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Abstract
Purpose Augmented reality (AR) enables superimposition of
virtual images onto the real world. The aim of this study is to
present a novel AR-based navigation system for sacroiliac
screw insertion and to evaluate its feasibility and accuracy in
cadaveric experiments.
Methods Six cadavers with intact pelvises were employed in
our study. They were CT scanned and the pelvis and vessels
were segmented into 3D models. The ideal trajectory of the
sacroiliac screw was planned and represented visually as a
cylinder. For the intervention, the head mounted display cre-
ated a real-time AR environment by superimposing the virtual
3D models onto the surgeon’s field of view. The screws were
drilled into the pelvis as guided by the trajectory represented
by the cylinder. Following the intervention, a repeat CT scan
was performed to evaluate the accuracy of the system, by
assessing the screw positions and the deviations between the
planned trajectories and inserted screws.
Results Post-operative CT images showed that all 12 screws
were correctly placed with no perforation. The mean deviation

between the planned trajectories and the inserted screws was
2.7±1.2 mm at the bony entry point, 3.7±1.1 mm at the screw
tip, and the mean angular deviation between the two trajecto-
ries was 2.9°±1.1°. The mean deviation at the nerve root
tunnels region on the sagittal plane was 3.6±1.0 mm.
Conclusions This study suggests an intuitive approach for
guiding screw placement by way of AR-based navigation.
This approach was feasible and accurate. It may serve as a
valuable tool for assisting percutaneous sacroiliac screw inser-
tion in live surgery.
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Introduction

Percutaneous sacroiliac screw fixation is a generally accepted
method for the treatment of instability of the pelvis posterior
ring [1]. Compared with open reduction and internal fixation
techniques, percutaneous sacroiliac screwing is much less in-
vasive with a lower incidence of post-operative wound infec-
tion [2]. The traditional method of achieving correct screw
placement is to insert it under fluoroscopic guidance.
However, multiple views are required, including
anteroposterior, lateral, inlet and outlet views, with the sur-
geon and patient exposed to excessive radiation [3].
Moreover, there are inherent errors in fluoroscopic imaging
due to factors such as obesity and bowel gas, and these are
compounded when images are obtained sequentially in order
to cover all four planes (anteroposterior, lateral, inlet and out-
let views) [4]. The rates of screwmalpositioning are high, with
incidences ranging from 2 to 15 % according to previous
reports [5, 6]. Incorrect placement of the sacroiliac screw
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may cause critical complications, including perforation of the
sacral canal, neuroforamina, and iliac vessels [7]. Over the
past few decades, various navigation systems were developed
capable of facilitating sacroiliac screw insertion, such as two-
dimensional (2D) fluoroscopy [8, 9] and three-dimensional
(3D) fluoroscopy [7, 9, 10], CT-based [11], and CT-3D-
fluoroscopy navigation systems [12]. Compared with tradi-
tional techniques, the use of these navigation systems led to
an improvement over the number of screw outliers and less
radiation exposure.

However, the drawback of current image-based navigation
systems is that they rely on external monitors for visualisation
of navigation data. The surgeon is required to constantly shift
his view between the surgical site and the monitor while si-
multaneously manoeuvring surgical tools. There is a steep
learning curve with new surgeons having to adapt to these
unfamiliar hand-eye coordination settings, and on top of that,
distraction and loss of concentration may have a negative
bearing on the surgical outcome [13]. Hence, these navigation
systems are still not perfect and require further refinement.

In recent times, innovation and the rapid development of
computing technology led to the creation of augmented reality
(AR) systems. In present day AR, a head-mounted display
(HMD) is worn, and virtual images are overlaid onto the
wearer’s field of view. The wearer sees virtual images that
are updated in real time, in synchrony with head movements
and those of surrounding objects. Core internal structures can
also be visualized. As the wearer has no need to learn new
hand-eye co-ordination skills, the benefit of an AR system can
easily be appreciated.

Based on these advantages, AR is becoming a promising
technology in medical applications and has already been
trialed in various settings, including neurosurgery [14], lapa-
roscopic surgery [15], oral and maxillofacial surgery [13, 16,
17], and spine surgery [18]. However the application of AR
assisted sacroiliac screw insertion is not yet studied. Hence,
the aim of our study was to evaluate the feasibility and accu-
racy of AR assisted sacroiliac screw insertion, using cadavers
for a pilot study.

Materials and methods

Six fresh frozen cadaveric specimens (mean age=55, range
38–69) with intact pelvises and no obvious deformity or pa-
thology on CT images were enrolled in the study after approv-
al by the institutional ethics committee. Twelve drillings were
performed under AR navigation with one screw inserted into
each side of the sacroiliac joint, aiming towards the S1 verte-
bra. All drillings were performed by an experienced orthopae-
dic surgeon. Before the experiment, he was allowed to
acclimatize to the AR navigation system until he was at
ease with it.

