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Abstract
Background Periacetabular osteotomy (PAO) is the treatment of choice for younger patients with developmental hip dys-
plasia. The procedure aims to normalize the joint configuration, reduce the peak-pressure, and delay the development of
osteoarthritis. The procedure is technically demanding and no previous study has validated the use of computer navigation
with a minimally invasive transsartorial approach.
Methods Computer-assisted PAO was performed on ten patients. Patients underwent pre- and postoperative computed
tomography (CT) scanning with a standardized protocol. Preoperative preparation consisted of outlining the lunate surface
and segmenting the pelvis and femur from CT data. The Biomechanical Guidance System was used intra-operatively to
automatically calculate diagnostic angles and peak-pressure measurements. Manual diagnostic angle measurements were
performed based on pre- and postoperative CT. Differences in angle measurements were investigated with summary statis-
tics, intraclass correlation coefficient, and Bland–Altman plots. The percentage postoperative change in peak-pressure was
calculated.
Results Intra-operative reported anglemeasurements showagood agreementwithmanual anglemeasurementswith intraclass
correlation coefficient between 0.94 and 0.98. Computer navigation reported angle measurements were significantly higher
for the posterior sector angle (1.65◦, p = 0.001) and the acetabular anteversion angle (1.24◦, p = 0.004). No significant
difference was found for the center-edge (p = 0.056), acetabular index (p = 0.212), and anterior sector angle (p = 0.452).
Peak-pressure after PAO decreased by a mean of 13% and was significantly different (p = 0.008).
Conclusions We found that computer navigation can reliably be used with a minimally invasive transsartorial approach PAO.
Angle measurements generally agree with manual measurements and peak-pressure was shown to decrease postoperatively.
With further development, the system will become a valuable tool in the operating room for both experienced and less
experienced surgeons performing PAO. Further studies with a larger cohort and follow-up will allow us to investigate the
association with peak-pressure and postoperative outcome and pave the way to clinical introduction.
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Introduction

In patients with developmental hip dysplasia, the coverage of
the femur by the acetabulum is insufficient, leading to pain,
disability, and early development of osteoarthritis [1–5]. For
patients, without any development of osteoarthritis, a joint
preserving periacetabular osteotomy (PAO) has become the
treatment of choice [6,7]. During the procedure, the acetabu-
lum is cut free (leaving the posterior pelvic column intact) and
repositioned, normalizing the joint configuration to reduce
the peak-pressure and increase the lateral coverage [7,8]. This
is thought to delay the onset of osteoarthritis and improve the
survival of the natural joint [9,10]. However, PAO is a tech-
nically demanding procedure, and intra-operative evaluation
of the applied correction can be difficult due to the lack of
three-dimensional feedback during surgery when using stan-
dard single tube fluoroscopy.

With the development of computer-assisted surgery sys-
tems such as the Biomechanical Guidance System (BGS),
the surgeon can visualize and gain important intra-operative
three-dimensional feedback during the procedure [11–13].
The BGS provides intra-operative tracking of the acetab-
ular fragment and displays diagnostic angles and peak-
pressure measurements in real time. In particular, the
acetabular version is difficult for the surgeon to deter-
mine using fluoroscopy due to imaging limitations in two
dimensions.

Previous work on computer-assisted PAO [14–18] has
been based on the procedure introduced by Ganz et al. [8]
or a modified rotational osteotomy [19], requiring a more
invasive procedure. In this work, performing PAO with a
minimally invasive transsartorial approach aims to reduce the
soft tissue trauma which has been shown to shorten the dura-
tion of surgery, reduce blood loss, transfusion requirements,
and length of postoperative rehabilitation [7]. However, it
is unclear if this minimally invasive approach is compati-
ble with navigation surgery because the incision from the
anterior superior iliac spine descending along the sartorius
muscle is only 7 cm long [7]. This offers reduced visi-
bility and limits the accessibility when using the optically
tracked pointer of the navigation system [13]. Therefore, it
is important to ensure that the method is compatible and to
validate the accuracy of computer reported angle measure-
ments against manual CT angle measurements. The goal of
PAO is to reduce the peak contact pressure for daily activi-
ties; however, it is unknown how the peak-pressure changes
postoperatively.

The primary aim of this study was to determine if
intra-operative computer navigation reported angle mea-
surements agree with manual angle measurements. The
secondary aim was to determine if peak-pressure decreased
postoperatively.

