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Abstract

Arthroscopic procedures require a difficult mental coordinate transform between the
instrument in the surgeon’s hand and the image shown on a display mounted near
the patient. Significant training and experience is required to become proficient.
This thesis describes an augmented reality (AR) system designed to assist a surgeon performing a knee cartilage repair procedure by superimposing the virtual surgical plan over the live camera feed. The overlay displays an outline of the patient’s
anatomy along with information to correctly align surgical tools.
A user study was conducted to evaluate the performance of residents and surgeons
using the AR system. The study showed a significant worsening in performance across
all metrics. The study indicated that the worsening was in large part due to the
transition from a classical multiple display setup showing orthogonal views of the
tools and anatomy to a single view setup with our augmented reality overlay.
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Chapter 1
Introduction

Arthroscopy is a branch of surgery that uses a specialized endoscope to perform
minimally invasive surgery (MIS) on joints. As opposed to traditional open surgery
where a large incision is made, arthroscopic surgery involves small incisions to insert a
viewing scope and surgical tools to the target area. This minimally invasive strategy
is chosen to promote quicker recovery time [32, 1], decreased risk of infection [2], and
less scarring. However, MIS introduces other issues for the surgeon, such as “impaired
depth perception, impaired orientation due to changes in perspective, lack of tactile
feedback, and constrained movement of the instruments” [2].

1.1

Mosaic Arthroplasty

In this thesis, we consider mosaic arthroplasty, an arthroscopic surgical procedure
in which damaged cartilage is repaired by transplanting plugs of good cartilage and
bone into the defect site. “The main point of this method is to harvest ... grafts from
the less weight bearing area of the knee and to transplant them to the defect of the
weight bearing surface” [11]. Figure 1.1(a) shows an example of a cartilage defect site,
and Figure 1.1(b) shows the defect site filled with a mosaic of transplanted plugs.
1
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(a) Example of a cartilage defect site.

(b) The example cartilage defect site filled with
transplanted plugs

(c) Another view of the example cartilage defect (d) The example cartilage defect site filled with
site filled with transplanted plugs
plugs shown with a transplant plug pair highlighted

Figure 1.1: Multiple views of an example cartilage defect and associated mosaic
arthroplasty surgical plan

2
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Notice in Figure 1.1(c) that the transplanted plugs closely approximate the original
surface, matching the curvature of the surrounding area. Figure 1.1(d) shows the
filled defect site along with the harvest locations for the transplanted plugs, with one
of the transplant plug pairs highlighted. Notice that the plugs are mostly harvested
from donor sites in the less weight bearing areas in the superior condylar surface and
in the femoral groove.

1.2

Classic surgical guidance method

Currently, to perform a mosaic arthroplasty procedure, the surgeon prepares a surgical
plan using computer models generated from a preoperative computerized tomography
(CT) scan. Orthogonal views of this plan are then displayed to the surgeon on a
monitor in the operating room (OR). Surgical tools are tracked using an optical
tracker and the orthogonal views shown on this monitor incorporate visualizations
of any tracked tools. A second monitor in the OR shows the live feed from the
arthroscope. Figure 1.2(a) shows an example of the orthogonal virtual views shown
by the system currently used in the OR, and Figure 1.2(b) shows a sample raw
arthroscopic image.

1.3

Our augmented reality guidance method

The hand-eye coordination required to successfully perform arthroscopic procedures
such as mosaic arthroplasty is very difficult, requiring years of training. With the
variety of computer assisted techniques and technologies available, we seek to bring
some of these innovations into the hands of surgeons in the OR to improve surgical
accuracy while reducing mental strain. In this thesis we describe an augmented
3
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(a) Virtual views shown by the classic surgical guidance system currently used in the OR

(b) Raw image from the arthroscope

Figure 1.2: Screens seen when using the classic OR system.
4
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reality (AR) surgical overlay that is superimposed over the live camera feed from the
arthroscope with the goal of providing context and reducing the mental strain for the
surgeon during the procedure. By superimposing the plan onto the live camera feed,
our single display setup reduces the cognitive load by removing the need to mentally
merge the information provided by two separate displays. The system we developed
also does not require the chisel to be tracked, potentially reducing tracking error that
would otherwise occur with a (frequently hammered) tracked chisel. Figure 1.3 shows
a chisel being aligned on a plug site using our AR guidance method.

Figure 1.3: A chisel being aligneed using our augmented reality surgical overlay.

1.4

Results

We performed a user study to evaluate the performance of our system during a set
of chisel orientation tasks within a knee joint. We hypothesized that the system
would perform similarly to the current state of the art, without the need to track the
chisel. Participants including orthopaedic residents and surgeons performed chisel
5
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orientation tasks on an artificial knee in three viewing modes (our AR view, the
classic state-of-the-art view, and a third view constructed to more closely examine
the differences introduced by our system). Final chisel tip positioning, chisel tip travel
path length, and overall completion time were recorded and compared to analyze the
performance in each viewing mode. Through our study, we found that our AR system
had a significant worsening across nearly all measured performance metrics, with no
significant improvements.

6
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Background and Related Work

2.1

What is Augmented Reality?

The reality-virtuality continuum describes a spectrum with purely real environments
at one end (raw camera images, for example) and purely virtual environments at
the other end (visualizations of computer generated 3-D models, for example). Augmented reality (AR) covers the segment of the continuum adjacent to, but excluding,
the real environment end, while augmented virtuality (AV) covers the segment of
the continuum adjacent to, but excluding the virtual environment end [21, 22]. “AR
supplements the real world with virtual (computer-generated) objects that appear to
coexist in the same space as the real world” [35], a translucent 3-D model rendered
over a camera image, for example. Texturing a 3-D model with the feed from a camera
would be an example of augmented virtuality. These terms are useful in distinguishing the various contexts which arise when integrating visual computer assistance into
existing technologies.

7
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2.2

How is Augmented Reality Used in Medicine and in Surgery?

In a 2010 thesis, Li developed a navigated display computer system that used AV to
project a camera image onto a 3-D computer model of the patient’s knee joint, along
with models of optically tracked tools [16, 17]. He conducted a user study to evaluate
the navigated display and found that it improved target acquisition among novice
residents with less than two years of experience, while target acquisition worsened
among residents with at least two years of experience. Surgeons using his system
demonstrated no significant difference in performance. He concluded: “We should
extend this system with the addition of a surgical guidance overlay on the arthroscopic
image, so that the system can be used intraoperatively to guide the surgical tools
in arthroscopic surgery, without the need for the surgeon to look at two separate
displays” [17]. In this thesis, we expanded upon the system developed by John Li by
implementing a surgical guidance overlay on the arthroscopic image and performing
a user study to determine the effectiveness of the guidance overlay.
Many other computer assisted techniques have made incursions into the operating
room by providing surgeons with AR. Unfortunately, many AR setups come with additional hardware that can be unsuitable for medical applications. Examples of this
include bulky head-mounted displays (HMDs) that interfere with the surgeon’s surroundings, or magnetic tracking systems that are not compatible with metal surgical
tools and existing instruments found in the operating room [5]. AR seems particularly well-suited, however, to providing additional information on an arthroscope
display, which is existing familiar equipment in arthroscopic procedures. Peters has
provided overviews [24, 25] of the full spectrum of systems that have been developed

8
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for image guided surgery, and in 2004 Shuhaiber [30] evaluated the history and current knowledge of AR in surgery. Sielhorst et al. also conducted a thorough review
of the literature related to AR in 2008 [31]. Below we focus on AR-based systems for
image guided surgery.
Fisher et al. introduce a novel video see-through system for medical AR using
existing medical equipment (a passive optical tracking system) and a standard webcam [5]. In their system, they register the camera in the optical tracking system
using standard instrument markers. After this registration, the camera is tracked as
any other tool would be. This permitted the augmentation of the camera’s video feed
with any other tracked elements (e.g. tools, registered patient anatomy) to create
an augmented reality video stream. The system that we developed used a similar
technique (using passive tracking of an arthroscope) to merge our computer model
with the feed from the arthroscope at interactive rates. We discuss several other AR
approaches using augmented monitors in Section 2.2.3.
Minimally invasive procedures are very well suited for computer assisted techniques. Since minimally invasive procedures leave surgeons with limited tool access
and reduced visibility of their targets [32], maintaining a correct mental model of the
current position and orientation of tools is non-trivial. Tool movement under these
conditions is unintuitive due to the fulcrum effect, which has been shown to impede
skill acquisition [2, 9].

2.2.1

Surgical Training Tools

Tonet et al. developed a surgical navigation system for computer assisted arthroscopic
surgery. Their system showed a “[3-D] model and two [2-D] projections of the patient’s

9
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joint and models of the arthroscope and other sensorized surgical instruments” [33].
The patient’s anatomy and all sensorized tools were tracked at interactive rates and
visualized in a virtual scene, while the field of view of the arthroscope was dynamically
highlighted on the 3-D model of the joint. The first laboratory trials using this
system gave positive feedback, and the prototype system was favourably evaluated
by a group of skilled orthopaedic surgeons. Megali et al. [20] extended this work,
pairing multimedia modules and training exercises with the navigation system to
create a knee arthroscopy training tool. The results of preliminary testing with this
system showed that “performance (evaluated on the basis of time consumption and
number of correct answers ) [increased] with the degree of experience in the surgical
room” [20]. Clearly, there is value in systems able to provide increased experience of
arthroscopy to junior surgeons outside of the operating room.
Bayona et al. [1] developed an AR training system for shoulder arthroscopy. This
system had different training cases where the user was able to select exercises to
be completed, with progressive levels of difficulty. The anatomy shown would vary,
displaying various pathologies. It also incorporated an evaluation module “in which
the user [could] choose to record the different metrics reached throughout the performance” [1], as a way to assess user progress. They used a haptic system to provide
force feedback, to recreate a similar touch sensation of the inner anatomy of the shoulder. “This [increased] the system’s realism, allowing the surgeon to explore the joint
and to perceive forces as in the operation theatre, ... the simulator provides a realistic
visual and haptic feedback, being able to react to the user’s movements and actions
in real time, contributing to the immersion experience” [1]. At the time of Bayona’s
writing, studies were being carried out to demonstrate the ability of the simulator to
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discriminate between experts and novices, as well as to show that performance in the
OR could improve through its use.

