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Introduction

1.1 Motivation

Medical visualisation is the research field that deals with the graphical representation
of medical data. Its main goal is the extraction of insight from that data by levera-
ging the human visual system. Examples can be found in many clinical procedures,
for example in liver surgery, where medical visualisation is used to predict the vas-
cularity of a liver after a resection (Lang et al., 2005), neurosurgery, where it assists
in finding neuronal connections between regions in image data of the brain (Blaas
et al., 2005) and virtual colonoscopy, where it improves the semi-automatic detection
of polyps (Zhao et al., 2006).

The improved availability and quality of scanning equipment such as computed
tomography (CT) and magnetic resonance imaging (MRI) have both enabled and ne-
cessitated the more wide-spread adoption of medical visualisation applications. The
excellent resolution and contrast of image data generate new possibilities for the
extraction of clinically relevant information. In orthopaedics, these developments
are generally aimed towards improving the supportive role of image data in clinical
decision-making. This applies to several aspects of patient treatment, as is illustrated
by Figure 1.1. A good example is the visualisation of the fixation strength of a pros-
thesis, which can be determined by means of finite element modelling (Huiskes and
Chao, 1986, Dick et al., 2008).

In parallel with improvements to scanning equipment, the quality of orthopaedic
care has improved. For example, total knee prostheses inserted between 1998 and
2007 have half the risk of requiring revision when compared to prostheses inserted



Chapter 1

Medical Visualisation in Orthopaedics
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Figure 1.1: The application areas of medical visualisation in orthopaedics. In image
processing, medical visualisation improves the usability of acquired image data by
emphasising regions of interest. In diagnosis and pre-operative planning, medical
visualisation can be used to intuitively present numerical data and assist the decision-
making. Intra-operative visualisation methods such as computer navigation support
surgical interventions, although this subject is not covered in this thesis. Finally,
medical visualisation is used in the evaluation process, for example to provide insight
in kinematic data.

between 1988 and 1997 1. Similarly, the revision rate of total hip prostheses inserted
in 1979 was 15% after ten years, whereas this rate decreased to 6% for prostheses
inserted in 1995 2. However, there are surgical procedures where the outcome is less
satisfactory.

For example, the success rate for shoulder replacements is substantially lower than
for knee and hip replacements (Wirth and Rockwood, 1994). This can be attributed
to the overall complexity of the shoulder joint and the relatively small incision (see
Figure 1.2). Additionally, the lack of experience of many surgeons contributes to
reduced success rates (Lo et al., 2003, Hagen et al., 2010). Hasan et al. report that
44% of shoulder replacements are performed by low-volume surgeons (i.e. surgeons
performing one or two operations per year), compared to 3% for hip replacements
and 2% for knee replacements (Hasan et al., 2003).

Other examples include shoulder fractures, where approximately 73% of patients
that receive a shoulder prosthesis do not regain satisfactory function (Goldman et al.,
1995) and hip impingement, where between 20% and 32% of the patients are not
satisfied after open surgical treatment (Beck et al., 2004, Krueger et al., 2007).

The above examples indicate that there are still challenges ahead in orthopaedics.

1data obtained from Swedish Knee Arthroplasty Register 2009
2data obtained from Swedish Hip Arthroplasty Register 2007
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Figure 1.2: Shoulder replacement surgery. The incision is relatively small and the
density of muscles, ligaments and bones complicate accurate alignment of prosthesis
components.

In this thesis we investigate how medical visualisation may contribute towards ad-
dressing these challenges. Specifically, we study how medical visualisation provides
insight into the articulation and range of motion (ROM) of joints, with the purpose
of supporting surgical decision-making that addresses pathology at the articulating
joint.

1.2 Medical quick guide

In this section, the joint diseases and traumatic injuries discussed in this thesis are
shortly described. The first two, osteoarthritis and rheumatoid arthritis, are relevant
for Chapter 2, 3 and 4. Proximal humerus fractures and femoroacetabular impinge-
ment are discussed in Chapter 7.
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1.2.1 Osteoarthritis and rheumatoid arthritis

Osteoarthritis and rheumatoid arthritis are diseases that affect the bone and cartilage.
In general, people suffering from either of the conditions are severely limited in their
activities of daily living. Patients often refrain from using the joints, as motion is
usually accompanied by pain (synovitis). In addition, motion limitations are caused
as a direct result of the degenerated state of the joints.

Osteoarthritis is a (non-)inflammatory disease that deteriorates the cartilage bet-
ween the articulating bones, leading to limited mobility and pain. It is more prevalent
in midlife and beyond. Above the age of 65, 90% of the population suffers from os-
teoarthritis to some extent. For the shoulder this percentage is roughly 10% in both
men and women (De Filippis et al., 2004, Saase et al., 1989).

Rheumatoid arthritis is an autoimmune disease that causes chronic inflammations
to the joints and surrounding tissues. It is characterised by painful and stiff joints
and when left untreated it leads to irreversible joint damage. Rheumatoid arthritis is
diagnosed more often in women than in men. A prevalence study performed in the
United Kingdom reports a prevalence of 1.16% in women and 0.44% in men (Sym-
mons et al., 1994). In the Netherlands the prevalence is 1.10% in women and 0.71%
in men (Hoeymans et al., 2010).

Initial treatment is conservative and consists of physical therapy and the admini-
stration of medication. However, when osteoarthritis and rheumatoid arthritis pro-
gress a surgical procedure may be required to reduce the pain and restore mobility of
the patient. This can be achieved by replacing the joint with a prosthesis, a procedure
known as joint replacement or arthroplasty. Nowadays arthroplasty is a common tre-
atment for arthritic joints, most often applied to knees and hips and less commonly
to the shoulder3.

1.2.2 Proximal Humerus Fractures

The shoulder is comprised of three bones that move with respect to the thorax: the
shoulder blade (scapula), the clavicle (clavicula), and the upper arm bone (humerus).
When the head of the upper arm bone breaks this is known as a proximal humerus
fracture (PHF) (see Figure 1.3). In general, these fractures are caused by high impact
of the humeral head on the shoulder blade, e.g. as the result of a falling accident. The
incidence increases with age and is higher in women. The reported incidence varies
between 1/952 and 1/1.370 (Palvanen et al., 2006, Hagino et al., 1999, Lind et al.,
1989).

3data obtained from American Academy of Orthopaedic Surgeons (AAQOS)
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Figure 1.3: Three examples of proximal humerus fractures. As can be seen there is
considerable variability in the shape of these fractures.

There are several treatment options for these types of fractures, consisting of con-
servative treatment or surgical intervention, depending on the type of fracture, but
also on personal preference of a surgeon. The surgical options range from simple re-
fixation surgery to shoulder replacement surgery. The treatment decision is typically
based on assessment of static image modalities such as radiographs and CT, the age
and personal situation of the patient and fracture classification systems found in the
literature.

Classification systems attempt to relate the appearance of the fracture to clinical
outcome with the goal of integrating this knowledge in treatment decision-making.
Many studies on these classification systems exist, all leading to the conclusion that
the systems have a large inter-observer variability (Bernstein et al., 1996, Kristiansen
et al., 1988, Sidor et al., 1993, Siebenrock and Gerber, 1993). A second problem is
that these classifications only assess a static image, while the multidirectional mova-
ble shoulder joint would need a dynamic evaluation tool in decision analysis on the
optimal treatment.

Shoulder fractures are a typical example of injury where the decision-making pro-
cess is primarily governed by surgical experience. The outcome of a treatment de-
cision depends on many aspects that are not easily assessed using visual inspection
of the available image modalities. Regardless of this fact, these classification systems
are commonly used in treating these types of fractures. The relationship between
shape and outcome depends on underlying principles such as vascularity, muscle at-
tachment sites, joint articulation and potential impingement when the shoulder is
moved in different directions. Although many attempts have been undertaken, it is

5
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extremely difficult to capture this variability in a classification system.

In this thesis the simulation of one such principle is described. In Chapter 5 and 7
the dynamically simulated joint articulation and collision aspects are used as gui-
delines for the assessment of shoulder fractures. We restrict our research to these
parameters because the image modality that was available for this study (CT) does
not provide the information needed to assess aspects such as vascularity and muscle
attachment sites.

1.2.3 Femoroacetabular Impingement

In femoroacetabular impingement (FAI), morphological changes to the bone of the
hip joint lead to bony impingement. This results in limited hip motion, pain and
progressive damage to the cartilage. Recent work suggests that FAI may lead to os-
teoarthritis (Ganz et al., 2003). Although the etiology of FAI is still unclear, a variety
of causes are described, such as excessive sporting activities and post-traumatic de-
formities (Leunig et al., 2005). The prevalence of FAI is approximately 10% to 15%,
although it is seldomly symptomatic (Leunig et al., 2005,Gosvig et al., 2008). Patients
are often between 20 and 40 years old (Tannast et al., 2007b).

Two types of FAI are recognised; the cam type and the pincer type. The former
refers to a deformation of the femoral head, typically on the anterior side. The latter
refers to deformations of the acetabular rim. Cam and pincer deformities individually
reduce the space available for movement and lead to FAI symptoms. The two types are
reported to occur simultaneously in 86% of patients (Beck et al., 2005). Treatment
options vary and include resection of the colliding bones at the hip by a surgical
dislocation or arthroscopic surgery. Satisfactory outcome varies and is reported to
range from 68% to 100%, arthroscopic management having slightly better results
than open surgery (Larson and Giveans, 2008,Beck et al., 2004, Krueger et al., 2007).

The dynamic spatial relation between the femoral head and the acetabular rim is
difficult to assess using traditional static image modalities. In Chapter 7 a case study
is presented in which we use dynamic ROM simulations to support the treatment
decision regarding a patient with FAIL

1.3 Goal

The goal of this thesis is to study medical visualisation and its supportive role in
the orthopaedic treatment decision-making process that affects the articulation of
spheroid joints and their ROM. We specifically focus on the ROM of the shoulder
joint and, to a lesser extent, the hip joint.

6
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1.4 Contributions

The contributions of this work include the following:

e We present a new segmentation technique specifically designed for rheumatoid
glenohumeral joints. Segmentation of CT scans of heavily affected joints is a
challenging problem. To facilitate pre-operative planning solutions a fast and
accurate method is required. The solution presented in this thesis is able to
segment the CT scans in under two minutes.

e We present a system that interactively simulates and visualises patient-specific
bone-determined ROM of spheroid joints. The system can be used to plan shoul-
der replacement surgery and to dynamically assess the ROM of prostheses, PHFs
and hip joints with FAI To technically validate the system we have performed a
cadaveric evaluation study. With regards to PHFs, we draw several conclusions
on the consequences of fracture morphology on bone-determined ROM. Three
case studies are presented that describe the application of the ROM simulator to
a PHF case, a case of prosthetic dislocation after primary hip arthroplasty and a
case of femoroacetabular impingement.

e We present a technique for the comprehensive visualisation of multi-joint kine-
matic data used in orthopaedics and rehabilitation medicine. The technique is
integrated in the data acquisition process and allows researchers to explore the
data rather than to validate a pre-determined hypotheses.

1.5 Structure of this thesis

In this thesis we discuss image processing, diagnostics, pre-operative planning and the
evaluation of kinematics. The structure of this thesis is defined by the order in which
these concepts are encountered in the treatment of patients, followed by a description
of possible clinical applications. For an overview of the structure, see Figure 1.4.

In Chapter 2 we present an application of medical visualisation in image proces-
sing. A novel segmentation method that combines surface and volume processing
techniques is described, forming a fast and effective approach that segments the hu-
merus and scapula from CT scans of arthritic shoulder joints. The severely patholo-
gical state of the joint is associated with irregularities of the bone surface and large
variations in bone density, thereby complicating segmentation and posing a challen-
ging problem.

In Chapter 3 a technique is presented for the simulation and visualisation of
patient-specific bone-determined ROM for shoulder arthroplasty. The techniques are

7
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Structure of this Thesis

Patient Treatment
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Figure 1.4: The structure of this thesis. RA/OA = Rheumatoid ar-
thritis/osteoarthritis, PHF = Proximal humerus fracture and FAI = Femoroacetabular
impingement.

integrated in a pre-operative planning solution, allowing the surgeon to make adjust-
ments to the prosthesis position and alignment. Adjustments to the pre-operative plan
affect the ROM, which is subsequently recalculated and depicted using a comparative
visualisation technique. Optimisations have been implemented to enable interactive
utilisation of the system.

In Chapter 4 we describe a validation study on the prediction of impingement
using the ROM simulator. Two cadaveric shoulders were replaced with a modular
shoulder prosthesis. A computer navigation system was used to register the occur-
rence of impingement and these registrations were compared to the predictions by
the ROM simulator.

In Chapter 5 we study the implications of shoulder fracture morphology on the
bone-determined ROM of the glenohumeral joint. We demonstrate that specific frac-
ture patterns lead to reduced bone-determined ROM and that there is a relation bet-
ween morphological properties of the humeral head and the available range of bone-
determined ROM.

Following the work on ROM simulation, Chapter 6 discusses a novel visualisation
technique for the analysis of multi-joint kinematic data. Through a combination of a
forward and inverse visual query system, large collections of multijoint kinematic data
can be compared and relations between kinematic parameters can be found without
a pre-determined hypothesis.

Chapter 7 describe clinical applications of the ROM simulation system. We present
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three case studies in which the system supported treatment decisions.
Finally, in Chapter 8 we discuss important conclusions that follow from this thesis
and we present a brief outlook on the future of medical visualisation.
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Chapter 2

Abstract

Segmentation of rheumatoid joints from CT images is a complicated task. The patho-
logical state of the joint results in a non-uniform density of the bone tissue, with holes
and irregularities complicating the segmentation process. For the specific case of the
shoulder joint, existing segmentation techniques often fail and lead to poor results.
This chapter describes a novel method for the segmentation of these joints.

Given a rough surface model of the shoulder, a loop that encircles the joint is
extracted by calculating the minimum curvature of the surface model. The intersec-
tion points of this loop with the separate CT-slices are connected by means of a path
search algorithm. Inaccurate sections are corrected by iteratively applying a Hough
transform to the segmentation result.

As a qualitative measure we calculated the Dice coefficient and Hausdorff distan-
ces of the automatic segmentations and expert manual segmentations of CT-scans of
ten severely deteriorated shoulder joints. For the humerus and scapula the median
Dice coefficient was 98.9% with an interquartile range (IQR) of 95.8% - 99.4% and
98.5% (IQR 98.3% - 99.2%) respectively. The median Hausdorff distances were 3.06
mm (IQR 2.30 mm - 4.14 mm) and 3.92 mm (IQR 1.96 mm - 5.92 mm) respectively.

The routine satisfies the criterion of our particular application to accurately seg-
ment the shoulder joint in under two minutes. We conclude that combining surface
curvature, limited user interaction and iterative refinement via a Hough transform
forms a satisfactory approach for the segmentation of severely damaged arthritic
shoulder joints.

12



Fused joint segmentation

2.1 Introduction

In orthopaedic surgery, CT-scans are routinely used to diagnose and plan joint re-
placement surgery for severe cases of osteoarthritis and rheumatoid arthritis. These
diseases are the two most common forms of arthritis and are characterised by heavy
deterioration of the cartilage and bone surface of joints. The CT-scans yield anatomi-
cal information that is hard to obtain through other means. A wide variety of ortho-
paedic applications require CT-scans to provide pre- and intra-operative assistance to
the surgeon (Krekel et al., 2006, Di Gioia III et al., 2007, Sato et al., 2000).

