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Stereoscopic Depth Imaging for Improved Point Cloud Generation of Skeletal Surfaces in IR-guided
Orthopaedic Surgery
MATS CEDERVALL
OSCAR DAHLQVIST
Department of Computer Science and Engineering
Chalmers University of Technology and University of Gothenburg

Abstract
This thesis proposes a flexible approach of combining traditional optical navigation systems with a
visible light-based depth camera for aligning preoperative CT models with the corresponding bone
exposed during active surgery, providing real-time feedback of implant positioning to the surgeon
based on a preoperative plan.

By leveraging the Intel® RealSenseTM D405 depth camera, the study investigates the benefits and
challenges of using stereoscopic depth imaging for 3D reconstruction of musculoskeletal surfaces.
The primary goal being to evaluate how this technology can be used to reduce surgery duration in
orthopaedic total knee arthroplasty (TKA) surgery.

The proposed method transforms the depth images captured using the depth camera into a navigation
system’s frame of reference, accomplished through a series of preoperative calibration steps. The
reconstructed intraoperative 3D model is then aligned with the CT model using iterative closest
point (ICP) algorithms. This thesis also includes an investigation into using light polarisation filters,
analysis of hyperparameter tuning, and accuracy evaluation of the Intel® RealSenseTM D405 camera’s
depth estimation capabilities.

Experimental validation includes a mock surgery on pig cadaver parts to simulate intraoperative
conditions. Results demonstrate that the proposed approach achieves good alignment accuracy at
around 0.5 mm, though it exhibits higher variability compared to competing methods.

In conclusion, the integration of this class of depth cameras with optical navigation systems is a
viable solution for improving the speed of knee registration in orthopaedic surgery, but future work is
encouraged to address depth estimation inaccuracies.

Keywords: surgical navigation tools, image-guided orthopaedic surgery, total knee arthroplasty,
stereoscopic RGBD camera, Intel® RealSenseTM D405
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A�ne A geometric transformation that maintains lines and parallelism. 9, 14, 24, 26

Cartesian Product The set of all ordered pairs that can be obtained by combining each element of
one set with each element of another set. 27

CT Computed tomography, uses X-rays to create detailed images and 3D models of the internal
structure of the human body. Detailed in Section 2.3. 1�3, 7, 8, 14, 17, 18, 21�23, 27�29, 32, 36,
40, 45, 46, 49

Distal femur The lower end of the femur, part of the knee. Illustrated in Figure 2.2.1. 8, 18

Fiducials Easily recognisable shapes, such as dots, crosses, or patterned targets, designed to be
clearly identi�able for computers. 3, 11, 23�26

Fill rate The percentage of a scene's depth information successfully captured, a�ected by occlusions
and surface properties. Detailed in Section 2.6.5. 3, 14, 18, 33, 34, 43�45

Frobenius norm The square root of the sum of the squared elements of a matrix. 26

ICP Iterative closest point. An algorithm to compute the a�ne transformation between two similar
structures. Described further in Section 2.8. 4, 15, 17�19, 28�30, 32, 44, 46, 47

IGOS image-guided orthopaedic surgery. 1, 2, 7, 14, 17, 19, 21

IR Infrared. 3, 10, 11, 18, 22, 23, 47

Least Squares Point Alignment An algorithm to compute the a�ne transformation between two
di�erently oriented structures. Described further in Section 2.7.1. 14, 15, 25

Marker An uniquely shaped object equipped with IR re�ective surfaces, tracked by IR cameras.
Illustrated in Figure 2.5.1a. 3, 7, 11, 22�26, 31, 43, 46

Patellar surface A region at the lower end of the femur, part of the knee. Illustrated in Figure
2.2.1. 8, 28, 33

Patient space A frame of reference relative to the patient during surgery.
Detailed in Section 2.5.1. 3, 24

PnP Perspective-n-Point. An algorithm that computes the pose of a camera in some world space.
Described further in Section 2.6.4. 13, 25
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RANSAC Random sample consensus. An algorithm for handling data sets with outliers. Described
further in Section 2.8. 15, 30, 44