Methods

The study was a prospective case series study conducted
at Aarhus University Hospital, Denmark. Patients were
recruited and operated on between September 2013 and
January 2014. Informed consent was obtained from all indi-
vidual participants included in the study. Ethical approval
was obtained from the Central Denmark Region Com-
mittee on Biomedical Research Ethics (Journal Number:
M-20100274), and the study was registered at Clinical Tri-
als.gov (NCT02015247). In the inclusion period, all patients
(n = 65) with hip dysplasia scheduled for PAO were iden-
tified and considered for inclusion. Inclusion criteria were:
radiological diagnosed dysplasia (center-edge angle< 25◦),
osteoarthritis degree ≤ 1 according to the criteria of Tönnis
and Heinecke [20], and hip pain. Exclusion criteria were:
Legg–Calvé–Perthes disease, neuromuscular diseases, pre-
vious major hip surgery, persons with cognitive problems,
and age < 18. Due to the need for cleaning and steriliz-
ing the navigation instruments between surgeries, only one
patient could be included per day of operation. When multi-
ple candidates were available, the final decision was left to
the discretion of the senior author (KS) and the most techni-
cally challenging patient was selected. In particular, patients
with a retroverted acetabulum were included to evaluate the
reliability of the system with a range of cases typically seen
in clinical practice.

Patients underwent preoperative computed tomography
imaging on a Brilliance 64 (Philips Healthcare, Best, The
Netherlands) one week prior to scheduled surgery. Patients
were scanned in a supine position from above the L5S1 joint
until below the lesser trochanter.All scanswere acquiredwith
a voxel size of 0.45 × 0.45 × 0.7 mm. Postoperative scan-
ning was performed one day postoperatively using the same
protocol. Thebonypelvis and femurswere automatically seg-
mented by a graph cut segmentation technique [21,22]. The
method uses the second-order Hessian statistics to identify
strong edges of the cortical bone and optimally separate the
bone from the surrounding soft tissue. The resulting segmen-
tation is then separated into individual bones by connected
component analysis, and surface models of the pelvis and
femur were created using themarching cubes algorithm [23].
All segmentations were visually inspected and verified to be
within voxel accuracy (< 0.45 mm).

The lunate surface was manually segmented using the
lunate-trace method described by Armiger et al. [24]. The
procedure consists of identifying the center of the femoral
head and subsequently selecting points along the medial and
lateral edge of the lunate surface on oblique slices through
the CT volume at 7.5◦ increments along the medio-lateral
axis of the pelvis. A preoperative surgical plan was created
based on the biomechanically predicted optimal alignment
[11,13,25]. However, the surgical plan was not used during
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surgery and was not revealed to the surgeon in accordance
with IRB approval. The preoperative workflow is shown in
Fig. 1.

The surgical setup follows that described in Murphy et
al. [13]. In summary, prior to the start of the surgery, a
Polaris optical tracking system (NorthernDigital Inc.,Water-
loo, Canada) was set up on the contralateral side. During
surgery, the surgical assistant performed a pivot calibration
of the optically tracked pointer. The surgeon performed the
opening and initial approach as described in [7]. In addition,
on the contralateral side, two small incisions were made on
the iliac crest, and the base of the removable reference geom-
etry (BrainLab, Feldkirchen, Germany) was fixated with two
screws. The reference geometry establishes a fixed refer-
ence allowing the tracking of the fragment. Before the iliac
osteotomy, the pelvis surface model was registered to the
patient anatomy. An initial registration was established by
touching the anterior superior iliac spine on the operative
and contralateral side and the anterior inferior iliac spine on
the operative side with the pointer. After collecting surface
points on the ilium, pubis, and the iliac crest, a point to surface
registration was performed [26]. Before the final osteotomy,
four small indentations, referred to as fiducials, were created
in an approximately square pattern on the intra-operatively
planned fragment using a 1 mm bone burr. The initial posi-
tion of the fragment was recorded by touching the fiducials
with the pointing device. The final osteotomywas completed,
and the surgeon re-oriented the fragment under fluoroscopic
guidance. As noted above, the BGS-optimized surgical plan
was not used during reorientation. When satisfied with the
final positioning, the fragment was fixated by the use of two
cannulated screws and the final position was recorded by
touching the fiducials again in the same order. Validation of
the BGS system was performed and was previously reported
by Murphy et al. [13,27]. The procedure for this study was
practiced on six cadavers prior to patient inclusion by the
operating surgeon and surgical team to reduce the learning
curve and establish an efficient workflow. The intra-operative
workflow is shown in Fig. 2.