Segmentation of the data enables the surgeon to distinguish the geometry of the
different bones of the joint. This allows for fast assessment of the state of the patho-
logical joint and provides means to set up a pre-operative plan for surgery. One of the
target applications for our segmentation routine utilises the bone geometry for bio-
mechanical modelling of the shoulder. The challenging aspect of this segmentation
problem is that bone tissues need to be separated, rather than just classified.

For arthritic joints the segmentation process is typically complicated by large va-
riations in bone density and irregularities of the bone surface (see Figure 2.1 for an
example slice of such a dataset). The varying bone density complicates interpretation
of the data. In addition, the joint often appears to be fused in the CT data due to the
significantly decreased joint space. As the cartilage of pathological joints wears off,
the joint space can become virtually untraceable. This is further complicated by the
limited resolution of the CT scanning equipment. Manual slice-by-slice segmentation
is labour intensive and may take up to two hours per dataset.

Existing segmentation techniques, including a high-level integration of level-sets
and watershed segmentation, have limited success with this specific segmentation
task, as discussed by Botha (Botha, 2005). Although these techniques lead to accurate
segmentation results, they require adaptation of numerous parameters. This is a
time-consuming process and therefore these techniques are not suitable for clinical
protocols.

One of the promising techniques for separating skeletal structures is presented
by Kang et al. (Kang et al., 2003). The technique consists of 3D region growing
with locally adaptive thresholds, followed by a mixture of 3D and 2D morphological
operations to close holes in the segmentation. The resulting segmentation is then
smoothed by adjusting its containing iso-surface. The technique is applied to the hip,
the knee and the skull. The authors state that a site-specific approach is required for
separating different bony structures at joints before their techniques can be applied
and that this separation is site specific. In our opinion, the determination of this
site-specific separation method is one of the most challenging tasks in the case of the
shoulder due to its deformed shape.

13
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Figure 2.1: A single slice of a CT-dataset used in this study. The image shows the
right and left shoulder in the transverse plane (i.e. view from feet to head). As can
be seen, the left shoulder joint (on the right side of the image) is heavily deteriorated
due to rheumatoid arthritis, complicating segmentation of this shoulder.

In the work of Zoroofi et al. rheumatoid hip joints are segmented by making
use of histogram-based thresholding (Zoroofi et al., 2003). A number of landmarks
are chosen relative to the convex hull. These points are used to construct an initial
ellipsoid around the femoral head. This ellipsoid is used to derive an initial estimate
of the joint space, which is subsequently refined on a Hessian-filtered version of the
data. Although their method yields accurate segmentation results for less arthritic
joints, the joint spaces of severely arthritic and extremely arthritic hips were only
correctly segmented 30% and 12% respectively.

Branzan-Albu et al. and Tremblay et al. describe a technique for segmenting
shoulders from T1-weighted MRI images of healthy shoulders (Branzan-Albu et al.,
2004, Tremblay et al., 2004). Although this work is based on MRI data rather than
CT data, it is relevant because it specifically targets the shoulder. A separate 2D
segmentation is performed on each 2D slice. This segmentation is based on Wiener
filtering, Sobel edge detection and region growing. Morphological techniques are
used to successfully reconstruct a smooth 3D segmentation from the 2D segmentati-
ons. However, this work focuses on healthy subjects with large acromiohumeral and

14
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glenohumeral distances. Their technique does not address the problems of decrea-
sed joint space and bone decalcification. It does however indicate the promise of
MRI-based techniques for the segmentation of the shoulder skeleton.

Model-based segmentation techniques can also lead to a successful solution for
the segmentation of anatomical shapes (Tao et al., 2002, Pitiot et al., 2004, Wu and
Sun, 2006). In orthopaedics, statistical shape models for hips and knees have been
investigated (Rajamani et al., 2007, Fleute and Lavallee, 1998). However, the great
variability in healthy shoulder bone anatomy, together with the numerous small and
unpredictable variations due to the rheumatoid state of the shoulders that we wish
to segment, greatly complicate the successful application of shape models (Prescher,
2000, Von Schroeder et al., 2001).

We were inspired by curvature-based segmentation techniques that operate di-
rectly on 3-D surface meshes. For example, by adapting the morphological watershed
to segment regions of similar surface curvature on 3-D meshes, object surfaces can be
decomposed into meaningful regions (Mangan and Whitaker, 1999,Page et al., 2003).
This generally works well for the segmentation of solid objects that give a sharp con-
tour in the image data. However, for organic structures watershed techniques lead to
less satisfactory results.

To the best of our knowledge no algorithm exists that can be used for the segmen-
tation of severely deteriorated shoulder joints from CT data. The discussed techniques
require extensive adaptation to be applicable to this difficult segmentation problem.
Usage of these adapted techniques would require image processing expertise and the-
refore they cannot be included in day-to-day clinical workflow.

In this chapter we describe a new technique that exploits the spherical shape of the
humeral head to automatically segment the rheumatoid joints. The centre of rotation
of the glenohumeral joint can be determined by applying a Hough transform directly
on the CT data, as described in (Van der Glas et al., 2002). In the pathological case,
this spherical shape may have partially disappeared and often appears to be fused
with the shoulder blade. However, the remaining curved shapes give an indication
of where the joint gap is located. Our technique utilises this knowledge and, with
a minimum of user interaction, segments highly pathological glenohumeral joints in
less than two minutes.

The major contribution of our work is that we combine curvature information of
surface data with path searching techniques on volumetric data. By combining these
techniques, we retain fine details of the volumetric data, enabling this fast routine to
result in accurate bone models. Concepts traditionally from visualisation are combi-
ned with concepts traditionally from image processing in order to solve a challenging
segmentation problem. Expert orthopaedic surgeons stated that the segmentation
process is sufficiently accurate and fast to be included in a clinical protocol, enabling

15
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() (b) (©

Figure 2.2: Overview of the stages of our segmentation method. (a) The input
data. (b) The data after pre-processing, described in Section 2.2.1. (c) The joint
separation loop, described in Section 2.2.2. (d) Slice-by-slice separation contours
(Section 2.2.3). (e) The Hough feature volume (Section 2.2.4). (f) The final segmen-
tation result, obtained after iteratively applying the slice-by-slice separation contours
and the Hough feature volume (Section 2.2.5).

a wide variety of diagnosis and surgical planning purposes.

The remainder of this chapter is structured as follows: Section 2.2 presents the
details of our new segmentation technique and section 2.3 documents the results of
an evaluation we performed on ten pathological shoulder CT datasets. In Section 2.4
we present our conclusions and plans for future work.

16
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2.2 Method description

The severity of rheumatoid arthritis can be represented by the widely accepted Larsen-
score (Larsen, 1995). It is determined using radiographs and indicates how much
bone damage has been done by the disease. A high Larsen score generally means that
a corresponding CT-scan will be difficult to segment. We have developed our techni-
ques for segmentation of the highest severity level (level 5) of this score. This level
of the Larsen-score implies that the joint has deformed from its normal anatomical
shape and the density of the bones is not uniformly distributed. In addition, holes are
scattered over the articular surface of the bone. For many of the slices the joint space
is not visible. These factors lead to a challenging segmentation problem.

Our segmentation technique consists of four stages (see Figure 2.2) of which the
first stage is a preprocessing stage to counteract variability in the scan parameters
and to alleviate noise. During the second stage a contour is determined that encircles
the glenohumeral joint. The third stage connects the pairwise intersection points of
this loop and the individual CT-slices. This temporary segmentation is refined during
the fourth stage by creating a surface model of the connecting lines and applying
a Hough transform to this model to determine how plausible the different parts of
the segmentation are. The Hough transform allows us to improve the segmentation
results at noisy parts of the CT-data, difficult to interpret due to the rheumatoid state
of the joints.

2.2.1 Preprocessing

Clinical CT data is most often anisotropically sampled with the slice thickness being
greater than the pixel size. To facilitate later processing steps, the data is isotropi-
cally resampled with trilinear interpolation, after which it is smoothed with a Gaus-
sian filter with a standard deviation of 1.5 and radius of 2 voxels to counter noise.
The window size is chosen so that the joint space is preserved after smoothing. The
smoothed volume is used for the second stage of our approach that requires a vo-
lume with larger scale features. The unsmoothed isotropic volume that is used for the
actual slice-by-slice segmentation should contain all details of the original volume.
To enhance the edges of the volume, it is sharpened with the following voxel-wise
operations: 1) The volume and its gradient magnitude are summed; 2) The gradient
magnitude of this sum is subtracted from the volume.

The Hounsfield Scale is defined such that distilled water results in a Hounsfield
Unit (HU) of 0, whereas air at Standard Temperature and Pressure results in a HU of
-1000. With these standards cortical bone has a HU of 400 and rheumatoid bone has
a HU of 200. Surrounding muscle tissues have a HU of 50. As a result of this, the
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(a) Minimum Curvature (b) Path Seeking (c) Joint Separation Loop

Figure 2.3: Extraction of the joint separation loop. (a) First, the minimum curvature
of the rough surface model is calculated. Areas with negative minimum curvature are
highlighted. (b) The user selects a highlighted part of the surface model where the
glenohumeral joint is located and this initiates a path searching algorithm. (c) The
path seeking algorithm uses a cost function to encircle the glenohumeral joint and
return this edge loop as output.

gradient magnitude of the pathological articular surface varies between 0 and 160.

2.2.2 Joint separation loop

We define the joint separation loop as the contour that encircles the fused humerus
and scapula, running along the valley, an elongated surface depression, where the bo-
nes meet. The joint separation loop will be used in later stages to derive a surface that
separates the humerus and scapula. In this section we document the determination
of the joint separation loop. Figure 2.3 gives an overview of this stage.

To initiate this stage, the smoothed volume is converted to a coarse surface mo-
del of the bones using the Marching Cubes algorithm (Lorensen and Cline, 1987).
Although healthy bone has a HU of approximately 400, experiments showed that a
threshold value of 100 captures most of the bone geometry when it is in a pathological
state.

Due to joint space narrowing the result is a single surface model that represents
a fused scapula (i.e. shoulder blade) and humerus (i.e. upper arm). The different
shapes of these bones result in a clearly visible valley between the scapula and the
humerus that can be extracted by finding an edge loop that runs along vertices where
the minimum curvature has a great magnitude.

In order to determine the required surface curvature, based on our triangular
mesh, we have used the technique described by Page et al. (Page et al., 2002). Their
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method determines the surface curvature at each vertex of a mesh as follows: First
all triangles in a neighbourhood of configurable size around the vertex are extracted.
Then the normals of these triangles are combined with an inverse distance weigh-
ted averaging to determine the normal at the vertex. Finally this central normal and
the positions of the vertices of the surrounding triangles are used to derive a curva-
ture tensor, of which the Eigen-analysis yields the principal curvatures at the central
vertex.

To extract the joint separation loop, the user selects any part of the glenohumeral
joint. The vertex closest to the point selected by the user acts as the seed for a surface
constrained region growing method. The seed is the initial region. Neighbouring
vertices, i.e. nodes, are iteratively added to the region until the joint is completely
encircled.

At each iteration, a cost function is evaluated for every node neighbouring the
current region:

N
Ct =Y b =1l > (1+[lex]]) 2.1
k=1

The cost function is a modification of Dijkstra’s shortest path algorithm which minimi-
ses the length of a path between two nodes (Dijkstra, 1959). Parameter x refers to the
position of a node. Parameter o prevents sharp inflections in the different branches
and is described below.

Because the glenohumeral joint is a ball and socket joint, we can safely state that
the joint separation loop will be located roughly in a single plane. To determine
whether the direction of a growing tip of the path deviates from the direction of its
predecessors, we evaluate the angle between the vector perpendicular to the front
half of its preceding segments and the vector perpendicular to all of its preceding
segments. Figure 2.4 illustrates how this angle o is determined.

Because we are interested in the joint separation loop, the paths should specifi-
cally connect nodes that have a negative minimum curvature. Therefore, when the
minimum curvature of a particular path is positive for three consecutive steps, it is
assumed the path has left the joint gap. The path is then discontinued. The number
of three was chosen so that occasional bumps in the surface do not restrain the algo-
rithm from finding a solution, while paths do not continue to expand outside of the
joint gap.

The expectation is that a path evolves in two directions from a starting point and
will eventually encircle the joint. In other words, the two tips of the path should meet
each other. At each iteration, we check whether a newly added node neighbours any
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Figure 2.4: Parameter o of equation 2.1. The angle in radians is calculated between
the vector perpendicular to the front half of the preceding segments and the vector
perpendicular to all of the preceding segments. The vectors wl and w2 are directed
perpendicular to v1, u1 and v2, u2 respectively. If the path takes sharp turns, the value
of a will increase, thus increasing the total cost of the path. This prevents sharp
inflections.

other part of the path. If so, this could indicate a successful encirclement. Two further
conditions have to be satisfied:

1. The two tips have to run in opposite directions when they meet. This is the case
if the dot product of their respective directions is negative.

2. The total path has to form a closed loop. This is the case if the accumulated
path normal is close to 0. The accumulated path normal is defined as the sum
of all surface normals crossed by the path, each scaled by the inverse of the sum
of the edges before and after the vertex that it is defined on.

When the algorithm terminates, the result is a closed loop that encircles the gleno-
humeral joint. We refer to this loop as the joint separation loop.
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2.2.3 Slice-by-slice separation contour

In this stage the joint separation loop is used to derive, for each slice of the unsmoot-
hed isotropic volume (see Section 2.2.1 Preprocessing), a 2-D contour separating
humerus and scapula. Together, these contours will form a surface that separates the
humerus and scapula in 3-D. On each slice, the two intersection points of the joint
separation loop with that slice serve as the end-points of the 2-D separation contour.

In the case of a healthy joint, the humerus and scapula would be separated by
a region of low intensity voxels. In our case, the more dense outer layers of the
humerus and scapula are pressed together, resulting in a transition region of more or
less consistent, but not necessarily low, density. The 2-D separation contour attempts
to connect its endpoints whilst remaining within this transition region and crossing
pixels of similar values to the values of the endpoints.

To connect a pair of endpoints a path seeking algorithm is used. The cost function
attempts to minimise the variation between consecutive pixels in the path. In our
data, bone has a HU of at least 100, while soft tissue surrounding the bone has a
range somewhere around 0 HU. To capture this variation, we determine the absolute
difference between the HU of a pixel and the HU of its predecessing pixel, divided
by 100 and clipped to [0.0, 1.0]. These last two steps are required to control the
influence of the variation within the cost function, relative to the additional parameter
that is introduced in Section 2.2.5.

The cost function is defined as:

oy o He— Hil
C 7;mln(1,W) (2.2)
where H is the HU of a pixel. From both points a path evolves that minimises
the cost function. When the two paths find each other, the path seeking algorithm
terminates and re-initialises for the point pair of the next slice.

It is highly unlikely that the segmentation is correct after the initial pass, because
the pathological state of the shoulder allows the paths to run through cortical bone,
the thin outer layer of bone that normally has a high density and strength. However,
even an erroneous segmentation provides a useful basis for the subsequent refinement
stage.

2.2.4 Hough feature volume

In this stage the 2-D separation contours are used to derive a feature volume, based
on the Hough-transform, that will be used in the subsequent stage to extract a surface
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Figure 2.5: Surface model of the stacked 2-D separation contours. Highlighted areas
indicate a high confidence value 7, further explained in Section 2.2.4.

that accurately separates the humerus and the scapula.

An encapsulating surface is constructed of the rasterised separation contours (see
Figure 2.5). The surface is Laplacian smoothed with 20 iterations. This method yields
suitable surface normals for further analysis. In spite of this, it would be interesting
to investigate alternative volume-preserving smoothing methods in the future, such
as those proposed by Taubin and Vollmer et al. (Taubin, 1995, Vollmer et al., 1999).