2.2.2

Surgical Navigation Using Semitransparent Mirror Image Overlays

Not all AR approaches involve merging computer models with a video stream. Fichtinger et al. developed a system to aid needle insertion procedures in CT scanners [4].
In their system, a semitransparent mirror is mounted such that the system “creates
the impression as if the CT image ... was floating inside the body in the correct pose
and magnication, giving the physician a planar X-ray vision” [4]. In their system,
a transparent mirror and a flat-panel display were mounted on the gantry of a CT
scanner. A CT slice was acquired, adjusted, and rendered on the display. The scanner, display, and mirror were aligned such that the reflection of the CT image on the
display in the mirror coincided with the anatomy of the patient. They conducted experiments using the system for needle placements using both phantoms and cadavers.
From their analysis of the results from both phantom and cadaver experiments they
said: “the CT image overlay device allowed for clinically adequate and safe needle
placement without the need for reinsertion and re-imaging” [4].
This technique has been expanded upon for use in a variety of procedures. Fritz
et al. assessed the use of such an overlay system in targeting for magnetic resonance (MR) image-guided arthrography of the shoulder and hip joint. Their system
paired a prototype AR image overlay system with a clinical 1.5 Tesla MR imager.
They conducted a cadaveric study and concluded that their “[image] overlay technology [provided] accurate and efficient MR guidance for successful shoulder and hip
arthrography in human cadavers” [7].

11
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Fritz et al. also evaluated the feasibility of using such a mirror setup to show
an image overlay navigation system for magnetic resonance imaging-guided vertebroplasty [8]. They conducted a cadaveric study with a 1.5 Tesla MR imager and the
same semitransparent augmented reality image overlay system used in their previous
work [7]. Their results showed that “MRI-guided vertebroplasty is feasible to allow
for sufficiently accurate transpedicular and parapedicular vertebral body access and
intravertebral cement delivery. Image overlay navigation was useful for the assessment of anatomy, determination of vertebral body access, and guidance of needle
placement” [8].
Wang et al. proposed an AR system using 3-D image overlay for dental surgery [36].
In their system, they placed a half-silvered mirror between the surgeon’s eyes and the
patient. A 3-D display was used to overlay stereoscopic 3-D images of the patient’s
anatomy and the surgical instruments on the surgical site using the half-silvered
mirror. An illustration of their system is reproduced in Figure 2.1. This approach
permitted the 3-D images seen by the surgeon to present both stereo and motion
parallax. Typically a system would need to track the surgeon’s head to be able to
present these.
The accuracy of this 3-D image overlay was evaluated by making fiducial holes on
the lower jaw of the computer model. This computer model was used to fabricate a
plastic lower jaw model (with the added holes) using a 3-D printer. A laser pointer
was used to project a laser spot on the model to compare the position of each hole
under AR guidance with the physical hole in the printed jaw model. A digital caliper
was used to manually measure the center-to-center error between each laser spot and
reference hole. Their 3-D image overlay AR navigation system was evaluated to a

12
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Figure 2.1: System developed by Wang et al. [36], (used with permission) c 2014
IEEE.
mean overall error of 0.71 mm ± 0.27 mm, meeting clinical needs.

2.2.3

Surgical Navigation Using Augmented Monitors

In 1993, Lorensen et al. published their system showing augmentation of live video
with segmented MRI data on a monitor. The system did not track the camera, and
required manual registration (accomplished in a few minutes) by adjusting viewing
parameters by an operator. “Once aligned, an operator interactively adjusts the
mixing of the two video sources. The surgeon looks at a monitor that displays the
mixed image” [18]. This system was used successfully to assist several operations. The
authors indicated that the registration of the live video with the computer generated
models provided the greatest challenge, and the system required a more robust and
automatic registration process.
Grimson et al. created a system using a laser range scanner “that performs the
registration of clinical image data with the position of the patient on the operating
13
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table at the time of surgery. This system uses methods from visual object recognition
and does not require the use of previously attached frames or landmarks” [10]. The
registration method reliably found solutions with an accuracy ranging from 10 µm
to 1.5 mm. The system was tested on a number of actual neurosurgery patients for
the purpose of accurately planning craniotomy locations. The elapsed registration
time was approximately 5 minutes, while manual alignment could take as much as
45 minutes and would only achieve an accuracy of 10-30 mm. Thus, their registration
achieved “an order of magnitude improvement in both efficiency and accuracy, two
factors which are critical to the neurosurgeons.” [10]. Feedback from the surgeons
was also highly positive, finding that the 3-D geometric knowledge was in an easily
accessible form and prepared them well for the surgeries.
Sato et al. developed an AR visualization tool for the guidance of breast-conservative cancer surgery. Their system used an optical tracker, enabling them to use
ultrasonic images captured in the OR just before surgical resection to reconstruct
geometrically accurate 3-D models of the tumor. A video camera was also tracked,
allowing them to combine the video and ultrasonic images. By superimposing the
3-D models of the tumor onto live camera images of the patient, the surgeon was
able “to perceive the exact 3-D position of the tumor, including irregular cancer invasions which [could not] be perceived by touch, as if it were visible through the breast
skin. Using the resultant visualization, the surgeon [could] determine the region for
surgical resection in a more objective and accurate manner, thereby minimizing the
risk of a relapse and maximizing breast conservation” [27]. After a phantom experiment confirmed that the 3-D models their system reconstructed could be accurately
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integrated with live video, clinical experiments were conducted. These clinical experiments “demonstrated the potential usefulness of the visualization provided by
the system for determining the region for surgical resection in a more objective and
quantitative manner than is possible by intuitive judgment, based on the precise 3-D
shape of the tumor, including irregularly shaped cancer invasions” [27].
Augmented monitors have the advantage that the user doesn’t need to wear an
HMD or specialized glasses, although “by definition, augmented monitors do not ...
offer in situ visualization nor stereoscopic vision. Using them adds a tracked camera to
the clinical setup” [31]. Endoscopic augmentation, however, presents a special case of
monitor-based AR, where the endoscopic setup already contains a camera. Thus, “the
integration of augmented reality techniques does not necessarily introduce additional
hardware into the workflow of navigated interventions” [31].

Endoscopic/Arthroscopic Systems Using Augmented Monitors
Freysinger et al. [6] demonstrated the first example of endoscopic augmentation in
1997, using a magnetically tracked scope to guide navigation during ear, nose, and
throat (ENT) surgery. In 1998, Shahidi et al. [29] developed a navigation system
for brain surgery, using infrared tracking technology. Shahidi et al. conducted a
series of feasibility experiments using a phantom, and demonstrated the precision of
their system to be around 3.0 mm in the worst case (although they acknowledged
that “in real surgical scenario these errors might increase, due to the intraoperative
deformation of tissue” [29]). Also in 1998 and using infrared tracking technology,
Sholtz et al. [28] developed a navigation system for microsurgery and neuroendoscopy
based on processed images. The accuracy of this system’s tracking was validated

15
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through 35 experiments using cadavers.
Hong et al. [12] developed an endoscopic surgical navigation using phantoms to
visualize the spatial relationship between the target organ, the endoscope, and other
surgical tools in cochlear implant surgery. An experiment was conducted (using a
phantom) to evaluate the accuracy of their system, where they measured error as the
difference between the physical phantom and overlaid result in the endoscopic images.
The results presented were “very acceptable for surgical navigation” [12], and the
authors concluded that the results showed the possibility for a surgical navigation
system to be used in cochlear implant surgery.
Kang et al. developed “a complete real-time stereoscopic AR visualization system
for conventional laproscopic surgery” [14]. Their AR system overlaid laproscopic ultrasound images on stereo laproscopic video. They performed multiple studies using
their system: once using a phantom and twice involving swine. Figure 2.2 shows
snapshots of their system recorded during the studies. In developing their system,
high priority was given to minimizing any changes to the existing surgical workflow
for clinical use. This is in line with similar feedback we received during our study
from surgeons: If a new method extends surgical time or is perceived to be more complicated, surgeons will continue to use prior methods regardless of potential benefits.
Puerto-Souza et al. developed a system capable of using feature tracking as a
means of registering for their AR setup. Typically these setups “only work under
the assumption that the features to track lie on consecutive frames and are then
unable to recover those anchor points after prolonged occlusions” [26]. The system
they developed “uses the images before and after the occlusion, and initial associations [of] anchor points ... between the image before the occlusion and the 3-D
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Figure 2.2: Two stereoscopic AR video snapshots (left-eye channel ) recorded during
the phantom (top) and animal (bottom) studies. Each row shows the
original stereo laparoscopic camera image (left column), the original LUS
image (middle column), and the stereoscopic AR image generated by the
system developed by Kang et al. [14] (right column).(used with kind permission from Springer Science and Business Media)
model” [26] to recover the alignment between the image after the occlusion and
the 3-D model. This novel tracking recovery of anchor points allowed successful reinitialization of the AR display. They applied their system to “three challenging surgical [intra-operative laparoscopic] videos, and [showed] that [their] feature-recovery
pipeline achieves very good accuracy while retrieving a high percentage of features
after unexpected events.” [26].
Ukimura et al. developed AR technology for use in minimally invasive urologic
surgeries. In urologic surgery, repeated image acquisition (typically a combination
of ultrasonography and high-resolution radiographic images, such as CT or MRI) is
necessary as the surgery progresses, “because the spatial position of the target organ
changes compared with its position at the start of the surgery, when the previous image acquisition was performed” [34]. The system developed by Ukimura et al. includes
17
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a “body-GPS” system for organ tracking. Electromagnetic transponders are percutaneously implanted in the organs before the treatment; typically, three transponders
are implanted. A CT image is then acquired, providing volumetric data of the target
and implanted transponders. From this, a 3-D model for surgical planning is reconstructed using their navigation software. A magnetic field is projected around the
patient and used to receive the transmitted radio waves from the implanted electromagnetic transponders, which transmit spatial-positioning information. Because this
system can monitor the spatial co-ordinates of the implanted transponders in realtime, the computer software can perform registration automatically with an error of
less than 0.1 mm. This system was evaluated using an ex vivo bovine kidney model
during a laparoscopic partial nephrectomy.
“The implanted electromagnetic transponders were successfully tracked
by the system to provide information on the position and movement of
the targeted organ, even as the partial nephrectomy progressed. Continuous, real-time monitoring of organ motion was provided by the system. As such, the surgeon could be alerted whenever the line of excision
strayed outside the boundary ... of the superimposed image, thereby enabling correction of the cutting line or plane as the surgical procedure
progressed” [34].
Their navigation software involves a colour-coded zonal navigation system. The
tumor or surgical target is coloured red; a 0-5 mm margin zone surrounding the
target edge is coloured yellow; a 5-10 mm margin zone surrounding the yellow zone
is coloured green; and the greater than 10 mm margin zone is colored blue. This
color-coded 3-D model is directly overlaid onto the target. “The surgeon’s goal is
to cut within the green zone (and never stray from it) to achieve a uniform, safe,
5-mm surgical margin (yellow zone) from the tumor (red zone), while simultaneously
maximally preserving normal renal parenchyma (blue zone)” [34]. Figure 2.3 shows
18
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Figure 2.3: Example of AR navigation during laparoscopic partial nephrectomy using the system developed by Ukimura et al. [34]. (Upper left) Original
CT images. (Upper right) Four-colour coded surgical model. (Bottom)
AR image is superimposed onto the real-time surgical view. (used with
permission from Elsevier)
an example of their system’s AR navigation during laparoscopic partial nephrectomy.
Bichmeier et al. discussed a deficiency in most AR setups: they do not provide surgeons with sufficient interaction with the “visualized 3-D data to get all desired views
on the region of interest” [3]. When observing the AR scene with a head mounted display (HMD), it becomes impractical to change the viewing position by walking around
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the patient. When augmenting endoscopic camera feeds, “the freedom of movement
of endoscopic cameras inside the patients body is extremely restricted due to only a
few ports to the inside of the patient. Unfortunately, this extremely limits the number of perspectives on the virtual geometry superimposed on the anatomy” [3]. We
experienced exactly this problem: surgeons could not easily align the chisel with the
virtual plan because of the limited viewpoints. We believe this problem was central
to the poor performance of our AR system.
To address these issues, Bichmeier et al. introduced an interactively guided Virtual
Mirror to generate additional views of the virtual part of an AR scene from any desired
perspectives. The virtual mirror could be “one registered object among others within
an AR scenario presented on a display device such as a monitor or the display of an
HMD. The mirror can be guided like a dentist mirror through the AR scene having
the advantage of accessing also areas inside real objects like the patient” [3]. Their
mirror is “completely virtual and is capable of reflecting virtual objects only. It can
be attached to and guided with any tracked object, for instance a mouse pointer,
a surgical drilling device, or a laparoscope. For this reason, the user can guide the
mirror to a suitable position according to the particular application” [3]. Figure 2.4
shows an example of their virtual mirror attached to a laparoscope camera, giving a
visualization of an area that could be otherwise inaccessible.
Bichmeier et al. conducted two experiments to evaluate “the accuracy and duration time of the procedures, the usability and the clinical acceptance of the proposed
AR systems” [3], using practicing surgeons as subjects. The number of subjects and
experiments were too few to draw strong conclusions; however, the authors concluded
that the “quantitative results of the experiments done by these surgeons [showed]
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Figure 2.4: Illustration of the virtual mirror developed by Bichmeier et al. [3], shown
attached to a camera. The Virtual Mirror is positioned in front of the
laparoscope camera and oriented toward the optical center. (used with
permission) c 2009 IEEE.
promising tendencies for the suggested medical applications” [3]. They also noted
that their experiments showed “the importance of design and development of novel
visualization and interaction paradigms, which integrate smoothly into the surgical
workflow and allow surgeons to take full advantage of the additional 3-D data provided
to them by medical AR systems.” [3].
Paul et al. [23] also discussed some limitations of AR setups. They developed a
system capable of presenting both AR and AV approaches to combine preoperative
images with the real-world images from a surgical microscope. They found that the
AR approach “[raised] the issue of how to display a large amount of information
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without obstructing the normal vision of the operative field of view” [23], and that it
restricted surgeon to the viewing direction of the microscope. Conversely, their AV
approach allowed the surgeon to display the 3-D scene from any viewing direction.
In this thesis, we expanded upon the system developed by John Li[16, 17] by implementing a minimal surgical guidance overlay on the arthroscopic image, and by
performing a user study to determine the effectiveness of the guidance overlay. Our
system uses optical tracking to achieve sub-millimetre registration, shows a single
augmented display with minimal occlusion of the camera image, and doesn’t require
the chisel to be tracked (chisel tracking is problematic because the tracker can be
displaced from its calibration position on the chisel when the chisel is forcefully hammered during the operation). AR implementations through augmented displays have
been evaluated for an increasing number of surgical procedures, and ours is the first
implementation of an AR surgical guidance display for mosaic arthroplasty.
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System Description and Configuration