The following diagnostic angles were measured based on
CT data and recorded: center-edge angle of Wiberg [28],
acetabular index angle of Tönnis [5], posterior sector, anterior
sector, and the acetabular anteversion angle [29]. The center-
edge angle quantifies the lateral coverage of the acetabulum,
and the acetabular index is a measurement of the steepness of
the acetabular roof. The posterior and anterior sector angles
together with the acetabular anteversion angle quantify the
anterior and posterior coverage of the femur. The measured
angles are illustrated in Fig. 3. Manual measurements were
performed using a custom developed application based on
the medical imaging interaction toolkit (MITK) [30]. The
program provides the user with an axial, coronal, and sagit-
tal view of the CT data. After selecting the centers of the

Preoperative workflow

Image acquisition

Bone segmentation Lunate segmentation

Surgical planning

Fig. 1 The preoperative workflow consisted of obtaining computer
tomograph (CT) scans, segmentation of the bony pelvis and the lunate
surface. Finally, a preoperative plan was made using the BGS system

femoral heads and the most anterior point on the L5S1 joint,
the volume is re-oriented such that the axis aligns the centers
of the femoral heads. Subsequently, the anterior, posterior,
lateral and medial point of the lunate is selected for each hip.
Angle measurements are then calculated between the points.
Repeated measurements by three observers in an inter- and
intra-observer study showed a good intra- and inter-operative
reliabilitywith intraclass correlation coefficient (ICC)> 0.94
for all angle measurements. Measurements were repeated
to determine the intra-observer reliability in the current
study. An experienced operator (SDR) performed all mea-
surements. BGS-reported angle and pressure measurements
were calculated based on the segmented lunate surface. In
summary, the angle measurements were calculated by find-
ing the intersection points between the lunate trace and the
coronal or axial plane [24]. Subsequently, the angles were
calculated according to standard definitions. Intra-operative
angles were determined before the final osteotomy and after
final fixation of the fragment during surgery. Pressure mea-
surements were based on discrete-element analysis, which
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Intraoperative workflow

Registration 
and fiducials

Measurement

Postoperative 
position

Fig. 2 A schematic overview of the intra-operative workflow. First, the
registration between the model and patient is performed by matching
the anterior superior iliac spine on the operative and contralateral side
and the anterior inferior iliac spine on the operative side with manually
selected points on the model (blue and green numbers). After collecting
surface points (green points) on the ilium, pubis, and the iliac crest, a
point to surface registration was performed to refine the registration.
Subsequently four fiducial points (red numbers) are digitized on the
planned fragment.Measurements of the position of the fragment and the
corresponding anglemeasurements can thenbedeterminedbydigitizing
the fiducial points

finds the peak-pressure by simulating the joint force in gait
and modeling the pressure distribution on the surface [11].

The agreement between computer reported angle mea-
surements and manual measurements was examined by
summary statistics and the ICC and Bland–Altman plots
to examine bias and limits of agreement [31]. The change
in peak-pressure was analyzed as percentage change with
respect to baseline. Data were tested for normality by using
Shapiro–Wilk test [32] in addition to Skewness and Kur-
tosis tests. Normally distributed data with equal variances
were tested with a paired t-test. Significance level was set at
p < 0.05. The study was planned as an initial pilot to gain
experience with the procedure and hence the sample size was
set to ten patients. All analysis was performed using Stata 13
(StataCorp, College Station, USA).

Results

The study population consisted of the first ten patients to
fulfill the inclusion criteria and who accepted to participate

Posterior

Anterior

3

4

AcAV
AASA

PASA

Lateral Medial

Femur

Acetabulum
CE

1 2AI

(a)

(b)

Fig. 3 Illustration of diagnostic angles measured. a Center-edge (CE)
angle of Wiberg and acetabular index (AI) angle of Tönnis. b Acetab-
ular anterior sector angle (AASA), acetabular anterior posterior sector
(PASA), and the acetabular anteversion angle (AcAV)

in the study. The study population consisted of three males
and seven females with a mean age of 32 (median 31.5, range
20 to 47) years.