We apply a Hough transform to the smoothed surface (Duda and Hart, 1972). For
each point on the smoothed surface we follow its extended normal through an empty
volume, rasterising it using Bresenham’s algorithm (Bresenham, 1965). The result
is a volume where each voxel contains a scalar equal to the number of times that
an extended surface normal of the smoothed surface has intersected that particular
voxel. Due to the sphericity of the humeral head and hence the smoothed surface,
the area under the centre of the head contains consistently higher values.

Again, for each point on the smoothed surface we follow its extended normal
through the Hough volume and determine the position of the voxel that contains the
highest number of intersections. This position is referred to as the point origin of
the surface point that it corresponds with. The confidence value y of a surface point
is defined as the ratio between the Hough value at its point origin and the maximal
value of the Hough volume. In other words, if a point origin is located at a globally
high Hough value, it is likely that the surface point is located within the joint space
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(a) Hough Volume (b) CT slice (c) Confidence y (d) Agreement A

Figure 2.6: (a) The Hough volume is determined by applying a Hough transform to
the surface formed by the slice-by-slice separation contours. (b) For each point on this
surface a point origin O is determined, together with a vector v pointing to this point.
(c) Confidence v is a fraction of the Hough value of the surface point’s point origin,
relative to the maximum value in the Hough volume. The values of O, v and y are
3D-splatted across the surface using Gaussian kernels. For all voxels we determine
the distance to their 3D-splatted point origins. (d) The agreement A is the extent to
which this distance and the length of the 3D-splatted vector ¥ correspond with one
another.

and therefore we assign a high confidence. For each smoothed surface point, the
point origin, the vector to the point origin and the confidence are stored.

The smoothed surface is voxelised using 3-D splatting: For each surface point, a
Gaussian kernel (standard deviation 1.5, radius 5 voxels), weighted by the confidence
v for the point, is centred on the closest voxel position for that point. The point’s sto-
red information is additively spread to surrounding voxels via the confidence weigh-
ted kernel. After all surface points have been traversed, the voxelisation is normalised
with the per-voxel accumulated confidence. The per-voxel accumulated confidence is
separately normalised by the maximum per-voxel accumulated confidence.

For every voxel an agreement value A is determined, defined as the extent to
which the voxel location is in agreement with the Hough surface determined by the
neighbouring voxels (see Figure 2.6).
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2.2.5 Iterative refinement

In this step, the slice-by-slice separation contours are iteratively recalculated in accor-
dance with the Hough feature volume. The resulting slice-by-slice separation contours
form the final segmentation.

As shown in Figure 2.2, after their initial execution, stages 2.2.2 Joint Separation
Loop and 2.2.3 Slice-by-slice Separation Contour are repeated until a sufficiently ac-
curate set of separation contours are produced. With each iteration, new contours are
calculated based on the Hough feature volume of the previous iteration, and based on
these a new Hough feature volume is derived. The cost function C”, shown in equa-
tion 2.3 and used in all repeated iterations is a modified version of the cost function
CM used in the initial iteration. Whereas C takes into account only the variations
in volume intensity along the contour, C” takes into account the agreement value A
described in Section 2.2.4 as well.

||Hx — Hy 1]

N
C" =Y % x A+ (1—y) xmin(1, 100

k=1

) (2.3)

More specifically, if confidence y is low, i.e. a point is not close to the Hough
surface, its cost is primarily determined by its intensity variation. However, if con-
fidence y is high, i.e. the point is close to the Hough surface, the agreement A of
a point contributes more heavily to the cost: High agreement leads to low cost and
vice versa. With this, we ensure that contours run through surface points that are
located close to the Hough surface and are in agreement with their neighbours as to
the location of that surface.

The algorithm is iterated until convergence. The criterion for this is that two
consecutive steps produce the same segmentation result. Inspection showed that for
most of the datasets four iterations of the algorithm are sufficient for convergence.
After the last iteration the joint separation lines are used to separate the two bones
and create two distinct volume masks.

2.2.6 Evaluation

We have evaluated our technique on ten shoulder CT-datasets. The datasets we used
for testing were acquired from the hospital PACS and were performed over a period as
part of the standard treatment workflow. As such, CT parameters vary (see Table 2.1).
All shoulders were diagnosed by an orthopaedic surgeon and rated as the highest level
(level 5) of rheumatoid arthritis using the Larsen-score.
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Figure 2.7: Three iterations of the segmentation algorithm. The colour mapping
equals that of Figure 2.5. With each iteration, the smoothly curved surfaces influence
the cost-function of neighbouring areas by evaluating whether a separation contour
is in agreement with nearby parts of the Hough surface.

Table 2.1: Scan parameters of the evaluation scans.

Dataset X-Ray Tube Current Exposure Time Spatial Resolution

1 120 1000 0.900 x 0.900 x 1.000
2 160 500 0.900 x 0.900 x 1.000
3 160 600 0.858 x 0.858 x 1.000
4 339 500 0.970 x 0.970 x 1.000
5 500 500 0.488 x 0.488 x 1.000
6 339 500 0.970 x 0.970 x 1.000
7 376 500 0.885 x 0.885 x 2.000
8 70 500 0.412 x 0.412 x 1.000
9 410 500 0.934 x 0.934 x 2.000
10 158 500 0.919 x 0.919 x 1.000

2.3 Results

To determine the accuracy of the algorithm, we compared the resulting segmented
voxel masks with voxel masks that were obtained with manual segmentation. The
voxel masks consisted of separate humeral (upper-arm bone) and scapular (shoulder
blade) volumes. Manual segmentation was performed by an expert orthopaedic sur-
geon. We extracted a volume of interest which contained the glenohumeral joint plus
an additional 10% of its size in all directions.
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Table 2.2: Validation results of 10 shoulder CT datasets. The first column shows the
id of the CT dataset. The second column shows the Dice coefficient of the voxel mask
as created by manual segmentations and as created by our technique. Column three
shows the Hausdorff distances.

Humerus

Dataset Dice coefficient [%] Hausdorff distance [mm]
1 98.88 1.84
2 98.59 2.45
3 98.99 3.17
4 99.13 2.45
5 94.28 5.59
6 94.8 3.04
7 93.93 5.55
8 99.58 3.07
9 99.53 1.69
10 99.04 3.67
Scapula

Dataset Dice coefficient [%] Hausdorff distance [mm]
1 98.28 2.11
2 98.6 4.52
3 99.18 9.28
4 98.34 1.52
5 98.47 4.75
6 97.05 2.97
7 97.84 4.83
8 99.53 9.19
9 99.53 1.26
10 99.25 3.30

For quantitative evaluation we calculated the Dice coefficient between all manual
segmentations and the segmentations derived by our technique. The Dice coefficient
P,,, expressed as a percentage for convenience, is defined as follows:

_ 2x|SNR|

o = 100% 2.4
Vo |S|+|R‘ X © ( )

where S and R refer to the two segmented volumes that are being compared. A voxel-
perfect segmentation results in a Dice coefficient of 100%.
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Table 2.2 shows the Dice coefficient for all datasets for both the scapula and the
humerus. For the humerus, the median Dice coefficient was 98.9% with an inter-
quartile range (IQR) of 95.8% to 99.4%. For the scapula, the median Dice coefficient
was 98.5% with an IQR of 98.3% to 99.2%.

The extent of the volumes was limited to the volume of interest as used for the
segmentation steps, i.e. the joint gap. This entails that a small segmentation error will
have a significant effect on the Dice coefficient. However, because we also wanted to
have a qualitative measure independent of the size of the volume masks, we calcu-
lated the Hausdorff distances using Mesh 1.13 (Aspert et al., 2002). The Hausdorff
distance is the maximum distance of a volume to the nearest point in the other vo-
lume and thus reflects the largest segmentation error. As a frame of reference, please
note that the average diameter of proximal humeri is approximately 46 mm (Boileau
and Walch, 1997). For the humerus, the median Hausdorff distance was 3.06 mm
with an IQR of 2.30 mm to 4.14 mm. For the scapula, the median Hausdorff distance
was 3.92 mm with an IQR of 1.96 mm to 5.92 mm. The Hausdorff distances were
added to Table 2.2.

The results of an evaluation dataset together with its manual segmentation can be
seen in Figure 2.8. The Dice coefficients for the initial segmentation and three itera-
tions are 56.32%, 84.12%, 97.30% and 98.88% for the humerus model and 69.02%,
87.99%, 96.78% and 98.28% for the scapula model. These are typical increments of
accuracy that we see for other datasets.

In all cases, the complete segmentation process completed in under two minutes
on a 2 GHz Core T2500 laptop processor. The time needed to find the joint separation
loop ranged from about five to about ten seconds.

2.4 Discussion

2.4.1 Limitations

For datasets 5 and 7 the humerus volume mask differed considerably from the ground
truth segmentation. Also, the Hausdorff distances of the scapulae of datasets 3 and 8
were relatively large. Upon closer inspection we noticed that osteophytes, i.e. bone
deformations, at the edge of the glenohumeral joint had been included in the automa-
tically segmented volumes, while they had been excluded from the manual segmen-
tations. Because the density of these osteophytes varies heavily, subtle segmentation
differences may influence whether an osteophyte is included in the segmented vo-
lume. A possible improvement would be to highlight the osteophytes and allow the
user to explicitly make these segmentation decisions.
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Figure 2.8: The scapula and humerus model of an evaluation dataset after the initial
slice-by-slice segmentation and three subsequent iterations. The most right image
shows the manual segmentation that was used to evaluate the quality of our segmen-
tation.

Figure 2.8 and the corresponding Dice coefficients point out that the segmentation
quality improves considerably during the first iterations. A side effect of our appro-
ach is that when slice-by-slice separation contours of adjacent slices follow a smooth
curve, the Hough feature volume will pick up this smooth area and force the slice-
by-slice separation contours in subsequent iterations in the same erroneous direction,
never improving the segmentation quality for these specific parts. In general, the er-
roneous parts of the slice-by-slice separation contours do not follow smooth curves,
because they run through the pathological bone area rather than through the joint
space. Consequently, this distortion has limited effect on the segmentation accuracy
of our approach, as shown by the evaluation results.

The criterions used for determining and closing the joint separation loop perform
very well for the evaluation datasets. It is conceivable that one of the criterions is not
met, although we have not experienced this for any of the 10 evaluation datasets. In
this case, no joint separation loop will be returned and the surgeon has to reselect
the joint to retry. As demonstrated by Chambers et al. the complexity of finding the
shortest separating loop is a NP-hard problem (Chambers et al., 2008). The criterions
we use to find the joint separation loop (i.e. evaluation of the minimum curvature
of the surface and prevention of sharp inflections) are useful exploits, reducing this
problem to a routine that, at least for the 10 evaluation datasets we used, returns
a joint separation loop within ten seconds. One can think of ways to improve this
algorithm, for example by using more selection points, adding to the robustness of
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the algorithm.

Another limitation of this study that the quality of the evaluation data differed due
to the varying acquisition parameters and subject variability. For example, the contra-
lateral shoulder of subject 6 contained a prosthesis, producing scattering effects in
the CT-scan. Although the visible scatter in the segmented shoulder was limited, this
additional noise may affect the segmentation routine. A future phantom study would
be interesting to systematically assess the sensitivity of our algorithm to noise. Howe-
ver, the large variation in our data suggests that the technique is relatively robust and
thus applicable to CT scans with different noise levels.

2.4.2 Conclusion

In this chapter we have presented a novel segmentation technique that combines
surface and volume processing to provide fast and accurate segmentation of arthritic
glenohumeral joints from CT data. From the evaluation we conclude that our techni-
que is sufficiently accurate for the segmentation of heavily deteriorated glenohumeral
joints.

The segmentation results of our data collection of ten shoulders were compared
to the manual segmentation as performed by an expert surgeon. The Dice coefficients
and Hausdorff distances indicate that our technique yields highly accurate results
compared to manual segmentation. Our technique was sufficiently robust to extract
accurate segmentations from the datasets in spite of their pathological nature, as
indicated by the Larsen-score level 5, the varying bone density and small joint space,
and in spite of varying acquisition parameters.

To our knowledge, no other segmentation techniques exist that have been shown
to cope with arthritic shoulder joints. As discussed in the introduction, Botha has
shown that level-sets and watershed segmentation have limited success, in the course
of which setting the parameters is a time-consuming process not suitable for clini-
cal practise (Botha, 2005). Although Zoroofi et al. successfully segmented arthritic
hip joints, they were less successful for arthritic hips with Larsen-score 4 and 5 (Zo-
roofi et al., 2003). The lack of fast segmentation techniques capable of segmenting
arthritic shoulder joints was our motivation for the research described in this work.
The technique is currently applied to a pre-operative planning application used in our
clinic and will serve as a basis for surface-based orthopaedic applications that involve
arthritic shoulder joints. The high accuracy together with the short time required for
the segmentation process make this technique a good approach for the segmentation
of glenohumeral joints in a clinical environment.

In future work we will test algorithm performance on other pathological joints,
such as the hip and knee joint. Because these joints normally have a highly curved
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surface like the glenohumeral joint, we expect that the algorithm may also work on
these joints.
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Chapter 3

Abstract

Pre-operative planning systems aid clinicians by giving insight into patient-specific
issues before surgery is performed. The ability to perform a virtual shoulder replace-
ment procedure enables the surgeon to explore the probable and plausible outcomes.
Pre-operative planning software assists the surgeon in this complex decision-making
process.

In our prototype pre-operative planning system for shoulder replacement, we cre-
ate patient-specific bone-determined range of motion predictions based on collision
detection using segmented CT-data. The gleno-humeral range of motion is visualised
with motion envelopes, that indicate the maximum range of motion of the humerus
in every direction. The prosthesis placement parameters can be adjusted interactively
in our simulator, during which a novel visualisation technique depicts the differences
between the current and previous range of motion.

In this chapter we present a fast and efficient method for highly interactive vi-
sualisation of collision detection based range of motion for the gleno-humeral joint.
We are able to show in real-time the consequences of adjustments made to a planned
shoulder prosthesis alignment by using geometry clipping-based optimisation, as well
as precalculation and interpolation techniques.
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3.1 Introduction

Osteoarthritis and rheumatoid arthritis, the two most common forms of arthritis, can
lead to severe joint damage. The resulting pain and limited joint motion significantly
restrict the patient in performing daily activities. In such cases, a joint replacement,
i.e. a surgical procedure where parts of the joint are replaced with artificial com-
ponents, may be indicated. A successful joint replacement leads to pain relief and
improved joint mobility.

Replacement operations have a high success rate in the case of the hip or the knee
joint. In the case of the shoulder, however, the procedure is often successful with
regard to pain relief, but far less successful with regards to post-operative joint mo-
bility or the durability of the implant. The extra complicating factors are the higher
complexity of the shoulder joint and the limited field of view during surgery. Our pri-
mary motivation for developing a pre-operative planning system is to assist surgeons
in performing the difficult shoulder replacement operation, and thereby helping to
improve the success rate.

In a total shoulder replacement, the humeral head and the glenoid fossa are re-
placed with artificial components, as shown in Figure 3.1. The standard technique
for planning a shoulder replacement is template-over-x-ray planning, which invol-
ves overlaying several transparent templates of different prostheses on radiographs
of the shoulder to determine an appropriate prosthesis. However, the radiographs
lack spatial information along the view direction, leading to visual ambiguities that
complicate the planning. Our prototype shoulder replacement pre-operative plan-
ning system improves on this by allowing the surgeon to simulate the surgery in 3-D.
Patient-specific information is extracted from a pre-operative CT scan. During the si-
mulation, the system gives feedback on the surgeon’s virtual surgery with regards to
the predicted outcome of the operation.

