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Abstract

Introduction

Hip dysplasia is characterized by an excessively
oblique and shallow acetabulum with insufficient
coverage of the femoral head. It is a known cause
of pain and the development of early osteoarthritis
in young adults. The periacetabular osteotomy is
the joint-preserving treatment of choice in young
adults with symptomatic hip dysplasia. The surgi-
cal aim of this extensive procedure is to reorient
the acetabulum to improve coverage and elimi-
nate the pathological hip joint mechanics. Intra-
operative assessment of the achieved acetabular
reorientation is therefore crucial. The “classic”
surgical approaches for the periacetabular oste-
otomy inflict extensive trauma to the tissues and
some involve detachment of muscles. The type of
surgical approach may affect the occurrence of
complications, duration of surgery, intraoperative
blood loss, transfusion requirements, and length of
hospital stay. The aims of the PhD thesis were I)
to assess the outcome of a new, minimally inva-
sive transsartorial approach for periacetabular
osteotomy; II) to compare the minimally invasive
approach with the previously used “classic” ilioin-
guinal approach; and III) to assess the reliability of
a novel device for intraoperative assessment of the
achieved acetabular reorientation.

Methods

Three studies underly this PhD thesis. In studies
I and II, the experience with the minimally inva-
sive and ilioinguinal approaches was retrospec-
tively assessed by database inquiry and evaluation
of radiographic material. Data regarding patient
demographics, patient history, intraoperative mea-
sures and complications was recorded in a vali-
dated database. Center-edge and acetabular index
angles were measured in preoperative and postop-
erative pelvic radiographs to assess preoperative
dysplasia and the achieved acetabular reorienta-
tion. The well-defined study groups consisted of 94
and 263 periacetabular osteotomies in studies I and
II, respectively. In study III, intraoperative angle
measurements were carried out prospectively in

35 periacetabular osteotomies. The obtained mea-
sures (center-edge and acetabular index angles)
were compared with those of postoperative pelvic
radiographs. Furthermore, a cadaver study was
conducted to evaluate intra- and interobserver vari-
ability of the device and to assess whether pelvic
positioning influenced the variability of measure-
ments. The applied methodology was critically
reviewed.

Results

Study I — The minimally invasive approach had the
following outcome. The mean duration of surgery
was 73 min and the median intraoperative blood
loss was 250 ml. Blood transfusion was required
following 3% of the procedures. There were no
cases of moderate or severe technical and neuro-
vascular complications, and the achieved center-
edge and acetabular index angles suggest that
optimal reorientation can be achieved. Hip joint
survival with total hip arthroplasty as the end point
was 98% at 4.3 years.

Study II — When compared with the outcome
of the ilioinguinal approach, the procedures per-
formed by using the minimally invasive approach
had a statistically significant shorter duration of
surgery, less intraoperative blood loss and hemo-
globin reduction, and fewer transfusion require-
ments. The achieved reorientation was comparable
between groups. There were no cases of moderate
or severe complications in the minimally invasive
group and three cases (3%) of arterial thrombosis
in the ilioinguinal group. At follow-up 4.9 years
after hip joint surgery, survival rates were 97% in
the minimally invasive group and 93% in the ilio-
inguinal group.

Study III — Intraoperatively obtained angle mea-
sures differed less than +5° from measurements on
postoperative pelvic radiographs, and the intra- and
interobserver variability of the device was confined
well within +5°. Positioning did not influence the
variation of angle measurements beyond intraob-
server variability of the device.
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Interpretation

The new minimally invasive transsartorial approach
appears to be a safe technique, allowing optimal
acetabular reorientation, and seems to minimize
tissue trauma. In addition, short-term hip joint sur-
vival rate is encouraging. The outcome compares
favorably with that of the ilioinguinal approach,
and the results support continued use of the mini-
mally invasive approach for periacetabular oste-
otomy. Optimal reorientation of the acetabulum

is crucial in periacetabular osteotomy. The novel
measuring device is a potentially helpful tool for
intraoperative assessment of center-edge and ace-
tabular index angels. It is simple to use and facili-
tates repeated reliable angle measurements during
acetabular reorientation, making intraoperative
radiographs unnecessary. The new, minimally
invasive approach and the novel measuring device
represent important surgical advances in contem-
porary periacetabular osteotomy.
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Introduction

Hip dysplasia in young adults

Etiology

Hip dysplasia is a congenital or early developmen-
tal condition. It exists as an independent condition
with primary development of the dysplastic patho-
morphology. Dysplastic changes also develop sec-
ondary to congenital dislocation of the hip, Legg-
Calvé-Perthes disease, or generalized conditions
with neuromuscular affection, such as cerebral
palsy and Down’s syndrome (1-4). Hip dysplasia
develops due to a mismatch in the normal contain-
ment of the femoral head in the acetabulum. This
mechanism is influenced by bony malformations,
abnormalities in muscular and soft tissue tension
across the hip joint, intrauterine mechanical fac-
tors, and possibly genetic predisposition (1,5-7).

Pathomorphology

Hip dysplasia is initially diagnosed and assessed on
weight-bearing anteroposterior pelvic radiographs
(8). In cases of borderline dysplasia or for preoper-
ative planning, the dysplastic anatomy is assessed
three-dimensionally by CT scanning (9-11). In hip
dysplasia, acetabular and proximal femoral dyspla-
sia coexists. Acetabular dysplasia is characterized
by an excessively oblique and shallow acetabulum
with insufficient coverage of the femoral head later-
ally and anteriorly (Figure 1). The proximal femo-
ral dysplasia shows varying characteristics depend-
ing on the condition. In primary development of
hip dysplasia or following successful reduction of

Figure 1. 3-dimensional reconstruction of the hip joints. Hip
dysplasia is bilateral with pathomorphological characteris-
tics being distinct in the right hip.

congenital hip dislocation, the following charac-
teristics coexist in varying degrees: lateralization
and ovoid shaping of the femoral head, increased
femoral neck anteversion, and increased neck-shaft
angle (1,2,12-14). Childhood Legg-Calvé-Perthes
disease may results in characteristic widening of
the femoral head. Development of hip dysplasia
under influence of a neuromuscular disorder may
result in severe dysplasia with lateral subluxation
of the femoral head or dislocation of the hip joint
(1-4). Sequelae of Legg-Calvé-Perthes disease,
persisting hip dislocation, and neuromuscular dis-
orders will not be dealt with in this thesis.

Radiographic indices and diagnosis

Historically, radiographic indices for description
of the dysplastic pathomorphology have been
developed for conventional anteroposterior pelvic
radiographs. In 1939, Wiberg described in his doc-
toral thesis the center-edge angle, which is still the
most commonly used radiographic parameter in
clinical and epidemiological studies of hip dyspla-
sia (15). The center-edge angle describes the posi-
tion of the femoral head relative to the acetabulum
and is widely accepted for diagnostic purposes
(Figure 2A). A clear-cut definition of certain hip
dysplasia does not exist, and suggested cut-off
values are based on arbitrary grounds with no cor-
relation to the clinical status of patients. However,
in the majority of studies a center-edge angle either
<20° or <25° is chosen, with the latter definition,
or an approximation to it, prevailing in many clini-
cal studies reporting surgical outcome (16-22). In
daily clinical work and in this thesis, a center-edge
angle < 25° defines hip dysplasia. Another widely
adopted radiographic angle measure, describing
the obliquity of the weight-bearing sclerotic zone
of the acetabulum, is the acetabular index of Tonnis
(23) (Figure 2A). These two parameters are not
only used for diagnostic purposes, but are assessed
during reorienting joint-preserving surgery in hip
dysplasia (periacetabular osteotomy) to ascer-
tain whether the intended reorientation has been
achieved (16,24-27). Additionally, the acetabular
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Figure 2A. Part of an anteroposterior pelvic radiograph
showing the right hip with constructed center-edge (CE)
and acetabular index (Al) angles.

version should be assessed as part of preoperative
planning and during surgery to ascertain appro-
priate anteversion after acetabular reorientation
(Figure 2B). Other radiographic parameters have
been described (8,23,28-33) but seem less wide-
spread, at least for diagnostic and surgical purposes
in adult hip dysplasia. Three-dimensional CT scan-
ning allows informative assessment of coverage
deficiencies, the acetabular version, femoral neck
version, and joint degeneration (12-14,34).

Symptoms and the osteoarthritic pathway

The debut of symptoms seems related to soft tissue
overload and/or tearing of the acetabular labrum
caused by increased contact pressures and possible
“shearing” femoroacetabular impingement (35-
40). In classic cases, the symptomatic patient is an
otherwise healthy 20- to 40-year old female. Prior
to debut of symptoms, most patients have an aver-
age level of activity. The most frequent complaint
is of sharp pain located in the groin. Patients may
experience fatigue and limping. Range of motion
in the hip is often normal and may show increased
internal rotation if femoral neck anteversion is
excessive (41,42).

Figure 2B. Part of an anteroposterior pelvic radiograph
showing anteversion of the right acetabulum. The anterior
(dashed line) and posterior (solid line) acetabular rims are
shown.