AR navigation system

The hardware architecture consisted of an optical see-through
HMD (nVisor ST60, NVIS, USA), an optical tracking system
(Polaris Spectra, NDI, Canada), a high-performance graphical
workstation (HP, USA), and an LCD monitor (G2200W,
BenQ, Taiwan) (Fig. 1). The HMDwith high resolution micro
displays (1280×1024 24-bit colour pixels per eye) was
connected to the workstation and provided the surgeon
superimposed virtual images onto the real world in real
time. The Polaris Spectra captured the position of
infrared-reflecting (IR) markers attached to reference of
frames fixed onto the various movable objects such as
the drill, pelvis and HMD.

The AR navigation system was programmed in
Microsoft Visual C++ under the platform of the
Integrated Development Environment (IDE) VS2008.
Several well-known open source toolkits were employed
(such as VTK, CTK, ITK, QT et al.).

Data acquisition and pre-operative plan

Five tiny titanium fiducial screws were pre-operatively fixed
along the iliac crest on the side of the surgical region through
small skin incisions as landmarks. Also barium sulfate suspen-
sion (50 %W/V, 600 ml) was injected into pelvis vessels
through the aortaventralis. CT scans of the pelvises were per-
formed three to five days later (GE Light speed 64 CT ma-
chine, USA). The acquired CT data was saved in DICOM
(Digital Imaging and Communications in Medicine) format
and then imported into the planning software Mimics
(Materialise, Belgium). 3D models of the pelvis and vessels
were reconstructed by way of selecting the appropriate
Hounsfield units, some manual editing, and an automation
function for segmentation called Bregion growing^.

Fig. 1 Hardware for the augmented reality (AR)-based navigation
system
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Following this, virtual planning of the ideal sacroiliac screw
trajectory was performed, with it passing midway within the
cortical margins, through the sacroiliac joint towards the S1
vertebra. The planned needle trajectory was then represented
as a cylinder (Fig. 2).

Experiment setup

Calibration of surgical instruments

Three rigid reference frames were secured to the bony
pelvis, surgical drill and the HMD. Calibration of the
drill was performed first, in such a way that the spatial
relationship between the drill and the reference frame
fixed to it was registered, allowing movement of the
reference frame to represent the drill. Consequently,
movement of the drill could be visualized in real time
using the navigation system.

Registration

The next process was registration of the virtual co-ordinate
system to that of the cadaver co-ordinate system (as represent-
ed by the reference frame fixed to it). The registration was
performed using the point-to-point registration method. The
co-ordinates of fiducial landmarks in the virtual co-ordinate
system were obtained through an image recognition tech-
nique, while their co-ordinates under the cadaver co-ordinate
system were acquired by using a positioning probe. Then the
system accomplished the registration process using the SVD
algorithm which is based on the obtained co-ordinates of the
homologous fiducial landmarks.

Calibration of the HMD

Following registration, the virtual images on the HMD were
then matched with the surgical site. The next step was calibra-
tion of the HMD in relation to the position of the pelvis. This
calibration was done by way of a transformation matrix once

the two reference frames were affixed to the cadaver and
HMD [19]. When this was done, the position and orientation
of the virtual images on the HMD corresponded to that of the
real world, in perfect synchrony with movement of the sur-
geon’s head, and that of the cadaver.

Experiment procedure

With the HMD, 3D models of the needle, the planned trajec-
tory, pelvis bones and surrounding vessels were displayed as
an overlay onto the surgical scene in real time. The surgeon
could select which virtual models to see or hide. Under guid-
ance of the navigation system, the surgeon inserted a 3 mm-
diameter needle by matching its entry point, axis and tip with
the planned trajectory while avoiding the vessels (Fig. 3).
Then a cannulated 6.5-mm-diameter partial threaded screw
(Synthes, Switzerland) was inserted. The times required for
the experiment setup and procedure were also recorded.

Post-operative analysis of accuracy

Post-operative CT scans of the pelvises were performed and
the data was imported into Mimics. 3D models of the inserted
screws and pelvises were reconstructed. Analysis of screw
positions on the CT images were performed by two senior
orthopaedic surgeons. Screw localisation was graded accord-
ing to a validated classification method for correct pedicle
screw placement [20]: grade 0: no perforation, grade 1: perfo-
ration < 2 mm, grade 2: perforation between 2 and 4 mm, and
grade 3: perforation > 4 mm.

