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Abstract

The fifth metacarpal bone fracture is a common type of fracture among the young male
population. With the increasing demand for early recovery from such fractures with surgical
reduction, the medical manufacturers and clinicians are interested in designing a better
intramedullary device for fixation. This study is an attempt to investigate the dimensional
parameters of the fifth metacarpal bone and its intramedullary canal, using 3D CT scan images of
cadaveric hands. The algorithm used for measurement applies principal component analysis on
the subject bone, to control the information loss and normalize the spatial position of the subject.
This analysis provides a range of measurements for bone-length, the diameter of scribed circles
for both the whole bone model and intramedullary canal, as well as the density distribution of
the cortical bone. The results indicated that there is a statistically significant relationship between
the height of specimen donors with respect to the length of bone, and the diameter of the scribed
circles for their intramedullary canal (p < 0.1). There is also a statistically significant correlation
between the average density of the cortical bone with respect to the weight and BMI of the donor
specimen (p < 0.05). However, the correlation was less evident in the female population than
compared to that of the male population. These measurements evidence enough variability
within the demography, suggesting a requirement for a wider range of devices to cater to a

diverse patient population.
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Chapter 1: Introduction

1.1 Study Motivation

Metacarpal fracture is a common type of fracture which contributes to 40% of all hand
fractures [1]. A study conducted between 2002 to 2006 highlighted an incident rate of 29.7 per
100,000 person-years for hand fractures in the USA, wherein 13.6 per 100,000 person-years was
the calculated incident rate for metacarpal fractures [2]. The fifth metacarpal fracture alone
contributes the most to this category. Unlike hand or wrist fractures that occur due to a fall onto
an outstretched hand, an injury to the fifth metacarpal occurs mostly due to a direct impact or
trauma exerted on the metacarpal bone in a clenched position. The most common place for such
injuries is within the home environment, followed by athletic and recreation-related activities
[1][2][3]. Non- operative treatment is advisable in case of stable fractures, whereas unstable
fractures require surgical reduction with fixation supplement [12][20]. For this long bone,
treatment with intramedullary devices in several scenarios has gained the attention of clinical
research and is sometimes used by orthopedic surgeons. The market place provides a variety of
screw designs and sizes for fixation of various bones of upper extremity fracture including carpal,
metacarpal, wrist and, phalanx [18]. However, the efficiency of these intramedullary devices is
still lacking consensus when it comes to fixation of the fifth metacarpal bone [20]. Existing
techniques have been criticized for violating articular cartilage or obstructing the

metacarpophalangeal joint. Different pitches of the screws have been highlighted for



compressing and reducing the length of the metacarpal. Some devices offer rotational stability
but can result in intra-articular surface migration [20][21]. The intramedullary (IM) devices are
suggested to be used as compressive struts inside the intramedullary canal. IM devices within
the central line of the canal can position better than plates for fixation. They can resist bending
from more than one direction and hence stabilize the long bone fracture. It is important for the
IM device to have optimal contact with the internal cortex to resist torsional and shear stress.
This can be achieved when the nail positively engages with the intramedullary canal without
disrupting blood supply since tightfitting nails could negatively impact the regeneration of
medullary circulation [31]. Some literature also highlights the limitation of placing an
intramedullary device without reaming and only in contact with the narrowest portion, the
isthmus [18]. Studies indicate that there are conflicting guidelines from physicians and limited
literature to suggest the best treatment algorithm [3]. Hence, there is a requirement for
morphometric analysis which may aid in designing intramedullary devices. Also, there is no study
conducted so far to highlight the density distribution in the metacarpal bones. Hence, this study
can build a foundation for the analysis of the density distribution of the metacarpal bone, and

establish a relation between the bone density distribution and thickness, for future research.

1.2 Study Aims and Objectives

This study focused on the morphometry of the fifth metacarpal bone, due to the limited
literature in this area and the surgical treatment modalities available today. The derived
parameters from the morphometric analysis could be used to optimize the dimensions of

intramedullary devices in the future [3]. In addition to this, the study sought to explore if there



are any gender-related variability or other correlating factors in morphometry. Data collection
for this study was performed by 3-dimensional scanning of cadaveric hands. Only a previous
study by Michael Rivlin et al. [14] has utilized 3D CT scans to study dimensions of metacarpals.
The study reconstructed images in three planes to achieve an orthogonal view [14]. The 3-
dimensional computed tomography helps in true 3D geometry analysis without positioning-bias
of the subject, and the noninvasive osteo-absorptiometry method helps to analyze density
distribution of the bone.