RGBD An image that also contains depth information (red, green, blue, depth). 4, 25, 47

RGBD camera A camera that in addition to capturing ordinary colour data also estimates depth
information for each pixel. Produces RGBD images instead of typical RGB images. (red, green,
blue, depth). 3, 4, 21, 22, 33, 44, 45, 47

ROI Region of interest. 1, 2

Sobel �lter A type of commonly used edge-detection �lter. 27

Temporal noise A metric quantifying �uctuations in-depth data over time, de�ned as the standard
deviation of repeated depth captures, and detailed in Section 2.6.5. 3, 13, 18, 31, 33, 34, 43, 44,
46

TKA total knee arthroplasty, also known as joint replacement surgery. 1, 2, 4, 7, 8, 18, 19, 43, 46

Voxel A voxel is a 3D unit of space, representing a value in a grid, used in 3D modelling
and imaging. 8, 29, 44
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1
Introduction

Modern surgical navigational tools have been developed over the past 30 years and have become
increasingly important since their introduction [1]. In addition to enabling signi�cantly safer, more
accurate, and less invasive procedures, the technology has allowed for new sophisticated techniques to
be integrated into the surgical routine [1]�[3]. While surgical navigational tools consist of a broad
span of technologies, this paper focuses on a limited part of image-guided orthopaedic surgery (IGOS)
in the context of total knee arthroplasty (TKA), also known as total knee replacement [4]. Speci�cally,
it addresses the task of determining the pose of the target bone during ongoing surgery.

The central idea of orthopaedic surgery is to restore the physiological function of the musculoskeletal
system and includes tasks such as reconstruction of torn ligaments, treatment for arthritis, dislocations,
or joint replacement [3], [5]. TKA is but one example of joint replacement surgery; in which the
damaged cartilage and bone in the joint is removed and replaced with arti�cial parts [4], [6], see
Figure 1.0.1.

Figure 1.0.1: Illustrates the results of common orthopaedic joint replacement surgeries. From [6]
CC-BY 4.0 / Cropped from original.

Whereas the typical surgical routine can be split into three stages: pre-, intra-, and post-operative
stage, IGOS is primarily only concerned with the �rst two. The preoperative stage involves preparation
and planning for the surgery, and in IGOS this typically includes the collection of 3D anatomic
skeletal data of the patient using, for example, computed tomography (CT) [3]. The 3D model of the
skeletal region of interest (ROI) obtained from CT scans will hereinafter be referred to as theCT
model.
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1. Introduction

An orthopaedic surgical plan may typically involve a number of procedures performed on the skeletal
ROI, that are mapped out in varying detail using the CT model. In IGOS systems, the intraoperative
stage heavily relies on this CT model in order to provide accurate and real-time feedback to the
surgeon [3]. The speci�c type of feedback provided by IGOS systems can vary, but may include
visualisation of tool positioning in relation to pre-planned incision points, or instantaneous assessment
of implant placement compared to the preoperative plan [7].

The intent of TKA surgery is to alleviate patient pain and to improve their range of motion, such
that they may resume daily activities without being hindered by signi�cant pain [4], [8]. However,
with increasing numbers of younger and more active individuals opting for TKA surgery, stricter
requirements are being placed on implant longevity and natural movement [7]. Thus, in pursuit of
improved surgical outcomes, personalised alignment strategies are becoming more widely adopted,
elevating the importance of precise customised implant positioning and the techniques for achieving
it [9], [10].

In this paper, we propose a practical approach of combining traditional optical navigation systems with
a visible light-based depth camera, presenting a fast and versatile solution for aligning a preoperative
CT model of a patient's knee with the patient's physical knee during surgery. Furthermore, we
investigate the e�ects of leveraging polarised light �lters to improve the depth estimation quality of
the depth camera for re�ective musculoskeletal surfaces, combined with a detailed analysis of the
impact of several key parameters in the aforementioned alignment procedure.

