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The success of cementless femoral reconstruction in contemporary total hip arthroplasty is
dependent on both an adequate endosteal stem fit and the precise restoration of physiologic joint
mechanics. With regard to the rising popularity of cementless fixation, modularity and short stem
designs, accurate pre-operative templating has become essential as small inaccuracies in the
assessment of proximal femoral shape and geometry may compromise the clinical outcome. In
addition, the current knowledge of variation in proximal femoral geometry and canal shape in
arthritic hips is limited, and the association of geometry and canal shape is poorly understood.
Therefore, the broad aims of this thesis were (1) to improve pre-operative planning in hip
arthroplasty and (2) to provide information for future femoral component design accounting for
individual patient anatomy.
Based on a large (n=345) retrospective cohort of patients with primary end-stage hip osteoarthritis
the differences in the assessment of femoral offset (FO) on corresponding AP pelvis radiographs,
AP hip radiographs and CT scans were examined. FO was used as a surrogate parameter to
represent proximal femoral geometry. Active Shape Modelling (ASM) was performed to assess
differences in the radiographic appearance of the proximal femoral canal on corresponding modes
of imaging, and to determine the variation and underlying patterns in proximal femoral anatomy.
It was demonstrated that - in contrast to AP pelvis radiographs - measurements on standardised AP
hip radiographs provide a more accurate and reliable assessment of FO and canal shape of the
proximal femur, comparable to 3D measurements performed on CT. A linear relationship between
FO measurements on corresponding modes of imaging was observed which allowed gender
specific regression equations to be established in order to predict 3D FO from AP pelvis
radiographs. ASM revealed an association between endosteal canal shape and joint geometry. Ten
distinct shape patterns of the proximal femoral canal were identified and each pattern was
associated with a specific set of geometric parameters. Variations in canal shape shape were
independent of femoral head size, BMI, gender or age.
In conclusion, orthopaedic surgeons need to be aware that the assessment of proximal femoral
geometry and canal shape may be misleading on AP pelvis radiographs. Standardised AP hip
radiographs are a practical, cost-effective and readily available method which allows accurate and
reliable assessment of joint geometry and canal shape without the routine performance of CT.
When AP hip radiographs are not available for templating, the provided regression equations can
be used to compensate for the adverse effects of positioning inconsistencies and beam divergence
in the assessment of FO on AP pelvis radiographs. The present findings have the potential to aid
surgeons in selecting an appropriate implant design and size, and assist in planning the intraoperative position of femoral components.
The findings further provide a comprehensive classification of proximal femoral geometry and
shape in patients with primary hip OA. The identification of distinct shape patterns has
implications for future cementless femoral component designs that aim for optimal metaphyseal
stem fit and concomitant restoration of individual patient anatomy.
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1. INTRODUCTION
1.1 Background
The original goal of total hip arthroplasty (THA) was to provide pain relief and durable
implant fixation in the long-term. Indications for THA were initially restricted to elderly
patients with low physical activity, or patients with other major locomotor impairments.
Since the revolutionary introduction of Sir John Charnley‟s low friction arthroplasty in the
late 1950s and early 1960s1, THA has undergone a rapid technical development, and for its
great success, it has been termed “the operation of the century”2,3. The numbers of total hip
replacements performed have increased remarkably over the last decade4,5, and future
predictions suggest that the demand for primary THA might further increase over the next
two decades6.
The high technical standard of THA and its predictable clinical outcome have consequently
led to a rising number of procedures performed in young and more active patients. With
extension of THA indications, the expectations of patients have changed fundamentally,
especially with regard to physical activity levels and quality of life issues7,8. In addition to
long-term implant fixation and pain relief, patients expect the surgery to provide good
post-operative joint function regarding muscle strength and range of motion (ROM).
Moreover, leg length discrepancies after THA are a major factor contributing to
dissatisfaction of patients, as they have been associated with complications such as nerve
palsy, low back pain and abnormal gait patterns9-12.
Promising long-term survival rates of cementless femoral reconstruction have been
recently reported in single retrospective cohort studies13-15. However, wear-related
complications such as aseptic loosening and osteolysis continue to be the major modes of
-6-
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failure in the long-term, and there is an on-going debate on whether failure of the femoral
component is more likely to occur in young and/or active patients16-18. Moreover, there is
concern that stress-shielding and progressive peri-prosthetic bone loss as a result of distal
load transfer may adversely affect the clinical outcome of THA19.
As a consequence, the individual restoration of physiological joint mechanics with high
accuracy has become a major focus in contemporary THA because it provides patients
with a better functional outcome20,21 and minimises the risk of post-operative
complications such as limp, dislocation or wear-related implant failure22-24.
In cementless THA, which has become increasingly popular, the ideal femoral component
should achieve a close geometric fit between the implant and the endosteal surface of the
proximal femoral meta- and diaphysis to obtain primary and secondary stability25,26.
Simultaneously, it should allow accurate restoration of physiologic joint geometry. In
clinical practise, these demands are often compromised as a result of inaccurate preoperative planning and a high individual variability in proximal femoral anatomy27-29.

1.2 Study Rationale
Adequate stem fixation and the individual restoration of physiological joint mechanics are
two major factors that determine the success of contemporary THA.
Accurate pre-operative templating is an essential requirement for successful THA as it aids
the surgeon in the selection of appropriate implant geometry and size, and suggests intraoperative positioning of prosthetic components30,31. In clinical practise, pre-operative
templating is widely performed on anteroposterior (AP) pelvis radiographs which provide
essential information regarding pelvic and contralateral hip anatomy, and allow evaluation
of leg length discrepancies32. However, several studies over the past two decades have
-7-
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described limited accuracy of radiographic geometry measurements on AP pelvis
radiographs as a result of the difficulty to position the femoral neck in the coronal plane.
This has been attributed to a high variability in femoral anteversion (FA)29,33, and the
presence of external rotational contractures which are frequently seen in patients with endstage osteoarthritis (OA)34,35. For the same reasons, the assessment of canal shape on plain
radiographs, which is essential to template stem fit, may be misleading36.
Consequently, some authors have proposed pre-operative computed tomography (CT) as a
routine procedure29,33. Although CT is considered as gold standard for pre-operative
templating37,38, its routine performance is questionable because of higher radiation doses,
higher costs, limited availability and a lack of evidence for improved clinical outcome in
the long-term.
In contrast to AP pelvis radiographs, AP hip radiographs have the potential for better
control of femoral rotation and theoretically limit the projection effects caused by
radiographic beam diversion. There are no previous studies in the literature that have
investigated the accuracy and reliability of geometric and canal shape measurements on
standardised AP hip radiographs in comparison to AP pelvis radiographs and CT in preoperative THA planning.
Secondly, the variation in proximal femoral anatomy and the relationship between femoral
canal shape and joint geometry of the hip in patients with end-stage hip OA is poorly
understood. Most published studies describe proximal femoral anatomy on the basis of
conventional radiography or on observations made in cadaveric specimens39,40. There are
few studies on relevant anatomic differences between males and females41-43, and the
influence of patient age on proximal femoral anatomy remains controversial41,42. In
particular, information on the three dimensional morphology of the proximal femur in
-8-
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degenerative hip conditions is very limited27,44,45. Little is known about the range of
individual variation in proximal femoral anatomy, and potential associations between
shape of the proximal femoral canal and joint geometry have not been investigated.

1.3 Objectives of the Thesis
1.3.1 Overall scope
To improve pre-operative planning and provide information for future femoral component
design accounting for individual patient anatomy in THA.
1.3.2 Specific aims
To assess differences in proximal femoral geometry and canal shape on corresponding AP
pelvis radiographs, AP hip radiographs and CT scans in primary end-stage hip
osteoarthritis.
To quantify the variation in proximal femoral canal shape and its association with
geometric and anthropometric parameters in primary end-stage hip osteoarthritis.
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2. LITERATURE REVIEW
2.1 Hip Osteoarthritis
2.1.1 Definition
Osteoarthritis is a progressive joint disease and a major cause of musculoskeletal pain and
physical disability in middle-aged and elderly adults worldwide46. Although the term
„osteoarthritis‟ was first used in the 1860‟s to describe a condition of chronic arthritis47,
there is currently no unequivocal definition of osteoarthritis48. A contemporary definition
may describe OA as progressive and multifactorial articular cartilage degeneration with
associated structural changes in the underlying bone and limited inflammation of the
synovium.
2.1.2 Aetiology of Hip Osteoarthritis
The aetiology of OA has been historically classified into two major subsets: Primary or
idiopathic osteoarthritis is a condition in which the cause of the joint degeneration is not
known or obvious; secondary osteoarthritis on the other hand, is associated with a preexisting pathology that can be causally related to the destruction of the joint, such as
trauma, dysplasia, avascular necrosis of the femoral head, or slipped capital femoral
epiphysis.
The American College of Rheumatology aimed to classify OA into subsets of primary and
secondary OA49 (Table 2.1).
In 1965, Murray was the first to suggest that subtle and often unrecognised anatomical
variations of the hip joint lead to abnormal joint mechanics with incongruity of the
articular surfaces which “makes the development of degenerative change more likely than
- 10 -
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a joint having normal anatomical structure”50. This theory was further extended by
Solomon, Harris and Ganz51-53 and today, the concept of femoro-acetabular impingement
(FAI) as a mechanical cause of hip OA is well-recognised54.
However, the aetiology of primary OA is remains controversial. Scientific approaches to
identify causal factors vary considerably, and have identified further risk factors for
primary OA, such as obesity55,56, genetics57-60, hormones61 and ageing62. This suggests that
OA is likely to represent the end-point of a variety of different conditions63 which can
affect all the tissues of the diathrodial joint (i.e. cartilage, sunchondral bone, ligaments,
synovium)64.
In the last two decades, there has been a growing understanding that OA is not only a
“wear and tear” disease, but a complex multifactorial disorder in which ageing, genetic,
hormonal and mechanical factors are all potential contributors to the onset and progression
of OA49,56,62,64-66.
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I. Primary OA
A. Localised
1. Hands: e.g. Heberden‟s and Bouchard‟s nodes
2. Feet: e.g. hallux valgus, hallux rigidus
3. Knee:
4. Hip:
a. Eccentric (superior)
b. Concentric (axial, medial)
c. Diffuse (coxae senilis)
5. Spine:
6. Other single sites: e.g. shoulder
B. Generalised
1. Small and spine
2. Large and spine
3. Mixed and spine

II. Secondary OA
A. Posttraumatic
B. Congenital or developmental disorder
1. Localised
a. Hip disease: e.g. Legg-Calve-Perthes, developmental dysplasia
b. Mechanical and local factors: e.g. unequal lower extremity length
2. Generalised
a. Bone dysplasia: e.g. epiphyseal dysplasia
b. Metabolic diseases: e.g. hemochromatosis
C. Calcium Deposition Disease
D. Other Bone and Joint Disorders: e.g. avascular necrosis
E. Other Diseases
1. Endocrines diseases: e.g. diabetes mellitus
2. Neuropathic arthropathy
3. Miscellaneous
Table 2.1
ACR classification for subsets of osteoarthritis, modified from Altman et al., 199167.
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2.1.3 Epidemilogy and Socio-Economic Impact of Osteoarthritis
Osteoarthritis is the most prevalent joint disease in humans68, and it is present in all human
races69-72. Among the large joints, the hip and knee are most commonly affected by
OA73,74.
A precise estimation of the prevalence of OA is difficult because the prevalence of pain
associated with radiographic evidence of joint degeneration varies considerably among
individuals. It has been shown that some patients with advanced radiographic joint
degeneration have only minimal pain and disability46. Furthermore, estimates of the
prevalence vary depending on whether it is chosen to include mild or only moderate and
severe radiographic changes. In 2005, Lawrence and co-workers estimated the prevalence
of symptomatic OA in the United States up to nearly 27 million68, compared to 21 million
in 199575. The increase over ten years corresponds with the increase in average age of the
population. Jordan et al. reported similar results for symptomatic hip OA (approximately
10%) based on the Johnston County Osteoarthritis Project, a study of hip and knee OA in
>3,000 African American and white adults of age greater than 45 years old in a rural
county in North Carolina76. Finally, an estimate in Germany showed that approximately
15% to 20% of the population were diagnosed with osteoarthritis77.
Osteoarthritis is a major worldwide cause of economic loss78. Based on the Medical
Expenditure Panel Survey (MEPS) data on US adults with health insurance, estimates for
annual OA-attributable medical expenditures range from 10% ($805 billion in 2003
MEPS)79 to 19% ($994 billion in 2005 MEPS)80 of all aggregate medical expenditures.
At an individual level, the indirect costs of OA should not be neglected. It is responsible
for work-related problems, leads to lost opportunities for increased productivity, decreased
ability to participate in regular exercise which could improve general health, and raises
- 13 -
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costs to family members who provide care for patients with OA. Moreover, OA has severe
adverse effects on the patients‟ quality of life81,82.
In Summary, OA represents a major burden for society.

2.2 Total Hip Arthroplasty
Total hip arthroplasty is the reconstructive surgical replacement of the hip joint with an
artificial prosthesis. THA is considered as a highly effective and reliable treatment in
patients with end-stage hip OA who do not longer benefit from conservative treatment
options73,83.
2.2.1 Historical Background
As early as 1890, Gluck performed the first recorded attempt in hip arthroplasty, using an
ivory femoral component to replace the femoral head84. Hip replacement surgery initially
expanded after the Second World War, following the introduction of the Austin Moore and
Thompson hemi-arthroplasties. Other early pioneers developed replacements made of
various materials, including acrylic cement, ceramics, metal and polyethylene. SmithPetersen covered the re-shaped femoral head with a vitallium cup. Judet devised a partial
replacement using acrylic, primarily for fractures. McKee and Watson-Farrer introduced a
metal on metal hip replacement. These early arthoplasties were successful in providing
pain relief, but showed high failure rates in the short- and mid-term84.
The first reliable THA was promoted around 1960 by Sir John Charnley, who started to
develop a prosthesis that consisted of a metallic femoral component articulating with a
plastic (Teflon) acetabular component85. Charnley also introduced methylmethacrylate,
bone cement, to achieve durable component fixation. The design of his low-friction

- 14 -

CHAPTER 2

LITERATURE REVIEW

arthroplasty has formed the basis for the development of modern endoprotheses as we
recognise them today (Figure 2.1).
The occurrence of aseptic loosening in cemented THA was initially poorly understood, and
regarded as 'cement disease'. This led to the development of cementless THA. During the
1970s, the Judet brothers in Paris started to implant total hips designed for use without
cement86. The prosthesis surface featured large irregularities to stimulate bone ingrowth
(Figure 2.1). Initially, these femoral implants appeared to work well, but showed
unacceptably high failure rates after five to ten years.