The pre-operative and post-operative CT datasets were
matched based on the position of the fiducial screws. The
planned trajectories were then superimposed on the post-
operative CT images in order to evaluate the accuracy of the
AR navigation system. The distance between the centres of
the planned trajectory and the inserted screw at the level of the
nerve root tunnel region on the sagittal plane was measured
(Fig. 4). Following that, 3D models of the screw and the
planned trajectory were imported into 3-matic software

Fig. 2 Pre-operative 3D
reconstruction of the pelvis,
planned trajectory, and adjacent
vessels
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(Materialise, Belgium). The distances between the planned
and actual bony entry points, tips, as well as angular deviation
were measured (Fig. 5).

Results

Percutaneous sacroiliac screw insertion using the AR naviga-
tion system was successfully completed in all 12 cadaver tri-
als. Post-operative CT images showed all 12 screws were
correctly placed with no perforation (grade: 0). There was
no disagreement between the two raters regarding the screw
perforation grade (100 % agreement).

The mean deviation between the planned and the inserted
screw positions was 2.7±1.2 mm (range 1.3–5.5) at the bony
entry point of the screw and 3.7±1.1 mm (range 1.1–5.2) at
the tip of the screw. The mean angular deviation was 2.9°±
1.1° (range 1.6–4.8°). The mean distance between the centres
of the planned trajectory and the inserted screw at the level of

Fig. 3 Intra-operative drilling under the AR-based navigation with vir-
tual images superimposed on the surgical site through the HMD

Fig. 4 Measurement of the
distance of the centre of the
planned trajectory and that of the
inserted screw on the sagittal
plane at the level of the nerve root
tunnel region after matching of
pre-operative and post-operative
CT datasets

Fig. 5 Measurement of the distance between the centres of the planned
trajectory and the inserted screw at the bony entry point (a) and at the
screw tip (b), and their angular deviation (c) after matching of pre-
operative and post-operative CT data
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the nerve root tunnel region on the sagittal plane was 3.6±
1.0 mm (range 1.4–4.7). The mean time required for the ex-
periment setup was 13.6±2.2 mins (SD) and for the experi-
ment procedure 11.1±2.0 (SD) mins (Table 1).

Discussion

Sacroiliac screw placement is a difficult procedure requiring a
high degree of precision and a narrowmargin of error. Various
computer navigation systems were developed over the years
and positive results were reported [7, 21, 22]. However, in
these systems, the surgeon needs to adapt to a new hand-eye
co-ordinate system, combining the visual frame of reference
with that of the navigation system as images are displayed on
external monitors. S/he is also required to alternate attention
between the monitor and the surgical site during the naviga-
tion task. Consequently, many surgeons find it difficult to
precisely correlate the images on the monitor to the operative
site. AR navigation aims to address all of these problems and
shorten the learning curve. Additionally, the perforation of
adjacent vessels is a major complication in sacroiliac screw
insertion [23]. AR allows visualisation of internal deep-tissue
structures during the surgery, which is of great significance in
minimally invasive procedures. In our study, we managed to
do this, with clear visualization of the surrounding vessels
during cadaveric surgery. So the surgeon could precisely drill
the needle into the sacroiliac joint while avoiding the adjacent
vessels.

There are generally two types of AR navigation hardware
available today, Boptical see-through^ and Bvideo see-
through^ [24]. Optical see-through HMDs project virtual im-
ages on a transparent screen, which allows the wearer to see
the outside world unhindered. Video see-through HMDs are
not transparent, so the real world has to be captured by a video

camera, while the virtual images are merged along with the
video feed. Optical see-through has the advantage of allowing
the wearer to have a real-world view through the transparent
display, which allows native hand-eye coordination and pro-
prioception of the surrounding objects. Video see-through sys-
tems have been trialed in spinal, oral and maxillofacial surger-
ies [13, 16, 18]. However the quality and reproducibility of
images captured by a camera cannot be comparable to direct
human vision, and for this reason we believe that optical see-
through HMDs are superior.

Vigh et al. reported the accuracy of a video see-through
HMD-based AR navigation system for oral implantology,
with a mean distance error of 1.24 mm at the entry point,
2.68 mm at the end point and mean angular deviation of
4.68° between the planned implant and drilled borehole [13].
In our study, the mean distance error was 2.7 mm at entry
point, 3.7 mm at the end point and the mean angular deviation
was 2.9°.

