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Abstract: Augmented reality (AR)-based surgical navigation may offer new possibilities for safe and
accurate surgical execution of complex osteotomies. In this study we investigated the feasibility of
navigating the periacetabular osteotomy of Ganz (PAO), known as one of the most complex orthope-
dic interventions, on two cadaveric pelves under realistic operating room conditions. Preoperative
planning was conducted on computed tomography (CT)-reconstructed 3D models using an in-house
developed software, which allowed creating cutting plane objects for planning of the osteotomies and
reorientation of the acetabular fragment. An AR application was developed comprising point-based
registration, motion compensation and guidance for osteotomies as well as fragment reorientation.
Navigation accuracy was evaluated on CT-reconstructed 3D models, resulting in an error of 10.8 mm
for osteotomy starting points and 5.4° for osteotomy directions. The reorientation errors were 6.7°,
7.0° and 0.9° for the x-, y- and z-axis, respectively. Average postoperative error of LCE angle was 4.5°.
Our study demonstrated that the AR-based execution of complex osteotomies is feasible. Fragment
realignment navigation needs further improvement, although it is more accurate than the state of the
art in PAO surgery.

Keywords: periacetabular osteotomy; surgical navigation; augmented reality; osteotomy; computer
assisted planning

1. Introduction

The main surgical objective of the periacetabular osteotomy of Ganz (PAO) is the
restoration of the hip joint anatomy [1]. PAO is typically performed in young adults who
suffer from residual hip dysplasia (RHD). RHD is a condition characterized by insufficient
acetabular coverage of the femoral head and is a long-known cause for hip pain and
development of osteoarthritis (OA), which continuously progresses to a point of severity
where it can only be treated by total hip arthroplasty (THA) [2-6]. The surgical execution of
aPAO s very demanding and hence associated with a high complication rate between 6% to
37% [7]. Since the incision area does not allow for direct sight on all of the anatomy involved,
the osteotomies and reorientation are mainly guided by intraoperative fluoroscopy and
anatomical landmarks [8]. Known complications even in experienced surgeons include
intra-articular extensions of the osteotomies, discontinuity of the pelvic ring, injury to
the sciatic nerve, incorrect reorientation, and heterotopic ossifications [3,9-12]. For the
PAO procedure, originally described in Ganz et al. [1], the patient is positioned supine on
the operating table. For exposure a modified anterior approach (Smith-Petersen) is used.
The acetabular fragment (Figure 1, in green) is mobilized by four osteotomies namely the
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ischial, pubic, supra- and retroacetabular osteotomy (Figure 1, marked as 1, 2, 3 and 4,
respectively). For the first osteotomy (ischial), an angled chisel is used (Figure 2, step 6).
Immediately adjacent to the acetabulum, the second osteotomy (pubis) is performed with
a chisel. The third osteotomy (supraacetabular) is performed with an oscillating saw and
ends at the crossing point (Figure 2, step 7) with the fourth (retroacetabular) osteotomy.
About 15 mm of the fourth osteotomy are performed from inside and outside at an angle
of 120° using the chisel, whereas the remainder towards the ischial spine breaks through a
controlled fracture (Figure 1, orange circle), thereby freeing the acetabulum from the pelvic
bone. The mobile fragment is then reoriented to the planned target position, where it is
fixed to the remaining pelvis with two cortical screws on the iliac crest (Figure 1, screws
shown in gray, iliac crest area marked in blue) [1].

Figure 1. Surgical technique of periacetabular osteotomy of Ganz (PAO). Four osteotomies, namely
the ischial (1), pubic (2), supra- (3) and retroacetabular (4) are performed, followed by a controlled
fracture (area marked in orange), which mobilizes the acetabular fragment (green). The fragment is
then reoriented in space before it is fixed to the remaining pelvis by two screws (shown in gray) at
its target position. The area marked in blue is called the iliac crest. Left: lateral view on the pelvis,
preoperatively. Right: Medial view on the pelvis, postoperatively.

