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Abstract
Objective To develop a hybrid augmentedmarker-based navigation system for acetabular reorientation during peri-acetabular
osteotomy (PAO).
Methods The system consists of a tracking unit attached to the patient’s pelvis, augmented marker attached to the acetabular
fragment and a host computer to do all the computations and visualization. The augmented marker is comprised of an external
planarArucomarker facing toward the tracking unit and an internal inertial measurement unit (IMU) tomeasure its orientation.
The orientation output from the IMU is sent to the host computer. The tracking unit streams a live video of the augmented
marker to the host computer, where the planar marker is detected and its pose is estimated. A Kalman filter-based sensor
fusion combines the output from marker tracking and the IMU. We validated the proposed system using a plastic bone study
and a cadaver study. Every time, we compared the inclination and anteversion values measured by the proposed system to
those from a previously developed optical tracking-based navigation system.
Results Mean absolute differences for inclination and anteversion were 1.34 (± 1.50) and 1.21 (± 1.07)◦, respectively, for
the cadaver study. Mean absolute differences were 1.63 (± 1.48) and 1.55 (± 1.49)◦ for inclination and anteversion for the
plastic bone study. In both validation studies, very strong correlations were observed.
Conclusion We successfully demonstrated the feasibility of our system to measure the acetabular orientation during PAO.

Keywords Computer-assisted surgery · Navigation · PAO surgery

Introduction

Peri-acetabular osteotomy (PAO) surgery is commonly car-
ried out for the treatment of developmental dysplasia of the
hip and is used to change the abnormal anatomy of the
hip [52]. The abnormal anatomy and decreased area of the
lunate surface in hip dysplasia result in axial overloadingwith
decreased contact area, increased contact pressure and max-
imum overloading at the acetabular rim [15,49]. The goal of
PAO surgery is to prevent or delay hip osteoarthritis in young
and active patients [49]. It is a demanding, open surgery
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where the surgeon separates the acetabulum from the rest
of the pelvic bone using four cuts (osteotomies) [7,16]. PAO
has the goal to correct and reorient the dysplastic acetabu-
lum to increase femoral head coverage while maintaining
joint stability [16,52]. It is important that the acetabular
reorientation is performed accurately as acetabular malpo-
sitioning can lead to femoro-acetabular impingement (FAI)
[1,35] anddecreased long-termoutcomeafter PAO.Although
several studies confirmed a favorable long-term follow-up
[29,50], the proper acetabular reorientation remains chal-
lenging. Computer-assisted surgery (CAS) techniques were
proposed to improve the accuracy of orthopedic interven-
tions [19,26,39,47]. Several CAS systems were proposed
specifically for PAO [16,18,27,31,33,34]. Langlotz et al.
[27] and Jäger et al. [18] presented a computed-tomography
(CT)-based PAO navigation system for PAO. Liu et al. [31]
proposed a computer-assisted planning and navigation sys-
tem for PAO surgery including range of motion estimation.
Murphy et al. [33,34] were the first to propose a system
providing geometric and biomechanical parameters intra-
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operatively. They validated their system using a cadaveric
and a clinical study, comparing their results to postoper-
ative CT measurements as well as manual intra-operative
measurements [33]. These navigation systems are all optical
tracking-based navigation systems that use a relatively large
stereo camera setup and need a constant line-of-sight (LOS)
to the surgical instruments and the patient. Other tracking
technologies were proposed to overcome the LOS impedi-
ment such as electromagnetic (EM) tracking [25,54]. EM-
based navigation systems generally provide lower accuracy
thanoptical tracking-based systemsdue to their susceptibility
to magnetic field distortions. Other approaches for surgical
navigation make use of inertial measurement units (IMUs)
[2,40,42,45,46,53].

IMUs generally comprise a triaxial gyroscope that mea-
sures angular rate, a triaxial accelerometer which measures
linear accelerationwithout gravity and a triaxial magnetome-
ter which senses the surrounding magnetic field. Generally,
IMUs use the accelerometer to define the “down” vector, the
magnetometer to define the heading angle and the gyroscopes
to drive the system dynamics that provides a prediction of the
orientation. Drawbacks of IMUs include the accumulation of
drift error due to the integration of the gyroscope and suscep-
tibility to magnetic field distortions in case a magnetometer
is used [2,40,46]. Sensor fusion (e.g., Kalman filter [22]) is
needed to compute a final orientation estimate by combining
the signals from each sensor included in the unit.