By using the center-edge angle as a diagnostic
discriminator (either < 20° or < 25°), the estimated
prevalence in Caucasian populations is approxi-
mately 3.5%-5.5% (43-45). Hip dysplasia is rec-
ognized as a risk factor for the development of
osteoarthritis; however, few people develop prema-
ture symptoms and osteoarthritis as young adults
(45,46). Possible mechanisms have been described,
but it remains unclear why some people seem pre-
disposed. An epidemiological estimate from the
Copenhagen City Heart Study cohort shows that
hip dysplasia is approximately equally distributed
between genders (45). However, approximately
75% to 80% of patients undergoing surgery with hip
dysplasia are females (16,17,26,47,48), suggesting
that females are at higher risk of soft tissue over-
load and subsequent development of osteoarthritis.
As shown in studies by Wiberg (15), Cooperman
et al. (49), and others (50,51), severe dysplasia
will in most cases eventually cause osteoarthritis,
whereas moderate and mild dysplasia do not nec-
essarily affect hip joint integrity (46). Research in
recent years has shed light on possible mechanisms
interacting with the dysplastic pathomorphology to
initiate the osteoarthritic pathway. Tearing of the
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acetabular labrum is frequently seen in symptom-
atic patients, in both the absence and presence of
joint degeneration (36-38,40). It can be hypothe-
sized that femoroacetabular impingement results in
repeated micro trauma and tearing of the acetabu-
lar labrum, thereby exposing the watershed zone of
the acetabulum and causing cartilage delamination
(35,52-56). The pathomorphology of hip dyspla-
sia causes increased contact pressures in the joint,
which will further contribute to joint overload and
tearing of the acetabular labrum and adjacent soft
tissue (57-59). At early stages after debut of pain,
conventional radiographic signs of osteoarthritis
are normally absent (40).

Surgical treatment

Until the early 1980s, several reorienting triple
or spherical acetabular osteotomies for treatment
of hip dysplasia had been introduced (23,60,61).
None of these techniques gained popularity as the
obvious joint preserving treatment in young adults
with hip dysplasia. In 1983, a group lead by Pro-
fessor Reinhold Ganz from Bern, Switzerland,
started the development of a new periacetabular
osteotomy for the treatment of hip dysplasia (16).
This technique has become the joint preserving
treatment of choice in young adults with symptom-
atic hip dysplasia (17,20,22,26,27,48,62-66). It is
often referred to as the “Bernese” or “Ganz” peri-
acetabular osteotomy.

The periacetabular osteotomy

In the periacetabular osteotomy, the acetabulum is
reoriented to enhance the coverage of the femoral
head, and the aim is to achieve congruity, to stabi-
lize the hip joint, to medialize the hip joint center,
and to reduce contact pressures (16,62,67,68)
(Figure 3). This will relieve pain, improve func-
tion, and is likely to prevent further overload of the
labrum, cartilage, and soft tissues, thereby delay-
ing or preventing the development of osteoarthritis
(17,20,26,48,63,64). As outlined by Ganz et al.
(16), the periacetabular osteotomy has several
technical advantages compared with existing tech-
niques: the posterior column remains intact leaving
the pelvis stable, allowing partial weight bearing
immediately postoperative and minimal internal

Figure 3. Part of an anteroposterior pelvic radiograph
showing the right hip after periacetabular osteotomy.

fixation; extensive three-dimensional mobilization
of the acetabular fragment is possible; the blood
supply of the acetabulum is unaffected; and the
dimensions of the true pelvis are maintained. In
general, the periacetabular osteotomy is performed
in patients after closure of the triradiate cartilage,
but the exact indications for periacetabular oste-
otomy may differ between institutions. For daily
clinical practice, the following indications have
been developed: 1) symptomatic acetabular dys-
plasia defined by persistent pain; 2) a center-edge
angle of <25°; 3) a congruent hip joint; 4) main-
tained range of motion with hip flexion of >110°
and; 5) preoperative osteoarthritis corresponding
to Tonnis grades 0-1.

Surgical approaches and technique

Since the development of the periacetabular oste-
otomy, several surgical approaches have been
used. Most surgeons prefer the ilioinguinal or
modified Smith-Petersen (iliofemoral) approaches
(18,20,24,63,69) (Figure 4). A short description
of the surgical techniques is given in Appendix
A. These “classic” approaches inflict an extensive
trauma to the tissues, and some involve detachment
of muscles, such as the rectus femoris and sartorius.
The type of surgical approach may affect the occur-
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ASIS

Figure 4. Incisions of the Modified Smith-Petersen (green)
and ilioinguinal (blue) approaches. The anterior superior
iliac spine is marked ASIS.

rence of complications, duration of surgery, intra-
operative blood loss, transfusion requirements, the
ability to obtain an optimal acetabular reorienta-
tion, and the length of hospital stay (20,69,70). The
learning curve associated with the periacetabular
osteotomy is well documented, and technical and
neurovascular complications have been reported
by experienced surgeons (16,26,68-71).

Acetabular reorientation and assisting tools

Achieving an optimal acetabular reorientation is a
cornerstone of the periacetabular osteotomy. Under-
or overcorrection of the acetabulum can cause a
feeling of instability or impingement, respectively
(27,71,72), and negatively influence the joint pre-
serving goals of the procedure (20,64,65). The
aim of the reorientation is to achieve an acetabu-
lar index angle between 0° and 10°, a center-edge
angle between 30° and 40°, and appropriate ace-
tabular anteversion.

Suggested methods for the intraoperative assess-
ment of the acetabular reorientation have inherent
limitations. Angle measures can be assessed by
taking anteroposterior pelvic radiographs during
reorientation of the acetabulum. Several radio-
graphs may be necessary, and the surgeon has to

wait until the radiographs have been developed and
the angles measured. Alternatively, the assessment
can be made by eye by using fluoroscopy, but this
approach is qualitative, and measuring errors are
unknown. Image-guided techniques seemingly
facilitate surgery but without improving acetabular
correction, and they are relatively expensive (73-
76).

Outcomes of surgery

Studies reporting the outcome of periacetabular
osteotomy often represent heterogenic patient
populations in terms of diagnosis, severity of
dysplasia, preoperative osteoarthritis, simultane-
ous surgical procedures, and duration of follow-
up (17-20,22,26,48,62-65,77-81). The modified
Smith-Petersen, ilioinguinal, and direct anterior
approaches have been used (17-20,22,26,48,63-
66,70,79).

Parameters such as duration of surgery, intraop-
erative blood loss, and transfusion requirements
reflect the invasive characteristics of the periac-
etabular osteotomy (Table 1). The mean duration
of surgeries are reported to be approximately 3 to
4Y2 hours (18,20,63,65,70) and mean intraopera-
tive blood losses to be approximately 700 to 2300
ml (18,20,26,62,63,65,80). One study reports the
requirement of a mean of four portions of blood
following all procedures (65). Length of hospital
stay is rarely reported; however, approximately 5
to 10 days of admission seem normal (18,63,80).
Moderate and severe neurovascular complications
are most frequently reported to occur at a rate of
approximately 0% to 5% (16-18,20,22,26,48,63,7
7,82). The learning curve related to the occurrence
of complications (16,26,68-70) affects the out-
come in some studies. Periacetabular osteotomy
can in classical terms, be considered and extensive
surgical procedure with a risk of disabling com-
plications.

In most studies, the aim of the reorienta-
tion was achieved with regard to mean postop-
erative center-edge and acetabular index angles
(17,48,62-64,77,79). The short-term hip joint sur-
vival rates are in most studies >90%. Few studies
report medium and long-term hip joint survival
(62,64,65). Recently, a hip joint survival rate of
60.5% has been reported at a mean follow-up of
20.4 years (64). Clinical scores improve following
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periacetabular osteotomy, and there is evidence
that significant improvements last up to 10 years
(65).

Conservative treatment?

Whereas many patients with asymptomatic mild
and moderate hip dysplasia will not develop
osteoarthritis at an early age (46), it remains
unclear whether this is the case in some symptom-
atic patients with persistent hip pain. This lack of
knowledge could potentially lead to the perfor-
mance of unnecessary surgery in marginal cases.
Conservative treatment might then be a treatment
option, but the selection criteria are unknown.
However, when patients with persistent symptoms
are referred, they often suffer moderate or severe
pain which affects daily living, and given the
ability of the periacetabular osteotomy to relieve
pain, improve function, and preserve the joint
(17,20,26,48,63,64), surgery is justified.

Aims of PhD thesis

In the past, periacetabular osteotomy has been
associated with extensive surgical approaches with
potentially severe complications and the absence
of simple, reliable, and validated tools for intraop-
erative assessment of the acetabular reorientation.
This obviously leaves room for advances in the
surgical treatment. A safe surgical procedure with
achievement of optimal acetabular reorientation is
the surgical mainstay of a successful periacetabular
osteotomy.

The overall aim of this PhD thesis was to explore
and validate intraoperative methods for the periac-
etabular osteotomy in order to optimize the surgi-
cal treatment of hip dysplasia in young adults. The
individual studies that make up the PhD thesis had
the following aims:

1L

I1I.

To assess whether a new, minimally invasive
transsartorial approach for periacetabular oste-
otomy is safe, allows optimal acetabular reori-
entation, and minimizes tissue trauma. The
length of hospital stay, duration of surgery,
intraoperative blood loss, hemoglobin reduc-
tion, transfusion requirements, hip joint sur-
vival, complications, and achieved acetabular
reorientation were retrospectively assessed in a
study group of 94 periacetabular osteotomies
by means of a database inquiry (the PAO Data-
base and the Danish Hip Arthroplasty Register)
and the evaluation of radiographic material.