For diagnosis and preoperative planning of RHD, conventional two-dimensional (2D)
anterior-posterior (AP) radiographs are used to determine two parameters, the lateral center-
edge (LCE) angle and the acetabular index (Al) (Figure 3) [13]. A hip is considered dysplastic,
if the LCE angle is less than 23° with an Al of more than 14°, whereas an LCE angle exceeding
33° with an Al of less or equal than 2° is considered acetabular overcoverage [14,15]. Although
the limitations of 2D measurements in assessing complex three-dimensional (3D) anatomies
are well known, they still represent the gold standard in the preoperative planning of hip
surgeries due to the lack of adequate 3D measurement methods. Studies have shown that 2D
measurements are biased by the projection of the anatomy in the radiographs [16-23] and the
intra- and inter-reader variability of the measurement methods [20,24-26]. This underlines
the need for a more robust 3D preoperative planning method in order to accurately determine
and implement the optimal correction. However, the existing clinically used preoperative
3D planning approaches [27-31] are still relying on the 2D parameters LCE and Al and are
therefore not true 3D approaches.
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Figure 2. Overview of the preoperative planning workflow.
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Figure 3. Example of lateral center-edge angle (LCEA) and acetabular index (AI) measurement on an
AP pelvic radiograph as described in [13]. The LCEA and Al are a measure for the extent of coverage
of the femoral head by the pelvic part of the hip joint, the acetabulum. The LCEA is measured
between two lines, both starting in the femoral head center, one vertical line and the line drawn
between femoral head center and the most lateral point of the acetabular rim (angle in blue). To find
the femoral head center, a circle is drawn (cyan). The vertical line of the LCEA is defined as being
perpendicular to the line connecting both femoral head centers (pink). The Al is measured between
said pink line connecting both femoral head centers and a line running through the medial edge of
the sclerotic acetabular zone and through the lateral sourcil (angle in pink).

The limitations of the preoperative planning and the challenges of the surgical execu-
tion have motivated the development of computer-assisted navigation approaches for PAO.
In 1997, Langlotz et al. [32] presented an approach enabling guided osteotomies through
instruments that were tracked optically by an external system and visualized with respect
to preoperative computed tomography (CT) data. Correspondence between intraoperative
anatomy and the preoperative CT was found by either a landmark- or surface-based match-
ing strategy. A reference marker compensated for anatomy motion. If the contralateral
side was chosen for the reference marker, an additional incision became necessary. At a
later stage of development, it was also possible to guide the reorientation of the acetab-
ular fragment through a tracked handle. In total, 14 surgeries were conducted, yielding
satisfactory results without complications [33,34]. The approach of Armand et al. [28] not
only allowed for implementation of a 3D preoperative plan but included biomechanical
considerations, namely the contact pressure distribution on the acetabular cartilage based
on discrete element analysis, along with geometrical information. Motion compensation
was only limited by using three screws that were digitized using a tracked pointer before
starting the osteotomies. If tracking was lost due to motion of the hip anatomy, the surgeon
had to re-digitize these screws to restore registration. Hsieh et al. [35] compared their
computer-assisted approach to the conventional approach in a study with a two year
follow-up. Intraoperative movement of the anatomy was tracked by a reference marker
at the iliac crest (Figure 3, marked in blue) that required an additional incision. After
the fragment was freed, it was not tracked anymore and therefore reorientation was not
guided. Reduced radiation and operation time in the computer-assisted group were the
main findings. No significant differences in operative blood loss, transfusion requirement,
correction of deformity and functional improvement were found and there were no com-
plications in both groups. The study of Abraham et al. [36] investigated computer-assisted
PAOQ in terms of osteotomy and fragment reorientation accuracy in 3D on five cadaveric
hips. Osteotomies were guided by a tracked drill bit guide. Fragment reorientation was
achieved by matching landmarks at K-wire locations (for fixation) to the preoperative plan.
Postoperative CT evaluation showed that preoperatively planned goals could be realized.
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The results of Liu et al. [27], who performed eight surgeries on four cadavers, suggest
similar conclusions. However, the final alignment was not measured by postoperative
CT, but intraoperatively. All of the aforementioned approaches employ external optical
tracking systems, which come along with line-of-sight impediment and, consequently, with
poor usability. Pflugi et al. [37] came up with an alternative idea, proposing the registration
and tracking for fragment reorientation through inertial measurement units (IMU). One
IMU was fixated on the pelvis, the other one on the fragment. A revised version [38]
included a small camera in the pelvis IMU facing and tracking a marker attached to the
fragment IMU. Sensor fusion combined the two estimates. Both systems were validated
w.r.t. an external optical tracking system using bone models and cadavers. The authors
could show similar accuracy and high correlations with the tracking system. Neverthe-
less, in all described approaches visual feedback was provided only through 2D monitors
located in the periphery of the operating room (OR). This significantly complicates the
process of aligning navigation information with the actual surgical site [39]. Generally,
there is consensus that computer assistance is beneficial for PAO in different aspects, also
supported by long-term studies involving a high number of patients [40]. However, we
believe that usability must be further increased to achieve a broad clinical acceptance [41].