This study aimed to calculate the inscribed and circumscribed circles for both solid and
canal model of the fifth metacarpal which could help verify the optimum fit for the IM devices
for that bone. For universal measurement and scaling; and defining data points for the scribed
circles for bone model, principal component analysis (PCA) was applied. The PCA method of
analysis was adopted from the study by Jasmine Aira et al. [25] where the morphometric analysis
of the clavicle intramedullary canal was conducted. Further, as a part of the density study, the
methodology used by Peter Simon et al. [24] for reviewing subchondral bone density distribution
in male total-shoulder arthroplasty subjects was customized to fit the analysis of density
distribution of the fifth metacarpal bone. In that shoulder study, the glenoid surfaces were
manually traced in the axial view. The Hounsfield (HU) values for the surfaces were considered
for density distribution and its analysis. The details of the procedure followed are mentioned in

the methodology section of chapter 3.



1.3 General Limitations

The specimens collected were predominantly older adults, with an average age of 70
years. The information on hand dominance for cadaveric specimens was unavailable. Hence,
demographically the data was focused on gender only. The two anatomical sides of the hands
were not from the same specimen. Hence, drawing a conclusion based on the comparison of the

right and left side of the hand from different specimens would be inaccurate.



Chapter 2: Background

2.1 Fifth Metacarpal

The metacarpal bone is divided into three regions: head, shaft (neck and body) and, base
(see figure 1). The bone characteristically has concavity on the palmar surface [3]. The fifth
metacarpal attached to the small finger (fifth digit) is the second shortest bone among the
metacarpals. The base has a strip articular facet along the lateral surface and a non- articular
tubercle toward the medial side. It also has a slope towards the proximal ulnar side. These
patterns on the base region can also help in identifying the anatomical sides of the fifth
metacarpal bone (whether the bone is a part of right- articulated or left- articulated hand). The
quadrilateral articular surface in the bottom of the base articulates with the distal articulate
surface of the hamate carpal bone [4][5]. This joint is saddle-shaped due to the grooves at the
hamate surface which facilitates it to hook at the distal position of the carpal. At the distal end
of the fifth metacarpal i.e., head, the articulation surface is larger than that of the fourth
metacarpal. The articular head is more prominent towards the volar side [4].

The metacarpal bones of four digits together form a transverse arch which gives shape to
the palm and required support to hand for conducting the gripping or lifting task. Some of the
metacarpals have a spur growth around the lateral or medial condyle of the
metacarpophalangeal joint called sesamoid. A sesamoid is a normal variant and does not

represent osteoporosis or osteoarthritis. The articular surface in the base of the fifth metacarpal
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connects with the fourth metacarpal bone. The mobility of these two bones together forms a

movement also known as encompassment [4].

= Head

R
Neck
} Body
S

Base

Figure 1: 3D model of hand (right anatomical side) from MIMICS (Materialise, Leuven, Belgium).
2.2 Ligaments and Other Associated Structures

The non -articular tubercle surface on the medial side of the base provides attachment to
the pisometacarpal ligament and insertion of tendons of the flexor and extensor carpi ulnaris
muscle [3]. The vertical ridge of the shaft in this long bone divides it into two regions. The lateral
part between the fourth and fifth metacarpal serves as the attachment for the dorsi interosseus
muscles. The medial dorsal side of the bone has a smooth and triangular-shaped surface, which

provides attachment to the extensor tendons for the small finger. The anterolateral surface of
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the shaft serves as the origin of the palmar interosseus muscles. The metacarpophalangeal (MCP)
joint flexion is primarily controlled by the interosseous muscles along with lumbrical muscles. The
metacarpal head shape helps to form the condyloid joint with the proximal phalanx [4]. During
the hand extension and flexion, collateral ligaments of the MCP joint provide stability for a lateral
key- pinch and grip strength. The volar plate and flexor tendon drive extension as well as resist
hyperextension at MCP joint. Additionally, the intermetacarpal ligament helps to stabilize the
fingers, minimizes proximal migration and rotation in the case of a fractured bone. The ring and
small fingers are comparatively more flexible than other metacarpals due to flexion-extension
arc motion, which varies up to 15°-25° at the carpometacarpal (CMC) joint between the fourth
and fifth metacarpal and hamate [3]. The first metacarpal that articulates with the thumb is an

exception to the rest of the metacarpals.