Figure 2.1
Left: Charnley‟s low-friction arthroplasty. Right: Judet prosthesis with textured surface and a large
trochanteric „fin‟. (source left image: Charnley, J., 19611; source right image: Steinberg, M. (Ed.). „The Hip
and its Disorders‟, page 98987)
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2.2.2 Epidemiology of Total Hip Arthroplasty
Total hip arthroplasty is one of the most widely performed surgical interventions for OA6.
Kurtz et al. estimated that approximately 250,000 primary THA surgeries were performed
in the United States in 20106. In Germany, even higher operation rates per capita of
approximately 200,000 THAs were estimated in 201088. In the UK, less THAs per capita
are performed compared to Germany, but the numbers of hip replacements have increased
considerably by approximately 50% over the last ten years4,5. Kurtz et al. furthermore
estimated that by 2030, the demand for primary THAs in the US may grow by as much as
174%, and for THA revisions by 137%6. These predictions seem realistic, firstly because
of the population distributions in Western countries like Germany where currently 56% of
the population is over 40 years old89 and secondly, because of the increase in life
expectancy90.
2.2.3 Cemented and Cementless Femoral Component Fixation
The survival rates of the Charnley low-friction arthroplasty91 lay the basis for the
popularity of cemented implant fixation. Charnley´s low-friction arthroplasty is still
considered by many surgeons to be the gold standard in THA, but the best option for a
durable implant fixation has been subject of much controversial debates.
In recent years, however, cementless femoral reconstruction has increasingly been used
world-wide92. The National Joint Registry (NJR) of England and Wales reported that of the
65,229 primary hip procedures undertaken in 2009, 36% were cemented total hip
replacements (THR), 39% were cementless THRs and 16% were hybrids or reverse hybrid
THRs. Registry data and meta-analyses comparing cemented and cementless fixation with
a minimum of 10-year follow-up have been published93,94. It has been discussed that
younger patients (<55 years) still have a more active bone metabolism and hence
- 16 -
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cementless implants, which rely on a biological fixation, should be favoured. Shorter
operation times are another advantage of cementless implants. On the other hand, there
seems to be an eight-fold higher risk for early revisions within the first two years after
index surgery using cementless stems, suggesting a high incidence of unrecognised intraoperative fractures95. Concerning cemented implants, it has been suggested that they
provide more flexibility in the restoration of femoral version and leg length as the stem
position can be relatively easily adjusted within the cement mantle after insertion.
Evaluations of the Swedish Hip Arthroplasty Register95 recently described superior
survival rates of cemented THA, compared to uncemented THA. In uncemented THA, the
acetabular component was associated with an increased risk of revision. In contrast to the
inferior performance of uncemented cups, uncemented stems showed superior survival.
These findings correspond with 15-year survival rates of >90% for selected cementless
stems with certain design criteria96.
Unlike cemented femoral components, in which a geometric mismatch between the
femoral component and the medullary canal of the proximal femur is required for fixation,
cementless femoral reconstruction aims for a close geometric fit between the implant and
the endosteal surface of the proximal femur97,98. Primary stable fixation is achieved by
press-fit implantation of a slightly oversized implant into the prepared medullary canal99.
Primary stability is crucial to minimise micro-motion at the implant bone interface which
subsequently allows secondary biologic fixation by osseous ongrowth of bone to the
implant surface (osteointegration)25,26. A number of investigations have highlighted the
importance of metaphyseal stem fit to reduce micro-motion at the implant bone
interface97,100, and to minimise stress-mediated proximal bone resorption (stressshielding)101,102. Despite promising long-term results of some cementless stems103,104, an

- 17 -

CHAPTER 2

LITERATURE REVIEW

increased risk of aseptic loosening has been reported for undersized femoral components105
and there is still is concern that progressive peri-prosthetic bone loss may compromise
long-term stem performance19. This is particularly important with regard to a rising
number of THAs performed in young and active patients106.
2.2.4 Functional Anatomy and Biomechanics of THA
The hip is a highly congruent, multi-axial ball and socket joint and composed of osseous,
muscular and ligamentous structures. The joint is responsible for transferring the weight of
the body from the axial skeleton into the lower extremities, and for forces which balance
the upper body during the gait cycle107. It acts as a fulcrum in which the body weight and
the opposing hip abductors are in a state of equilibrium to level the pelvis in stance and
throughout the gait cycle.
Hip joint forces vary with specific activity. During normal gait, cyclic loading can place
forces on prosthetic components that are two to five times the body weight108. During more
strenuous activity, such as running or stumbling, the joint is exposed forces as high as eight
times the body weight109.
The main biomechanical determinants of stability, leg-length, range of motion, muscle
function and joint forces following THA are the location of the centre of rotation (COR) in
relation to the pelvis, femoral offset (FO), anteversion (FA) and neck-shaft-angle (NSA),
as well as the individual anatomy of muscular and other soft tissues. Variations in the
overall geometry of a THA have a significant influence on the resultant joint reaction force
(JRF)110. It has been shown that a decreased NSA increases the mechanical advantage of
the abductors, whilst reducing the JRF and directing it more medially110.
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In clinical practise, several advantages are associated with the reproduction of
physiological hip anatomy after THA. Appropriate offset- and leg length reconstruction in
THA are known to improve the functional outcome while minimizing the risk of
complications such as limp, dislocation or wear-related implant failure22,111.
FA is a variable that affects the range of motion (ROM) before component impingement
occurs112,113. Inadequate femoral version may therefore lead to impingement, subsequent
dislocation and accelerated wear114,115.
Increased FO after THA allows both an increased range of abduction and greater abductor
muscle strength post-operatively21,111. A decreased polyethylene (PE) wear rate was
observed for the use of high offset components in comparison to standard offset
components24. Similarly, accurate restoration of femoral offset was reported to decrease
polyethylene wear116,117.
2.2.5 Pre-operative Imaging and Planning
Besides the assessment of characteristic symptoms and a thorough clinical examination of
the affected joint, the gold standard for the diagnosis of hip OA is radiography. In
conventional radiography, the following joint alterations are observed with progression of
the disease:


joint space narrowing



subchondral sclerosis



osteophytes



subchondral cysts



malalignment/deformity
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The Tönnis classification118 is commonly used to grade the extent of hip OA on
conventional radiographs (Table 2.2).

Grade

Radiographic Findings

0

No sign of osteoarthritis
Increased sclerosis of the head and acetabulum, slight narrowing of the

1
joint space, and slight lipping at the joint margins
Small cysts in the head or acetabulum, increasing narrowing of the
2
joint space, and moderate loss of sphericity of the head
Large cysts in the head or acetabulum, severe narrowing or obliteration
3
of the joint space, severe deformity of the head, and necrosis
Table 2.2
Radiographic Tönnis classification for osteoarthritis of the hip 118.

In contemporary hip arthroplasty, pre-operative planning after careful review of the clinical
and radiographic findings is of paramount importance in order to perform the procedure
precisely, to anticipate potential intra-operative complications, and to achieve reproducible
results. Templating the femoral side for cemented and cementless implants should aim to
optimize limb length and femoral offset, thereby restoring physiologic biomechanics of the
hip joint30.
Conventionally, most surgeons use plain radiographs in two planes for pre-operative
planning. However, several studies showed that radiographic evaluation of the hip has
limited reliability with regard to the estimation of morphologic parameters119. Surgeons
should take into consideration that conventional radiography has limitations with regard to
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planning the version of the prosthetic components and assessing the rotation of the lower
limb111. On AP pelvis radiographs, femoral offset is frequently underestimated which may
lead to inadequate soft-tissue balancing22.
It has been shown, that CT scanning allows a precise, three-dimensional (3D) evaluation
both of the proximal femur as well as of the acetabulum and may improve pre-operative
templating with regard to intra-operative component positioning and the implant
selection33.
2.2.6 Femoral Implant Design
The original Charnley low-friction arthroplasty consisted of a monobloc metallic femoral
component with a small head (22 mm). In Switzerland, Müller altered Charnley‟s
prosthesis fundamentally in 1968. The modifications of the Müller prosthesis were firstly,
the availability of different neck lengths to accurately restore leg length and tension,
secondly a larger head diameter of 32 mm, and thirdly a curved stem that allowed insertion
without osteotomy of the greater trochanter. The new prosthesis became very popular but
soon increased loosening rates compared to the original Charnley THA were reported87.
Further developments in THA design followed in the 1980s; in addition to previous head
diameters (22 mm and 32 mm), prostheses with 26 mm and 28 mm head diameters became
available. Most femoral components became available in modular form at the head-neck
junction, and acetabular components allowed the removal and replacement of plastic
liners87.
Contemporary third generation implants are designed to closely approximate the functional
anatomy of a normal hip joint. Many considerations including implant materials,
manufacturing technology and current knowledge of proximal femoral anatomy dictate the
design of prosthetic components120. However, the previously described limited knowledge
- 21 -
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of variation in femoral anatomy, especially in patients with end-stage OA, may potentially
compromise the achievement of this goal.
Several concepts of femoral component designs have been introduced in order to account
for anatomical variations in the proximal femur. Aldinger et al. developed custom-made
cementless stems in 1988121 which proved to have remarkable survival rates122. Yet,
custom made implants require routine CT and are more expensive, so that their use in
primary OA is controversial. Similarly, off-the-shelf implants with multiple shape options
have been recently introduced to account for individual patient anatomy123,124, but longterm follow up data for these novel components is not available.
Another innovation in the design of femoral components has been the introduction of neckstem modularity which permits intra-operative adjustment of soft-tissue tension and leg
length. Modularity at the neck-stem junction allows independent adjustment of stem
fixation and reconstruction of geometry, and hence, modular hip stems have gained
growing popularity123,125. However, concerns have been raised that, as with any metal-onmetal modular junction, there is an increased risk of fretting corrosion, concomitant metal
ion release and early implant failure126,127 .
In addition, there has been a recent interest in bone preserving and minimally invasive
procedures128 which has led to the development of novel “short” stem designs which aim to
obtain metaphyseal fixation and to preserve the femoral neck129. Several theoretical
advantages have been advocated in favour of short stems; the key advantages are that short
stems preserve the proximal femoral bone stock and facilitate minimally invasive surgical
procedures. Moreover, due to proximal fixation, they have the potential to decrease stressshielding and the occurrence of thigh pain. An easier revision has also been
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postulated130,131. There is very limited data on mid- and long-term performance of short
stems130,132, and early failures of some designs have been reported133,134.
In summary, the issue of identifying the optimal femoral component has not yet been
resolved.

2.3 Active Shape Modelling
The proximal femur is a complex object that varies considerably in shape, not only
between individuals, but also between modes of imaging, i.e. between two radiographic
projections. In addition to the assessment of single geometric measures (i.e. femoral
offset), the present work aims to characterise the shape of the proximal femoral canal using
a more abstract, yet powerful technique, Active Shape Modelling (ASM).
ASM is a statistical model to represent shape that describes the global shape of an object
and enables identifying or segmenting of objects in images. It was developed by Cootes
and Taylor in 1995135,136. ASM works by calculating distances of an individual set of
landmark points that define the outline of an object of interest from the mean position of
equivalent points marked in a whole set of images. This is done following a set of affine
transformations (Procrustes analysis135) which align all objects of interest as closely as
possible to ensure that differences in point placement are genuinely due to variation in
shape, rather than in size, position, or rotation of the object. Thereafter, principal
component analysis (PCA)135, a dimension reduction technique, is used to generate modes
of variation that describe the variation of shape in the given dataset. Variation in shape is
expressed by a series of modes of variation (shape modes). Each shape mode is orthogonal
to all the others, and therefore, each shape mode is an independent descriptor of shape.
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ASM has several advantages: It allows not only a global representation of variation in
complex shape, such as in the proximal femur, but also enables comparison of actual shape
independently of size and orientation which are removed during the normalisation process.
The ASM model can be trained on a suitable dataset which allows semi-automated
identification of the object of interest in larger datasets. Therefore, it can be considered as a
widely applicable and time-saving method. On the other hand, interpretation of results
obtained by ASM is less intuitive than interpretation of geometrical measurements137.
ASM has recently been used to examine the shape of the proximal femur and to investigate
its relationships with the incidence of hip fracture or the progression and clinical
presentation of OA137-139.

2.4 Summary and Outline of the Remaining Thesis
The review of the literature demonstrated that the success of primary THA is dependent on
stem fixation and the restoration of physiologic joint mechanics, and that accurate preoperative assessment of proximal femoral canal shape and geometry is essential. It has
been shown that pre-operative planning performed on AP pelvis radiographs has limited
reliability. Despite an increasing popularity of cementless femoral reconstruction and the
development of novel short and modular stem designs, the current knowledge of the
variation in proximal femoral geometry and canal shape in arthritic hips is very limited.
Additionally the association between femoral geometry and canal shape is poorly
understood.
The aims of the present work are (1) to improve pre-operative planning in THA and (2) to
provide information for future femoral component design accounting for individual patient
anatomy in THA. Therefore, the remaining chapters are structured as follows:
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Chapter 3 assesses differences in femoral offset on corresponding AP pelvis radiographs,
AP hip radiographs and CT scans in patients with primary end-stage hip osteoarthritis.
Chapter 4 aims to provide gender specific regression equations to predict 3D femoral offset
from AP pelvis radiographs.
In Chapter 5, Active Shape Modelling is used to determine differences in the radiographic
appearance of the proximal femoral canal between AP hip and AP pelvis radiographs with
reference to CT.
In Chapter 6, a second ASM study aims to determine the variation and underlying patterns
in proximal femoral anatomy in patients with primary OA, further investigating the
association between endosteal canal shape, joint geometry and anthropometric parameters.
Chapter 7 summarises the conclusions of the present work, highlights its clinical relevance,
and provides recommendations for future research.
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3. ASSESSMENT OF FEMORAL OFFSET
3.1 Introduction
Accurate restoration of femoral offset (FO) in total hip arthroplasty provides patients with
a better functional outcome in terms of improved abductor muscle strength20,21 and greater
range of motion21,22,140,141, and helps to minimise the risk of post-operative complications
such as limp, dislocation or wear-related implant failure in the long-term22,24,142,143.
A mandatory pre-requisite for accurately restoring individual patient anatomy is precise
pre-operative planning, in which FO is an essential parameter. In clinical practise, preoperative templating in THA is widely performed on anterior-posterior (AP) pelvis
radiographs, even though several studies over the past two decades have described limited
reliability for measuring FO on AP pelvis radiographs compared to computed tomography
(CT)29,33-35. Femoral anteversion (FA)29,33 and external rotational contractures in patients
with end-stage osteoarthritis (OA)34,35 were identified as main reasons for underestimating
FO on AP pelvis radiographs and consequently, some authors have proposed pre-operative
CT as a standard procedure29,33. Although CT is considered as gold standard for FO
assessment37,38 its routine performance is questionable because of higher radiation doses,
higher costs and limited availability. To date, there are no previous studies in the literature
that have investigated the accuracy and reliability of FO measurements on AP hip
radiographs with reference to CT in pre-operative THA planning.
The aim of the present chapter was to evaluate differences in FO when measured on
standardised corresponding AP pelvis radiographs, AP hip radiographs and CT scans of
patients with primary hip OA. The first hypothesis was that FO as measured on AP pelvis
radiographs is significantly underestimated compared to FO as measured on AP hip
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radiographs. The second hypothesis was that there is no clinically relevant difference in FO
measurements between AP hip radiographs and CT scans.

3.2 Materials and Methods
3.2.1 Study Cohort
Between July 2009 and December 2009 a consecutive series of 152 patients who had
undergone primary THA for end-stage hip osteoarthritis (OA) with a custom-made
cementless femoral implant122 was retrospectively evaluated. For each patient, a preoperative AP pelvis radiograph, an AP hip radiograph and a CT scan of the affected hip
had been routinely obtained and all images were retrieved in DICOM format.
Patients with secondary forms of hip osteoarthritis, medication affecting bone metabolism
or radiographs without calibration marker were excluded from the study. Patients in whom
THA was performed bilaterally during the study period were only included with the first
procedure side. Fifty-two patients were excluded according to the criteria stated above,
leaving 100 patients (43 males, 57 females, mean age 61 (range: 45-74) years, mean bodymass- index (BMI) 27 (range: 20-45) kg/m², Table 3.1) that were included in the present
study. In all cases, the diagnosis leading to THA was primary OA.
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BMI (kg/m²)
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Entire Cohort (n=100)

Males (n= 43)

Females (n= 57)

60.8 (45-74)

61.0 (45-72)

60.7 (45-74)

(95%CI: 59.4- 62.2)

(95%CI: 58.7- 63.3)

(95%CI: 58.8-62.6)

79.7 (48.0-125.0)

87.0 (60.0-125.0)

74.2 (48.0-120.0)

(95%CI: 76.6-82.9)

(95%CI: 82.2-91.9)

(95%CI:70.6-77.7)

1.70 (1.53-1.91)

1.77 (1.60-1.91)

1.65 (1.53-1.76)

(95%CI: 1.68-1.72)

(95%CI: 1.75-1.79)

(95%CI: 1.63-1.66)

27.5 (20.3-44.6)

27.7 (20.3-42.2)

27.3 (20.5-44.6)

(95%CI: 26.6-28.4)

(95%CI: 26.3-29.1)

(95%CI: 26.1-28.5)

Table 3.1
Demographic data (range) of the study cohort, male patients and female patients with 95% CI.