Augmented reality (AR) has opened up new possibilities in orthopedic surgery [42]
as described in a recent review paper [43]. In situ visualizations can provide surgeons
with an intuitive understanding of the underlying 3D anatomy, resolve the cognitive load
of aligning the working space with the one of preoperative data and facilitate surgical
guidance. Instruments can be displayed at their target position. Particularly interesting
are recently developed off-the shelf optical see-through head-mounted displays (OST-
HMD). Their feasibility as a surgical navigation device has not been fully explored yet
and is still under discussion [44,45]. Although preliminary studies showed promising
results in various orthopedic interventions, for example, pedicle screw placement [46,47],
percutaneous procedures [48-50] and hip resurfacing [51], OST-HMD may still suffer from
a poor navigation accuracy dependent on the approach taken [44]. In order to render AR
content correctly in space, OST-HMD need to know their pose w.r.t. the target object(s).
One approach is to employ an external device/camera and estimate the relevant poses from
an outside viewpoint (outside-in tracking) using the OST-HMD only as a video see-through
device, such as in [50,52]. The second solution is referred to as inside-out tracking in which
the OST-HMD uses its sensors to localize itself either relative to markers (marker-based)
or by simultaneous localization and mapping (SLAM) [53] its surrounding (marker-less).
In light of the previously mentioned line-of-sight problem, inside-out tracking may be
arguably favorable. Marker-based inside-out tracking, as employed in [54,55], stands out
with its simplicity, as the OST-HMD only needs to perform common marker detection,
whereas marker-less inside-out tracking often comprises multiple sensor and sophisticated
sensor fusion algorithms. This way, however, it enables a world coordinate system where
renderings and poses are maintained over time and independent of OST-HMD movements.
Furthermore, the surgeon is not disturbed by markers attached to the anatomy.

In a proof-of-concept study on synthetic bone models, Kiarostami et al. [56] were the
first describing a marker-less inside out approach for the AR-based surgical navigation of
PAO osteotomies. AR guided osteotomies performed by novice surgeons were as accurate
as when performed in a freehand fashion by an experienced PAO surgeon. However, their
approach did not support surgical navigation of fragment reduction, which is an essential
step of PAO intervention and thus motivation for our study. To this end, we extended the
marker-less inside out approach to the navigation of the fragment reduction as described
in our previous case study [57]. In this pilot experiment, a surgeon tested the approach for
the first time on a single cadaver. The goal of our current study was now to present the
complete pipeline for the AR-based navigation of PAO including 3D preoperative planning,
surgical execution and postoperative accuracy evaluation and two evaluate its accuracy
prospectively in ex-vivo experiments. We wanted to determine (a) whether it is feasible to
execute a 3D preoperative plan of PAO on under AR-based surgical navigation with an
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OST-HMD (Microsoft HoloLens, Microsoft Corporation, Redmond, WA, USA), (b) how
accurately the osteotomies can be executed using visual guidance, and (c) how accurately
the acetabular fragment can be reoriented using visual and quantitative guidance. To this
end, two surgeries on human cadavers were performed and evaluated on postoperative CT.

2. Materials and Methods

This study included two thawed fresh-frozen human cadaveric hips (one side each)
without history of trauma, malformation, tumor or surgery. Preoperative planning and
AR-based surgical navigation are described in the following subsections.

2.1. Preoperative Planning

Each cadaver was CT scanned using a Somatom Edge CT® device (Siemens, Erlan-
gen, Germany). The slice thickness was 1.0 mm and the in-plane resolution (x-y) was
0.4 x 0.4 mm (Figure 2, step 1). 3D models of pelves and femora were extracted using
the global thresholding and region growing functionalities of a commercial segmentation
software (Mimics Medical, Materialise NV, Leuven, Belgium) [58-60] (Figure 2, step 2).