2.3 Fractures of Fifth Metacarpal Bones

Metacarpal fractures constitute 18—-44% of all hand fractures, with the fifth finger being
most commonly involved [1][3][8]. The study by Sherif Galala and Wael Safwat [10] states that
fifth metacarpal bone fractures account for 38% of the hand fractures. During activities like
punching, energy is transferred from a clenched fist to the metacarpal bone axially. Such exertion
leads to apex dorsal angulation due to the forces exerted by the pull of interosseus muscles [1].
The fracture impact is measured as the degree of displacement, rotation and angulation along
with the fracture type: i.e. transverse, oblique, spiral, comminuted, impact or avulsion. The

acceptable apex — dorsal angulation of fracture for the index and middle finger is 15°-20°,



whereas, for the ring finger and small finger it is 30° and, 40° respectively. However, during a
shaft fracture, CMC joint recovery threshold is 15° without functional impairment [3].

The neck fracture of the fifth metacarpal by itself, also known as a Boxer’s fracture, forms
about 10% of all hand fractures. Boxer’s Fracture is a common type of injury among men within
the age group of 10-30 years [1]. Some literature also highlights comparatively rare stress
fracture in the fifth metacarpal among athletes. Such fracture might happen when external forces
combine with internal forces of muscles. Its diagnosis is considered when there is persistent hand
pain while performing any sorts for gripping activity [6][13]. Similarly, “mirrored” Bennett's and
Rolando's fractures, both of which are intra-articular fractures, occur when there is an intense
pull of the muscle extensor carpi ulnaris leading to subluxation of the dorsal fragment at the base
of the fifth metacarpal [7].

Apart from a fracture, CMC- joint dislocation can result in carpometacarpal joint arthritis.
Being a scenario as rare as 1% of all hand fractures, CMC joint injury diagnosis often gets missed

during physical examination [28].

2.4 Current Methods of Diagnosis

For fracture evaluation, edema, and possible deformities like lost knuckle contours or
prominent bony shape at proximal dorsal side due to angulation, and the location of complained
pain should be considered. In addition to comparing contralateral hand, excessive angulation
should be assessed radiographically in different views (posterior-anterior, lateral and oblique) to
advise on the method of treatment. Along with all fracture examination, a neurovascular

examination is pertinent to check for sensation, motor function, and blood flow [1]. Computed



tomography method is unlikely to be used unless there is a high degree of clinical suspicion on a
negative plain radiograph. However, some literature suggests that accuracy in measurements of

deformity can help determine the appropriate course of treatment [1][14].

2.5 Current Methods for Treatment of Metacarpal Fractures
2.5.1 Nonsurgical Treatment

In case of Boxer’s fracture with bruised knuckle and concomitant injuries, the wound
should be disinfected thoroughly. If it is a closed or displaced fracture with no excessive
angulation, splinting can help for immobilization of joints. In many cases of the fifth metacarpal
fracture up to 30° of angulation, the conservative treatment without reduction suffice for the
healing process [1]. However, the study by Yueng Cheng et al. [8] states, with non—operative

treatment for dorsal angulation, the chances of volar malunion and stiffness are high.

2.5.2 Surgical Treatment

Complexities like intra-articular fractures, unstable open fractures, segmental bone
fractures are indicative of operative treatment. It is necessary to correct any malalignment, for
which the surgeons generally rely on the stable MCP joint to aid corrective action on rotational
alignment. The conventional treatment methods for fractures are implant of plates and screws,
dynamic compression plate, and intramedullary devices. There is some literature available
comparing the transverse pinning and intramedullary pinning [3][8][10]. Transverse pinning takes
shorter operative time and has less incidence of complications. There is also literature available

on a variant of transverse pinning of metacarpal bone - open reduction and internal fixation