The system consisted of an arthroscope, pointing probe, bone chisel, plastic femur
model, optical tracker, and a computer. The system components and the procedure to
register and render the various components are described, along with the AR overlay
rendering system.

3.1

Components

Each of our tracked tools featured a dynamic reference body (DRB) from Traxtal
(Toronto, Ontario, Canada). A DRB is a frame designed to be attached to a tool to
hold reflective markers in a unique arrangement. By attaching a different DRB to
each tool it was possible to use an optical tracker to continuously track the pose of
each tool in 3-D space.
An arthroscope is a type of endoscope used specifically for examining the interior
of joints. It consists of a camera head and an attachable scope. The scope consists
of a series of lenses, a protective sheath, a fiber-optic light guide attachment, and a
water irrigation attachment. In our application, the arrangement of the lenses yielded
a viewing angle 30◦ off from the axis of the scope. This, combined with a fish-eye lens
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at the end of the scope, provided a field of view of 105◦ . The scope was also rotatable
about the viewing axis of the camera head. Our system did not support this rotation
(because we were unable to track rotation) so a ring was designed to prevent rotation
about the axis of the scope. The light guide provided illumination inside the joint.
Our arthroscope also featured a DRB mount (built by John Li and covered in detail
in his thesis [17]). The parts of the arthroscope are shown in Figure 3.1.

Figure 3.1: Arthroscope with camera head, dynamic reference body (DRB), DRB
mount, light guide, rotation locking ring, scope with sheath, and water
irrigation attachment indicated.
The arthroscope consisted of an IM4000/IM4121 high definition camera system,
an HD4301 4 mm 30 degree scope, and a QL5530 5.5 mm sheath from Conmed
Linvatec (Largo, Florida, USA). A Conmed Linvatec LS7700 Xenon 300 watt light
source (not shown) delivered light to the arthroscopic view through a LG1050 5 mm
autoclavable light guide.
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Figure 3.2: Probe with dynamic reference body (DRB)
The probe used in pointing tasks for system calibration and registration was the
same one used in John Li’s study [17]. It was designed to be similar to the tools
found in the operating room and is gas sterilizable. It consisted of a metal shaft with
a pointed end, a plastic handle, and a DRB mount. See Figure 3.2.
The chisel used in orientation tasks was the 8mm model from an Arthrex singleuse OATS Set. It was fitted with a stainless steel spacing cylinder (5cm tall, 2.6cm
in diameter, 1mm thick) and a stainless steel anchoring piece for the DRB mount. A
small mount was designed and 3-D printed in ABS plastic to attach the DRB to the
stainless steel anchor at a distance and angle chosen to make the probe easily tracked
(Figure 3.3). We manufactured a hemisphere with a stem (Figure 3.4) to insert into
the end of the chisel during the calibration process.
The knee model used was a custom 3-D model printed in ABSplus plastic from
Stratasys Ltd. (Eden Prairie, Minnesota, USA). The model was created by splicing
a shaft onto the model of scanned patient femur with cartilage defects. Divots were
added to the model at points around the distal end of the femur and along the shaft
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Figure 3.3: Chisel with chisel calibration insert, DRB, DRB mount, DRB mount
anchor, and spacing cylinder labelled.

Figure 3.4: 3-D printed hemisphere with stem to insert into chisel tip for calibration.
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to provide anchor points for the tip of the probe during registration. A DRB was
attached to the femur using a standard percutaneous surgical device screwed in near
the proximal end of the shaft. The plastic femur was covered with a “permanent soft
tissue sleeve” from a ACL Knee Trainer #1413 from Pacific Research Laboratories,
Inc. (Sawbones) (Vashon Island, Washington, USA). The sleeve had three pre-made
holes in the tissue-like foam and two additional incisions were made for greater tool
access. The femur with DRB is shown with and without the sleeve in Figure 3.5.

(a) 3-D printed femur model with DRB

(b) Femur model with soft tissue sleeve covering

Figure 3.5: Femur mounted on a table shown with and without the soft tissue sleeve.
A Polaris Hybrid optical tracking system from Northern Digital (Waterloo, Ontario, Canada) was used to track the components of the system. Four passive trackers
(DRBs) from Traxtal (Toronto, Ontario, Canada) were attached to the probe, the
arthroscope, the chisel, and the femur.
The computer workstation used was an Intel Core 2 Quad CPU Q9550 (2.83GHz),
2GB RAM, with a NVIDIA GeForce GTX 465 (1GB) running Ubuntu 12.04. The
optical tracker was connected via USB 2.0 while the arthroscope feed was captured
using a DVI2USB 3.0 frame capture device (connected via USB 3.0) from Epiphan
27

CHAPTER 3. SYSTEM DESCRIPTION AND CONFIGURATION

Systems Inc. (Ottawa, Ontario, Canada).
A thirty inch Dell U3014 was positioned two metres beyond the knee as seen by
the surgeon, roughly one metre above the floor. This positioning was chosen to be
similar to the position of the monitor displaying a virtual plan during arthroscopic
surgery. An identical second monitor was positioned beside the first monitor and used
by the experimenter to control the workstation during the trials. Figure 3.6 shows
the experimental setup in use.
Software for the system was written in C++11 and OpenGL version 4.2, the
latest version supported by our graphics hardware. The system incorporated several external libraries. The computer vision library OpenCV 2.4.4 was used for the
arthroscope’s camera registration. Text was rendered on screen using the Free Type
2 library. Finally, the visualization toolkit VTK 5.10 was used to interface with the
proprietary code package that came with the Polaris tracker.

3.2

Calibration and Registration

The tools were calibrated and registered in the world coordinate system (as defined
by the Polaris tracker). The 3-D printed femur model and all of the tools each had a
mounted DRB to allow them to be tracked using the Polaris optical tracker. Examples
of tools mounted with DRBs are shown in Figures 3.1 to 3.3, 3.5, and 3.7.

3.2.1

Calibrating the probe

The probe was calibrated in two stages. First, we placed the probe’s tip in a metal
divot and rotated the tool to collect DRB poses in a hemisphere. These poses were
used to find a least-squares fit of points to a sphere, from which we extracted a
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Figure 3.6: Our experimental setup, using the augmented reality overlay view.
transformation (in the frame of reference of the DRB) for each collected pose to
the center of the (fitted) sphere. The transformation from the probe’s DRB to tip
was determined by taking the average of these transformations. Thomas Vaughan
provided the code for this stage of calibration, based on the registration method
presented by Maurer et al. [19].
For the second stage of probe calibration we placed it in a mount shown in Figure 3.7(a) and collected poses as it was rotated about its vertical axis. The DRB
origins (which were off-axis) lay in a plane, the surface normal of which defined the
y-axis of the probe. Using the transformation from the DRB to the tip, we were able
to extract the tip position in world coordinates any time the probe’s DRB was visible
to the tracker. The axis of the probe was used to draw the probe upwards from its
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tip location when rendering the scene. The code used to carry out this stage of the
calibration was modified from John Li’s [17] tracking code.