An experienced orthopedic surgeon conducted the 3D preoperative planning. An in-
house developed software was used (CASPA, Balgrist University Hospital, Zurich, Switzer-
land). For navigation and outcome evaluation, we defined an anatomical coordinate system
with its origin in the formal head center, where the y- and z-axes are parallel to the ante-
rior pelvic plane (APP) and the z-axis pointing to the contralateral femoral head center
(Figure 2, step 3). The APP is spanned by 4 landmarks: the right and left ASIS (yellow
circles in Figure 2, step 3) as well as the right and left pubic tubercle (gray circles in Figure 2,
step 3) [61]. The choice of this coordinate system is motivated by the conventional, X-ray
based PAO planning, because the APP corresponds with the perspective of an anterior
X-ray. In CASPA, three anatomical landmarks were defined at the iliopubic eminence
(Figure 2, step 4: L1), the anterior inferior iliac spine (AIIS) (Figure 2, step 4: L2) and at
the deepest point of convexity between anterior superior (ASIS) and inferior iliac spine
(AIIS) (Figure 2, step 4: L3), required later for intraoperative registration initialisation of
the preoperative plan to the patient anatomy. The software allows to define 3D osteotomy
plane objects which can be translated and rotated freely in 3D space. For each of the
four osteotomies, such a plane object was created and placed according to Ganz’ original
description [1] (Figure 2, step 5). Thanks to the AR technology, all plane objects can be later
in-situ visualized on the real anatomy to navigate the cuts. For the first osteotomy (ischial),
we additionally planned the poses of the chisel such that the surgeon could align the
physical instrument intraoperatively (Figure 2, step 6). The idea for guiding the direction of
the supraacetabular osteotomy was to visualize a plane and a crossing point which marks
the end point of the supraacetabular osteotomy and the beginning of the retroacetabular
osteotomy. According to Ganz et al., said crossing point should be at an angle of 120°
and was AR-displayed as a cross in addition to the planes (Figure 2, step 7). After the
crossing point, only a small part of the retroacetabular cut can performed with the use
of a chisel, while the remaining osteotomy has to be performed as a controlled fracture
toward the ischial spine [1]. Therefore, adequate guidance of the retroacetabular osteotomy
by visualizing the crossing point along with the osteotomy plane was crucial to prevent
fracture of the posterior column, which is considered a severe surgical error [1].

Separating the acetabular fragment from the remaining pelvis was realized by Boolean
operations [62] between the pelvic 3D model and the cutting plane objects (Figure 2, step 8).
As both cadavers had a physiological hip anatomy, the acetabulum was planned to be
rotated laterally and anteriorly in order to achieve a fragment transformation similar to
the correction of developmental hip dysplasia through PAO. To this end, the surgeon
manipulated the fragment in space via mouse interaction towards the desired target pose
(Figure 2, step 9). Equal amount of correction was planned for both cadavers, whereas for
cadaver 1 we planned the correction on the left hip joint and on cadaver 2, the right side
underwent surgery.
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2.2. AR-Based Surgical Navigation

Our navigation method should provide AR-based surgical navigation for performing
osteotomy cuts and reorientation of the acetabular fragment according to the preoperative
plan. The following major steps were required: registration initialization, fine registra-
tion, tracking of the pelvis, visualization of osteotomy planes/chisels and tracking of
the fragment.

An orthopedic surgeon performed the procedure under realistic OR conditions using
the Microsoft HoloLens (Microsoft Corporation, Redmond, WA, USA) as the OST-HMD.
Throughout the intervention, the surgeon interacted with the OST-HMD via voice com-
mands, to proceed to the next step of the navigation workflow as well as for displaying
or hiding certain objects. Following the PAO description of Ganz [1], a modified Smith-
Peterson approach was conducted to expose the pelvis bone. Next, two custom-made 3D
printed mounts equipped with markers were attached to the pelvis and the assumed region
of the fragment using small screws (Figure 4a). The markers enabled tracking of pelvis
and the acetabular fragment during navigation. The mount was designed such that it did
not interfere with the surgeon or the surgical instruments during the procedure and did
not cause additional damage to the anatomy. The steps to be performed under AR-based
surgical navigation can be subdivided into three parts: registration, osteotomy guidance
and fragment reorientation guidance. An overview of the entire workflow can be found in
Figure 5. In the following, a detailed description of our approach and all performed steps
is given.

Clear Guide Medical VisiMARKERs In Action

(@) (b)

Figure 4. (a) The pelvic and fragment mounts equipped with markers and fixated to the anatomy. (b) The surgeon during

the procedure wearing the HoloLens.
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caused by the stereo-rendering technique which generates two images optimized to the left and right eye of the user.

2.2.1. Registration

Our registration approach is based on our previous work on radiation-free surface
digitization of the spinal anatomy [47] using a 3D printed pointing device (PD, Figure 5,
step 1). The PD was designed such that a sterile marker (Clear Guide Medical, Baltimore,
MD, USA) could be attached to it at a predefined position. The marker showed an
AprilTag [52,63] pattern, which could be tracked by the two front-facing cameras of
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the HoloLens as described in the following. Please refer to Figure 6 for an overview of
coordinate systems and transformations used in this subsection.

