CHAPTER 1: INTRODUCTION

1.1 Study Motivation

Clavicle fractures are very common; they represent 2-5% of all fractures. Predominately
seen in the young adult male population [1], they are typically caused by traumatic events such
as motor vehicle collisions (46%), and falls (33%), and sports injuries (7.3%) [2]. The most common
site (82%) for fracture is the middle third of the clavicle [1].

Current treatment for displaced mid-shaft clavicle fractures involves internal fixation with
superior or anterior clavicle plating [2]. However, external plating has been associated with post-
surgical complications including infection, hardware malfunction, and fracture re-occurrence [3].
In addition, exterior plating is aesthetically problematic, as the underlying hardware can be
visualized and palpated from the outer skin surface.

Intramedullary (IM) fixation of mid-shaft clavicle fractures may be a feasible surgical
alternative to external plate fixation. Normally, these devices are used for the treatment of
fractures in other larger long bones, such as those in the arms and legs [4], but are becoming
more popular as many recent studies suggest that IM devices are preferable for treating mid-
shaft clavicle fractures [5] [6] [7]. Advancements in implant technology have made effective
clavicle IM devices possible, but development can be problematic due to the clavicle’s intricate
shape and small diameter. Currently, data describing the morphometric parameters of the IM

canal is lacking, and a 3-dimensional (3D) analysis of its geometry is necessary to obtain these.



subjected to PCA, and yielded three principal directions. The first was along the longitudinal axis
‘2’ (1% principal direction), in the approximately anterior-posterior direction ‘y’ (2% principal
direction), and in the approximately superior-inferior direction ‘x’ (3% principal direction), as seen

in Figure 7.
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Figure 6 2D example of the application of PCA. The principal component points in the direction
of maximum variance. Adapted from [49]

The unique shape of the clavicle (s-shaped in the transverse plane view [‘yszs'], relatively
straight in coronal plane view [‘xgzc']) is advantageous when employing PCA, as all 3 calculated
components will point in the same direction for all clavicles, allowing them to be compared
effectively to each other. The geometric center ‘C’ of the clavicle volumetric model was calculated

for each subject using (1) where, ‘C = [C4, Cy, C;]’, and N = number of voxels in each model.
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Subsequently, using orthogonal transformation every clavicle model (solid, IM canal, and
cortical in both volumetric and surface versions) was converted from global coordinate system
([‘x6,Ys,26’] - CT established) into new local coordinate system ([‘xL,yi,zi'] — PCA established) with
geometric center of the clavicle to be set at local coordinate system origin ‘C=[0,0,0]’. This was
done by first translating (2) the models so the geometric center is located at origin, then rotating

(3) them to the new local axes, where p1 is the principal component, p2 the second, and p3 the

third.
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Figure 7 First, second and third components calculated on the solid clavicle model in global
(original) coordinate system.

Thus, the three components constituting orthogonal subject-specific coordinate system
were aligned with axes of local coordinate system as follows: ‘z=z(; y=yi; x=x.". This is shown in

Figure 8 a, and the original position is shown in Figure 7.
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The final step in the standardization process involved inverting the longitudinal axis ‘z/
with respect to the ‘[x,y.]’ plane in only left-sided clavicles, as seen in Figure 8 b, yielding the
right-sided version of the clavicle. This step was necessary as it allowed all clavicles in the sample

population to be compared to each other regardless of side.

e Normalization: In order to examine the morphometric parameters of all clavicles
of varying sizes, they had to be normalized with respect to length. This was accomplished by
creating a tightest-fit orthogonal bounding box around every clavicle model, as seen in Figure 9.
The vertical length of the box (L;) represents 100% of the clavicle absolute length. The box was

then divided into a hundred slices perpendicular to the box’s vertical length (L,).
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Figure 8 Clavicle models in local coordinate system after orthogonal transformation. a) Original-
sided (left) version of clavicle with ‘C=[0,0,0]’ b) Mirror image (right) of clavicle with ‘C=[0,0,0]’.
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Figure 9 Normalization with tightest-fit orthogonal-bounding box. Bounding values for each axis
were selected from the maximum and minim values of the volumetric solid clavicle model.
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Figure 10 Slicing tightest-fit box into 100 sections parallel to the ‘[x.,yi]’ plane (a). Each resulting
section, between planes p) and p.1), represents 1% clavicle thickness (b).
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Each slice was created by a ‘[x,y.]’ plane at increments equal to 1/100 of its absolute
length (L./100) starting at the top of the box on sternal (medial) end of the clavicle. As a result,
each slice thickness represents 1% clavicle length. This process can be seen in Figure 10.

3.2.2 Circumscribed and Inscribed Circle Calculation

The morphometric parameters were evaluated on the normalized clavicle cortex and solid
models. Clavicle and IM canal diameters were measured as a function of normalized clavicle
length at every 1/100 of its absolute length. Points lying between a pair of consecutive planes p)
and p+1) for both clavicle cortex and solid models were projected on p.1) in Figure 11. Next, the
2D solid model points projection was fitted with a tightest fit circumscribed circle that
approximated clavicle cross-section dimensions. The algorithm responsible for creating this circle
first calculated the smallest convex set containing points in the Euclidean plane p+1) (convex hull

envelope). Consequently, a minimal radius enclosing circle was calculated for this set of points,
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Figure 11 Projection of clavicle slice K onto p+1) and fitted with circumscribed and inscribed
circles.
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Figure B.2 (Continued)

77



APPENDIX C: TABLE OF TERMINOLOGY

Table C.1 Table of terminology used in the methods of the current study (chapter 3)

[XG,Ye,26]

[yeza]

[xcza]

[xL,y1,21]

xy,z]

C=[0,0,0]

Lx

Ly

L,

P(K) , P(k+1)

e

Ce= [Xce, Yee, Zee (func (Lz)ce)]
ri

Ci = [xdi, yci, zci(func (Lz)ci)]
CL;i

CLc

Global coordinate system

Global transverse plane

Global coronal plane

Local coordinate system

Principal directions

Geometric center

Horizontal height of the bounding box
Horizontal depth of the bounding box
Vertical length of the bounding box

A pair of consecutive planes p
Circumscribed radius

Circumscribed circle center

Inscribed radius

Inscribed circle center

Centerline created by inscribed circle centers

Centerline created by circumscribed circle centers
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