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Abstract 
The typical dysplastic hip joint is characterised by maldirection of the acetabulum and femoral neck, 
insufficient coverage of the femoral head focally and globally and erosions of the limbus acetabuli (1). 
An unknown number of persons with hip dysplasia will suffer from pain in hip or groin, decreased hip 
function and development of osteoarthritis at a young age. The Bernese periacetabular osteotomy is 
performed to prevent osteoarthritis in patients with hip dysplasia and has been carried out at Aarhus 
University Hospital, Denmark since 1996 with more than 500 osteotomies performed. Throughout the 
years, research and quality improvement of the treatment has taken place and this PhD thesis is part of 
that process.  
 
The aims of this PhD thesis were to evaluate outcome aspects after periacetabular osteotomy in terms 
of I) estimating the projected loadbearing surface before and after periacetabular osteotomy, II) 
estimating bone density changes in the acetabulum after periacetabular osteotomy, III) developing a 
technique to precisely and efficiently estimate the thickness of the articular cartilage in the hip joint and 
IV) examining the stability of the re-orientated acetabulum after periacetabular osteotomy. 

In study I, we applied a stereologic method based on 3D computed tomography (CT) to estimate the 
projected loadbearing surface in six normal hip joints and in six dysplastic hips. The dysplastic hips 
were CT scanned before and after periacetabular osteotomy. We found that the average area of the 
projected loadbearing surface of the femoral head preoperatively was 7.4 (range 6.5-8.4) cm2 and 
postoperatively 11 (9.8-14.3) cm2. The area of the projected loadbearing surface was increased 
significantly with a mean of 49% (34-70%) postoperatively and thus comparable with the load-bearing 
surface in the normal control group. Double measurements were performed and the error variance of 
the mean was estimated to be 1.6%. The effect of overprojection, on the projected loadbearing surface 
was minimal. Consequently, the stereologic method proved to be precise and unbiased. The study 
indicates that this method is applicable in monitoring the loadbearing area in the hip joint of patients 
undergoing periacetabular osteotomy. 
 
In study II, a method based on CT and 3D design-based sampling principles was used to estimate bone 
density in different regions of the acetabulum. Baseline density was measured within the first seven 
days following periacetabular osteotomy and compared with density two years postoperatively. Double 
measurements were performed on three patients, and the error variance was estimated to be 0.05. Six 
patients with hip dysplasia scheduled for periacetabular osteotomy were consecutively included in the 
study. Bone density increased significantly in the anteromedial quadrant of the acetabulum as well as in 
the posteromedial quadrant between the two time-points. In the anterolateral quadrant bone density 
was unchanged following surgery, and the same was true for the posterolateral quadrant. We suggest 
that the observed increase in bone density medially represents a remodelling response to an altered load 
distribution after periacetabular osteotomy. The described method is a precise tool to estimate bone 
density changes in the acetabulum. 
 
Study III. As periacetabular osteotomy is performed on dysplastic hips to prevent osteoarthritic 
progression, changes in the thickness of the articular cartilage is a central variable to follow over time. 
26 dysplastic hips on 22 females and 4 males were magnetic resonance imaged (MRI) preoperatively. 
The first 13 patients were examined twice, with complete repositioning of the patient and set-up in 
order to obtain an estimate of the precision of the method used. To show the acetabular and femoral 
cartilages separately, an ankle traction device was used during MRI. This device pulled the leg distally 
with a load of 10 kg. The mean thickness of the acetabular cartilage was 1.26 mm, SD 0.04 mm. The 
mean thickness of the femoral cartilage was 1.18 mm, SD 0.06. The precision calculated as the error 
variance was estimated for the thickness of the acetabular cartilage to 0.01 and femoral cartilage 0.02. 
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We suggest that the method can be advantageous for assessing the progression of osteoarthritis in 
dysplastic hips after periacetabular osteotomy. 
 
In study IV, 32 dysplastic hips, 27 females and 5 males were included in the study. Radiostereometric 
examinations (RSA) were done at one week, four weeks, eight weeks and six months. Data are 
presented as mean + SD. Six months postoperatively, the acetabular fragment had migrated 0.7 mm + 
0.8 medially, and 0.7 mm + 0.5 proximally. Mean rotation in adduction was 0.5° + 1.3. In other 
directions, mean migration was below 0.5 mm/°. There was no statistical difference between migration 
8 weeks and 24 weeks postoperatively in translation or rotation. Due to the limited migration, we find 
our postoperative partial weight-bearing regime safe.  
 
In conclusion, the studies in the present PhD thesis indicate that the projected loadbearing area of the 
hip joint increases considerable in patients undergoing periacetabular osteotomy and a method to 
estimate this area was described. Bone density increases in the medial quadrant two years postoperative 
and a method is developed to precisely estimate bone density on CT images. Also a method to precisely 
estimate cartilage thickness was presented and we suggest that the method can be advantageous for 
assessing the progression of osteoarthritis in dysplastic hips after periacetabular osteotomy. Due to the 
very limited migration of the acetabular fragment fixated with two screws, we find our fixation 
sufficient and the postoperative partial weight-bearing regimen safe. 
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 1. Introduction 
 
A growing interest in hip dysplasia and periacetabular osteotomies to restore sound biomechanics of 
the hip joint is emerging (2-6).  
 
Dys is Greek for abnormal and plassein is the Greek term for “to create” or “to form” and 
morphological changes in the anatomy of the hip joint are exactly what hip dysplasia is. The changes 
can be more or less distinct and different imaging modalities are used to diagnose and evaluate the 
severity of hip dysplasia; primarily x-ray recording, but to some degree also computerised tomography 
(CT), magnetic resonance imaging (MRI), ultrasound (UL) and arthroscopy are used. 
 
Untreated hip dysplasia can result in a degenerative process in the joint and eventually secondary 
osteoarthritis in an early age (7). Total hip arthroplasty is not an optimal treatment of these patients 
because younger patients have high frequencies of aseptic loosening of the hip replacement implant and 
thus need for revision surgery (8;9).     
 
The Bernese periacetabular osteotomy was introduced by the Swiss surgeon, Reinhold Ganz and he 
published the first results in 1988 after treatment of seventy five hips (10). The Bernese osteotomy is a 
joint preserving surgical treatment of hip dysplasia that aims to normalise the hip joint anatomy. The 
Bernese periacetabular osteotomy has been performed at the Orthopaedic Department at Aarhus 
University Hospital since 1996. As it is a fairly new treatment, various aspects of the outcome have not 
yet been investigated. Aspects that already have been examined are; postoperative clinical outcome in 
terms of pain reduction (11;12), functional postoperative outcome (12-14), quality of life (12), ability to 
deliver vaginally (15), radiological outcome measures in relation to progression of osteoarthritis (16) 
and assessment of radiologically measured angles (11;17-21). Also different methods have been 
developed to estimate the contact pressure in the dysplastic hip joint (20;22;23), and evaluation of 
walking pattern before and after surgery (24;25) . 

The background for this thesis was the wish to evaluate outcome aspects related to acetabular- 
coverage, bone density and migration. Furthermore, we set out to develop a technique to estimate the 
thickness of the articular cartilage in the hip joint.   
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2. Hip dysplasia 
 
2.1 Pathogenesis of hip dysplasia 
Normally, at birth the femoral head sits deep in the acetabulum held by surface tension of the synovial 
liquid. The growth and the hemispherical morphology of acetabulum are dependent on the presence of 
a normally growing and correctly placed spherical femoral head that works as a convex matrice. If for 
some reason the normal development is disturbed pre- or postnatally, pathologic relations may develop 
between the femoral head and the acetabulum (26), leading to dislocation, subluxation and hip 
dysplasia. Only hip dysplasia is dealt with in this thesis.  
 
Hip dysplasia is multifactorial in origin influenced by genetic and intrauterine factors, such as 
mechanical (rump presentation and oligohydramnios) and hormonal factors (27). To ease the passage 
through the birth canal, the hip joint is quite mobile perinatally. Postnatally, the laxity of the ligaments 
will subside and the femoral head will normally position itself deeply in the acetabulum (1). The theory 
is that if the femoral head does not migrate sufficiently into the acetabulum, dysplasia may develop 
because the matrice to stimulate acetabular growth is not correctly positioned.   
 
Hip dysplasia is more common in females than in males (28). This implies that the factors influencing 
the development of the disease affect girls more than boys. A possible mechanical factor may be that 
twice as many girls than boys are born in rump presentation (1) Rump presentation results in 
hyperflexion and adduction in the hip joint which may stretch the joint capsula.  
 
Another mechanical argument is used in relation to children from African countries where mothers 
carry their babies on the back. In this position, the child’s hip joint is flexed and abducted pushing the 
femoral head deep into the acetabular cavity, and the assumption is that this cultural practise might 
partly explain the low prevalence of hip dysplasia in Africa compared to North America, Europe and 
Japan. In cultures in which where swaddling (hip adducted and extended) is practised, the prevalence of 
hip dysplasia is also high (29).  
 
The precise prevalence of hip dysplasia in adults is unknown but estimated to be 3.4 % in Denmark 
(30), but not all these persons will experience clinical symptoms: pain and decreased function. In most 
instances, hip dysplasia is not diagnosed until adulthood due to no or few clinical symptoms in 
adolescence or due to limited knowledge about the disease among general practioners. The prevalence 
of hip dysplasia varies throughout the literature, depending on the cut-off values applied when 
measuring the CE-angle. Some researchers define a hip dysplastic as a CE-angle < 25 º (31-33) whereas 
others use CE-angle < 20º (30;34). Furthermore, ethnic differences in prevalence exist, such as high 
prevalence in Japan (35;36) and low prevalence in Africa (37). Hip dysplasia is bilateral in 30-40% of the 
cases (30).  
 
 
2.2. Morphological changes 
The dysplastic hip joint has a complex morphology characterised by a wide shallow acetabular cavity 
with an excessively oblique articulating roof. The acetabular cover of the femoral head is globally 
deficient (38;39) and the acetabular rim is hypertrophied possibly due to excessive pull from the often 
hypertrophic labrum. Anteversion is normal (39-41), but occasionally the acetabulum is retroverted 
(42;43).  
The femoral head is usually perfectly rounded; the joint as such is congruent, but the weight-bearing 
area between the acetabular roof and head is reduced. The articular cartilage is significantly thicker than 
normal (44). Hip dysplasia is often associated with increased anteversion of the femoral neck (39;45) 
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and with valgus neck-shaft angle that results in a reduced abductor lever arm (Buly 1991). However the 
deformities vary from individual to individual and retroversion of the femoral neck has also been 
reported in hip dysplasia (46).  
 
 

Figure 1. CT image of right dysplastic hip joint with 
global insufficient coverage of the femoral head and 
increased anteversion of the femoral neck. 

 
 
It seems that the articular cartilage and the fibrocartilaginous labrum adapt to the biomechanical 
demands they are exposed to in the dysplastic hip. Increased load is countered by thicker cartilage, and 
high strain on the labrum is opposed by hypertrophied rim and labrum.  
 