3.2.2

Calibrating the chisel

In order to use a similar registration procedure to the probe, a hemisphere with a stem
was inserted into the chisel. The chisel with inserted stem rotated about the center
of the hemisphere when placed onto a board with a suitably sized hole (Figure 3.8).
This permitted us to use the probe calibration procedure to also calibrate the chisel.
The chisel was placed in a different base for the axis calibration (Figure 3.7(b)).

(a) probe in custom mount

(b) chisel in custom mount

Figure 3.7: Probe and chisel with DRBs attached, resting in calibration mounts

3.2.3

Calibrating and registering the arthroscope camera

The camera calibration and registration is covered in detail in Li’s 2010 thesis [17].
In short, we printed a chessboard of known dimensions, took multiple images of it,
and used the OpenCV library to determine the intrinsic camera parameters (camera
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Figure 3.8: Chisel with insert rotating about the center of the hemisphere
parameters that do not depend on the camera pose, such as focal length). The extrinsics were determined by taking a picture of a planar object with known geometry
and position. Again, we captured an image of the chessboard and recorded the pose
world
of the arthroscope, Tdrb
. The notation TAB denotes a transformation that maps a

vector from coordinate system A into coordinate system B: vB = TAB vA . To fully
cam
determine the DRB-to-virtual camera transformation, Tdrb
, we first touched points

on the chessboard with the registered probe tip. From these tip points in the world
coordinate system we extracted the position of the chessboard in the world coordinate system, along with the side length of the squares. OpenCV was used to find the
cam
board-to-virtual camera transformation (Tboard
) scaled into world coordinates using

the side length. The position of the chessboard yielded the board-to-world coordiworld
nate system transformation (Tboard
) and the arthroscope DRB information yielded
world
the DRB-to-world coordinate system transformation (Tdrb
). We combined these
cam
transformations to get the DRB to camera transformation (Tdrb
). Figure 3.9 il-

lustrates the relationship between the transformations. When rendering the virtual
representation of the arthroscope in our virtual environments, the 30◦ deviation off
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the viewing angle had to be accounted for as the registration used the viewing direction of the arthroscope. We did not track the camera’s rotation about the scope axis,
so the camera was fixed rigidly to the scope axis.

Figure 3.9: Summary of the transformations involved in determining the arthroscope
DRB to virtual camera transformation. Note: Although the arthroscope’s
camera was located inside the handle the lenses inside the scope yield
optics such that we were able to consider the camera to be at a virtual
location near the tip of the scope. Thus, we referred to the virtual camera
location.

3.2.4

Registering the femur

To register the 3-D printed model of the femur, we made small divots on the surface
of the model before printing and saved the coordinates of vertices inside these divots. Eleven points were selected for divot locations. The points were selected in a
widespread configuration from the distal to the proximal end of the femur model, and
on both the medial and lateral sides of the condyles. This wide spread of points was
chosen to minimize the effect of tracking error on the registration. Once the printed
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model was mounted and had a DRB attached, we used the registered probe to collect
points inside each of these divots and considered these points with respect to the
femur’s DRB. Horn’s method [13] was used to calculate the transformation between
the model coordinate system (from the initial CT scan) and those just collected by
f emur
touching the printed femur in the femur coordinate system, TCT
. This permitted

movement of the femur with attached DRB without invalidating our registration. The
world
transformation from CT coordinates into world coordinates (TCT
) was then found
f emur
by combining the transformation from femur registration (TCT
) with the current
CT
femur DRB pose information (Tfworld
emur ). The inverse transform (Tworld ) allowed us to

consider the poses of any of our tools in the CT model’s coordinate system. This was
important for cohesion between the real video feed and the virtual models augmenting
it.

3.2.5

Transformations

Once the registration process was complete, we used combinations of the transformations to consider all tracked objects in the CT model coordinate system (Figure 3.10).
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Figure 3.10: Hierarchical representation of the required coordinate transformations
3.3

Rendering

Our rendering system supports four different views.
The experimenter view (Figure 3.11) is a completely virtual view in which the
tracked tools, the 3-D femur model, and the surgical plan are visualized. In this view,
the experimenter can modify the viewing parameters and the surgical plan. This is
the view the experimenter used to control what the participant would see and what
plug the participant would be positioning on.
In current practice, when a surgeon is performing computer assisted mosaic arthroplasty, two displays are used to assist the proper positioning of the chisel for each
plug. One of the displays shows the live camera image from the arthroscope, while the
other display shows two purely virtual views showing the 3-D model of the anatomy
and tracked tools. One of the two virtual views is centred looking down the axis of
the current plug while the other view is orthogonal to the first virtual view. The
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Figure 3.11: Labelled experimenter view (used to modify plan and viewing parameters). Solid circles to the periphery are buttons to enable/disable display
of the corresponding feature.
virtual views also display a reading of the distance (in millimetres) between the tip
of the chisel and the origin of the plug, along with the angle (in degrees) between the
axis of the chisel and the axis of the plug. Figure 3.12 shows the virtual views from
the system currently used in the hospital OR and Figure 3.13 shows our re-creation
of this view using our system (shown with a tracked chisel and arthroscope rendered
in the view). The virtual view we created will henceforth be referred to as the classic
view.
Our AR view shows the live camera feed from the arthroscope, with an undistortion applied (as discussed in Li [17]). When the distal end of the femur is within the
camera’s view, an outline of the CT scan femur model is overlaid on the arthroscope
image. If a plug from the surgical plan has been selected, the top of the plug will be
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Figure 3.12: Virtual views in the classic OR system
shown along with guide lines projected upwards from the surface to indicate proper
positioning and alignment of the chisel on the plug site. This overlay is shown in
Figure 3.14, and Figure 3.15 shows a chisel being aligned with the guide lines. This
view does not require the chisel to be tracked, as positioning is carried out by aligning
the real image of the chisel with the superimposed guidelines. However, to ensure
proper positioning, this does require that the user move the arthroscope to look at
the chisel from at least two different viewpoints while holding the chisel in place.
The shift from the classic three-window setup to our new (single window) augmented reality overlay results in a significant loss of information. Our overlay does
not require the chisel to be tracked (although for this study it was tracked to assess
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Figure 3.13: Windows from the classic view (displayed side-by-side on the monitor
during our study)
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Figure 3.14: AR view showing the outline of the femur model and a plug projected
upwards from the surface on the plug site.

Figure 3.15: AR view showing a model and plug outline with a chisel being aligned
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the accuracy of tool positioning), potentially reducing tracking error that would otherwise occur with a (frequently hammered) tracked chisel. Due to this, the overlay
cannot display the distance and angle metrics to the user. As it only contains a single view, our augmented reality overlay also loses the simultaneous visualization of
orthogonal views of the plug and chisel. To examine the effect of this significant loss
of information more closely, we designed a third mode with a similar three window
setup to the classic view and similar on-screen information to the AR view. This new
three window view has one window of the undistorted arthroscopic camera feed and
two windows with orthogonal viewpoints of the plug and anatomy, with the target
plug shown as an outline projected out of the surface as it is seen in the AR view.
The values for the tip distance and angle of deviation from the plug’s axis are not
shown in this view. This loss of information was chosen to separate the effects of the
AR view’s lack of numerical position and orientation on screen from the effects of
moving from the three window setup with orthogonal views to a single window view.
Figure 3.16 shows the reduced classic view.
Figure 3.17(a) shows the raw image from the arthroscope that would conventionally be seen using the classic OR view. Figure 3.17(b) shows the undistorted image
from the arthroscope that is seen when using either our reduced classic view or our
classic view. We used the undistorted image from the arthroscope rather than the
raw image when using the classic and reduced classic views because this is the arthroscopic image seen when using our AR view. The noise seen near the edges of the image
are visual artifacts generated by the undistortion algorithm we used for mapping a
circular and fish-eyed image onto a rectangular and non-fisheyed image.
Finally, Figure 3.18 shows the incremental changes between the views.
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Figure 3.16: Reduced classic view

40

CHAPTER 3. SYSTEM DESCRIPTION AND CONFIGURATION

(a) Raw image from the arthroscope.

(b) Arthroscope image with undistortion applied.

Figure 3.17: Raw and undistorted arthroscope images.
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Figure 3.18: Flow chart illustrating the changes between the views.
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Experimental Method

4.1

User Study

We conducted a user study to evaluate the performance of surgeons with a variety
of experience levels using our augmented reality overlay versus the current state of
the art system. Participants were asked to complete trials using the three views
described above: classic, showing a solid target plug from orthogonal viewpoints with
chisel position and orientation displayed alongside a window with the live camera feed;
reduced classic, showing the target plug as a chisel outline from orthogonal viewpoints
alongside a window with the live camera feed; and AR, showing the augmented reality
overlay on a single window superimposed over the live camera feed. Our participants
ranged from residents in their first year to surgeons with 15 years of experience with
arthroscopic procedures.
The trials tested a participant’s ability to position and orient a chisel inside a
model of a knee according to a surgical plan. In an arthroscopic knee surgery, the
surgeon must correctly position and orient the chisel on the surface of the cartilage
(a five degree-of-freedom problem) for each plug to be harvested or placed. As it is a
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minimally invasive procedure, the incisions made in the knee are kept to a minimum,
so the surgeon must access several plugs through each incision. This leads to some
plugs being more difficult to access than others. Our study attempted to emulate
this task with plugs of varied position and access difficulty. We recorded and compared each participant’s positioning accuracy, completion time, and chisel tip path
length inside the knee. Four orthopaedic residents and three orthopaedic surgeons
participated in our study.
Our camera registration procedure does not support rotation of the camera with
respect to its DRB, while a 180◦ rotation is necessary to give the maximum field of
view when switching from viewing one condyle to the other. To accommodate this,
the surgical plan used for the study was generated with all harvest and recipient plugs
on the same condyle.