1.1 Problem Description

A key element of IGOS systems is the image registration process, which involves the aligning of
preoperative 3D models with the patient's corresponding surgical area during the operation [3]; see
Figure 1.1.1 for an illustrative example. The preciseness of the registration is of paramount importance
for the preoperative plan to be of proper use, since any misalignment introduces erroneous o�sets
between the procedures planed out using the CT model and the actual physical positioning of the
patient during surgery [11].

(a) None (b) Good (c) Bad

Figure 1.1.1: Illustrative example alignment between a pig knee and its CT-scanned counterpart.

While modern TKA encompasses multiple schools of thought regarding the optimal approach for
performing the procedure, the base requirement of achieving a good implant positioning remains a
common goal [9], [12]. The preciseness of the angle for the implant is regularly expressed in the range
of � 3 to 5� , motivating the need for high precision feedback systems [10], [12].
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1. Introduction

The �rst part of leveraging the CT-scanned anatomical 3D model is collecting intraoperative data to
match it with. In this work, we employ the Intel® RealSenseTM D405 stereoscopic depth camera (also
referred to as an RGBD camera) to 3D capture the musculoskeletal surfaces of the surgical incision
site. Using a stereoscopic depth camera for 3D object reconstruction is, however, not without its own
host of problems. Among the issues is the quality of the depth estimation, temporal noise, �ll rate,
frame aggregation, and the computation time for generating the �nal 3D reconstructed model. Please
refer to Section 2.6.5 for detailed explanations of these terms.

Following the 3D surface reconstruction procedure, the subsequent step of aligning the captured 3D
anatomical surfaces with the preoperative CT model also presents several non-trivial challenges. The
source of which most notably originate from the fact that the CT model and the 3D captured surfaces
during surgery are always dissimilar, and these di�erences can occasionally be substantial. The
asymmetry stems from the di�erences in 3D reconstruction methodology; whereas the CT model is
derived from the application of computed tomography (CT), the 3D model during surgery is obtained
using a stereoscopic depth camera.

The key di�erences between the CT model and the intraoperative 3D model are the types of tissues
captured and the context in which they are. While CT uses X-rays to capture anatomical data of
the insides of a patient, see Section 2.3, it struggles to accurately capture cartilage. Which results
in a fundamental di�erence between the preoperative CT model and what the RGBD camera sees
during surgery. Additionally, the view of the RGBD camera is strictly limited to the musculoskeletal
surfaces exposed through the surgical incision, meaning only part of the bone will be represented in
the produced point cloud from the RGBD camera.

Importantly, the RGBD camera is also limited in terms of depth accuracy and the estimated depth
will �uctuate due to noise even with a stationary camera and scene. This variation is called temporal
noise and introduces errors between frames that need to be accounted for when computing a 3D
model from the produced point clouds [13], [14]. Furthermore, the RGBD camera is highly sensitive
to surface textures, for reasons that will be expanded upon in Section 2.6.5, and will have a hard time
capturing larger regions with homogeneous surfaces, such as smooth sections of bone and cartilage;
making it harder to accurately capture the anatomical regions we are looking for. Together, these
discrepancies between the CT model and the 3D model reconstruction from the RGBD camera make
for a non-trivial 3D model-to-model alignment procedure.

Further, the alignment between the CT model and the camera-captured surfaces is to be performed
in a reference space that is relative to the patient, such that if the patient is moved during surgery,
the overlayed CT model should automatically be moved the corresponding amount. This is generally
achieved using a surgical navigation system; in this paper, we employ a medical navigation system,
which uses infrared (IR) cameras and IR re�ective objects, generally referred to as �ducials, attached
in a unique shape to form a marker that can be tracked in the 3D space in view of the IR cameras.
This system and its markers allow tools and objects in the scene to have their position and orientation
to be tracked in real-time, and by attaching such a marker to the patient we can ensure objects are
tracked in relation to the patient. We called this reference frame the patient space.

To leverage this navigational system for tracking the surgical incision site relative to the patient, we
have attached one of the aforementioned markers to the RGBD camera. Through a series of calibration
steps, the captured 3D point clouds from the RGBD camera are transformed to be expressed in
patient space, allowing the CT model to be aligned relative to the patient and be robust against limb
movements during surgery.