 
2.3. Osteoarthritis as a result of hip dysplasia 
Patients with hip dysplasia are prone to developing osteoarthritis of the hip at a young age (7;35). The 
reasons for this are not fully understood, but an explanation could be that the reduced contact area 
between acetabulum and the femoral head as well as a reduced abductor lever arm increase the load per 
contact-area in the hip joint (38). The increased load is a strain on the articular cartilage and believed to 
result in degeneration of cartilage and eventually osteoarthritis (7;28;47;48).  
 
A complementary theory suggests that a degenerated or damaged labrum initiates cartilage degeneration 
in dysplastic hips (2;49;50). Labral lesions and acetabular rim fractures are results of the overload of the 
acetabular rim (49), and arthroscopic studies show that the labrum often is affected in dysplastic hips 
(2;51), supposedly because of the high strain placed on it due to reduced bony support. Also, cartilage 
degeneration and subchondral cysts generally arise in the anterolateral part of the acetabulum (52;53). 
This theory is plausible and also offers a likely explanation why only some patients with hip dysplasia 
develop osteoarthritis.      
 
In the hip joint biomechanical factors seem to be important in development of osteoarthritis, such as; 
joint incongruence due to developmental or congenital malformations (54), excessive high loads (55-57) 
and subluxation. Subluxation of the hip joint or untreated severe dysplasia will invariably lead to 
osteoarthritis (58), but the rate and the extent of secondary osteoarthritis development in mild to 
moderate hip dysplasia is unknown (50). Aronson (59) argued that up to 50% of the patients with hip 
dysplasia would suffer from osteoarthritis by the end of the fifth decade.  
 
The initial clinical symptoms of osteoarthritis are often vague, but usually present is noncharacteristic 
pain in the groin radiating to the anterior femur and the knee when loading the joint - especially at the 
end of range positions. The walking distance is reduced and some experience locking, snapping, 
weakness or instability of the hip joint (60). When osteoarthritis progresses most patients develop a 
loading triad: pain when a movement is initiated, followed by temporary alleviation, succeeded by 
worsening. The pain is often localized in the groin with pain radiating down the femur and the greater 
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trochanter and possibly down to the knee. The overall hip function of the patients operated on at our 
institution is measured with the Harris Hip Score (61).  
  
The radiological symptoms of osteoarthritis are narrowing of the joint space, increased sclerosis of the 
head and acetabulum, cysts in the head or acetabulum, osteophytes and later loss of sphericity of the 
femoral head. In these studies Tönnis’ classification (62) is used to determine the grade of 
osteoarthritis. A more quantitative method to estimate osteoarthritis is measuring the minimal joint 
space width (63).   
 
 

Figure 2. Radiograph of osteoarthritis in right hip joint 
with moderate loss of sphericity of the head and severe 
narrowing of the joint space. The left hip is normal. 
 
 
 
 
 
 
 
 
 
 

 
 
3. Periacetabular osteotomy   
 
3.1. Advantages of Bernese periacetabular osteotomy  
The purpose of periacetabular osteotomy is to increase acetabular cover of the femoral head and 
thereby distribute pressures better over the available cartilage surface. After age 14-15 years, when the 
triradiate cartilage is closed, the Bernese periacetabular osteotomy provides effective correction of 
residual dysplasia, and the surgical intervention can alter the natural history of hip dysplasia and 
improve hip-joint longevity (64). The joint preserving procedure offers good pain relief in symptomatic 
hip dysplasia (11;12;65), complete or partial healing of cysts (66), and is not associated with higher 
mortality than total hip arthroplasty. Nor is periacetabular osteotomy an impediment for an eventual 
later total hip arthroplasty (60;67).  
 
The advantages of the Bernese osteotomy compared to other pelvic osteotomies are several. The 
posterior column remains intact, conserving the stability of the pelvic ring. Hence the patients are 
allowed partial weight-bearing on the second postoperative day. The osteotomised fragment is fixated 
sufficiently with only two screws (study IV). The shape of the pelvis is minimally changed (68) and the 
majority of patients will be able to deliver a child vaginally (15;60). Because the sacropelvic ligaments 
are not attached to the acetabular fragment, the reorientation potential is large in three dimensions 
(69;70) and there is little doubt that Bernese osteotomy can achieve more correction than other 
techniques used in adult dysplastic patients such as triple innominate.  
 
The triple innominate osteotomy of Steel (71) is performed by transecting the ischial tuberosity in 
addition to performing osteotomies of the pubic ramus and the ileum. Disruption of the posterior 
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column leads to fragment instability, requiring no weight-bearing postoperatively (60). Furthermore, the 
Triple osteotomy has been found to narrow the inlet and outlet of the pelvis (3). 
 
 
3.2. Indications for surgery 
Despite complex and individual morphological changes, diagnosing hip dysplasia is essentially done on 
an anteroposterior (AP) pelvic radiograph. On the basis of a standard supine AP pelvic radiograph, the 
radiologist measures the centre edge angle of Wiberg (58) and the acetabular index angle of Tönnis (62) 
(figure 3). In addition, joint space width is measured and degenerative changes such as cysts, 
osteophytes, sclerosis and fragmentation of the anterolateral acetabular edge are described (45;49). If 
the CE-angle is <25º, another anteroposterior radiograph is recorded, this time with the hip joints in 
25º abduction. This enables the radiologist to evaluate the congruency of the hip joint.  
 
Earlier, the patients also had CT imaging preoperatively to obtain a three-dimensional evaluation of the 
individual morphological features to aid in surgical planning. With the extensive experience of the 
surgeon, this is no longer necessary, but the participants in studies I and II were operated on when 
preoperative CT scanning was standard procedure. Currently, approximately 15% of the patients have 
preoperative CT scan if there is uncertainty about the degree of osteoarthritis anteriorly or posteriorly 
in the joint.   
 

Figure 3. The CE angle and Tönnis’ 
angle are measured on an AP 
radiograph in order to diagnose hip 
dysplasia. Joint space width is 
measured and degenerative changes 
described. 
 
 
 
 
 
 
 
 
 
 

 
If hip dysplasia is radiologically verified, the patient must fulfil the following criteria to be a candidate 
for Bernese periacetabular osteotomy:  
  

• Radiological diagnosed dysplasia (i.e. CE-angle < 25°) 
• Osteoarthritis degree ≤ 2 according to the criteria of Tönnis (table 1) 
• Pain from hip 
• Minimum 110° flexion in the hip and good rotation  
• Closed growth zones in the pelvis 
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Table 1. Progressive degenerative changes in the hip joint (62) 

Grade       Radiographic findings in standing AP radiograph 

0       No signs of osteoarthritis 
1 Increased sclerosis of the head and acetabulum, increased narrowing of the joint 

space, slight lipping at the joint margins 
2 Small cysts in the head or acetabulum, increasing narrowing of the joint space, 

moderate loss of sphericity of the head 
3 Large cysts in the head or acetabulum, severe narrowing or obliteration of the joint 

space, severe deformity of the head. Necrosis 
 
 
 
3.3. Surgical technique  
All periacetabular osteotomies in the patients included in this thesis were performed by the same 
surgeon with a minimally invasive surgical approach called the trans-sartorial approach. Hypotensive 
epidural anaesthesia was used because it reduces the loss of blood and results in a better view in the 
operation field. The incision was made from the anterior superior iliac spine descending 6 cm distally.  
 

Figure 4. Minimally invasive trans-sartorial approach with 
only a 6 cm incision starting from the anterior superior iliac 
spine. 
  
 
 
 
 
 
 
 
 
 
 

The fascia over the sartorius muscle was incised and the lateral femoral cutaneous nerve was exposed 
and was noticeable in the operation field throughout surgery. With this approach the tensor faciae latae 
muscle and the abductor muscles are kept intact and the sartorius muscle is split in fibre direction. The 
pubic bone was osteotomised and under fluoroscopic control the ischial osteotomies and the posterior 
iliac osteotomy were performed.  

Figure 5. The pubic bone was osteotomised. 
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For the latter, an oblique view was used to ensure that the cut was extra-articular and to avoid 
penetration of the posterior column of the acetabulum (72). After the iliac bone was osteotomised, the 
acetabular fragment was repositioned to optimise coverage of the femoral head. This positioning is very 
challenging and clearly the most demanding aspect of the procedure (73). The correction was 
performed by measuring the centre-edge angle and Tönnis’ angle with a specially made measuring 
device peroperative, using the fluoroscope. The aim is a Tönnis’ angle between 0-10º and a centre-edge 
angle of 35º if possible. Intraoperative fluoroscopy assisted in evaluating the acetabular coverage and 
fixation of the two cortical screws inserted in the iliac crest. Before closing the operation field, local 
anaesthesia was infiltrated in the affected muscles and a catheter was placed in the wound to allow 
injection of local anaesthesia directly into the wound during the first twelve hours postoperatively. 
Based on data from the first 120 patients operated with the minimal invasive trans-sartorial approach, 
the mean duration of the operation is an hour and 10 minutes, average blood loss is 200 (150-350) ml, 
and the percentage receiving blood transfusions is 3.4% (74). 
 
 

              
Figure 6. The pubic, ichial and iliac osteotomy viewed from the inside of the pelvis and seen from the 
outside. Note that the posterior column remains intact.  
 
An additional intertrochanteric osteotomy to improve joint congruency is occasionally necessary but 
such patients were not included in this project.  
 
In spite of suspicion of labral tear, the capsule is not opened for inspection. The rationale is that 
periacetabular osteotomy normalises the distribution of force in the joint and relieves the strain on the 
rim and the labrum and hence alleviates the symptoms. Furthermore, attempts at resuturing the labrum 
may be unsuccessful. If a patient complains of pain postoperatively, MRI with contrast is performed to 
enable visualisation of the labrum and if a labral tear is found, the patient is offered an arthroscopy of 
the hip.   
 
While in hospital (4-5 days) the patients are seen daily by a physiotherapist for active hip range of 
motion exercises. The patients are mobilised 6 hours postoperatively, and on the first day patients are 
allowed 30 kg of weight-bearing and given instructions in maintaining the weight-bearing limit with the 
use of crutches. From the eighth postoperative week, the patients are allowed to full weight-bearing.   
 
After discharge from hospital, the patients are seen for control by the physiotherapist and by the 
surgeon. Control x-ray examinations are performed after 8 weeks, 3, 6 and 10 years. 
 
 
 

Aceta- 
bulum 
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Figure 7. Radiograph before and six months after periacetabular osteotomy. Preoperatively, insufficient 
coverage of the femoral head as well as an oblique acetabular roof is seen. Postoperatively, the femoral 
head is covered by the acetabulum and the acetabular roof is horizontal.  
 