Coordinate systems defined in CSp,.,
Pelvis, planes and chisels: CSpy,
Preoperative fragment: CSgygpre
Postoperative fragment: CSpygpost

Figure 6. Overview of coordinate systems and transformations. A transformation from coordinate system A to coordinate

system B is denoted as Tgs. CSpy. is the preoperative planning space defined by the computed tomography coordinate

system and CSy,; is the intraoperative space defined by the HoloLens on application startup. CSpy, is the pose of the

planning in CSpe. CSprgpre and CSpygpost are the pre- and planned postoperative fragment poses in CSpye. Tintpre is the

final registration. CSp, CSg and CSr are the local coordinate systems of the pointing device, pelvic marker and fragment

marker, respectively. CSy is the local coordinate system of the HoloLens, defined by its built-in marker-less inside-out

tracking [64].

Each camera detected the AprilTag using the detection functionality (pipeline of
thresholding, contour filtering, bits extraction, marker identification and corner refinement)
of the ArUco library [65,66], which yields four 2D corner coordinates in a sorted manner for
each image (left and right). The corner coordinates are then mapped to the respective image
planes. For each corresponding corner in the left and right image, a ray from the camera
origin through the image plane is formed and the closest point between the two rays is
found by triangulation. The result consists of four 3D point estimates, one for each corner.
However, these point estimates usually do not form a perfect square and are not coplanar.
To solve this problem, the known 3D ground truth shape of the marker is mapped to the
point estimates by applying Horn’s absolute orientation method [67]. The found solution
is then used as the 6DoF marker pose. Due to the known geometry of the PD, fabricated
with a printing tolerance of 0.1 mm, its tip position in world space can be inferred without
the need of manual calibration by Ty Trp (Figure 6).In the first part of the registration
procedure - the initialization-the surgeon manually captured the three preoperatively
defined landmarks (Figure 2, step 4) at the iliopubic eminence (Figure 2, step 4: L1),
the anterior inferior iliac spine (AIIS) (Figure 2, step 4: L2) and at the deepest point of
convexity between anterior superior (ASIS) and inferior iliac spine (AIIS) (Figure 2, step 4:
L3) using the PD (Figure 5, step 1). Applying Horn’s absolute orientation method [67] to
the intraoperatively captured landmarks and their preoperatively defined counterparts led
to an initialization of Tinpre (Figure 6) that was visually verified (Figure 5, step 2). If the
result was not satisfactory, the initialization step could be repeated. Otherwise, the surgeon
continued by sampling 10 to 15 additional points from accessible and well-suited areas on
the pelvic bone, namely the area between superior and inferior iliac spine, the ala ossis ili,
the quadrilateral space or the pelvic brim (Figure 5, step 3, green area). Starting from the
initialization, these points were then registered to the preoperative 3D model by repeating
the two ICP [68] steps being (1) building pairs of nearest neighbors using the KD-tree
implementation of ALGLIB (ALGLIB Project, Nizhny Novgorod, Russia) and (2) applying
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Horn’s absolute orientation method to those point pairs until the root-mean-square error
between the point pairs was below a heuristically determined threshold of 0.001 mm,
leading to the final registration Tintpre (Figure 6).

Once the registration was verified (Figure 5, step 4), it was possible to express the
preoperative planning including the pelvic bone (Plv) and the current and desired acetab-
ular fragment positions (Frg and Frgst, respectively) in the intraoperative coordinate
system CSyy,; (Figure 6). To formally describe the tracking of said anatomy, we introduce
the following two definitions.

Definition 1. Let MpjyRreq and Mpjycy, be the marker poses of CSg in CSyyy (Figure 6) at the
time of registration and at the current time step, respectively.

Definition 2. Let Mpyoreq and Mpyecyyr be the marker poses of CS expressed relative to CSg
(Figure 6) at the time of registration and at the current time step, respectively.

The marker positions, which are obtained in real-time, were then used to update the
positions of the models as follows:

Plv = Mpjocur(Mpioreg) " TintpreCSpio 1
FrgPre = MFrgCur(MFrgReg)_1TIntPreCSFrgPre ()
FrgPost = MFrgCur(MFrgReg)71TIntPreCSFrgpost 3)

The intervention requires to work with surgical tools such as chisels or surgical saws
which induces motion of the anatomy. Therefore, it may happen that the overlay between
preoperative plan and intraoperative anatomy is lost and a motion compensation strategy
becomes necessary. Our approach implicitly allows motion compensation by querying the
pelvis marker pose and updating Equations (1)—(3) when needed. For providing real-time
feedback during fragment reorientation, the fragment pose defined in Equation (2) is
updated in real-time with respect to the fragment marker.