We found a good agreement between manual and BGS
reported angle measurements with ICC varying between
0.94 and 0.98. Results are shown in Table 1. Bland–Altman
plots for each angle are shown in Fig. 4. No statistically
significant difference was found for the center-edge (p =
0.056), acetabular index (p = 0.212), and anterior sector
(p = 0.452) angles, meaning that there was no significant
difference between the intra-operative BGS reported angle
measurements and the manual measurements. A statisti-
cally significant difference was found for the posterior sector
(p = 0.001) and acetabular anteversion (p = 0.004) angles.
For one patient, the anterior inferior edge of the lunate surface
was superior to the center of the femoral head. As a result,
no anterior reference point for the calculation of the anterior
sector and the acetabular anteversion angle could be found.
Hence, the corresponding angle measurements could not be
performed, and the patient was excluded for analysis for the
corresponding angles. Results for repeated manual measure-
ments are shown in Table 2. A good agreement between
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Table 1 Summary of intraclass correlation coefficient (ICC) results comparing between manual and BGS reported angle measurements

Angle ICC Average difference [◦] Standard deviation [◦] 95% Confidence interval [◦] p-value

Center edge 0.95 0.86 1.88 − 0.03 1.74 0.056

Acetabular index 0.98 − 0.44 1.54 − 1.16 0.28 0.212

Acetabular anteversion 0.95 1.24 1.65 0.44 2.03 0.004*

Posterior sector 0.94 1.65 1.91 0.75 2.53 0.001*

Anterior sector 0.98 − 0.41 2.30 − 1.51 0.71 0.452

*Statistically significant results

repeated manual angle measurements was found with ICC
ranging from 0.95 to 0.99. A statistically significant differ-
ence was found for the anterior sector angle (p = 0.007).

The mean decrease in peak-pressure for simulated gait
after surgery was 13% (95% CI 4–22%, p = 0.008). In one
patient, the peak-pressure increased by 5% postoperatively.

Discussion

In PAO, accurate intra-operative evaluation of the reori-
entation of the acetabular fragment is crucial to obtaining
satisfactory results and long-term survival of the biological
hip joint [7,9]. Traditional use of single plane fluoroscopy
allows the evaluation of the center-edge angle and acetab-
ular index. However, evaluating the posterior and anterior
coverage and the acetabular version using a false profile
view with fluoroscopy is difficult. Using a computer nav-
igation system such as the BGS, all angle measurements
can be reported as intra-operative feedback to the surgeon,
and the peak-pressures without subjecting the patient to
extra intra-operative radiation. In this study, we validated the
intra-operative measured angle measurements against man-
ual CT-based angle measurements and evaluated the change
in peak-pressure.

This study had a number of limitations. First, the study
population was limited to ten patients as an initial pilot study
to gain experience with the procedure. However, previous
to this study the surgeon and surgical team performed a
cadaver study with six cadavers to reduce the learning curve
using BGS and streamline the surgical workflow. Validation
of the BGS system was previously performed on 19 cadav-
ers [13] and 12 clinical surgeries [27]. Second, reorientation
was performed under fluoroscopic guidance without use of
the information from the navigation system or the BGS cal-
culated preoperative plan. We therefore did not evaluate the
ability of the surgeon to achieve the BGS proposed preopera-
tive plan. However, comparing the BGS calculated plan with
postoperative results, we found that the optimized reorienta-
tion based on peak-pressure differed from the reorientation
performed by the surgeon. It is however unclear if the system
optimized reorientation leads to long-term satisfactory out-

come or if the used algorithm should be adapted to match the
planning of an experienced surgeon. In particular, overcor-
rectionmay lead to the risk of femoroacetabular impingement
and should be taken into account during automatic preop-
erative planning [33]. This should be validated in a larger
randomized controlled study. Third, the pressure calculations
are based on the lunate surface based on the bony structure of
the acetabulum. A more accurate pressure distribution could
be calculated by using the cartilage and the labrum [34].
Techniques for the accurate segmentation of the cartilage
and labrum require CT arthrography or magnetic resonance
imaging [35]. However, it is believed that the pressure dis-
tribution based on CT segmentations of the lunate surface is
an accurate approximation of the joint pressures [11,13,25].