 
3.4. Potential complications 
Periacetabular osteotomy is a technically demanding procedure, and the complication rate is initially 
high (10;69;75) but drops markedly with experience (76). With a steep learning curve, it is clear that the 
potential complications are numerous.  The complications are not equally severe, and divided into 
major and moderate they are the following: 
  

• Major: Intraarticular osteotomy, major nerve injury, deep vein thrombosis, arterial thrombosis, 
infection in joint, major haemorrhage, reflex sympathetic dystrophy (76)  

• Moderate: loss of fixation, pubic or iliac non-union, excessive lateral or anterior correction 
leading to impingement, heterotopic ossification, haematoma, lateral femoral cutaneous nerve 
dysaesthesias (38;73;76;77). 

 
Dysaesthesias of the lateral femoral cutaneous nerve happen fairly frequently at our institution, and 
they are hardly considered a complication but rather an expected event after the operation because the 
nerve is stretched during surgery. The patients are informed preoperatively about the nerve numbness 
on the lateral thigh, and that the dysaesthesia diminishes in size or disappears with time (76). 
 
Unfavourable outcome is associated with higher age of the patient, moderate to severe osteoarthritis at 
surgery, a labral lesion, less anterior coverage correction, overcorrection and a suboptimal angle of 
Tönnis (69). 
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4. Aims of studies 
 
The aims of this thesis were:  
 
Study I: Estimate the area of the projected load-bearing surface of the femoral head pre- and 
postoperative by computed tomography and stereology. 
 
Study II: Describe a method to estimate bone density in different regions of the acetabulum based on 
computed tomography and 3D design-based sampling techniques. 
 
Study III: Develop a precise method for estimating the thickness of the articular cartilage in the hip 
joint based on magnetic resonance imaging and stereology.   
 
Study IV: Assess the stability of the reoriented acetabular fragment postoperative by radiostereometric 
analysis. And examine the correlation between the amount of re-orientation measured by change in 
radiographic angles and the migration of the acetabular fragment.  
 
 
5. Methodological considerations  
 
5.1. Material  
The overall purpose was to evaluate periacetabular osteotomy performed in patients with hip dysplasia 
and therefore, it was essential to include a homogeneously sample of patients not confounded by 
competing diseases or syndromes. For that reason, the patients in the four studies were included after 
fairly strict inclusion and exclusion criteria to ensure that the sample of patients only had hip dysplasia. 
The patients were scheduled for Bernese periacetabular osteotomy at Aarhus University Hospital, and 
they were included consecutively according to the inclusion criteria described earlier (p.12).  
 
Exclusion criteria were: 

• Diseases that predispose to hip dysplasia (e.g. Down’s syndrome, Charcot-Marie-Tooth disease, 
Ehlers-Danlos’ syndrome, cerebral paresis, meningomyelocele) 

• Legg-Calvé-Perthes disease 
• Need for a femoral intertrochanteric osteotomy 
• Previous surgery of the hip 
• Non-spherical femoral head 
• Subluxated femoral head (interrupted Shenton’s line > 5 mm) 
• Pregnancy or potential pregnancy  
• Metal implants such as pacemaker  (study III) 
• Age > 20 years (studies I and II) 

 
Nearly all patients receiving the written patient information agreed to participate in the studies. Patients 
with hip dysplasia have often experienced years of contact to doctors and numerous radiographs 
without the correct diagnosis being made. As a result, they are grateful for getting a diagnose and an 
explanation of their hip pain when they are referred to the Orthopaedic Departments. Also, some of 
them have children experiencing similar hip symptoms and all things considered, they are enthusiastic 
about entering research projects about hip dysplasia. Inclusion of patients is thus not difficult; however, 
the researchers have to have an awareness of not exploiting patients’ eagerness to participate in 
research. We had ethical considerations related to asking the patients to participate in the CT studies (I 
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and II) that involved two extra pelvic CT scans. On that account they received an extra radiation dose 
of 8.4 mSv. The patients in studies III and IV apart from the RSA and MRI examinations, also 
accepted DEXA scans, MRI with contrast and ultrasound of the hip. From a research point of view, 
such a battery of examinations on the same patient population is exceptional, but for the patients it is 
time consuming and associated with extra radiation. Naturally, we had permission from the local ethic 
committee, and we discussed the ethical implications and ended up deciding that the results of the 
studies and the potential improvements of the surgery justified asking the patients to participate.    
 
 
5.2. Design of studies 
All four studies were prospective clinical studies designed as a paired design, which means that a 
variable in a group of patients is compared before and after an intervention. Study III so far consists of 
preoperative data only, but it is designed with future follow up examinations. A paired design is a 
strong statistical design because comparing within the same group of patients lowers the biological 
variation of the data. Subsequently, fewer patients need to be included in the study to reach sufficient 
statistical power.  
 
 
5.3. Sample size 
Size of sample in studies I and II was not based on a power calculation. In study I, we expected a 
major increase in projected load-bearing surface and assumed that we needed only a few patients to 
show this increase and test our method. In study II, we did not estimate sample size because the 
purpose of the study was to develop a method.  
 
MRI study (III): This study eventually will consist of two studies: a methodological study (the one 
included in this thesis) and a clinical study with the purpose of examining changes in the thickness of 
the articular cartilage over time. We expected the stereological method to be very precise, and we 
assumed there would not be much biological variation in the data. We expected only minor changes in 
the cartilage thickness over time. Estimation of sample size was made, our assumptions being:  
alpha = 0.05 (two-sided), power = 0.80, minimally relevant difference = 0.05 mm and SD =0.08 mm. 
Estimated required sample size was: n = 21 patients. 
We included 26 patients. 
 
RSA study (IV): We expected only minor migration of the acetabular fragment, but the degree of and 
the direction of migration was difficult to predict, and no similar studies of pelvic osteotomies were 
found in the literature. A conservative estimate of sample size was made using the following 
assumptions:  
alpha = 0.05 (two-sided) and power of the study = 0.80, minimally relevant difference = 0.5 mm and 
SD = 1 mm. The estimated required sample size was n = 32 patients. We aimed to include 35 patients 
but ended up with 32.  
 
 
5.4. Statistics  
Statistical analyses were performed with SPSS 11.0 (Inc. Headquarters, 233 S. Walker Drive Chicago, 
Illinois 60606 USA) software package. In relation to the statistics used, the variables measured in these 
studies were continuous and measured on an interval scale. Normality was assumed after testing data 
for normal distribution. Hence parametric statistical tests were used. The level of significance was 
chosen to be 0.05.  
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CT study (I): The area of the projected loadbearing surface of the patients pre- and postoperatively 
were compared by paired t-test. The area of the projected loadbearing surface of the patients 
postoperatively and the control persons were compared by an unpaired t-test. The correlation between 
the centre-edge angle and the area of the projected loadbearing surface was analysed with Pearson’s 
correlation coefficient. After double measurements the coefficient of error of the mean (CE) was 
estimated for the total area of the projected load-bearing surface (78;79). 
 
CT study (II): The 1 week postoperative measurements were compared with the 2 years postoperative 
measurements using a paired t-test. After double measurements, the coefficient of error of the mean 
(CE) was estimated for bone density in the three zones of the acetabulum. 
 
MRI study (III): The mean thickness and standard deviation (SD) for the acetabular and femoral 
cartilage estimated with the three described methods were presented. The coefficient of variation (CV) 
and the coefficient of error of the mean (CE) were presented for all three methods 
 
RSA study (IV): The difference between migration at 8 weeks and 24 weeks postoperatively was tested 
by a paired t-test. The correlation between the amount of re-orientation measured by change in 
radiographic angles and the migration in all directions of the acetabular fragment was tested by 
Pearson’s coefficient of correlation. The precision was estimated from double examinations on seven 
patients and expressed as the standard deviation and 95% CI for SD in translations and in rotation. 
 
 
5.5. Stereologic methods 
Stereologic methods are used to obtain quantitative information about three dimensional structures 
based on observations from section planes or projections (78). The methods are practical tools based 
on sound mathematical and statistical principles. A major advantage of stereology is that it can be used 
to minimise the workload using sampling and still provide reliable quantitative information about the 
whole structure of interest. Systematic uniformly random sampling in studies II and III ensured that the 
structures of interest were sampled with the same probability.  
 
The design of studies I, II and partly III was based on measurements done on sagittal CT and MR 
images, and therefore the images were not sampled at random. The assumptions when using the 
stereologic principles in studies I, II and III were either to use isotropic images or to deal with a 
spherical structure. Based on radiographs of all included patients, we assumed that the femoral heads 
were spherical.  
 
  
5.6. Computed tomography (CT)  
CT enables three-dimensional visualisation of the complex morphological changes in the dysplastic hip 
joint and is often used as a supplement to x-ray recording. Other advantages with CT are good tissue 
differentiation and no geometric distortion meaning that the form and geometric dimensions of 
structures in a CT image remain unchanged (no tissue deformation). The disadvantage of CT is the 
relatively high radiation dose. CT imaging is associated with a negative biological effect and it is 
estimated that fifty Danes each year will die of radiation-induced cancer that can be traced back to an 
earlier CT scan. In Denmark, radiologic procedures are assumed to induce 125 incidences of deadly 
cancer a year (80). 
 
In CT imaging, the x-ray tube and detector rows rotate around the patient. The x-ray tube transmits 
radiation through the patient and the attenuation of the radiation is registered by rows of detectors. By 
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comparing the attenuation in the tissue columns within a section, the absorption in each voxel is 
estimated. The CT value is defined as the absorption in specific tissues in relation to water x 1000, and 
the value is stated in Hounsfield-units (HU). Every voxel in a CT section is given a CT value that 
numerically corresponds to the absorption that has occurred, and this value is directly readable on the 
screen by a mouse-click on the desired pixel. 
 
In studies I and II, a multislice CT scanner (Marconi Mx8000) was used. Spiral multislice 4 x 2.5 mm 
CT sections, increment 1.6 mm were performed with a pitch of 0.875 (120 kV, 150 mAs, imaging 
matrix was 512 x 512, field of view 400 x 400 mm, standard algorithm). Scan data were transferred to a 
Marconi Mx View workstation and reconstructed. The patients were positioned supine on the scanning 
table with a 4 cm pillow between the knees and both legs in neutral rotation.  
 
As with other imaging modalities, CT images are subject to various artefacts. An artefact is any 
structure or CT value that cannot directly be traced back to the scanned object. Metal artefacts typically 
show up as black or white streaks on the images. The cortical screws fixating the acetabular fragment 
did result in artefacts but not to a serious extent probably because they were made of titanium (figure 
8). Motion artefacts too, posed no problem possibly because scanning time was only approximately two 
minutes.  
 

Figure 8. Sagittal CT image of hip joint after Bernese 
periacetabular osteotomy. The cortical screws fixating the 
acetabular fragment only resulted in minor artefacts 
probably because they were made of titanium which is 
known to cause few metallic artefacts. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Partial volume effects – over- or underprojection arises when tissues of different origins enter the same 
voxel. The absorption value associated with a voxel and later with a pixel is a mean value for the entire 
voxel. The bigger the voxel, the greater is the risk of obtaining unfortunate mixtures of tissues and 
subsequent risk of getting false CT values in the reconstructed CT image (80). The problem cannot be 
avoided altogether, but be minimised by the use of thinner sections and we chose to scan with thin 
sections and thereby reduce the potential problem of false CT values in study II.  
 
