the studies by Amlie et al. 2014 and
Lindgren et al. 2014, because the same PROMs were applied.

We found a systematic tendency towards higher numeric improvements for the PA group
compared with the LA group of 2.6, 3.3 and 4.9 points on the subscales HOOS-Pain, HOOS-
Physical Function and HOOS-QOL, respectively, Table 10. These findings align with the
registry-based cohort study by Amlie et al. 2014. They investigated 852 THA patients
receiving PA or LA, with 1-3 years follow-up. The study showed a significant difference
between the two treatments of approximately 4 points on the HOOS-subscale. All differences
were in favour of PA [28], but, no baseline data were available and no MCID was defined a

priori.

One may argue that the current trial did not include sufficient patients and that inclusion of
more patients would have turned the ‘systematic tendency towards higher numeric
improvement’ to a significant difference. A post-hoc sample size calculation based on HOOS-
Physical Function showed that by inclusion of 183 patients in each treatment group, the
difference of 3.3 point in favour of PA would become statistically significant, which is in
accordance with earlier studies as outlined above [28, 134, 149]. However, by including more
patients and turning the small non-significant difference into a statically significant difference

does not make the difference more or less clinically important to patients.

We based the sample size calculation on the HOOS-Physical Function subscale with 10 points
as the MCID. Yet, it is not a simple task to determine the MCID, and it probably varies
depending on both the patient group and the intervention being evaluated [150, 151]. Our
decision was based on published evidence and related RCT studies using the HOOS
questionnaire as the primary outcome measure [124, 137, 152-154]. Also, more recent RCTs
have been published using a HOOS-subscale as primary outcome and 10 points as the MCID
[136, 138, 155]. Therefore, we do not consider a difference of 3.3 points on the HOOS-Physical
Function subscale ranging from 0 to 100 to be clinically relevant for patients. And the same

applies for the results from the study by Amlie et al. 2014.

60



The secondary outcomes from Study 2 also showed a systematic tendency towards higher
numeric improvements for the PA group in the general health status measured with EQ-5D-
3L-index and in EQ-VAS. We found between-group differences of 0.04 and of 4.6, respectively,
Table 10. This aligns with findings from the registry-based study of 42,233 THA patients
undergoing PA or LA with 6 years follow-up [29]. Lindgren et al. 2014 reported a statistically
significant better EQ-5D-index outcome of 0.03 and EQ-VAS of 1.5 in favour of the PA group at
1 year follow-up and the differences were maintained at 6 years follow-up [29]. However,
these differences are of small magnitude and not considered above the MCID for EQ-5D [156,
157]. Overall, the estimates of the MCID for EQ-5D range from 0.03, estimated for patients
with low back pain, to 0.52 estimated for patients with recurrent lumbar stenosis [156]. One
study has reported a MCID of 0.08 for a hip OA population undergoing THA [157]. The authors
of the study by Lindgren et al. 2014 did not a priori define a MCID, and they also question if
the observed difference has any clinical relevance for patients. Furthermore, they discussed
the possibility that unknown subgroups among patients in the LA group had more severe
problems, hence reducing the overall outcome of EQ-5D, which may also be the case in the

current study.

Both patient groups in the current trial exceeded the MCII of 23 points on HOOS-Physical
Function subscale [145] shown by the within-group change of 36.0 [30.2 to 41.7] and 39.4
[34.5 to 44.3] points in the LA and PA groups, respectively, Table 10.

The MCII of 23 points can also be used as cut point for evaluation of the individual
improvement. In this trial, eight patients in the LA group and four in the PA group did not
achieve improvement above 23 points, however in both groups, two of these patients had a
pre-operative HOOS-Physical Function score above 80 points and hence they were not able to
improve 23 points due to the ceiling effect. The evaluation of MCII is only possible when

baseline data are available.

The NNT analysis was based on a PASS value of 88 points on the HOOS-Physical Function
subscale [145] and this analysis supports the conclusion that no superiority of the PA versus
LA was present, Table 11. The Cohen’s d effect size also supports this notion as the effect size

was small to negligible for all outcomes (range: 0.08 - 0.25), Table 10.
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The post-operative mean of HOOS-Physical Function in both treatment groups was higher

than the PASS value of 88 points [145].

Collectively, all the studies that have investigated the difference in PROs between PA and LA
found small differences in favour of PA. But it is questionable whether these differences

constitute any clinically relevant difference based on the available literature regarding MCID.

62



Number of
patients

Table 17. Studies comparing patient-reported outcomes in

BTN

Approach

Follow-up

patients with PA versus LA

Results
Mean difference
[95% CI]

Dislocations

Limping

Witzlebet  RCT PA: 30 Primary OA PA with repair 3 months WOMAC Non-significant Non-significant Trendelenburg test
al. 2009 LA: 30 LA, Hardinge subscales difference in PA 3.3% PA 13%
improvement of 10-15 LA 0% LA 37%
points in favour of PA* Non-significant
Palan etal. Prospective PA: 389 All- incl. PA with repair 3 months OHS Significant difference in ~ Non-significant NA
2009 cohort-study LA: 688 fractures LA, Hardinge 1 year favour of PA: PA 2.3%
Multicentre 3 years 3 month: 2 points* LA 2.1%
5 years 1 year: 2.4 points*
Baseline data Non-significant
difference:
3 year: 0.8*
5 year: 0.6*
Jameson UK PA: 2,387 Primary OA PA with repair? 6 months (PRO)  OHS Significant difference of =~ Revision rate NA
etal. Registry-based LA: 1,494 LA, Hardinge in favour of PA: (surrogate
2014 1 year 1.5-1.9 points* measure for
Baseline data (complications) dislocations)
0.1-0.2% for both
PA and LA
Lindgren Swedish PA: 24,358 Primary OA PA with repair? 1 and 6 year EQ-5D Significant difference NA NA
etal. 2014  Registry -based  LA: 17,875 LA, in favour of PA:
Hardinge/Gammer
Baseline data EQ-5D- EQ-5D-index at 1 year:
index -0.03 [-0.03 to 0.02]
EQ-VAS EQ-VAS at 1 year:
-1.5 [-1.0 to -2.0]
Amlie et Norwegian PA: 421 Primary OA PA with repair? 1-3 year HOOS Significant difference in ~ Non-significant Self-reported
al. 2014 Registry -based ~ LA: 431 LA, Hardinge favour of PA Self-reported PA 12.8%
Pain -3.6 [-6.3t0-0.9] PA 2.4% LA 24.8%
No baseline Symptoms -3.2[-6.1t0-0.4] LA 3.7% Significant difference
data ADL -4.0 [-6.8 to -1.3] in favour of PA
Sport/rec. -4.6 [-8.6 t0 -0.6]
Q01 -3.7 [-7.2t0 -0.3]
Smith et UK PA 665 Not specified PA with repair? 1-3 years WOMAC Higher odds ratios fora  PA:1.1% NA
al. Registry -based LA 245 All consecutive LA? Subscales better outcome in the LA:1.7%
2012 THA from one No description of any PA group:
No baseline centre of the approaches 0dds ratio Physical function:
data between 1.3 [1.0to 1.7]
2004-2006 Pain: 1.6 [1.3 to 2.1]

Satisfaction:
2.0 [1.5 to 2.6]

RCT=randomised controlled trial; NA=not analysed; PA with repair? = no information about whether repair of the capsule and external rotators was performed; ?= no detailed information about
approach; * confidence interval not available.
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Limping

Patients in the PA group reported less limping at 12 months follow-up compared with the LA
group, which may be explained by the disturbance of the hip abductor muscles in the LA
group [28, 40, 81]. Results from Study 3 confirmed a deficit in hip abductor and flexor muscle
strength, but not in overall gait function in the LA group. The between-group difference in
limping score was 0.4 point on the 4-point Likert scale and became non-significant in the per-
protocol analysis. Therefore, some caution must be emphasised when interpreting the results

about limping.

Our results are in line with a large cohort study that reported twice as many patients in the LA
group with self-reported limping 1-3 years post-operatively [28]. That study also showed a
marked difference in the five HOOS subscales between patients with and without self-
reported limping in favour of the non-limping patients [28]. The patients without limping had
a mean score of 17 to 35 points higher on all subscales. Post-hoc analyses of our data revealed
similar differences when the patients, irrespective of surgical approach, were categorised into
two groups: one with self-reported limping and one without self-reported limping, Table 15.
Patients in the group without limping had significantly better outcomes on the HOOS-
subscales, Table 15.

Based on our results and the existing literature, self-reported limping seems to be more
pronounced in the LA group compared with PA and limping also seems to influence the PROs
negatively. However, this needs to be further investigated in prospective intervention studies
aiming at reducing limping gait. Furthermore, these results lead to the hypothesis that some
patients in the LA group suffer from more limping and thus report more severely reduced

PROs influencing the overall mean of PROs in the LA group.
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Comparison of revision rates between PA and LA
Table 18 lists four registry studies that have compared the revision risk due to dislocation
between PA and LA. One of the studies also included analysis of the overall risk of revision

due to any cause, including aseptic loosening, infection and dislocation.

