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Abstract: Periacetabular osteotomy (PAO) is an effective approach for surgical treatment of
developmental dysplasia of the hip (DDH). However, due to the complex anatomical structure around
the hip and limited field of view (FoV) during the surgery, it is challenging for surgeons to perform a
PAO surgery. To solve this challenge, we propose a robot-assisted augmented reality (AR)-guided
surgical navigation system for PAO. The system mainly consists of a robot arm, an optical tracker, and
a Microsoft HoloLens 2 which is a state-of-the-art (SOTA) optical see-through head-mounted display
(OST-HMD). For AR guidance, we propose an optical marker-based virtual-physical registration
method to estimate a transformation from the optical tracker coordinate system (COS) to the virtual
space COS, such that virtual models can be superimposed on the corresponding physical counterparts.
Furthermore, to guide the osteotomy, the developed system automatically aligns the bone saw with
osteotomy planes planned in preoperative images, and then provides surgeons with not only robot
assistance but also AR guidance. Comprehensive experiments were conducted to evaluate both
virtual-physical registration accuracy and osteotomy accuracy of the developed navigation system.
The proposed virtual-physical registration method achieved an average mean absolute distance error
(mADE) of 1.96 £ 0.43 mm. The developed system achieved an average distance deviation of 0.82
£ 0.17 mm and an average angular deviation of 3.77 & 0.85 °. Experimental results demonstrated
high virtual-physical registration accuracy. The sub-millimeter distance deviation demonstrated the
osteotomy accuracy of the proposed system.

Keywords: Augmented reality; Robot-assisted; Surgical navigation; Periacetabular osteotomy;
Computer-assisted orthopedic surgery

1. Introduction

Periacetabular osteotomy (PAO) is an effective approach for surgical treatment of developmental
dysplasia of the hip (DDH) [1,2]. By detaching the acetabulum from the pelvis and then re-orienting
it, the femoral coverage can be improved, which reduces pressure between the femoral head and the
acetabular cartilage, alleviating patients’ pain [1-4]. However, PAO is technically demanding due to
the complex anatomical structure around the hip and the limited field of view (FoV) during surgery
[5]. In conventional PAO surgeries, surgeons have to mentally match preoperative images with the
patient anatomy, and then perform a freehand osteotomy, resulting in low osteotomy accuracy and
limited surgical outcomes.

To solve this challenge, computer-assisted PAO has been developed, providing surgeons with
both preoperative assistance and intraoperative guidance [4,6-8]. Specifically, computer-assisted
surgical planning allows surgeons to analyze the femoral head coverage, to define osteotomy planes,
and to determine the optimal reorientation angle based on preoperative computed tomography (CT) or
magnetic resonance (MR) images [6]. Additionally, navigation systems are employed during surgeries.
By visualizing surgical instruments and osteotomy planes with respect to preoperatively acquired
images, surgeons are provided with visual guidance during osteotomy and acetabulum reorientation

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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[4,6,7]. Furthermore, surgical robots have been applied in osteotomy surgeries, providing physical
guidance during the procedure [9-11].

In recent years, augmented reality (AR) technology has been employed in computer-assisted
orthopedic surgeries (CAOS) [12-17]. Compared with conventional surgical navigation, AR
guidance can reduce surgeons’ sight diversion [18]. Specifically, by wearing an optical see-through
head-mounted display (OST-HMD), virtual models of surgical planning, patient anatomy, and
instruments are superimposed on the corresponding physical counterparts. Thus, surgeons no longer
need to switch their focus between the patient anatomy and visualization interfaces. In the literature,
AR guidance in CAOS can be roughly divided into two categories: ArUco marker-based methods
[12,13] and external tracker-based methods [14-17]. For methods belonging to the former category,
ArUco markers are rigidly attached to both patient anatomy and surgical instruments. Thus, they can be
tracked by cameras on the OST-HMD, and then aligned with the corresponding virtual models [12,13].
In contrast, external tracker-based methods utilize an optical or electromagnetic (EM) tracker, which
has a larger tracking range than cameras on the OST-HMD [14-17]. By performing a virtual-physical
registration, a transformation between the tracker coordinate system (COS) and the virtual space
COS is estimated [14,15,17]. Then, virtual models can be aligned with the corresponding physical
counterparts tracked by the tracker. However, to the best knowledge of authors, previous AR guidance
systems for PAO have not been integrated with robot assistance. Thus, despite AR guidance, surgeons
still have to perform a freehand osteotomy without any physical guidance, resulting in low accuracy
and safety.