In addition, checking the screw position near the nerve root
tunnel on the sagittal plane perpendicular to the screw axis is
considered to be the most important since the safe bony cor-
ridor for the sacroiliac screw gets narrowest at the area around
the nerve root tunnels [12]. Our results showed a mean devi-
ation of 3.6 mm and maximum of 4.7 mm around the nerve
root tunnels with no screw perforation, which is lower in ac-
curacy compared with a CT-3D-fluoroscopy navigation study
by Takao et al. (mean deviation of 1.8 mm) [12]. We presume
our level of accuracy is acceptable assuming the preoperative
planned trajectory is kept more than 5 mm away from the
outer cortical margin on the sagittal plane near the
nerve root tunnel area. However future studies will be
needed to assess the accuracy of improved AR naviga-
tion systems with current navigation systems for sacro-
iliac screw placement, preferably in a randomised con-
trolled trial setting.

Table 1 Details of the deviation between planned trajectories and actual screws, and the experiment time

Case Deviation at bony
entry point (mm)

Angular deviation Deviation at screw
tip (mm)

Deviation at nerve root
tunnel region (mm)

Setup time (min) Procedure time (min)

1 2.2 3.9° 3.9 3.7 15 14

2 5.5 2.9° 4.1 4.5 16 12

3 3.6 2.3° 4.8 4.4 14 10

4 1.9 1.6 ° 4.0 4.2 14 11

5 2.0 4.1° 4.2 3.7 16 9

6 3.5 2.2° 1.1 1.4 11 12

7 1.3 4.5 ° 4.4 4.0 13 14

8 2.6 2.6° 5.2 4.7 15 11

9 3.5 2.3° 4.0 4.1 10 9

10 2.2 1.6° 2.6 2.8 16 13

11 1.5 4.8° 4.0 3.7 12 8

12 2.1 1.9° 2.4 2.5 11 10
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The overall deviation is dependent on the compounding of
errors produced from the very start, during CT data acquisi-
tion, right through to the surgical procedure. From our expe-
rience, the following measures could be taken in order to
further improve the accuracy. Firstly, the software could be
improved further to decrease the inherent error of the system;
point-to-point registration combined with surface registration
methods could be applied for better registration accuracy; the
number of fiducial markers could be increased, while avoiding
near-collinear configurations and ensuring their centroids to
be as near as possible to the target; surgeons could familiarise
themselves more with the AR system before the procedure;
and a needle with more rigidity and yield strength could be
used to avoid bending during the drilling procedure.

Our study is not without limitations. The first limitation is
the limited number of cases in our study. Therefore future
studies with larger sample sizes are required to further assess
the approach. However, despite the small sample size, we
believe the positive results from our pilot study are encourag-
ing and may spur future studies of AR navigation in orthopae-
dic surgery. The second limitation is that we have not
employed sacroiliac joint dislocation/fracture models in our
study. Thus our preliminary results are only applicable in
non or minimally displaced sacroiliac lesions or after stable
closed reduction of the sacroiliac joint. The feasibility of AR
navigation in sacroiliac joint dislocation/fracture and the effect
of the reduction process have not been evaluated in our pilot
study, but will be in our future study. The third limitation is
that blood vessels could shift or deform under external forces
during surgery, leading to false portrayal of their locations
[25]. The critical vessels in danger of perforation during per-
cutaneous sacroiliac insertion are branches of the internal iliac
artery (superior gluteal artery, etc.); however, the spatial rela-
tion of these deep vessels to the pelvic bones are relatively
stable. Thus they are less susceptible to deformation after sta-
ble reduction of the sacroiliac joint is achieved. As the pelvises
in our study have no known instability, we consider deforma-
tion of critical blood vessels as negligible. Nonetheless, in
order to address the issue of potential vessel deformation dur-
ing the surgical reduction process, we are working on a non-
rigid registration method to allow for simulation of such de-
formations in real-time, for implementation into our AR nav-
igation system in the future. The fourth limitation of our pro-
totype setup is a slight latency during movement of the sur-
geon’s head. This could potentially be improved using faster
computer systems for image data processing. The final limi-
tation is the surgeon’s adaptability to our wired and heavy
prototype headgear, which may result in fatigue and posture-
related injuries during the surgery. However, new hardware is
constantly being developed, such as the lighter wireless
Google Glass and Microsoft Hololens.

In conclusion, we developed and tested a novel prototype
AR navigation system for percutaneous sacroiliac screw

insertion in a pilot cadaveric study. Our optical see-through
setup allows superimposition of virtual 3D models of the
planned screw trajectory along with internal anatomical struc-
tures, directly onto the surgeon’s field of view, in synchroni-
sation with head movements. Our results demonstrated that
the approach was feasible and accurate for guiding sacroiliac
screw placement. Future studies are necessary to evaluate the
application of this technology in pathological models, e.g.,
sacroiliac dislocation/fracture.
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