To investigate whether the estimation of the load-bearing surface in study I was affected by 
overprojection, an object of measurable dimensions was scanned with scan parameters identical to 
those applied to the patients. We found an overestimation of approximately 3.8% on the projected 
load-bearing surface due to the overprojection when the estimation was based on 2.5 mm CT images. 
However, we considered this error due to overprojection too small to be clinically relevant. 
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5.6.1. Measuring projected load-bearing surface 
In study I, the pelvis of the patients was CT scanned before and one week after periacetabular 
osteotomy in order to compare the load-bearing surface pre- and postoperatively.  
 
The CT images of the hip joint were reformatted in order to view them as sagittal images through the 
joint. A system of co-ordinates with an x-axis and a y-axis provided exact information on the position 
of the cursor on the reformatted CT images. The images were viewed and it was noted on which image 
the femoral head came into view and on which image the femoral head disappeared. Thereafter the 
number of images displaying the femoral head was determined and the central image could be 
identified.  
 
 

  
 

 
 

  
 

 
 
Figure 9a. The x-value (in the 
system of co-ordinates) for the 
anterior edge and the posterior 
edge of the femoral head on the 
central slice was noted after 
which the diameter and the 
central point of the femoral head 
could be determined.  

 
 
 
Figures 9b and 9c. The central 
point of the femoral head is 
defined at the position presented 
in figure 9a with an exact x-value 
on all images. On the following 
sagittal images, the x-value for 
the projected acetabular margin 
on the femoral head anteriorly 
and posteriorly was noted, and 
the horizontal distance to these 
two points was measured. This 
patient has large cysts in the 
acetabulum and one in the 
femoral head and has 
osteoarthritis degree 2. 
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The measured distances were added, half the maximum diameter of the femoral head subtracted and 
multiplied by the section thickness. In this way, the distances contributed to the load-bearing area could 
be divided into four quadrants.  
 
 
 

Figure 10. For the purposes of the study, the acetabulum was 
divided into four quadrants based on the central point of the 
femoral head illustrated by an axial CT image of the top of the 
femoral head. The spot that lights up to the right is an artefact 
caused by an inserted screw.  
 
 
 
 
 

 
 
The area of a quadrant (am) was estimated by this equation: 
A(am) = ( ∑ Δ(am)  - ½ D)t 
A = area, Δ = ⏐x(anterior) – x(central point)⏐, D = maximum diameter and t = section thickness. 
The area of the projected load-bearing surface was divided into four quadrants to obtain detailed 
information on acetabular coverage of the femoral head. 
 
Normal values for the projected load-bearing surface were obtained from 6 control persons, 4 females 
and 2 males without hip dysplasia. The mean age of the control group was 52 (27-77) years. The 
persons with normal hip joints were older than the patients with hip dysplasia. The mean radius of the 
femoral head was 2.2 cm for both groups. The control persons had an acetabular or pelvic fracture 
requiring CT scanning. The acquired CT data from the normal hip joints were used in this study to 
compare the load-bearing surface of the patients and the control persons. 
 
5.6.2. Estimation of bone density on CT 
An early sign of osteoarthritis secondary to hip dysplasia is a laterally triangular sclerosis in the 
acetabular roof (81). The sclerosis represents new bone apposition in response to increased pressure to 
the lateral acetabular rim. Some researchers have found decreased subchondral sclerosis in the 
periarticular bone after periacetabular osteotomy (38), and for this reason bone density in the 
acetabulum was investigated immediate after and compared with bone density 2 years after 
periacetabular osteotomy (study II).    
 
The CT images of the hip joint were reformatted in order to view them as sagittal sections through the 
joint and the acetabulum was divided into four quadrants exactly as in study I. The objective of dividing 
the acetabulum into four quadrants was to obtain detailed information on bone density in different 
regions of the acetabulum using systematic uniformly random sampling. Sections medial to those in 
which the femoral head was visible were not used for measuring because those sections include the 
acetabular fossa where an adaptive response in acetabular bone density would not appear. Also, it was a 
way of defining the medial limit of the acetabulum.   
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In this way, CT values of the three zones of the acetabulum on all sagittal images were collected and a 
mean CT value for three zones in four quadrants was estimated postoperatively and 2 years after 
surgery. A data set of about 500 measurements for each acetabulum was collected at each time interval.  
 
The CT scanner was calibrated against air on a weekly basis and against water four times a year. Every 6 
months, a reference phantom was used to calibrate the CT number linearity in order to compensate for 
any potential drift in CT numbers with time. Based on this procedure, we are quite confident that the 
longitudinal stability of the CT values from this scanner are acceptable over the period of the study.  
 
A place for improvement in this study would be to decide on a consistent method of determining the 
joint boundary, for instance 1 mm above the boundary on the images. The rapid change in CT value 
across a boundary from cartilage to subchondral cortical bone will influence the measured bone density 
in zone 1 due to partial volume averaging. Sometimes the appearance of the boundary was blurred, 
making it difficult to determine whether a point in the counting grid was in or out.  
 
 
5.7. Magnetic Resonance Imaging (MRI)  
In study III the patients were MR scanned preoperatively and also 1 and 2½ years postoperative. The 
examinations were performed on a 1.5 tesla MRI scanner (Siemens, Erlangen, Germany) using a body 
array surface coil. MRI coils act as transmitter coils of the radiofrequency field and/or receiver coils. 
The radiofrequency pulse excites the protons and the surface coil receives the resultant signal. The 
body array surface coil is a receiver coil. It is only used to receive the signal coming from the tissue 
nearby (82). This makes it possible to achieve the optimum balance between the largest possible field of 
view and the highest possible spatial resolution. A fat-suppressed three-dimensional fast low angle shot 
(FLASH) sequence was obtained. FLASH is a T1 weighted gradient echo sequence. This sequence 
allows thin slices and a 3-D data set. This visualizes the articular cartilage with a high signal and high 
contrast. The imaging matrix was 256 x 256, field of view 220 x 220 mm with a section thickness of 1.5 
mm. The time between two pulse sequences (TR) and the time between the radio frequency pulse and 
the echo (TE) determine how the resulting image is weighted, as T1-weighted or T2 –weighted. In study 
III the TR/TE was 60.0/11.0 ms.  The flip-angle was 50º and the time of acquisition was 9.38 min. 
Articular cartilage has high signal intensity (white) in this sequence. 
 
To show the acetabular and femoral cartilages separately, an ankle traction device was used during MRI. 
This device pulled the leg distally with a load of 10 kg. Applying 10 kg of traction will separate the 
femoral and acetabular cartilage sufficiently in a person with little muscle tissue around the hip, whereas 
the same load has a smaller separating effect on a heavier person with well-developed muscles. Had we 
applied heavier traction in some of the patients, it would have facilitated separating the surfaces in all 

Figure 11. At first, the acetabulum was divided into three 
zones: The most joint-close 4 mm was defined as zone 1, 
the next 4 mm (above 4 to 8 mm) was defined as zone 2 
and the next 12 mm (above 8 to 20 mm) was defined as 
zone 3. Secondly, a point counting grid with squares of 4 x 
4 mm was placed on each CT image. Thirdly, where a 
point in the counting grid hit one of the zones in 
acetabulum, CT values were registered (red points). Points 
in cysts, osteophytes and screw were excluded. 
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patients. Obviously, applying 10 kg of traction on all patients was planned as a standardisation of the 
examination procedure, but had we graduated the load of the traction, it would not have given rise to 
any bias because the purpose of the traction was merely to facilitate measuring femoral and acetabular 
cartilage separately. Another consideration is that the traction must not be too heavy because 10 
minutes of application is uncomfortable for the patients. Otherwise, they may not come back for the 
follow-up MRI. Optimally, we should have started out with a pilot study graduating the load of traction 
on persons of various body shapes to test how much load is required to separate the femoral and 
acetabular cartilage in dissimilarly built persons. 
 
Another factor limiting the effect of the traction is that we used an ankle traction device that when 
applied will separate not only the hip joint but also the knee joint. It is reasonably to expect that the 
effect of traction would have improved by using a traction device applied proximal to the knee joint. 
However, such a device is difficult to construct in a way that avoids the device sliding of the knee joint 
when the load is applied, hence we ended up using traction applied to the ankle. 
 

Figure 12. MRI and traction device that pulled the leg distally 
with a load of 10 kg. 
 
 
 
 
 
 
 
 
 
 
 
 

Error due to human judgement and limited contrast in the images is almost always a factor in 
morphological studies (83). We made the decision not to adjust the contrast of the MR images because 
this may change the appearance (and possibly size) of the cartilage affecting the validity of the 
measurements. If adjusting the contrast would help visualize the cartilage, we would have to make sure 
to make similar adjustments from one image to another, and this is quite difficult. 
 
Occasionally, it was difficult to identify the interface between femoral and acetabular cartilage, although 
traction was used during MRI to separate the acetabular and femoral cartilages (Figure 13). To account 
for this the observer practised the three different methods before performing the actual and recorded 
measures in order to become experienced in making similar judgements in all images. Naturally, this 
will be harder to deal with if the methods were to be used clinically with more than one person 
measuring the cartilage thickness. 
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Figure 13. Sagittal MR image. In this patient it was difficult 
to separate the acetabular and femoral cartilage even though 
traction was applied. 
 
 
 
 
 
 
 
 
 
 
 
 

 
MR images are subject to artefacts resulting from acquisition or data handling problems or from 
processes within the patient. Artefacts related to the patient include motion artefacts, chemical shift 
artefacts and magnetic material effects. 
 
Motion results in blurring of image details. The blurring associated with motion is generally slight and 
occurs in the direction of the motion (84). We did not experience real problems with motion artefacts 
in study III although it is not easy to lie still for nearly 10 minutes, but the traction device might have 
helped in maintaining the lower extremity in the same position during imaging.  
 
The term “chemical shift” is used to describe the variation in resonant (Larmor) frequency that results 
from differences in molecular environments. The relative shift in resonant frequency is caused by slight 
non-uniformity in the local magnetic field.  This phenomenon becomes a factor when imaging at fat-
water interfaces. These two substances have different resonant frequencies, and when an image is 
reconstructed, water and fat are displaced about 5 pixels width (84). This is avoided by using fat 
suppression which eliminates this phenomenon.  
 
MR images are extremely sensitive to distortions in magnetic field homogeneity. The magnetic field can 
be locally distorted by implants, such as hip prostheses and surgical wires. The effect is a geometric 
distortion of the image that is often larger than the size of the object causing the distortion (84). We 
investigated whether metallic artefacts from the screws inserted in the pelvis at periacetabular 
osteotomy posed a potential problem for the methods used. There were only minor artefacts from the 
titanium screws, and these were in the iliac bone and did not interfere with the measurements of 
cartilage thickness. 
 