This study focuses on evaluating the applicability of using the Intel® RealSenseTM D405 depth camera
as a point cloud source for the CT model alignment procedure, in particular in combination with a
medicial navigational system for external tracking of the patient and the handheld RGBD camera.

3



1. Introduction

1.2 Purpose of the Study

This work aims to evaluate the e�cacy of employing an a�ordable stereoscopic RGBD camera for 3D
reconstruction of musculoskeletal surfaces exposed intraoperatively in orthopaedic surgery. Speci�cally,
the study uses the Intel® RealSenseTM D405 depth camera in the context of total knee arthroplasty
(TKA) surgery. Additionally, the e�ects of leveraging polarised light �lters will be evaluated, applied
in order to remove surface specular highlights and thereby improving the 3D reconstruction quality
of the target surfaces. This was done due to a concern of the re�ective nature of musculoskeletal
surfaces.

The primary intent is to propose a faster methodology for intrasurgical CT model alignment compared
to a handheld manual pointer sampling based approach. A faster alignment procedure makes the
routine more appealing for the surgical personnel, and reduces the inherent risks and inconvenience
associated with longer surgery durations. Moreover, due to reduced user interaction during data
acquisition compared to handheld pointer sampling, this approach is more appropriate for a sterile
environment. That is, the proposed methodology carries bene�ts for both the surgeon and the patient.

The gap in literature identi�ed in the study is the lack of 3D reconstruction quality evaluation
for depth cameras applied to capture re�ective and homogeneous musculoskeletal surfaces during
orthopaedic surgery. This study seeks to address this gap by providing comprehensive data on the
performance and potential advantages of using an RGBD camera in this context.

1.2.1 Research Questions

Below is a list of the primary research questions for this study, condensed from the discussion in the
previous Section 1.2.

ˆ RQ1: Is it viable to replace a few high quality sampled points with a large number
of low quality points using the Intel® RealSenseTM D405 depth camera ...

� RQ1.1: ... in terms of point cloud to CT model alignment accuracy?

� RQ1.2: ... while keeping total compute time from last RGBD frame
acquisition to completed alignment under 60 seconds?

ˆ RQ2: How does the application of polarised light �ltering e�ect the Intel® RealSenseTM D405
depth camera's point cloud acquisition for musculoskeletal surfaces, and in turn
impact the point cloud to CT model alignment accuracy?

ˆ RQ3: What is the depth estimation accuracy of the Intel® RealSenseTM D405 depth camera
for musculoskeletal surfaces?

1.3 Delimitations

This work will not be improving on existing registration methods, but rather utilise o�-the-shelf
iterative closest point (ICP) algorithms provided by the open-source library Open3D [15], combined
in speci�c con�gurations to �t the problem at hand. In addition, the proposed methodology will
mainly be compared to the traditional method of manual handheld pointer sampling technique. The
collected points used for traditional method are manually aligned visually by us while assisted by an
experienced professional at Ortoma AB. It should be noted that this introduces certain limitations
regarding the generalisability and reproducibility of some of our �ndings. Furthermore, the study is
con�ned to a single set of pig cadaver parts with corresponding CT models, mainly due to time and
cost constraints.
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1. Introduction

1.4 Ethical Considerations and Risks

This research focuses on designing a solution meant for use during complex human surgery, hence it is
of great importance that the solution considers reasonable diversity and di�erences between patients.
The solution must be robust to diverse body compositions in terms of muscle mass, fat, and most
importantly, di�erences in bone and cartilage in the target hip and knee regions. Without proper
care, a solution could avoidably fail to properly handle the diverse conditions expected in real surgery
and risk poor prosthetic alignment for the patient. The proposed methodology has therefore been
designed under the requirement of being generalisable from the start.

Moreover, the project involves a limited amount of analysis of images and videos captured during
real-patient orthopaedic surgeries, which naturally demands great responsibility for the handling of
the material, to preserve and respect patient privacy and integrity. Precautions include o�ine data
processing, a strict no-share policy, and thorough removal of the related data from utilised devices
upon project completion.