IMUsor individual sensors such as accelerometers recently
became popular in orthopaedics. Commercial products such
as KneeAlign 2T M (OrthAlign Inc., USA) or iASSISTT M

(Zimmer Biomet, USA) are devices that make use of
accelerometers for navigated total knee arthroplasty, and they
have been heavily validated in clinical studies [4,8,11–13,
17,36–38]. Several studies suggest that accelerometer-based
navigation is as accurate as imageless computer-assisted
surgery systems for TKA [8,17,38]. Jost et al. [20,21]
validated an IMU-based system [53] to assistwith the implan-
tation of pedicle screws and reported acceptable accuracy in
the range of 0–5◦. IMUs are not just used for navigation but
can also be used for patient registration, especially for acetab-
ular cup placement or PAO surgery. Cao et al. [5], similar to
our previous work [42], use an IMU to measure the orienta-
tion of the anterior pelvic plane. To estimate the acetabular
cup or fragment orientation, no translation is needed; there-
fore, IMUs are a reasonable alternative to large tracking
setups. Cao et al. [5] validated their system using plastic
bones and reported pose estimation errors of less than 1.2◦.
This error of course does not include the error of unknown
soft tissue between the bony landmarks and themeasurement
device.

Another approach is to use planar markers known from
augmented reality for the tracking of surgical instruments
[23,43]. Planar markers are attached to the patient and sur-

gical instruments and are tracked by a monocular camera
attached to the operating room (OR) lamp [23] or the patient
itself [43]. Planar marker tracking accuracy is depending on
several things such as camera resolution, distance to camera,
marker size and lighting conditions. One drawback of using
planar markers is the possibility of blood splatters that may
cover the marker, depending on the location of the marker.
This however, is also the case with active or passive spherical
markers used with optical tracking. Hybrid navigation sys-
tems have been proposed, combining two or more tracking
technologies in a way to overcome each individual tracking
technology’s drawbacks [3,6,14,32]. Su et al. [51] combine
a monocular camera with an IMU for prosthesis pose esti-
mation during total hip replacement surgery. The camera and
the IMU are mounted inside the femoral head prosthesis, and
a customized pattern is printed on the internal surface of the
acetabular cup. The reported relative error is less than 4.8%
when data from the IMU are fused with the pose estimation
from the camera. However, they only validated their system
using plastic bones.

In this work, we propose to combine planar marker track-
ing with an IMU into a small and easy to use hybrid
navigation system for PAO. The system consists of a track-
ing unit with a monocular camera directly placed on the
patient’s pelvis and an augmented marker that is placed on
the patient’s acetabular fragment (see Fig. 1). The augmented
marker combines a planar Aruco marker [10] with a low-
cost IMU. The augmented marker with the IMU allows a
more convenient patient registration approach and makes it
possible to overcome periods when the planar marker is not
visible by the tracking unit. The contribution of this work is
the removal of the LOS impediment by fusing the informa-
tion from planar marker tracking and the IMU. Additionally
we present a convenient patient registration method based
on measuring the orientation of the anterior pelvic plane. We
demonstrate the feasibility of the proposed system by using
it to track the acetabular fragment orientation during PAO
surgery. The system, however, could potentially be used for
other types of orthopedic surgeries as well.

The paper is divided into two parts: the first part introduces
the system including marker tracking, calibration, patient
registration and sensor fusion. The second part covers vali-
dation of the system using a cadaver study (without sensor
fusion) and a plastic bone study (including sensor fusion).

Material andmethods

System overview

The system comprises of three parts: 1) The tracking unit
which consists of a miniature computer (Raspberry Pi Zero,
Raspberry Pi Foundation, UK), a WiFi USB dongle and a
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Fig. 1 The setup and components of our system. Left:The overall setup
with the tracking unit (a) attached to the patient’s pelvis facing toward
the acetabular fragment where the augmented marker is attached (b).