MR images can be seriously distorted by field inhomogeneity.  We MR imaged a phantom with the 
same scan protocol as used for the patients. The images of the phantom were measured to assess 
whether the measured distances agreed with the geometric dimensions of the phantom. We found that 
the measured distances on the MR images were nearly 6% longer than the actual distances on the 
phantom. This was a very disturbing result, because it meant that our measurements of cartilage could 
be up to 6% overestimated compared to the actual thickness of cartilage. Then we consulted a MR 
physicist for advice, and he did a thorough test with a MRI phantom to verify the spatial resolution and 
the geometry and found that it was perfect. After having confirmed the validity of the measurements of 
cartilage thickness on our MR images, we called in the same group of patients for MR imaging 1 and 
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2½ years after surgery to investigate whether the cartilage thickness changes after Bernese osteotomy. 
We do not have the results of this study yet.  
 
 

 
 
 
5.7.1. Estimating cartilage thickness 
Three different stereologic methods to measure the thickness of cartilage were tested and evaluated for 
precision and efficiency. We opened the MR images and measured the cartilage thickness in software 
(Grain 32, Dimac and KT Algorithms) designed for stereological purposes. The measurements were 
performed manually by one person without knowledge of clinical data or results of other examinations. 
The interface between femoral and acetabular cartilage was identified as a result of the traction device 
used during MRI. The interface between cartilage and bone was easy to discriminate in most images.   
 
 
 
 
  

 
Figure 15. Method 1: On the sagittal images of the hip joint, 
every third image per series was sampled which added up to 
four to five images. In the software, a user-specified grid of 
approximately 15 vertical test lines was selected and 
superimposed on the images, and where the test lines 
intercepted the cartilage, the orthogonal distance through the 
cartilage was manually measured. The approximately 60-80 
measured distances were summed, and the mean thickness of 
the acetabular and femoral cartilage was calculated (85).  
 
 
 
 
 
 

   
 

Figure 14. Linear measurement on MR 
image of MRI phantom performed to verify 
the geometry on objects on MR images. 
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Figure 16. Method 2: On the sagittal images of the hip joint, 
every third image per series was sampled which added up to 
four to five images. A grid of approximately 15 vertical test 
lines was selected and superimposed on the images, and 
where the test lines intercepted the cartilage, the distance 
following the direction of the test line through the cartilage 
was manually measured. The approximately 60-80 measured 
distances were summed (86), and the mean thickness of the 
acetabular and femoral cartilage was calculated.  
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Figures 17a-d. Method 3: Four reconstructed images through the centre of the femoral head were used. 
This consisted of a sagittal, a coronal and two images placed 45° between coronal and sagittal. On each 
of the four images, a grid of 15-20 radial test lines was selected and superimposed on the images, and 
where the test lines intercepted the cartilage, the orthogonal distance through the cartilage was manually 
measured. The approximately 60-80 measured distances were summed, and the mean thickness of the 
acetabular and femoral cartilage was calculated.   
 
 
5.8. Radiostereometric analysis (RSA)  
In study IV the patients were examined by RSA. The use of radiographs to evaluate whether a bony 
fragment or prosthesis migrates from its initial position underestimates the migration, and therefore 
RSA should be used for this purpose (87). RSA is a very precise and reproducible method investigation 
(88-92) used to describe movement between two sets of rigid bodies, defined with the help of x-ray-
opaque tantalum markers, one set of markers constituting a fixed point (93;94). 
During surgery, tantalum markers were inserted into the acetabular fragment (five 1 mm markers were 
spread well apart) and five markers (0.8 mm) were inserted into the illiac bone above the fragment. At 
the beginning of the study, the markers in the iliac bone were inserted fairly close to each other. But 
later we realized that this was not optimal, and the markers were inserted further apart. When the 
markers are positioned too close to each other, the estimation of especially rotation is less reliable.  
 

Figure 18. Radiograph with bone markers. The position of the 
markers affect the estimation of migration. The markers shall 
not be positioned closely.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The analysis of migration was done by stereo radiographs taken with the use of two fixed x-ray tubes 
with a 40 degree angle between them positioned above the patient’s hip. The patient was positioned 
supine on the examining table, and a calibration box (Carbon Box Aarhus, MEDIS, Netherlands) 
placed underneath created a 3D coordinate system of the tantalum markers. The calibration box 
consists of two defined sets of tantalum markers – fiducials and controls and before examination, two 
x-ray films are placed under the calibration box.  In this set-up, the patient’s hip was exposed to the two 
simultaneously firing x-ray tubes (150 microSv, 96 kV and 13 mAs). 
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Figure 19. The RSA set-up with the patient positioned 
supine on the examining table and a calibration box 
underneath creating a 3D coordinate system of tantalum 
markers. 
 
 
 
 
 
 
 
 
 
 

At Aarhus University Hospital, the stereo-x-ray system is digitalized, which means that the digitalized 
radiographs can be used directly in the analysis program. In this way, the lessening of quality that results 
when radiographs are printed in hard copy and then digitalized by inscanning is avoided. The digital 
radiographs (Fuji FCR AC – 3CS/ID) were obtained and the DICOM files were evaluated by RSA-
CMS (MEDIS, Leiden, the Netherlands). With this software package, the changes in the position of the 
acetabular markers in relation to the iliac markers are calculated. At least three acetabular and three iliac 
markers are necessary to obtain a rigid body of the acetabular fragment and the iliac bone between 
which the migration is calculated. Because we inserted five markers in the acetabular fragment and five 
markers in the iliac bone, we did not encounter problems with detecting sufficient markers to calculate 
the migration of the acetabular fragment. 
 
 
 

Figure 20. The markers in the illiac bone and the 
markers in the acetabular fragment are detected 
and connected on the two radiographs in the 
RSA-CMS software package. The RSA image 
consists of two image halves on which the same 
object can be seen but at different angles. 
 
 
 
 
 
 
 
 

 
One week after surgery, the first stereo radiograph was taken, and the initial position of the acetabular 
fragment was determined in relation to fixed points in the iliac bone. Follow-up radiostereometric 
examinations were done at 4 weeks, 8 weeks and 6 months. Based on the follow-up examinations, the 
software allows a precise calculation of the translatoric and rotatoric migration of the acetabular 
fragment in the x-, y-, and z-axes. Migration of the acetabular fragment is expressed as translation and 
rotation of the centre of gravity of the markers inserted into the acetabular fragment. Figure 21 
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represents the pelvis and the position of the coordinate system and the direction of positive translations 
and rotations. 

 
 
Figure 21. The pelvis and axes 
of rotation and translation of 
the acetabular fragment (shaded 
area). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To calculate the precision of the RSA method, double examinations of the first seven patients were 
performed within a time interval of 10-15 minutes at the 6 month follow up. The patients were asked 
to step down from the examination table, and x-ray tubes, calibration box and table were repositioned. 
In this short time interval, no movement of the acetabular fragment should occur with respect to the 
iliac bone.  
 
One limitation of this study is that the patients were mobilized the second day after surgery, and 
theoretically the acetabular fragment could have migrated from the position achieved at surgery before 
the first stereo radiograph was taken. Therefore the total migration of the acetabular fragment may be 
underestimated in this study. 
 
Another limitation is that on some of the radiographs, some markers were barely visible, hidden behind 
one or two screws. In those instances, the markers had to be detected manually. This could take quite 
some time but more critical was that the detection of the correct centre of the markers was encumbered 
with greater uncertainty and thus could affect the estimation of migration. However, the software 
enables manual control of marker detection and connection-lines, and consequently incorrect 
positioning of a marker should be discovered and corrected.  
 
 
5.9. Measuring angles on radiographs  
X-ray recording is the primary imaging modalities used to diagnose hip dysplasia by measuring the 
centre-edge angle, the anterior centre-edge angle and Tönnis’ angle. Initially, at our institution an 
anteroposterior pelvic radiograph is taken with the patient supine on the examining table and the lower 
extremities fixed in internal rotation with the use of a wedge-shaped pillow. Internal rotation 
compensates for the anteversion of the femoral neck, and if the patient externally rotated during 
recording, the measurement of the neck-shaft angle would result in an increased angle. 
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In study IV, we hypothesised that the acetabuli that underwent the highest amount of re-orientation 
evaluated by centre-edge angle of Wiberg (58) and the acetabular index of Tönnis (62) measured pre- 
and postoperatively also were the acetabuli that migrated most postoperatively. The centre-edge angle 
assesses the superior coverage of the acetabulum (58), and Tönnis’ angle evaluates the orientation of 
the acetabular roof (62) (figure 22).  
 
The centre-edge angle is obtained by drawing a vertical line through the femoral head perpendicular to 
the horizontal line extending through the centre of both femoral heads. A line is then drawn from the 
centre of the femoral head to the most superolateral point of the acetabulum (95). A centre-edge angle 
of less than 20º is clearly dysplastic, and a centre-edge angle above 25° is normal (58). Some researchers 
define center-edge angles between 20-25º borderline dysplastic (50). This is a delicate issue because the 
centre-edge angle is used as a measure for deciding whether to offer the patient a periacetabular 
osteotomy, and not infrequently the centre-edge angle is exactly between 20-25º. At our institution 
centre-edge angles below 25° are defined as dysplastic. Measured on CT images, normal value for the 
centre-edge angle is 41º (SD 7º) giving a normal range (+ 2SD) of 27 - 55º (96).  
 
Tönnis’ angle is formed by a line parallel to the inter-teardropline and a line from the lateral point to 
the medial point of the weight-bearing portion of the acetabulum. We chose, however, to replace the 
inter-teardropline with an inter-ischial tuberosity line because the position of the teardrop changes after 
Bernese periacetabular osteotomy. According to Tönnis, normal values for Tönnis angle are below 10° 
(62), but other report normal values of 10 + 2º (28). Tallroth et al. also found the upper normal value 
to be 12º measured on CT images (96). As hip dysplasia is often bilateral, the angles should be 
measures for both hip joints on the radiograph. 
 
 

 
Figure 22. The center-edge (CE) 
angle and Tönnis’ angle is measured 
on an AP radiograph 
 
 
 
 
 
 
 
 
 
 
 
 

 
When the patient is positioned on the examining table, it is important to avoid rotations and inclination 
or reclination of the pelvis because this affects the measurement of the centre-edge angle and Tönnis’ 
angle (97). Jacobsen et al. (97) observed a significant effect of varying rotation and 
incination/reclination on the centre-edge angle in a radiographic cadaver pelvis study. Tönnis reported 
that when the pelvis is rotated, the Tönnis’ angle on the side to which the pelvis it is turned decreases, 
whereas the angle on the opposite side increases. If the pelvis is brought into increased inclination, the 
Tönnis’ angle decreases and on reclination, increases (98).   
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According to Anda (99) pelvic inclination in standing and supine pelvic radiographs varies only 
insignificantly. Also measurements of joint space width of the hip on standing and supine radiographs 
are concordant (100). But at present, standing radiographs are regarded as superior in assessing hip 
dysplasia and osteoarthritis because they give the most accurate representation of the femoral head and 
joint space width in the weight-bearing position(95). Had we been aware of that when we designed the 
studies, we would have used standing radiographs instead of supine.   
 