Additionally, the work includes tests performed on pig parts sourced from a local butcher, that would
otherwise be used for food. The ethical considerations are thus greatly limited, as the animal has
already been slaughtered for another purpose.

Lastly, any work targeting the domain of human surgery typically involves similar risks to those
discussed above, making them an inherent aspect of these types of works. We believe modern surgery
should continue to develop and employ digital technologies to further improve surgery outcomes and
decrease patient su�ering, hence justifying the need for this paper.

5



1. Introduction

6



2
Background

This chapter delves into the technicalities of what image-guided orthopaedic surgery (IGOS) entails,
with a speci�c focus on its application in total knee arthroplasty (TKA). It aims to provide an
appropriate level of understanding of the domain and equip the reader with the necessary background
to comprehend the subsequent chapters of the thesis.

2.1 Traditional IGOS Method

The commonly used method for IGOS has remained largely unchanged since it was pioneered by
Merloz et al. in 1995 [2]. This technique is used in a similar manner regardless of the speci�c bones
being treated or the complexity of the skeletal intervention, and its general steps are outlined below:

1. Some time before the operation, the patient undergoes a CT scan. This scan is utilised to plan
the upcoming procedure, identifying what is damaged, determining the necessary implants, and
deciding their placement.

2. The operation room is �tted with a navigation system that tracks the position and orientation of
purpose-calibrated surgical tools equipped with markers. Navigation systems and their markers
will be further detailed in Section 2.5.

3. A reference navigation system marker is �tted to the bone that is to be tracked, creating a
frame of reference relative to the patient. This is useful for when the patient is moved during
surgery.

4. A navigation system pointer, shown in Figure 2.5.1b, is repeatedly positioned on the bone to
create a collection of points that then correspond to the bone's surface.

5. A computer derives a transformation matrix that transforms the CT scan into the navigation
system's frame of reference.

6. Some kind of mounting tool is used to position implants at the pre-planned locations and
orientations. The correct position and orientation are generally indicated in real-time by a
screen attached to the navigation system.

2.2 Total Knee Arthroplasty

TKA is a type of joint replacement surgery, in which damaged cartilage and bone is removed and
replaced with arti�cial parts with the intent of relieving pain and restoring joint functionality [4],
[6]. In Sweden, approximately 17,000 TKA surgeries were performed in 2022, with arthritis being
the predominant reason for the majority of cases [16]. TKA is, in fact, one of the most widely
performed orthopaedic surgeries in the world, hence unsurprisingly representing a notable portion of
all orthopaedic procedures done in Sweden 2022 [5], [12].
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2. Background

The procedure is performed through a series of steps beginning with a detailed preoperative plan,
often involving imaging techniques such as CT to create a 3D model of the patient's knee [1], [12].
This model is used for precise planning of bone cuts and implant placement to achieve optimal
performance of the implant and restoration of joint functionality [10]. Ensuring the accuracy of
implant positioning is critical for reducing the risk of postoperative complications and enhancing the
longevity of the implant [9], [11]. To achieve this, intraoperative navigation systems are employed,
providing real-time feedback to the surgeon on how closely the implant aligns with its pre-planned
location and rotation [1], [3].

2.2.1 Anatomy of the Knee

For the purposes of this study, only a very limited understanding of the anatomy of the knee is
necessary. Speci�cally, the distal femur region which is exposed during TKA surgery, and illustrated
in Figure 2.2.1. The two highlighted regions in the �gure corresponds to the patellar surface and the
tibial surfaces respectively.

(a) Patellar surface of the femur. (b) Tibial surfaces of the femur.

Figure 2.2.1: Illustrates the key regions of the distal femur for this study [17].
From [6] CC-BY 4.0 / Edited from original.