To assess whether the new, minimally invasive
approach produces an outcome similar to that
of the “classic” ilioinguinal approach for the
periacetabular osteotomy. The approaches were
compared with respect to the outcome param-
eters of study I to explore whether the results
supported continued use of the minimally inva-
sive approach. Data were assessed retrospec-
tively by a database inquiry and evaluation of
radiographic material, similar to that in study I,
in a study group of 263 periacetabular osteoto-
mies.

To assess the reliability of a simple, novel mea-
suring device for intraoperative assessment of
the achieved acetabular reorientation, in terms
of center-edge and acetabular index angle mea-
surements. Prospective intraoperative angle
measurements and postoperative pelvic radio-
graphs were made in 35 patients to assess the
reliability of the measuring device. In addi-
tion, a cadaver study was conducted to assess
the intra- and interobserver variability of the
device and to assess the influence of variations
in pelvic positioning on variability of angle
assessment.
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Table 1. Summary of studies reporting duration of surgery, blood loss, transfusion requirements, or length of hospital
stay

Author No. Age Simultaneous Surgical Duration Blood Transfusion %  Length of
(year) hips mean femoral approach 2  of surgery loss of procedures hospital stay
(range) osteotomy mean mean No. port mean
year no. hips (range) (range) (range) (range)
h mL day
Siebenrock 75 29.3 16 MSP 3.5 (2-5) 2000 100% -
(1999) (65) (13-56) (750-4500) 4 (1-11)
Trumble 123 32.9 33 56 MSP 4.5 (-) 800 (-) - -
(1999) (20) (14-54) 67 Il 6.5 (-) 1400 (-) -
Matta 66 33.6 - MSP no fem. osteo. 939 - 7.9
(1999) (18) (19-51) 3.1 (2-5) (400-2000) (4—29)
fem. osteo. 980 =
4.1 (3.2-6) (500-1800)
Davey 70 36.5 - MSP 3.4 (-) - - -
(1999) (70) (16-53)
Pogliacomi 36 35b 0 4 MSP 3.3 (1.8-7) 2300 - -
(2005) (63) (15-55) 3211 (800-6900) (7-10)
Kralj 26 34 - - - 1400 (-) - -
(2005) (62) (18-50)
Peters 83 28 14 MSP - 715 (-) - -
(2006) (26) (25-47)
Atwal 122 23.6 - - - 2191 - 5.3
(2008) (80) (18-28) (1200—4021) (4-8)
Troelsen 94 37 0 MIS 1.2(0.8-2.0) 250P 3% gb
(2008) (1) (14-58) (150-350) © 2 (2-3) (7-9) ©
Troelsen 263 Sk 0 98Il 1.7b 500 ® 18% gb
(2008) (I1) (22-40) © (1.3-2.0) © (350-700) © 2 (1-7) (7-12) ¢
35b 0 165 MIS 1.2b 250k 4% 7Y
(26-44) © (1.0-1.3) ¢ (200-350) © 2(1-3) (6-8) ¢
— Parameter not reported.
2 Approach: Il —ilioinguinal, MIS — minimally invasive, MSP — modified Smith—Petersen
b Median.

¢ Interquartile range.
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Methods: Description and critical considerations

Introduction of new techniques
A new minimally invasive approach

To improve outcome associated with the surgical
approach, a new, minimally invasive transsarto-
rial approach for the periacetabular osteotomy was
developed by the main supervisor, Kjeld Sgballe.
The surgical aim of this new approach was to
minimize tissue trauma and to allow a safe peri-
acetabular osteotomy with optimal reorientation of
the acetabulum. This new approach has been used
at our institution since April 2003. The ilioingui-
nal and modified Smith-Petersen approaches were
used previously in successive time periods.

The patient is placed on a radiolucent operating
room table in the supine position. The placement
of the drapes allows for full mobilization of the
lower extremity on the operated side. Fluoroscopic
evaluation is necessary throughout the operation,
and therefore the pelvis is kept in a neutral posi-
tion in order to avoid excessive tilting or rotation.
The fluoroscopy equipment is positioned to facili-
tate obtaining the anterior-posterior and 60° (false
profile) views.

ASIS

o

Figure 5. Incision of the new minimally invasive transsarto-
rial approach (red line). The anterior superior iliac spine is
marked ASIS.

The skin incision begins at the anterior superior
iliac spine and continues distally along the sartorius
muscle. The length of incision is approximately 7
cm (Figure 5). The fascia is carefully incised, and
the lateral femoral cutaneous nerve isolated and
carefully retracted. To facilitate transverse retrac-
tion of the soft tissues, a semi flexed position of the
hip joint is maintained during performance of the
osteotomies. For this purpose a splint is used. A
periosteal elevator is placed subperiosteally along
the medial aspect of the ilium, starting at the ante-
rior superior iliac spine, and it is advanced until it
lies just below the linea terminalis. The inguinal
ligament is cut at the attachment to the anterior
superior iliac spine, allowing further mobilization
of the soft tissues. The periosteal elevator is then
pushed medially, splitting the sartorius muscle in
the direction of its fibers and the deep fascia of
the muscle is cut. The periosteal elevator is then
replaced with a blunt retractor positioned along the
medial aspect of the ilium to retract the iliopsoas
and the medial part of the split sartorius muscles
medially (Figure 6). At this point the osteotomies
are performed. The time spend on the approach is
approximately 10 minutes. The technique of per-
forming the osteotomies utilizing this approach is
described in full length in the appendix to study I.

A novel measuring device for intraoperative
angle assessment

To implement a simple and reliable technique for
intraoperative assessment of the center-edge and
acetabular index angles during acetabular reorien-
tation, the main supervisor developed a measuring
device (Figure 7). The measuring device has been
utilized during surgery since September 1999 to
facilitate decision making during acetabular reori-
entation, but was not validated until 2007 (I1I).
The measuring device is used under fluoroscopy
in the anteroposterior plane. It is mounted bilater-
ally at the anterior-superior iliac spines, and the
position is secured by inserting small spikes. To
secure alignment of the pelvis for angle measure-
ment, a rod connects the spikes. Adjustable angle
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Figure 6. After dissection, a blunt retractor is positioned
along the medial aspect of the ilium to retract the iliopsoas
and the medial part of the split sartorius muscles medially.
The osteotomies can then be performed.

measuring discs can be mounted on the alignment
rod. Two different angle measuring discs are used:
(1) the disc for acetabular index angle measure-
ment is positioned and adjusted until it is placed
correctly in relation to the most medial and lateral
points of the sclerotic acetabular roof; and (2) the
disc for center-edge angle measurement is posi-
tioned and adjusted until it is placed correctly in
relation to the center of the femoral head and the
most lateral point of the sclerotic acetabular roof
(Figure 8). If fine tuning of the reorientation is
necessary, the measuring discs are easily adjusted
for new assessment of the angle measures. The
version of the acetabulum cannot be measured by
using the device but is equally important and must
be addressed to achieve an appropriate antever-
sion. This is accomplished by identifying the ante-
rior and posterior acetabular rim. With appropriate
anteversion it is observed that 1) the posterior rim
is lateral to the anterior rim and the center of the
femoral head and 2) the anterior rim is medial to
the center of the femoral head (8,26,68,83).

Figure 7. The measuring device is used under fluoroscopy
in the anteroposterior plane. It is mounted bilaterally at the
anterior-superior iliac spines. The position is secured by
inserting small spikes. To secure alignment of the pelvis for
angle measurement, a rod connects the spikes. The mea-
suring device is mounted during surgery with the disc for
center edge-angle measurement.

s BUZG uald

Figure 8. The angle measuring disc for measurement of
the center-edge angle. It is positioned by recognizing the
center of the femoral head and the lateral limit of the scle-
rotic acetabular roof as landmarks (blue arrows). The 0°
mark is labeled. The measured angle in this case is 35°
(yellow arrow).

The PAO Database

Description

The database of periacetabular osteotomies, the
PAO Database, is assigned to the Danish Hip
Arthroplasty Register. All periacetabular oste-
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Table 2. Baseline characteristics of the PAO Database

Period of surgeries No. of Gender distribution Age at surgery (year) Weight at surgery (kg) 2
procedures (% females / % males) median (range) mean (range)
December 1998 — 450 73/27 33.5 (13.2-61.4) 69.9 (29-120)

February 2007

2 n =436; 14 missing values.

otomies performed at Aarhus University Hospital
between December 1998 and February 2007 are
registered in the database. All registered data are
collected prospectively in patient journals and are
then subsequently entered into the database. A total
of 450 periacetabular osteotomies are registered in
the database. Of these, 349 procedures were per-
formed by the main supervisor. Baseline charac-
teristics of the PAO database are given in Table
2. Data regarding age, gender, weight, diagnosis,
hospital length of stay, previous surgery, surgi-
cal approach, method of anesthesia, duration of
surgery, intraoperative blood loss, intraoperative
supplemental surgery, transfusion requirements,
and complications can be assessed in the PAO
database. The occurrence of moderate and severe
neurovascular or technical complications (i.e., an
injury to great vessels or nerves, an arterial throm-
bosis, unintended extension of the osteotomy into
the joint or through the posterior column, or deep
infection) is available in the database. Minor com-
plications (e.g., lateral femoral cutaneous nerve
dysesthesia, delayed union, and heterotopic ossifi-
cation) are not. The PAO Database and the Danish
Hip Arthroplasty Register can be combined to
assess whether patients had subsequent total hip
arthroplasties. Database inquiry was made in stud-
ies I +1II.