To tackle this issue, in this paper, we propose a robot-assisted AR-guided surgical navigation
system for PAO. The main contributions are summarized as follow:

e We propose a robot-assisted AR-guided surgical navigation system for PAO using Microsoft
HoloLens 2 which is a state-of-the-art (SOTA) OST-HMD. After calibration and registration, the
proposed system provides surgeons with not only AR guidance but also robot assistance during
the osteotomy procedure.

e We propose an optical marker-based virtual-physics registration method. Specifically, we control
a robot arm to align an optical marker attached to the robot flange with pre-defined virtual
models, collecting point sets in the optical tracker COS and the virtual space COS, respectively.
The transformation is then estimated based on paired-point matching.

e Comprehensive experiments were conducted to evaluate both virtual-physics registration
accuracy and osteotomy accuracy of the proposed system. Experimentally, the proposed
virtual-physics registration method can accurately align virtual models with the corresponding
physical counterparts while the navigation system achieved accurate osteotomy on sheep
pelvises.

2. Related Works

2.1. Surgical Navigation in PAO

In recent years, surgical navigation has been employed in PAO to provide surgeons with surgical
guidance [4,6-8]. Liu et al. introduced a computer-assisted planning and navigation system for PAO,
involving preoperative planning, reorientation simulation, intraoperative instrument calibration, and
surgical navigation for both osteotomy and acetabular re-orientation [6]. Pflugi et al. developed a
cost-effective navigation system for PAO, utilizing gyroscopes instead of an optical tracker to measure
acetabular orientation [4]. Furthermore, Pflugi et al. proposed a hybrid navigation system, combining
gyroscopic visual tracking with Kalman filtering to facilitate accurate acetabular reorientation [7].
However, conventional surgical navigation systems for PAO exhibit several limitations: (1) surgeons
need to frequently switch their view between visualization interfaces and the patient anatomy. This
can be inconvenient, and may increase the potential for inadvertent errors; (2) Despite visual guidance,
surgeons still need to perform a freehand osteotomy, which causes limited surgical accuracy.
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2.2. Robot Assistance in Osteotomy

Past decades have witnessed the rapid development of robot-assisted osteotomy [9-11,19]. Sun et
al. proposed an EM navigation-based robot-assisted system for mandibular angle osteotomy, where a
robot arm is employed to position a specially designed template for osteotomy guidance [9]. Bhagvath
et al. developed an image-guided robotic system for automated robotic spine osteotomy [19]. Tian
et al. proposed a virtual fixture-based shared control method for curve-cutting in robot-assisted
mandibular angle split osteotomy [10]. Shao et al. proposed a robot-assisted navigation system based
on optical tracking for mandibular reconstruction surgery, where an osteotomy slot was installed on
the robot flange to provide physical guidance [11]. However, to the best knowledge of the authors,
no robot-assisted system has been reported in the literature for PAO. Thus, in this paper, we aim to
introduce robot assistance to the PAO procedure.

2.3. AR guidance in CAOS

AR technology has significantly contributed to various orthopedic surgeries [12-15,17]. Liebmann
et al. proposed a AR guidance system for pedicle screw placement [12]. Hoch et al. developed an
AR guidance system for PAO [13]. Both methods used ArUco markers to achieve real-time tracking
based on cameras on the HoloLens. In contrast, Sun et al. developed an external tracker-based AR
navigation system for maxillofacial surgeries, where the virtual-physical registration was performed by
digitizing virtual points using a trackable pointer [14]. Tu et al. proposed a virtual-physical registration
method based on a registration cube attached to an EM sensor, which was applied to EM tracker-based
AR navigation for distal interlocking [15]. Furthermore, to enhance the depth perception, Tu et al.
proposed a multi-view interactive virtual-physical registration method for placement of guide wires
based on AR assistance [17]. However, few AR guidance system has been proposed to integrate AR
guidance with surgical robots. Despite visual assistance, surgeons still have to perform surgeries
without any physical guidance. Thus, a robot-assisted AR-guided surgical navigation system is highly
desired during the PAO procedure.