3.2.2 Radiographic Protocol
In all patients, a standardised radiographic protocol was administered to achieve
reproducible projection. Low-centred AP pelvis and AP hip radiographs were taken in
supine position. To correct for effects of magnification, a metal calibration sphere of 25
mm was positioned on the inner thigh at the anterior-posterior level of the femoral head.
During the study period, two different x-ray tubes were in use: Canon CXDI series [Canon
Inc., Tokyo, Japan] and Philips Bucky Diagnost VE VT [Royal Philips Electronics Inc.,
Amsterdam, Netherlands]. The tube-to-film distance was 1150 mm, with the tube
orientation perpendicular to the table.
On AP pelvis radiographs, both legs were internally rotated by 15 degrees using a leg
retainer and the crosshair of the beam was centred on the pubic symphysis.
For AP hip radiographs, the crosshair of the beam was directed to the midpoint between
the anterior superior iliac spine and the symphysis to centre the beam on the centre of the
femoral head of the affected hip. The affected leg was internally rotated and retained so
that the greatest prominence of the greater trochanter was palpated at its most lateral
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position to bring the femoral neck into the coronal plane. When internal rotation of the leg
was not sufficient due to external rotation contracture, the affected hip was additionally
elevated on the AP hip view using a wedge.
3.2.3 Computed Tomography Protocol
All hip CT scans were performed pre-operatively using a Toshiba Aquilion 16 CT scanner
[Toshiba Corp., Tokyo, Japan]. Patients were positioned supine with legs retained in
neutral rotation as confirmed by scout views. The scans were obtained in three sets: (1)
from the cranial aspect of the acetabulum to below the lesser trochanter, (2) from below the
lesser trochanter to a point 50 mm distally of the femoral isthmus and (3) 4-6 slices of the
knee. Slice spacing of 4 mm, 8 mm and 2 mm were used, respectively. All scans were
recorded with gantry tilt 0, 120 kV and a field of view (FOV) of 250 mm.
3.2.4 Radiographic Measurements
A validated MATLAB programme144 [version 7.10, The MathWorks Inc., MA, USA] was
used to determine the centre of the femoral head (HC), the head diameter (HD) and the
femoral shaft axis on AP pelvis and AP hip views. On the femoral diaphysis, two points on
the medial and lateral cortex 20 mm below the lesser trochanter, and two points on the
medial and lateral cortex at the level of the femoral isthmus were defined. The midpoints
of these point pairs determined the femoral shaft axis. A circle tool was used to define the
head diameter and the co-ordinates of its centre. FO was calculated as the perpendicular
distance from the centre of the femoral head to the femoral shaft axis. Measurements on
AP pelvis radiographs were labelled FOp and HDp and on AP hip radiographs FOh and
HDh, respectively (Figure 3.1). On AP pelvis radiographs, the distance from the midpoint
of both tear drops to the centre of the femoral head (x) was calculated.
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Figure 3.1
Radiographic measurements:
Femoral offset (FO) measurements on standardised AP pelvis (FOp) and AP hip (FOh) radiographs for a 71
year-old male patient with primary OA of the left hip.

3.2.5 CT Measurements
In addition to the 2D measurements, a second MATLAB programme* [version 7.10, The
MathWorks Inc., MA, USA] was used to measure FO and FA. The programme enabled the
user to select points from pre-selected axial CT slices and performed calculations in the
three dimensional (3D) co-ordinate system of the CT scanner. For the 3D calculation of FO
(FOc) and head diameter (HDc), three axial slices were selected (s1, s3, s4, Figure 3.2).
HDc and the centre of the femoral head were determined on the slice with the femoral head
at its largest diameter (s1) using a circle tool. The femoral shaft axis was defined by the
centroid of the proximal femoral metaphysis145,146 (s3) and the centre of the isthmus (s4);
FOc was then calculated as the perpendicular distance from the femoral shaft axis to the
centre of the femoral head. For the calculation of FA, the femoral neck axis (s2, Figure 3.2)
was defined using the single slice method as described by Sugano147, and the posterior

*

The programme was developed by Elise Pegg, PhD, engineer at the Nuffield Department of Orthopaedics,
Rheumatology and Musculoskeletal Sciences, University of Oxford and validated as described in section
3.2.6.
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condylar axis (s5) was defined by the most posterior aspects of the lateral and medial
condyles. The angle between the femoral neck axis and the posterior condylar axis
represented FA.

Figure 3.2
Selection of CT slices of the proximal femur for 3D calculation of femoral offset (FO) and femoral
anteversion (FA) based on CT: Centre of the femoral head (s1), femoral neck axis (s2), centroid of the
proximal femoral metaphysis (s3), centre of femoral isthmus (s4), posterior condylar axis (s5).

3.2.6 Measurement Reliability
Intra- and inter-observer reliabilities for 20 randomly selected corresponding AP pelvis
radiographs, AP hip radiographs and CT scans were evaluated by two independent and
blinded observers using single-measure intra-class-correlation coefficients (ICC) with a
two-way-random effects model for absolute agreement.
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3.2.7 Statistical Analysis
The distributions of variables were examined in exploratory data analysis, and tested for
normality using Kolmogorov-Smirnov tests. All variables (FOp, FOh, FOc, HDp, HDh, HDc
and FA) were normally distributed (range: p=0.06-0.20). For descriptive analysis, absolute
mean values and differences of FO were expressed in mm with 95% confidence intervals
(95%CI). FA was expressed in degrees with 95%CI. Distributions of FO values were
compared using paired-samples t-tests for paired observations and independent-samples ttests for unpaired observations. Pearson‟s correlation coefficient (r) was used to evaluate
associations between continuous variables. Correlation was characterised as poor (0.000.20), fair (0.21-0.40), moderate (0.41-0.60) good (0.61-0.80), or excellent (0.81-1.00).
Results with p values <0.05 were considered as significant, p values of <0.001 were
considered as highly significant. Differences in FO measurements on all three modes of
radiographic imaging were analysed using Bland-Altman plots148. Linear regression was
performed to relate corresponding FO measurements. Statistical analysis was carried out
using PASW Statistics 18 [SPSS Inc. an IBM company, IL, USA] and Sigmaplot 12.0
[Systat Inc., San Jose, CA, USA].

3.3 Results
3.3.1 Measurement Reliability
Excellent intra-observer ICC was seen for all analysed parameters: FOp (0.993), FOh
(0.990), FOc (0.990), HDp (0.886), HDh (0.906), HDc (0.933) and FA (0.984).
Inter- observer ICC also showed similar correlations for all parameters: FOp (0.986), FOh
(0.977), FOc (0.991), HDp (0.812), HDh (0.848), HDc (0.866) and FA (0.950).
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3.3.2 Radiographic Findings
In the entire cohort, mean FOp was 39.0 mm (95%CI: 37.4 to 40.6 mm), compared to mean
FOh of 44.0 mm (95%CI: 42.4 to 45.6 mm, Table 3.2). FOp was significantly lower than
FOh (p<0.001) with a mean difference of 5.0 mm (95%CI: 4.3 to 5.7 mm) or 11%,
respectively (Table 3.3, Figure 3.3). The difference between FOp and FOh was slightly
higher in males (5.8 mm, 14%) than in females (4.4 mm, 12%, p=0.45, Table 3.3).
A fair correlation between the difference in mean FO on corresponding radiographs and x
was observed (r=0.37, p<0.001). No correlation between the difference in mean FO on
corresponding radiographs and FA (r=0.18, p=0.07) was found.

FOp (mm)
FOh (mm)
FOc (mm)
HDp (mm)
HDh (mm)
HDc (mm)
FA (degrees)

Entire cohort (n=100)

Males (n= 43)

Females (n= 57)

39.0 (10.2-54.7)

41.9 (18.4-54.7)

36.8 (10.2-50.7)

(95%CI: 37.4-40.6)

(95%CI: 39.6-44.2)

(95%CI: 34.7-38.9)

44.0 (19.7-61.2)

47.7 (26.2-61.2)

41.2 (19.7-57.9)

(95%CI: 42.4-45.6)

(95%CI: 45.5-49.9)

(95%CI: 39.3-43.2)

44.7 (29.0-61.2)

48.2 (40.2-61.2)

42.0 (29.0-54.0)

(95%CI: 43.5-45.9)

(95%CI: 46.6-49.9)

(95%CI: 40.7-43.3)

47.2 (38.8-57.7)

50.6 (43.7-57.7)

44.7 (38.8-51.7)

(95%CI: 46.4-48.1)

(95%CI: 49.6-51.6)

(95%CI: 43.9-45.4)

48.2 (40.9-59.0)

51.9 (45.2-59.0)

45.4 (40.9-52.9)

(95%CI: 47.3-49.1)

(95%CI: 50.9-52.9)

(95%CI: 44.6-46.3)

46.0 (34.7-57.5)

49.5 (36.8-57.5)

43.3 (34.7-54.9)

(95%CI: 45.0-47.0)

(95%CI: 48.3-50.7)

(95%CI: 42.3-44.4)

14.9 (-6.7-56.8)

13.2 (-3.0-30.2)

16.1 (-6.7-56.8)

(95%CI: 12.6-17.1)

(95%CI: 10.5-15.9)

(95%CI: 12.7-19.6)

Table 3.2
Mean values (range) for FO, HD and FA with 95% CI for the study cohort, male patients and female patients.
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Entire cohort (n=100)

Males (n= 43)

Females (n= 57)

5.0 (-2.1-16.5)

5.8 (-0.8-16.5)

4.4 (-2.1-15.2)

(95%CI: 4.3-5.7)

(95%CI: 4.8-6.8)

(95%CI: 3.5-5.3)

11

12

11

5.7 (-6.7-23.7)

6.3 (-5.2-21.8)

5.2 (-6.7-23.7)

(95%CI:4.5-6.9)

(95%CI: 4.5-8.1)

(95%CI: 3.6-6.8)

13

13

12

0.7 (-10.1-20.1)

0.5 (-10.1-14.0)

0.8 (-8.5-20.1)

(95%CI:-0.3-1.7)

(95%CI: -1.1-2.2)

(95%CI: -0.5-2.1)

2

1

2

Table 3.3
Mean differences in FO between AP pelvis (FOp) and AP hip (FOh) radiographs, and between radiographs
and CT (FOc) given in absolute (mean (range), 95%CI) and relative (%) values.

3.3.3 CT Findings
Mean FOc was 44.7 mm (95%CI: 43.5 to 45.9 mm, Table 3.2). FOp was underestimated by
5.7 mm (95%CI: 4.5 to 6.9 mm) or 13% with reference to FOc (p<0.001). FOc and FOh
were comparable (p=0.191) with a mean difference of 0.7 mm (95%CI: -0.3 to 1.7 mm,
Table 3.3, Figure 3.3). Bland-Altman plots for the agreement between radiographs and CT
are presented in Figures 3.5 and 3.6. Comparing males and females, differences between
FOh and FOc were similar (p=0.79, Table 3.3).
We observed a good correlation between FOp and FOc (r=0.687, p<0.001) and between FOh
and FOc (r=0.767, p<0.001, Figure 3.4).
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Figure 3.3
Differences (mm) of femoral offset (FO) between AP hip and AP Pelvis radiographs (FOh-FOp), AP pelvis
radiographs and CT (FOc-FOp), and AP hip radiographs and CT (FOc-FOh) as boxplots.

Figure 3.4
Overlay scatter plot illustrating the relationship between FO as measured on AP pelvis radiographs (FOp),
AP hip radiographs (FOh) and CT (FOc) in mm. The least square fit lines suggest a good correlation of AP
hip and CT values (R2=0.588)
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With reference to CT, disagreement in FO assessment was within ± 5 mm in 44 % (44
patients) of cases for AP pelvis radiographs and 74% (74 patients) for AP hip radiographs
(Figures 3.5 and 3.6). With use of regression analysis, the following equations were
derived to predict true FO as measured on CT from FO measurements performed on AP
pelvis and AP hip views:

FOc = 0.50 * FOp + 25.22 (R2 = 0.472)

Equation (1)

FOc = 0.57 * FOh + 19.58 (R2 = 0.588)

Equation (2)
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Figure 3.5
Bland-Altman plot illustrating the agreement between FO as measured on AP pelvis radiographs (FOp) and
CT (FOc) in mm.

Figure 3.6
Bland-Altman plot illustrating the agreement between FO as measured on AP hip radiographs (FOh) and CT
(FOc) in mm.
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3.4 Discussion
Accurate and reliable assessment of FO is a key element in pre-operative planning for
THA as it determines the selection and positioning of appropriate prosthetic components.
Restoration of FO is essential to achieve a stable articulation149 and to provide good range
of motion21, muscle function20,21, and equal limb length22. The importance of FO
restoration to prevent long-term adverse effects related to impingement150 and wear23,24 is
well-accepted.
Despite the lower accuracy of plain radiography in comparison to 3D techniques based on
CT29, AP pelvis radiographs are widely used for pre-operative templating in hip OA as
they provide essential information regarding pelvic and contralateral hip anatomy, and
allow evaluation of leg length discrepancies. It is well established that femoral rotation
influences the radiographic appearance of proximal femoral anatomy36 and that failure to
correct for femoral anteversion and external rotation contracture results in underestimation
of FO27,29. Consequently, clear recommendations to optimise conventional radiographic
projection of the femoral neck by internally rotating the lower limb during radiography
have been made151. However, little attention has been given to potential differences in the
accuracy of FO assessment on corresponding AP pelvis and AP hip radiographs. In
contrast to AP pelvis radiographs, AP hip radiographs theoretically allow a full correction
of femoral anteversion in the presence of external rotation contractures as the hip can be
elevated and symmetry is not an issue. Moreover, the centre of the beam is directed to the
centre of rotation of the diseased hip which minimises projection effects caused by beam
divergence.
The present study evaluated differences in FO measurements performed on standardised
AP pelvis and AP hip radiographs in patients with primary end-stage hip OA and
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compared these measurements to true, 3D FO values obtained from corresponding CT
scans. To minimise misleading projection effects of FA and external rotation contracture a
standardised positioning protocol was used. All images were calibrated using a metal
sphere which was reproducibly placed on the inner aspect of the thigh to compensate for
potential errors of magnification in each radiograph. A significant underestimation of FO
with a mean of 5.0 mm (95%CI: 4.3 to 5.7 mm) comparing AP pelvis to AP hip views was
observed. Comparing AP hip to CT based FO values, a difference of 0.7 mm (95%CI: -0.3
to 1.7 mm) was seen. In 74% of cases AP hip derived FO measurements were within ±5
mm of the CT measurements suggesting that FO measurements performed on standardised
AP hip views allow an accurate representation of 3D FO.
The difference in FO measurements observed between AP pelvis and AP hip radiographs
can be represented mathematically, considering the trigonometric relation between the
focal length (f), the angle between the femoral neck and the focal plane (  ), the distance
between the centre of the femoral head and the x-ray source (x), the true offset (l) and the
distance between the femoral head and the focal plane (h) (Figure 3.7). The complete
formulation developed to model the relationship between the parameters is given in
Appendix A.
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Figure 3.7
Unscaled geometrical illustration for the difference in femoral offset (FO) measurement on AP pelvis (FOp)
and AP hip (FOh) radiographs: focal length (f), angle between the femoral neck and the focal plane (  ),
distance between the centre of the femoral head and the x-ray source (x), true offset (l), and the distance
between the femoral head and the focal plane (h).

By establishing the partial derivative of FOp with respect to x, it is possible to conclude
that the effect that change in x has on the offset value is inversely proportional to sin θ
(Equation (3)).

FOp
  sin 
x

Equation (3)
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It has therefore been shown that (1) it is important to minimise x to ensure accurate
determination of FO and that (2) the effect x will have on the FO measurement will be
greater when the angle between the femoral neck and the focal plane is larger.
The present study has the following limitations:
First, the linear correlation between the difference of FOp and FOh and the magnitude of x
was weak, and the individual effects of positioning and beam centration cannot be
retrospectively quantified. The linear relationship assumes that h and  are constant; but it
is known that both will vary depending on individual patient anatomy and positioning.
However, if these values could be recorded then it is thought that a stronger correlation
would be found. Although a standardised positioning protocol was administered, the
method for obtaining the radiographs is a potential source of bias as it depends on the
judgment of the technician and the variability in individual femoral anatomy such as the
magnitude of femoral anteversion or contracture.
Second, internal rotation of retroverted femora during radiography positioning might have
exaggerated measurement errors of FO. There were 7 retroverted femora in the present
cohort which showed a slight mean retroversion of -2.7° (95%CI: -4.5 to (-0.9)°).
Third, the true axis of the femoral neck to evaluate 3D FA can only be determined by
means of a 3D reconstruction of the neck portion which was limited with the present CT
protocol as a 1 mm slice interval is required for this purpose. However, the selected single
slice method chosen in this study has demonstrated sufficient accuracy for FA
measurements when the slice for determining the femoral neck axis is chosen just below
the femoral head147. Moreover, patients with head or neck deformity associated with
secondary OA were excluded.
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Lastly, the present calculations did not use the long axis of the femur (centroid of
metaphysis to centre of knee) as reported previously for FO measurements on CT

152

. FO

measurements in the present study were performed based on the longitudinal axis of the
proximal femur (centroid of metaphysis to centre of isthmus) in order to replicate offset
measurements as performed on plain radiography.
As a consequence of the reported limited accuracy and reliability of conventional
radiographic measurements, the routine performance of CT scans for optimised preoperative FO assessment has been suggested29,33. The results of the present study question
this consideration in primary OA, as there was no clinically relevant difference in FO
values comparing measurements made on AP hip radiographs compared to those made on
CT. The obtained mean values for FO (44.0 mm) on AP hip views and FO (44.7 mm) and
FA (14.9°) on CT scans compare well with reported values in the literature29,39,153.
Moreover, the present study suggests that 3D FO may potentially be predicted from FO
measurements performed on AP pelvis views with use of the provided regression
equations. However, larger patient series are required to confirm this finding and to obtain
more powerful and gender specific correction factors.
A decrease in FO of approximately 12% has been reported to cause abductor weakness20
which indicates that the level of observed underestimation of FO (13%) comparing AP
pelvis and AP hip views in this study is of clinical relevance. The difference between AP
hip and CT values (2%) is of minor clinical importance. The observed differences in FO
were consistent when considering male and female patients separately, suggesting that the
present findings are independent of gender related variability in proximal femoral
anatomy28,154.