Middle: Inside look at the tracking unit and the augmented marker.
Right: Outside look at the tracking unit and the augmented marker

camera module (Pi NoIR, Raspberry Pi Foundation, UK).
It is directly placed on the patient’s pelvis, facing toward
the acetabular fragment area, and its only task is to stream
live video to the host computer using a wireless connection
(WiFi). All further video processing (marker detection, iden-
tification and pose estimation) is done on the host computer.
2) An augmentedmarker unit which consists of a printed pla-
nar Aruco marker [10] on the outer surface facing toward the
tracking unit. On the inside, a WiFi system on a chip (SoC,
ESP8266)with built-in full TCP/IP stack is combinedwith an
IMU (BNO055, Robert Bosch GmbH, Germany) comprised
of a triaxial gyroscope, triaxial accelerometer and a triaxial
magnetometer with built-in sensor fusion. This IMU offers
several sensor fusion modes including a magnetometer-less
fusion mode that only makes use of the built-in accelerom-
eters and gyroscopes. We chose this sensor fusion mode, to
avoid any issue with magnetic field distortions which is cru-
cial to use the system in an operating room (OR). 3) The host
computer receives the video stream from the tracking unit
and the IMU pose estimates from the augmented marker to
compute a final pose estimate. The basic setup of the system
is shown in Fig. 1. A schematic overview of the different
components involved in the proposed system is shown in
Fig. 2.

Marker tracking

The tracking unit’s camera module must be first calibrated
once. We do this using OpenCV’s camera calibration frame-
work. After the tracking unit connects to the host computer
using a wireless connection, we start the marker tracking in a
separate thread. The tracking unit provides gray scale images
with a resolution of 540 by 960 pixels. The marker detection
in each frame is implemented in C/C++ using OpenCV. We
first apply thresholding and detect contours in the image.

Fig. 2 A schematic illustration of how our system works. The track-
ing unit (red) sends a live video stream of the augmented marker to
the host computer. The augmented marker (light blue) sends the ori-
entation output from the IMU to the host computer (orange). The host
computer detects the Aruco marker in the video stream and estimates
its orientation using a robust pose estimation algorithm [48]. Sensor
fusion is performed to fuse the pose estimate from the IMU with the
pose estimate from the Aruco marker tracking

Contours are filtered by approximating each contour by a
polygon and rejecting those which cannot be represented by
four individual corner points (rectangles). The final marker
candidates are rectified and filtered based on whether or
not they represent the Aruco marker ID we are looking for
[10,43]. The detection pipeline is illustrated in Fig. 3. The
pose is computed using a robust pose estimation algorithm
proposed by Schweighofer et al. [48]. Before we can apply
any kind of sensor fusion, we must first compute the cali-
bration matrix relating the Aruco marker’s local coordinate
system to the local coordinate system of the IMU which is
running in parallel. This is a typical hand–eye calibration
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Fig. 3 Aruco marker detection pipeline. a Input image b. Threshold-
ing to create a binary image. c All detected contours (red). d Marker
candidates that can be represented as a polygon with exactly four cor-

ner points (green). e Two rectified marker candidates. The top marker
candidate can be successfully decoded, whereas the bottom candidate
cannot be decoded and is therefore not a valid Aruco marker

Fig. 4 All involved coordinate systems (COS). The calibration proce-
dure is necessary to estimate the fixed transformation T A

I between the
IMU’s local coordinate system and the Aruco marker’s local coordinate
system. This procedure can be done once as the relation between the
marker and the IMU stays fixed

problem [24]. The calibration procedure is shown in detail
in the following section.

Calibration

The IMU is rigidly attached to the back of the planar marker.
The involved coordinate systems are shown in Fig. 4. Our
approach is based on a set of measurements of the planar
marker tracking and the IMU. At every time point ti , we
receive the transformation from the planar marker’s local
coordinate system to the tracking unit’s camera coordinate
system

(
TC
A

)
as well as the transformation from the IMU

coordinate system to its measurement reference space
(
T R
I

)
.

The goal of this calibration procedure is to estimate the trans-
formation T A

I from the IMU local coordinate system to the
Aruco marker’s local coordinate system. At any two time

points ti and t j , we have the following relationships:

T A
I = ti T A

C · TC
R · ti T R

I (1)

and

T A
I = t j T A

C · TC
R · t j T R

I (2)

We have now two unknown transformations T A
I and TC

R . TC
R

can be eliminated and we obtain:

T A
I = t j T A

C ·
(
ti T A

C

)−1 · T A
I ·

(
ti T R

I

)−1 · t j T R
I (3)

Let’s define

ti j �T A
C = t j T A

C ·
(
ti T A

C

)−1
(4)

and

ti j �T I
R =

(
t j T R

I

)−1 · ti T R
I (5)

Then we end up with:

(
ti j �T A

C

)−1 · T A
I = T A

I · ti j �T I
R (6)

We can now,without causing any confusion, arbitrarily select
a time ti = t0. The incremental transformations defined in
Eqs. 4 and 5 aremeasured with respect to this time point such
that we can drop the index i . Only considering the rotational
part of the transformation, we can reformulate as:

�R j
A · RA

I = RA
I · �R j

I (7)

We end upwith the classical hand–eye calibration equation of
the form AX = XB [24,41]. Following [41], we will use Lie
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group theory to convert the problem to a least-squares prob-
lem where a closed-form solution is available. For a given
rotation matrix R, we have:

θ = arccos

(
trace(R) − 1

2

)
(8)

log
(
R
) =

{
0, if θ = 0
skew(r), if θ �= 0 and θ ∈ ( − π ,π)

(9)

where r = θaR = [
rxryrz

]T is the axis-angle representation
of the rotation matrix R and:

skew(r) =
⎡

⎣
0 − rz ry
rz 0 − rx
− ry rx 0

⎤

⎦ . (10)

Applying this equation to �R j
I , �R j

A, we have:

log
(
�R j

A

)
= skew(b j ) (11)

and

log
(
�R j

I

)
= skew(a j ) (12)

According to Lie theory, we have:

b j = RA
I a j (13)

Tohandle noisymeasurements,we can formulate our original
problem as the following least-squares minimization prob-
lem:

min
RA
I

n∑

j=1

∣∣∣RA
I a j − b j

∣∣∣
2

(14)

where a closed-form solution can be calculated efficiently as

RA
I = UV− 1

2U−1MT (15)

With M = ∑n
j=1 b jaTj , and the eigen-decomposition of

MT M = UVU−1.

Patient registration

The goal of patient registration is to relate the virtual 3D
model of the pelvis displayed on the host computer with
the coordinate system of the patient. Since we cannot digi-
tize landmarks the way it is usually performed with optical
tracking-based navigation systems (tracked pointer), we
record the orientation of the anterior pelvic plane and use its
orientation to align the computer model accordingly. In this
work, we will use a previously developed registration device

[42] that could be sterilized for future clinical application.
The device’s three equal length pillars are placed on the three
landmarks (left and right anterior superior iliac spine (ASIS)
and one of the two pubic tubercles) that define the APP. We
can now align the augmented marker with the device’s top
plate which is now parallel to the APP. We use the integrated
IMU to record the orientation of the APP. This way we do
not have to assure that the Aruco marker is within the field-
of-view (FOV) of the tracking unit’s camera, significantly
improving convenience compared to our previous work [43].
The augmented marker is attached to the top plate so that its
local x-axis is aligned with the connection between the left
and right ASIS. This way, the Aruco marker’s local z-axis is
representing theAPPnormal (see Fig. 5).Wemeasure the ori-
entation of the APP in the IMU reference coordinate system,
and once the augmented marker is attached to the acetabu-
lar fragment (right before the reorientation starts), we have
the required information available to transform the recorded
APP orientation from the IMU reference coordinate system
to the Aruco’s local coordinate system using the previously
computed fixed calibration matrix T A

I .

Sensor fusion

So far, the host computer first detects the Aruco marker in
each received video frame. Simultaneously, the IMUsends its
orientationoutput to the host computerwhichwe transformed
to the planar marker’s local coordinate system using the cal-
ibration matrix. As a reminder, the IMU has built-in sensor
fusion which produces an orientation update at a high inter-
nal update rate (100Hz). In the first prototype of the system,
we fully trusted the orientation output from marker tracking
as long as the marker was visible and only used the IMU dur-
ing patient registration or in times when the marker was not
visible in the video frame. This first prototype was validated
using a cadaver study (more details in “Experiments” sec-
tion). This binary decision scheme has the drawback that we
do not exploit the high update rate from the IMU but simply
wait for the update from the marker tracking (around 8–
12Hz). It is therefore desirable to fuse the pose estimate from
the IMUwith the data from the marker tracking. We propose
a sensor fusion approach which uses the IMU’s pose esti-
mate as a prediction for the location of the marker in the next
video frame. We start off with marker detection as described
in “Marker Tracking” section using simple thresholding with
a fixed threshold value. If the marker was not detected, we
repeat simple thresholding until the marker is detected. If the
marker is detected (Aruco marker detected and identified ID
is correct), we feed this information to aKalman filter [22,44]
as the initial orientation estimate. Next, we use the orienta-
tion output from the IMU to predict themarker location in the
next video frame, effectively reducing the search area. This
allows us to use adaptive thresholding on this smaller search
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Fig. 5 Overview of the patient registration and the involved transfor-
mations. Left: The previously developed registration device is placed
on the patient. The three pillars are placed on the right and left anterior
superior iliac spine (ASIS) and on one of the two pubic tubercles. This
aligns the top plate with the APP. The attached augmented marker is
placed on the top plate in a way that its x-axis is parallel to the connec-
tion between the right and left ASIS. The Aruco marker’s local z-axis is

now representing the APP normal. T A
I is the calibration transformation,

and T R
I is measured by the IMU integrated into the augmented marker.