3. Method

3.1. Overview of the Proposed Navigation System

An overview of the proposed surgical navigation system setup is illustrated in Figure 1. As
shown in the figure, the proposed system consists of an optical tracker (OP-M620, Guangzhou Aimooe
Technology Co., Ltd., Guangzhou, China), a Microsoft HoloLens 2, a robot arm (UR 5e, Universal
robots Inc., Odense, Denmark), a medical bone saw (BJ5101, Bojin Medical Inc., Shanghai, China), an
optical marker, a dynamic reference base (DRB), and a master computer. Specifically, the medical bone
saw and the optical marker are rigidly attached to the flange of the robot arm. The DRB is rigidly
attached to the patient anatomy. The optical tracker is fixed in the environment. The master computer
communicates with the optical tracker to obtain poses of optical markers, with the remote controller of
the robot arm for robot movement and feedback, and with the HoloLens for AR guidance.
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Preoperative CT image

Figure 1. An overview of the proposed robot-assisted AR surgical navigation system for PAO.

Coordiante systems (COSs) involved in the proposed navigation system are summarized as
follows. The three-dimensional (3D) COS of the preoperative CT image is represented by Ocr. The
3D COS of the DRB is by Op. The 3D COS of the optical tracker is by Or. For the robot arm, the 3D
COS of the optical marker is by Or. The 3D COS of the robot flange is by Or. The 3D COS of the
robot base is by Op. For the Microsoft HoloLens 2, once a HoloLens application is launched, a virtual
space is defined and anchored to the environment. In this paper, we use Oy to represent the 3D COS
of the virtual space. During the surgery, the pose of the Microsoft HoloLens 2 relative to the virtual
space COS Oy can be tracked based on the HoloLens-SLAM algorithm [15]. Thus, a virtual model can
maintain its pose in the environment when the HoloLens moves around.

Before a PAO procedure, preoperative planning is performed to generate a pelvis surface model
MCT and to define osteotomy planes in the CT COS O¢r (will be introduced in section 3.2). As shown

in Figure 1, an osteotomy plane ¥¢7 is defined by a starting point p$I, a normal vector nSl, and a
horizontal vector v, written as:
CT ,CT CT
yCT — Post  Most Vst 1)
1 0 0

During the PAO procedure, the proposed system aims for two tasks: one is to align the bone
saw with the planned osteotomy plane, and the other is to provide AR guidance for surgeons. For
the first task, we first transform ¥ from the CT COS Ocr to the robot base COS O3 using following
transformation chain:

¥0 =PTp Ty MTr Tp - PTer-¥C7 )

In this transformation chain, P Tt is the transformation from the CT COS O¢rt to the DRB COS
Op, which is estimated using a surface-based patient-image registration algorithm [20]. TTp, is the
transformation from the DRB COS Op to the optical tracker COS Or. MT is the transformation from
the optical tracker COS Or to the optical marker COS Oy;. Both TTpH and T can be derived from the
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application programming interface (API) of the optical tracker at any time. f T}, is the transformation
from the optical marker COS Oy, to the robot flange COS O, which can be estimated using our
previously published hand-eye calibration method [21]. BTy is the transformation from the robot
flange COS Or to the robot base COS Op, which can be derived from the API of the robot arm at any
time.

Then, the robot arm is controlled to align the medical bone saw with the transformed osteotomy
plane ¥<7. Specifically, as shown in Figure 1, the medical bone saw ®M is defined by the blade center
pM  and a normal vector n2,, and a horizontal vector v, (will be introduced in section 3.3), written
as:

oM — [pagw n%/zlw v%ﬁw] 3)

Thus, the alignment between the medical bone saw and the osteotomy plane is formulated as:
Bfr . FTy - oM =98 (4)

where BT is the target pose of the robot arm.

For the second task, the goal is to determine the poses of the osteotomy plane, the pelvis model,
and the medical bone saw in the virtual space, such that virtual models rendered by the HoloLens 2
are superimposed on the corresponding physical counterparts. The poses of the osteotomy plane and
the pelvis model in the virtual space COS OV are calculated by:

[MV \I;V} — VT .TTp - PTep - [MCT TCT} )

where Y T7 is the transformation from the optical tracker COS Or to the virtual space COS Oy, which
is calculated using a virtual-physical registration (will be introduced in section 3.4). Meanwhile, we
can calculate the pose of the bone saw in the virtual space COS by:

& =V1r.-TT) - DM (6)

During the AR guidance, we update T Tp and T T from the API of the optical tracker at every moment.
Thus, M, ¥V, and ®" are dynamically updated, allowing for the virtual models to follow the motion
of both the patient anatomy and the medical bone saw.