- 42 -

CHAPTER 3

ASSESSMENT OF FEMORAL OFFSET

In conclusion, femoral offset is significantly underestimated on AP pelvis radiographs but
can be reliably and more accurately assessed on standardised AP hip radiographs with
correction for femoral anteversion and external rotation contracture in patients with
primary end-stage hip osteoarthritis. AP hip radiographs reduce radiation exposure
compared to CT and are a practical, cost-effective and available method which improves
pre-operative templating and aids in the selection of appropriate implants. Although the
ultimate decision of implant design, size and position must still be made intra-operatively,
it is recommended to routinely obtain additional AP hip radiographs for pre-operative
assessment of femoral offset in patients with primary OA.

3.5 Summary
The aim of this retrospective cohort study was to evaluate differences in femoral offset
when measured on corresponding pre-operative AP pelvis radiographs, AP hip radiographs
and CT-scans of a consecutive series of 100 patients with primary end-stage hip
osteoarthritis.
AP pelvis based FO was underestimated by 13% compared to CT based FO. No difference
in mean FO between AP hip radiographs and CT was observed.
The work presented in this chapter suggests that femoral offset is significantly
underestimated on AP pelvis radiographs but can be reliably and more accurately assessed
on AP hip radiographs in patients with primary end-stage hip osteoarthritis. Thus, it can be
recommended to routinely obtain additional AP hip radiographs for pre-operative
assessment of femoral offset in THA templating.
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As a linear relationship between corresponding FO measurements was identified, and the
next chapter aims to determine whether 3D FO can be accurately and reliably predicted
from AP pelvis radiographs.
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4. PREDICTION OF 3D FEMORAL OFFSET FROM AP
PELVIS RADIOGRAPHS
4.1 Introduction
In Chapter 3, it has been reported that femoral offset is significantly underestimated on AP
pelvis radiographs but can be accurately and reliably assessed on standardised AP hip
radiographs compared to CT in patients with primary end-stage hip OA. Moreover, a linear
relationship between corresponding FO measurements performed on AP pelvis
radiographs, AP hip radiographs and CT scans has been suggested.
Therefore, the work presented in this chapter aimed to determine (1) whether threedimensional femoral offset as measured on CT scans can be reliably and accurately
predicted from FO measurements performed on AP pelvis views, and (2) whether predicted
FO values compare favourably to measurements performed on AP hip views.

4.2 Materials and Methods
4.2.1 Study Cohort
In a retrospective cohort study, a consecutive series of 597 patients who had undergone
primary THA for end-stage hip osteoarthritis (OA) was reviewed. All patients received a
custom-made cementless femoral component122 between June 2008 and December 2009.
Standardised AP pelvis radiographs, AP hip radiographs and a CT scans of the affected hip
were performed pre-operatively as described in section 3.2.2 and 3.2.3.
In order to obtain normative values of FO measurements on the three corresponding modes
of imaging, only patients with primary hip osteoarthritis were included. In cases of
bilateral THA, patients were only included with the first procedure side. Patients with a
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history of trauma, infection, rheumatic disease, developmental dysplasia of the hip (DDH),
previous pelvic and/or femoral osteotomy, avascular necrosis (AVN) of the femoral head,
Legg–Calvé–Perthes disease, or slipped capital femoral epiphysis (SCFE) were excluded
from the present study. To quantitatively identify patients with acetabular undercoverage,
further exclusion criteria were defined as a center-edge angle (CE) < 20º155, an acetabular
angle (AA) > 42º156 and an acetabular index (AI) < 38%157.
According to the criteria stated above, 252 patients were excluded from the initial cohort,
leaving 345 patients (146 males, 199 females, mean age 60 (range: 40-79) years, mean
body-mass-index (BMI) 27 (range: 19-56) kg/m², Table 4.1) that were included in the
present study. The study was approved by the institutional review board (reference S272/2009).

Gender in cohort (%)

Age (years)

Weight (kg)

Height (meters)

BMI (kg/m²)

Entire cohort (n=345)

Males (n=146)

Females (n=199)

100.0

42.3

57.7

60.4

60.5

60.3

(range: 40-79)

(range: 43-72)

(range: 40-79)

(95%CI: 59.6-61.1)

(95%CI: 59.3-61.6)

(95%CI: 59.3-61.3)

78.5

85.3

73.3

(range: 46-173)

(range: 54-138)

(range: 46-173)

(95%CI: 76.8-80.1)

(95%CI: 83.1-87.5)

(95%CI: 71.2-75.4)

1.70

1.77

1.65

(range: 1.46-1.97)

(range: 1.60-1.97)

(range: 1.46-1.88)

(95%CI: 1.69-1.71)

(95%CI: 1.76-1.78)

(95%CI: 1.64-1.66)

27.0

27.1

26.9

(range: 19.2-56.5)

(range: 19.8-42.6)

(range: 19.2-56.5)

(95%CI: 26.5- 27.5)

(95%CI: 26.5-27.8)

(95%CI: 26.2-27.7)

Table 4.1
Demographic data of the entire cohort, male patients and female patients.
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To evaluate the validity and accuracy of predicting 3D FO as measured on CT from FO
measurements performed on AP pelvis views, the study cohort of 345 patients was
randomly split into two groups. Group A comprised 245 patients (101 males, 144 females,
mean age 60 (range: 40 to 79) years, mean BMI 27 (range: 19 to 56) kg/m²); and group B
comprised 100 patients (45 males, 55 females, mean age 60 (range: 44 to 72) years, mean
BMI 27 (range: 19 to 41) kg/m²). In group A, corresponding FO measurements on AP
pelvis radiographs (FOp) and CT scans (FOc), were used to derive regression equations for
the entire group, and for males (n=45) and females (n=55) separately, in order to predict
3D FO from AP pelvis views (FOpred). Derived regression equations from measurements in
group A were applied to FOp measurements in group B.
The validity and accuracy of mean FOpred for was assessed in group B with reference to
FOc for all patients, and for genders separately. In order to compare FOpred to FOh, the
frequencies of clinically significant over- or underestimation (>12%) with reference to FOc
were evaluated20. Agreement between corresponding FO values was assessed using BlandAltman plots148.
4.2.2 Imaging Protocols
Details of the radiographic and CT protocols are described in section 3.2.2 and 3.2.3.
4.2.3 Radiographic Measurements
A commercially available templating programme, TraumaCad [version 2.2, Voyant
Health, Petach-Tikva, Israel] 158, was used to measure CE155, AA156 and AI157 on AP pelvis
radiographs.
A validated custom MATLAB programme144 [version 7.10, The MathWorks Inc., MA,
USA] was used to determine FO and NSA on corresponding AP pelvis and AP hip
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radiographs. Details of the radiographic measurements have been previously provided in
section 3.2.4. In brief, FO was calculated as the perpendicular distance from the centre of
the femoral head to the femoral shaft axis. NSA was calculated as the angle between the
femoral shaft axis and the femoral neck axis. Measurements were labelled FOp, NSAp, and
HDp for AP pelvis measurements, and FOh, NSAh and HDh, for AP hip measurements,
respectively.
4.2.4 CT Measurements
FOc and FA were measured on the CT image set. The identical measurement protocol as
described in section 3.2.5 was used.
4.2.5 Measurement Reliability
Intra- and inter-observer reliabilities for 20 randomly selected corresponding AP pelvis
radiographs, AP hip radiographs and CT scans were evaluated by two independent and
blinded observers using single-measure intra-class-correlation coefficients (ICC) with a
two-way-random effects model for absolute agreement.
4.2.6 Statistical Analysis
The distributions of variables were examined in descriptive histograms and box plots, and
a Kolmogorov-Smirnov test was used to identify normal distribution of the variables. For
descriptive analysis, absolute mean values for FO were expressed in mm with 95%
confidence intervals (95%CI). Differences in mean FO were expressed in absolute (mm,
95%CIs) and relative (%) values. Distributions of FO values were compared using pairedsamples t-tests for paired observations and independent-samples t-tests for unpaired
observations. Results with p values <0.05 were considered as significant, p values of
<0.001 were considered as highly significant. Scatter plots and Pearson‟s correlation
coefficient (r) were used to evaluate associations between continuous variables.
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Correlation was characterised as poor (0.00-0.20), fair (0.21-0.40), moderate (0.41-0.60)
good (0.61-0.80), or excellent (0.81-1.00)

159

. Simple linear regression was performed to

predict FOc from FOp. Stepwise multiple linear regression with FOc as the dependent
variable and FOp, NSAp HDp, BMI, height, weight and age as the independent variables
was used to determine additional significant predictor variables from the dataset. Statistical
analysis was performed using PASW Statistics 18 [SPSS Inc. an IBM company, IL, USA].

4.3 Results
4.3.1 Measurement Reliability
Intra-observer ICC was good for NSAh (0.797) and excellent for all other parameters.
Inter-observer ICC also showed good correlation for NSAh (0.751) and excellent
correlation for all other parameters (Table 4.2).

INTER-

INTRA-

INTER-

INTRA-

observer ICC

observer ICC

observer ICC

observer ICC

CE

0.955

0.965

HDp

0.812

0.886

AA

0.890

0.964

HDh

0.848

0.906

AI

0.831

0.937

HDc

0.866

0.933

FOp

0.986

0.993

NSAp

0.887

0.926

FOh

0.977

0.990

NSAh

0.751

0.797

FOc

0.991

0.990

FA

0.950

0.984

Table 4.2
Inter-observer and intra-observer ICC (n=20) for all analysed parameters.

4.3.2 Radiographic and CT Findings
In the entire cohort, mean CE was 40.3º (95%CI: 39.2º to 41.4º), mean AA was 34.8º
(95%CI: 34.3º-35.2º) and mean AI was 50.4% (95%CI: 49.5% to 51.4%).
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Mean FOp (39.2 mm, 95%CI: 38.5 to 40.0 mm) was significantly lower than mean FOh
(44.1 mm, 95%CI: 43.4 to 44.9 mm, p<0.001) with mean difference of 4.9 mm (95%CI:
4.6 to 5.3 mm, 13%, Table 4.3). An excellent correlation between mean FOp and FOh
(r=0.885, p<0.001) was observed.
With reference to mean FOc (44.6 mm, 95%CI: 44.0 to 45.2 mm), FOp was underestimated by 5.4 mm (95%CI: 4.8 to 6.0 mm, 13%) and FOh by 0.4 mm (95%CI: -0.1 to
0.9 mm, 1%). There was a highly significant difference between mean FOc and FOp
(p<0.001); no significant difference between FOc and FOh (p=0.092) was observed (Table
4.3).
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FOp (mm)

FOh (mm)

FOc (mm)

HDp (mm)

HDh (mm)

HDc (mm)

NSAp (º)

NSAh (º)

FA (º)

PREDICTION OF FEMORAL OFFSET

Entire cohort (n=345)

Males (n=146)

Females (n=199)

39.2

41.5

37.5

(range: 15.9-59.1)

(range: 18.4-59.1)

(range: 15.9-51.9)

(95%CI: 38.5-40.0)

(95%CI: 40.4-42.7)

(95%CI: 36.6-38.4)

44.1

47.6

41.6

(range: 21.4-61.5)

(range: 26.2-61.5)

(range: 21.4-57.9)

(95%CI: 43.4-44.9)

(95%CI: 46.6-48.7)

(95%CI: 40.7-42.5)

44.6

48.0

42.1

(range: 26.9-66.2)

(range: 33.9-66.2)

(range: 26.9-61.0)

(95%CI: 44.0-45.2)

(95%CI: 47.1-48.8)

(95%CI: 41.4-42.7)

46.8

49.7

44.6

(range: 36.5-57.7)

(range: 41.1-57.7)

(range: 36.5-57.6)

(95%CI: 46.3-47.2)

(95%CI: 49.2-50.3)

(95%CI: 44.1-45.0)

47.7

51.2

45.2

(range: 35.0-59.8)

(range: 41.4-59.8)

(range: 35.0-53.8)

(95%CI: 47.3-48.2)

(95%CI: 50.6-51.8)

(95%CI: 44.8-45.7)

45.8

49.3

43.2

(range: 34.7-61.6)

(range: 36.8-61.0)

(range: 34.7-61.6)

(95%CI: 45.3-46.3)

(95%CI: 48.6-49.9)

(95%CI: 42.7-43.7)

130.8

131.5

130.3

(range: 113.0-157.6)

(range: 113.0-157.6)

(range: 113.6-153.7)

(95%CI: 130.0-131.6)

(95%CI: 130.3-132.6)

(95%CI: 129.3-131.4)

125.3

125.2

125.4

(range: 111.4-148.9)

(range: 113.5-143.6)

(range: 111.4-148.9)

(95%CI: 124.7-125.9)

(95%CI: 124.3-126.1)

(95%CI: 124.5-126.3)

14.0

13.3

14.5

(range: -6.7-56.82)

(range: -3.0-35.85)

(range: -6.7-56.8)

(95%CI: 13.0-15.0)

(95%CI: 11.9-14.6)

(95%CI: 13.1-16.0)

Table 4.3
Mean values (range) for FO, HD, FA and NSA with 95% CI for the entire cohort, male patients and female
patient.
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4.3.3 Regression and Prediction Analysis
In group A, a good correlation between FOp and FOc was observed (r=0.642, p<0.001,

FOp (mm)

Figure 4.1).

FOc (mm)
Figure 4.1
Group A: The scatter plot demonstrates a linear correlation between FO p (y axis, mm) and FOc (x axis, mm)
(r=0.642, p<0.001). The line represents the least square fit.

From the regression analysis, Equation (1) was derived to predict FO as measured on CT
from measurements on AP pelvis views:
FOc = 0.50 x FOp + 24.8 (R2 = 0.412)

Equation (1)

Bland-Altman plots demonstrated that the agreement between FOp and FOc was biased
(mean bias: 5.6 mm, 95%CI: 4.5 to 6.8 mm). FOh and FOc showed good agreement (mean
bias: 0.45 mm, 95%CI: -0.6 to 1.5 mm). Best agreement was seen between FOpred and FOc
(bias: 0.2 mm, 95%CI: -0.1 to 1.1 mm, Figure 4.2).
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A

B

C

Figure 4.2
Bland-Altman plots illustrating the agreement in FO between CT and AP pelvis radiographs (A: FOc-FOp),
CT and AP hip radiographs (B: FOc-FOh), and CT and predicted FO (C: FOc- FOpred) using Equation (1).
Values are given in mm with the mean difference (mean), standard deviation (SD).