4.1.1

Trials

In the user study, each participant was asked perform nine trials (an orientation task
on three plug pairs in each of the three display conditions discussed above). In each
trial, the participant was asked to orient the chisel on a harvest plug site followed by
the corresponding recipient plug site. The following metrics were gathered for each
trial:
1. Accuracy of chisel pose (position and orientation).
2. Completion time.
3. Distance travelled by chisel tip while inside the joint.
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4.1.2

Conducting the Experiment

After reading the letter of information and reading and signing a consent form (both
available in Appendix A), participants were given the first page of the questionnaire
(available in Appendix B) and asked to provide details about their level of experience,
age, and handedness. Participants were then shown a demonstration of the system in
each mode and encouraged to practice and familiarize themselves with each viewing
mode before we began collecting any tool positioning data. All participants opted
to practice for less than five minutes. Once a participant had indicated readiness to
begin, they were asked to orient on harvest and then recipient sites for each plug pair
in each viewing mode, in a random order to reduce the effects of participant learning
throughout the trials. (The selection of this plug pair and mode ordering is covered
in more detail below.) For each trial, the pose information of all tracked objects was
recorded until the participant indicated they were satisfied with the positioning. At
this point, a screenshot was taken of the displays and the poses of the tracked objects
were recorded. Once a participant had completed all of the trials, they were asked
to fill out the rest of the questionnaire regarding their opinions about the ease of use
and their confidence in the accuracy of tool positioning across the various modes of
use. Each session including introduction, signing of consent, training, trials, and the
follow-up questionnaire lasted between 30 and 40 minutes. This study was approved
by the Queen’s University Health Sciences & Affiliated Teaching Hospitals Research
Ethics Board. The approval is available in Appendix C.
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4.1.3

Trial Ordering

To minimize bias due to participant learning, we needed to shuffle the ordering of
the three plug pairs in each of the three modes. Three pairs of plugs repeated under
three conditions yielded nine trials per participant. Nine trials meant there were 9!
unique orderings; we initially had 6 participants so needed to choose 6 of these 9!.
When an additional participant was added after trials had already begun, a random
number between 1 and 6 was generated to determine which of the 6 orderings would
be used for the 7th participant (the 6th ordering was used).
We used the following criteria to determine trial ordering.
• Concern 1: Learning under one condition will make subsequent, different conditions easier to do.
Solution: Permute the order of conditions so that each order happens approximately the same number of times in each position (over all participants).
• Concern 2: Learning with one plug pair will make subsequent trials with that
plug pair easier.
Solution: Reduce familiarity with a plug pair by separating trials using that
plug pair (i.e. have two intervening trials that use different plug pairs).
• Concern 3: Some plug pairs are more difficult than others.
Solution: Order plug pairs to evenly spread difficulty throughout the trials
and use the same ordering of plug pairs for all participants.
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Conditions

Plug pairs

• A = classic view

• 1 = easiest donor/recipient pair

• B = reduced classic view

• 2 = medium donor/recipient pair

• C = augmented reality view

• 3 = hardest donor/recipient pair

Plug pair difficulty was determined by the consulting surgeon, Dr. Davide Bardana.
Solution
Table 4.1 shows the permuted orders of conditions chosen to address concern 1.
To address concerns 2 and 3, the chosen order of plug pairs was 1 2 3 1 2 3 1 2 3.
Table 4.2 shows the combined condition and plug ordering.
Table 4.1: Ordering of conditions and
plug pairs to satisfy concern 1
Participant
Participant
Participant
Participant
Participant
Participant

1:
2:
3:
4:
5:
6:

pair 1
ACB
BCA
BAC
ABC
CBA
CAB

pair 2
BAC
ABC
CBA
CAB
ACB
BCA

pair 3
CBA
CAB
ACB
BCA
BAC
ABC

Table 4.2: Final trial ordering
Participant
Participant
Participant
Participant
Participant
Participant

1:
2:
3:
4:
5:
6:

A1 B2 C3
B1 A2 C3
B1 C2 A3
A1 C2 B3
C1 A2 B3
C1 B2 A3
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C1 A2 B3
C1 B2 A3
A1 B2 C3
B1 A2 C3
B1 C2 A3
A1 C2 B3

B1 C2 A3
A1 C2 B3
C1 A2 B3
C1 B2 A3
A1 B2 C3
B1 A2 C3
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Note that, in this ordering, each condition appears the same number of times
in each of nine positions (over all participants). Note also that the same condition
appears twice in subsequent trials for each participant, so there are six condition
switches instead of eight (condition switches cause a slight delay between trials: less
delay means less inconvenience to the participants volunteering their time). This
ordering also results in each plug pair having all six different orderings of conditions
across the six participants.
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Results

Data was collected for seven participants, each performing nine trials. Recall that
each trial consisted of an orientation task on both a harvest and a recipient plug
site, yielding eighteen data points per participant. The performance metrics gathered
included chisel tip position (with respect to the plug), chisel/plug axis similarity,
distance travelled, and completion time.
The study’s purpose was to evaluate whether our AR surgical overlay was able to
provide comparable guidance to the current state of the art system, without the need
to track the chisel. As our system represented several significant changes, notably the
loss of the distance and angle metrics as well as the loss of orthogonal visualizations
of the tools and target plug, we evaluated the changes in participant performance
between the three views.
The performance metrics gathered were:
• Position error: What was the linear distance between the chisel tip and plug
surface origins?
• Off-axis error: What was the angle of deviation between the plug axis and
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the chisel axis?
• Rotational error: What was the rotation between plug marker direction and
chisel marker direction?
• Distance travelled: How far did the chisel tip move inside the knee?
• Completion time: How long after inserting tools into the knee did the participant indicate they were satisfied with the chisel position?

5.1

Statistical Results

A summary of the experimental results is shown in Table 5.1. Each row shows the
mean performance for the given metric in each viewing mode.
Table 5.1: Means and standard deviations. Results shown are mean ± standard deviation.
Performance metric

classic

reduced classic

AR

Position error (mm)

1.8 ± 1.6

1.7 ± 1.0

4.9 ± 2.9

Off-axis error (degrees)

2.3 ± 4.9

2.4 ± 4.4

12.5 ± 8.1

Rotational error (degrees)

1.1 ± 1.6

10.9 ± 12.8

22.0 ± 13.1

298.6 ± 116.2

432.2 ± 383.4

462.5 ± 274.9

36 ± 16

48 ± 41

57 ± 31

Distance travelled (mm)
Completion time (sec)

A two-factor within-participants ANOVA was performed for the factors of “view”
(classic, reduced classic, and AR) and “plug” (one of six harvest or recipient plugs).
This analysis showed that all five of the metrics were affected by the mode, and that
none of the metrics was affected by the plug.
50

CHAPTER 5. RESULTS

For each metric we calculated the differences between the three views (classic
to reduced classic, reduced classic to AR, and classic to AR) and performed a twotailed t-test with Holm-Bonferroni correction. Table 5.2 shows a summary of the
comparisons between the views. Each row shows the mean change in performance
for the given metric when comparing the views listed in the top section. Negative
values indicate a worse performance in the second view. The raw data is available in
Appendix D.
We claim statistical significance for ten results with an α = 0.05 bound set on
Type I error. One other result is indicative of a trend, although not statistically
significant (0.05 < p < 0.10).
Using the reduced classic view when compared with the classic view:
• There was a significant worsening in orienting the chisel for proper rotation
about the plug (10.9◦ ± 12.8◦ for reduced classic, 1.1◦ ± 1.6◦ for classic, p ≤ 0.001).
Using the AR view when compared with the reduced classic view:
• There was a significant worsening in positioning the tip of the chisel on the
surface of the plug (4.9 mm ± 2.9 mm for AR, 1.7 mm ± 1.0 mm for reduced classic,
p ≤ 0.001).

• There was a significant worsening in aligning the axis of the chisel with the
up-axis of the plug (12.5◦ ± 8.1◦ for AR, 2.4◦ ± 4.4◦ for reduced classic, p ≤ 0.001).
• There was a significant worsening in orienting the chisel for proper rotation
about the plug (22.0◦ ± 13.1◦ for AR, 10.9◦ ± 12.8◦ for reduced classic, p ≤ 0.001).
Using the AR view when compared with the classic view:
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Table 5.2: Experimental results. Results shown are mean difference ± 95% confidence
interval. Statistical significance was determined using two-tailed t-test
with Holm-Bonferroni correction. Statistically significant results (after
Holm-Bonferroni correction) are shown in bold face and boxed. A negative
mean difference corresponds to worse performance in the second condition.
classic vs. reduced classic
mean difference ± 95% CI

p value

Position error (mm)

0.1 ± 0.5

0.55

Off-axis error (degrees)

-0.4 ± 1.2

0.48

Rotational error (degrees)

-6.8 ± 3.7

<0.01

-131.2 ± 125.5

0.04

-13 ± 15

0.08

Performance metric

Distance travelled (mm)
Completion time (sec)

reduced classic vs. AR
mean difference ± 95% CI

p value

Position error (mm)

-3.2 ± 0.8

<0.01

Off-axis error (degrees)

-10.1 ± 2.8

<0.01

Rotational error (degrees)

-11.1 ± 6.1

<0.01

-30.3 ± 141.2

0.67

-8 ± 17

0.33

Performance metric

Distance travelled (mm)
Completion time (sec)

classic vs. AR
mean difference ± 95% CI

p value

Position error (mm)

-3.2 ± 0.8

<0.01

Off-axis error (degrees)

-10.4 ± 2.7

<0.01

Rotational error (degrees)

-20.2 ± 4.2

<0.01

-156.9 ± 86.3

<0.01

-21 ± 10

<0.01

Performance metric

Distance travelled (mm)
Completion time (sec)
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• There was a significant worsening in positioning the tip of the chisel on
the surface of the plug (4.9 mm ± 2.9 mm for AR, 1.8 mm ± 1.6 mm for classic,
p ≤ 0.001).

• There was a significant worsening in aligning the axis of the chisel with the
up-axis of the plug (12.5◦ ± 8.1◦ for AR, 2.3◦ ± 4.9◦ for classic, p ≤ 0.001).
• There was a significant worsening in orienting the chisel for proper rotation
about the plug (22.0◦ ± 13.1◦ for AR, 1.1◦ ± 1.6◦ for classic, p ≤ 0.001).
• There was a significant worsening in the distance travelled by the chisel
tip inside the knee (463 mm ± 275 mm for AR, 299 mm ± 116 mm for classic,
p ≤ 0.001).

• There was a significant worsening in the time taken to orient the chisel inside
the knee (57 seconds ± 31 seconds for reduced classic, 36 seconds ± 16 seconds for
classic, p ≤ 0.001).