3.2. Preoperative planning

The goal of preoperative planning is to generate the pelvis model M and osteotomy planes
from the preoperative CT image. We first segment the pelvis in the CT image using a threshold-based
segmentation combined with a region growth algorithm [17]. Then, M7 is generated based on
the marching cube algorithm [22]. Subsequently, osteotomy planes are manually defined on M7,
as shown in Figure 2. For each plane, we denote its four corner points as a%T, ang, aZClT, and agg,

respectively. We then define a local COS, whose origin and three axes are calculated by:

CT | CT
cT _ 411 tap

Opst = f (7)
CT _ CT

cT _ 931 — 44 ®)

ost CT CT

||“21 —ap 2
CT CT CT
cr . Yo X (ap —ay)

z =
St % (afy —afD)ll2

CcT _ _CT CT
Yost = Zost X Xost (10)

©)
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CT _ ,CT ,CT

CT
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We can define ¥°7 by setting p = z{I, and v§1 = yST.

Pelvis surface model

Osteotomy
planes

Figure 2. A schematic illustration of preoperative planning, where 05, x$I, ySI, and z5! are calculated

based on a%T, a1C2T, ung, and ung .
3.3. Bone saw Calibration

In bone saw calibration, we aim to calibrate the blade center p , the normal vector n},, and the
horizontal vector v, of the medical bone saw ®M. Specifically, as shown in Figure 3-(a), we digitize
the four corner points of the saw blade using a trackable pointer, whose coordinates in the optical
marker COS O, are denoted as b, b, b}, and b4, respectively. Then, as shown in Figure 3-(b), a
local COS can be built based on the four points, where we define its origin and three axes by:

M | M
M _ bi1+bp

Ospw = # (11)
M M
xM — bll _ b21 (12)
saw
135 — 3112
saw M M
2y x (b3 — b11)]l2
Yo = Zh X Xy (14)

Subsequently, ® can be defined by setting pM = oM yM — ;M and oM = yM
q y y g psuw saw saw saw saw ysuZU
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(@) (b)

Figure 3. A schematic illustration of bone saw calibration. (a) Digitizing the four corner points using a
trackable pointer; (b) Calculating o, x| yé\fw, and zM based on b{vll, b{g, b%, and b%{ .

3.4. Virtual-Physical Registration

The goal of virtual-physical registration is to estimate ¥ T7. To this end, we propose an optical
marker-based method via paired-point matching, which consists of three steps:

Step 1: N, virtual models of the optical marker are loaded in the virtual space using different
poses, as shown in Figure 4-(a). We denote the pose of the i-th virtual model (1 < i < N,) in the virtual
space COS Oy as vt M;- Then, for the j-th infrared reflective spheres of this virtual model (1 < j < N,
where N; is the number of spheres of a marker), we can calculate its coordinate in the virtual space
COS Oy by:

pij="Tm pj’ (15)

where pjw is the coordinate of the j-th sphere in the optical marker COS Oy;. Thus, we can collect
a point set in the virtual space COS Oy, denoted as QY = {p1} s p}]’.,..., meNs} (1 <i < Ny,
1<j<N).

Step 2: We align the optical marker attached to the robot flange with each virtual model, as shown
in Figure 4-(b). Specifically, for the i-th virtual model (1 < i < Ny,), we adjust the robot pose using
the robot controller, aiming to minimize the misalighment between the optical marker and the virtual
model. Compared with freehand alignment, the robot arm-based alignment has two advantages: (1)
Due to the accurate movement and stability of the robot arm, no hand tremble is involved during the
virtual-physical alignment; (2) Since the marker is held by the robot arm, surgeons can observe the
misalignment from different directions. Thus, compared with freehand alignment where surgeons
hold the marker and can only observe the misalignment from one direction, multi-view observation
enhances depth perception, which can reduce the misalignment along the depth direction. After the
virtual model is aligned with the optical marker, we derive T Ty from the API of the optical tracker.
Then, we can calculate the j-th sphere center of the i-th virtual model (1 <i < Ny, 1 <j < N;) in the
optical tracker COS Ot by:

pli="Tup! (16)
After aligning all virtual models and calculating all the pg, we collect another point set in the
optical tracker COS Or, denoted as Q7 = {plTl, - pg, . p{,mNs} (1<i<Np1<j<Ng).
Step 3: After collecting Q" and Q7, V Ty is estimated by:

‘ 1 Num Ns
YTt = arg min Y. YT pli—pil2 (17)
T NuNs i=1j=1

where pig € 0T and p}]/- eV (1 <i < Ny, 1 <j < N). Specifically, the transformation is solved
using the paired-point matching algorithm [23].
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Figure 4. The proposed virtual-physical registration. (a) Virtual models of the optical marker are
loaded in the virtual space using different poses; (b) The optical marker attached to the robot flange is
aligned with each virtual model rendered in the HoloLens.

3.5. Robot-Assisted Augmented Reality-Guided Osteotomy

After surgical planning, calibration, and registration, the proposed system can provide surgeons
with both robot assistance and AR guidance during the PAO procedure.

3.5.1. Robot Assistance

During the PAO procedure, the robot assistance consists of two parts: (1) Bone saw alignment:
Given an initial pose of the robot arm, a target robot pose is calculated using equation (4). Then, the
robot arm is controlled to move towards the target robot pose, aligning the medical bone saw with the
planned osteotomy plane; (2) Osteotomy plane constraint: After the alignment, the robot arm allows
surgeons to drag the bone saw freely on the osteotomy plane, but does not allow movement along the
normal vector or rotation along any axis. This is done by setting the robot arm into a force mode [24].

Specifically, we first transform x$1, 4$T, and z$! defined in section 3.2 from the CT COS O°T to the

robot base COS OF:
B B B CT CT CT
Xost  Yost Zost _ BT . FT . MT TT . DT ost  Yost Zost 18
0 0 0 F M T LD CT 0 0 0 (18)

Then, using the API of the robot arm, we set the robot arm to be compliant along x5, and y&,,, while
non-compliant along zZ,,. We also set the rotation along any axis to be non-compliant. By doing so,
the motion of the bone saw can be restricted to the planned plane, providing a physical guidance for

osteotomy:.


https://doi.org/10.20944/preprints202406.0576.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 June 2024 d0i:10.20944/preprints202406.0576.v1

9of17

3.5.2. AR Guidance

In our system, two types of AR guidance are provided for surgeons: (1) Visualization of virtual

¥CT and the pelvis surface model MCT using equation

models: We transform the osteotomy plane
(5), and the bone saw ®M using equation (6). Then, as shown in Figure 5-(a), virtual models can be
overlaid on the corresponding physical counterparts for AR visualization, providing surgeons with
visual guidance; (2) Display of pose parameters: It is critical for surgeons to know the translation and
orientation of the bone saw relative to the osteotomy plane. To this end, we also display several pose
parameters of the bone saw relative to the osteotomy plane, as shown in Figure 5-(a). Specifically, we

first transform xM , yM  and o, defined in section 3.3 to the CT COS o°¢T:

e ] < ety g e e ]

Then, the following parameters are defined as shown in Figure 5-(b): (a) (X,Y,Z): the deviation
between o, and o] along x$T, y$I, and z{! directions; (b) ¢4: the angle between ySI 95T,
where §$1 is the projection of y$T on the yS.T — oI — 25T plane; (c) ¢5: the angle between ] and
»CT CI; — ofT _ ,CT

0s

ost
2GT,, where 251 is the projection of xGT on the x vst — Zgo¢ Plane. By displaying these parameters
in the HoloLens, surgeons can enhance their awareness of the bone saw pose relative to the planned

osteotomy plane, leading to an accurate osteotomy:.

and

meters of

e saw
Bone saw

Pelvis

(a)
Bone saw Bone saw Bone saw 2T, 2T
\CT/ \C,/ . Bone saw . Bone saw
S o
. Saw < \ . \
X Yo z ok N Ny
- .EC‘l:-‘ v b4 yer
oll; you oSl yok I'¢ ost ost 4{5 XCT,
xS xST, Xoqt 0
ost OsteQtomy \ &
Osteotomy Osteotomy Osteotomy Osteotomy plahe P
CT
plane plane plane plane Xost
(b)