Validity of database

To assess the validity of the PAO Database as data
source for future studies, the contents of the data-
base were compared with the contents of patient
files in 122 procedures. All data of being assessed
for validity had previously been entered into the
PAO Database by another observer. The follow-
ing parameters were assessed for errors: diagnosis,
previous surgery (yes/no), correct labeling of pre-
vious surgery, primary surgeon, surgical approach,
method of anesthesia, duration of surgery, intra-

Table 3. Outcome of validity assessment of the PAO
Database showing the proportions of erroneous data
for each parameter

Parameter Proportion of erroneous
data for parameter
Diagnosis 10/122 = 8.2%

5/122=41%
1/122=0.8%
1/122=0.8%

Previous surgery (yes/no)
Correct labeling of previous surgery
Primary surgeon

Surgical approach 0/122 =0%
Method of anesthesia 1/122 =0.8%
Duration of surgery 0/122 = 0%
Intraoperative blood loss 0/122 =0%
Intraoperative supplemental

surgery (yes/no) 0/122 =0%

Correct labeling of intraoperative
supplemental surgery

Transfusion requirements

Occurrence of moderate

1/122=0.8%
3/122 =2.5%

and severe complications (yes/no) 0/122 =0%
Correct labeling of moderate
and severe complications 0/122 =0%

operative blood loss, intraoperative supplemental
surgery (yes/no), correct labeling of intraoperative
supplemental surgery, transfusion requirements,
occurrence of moderate and severe complications
(yes/no), and correct labeling of moderate and
severe complications. The proportions of errone-
ous data in the PAO Database for each parameter
are summarized in Table 3.

For most parameters, the proportion of errone-
ous data is confined within a few percent, making
the database a valid data source. Exceptions are the
parameters of “diagnosis” and “previous surgery
(yes/no),” which show errors in 8.2% and 4.1%
of entered data, respectively. In all cases (n = 10)
of erroneous diagnosis, it had not been noted that
the diagnosis underlying hip dysplasia was con-
genital dislocation of the hip, and previous surgi-
cal attempts had been missed in five cases. These
types of error would not have interfered with cri-
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teria of in- and exclusion of patients in studies I +
II, and based on the otherwise low frequency of
erroneously entered data, the PAO Database can
be considered a valid data source for the present
research purposes. So far, the diagnosis underlying
hip dysplasia or previous surgical attempts have
not been found to be significant prognostic param-
eters of hip joint failure following periacetabular
osteotomy (64). It should however be taken into
consideration that particularly patients with previ-
ous surgical attempts in childhood in many cases
represent cases of severe pathomorphology.

Even though data are collected prospectively and
the purpose of the database is to monitor treatment
outcome, it does not represent a truly prospective
cohort. The main reasons are that data are entered
into the database retrospectively and the exact
research aims were not stated when data collection
was initiated.

Study methods
Study designs

In studies I (case-series) + II (case-control) the
outcome of the minimally invasive and ilioinguinal
approaches were assessed retrospectively by que-
rying the PAO Database, evaluation of radiographic
material, evaluation of hemoglobin values, and
querying the Danish Hip Arthroplasty Register. In
study I, only the outcome of the minimally invasive
approach was assessed, whereas the outcome of the
minimally invasive and the ilioinguinal approaches
were compared in study II. In study III both a pro-
spective intraoperative investigation (case-series)
and a two-observer comparative cadaver study
were performed to evaluate the reliability of the
novel angle measuring device.

In general the collection of data for a retrospec-
tive study is limited by the lack of predefined
criteria of how to enter data. Comparing cases is
influenced by diversity of data presentation, and
data can be missing or incomplete. However, the
presence of a tool for monitoring treatment with
defined parameters of outcome, such as the PAO
Database, may facilitate a more uniform registra-
tion of data in patient files. During the conduct of
studies I + II the majority of outcome parameters
showed a complete dataset. Exceptions were miss-

ing radiographic material, missing hemoglobin
values, and missing weight data, which were not
available in 1% to 5% of periacetabular osteoto-
mies. Data assessed from the radiographic mate-
rial and blood specimens are not registered in the
PAO Database. If all data are prospectively entered
directly into the database, the methodology of
future studies may be strengthened.

The prospective intraoperative measurements of
center-edge and acetabular index angles, carried
out in study III, secure a uniform and complete
registration of data. Intraoperative measurements
of angles performed by a second, blinded observer
could have conveyed interesting information on
the reliability of the novel measuring device in the
intraoperative setting. However, both intra- and
inter-observer variability assessment was per-
formed in a subsequent cadaver study, as outlined
below.

Criteria of in- and exclusion

In studies I + II, the general inclusion criteria were
periacetabular osteotomy performed by the main
supervisor. Applied exclusion criteria in both stud-
ies were: hips with dysplastic changes secondary to
Legg-Calvé-Perthes disease, procedures including
supplemental hip surgery, and procedures not per-
formed by using hypotensive epidural anesthesia.
In study I, all periacetabular osteotomies were per-
formed by using the minimally invasive approach.
In study II, procedures performed by using the
modified Smith-Petersen approach were excluded,
allowing only a group of cases (minimally invasive
approach) and controls (ilioinguinal approach).
Hips with dysplastic changes secondary to
Legg-Calvé-Perthes disease represent a pathomor-
phological and biomechanical condition that is
markedly different from hips with primary devel-
opment of dysplastic changes (79). It remains
unclear whether the challenges associated with
a periacetabular osteotomy in these patients will
affect intraoperative outcome parameters and hip
joint survival following the procedure. Supplemen-
tal hip surgery during a periacetabular osteotomy
ranges from simple hardware removal to trochan-
teric osteotomy. No matter what the extent of the
supplemental procedure, it will potentially affect
duration of surgery, intraoperative blood loss,
hemoglobin reduction, transfusion requirements,
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Table 4. Comparison between study groups of baseline characteristics in study Il.

Parameter llioinguinal approach ~ Minimally invasive approach P-value
(n=98) (n=165)

Age (year); median, interquartile range 31 (22-40) 35 (26—44) 0.05

Weight (kg); mean, 95% confidence interval 69 (66-72) 67 (65-69) 0.2

Gender (% females) 84 0.9

and length of hospital stay (18). A supplemental
trochanteric osteotomy has so far not been shown
to have a significant effect on hip joint survival
(64). Hypotensive epidural anesthesia has shown
the potential to lower intraoperative blood loss
and transfusion requirements in hip replacement
surgery when compared with conventional means
of anesthesia (84,85). It is the preferred method of
anesthesia at our institution for both hip replace-
ment surgery and periacetabular osteotomies.
Given the possible blood sparring effect of hypo-
tensive epidural anesthesia during periacetabular
osteotomy compared with conventional means of
anesthesia, procedures not performed using this
method were excluded.

Following exclusions, the study group in study
I consisted of 94 periacetabular osteotomies, and
in study II the study groups consisted of 98 (ilio-
inguinal approach) and 165 (minimally invasive
approach) periacetabular osteotomies, respec-
tively. The selected criteria of in- and exclusion
of procedures were chosen to secure well-defined,
none-biased, and homogeneous study groups.
The establishment of such clear criteria is in con-
trast to the diversity represented by other studies
reporting the outcome of periacetabular osteotomy
(18,20,26,65,70).

The prospective intraoperative angle measure-
ments in study III were in all 35 cases performed
by the main supervisor. Patients with dysplastic
changes secondary to Legg-Calvé-Perthes disease
were excluded, and none of the patients had tro-
chanteric osteotomies. Measurements were made
regardless of anesthetic method. The main concern
of this study was to present a group of hip joints
which were homogeneous with respect to the pre-
operative pathomorphology and the anatomy fol-
lowing acetabular reorientation. This was done to
secure standardized conditions for reliability test-
ing of the novel angle measuring device.

Overlap of study groups

Study I reports the initial experience with the mini-
mally invasive approach between April 2003 and
August 2005, and study II reports the total experi-
ence with the ilioinguinal and minimally invasive
approaches between December 1998 and Febru-
ary 2007. Similar in- and exclusion criteria were
applied in both studies, and of the 165 periacetabu-
lar osteotomies performed by using the minimally
invasive approach in study II, data from 94 proce-
dures were reported in study I.

The above-mentioned information was clearly
stated in study II and should be available for future
reviews and meta-analysis exploring outcome of the
periacetabular osteotomy. The subsequent report in
study II of the same data as in study I is appropriate
since the aim of the study had a somewhat different
and comparative nature. Furthermore, the length of
follow-up differs between studies, conveying addi-
tional information regarding hip joint survival.

Baseline characteristics

The baseline characteristics (age, weight, and
gender) of periacetabular osteotomies included in
study II are shown in Table 4. Groups were com-
parable and only the difference in age of 3.6 years
was close to being statistically significant, with
those in the minimally invasive group being older.
Even though an upper age limit has never existed
or been proposed in the literature, a shift towards
also operating on older patients with hip dysplasia
might explain the tendency towards patients seem-
ingly being older at the time of surgery. When the
baseline characteristics in study II are compared
with those of the entire database (Table 2), the
gender distribution is skewed towards a higher pro-
portion of males in the entire database than were
included in study II. The majority (73%) of patients
in the PAO Database with dysplastic changes sec-
ondary to Legg-Calvé-Perthes disease are males.
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Hips with dysplastic changes secondary to Legg-
Calvé-Perthes disease were excluded in the study,
which in part explains the higher proportion of
females. In study III, the study group consisted of
31 females and 4 males with “classic” dysplastic
changes and a median age at surgery of 30 years
(range, 14-57 years).