Right: Right before the acetabular fragment is detached, we will have
all necessary information available to bring the measured APP orien-
tation into the planar marker’s local coordinate system where we later
perform all computations during acetabular reorientation

Fig. 6 Overview of the proposed sensor fusion algorithm. The Kalman
filter is initialized using the first pose estimate from the Aruco marker
tracking using simple thresholding. Next, we use the output from the
IMU directly as the prediction for the Kalman filter and also to predict
the next location of theArucomarker in the input image. This prediction
allows us to restrict the search area and to apply adaptive thresholding

which is computationally less efficient than simple thresholding. If the
marker is detected, we update the Kalman filter and continue with this
strategy. If, however, the marker was not detected within the smaller
search area, then we simply fall back to the simple thresholding over
the whole image

area without reducing performance. If themarker is detected,
we compute its pose and feed the output to the Kalman filter.
If the marker was not detected (no Aruco marker detected
and/or ID not correct) in that smaller search area using adap-
tive thresholding (e.g., fast movement), we then simply fall
back to the simple thresholding over the whole image. In this
case, the Kalman filter never leaves the prediction state and
we rely on the input from the IMU. As soon as the Aruco
marker is detected in the whole image, we continue with the

update state of the Kalman filter. The whole sensor fusion
pipeline is outlined in Fig. 6. The Kalman filter uses the out-
put from the IMU directly as the prediction. The output from
the marker tracking serves as the measurement update. Dur-
ing prediction, instead of using the previous state, we simply
replace the state vector with the output from the IMU. This
reduces the state transition matrix to an identity matrix. The
prediction equations of theKalmanfilter are shown inEqs. 16
and 17.
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qk = Akq
IMU
k (16)

Pk|k−1 = Ak Pk−1|k−1A
T
k + Qk (17)

Ak is the state transition matrix and Pk is the state covari-
ance matrix. Qk is the process noise covariance matrix. The
prediction step is repeated as long as there is no update from
the marker tracking. As soon as the marker detection is suc-
cessful, the following update equations are applied:

yk = qMarker
k − Hkqk (18)

Sk = Hk Pk|k−1H
T
k + Rk (19)

Kk = Pk|k−1H
T
k S−1

k (20)

qk = qk + Kk yk (21)

Pk|k = (I − KkHk)Pk|k−1 (22)

where yk is the innovation, Sk the innovation covariance
matrix, Hk is the observation matrix (set to identity) and
Kk is the Kalman gain.

Experiments

Weperformed twoplastic bone studies to evaluate each track-
ing technology individually. One with only Aruco marker
tracking (no IMU, except patient registration) and the other
with only IMU tracking. In addition, we performed a cadaver
study with a binary decision scheme for sensor fusion and a
plastic bone studyusing the proposed sensor fusion approach.

For the cadaver study, we used simple thresholding over
the whole image at all times to detect the marker. Every time
the marker was detected, we fully trust the pose estimate
frommarker tracking, ignoring the input from the IMU.Only
during times when the marker was not detected, we fully
relied on the pose estimation from the IMU. No Kalman
filter was applied, and the pose estimates were used directly.

The following subsections describe all the experiments in
more detail.

Plastic bone study—single tracking technology

Two validation plastic bone studies including 3 pelvises
(6 hip joints) were performed sequentially to validate each
tracking technology individually. Simultaneously, we ran a
previously developed and validated optical tracking-based
navigation system (Polaris, NDI Canada) serving as ground
truth measurements [31]. Inclination and anteversion values
of the two navigation systems for PAOwere compared during
acetabular reorientation. We oriented the fragment to 20 ran-
dom positions and simultaneously recorded inclination and
anteversion values from both systems. For the marker-only
tracking, we still used the IMU to perform patient registra-
tion. Only during acetabular reorientation, we fully relied on
marker tracking.