5.2

Skill Levels Results

Skill levels were classified as junior resident (first or second year of residency), senior
resident (third or fourth year of residency), and surgeon. An ANOVA suggested that
skill level had a significant effect on off-axis error, distance travelled, and completion
time, but not position or rotation error. In the Reduced Classic view, skill level had
a pronounced effect on completion time. No other view-plus-skill-dependent effects
were suggested by the ANOVA. Results are shown in Table 5.3.
The statistically significant results from Table 5.3 are outlined below. Unless
otherwise noted, results refer to overall performance across all viewing modes.
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Table 5.3: Means and standard deviations of performance grouped by skill level. Results shown are mean ± standard deviation.
Performance metric

junior resident

senior resident

surgeon

Position error (mm)

2.7 ± 2.0

3.3 ± 2.9

2.5 ± 2.5

Off-axis error (degrees)

4.4 ± 6.9

9.0 ± 9.3

4.5 ± 6.3

Rotational error (degrees)

8.7 ± 10.6

12.7 ± 15.1

12.5 ± 14.4

Distance travelled (mm)

306 ± 153

533 ± 374

371 ± 263

Completion time (sec)

41 ± 21

59 ± 43

43 ± 28

Completion time (sec)

31 ± 18

84 ± 56

37 ± 23

in Reduced Classic view

Off-axis error
– Junior residents had less off-axis error than senior residents (p=0.019)
– Surgeons had less off-axis error than senior residents (p=0.013)
Distance travelled
– Junior residents had lower distance travelled than senior residents (p=0.001)
– Surgeons had less distance travelled than senior residents (p=0.019)
Completion time
– Junior residents had shorter completion times than senior residents (p=0.028)
– Junior residents had shorter completion times than senior residents (in the
Reduced Classic view) (p=0.009)
– Surgeons had shorter completion times than senior residents (in the Reduced Classic view) (p=0.004)
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5.3

Questionnaire Results

After completing all eighteen chisel orientation trials, each participant was asked to
answer questions regarding their experience with the system (questionnaire available in Appendix B). The questions were on a five-point Likert scale ranging from
“Strongly Disagree” to “Strongly Agree”. Three questions were about the ease of use
of the system:
• Learning how to use the chisel and arthroscope was easy.
• It was easy to keep each tools dynamic reference body (reflective markers) within
the line of sight of the infrared tracker.
• I could easily reach all sample positions that I needed to reach.
Five questions compared the three views:
• Orienting the chisel tip was easy.
• Orienting the chisel shaft was easy.
• I was confident of having the correct tip position.
• I was confident of having the correct shaft orientation.
• The display gave me a good sense of the tracking error.
The questionnaire results are shown in Figures 5.1 to 5.6. From the participant
responses in the questionnaires:
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• Participants responded positively to the general questions regarding the ease of
familiarizing with the use of the arthroscope and chisel, the ease of keeping the
DRBs within the view frustum of the tracker, and the ease of reaching target
positions (Figure 5.1).
• Participant responses regarding the ease of use and confidence in position/orientation
in the classic view were mostly positive.
• Participant responses regarding the ease of use and confidence in position/orientation
in the reduced classic view were mostly neutral.
• Participant responses regarding the ease of use and confidence in position/orientation
in the AR view were mostly negative.
• Participant responses regarding their sense of the tracking error were mostly
positive in all views (Figure 5.6).
A Freidman test determined that the viewing condition potentially had an effect
on the responses to the first four questions comparing the three views. But subsequent Wilcoxon signed-rank tests with Holm-Bonferroni correction found statistical
significance in only one case: The reduced classic view was significantly preferred over
the augmented reality view in response to “I was confident of having the correct tip
position”. Trends with p < 0.10 were found for all four classic vs. augmented reality
questions, for the classic vs. reduced classic “Orienting the chisel shaft was easy”, and
for the reduced classic vs. augmented reality “I was confident of having the correct
shaft orientation”. The small sample size and necessary use of a non-parametric test
likely resulted in several Type II errors of missed findings.
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Figure 5.1: Participant responses to general questions regarding using the system.

Figure 5.2: Participant responses to the statement “Orienting the chisel tip was easy”.
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Figure 5.3: Participant responses to the statement “Orienting the chisel shaft was
easy”.

Figure 5.4: Participant responses to the statement “I was confident of having the
correct tip position”.
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Figure 5.5: Participant responses to the statement “I was confident of having the
correct shaft orientation”.

Figure 5.6: Participant responses to the statement “The display gave me a good sense
of the tracking error”.
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5.4

Additional Results

In several cases, participants struggled when attempting to properly align the chisel,
sometimes taking over three minutes (mean alignment time across all trials in all
modes was approximately 45 seconds). In some cases, the final alignments chosen
were very poor. Figures 5.7 to 5.10 illustrate examples of well-aligned and poorly
aligned chisels (all taken from study results).
Many participants also neglected to orient the arthroscope such that both the
chisel and target area would be within the field of view (when using the classic and
reduced classic views), and instead relied only on the virtual scenes. Figure 5.11
illustrates one such case. One participant commented that the window showing the
arthroscopic camera feed was unnecessary when using the classic and reduced classic
views.
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Figure 5.7: Example of a well aligned chisel in the classic view. On the top the chisel
is nearly invisible as its tip and axis are well aligned with the origin and
up axis of the plug. On the bottom the chisel is well positioned on the
surface of the plug and the rotation guide shows the chisel is well aligned.
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Figure 5.8: Example of a poorly aligned chisel in the classic view. On the top the
chisel tip isn’t correctly positioned on the plug, and its axis is not aligned
with the up axis of the plug. On the bottom the chisel tip and axis are
clearly misaligned from the surface and axis of the plug, and the rotation
guides show more discrepancy.
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Figure 5.9: Example of a well aligned chisel in the reduced classic view. On the top
the chisel is nearly invisible as its tip and axis are well aligned with the
origin and up axis of the plug. On the bottom the chisel is well aligned
with both the projected plug outline and the chisel rotation marks.
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Figure 5.10: Examples of a poorly aligned chisel in the reduced classic view. On the
top we see that the chisel tip is near the correct position, but its axis
is not aligned with up axis of the plug. On the bottom the chisel is
not aligned with either the projected plug outline or the chisel rotation
marks.
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Figure 5.11: Example of an arthroscope positioned with the chisel and target area
outside of its field of view.
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Discussion

The results clearly demonstrate that our system using a single window AR overlay
is worse than the state-of-the-art, with statistically significant worsening on all five
metrics. However, there was only a significant worsening on one of the five metrics
when comparing performance between the classic and reduced classic views. This
indicates that the worsening is mostly due to the loss of the orthogonal views. Our
system could be modified to use the two windows of the classic view while replacing the
window showing the undistorted arthroscope image with a window showing the AR
view. This would mean that our AR overlay would purely supplement the information
available to the surgeon by adding context to the arthroscopic camera images, without
losing any of the information presented in the orthogonal views of the virtual scene.
Very interestingly, it was the senior residents who performed most poorly in all
of our performance measures (and significantly more poorly in several measures). In
particular, the slower completion times of senior residents in the Reduced Classic view
suggest that senior residents had greater difficulty adapting to that view. This echoes
the finding of another study [16, 17], in which senior residents underperformed junior
residents and surgeons in an augmented virtuality arthroscopic trainer. Perhaps the
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senior residents’ training with one guidance system leads to difficulty in adapting to
a different guidance system, while the much more highly experienced surgeons can
adapt more easily and the junior residents do not require any adaptation.
Creating a system that did not necessitate tracking the chisel was a major factor
when designing our AR overlay for guidance. We had hoped that our system would
achieve similar results without tracking the chisel; however, our results indicate that
the loss of orthogonality was had too great a cost. Without tracking the chisel, it is
impossible to provide simultaneous orthogonal virtual representations of the tools and
anatomy using a single arthroscopic camera feed. To properly position an untracked
chisel requires that the chisel be held stationary while the arthroscope is maneuvered
to provide different viewpoints. This proved to be much more difficult than we had
expected.
In the comment section regarding the classic view a surgeon noted that we “only
need to track and orientate the chisel. [The] camera view [was] not needed,” and in
a later comment section added that he only needed the camera to do a final check,
and that he could “take aim” without it. These comments provided insight towards
a different problem than we had set out to solve. We developed our AR overlay to
provide context about the positioning of the arthroscope as it can be difficult to form a
mental model of what exactly is being shown by the arthroscope when inside the knee.
This feedback from the surgeon instead indicated that he used the computer generated
virtual representations of the knee and tools for the majority of the positioning, and
only once he had neared a final position did he use the arthroscope to verify that the
tools were correctly positioned. Other participants may have had similar usage of the
virtual and arthroscopic views, which could help to explain both the occasional poor
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orientations of the arthroscope (as shown in Figure 5.11) and the steep decrease in
performance when the virtual displays were removed completely in the AR view.
Although the reduced classic view showed significantly worsened performance on
one of the five metrics (when compared to the classic view), some participants responded positively to elements of the view. One participant remarked that orienting
the chisel axis with the plug axis was easier with the larger representation of the
chisel, “as it was easier to tell when [he] was looking straight down [the chisel]”. This
view was designed to test the performance using similar orthogonal virtual views as
the classic view, but without the distance and rotation information being displayed
on the screen. The significant decrease in performance indicate that proper chisel
orientation is more attainable when tracking and displaying textual chisel orientation
information than when showing this information visually with marks on the chisel
surface. Our system was designed to work without the need to track the chisel. This
was both to remove the constraints on viable chisel positions and also to avoid the
DRB being dislodged by hammering during the operation; however, the reduction in
performance caused by not tracking the chisel was too great to merit the benefits. The
comment about the larger representation of the chisel facilitating easier axis orientation indicates that there is room for improvement to the virtual tool visualizations
currently used in the OR.
A major limitation of the AR overlay system was that it did not support rotation
of the scope about the camera, as a surgeon is able to do in a real surgery. Having
the scope rotation fixed increased the difficulty of obtaining multiple differing views
of the target area and chisel orientation. This caused the most difficulty in the AR
view where the viewing direction of the arthroscope provided the only view of the
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target area. Several participants remarked on the difficulty of maintaining the chisel’s
position while adjusting the arthroscope to provide a different viewpoint in the AR
view.
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Conclusions and Future Work

We developed an augmented reality overlay to provide context to arthroscopic camera
images while performing mosaic arthroplasty, without the need to optically track the
chisel. We conducted a user study in which residents and surgeons were asked to
orient a chisel on target plugs arthroscopically in multiple viewing modes to compare
our system with the current state of the art system. Our study showed strong evidence
that our AR system was not an improvement, showing worsened performance across
all metrics. The study indicated that the performance worsening was mostly due to
the loss of simultaneous orthogonal viewpoints of the tools and anatomy. This loss
of orthogonal views required that the participants maneuver the arthroscope to view
the chisel from at least two different viewpoints, holding the chisel in place while the
arthroscope is moved from one viewpoint to another. Not requiring the chisel to be
tracked lifted the limitation on the accessible rotations between harvest and recipient
plug sites, but this added difficulty caused too great a reduction in performance.
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7.1