The studies found a relative risk (RR) of revision due to dislocation in the PA group varying
between 1.3 and 3.3 compared with LA [34, 45, 148, 158]. However, three of the studies
included patients with femoral neck fractures and/or sequela after femoral neck fractures
[34, 45, 158]. Patients with femoral neck fractures have a higher risk of dislocation and
revision due to dislocation than patients with primary OA as indication for THA [148, 159].

Thus, the results may not be directly applicable to the population of patients with primary OA.

Dislocation is a leading cause of revisions following THA [11]. It has been estimated that 20 to
66% of patients who experience a dislocation eventually require revision surgery [160, 161].
Kwon et al. 2006 showed in a meta-analysis that PA without soft tissue repair had a relative
risk of dislocation of 8.2 [95% CI: 4.05-16.67] compared with PA with soft tissue repair [162].
It is likely that more attention to this issue within recent years has changed the procedure of
PA to be performed with soft tissue repair, as done in this trial. In addition, the change toward
the use of larger heads has reduced the risk of revisions due to dislocation [34, 148, 163].
Therefore, the relative risk of revision due to dislocation found in the studies listed in Table

18 may no longer be representative of the outcome today.

An increased risk of revision due to aseptic loosening in the LA group was shown by Lindgren
et al. 2012 [158]. In contrast, Arthursson et al. 2007 also evaluated the risk of revision due to
aseptic loosening, infection and any reasons for revision and found no difference in risk of

revision between the two approaches [45].

The choice of stem and cup also influence the revision rate as shown by Bystréom et al. 2003
[34]. But Bystrom et al. 2003 did not investigate if the surgical approach had any influence on

the revision risk in subgroups based on prosthetic concepts.

On the contrary, both the study by Arthursson et al. 2007 and Lindgren et al. 2012 performed
subgroup analyses on patients treated with the Exeter stem. In this Exeter stem subgroup,

they found no difference in revision rates between the PA and LA groups for any reason,
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including aseptic loosening. This indicates that the prosthetic concept also plays an important

role in revision rates [45, 158].

Based on the literature outlined in Table 18, there seems to be an increased risk of revision
due to dislocation for patients in the PA group, and one study showed an increased risk of
revision due to aseptic loosening in the LA group, but no difference in the overall revision

rates were reported when any cause of revision was analysed [45].
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Table 18. Studies comparing revision rates in patients with PA versus LA

Number of

hips

Diagnosis
and
prosthetic

concepts

Approach

Follow-up

Revision rate due to

dislocation [95% CI]

Revision rate due to

any cause, aseptic

loosening or

infection [95% CI]

Influence of stem and

cup type

Level of

evidence

Bystrom et al. Norwegian  PA: 9,940 All-incl. PA with repair? 1987-2000 FRR=1.9[1.4-2.5] NA NA 11
2003 registry- LA: 32,682  sequel after LA Hardinge or
based fractures Gammer in favour of LA
Mixed
cemented
and
cementless
Arthursson et Norwegian 25,306 More than PA with repair? 1987-2004 RR=1.9[1.1-3.2] Any cause: No difference in revision 11
al. 2007 registry- Number of  primary OA- LA Hardinge or No significant rates between PA and LA
based LA and PA excl. Gammer in favour of LA difference in the subgroup of
notclearly  fractures Aseptic loosening: patients treated with
described No significant Exeter Polished stem
difference regarding dislocation,
Infection: aseptic loosening and
Only No significant infection
cemented difference
Lindgren et al. Swedish PA: 66,704  All-incl. all PA with repair? 1992-2009 Lubinus SPII Aseptic loosening : No difference in revision II
2012 registry- LA: 23,958  fresh and LA Hardinge or RR =1.4[0.15-0.6] Lubinus SPII rates between PA and LA
based seq. after Gammer RR=1.3[1.0-1.6] in the subgroup of
fractures Spectron EF Primary patients treated with
RR =3.3[2.5-10.0] Spectron EF Primary Exeter Polished stem
RR=1.6 [1.0-2.5] regarding dislocation,
Only in favour of LA Both in favour of PA aseptic loosening and
cemented Infection: infection
No significant
difference
Hailer et al. Swedish PA: 41,904  All-incl. PA with repair? 2005-2010 RR=1.3[1.1-1.7] NA NA 11
2012 registry- LA: 35,459  fractures LA Hardinge or
based Gammer in favour of LA
Mixed
cemented
and
cementless

RCT= randomised controlled trial; NA=not analysed; PA with repair? = no information about whether repair of the capsule and external rotators was performed; RR=relative risk; FRR=Failure Rate Ratio
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Associations between GDI and other clinical outcomes

True validation of the GDI in the hip OA patient group is difficult because, to our knowledge,
no gold standard for measuring gait ‘quality’ exists. However, it is relevant to investigate
associations between the GDI and other clinical outcomes, as this has also been done for other
patient groups [70, 71, 73]. This will gain knowledge about this composite gait index of gait
‘quality’ in the patients with hip OA.

In Study 1, we found weak to moderate association between the GDI and hip flexion and
abductor iMVC. Further a moderate association between the GDI and pain measured in direct
relation to walking was observed, but no association with pain measured over the last week

was found.

These findings are in line with previous studies that reported weak to moderate associations
between hip abductor muscle strength and discrete kinematic variables during gait in hip OA

patients and healthy older adults [63, 164].

The importance of hip abductor muscle strength during gait has also been emphasised by
others, although they did not directly measure the associations between abductor muscle
strength and gait function. These studies have shown deficits in both hip abductor moment
and trunk inclination that may be caused by hip abductor weakness [57-59]. Collectively, our
results and earlier findings indicate that hip muscle strength, and especially hip abductor
muscle strength, is important for gait function, measured with both discrete variables and

with the GDI as a composite gait index.

No study has to our knowledge investigated if pain experienced in direct relation to gait has
any influence on gait function in patients with primary OA. We measured pain in direct
relation to walking using the NRS score. Our finding suggests that the pain level experienced
directly in relation to gait is moderately negatively associated with gait ‘quality’. This is in
contrast to our results where we investigated associations between the GDI and pain

measured over the last week using HOOS-Pain, where we found no significant associations.

The lack of an association between GDI and HOOS-Pain is supported by Behery and Foucher

2014 and Zeni et al. 2014 who investigated the association between pain, measured as the
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averaged over the last week, and discrete 3-DGA parameters and found no association in

patients with hip OA [63, 165].

The divergence in our results could be explained by the way the two pain scores are collected.
The NRS score is directly related to the pain level experienced by the patient at the time of
walking, whereas the items in HOOS-pain subscale cover several situations over the last week,
not only related to the activity of walking. This exemplifies the different nature of the

outcomes measuring different aspects of the construct of pain.

In summary, the results from Study 1 suggested that improvements in hip muscle strength
(especially hip abduction), decreased pain levels and increased PROs, to a moderate degree,
would be reflected in improved gait ‘quality’ measured with the GDI. However, causality
cannot be established in this cross-sectional study and this needs to be investigated in a

prospective intervention study.

Gait function and surgical approach

Based on the significant associations between GDI and hip muscle strength, pain and PROs
found in Study 1 and given the intervention with THA surgery aiming at removing hip pain,
improving PROs and hip muscle strength, we expected to find improvements in the GDI post-

operatively, but surprisingly that was not the case.

The results from Studies 2 and 3 showed improved PROs, reduced pain and improved hip
muscle strength in both treatment groups. Also many of the other aspects of gait function
measured, namely the temporo-spatiale parameters and kinematic ROM variables from the
hip sagittal and frontal planes improved post-operatively in both groups. The GDI was
constant at # 88 points in both groups, therefore no difference in GDI was observed at any

time during follow-up between the two treatment groups, Figure 10.
This may be explained by several factors.

The results in Study 1 were based on hip OA patients investigated in a cross-sectional design

and the results may not be applicable in an intervention study with THA surgery.

The GDI as a measure of gait ‘quality’ may not be responsive to show any improvements in

gait function in the current patient group. This is exemplified by the fact that improvements in

69



other aspects of gait function measured with temporo-spatial parameters and hip ROM
variables were found in both groups, Table 13. The lack of responsiveness might be because
the kinematics in the current patient group with unilateral hip OA are mainly affected by the
disease in one hip joint compared with e.g. cerebral palsy patients where gait deficits are

pronounced in many joints of the lower limbs.

The GDI includes kinematic variables from the pelvis and hip in all three planes as well as
kinematics from the knee, ankle and foot. Including kinematics from the other joints might
underestimate the effect of a potential improvement after THA on gait function directly
related to hip joint function. This effect was also discussed as a general limitation in the use of

a composite gait index in a literature review of different gait indices [126].

Also, the kinematics of the trunk, which are not included in the GDI, have been suggested as
important for gait function in THA patients - especially those operated on with LA [43, 59,
166]. A recent study by Meyer et al. 2015 identified 10 discriminative discrete gait variables
(5 kinematic variables and 5 kinetic variables) in hip OA patients compared with healthy
controls using a principal component analysis method [167]. Thus, potentially important

discriminative gait variables are not accounted for in the GDL.