Cadaver study

A validation study including 3 pelvises (6 hip joints) under-
going navigated PAO was performed. All six PAOs were
performed by a hip surgeon with experience in hip preser-
vation surgery (MT), and acetabular reorientations were
performed by a first-year resident in orthopedic surgery
(TL). We used our proposed augmented marker tracking-
based navigation system with a binary decision scheme
to measure the acetabular orientation. The same ground
truth system as described above was used for validation.
Again, we reoriented the fragment to 20 random positions
and recorded inclination and anteversion values from both
systems simultaneously. All necessary steps (patient reg-
istration and fragment reorientation) were repeated three
times (A, B and C), resulting in a total of 360 differ-
ent reorientation positions. The setup during the cadaver
study was organized to simulate a clinical application (see
Fig. 7).

Plastic bone study—sensor fusion

A validation plastic bone study including 3 pelvises (6 hip
joints) was performed to validate the system using the pro-
posed sensor fusionmethod. The sameoptical tracking-based
system as used during the other plastic bone studies and the
cadaver study served as ground truth. Again, the acetab-
ular fragment was reoriented to 20 random positions and
we recorded inclination and anteversion from both systems
simultaneously resulting in 120 different reorientation posi-
tions.

Statistical evaluation

We computed mean absolute difference and correlation
between the proposed system and the optical tracking-based
ground truth system [31] for anteversion and inclination sep-
arately. A box plot showing the median difference and the
5-th and 95-th percentile was also computed for anteversion
and inclination separately. Bland–Altman plots were com-
puted for the results of the cadaver study to make sure that
no systematic error was present in the study.

Results

Plastic bone study—single tracking technology
results

For the marker-tracking plastic bone study, we achieve a
mean absolute difference for inclination and anteversion
of 1.71 (± 1.49) and 1.09 (± 1.17)◦, respectively. For the
IMU-based tracking, we achieve a mean absolute difference

123



International Journal of Computer Assisted Radiology and Surgery

Fig. 7 Experimental setup: Left:
Close-up view of the tracking
unit (a) and the augmented
marker (b) attached to the pelvis
and fragment, respectively. For
validation purposes, the
augmented marker and the
tracking unit were attached to
the DRBs used by the optical
tracking-based navigation
system. Right: The tracking unit
(a) is attached to the pelvis and
the augmented marker (b) is
attached to the acetabular
fragment. The optical tracking
stereo camera (c) and the host
computer (d) are shown in the
background

for inclination and anteversion of 3.23 (± 3.79) and 2.76
(± 2.27)◦, respectively. We performed a Wilcoxon rank sum
test for both tracking technologies, comparing the inclination
and anteversion values measured by each individual tracking
technology to the values measured by the optical track-
ing system. The resulting p-values comparing inclination
and anteversion values are (0.8140/0.7246) for marker-based
tracking and (0.9311/0.5562) for IMU-based tracking. In
all cases, we cannot reject the null-hypothesis at the 5%
significance level. The correlation is very strong for both
tracking technologies. We achieve a correlation for inclina-
tion and anteversion of (0.99/0.99) formarker-based tracking
and (0.97/0.93) for IMU-based tracking. In terms of update
rate, we achieve an update rate of around 8–12Hz for marker
tracking, depending on the number of detected marker can-
didates and the pose of the marker relative to the camera
sensor plane [48]. The IMU has an internal update rate of
100Hz, and measuring the update on the host computer dur-
ing acetabular reorientation, we achieve an update rate of
around 35Hz.

Cadaver study results

Mean absolute difference for inclination and anteversion (N
= 360) was 1.34 (± 1.50) and 1.21 (± 1.07)◦, respectively.
Themeasurements fromour system showavery strong corre-
lation to the ground truth optical tracking-based navigation
system for both inclination and anteversion (0.98 / 0.97).
Figure 8 shows a box plot with the median error and the 5-
th and 95-th percentiles for each individual case. Figure 9
shows the Bland–Altman plots for anteversion and inclina-
tion.

Plastic bone study—sensor fusion results

Using the proposed sensor fusionmethod,we achieved a very
strong correlation to the ground truth optical tracking-based
navigation system (0.99 / 0.96).Mean absolute difference for
inclination and anteversion (N = 120) was 1.63 (± 1.48) and
1.55 (± 1.49)◦, respectively. Figure 10 shows the box plot for
the plastic bone study results using sensor fusion, for each
individual case for the 6 hip joints.

Discussion

We successfully demonstrated the feasibility and clinical
applicability of our PAO navigation system to measure incli-
nation and anteversion during acetabular reorientation. We
compared our system to a gold-standard optical tracking-
based navigation system with a plastic bone study and a
cadaver study.