Future Work

Despite the poor performance of our AR guidance system, we believe that there are
several promising directions of future work in which the performance can be improved.
Stereo arthroscopy should be investigated, as this could be used to provide depth
information, which might allow axial alignment of the chisel without resorting to 2D
orthogonal views. Stereo arthroscopy has been explored for coronary surgery [15] and
neurosurgery [30] already.
We showed through our study that the performance with an untracked chisel
was poor, so future work should investigate using the additional information from
a tracked chisel to provide more visual cues in the AR display. This could include
adding a virtual mirror similar to the one developed by Bichlmeier et al. [3] to show
the chisel from the side in the virtual mirror, although optically tracking the chisel
will add another DRB. Our system relied on optical tracking as this provided the
highest tracking resolution and permitted the most accurate registrations at the time
of development, but other tracking and registration methods should be explored as
existing technologies improve and new technologies emerge.
Our system could not track rotation of the camera about the scope axis, so the
rotation was fixed for the duration of the study. Setting the scope to a new rotation
required a recalibration. There is already work in progress by Sai Bala (Queen’s
University, M.Sc. thesis) to track the rotation of the camera. Integrating rotational
tracking would permit surgeons to use the scope in a fashion more similar to how it
is currently used in the OR.
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Appendix A
Letter of Information, Consent Form

This letter of information and consent form were provided to each participant prior
to their first trial.
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Letter of Information
Investigation of Augmented Reality for Mosaic Arthroplasty
This research is being conducted by Matt Slonetsky under the supervision of Dr. James Stewart, in the School of
Computing at Queen’s University in Kingston, Ontario.
What is this study about? The purpose of this research is to evaluate intraoperative tool positioning performance
with three different computer assisted guidance setups. During this study, you will be invited to use optically
tracked surgical tools (a chisel and an arthroscope) and will position the chisel on the surface of a plastic bone
model at various cartilage sample sites. If you choose to participate you will be asked to fill out questionnaires
regarding your age, surgical experience, handedness, and your general impressions about the tools under study. The
study will require a single visit of duration no more than one hour. There are no known physical, psychological,
economic, or social risks associated with this study.
Is my participation voluntary? Yes. Although it be would be greatly appreciated if you would answer all material
as frankly as possible, you should not feel obliged to answer any material that you find objectionable or that makes
you feel uncomfortable. Your participation in this study will have no academic implications. You may withdraw at
any time.
What will happen to my responses? We will keep your responses confidential. Only experimenters will have
access to this information. To help us ensure confidentiality, please do not put your name on any of the research
study answer sheets. The data may also be published in professional journals or presented at scientific conferences,
but any such presentations will be of general findings and will never breach individual confidentiality. Should you
be interested, you are entitled to a copy of the findings.
Will I be compensated for my participation? No, there is no compensation for participation in this study.
What if I have concerns? Any questions about study participation may be directed to Matt Slonetsky at
slonetsky@cs.queensu.ca, or Dr James Stewart at jstewart@cs.queensu.ca or 6135333156. Any ethical concerns
about the study may be directed to the Chair of the Queen’s University Health Sciences and Affiliated Teaching
Hospitals Research Ethics Board at clarkaf@queensu.ca or 6135336081.
Again, thank you. Your interest in participating in this research study is greatly appreciated.
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Consent Form
Investigation of Augmented Reality for Mosaic Arthroplasty
Name (please print clearly): ________________________________________

1. I have read the Letter of Information and have had any questions answered to my satisfaction.
2. I understand that I will be participating in the study called “Investigation of Augmented Reality for Mosaic
Arthroplasty” conducted by Matt Slonetsky under Dr James Stewart’s supervision at the School of Computing
at Queen’s University in Kingston, Ontario. I understand that this means that I will be asked to use optically
tracked surgical tools to indicate to a computer 3D positions of the tools while performing positioning tasks. I
understand that I will be asked to repeat this process for several sites of interest. I understand that I will be
asked general questions about my age, surgical experience, handedness, and my impressions of the tools under
study.

3. I understand that my participation in this study is voluntary and I may withdraw at any time.
I understand that every effort will be made to maintain the confidentiality of the data now and in the future.
Only experimenters in the Computer Assisted Surgical Interventions Laboratory will have access to this area.
The data may also be published in professional journals or presented at scientific conferences, but any such
presentations will be of general findings and will never breach individual confidentiality. Should I be
interested, I am entitled to a copy of the findings.
4.

I am aware that if I have any questions, concerns, or complaints, I may contact Matt Slonetsky
(slonetsky@cs.queensu.ca); project supervisor, Dr. James Stewart (6135333156, jstewart@cs.queensu.ca);
Head of the School of Computing (6135333184, akl@cs.queensu.ca), or the Chair of the Queen’s University
Health Sciences and Affiliated Teaching Hospitals Research Ethics Board (6135336081,
clarkaf@queensu.ca) at Queen’s University.

I have read the above statements and freely consent to participate in this research:

Signature: _____________________________________ Date: _______________________

Researcher conducting consent process:

Matt Slonetsky

Signature: _____________________________________ Date: _______________________
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Appendix B
Questionnaire

The first page of this questionnaire was provided to each participant after the consent
form had been signed. Each participant was given the remaining pages of the questionnaire upon completion of their final trial. At the time of the study the viewing
modes were referred to in the following way:

Viewing mode name

Name at time of study

Classic view

Solid Plug Multiple Window (SPMW) view

Reduced classic view

Chisel Outline Multiple Window (COMW) view

AR view

Augmented Reality Single Window (ARSW) view
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Questionnaire for surgeons and residents participating in the study:

Investigation of Augmented Reality for Mosaic Arthroplasty

Identifier (to be used by the researchers only): _________________________
The following section is to be completed before the experiment
Please indicate your age: ____________
Are you a surgeon or a resident?
Surgeon / Resident
Please indicate how many years of experience you have as a fellow or surgeon, or which year of
residency you are currently in:
_____________ Years as a fellow or surgeon / Year of residency
Are you righthanded, lefthanded, or ambidextrous?
Right / Left / Ambidextrous
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The following section is to be completed after the experiment
For each of the following statements, please indicate on a scale of 1 to 5 your level of agreement
(where 1 indicates you strongly disagree, and 5 indicates you strongly agree):
Learning how to use the chisel and arthroscope was easy.

1
(Strongly disagree)

2

3

4

5

(Strongly agree)

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
It was easy to keep each tool’s dynamic reference body
(reflective markers) within the line of sight of the infrared tracker.

1

2

3

4

5

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
I could easily reach all sample positions that I needed to reach.

1

2

3

4

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
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In the solid plug multiple window view:
Orienting the chisel tip was easy.

1

2

3

4

5

Orienting the chisel shaft was easy.

1

2

3

4

5

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
I was confident of having the correct tip position.

1

2

3

4

5

I was confident of having the correct shaft orientation.

1

2

3

4

5

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
The display gave me a good sense of the tracking error.

1

2

3

4

5

Orienting the chisel tip was easy.

1

2

3

4

5

Orienting the chisel shaft was easy.

1

2

3

4

5

In the chisel outline multiple window view:

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
I was confident of having the correct tip position.

1

2

3

4

5

I was confident of having the correct shaft orientation.

1

2

3

4

5

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
The display gave me a good sense of the tracking error.
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In the augmented reality single window view:
Orienting the chisel tip was easy.

1

2

3

4

5

Orienting the chisel shaft was easy.

1

2

3

4

5

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
I was confident of having the correct tip position.

1

2

3

4

5

I was confident of having the correct shaft orientation.

1

2

3

4

5

Comment (optional):
_____________________________________________________________________
_____________________________________________________________________
The display gave me a good sense of the tracking error.

1

2

3

4

Is there anything else you would like to tell us?
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
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Ethics Approvals
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QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS RESEARCH
ETHICS BOARD-DELEGATED REVIEW
June 04, 2014
Mr. Matthew Slonetsky
School of Computing
Queen’s University
Dear Mr. Slonetsky
Study Title: SCOMP-014-14 Investigation of Augmented Reality for Mosaic Arthroplasty
File # 6012810
Co-Investigators: Dr. J. Stewart
I am writing to acknowledge receipt of your recent ethics submission. We have examined the protocol, questionnaire
and information/consent form for your project (as stated above) and consider it to be ethically acceptable. This
approval is valid for one year from the date of the Chair's signature below. This approval will be reported to the
Research Ethics Board. Please attend carefully to the following listing of ethics requirements you must fulfill over
the course of your study:
Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study procedures, etc.),
you must submit an amendment to the Research Ethics Board for approval. Please use event form: HSREB MultiUse Amendment/Full Board Renewal Form associated with your post review file # 6012810 in your Researcher
Portal (https://eservices.queensu.ca/romeo_researcher/)
Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be reported
within 2 working days or earlier if required by the study sponsor. All other serious adverse events must be reported
within 15 days after becoming aware of the information. Serious Adverse Event forms are located with your postreview file 6012810 in your Researcher Portal (https://eservices.queensu.ca/romeo_researcher/)
Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must be
reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All documents
supplied to participants must have the contact information for the Research Ethics Board.
Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's signature
below), you will be reminded to submit your renewal form along with any new changes or amendments you wish to
make to your study. If there have been no major changes to your protocol, your approval may be renewed for
another year.
Yours sincerely,

Chair, Health Sciences Research Ethics Board
June 04, 2014
Investigators please note that if your trial is registered by the sponsor, you must take responsibility to ensure
that the registration information is accurate and complete
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QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS RESEARCH
ETHICS BOARD
The membership of this Research Ethics Board complies with the membership requirements for Research Ethics
Boards and operates in compliance with the Tri-Council Policy Statement; Part C Division 5 of the Food and Drug
Regulations, OHRP, and U.S DHHS Code of Federal Regulations Title 45, Part 46 and carries out its functions in a
manner consistent with Good Clinical Practices.
Federalwide Assurance Number: #FWA00004184, #IRB00001173
Current 2014 membership of the Queen's University Health Sciences & Affiliated Teaching Hospitals
Research Ethics Board:
Dr. A.F. Clark, Emeritus Professor, Department of Biomedical and Molecular Sciences, Queen's University (Chair)
Dr. H. Abdollah, Professor, Department of Medicine, Queen's University
Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University
Dr. C. Cline, Assistant Professor, Department of Medicine, Director, Office of Bioethics, Queen's University,
Clinical Ethicist, Kingston General Hospital
Dr. M. Evans, Community Member
Ms. J. Hudacin, Community Member
Mr. D. McNaughton, Community Member
Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research Associate, Division of
Cancer Care and Epidemiology, Queen's Cancer Research Institute
Dr. M. Sawhney, Assistant Professor, School of Nursing, Queen's University
Dr. A. Singh, Professor, Department of Psychiatry, Queen's University
Dr. J. Walia, Assistant Professor and Clinical Geneticist, Department of Paediatrics, Queen's University and
Kingston General Hospital
Ms. K. Weisbaum, LL.B. and Adjunct Instructor, Department of Family Medicine (Bioethics)
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Appendix D
User Study Data

Data was recorded for seven participants. Full numerical results are shown in this
appendix. Descriptions of the column headings are as follows:
• Participant Indicator: Anonymized indicator used by the researchers when analyzing collected data.
• Trial Mode: Which view was being used by the participant for that trial (Classic,
Reduced Classic, AR)
• Graft and Plug: Identifying which of the six possible targets was being used for
that trial.
• Position error (mm): The relative position between the chisel tip and target
plug surface origin.
• Off-axis error (degrees): The angle of deflection between the target plug up axis
and the chisel axis.
• Rotational error (degrees): The angle of rotation between the plug marker
direction and the chisel marker direction.
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• Travel Dist (mm): The distance moved by the chisel tip inside the knee.
• Time (seconds): The time elapsed after inserting tools into the knee before the
subject indicated they were satisfied with the chisel positioning.