In the literature, the mean age at surgery varies
from the early 20s to the late 30s, and the proportion
of females undergoing surgery is approximately
75% to 80% (16-20,22,26,48,62,63,66,70,77,79-
81), which in any case makes the baseline char-
acteristics presented above comparable to those in
the literature.

Indications for surgery

The stated indications for performing a periacetab-
ular osteotomy in studies I-III were: 1) symptom-
atic acetabular dysplasia, 2) a center-edge angle of
Wiberg < 25°, 3) a congruent hip joint, 4) main-
tained range of motion, and 5) no or early signs
of osteoarthritis (Tonnis grade 0-1). In addition,
though not stated, the triradiate cartilage should be
closed to avoid alternations in acetabular growth
due to reorientation.

What is symptomatic acetabular dysplasia?
There is no clear definition of this based on
research in the literature. In daily clinical practice
the following is applied: patients should have per-
sistent relevant hip pain for at least 3 to 6 months
prior to surgical intervention. A similar approach is
described in other studies (17,18,48,78). Relevant
hip pain is primarily groin pain, and other causes
of hip-related pain should be diagnosed and treated
before performing a periacetabular osteotomy.
This is especially the case in borderline cases of
acetabular dysplasia and atypical symptoms or pain
patterns. There is no direct evidence that duration
of symptoms or the level of pain preoperatively
affects the outcome of periacetabular osteotomy,
but a low preoperative clinical score, though unad-
justed for the degree of preoperative osteoarthritis,
has proven to be a significant risk factor for conver-
sion to total hip replacement (64).

Is a center-edge angle < 25° the right level?
The literature is characterized by some diversity
with respect to what level of the center-edge angle
indicates periacetabular osteotomy. There are stud-
ies in support of a 25° cut-off level (16-18,77)

and a 20° cut-off level (78), whereas other stud-
ies are without a clear statement of a cut-off level
(20,26,48,62). The preoperative upper limit of the
center-edge angle is reported to be as high as 34°
(48), which approximates normal values for the
center-edge angle. In a population-based setting,
the mean center-edge angle is 35° for both gen-
ders, and the lower limit of + 2 standard deviations
corresponds to 20° (86). Even though, acetabular
dysplasia defined as < 20° was found to be a sig-
nificant predictor of hip osteoarthritis in a popula-
tion-based setting (45), another case-control study
with 10-year follow-up did not show significant
differences in the reduction of joint space width
or in self-reported hip pain when comparing dys-
plastic hips to normal hips (46). The poor corre-
lation between symptoms and center-edge angle
in a population-based setting makes any cut-off
value defining clear pathology somewhat arbitrary.
However, selecting a cut-off limit of 20° or 25°
in symptomatic patients seems appropriate, with
some guarantee that symptoms, rim overload, and
threatening joint degeneration can be attributed to
acetabular dysplasia.

What is a congruent hip joint? Congruency of
the hip joint can be defined as a concentric relation-
ship between the circumferential shapes of bearing
surfaces on the femoral head and the acetabulum.
This is evaluated on a preoperative anteroposterior
pelvic radiograph. An anteroposterior radiograph
of the pelvis with lower extremities abducted and
internally rotated has been suggested by several
authors for further assessment of the joint congru-
ency achievable following acetabular reorientation
(16,18,26,63,78). The abduction view is no longer
recorded at our institution, in part to reduce the
exposition to radiation and in part because it did
not change the indication for surgery. Good joint
congruity has been shown to be associated with
better clinical and radiographic outcome follow-
ing rotational acetabular osteotomy in patients
with severe osteoarthritis (87). Performing joint
preserving surgery in moderate or severe osteoar-
thritic hip joints is, from our point of view how-
ever, not indicated due to the documented asso-
ciation with joint failure (17,18,20,62,64,65,78).
Also following rotational acetabular osteotomy,
aspherical femoral head shape was found to be
associated with poor radiological results (33). Hip
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joint congruity was not measured directly, but loss
of spherical shape might indicate poor congruity.
From a biomechanical point of view, a congruent
hip joint would seem to facilitate impingement-
free range of motion with an even distribution of
load forces, thereby protecting the joint from joint
deterioration.

What is meant by maintained range of motion?
Few studies mention range of motion in the indica-
tions for surgery or report the preoperative range of
motion (18,22,63,65). Hip flexion >100° or 2110°
have been suggested as discriminators (22,63). In
studies I-III, hip flexion >110° and internal rota-
tion of >15° are used as indications for surgery.
Important biomechanical considerations underlie
the selection of these somewhat arbitrary cut-off
values. Because of the biomechanical changes
induced by the acetabular reorientation, hip flexion
and internal rotation may be reduced (65). Slight
reductions in hip flexion and internal rotation are
not likely to cause clinical problems if the preop-
erative values are >110° and >15°, respectively.
If below these cut-off values, patients are at risk
of impingement at hip flexion and forced external
rotation of the lower extremity. However, there
is nothing to support these arguments in terms of
improved functional outcome or hip joint survival.

Why should patients only have osteoarthritis
corresponding to Tonnis grades 0 or 1? Several
studies have documented an association between
preoperative moderate or severe osteoarthritis
(Tonnis grades 2 and 3) and conversion to total hip
replacement following periacetabular osteotomy
(17,18,20,62,64,65,78). An actual risk estimate
with joint failure as endpoint has recently been
reported, showing a hazard ratio of 3.39 per higher
preoperative Tonnis grade (64). Thus, according to
contemporary indications for periacetabular oste-
otomy, only hip joints with Tonnis grades O or 1
should undergo joint preserving surgery. Further
supporting this approach is that the periacetabu-
lar osteotomy has proven more cost-effective
than total hip replacement in dysplastic hips with
osteoarthritis corresponding to Tonnis grade 1. In
contrast, total hip replacement is clearly more cost-
effective in Tonnis grade 3 hips, and the cost-effec-
tiveness of periacetabular osteotomy in Tonnis
grade 2 hips is doubtful (88). In the early days of
the periacetabular osteotomy its limitations were

not yet explored and exact indications for surgery
were unknown. Even though the intended indica-
tion for surgery included Tonnis grades 0 and 1,
some patients may have had higher preoperative
grades during the early period of performing the
periacetabular osteotomy at our institution.

Validity of clinical outcome parameters

Duration of surgery was measured from the start of
the skin incision to the completion of the skin clo-
sure. This interval is relevant in terms of expressing
the duration of surgical trauma inflicted on the tis-
sues. There was a clear tendency for the number of
minutes spent on each operation to be round up or
down to match the nearest “5-minute” marker. As
there is no protocol for the procedure of rounding
values up or down, the “true” duration of surgery is
thought to differ between 0 to 5 minutes from the
reported value.

Intraoperative blood loss was estimated on the
basis of the volume of blood in the suction bottles
and swaps in the operating room. Visual estima-
tion of blood loss has in general been shown to
be unreliable (89,90). At the low levels of intra-
operative blood loss reported in studies I + II, the
estimated external blood loss is most likely over-
estimated (89,90). The reported amount of intra-
operative blood loss for each periacetabular oste-
otomy tends to be round up or down to the nearest
“50-ml” marker. This is likely to introduce error to
reported values, but, as mentioned earlier, estimat-
ing blood loss in the clinical setting has consider-
able inherent errors. In addition to the recognized
intraoperative blood loss, a considerable hidden
blood loss has been recognized in other hip-related
surgery (91,92). The reduction in hemoglobin was
also calculated in studies I + II to shed more light
on the magnitude of the total blood loss. Reduc-
tion in hemoglobin was calculated from the pre-
operative value and from the first available value
on the first or second postoperative day. The true
endpoint when assessing blood loss in otherwise
healthy young patients is the need for allogenic
blood transfusion. Transfusion requirements were
calculated as the total number of intraoperatively
and postoperatively administered SAGM units.
In general, the indications for blood transfusion
follow national guidelines, but given the retro-
spective design, there was no specific protocol for



Acta Orthopaedica (Suppl 332) 2009; 80

19

prescription of transfusions related to the studies.
In general, postoperative blood transfusion was
prescribed on the basis of clinical symptoms of
anemia assessed by the surgeon in attendance.

Length of hospital stay was calculated from the
day before surgery to the day of discharge (study I)
or from the day of surgery to the day of discharge
(study II). This difference is of course unfortu-
nate, but knowing the difference in definitions,
comparison is fairly easy. The two definitions are
considered to be equally valid since patients were
always admitted to the department 1 day before
periacetabular osteotomy. In general, the patients
were discharged when they were able to walk with
crutches (normal walking and stair climbing),
ensuring partial weight bearing on the operated
side. Again, there was no prospective protocol to
secure standardized criteria for patient discharge in
studies I + II.

Validity of radiographic evaluation

All patients had preoperative and postoperative
supine anteroposterior pelvic radiographs taken
routinely. The center-edge angle of Wiberg (15)
and the acetabular index angle of Tonnis (23) were
measured for assessment of the preoperative degree
of hip dysplasia and the achieved acetabular reori-
entation (Figure 2a). Excessive pelvic rotation is
known to distort values for the center-edge angle
beyond inherent measuring errors, and the foramen
obturator index of Tonnis was assessed to exclude
excessively rotated pelvises, defined by values out-
side the interval 0.7 to 1.8 (93). The same observer
made all measurements on both preoperative and
postoperative radiographs.