Strong correlation and smallmean absolute differences for
both anteversion and inclination were found in the cadaver
study and the plastic bone study (with the proposed sensor
fusion). Advantages of this hybrid system include minimal
space requirements for the setup in the OR and no LOS
impediment.

Using a navigation system offers several benefits as
reported by others [16,27,33], especially for inexperienced
surgeons. Intra-operative manual measurements of acetabu-
lar fragment positioning can be error prone. Murphy et al.
[33] compared intra-operative manual measurements with
postoperative CT measurements, and they reported relative
large errors in measuring the adduction angle of 10.5◦. The
measurements of their proposed biomechanical guidance
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Fig. 8 Error box plots showing the median error and the 5-th and 95-th percentiles for each individual case of the cadaver study. Letters L/R
represent joint side. Letters A, B and C represent the first, second and third experiment for a specific hip joint. Top: Anteversion Bottom: Inclination

system showed a strong agreement to the CT measurements
(mean of 3.7◦) [33]. These errors are slightly larger than
traditional optical tracking-based navigation systems. Liu et
al. [30] reported errors of decomposed motion components
of less than 0.6–0.9◦ between the pre-operative plan and the
intra-operativemeasured results. However, they did not com-
pare to postoperative CT measurements.

We first performed two plastic bone studies to evaluate
the performance of each individual tracking technology. The
results show a difference in performance between marker
tracking and IMU-based tracking. The IMU has built-in sen-
sor fusion which uses the integrated triaxial gyroscope and
triaxial accelerometer to compute a final pose estimate. We
decided not to use the sensor fusion mode with the magne-
tometer, as the magnetic field is not constant in an operating
room and can disturb the final pose estimate significantly
[40,42]. Using the gyroscope to estimate the angle around
the gravity vector is prone to drift as we cannot correct for
it using the accelerometers. It is therefore not surprising that
the IMU-based tracking performed worse than the marker-
based tracking. The IMU-only tracking also is based on the
assumption that the pelvis does not move with respect to
the IMUs reference coordinate system. We achieve a mean
absolute difference of less than 4◦ but with a relatively high
standard deviation. These results are not surprising com-
pared to other work using IMUs for navigation. Behrens et
al. [2] report errors in the range of 0.4–3.4◦ for endoscope
tracking. Walti et al. [53] also report errors in the range of

2–4◦ for pedicle screw placements using an IMU as guid-
ance.

The first two plastic bone studies show that it is advan-
tageous to combine both tracking technologies (marker
tracking and IMU), as marker-based tracking has a limited
working volume based on the FOV of the camera and a lower
update rate but a higher accuracy compared to IMU tracking.

We performed a cadaver study with a binary decision
scheme, fully trusting the marker tracking unless the marker
was not detected. The overall results are very promising.
This approach works well in cases where the marker rarely
goes outside the camera’s FOV. This is most often the case,
especially during the cadaver study when range of motion is
limited by soft-tissue constraints.

Katanacho et al. [23] used QR codes and a high-resolution
HDcamera (1280 x 1024px) attached to a lamp to track surgi-
cal instruments. Attaching the camera to the operating room
lamp has the advantage of an easier setup and the possibility
to send the video frames through a wired connection. On the
other hand, the lamp cannot be moved during surgery and
has generally a larger distance to the tracked tools, requiring
larger markers. Compared to their work, we use a lower-
resolution camera directly attached to the patient’s pelvis
and an Aruco marker instead of QR codes. The advantage
of using QR codes is the possibility to store additional infor-
mation such as marker size and marker-to-tip transformation
but they are generally harder to detect and identify. Encod-
ing additional information in the marker is not necessary
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Fig. 9 The Bland–Altman plots for inclination (top) and anteversion (bottom) of the cadaver study. A high level of agreement can be observed
between themeasurements from the proposed system compared to themeasurements from the ground truth optical tracking-based navigation system

in our case, as we just use one marker and only rely on
rotational information during tracking and no marker-to-tip
transformation is needed. Katanacho et al. report a lower
accuracy for rotation measurements of around 2–5◦ depend-
ing on marker size and distance. One reason for the lower
accuracy is the error-prone detection process for computing
point correspondences [23]. Camera-to-marker distance is in
fact important for accurate planar marker tracking. Errors in
computing the pose have several sources including errors in
marker detection due to noise, changing lighting conditions,
camera calibration errors, occlusions and errors from the pose
estimation algorithm itself [9]. In our case, the distance from
the camera to the marker is limited by the anatomical con-

straints and it is possible to use different marker sizes should
the distance be large.