An important aspect of this feedback is the interactive simulation and visualisation
of the post-operative bone-determined range of motion (ROM) of the patient’s shoul-
der. This functionality allows the surgeon to experiment with different prosthesis
implantation possibilities and see, in real-time, what the effect of the changes would
be on the post-operative bone-determined ROM. The interactive patient-specific ROM
simulation and visualisation is the main subject and contribution of this chapter.

The remainder of this chapter is organised as follows: In section 2 we discuss
existing work in the area of pre-operative arthroplasty simulation. Section 3 describes
the simulation of bone-determined ROM for the gleno-humeral joint, followed by
section 4 where visualisation of ROM envelopes and comparative ROM visualisation
is discussed. In section 5 we explain the techniques we apply to enable fast updates
of the comparative ROM visualisation, which greatly improves the interactivity of
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Figure 3.1: Illustration of a shoulder joint after total shoulder replacement.

our simulator. We present our results in section 6, followed by our conclusions and
discussion of future work in section 7.

3.2 Related Work

A wide range of pre-operative planning systems exist, for example Hip-Op (Lattanzi
et al., 2002), HipNav (Simon et al., 1997) and BrainLAB’s VectorVision!. However, to
our knowledge no such specific planning system for the shoulder joint is available at
this time. Probable factors here are the complexity and the relatively lower number
of replacements of the shoulder joint.

Some research has been done on pre-operative ROM estimation for the hip joint.
Jamaraz et al. use analytical modelling of the properties of implants to estimate both
the ROM and the chance of dislocation, with bony impingement hardly playing a

Thttp://www.brainlab.com/
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part (Jaramaz et al., 1997). The approach of Richolt et al. resembles our approach
more closely, by applying collision detection to the 3D problem of bony impinge-
ment (Richolt et al., 1998). Their system is designed for osteotomy rather than joint
replacement and only determines ROM for joint rotation along a single user-defined
axis.

The goal of the Comprehensive Human Animation Resource Model (CHARM) pro-
ject was “modelling a 3D solid human body part with its interior details and having
physically based simulation of movements and deformations” (Maurel et al., 2002).
The emphasis of this project was on animation, rather than patient-specific ROM pre-
diction (Maurel, 1999).

Lastly, the Delft Shoulder and Elbow Model (DSEM) is a complete musculoskeletal
model of the shoulder and elbow joint that mainly focuses on muscle function and
the involved forces and energy (Van der Helm, 1994). However, the DSEM is not
patient-specific and therefore not yet usable for pre-operative planning.

3.3 ROM simulation

In order to calculate the ROM using a segmented CT dataset, we implemented a
simplified bio-mechanical model of the gleno-humeral joint. A generally accepted hy-
pothesis is that the gleno-humeral joint can be approximated by a ball-joint (Meskers
et al.,, 1998, Van der Glas et al., 2002). We combined this model with collision-
detection on surface models of the skeletal structures in the patient’s shoulder.

The surface models are extracted from CT data using the segmentation techniques
described in chapter 2. With this approach, it is possible to extract accurate and
topologically correct surfaces describing the skeletal structures of the shoulder from
CT data. The techniques are also able to cope with arthritic shoulders where joint
space narrowing has occurred or the bone density has been affected. Conventional
techniques, such as double thresholding followed by region growing, do not work in
such cases. Shoulder replacement patients often suffer from both these symptoms.

During interactive simulation, we do not take into account rotation around the
medial axis of the humerus, i.e. endo/exorotation, thereby reducing the number of
degrees of freedom from three to two and greatly speeding up the simulation. This is
a reasonable simplification for the following reasons:

e For a healthy joint, the amount of ROM gained as a result of endorotation and
exorotation is only discernible in the upper extremes of the gleno-humeral joint.
During abductive arm movements, exorotation of the humerus is a common
response to be able to reach higher, though most of that particular ROM increase
is coming from the scapulo-thoracic joint.

35



Chapter 3

Medial Axis

Figure 3.2: A schematic representation of the humerus and its rotational axes. As
can be seen in this image, the additional ROM as the result of endo/exorotation is
related to &, the distance between the medial axis of the humerus and the vertical
axis through the centre of rotation.

e The maximum achievable ROM increase due to exorotation is relatively small.
It is related to the offset of the medial axis of the humerus in relation to the
centre of rotation, as can be seen in Figure 3.2.

e Our simulation gives a conservative estimate of the shoulder ROM.

For testing purposes, we have included functionality in our simulator to determine
and visualise the extra ROM gained by a single, adjustable exorotation angle. This
enabled us to confirm the above-stated assumptions.

The centre of rotation of the gleno-humeral joint is defined by the diameter of
the humeral prosthesis, which has a spherical head. Therefore, adjustments made to
the prosthesis also affect the centre of rotation. For initial placement of the humeral
prosthesis, we have implemented a sphere-fitting method. This entails that a sphere
is fit over the humeral head to approximate the ideal centre of rotation, while conti-
nuously giving feedback on how much of the sphere surface is near or touching the
humerus surface.

Additionally, our simulator is capable of handling hemi-prostheses, which is a
prosthesis without a glenoid component, and reversed prostheses, where the spherical
component is placed at the glenoid. For the latter, the centre of rotation is situated
more inward.

For all prostheses, the ROM envelopes are constructed in the following way. The
humerus is aligned with an initial orientation, which will be the starting alignment
for all iterations. The simulation consists of two nested iterations. During the outer
iteration, the humerus is rotated around the axis marked with A; in Figure 3.2. Note

36



Visualisation of bone-determined range of motion

that axis A; rotates along with A;. At each rotation, the maximum possible orienta-
tion of the humerus around axis A; is found by making use of a binary search. By
repeatedly dividing the search interval in half, our ROM determination executes in
O(logn), where n relates to the effective resolution of the end result of the binary
search. Whenever colliding polygons are detected, we reverse the search direction.
After an evaluation of available collision detection libraries we selected the Optimised
Collision Detection library, or OPCODE (Krekel, 2005, Terdiman, 2001). OPCODE is
a fast and accurate collision detection library based on memory-optimised bounding-
volume hierarchies and most suitable for our particular problem domain. The pseudo-
code version of the ROM determination procedure can be seen in Algorithm 3.1. The
algorithm is also explained in Figure 3.3. For every change in the planning, the com-
plete ROM has to be recalculated.

For hemi-prostheses an extra step is required. The humeral head should make con-
tact with the glenoid at all times. Therefore, the humerus has an additional binary
search iterator for a translational component as well, rather than just for the rotatio-
nal extremes. This is not necessary for total shoulder prostheses, as we are targeting
conformal prostheses, where the diameters of the glenoid and humerus components
are equal. However, using the hemi-prosthesis modelling functionality, our system
should be able to simulate non-conformal prostheses as well.

3.4 Visualisation

Once all directions of our ROM envelope have been probed for their maximum angles,
we can begin constructing the ROM visualisation. We draw lines between the centre
of rotation and an arbitrary point within the end of the shaft of the humerus, and then
transform these lines according to their respective maximum angles. The resulting
envelope is shown in Figure 3.4.

For each change made to the virtual prosthesis placement by the surgeon, a new
ROM envelope is calculated. This enables the surgeon to visualise directly the com-
plete shoulder ROM for a particular set of operational parameters. Being able to see
the envelope update in real-time as changes are being made, helps the surgeon to
investigate the effect of even small changes to the planned operation.

Several parameters that define the placement of the humerus prosthesis can be
adjusted during the interaction. First of all, the cutting plane at the humeral head
can be translated along its normal, as well as rotated around two axes perpendicular
to the normal. Also, the position of the humerus prosthesis relative to the humerus
can have a small offset in any direction within the cutting plane. These adjustments
are also illustrated in Figure 3.6.
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®

Figure 3.3: Binary search algorithm for one line of the ROM envelope. The horizontal
humerus (a) represents the initial orientation. At each iteration, the increment is
added to the previous angle (a, d, e) and halved. If colliding polygons are detected,
the increment is preceded by a negation (b, ¢). If the increment is smaller than a
certain threshold, the line is added to the envelope (f).

Figure 3.4: The visualisation of ROM by means of envelopes.
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Algorithm 3.1 The ROM determination algorithm.

function DetermineROM ((resolution, angle, angle_increment)
i+ 0
while i < 360 do
t_angle < angle
t_angle_increment < angle_increment
while (abs(t_angle_increment)>e¢) do  // e is a threshold for t_angle_increment
SetOrientation(0,0,0) // Set the humerus to an initial orientation
RotateZ((i/resolution) * 360)
RotateY(t_angle)
RotateZ(-(i/resolution) * 360)

if CDQuery()> 0 then // There are colliding polygons
t_angle_increment «+ -abs(t_angle_increment) // Make the increment negative
else
t_angle_increment <+ abs(t_angle_increment) // Make the increment positive
end if
t_angle_increment <+ t_angle_increment x0.5 // Cut increment in half
t_angle + t_angle+t_angle_increment // Add the increment to the previous angle
end while
AddToArray(t_angle)
i + i+ 360/resolution // Proceed to the next direction
end while

The ROM determination algorithm. The auxiliary function CDQuery returns the number of col-
liding polygons. The parameters resolution, angle and angle_increment are adjustable and define
the number of envelope lines, the initial angle we use for our simulation and the increment we
add to the previous angle at each iteration, respectively. Also, the search range depends on
these three parameters.

Placement of the glenoid prosthesis is performed according to a method described
by Botha (Botha, 2005). It is quite strictly constrained by the quality and the geometry
of the scapula. Therefore, we focused on the alignment of the humeral prosthesis.

In order to facilitate this important investigation of the increase or decrease in
ROM that results from a particular change in the planning, we have implemented
comparative visualisation functionality whereby the difference between two ROM en-
velopes can be explicitly visualised. The comparative visualisation is also updated in
real-time as the surgeon interacts with the planning.

For two consecutive envelopes we depict improvements and deteriorations by con-
necting the lines with colored polygons. A red polygon denotes that the most recent
envelope has a more limited ROM in that particular direction than the reference en-
velope, while a green polygon states the opposite. Additionally, the end points of the

39



Chapter 3

Figure 3.5: Comparative visualisation of two ROM envelopes. The first envelope
is a previously determined ROM which was set as a reference envelope by the user.
The second envelope is continuously updated for every adjustment applied to the
prosthesis placement parameters.

lines are connected with arrows, pointing towards the most recent envelope. The
resulting visualisation is shown in Figure 3.5. The reference envelope can be set to
the current or any previously determined ROM envelope at all times.

3.5 Optimisation

To support the interactive usage of our system, we focused on decreasing the time
required to display consecutive ROM envelopes during prosthesis placement adjust-
ments. We have implemented two kinds of optimisations. Only one optimisation
should be picked, depending on the intentions of the user. The first optimisation is
based on precalculation and aims at a thorough exploration of the ROM for a single
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Figure 3.6: These are the possible placement adjustments, that are also systemati-
cally modified during precalculation. In (a) we see the humerus, which can be trans-
lated along the cutting plane. In (b) it is translated along the normal of the cutting
plane. In (c) and (d) we see the two axes used for orientation changes. Note that all
adjustments are applied to the humerus only, thereby changing its position relative to
the prosthesis.

prosthesis. The second optimisation is based on geometry clipping and more suitable
for comparison of the ROM of different prosthesis types. When no time is available
for precalculation, this optimisation should be selected.

We describe both these optimisation methods in the following two subsections. In
section 3.6, we show the results of performance and accuracy measurements on our
simulator with and without optimisation.

3.5.1 Precalculation and interpolation

To ensure a satisfactory frame-rate, we optimised the simulation through precalcula-
tion and interpolation techniques. During the initialisation phase, a variable number
of ROM envelopes are pre-calculated. Depending on the resolution and ranges, this
number can vary from 400 to as much as 2000. For a single orientation of the hu-
merus prosthesis, we start by pre-calculating envelopes for translational adjustments
along the cutting plane (see Figure 3.6a). This is then repeated for translational ad-
justments along the normal of the cutting plane (Figure 3.6b). Finally, the previous
two steps are repeated for variations of the prosthesis orientation (Figure 3.6¢c and
d).

Now that we have completed the precalculation step we can interpolate the ROM
predictions at a high frame-rate, with only little accuracy loss. When the CPU is idle,
the accurate ROM envelope can be calculated and replace the interpolated envelope
with a smooth transition.

The drawback of this approach is that the pre-calculations only hold for a single
type and size of a prosthesis. When the surgeon wants to compare the ROM of various
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prostheses for a particular dataset, precalculation will have to be done for each of
those prostheses.

3.5.2 Collision Clipping

For the concept of collision clipping, we differentiate between placement adjustments
that require geometry adaptation (GA) and those that do not. Geometry adaptation
is necessary for prosthesis placement adjustments that redefine the cutting plane,
relative to the humerus (see Figure 3.6b, ¢ & d).

A problem with geometry adaptation is that the bounding boxes hierarchy, which
is used by the collision detection library, becomes outdated and needs to be rebuilt.
This can take up to 3 seconds for high-density models, slowing down the simulation
unacceptably.

Instead of performing collision detection queries on the clipped model of the hu-
merus, we use the unclipped model. Thus, our collision detection queries may return
collisions of polygons that would normally have been clipped. By adding an additi-
onal query to the algorithm, we can find out on which side of the cutting plane the
colliding polygons are located. If they are on the same side of the cutting plane as the
prosthesis, the collisions are ignored. Otherwise, the algorithm can terminate, since
we only need one admissible collision to identify an unacceptable humerus alignment.

Another slow down is caused by the clipping of the humerus model itself. Because
we have now separated the graphical representation from the collision detection al-
gorithm, the humerus model does not necessarily have to be clipped, other than for
graphical representation purposes. Therefore, we use a much faster graphics hard-
ware geometry cutting plane instead of an accurate clipping algorithm.

3.6 Results

So far, the prototype system we developed has been tested on two in-vivo shoulder
CT datasets of patients requiring total shoulder replacements, with more tests being
planned. However, due to the consistent results generated by the specialised seg-
mentation techniques, we do not expect much deviation from these results for other
datasets.

An orthopaedic surgeon used our simulator and these datasets for prosthesis pla-
cement analysis and stated that the presented ROM estimations correlated with anti-
cipated behaviour. We received positive feedback on the interactively updated com-
parative visualisations, which was experienced as both fast and intuitive.
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Table 3.1: Speed of simulation and rendering in updates per second. no-opt, coll-
clip and interp are short for “no optimisation”, “collision clipping” and “interpolation”
respectively. Collision clipping refers to the measure documented in section 3.5.2. In-
terpolation refers to the measure documented in section 3.5.1. GA refers to “geometric
adaptation” (see section 3.5.2). All performance figures are specified as updates per
second, figures in parentheses refer to speedups relative to “no optimisation” perfor-

mance.

With rendering Without rendering
no GA \ GA no GA \ GA
no-opt 1.79 0.27 1.93 0.30

coll-clip 2.38 (x1.33) 2.22 (x8.22) 2.70 (x1.40) 2.69 (x8.97)
interp 19.23 (x10.74) | 10.81 (x40.04) | 388.7 (x201.4) | 374.4 (x1248)

The accuracy of the interpolation is dependent on the variable density of pre-
calculated ROM envelopes. For this specific benchmark, we calculated the deviation
between various different ROM envelopes that were calculated with and without op-
timisation. In total, the deviation was measured for 5000 ROM angles. The median
deviation was 0°, the inter-quartile range (IQR) was 0.15° (0° —0.15°) and the maxi-
mum absolute deviation was 2.67°. This deviation is small enough to be justified by
the significant interactive speed-increase gained through the optimisation.