2.3 Computed Tomography (CT)

In the context of medical imaging, computed tomography (CT) uses X-rays to create detailed images
of the internal structure of the human body. It involves the capturing of a series of 2D slices (called
radiographs) from multiple angles that are computed upon using a reconstruction algorithm to form
a single 3D grid of data, often referred to as a tomogram [18]. Each voxel (i.e. sub-volume) in the
3D spatial data grid (the tomogram) is assigned a, so-called, CT number that relates to the level
of attenuation of the X-ray passing through that location [18], [19]. Attenuation is the intensity
reduction of an X-ray passing through an object due to the absorption or scattering of photons, it
roughly corresponds to the energy of the photons and the properties of the material being passed
through, especially its density and atomic numbers [18], [19]. The CT number of each voxel is then
compared to threshold values to categorise the corresponding tissue type, enabling the segmentation
of for instance bone and soft tissues [18].
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2. Background

2.4 3D Representations

This section provides an overview of 3D data presentation and the use of homogeneous coordinates to
transform 3D data between di�erent frames of reference.

2.4.1 Point Clouds and Meshes

Point clouds are collections of 3D points, each de�ned by(x; y; z) coordinates relative to an origin,
and often also include some associated colour data. Figure 2.4.1a illustrates an example of a point
cloud. Meshes, on the other hand, consist of 3D points that are interconnected to form triangles,
which de�ne the surfaces of a 3D object. Figure 2.4.1b illustrates an example of a 3D mesh.

(a) Example of a 3D point cloud.
Points are visualised as individual
squares.

(b) Example of a 3D mesh.

Figure 2.4.1: Examples of the two types of 3D geometries relevant for this project.

2.4.2 Homogeneous Coordinates and Transformations

Representing transformations in 3D space is straightforward when using matrix multiplication on
homogeneous coordinates. Homogeneous 3D coordinates are represented as a 4D vector, with the
constant 1 appended to the[x; y; z] positions, making it an element ofR4� 1.

P =
� x

y
z
1

�

Using homogeneous coordinates simpli�es rotation and translation operations, as they can be performed
easily using ordinary matrix multiplication. The 4 � 4 a�ne transformation matrices T used for this
purpose are matrices that when multiplied by a point in homogeneous coordinate form transform the
point into T 's frame of reference.T is composed of three key parts: a3 � 3 rotation matrix that
handles rotation, a3 � 1 translation vector that manages translation, and a padding row to enable
the use of matrix multiplication. By multiplying a point with a transformation matrix it rotates and
translates the point at the same time.

T =

"
R3x3 T3x1

01x3 1

#
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2. Background

All coordinates are expressed in a particular frame of reference, denoted asA P, whereA is the frame
of reference andP is the point. To convert a point to a di�erent frame of reference, you multiply it
by the transformation matrix of the target frame.

A P = T A � P = T A �
� x

y
z
1

�

The previous equations apply not only to points but also to transformations. Transforming a
transformation can be conceptualised as transforming a point with an attached direction vector.

Frames of reference can be converted between each other. The transformation matrix that converts
positions from frameA to frame B is denoted asT A! B . For all frames of reference and all points,
the following equation holds1:

B P = T A! B � A P

Finally, matrix algebra can be performed as normal and produce meaningful results. Here is an
example that showcases that by knowing the transformation matrix ofA and B to some shared space
X it is possible to transform points betweenA to B without ever knowing the point's positions inX .

X P = T A! X � A P
X P = T B ! X � B P

T B ! X � B P = T A! X � A P
B P = T � 1

B ! X � T A! X � A P

2.5 Medical Navigation Systems

Navigation systems used in intraoperative orthopaedic imaging consist of hardware and software
that allow tracking of surgical equipment and assisting in delicate procedures during surgery. At its
most basic, a navigation system uses some kind of imaging technique to see where surgical equipment
is located with high precision. The choice of imaging technique varies, it can be infrared, visible
light-based, electromagnetic, or X-rays [3]. The reason for tracking surgical equipment is to ensure
that incisions and procedures are performed to a level of accuracy and precision that surpasses
traditional handheld methods in categories such as cutting, drilling, and implant installation [3].

For this study, we focus on a particular class of navigation systems: a system comprising an IR
camera that observes the surgical scene by tracking small IR-re�ecting surfaces attached to speci�c
shapes. Figure 2.5.1 illustrates the components of this type of navigation system.

1This equation is a reformulation of the change-of-basis equation which is true for all matrices, not just 3D
homogeneous coordinate transformations.
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