- 53 -

CHAPTER 4

PREDICTION OF FEMORAL OFFSET

When considering males and females separately, corresponding FOp and FOc
measurements demonstrated significant correlations for males (r=0.537, p<0.001) and for
females (r=0.660, p<0.001). Gender specific regression analysis was performed to derive
Equation (2) for males and Equation (3) for females:

FOc = 0.39 x FOp + 31.9 (R2 = 0.288)

Equation (2)

FOc = 0.45 x FOp + 25.4 (R2 = 0.436)

Equation (3)

Prediction of FO in group B using Equation (1) resulted in a highly significant underestimation by 2.3 mm (95%CI: 1.2 to 3.5 mm, 5.2%, p<0.001) in males and in a significant
over-estimation by 1.5 mm (95%CI: -2.8 to -0.3 mm, 3.6%, p=0.013) in females. Using
gender specific prediction Equations (2, males) and (3, females), no significant difference
between FOpred and FOc was observed for neither males (-0.2 mm, 95%CI: -1.4 to 0.9 mm,
0.5%, p=0.689, Figure 4.3, Table 4.4) nor females (-0.3 mm 95%CI: -1.5 to 0.9 mm 0.7%,
Figure 4.4, Table 4.4).
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Group B (n=100)

Males (n=45)

Females (n=55)

38.8 (range: 15.9-59.1)

41.2 (range: 24.2-59.1)

36.8 (range: 15.9-47.2)

(95%CI: 37.3-40.2)

(95%CI: 38.9-43.4)

(95%CI: 34.9-38.6)

43.9 (range: 24.1-61.5)

47.2 (range: 33.1-61.5)

41.3 (range: 24.1-51.0)

(95%CI: 42.5-45.3)

(45.2-49.2)

(95%CI: 39.5-43.0)

44.4 (range: 26.9-60.3)

47.7 (range: 33.9-60.3)

41.6 (range: 26.9-53.5)

(95%CI: 43.2-45.6)

(95%CI: 46.1-49.4)

(95%CI: 40.3-43.0)

FOpred using Equation (1)

44.2 (range: 32.8-54.3)

45.4 (range: 36.9-54.3)

43.2 (range: 32.8-48.4)

[0.50*FOp+24.8] (mm)

(95%CI: 43.4-44.9)

(95%CI: 44.2-46.5)

(95%CI: 42.3-44.1)

FOc – FOpred

0.2 (range: -13.1-13.3)

2.3 (range: -3.4-13.3)

-1.5 (range: -13.1-7.1)

(mm)

(95%CI: -0.7-1.1)

(95%CI: 1.2-3.5)

(95%CI: -2.8-(-0.3)

0.5

5.2

3.7

0.660

< 0.001

0.013

FOp
FOh
FOc

FOc – FOpred
(%)
p values (FOc – FOpred)
FOpred using Equation (2)
[0.39*FOp+31.9] (mm)

48.0 (range: 41.3-54.9)

---

(95%CI: 47.1-48.8)
-0.2 (range: -7.5-10.5)

---

FOc – FOpred (mm)

---

FOc – FOpred (%)

---

0.5

---

p values (FOc – FOpred)

---

0.689

---

---

---

FOc – FOpred (mm)

---

---

FOc – FOpred (%)

---

---

0.7

p values (FOc – FOpred)

---

---

0.607

FOpred using Equation (3)
[0.45*FOp+25.4] (mm)

(95%CI: -1.4-0.9)

---

42.0 (range: 32.6-46.6)
(95%CI: 41.1-42.8)
-0.3 (range: -11.7-8.0)
(95%CI: -1.5-0.9)

Table 4.4
Prediction of true femoral offset (FOc) as measured on CT scans using regression equations for the entire
group B, males and females. Predicted FO (FOpred) was calculated using regression equations (1, 2 and 3).

Compared to FOc, FOp demonstrated a clinically relevant under-estimation (>12%) in 53%
of all cases in group B. FOh resulted in a relevant under-estimation in 13% but also in an
over-estimation in 10%. Equation (2) could predict FOc more accurately for males with
under-estimation rates of 7% and over-estimation rates of 2 % (males: 12% of FOc=5.8
mm). However, equation (3) did not improve the prediction in females, as under-estimation
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of gender-specific FOpred occurred in 13% and over-estimation in 11% (females: 12% of

Δ FO (mm)

FOc=5.1 mm).

Figure 4.3

Δ FO (mm)

Male patients:
Differences (mm) in femoral offset (FO) between CT and AP pelvis radiographs (FO-FOp), CT and AP hip
radiographs (FOc-FOh), and CT and FOpred using the gender specific regression equation (2) (FOc-FOpred)
as boxplots.

-

Figure 4.4
Female patients:
Differences (mm) in femoral offset (FO) between CT and AP pelvis radiographs (FOc-FOp), CT and AP hip
radiographs (FOc-FOh), and CT and FOpred using the gender specific regression equation (3) (FOc-FOpred)
as boxplots.

- 56 -

CHAPTER 4

PREDICTION OF FEMORAL OFFSET

A stepwise regression model performed for group A identified patient height (m) as the
only other significant independent variable (p<0.05); all other tested variables were not
significant (p>0.05). The following gender specific regression equations (males: equation
(4), females: equation (5)) including height (m) were derived. The coefficient of
determination (R2) improved slightly, however, this did not improve the accuracy of the
prediction in group B.

FOc = 0.38 x FOp + 14.41 x height + 6.81 (R2 = 0.299)

Equation (4)

FOc = 0.34 x FOp + 14.43 x height + 2.03 (R2 = 0.458)

Equation (5)
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4.4 Discussion
The present study evaluated the accuracy and reliability of predicting 3D femoral offset
from standardised AP pelvis radiographs based on the underlying observation of a linear
relationship between corresponding FO measurements performed on AP pelvis radiographs
and CT scans.
To predict 3D FO from AP pelvis measurements and assess the accuracy compared to CT,
the entire cohort was randomly split into subgroups A and B. Gender specific regression
equations were derived from group A (245 patients) and then applied to FOp measurements
performed in group B (100 patients).
Measurements of FO on both radiography and CT scans showed excellent intra- and interobserver reliability, and a linear correlation of corresponding FO measurements on all
three modes of imaging was seen. Calculating FOpred with use of gender specific regression
equations, no significant difference between mean FOpred and FOc was seen in group B.
Therefore, the present study suggests that 3D femoral offset may be accurately predicted
from FO measurements performed on AP pelvis views with use of the provided equations.
Moreover, the results demonstrate that the given equations reduce the occurrence of
clinically relevant over- or underestimation (>12% of FO20) that occurs when measuring
FOh.on AP hip radiographs.
The present study has a number of limitations:
Firstly, the target population of the present study were patients with primary end-stage hip
OA. Care should therefore be taken when applying the provided equations to patients with
secondary forms of OA or advanced deformity. However, for patients with primary OA,
the present cohort can be considered as representative with regard to patient demographics.
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This limitation should be put into perspective as the leading diagnosis for THA is primary
OA95. In the present cohort, 16 patients had retroverted femora with mean FA of -2.7
degrees (range: -6.7 to 3.5 degrees, 95%CI: -3.9 to -1.4 degrees). Mean difference between
FOpred and FOc was 0.4 mm for males (n=3, 95%CI: -7.0-7.7 mm) and -0.2 mm for females
(n=13, 95%CI: -1.9-1.7 mm), suggesting that mild retroversion did not lead to an increased
error of prediction.
Second, for FO measurements on CT, the long axis of the femur (centroid of proximal
femoral metaphysis to centre of knee) was not used, as reported previously152. In the
present study, FOc measurements were performed based on the longitudinal axis of the
proximal femur (centroid of proximal femoral metaphysis to centre of femoral isthmus) in
order to represent femoral offset measurements as performed on plain radiography. In the
entire study cohort, the observed absolute mean values for FOc (44.6 mm) and FA (14.0
degrees) on CT scans compare well with reported values in the literature29,39,153. Third,
patients whose affected hip was elevated for the AP hip radiographs to compensate for
external rotation contracture cannot retrospectively be identified. Elevation seems
beneficial to bring the femoral neck into the coronal plane to minimise the effect of
rotation; however, this may have affected the object-to-film distance and might therefore
be the cause of the observed overestimation of FO (>5mm) on AP hip radiographs in 13%
of patients in group B .
This is the first study that demonstrates the validity and accuracy of predicting true 3D
femoral offset from plain radiography in patients with primary hip OA. CT remains the
gold standard in the assessment of proximal femoral geometry as the provided approach
does not entirely account for imprecision in measurement on plain radiographs. Yet, the
present findings support the surgeon in pre-operative planning on AP pelvis radiographs
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and may improve femoral offset and limb length restoration in THA without the routine
need for additional AP hip radiographs or CT. The suggested method of using predictive
equations reduces radiation exposure and per-patient costs.
In conclusion, the work presented in this chapter confirms that a linear relationship
between femoral offset measurements on corresponding AP pelvis radiographs and CT
scans exists. The provided regression equations account for the adverse effects of
positioning inconsistencies and beam divergence in conventional radiography and limit the
occurrence of clinically relevant over- or underestimation of FO on AP hip radiographs.
Although, CT clearly remains the most accurate option to assess pelvic and femoral
anatomy, true 3D femoral offset can be accurately and reliably predicted from AP pelvis
radiographs in patients with primary OA.

4.5 Summary
The aim of the present study was to evaluate the accuracy and reliability of predicting
three-dimensional (3D) FO from standardised AP pelvis radiographs.
The work presented in this chapter suggests that femoral offset can be accurately and
reliably predicted from AP pelvis radiographs in patients with primary end-stage hip
osteoarthritis. This supports the surgeon in pre-operative templating on AP pelvis
radiographs and may improve offset and limb length restoration in THA without the
routine performance of additional radiographs or CT.
Chapter 3 and 4 have focused on femoral offset as a surrogate parameter for proximal
femoral geometry. As described in Chapter 2, the assessment of proximal femoral canal
shape in pre-operative templating for THA is, however, equally important. In an analogous
manner to Chapter 3, the next chapter aims to determine differences in the radiographic
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appearance of the proximal femoral canal between AP hip and AP pelvis radiographs with
reference to CT using Active Shape Modelling (ASM).
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5. ASSESSMENT PROXIMAL FEMORAL CANAL SHAPE
5.1 Introduction
Accurate pre-operative templating is an essential requirement in contemporary total hip
arthroplasty (THA) as it aids the surgeon in the selection of appropriate implant geometry
and size, and suggests positioning of prosthetic components30,31.
Unlike cemented femoral components, in which a geometric mismatch between the
femoral component and the medullary canal of the proximal femur is required for fixation,
cementless femoral reconstruction aims for a close geometric fit between the implant and
the endosteal surface of the proximal femur97,98. Stable primary fixation is achieved by
press-fit implantation of a slightly oversized implant into the prepared medullary canal99.
Primary stability is essential to minimise micro-motion at the implant bone interface and it
allows secondary biologic fixation of the implant (osteointegration)25,26. A number of
studies have highlighted the importance of metaphyseal stem fit to reduce micro-motion at
the implant bone interface97,100, and to minimise stress-shielding101,102. Despite promising
long-term results of some cementless stem designs103,160-162, an increased risk of aseptic
loosening has been reported for undersized femoral components105, and there is still is
concern that progressive peri-prosthetic bone loss may compromise long-term stem
performance19. This is particularly crucial with regard to a rising number of THAs
performed in young and active patients106 and the development of novel stem designs that
aim for a metaphyseal fixation.
It has been shown that the appearance of canal shape on plain radiographs may be
misleading as a result of inaccurate patient positioning and the difficulty to control femoral
rotation27,36.
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The objective of the work presented in this chapter was to investigate which radiographic
view allows the most accurate assessment of proximal femoral canal shape in patients with
primary hip OA. This chapter aimed to determine (1) whether differences in the
radiographic appearance of the proximal femoral canal exist between corresponding AP
pelvis and AP hip radiographs, and (2) whether quantitative radiographic assessment of
canal shape is accurate with reference to canal shape determined from computed
tomography (CT).

5.2 Materials and Methods
5.2.1 Study Cohort
A consecutive series of 152 patients who had undergone primary cementless THA for
primary end-stage hip osteoarthritis (OA) between July and December 2009 was
retrospectively evaluated. For pre-operative templating, standardised AP pelvis
radiographs, AP hip radiographs and CT scans of the affected hip were obtained. Details of
the patient cohort, inclusion and exclusion criteria are given in section 3.2.1.
5.2.2 Imaging Protocols
The radiographic and CT imaging protocols are described in section 3.2.2 and 3.2.3.
5.2.3 Active Shape Modelling
In addition to the single geometric measures described previously, the present chapter aims
to identify differences in proximal femoral canal shape on corresponding AP hip and AP
pelvis radiographs with reference to CT using a more abstract, yet powerful technique,
Active Shape Modelling (ASM). An overview of ASM is presented in section 2.3.
The model was built using a freely available ASM tool kit (Manchester University,
Manchester, UK)135.
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To define the shape of the proximal femoral canal, the ASM template contained 33 points
from a 67-point model of the proximal femur (Figure 5.1). Key points were placed at
reliably identifiable features of the endosteal cortices (e.g. at the femoral isthmus, the
lesser trochanter, the head neck junction), while the remaining points were spaced
approximately evenly between features. Each key point was placed on the same feature on
corresponding images to allow comparison between shapes and to perform point-based
measurements.

Figure 5.1
ASM template
The shape of the proximal femoral canal is described by 33 points placed on endosteal surface of the medial
and lateral cortex.
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For each mode in the model, mean and SD values for the entire dataset of corresponding
AP pelvis and AP hip radiographs were calculated, and the mean value of each mode was
scaled to zero. Mode scores for each radiograph were calculated and expressed how many
standard deviations it lay from the mean value (zero) of that mode.
5.2.4 Curve Fitting
For comparison of the medial cortical flare between corresponding radiographs and CT,
points on the endosteal surface were depicted as scatter plots (x-axis: femoral shaft axis
(FSA), y-axis: perpendicular distance between endosteal cortex and FSA). Least squares
curve fitting (f(x) = axb+c) was performed to quantify differences on corresponding modes
of imaging.
On radiographs, endosteal dimensions were derived from the ASM template and scaled
with reference to the calibration marker. The femoral shaft axis was defined as best fit line
between the midpoints of the endosteal surface from a point 100 mm below the lesser
trochanter to the midpoint at the lower aspect of the lesser trochanter.
On corresponding CT scans, measurements of endosteal dimensions were performed using
the MATLAB [version 7.10, The MathWorks Inc., MA, USA] programme described in
section 3.2.5. The programme enabled the user to select points from pre-selected axial CT
slices and performed vector calculations in the 3D coordinate system of the CT scanner.
Six slices were selected: S1 (head neck junction), S2 (centroid), S3 (proximal aspect of
lesser trochanter), S4 (mid lesser trochanter), S5 (distal lesser trochanter), S6 (isthmus).
The endosteal dimensions of the femoral canal were determined on each slice with a best
fit ellipse. Endosteal distances were calculated in the plane of the femoral neck axis which
was defined according to the single slice method described by Sugano147, and
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perpendicular to the femoral shaft axis which was defined as line between the centre of the
femoral canal at the isthmus (S6) and at the lower aspect of the lesser trochanter (S5).
5.2.5 Measurement Reliability
For CT measurements, intra- and inter-observer reliabilities for determining canal
diameters and the femoral neck axis were evaluated for 15 randomly selected patients by
two independent observers using single-measure intra-class-correlation coefficients (ICC)
with a two-way-random effects model for absolute agreement.
For placement of keypoints on the ASM template, the mean error was determined for 2
independent observers.
5.2.6 Statistical Analysis
In order to investigate differences in endosteal shape of the proximal femur between
corresponding AP pelvis and AP hip radiographs, differences in normalised mode scores
were tested for the first 10 modes using paired-samples t-tests. Results with p values <0.05
were considered as significant, p values of <0.001 as highly significant.
Coefficients of curve fits were calculated with 95% confidence intervals (95%CI), and
goodness of curve fit was determined using R2 values.
Statistical analysis was carried out using PASW Statistics 18 [SPSS Inc. an IBM company,
IL, USA] and MATLAB [version 7.10, The MathWorks Inc., MA, USA].
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5.3 Results
5.3.1 Measurement Reliability
For repeated CT measurements performed on 15 datasets, intra-observer ICCs ranged from
0.93 to 0.99, inter-observer ICC from 0.87 to 0.99, respectively.
The mean error for placement of keypoints on the radiographic ASM template for 15
datasets was <1 mm for both intra- (mean: 0.6 mm, 95%CI: 0.3 to 0.9 mm) and interobserver (mean 0.9 mm, 95%CI: 0.5 to 1.4 mm) measurements.
5.3.2 Active Shape Modelling
ASM identified 10 independent shape modes that accounted for 96% of overall variation in
the endosteal shape of the proximal femur. Mode scores from AP pelvis radiographs
showed a higher scatter compared to those derived from AP hip views. For 7 out of 10
modes, significant differences in distribution of mode scores between corresponding AP
hip and AP pelvis views were observed (range of p values 0.000-0.010, Table 5.1),
indication that the shape of the same femur on corresponding AP pelvis and AP hip
radiographs is significantly different.
The greatest variability of canal shape occurred in the medial femoral cortex between the
lesser trochanter and the head neck junction. Modes 4 and 5 identified significant
differences in the medial cortical flare (p<0.001) between corresponding AP pelvis and AP
hip radiographs (Figure 5.2).
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AP

AP
SD

hip
Mode

SD
pelvis

95% CI

Mean

p-value

Difference

Lower

Upper

-0.448

0.5976

0.448

1.1171

-0.896

-1.1037

-0.6875

< 0.001

0.048

0.9026

-0.048

1.0912

0.096

-0.1357

0.3270

0.414

-0.472

0.6006

0.472

1.0954

-0.943

-1.1643

-0.7225

< 0.001

0.243

0.8299

-0.243

1.0966

0.485

0.3222

0.6482

0.173

0.8811

-0.173

1.0831

0.346

0.1604

0.5328

-0.116

0.7886

0.116

1.1667

-0.232

-0.5041

0.0404

0.094

-0.266

0.8763

0.266

1.0486

-0.532

-0.7735

-0.2897

< 0.001

0.108

0.9128

-0.108

1.0738

0.216

-0.0044

0.4381

0.055

-0.190

1.0125

0.190

0.9550

-0.380

-0.6563

-0.1041

0.007

-0.172

0.9185

0.172

1.0519

-0.344

-0.6031

-0.0855

0.010

1
Mode
2
Mode
3
Mode

< 0.001

4
Mode

< 0.001

5
Mode
6
Mode
7
Mode
8
Mode
9
Mode
10

Table 5.1
Differences in mode scores for corresponding AP hip and AP pelvis radiographs with standard deviation
(SD) and 95% confidence intervals (95%CI).
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B

Figure 5.2
Overlay image of shape modes 4 (A) and 5 (B). The medial cortical flare shows greater variation than the
lateral cortical flare. Modes scores for corresponding AP pelvis and AP hip radiographs were significantly
different for both modes (p<0.001, Table 5.1). The solid line represents the mean shape, the dashed lines
represent ±2 SDs.
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5.3.3 Curve Fitting
Comparing the recovered average shapes of corresponding radiographs, the flare of the
medial femoral cortex was underestimated on AP pelvis views with the calcar and neck
region appearing in valgus orientation. On AP hip views, the medial cortical flare was

d (mm)

more distinct and appeared in more varus orientation (Figure 5.3).