The third plastic bone study we performed included the
proposed sensor fusion approach which uses the IMU output
as a prediction for the location of the marker in the image
and used the marker tracking output to correct the Kalman
filter prediction.This allowsus to reduce the search area in the
image giving us the possibility to apply adaptive thresholding
instead of simple thresholding. This ismore robust in difficult
lighting conditions as adaptive thresholding generally gives
better results than simple thresholding (especially around the
marker corners).
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Fig. 10 Box plots showing the median error and the 5-th and 95-th percentiles for each individual case for the 6 hip joints of the plastic bone study
compared to the optical tracking-based navigation system. Letters L/R represent joint side. Top: Anteversion Bottom: Inclination

Fig. 11 The manufactured
augmented marker that can be
directly attached to the T-handle
used during PAO surgery. The
marker box is designed in a way
that it can easily be attached to
the top part of the T-handle. In
this way, the reorientation can
be directly performed without
the need to drill an additional
screw hole into the acetabular
fragment. The box is made from
polyether ether ketone (PEEK)
and the marker is laser printed
on to a 2-mm aluminum sheet
that can be inserted on the
outside

Our work has limitations. During patient registration, we
solely rely on the IMU measurements. This allows a con-
venient patient registration procedure as we do not have to
make sure that the planar marker is visible in the tracking
unit’s FOV. We use the sensor fusion mode provided by the
IMU that only makes use of the gyroscopes and accelerom-
eters. This has the advantage that the measurements are not
susceptible to magnetic field changes, but has the disadvan-
tage that drift errors from the integration of the gyroscope
signal can affect the accuracy significantly over time. Cao
et al. [5] recently presented a similar system to measure the

pose of the APP for total hip arthroplasty. They validated
their system using plastic bones and reported errors of less
than 1.2◦. During the cadaver study, patient registration only
took around 30–60s, reducing the effects of drift. During
reorientation, drift is negligible as the update from the planar
marker tracking is able to correct for any drift errors in the
prediction step of the Kalman filter.

The cadaver study shows a smaller error than the plastic
bone studies (mean difference of 1.34 vs. 1.63 for inclination
and 1.21 vs. 1.55 for anteversion). One possible explanation
is the limited range ofmotionwhen reorienting the acetabular
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fragment. Soft tissue around the hip joint prevents exces-
sive range of motion and prevents fast and shaky movements
that can be frequently present in plastic bone studies as the
fragment is completely separated from the rest of the pelvis
without soft-tissue constraints.

We compared our system with the current gold standard
(optical tracking). The same errors which are present in opti-
cal tracking-based navigation systems (soft tissue between
digitization pointer and bony landmarks during registration)
are therefore also present in this study. A limitation is that no
postoperative CT scan could be performed.

The proposed system is directly attached to the patient’s
pelvis and acetabular fragment. Electronic devices that are
close to the patient cause inconvenience (blood splatter, space
and sterility). The system that was used is a prototype that
uses readily available parts. Not all of these parts are suitable
to be used in a future clinical study. The tracking unit uses
a Raspberry Pi Zero W which runs a full operating system
in the background which is not efficient given its task of
simply streaming live video to the host computer. This could
be replaced by using a custom field-programmable gate array
(FPGA) board with a miniature camera.

We are progressing further in terms of sterilization and
clinical application. The augmented marker, for example,
can be directly attached to the T-handle that is regularly used
during PAO surgery (see Fig. 11) [28]. For clinical applica-
tions, the electronics are placed in a smaller box which can
be slid into the sterilized outer box. A similar inner/outer
box setup can be imagined for the tracking unit. In terms
of blood splatter, as the marker is printed onto a steriliz-
able material (e.g., aluminum sheet), it is simply possible to
clean the blood splatters from its surface. However, since the
acetabular fragment will already be cut when the system is
used, we do believe that blood splatters should not be a major
problem during acetabular reorientation.

The material for the outer boxes is polyether ether ketone
(PEEK) which is a highly durable, robust and most impor-
tantly, sterilizable material. This material also allows the
WiFi signal to penetrate it, making it easier since no external
antenna must be designed.

Conclusion

We successfully demonstrated the feasibility of our aug-
mented marker-based navigation system. Our proposed sys-
tem is able to accurately estimate the acetabular orientation
during PAO surgery without the line-of-sight impediment
that state-of-the-art optical tracking-based navigation sys-
tems suffer from. Clinical application of this system could
help the surgeon during PAO and improve patient outcome
through proper acetabular reorientation.
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