Madsen et al. 2004 found that most of the patients in the LA group deviated from normal gait.
Especially they found that patient in the LA group had increased trunk inclination, reduced
sagittal plane range of motion, and greater loading asymmetry. Whereas, many of the PA
patients presented with a gait patterns that were more normal. They concluded that patients
in the PA group had a better outcome regarding gait pattern [59]. However, most of the
discriminative variables included in their study were measured in mid-stance of the gait cycle
and thus do not represent the overall gait pattern throughout the gait cycle. The study by
Queen et al. 2013 supports our result as they did not find any difference between patients in
the PA and LA group in several discrete gait variables (including both temporo-spatial,

kinematic and kinetic variables) [74].

A previous study by Jensen et al. 2014 reported an improvement in the GDI of 5 points with a
post-operative result of ~ 88 points in a similar patient group to that of this trial [65]. Hence,
both studies demonstrate that the gait ‘quality’ in THA patients does not improve to the level

of able-bodied individuals. This is also in agreement with earlier studies showing that even
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after a successful THA, full recovery of gait function, measured using discrete gait variables, is

not achievable [58, 168].

Hip muscle strength and surgical approach
This is the first randomised controlled trial to show sustained impairments in both the hip
abductor and flexor muscle strength in LA compared with PA patients one year post-

operatively.

The results are consistent with our hypothesis that the surgically induced trauma to the

gluteus medius and minimus causes post-operative hip abductor muscle weakness.

The most recent cohort study by Winther et al. 2015 investigating difference in hip muscle
strength showed abductor muscle weakness in the affected limb 6 weeks post-operatively in
patients operated on with LA compared with PA, but no difference was observed after 3
months [46], this is in line with our results at 3 months. Downing et al. 2001 found in a non-
randomised cohort study no difference in isometric hip muscle strength between LA and PA
patients at 3 and 12 months after surgery [86]. However, this study may be influenced by a

large drop-out rate on 27% and the non-randomised design.

The difference between treatment groups in hip abductor iMVC was noticeable with a
medium Cohen’s d effect size of 0.6 (0.7 for the per-protocol analysis). These findings suggest

that the difference may by clinically important.

A previous study showed that lower limb muscle strength was associated with physical
function [79], and hip abductor muscle strength has also been shown to contribute positively
in performance-based measures of physical function in people with unilateral total knee
arthroplasty [169]. Therefore, we could have expected that both the gait ‘quality’ and patient-
reported physical function would have been reduced in the LA group compared with the PA
group. However, only the self-reported limping score was reduced in the LA group at 12

months.

Another study compared THA patients (all of whom received PA) with healthy adults and
showed that the patients had 17-23% less knee muscle strength 12 months post-operatively;
however, the functional test (including stair climbing, five times sit-to-stand, and the 6-minute

walk) showed no significant differences between the patients and healthy adults 12 months
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post-operatively [170]. Thus, despite relatively large deficits in lower limb maximal muscle
strength, it seems possible to perform simple functional tests at the same level as healthy
individuals. This may also apply to the patients in the LA group. However, based on our
results, we cannot definitely conclude whether the deficit found in maximal hip muscle
strength for the LA patients, may or may not have clinical relevance in reducing physical
function, although we did not find any difference in the patient-reported physical function or
UCLA activity score. Further investigation of the effect on function (e.g. walk-test, stair

climbing, repeated chair rise etc.) following PA and LA is therefore needed.

Our results showed that patients in the LA group had both reduced hip muscle strength in
abduction and more limping gait after 12 months compared with PA patients. This may be one
step in confirming the hypothesis, that LA patients experience reduced muscle strength and
therefore also more limping gait, due to the surgically induced trauma to the gluteus medius

and minimus muscles, as advocated by Baker and Bitounis 1989 [82].

Pain was present pre-operatively and may have reduced the pre-operative measurements of
hip iMVC in both groups [131]. However, pain probably did not cause the observed
differences between the two treatment goups, since pain in relation to iMVC testing was
absent in both groups post-operatively, as described in the summary of results in Study 3

page 51.

We measured the change in femoral off-set post-operatively, since a reduction in femoral off-
set may contribute to abductor muscle weakness [87, 115]. We found that the femoral off-set
in the PA-group was significantly increased (mean A femoral off-set 5.1 mm) whereas the LA
group was unchanged post-operatively (mean A femoral off-set 0.8 mm), Table 16. This small
improvement in femoral off-set and thus increase of the abductor moment arm in the PA
group may contribute to the improvement in abductor muscle strength seen 12 months post-

operatively, however it probably only explains some of the deficit in the LA group.
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Clinical implications

Based on the results from this thesis we found no clinically relevant difference between PA
and LA in most patient-reported outcomes. Some of the secondary and explorative results
showed superior efficacy for patients in the PA group, namely, in self-reported limping and in
hip abductor and flexor muscle strength, although these deficiencies in the LA group seem not

to influence the overall gait function.

Based on the literature investigating difference in PROs, PA is found to have small but not
clinically relevant better outcome. There is no overall increased risk of revision in the PA

group compared with LA, although the revision rate due to dislocation is higher in the PA

group.

Future research
Since only few registry-based studies have investigated the difference in risk of revision, a
future large-scale non-inferior randomised controlled trial is necessary to establish if PA is

not inferior to LA on important clinical outcomes, including overall revision rates.

However, such a study requires inclusion of several thousand patients with long-term follow-

up > 10 years and would only be feasible in a large multicentre design.

Further investigations of how to reduce limping gait are needed. This could be performed in

an intervention study evaluating the effect of focused hip muscle strength training.

Research into possible predictors (e.g. pre-operative limping gait, hip abductor muscle
weakness, co-morbidities) of post-operative limping gait would be beneficial and might

enable a more optimal allocation of the patient to the best surgical approach for him/her.

Finally we find it relevant to further investigate if the reduced maximal hip muscle strength
found in the LA group post-operatively has any implications for the patient’s actual functional

capacity.
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Conclusion

Based on Study 1 we concluded that:

Better hip abductor and hip flexor muscles strength were significantly moderately and weakly
associated with a better gait ‘quality’ in patients with hip OA. Furthermore, patients with
higher patient-reported physical function, quality of life and lower pain levels demonstrated
better gait ‘quality’. Interventions aimed at improving hip muscle strength, especially hip
abduction and appropriate pain management may improve the gait ‘quality’ in patients with

severe hip OA. This however needs to be confirmed in controlled intervention studies.

Based on Study 2 we concluded that:
We found no superior efficacy of using the PA compared with LA evaluated on patient-
reported physical function, pain, physical activity or quality of life, but patients operated

through the PA improved more in self-reported limping.

Based on Study 3 we concluded that:

The trial did not completely confirm our hypotheses. Following total hip arthroplasty,
contrary to our first hypothesis, gait function in the group receiving the posterior approach
did not improve more than the group receiving the lateral approach. However, in agreement
with our second hypothesis, patients receiving the posterior approach improved more in hip
abductor and flexor muscle strength at 12 months. Further investigation of the effect of

reduced maximal hip muscle strength on functional capacity is needed.
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Summary

English

Hip osteoarthritis (OA) is a major cause of disability worldwide. Total hip arthroplasty (THA)
is a successful symptomatic treatment of hip OA and has been declared as ‘the operation of
the century’. Despite its great success on important key-endpoints, not all patients are
satisfied. Results based on patient-reported outcomes (PROs) have shown that some patients
after THA experience a reduction in physical function, limping gait and a reduced quality of
life compared to the healthy population. The choice of surgical approach is one factor that
may affect the PROs, gait pattern and hip muscle strength. Worldwide, the use of the posterior
approach (PA) and the lateral approach (LA) are dominating. One major difference between
the two approaches is the surgical detachment of the hip abductor muscles (gluteus medius
and minimus) which is only performed during the LA procedure. This surgically induced
damage of the hip abductors may cause reduced hip muscle strength, changes in gait function
and reduced PROs, especially those associated with physical function. The literature reveals
that the optimal choice of surgical approach based on evidence from high level studies

remains unclear.

Thus, the overall aim of this thesis was to investigate in a randomised controlled trial if
patients with primary hip OA operated on with the PA improved more in PROs, hip muscle
strength and gait function than patients operated on with LA 12 months post-operatively. The
secondary aim was to explore the use of a composite gait index - the Gait Deviation Index
(GDI) in the quantification of hip OA patients’ gait pathology. The GDI is thought to be a
general measure of the overall gait ‘quality’. A high GDI score was hypothesised to be

associated with better hip muscle strength and PROs.

Method: In total, 80 patients aged 45 to 70 years with unilateral primary hip OA were
scheduled for primary cementless THA and randomised to surgery with either PA or modified
direct LA. The patient-reported questionnaire Hip Disability and Osteoarthritis Outcome
Score (HOOS)-Physical Function subscale was used as the primary outcome. Secondary
outcomes were the HOOS-Pain, HOOS-Quality of Life, the EQ-5D-3L, UCLA activity score and a
limping score. The patients completed the questionnaires pre-operatively and at 3, 6 and 12

months post-operatively. The data were analysed with the multilevel mixed linear model

75



analysis (with repeated measures) evaluating the mean difference in improvement between

the PA and LA groups with the primary end-point being 12 months.