FSA (mm)
Figure 5.3
Scatter plot with least square fits for the endosteal flare of the medial femoral cortex. The femoral shaft axis
(FSA) is aligned to the x-axis (y=0). The lesser trochanter is located at x=150 mm. The distance of points on
the endosteal surface of the medial cortex with reference to the femoral shaft axis (d) is plotted on the y-axis
(mm). Lines represent the least square fit (f(x) = axb+c) with 95% confidence intervals for corresponding AP
pelvis radiographs, AP hip radiographs and CT.

The derived least square curve fits of the medial cortex demonstrated a good agreement
between AP hip radiographs and CT. Agreement of the curve fit coefficients between AP
pelvis radiographs and CT was less good (Figure 5.3, Table 5.2).
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Coefficients

a

b

c

AP pelvis

1.98e-009

4.458

4.349

(95%CI)

(-7.953e-010-4.756e-009)

(4.193-4.722)

(3.620-5.078)

AP hip

2.788e-011

5.3

5.62

(95%CI)

(-4.62e-012-6.038e-011)

(5.079-5.522)

(5.157-6.084)

CT

1.264e-011

5.455

5.794

(95%CI)

(-9.747e-012-3.503e-011)

(5.119-5.791)

(4.987-6.602)

R2
0.811

0.904

0.879

Table 5.2
Least squares fit coefficients (f(x) = axb+c) for the medial cortical flare on corresponding radiographs and CT
with 95% confidence intervals (95%CI).

5.4 Discussion
In cementless THA, the endosteal fit of the femoral component is a major factor
determining load transfer and consequently, peri-prosthetic bone remodelling. Accurate
metaphyseal stem fit is essential to reduce micro-motion at the implant bone interface97,100,
and to minimise stress-shielding101,102. It has been shown that femoral fit predicts not only
radiographic changes following THA101,102, but also affects clinical results in terms of postoperative pain163 and implant survival105.
Therefore, accurate and reliable assessment of canal shape in pre-operative templating is
essential. Although standardised recommendations of patient positioning during
radiography with 15° of internal rotation of the lower limbs have been made151 to ensure
reproducible projection with the femoral neck in the coronal plane, several studies have
demonstrated that radiographic assessment of femoral canal shape has limited
reliability29,33. CT is considered as the gold standard as it represents the 3D shape and
geometry of the proximal femur, and thus allows a more accurate selection of the implant
and its position33.
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The present study demonstrates that the endosteal shape of the proximal femoral canal
varies considerably, not only between individuals, but also between corresponding AP
pelvis and AP hip radiographs. The greatest variation in femoral shape was observed in the
proximal femoral metaphysis, predominately in the flare of the medial cortex.
On corresponding AP pelvis and AP hip radiographs, ASM identified significant
differences in the flare of the proximal medial cortex, further indicating that the scatter of
femoral canal flare was smaller and thus more reliably measured on AP hip radiographs.
Comparing the medial cortical flare as measured on radiographs to corresponding CT
scans, AP hip radiographs were more accurate than AP pelvis radiographs as shown by the
provided curve fit equations. These findings may be explained by a better control of
femoral rotation and the ability to compensate for external rotation contractures during
positioning.
It is important to point out the limitations of the present study:
Firstly, the target population were patients with primary end-stage hip OA. Care should
therefore be taken when applying the present results to patients with secondary forms of
OA, i.e. advanced deformity. However, for patients with primary OA, the present cohort
can be considered as representative with regard to patient demographics. This limitation
should be put into perspective as the leading diagnosis for THA is primary OA95.
Secondly, as stated previously, patients whose affected hip was elevated on AP hip
radiographs cannot be retrospectively identified. Elevation appears to be beneficial in order
to bring the femoral neck into the coronal plane and to minimise the adverse effect of
external rotation contractures on radiographic projection. Recently, a study has highlighted
the clinical relevance of palpating the greater trochanter to assess femoral neck version164.
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Lastly, the present study used active shape modelling (ASM) to assess the overall variation
and differences in the appearance of the proximal femoral canal on corresponding AP
pelvis and AP hip radiographs. This method enables measurement of the variation in a
complex shape, such as the hip. In ASM, a mode does not just capture one aspect of
variation in femoral canal shape, it is a combination of evident and/or subtle differences
between femurs137. It can, therefore, be difficult to visually describe what aspect of shape
variation each mode represents. However, at the same time this method is powerful and
able to detect differences that are not necessarily evident with conventional radiographic
measures (e.g. angles, distances or canal flare indices)135.
Cadaver, radiographic and CT based studies have demonstrated that the anatomy of the
femoral medullary canal is highly variable35,39,40 and as a consequence, a great variety of
cementless femoral stem designs and implant systems with different geometry, surface
treatment and underlying principles of fixation are currently in clinical use. The growing
popularity of bone preserving and minimally invasive procedures128 has led to the
development of novel “short” stem designs which aim for metaphyseal fixation and
preservation of the femoral neck129. Moreover, implants with multiple shape options have
been introduced to account for individual patient anatomy123,124. For these components, the
intra-operative selection of the broach that provides the best fit is essential, but intraoperative assessment of endosteal cortical contact is difficult and can only be done
radiographically with the broach in situ. Consequently, the surgeon has to make decisions
prior to and during femoral canal preparation and needs to choose the broach that allows
adequate fit with regard to individual patient anatomy. For third generation cementless
stems, pre-operative templating of resection levels and implant fit may thus be even more
critical than for straight tapered stems, since small inaccuracies in the pre-operative
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assessment of canal shape may compromise proximal fixation and/or restoration of
physiologic joint mechanics. Moreover, a mismatch of bone and implant shape may
increase the risk for intra-operative peri-prosthetic fractures165,166. Therefore, the present
findings of differences in femoral canal shape between corresponding radiographs are of
clinical relevance.
This is the first study that demonstrates the reliability and accuracy in the assessment of
proximal femoral canal shape on plain radiographs in patients with primary hip OA. CT
remains the gold standard in the assessment of proximal femoral geometry and shape as the
provided radiographic protocol for AP hip views does not entirely account for potential
measurement imprecision. Yet, the work presented here confirms that AP hip radiographs
allow a better assessment of proximal femoral anatomy compared to AP pelvis views and
may improve pre-operative templating in THA.
In conclusion, AP hip radiographs allow a more accurate and more reliable assessment of
canal shape than AP pelvis radiographs compared to CT. Although the ultimate decision of
implant design, size and position must be made intra-operatively, standardised AP hip
radiographs are a feasible option for pre-operative assessment of femoral canal shape in the
frontal plane in patients with primary OA. The findings of this chapter support surgeons in
pre-operative templating and may improve stem fit and restoration of joint geometry
without the routine use of CT.
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5.5 Summary
In cementless femoral reconstruction, accurate endosteal stem fit is essential for stability
and proximal load transfer. The objective of the work presented in this chapter was to
determine (1) whether differences in the radiographic appearance of the of the proximal
femoral canal exist between corresponding AP pelvis and AP hip radiographs, and (2)
whether quantitative radiographic assessment of canal shape is accurate with reference to
canal shape determined from computed tomography (CT).
ASM identified significant differences in distribution of mode scores between
corresponding AP hip and AP pelvis views. The greatest variability of canal shape
occurred in the medial cortex of the proximal femoral metaphysis. Least squares curve
fitting demonstrated a good agreement between AP hip radiographs and CT. Agreement of
the curve fit coefficients between AP pelvis radiographs and CT was less good.
Thus, considering the results of Chapter 3, AP hip radiographs allow an accurate and
reliable assessment of geometry and canal shape of the proximal femur.
In the next Chapter, a second ASM study is developed to determine the overall variation
and underlying patterns in proximal femoral anatomy in a cohort of 345 patients with
primary hip OA.
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6.1 Introduction
In cementless total hip arthroplasty (THA), the optimal femoral component should allow
both accurate endosteal stem fit and individual restoration of physiologic joint mechanics.
This poses a major surgical challenge, as the osseous anatomy of the proximal femur is
highly variable27,39,40, and most contemporary stem designs are limited in their potential to
adjust femoral offset, version, and limb length intra-operatively. Moreover, due to the
variability in the size and shape of the medullary canal, surgeons may be forced to
compromise between the endosteal stem fit, which is critical to achieve stable fixation with
proximal load transfer97,100, and accurate restoration joint mechanics.
Several studies have described the variation in femoral anatomy over the last three
decades. However, most reported values were obtained from cadaveric specimens or
individuals with non-arthritic hip joints39,40,153, or from cohorts with limited patient
numbers. Differences in femoral morphology between males and females have been
described125,154, but there continues to be limited data on gender differences in primary
OA. Furthermore, it is not clear whether the shape of the proximal femoral canal is
associated with geometric or anthropometric measures and whether distinct patterns of
shape and geometry exist; this important information would allow a comprehensive
classification of femoral morphology in patients requiring THA.
Therefore, the objectives of the work presented in this chapter were (1) to investigate the
variation and underlying patterns in proximal femoral anatomy and (2) to determine the
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association of proximal femoral canal shape with geometric and anthropometric parameters
in a cohort of patients with primary, end-stage hip OA.

6.2 Materials and Methods
6.2.1 Study Cohort
For the present retrospective cohort study, a consecutive series of 597 patients who had
undergone primary THA for end-stage hip osteoarthritis (OA) with a custom-made
cementless femoral component between June 2008 and December 2009 were reviewed.
Each patient received standardised radiographs and a CT scan of the affected hip preoperatively, and all images were retrieved in generic DICOM format.
In order to obtain normative values for the variation in femoral shape and geometry, only
patients with primary hip osteoarthritis were considered for this study. According to the
study criteria reported in section 4.2.1, 252 patients were excluded from the initial cohort,
leaving 345 patients (146 males, 199 females, mean age 60 (range: 40-79) years, mean
body- mass- index (BMI) 27 (range: 19-57) kg/m², Table 1) that were included in the
present study. The study was approved by the institutional review board (reference S272/2009).
6.2.2 Imaging Protocols
For all patients, standardised, low-centered AP hip radiographs and CT scans of the
proximal femur were obtained in a supine position according to standardised protocols as
described in section 3.2.2 to section 3.2.5.
6.2.3 Active Shape Modelling
The present study used Active Shape Modelling (ASM) to describe the variation in shape
of the proximal femoral canal in the present cohort. The model was built using the freely
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available ASM tool kit (Manchester University, Manchester, UK)135,167. Details of the
ASM template and underlying principles of ASM are presented in section 5.2.3.
6.2.4 Cluster Analysis
Cluster Analysis is a mathematical approach to divide data, objects or observations into
useful or meaningful groups (clusters) that should capture the natural structure of the data
or the relationship of the objects of interest. The goal of cluster analysis is to identify and
group similar objects which are different from or unrelated to objects of other groups168-170.
In the present study, agglomerative hierarchical cluster analysis (Ward‟s method) of the
mode scores (1-10) derived from ASM was performed to identify natural groupings of
patients based on femoral canal shape171. This approach defines the proximity between two
clusters by the increase in the sum of the squared error (SSE) that would result when two
clusters are merged and attempts to minimise the sum of the squared Euclidean distance
from each mode score to its cluster centroid in an n-dimensional space. The number of
clusters that allowed the best separation was determined according to the Duda and Hart
index172.
6.2.5 Canal Flare
To quantify differences in shape between clusters, the radiographic canal flare index (CFI)
as described by Noble39 (Figure 6.1), the canal-to-calcar ratio (CCR) and the cortical
thickness index (CTI) as described by Dorr41 was calculated (Figure 6.1). In addition, CFIs
of the medial and lateral cortex were calculated as ratio of the distances from the
determined endosteal points perpendicular to the femoral shaft axis.
For comparison of the medial and lateral cortical flare with regard to gender and cluster
membership, points on the endosteal surface were depicted as scatter plots (x-axis: femoral
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shaft axis (FSA), y-axis: perpendicular distance between endosteal points and FSA). Least
squares curve fitting was performed to quantify variation and differences in canal flare.
Endosteal dimensions and point locations were derived from the ASM template
perpendicular to the femoral shaft axis and scaled with reference to the calibration marker.
The femoral shaft axis was defined as best fit line between the midpoints of the endosteal
surface from a point 100 mm below the lesser trochanter to the midpoint at the lower
aspect of the lesser trochanter.

Figure 6.1
Canal flare index (CFI) according to Noble:
CFI is defined as the ratio of intra-cortical width of the femur at a point 20 mm proximal to the lesser
trochanter and at the canal isthmus (source: Noble. et al., 1988 39).
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Figure 6.2
Canal-to-calcar Ratio [CCR= FW/CW] and the cortical thickness index [CTI=(DW-FW)/DW] as described
by Dorr41 (source: Sah et. al., 2007173)

6.2.6 CT measurements
Femoral offset (FO) and femoral anteversion (FA) on the corresponding CT data was
assessed as described in sections 3.2.5.
6.2.7 Measurement reliability
Intra- and inter-observer reliabilities for 15 randomly selected corresponding radiographs
and CT scans were evaluated by two independent and blinded observers using singlemeasure intra-class-correlation coefficients (ICC) with a two-way-random effects model
for absolute agreement. For placement of keypoints on the ASM template, the mean error
was determined for 2 independent observers (see section 5.3.1).