2.2.2. AR-Based Navigation of the Osteotomies

In order to guide the osteotomies, planes for supra- and retroacetabular cuts and
chisel poses for the ischial cut, respectively, were rendered in situ on the anatomy (Figure 5,
steps 6-8). By rendering the pelvic bone in transparent with a black material, the intersec-
tions between virtual planes and real pelvic anatomy could be optimally perceived. The
surgeon was able to switch between the options of rendering the bone in transparent black
or opaque original color. The pubic osteotomy was performed freehand without AR-based
navigation because it is a straight and simple cut that does not require accurate execution.

2.2.3. AR-Based Navigation of the Acetabular Fragment Reorientation

For the reorientation guidance (please refer to Figure 5, step 9), two 3D vectors were
computed: one between femoral head center and current marker position (orange) and
one between femoral head center and target marker position (green). Their deviation is
displayed as a 3D angle on the current marker surface (cyan with number). The surgeon
first tried to align these vectors and then rotated the fragment such that the current marker
surface superimposed the planned marker surface (cyan without number). Visual verifica-
tion of the reorientation in comparison to a rendering of the fragment at its planned pose
was also possible (Figure 5, step 10). When the reorientation was considered satisfactory,
the acetabular fragment was fixated to the pelvic bone with screws. Finally, the wound
was closed layer by layer.
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3. Results

A detailed description of our postoperative outcome measurement method as well as
the evaluation of our results are reported in the following sections.

3.1. Outcome Measures

Both cadavers were CT scanned postoperatively and 3D models were extracted fol-
lowing the same workflow as described in Section 2.1. Pre- and postoperative models
of the pelvic bone were registered using ICP [68,69] enabling the 3D comparison of the
preoperative plan with the postoperative models in a common coordinate system. Please
refer to Figure 7 for the following description of outcome measures [57].

Figure 7. Visualization of outcome measures. The left image shows 3D osteotomy starting points and the projection plane

for 2D measurements, which are shown on the right: projected osteotomy starting points, their connecting vectors and the
angles between supra- and retroacetabular osteotomy and between retroacetabular and ischial osteotomy, respectively.

One key measure of the outcome evaluation were the planned and performed os-
teotomy starting points PL;...PLy and PF; ... PF,, respectively. They were defined
as follows:

e PLy, PF;: most lateral point on intersection between supraacetabular osteotomy plane
and corresponding pelvic 3D model (pre- and postoperative, respectively)

*  PL,,PF: most superior points on intersecting line between supraacetabular and
retroacetabular osteotomy planes

*  PLj, PF3: most superior points on intersecting line between retroacetabular and ischial
osteotomy planes

*  PLy, PFy: most inferior point on intersection between ischial osteotomy plane and
corresponding pelvic 3D model (pre- and postoperative, respectively)

For 2D measurements, PL; ... PLy and PF; ... PFy were projected onto a plane PL
defined as the best fit in a least-squares sense by PL; ... PL4 (Figure 7). The projected points
are denoted as PL} ... PL) and PFj ... PF; and the vectors connecting these points are:

e VL, =PL),~PL!, VL, = PL, — PL,, VL3 = PL, — PL}
e VF, = PF,— PF,,VF, = PF; — PF},VF; = PF}, — PF;

The 2D angle between supra- and retroacetabular osteotomy is denoted as SRL
(planned) and SRF (performed), and the one between retroacetabular and ischial osteotomy
is denoted as RIL (planned) and RIF (performed). For both cadavers, the following out-
come measures were calculated:

®  The 3D point distance between each pair of starting points PL; and PF;
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e The 2D angle between each pair of projected starting point connecting vectors VL;
and VF i

¢  The absolute 2D angle deviation between SRL and SRF and the absoulte deviation
between RIL and RIF.

¢ The 3D absolute rotational errors in Euler angles between planned and performed
fragment reorientation w.r.t. our APP CS.

e The LCE angles (planned and performed), determined by the angle between the y-axis
of our APP CS and the vector connecting the origin of the CS and the projection of the
most lateral point of the acetabular rim onto the y-z-plane of the CS.

3.2. Outcome Evaluation

The mean 3D distances between starting points PL; and PF; was 14.9 mm, between
PL; and PF, it was 10.8 mm, between PL3 and PF; it was 8.7 mm and between PL4 and
PF, it was 8.9 mm. The 2D angles between each pair of projected starting point connecting
vectors VL, and VF; averaged at 5.3°, the one between VL, and VF, at 1.0° and the
one between VL3 and VF5 at 9.8°. The mean absolute 2D angle deviations between SRL
and SRF and between RIL and RIF were 4.6° and 9.1°, respectively. For the fragment
reorientation, the average absolute rotational errors in Euler angles were 6.7°, 7.0° and 0.9°
for the x-, y- and z-axis. The mean absolute difference between planned and performed
LCE angles was 4.5°.