The center-edge and acetabular index angle are
commonly used to characterize the anatomy of
hip dysplasia (10-12,14,15,23). They give a good,
well-understood and accepted description of the
two-dimensional properties of hip dysplasia. The
equally important properties of the acetabular ver-
sion are not described or quantified in the present
radiographic material, but only assessed during
surgery by identification of the anterior and poste-
rior acetabular rims securing appropriate antever-
sion (8,26,68,83,94) (Figure 2b).

Pelvic radiographs in the present material
are all recorded with the patient supine. Radio-
graphic parameters of hip dysplasia, such as the

center-edge and acetabular index angles, are not
affected beyond inherent measuring errors when
the patient is repositioned between the supine and
weight-bearing positions (8). Only pelvic tilt and
the appearance of acetabular version changes upon
repositioning, and assessing the center edge and
acetabular index angles on either supine or weight-
bearing radiographs does not therefore introduce
risk of misinterpretation (8,95). The protocol for
preoperative evaluation has recently been changed
and is now made on weight-bearing anteroposte-
rior pelvic radiographs (8).

There is an inherent variability of angle measure-
ments on assessment on conventional radiographs.
In study III, the magnitude of this variability is
assessed for the center-edge and acetabular index
angles by performing double measurements on
postoperative pelvic radiographs. Standard devia-
tions were *#2.0° and *1.7° for the center-edge
and acetabular index angles, respectively, thereby
confining 95% of repeated measurements well
within +5°. These values are confirmed in another
report by the same author and are comparable to
what is reported in the literature (8,93,96,97). By
using conventional radiographs for assessment of
the center-edge and acetabular index angles, the
inherent problems adding to variability are: 1)
identification of the center of the femoral head, 2)
identification of the medial and lateral limits of the
sclerotic acetabular roof, and 3) construction of the
line of reference.

Analysis of hip joint survival

Hip joint survival was analyzed in studies I and
II by means of displaying the Kaplan-Meier esti-
mates. For the Kaplan-Meier estimate, the exact
follow-up time or time to failure is used to express
the cumulative survival probability (98). The
method is widely applied and accepted for survival
analysis, though only used in a few other studies
reporting outcome of periacetabular osteotomy
(17,26,64).

By combining data in the PAO Database and the
Danish Hip Arthroplasty Register, it is possible
to assess whether a periacetabular osteotomy and
later a total hip arthroplasty, the endpoint of the hip
joint survival analysis, have been carried out in the
same patient. The Danish Hip Arthroplasty Regis-
ter is a validated and reliable tool for this assess-
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ment (99). Foreign patients who had a periacetab-
ular osteotomy at our institution were excluded
from survival analysis, because only patients who
have subsequently had total hip arthroplasties in
Danish hospitals are available in the Danish Hip
Arthroplasty Register.

The cumulative probability of hip joint survival
with the use of conversion to total hip arthroplasty
as endpoint is only in part descriptive of surgi-
cal success. Despite a joint preserving periac-
etabular osteotomy, some patients will experience
development of end-stage osteoarthritis and pain,
which eventually leads to conversion to total hip
arthroplasty. Therefore clinical scores and detec-
tion of progressive osteoarthritis should be men-
tioned as clinically relevant endpoints.

Interference of learning curve, accumulated
surgical experience, and general developments

The periacetabular osteotomies included in study
II were performed between December 1998 and
February 2007, and the ilioinguinal and minimally
invasive approaches were used in sequential time
periods. During this period of more than 8 years,
the main supervisor accumulated great experi-
ence with respect to every aspect of performing
the periacetabular osteotomy. It is likely that this
accumulation of experience will positively influ-
ence the outcomes of the most recently performed
procedures. Furthermore, there is a documented
learning curve related to performing periacetabular
osteotomy (16,26,68-70), which may negatively
influence the outcomes of the first procedures.
This may skew the comparison of the approaches,
making the outcome of the ilioinguinal approach
appear less favorable. Accordingly, interpreta-
tions should be and are made with precaution. In
study I, the periacetabular osteotomies included
were performed between April 2003 and August
2005 using the minimally invasive approach. No
particular learning curve for the main supervisor
was identified when assessing the relationship
between the number of procedures performed
and the duration of surgery, thereby implying that
a steady state of the learning curve had already
been reached.

When data have been collected over a period
of more than 8 years and assessment of outcome
parameters are made retrospectively, it is likely

that general developments of clinical practice in
the department will introduce bias to the results.
It is difficult to quantify the exact importance of
these developments and the bias they introduce.
The best example is perhaps the general efforts
to fast track the course of hospital stay in hip and
knee arthroplasty surgery (100,101). This has espe-
cially increased focus on treatment of pain, early
mobilization and discharge procedures, with pos-
sible impact on patients undergoing periacetabular
osteotomy because they are admitted to the same
department.

Validity of methods for validation of the novel
measuring device

To investigate the reliability of the novel measuring
device in study III, a cadaver study was performed
in addition to the prospective clinical trial. The aim
of the cadaver study was to assess the intra- and
interobserver variability of the novel measuring
device and to evaluate the effect of pelvic tilt or
rotation on measurement of the center-edge and
acetabular index angles. Work with and handling
of the cadaver specimen was done in conformity
with ethical principles of research, and prior to
death the individual had given written consent to
use of the body for research purposes. The female
cadaver specimen was partial and consisted of the
pelvis, hips, thighs, and knees with intact skin and
soft tissues. Initially, the spikes and the alignment
rod of the measuring device were mounted. The
position of the pelvis was then adjusted until it
was in a neutral position. This was confirmed by
achieving a foramen obturator index of 1.0 and
a distance between the pubic symphysis and the
sacrococcygeal joint of 4 cm on an anteroposterior
pelvic radiograph (the tube was oriented perpen-
dicular to the table and the tube to film distance
was 110 cm, resulting in a magnification of 15%).
This position of the pelvis was easily reproducible,
and there was no risk of introducing measuring
error in excess of the inherent error of angle assess-
ment (8,93,96,97).

The measurements of the center-edge and ace-
tabular index angles using the measuring device
were carried out as described previously. Two
observers (observer 1, experienced with the device;
observer 2, inexperienced with the device) per-
formed the angle measurements on the right hip
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of the cadaver. The C-arm of the fluoroscope was
tilted in 2.5° increments to the left and to the right
of the cadaver in an arc totaling 25°. In this way,
11 measurements of both angles were carried out
from an angle of 12.5° to the left and to 12.5° to
the right of the cadaver. Another 11 measurements
of both angles were performed similarly, tilting
the C-arm of the fluoroscope in 2.5° increments in
the cranial and caudal directions in an arc totaling
25°. For each measurement, the femoral head was
focused in the middle of the image. The observers
were blinded to each other’s measurements and to
the actual position of the C-arm. The order of mea-
surements was random with respect to the position
of the C-arm. Observer 1 repeated all measure-
ments of both angles.

The setup secured that all measurements by both
observers were performed under identical condi-
tions. This gave valid estimates of the intra- and
interobserver variability of the measuring device.
Additional repeated measurements by observer 2
could have conveyed interesting information on
differences in intraobserver variability between the
experienced and inexperienced observer.

Radiographic dysplastic parameters, such as the
center-edge and acetabular index angles, are in gen-
eral only affected beyond inherent measuring error
if the image is severely distorted (15,93,96,97).
When utilizing the measuring device, it is impor-
tant to know whether it adds variability to angle
measurements when tilting and rotating the pelvis.
This could introduce a potential risk of misinter-
preting the achieved angle measures. The applied
total arch of 25° for pelvic tilt is approximately
twice that of the change in pelvic tilt for females
when repositioning (from supine to weight bear-
ing) and approximately 4 times the change in
pelvic tilt for males when repositioning (8). The
evaluation therefore covers any clinically relevant
use of the measuring device.

The measuring device was built to mimic con-
struction of the center-edge and acetabular index
angles the way they are drawn on anteroposterior
pelvic radiographs. The device could therefore
not be expected to decrease inherent variability
of angle construction. As the inherent measuring
error of angle assessment is confined within +5°
(8,93,96,97), this was selected as the limit for a
satisfactory result in assessment of the variability

of the device intraoperatively and for variability
assessment in the cadaver study.

The prospective intraoperative measurements
were compared with those on the postopera-
tive pelvic radiographs. Double measurements
of angles on the postoperative pelvic radiographs
acted as a measure of the inherent variability of
angle assessment. The measuring device was not
compared against any radiographic gold standard.
Measurements of the center-edge and acetabular
index angles using three-dimensional imaging
techniques could be considered a gold standard,
although a CT scanning, for example, is unlikely to
be conducted postoperatively. It seems meaningful
to compare the angle measurements obtained with
the device with those on postoperative pelvic radio-
graphs because this is the commonly used imaging
technique to evaluate the result of the acetabular
reorientation.

Statistical analysis

In studies I + II, normally distributed data were
presented as means with 95% confidence intervals
and comparisons were made by using a two-sample
t-test. Data that were not normally distributed were
presented as medians with interquartile range and
were compared by using a two-sample Wilcoxon
rank-sum (Mann-Whitney) test. For testing of dif-
ferences in parameters given as proportions, Pear-
son’s chi-squared test was used. Learning curve
assessment in study I was made by linear regres-
sion analysis. The use of Kaplan-Meier survival
analysis is discussed above. The level of signifi-
cance was set at P < 0.05.