- 80 -

CHAPTER 6

VARIATION OF SHAPE AND GEOMETRY

6.2.8 Statistics
For descriptive analysis, absolute mean values and differences were expressed in mm or
degrees (°) with standard deviations (SD). Differences between males and females and
between clusters were expressed as mean values with 95% confidence intervals (95%CI).
The distributions of all variables were examined in an exploratory data analysis, and tested
for normality using Kolmogorov-Smirnov tests. As not all variables met the criteria for a
normal distribution, non-parametric tests were used. Differences between males and
females were compared using Mann–Whitney U tests for unpaired observations.
Differences in morphologic measures of the proximal femur and demographic parameters
between the clusters were evaluated using Kruskal-Wallis or Chi-square tests, as
appropriate. Spearman‟s correlation (r) was used to evaluate associations between
continuous variables. Correlation was characterised as poor (0.00-0.20), fair (0.21-0.40),
moderate (0.41-0.60) good (0.61-0.80), or excellent (0.81-1.00)159.
Coefficients of curve fits (f (x) = axb+c) were calculated with 95% confidence intervals
(95%CI). The goodness of curve fit was determined using R2 values.
Results with p values <0.05 were considered as significant, p values of <0.001 were
considered as highly significant. Statistical analysis was carried out using PASW Statistics
18 [SPSS Inc. an IBM company, IL, USA] and MATLAB [version 7.10, The MathWorks
Inc., MA, USA].
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6.3 Results
6.3.1 Measurement reliability
Intra-observer and inter observer ICCs of CT measurements and of mean errors for
placement of keypoints on the radiographic ASM template have been reported in section
5.3.1.
6.3.2 Radiographic and CT measurements
FOh was significantly higher in male (47.6 mm, SD: 6.30 mm) than in female patients
(41.6 mm, SD: 6.30 mm, p<0.001). In the entire cohort, there was no significant difference
between mean FOc (44.6 mm, SD: 5.62 mm) and FOh (44.1 mm, SD: 6.95 mm, p=0.092,
Table 1). FOc and FOh demonstrated a good correlation (rs=0.75, p<0.001) indicating that
the present radiographic protocol allows accurate assessment of FO.
Mean NSA was 125° for both males (SD:5.6°) and females (SD: 6.3°, p=0.692). Females
had a slightly higher femoral anteversion (FA: 15°, SD 10.5°) than males (FA: 13°, SD
8.3°), however, this finding was not statistically significant (p=0.348, Table 6.1).
The CFI of the medial cortex (4.45, SD: 0.536) was significantly higher than the CFI of the
lateral cortex (3.5, SD: 0.514, p<0.001). No significant differences in radiographic canal
shape parameters (CFI, CFImed, CFIlat, CCR, CTI) were observed between males and
females (Table 6.1). No significant correlations between radiographic canal shape
parameters (CFI, CFImed, CFIlat, CCR, CTI) and measures of patient size (HD, height,
weight, BMI) were observed.
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n%
Age in [years]
SD
range
Height [m]
SD
range
Weight [kg]
SD
range
BMI [kg/m2]
SD
range
NSA [degrees]
SD
range
HD [mm]
SD
range
FOh [mm]
SD
range
FOc [mm]
SD
range
FA [º]
SD
range
CTI
SD
range
CCR
SD
range
CFI
SD
range
CFImedial
SD
range
CFIlateral
SD
range
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Entire cohort
345 (100)
60
7.00
40-79
1.70
0.088
1.46-1.97
78.5
15.42
46.0-173.0
27.0
4.51
19.2-56.5
125
6.0
111-149
47.7
4.53
35.0-59.8
44.1
6.95
21.4-61.5
44.6
5.62
26.9-66.2
14
9.6
-7-57
0.59
0.040
0.41-0.72
0.45
0.044
0.32-0.70
3.98
0.433
2.54-5.93
4.45
0.536
3.02-6.69
3.50
0.514
1.94-5.55

Males
146 (42)
60
6.9
43-72
1.77
0.063
1.60-1.97
85.3
13.26
54.0-138.0
27.1
3.76
19.8-42.6
125
5.6
114-144
51.2
3.73
41.4-59.8
47.6
6.30
26.2-61.5
48.0
5.05
33.9-66.2
13
8.3
-3-36
0.59
0.038
0.41-0.71
0.45
0.045
0.34-0.70
3.99
0.428
2.54-5.93
4.45
0.476
3.15-6.32
3.52
0.522
1.94-5.55

Females
199 (58)
60
7.1
40-79
1.65
0.063
1.46-1.88
73.3
14.94
46.0-173.0
26.9
5.00
19.2-56.5
125
6.3
111-149
45.2
3.18
35.0-53.8
41.6
6.30
21.4-57.9
42.0
4.63
26.9-61.0
15
10.5
-7-57
0.58
0.041
0.45-0.72
0.45
0.043
0.32-0.60
3.97
0.437
2.87-5.76
4.45
0.578
3.02-6.69
3.49
0.508
2.02-5.13

p-value
0.764

<0.001

<0.001

0.281

0.692

<0.001

<0.001

<0.001

0.348

0.399

0.872

0.723

0.949

0.659

Table 6.1
Patient demographics and mean measurement parameters for the entire cohort, males and females with
standard deviation (SD) and range.
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6.3.3 Active Shape Modelling
In ASM, the first 10 independent shape modes accounted for 96% of overall variation in
proximal femoral canal shape within the dataset.
Modes 2, 3 and 4 depicted the variation in cortical flare which has been previously
characterised as stove pipe vs. champagne flute shape41 (Figure 6.3). Distributions of mode
scores between males and females were significantly different for mode 2 (p<0.001). Mode
3 showed a moderate correlation with FO (rs=0.48, p<0.001), and a fair inverse correlation
with NSA (rs=-0.38, p<0.001); similarly, mode 4 showed a moderate correlation with NSA
(rs=-0.49, p<0.001) and a fair correlation with FO (rs=0.28, p<0.001).
No significant correlations between shape modes and measures of size (HD, height,
weight, BMI) were observed.
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A

B

C

Figure 6.3
Overlay image of shape modes 2 (A), 3 (B) and 4 (C). The medial cortical flare shows greater variation than
the lateral cortical flare. The solid lines represent the mean shape, the dashed lines represent ±2 SDs.
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6.3.4 Cluster Analysis
Cluster Analysis identified 10 distinct shape clusters (Table 6.2) for which all 10 shape
modes demonstrated a significantly different distribution (p<0.001). Significant differences
in gender, BMI, HD, NSA, FO, FOc, and FA between the clusters were seen (Table 6.2).
Similarly, CFI and CCR were significantly different between clusters. No significant
differences with regard to patient age were observed.
Both medial and lateral (Figure 6.4) cortical flares demonstrated considerable differences
between clusters. The derived least squares curve fits showed that the variation in flare was
greater for the medial femoral cortex than for the lateral cortex. Least squares curve fit
equation coeffficients for each cluster are reported in Appendix B.
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p-value

1

2

3

4

5

6

7

8

9

10

35 (10)

39 (11)

41 (12)

19 (6)

49 (14)

61 (18)

21 (6)

38 (11)

14 (4)

28 (8)

---

17:18

10:29

19:22

11:8

20:29

22:39

16:5

11:27

6:8

14:14

0.011

Age [years]
SD
range
BMI [kg/m2]
SD
range
HD [mm]
SD
range
NSA [degrees]
SD
range
FOh [mm]
SD
range
FOC [mm]
SD
range

59
8.0
45-74
25.9
7.0
21.3-32.7
50.1
4.36
40.9-58.8
125
5.1
113-137
47.7
5.9
35.4-61.2
47.6
5.8
38.5-66.2

60
6.2
45-73
27.0
4.8
19.4-42.2
46.2
3.97
38.7-59.0
125
5.3
114-135
44.6
6.3
30.4-57.1
44.5
4.7
35.2-56.7

60
7.7
42-73
25.7
3.6
19.5-36.3
47.6
4.18
39.6-55.8
129
5.7
117-147
42.1
7.3
27.0-57.3
43.5
5.6
33.5-54.0

63
5.2
53-71
27.6
4.9
19.2-36.3
49.7
5.10
38.6-59.8
126
5.7
116-138
44.8
6.1
29.7-56.4
44.5
6.0
35.4-56.0

62
7.3
45-79
26.9
3.4
20.8-35.7
47.3
4.50
40.5-56.8
125
5.0
113-141
45.4
5.6
33.8-58.1
45.3
4.5
38.6-61.0

60
6.1
40-70
27.6
4.3
19.4-44.6
46.8
4.04
38.7-56.3
125
7.0
111-149
41.6
6.9
21.4-57.5
43.0
5.8
30.9-61.2

61
7.8
43-72
26.0
3.5
20.3-34.0
50.6
3.97
40.9-57.0
121
4.3
114-128
51.3
5.8
40.2-61.5
49.0
5.0
40.3-60.0

62
6.7
44-73
28.7
5.1
19.5-41.1
46.9
4.36
39.6-56.1
124
6.6
112-141
44.1
6.9
24.1-58.1
43.9
6.2
26.9-60.3

61
7.9
45-69
26.2
6.2
19.7-42.6
47.1
4.89
35.0-53.4
121
4.1
115-128
45.4
6.4
33.0-54.4
43.8
6.0
33.9-53.5

59
7.5
44-69
26.6
6.9
20.3-56.5
48.0
5.04
37.8-56.1
128
3.4
122-136
39.7
4.6
30.4-49.4
42.7
4.4
34.8-51.1

FA [degrees]
SD
range
CTI
SD
range
CCR
SD
range
CFI
SD
range
CFImedial
SD
range
CFIlateral
SD
range

12
9.1
-2-33
0.60
0.037
0.52-0.71
0.43
0.039
0.34-0.51
4.33
0.516
3.28-5.93
4.95
0.606
3.92-6.32
3.71
0.565
2.57-5.55

12
7.1
0-26
0.59
0.036
0.52-0.68
0.47
0.031
0.40-0.52
3.87
0.380
3.05-4.62
4.39
0.504
3.27-5.41
3.36
0.522
2.02-4.41

14
12.4
-5-51
0.57
0.034
0.49-0.63
0.45
0.037
0.38-0.54
3.92
0.332
3.20-4.67
4.19
0.397
3.36-5.19
3.65
0.474
3.04-5.13

18
8.4
2-31
0.55
0.041
0.47-0.61
0.46
0.032
0.40-0.52
3.67
0.319
3.17-4.24
4.14
0.439
3.48-4.89
3.19
0.305
2.47-3.59

14
10.1
-5-36
0.61
0.037
0.52-0.72
0.46
0.047
0.36-0.60
4.13
0.430
4.14-5.76
4.70
0.538
3.44-6.69
3.57
0.457
2.64-4.84

17
9.8
-7-57
0.59
0.033
0.51-0.64
0.45
0.042
0.35-0.55
3.96
0.381
3.18-4.81
4.32
0.399
3.02-5.20
3.59
0.500
2.75-4.75

11
7.6
-4-33
0.60
0.035
0.54-0.67
0.44
0.043
0.34-0.51
4.13
0.457
3.55-5.50
4.80
0.476
3.90-5.89
3.47
0.497
2.78-5.12

13
8.5
-3-33
0.58
0.027
0.49-0.62
0.47
0.043
0.38-0.57
3.76
0.283
3.23-4.48
4.33
0.435
3.24-5.44
3.19
0.381
2.39-4.15

15
8.4
2-30
0.56
0.070
0.41-0.64
0.47
0.083
0.38-0.70
3.77
0.593
2.54-4.85
4.34
0.530
3.15-5.37
3.19
0.793
1.94-5.15

12
8.1
0.27
0.57
0.030
0.49-0.63
0.43
0.034
0.32-0.48
4.04
0.360
3.59-5.22
4.34
0.534
3.45-5.78
3.76
0.329
3.24-4.66

n (%)
Gender m:f

Measurements of native femoral anatomy by cluster with standard deviation (SD) and range.

0.326
0.037

<0.001

<0.001

<0.001

<0.001

0.049

<0.001

<0.001

<0.001

<0.001

<0.001
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d (mm)

CHAPTER 6

A

FSA (mm)

d (mm)

.

B

FSA (mm)