We found a good agreement between computer navigation
reported angle measurements and manual angle measure-
ments with similar results to repeatedmanual measurements.
In a previous study, they found a mean difference between
− 0.46◦ and 0.42◦ and a standard deviation between 2.73◦
and 3.30◦ in a study with three observers [24]. We found a
similar range inmeandifference and slightly smaller standard
deviations in the current study. This might be attributed to
higher quality CT volumes and a smaller in-plane voxel size
(0.4 vs. 1.0 mm), allowing for more accurate landmark iden-
tification. As noted by Armiger et al. [24], a difference of 1.0
mm in landmark identification can result in a 2◦ difference in
angle measurement. We found a statistically significant dif-
ference for the acetabular anteversion and posterior sector
angles between the intra-operative and manual measure-
ments. From Fig. 4, it is apparent that the BGS exhibits a
slight bias with respect to manual measurements. However,
the 95% limits of agreement are within the expected varia-
tion from previous inter- and intra-observer studies and we
conclude that the variation is within the clinically acceptable
range [36].

We found that the peak-pressure decreased by a mean of
13% postoperatively in the current study. For one patient, the
peak-pressure increased by 5% postoperatively. In Armiger
et al. [11], they found a similar case showing an increase of
5% in peak-pressure. They associated the increase with lat-
eral overcorrection and a negative acetabular index angle.
This also corresponds to the measurements reported by
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Fig. 4 Bland–Altman plots comparing manual measurements to intra-operative computer navigation reported angle measurements for (a) center-
edge (b) acetabular index (c) acetabular anteversion (d) acetabular anterior sector angle and (e) acetabular posterior sector angle
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Table 2 Summary of intraclass correlation coefficient (ICC) results comparing repeated manual measurements

Angle ICC Average difference [◦] Standard deviation [◦] 95% Confidence interval [◦] p-value

Center edge 0.98 0.42 1.20 −0.14 0.98 0.137

Acetabular index 0.98 − 0.14 1.31 −0.75 0.47 0.648

Acetabular anteversion 0.98 0.01 1.28 −0.59 0.61 0.979

Posterior sector 0.95 0.15 2.07 −0.82 1.12 0.745

Anterior sector 0.99 − 0.86 1.26 −1.44 − 0.27 0.007*

*Statistically significant results

the BGS system center-edge: 33.3◦ and acetabular index:
− 2.6◦. However, manual angle measurements were center-
edge: 30.1◦ and acetabular index: − 0.1◦. These values are
within optimal acetabular angle limits with a center-edge
angle between 30◦ and 40◦ and acetabular index of less than
10◦ [37]. In a previous study on the validation of the BGS
planning system on 29 dysplastic subjects, a mean decrease
of 49.2% peak-pressure was found after optimal reorien-
tation [25]. The optimal plan was calculated by the BGS
based on biomechanical simulation of the peak-pressure.
This decrease was much larger than we found in the cur-
rent study. However, the average change in center-edge angle
was also larger (− 19.0◦ ± 7.7◦) compared to this study
(− 10◦ ± 6◦). The smaller correction needed for the patients
in the current study may therefore lead to a smaller decrease
in peak-pressure.

No significant changes to the procedure were needed for
the minimally invasive transsartorial approach. The same
regions could be accessed for registration and digitalization
of the fiducial points. In previous work, it was shown that the
average intra-operative patient registration error was 0.7 ±
0.4 mm [13]. In the current study, the average intra-operative
patient registration error was 0.6± 0.2mm. In previous stud-
ies using the BGS, additional fiducial points were created on
the intact area as confidence points. The confidence points
were previously introduced to allow recovery if the reference
body needed to be removed during surgery or was acciden-
tally moved [27]. However, the reference body used in the
current study is removable due to a fixed base and therefore
no additional confidence points were needed.

Conclusions

In this work, we investigated and validated the use of com-
puter navigation with a minimally invasive transsartorial
approach for PAO on patients with hip dysplasia. The system
offers reliable anglemeasurements intra-operatively and pro-
vides the surgeonwith three-dimensional visualization of the
applied reorientation and the peak-pressure. The additional
information with respect to that obtained by fluoroscopymay
especially be of value for less experienced surgeons. How-

ever, the system may become an important tool for both
less experienced and experienced surgeons to ensure opti-
mal reorientation is achieved for all patients. Further studies
with a larger cohort and follow-up will allow us to inves-
tigate the association with peak-pressure and postoperative
outcome and pave the way to clinical introduction.
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