A limitation of the measurements in study IV was that double measurements were not made, and thus 
we do not know whether the measurements were reliable. Other researchers have evaluated the 
reliability of the centre-edge angle and Tönnis’ angle measured on AP radiographs and found the 
centre-edge angle to be reliable in the intraobserver comparisons but not in interobserver comparisons. 
Tönnis’ angle was reliable according to both intra- and interobserver analysies (101).  
 
However, Troelsen made double measurements on radiographs of the centre-edge angle and Tönnis’ 
angle in 20 dysplastic patients to investigate the intraobserver variation. An intraobserver measurement 
of the centre-edge angle had to be given a range of + 6º in order to be 95% confident of including the 
true measurement. Intraobserver variation for Tönnis’ angle had a range of + 5º (submitted data).  
 
The difference in the values recorded when measuring angles probably occurs because of difficulty in 
defining the landmarks used in making these measurements. The lateral margin of the acetabulum in 
the dysplastic hip is often rounded rather than coming to a sharply well-defined point. The centre of 
the femoral head should not be difficult to define in a spherical head; however, our experience is that 
different observers define it slightly differently.  
 
 
5.10. Precision  
In research with measurements of a quantity the question arises: Will the observer obtain the same 
value at a second measurement under identical conditions? The analysis of this can be performed in 
different ways, and the result is called repeatability, reproducibility, intra-observer variation or precision, 
the latter term is used in this thesis. Precision is defined as the closeness of agreement between repeated 
independent test results obtained under stipulated conditions (102). To estimate the precision of the 
applied methods, double measurements were performed on the same CT images in studies I and II. In 
studies III double MRI examinations with complete repositioning of the patient and set-up were done. 
After measuring twice, the coefficient of variation (CV) and the coefficient of error of the mean (CE) 
were estimated. First, the variance was calculated as the sum of differences between first and second 
measurement, divided by number of measurements: 
VAR = ∑d2 / number of measurements 
Then the coefficient of error of the mean was calculated as: 
CV = SD/mean 
And the coefficient of error of the mean was calculated as: 
CE = SEM/mean 
 
Stereology and CT in study I  To calculate the precision of the method used to estimate the 
projected load-bearing surface, the same person performed double measurements on the same CT 
images from two patients. CV was 0.09. CE was 0.02.  
 
Stereology and CT in study II. The precision of the method to quantify bone density of the 
acetabulum was estimated by performing double measurements of the same scan data by the same 
operator on three patients. The CV ranged between 0.11-0.19. The CE was 0.05.  
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Stereology and MRI. The precision of the three methods quantifying the thickness of the acetabular 
and femoral cartilage was estimated by performing double measurements on images of 13 patients in 
whom the MRI procedure had been repeated within a few minutes after complete repositioning of the 
patient and set-up. The double measurements showed that the CV ranged between 0.05-0.11 and the 
CE ranged between 0.01-0.03.  
 
RSA. The first seven patients were examined twice, (before and after complete repositioning of the 
patient and set-up) in order to obtain an estimate of precision of the method used. When the 
radiostereometric method is used, it gives no meaning to calculate the CV and CE because the data for 
translation and rotation are negative as well as positive, and this results in a mean that potentially is 
zero. Instead the measurement precision is expressed as the standard deviation and 95% CI for SD in 
translations and in rotation (see table 2).  
 
Table 2. The precision estimated from seven double RSA examinations 
                     Translation Rotation 
n = 7 medial proximal posterior anterior tilt internal rotation adduction 
SD 0.54 0.37 0.58 0.51 0.47 0.56 
95% CI for SD 0.35 – 1.2 0.24 – 0.82 0.38 – 1.29 0.33 – 1.11 0.31 – 1.04 0.36 – 1.24
 
Angles measured on radiographs. These evidently should have been double-measured in study IV in 
which angles were measured to investigate whether the measurements were precise.  
 
 
5.10.1. The relation between CV and CE. 
The precision of an estimate depends on the methods used and the objects investigated (78). If the 
biological variance of a variable is great, the CV (SD/mean) is affected and thus high. CV includes the 
biological variation, CV(bio), and error variance of the method (CE). The following relation exists: CV2 
= CV2 (bio) + CE2. Ideally, a study is designed such that CE2/CV2 ∼ 0.2 – 0.5, because the CE will 
then only have a limited influence on the total variation (CV) (78). Hence, in addition to calculating the 
observed total variation of a variable, it should also be determined if the variation stems primarily from 
the method (e.g. a stereologic procedure) or from the biological variation of the measured variable.  
 
This can be done by calculating the coefficient of error of the mean (CE = SEM/mean), which is an 
estimate of the variation of the method. Knowing the CE, one can also identify the influence of the 
method on the total variation. This is relevant information because it indicates whether the precision of 
a certain method will gain considerably by measuring more, i.e. collecting more data, or whether this is 
a waste of time because the majority of the observed variation is due to biological variation. In that case 
the method will not be much more precise despite the use of much more time. Conversely, the CE of a 
method can tell whether measuring fewer points can reduce the time needed to use the method.  
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6. Results 
To clearly address the aims of the four studies, the findings of the studies are presented separately. 
 
6.1. Area of the projected load-bearing surface of the femoral head pre- and postoperative 
After periacetabular osteotomy, the area was increased by a mean of 49% (35-70%), p<0.001. The 
average area of the projected loadbearing surface of the femoral head preoperatively (7.4 cm2) was 
significantly smaller than the same area postoperatively (11 cm2) and significantly smaller than the 
average of the normal hip joints (11.8 cm2) (Figure 23).  
 
 

 
  
Figure 23. Each patient is represented 
with a dot postoperatively and each 
control person with a square. The group 
mean of the area of the quadrants is 
shown by a bar. 
 
 
 
 
 
 
 
 
 
 
 

 
The average area of the projected load-bearing surface of dysplastic hip joints postoperatively was 
comparable with the load-bearing surface area in the normal control group. The same was true for the 
quadrants, apart from the area of the posterolateral quadrant, which was smaller (p = 0.001) than the 
same area in the control group (Figure 24). 
 
This method to estimate the projected load-bearing surface took approximately 45 minutes to carry out 
per hip. 
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Figure 24. Each patient is indicated by a 
dot postoperatively and each control 
persons by a square. The group mean of 
the area of the quadrants is shown by a 
bar.  

 
 
 
 
 
 
 
 
 
 
 

 
6.2. Bone density in different regions of the acetabulum 
Two years after periacetabular osteotomy, bone density in zone 1 in the anteromedial quadrants was 
increased from a mean CT value of 673 [0.14] (506 – 764) mean [CV] (min – max) to a mean of 716 
[0.11] (577 – 792), p = 0.025 and density in the posteromedial quadrants increased from a mean CT 
value of 643 [0.18] (476 - 784) to a mean of 709 [0.19] (526 – 896), p = 0.006.  
In zone 1, bone density in the anterolateral quadrants was unchanged with a mean CT value of 748 
[0.10] (649 - 854) following the operation and a mean of 718 [0.16] (565 - 894), p = 0.394 two years 
later. The same was true for the posterolateral quadrants, in which bone density had an initial CT value 
of 812 [0.12] (683 - 975), and two years later it was 789 [0.14] (687 - 957), p = 0.472 (Figure 25). 
None of the changes in bone density in zones 2 and 3, two years after periacetabular osteotomy, were 
statistically significant. 
 
This method to estimate bone density took approximately 5 hours to carry out per hip. After double 
measurements of bone density were performed, the coefficient of error of the mean was estimated to 
0.05. The coefficient of error of the mean was 0.06 and 0.07 on the basis of registering the CT value at 
every second or third cross in the grid.  
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Figure 25. Bone density in zone 1 of the medial and lateral quadrants of the acetabulum just after 
periacetabular osteotomy and 2 years postoperative. Three patients had a preoperative degree 2 
osteoarthritis, and they are marked with a black dot. The other three patients had a preoperative degree 
0 osteoarthritis and are represented with a white dot. 
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6.3. Thickness of the articular cartilage in the hip joint  
The mean thickness of the acetabular and femoral cartilage estimated with the three described methods 
is shown in table 3. The observed total variation was highest for method 2, making it the least precise 
method of the three. Methods 1 and 3 do equally well in relation to total variation and error variance. 
The two methods are quite similar, but the estimates in method 1 are based on sagittal images, whereas 
the measurements in method 3 are performed on centre images.  All three methods took 15-20 minutes 
per hip to carry out.  
 
The effect on error variance of method 3 if fewer measurements are sampled is shown in figure 26.  
 
  
 Acetabular cartilage           Femoral cartilage 
Method Thickness (mm) SD (mm) CV CE Method Thickness (mm) SD (mm) CV CE
1 1.15 0.05 0.05 0.01 1 1.22 0.06 0.05 0.01
2 1.46 0.17 0.11 0.03 2 1.78 0.20 0.11 0.03
3 1.26 0.04 0.03 0.01 3 1.18 0.06 0.05 0.02
 
Table 3. Thickness of acetabular and femoral cartilage, standard deviation (SD), coefficient of variation 
(CV) and coeffient of error of the mean (CE) 
 
 
 

 
 
Figure 26. The effect on error 
variance (CE) of method 3 when 
sampling fewer measurements. The 
graph shows the effect on CE when 
reducing the overall time consumed 
by method 3.  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
6.4. Stability of the reoriented acetabular fragment 
After radiostereometric examinations were initiated, no included patients were excluded from the study, 
but one patient did not attend the final examination.  
In figure 27 and figure 28 the translation and the rotation over time are shown. Tested by paired t-test, 
there was no statistically significant difference between migration 8 weeks and 24 weeks postoperatively 
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in translation or rotation (p-values ranging between 0.08 to 0.44). Our measurement precision 
expressed as the maximum standard deviation in translations was 0.58 mm and 0.56° in rotation. 
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Figure 27. Mean translation + SD over time. 
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Figure 28. Mean rotation + SD over time. 
 
 
6.5. Change in radiographic angles 
A radiographic evaluation undertaken on preoperative and postoperative radiographs of the 32 hips is 
given in table 5. Tested by Pearson’s coefficient of correlation, there is no correlation between the 
amount of re-orientation measured by change in radiographic angles and the migration in all directions 
of the acetabular fragment (p = 0.16 to 0.85).  
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Table 5. Radiographic evaluation on preoperative and postoperative radiographs in 32 hips 

Parameter  Preoperative  Postoperative Change 

Tönnis angle ° (range)  17 (7 to 39)  2 (- 4 to 10)  -15 

Wiberg angle ° (range) 13 (- 27 to 25) 32 (20 to 40)  19 

   

 
7. Discussion 
The aim of this Ph.D. thesis was to evaluate outcome aspects after Bernese periacetabular osteotomy, 
and the methods used and results of the four papers will be discussed in relation to relevant literature.  
 