CLUSTER 1

CLUSTER 6

Least squares fit
95%CI

Least squares fit
95%CI

CLUSTER 2

CLUSTER 7

Least squares fit
95%CI

Least squares fit
95%CI

CLUSTER 3

CLUSTER 8

Least squares fit
95%CI

Least squares fit
95%CI

CLUSTER 4

CLUSTER 9

Least squares fit
95%CI

Least squares fit
95%CI

CLUSTER 5

CLUSTER 10

Least squares fit
95%CI

Least squares fit
95%CI

Figure 6.4
Scatter plot with least square fits for the endosteal flare
of the medial (A) and lateral (B) femoral cortex. The
femoral shaft axis (FSA) is aligned to the x-axis (y=0).
The lesser trochanter is located at x=100 mm. The
distance of points on the endosteal surface of the medial
cortex with reference to the femoral shaft axis (d) is
plotted on the y-axis (mm). Lines represent the least
squares fit (f(x) = axb+c) with 95% confidence intervals.
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6.4 Discussion
In cementless femoral reconstruction, the clinical outcome following THA is closely
related to both femoral stem fit and the concomitant restoration of physiologic joint
mechanics. A close geometric fit between the implant and the endosteal surface of the
proximal femur97,98 is essential to achieve primary stability and secondary osteointegration
of the implant25,26. Previous studies have demonstrated that accurate metaphyseal stem fit
reduces micro-motion at the implant-bone interface97,100, and minimises stressshielding101,102. An increased risk of aseptic loosening has been reported for undersized
femoral components105 and there is still is concern that progressive peri-prosthetic bone
loss may compromise long-term stem performance19. As mentioned previously, there is
substantial evidence that accurate restoration of femoral offset and soft tissue tension
reduce risk for post-operative complications such as impingement, dislocation or wear
failure22,24,142,143. Moreover, it is well accepted that the restoration of joint geometry
provides patients with a better functional outcome in terms of improved abductor muscle
strength20,21 and greater range of motion21,22,141.
The work presented in this chapter does not intend to emphasize absolute measurement
values, its primary aim was to describe the variation in proximal femoral anatomy in
patients with primary end-stage hip osteoarthritis. The native anatomy of the primary
arthritic proximal femur in the present cohort is highly variable, which confirms previous
findings of non-arthritic femora39,40. The greatest variation in the shape of the medullary
canal occurred in the proximal femoral metaphysis, and specifically in the medial cortical
flare. Males had significantly higher femoral offset than females. However, in contrast to
previous studies39,125, no difference in the distribution of NSA and FA and radiographic
measures of cortical flare (CFI) between genders and with respect to age was detected
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when looking at the entire patient cohort. This may be attributed to the strict exclusion
criteria for all secondary forms of OA and the relatively homogeneous age of the cohort.
As gender differences have been reported in other studies of non-arthritic femora39, the
present findings suggest that the native femoral anatomy of patients with primary OA may
be different from those of healthy individuals174.
Despite the overall variation and the lack of gender associated differences in the entire
cohort, cluster analysis identified 10 shape clusters which were associated with significant
differences in gender, BMI, geometric parameters (NSA, FOh, FOc, and FA), and
measurements of canal shape (CFI, CCR, CTI). Interestingly, some clusters depicted
expected configurations of shape and geometry while others did not. Cluster 7 was
predominantly comprised of male patients with high FO, low NSA, low FA and a high
flare of the medial cortex. In contrast, Cluster 10 depicted a typical configuration with low
FO, high NSA and a low flare of the medial cortex. Interestingly, both males and females
showed this configuration. A high FA was seen in Clusters 4 and 6, and patients
demonstrated intermediate mean values for FO, NSA and medial and lateral cortical flare.
A further interesting finding was that in cluster 7 the medial flare was high, but the lateral
flare was quite low. The opposite configuration was seen in cluster 10. This indicates that
it is important to consider the medial and lateral cortical flare separately, as the routinely
used CFI for both the medial and lateral cortex does account for these variations and may
be misleading.
The mean values for FO, NSA, FA and CFI in the present cohort compare well to reported
values in the literature39,40,175. Similarly, the observed lack of correlation between measures
of size (HD, height, BMI) and shape (mode scores) is consistent with previous findings39.
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The results of this chapter show that distinct patterns of femoral canal shape exist and that
each pattern is associated with a specific set of geometric parameters, which highlights the
association of shape and geometry seen in ASM.
This study has limitations: Firstly, the present study cohort was comprised of patients with
primary end-stage hip OA. Care should be taken to apply the present findings to all
patients who undergo THA, as the variation in patients with secondary forms of OA, such
as dysplasia or other deformity, might be even greater. However, the present cohort can be
considered as representative and findings should be put into perspective as the leading
diagnosis for THA is primary OA95.
Secondly, this work only assessed the shape of the proximal femur in the frontal plane and
did not address the anterior-posterior bowing of the femur. However, pre-operative
templating of implant size and position is performed on AP radiographs as the design of
most femoral components aims for endosteal fit in the frontal plane. It has been previously
shown that the present radiographic protocol for AP hip views allows accurate 2D
assessment of proximal femoral geometry (Chapter 3) and shape (Chapter 5). Additionally,
the accuracy of radiographic FO values compared to CT based FO values in the present
cohort confirms this observation.
Lastly, the present study used active shape modelling (ASM) to assess the overall variation
of the proximal femoral canal shape on AP hip radiographs. This method enables
measurement of the variation in a complex shape, such as the hip. In ASM, a mode does
not just capture one aspect of variation in femoral canal shape, it is a combination of
evident and/or subtle differences between femurs137. It can, therefore, be difficult to
visually describe what aspect of shape variation each mode represents. However, at the
same time this method is powerful and able to detect differences that are not necessarily
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evident with conventional radiographic measures (e.g. angles, distances or canal flare
indices)135. Using ASM, the present work has contributed to a more subtle understanding
of variation in proximal femoral geometry and shape anatomy in patients with primary hip
OA.
Contemporary third generation implants are designed to closely approximate the functional
anatomy of a normal hip joint. Besides material properties and manufacturing technology,
the knowledge of variation in proximal femoral anatomy dictates the design of prosthetic
components120. The issue of identifying the optimal femoral component has not yet been
resolved, even with contemporary stem designs that have been introduced in order to
account for anatomical variations in the proximal femur. The use of custom-made
cementless stems121 in primary OA is questionable due to higher costs and the need for CT.
Off-the-shelf implants with multiple shape options and “short” stem designs have been
recently introduced to account for individual patient anatomy123,124, but long-term followup data for these novel components is not available. In addition, early failures of some
designs have been reported133,134. Similarly, modular hip stems have gained growing
popularity123,125. However, concerns have been raised that modularity increases the risk of
fretting corrosion, concomitant metal ion release and early implant failure126,127. Moreover,
previous studies have demonstrated that proximal loading cannot be entirely achieved with
the use of current stem designs that aim for a proximal intertrochanteric fixation176.
Therefore, the identification of distinct shape clusters is clinically relevant for the
development of future femoral component designs that aim to account for optimal stem fit
and concomitant reconstruction of individual hip anatomy.
The present study illustrates that Active Shape Modelling and subsequent cluster analysis
have the potential to identify specific patterns of proximal femoral shape and geometry
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despite the variability in proximal femoral anatomy. Understanding of variation and
association of geometry and shape of the proximal femur is essential both for surgeons and
for implant manufacturers in order to achieve the goals of accurate stem fit and restoration
of individual joint mechanics.
In conclusion, the design of the femoral component should take into account both the
variation in shape and its association with geometric parameters. The present findings
highlight the great variability in native proximal femoral anatomy in patients with primary
hip OA and consequently support the use of implant systems that enable independent
adjustment of stem fit and reconstruction of joint geometry. The work of this chapter has
identified 10 different types of femora in patients with primary OA, and the present data
allow a comprehensive classification of variation in proximal femoral shape and geometry.
This may improve future designs of femoral components that will optimise stem fit and
simultaneously enable individual restoration of physiological biomechanics of the hip.
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6.5 Summary
In uncemented total hip arthroplasty (THA), the optimal femoral component should allow
both optimal endosteal fit with proximal load transfer and accurate restoration of individual
joint biomechanics. This is often compromised due to a high variability in proximal
femoral anatomy. The aim of the work presented in this chapter was to assess the variation
in proximal femoral canal shape and its association with geometric and anthropometric
parameters in primary hip OA.
The present study illustrates that active shape modelling and subsequent cluster analysis
have the potential to identify specific patterns of shape and geometry of the proximal
femur despite the variability in proximal femoral anatomy. Ten distinct patterns of
proximal femoral canal shape in end-stage hip OA have been identified. The present
findings allows a comprehensive classification of variation in proximal femoral shape and
its association with joint geometry.
The present data has the potential to improve future designs of cementless femoral
components that will optimise stem fit and simultaneously allow individual restoration of
physiological biomechanics of the hip, regardless of individual anatomic variations.
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7. CONCLUSIONS, CLINICAL RELEVANCE AND FUTURE
WORK
7.1 Review of Objectives and Conclusions
The aims of the present work were (1) to improve pre-operative planning in THA and (2)
to provide information for future femoral component design accounting for individual
patient anatomy by quantifying the variation in proximal femoral canal shape and its
association with geometric and anthropometric parameters in primary end-stage hip
osteoarthritis.
A review of the literature (Chapter 2) demonstrated that the success of primary THA is
dependent on stem fixation and the restoration of physiologic joint mechanics. Hence,
accurate pre-operative assessment of proximal femoral canal shape and geometry is
essential. It has been shown that pre-operative planning performed on AP pelvis
radiographs has limited reliability which can be explained by a considerable variation in
proximal femoral (patho-) anatomy of arthritic hips. Despite an increasing popularity of
cementless femoral reconstruction and the development of novel short and modular stem
designs, the current knowledge of the variation in proximal femoral geometry and canal
shape in arthritic hips is very limited. Additionally the association between geometry and
canal shape is poorly understood.
Chapter 3 assessed differences in femoral offset on corresponding AP pelvis radiographs,
AP hip radiographs and CT scans in patients who actually underwent THA for primary
end-stage hip osteoarthritis. Femoral offset (FO) was taken as a surrogate parameter to
represent proximal femoral geometry. In the study cohort, FO was significantly
underestimated on AP pelvis radiographs which confirmed previous findings. It was,
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however, concluded that standardised AP hip radiographs allow better control of femoral
rotation during radiography, reduce the projection effects of beam divergence and
consequently are an accurate and reliable method to assess femoral offset, comparable to
3D measurements performed on CT data.
Chapter 4 confirmed the linear relationship between FO measurements made on
corresponding modes of imaging as described in Chapter 3, and provided gender specific
regression equations to predict 3D femoral offset from AP pelvis radiographs.
In Chapter 5, Active Shape Modelling (ASM) was used to determine differences in the
radiographic appearance of the proximal femoral canal between AP hip and AP pelvis
radiographs. In an analogous manner to Chapter 3, it was demonstrated that, in contrast to
AP pelvis radiographs, standardised AP hip radiographs allow a more accurate and reliable
assessment of the medial cortical flare of the proximal femur.
In Chapter 6, a second ASM study was developed to determine the variation and
underlying patterns in proximal femoral anatomy in a cohort of 345 patients with primary
OA. An association between endosteal canal shape and joint geometry was observed. Ten
distinct shape patterns of the proximal femoral canal were identified in primary OA; each
pattern was associated with a specific set of geometric parameters. The presented data
allows a comprehensive classification of proximal femoral geometry and shape in patients
with primary OA.

7.2 Clinical Relevance
The work presented in this thesis is informative and clinically relevant for both hip
surgeons and developers of hip replacement implants in several ways:
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 Orthopaedic surgeons need to be aware that the assessment of the proximal femoral
geometry and canal shape may be misleading on AP pelvis radiographs. With
regard to the rising popularity of cementless fixation, modularity and short stem
designs, pre-operative templating becomes even more critical as small inaccuracies
in the assessment of proximal femoral shape and geometry may compromise the
goals of fixation, proximal load transfer and restoration of physiologic mechanics.
 Standardised AP hip radiographs are a practical, cost-effective and readily
available method to accurately and reliably assess femoral offset and canal shape
without the routine performance of CT. These findings have the potential to aid
surgeons in the selection of an appropriate design, size and intra-operative
positioning of femoral implants. Consequently, it is recommended to routinely
obtain additional AP hip radiographs to improve pre-operative templating in THA.
 When AP hip radiographs are not available for templating, the provided gender
specific regression equations have the potential to compensate for positioning
inconsistencies and beam divergence on AP pelvis radiographs. Thus, the present
findings support surgeons in pre-operative templating on AP pelvis radiographs
without the routine performance of additional radiographs or CT.
 The present findings of the variation in proximal femoral anatomy have
implications for cementless femoral component designs that aim to achieve
optimal metaphyseal stem fit and concomitant restoration of individual patient
anatomy. The observed variability in proximal femoral anatomy in patients with
primary OA supports the use of implant systems that enable independent
adjustment of fixation and reconstruction of individual joint geometry.
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7.3 Strengths and Limitations
The present study cohort has to be critically examined to appraise the findings of this
study. In order to exclusively assess patients with primary OA, rigid exclusion criteria for
all secondary form of hip OA were applied. This justifies questioning the approach of
creating such a homogeneous cohort which does not necessarily represent all patients in
clinical practise. While the strict exclusion criteria for all secondary forms of OA
contribute to the internal validity of this work, the exclusion of patients with secondary hip
OA can be seen as a limitation as variables of geometry and shape are highly important and
even more critical for this subgroup of patients. This objection is put into perspective when
looking at the Swedish Hip Arthroplasty Register data from 2010, where Hailer et al.95
reported primary OA as leading diagnosis for THA in 76% of all patients, followed by hip
fracture in 13% of cases. Primary osteoarthritis is the commonest form of arthritis68, and
the distribution of gender and age in the study cohort further implies that the study cohort
represents the typical patient undergoing primary THA. Finally, this study is based on
substantial patient numbers (n=345) which further strengthens the quality and relevance of
the described results.
The focus on primary OA, however, restricts the application of the present findings to
patients with this diagnosis; this is a limitation of the present study. The presented results
therefore allow no direct conclusions to be made concerning patients with more complex
hip deformities due to secondary OA. In these patients, accurate radiographic
measurements are particularly difficult and consequently CT scans are a reasonable option.
As the present study cohort represents the natural variation in proximal femoral anatomy in
primary end-stage osteoarthritis in Caucasian patients, care should be taken to apply the
present findings to non-Caucasian patients.
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If patients with secondary OA, or patients from other ethnical or geographic backgrounds
had been included, one would assume that the variation of geometry and canal shape
would have been even greater than that determined by the present work.
A second limitation to be discussed is that the present assessment of canal shape did not
include the region of the greater trochanter in the ASM template. This information may be
critical for novel, short stems designs that aim for isolated placement and fixation in the
femoral neck and inter-trochanteric region. However, as the greater trochanteric region is
extremely variable in shape, an inclusion might have added further and unnecessary
complexity to the proposed classification of shape clusters.
Lastly, 3D CT data were used as gold standard when comparing differences in canal shape
and proximal femoral geometry on corresponding AP hip and AP pelvis radiographs. The
reported differences in femoral offset between radiographs and CT showed few subjects in
whom FO was overestimated on radiographs outside the precision of the measurement.
This can be attributed to inaccurate positioning of the patient and/or the calibration sphere,
or inadequate elevation of the affected hip during radiography. An altered object-to-film
distance might therefore be the cause of the observed overestimation of FO. Although a
standardised positioning protocol was administered, the described method for obtaining the
radiographs remains a potential source of bias as it depends on the judgment of the
technician to compensate for the magnitude of femoral anteversion and external rotation
contracture.

7.4 Future work
Considering the limitations described in section 7.3, the present work has raised relevant
aspects that need further investigation. Future research into the variation in femoral and
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acetabular anatomy including patients with secondary forms of OA and patients from other
ethnic/geographic backgrounds is required. Sound understanding of the variation in patient
anatomy and the association between canal shape and joint geometry of the arthritic hip is
essential for both surgeons and implant developers in order to achieve the goal of accurate
stem fit and restoration of individual anatomy. Moreover, it is essential to further improve
pre-operative planning and to overcome present disadvantages of contemporary implant
designs. In addition, evidence-based clinical studies investigating the association of stem
fit, reconstruction of joint mechanics and clinical outcome following THA beyond implant
survivorship are needed to justify the increasing use of novel implant designs.
On the basis of the present work, further research will be pivotal for the development of
future implant designs that have the potential to minimise the occurrence of adverse
clinical outcome and to improve implant survivorship, joint function and patient
satisfaction following THA.
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APPENDIX

Appendix A

Considering the transverse plane, the difference in FO measurements observed between AP pelvis
and AP hip radiographs can be represented as the trigonometric relation between the focal length
(f), angle between the femoral neck and the focal plane (  ), distance between the centre of the
femoral head and the x-ray source (x), true offset (l), and the distance between the femoral head
and the focal plane (h).
Equations (1) and (2) can be applied to determine FOp and FOh, respectively, if all other parameters
are known.

FOh 

fl cos 
f  h  l sin 

Equation (1)

FOp 

fx  fl cos 
fx

f  h  l sin  f  h

Equation (2)

Through examination of the partial derivative of Equation (2) with respect to x, it is possible to
analyse the effect of x on FOp, if all other parameters are kept constant (Equation (3)).

FOp
 fl sin 

2
x
( f  h)  ( f  h)l sin 

Equation (3)

It can therefore be deduced that the relationship between FOp and x is linear; and that for x = 0,
FOp = FOh, the equation of the linear relationship can be written as Equation (4).

FOp 

FOp
x  FOh
x

Equation (4)
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APPENDIX

Appendix B

Cluster

med f(x) = axb+c

lat f(x) = axb+c

1

a = 3.778e-008 (-6.323e-009 to 8.187e-008)
b = 4.183 (3.947 to 4.419)
c = 6.099 (5.487 to 6.711)

a = 8.247e-008 (-2.551e-008 to 1.904e-007)
b = 3.961 (3.695 to 4.227)
c = 6.385 (5.908 to 6.862)

2

R2: 0.939
a = 3.138e-008 (-1.105e-008 to 7.381e-008)
b = 4.22 (3.945 to 4.495)
c = 6.249 (5.616 to 6.882)

R2: 0.925
a = 4.031e-007 (-2.754e-007 to 1.082e-006)
b = 3.602 (3.26 to 3.944)
c = 6.492 (5.92 to 7.064)

3

R2: 0.9053
a = 1.499e-007 (-1.348e-008 to 3.132e-007)
b=
3.856 (3.637 to 4.075)
c=
6.226 (5.666 to 6.787)

R2: 0.8516
a = 1.028e-006 (-1.892e-007 to 2.245e-006)
b = 3.425 (3.186 to 3.663)
c = 5.97 (5.434 to 6.506)

4

R2: 0.9264
a = 2.023e-008 (-9.42e-009 to 4.988e-008)
b=
4.294 (3.998 to 4.59)
c=
7.176 (6.46 to 7.893)

R2: 0.9051
a = 1.191e-008 (-1.45e-008 to 3.832e-008)
b = 4.335 (3.884 to 4.785)
c = 7.637 (6.953 to 8.322)

5

R2: 0.9499
a = 3.183e-009 (4.942e-010 to 5.871e-009)
b = 4.67 (4.5 to 4.841)
c = 6.355 (6.001 to 6.709)

R2: 0.9067
a = 7.027e-008 (-2.463e-008 to 1.652e-007)
b = 3.953 (3.679 to 4.227)
c = 6.285 (5.871 to 6.7)

6

R2: 0.9634
a = 7.155e-008 (2.057e-009 to 1.411e-007)
b = 4.034 (3.837 to 4.231)
c = 6.155 (5.7 to 6.609)

R2: 0.8988
a = 2.357e-007 (-1.782e-008 to 4.893e-007)
b = 3.722 (3.505 to 3.94)
c = 6.278 (5.871 to 6.686)

7

R2: 0.9237
a = 8.394e-009 (-4.949e-009 to 2.174e-008)
b = 4.498 (4.177 to 4.819)
c = 6.449 (5.636 to 7.261)

R2: 0.9051
a = 2.235e-007 (-1.864e-007 to 6.333e-007)
b = 3.716 (3.346 to 4.085)
c = 6.791 (6.117 to 7.464)

8

R2: 0.9391
a = 7.003e-008 (-2.715e-008 to 1.672e-007)
b = 4.043 (3.763 to 4.324)
c = 6.183 (5.477 to 6.89)

R2: 0.9106
a = 8.095e-008 (-5.956e-008 to 2.215e-007)
b = 3.919 (3.566 to 4.271)
c = 6.921 (6.394 to 7.447)

9

R2: 0.9013
a = 2.96e-007 (-5.364e-007 to 1.128e-006)
b = 3.739 (3.166 to 4.312)
c = 6.224 (4.922 to 7.525)

R2: 0.874
a = 2.017e-007 (-3.468e-007 to 7.502e-007)
b = 3.725 (3.174 to 4.275)
c = 6.943 (6.055 to 7.83)

10

R2: 0.8594
a = 1.762e-007 (-6.402e-008 to 4.164e-007)
b = 3.837 (3.559 to 4.114)
c = 6.373 (5.774 to 6.972)

R2: 0.871
a = 5.588e-008 (-3.134e-008 to 1.431e-007)
b = 4.054 (3.737 to 4.372)
c = 6.597 (5.993 to 7.2)

R2: 0.9301

R2: 0.9186

Least squares fit curve equations by cluster for the medial and lateral cortical flare with 95% confidence
intervals (95%CI).
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