Figure 5. AR guidance during the PAO procedure. (a) The proposed AR navigation system provides
not only visualization of virtual models, but also dispaly of pose parameters of the bone saw relative to
the osteotomy plane. (b) The definitions of the pose parameters.
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4. Experiments and Results
4.1. Tasks and Evaluation Metrics

4.1.1. Evaluation of Virtual-Physical Registration Accuracy

To evaluate the accuracy of the proposed virtual-physical registration, we compared our method
with SOTA methods [14,15,17]. Figure 6 illustrates the experimental setup. Specifically, we first defined
eight validation points {g/}(1 < i < 8) in the virtual space. Then, for each method, we estimated
a VTr, and then used a trackable pointer to digitize the validation points rendered in the HoloLens,
obtaining their coordinates in the optical tracker COS Or, denoted as {4/ } (1 < i < 8). We used mean
absolute distance error (nADE) as a metric to evaluate registration accuracy, which was calculated by:

138 .
mADE = £ Y lla! ' Tr-47 20)
i=1

For each method, the experiment was repeated ten times. Thus, we calculated the average value,
maximum, and minimum of mADE achieved by each method for comparison.

Trackable pointer

8

Validation points

Figure 6. Experimental setup of the evaluation of virtual-physical registration accuracy. In this
experiment, we defined validation points in the virtual space. After virtual-physical registration, we
used a trackable pointer to digitize these validation points, and calculated mADE as a metric to evaluate
the virtual-physical registration accuracy.

Additionally, we also conducted a qualitative evaluation using a pelvis phantom attached to a
DRB. Specifically, the phantom was manufactured by 3D printing based on a pelvis surface model
extracted from a CT image of a patient. Patient-image registration was performed before the experiment
[20], transforming the surface model to the DRB COS. Then, for each method, we estimated a VTr, and
rendered the virtual model of the pelvis in the HoloLens. For qualitative evaluation of the registration
accuracy, we compare the virtual-physical misalignment achieved by each method.

4.1.2. Ablation Study

We further conducted an ablation study to investigate the effectiveness of two strategies adopted
in the proposed virtual-physical registration: (1) controlling a robot arm to align the optical marker;
and (2) observing misalignment from different directions. In the ablation study, we followed the
experimental setup introduced in section 4.1.1, while the proposed method was compared with the
following two approaches: (1) Freehand registration (denoted as FR): The optical marker was detached
from the robot flange, and then held by hand to align with virtual models; (2) Single-view robotic
registration (denoted as SRR): In this approach, the optical marker was attached to the robotic flange,
and aligned with virtual models by controlling the robot arm while the misalignment can only be
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observed from one direction. In this experiment, we also adopted mADE as a metric to evaluate the
registration accuracy.

4.1.3. Evaluation of Osteotomy Accuracy

We finally conducted an experiment on five sheep pelvises to evaluate the osteotomy accuracy
of the proposed system. For each pelvis, the experiment was carried out based on following steps:
(1) A preoperative CT image was acquired, where pelvis segmentation and surgical planning were
performed; (2) We calibrated the robot system, and performed patient-image registration as well
as virtual-physical registration; (3) Osteotomy was then performed under AR guidance and robot
assistance; (4) After osteotomy, a post-operative CT image was acquired, where we could annotate a
real ostetotomy plane. By registering the pre-operative CT image and the postoperative CT image,
surgical planning was transformed to the postoperative CT image. Thus, we could measure deviations
between the real osteotomy plane and the planned osteotomy plane.

To evaluate osteotomy accuracy, both distance deviation d and angular deviation 8 were employed
as metrics. Figure 7 illustrates the definitions of d and 6. For each osteotomy plane, d was an average
distance from nine control points to the planned plane, where the control points were uniformly
sampled on the real osteotomy plane. § was the angle between the normal vector of the real osteotomy
plane and that of the planned plane.

Real osteotomy plane Real osteotomy plane
-~ C
L ~ ®
o e Control /F
() g points 0
9

-1
=3 d )

dl i=1

Planned osteotomy plane Planned osteotomy plane

(a) (b)

Figure 7. The definition of evaluation metrics for osteotomy accuracy. (a) The distance deviation d,
which was calculated as the average distance from the nine control points to the planned osteotomy
plane; (b) The angular deviation 6, which was calculated as the angle between the normal vector of the
real osteotomy plane and that of the planned plane.