To assess whether data were normally distributed
or not, histograms and Q—Q plots were made for all
parameters before data analysis. Some parameters,
such as the preoperative hemoglobin level, have
almost by definition normally distributed data.
Other parameters are deprived of their normal dis-
tribution because of the impact of surgical indica-
tions and surgical aims. An example is the center-
edge angle, which in epidemiological studies has
been shown to be normally distributed with a mean
value of approximately 35° (86). However, a peri-
acetabular osteotomy is only indicated in patients
with a center-edge angle < 25°, thereby introducing
an artificial cut-off in the distribution of preopera-
tive center-edge angles (Figure 9). Similarly, the
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Figure 9. Histogram showing the distribution of preopera-
tive center-edge angles. The cut-off at 25° clearly distorts
the normal distribution of data.

distribution of postoperative center-edge angles is
influenced by the surgical aim to achieve an angle
between 30° and 40°. One would believe that these
skewed distributions of the pre- and postoperative
center-edge angles would apply in other studies.
This would warrant reporting the median value of
the pre- and postoperative center-edge angles, but
this is rarely done (63).

In study II, several parameters were compared
between the ilioinguinal and the minimally inva-
sive groups. Given the retrospective design, with
known sizes of patient groups, a sample size cal-
culation was not warranted. However, the power of
the study to detect the actual differences between
groups can be calculated. Looking at, for example,
the drop in hemoglobin reduction using the known
sample sizes, standard deviations and significance
level, a study power >0.99 is found.

In study III, the variability between angle mea-
surements obtained intraoperatively and postop-
eratively was determined, and the data presented
as mean of the difference with standard deviation
and 95% limits of agreement. This approach for
data assessment is described by Bland and Altman
and is called the 95% limits of agreement method
(102,103). Data were presented in a plot as sug-
gested by the same authors (a Bland-Altman plot)
(Figure 10). The intraobserver variability of angle
measurements on postoperative radiographs and
intra- and interobserver variability of angle mea-
surements in the cadaver study were assessed and
presented in the same way. The intraobserver vari-
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Figure 10. Bland-Altman plot of the difference against the
average of center-edge angle measurements postopera-
tively and intraoperatively with the device. The mean of dif-
ferences (solid line), the standard deviation of differences
(dotted lines), and the 95% limits of agreement (dashed
lines) are presented.

ability of angle measurements on postoperative
radiographs were compared with 1) the variability
between angle measurements obtained intraopera-
tively and on postoperative radiographs, and 2) the
intra- and interobserver variability of angle mea-
surements in the cadaver study. These compari-
sons were done by using Pitman’s variance ratio
test. Angle measures of the different series in the
cadaver study were presented as range, mean, and
standard deviation. The variability of these series
of measurements was compared with the intraob-
server variability of the device by using Pitman’s
variance ratio test.

Use of the 95% limits of agreement method has
been advocated by its inventors, mainly to avoid
other potentially misleading approaches, such as
regression and correlation, when comparing meth-
ods of measurement. Furthermore, the method
actually conveys information that is useful clini-
cally. In the case of comparing intraoperatively and
postoperatively obtained angle measurements, 95%
of the differences between measurements would be
expected to lie within the 95% limits of agreement.
For the center-edge angle, these limits were -4.8°
to +4.7° (Figure 10), and since these values were
confined within £5°, the variability was considered
to be satisfactory. This means that the values can
be interpreted in a clinical context and a decision
can be made as to whether measurement methods
agree sufficiently to warrant application of the
novel measuring device.
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Summary of results

The overall aim of the studies was to explore and
validate intraoperative methods for periacetabular
osteotomy with the objective of optimizing the sur-
gical treatment of hip dysplasia. The studies were
performed by means of database inquiry, evalu-
ation of radiographic and serologic material (I +
II), a prospective clinical trial, and a cadaver study
I1).

Study |

Key research questions: Is a new, minimally inva-
sive approach for the periacetabular osteotomy
safe, can optimal acetabular reorientation be
achieved, and does the new approach minimize
tissue trauma?

Results: In 94 periacetabular osteotomies, there
were no cases of moderate or severe technical and

Table 5. Clinical and radiographic measures associated
with the minimally invasive approach in study |

Measurement Minimally invasive approach

Length of hospital stay, days
median (IQR)

Duration of surgery, min
mean (95% ClI)

Intraoperative blood loss, mL
median (IQR)

Preoperative hemoglobin, g/dL
mean (95% ClI)

Hemoglobin reduction, g/dL
mean (95% ClI)

Transfusion requirements

Number of blood units

8 (7-9)

73.1 (70.5-75.8)
250 (150-350)
13.8 (13.6-14.0)

3.3 (3.1-3.5)
3 of 94 proc. (3%)

median (range) 2 (2-3)
Center-edge angle:
— Preoperative

median (IQR) 15° (6-19)
— Postoperative

median (IQR) 34° (29-36)
Acetabular Index angle:
— Preoperative

median (IQR) 17° (14-283)
— Postoperative

median (IQR) 3’ (0-7)

IQR = interquartile range

neurovascular complications, and the achieved
median center-edge angle of 34° and acetabular
index angle of 3° suggests that optimal reorienta-
tion can be achieved. The length of hospital stay,
duration of surgery, intraoperative blood loss,
hemoglobin reduction, and transfusion require-
ments were at relatively low levels. Hip joint sur-
vival with total hip arthroplasty as the end point
was 98% at 4.3 years (Table 5).

Conclusion: The results suggest that the mini-
mally invasive approach is safe, minimizes tissue
trauma, and allows optimal acetabular reorienta-
tion.

Study I

Key research question: Does the minimally inva-
sive approach produce an outcome similar to that
of the “classic” ilioinguinal approach for the peri-
acetabular osteotomy?

Results: When compared with the outcome of
the ilioinguinal approach (n = 98 procedures), the
procedures performed using the minimally inva-
sive approach (n = 165 procedures) had statistically
significant shorter duration of surgery, less intra-
operative blood loss and hemoglobin reduction,
and fewer transfusion requirements. The achieved
reorientation was comparable between groups.
There were no cases of moderate or severe compli-
cations in the minimally invasive group and three
cases (3%) of arterial thrombosis in the ilioingui-
nal group (Table 6). At a follow-up of 4.9 years, the
hip joint survival rates were 97% in the minimally
invasive group and 93% in the ilioinguinal group
(Figure 11).

Conclusion: The outcome of the minimally inva-
sive approach compares favorably with that of the
ilioinguinal approach. Continued use of the mini-
mally invasive approach is supported by the find-
ings.
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Table 6. Clinical and radiographic measures of the minimally invasive and ilioinguinal approaches

Measurement llioinguinal Minimally invasive P-value
approach approach
Intraoperative blood loss (mL); median (IQR) 500 (350-700) 250 (200-350) <0.001
Hemoglobin reduction (mmol/L); mean (95% ClI) 2.5 (2.4-2.7) 2.0 (1.9-2.1) <0.001
Transfusion requirements; % of procedures (numbers) 18 (18 /98) 4 (6/165) <0.001
Blood units transfused; median (range) 2 (1-7) 2 (1-3) 0.6
Duration of surgery (min); median (IQR) 100 (80-120) 70 (60-75) <0.001
Length of hospital stay (days); median (IQR) 9 (7-12) 7 (6-8) <0.001
Center-edge angle; median (IQR)
— Preoperative 13° (5-18) 16° (9-20) 0.03
— Postoperative 31" (25-35) 33" (30-36) 0.006
Acetabular index angle; median (IQR)
— Preoperative 20° (15-28) 16° (12-22) <0.001
— Postoperative 9° (1-14) 2° (0-6) <0.001

IQR = interquartile range

1.0

0.8 0.9
I I I

Hip joint survival (proportion)

0.7
I

0.6

Follow-up (years)

llioinguinal approach
Minimally invasive approach

Figure 11. Kaplan-Meier hip joint survivorship curves fol-
lowing periacetabular osteotomy with total hip arthroplasty
as endpoint. The colored areas (minimally invasive=red,;
ilioinguinal=blue) indicate the 95% confidence intervals of
the survival rates. The number of hip joints remaining in
each group is given for every year of follow-up below the
x-axis. Please note that the y-axis does not start at “0”.

Study 1l

Key research question: Can reliable intraoperative
assessment of center-edge and acetabular index
angles be made during acetabular reorientation by
using a simple, novel measuring device? To be reli-

able the variability of angle measures should not
exceed that of inherent variability when assessing
angles on radiographs (+ 5°).

Results: The inherent variability of angle assess-
ment on radiographs was confirmed to be confined
within + 5°. In the prospective clinical part of the
study, it was found that intraoperatively obtained
angle measures differed less than + 5° from mea-
surements on postoperative pelvic radiographs.
The level of this variability did not exceed that of
the inherent variability of angle assessment (Table
7). In the cadaver part of the study, it was found
that intra- and interobserver variability of the
device was confined to well within + 5° and that
the two values did not differ from each other or
from the inherent variability of angle assessment
(Table 7). Finally, pelvic positioning did not influ-
ence the variation of angle measurements beyond
the inherent intraobserver variability of the device
within the arcs (x 12.5%) of tilt and rotation applied
in this study.