7.1. Area of the projected load-bearing surface of the femoral head pre- and postoperative 
For the patients included in this study, the projected loadbearing surface was increased by an average of 
49% postoperatively. The correlation between the centre-edge angle postoperatively and the increase of 
the projected load-bearing area was not significant, possibly because of the small number of patients 
included in the present study. Larger studies must clarify whether a correlation between the two exists. 
 
The effect of periacetabular osteotomy on the loadbearing surface can be evaluated by the described 
method, which is simple to learn and easy to perform. The method is unbiased and based on double 
measurements, the precision is high. Furthermore, if the estimated projected loadbearing surface is 
based on every second instead of every sagittal reformatted CT image, the time consumed by the 
method can be reduced to approximately 25 minutes per hip without loss of high precision. 
The group of patients and the group of control persons differed with regard to age and gender. 
However, the mean radius of the femoral head was 2.2 cm for both groups which justifies comparing 
the area of the projected load-bearing surface for the normal hip joints with the dysplastic hip joints 
postoperatively. 
 
Hip dysplasia implies an oblique acetabular roof that covers the femoral head insufficiently. This results 
in a smaller articulating surface between the femoral head and the acetabulum and causes increased 
contact pressures. Pressure can be thought of as the stress generated over a surface by a distributed 
force (103). In order to minimize contact pressures, the distributed forces must be reduced or the part 
of the articular surface transferring the forces must be increased. The area of the projected load-bearing 
surface is directly related to the level of contact pressure, and consequently contact pressures for the six 
patients included in this study was reduced after periacetabular osteotomy. 
 
Studies have shown that contact pressures in dysplastic hip joints are higher than in normal hips 
(22;104). The present study shows that the average area of the projected load-bearing surface 
postoperatively (11 cm2) was close to the average area of the projected load-bearing surface for the 
normal hips (11.8 cm2). Theoretically, this means that contact pressures in dysplastic hip joints 
postoperatively are at a level comparable to contact pressures for the normal hip joints. However, it is 
an unproven hypothesis that reducing contact pressure on cartilage will slow or prevent additional joint 
degeneration. Furthermore, irreparable damage to the cartilage may have happened at the time 
periacetabular osteotomy was performed in these patients. Therefore it can-not be concluded that the 
degenerative changes in the hip joint have stopped or decreased after periacetabular osteotomy. 
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The area of the posterolateral quadrant in the group of dysplastic hip joints was smaller than the same 
area in the group of normal hips. This finding supports the findings of Haddad et al. (105) who 
reported that during periacetabular osteotomy, the posterior cover is less well addressed. But what is 
the clinical importance of this is? The contact stress in the human hip is not uniform, and it changes 
with different body positions. The changing location of the peak contact stress during gait may indicate 
predilection sites for further development of osteoarthritis in the hip joint. On the basis of laboratory 
measurements and by using mathematical models of forces and stresses in the human hip, Mavcic et al. 
(56) determined the points of the peak contact stress in successive phases of gait. They found that the 
peak contact stress is mostly located in the posteromedial quadrant of the of the loadbearing area. 
Furthermore, they found that in dysplastic hips the peak contact stress is located more laterally and 
anteriorly. However, the location of peak contact stress was only investigated during gait, whereas 
during rising from chairs, stair climbing and other daily activities the peak contact stress could be 
located differently. 
 
Owing to the strict inclusion criteria for participating in this study, the data for the six patients are 
cleared of hip dysplasia conditioned by other illnesses. Consequently, the data material is optimal in 
terms of examining the effect of periacetabular osteotomy on the projected load-bearing surface on 
dysplastic hip joints. 
 
 
7.2. Bone density in different regions of the acetabulum 
Our study showed that bone density in zone 1 increased significantly in the medial quadrants. If the six 
patients were to be analysed in two subgroups (with or without preoperative osteoarthritis), it would 
appear that bone density in both the lateral quadrants decreased for three patients. However, these 
changes were not statistically significant. Yet, an increase in density medially and decrease laterally is 
consistent with how load is distributed after periacetabular osteotomy, and the (non-significant) 
decrease in the lateral quadrants substantiate the assertion that subchondral sclerosis can be reversed.  
For two patients, bone density decreased in three quadrants, and for one patient, bone density 
increased in all four quadrants, which suggests that subchondral sclerosis was increased and 
osteoarthritis had progressed 2 years after surgery. Common for these three patients were that they all 
had grade 2 osteoarthritis preoperatively, whereas the other three patients had no osteoarthritis 
preoperatively. Bone density in zones 2 and 3 increased for all quadrants except one; however, none of 
the changes were statistically significant. The results for zones 2 and 3 indicate that bone density in the 
acetabulum 8 – 20 mm proximal to the joint is unchanged 2 years after periacetabular osteotomy.  
 
When periacetabular osteotomy is performed, the hip joint is corrected and preserved. By collecting 
prospective bone-remodelling data, we wanted to study how this affected bone density. Schmidt et al. 
(106) studied bone remodelling 1 year after total hip arthroplasty based on CT. At the acetabular level, 
one axial scan was performed and bone density immediately proximal to the press-fit acetabular 
component was decreased, but cortical bone density was increased. This suggests an altered stress 
pattern within the pelvis resulting from implantation of the cup. These findings are in accord with 
those of Wright et al. (107) who found that bone-mineral density in the acetabulum decreased 
significantly 1.3 years after total hip arthroplasty for the treatment of advanced osteoarthritis. The 
decreased bone density found in these studies is probably the effect of stress shielding. This 
phenomenon is not likely after periacetabular osteotomy because no implantation has taken place. 
Trumble et al. (38) reviewed the results of 123 periacetabular osteotomies at an average follow-up of 
4.3 years. Based on evaluation of anteroposterior (AP) radiographs of the pelvis, they found increased 
subchondral sclerosis present in 99 hips preoperatively and in only 15 hips at the latest follow-up.  
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The CT values for zones 2 and 3 show that bone density gradually increase the more joint-close the CT 
value was collected, most likely because bone is exposed to a higher load close to the joint. The results 
for all three zones also showed that the observed total variance (coefficient of variation, CV) on bone 
density in the acetabulum is within relatively small limits. CV includes the biological variation, CV(bio), 
and variation due to the applied method (coefficient of error of the mean, CE). In this study, 
CE2/CV2 = 0.13 when all test points were used, CE2/CV2 = 0.19 when every second test point was 
used, and CE2/CV2 = 0.25 when every third test point was used. Changes in bone density in the 
acetabulum can be estimated by the described method, which is unbiased and precise. If bone density is 
estimated by registering CT values on every second or third cross in the grid, time can be reduced to 
about 2 or 3 hours per hip, respectively. Based on the above-mentioned considerations, we suggest 
using only every third test point.   
   
The hypothesis is that because the dysplastic oblique acetabular roof incompletely covers the femoral 
head, weight-bearing forces are concentrated over a smaller than normal area where the femoral head 
contacts the acetabulum (28). This mechanical situation equates to an increase in the force per unit area 
and results in abnormally high levels of stress and strain. The present study demonstrates that when the 
force per unit area is changed permanently, subchondral bone (zone 1) is remodelled to adapt to these 
changes by increasing bone density medially to withstand the higher load postoperatively and may show 
(for three patients) that bone density laterally is decreased as a result of load taken off the lateral part of 
the acetabulum postoperatively. Wolff’s law has been the basis for adaptive bone remodelling theories 
(108). These theories assume a relation between a local mechanical stimulus and the bone-remodelling 
rate. 
 
For the past two decades, research into the aetiology of osteoarthritis has mainly concentrated on the 
destruction of articular cartilage where damage is clearly visible. The pathological changes occur in all 
elements of the joint, and those in the subchondral trabecular bone may play a primary role in the 
pathogenesis of osteoarthritis (109). Recent investigations have proved that subchondral bone may be 
involved and play a significant role in the cartilage degeneration of osteoarthritis. Subchondral bone 
sclerosis may not be required for initiation of cartilage fibrillation but may be necessary for progression 
of osteoarthritis (110).  
 
There has been a considerable amount of work undertaken in this study to estimate bone density, and it 
is not realistic to spend that amount of time in a clinical setting to evaluate acetabular bone density after 
periacetabular osteotomy. However, the clinical relevance of the study is that subchondral bone density 
increases medially after periacetabular osteotomy as an adaptive response to changed load distribution. 
 
Owing to the strict inclusion criteria for participating in this study, the findings for the six patients are 
not due to hip dysplasia caused by other illnesses. Consequently, the data material is optimal for 
assessing the effect of periacetabular osteotomy on bone density in the acetabulum. Still, more patients 
have to be followed over a longer period of time to asses the clinical implications of these findings 
because the group of six patients is too small and heterogeneous to reveal clear evidence of prospective 
changes in bone density. It is difficult to obtain permission from the ethics committee to CT scan 
patients several times for research purposes only, and we did not wish to include patients younger than 
20 years of age.  
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7.3. Thickness of the articular cartilage in the hip joint  
The three methods (1, 2 and 3) tested in this study were all swift and reproducible, but produced 
different mean cartilage thickness estimates. The stereologic sampling procedure deployed in method 2 
yielded a CV2 twice as high as methods 1 and 3 in the same patients. Precision was equally good in 
methods 1 and 3; but we favour the former because it deploys images obtained through the centre of 
the femoral head, allowing perpendicular cartilage surface intersection. We thereby avoid the potential 
bias (partial volume effect) that may otherwise arise from oblique intersection of the cartilage of the 
femoral head because of its spherical form and the parallel nature of the imaging planes. Partial volume 
effect can be present as over- and underprojection and both phenomena are very difficult to control 
and correct for why the best solution is to use thin sections and thus diminish the problem.  
 
The results for all three methods showed that the observed total variance (coefficient of variation, CV) 
on cartilage thickness is small. In this study, CE2/CV2 = 0.08 for method 1, CE2/CV2 = 0.06 for 
method 2 and CE2/CV2 = 0.08 for method 3. This means that the methodological error variance has 
basically no influence on CV. We also studied the effect on CE at a lower number of measurements to 
test the effect of reducing the overall time consumed by these methods.  
 
Using one half of the measurements for cartilage thickness estimation produced a CE of 0.03. With 1/4 
of the measurements, the CE was 0.05, with 1/8 0.08 and with 1/16 0.11.  
Based on CE, sampling of 1/8 of the measurements (no. approx. 10) will produce an acceptable error 
variance of the method and time consumption will drop to about 5 minutes per hip. However, given 
the heterogeneity of cartilage loss in osteoarthritis caused by hip dysplasia, it is likely that the 
dependency of measurement precision on sampling increases with the severity of disease. It is also 
possible that the relative performance of the three methods varies with the severity, heterogeneity and 
distribution of cartilage loss. As a first step, we have tested these methods for precision. The next move 
is to refine method 3 in order to make it possible to measure cartilage thickness in four quadrants. This 
will enable us to identify the distribution of cartilage loss.  
 