We benchmarked the precalculation process as well as the interactive performance
of our simulator on a Pentium 4 running at 2.66 GHz with 512 MB of RAM. The
humerus model consisted of 50.000 polygons, while the scapula consisted of 155.000
polygons. Precalculation of 1782 complete ROM envelopes took 22 minutes. This
has to be performed once per patient shoulder and can be integrated with the CT
acquisition workflow.

Performance figures for the interactive ROM simulation are listed in Table 3.1. As
can be seen, the speed increase due to collision clipping varies from a factor of 1.33
to 8.22 for normal usage of the simulator. The speed increase due to interpolation
varies from a factor of 10.74 to 40.04. If we discard the graphical representation, the
speed increase by interpolation gets as high as a factor of 1248. From these results
we draw the following conclusions:

First, when no optimisation takes place, adjustments that require the geometry to
be modified have a much lower update rate than other adjustments. This originates
in the problem of geometry adaptation (described in section 3.5.2) and results in an
update rate of 0.27 updates/s.

Second, the frame-rates of the aforementioned adjustments are substantially hig-
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her when we apply the collision clipping optimisation. This optimisation enables
interactive usage of our simulator without any form of precalculation. Consequently,
we can use this technique to explore and compare the ROM estimations for multiple
types and sizes of prostheses.

Third, the speed increase for interpolated ROM envelopes without graphical feed-
back is extremely large. This can be ascribed to the interpolation process, which is
far less computationally expensive than the accurate determination of a single ROM
envelope. For unoptimised ROM calculations and collision clipping, hardly anything
of the routine is changed when graphical feedback is disabled, explaining the poor
speed increase for these categories.

We conclude from these results that both optimisations are very effective. Com-
pared to interpolated ROM estimations, the frame-rate for real-time exploration with
collision clipping is on the low side. Perhaps additional speed increase is possible if
we use heavily decimated models or limit the search range to areas where problems
are likely to occur. Nevertheless, the fact that collision clipping does not require pre-
calculation steps, makes it a good alternative for pre-calculated ROM predictions.

3.7 Conclusions and Future Work

In this chapter we presented a practical technique for the calculation and visualisation
of shoulder ROM envelopes. We designed an extensive precalculation and interpola-
tion scheme that enables the exploration of a shoulder replacement planning in real-
time. For every change made by the surgeon during the pre-operative planning, the
resulting ROM can be interactively visualised. We also employ the graphics hardware
clipping plane to achieve interactivity at a lower frame-rate, without the requirement
of precalculation.

Because comparing different ROM envelopes is crucial for the evaluation of dif-
ferent pre-operative choices, we implemented a comparative visualisation for ROM
envelopes. The comparative visualisation can also be updated interactively and expli-
citly shows differences in mobility that result from the surgeon’s actions during the
pre-operative planning.

We performed measurements to show that the difference between interpolated
and calculated ROM envelopes is relatively small. Speed measurements showed that
the simulator is highly interactive when we apply precalculation and interpolation
techniques.

The system we describe in this chapter concerns bone-determined ROM, which
provides feedback on the risk of impingement. We plan to extend this with informa-
tion on the presence of muscle tissue, ligaments and cartilage. Alternatively, a model
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of these aspects could be used, such as the DSEM, described in section 3.2. While
the model would greatly complement our impingement-based ROM system, it is not
yet patient-specific (Van der Helm, 1994). Still, integration of the DSEM is under
consideration for future work.

Our simulator is an important component of a pre-operative arthroplasty planning
system for the shoulder joint (Botha, 2005). However, the presented techniques are
generic and applicable to other joints as well, such as the hip and knee joint. With
regard to the simulator, we will continue to add new functionality and refine exis-
ting features to better fit clinical practise, for example expansion of the prostheses
database and improvement of user interface elements.

Finally, we plan to perform a validation study on cadaver shoulders, where motion
limitation should correspond to the ROM estimations of our simulator.

45



Chapter 3

46



Evaluation of bone impingement prediction
in pre-operative planning for
shoulder arthroplasty

Peter R. Krekel!, Paul W. de Bruin', Edward R. Valstar!,
Piet M. Rozing!, Frits H. Post?, Charl P. Botha?,

'Computer Graphics, Delft University of Technology
’Department of Orthopaedics, Leiden University Medical Centre

Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering
in Medicine 2009; 223(7), 813-822



Chapter 4

Abstract

In shoulder arthroplasty, malpositioning of prostheses often leads to reduced post-
operative range of motion and complications such as impingement, loosening and
dislocation. Furthermore, the risk of impingement complications increases when re-
verse total prostheses are used. For this purpose a pre-operative planning system was
developed that enables surgeons to perform a virtual shoulder replacement proce-
dure. Our pre-operative planning system simulates patient-specific bone-determined
range of motion, meant to reduce the risk of impingement complications and to im-
prove the range of motion of patients undergoing shoulder replacement surgery. This
chapter describes a validation experiment with the purpose of ratifying the clinical
applicability and usefulness of the range of motion simulation module for shoulder
replacement surgery.

Our experiment was performed on cadaveric shoulders. We have set up a data
connection between our software environment and an existing intra-operative guid-
ance system to track the relative positions of the bones. This allowed us to visualise
the patient-specific surface models within our software to the position and alignment
of the tracked bones. For both shoulders range of motion measurements were recor-
ded and tagged with relevant information such as the type of prosthesis and the type
of movement that was performed. The observed range of motion and occurrences
of impingement were compared to the simulated equivalents. The median deviation
between observed impingement angles and simulated impingement angles was -0.30°
with an interquartile range of 5.20° (-3.40° - 1.80°). We conclude that the range of
motion simulator is sufficiently accurate to fulfil its role as a supportive instrument
for orthopaedic surgeons during shoulder replacement surgery.
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4.1 Introduction

Shoulder arthroplasty aims to provide pain relief and to restore joint mobility. Howe-
ver, success rates in shoulder replacements are considerably lower than in knee and
hip replacements (Hasan et al., 2001). This can be partially ascribed to the complexity
of the shoulder joint. The surgical exposure provides little room for manoeuvring the
instruments and causes the field of view for the surgeon to be limited. This frequently
results in malalignment of prostheses (Hasan et al., 2002). Malalignment of shoul-
der prostheses leads to a diverse range of complications, for example increased wear,
reduced stability of the glenohumeral joint, limited range of motion (ROM) and im-
pingement (Iannotti et al., 2005, Dines et al., 2001). Long term consequences of
impingement are abrasion of bone, loosening of the prosthesis and increased risk for
the necessity of revision surgery (Williams et al., 2001).

Impingement complications are frequently seen with reverse shoulder prostheses,
a type of prosthesis usually indicated for patients who suffer from a severely impaired
rotator cuff (Grammont et al., 1987, Guery et al., 2006, Rockwood, 2007). Scapular
notching refers to impingement of the humeral cup with the glenoid neck and is the
type of impingement that is most common for reverse shoulder prostheses. Sirveaux
et al. carried out a multi-centre study consisting of 80 shoulders, that showed sca-
pular notching in 51 cases (Sirveaux et al., 2004). A similar study by Juvenspan et
al. showed scapular notching in 39 of 55 cases (Juvenspan et al., 2005). Conversely,
several studies show that careful planning greatly reduces the risk on scapular not-
ching (Frankle et al., 2005, Nyffeler et al., 2005, Simovitch et al., 2007). Anticipating
the frequent occurrence of impingement and the clear need to prevent it, we have de-
veloped a pre-operative planning system for shoulder replacements that interactively
simulates bone-determined ROM. The system was described in detail in Chapter 3 of
this thesis. We have included a short summary of the system in Section 4.2.1.

This chapter describes an experiment for the validation of the ROM simulations.
The purpose of the experiment was to determine the accuracy of the ROM simulator.
In addition, we have evaluated the ability of the system to predict impingement com-
plications such as scapular notching. The prediction of bone impingement enables
the surgeon to set up a plan that explicitly avoids this type of complications.

4.2 Methods

4.2.1 Description of the pre-operative planning system

Our pre-operative planning system loads CT-data and extracts surface models of the
scapula and humerus. Subsequently, the surgeon can place prosthesis models on the
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bone models. Currently, the system only supports total glenohumeral prostheses, i.e.
both a cup and a ball component have to be placed. The system does support total
reverse prostheses.

The system automatically calculates the position of well-known landmarks on the
bone models. Planes are moved through the object to find the most extreme points on
the models. The centre of rotation of the glenoid is determined by applying a Hough-
transform to the surface models. The landmarks can also be selected manually. Using
the landmark positions, a predefined pre-operative plan is transformed to the patient-
specific case. Subsequently, prostheses can be dragged to different positions, thereby
altering the plan.

In order to calculate ROM, we have implemented a bio-mechanical model of the
gleno-humeral joint. A generally accepted hypothesis is that the gleno-humeral joint
can be approximated by a ball-joint (Van der Glas et al., 2002, Meskers et al., 1998).
No displacement is taken into account. We used the scapula coordinate system as
described in the recommendations of the International Society of Biomechanics (Wu
et al., 2005). The coordinate system is depicted in Figure 4.1. In this chapter, clinical
terms are used to describe motion. Anteflexion refers to elevation parallel to the
sagittal plane along the Z-axis, abduction refers to elevation in the coronal plane
along the X-axis and endorotation refers to axial rotation along the humeral shaft or
Y-axis.

Bone-determined ROM is automatically determined by systematically reorienting
the humerus with placed humeral component in all directions, starting from an ini-
tial abduction of 45, while checking for collisions with a collision detection algo-
rithm (Terdiman, 2001). During alterations of a pre-operative plan, ROM is conti-
nuously being calculated and visualised with a specialised visualisation technique. If
ROM in a certain direction deteriorates, this is depicted with red surfaces. If it im-
proves, this is depicted with green surfaces. This provides an intuitive user interface
for the surgeon to optimise a plan with regards to ROM. Automatic optimisation is
not yet incorporated, mainly because ROM is not the only aspect that plays a part in
determining the most optimal alignment. For instance, fixation of the prosthesis is
optimal when the screws are inserted through thick cortical bone. Also, the orienta-
tion of the components determines the post-operative stability of the joint (Iannotti
et al., 2005).

Future work includes the implementation of an intra-operative guidance system,
enabling the surgeon to carry out the operation in accordance with the pre-operative
plan.
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Figure 4.1: Definition of the scapula coordinate system. AA = Angulus Acromialis, TS
= Trigonum Spinae Scapulae, AI = Angulus Inferior. Os: The origin coincident with
AA. Zs: The line connecting TS and AA, pointing to AA. Xs: The line perpendicular
to the plane formed by Al, AA, and TS, pointing forward. Ys: The common line
perpendicular to the Xs- and Zs-axis, pointing upward.

4.2.2 Validation Experiment

The outline of the experiment is depicted in Figure 4.2. For this experiment we have
used the intact shoulders of a cadaver. The cadaver had been specially embalmed to
maintain flexibility of the extremities (Complucad ANATOMIC, Complucad Internati-
onal S.A.).

First, a series of axial CT-scans was made using clinical shoulder protocols (To-
shiba Aquilion CT Scanner, Toshiba Medical Systems, Otawara, Japan). The scan
data were reconstructed at 512 512 541 voxels, with spatial dimensions 0.54 0.54
1.0 mm. The CT-scans of both shoulders were segmented using the DeVIDE visualisa-
tion platform (Botha, 2005). Following segmentation, surface models of the scapulae
and humeri were created.

Shoulder replacement procedures were performed on both shoulders of the cada-
ver. We have used the modular ESKA Multiplex shoulder prosthesis (ESKA Implants
GmbH & Co, Liibeck, Germany), which consists of two base platforms for the scapula
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Figure 4.2: This diagram shows the outline of the validation experiment. First, a
pre-operative CT-scan was made. Shoulder replacements were performed on both
shoulders. A post-operative CT-scan was made and this data was combined with the
pre-operative plan to repair faults as a result of scattering caused by the prostheses.
This data was converted to surface models and used for ROM simulations. We also
performed ROM measurements on the cadaver with an optical tracking system. These
observations were compared with the ROM estimations of our ROM simulator.

and the humerus. The prosthesis can be tailor-fitted to the patient using different
components that are attached to the base platforms (see Figure 4.3). This allows us
to analyse multiple configurations of types (normal and reversed) and sizes, just as
our pre-operative planning environment allows for quick interchanging of prosthe-
ses. To vary the set of impingement angles, the base platform of the left humerus was
deliberately positioned with a different inclination and more distally than the base
platform of the right shoulder.

A computer navigation system (BrainLAB VectorVision, BrainLAB AG, Miinchen,
Germany) was used for real-time tracking of shoulder motion. The navigation sys-
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Figure 4.3: An overview of the modular ESKA Multiplex shoulder prosthesis. A is the
humeral base component, with detachable stem. B is the glenoid base component.
Line 1 to 4 show the different configurations used during the experiment: 1) a normal
total shoulder prosthesis with an 18 mm spherical head, 2) a normal total shoulder
prosthesis with eccentric humeral components with 14 and 18 mm spherical heads,
3) a reversed total shoulder prosthesis and 4) a reversed total shoulder prosthesis
with three orientations of a polyethylene cup with slope for the humeral side.

tem uses two infra-red cameras and retro-reflective markers on the instruments and
marker trees. This system is used in our hospital for various orthopaedic surgery
procedures (spine, knee, and hip replacements). At the time of writing, no shoulder
specific module was available. To enable motion tracking of the shoulder bones, basic
registration and tracking functionality was implemented as described below. Commu-
nication with the navigation system was accomplished by using a research software
library (VectorVision Link, BrainLAB AG, Miinchen, Germany).

A marker tree consists of three retro-reflective markers that are attached to a metal
Y- or T-frame. Different configurations of the markers allow the navigation system
to identify specific marker trees and instruments. The marker trees are attached to
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Figure 4.4: After attachment of the marker tree various landmarks on the scapula are
indicated percutaneoulsy. The markers on the sharp pointer, the scapula reference
frame and on the humeral tracker are visible.

guidewires with a diameter of 3 mm, which are drilled into the bone. This fixation
is important, because any relative movement between the marker tree and the bone
will be misinterpreted as movement of the bone.

After fixation, the surgeon registers each marker tree to its corresponding bone
(see Figure 4.4). Using a sharp pointer device with retro-reflective markers, a number
of specific landmarks are indicated on the bone. The same landmarks are indicated
in the intra-operative planning module, after which the registration matrix can be
calculated.

The marker tree that is attached to the scapula is used as the reference coordinate
system. The pointing device and the marker tree attached to the humerus report
their position and orientation in this coordinate system. After registration of the
scapula and the humerus, our intra-operative tracking system is able to interactively
visualise the patient-specific models and their current relative position and alignment
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Figure 4.5: Real-time motion tracking. Marker trees are attached to each bone,
and these are tracked by the infra-red guidance system. The intra-operative tracking
system on the laptop shows the real-time position and orientation of the tracked
bones.

(see Figure 4.5).

For both shoulders, we measured the motion limitations of eight different pros-
thesis types and sizes. The prosthesis configurations were chosen so that a diverse set
of impingement occurrences were observed. Any occurrence of impingement during
motion tracking was specifically noted in the motion tracking logs (see Figure 4.6).
All motions were recorded as a time series of transformation matrices, tagged with
prosthesis type and measurement information and then exported to a database.

The motions consisted of arm movement from 0° to maximum anteflexion, from 0°
to maximum abduction and finally from maximum exorotation to maximum endoro-
tation at maximal elevation in the scapular plane. Occasionally, motion was limited
by the presence of soft tissue, but when possible bone impingement was forced and
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Figure 4.6: Motion recording, showing impingement between the tuberculum majus
on the humeral side and the acromion on the scapular side. The location of impinge-
ment is indicated by a white arrow.

noted for later comparison with the ROM simulations. The orthopaedic surgeon per-
forming the arm motion visually determined whether a limitation was caused by bone
impingement or by soft tissue. To evaluate the repeatability of the motions, four of
the measurements were recorded twice.