A subgroup of 47 patients was randomly allocated to 3-dimensional gait analysis and
assessment of isometric maximal voluntary hip muscle strength (iMVC) in abduction, flexion
and extension and finally pain during these tests was measured using the ‘Numeric Rating
Scale for Pain’ (NRS). Associations between the GDI, hip muscle strength, NRS-pain and HOOS-
subscale scores were analysed. The same 47 patients were also evaluated at 3 and 12 months

post-operatively with the same protocol as that used pre-operatively.

Results: Seventy-seven patients were available for intention-to-treat analyses. The results
showed no difference in improvement in HOOS-Physical Function between the treatment
groups at 12-months: -3.3 [95% CI: -8.7 to 2.1]. All secondary outcomes showed similar
results except for limping score, where PA patients improved more than LA patients: 0.4 [95%

CI: 0.05 to 0.66] points on a 4-point Likert scale.

The results from the subgroup of 47 patients showed that the GDI was positively associated
with hip abduction strength, hip flexion strength, HOOS-Physical Function, HOOS-QOL, and
negatively associated with pain after walking. All the associations were weak to moderate and

explained 13% to 25% of the variation in the GDI.

The results from the follow-up study showed no difference in between-group improvement
nor within-group improvement in the GDI. However, we found a statistically significantly
difference in improvement in both hip abductor and flexor muscle strength in favour of the PA
group: -0.20 (Nm/kg) [95% CI: -0.4 to 0.0] and -0.20 (Nm/kg) [95% CI: -0.4 to 0.0]

respectively.

Conclusion: Better gait ‘quality’ measured with the GDI was associated with better hip muscle
strength, pain and PROs pre-operatively. Patient-reported physical function, pain and quality
of life in patients treated with PA did not improve more than patients treated with LA at 12
months post-operatively. However, patients in the PA group improved more in self-reported
limping than the LA patients. This positive effect on limping gait in the PA group might be
explained by a greater improvement in hip abductor and flexor muscle strength in the PA

group. However, we found no difference in gait function between groups.

76



Dansk resumé

Hofteartrose er en meget udbredt sygdom og leder til smerter, nedsat fysik funktion og nedsat
livskvalitet. Nar symptomerne bliver for sveere kan man tilbyde en operation med en kunstig
hofte (THA). Dette er en meget anderkendt behandling af sveer hofteartrose og har vist rigtig
gode resultater i form af lang holdbarhed af proteserne og acceptable re-operations rater. Det
har dog vist sig, at nogle patienter fortsat oplever smerter, nedsat fysisk funktion med bl.a.
nedsat gangfunktion og nedsat hoftemuskelstyrke samt nedsat livskvalitet. Der findes flere
kirurgiske adgange til hofte, nar den skal opereres og tidligere studier har givet anledning til
at mistaenke den kirurgiske adgang for at have betydning for patient-rapporterede reslutater,
den fysiske funktion, gang funktion og hoftemuskelstyrke efter operationen. Pa verdensplan
er de to mest udbredte kirurgiske adgange den bagre adgang og side-adgang. Under operation
ved side-adgang bliver den forreste del af abduktor-muskelgruppen, skdret over. Ved den
bagre adgang lades denne muskelgruppe urgrt, men til gengeeld bliver den store baldemuskel
delt og den bagerste del af hofteledkapslen abnet. Side-adgangens kirurgiske pavirkning af
blgddelene omkring hoften mistaenkes at give anledning til nedsat fysiske funktion, haltende
gang og nedsat abduktor-muskelstyrke. Der findes dog ingen studier, der ved hjeelp af et
randomiseret design og anvendelse patient-rapporterede effektmal har klarlagt om den ene

adgang er bedre end den anden.

Formalet med dette ph.d.-studie var at afklare om den bagre adgang var bedre end side-
adgang malt pa patient-rapporteret fysisk funktion, smerte og livskvalitet samt objektivt pa
gangfunktion og hoftemuskelstyrke efter 12 maneder. Desuden gnskede vi at undersgge om
Gait Deviation Index (GDI), som er et gang-'kvalitets’ index, var associeret med

hoftemuskelstyrke og de patient rapporterede resultater.

Metode: Vi inkluderede 80 patienter diagnosticeret med primeer ensidig hofteartrose uden
tidligere operationer i benene og uden sveer co-morbiditet. Ved et tilfaeldighedsprincip blev de
allokeret til operation med henholdsvis side-adgang eller bagre adgang. Inden operation blev
47 patienter tilfeeldigt udvalgt til at deltage med maling af deres gangfunktion og hoftemuskel
styrke i ganglaboratoriet. Patienterne gangfunktion blev evalueret pree-operativt og 3 og 12
maneder efter operation. Patienterne svarede pa spgrgeskemaer prae-operativt, 3, 6 og 12

maneder efter operation.

77



Resultater: Der kunne foretages analyser pa 77 patienter. Vi fandt en ikke-signifikant forskel i
patient-rapporteret fysisk funktion pa -3.3 [95% CI: -8.7 to 2.1] point. Vi fandt lignede ikke-
signifikante forskelle pa de gvrige patient-rapporterede effektmal undtagen for spgrgsmalet
om haltende gang. Her fandt vi at patienterne opereret med bagre adgang forbedrede sig mere

over 12 maneder end patienterne opereret ved side-adgang.

I det prae-operative studie baseret pa 47 patienter, fandt vi moderate associationer mellem
GDI og hofteabduktor-muskelstyrke, patent-rapporterede effektmal og smerte. De enkelte

variable kunne forklare mellem 13 og 25% af variationen i GDI.

Vi fandt ingen forbedring af GDI over tid for nogen af grupperne og derfor heller ingen forskel
mellem grupperne. Men for henholdsvis abduktor og fleksor-muskelstyrken forbedrede
patienterne i bagre adgang gruppen sig signifikant mere end patienterne opereret ved side-

adgang: -0.20 (Nm/kg) [95% CI: -0.4 to 0.0] og -0.20 (Nm/kg) [95% CI: -0.4 to 0.0].

Konklusion: Gang-’kvalitetes’-indexet 'GDI’ var moderat associeret med hofteabduktor-

muskelstyrken, smerte, fysisk funktion og livskvalitet.

Der var ikke forskel mellem grupperne pa patient-rapporteret fysisk funktion, fysisk aktivitet,
smerte og livskvalitet efter 12 maneder. Dog fandt vi, at patienter opereret med side-adgang
rapporterede mere haltende gang end patienterne opereret med bagre adgang efter 12
maneder og vi fandt reduceret hofteabduktions- og hoftefleksions-muskelstyrke i gruppen af

patienter opereret med side-adgang. Vi fandt ingen forskel pa gangfunktion mellem de to

grupper.

78



References

[1] WHO. Global Health Estimates 2014 Geneva: World Health Organization;
http://www.who.int/healthinfo/global burden disease/estimates/en/index1.html 2014.

[2] Pereira D, Peleteiro B, Araujo J, Branco J, Santos RA, Ramos E. The effect of osteoarthritis definition on
prevalence and incidence estimates: a systematic review. Osteoarthritis Cartilage. 2011;19:1270-85.

[3] Jordan JM, Helmick CG, Renner JB, Luta G, Dragomir AD, Woodard J, et al. Prevalence of hip symptoms
and radiographic and symptomatic hip osteoarthritis in African Americans and Caucasians: the Johnston
County Osteoarthritis Project. ] Rheumatol. 2009;36:809-15.

[4] Johnsen NF, Koch MB, Davidsen M, Juel K. De samfundsmaessige omkostninger ved artrose. Statens
Institut for Folkesundhed: Syddansk Universitet; 2014.

[5] Dawson J, Linsell L, Zondervan K, Rose P, Randall T, Carr A, et al. Epidemiology of hip and knee pain and
its impact on overall health status in older adults. Rheumatology (Oxford). 2004;43:497-504.

[6] Murphy LB, Helmick CG, Schwartz TA, Renner JB, Tudor G, Koch GG, et al. One in four people may
develop symptomatic hip osteoarthritis in his or her lifetime. Osteoarthritis Cartilage. 2010;18:1372-9.

[7] Zhang W, Moskowitz RW, Nuki G, Abramson S, Altman RD, Arden N, et al. OARSI recommendations for
the management of hip and knee osteoarthritis, Part 1l: OARSI evidence-based, expert consensus
guidelines. Osteoarthritis Cartilage. 2008;16:137-62.

[8] Salaffi F, Carotti M, Stancati A, Grassi W. Health-related quality of life in older adults with symptomatic
hip and knee osteoarthritis: a comparison with matched healthy controls. Aging Clin Exp Res. 2005;17:255-
63.

[9] Nuesch E, Dieppe P, Reichenbach S, Williams S, Iff S, Juni P. All cause and disease specific mortality in
patients with knee or hip osteoarthritis: population based cohort study. BMJ. 2011;342:d1165.