Tables 1 and 2 show the results of the AR guided osteotomies and the AR guided
fragment reorientation, respectively. Furthermore, as given in Table 3, we evaluated the
LCE angles of the planned and performed reorientation. For a visual evaluation of the
results please refer to Figure 8.

Table 1. Results of the AR guided osteotomies.

Measure Planned Performed Cadaver1 Cadaver 2
PLq PF, 19.5 10.3
. PL, PF, 17.2 4.3
3D distance (mm) PLs PF, 108 6.5
PLy PF, 11.3 6.6
VL, VF; 3.3 7.4
2D angle (°) VL, VF, 0.3 1.7
VL3 VF3 13.9 5.8
.. o SRL SRF 3.6 5.7
Absolute 2D angle deviation (°) RIL RIE 141 41

Table 2. 3D results of the AR guided fragment reorientation.

Axis Cadaver 1 Cadaver 2
X —-129 —129
Planned rotation (°) y —-9.2 9.2
z -21 1.9
X 7.7 5.8
Absolute error (°) y 8.9 5.1
z 0.7 1.2
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Table 3. 2D results of the AR guided fragment reorientation.

Cadaver1 Cadaver 2
preoperative 34.7 43.2
LCE angle (°) planned 54.7 59.8
performed 48.1 57.4
Absolute error (°) 6.6 24

Figure 8. 3D comparisons between preoperative plans and postoperative models for Cadaver 1 (top row) and Cadaver 2
(bottom row). Left column shows the fragment orientations, right column the projected osteotomy starting points and their
connecting vectors. Green: planned, orange: performed.

4. Discussion

Computer assistance for PAO has been studied for more than two decades with the
first study being published in 1997 [32]. Although there is a strong consensus about
the benefits in terms of accuracy and safety, computer-assisted surgical navigation of
PAO could not be established successfully in clinical practice [70]. In our opinion the
main reason is the lack of usability which makes existing approaches still complicated
and cumbersome [41]. They depend on an external optical tracking system [26,28,32-36]
suffering from line-of-sight issues and provide visualizations on an off-field workstation
which complicates the surgeon’s task of interpreting and executing the 3D navigation cues
correctly [39].
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In this study, we proposed a radiation-free AR-based surgical navigation approach,
running locally on an OST-HMD with no need for an external tracking system. Navigation
cues are superimposed with the patient anatomy directly at the surgical site. AR provides
information regarding perspective and interaction in a way that is easier and more natural
to interpret for humans and thus enables intuitive surgical guidance and safe execution.
Navigation is further simplified by allowing visualization of instruments at their preop-
eratively planned position (e.g., chisels), which eliminates the challenges associated with
instrument tracking. When tracking is still required (e.g., for registration or fragment reori-
entation), it is realized using the front-facing built-in cameras of the OST-HMD without
interfering with the surgeon’s natural hand-eye-coordination.

The accuracy of the surgical execution using our navigation approach was evaluated
with respect to osteotomies and fragment reorientation by comparing pre- and postoper-
ative CTs of the cadaver surgeries. To this end, a 3D model of the postoperative CT was
reconstructed and registered to the preoperative plan using ICP [68,69]. The planned and
performed osteotomy starting points were measured and the 3D distance between them
was calculated. Kiarostami et al. [56] followed the same approach in their feasibility study
for AR guided PAO osteotomies on synthetic bone models using a landmark-based regis-
tration. In their study, the experienced surgeon achieved an average accuracy of 2.4 mm as
opposed to 10.8 mm in the herein presented study. Our starting point accuracy was also
inferior to the cadaveric study reported by Abraham et al. [36]. Their study investigated
the performance of computer-assisted PAO using a marker-based outside-in approach and
a high-end tracking system. Regarding the osteotomies, only the iliac cut was evaluated
yielding an average distance of 1.97 mm compared to 9.7 mm (overall mean) herein pre-
sented. However, it has to be taken into account that their cadavers were debrided from
soft tissue and ligaments and that postoperative measurements were only performed on a
single CT slice, which makes the measurements less sensitive. Nevertheless, the accuracies
of navigating the four postoperative starting points with our approach are considered
clinically acceptable. This suggests that AR guidance of complex osteotomies is feasible.
Besides the starting points, we compared also the orientations of the three AR guided
osteotomies to the preoperative planning, yielding average deviations of 5.3°, 1.0° and 9.8°
for the supra-, retroacetabular and ischial osteotomy, respectively. For the retroacetabular
osteotomy, Kiarostami et al. [56] found a significantly smaller deviation of 7.8° vs. free-
hand 11.7° for the experienced surgeon when guided by AR. Under realistic OR conditions
and performed on cadavers, our result of 1.0° is clearly superior. In addition, the angle
between the supra- and retroacetabular osteotomies, which is essential when performing
PAO [1], shows an arguably small mean absolute deviation of 4.6° when compared to the
planned situation.