Both shoulders with base plates were CT-scanned post-operatively, using the same
protocols as for the pre-operative scans. This data was then segmented. To avoid
artifacts as a result of scattering, we combined the post-operative models with the
pre-operative models by manually overlaying them (see Figure 4.7). Thus we obtai-
ned accurate bone models that have the prosthesis base platforms installed. These
models were loaded into our pre-operative planning system. The motions were si-
mulated by the ROM simulator of our pre-operative planning system and the resul-
ting impingement angles were noted. The advantage of using scanned post-operative
models rather than virtually planning the operation is that the models used for our
ROM simulations more accurately represent the geometry of the measured cadaver
shoulders. Using the pre-operative planning functionality would introduce additional
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o

Figure 4.7: Pre-operative (A) and post-operative (B) surface models. Scattering cau-
sed by the prosthesis prevents complete segmentation of the CT-data. However, by
overlaying the two scans, the prosthesis position and alignment can be reconstructed
(C). The resulting models were used as input for our ROM simulations.

errors. Please note that the goal of this experiment is to validate the ROM simulations
rather than the pre-operative planning system as a whole.

We compared the impingement angles as observed during the experiment with the
impingement angles as determined by our ROM simulator. The median deviation, the
interquartile range and maximum absolute deviation were calculated for the three
separate motions as well as the complete set of measurements. For these calculations
the measurements of the left and right shoulder were combined.

4.3 Results

The ROM simulations and experimental observations are listed in Table 1. The ob-
served limitations were sometimes caused by soft tissue not capable of extending any
further as a result of tension. These limitations are also given for reasons of com-
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Table 4.1: Results of the motion recordings and ROM simulations for the left shoul-
der. The ball and cup prosthesis components have a radius of 22 mm. If applicable, ‘h’
gives the height of the component at its centre line in mm. When a value is printed in
italics, this means that the motion limitation was caused by soft tissue. Motion limita-
tions that were not measured during the experiment are indicated by the word ‘no’.
To facilitate comparison, the observed impingement angles are printed bold, together
with their simulated counter parts. Two of the values are highlighted to demonstrate

how the values should be compared. Statistical results are given in the main text.

Left shoulder

Prosthesis configuration Motion Simulated Observed

impingement limitation
Humerus | Glenoid Begin | End Begin | End
abduction 0 84 no 63.5
Ball (h=14) | Cup endorotation -28 71 16.6 69.2
anteflexion 0 90 no 61.6
abduction 0 91 no 62.7
Ball (h=18) | Cup endorotation -27 72 27.3 69.6
anteflexion 0 87 no 67.5
abduction 2 85 no 64.5
E?irgltlri_cldr) Cup endorotation | -16 52 16.4 59.1
anteflexion 4 79 no 70.7
abduction 3 84 no 56.2
fjig;cw) Cup endorotation || -13 39 6.5 | 42.8
anteflexion 3 82 no 66.1
Cup abduction 21 75 no 72.5
eccentric Ball (h=14) | endorotation 16 69 11.6 71.5
anteflexion 17 56 no 62.7
Cup abduction 19 71 no 68.5
Ball (h=14) | endorotation -5 44 -2.2 48.9
prox. slope anteflexion 23 61 25.1 | 58.8
Cup abduction 18 68 no 68.3
ant. slope Ball (h=14) | endorotation 18 70 15.0 72.1
) anteflexion 23 61 no 60.0
Cup abduction 33 73 31.5 68.4
dist. slope Ball (h=14) | endorotation -1 57 -2.6 63.9
’ anteflexion 28 59 no 56.9
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Table 4.2: Results of the motion recordings and ROM simulations for the right shoul-
der. The ball and cup prosthesis components have a radius of 22 mm. If applicable, ‘h’
gives the height of the component at its centre line in mm. When a value is printed in
italics, this means that the motion limitation was caused by soft tissue. Motion limita-
tions that were not measured during the experiment are indicated by the word ‘no’.
To facilitate comparison, the observed impingement angles are printed bold, together
with their simulated counter parts. Two of the values are highlighted to demonstrate
how the values should be compared. Statistical results are given in the main text.

Right shoulder
Prosthesis configuration . Simulated Observed
Motion .. ..
impingement limitation
Humerus | Glenoid Begin | End Begin | End
abduction -6 56 no 52.9
Ball (h=14) | Cup endorotation -3.3 94 -5.5 95.7
anteflexion -33 112 no 42.1
abduction -6 56 no 52.8
Ball (h=18) | Cup endorotation -43 101 -3.2 98.6
anteflexion -35 111 no 43.2
abduction -4 54 no 52.7
Eg‘ig;cm Cup endorotation | -18 105 9.7 | 111.8
anteflexion -30 112 no 41.0
abduction -5 53 no 49.5
]:(?ir(l}tlri_cw) Cup endorotation || -39 94 13.7 96.0
anteflexion -28 112 no 36.6
Cup abduction‘ 7 49 no 55.3
eccentric Ball (h=14) | endorotation -8 63 -6.5 62.2
anteflexion 7 88 no 37.2
Cup abduction 7 47 6.1 46.1
Ball (h=14) | endorotation -10 63 -6.9 67.4
prox. slope anteflexion 7 55 10.4 | 41.0
Cup abduction‘ 11 50 10.0 52.6
ant. slope Ball (h=14) | endorotation -14 46 -2.9 49.9
’ anteflexion 18 66 19.5 36.4
Cup abduction 26 51 26.2 49.7
dist. slope Ball (h=14) | endorotation -7 63 -9.2 70.8
’ anteflexion 26 75 25.7 39.3
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Table 4.3: Statistics summary of Tables 4.1 and 4.2.

| Motion [ Median | Interquartile Range | Max. Abs. Deviation
abduction 0.95° 2.53° (-0.28° - 2.25°) 7.25°
endorotiation -2.10° 6.20° (-4.40° — 1.80°) 6.50°
anteflexion -0.60° 4.98° (-3.08° - 1,90°) 8.90°
all -0.30° 5.20° (-3.40° - 1.80°) 8.60°

pleteness. The accuracy of the ROM simulations can be determined by examining
the difference between the measurements of the cadaver experiment and the simu-
lations. Motions that were recorded twice were very similar with almost identical
motion limitations (difference < 0.5°) and are therefore not listed.

As Table 2 points out, the observed impingement angles of the cadaver experiment
correspond to the impingement predictions of our system. The median deviation is
limited to a few degrees for all motions. To determine the statistical significance the
Spearman Rank Correlation Coefficient was calculated, resulting in a correlation of
0.982 with a significance of p < 0.005.

The ROM of the left shoulder differed from the ROM of the right shoulder due to
the different alignment of the base platforms. For both shoulders impingement was
observed more frequently for reverse prostheses than for normal prostheses. Impin-
gement with the upper structures of the scapula (the acromion and coracoid process)
occurred frequently during anteflexion and abduction, due to the more medial loca-
tion of the centre of rotation. In addition, scapular notching was seen for almost all
motion recordings of reverse prosthesis configurations.

Inaccuracy as a result of the hardware limitations of the BrainLAB VectorVision
system was also determined during this experiment (De Bruin et al., 2007). The
mean translational error for locating a marker was 0.1 mm, 0.05 mm and 0.25 mm in
the x, v, and z directions respectively. Because the scapula and humerus marker trees
are approximately 30 cm apart, the maximal angular error introduced by hardware
limitations is smaller than 0.1°. This error is acceptable for our experiment.

To determine how accurately the post-operative models where overlaid with the
pre-operative models, minimum distances between the models were calculated on a
per-vertex base. Because the post-operative models were different near the replaced
regions, we only used a clipped half of each of the models. The mean error was 0.41
mm with a standard deviation of 0.23 mm. Increasing the accuracy of the models
does not lead to substantially different ROM simulation results.
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4.4 Discussion

In this chapter we have described an experiment for the evaluation of the accuracy
of our ROM simulation module. We have developed a CT-based navigation system,
with which passive cadaveric joint motion was tracked. Subsequently, the recorded
motions were compared with ROM simulations in order to validate the latter.

Literature reports on the use of ROM simulations and impingement prediction for
total hip replacement procedures. Jaramaz et al. and Yoshimine et al. analytically
determined ROM as imposed by the prosthesis geometry (Jaramaz et al., 1997, Yos-
himine and Ginbayashi, 2002). Sato et al. studied the advantages of impingement
prediction for the hip joint, using both the prosthesis geometry and surface data of the
bone (Sato et al., 2000). Their simulations were also clinically validated using optical
tracking. To our knowledge, no publications exist describing validated simulation of
bone-determined ROM for shoulder replacement surgery, even though the occurrence
of impingement complications after shoulder replacement surgery is a frequently seen
problem.

There are limitations to this study. The number of two shoulders is relatively low
to make claims on the accuracy of our ROM simulator. However, the utilisation of
different prosthesis configurations leads to a larger number of unique impingement
cases that can be used for validation of the ROM simulator.

Optical tracking systems are known to have some inaccuracy due to the registra-
tion step, which requires the surgeon to indicate the exact same points on the physical
bones as on the virtual bones. Differences between these locations result in a registra-
tion error. However, for the measurements in this experiment we have only used the
rotational information as provided by the optical tracking system. This information
relies on the relative movement of the marker trees rather than absolute positions.
If registered landmarks are close to each other this may introduce a small error in
the rotation axis. Because the medial and lateral epicondyles are relatively close to
one another we expect to have introduced a small registration error in the axis used
for endorotation. Based on visual inspection of the registration we suspect that this
error was limited. However, for definition of the axes used to measure abduction
and anteflexion the selected landmarks are sufficiently far apart. In future a possible
solution to this problem is the utilisation of fiducial markers that are inserted before
acquisition of the pre-operative CT scan and can later be used to ensure a correct
registration.

Our ROM simulator uses CT data as acquired by the standard scanning protocol for
shoulders. However, the time required to manually segment the data is approximately
one hour. This may complicate clinical applicability of the system. We are currently
working on new techniques and algorithms to speed up this segmentation process.
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From our results we conclude that the impingement predictions of the system ge-
nerally correspond to the actual incidence of impingement during recorded shoulder
motion. However, a number of observed ranges of motion were smaller than their
simulated counter parts. This was expected and can be explained by the movement
restrictions as imposed by the presence of soft tissue. Because soft tissue is not incor-
porated into the ROM simulations, the simulations are restricted to predict motion
limitations as imposed by bony impingement. This already is quite helpful to the
surgeon, as it alerts the surgeon to possible impingement complications.

Our simulations confirm that the humeral component of a reverse prosthesis fre-
quently impinges with either the glenoid component or with the glenoid. As discussed
in the introduction, this may cause early loosening of the glenoid prosthesis and leads
to bone damage, further complicating revision surgery. Subacromial and subcoracoid
impingement was also observed for most of the total reverse shoulder configurations.
The accuracy of the ROM simulations is well within range to predict these impinge-
ment complications beforehand, allowing the surgeon to adapt the pre-operative plan.
Future work will include the implementation of an intra-operative guidance system,
based on the optical tracking system described in this chapter. The intra-operative
guidance system will ensure that the actual surgery corresponds to the pre-operative
plan as defined by the surgeon with our pre-operative planning system.

If surgery is conducted according to the pre-operative plan as composed in our
pre-operative planning system, it is plausible that the post-operative bone-determined
ROM corresponds to the ROM as predicted pre-operatively by our system. Moreover,
all of the observed occurrences of impingement during the described experiment were
predicted by the system. We therefore recommend to comply with the ROM predic-
tions of the system during the planning stage of a shoulder replacement procedure,
keeping in mind other aspects such as prosthesis fixation and the presence of soft
tissue. Finally, from the results of this experiment we conclude that the system is
particularly useful for non-anatomical prosthetic designs such as reverse prostheses,
because they entail an increased risk of impingement complications.
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Abstract

The morphology of proximal humerus fractures varies greatly, ranging from non-
displaced 2-part fractures to 4-part fractures with inclined articular surfaces and dis-
placed tuberosities. Existing classification systems attempt to formalise these features
and relate them to clinical results. The repeatability of these classification systems has
been shown to be poor, giving rise to the question whether a more objective measure
entails improved predictability of outcome.

Using a system that simulates bone-determined range of motion of spheroidal
joints such as the shoulder joint we categorically analysed a series of 79 proximal
humerus fractures. Morphological properties of the proximal humerus fractures were
related to simulated bone-determined range of motion.

The interobserver variability of range of motion assessment using our system
showed excellent agreement (0.798). Maximal glenohumeral abduction and for-
ward flexion of intra-articular fractures were 34.3+6.6 SE and 60.7+12.4 SE de-
grees. For fractures with a displaced tuberculum major they were 75.0+5.9 SE and
118.2+4.9 SE degrees, for fractures where both tuberosities had been displaced they
were 60.0+10.9 SE and 69.6+13.4 SE degrees. For non-intra articular fractures wit-
hout displaced tuberosities they were 89.34+3.3 SE and 122.6+3.4 SE degrees. The
head inclination angle was positively correlated with maximum abduction (0.362,
p=0.014). Offset was negatively correlated with maximum abduction, but not statis-
tically significant (0.834, p = 0.087).

We conclude that intra-articular fractures generally have the worst prognosis with
regards to bone-determined range of motion. Fractures with displaced tuberosities
show more motion limitations for abduction than for forward flexion. A reduced
head inclination angle is a strong predictor of limited bone-determined range of mo-
tion for all types of proximal humerus fractures. No correlations were found between
the maximum forward flexion range and the measured morphological parameters,
indicating that it is difficult to predict range of motion based on morphological pa-
rameters only and that extensive range of motion simulation is required to predict
outcome.
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5.1 Introduction

Proximal humerus fractures (PHFs) often occur in the elderly population as a result of
falling from standing height and are often osteoporosis related. The treatment options
include conservative treatment and surgical intervention, the latter ranging from per-
cutaneous wire fixation or open reduction and internal fixation to hemi-arthroplasty.
The treatment decision is based on patient age, assessment of image modalities such
as radiographs and computed tomography (CT), as well as the application of fracture
classification systems found in the literature. However, the classification systems have
been much disputed for their reproducibility and effectiveness in predicting outcome.

The first PHF classification system was published by Codman, who differentiated
between the humeral head, the humeral shaft and the tuberosities (Codman, 1934).
An extension of Codman’s classification system, and the most frequently used classi-
fication system, is the classification system by Neer (Neer, 1970). The Neer classifica-
tion system differentiates between 2-, 3- and 4-part fractures as well as the disloca-
tion of fragments. In recent years the notion has occurred that second order effects
such as vascularity must be taken into account when assessing PHFs, leading to the
classification system proposed by the Arbeitsgemeinschaft fiir Osteosynthesefragen
(AO) (Miiller et al., 1994). Recently, Hertel developed a binary fracture description
based on fracture planes rather than the number of fragments and found correlations
between the classification and restriction of blood supply (Hertel et al., 2004).

In the literature, the intra-observer repeatability and interobserver reliability for
Neer classification has been proven to be fair or poor, with Kappa values ranging
between 0.40 to 0.60 (Bernstein et al., 1996, Kristiansen et al., 1988, Sidor et al.,
1993, Siebenrock and Gerber, 1993). Simplification of the classification system sub-
dividing the fractures into fewer categories did not significantly improve these va-
lues (Sidor et al., 1993). As demonstrated by Majed et al., removing imaging sub-
jectivity in the production of prototype models of the fracture did not improve the
reliability for Neer and AO PHF classification systems (Majed et al., 2011a). This
persisting subjectivity of the PHF classification systems in combination with the se-
vere implications of treatment decisions encouraged us to assess the possibilities of a
computerised assessment rather than a subjective classification.