[10] Osteoarthritis. Division of Adult and Community Health, National Center for Chronic Disease
Prevention and Health  Promotion: Centers for Disease Control and Prevention;
http://www.cdc.gov/arthritis/basics/osteoarthritis.htm 2015.

[11] Overgaard S. Danish Hip Arthroplasty Register-Annual report of 2013. Danish Hip Arthroplasty Register;
2013.

[12] Bozic KJ, Rubash HE. The painful total hip replacement. Clin Orthop Relat Res. 2004:18-25.
[13] Charnley J. Arthroplasty of the hip. A new operation. Lancet. 1961;1:1129-32.

[14] Berry DJ, Harmsen WS, Cabanela ME, Morrey BF. Twenty-five-year survivorship of two thousand
consecutive primary Charnley total hip replacements: factors affecting survivorship of acetabular and
femoral components. J Bone Joint Surg Am. 2002;84-A:171-7.

[15] Berry DJ, von Knoch M, Schleck CD, Harmsen WS. The cumulative long-term risk of dislocation after
primary Charnley total hip arthroplasty. J Bone Joint Surg Am. 2004;86-A:9-14.

[16] Learmonth ID, Young C, Rorabeck C. The operation of the century: total hip replacement. Lancet.
2007;370:1508-19.

79



[17] Steiner C, Andrews R, Barrett M, Weiss A. HUCP Projections: Mobility/Orthopedic Procedures 2011 to
2012.: U.S. Agency for Healthcare Research and Quality; 2012.

[18] Garellick GK, J.; Rogmark, C.; Rolfson, O.; Lindahl, H.; Malchau, H. Swedish Hip Arthroplasty Register
Annual Report 2013. 2014.

[19] Harris WH. Traumatic arthritis of the hip after dislocation and acetabular fractures: treatment by mold
arthroplasty. An end-result study using a new method of result evaluation. J Bone Joint Surg Am.
1969;51:737-55.

[20] Garellick GK, J.; Rogmark, C.; Rolfson, O.; Herberts, P. Swedish Hip Arthroplasty Register Annual Report
2011.2012.

[21] Jones CA, Beaupre LA, Johnston DW, Suarez-Almazor ME. Total joint arthroplasties: current concepts of
patient outcomes after surgery. Rheum Dis Clin North Am. 2007;33:71-86.

[22] Lieberman JR, Dorey F, Shekelle P, Schumacher L, Thomas BJ, Kilgus DJ, et al. Differences between
patients' and physicians' evaluations of outcome after total hip arthroplasty. J Bone Joint Surg Am.
1996;78:835-8.

[23] Janse AJ, Gemke RJ, Uiterwaal CS, van der Tweel |, Kimpen JL, Sinnema G. Quality of life: patients and
doctors don't always agree: a meta-analysis. J Clin Epidemiol. 2004;57:653-61.

[24] Nikolajsen L, Brandsborg B, Lucht U, Jensen TS, Kehlet H. Chronic pain following total hip arthroplasty:
a nationwide questionnaire study. Acta Anaesthesiol Scand. 2006;50:495-500.

[25] Jones CA, Voaklander DC, Johnston DW, Suarez-Almazor ME. Health related quality of life outcomes
after total hip and knee arthroplasties in a community based population. J Rheumatol. 2000;27:1745-52.

[26] Vissers MM, Bussmann JB, Verhaar JA, Arends LR, Furlan AD, Reijman M. Recovery of physical
functioning after total hip arthroplasty: systematic review and meta-analysis of the literature. Phys Ther.
2011;91:615-29.

[27] Lucht U, Johnsen SP. Danish Hip Arthroplasty Register- Annual report of 2005. Danish Hip Arthroplasty
Register; 2006.

[28] Amlie E, Havelin LI, Furnes O, Baste V, Nordsletten L, Hovik O, et al. Worse patient-reported outcome
after lateral approach than after anterior and posterolateral approach in primary hip arthroplasty. A cross-
sectional questionnaire study of 1,476 patients 1-3 years after surgery. Acta Orthop. 2014;85:463-9.

[29] Lindgren JV, Wretenberg P, Karrholm J, Garellick G, Rolfson O. Patient-reported outcome is influenced
by surgical approach in total hip replacement: a study of the Swedish Hip Arthroplasty Register including
42,233 patients. Bone Joint J. 2014;96-B:590-6.

[30] Greene ME, Rolfson O, Gordon M, Garellick G, Nemes S. Standard Comorbidity Measures Do Not
Predict Patient-reported Outcomes 1 Year After Total Hip Arthroplasty. Clin Orthop Relat Res.
2015;473:3370-9.

[31] Furnes O, Lie SA, Espehaug B, Vollset SE, Engesaeter LB, Havelin LI. Hip disease and the prognosis of
total hip replacements. A review of 53,698 primary total hip replacements reported to the Norwegian
Arthroplasty Register 1987-99. ) Bone Joint Surg Br. 2001;83:579-86.

80



[32] Hedlundh U, Ahnfelt L, Hybbinette CH, Weckstrom J, Fredin H. Surgical experience related to
dislocations after total hip arthroplasty. J Bone Joint Surg Br. 1996;78:206-9.

[33] Khatod M, Cafri G, Inacio MC, Schepps AL, Paxton EW, Bini SA. Revision total hip arthoplasty: factors
associated with re-revision surgery. J Bone Joint Surg Am. 2015;97:359-66.

[34] Bystrom S, Espehaug B, Furnes O, Havelin LI, Norwegian Arthroplasty R. Femoral head size is a risk
factor for total hip luxation: a study of 42,987 primary hip arthroplasties from the Norwegian Arthroplasty
Register. Acta Orthop Scand. 2003;74:514-24.

[35] Lombardi AV, Mallory TH, Fada RA. Surgical Technique in Total Hip Arthroplasty Utilizing the
Anterolateral Approach. Surg Technol Int. 2000;I1X:291-4.

[36] Daines BK, Dennis DA. The importance of acetabular component position in total hip arthroplasty.
Orthop Clin North Am. 2012;43:e23-34.

[37] Mulliken BD, Rorabeck CH, Bourne RB, Nayak N. A modified direct lateral approach in total hip
arthroplasty: a comprehensive review. J Arthroplasty. 1998;13:737-47.

[38] Bernasek TL, Thatimatla NK, Levering M, Haidukewych GJ. Effect of immediate full weight bearing on
abductor repair and clinical function after THA through a modified Hardinge approach. Orthopedics.
2013;36:266-70.

[39] Mukka SS, Sayed-Noor AS. An update on surgical approaches in hip arthoplasty: lateral versus posterior
approach. Hip Int. 2014;24 Suppl 10:57-11.

[40] Masonis JL, Bourne RB. Surgical approach, abductor function, and total hip arthroplasty dislocation.
Clin Orthop Relat Res. 2002:46-53.

[41] Zimmerma S, Hawkes WG, Hudson JI, Magaziner J, Hebel JR, Towheed T, et al. Outcomes of surgical
management of total HIP replacement in patients aged 65 years and older: cemented versus cementless
femoral components and lateral or anterolateral versus posterior anatomical approach. J Orthop Res.
2002;20:182-91.

[42] Smith AJ, Wylde V, Berstock JR, Maclean AD, Blom AW. Surgical approach and patient-reported
outcomes after total hip replacement. Hip Int. 2012;22:355-61.

[43] Whatling GM, Dabke HV, Holt CA, Jones L, Madete J, Alderman PM, et al. Objective functional
assessment of total hip arthroplasty following two common surgical approaches: the posterior and direct
lateral approaches. Proc Inst Mech Eng H. 2008;222:897-905.

[44] Jolles BM, Bogoch ER. Posterior versus lateral surgical approach for total hip arthroplasty in adults with
osteoarthritis. Cochrane Database Syst Rev. 2004:CD003828.

[45] Arthursson AJ, Furnes O, Espehaug B, Havelin LI, Soreide JA. Prosthesis survival after total hip
arthroplasty-does surgical approach matter? Analysis of 19,304 Charnley and 6,002 Exeter primary total hip
arthroplasties reported to the Norwegian Arthroplasty Register. Acta Orthop. 2007;78:719-29.

[46] Winther SB, Husby VS, Foss OA, Wik TS, Svenningsen S, Engdal M, et al. Muscular strength after total
hip arthroplasty. Acta Orthop. 2015;86:1-7.

81



[47] Gore DR, Murray MP, Sepic SB, Gardner GM. Anterolateral compared to posterior approach in total hip
arthroplasty: differences in component positioning, hip strength, and hip motion. Clin Orthop Relat Res.
1982:180-7.

[48] Ritter MA, Harty LD, Keating ME, Faris PM, Meding JB. A clinical comparison of the anterolateral and
posterolateral approaches to the hip. Clin Orthop Relat Res. 2001:95-9.

[49] Chechik O, Khashan M, Lador R, Salai M, Amar E. Surgical approach and prosthesis fixation in hip
arthroplasty world wide. Arch Orthop Trauma Surg. 2013;133:1595-600.