Joint space narrowing in the weight-bearing area is a well-known radiological finding in hip 
osteoarthritis indicative of articular cartilage wear in the weight-bearing area (52). However, the 
threshold of clinical relevance of such narrowing (63) is difficult to establish because it is often 
classified qualitatively (111). Measurements of joint space narrowing provides only an indirect 
measurement of cartilage integrity (112), and a subjective qualitative assessment of joint space 
narrowing is not sufficient for drawing conclusions about cartilage thickness because joint space 
narrowing does not appear before osteoarthritis has progressed as shown by Nishii et al. (113) who 
detected a high prevalence of cartilage abnormalities in 70 dysplastic hips without joint space 
narrowing. For that reason estimating the cartilage thickness by the presented stereologic methods 
based on MRI may be used as a means of early diagnosis of osteoarthritis before the radiographic 
change is evident. MRI and traction can be applied to patients with hip dysplasia to evaluate cartilage 
thickness before deciding to perform a periacetabular osteotomy. If the articular cartilage is shown to 
be obviously thin and irregular on MRI, periacetabular osteotomy can be avoided (114). 
 
In addition, MR imaging and traction can evaluate cartilage abnormalities of the acetabulum and 
femoral head separately. Nishii et al. (115) conducted MRI evaluations in patients with hip dysplasia 
and found that abnormalities of the acetabular cartilage seemed to occur earlier than those of the 
femoral cartilage in general. Hasegawa et al. (111) reported on the basis of MRI that acetabular sclerosis 
preceded femoral head sclerosis in dysplastic hips, and another study disclosed a significant tendency 
for more frequent occurrences of cysts in the acetabulum than in the femoral head (53). This might be 
due to the limited area in which the main load transfer occurs in the acetabular cartilage as compared 
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with the femoral cartilage during gait and climbing of stairs in the patient with hip dysplasia (115). 
Biomechanical analysis of the dysplastic hip joint has shown that the compressive stress is extremely 
high at the anterosuperior portion of the weight-bearing area (116;116). Several clinical studies on 
dysplastic hips support these results by showing that articular cartilage degeneration appears mainly in 
the anterosuperior part of the weight-bearing area of the femoral head and acetabulum 
(52;113;117;118). 
 
Nakanishi et al. measured cartilage thickness of the femoral head with MRI and traction in 10 normal 
volunteers (119). They found the cartilage to be thickest in the central portion around the ligamentum 
teres (mean 2.8 mm). The medial and the lateral portions were almost the same thickness (medial 1.3 
mm, lateral 1.1 mm). Nishii et al. (44) made computational analysis of MR imaging and found average 
cartilage thickness to be significantly greater in dysplastic hips than in normal hips (1.77 mm vs 1.34 
mm). In another study the cartilage thickness of the femoral head in six cadavers was measured using 
different MRI pulse sequences, and in that study the measured mean thickness of the cartilage ranged 
between 1.36 – 1.70 mm (129). These measurements of cartilage thickness are not directly comparable 
with our results, but they seem to be somehow greater than what we found in this study. The cause of 
this discrepancy is not based on chemical-shift because we used fat-suppression which eliminates this 
phenomenon. 
  
Also, we have investigated whether metallic artefacts from the screws inserted in the pelvis at 
periacetabular osteotomy pose a potential problem for these methods. There are only minor artefacts 
from the titanium screws, and these do not interfere with the measurements of cartilage thickness. 
 
Methods 1 and 3 were as precise but we favour method 3 which involves sampling four reconstructed 
images through the centre of the femoral head and using radial test lines, because using this method we 
avoid partial volume effect.  
 
 
7.4. Stability of the reoriented acetabular fragment 
To our knowledge, this is the first paper dealing with RSA in Bernese periacetabular osteotomy. We 
consider RSA to be an objective measure of osteotomy migration and find this important to evaluate 
because of concern about loss of correction and failure of fixation with performing periacetabular 
osteotomies (69). Our data show that 24 weeks postoperatively, the mean translation of the acetabular 
fragment is less than 0.7 mm and the mean rotation less than 0.5° in our patient sample. Because there 
was no statistical difference between migration 8 weeks and 24 weeks postoperatively, we conclude the 
osteotomies were stable eight weeks after surgery. 
 
In a biomechanical study by Babis et al. (120), periacetabular osteotomies were done on six pelves from 
cadavers and fixed randomly with three screws from the iliac crest or with two screws supplemented by 
a transverse screw to the ilium. The pelves were loaded with up to 130 kg in a simulated push-off phase 
of the gait cycle. Displacement of the pubic osteotomy by mean 12.8 mm and 12.5 mm were measured, 
and the authors concluded that neither type of fixation provided enough stability to allow immediate 
weight-bearing after periacetabular osteotomy. However, at our institution patients are only allowed to 
bear a weight of 30 kg until 8 weeks after surgery and our clinical study clearly demonstrates that 
acetabular migration is very limited, although the osteotomies in our study was fixated with only two 
screws.  
 
Yassir et al. (121) tested the stability of Bernese periacetabular osteotomy on eight cadaver hips under 
simulated weight-bearing conditions using three-dimensional analysis of fragment displacement and 
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angular rotation. The mechanical loading approximated partial weight-bearing in an adult. The 
acetabular fragment fixated with two screws from the iliac wing, as in our study, was displaced less than 
1.5 mm and rotated less than 2.5 º. The displacement and angulation found in this biomechanical study 
is higher also than what we found. According to our data, acetabular migration postoperative does not 
constitute a clinical problem in terms of loss of correction or failure of fixation, and consequently we 
find our postoperative partial weight-bearing regime safe.  
 
Radiostereometric measurements of one pelvic osteotomy were performed as early as 1978 (122) with 
the purpose of obtaining information about the position of the acetabulum pre- and postoperatively, 
but this study did not evaluate acetabular migration in the time period after surgery. RSA studies 
estimating migration after fractures have found slightly higher (123;124) or much higher (125;126) 
migration compared to the amount of migration we found.   
 
The precision of RSA in our study calculated from double examinations was not as high as that 
reported by Vrooman et al. (88), who in a RSA study of knee prostheses found the maximum standard 
deviation in translations to be 0.11 mm and 0.24° in rotation. Madanat et al. (102) estimated precision 
of RSA in a fracture model of the distal radius. They reported that under optimal laboratory conditions, 
translations of 200 μm can be measured with a precision of 2-6 μm and rotations of 0.5° can be 
measured with a precision of 0.025-0.096°. The precision for this method applied on patients will be 
lower than under laboratory conditions because it is impossible to position the patient and the x-ray 
tubes in exactly the same way under consecutive radiostereometric examinations. Furthermore the 
optimal distribution of markers is more difficult to obtain in a patient during surgery than in a 
phantom, and in the patient the markers may be loose or hidden behind a screw, reducing the number 
of markers used to estimate migration.     
 
The pre- and postoperatively measured angles in our study correspond well with what other groups 
have found (11;15;28;69). Our hypothesis about a possible correlation between the amount of re-
orientation and the degree of migration of the acetabular fragment failed to be true. In another study, 
we have tested whether a correlation existed between the amount of migration and bone density in the 
acetabulum (Mechlenburg 2006 submitted data). This was not the case and probably, a range of factors 
affect migration of the acetabular fragment after surgery.  
 
 
7.4. A critical view of performing Bernese periacetabular osteotomy 
Although the Bernese periacetabular osteotomy provides effective correction of hip dysplasia, it is 
problematic that we do not know whether some patients would have been better off had the operation 
not been done.   
 
Hip dysplasia is a significant risk factor for the development of osteoarthritis (127), but not everyone 
with radiologically verified hip dysplasia develops osteoarthritis. Given that patients with hip dysplasia 
and hip pain are preferably operated on before osteoarthritis progresses, we will never know whether 
these patients would have developed osteoarthritis. In a longitudinal study comparing 136 controls with 
81 persons with mild or moderate hip dysplasia followed for a decade, Jacobsen et al. did not document 
a tendency for radiological degeneration (128).  
 
From a scientific point of view, a randomised study should be done to investigate whether patients with 
mild or moderate dysplasia are better off not being operated on. Severely dysplastic patients should not 
be included because studies have shown that those patients inevitably will develop osteoarthritis (7;32). 
But the problems with a randomised study are numerous. It could be considered unethical to include 
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patients in a lengthy study when we have a treatment that evidently reduces the pain (11;12;65) and 
possibly increases the longevity of the patient’s own hip. To what treatment should the patients then be 
randomised? - Pain-relieving drugs and physiotherapy are not sufficient when patients have pain 
corresponding to a mean VAS score of 6.7 and moreover have trouble sleeping at night or going to 
work. It is unlikely that a prospective randomised study of the natural history of untreated hip dysplasia 
will ever be conducted, because symptomatic patients are treated with an osteotomy before the onset of 
osteoarthritis, and the natural history is altered by treatment (47).  
 
In line with the principles laid down in Health Care Technology Assessment, the effect of new 
technologies should be assessed before implementing the technology. Yet, neither total hip arthroplasty 
nor total knee arthroplasty has been through randomised controlled trials before being implementing in 
the health services, and no one doubts that they are effective treatments. Therefore, from the clinician’s 
point of view, it would be wrong not to offer Bernese osteotomy to patients with symptomatic hip 
dysplasia.    
 
 
8. Conclusion 
The potential problems associated with total arthroplasty in young adults have underscored the 
importance of preserving rather than replacing the hip. Because the patient’s own hip is a living tissue 
with self-maintenance capabilities, the potential of improving the results after Bernese periacetabular 
osteotomy have not yet been fully exploited. In the coming years, a considerably amount of research 
ought to be invested in the continued evaluation of treatment strategies to ensure development and 
quality of these.  
 
In conclusion, the studies in the present PhD thesis indicate that the projected loadbearing area of the 
hip joint increases considerably in patients undergoing periacetabular osteotomy and a method to 
estimate this area is described. Bone density is increased in the medial quadrants 2 years after surgery 
and a method is developed to precisely estimate bone density on CT images. Also a method to precisely 
estimate cartilage thickness is presented, and we suggest that the method can be advantageous for 
assessing the progression of osteoarthritis in dysplastic hips after periacetabular osteotomy. Because the 
very limited migration of the acetabular fragment after fixation with two screws, we find our fixation 
sufficient and the postoperative partial weight-bearing regimen safe. 
 
A promising perspective with the methods presented in the present studies, especially in study III, is 
that these methods can be used clinically. The method to estimate cartilage thickness is precise, easy to 
perform and takes only 15-20 minutes per hip (can be reduced to 5 minutes per hip). A technician can 
do the measurements and evaluate the progression of osteoarthritis in selected patients.  
 
 
9. Future research 
Currently, we are conducting a study (with more patients than in study II) to examine bone density 
changes in the acetabulum with DEXA after surgery, and also looking into whether there is an 
association between bone density and migration. Also, follow-up examinations of study III is ongoing 
to investigate possible changes in the cartilage thickness over time. A Positron Emission Tomography 
study is taking place to evaluate acetabular perfusion before and after Bernese periacetabular 
osteotomy. Finally, a study is underway to examine the association between a damaged labrum and the 
development/progression of osteoarthritis after the surgical intervention. 
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