There are many aspects involved in the evaluation process that precede the treat-
ment decision of a PHF. However, the morphology of the glenohumeral joint and loss
of smooth articular congruency may be a significant cause of loss of motion. Indeed,
fracture fragment deflection has been argued to cause vascular insult (Miiller et al.,
1994). Displacement is affected by tendon attachment points (Neer, 1970), while
passive range of motion (ROM) is affected by impingement of rigid structures and
displacement of the articular surface of the humeral head (Edelson et al., 2004). In
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this article we assess impingement and interrupted articulation using a computerised
simulation model.

The main objective of this study is to define the relationship between three shape
parameters of PHFs and the inherent bone-determined ROM in a dynamic simula-
tion model. In addition we look at the simulated bone-determined ROM when a
categorical approach is taken. The morphological properties of 79 cases of PHFs were
determined using CT scans. The bone-determined ROM was independently estimated
by two observers using a software package designed for this purpose. With this study
we demonstrate that bone-determined ROM simulation of fractures may be a valua-
ble supportive instrument in the decision-making process involved in the treatment
of these fractures.

5.2 Methods

5.2.1 Data description

For this study a collection of 100 anonymised post-trauma CT scans of the shoulder
area of PHF-patients was utilised. Exclusion criteria were poor image quality and the
presence of abnormalities such as recurrent fractures or prosthetic materials. After
application of the exclusion criteria 79 datasets remained. The remaining CT scans
were segmented and converted to surface models using Mimics (Materialise NV, Leu-
ven, Belgium). For each dataset a scapula model and humerus model were obtained.

5.2.2 Shape classification

To investigate the implications of different fracture patterns we have categorised our
data into four groups. The groups are illustrated by Figure 5.1 and had the following
characteristics: 1) Intra-articular fractures, 2) fractures with a displaced tuberculum
major, 3) fractures with a displaced tuberculum minor and major, also known as a
’shield’, and 4) all other fractures that do not belong to the former groups and do not
satisfy the exclusion criteria. A fragment was considered displaced when a step was
present on the surface. It was hypothesised that each of the groups would have ROM
limitations characteristic of the distinctive morphological properties.

Head inclination, sagittal head angulation and offset were measured in accor-
dance with a process described by Majed et al. (Majed et al., 2011b). Each model
underwent a process of endosteal and periosteal morphological assessment (see Fi-
gure 5.2). Proximal ellipse fitting defines a distal major and minor axis whilst an
intramedullary axis is determined. The centre of the humeral head is determined
after sphere fitting to the articular surface, whilst an ellipse is fitted to the articular
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Figure 5.1: The four categories we adopted for our data. 1) Intra-articular fractures,
2) fractures with a displaced tuberculum major, 3) fractures with a displaced tuber-

culum minor and major and 4) all other fractures that do not belong to the former
groups and do not satisfy the exclusion criteria.

margin to determine the anatomical neck plane. A customised algorithm allowed
the determination of head inclination and of sagittal head angulation (in the lateral
plane) whilst the medial and posterior offsets were also determined.

5.2.3 Range of motion simulation

ROM simulation was performed using a previously described system with minor mo-
difications (Clinical Graphics, Den Haag, The Netherlands). The system was originally
developed for pre-operative planning of shoulder arthroplasty (Krekel et al., 2006).
In a cadaveric study we demonstrated that the error margin of the predicted angles
of impingement lies within a range of 5 degrees (Krekel et al., 2009). For this study
we have adapted the system to support geometry of PHF cases. Adaptations involved
skipping the prosthesis placement functionality and implementing minor modifica-
tions of the bio-mechanical model to accommodate for the non-conformity of the
glenoid fossa and humeral head, as described below.

The simulation routine is initiated by importing 3-D models of the scapula and
humerus. Subsequently, the system calculates the position of well-known landmarks.
Planes are moved through the object to find the most extreme points on the models.
The centre of rotation of the glenoid is determined by applying a Hough-transform
to the surface models. Landmarks can also be selected manually. For this study,
landmarks were calculated automatically and verified by an orthopaedic surgeon.

67



Chapter 5

Figure 5.2: Measured morphological parameters. The centre of the head is deter-
mined by sphere fitting to the articular surface and defines the offset with respect
to the intramedullary axis (a). Head inclination is determined by the intramedullary
axis of the humeral shaft and the long axis of an ellipse fitted to the articular margin
(b). Sagittal head angulation is determined by the intramedullary axis of the humeral
shaft and the short axis of an ellipse fitted to the articular margin (c).

To dynamically simulate bone-determined ROM, we have implemented a bio-
mechanical model of the gleno-humeral joint. A generally accepted hypothesis is
that the gleno-humeral joint can be approximated by a ball-joint (Van der Glas et al.,
2002, Meskers et al., 1998). When the humeral head is fractured, joint articulation
may be affected, thereby jeopardising this hypothesis. Displacements of the articular
surface with respect to the glenoid are taken into account by considering motion of
the humerus invalid when the articular surface loses contact with the glenoid fossa.

Joint stabilising forces normally provided by the rotator cuff during arm motion
are simulated by applying a translation of the humerus towards the glenoid surface.
When the humeral head reaches the glenoid, further translation is halted. This enfor-
ces contact between the glenoid fossa and the humeral head.
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Figure 5.3: The ROM simulator. A kinematic model is applied to surface models of
the scapula and humerus (a). When impingement is detected by a collision detection
algorithm the bone is coloured red (b). Interrupted articulation of the joint is not
detected automatically and therefore two observers analysed the series of fractures

(c).

We used the scapula coordinate system as described in the recommendations of
the International Society of Biomechanics (Wu et al., 2005). In this chapter, clinical
terms are used to describe motion. Forward flexion refers to elevation parallel to the
sagittal plane. Abduction refers to elevation in the coronal plane and internal rotation
refers to axial rotation along the humeral shaft.

After initialisation, the posture of the humerus can be manually adjusted. While
the posture is adjusted, a collision detection algorithm evaluates whether geometric
objects are intersecting (Terdiman, 2001). If impingement is detected, the humerus
is coloured red, alerting the user that the given posture is invalid (see Figure 5.3). In-
terrupted articulation of the humeral head on the glenoid is visible in the simulations
but not automatically detected. For this reason two observers operated the system
manually.

To quantify the ROM of the individual PHF cases, the maximum range of forward
flexion and abduction was determined. Because the scanned arm position and orien-
tation was not controlled at the time of data acquisition, the neutral orientations of
the humeri were indeterminable. To account for this, we performed the ROM mea-
surements for different degrees of axial rotation. Maximum abduction and maximum
elevation were measured in 40 degrees and 20 degrees of internal rotation, in the
neutral (scanned) position, and in 20, 40, 60 and 70 degrees of external rotation. Ge-
nerally, when lying down in the CT scanner, patients will have their arm moderately
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internally rotated to minimise pain. Therefore we chose to evaluate a larger range
of external rotation than internal rotation. In total an axial rotation range of 110
degrees was analysed. The findings of both observers were compared to evaluate the
interobserver variability. To obtain the final values for maximum forward flexion and
abduction of each of the fractures the measurements of the observers were averaged.
The results were statistically compared to the shape parameters of the models.

5.2.4 Statistical Analysis

For statistical analysis the SPSS software package was used (SPSS Inc., version 17.0,
Chicago, Illinois). The interobserver variability of our measurements was assessed
using the Pearson product-moment correlation coefficient (PMCC). For interpretation,
the criteria formulated by Cichetti and Sparrow were used: 0.00 to 0.39, poor; 0.40
to 0.59, fair; 0.60 to 0.74, good; or 0.75 to 1.00, excellent (Cicchetti and Sparrow,
1981). General linear models were used to determine correlation between morpholo-
gical parameters and ROM. Statistical results were considered statistically significant
when p < 0.05.

5.3 Results

We studied the standard error of the mean of the ROM measurements (see Figure 5.4).
The ROM measurements indicate that intra-articular fractures have the smallest range
for abduction and forward flexion (34.3+6.6 SE and 60.7+12.4 SE), followed by
shield-type fractures (60.04+10.9 SE and 69.6+13.4 SE). Fractures with just a dis-
placed tuberculum major show limitations for abduction, but not for forward flexion
(75.045.9 SE and 118.24+4.9 SE). This can be explained by the displaced tubero-
sity, colliding with the acromial arch. Finally, non-intra-articular fractures that do not
have displaced tuberosities have ROM that is comparable to that of healthy subjects
(89.3+3.3 SE and 122.6+3.4 SE versus 102.3+2.8 SE and 96.2+3.8 SE).

No correlation was found for head inclination versus maximum forward flexion
for any of the groups. This also holds for sagittal head angulation versus maximum
forward flexion and offset versus maximum forward flexion. However, for all groups
head inclination correlated with the maximal abduction range (see Figure 5.5). With
multiple linear regression it was determined that the slope of each of the categories
was similar (p = 0.941). The slope of the head inclination versus maximal abduction
was approximately 0.362, meaning that for every degree of head inclination the bone-
determined abduction range increases with 0.362 degrees. The correlation coefficient
was 0.482, indicating a moderate correlation. This result was statistically significant
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Figure 5.4: Maximal angles relative to the scapula. Displayed are the mean+SE.
Shield type fractures have a displaced tuberculum major and minor. Other type frac-
tures do not belong to the other three categories. For the reference of the ROM of
healthy subjects (marked *) we used the information from the study by Magermans
et al. (Magermans et al., 2005). In contrast to the four preceding categories these
data consist of actual recorded ROM in 24 healthy subjects.

(p =0.014). The intercepts cover a range of 56.5 degrees, showing clear distinctions
between the groups. The low intercept of intra-articular fractures indicates that these
fractures have the worst prognosis to start with. Regardless these fractures show a
similar improvement with increased head inclination angle in comparison to other
groups.

Maximum abduction did not correlate with sagittal head angulation (-0.070, p =
0.303). It did correlate negatively with offset with a slope of -0.834, but this correla-
tion was not statistically significant (p = 0.087, see Figure 5.6).

The interobserver variability of the ROM measurements was 0.798, showing ex-
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Figure 5.5: Maximal abduction versus the measured head inclination angle. The
linear regression lines of all groups are increasing with respect to the head inclination
angle. This indicates that a reduced head inclination angle is a strong predictor of
limited ROM. This figure also shows that intra-articular fractures generally have a
lower abduction range than other types.

cellent agreement.

5.4 Discussion

In this chapter we described a ROM simulation system used to quantify the bone-
determined ROM of 79 cases of PHFs and related the results to fracture morphology.
From this study it can be concluded that intra-articular fractures generally have the
worst prognosis with regards to bone-determined ROM. During forward flexion but
even more so during abduction the articulation of the glenohumeral joint is jeopar-
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Figure 5.6: Maximal abduction versus the measured offset.

dised, preventing further motion. Fractures with displaced tuberosities show more
motion limitations for abduction than for forward flexion. However, when the tu-
berculum minor is still attached, forward flexion is generally not problematic with
regards to impingement. Only when both the tuberculum major and the tuberculum
minor displace the maximum bone-determined forward flexion range is reduced.
Interestingly none of the morphological measurements, other than the categorisa-
tion of our data, had a predictive value with regards to the maximum forward flexion
range for any of the groups. This as opposed to the maximum abduction range where
some correlations were found with morphological measurements. Conclusions that
follow from the data are that reduced head inclination angle is a relatively strong
predictor of a limited abduction range for all types of proximal humerus fractures.
Sagittal head angulation was not correlated with the maximum abduction range. Fi-
nally, offset of the articular fragment with regards to the intra-medularry axis corre-
lated with the maximum abduction range, but not statistically significant. With the
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Figure 5.7: AP and lateral radiographs of the proximal humerus fracture also depic-
ted in Figure 5.3. With these radiographs it is difficult to distinguish between the dif-
ferent fragments of the fracture and to predict their influence on the bone-determined
ROM.

relatively low p-value of 0.087, we are cautiously optimistic about the results that
could be achieved testing with a larger number of CT scans.

Interrupted articulation at the glenohumeral joint as a result of displaced frag-
ments is difficult to detect using traditional radiographs. As an example we have
included the AP and lateral radiographs of the fracture that was depicted in Figure
3 (see Figure 5.7). The displaced tuberculum minor causing interrupted articulation
in subfigure 3 is not distinguishable at these radiographs. A CT-scan reveals the dis-
placed tuberculum minor. The described ROM simulations of the fracture answer
clinically relevant questions and add to the conclusiveness of the assessment.

There are limitations to this study. The humeral epicondyles were not included
in the CT scans. Therefore we were unable to measure retroversion of the humeral
head. Additionally, we were unable to measure the absolute axial rotation of the
humerus. To account for this, we performed ROM measurements for a large range
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of elevation planes and used the maximum value as an indicator of mobility. In our
opinion, this is a justified metric because patient treatment decisions are based on
achievable functional results. A large elevation angle, regardless of the exorotation
of the humerus, can be considered a desirable result.

The ROM simulation system does not incorporate soft tissues in the simulations.
This entails that the true ROM of the patient will be smaller than the conservative
estimate as determined by the simulations. However, the simulator detects collisions
of rigid structures and these will also limit the active ROM of patients. In future work
we wish to relate the ROM simulations to function.

Zyto et al. demonstrated that conservative treatment of complex proximal hu-
meral fractures is arguably favourable relative to Neer’s doctrine of surgical interven-
tion (Zyto et al., 1995,Zyto et al., 1997,Zyto, 1998). Furthermore, Nanidis et al. have
demonstrated that outcome and complication rates are similar when treating 3 and 4
part fractures conservatively and operatively (Nanidis et al., 2010). However, being
able to predict at least bony functional ROM has not been possible or described in the
literature. The results up to now seem to point out that the determination of functi-
onal movement using our algorithms could positively augment the decision-making
process.

5.5 Conclusion

We hypothesised that computer assisted assessment of bone-determined ROM may
be a valuable addition to fracture classification systems. To this extent a study on the
effects of fracture morphology on the bone-determined ROM was conducted using
a ROM simulator based on CT. The interobserver agreement of two observers using
the ROM simulator was excellent. This indicates that, when compared to the interob-
server agreement of existing classification systems, patient-specific ROM simulations
may be a good alternative in the support of treatment decisions for PHF.

From this study we conclude that intra-articular fractures have the worst prognosis
with regards to bone-determined ROM. Fractures with displaced tuberosities show
more motion limitations for abduction than for forward flexion. It was shown that
a reduced head inclination angle is a strong predictor of limited ROM for all types
of proximal humerus fractures. The possible relation between offset and maximum
abduction range was not statistically significant. Finally, the measured morphological
parameters do not seem to have predictive value for the maximum forward flexion
range.

Motion simulation results of the adopted categories are clustered. This suggests
that, besides a measure to predict function, the system may also be used to support
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classification of PHFs. It seems likely that a combination of a classification system
and dynamic patient-specific simulations will result in improved results with respect
to outcome prediction. In future work this claim must be validated with a large
prospective study that includes a 1-year follow-up and the assessment of function.
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Chapter 6

Abstract

Kinematics is the analysis of motions without regarding forces or inertial effects, with
the purpose of understanding joint behaviour. Kinematic data of linked joints, for
example the upper extremity, i.e. the shoulder and arm joints, contains many rela-
ted degrees of freedom that complicate numerical analysis. Visualisation techniques
enhance the analysis process, thus improving the effectiveness of kinematic experi-
ments.