[50] Havelin LI, Fenstad AM, Salomonsson R, Mehnert F, Furnes O, Overgaard S, et al. The Nordic
Arthroplasty Register Association: a unique collaboration between 3 national hip arthroplasty registries
with 280,201 THRs. Acta Orthop. 2009;80:393-401.

[51] Witzleb WC, Stephan L, Krummenauer F, Neuke A, Gunther KP. Short-term outcome after posterior
versus lateral surgical approach for total hip arthroplasty - A randomized clinical trial. Eur J Med Res.
2009;14:256-63.

[52] Boardman DL, Dorey F, Thomas BJ, Lieberman JR. The accuracy of assessing total hip arthroplasty
outcomes: a prospective correlation study of walking ability and 2 validated measurement devices. J
Arthroplasty. 2000;15:200-4.

[53] Pospischill M, Kranzl A, Attwenger B, Knahr K. Minimally invasive compared with traditional
transgluteal approach for total hip arthroplasty: a comparative gait analysis. J Bone Joint Surg Am.
2010;92:328-37.

[54] Horwitz BR, Rockowitz NL, Goll SR, Booth RE, Jr., Balderston RA, Rothman RH, et al. A prospective
randomized comparison of two surgical approaches to total hip arthroplasty. Clin Orthop Relat Res.
1993:154-63.

[55] Ewen AM, Stewart S, St Clair Gibson A, Kashyap SN, Caplan N. Post-operative gait analysis in total hip
replacement patients-a review of current literature and meta-analysis. Gait Posture. 2012;36:1-6.

[56] Bennett D, Humphreys L, O'Brien S, Kelly C, Orr JF, Beverland DE. Gait kinematics of age-stratified hip
replacement patients--a large scale, long-term follow-up study. Gait Posture. 2008;28:194-200.

[57] Beaulieu ML, Lamontagne M, Beaule PE. Lower limb biomechanics during gait do not return to normal
following total hip arthroplasty. Gait Posture. 2010;32:269-73.

[58] Foucher KC, Hurwitz DE, Wimmer MA. Preoperative gait adaptations persist one year after surgery in
clinically well-functioning total hip replacement patients. J Biomech. 2007;40:3432-7.

[59] Madsen MS, Ritter MA, Morris HH, Meding JB, Berend ME, Faris PM, et al. The effect of total hip
arthroplasty surgical approach on gait. J Orthop Res. 2004;22:44-50.

[60] Nantel J, Termoz N, Vendittoli PA, Lavigne M, Prince F. Gait patterns after total hip arthroplasty and
surface replacement arthroplasty. Arch Phys Med Rehabil. 2009;90:463-9.

[61] Hodge WA, Andriacchi TP, Galante JO. A relationship between stem orientation and function following
total hip arthroplasty. J Arthroplasty. 1991;6:229-35.

[62] Loizeau J, Allard P, Duhaime M, Landjerit B. Bilateral gait patterns in subjects fitted with a total hip
prosthesis. Arch Phys Med Rehabil. 1995;76:552-7.

82



[63] Zeni J, Jr., Pozzi F, Abujaber S, Miller L. Relationship between physical impairments and movement
patterns during gait in patients with end-stage hip osteoarthritis. J Orthop Res. 2015;33:382-9.

[64] Schwartz MH, Rozumalski A. The Gait Deviation Index: a new comprehensive index of gait pathology.
Gait Posture. 2008;28:351-7.

[65] Jensen C, Rosenlund S, Nielsen DB, Overgaard S, Holsgaard-Larsen A. The use of the Gait Deviation
Index for the evaluation of participants following total hip arthroplasty: An explorative randomized trial.
Gait Posture. 2015;42:36-41.

[66] Jensen C, Penny JO, Nielsen DB, Overgaard S, Holsgaard-Larsen A. Quantifying Gait Quality in Patients
with Large-Head and Conventional Total Hip Arthroplasty-A Prospective Cohort Study. J Arthroplasty.
2015;30:2343-8 el.

[67] Cimolin V, Galli M, Vimercati SL, Albertini G. Use of the Gait Deviation Index for the assessment of
gastrocnemius fascia lengthening in children with Cerebral Palsy. Res Dev Disabil. 2011;32:377-81.

[68] Galli M, Cimolin V, De Pandis MF, Schwartz MH, Albertini G. Use of the Gait Deviation index for the
evaluation of patients with Parkinson's disease. ] Mot Behav. 2012;44:161-7.

[69] Rasmussen HM, Nielsen DB, Pedersen NW, Overgaard S, Holsgaard-Larsen A. Gait Deviation Index, Gait
Profile Score and Gait Variable Score in children with spastic cerebral palsy: Intra-rater reliability and
agreement across two repeated sessions. Gait Posture. 2015;42:133-7.

[70] Maanum G, Jahnsen R, Stanghelle JK, Sandvik L, Larsen KL, Keller A. Face and construct validity of the
Gait Deviation Index in adults with spastic cerebral palsy. J Rehabil Med. 2012;44:272-5.

[71] Esbjornsson AC, Rozumalski A, lversen MD, Schwartz MH, Wretenberg P, Brostrom EW. Quantifying
gait deviations in individuals with rheumatoid arthritis using the Gait Deviation Index. Scand J Rheumatol.
2014;43:124-31.

[72] Molloy M, McDowell BC, Kerr C, Cosgrove AP. Further evidence of validity of the Gait Deviation Index.
Gait Posture. 2010;31:479-82.

[73] Massaad A, Assi A, Skalli W, Ghanem |. Repeatability and validation of gait deviation index in children:
typically developing and cerebral palsy. Gait Posture. 2014;39:354-8.

[74] Queen RM, Schaeffer JF, Butler RJ, Berasi CC, Kelley SS, Attarian DE, et al. Does surgical approach
during total hip arthroplasty alter gait recovery during the first year following surgery? J Arthroplasty.
2013;28:1639-43.

[75] Arokoski MH, Arokoski JP, Haara M, Kankaanpaa M, Vesterinen M, Niemitukia LH, et al. Hip muscle
strength and muscle cross sectional area in men with and without hip osteoarthritis. J Rheumatol.
2002;29:2185-95.

[76] Klausmeier V, Lugade V, Jewett BA, Collis DK, Chou LS. Is there faster recovery with an anterior or
anterolateral THA? A pilot study. Clin Orthop Relat Res. 2010;468:533-41.

[77] Rasch A, Dalen N, Berg HE. Muscle strength, gait, and balance in 20 patients with hip osteoarthritis
followed for 2 years after THA. Acta Orthop. 2010;81:183-8.

[78] Rantanen T, Avlund K, Suominen H, Schroll M, Frandin K, Pertti E. Muscle strength as a predictor of
onset of ADL dependence in people aged 75 years. Aging Clin Exp Res. 2002;14:10-5.

83



[79] van der Esch M, Holla JF, van der Leeden M, Knol DL, Lems WF, Roorda LD, et al. Decrease of muscle
strength is associated with increase of activity limitations in early knee osteoarthritis: 3-year results from
the cohort hip and cohort knee study. Arch Phys Med Rehabil. 2014;95:1962-8.

[80] Hardcastle P, Nade S. The significance of the Trendelenburg test. J Bone Joint Surg Br. 1985;67:741-6.

[81] Edmunds CT, Boscainos PJ. Effect of surgical approach for total hip replacement on hip function using
Harris Hip scores and Trendelenburg's test. A retrospective analysis. Surgeon. 2011;9:124-9.

[82] Baker AS, Bitounis VC. Abductor function after total hip replacement. An electromyographic and
clinical review. J Bone Joint Surg Br. 1989;71:47-50.

[83] Kendall KD, Schmidt C, Ferber R. The relationship between hip-abductor strength and the magnitude of
pelvic drop in patients with low back pain. J Sport Rehabil. 2010;19:422-35.

[84] Kendall KD, Patel C, Wiley JP, Pohl MB, Emery CA, Ferber R. Steps Towards the Validation of the
Trendelenburg Test: The Effect of Experimentally Reduced Hip Abductor Muscle Function on Frontal Plane
Mechanics. Clin J Sport Med. 2012.

[85] Barber TC, Roger DJ, Goodman SB, Schurman DJ. Early outcome of total hip arthroplasty using the
direct lateral vs the posterior surgical approach. Orthopedics. 1996;19:873-5.

[86] Downing ND, Clark DI, Hutchinson JW, Colclough K, Howard PW. Hip abductor strength following total
hip arthroplasty: a prospective comparison of the posterior and lateral approach in 100 patients. Acta
Orthop Scand. 2001;72:215-20.

[87] Kiyama T, Naito M, Shinoda T, Maeyama A. Hip abductor strengths after total hip arthroplasty via the
lateral and posterolateral approaches. J Arthroplasty. 2010;25:76-80.

[88] Chan AW, Song F, Vickers A, Jefferson T, Dickersin K, Gotzsche PC, et al. Increasing value and reducing
waste: addressing inaccessible research. Lancet. 2014;383:257-66.