4.2. Experimental Results

4.2.1. Accuracy of Virtual-Physical Registration

Experiment results of virtual-physical registration are presented in Table 1 and Figure 8. Table 1
illustrates the average value, maximum, and minimum of mADE achieved by different virtual-physical
registration methods [14,15,17]. The proposed method achieved an average mADE of 1.96 &+ 0.43 mm
and a maximum mADE of 0.27 mm. Compared with the second-best method, our method achieved
a 4.45 mm improvement in terms of average mADE. Additionally, we illustrate qualitative results
in Figure 8, where virtual models (yellow) were overlaid on the pelvis phantom (white) using ¥ Tt
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estimated using different methods. In this figure, we used red arrows to highlight the misalignment.
Compared with other methods, our method achieved the best alignment accuracy. Experimental
results demonstrated the virtual-physical registration accuracy of the proposed method.

Table 1. Comparison with SOTA methods for virtual-physical registration.

method mADE(mm)
Average Max Min
Sun et al. [14] 7.98 £ 6.41 20.53 1.83
Tu et al. [15] 7.08 == 2.64 1091 3.41
Tu et al. [17] 6.41+£1.85 9.53 3.94
Ours 1.96 - 0.43 2.71 1.38

The best results are displayed in bold.

Direction #2 Direction #1

Direction #3

Sun et al. [13] Tu et al. [14]

Tu et al. [16]

Figure 8. Visualization of the alignment between the virtual model (yellow) and the pelvis phantom
(white) using different methods. In this figure, misalignment is highlighted using red arrows.
Compared with other methods, the proposed method achieved the most accurate virtual-physical
registration.

4.2.2. Ablation Study

We summarize quantitative results of the ablation study in Table 2. Compared with freehand
registration (referred as FR), single-view robotic registration (referred as SRR) achieved a slight
improvement, demonstrating the effectiveness of robot arm when aligning virtual models with the
optical marker. Additionally, when using multi-view observation, the average mADE was improved by
a margin of 4.58 mm compared with single-view robotic registration. Such improvement demonstrated
the importance of observing misalignment from different directions during the virtual-physical
registration.
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Table 2. Experimental results of the ablation study. (FR: freehand registration; SRR: single-view robotic

registration)
Strategies mADE (mm)
Controlling Multi—vi?w Average Max Min
robot arm observation
FR 6.58 £2.17 9.55 3.66
SRR N4 6.54 +3.39 11.65 2.23
Ours vV vV 1.96 £0.43 2.71 1.38

The best results are displayed in bold.

4.2.3. Osteotomy Accuracy

Experimental results of osteotomy accuracy are presented in Table 3, Figure 9, and Figure 10. As
shown in Table 3, the proposed system achieved an average d of 0.82 + 0.17 mm and an average 0
of 3.77 & 0.85 °. Qualitative visualization results are shown in Figure 9. The sub-millimeter distance
deviation demonstrated the osteotomy accuracy achieved by the proposed system.

Additionally, in Figure 10, we show the AR guidance during the osteotomy procedure. As shown
in the figure, virtual models of the sheep pelvis, the bone saw, and the planned osteotomy plane are
accurately superimposed on their corresponding counterparts. At the same time, pose parameters of
the bone saw are visualized in the HoloLens, serving as an extra visual feedback. The numbers turns
to green whenever deviations are below the corresponding thresholds (5 mm for distance deviation,
and 3° for angular deviation). Otherwise, it turns to red, serving as a warning message. Thus, the
proposed system can provide surgeons with an AR guidance during the PAO procedure.

Table 3. Osteotomy accuracy achieved by the proposed robot-assisted AR surgical navigation system.

Case d(mm) 6(°)

1 0.99 +£0.18 4.77

2 0.83+0.20 3.14

3 1.02 £0.27 4.79

4 0.58 £0.32 2.75

5 0.69 +0.12 341
Average 0.82 £0.17 3.77 £0.85

Figure 9. Visualization of qualitative results of osteotomy, where real osteotomy planes and planned

osteotomy planes are visualized in orange and yellow, respectively.
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Bone saw

Pelvis surface
model '

(b)

Figure 10. AR guidance during the osteotomy procedure: (a) AR display when the bone saw was far

away from the planned osteotomy plane, where pose parameters turned red; (b) AR display when the
deviations between the bone saw and the osteotomy plane were low.