This chapter describes a new visualisation system specifically designed for the
analysis of multi-joint kinematic data of the upper extremity. The challenge inherent
in the data is that the upper extremity is comprised of five cooperating joints with a
total of fifteen degrees of freedom. The ROM may be affected by subtle deficiencies
of individual joints that are difficult to pinpoint. To highlight these subtleties our
approach combines interactive filtering and multiple visualisation techniques.

Our system is further differentiated by the fact that it integrates simultaneous ac-
quisition and visual analysis of bio-kinematic data. Also, to facilitate complex queries,
we have designed a visual query interface with visualisation and interaction elements
that are based on the domain-specific anatomical representation of the data. The
combination of these techniques form an effective approach specifically tailored for
the investigation and comparison of large collections of kinematic data. This claim
is supported by an evaluation experiment where the technique was used to inspect
the kinematics of the left and right arm of a patient with a healed proximal humerus
fracture, i.e. a healed shoulder fracture.
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Figure 6.1: An example of three angle-angle plots. These plots show the relation
between elevation of the arm (abduction) and other angles of three joints of nine
subjects. Image courtesy of Frans Steenbrink.

6.1 Introduction

Kinematic data describes the movement of limbs and is used in biology, sports, or-
thopaedics and rehabilitation medicine. The data is generally acquired using mo-
tion tracking systems, imaging systems or computer simulation. Examples of motion
tracking systems are Optotrak (Northern Digital Inc., Waterloo, Canada), which uses
optical sensors, and Flock of Birds (Ascension Technology Coorporation, Burlington,
USA), which uses electromagnetic sensors. The acquired kinematic data is used to
monitor surgical interventions or to help answer fundamental research questions on
kinematic behaviour.

Despite the widespread use of kinematic analysis methodologies, creating visual
representations of motion data that support clinically relevant conclusions is challen-
ging. The most common method for depicting kinematic output is the angle-angle
plot. This is a two-dimensional plot that displays how a certain joint angle relates to
another joint angle. See Figure 6.1 for an example of a series of standard angle-angle
plots. Angle-angle plots are limited to depicting two parameters, even though joint
kinematics are often correlated in three or more dimensions. For complex research
questions this may result in a large number of angle-angle plots. For example, one
publication by De Groot et al. includes a total of 27 angle-angle plots (De Groot,
1997). In our opinion these plots are functional when exact numerical values and
relations are required. However, for the exploration of kinematic data alternative
representations may be more informative.

This inspired us to create a system for the analysis of complex, multi-joint kinema-
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tic data that gives insight in relationships between joint angles that would otherwise
require a predetermined hypothesis. In order to assist this process, we have employed
both forward and inverse visual query techniques in our framework. With the former,
researchers can inspect the range of motion (ROM) of multiple joints and find the rela-
tionships between the available degrees of freedom (DOFs). With the latter, the joint
configurations that were used to reach a queried location are extracted, functionality
that is useful in investigating for example compensatory kinematics in pathological
joints. We believe that this system could eventually lead to new observations and
different focus with respect to kinematic coupling of DOFs.

The contribution of this work is a comprehensive new approach to the visual ana-
lysis of complex multi-joint kinematic data. To the best of our knowledge, visual
analysis techniques have not yet been proposed for this type of kinematic data. Novel
characteristics of this approach include the following:

e Our system integrates real-time visualisation and acquisition. In other words,
the visualisation process starts during data acquisition, enabling the operator
to steer the acquisition process, guided by conclusions drawn from the visual
analysis.

e Our forward visual query interface combines interaction and visual feedback
in an integrated anatomical representation, allowing users to perform complex
queries in a recognisable and therefore straightforward manner.

e We demonstrate the utility of our work on the kinematic data acquired of a
proximal humerus fracture patient.

Supporting our main technical contributions, the complete implementation of this
approach is available as open source at the following URL:

http://fobvis.googlecode.com.

The remainder of this chapter is structured as follows: in Section 6.2 we dis-
cuss existing literature on kinematic data visualisation. In the subsequent section
we describe our visualisation framework, including the kinematic model and filtering
mechanisms that we apply. In Section 2.2.6 we describe an evaluation experiment.
For this experiment we recorded the motion patterns of a subject with a healed shoul-
der fracture and demonstrate that the visualisation framework enables researchers to
analyse the recorded motion patterns in great detail. Lastly, we discuss the contribu-
tions and limitations of our system and conclude with a prospect on future work.
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6.2 Related Work

Much of the research on kinematic analysis finds its origins in gait analysis, the study
of locomotion (Whittle, 2006). Many improvements to the standard angle-angle plot
originate from this field. For example, by adding a third dimension to the plots, an
additional parameter can be visualised (Manal et al., 2005). In addition, by colour
coding the graphs, another parameter can be added, resulting in a total of four pa-
rameters of a motion recording that can be visualised (Manal and Stanhope, 2004).
The drawback of these approaches is that the straight-forward addition of the third
dimension unnecessarily complicates the interpretation of the data. Also, using colour
to represent a continuous parameter is ill-advised, especially if this channel could la-
ter be useful for example to distinguish between patient measurements, a categorical
parameter (Mackinlay, 1986).

The work most related to our research is that of Keefe et al. (Keefe et al., 2009).
Their visualisation system is an excellent example of how a multiple-view approach
effectively shows relationships within kinematic data. Using small multiples they vi-
sualise cycles of motion of pig jaws during eating. Although many parallels exist
between their and our work, their visualisation technique is specifically targeting se-
quential data, whereas in our data we are interested in visualising the relationships
between multiple connected joints. Similarly, Chen et al. used the approach of small
multiples for the cyclic patterns of bat wings during flight (Chen et al., 2007). Alt-
hough they use many markers on the bats’ wings, there is no joint decomposition with
subsequent analysis of a multi-joint kinematic model.

With regards to ROM visualisation for the upper extremity there are several examples
of applied visualisation techniques. A basic approach is presented by Ct et al., who use
2-D projected stick figures to show the kinematic results of a hammering task (Coté
et al., 2005). This visualisation suffices when looking at joint height, but does not
reveal the kinematic relationships.

In previous work we presented a technique for visualising ROM of the shoulder
joint (Krekel et al., 2006). The described pre-operative planning system visualises the
simulated ROM of the glenohumeral joint with a movable prosthesis. Although the
comparative visualisation techniques are effective for the glenohumeral joint, these
techniques do not hold for the analysis of a multi-joint kinematic chain. The main
reason for this is that most joints do not function as ball-and-socket joints.

Van Sint Jan et al. presented an interesting system that visualises the kinematics
of multi-joints (Van Sint Jan et al., 1998) . Their work uses computed tomography
along with kinematic recordings to link bone morphology of the fingers to kinematics.
Their visualisation method is limited to 3-D playback of the kinematics using patient-
specific surface models.
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Analogue to path planning techniques in robotics, a multi-joint chain can be de-
scribed in configuration space (Barraquand and Latombe, 1991,Lozano-Pérez, 1990).
The term configuration refers to a single pose of the chain of joints. The individual
joints have a local ROM that determine the total set of possible configurations, i.e.
the configuration space. Our system is built around this concept, with separate views
and filtering mechanisms for the DOFs of the joints and for the total ROM of the limb.

In the literature, similar visualisation approaches exist, for example Abdel-Malek
et al. (Abdel-Malek et al., 2004) and Lenar¢ic et al. (Lenarci¢ and Klopcar, 2006), who
describe multi-joint kinematic models with accompanying visualisations of the confi-
guration space or reachable arm space. An interesting supplement to these references
dates back to 1955, where a similar ROM visualisation technique was used to design
aeroplane cockpits (Dempster, 1955). Although these visualisations give insight in
the reachable arm space, they do not disclose the underlying kinematic dependencies.
To our knowledge, no technique exists that visualises both the DOFs of a kinematic
model and the resulting functional ROM.

6.3 Methods

6.3.1 Requirements Analysis

To catalogue the requirements of an improved approach to visualising ROM measure-
ments, we used the Delphi method (Rowe and Wright, 1999). Two human move-
ment scientists and four orthopaedic surgeons of different clinical institutions, reflec-
ting our target audience, were questioned using a list of propositions and a number
of example visualisations. The complexity of the propositions varied, ranging from
‘Quantifying measurements is more important than visualising them’ to propositions
as ‘I can use this example visualisation to track the progression of a muscular defici-
ency’.
Important conclusions that followed from this questionnaire were the following:

e Clinicians prefer more intuitive visualisations, whereas human movement sci-
entists prefer visualisations that give access to more quantitative information,
regardless of the additional clutter that comes with this information. All of the
clinicians indicated that they were willing to use only the most simple visuali-
sation in their conversations with patients, fearing that any visualisation other
than a simple shoulder picture would be too difficult to understand for the
average patient. To accommodate this requirement, a clear distinction is made
throughout this work between visualising a subject’s function and visualising
the ROM of individual joints.
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Figure 6.2: Visualisation concepts that were presented to the participants of the
questionnaire. Participants were asked to rate several aspects with regards to clarity
and usefulness before and after an explanation was given. See Section 6.3.1 for a
description of the subfigures.

e With respect to the possible benefits of a new visual analysis system, participants
indicated that assessment of pathology, follow-up of patients and communica-
tion with colleagues were of foremost importance.

e Due to time constraints, clinicians would be willing to spend only a few minutes
analysing the kinematic data. This introduces the requirement that a kinematic
visualisation technique has to be fast and intuitive.

e The reachable arm space visualisation by Lenarcic et al. (see Section 6.2), used
as an example visualisation, was thought to be very useful. A similar visualisa-
tion disclosing more details on the separate joints was expected to fulfil most of
the requirements.

Figure 6.2 shows some of the visualisation concepts presented to the participants
of our questionnaire. The proposed visualisations were the following (see figure):
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a. An integration of the DOF values with the animated bone model representation.
We have implemented this technique and discovered that occlusion and conti-
nuously changing coordinate systems make this visualisation counterintuitive.

b. A schematic 2-D plot of the various parameters. This concept was eventually ex-
tended and implemented in our 3-D Pose View (see Section 6.3.5).

c. Integration of the parallel coordinates plot with the spatial location of the joints.
Although this would make the semantics of the plot more intuitive, it was ex-
pected that the anatomical location would complicate the visual representation
and hence understanding of relations between angles.

d. A segment visualisation with various types of endpoints to depict parameters. This
view merges the visualisation of individual joint angles and the total functio-
nal ROM. We consider this undesirable because each answers a different set of
research questions.

e. Volume visualisation with a slice-viewer and visualisation method to depict trajec-
tories. For this specific application, volume rendering would not contribute any
specific advantages. Furthermore, the conversion to volumes would unnecessa-
rily complicate the interactivity of our system.

f. A spherical representation of the joint, mapped to a 2-D plot. Not all joints are
spherical joints, making it hard to defend this visual encoding. In addition, this
representation only allows for two degrees of freedom (DOFs) per joint.

Although these visualisation techniques were not used, various aspects were ex-
tracted and incorporated in the final visualisation system described herein.

6.3.2 Software

The software used to record shoulder motion is FobVis, a package developed by our
institution. FobVis is currently built for the Flock of Birds electromagnetic system, but
the generic design facilitates the use of other motion tracking systems, for example
Optotrak. It has been implemented as a state machine, the transitions between sta-
tes reflecting the motion tracking procedure described below. Figure 6.3 shows a
screenshot of FobVis.

The work described in this article is implemented as a module in the FobVis soft-
ware and directly uses the recorded data as input for kinematic analysis. Both the
FobVis software and the visual analysis module are available as open source.
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Figure 6.3: The FobVis motion tracking software. Sensors are attached to the skin
and depicted by red spheres. Subsequently, bony landmarks are registered relative to
these sensors and depicted by yellow spheres. The surface models are rigidly trans-
formed in accordance with the sensors and their respective bony landmarks.
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6.3.3 Motion Tracking

Motion tracking was performed using the Flock of Birds motion tracking system. The
workflow for recording motion is in accordance with Kontaxis et al. (Kontaxis et al.,
2009) and consists of the following steps:

1. Sensors are attached to the body of the subject.

2. The positions of prominent bony landmarks relative to the sensors are registered
using a motion tracked pointing device.

3. The subject follows the movement instructions of the researcher, during which
the positions and rotations of the sensors are recorded. In combination with
the bony landmark positions relative to the sensors this gives sufficient infor-
mation to track motion of the bones, with a small error due to the sensors being
attached to the skin rather than to the bones.

In common motion recording protocols, the subject is instructed to make specific
movements that are expected to answer the research questions under investigation.
Our technique is based on the principle that as much data should be collected as
possible. The acquisition process is closely monitored by the operator, assisted by the
real-time visualisations of our system. After the acquisition, the investigator can filter
data and focus on the specific type of movements he would like to see. The advantages
of this approach are that recording motion is not restricted to specific movements,
making the recording procedure less error-prone. In addition, the investigator can
pose additional research questions after doing the measurements, as a large collection
of motion data is included in the visualisation.

The motion recording system is continuously updated at 25 frames per second,
giving immediate feedback to the researcher. This allows the researcher to determine
when enough data has been gathered by inspecting the visualisations.

6.3.4 Kinematic Model

Kinematic models of the human body usually consist of a hierarchical structure of ki-
nematic chains. A kinematic chain is a series of linked rigid body segments connected
by joints with one or more rotational degrees of freedom. The motion of a kinematic
chain is defined by the link lengths and the variation of joint angles. The lengths are
assumed to be constant for a given individual, so the postures and motions can be
completely described by the joint angles.

Different kinematic models can be used to analyse motion data. We have defined
our kinematic model in accordance with the authoritative work on upper extremity
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Figure 6.4: Kinematic model as used within our system. The chain of rotations along
various axes begins at the spine and terminates at the hand. The character g refers
to the global coordinate system; 7, ¢, s, h and f refer to the thorax, clavicle, sca-
pula, humerus and forearm coordinate system respectively. The model is completely
described in Wu et al. (Wu et al., 2005).

kinematics by Wu et al. (Wu et al., 2005). The assembly and connectivity of the mo-
delled joints is depicted in Figure 6.4, rotations starting at the first degree of freedom
of the spine and terminating at the last degree of freedom of the elbow. Quantified
angles are defined relative to the proximal (preceding) joint as well as relative to the
global coordinate system. These angles are calculated in real-time as motion data is
acquired.
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Figure 6.5: A screenshot of the system. The DOF View visualises the individual
DOFs of the different joints on demand. The Pose View shows the recorded poses
and thus visualises the functional ROM. The parallel coordinates plot visualises the
interrelationships between DOFs. At the bottom of the interface 2D plots of data
values over time can be added. Lastly, a number of scatter plots can be in visualised
in a separate frame.

6.3.5 Visualisation and Filtering

Multiple linked views are used to analyse the kinematic data (see Figure 6.5). The
degrees of freedom View, or DOF View, shows the local ROM of each of the DOFs of
the individual joints. The Pose View is used to depict the total functional ROM of the
multi-joint configuration, as well as spline curves to see a time window around poses.
A parallel coordinates plot is used to quantify relationships between the parameters
of the kinematic model. In addition, an unlimited number of 2D plots of data values
over time can be added. Lastly, scatter plots can be generated. The different views
are discussed below.

During acquisition all views are continuously updated, providing interactive feed-
back on the motion data acquired. Large differences in ROM are noticeable, but
generally and especially when working with large datasets, the number of visible po-
ses is too large to disclose valuable information. Visualisation and filtering form an
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integrated system that allows the user to analyse and compare large collections of
complex kinematic data.

To find interesting characteristics of the data the researcher may want to omit data
outside of a given range of a specific DOF, inspect recordings that go through a point
in space or select a certain time range of the recordings where something occurred
th