[89] Chan AW, Tetzlaff JM, Altman DG, Laupacis A, Gotzsche PC, Krleza-Jeric K, et al. SPIRIT 2013 statement:
defining standard protocol items for clinical trials. Ann Intern Med. 2013;158:200-7.

[90] Sagawa Y, Jr., Watelain E, De Coulon G, Kaelin A, Gorce P, Armand S. Are clinical measurements linked
to the gait deviation index in cerebral palsy patients? Gait Posture. 2013;38:276-80.

[91] Sedgwick P. Ecological studies: advantages and disadvantages. BMJ. 2014;348:g2979.

[92] Moher D, Hopewell S, Schulz KF, Montori V, Gotzsche PC, Devereaux PJ, et al. CONSORT 2010
explanation and elaboration: updated guidelines for reporting parallel group randomised trials. BMJ.
2010;340:c869.

[93] Suresh K. An overview of randomization techniques: An unbiased assessment of outcome in clinical
research. ] Hum Reprod Sci. 2011;4:8-11.

[94] Rosenlund S, Broeng L, Jensen C, Holsgaard-Larsen A, Overgaard S. The effect of posterior and lateral
approach on patient-reported outcome measures and physical function in patients with osteoarthritis,
undergoing total hip replacement: a randomised controlled trial protocol. BMC Musculoskelet Disord.
2014;15:354.

[95] Gorton GE, 3rd, Hebert DA, Gannotti ME. Assessment of the kinematic variability among 12 motion
analysis laboratories. Gait Posture. 2009;29:398-402.

84



[96] Lewinnek GE, Lewis JL, Tarr R, Compere CL, Zimmerman JR. Dislocations after total hip-replacement
arthroplasties. J Bone Joint Surg Am. 1978;60:217-20.

[97] Hoppenfeld S, deBoer P, Buckley R. Surgical Exposures in Orthopaedics. The Anatomic Approach. The
Hip, Fourth Edition: Lippinoctt Williams & Wilkins; 2009.

[98] Bellamy N, Kirwan J, Boers M, Brooks P, Strand V, Tugwell P, et al. Recommendations for a core set of
outcome measures for future phase lll clinical trials in knee, hip, and hand osteoarthritis. Consensus
development at OMERACT IIl. J Rheumatol. 1997;24:799-802.

[99] Dreinhofer K, Stucki G, Ewert T, Huber E, Ebenbichler G, Gutenbrunner C, et al. ICF Core Sets for
osteoarthritis. J Rehabil Med. 2004:75-80.

[100] Davis AM, Perruccio AV, Canizares M, Tennant A, Hawker GA, Conaghan PG, et al. The development
of a short measure of physical function for hip OA HOOS-Physical Function Shortform (HOOS-PS): an
OARSI/OMERACT initiative. Osteoarthritis Cartilage. 2008;16:551-9.

[101] Davis AM, Perruccio AV, Canizares M, Hawker GA, Roos EM, Maillefert JF, et al. Comparative, validity
and responsiveness of the HOOS-PS and KOOS-PS to the WOMAC physical function subscale in total joint
replacement for osteoarthritis. Osteoarthritis Cartilage. 2009;17:843-7.

[102] Ryser L, Wright BD, Aeschlimann A, Mariacher-Gehler S, Stucki G. A new look at the Western Ontario
and McMaster Universities Osteoarthritis Index using Rasch analysis. Arthritis Care Res. 1999;12:331-5.

[103] Davis AM, Badley EM, Beaton DE, Kopec J, Wright JG, Young NL, et al. Rasch analysis of the Western
Ontario McMaster (WOMAC) Osteoarthritis Index: results from community and arthroplasty samples. J Clin
Epidemiol. 2003;56:1076-83.

[104] Translation and Cross-Cultural Adaptation of the Danish Version of the Hip Dysfunction and
Osteoarthritis Outcome Score 2.0 (HOOS 2.0) http://koos.nu/HOOSdansk.pdf 2008.

[105] Thorborg K, Roos EM, Bartels EM, Petersen J, Holmich P. Validity, reliability and responsiveness of
patient-reported outcome questionnaires when assessing hip and groin disability: a systematic review. Br J
Sports Med. 2010;44:1186-96.

[106] Amstutz HC, Thomas BJ, Jinnah R, Kim W, Grogan T, Yale C. Treatment of primary osteoarthritis of the
hip. A comparison of total joint and surface replacement arthroplasty. J Bone Joint Surg Am. 1984;66:228-
41.

[107] Beaule PE, Dorey FJ, Hoke R, Le Duff M, Amstutz HC. The value of patient activity level in the outcome
of total hip arthroplasty. J Arthroplasty. 2006;21:547-52.

[108] Naal FD, Impellizzeri FM, Leunig M. Which is the best activity rating scale for patients undergoing
total joint arthroplasty? Clin Orthop Relat Res. 2009;467:958-65.

[109] Terwee CB, Bouwmeester W, van Elsland SL, de Vet HC, Dekker J. Instruments to assess physical
activity in patients with osteoarthritis of the hip or knee: a systematic review of measurement properties.
Osteoarthritis Cartilage. 2011;19:620-33.

[110] Gudex CM, Sgrensen J. Et generisk mal for helbredstilstand. Manedsskrift for praktisk lzegegerning.
1998;76:1339-45.

[111] Brooks R. EuroQol: the current state of play. Health Policy. 1996;37:53-72.

85



[112] Wittrup-Jensen KU, Lauridsen J, Gudex C, Pedersen KM. Generation of a Danish TTO value set for EQ-
5D health states. Scand J Public Health. 2009;37:459-66.

[113] Ashby E, Grocott MP, Haddad FS. Outcome measures for orthopaedic interventions on the hip. ] Bone
Joint Surg Br. 2008;90:545-9.

[114] Rolfson O, Karrholm J, Dahlberg LE, Garellick G. Patient-reported outcomes in the Swedish Hip
Arthroplasty Register: results of a nationwide prospective observational study. J Bone Joint Surg Br.
2011;93:867-75.

[115] McGrory BJ, Morrey BF, Cahalan TD, An KN, Cabanela ME. Effect of femoral offset on range of motion
and abductor muscle strength after total hip arthroplasty. J Bone Joint Surg Br. 1995;77:865-9.

[116] Comstock C, Imrie S, Goodman SB. A clinical and radiographic study of the "safe area" using the direct
lateral approach for total hip arthroplasty. J Arthroplasty. 1994;9:527-31.

[117] Ramesh M, O'Byrne JM, McCarthy N, Jarvis A, Mahalingham K, Cashman WF. Damage to the superior
gluteal nerve after the Hardinge approach to the hip. J Bone Joint Surg Br. 1996;78:903-6.

[118] Mahomed NN, Arndt DC, McGrory BJ, Harris WH. The Harris hip score: comparison of patient self-
report with surgeon assessment. J Arthroplasty. 2001;16:575-80.

[119] Soderman P, Malchau H. Is the Harris hip score system useful to study the outcome of total hip
replacement? Clin Orthop Relat Res. 2001:189-97.

[120] Terwee CB, Bot SD, de Boer MR, van der Windt DA, Knol DL, Dekker J, et al. Quality criteria were
proposed for measurement properties of health status questionnaires. J Clin Epidemiol. 2007;60:34-42.

[121] Paulsen A, Pedersen AB, Overgaard S, Roos EM. Feasibility of 4 patient-reported outcome measures in
a registry setting. Acta Orthop. 2012;83:321-7.

[122] Ostendorf M, van Stel HF, Buskens E, Schrijvers AJ, Marting LN, Verbout AJ, et al. Patient-reported
outcome in total hip replacement. A comparison of five instruments of health status. J Bone Joint Surg Br.
2004;86:801-8.

[123] Paulsen A, Overgaard S, Lauritsen JM. Quality of data entry using single entry, double entry and
automated forms processing--an example based on a study of patient-reported outcomes. PLoS One.
2012;7:e35087.

[124] KOOS FAQs. www.koos.nuhttp://koos.nu/index.html 2012.

[125] EQ-5D-3L User Guide- Basic information on how to use the EQ-5D-3L instrument
http://www.euroqgol.org/about-eq-5d/publications/user-guide.html 2015.

[126] Cimolin V, Galli M. Summary measures for clinical gait analysis: a literature review. Gait Posture.
2014;39:1005-10.

[127] Schwartz MH, Rozumalski A, Trost JP. The effect of walking speed on the gait of typically developing
children. J Biomech. 2008;41:1639-50.

[128] Jensen C, Aagaard P, Overgaard S. Recovery in mechanical muscle strength following resurfacing vs
standard total hip arthroplasty - a randomised clinical trial. Osteoarthritis Cartilage. 2011;19:1108-16.

86



[129] Widler KS, Glatthorn JF, Bizzini M, Impellizzeri FM, Munzinger U, Leunig M, et al. Assessment of hip
abductor muscle strength. A validity and reliability study. J Bone Joint Surg Am. 2009;91:2666-72.

[130] Hurwitz DE, Hulet CH, Andriacchi TP, Rosenberg AG, Galante JO. Gait compensations in patients with
osteoarthritis of the hip and their relationship to pain and passive hip motion. J Orthop Res. 1997;15:629-
35.