The evaluation of the fragment reorientation revealed that the correction was per-
formed around the correct axes but not with satisfying accuracy. We found an average
absolute rotational errors in Euler angles of 6.7°, 7.0° and 0.9° for the x-, y- and z-axis,
respectively, and a mean absolute difference of 4.5° in the LCE angle. These findings demon-
strate a considerably higher accuracy compared to conventional fluoroscopy-guided PAO
where a mean absolute difference in LCE angles of 5.8° (range 1°-16°) was observed [71].
Our method even achieved a higher accuracy compared to high-end, marker-based nav-
igation as described by [36], who reported a mean LCE angle difference of 4.9° and two
cases in which the LCE error was above 10°. Other studies have reported a better nav-
igation performance using AR [47,54,55], but on different anatomies and interventions
which supports our assumption that not the technical method but the very challenging
surgical procedure is mainly responsible for the limited accuracy. Another reason related
to the surgical technique may be that our preoperative plan did not account for a lateral
translation the mobilized fragment has to undergo to enable reorientation, such that the
fragment does not collide with the remaining pelvis.

Nevertheless, several technical limitations of our approach and of OST-HMD in gen-
eral may contribute to the overall inaccuracy. Our proposed motion strategy compensation
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required the surgeon to actively restore the initial registration w.r.t. the pelvic marker. It is
known that HoloLens AR renderings are prone to drift after they have been placed [72].
Vassallo et al. found a mean displacement of 5.83 mm investigating walking, sudden
acceleration, sensor occlusion and object insertion. Consequently, drifts may have also
occurred during our experiments. An interesting aspect in this regard is that absolute
positional errors, such as the evaluated osteotomy starting points, were rather high, whilst
the orientations of performed osteotomies were small. This may imply that the drift is
mostly of translational nature. However, continuous motion compensation throughout the
procedure may mitigate this issue. Furthermore, other sources of error possibly contributed
to the inaccuracy of the registration process, such as errors introduced by ICP [73,74],
tracking [75] or digitizer calibration [76]. For instance, Condino et al. reported that the total
registration error using OST-HMD in surgical applications is hardly lower than 5 mm [77].
We will address these issues in our future work, where we will work on more sophisticated
visualization to facilitate navigation on the one hand, as well as analyzing potential sources
for error throughout the registration process. On the other hand, robotic approaches for
performing PAO should also be considered as they allow for higher geometric accuracy.

Our study has several limitations. First, only a small number of cadavers were
included in the study which limits the generalizability of our results. Nevertheless, we
find it important to present the results to the community to motivate further research
in this direction. Also, the computation of the fragment reorientation navigation was
simplified. Firstly, it was assumed that the center of rotation during reorientation was
the femoral head center. Secondly, navigating the complex reorientation of the fragment
by aligning the actual marker surface to the targeted marker surface may have been
too difficult without displaying quantitative information like rotational or translational
deviations. Moreover, our evaluation was based on pre-/postoperative CT comparison
without including a separate technical evaluation of the registration accuracy or efficacy of
the in situ navigation.

The development of a 3D preoperative planning approach which does not rely on 2D
measurements will be tackled in future work. Although various patient-specific factors
could be included in such an approach, for example, joint loading, range of motion sim-
ulation and different imaging modalities, the fundamental question of which 3D factors
contribute to a successful correction is still unanswered. Furthermore, an accurate, task-
specific guidance for fragment reorientation and a robust method for continuous motion
compensation shall be investigated. Moreover, it would be interesting to evaluate the
influence of drift caused by AR devices on surgical navigation accuracy in a systematic
manner. Successful improvements will then allow for an ex vivo study including a higher
number of cadavers and comparison to the conventional method. In order to validate PAO
AR guidance on pathological cases a clinical study will become necessary.

5. Conclusions

We have presented an intuitive, radiation-free AR-based surgical navigation approach
and showed its feasibility to intraoperatively guide the surgical procedure of PAO. We
believe that there is great potential in AR navigation, especially for complex orthopedic
procedures. Our approach can guide instruments like chisels through in situ visualization
that are otherwise difficult to navigate. All guidance information can be superimposed on
the patient anatomy and shown in the surgeon’s field of view which can make surgical exe-
cution safer. Lastly, the proposed approach provides a cost-effective, stand-alone-solution
as it runs locally on an OST-HMD in comparison to external optical tracking systems.
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