5. Discussion and Conclusion

In this paper, we proposed a robot-assisted AR-guided surgical navigation system for PAO, which
mainly consists of a robot arm holding a medical bone saw, an optical marker, and a Microsoft HoloLens
2. In order to provide AR guidance, an optical marker-based virtual-physics registration method was
proposed to estimate a transformation from the optical tracker COS to the virtual space COS, allowing
virtual models to be aligned with the corresponding physical counterparts. Additionally, for osteotomy
guidance, the proposed system automatically aligned the bone saw with planned osteotomy planes,
and then provided surgeons with both robot assistance and AR guidance. Comprehensive experiments
were conducted to evaluate both virtual-physical registration accuracy and system accuracy. In the
experiment, the proposed virtual-physical registration method achieved an average mADE of 1.96 +
0.43 mm while the proposed system achieved an average d of 0.82 + 0.17 mm and an average 0 of 3.77
=+ 0.85 °. Experimental results demonstrated the effectiveness of the proposed registration method.
The sub-millimeter distance deviation demonstrated the osteotomy accuracy of the navigation system.

It is worth comparing the proposed virtual-physical registration method with other SOTA
methods. Our method has three advantages: (1) We control a robot arm to align virtual models
with the optical marker. Compared with freehand alignment [15,17], no hand tremble is involved; (2)
During alignment, the optical marker is held by the robot arm. Thus, the proposed method allows
for multi-view observation during the virtual-physical alignment, improving the depth perception.
Compared with single-view methods [14,15], our method can achieve higher virtual-physical
registration accuracy; (3) Different from methods introduced in [15] and [17], our method does not
require a registration tool that needs to be calibrated before the virtual-physical registration. Thus,
calibration error is not coupled in the registration in our method. These advantages are confirmed by
the experimental results shown in Table 1 and Figure 8, where the proposed method achieved the best
virtual-physical registration accuracy with an average mADE of 1.96 & 0.43 mm.

Additionally, the proposed robot-assisted AR-guided surgical navigation system has several
advantages. First, the robot arm automatically aligns the bone saw with the osteotomy plane defined
in the preoperative image, offering an accurate initial pose to perform the osteotomy. Second, the
movement of saw bone is restricted on the osteotomy plane, serving as a physical guidance. Third, the
proposed navigation system visualize not only virtual models, but also pose parameters of the bone
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saw relative to the planned osteotomy plane, providing surgeons with multiple visual feedback. In the
experiment, our system achieved an average d of 0.82 £ 0.17 mm and an average 6 of 3.77 & 0.85 °.
The sub-millimeter distance deviation demonstrated the high osteotomy accuracy of our system.

It is also worth discussing the limitations of the proposed robot-assisted AR-guided surgical
navigation system. First, it is observed that the saw blade bends during osteotomy, causing angular
deviation. Our future work focus on developing a compensation strategy to reduce the angular
deviation, where the blade bending can be detected and then compensated. Second, the transformation
estimated by the proposed virtual-physical registration is only valid for the current HoloLens
application. Once a new HoloLens application is launched, the registration needs to be performed
again. Nevertheless, during the experiment, we found that an average time required by the proposed
virtual-physical registration step is less than three minutes. Thus, such time cost is acceptable, which
will not interrupt the surgical workflow.

In summary, we proposed a robot-assisted AR-guided surgical navigation system for PAO.
Experimental results demonstrated the efficacy of the proposed system.
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Abbreviations

The following abbreviations are used in this manuscript:

API Application Programming Interface

AR Augmented Reality

CAOS Computer-assisted Orthopedic Surgeries
Ccos Coordinate System

CT Computed Tomography

DDH Developmental Dysplasia of the Hip
DRB Dynamic Reference Base

EM Electromagnetic

FoV Field of View

PAO Periacetabular Osteotomy

MR Magnetic Resonance

mADE mean Absolute Distance Error
OST-HMD  Optical See-through Head-mounted Display
SOTA State-of-the-art

3D Three-dimension
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