[131] Hassan BS, Doherty SA, Mockett S, Doherty M. Effect of pain reduction on postural sway,
proprioception, and quadriceps strength in subjects with knee osteoarthritis. Ann Rheum Dis. 2002;61:422-
8.

[132] Bergh I, Sjostrom B, Oden A, Steen B. An application of pain rating scales in geriatric patients. Aging
(Milano). 2000;12:380-7.

[133] Towheed TE, Hochberg MC. Health-related quality of life after total hip replacement. Semin Arthritis
Rheum. 1996;26:483-91.

[134] Palan J, Beard DJ, Murray DW, Andrew JG, Nolan J. Which approach for total hip arthroplasty:
anterolateral or posterior? Clin Orthop Relat Res. 2009;467:473-7.

[135] Guo Y, Logan HL, Glueck DH, Muller KE. Selecting a sample size for studies with repeated measures.
BMC Med Res Methodol. 2013;13:100.

[136] Skou ST, Roos EM, Laursen MB, Rathleff MS, Arendt-Nielsen L, Simonsen O, et al. A Randomized,
Controlled Trial of Total Knee Replacement. N Engl J Med. 2015;373:1597-606.

[137] Villadsen A, Overgaard S, Holsgaard-Larsen A, Christensen R, Roos EM. Postoperative effects of
neuromuscular exercise prior to hip or knee arthroplasty: a randomised controlled trial. Ann Rheum Dis.
2014;73:1130-7.

[138] Hermann A, Holsgaard-Larsen A, Zerahn B, Mejdahl S, Overgaard S. Preoperative progressive
explosive-type resistance training is feasible and effective in patients with hip osteoarthritis scheduled for
total hip arthroplasty - a randomized controlled trial. Osteoarthritis Cartilage. 2015.

[139] Frison L, Pocock SJ. Repeated measures in clinical trials: analysis using mean summary statistics and
its implications for design. Stat Med. 1992;11:1685-704.

[140] Rosenlund S, Nielsen DB, Overgaard S, Jensen C, Holsgaard-Larsen A. Is gait velocity and gait quality
associated with hip muscle strength in hip osteoarthritis patients scheduled for total hip arthroplasty?
Osteoarthritis Cartilage. 2014;Volume 22, Supplement:Pages S116-57.

[141] Rabe-Hesketh S, Skrondal A. Multilevel and Longitudinal Modeling Using Stata, Second Edition: Stata
Press; 2008.

[142] Krueger C, Tian L. A comparison of the general linear mixed model and repeated measures ANOVA
using a dataset with multiple missing data points. Biol Res Nurs. 2004;6:151-7.

[143] Cohen J. A power primer. Psychol Bull. 1992;112:155-9.

[144] McAlister FA. The "number needed to treat" turns 20--and continues to be used and misused. CMAJ.
2008;179:549-53.

87



[145] Paulsen A, Roos EM, Pedersen AB, Overgaard S. Minimal clinically important improvement (MCll) and
patient-acceptable symptom state (PASS) in total hip arthroplasty (THA) patients 1 year postoperatively.
Acta Orthop. 2014;85:39-48.

[146] Quickcalcs: 2015 GraphPad Software, Inc.; http://www.graphpad.com/quickcalcs/NNT1/.

[147] Murray DW, Fitzpatrick R, Rogers K, Pandit H, Beard DJ, Carr AJ, et al. The use of the Oxford hip and
knee scores. J Bone Joint Surg Br. 2007;89:1010-4.

[148] Hailer NP, Weiss RJ, Stark A, Karrholm J. The risk of revision due to dislocation after total hip
arthroplasty depends on surgical approach, femoral head size, sex, and primary diagnosis. Acta Orthop.
2012;83:442-8.

[149] Jameson SS, Mason J, Baker P, Gregg PJ, McMurtry IA, Deehan DJ, et al. A comparison of surgical
approaches for primary hip arthroplasty: a cohort study of patient reported outcome measures (PROMs)
and early revision using linked national databases. J Arthroplasty. 2014;29:1248-55 el.

[150] Copay AG, Subach BR, Glassman SD, Polly DW, Jr., Schuler TC. Understanding the minimum clinically
important difference: a review of concepts and methods. Spine J. 2007;7:541-6.

[151] Revicki D, Hays RD, Cella D, Sloan J. Recommended methods for determining responsiveness and
minimally important differences for patient-reported outcomes. J Clin Epidemiol. 2008;61:102-9.

[152] Terwee CB, Roorda LD, Knol DL, De Boer MR, De Vet HC. Linking measurement error to minimal
important change of patient-reported outcomes. J Clin Epidemiol. 2009;62:1062-7.

[153] Ehrich EW, Davies GM, Watson DJ, Bolognese JA, Seidenberg BC, Bellamy N. Minimal perceptible
clinical improvement with the Western Ontario and McMaster Universities osteoarthritis index
qguestionnaire and global assessments in patients with osteoarthritis. ] Rheumatol. 2000;27:2635-41.

[154] Roos EM, Lohmander LS. The Knee injury and Osteoarthritis Outcome Score (KOOS): from joint injury
to osteoarthritis. Health Qual Life Outcomes. 2003;1:64.

[155] Skou ST, Rasmussen S, Laursen MB, Rathleff MS, Arendt-Nielsen L, Simonsen O, et al. The efficacy of
12 weeks non-surgical treatment for patients not eligible for total knee replacement: a randomized
controlled trial with 1-year follow-up. Osteoarthritis Cartilage. 2015;23:1465-75.

[156] Coretti S, Ruggeri M, McNamee P. The minimum clinically important difference for EQ-5D index: a
critical review. Expert Rev Pharmacoecon Outcomes Res. 2014;14:221-33.

[157] Larsen K, Hansen TB, Soballe K, Kehlet H. Patient-reported outcome after fast-track hip arthroplasty: a
prospective cohort study. Health Qual Life Outcomes. 2010;8:144.

[158] Lindgren V, Garellick G, Karrholm J, Wretenberg P. The type of surgical approach influences the risk of
revision in total hip arthroplasty: a study from the Swedish Hip Arthroplasty Register of 90,662 total
hipreplacements with 3 different cemented prostheses. Acta Orthop. 2012;83:559-65.

[159] Meek RM, Allan DB, McPhillips G, Kerr L, Howie CR. Epidemiology of dislocation after total hip
arthroplasty. Clin Orthop Relat Res. 2006;447:9-18.

[160] Berstock JR, Blom AW, Beswick AD. A systematic review and meta-analysis of complications following
the posterior and lateral surgical approaches to total hip arthroplasty. Ann R Coll Surg Engl. 2015;97:11-6.

88



[161] Devane PA, Wraighte PJ, Ong DC, Horne JG. Do joint registries report true rates of hip dislocation?
Clin Orthop Relat Res. 2012;470:3003-6.

[162] Kwon MS, Kuskowski M, Mulhall KJ, Macaulay W, Brown TE, Saleh KJ. Does surgical approach affect
total hip arthroplasty dislocation rates? Clin Orthop Relat Res. 2006;447:34-8.

[163] Kostensalo I, Junnila M, Virolainen P, Remes V, Matilainen M, Vahlberg T, et al. Effect of femoral head
size on risk of revision for dislocation after total hip arthroplasty: a population-based analysis of 42,379
primary procedures from the Finnish Arthroplasty Register. Acta Orthop. 2013;84:342-7.

[164] Samuel D, Rowe P, Hood V, Nicol A. The relationships between muscle strength, biomechanical
functional moments and health-related quality of life in non-elite older adults. Age Ageing. 2012;41:224-30.

[165] Behery OA, Foucher KC. Are Harris hip scores and gait mechanics related before and after THA? Clin
Orthop Relat Res. 2014;472:3452-61.

[166] Nankaku M, Tsuboyama T, Kakinoki R, Kawanabe K, Kanzaki H, Mito Y, et al. Gait analysis of patients
in early stages after total hip arthroplasty: effect of lateral trunk displacement on walking efficiency. J
Orthop Sci. 2007;12:550-4.

[167] Meyer CA, Corten K, Fieuws S, Deschamps K, Monari D, Wesseling M, et al. Biomechanical gait
features associated with hip osteoarthritis: Towards a better definition of clinical hallmarks. J Orthop Res.
2015;33:1498-507.

[168] Bennett D, Humphreys L, O'Brien S, Orr J, Beverland DE. Temporospatial parameters of hip
replacement patients ten years post-operatively. Int Orthop. 2009;33:1203-7.

[169] Alnahdi AH, Zeni JA, Snyder-Mackler L. Hip abductor strength reliability and association with physical
function after unilateral total knee arthroplasty: a cross-sectional study. Phys Ther. 2014;94:1154-62.

[170] Judd DL, Dennis DA, Thomas AC, Wolfe P, Dayton MR, Stevens-Lapsley JE. Muscle strength and
functional recovery during the first year after THA. Clin Orthop Relat Res. 2014;472:654-64.

89