Participant
Indicator
Trial Mode

Graft Plug

Position Error Off-axis error Rotational error Travel Dist Time
(mm)
(degrees)
(degrees)
(mm)
(seconds)

1 Classic

1 harvest

0.7

0.1

0.3

287.5

21

1 Classic

1 recepient

1.0

0.4

0.6

165.0

18

1 Classic

2 harvest

0.9

0.3

0.3

257.0

19

1 Classic

2 recepient

0.9

0.8

0.3

515.0

42

1 Reduced Classic

1 harvest

0.7

0.8

14.8

285.8

31

1 Reduced Classic

1 recepient

0.9

0.2

2.6

621.3

56

1 Reduced Classic

2 harvest

1.5

1.4

4.5

1116.8

106

1 Reduced Classic

2 recepient

0.9

1.7

0.3

879.9

51

1 Reduced Classic

3 harvest

1.1

2.2

2.7

448.7

44

1 Reduced Classic

3 recepient

0.9

3.6

4.1

509.2

49

1 AR

1 harvest

2.7

12.1

33.9

649.9

80

1 AR

1 recepient

1.1

21.2

25.5

703.0

72

1 AR

2 harvest

2.2

4.5

24.2

838.8

87

1 AR

2 recepient

2.4

19.3

21.9

1051.0

69

1 AR

3 harvest

3.7

10.5

50.0

917.8

101

1 AR

3 recepient

1.2

5.3

23.4

284.6

29

2 Classic

1 harvest

2.1

0.5

1.5

614.2

95

2 Classic

1 recepient

0.9

0.3

0.6

331.8

37

2 Classic

2 harvest

1.2

0.4

0.9

166.1

20

2 Classic

2 recepient

1.4

1.2

0.7

219.0

22

2 Classic

3 harvest

0.8

0.8

0.1

451.6

60

2 Classic

3 recepient

1.8

1.0

0.6

448.1

47

2 Reduced Classic

1 harvest

1.2

2.8

11.9

406.5

54

2 Reduced Classic

1 recepient

1.1

1.8

2.1

348.1

33

2 Reduced Classic

2 harvest

1.3

2.3

11.4

409.5

56

2 Reduced Classic

2 recepient

0.9

1.7

6.8

431.5

51

2 Reduced Classic

3 harvest

0.8

1.3

0.8

249.0

31

2 Reduced Classic

3 recepient

1.0

2.2

7.5

436.7

47
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Participant
Indicator
Trial Mode

Graft Plug

Position
Off-axis error Rotational error Travel Dist Time
Error (mm) (degrees)
(degrees)
(mm)
(seconds)

2 AR

1 harvest

2.0

5.6

25.9

857.6

116

2 AR

1 recepient

3.7

7.4

15.9

800.8

63

2 AR

2 harvest

1.7

8.3

27.7

612.6

77

2 AR

2 recepient

3.1

7.7

28.9

911.0

63

2 AR

3 harvest

4.2

9.3

19.0

942.7

98

2 AR

3 recepient

3 Classic

1 harvest

3 Classic

2.7

5.2

37.2

612.9

46

10.2

26.0

1.1

272.3

39

1 recepient

1.5

4.7

0.4

193.4

18

3 Classic

2 harvest

1.9

8.9

9.2

296.7

30

3 Classic

2 recepient

3.7

5.4

4.9

467.9

53

3 Classic

3 harvest

2.5

14.3

0.6

291.5

26

3 Classic

3 recepient

3.8

11.1

0.7

153.4

15

3 Reduced Classic

1 harvest

3.2

25.8

71.7

532.1

64

3 Reduced Classic

1 recepient

1.5

9.9

9.3

1555.2

163

3 Reduced Classic

2 harvest

1.9

2.3

14.5

1263.1

157

3 Reduced Classic

2 recepient

4.6

9.2

9.4

1732.8

198

3 Reduced Classic

3 harvest

1.8

7.2

0.8

769.2

89

3 Reduced Classic

3 recepient

3.0

7.3

31.4

601.7

60

3 AR

1 harvest

11.1

7.9

14.9

258.3

24

3 AR

1 recepient

8.3

22.3

19.2

489.8

46

3 AR

2 harvest

10.1

40.5

2.8

109.6

12

3 AR

2 recepient

7.7

19.9

21.2

346.2

42

3 AR

3 harvest

6.9

25.3

36.9

176.6

20

3 AR

3 recepient

3.0

17.7

10.7

439.2

55

4 Classic

1 harvest

1.7

0.5

2.5

321.4

47

4 Classic

1 recepient

1.4

0.4

0.1

310.3

40

4 Classic

2 harvest

1.9

0.2

0.6

287.0

40

4 Classic

2 recepient

1.1

0.1

2.4

213.1

23

4 Classic

3 harvest

0.5

0.3

0.0

247.5

38

4 Classic

3 recepient

1.1

0.2

0.6

565.6

51

4 Reduced Classic

1 harvest

0.9

1.3

9.4

204.9

25

4 Reduced Classic

1 recepient

2.0

0.4

15.7

267.3

34

4 Reduced Classic

2 harvest

1.7

0.6

0.7

166.1

19

4 Reduced Classic

2 recepient

1.5

0.3

37.9

217.6

23

4 Reduced Classic

3 harvest

1.0

1.3

6.5

206.2

27

4 Reduced Classic

3 recepient

3.5

2.6

19.7

773.4

78

4 AR

1 harvest

4.1

12.9

1.1

258.3

27

4 AR

1 recepient

6.0

12.6

14.5

294.6

34

4 AR

2 harvest

9.9

28.6

23.4

331.3

55

4 AR

2 recepient

5.0

10.2

23.4

794.6

80

4 AR

3 harvest

5.1

11.0

2.1

227.3

32

4 AR

3 recepient

3.7

5.1

26.5

236.7

27
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Participant
Indicator
Trial Mode

Graft Plug

Distance
(mm)

Angle
(degrees)

Rotation
(degrees)

Travel Dist Time
(mm)
(seconds)

5 Classic

1 harvest

2.0

0.3

1.9

309.5

46

5 Classic

1 recepient

2.1

0.5

0.4

280.8

33

5 Classic

2 harvest

2.3

0.2

0.2

233.6

27

5 Classic

2 recepient

1.6

0.3

0.4

209.7

24

5 Classic

3 harvest

1.4

0.8

0.7

219.8

30

5 Classic

3 recepient

2.0

0.2

0.3

269.9

34

5 Reduced Classic

1 harvest

4.1

1.1

4.0

320.0

51

5 Reduced Classic

1 recepient

1.8

0.5

0.5

182.0

20

5 Reduced Classic

2 harvest

1.5

0.1

4.8

88.7

13

5 Reduced Classic

2 recepient

0.6

0.2

6.4

165.7

16

5 Reduced Classic

3 harvest

1.0

0.7

7.7

231.9

27

5 Reduced Classic

3 recepient

2.3

0.4

0.0

267.7

35

5 AR

1 harvest

7.0

7.8

6.1

531.4

99

5 AR

1 recepient

2.9

25.0

24.6

536.2

94

5 AR

2 harvest

5.4

6.7

10.6

315.7

71

5 AR

2 recepient

3.7

7.4

34.3

304.5

47

5 AR

3 harvest

2.8

4.9

17.1

364.3

66

5 AR

3 recepient

3.0

12.0

7.9

273.5

47

6 Classic

1 harvest

2.5

0.6

1.1

203.9

31

6 Classic

1 recepient

1.4

1.8

1.1

422.1

49

6 Classic

2 harvest

1.1

0.3

1.3

231.2

42

6 Classic

2 recepient

0.7

1.0

0.5

257.2

32

6 Classic

3 harvest

3.3

3.0

2.6

394.2

56

6 Classic

3 recepient

1.2

1.7

0.0

489.0

59

6 Reduced Classic

1 harvest

3.0

0.7

7.4

129.8

21

6 Reduced Classic

1 recepient

1.2

0.7

4.5

130.6

17

6 Reduced Classic

2 harvest

0.5

0.2

10.9

165.6

24

6 Reduced Classic

2 recepient

1.0

0.8

21.8

105.7

10

6 Reduced Classic

3 harvest

0.6

0.5

20.0

268.2

41

6 Reduced Classic

3 recepient

6 AR

1 harvest

6 AR

1 recepient

6 AR

2 harvest

6 AR
6 AR

1.2

0.5

20.4

110.3

12

12.5

7.8

10.7

104.2

33

5.6

22.0

0.9

382.9

56

10.7

9.5

13.2

165.3

36

2 recepient

4.3

19.4

14.8

289.2

36

3 harvest

5.9

7.2

8.7

341.8

65

6 AR

3 recepient

4.9

6.0

37.9

403.5

65

7 Classic

1 harvest

2.3

1.2

0.5

254.5

32

7 Classic

1 recepient

0.8

0.2

0.2

252.4

28

7 Classic

2 harvest

1.8

0.6

1.0

195.6

23

7 Classic

2 recepient

1.1

0.5

0.5

140.8

15

7 Classic

3 harvest

0.9

0.1

0.6

311.3

44

7 Classic

3 recepient

1.1

0.4

0.1

194.9

19
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Participant
Indicator
Trial Mode

Graft Plug

Distance
(mm)

Angle
(degrees)

Rotation
(degrees)

Travel Dist Time
(mm)
(seconds)

7 Reduced Classic

1 harvest

3.0

0.5

3.4

144.0

22

7 Reduced Classic

1 recepient

1.7

0.4

11.3

229.0

23

7 Reduced Classic

2 harvest

3.0

0.6

7.3

341.6

48

7 Reduced Classic

2 recepient

1.2

0.2

1.2

489.9

59

7 Reduced Classic

3 harvest

1.8

0.4

21.6

209.7

26

7 Reduced Classic

3 recepient

1.1

0.7

6.9

140.4

19

7 AR

1 harvest

7.3

6.0

52.4

995.9

165

7 AR

1 recepient

3.3

9.2

18.2

238.7

28

7 AR

2 harvest

7.5

10.6

52.1

499.3

58

7 AR

2 recepient

3.8

5.2

31.4

267.7

29

7 AR

3 harvest

0.8

22.1

17.7

114.3

18

7 AR

3 recepient

1.9

5.1

34.1

151.8

15
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