Conclusion: The simple, novel measuring device
is a reliable tool for repeated intraoperative angle
assessment during acetabular reorientation of the
periacetabular osteotomy.
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Table 7. Summary of measurements in the clinical and cadaver studies
What is measured? Compared  Angle? Numberof Mean Standard ~ 95% limits Pitman’s
measurements measure- of the deviation of variance
ments  difference agreement ratio test
Variability of Clinical study:
the device Intraoperative Al 35 0.06° +2.22° —4.30°to 4.42°
versus
postoperative CE 35 -0.03° +2.43° —4.80°t0 4.74°
Al; P=0.14
Inherent variability Clinical study: CE; P =0.24
of angle assessment Postoperative Al 35 -0.09° +1.72° -38.46° to 3.28°
versus
postoperative CE 35 -2.09° +2.02° —6.05°to 1.87°
Interobserver Cadaver study:
variability Observer 1 Al 22 0.86° +1.21° —-1.51°t0 3.23°
of the device versus
Observer 2 CE 22 -1.18° +1.84° —-4.79°t02.43°
Al; P=0.39
Intraobserver Cadaver study: CE; P =0.13
variability Observer 1 Al 22 -0.77° +1.45° -3.60° to 2.06°
of the device versus
Observer 1 CE 22 0.55° +1.30° -2.00°to0 3.10°

a8 CE = Center-edge angle; Al = Acetabular index angle.
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Discussion

Periacetabular osteotomy — what advances
are needed?

Since the development of the periacetabular
osteotomy in the early 1980s, its use has spread
worldwide. It is now the joint preserving treat-
ment of choice in young adults with symptomatic
hip dysplasia. The procedure has the potential to
relieve pain, improve functions of daily living,
and to preserve hip joints by delaying or even pre-
venting development of early osteoarthritis (17-
20,22,26,48,62-65,77-81).

From a critical point of view, more reports on the
medium and long-term results after periacetabular
osteotomy are needed to fully document its advan-
tages and justify its wide application. In two of
three studies reporting the results of medium and
long-term follow-up, the patients are those initially
operated on by the inventors from Bern (62,64,65).
The question is then, can the periacetabular oste-
otomy be applied in other centers with an equally
successful result? Another critical argument is that
no randomized controlled trials have been per-
formed to document the effect of periacetabular
osteotomy versus conservative treatment or total
hip arthroplasty. However, one should remember
that the periacetabular osteotomy is performed
only (or should only be performed) in symptomatic
patients with very little or no degenerative signs
who suffer persistent pain and loss of daily func-
tion. They have a need for treatment after unsuc-
cessful conservative treatment, but are not yet can-
didates for total joint replacement. Future research
should aim at clarifying what predicts good and
bad outcomes of periacetabular osteotomy.

Going through the literature in search of intra-
operative measures of periacetabular osteotomy,
such as duration of surgery, intraoperative blood
loss, transfusion requirements, and complica-
tions  (16-18,20,22,26,48,62,63,65,70,77,80,82),
it becomes evident that advances are needed. The
main requirement for periacetabular osteotomy,
performed in otherwise healthy young adults, is
a safe surgical procedure with optimal acetabular
reorientation and preferably with minimum values

for duration of surgery, intraoperative blood loss,
transfusion requirements, and complications. Until
recently such procedure had not been described
(study D).

What advances does the new approach offer
and is it truly minimally invasive?

The minimally invasive characteristics of the new
transsartorial approach are defined not only by the
7 centimeter skin incision. They are evident at all
stages of surgery. No muscles are detached and
only the sartorius muscle is split in the direction of
the fibers. The tissue trauma is further minimized
by the relatively brief duration of surgery. This is in
part due to the limited time spent on the approach
and closure. There were no moderate and severe
complications. When a transsartorial approach is
used, the sartorius and iliopsoas muscles protect the
femoral vessels and nerve against direct and indi-
rect damage. The abductor muscles are spared, and
the acetabular blood supply is therefore left intact.
The relatively small intraoperative blood loss and
transfusion requirements also suggest minimal soft
tissue trauma. The duration of surgery, intraop-
erative blood loss, transfusion requirements, and
absence of moderate and severe complications
with the new approach compare favorably with
those associated with other techniques reported in
the literature (16-18,20,22,26,48,62,63,65,70,77,8
0,82). The achieved measures of the postoperative
center-edge and acetabular index angles suggest
that good acetabular reorientation is not compro-
mised with the new, minimally invasive transsarto-
rial approach. Finally, short-term hip joint survival
has shown encouraging results.

The results of the new, minimally invasive
approach presented in studies I + II suggest that
this new approach offers the needed advances in
periacetabular osteotomy, with respect to intraoper-
ative measures. Given the accumulated experience
of the surgeon, the outcome compares favorably
with that of the “classic” ilioinguinal approach.
But is it truly minimally invasive? From a critical
point of view, the outcome parameters used may
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be regarded as only substitute measures implying
that little tissue trauma is inflicted. However, the
chosen outcome parameters are highly clinically
relevant and can be directly interpreted. In total hip
arthroplasty, C-reactive protein has been shown to
increase as part of the inflammatory response to
surgical trauma (104,105), but no significant dif-
ferences were detected when comparing a mini-
incision with a standard incision group (106).
Also the increase in mid-thigh circumference did
not differ between groups (106). To fully assess
the extent of surgical trauma, a postoperative MR
scanning would allow some quantification of the
invasiveness into soft tissues. Even this technique
is not directly interpretable in terms of knowing
what outcome to expect or in the setting of inform-
ing patients on intraoperative outcome. The aim of
future studies should be to investigate whether the
results of the minimally invasive approach, pre-
sented in studies I + II, can be achieved by other
experienced surgeons in similar surgical settings.
A controversy in contemporary periacetabular
osteotomy is whether arthrotomy and labral inter-
vention should be performed or not. A few reports
claim that labral lesions are associated with a poor
prognosis after periacetabular osteotomy (64,65),
but there are no results of sufficient methodologi-
cal value to support either approach. In the peri-
acetabular osteotomies presented in studies I +
II, arthrotomy and labral intervention were not
performed, and primary intra-articular assessment
was not considered necessary. The minimally inva-
sive approach does not permit intra-articular sur-
gical intervention. The approach can, however, be
extended to make this possible, although thereby
losing its minimally invasive characteristics.

Achieving surgical aims with the novel mea-
suring device — what advances are offered?

Existing techniques for intraoperative assessment
of center-edge and acetabular index angles have
inherent limitations. Intraoperative angel assess-
ment using pelvic radiographs is time-consuming,
and several radiographs may be needed before the
intended reorientation has been achieved; assess-
ment by eye using fluoroscopy is potentially unre-
liable, even for someone very experienced; and

computer-assisted and image-guided techniques
are expensive without improving the achieved ace-
tabular reorientation (73-76). Using the novel mea-
suring device, one can obtain reliable measures of
the center-edge and acetabular index angles with
variability well within that of angle measurements
on conventional radiographs. Compared with
existing techniques for intraoperative center-edge
and acetabular index angle assessment, the novel
measuring device has the advantages of 1) being
simple to use, 2) being relatively inexpensive, 3)
making conventional intraoperative radiographs
unnecessary, 4) facilitating fast repeated angle
measurements during fine-tuning of correction,
and 5) being equally reliable in the hands of inex-
perienced and experienced users.

Achieving an optimal reorientation is a corner-
stone of the successful periacetabular osteotomy.
The optimal technique for this purpose remains
unknown, but the novel measuring device repre-
sents an advance. It is a reliable and fully validated
tool for intraoperative assessment of the center-
edge and acetabular index angles. Assessment of
the acetabular version is equally important and
must also be done during acetabular reorientation.
The aim of future studies should be to incorpo-
rate all properties of three-dimensional acetabular
reorientation in a validated, reliable, simple, and
inexpensive technique.

Future application

Development of the minimally invasive transsar-
torial approach and the novel measuring device
represent marked surgical advances in contempo-
rary periacetabular osteotomy. The results support
the continued use of both techniques. In general,
periacetabular osteotomy is considered to be tech-
nically demanding. Using the minimally invasive
approach requires a good understanding of how
osteotomies are performed and the acetabulum
reoriented. It is therefore recommended that only
surgeons with previous experience with the perfor-
mance of periacetabular osteotomy consider using
the minimally invasive approach. The measuring
device is equally reliable in the hands of inexpe-
rienced and experienced users, making wide appli-
cation of this technique a straightforward matter.
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Appendix

Appendix A

Short outline of the surgical techniques for the mod-
ified Smith-Petersen and ilioinguinal approaches,
as they were performed at our institution

Specific modifications of the Smith-Petersen
approach have been reported (69). The skin inci-
sion was made along the anterior third of the iliac
crest to the anterior superior iliac spine and then
curved distally and continued vertically along the
tensor fasciae latae for approximately 10 cm. The
internervous planes between the tensor fasciae
latae and sartorius, and between the gluteus medius
and rectus femoris were developed. In contrast
to the previously described modification of the
Smith-Petersen approach, the rectus femoris was
not detached. In some of the first cases, the origin
of the sartorius muscle was detached by means of
an osteotomy.

The ilioinguinal approach was performed as
previously described (107), but without lateral
extension along the iliac crest. The skin incision
extended from the anterior superior iliac spine,
along the inguinal ligament, and terminated at the
level of the pubic symphysis near the midline. The
inguinal ligament was incised, leaving the origins
of the abdominal musculature and fascia attached
to the proximal part of the split ligament. Further
access was created by incising the iliopectineal
fascia that separates the lacuna musculorum and
lacuna vasorum. This allowed mobilization of the
iliopsoas muscle, which, combined with medial
retraction of the external iliac vessels, created
access to performance of the osteotomies through
two windows: one medial and one lateral to the
iliopsoas muscle.
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