(ORIF). ORIF is being used for treating multiple fractures that require high mechanical stability. In
this method, a K-wire is integrated with cerclage wire, which is cost-effective and causes lesser
tissue damage than plate fixation [8]. However, the strength of K-wire used in traverse pinning
fixation is limited. On the other hand, the plates and screw fixation restrict the motion and are
associated with avascular necrosis [3]. In other techniques, Dr. Foucher introduced the method
“bouquet”, which is closed antegrade nailing of metacarpal fractures using multiple small pre-
bent K- wires. The benefit of this technique being, it does not require opening the fracture.
However, it is a difficult procedure to perform due to proximal surgical incision [9]. Many authors
have suggested that IM pinning improves motion and requires less shortening for bone.
Intramedullary fixation of metacarpal shaft fractures using small flexible rods and headless
compression screws have been recognized to provide stable internal fixation while minimizing
the extent of soft tissue injury [9][20]. The paper by Jorge Orbay also suggests IM nailing with the
combination of proximal locking could expand the scope of treatment to spiral and comminuted
type of fractures [9]. Antegrade intramedullary device fixation has also been used successfully
and offers limited soft tissue damage but the nail can potentially migrate into the
metacarpophalangeal joint [12]. The procedure requires removal of the implant after fracture
healing. Some literature discusses the potential risk of infection or broken hardware due to the
headless screw [3][11]. Again, a headless screw-end can obstruct and restrict the MP joint
rotation. The study by Doarn, Michael C et al. highlights and favors the newer technique of
retrograde headless intramedullary fixation [12]. In this technique, screws were placed dorsally
in the metacarpal head to align with the intramedullary canal. The longest screw sizes had a

preference with variation in screw thread- long in neck fracture and short threads in shaft
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fractures. In this procedure, the screw was buried within the subchondral bone [12][21]. The
head fracture often involves articular surfaces, where if the fracture is comminuted, the repair is

not plausible. Hence replacement arthroplasty or arthrodesis is suggested [3].

2.6 Previous Morphometry Studies

The morphometric analysis of the fifth metacarpal helps in pre-operative templating and
determining the dimension of the canal which would guide the choice of screw size. [20]
Attributes to be considered for analysis are the bone radius of curvature, medullary canal
diameter, cortical thickness and narrowest portion of intramedullary canal, that is isthmus. There
is literature available on morphometry studies with parameters like the shaft length, shaft
bending angle (SBA), and capital axis angle (CAA).

Michael Rivlin et al. [14] used 3 D images in sagittal and coronal projection to present the
posteroanterior and lateral view in 2 Dimensions, which later was utilized in leu for orthogonal
view. The length of the shaft was calculated as the distance from the center to two extreme ends
of distal condyles. However, the various angle calculation was subsequently summarized to
conclude minimal bending angle of capital axis angle is averaged to 12° and the shaft bending
angle from apex to dorsal is 10°. From posterior-anterior images, the fifth metacarpal was
observed to be almost straight. Berg et al. [15] utilized 16 CT scans to create a 3D model of the
metacarpal bone and inserted a 3D replica of a screw and utilized volumetric analysis to measure
volume occupied by the portions of interest of the screw. It illustrated virtually simulated
retrograde IM insertion through quantitative 3D CT. To assess the articular starting point of

insertion, surface area and subchondral volumes of the head were used during headless
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compression screw fixation of the metacarpal bone. For this study, the data of neck fractures
were exported to MATLAB for simulation. This study quantified the extent of violation by the
retrograde headless screw. It highlighted a surface of 129 mm? area mated between the proximal
phalanx and metacarpal head through the coronal arc and 265 mm? area through the sagittal
plane. Hence concluding that while using a 3 mm headless compression screw, a total of 8% and
4% of the surface mated in the coronal and sagittal plane, respectively. George Lazar et al. [16]
studied the structure of the intramedullary canal of metacarpals with the help of the 2D
radiographic method, and Vernier caliper. The data were collected to define the shape of the
metacarpal cadaveric bones. Their research emphasized the importance of the shape of the
intramedullary canal from the transverse section which affects the choice of IM device. Results
concluded that the medullary canal of second, third and fourth metacarpals are more oval than
the fifth metacarpal which is nearly round. It also states that due to the variation in thickness of
the cortical wall in different directions, the IM device should be fitted dorsally. The result of
subjective observation in this study stated the diameter of the intramedullary canal to be 4.3 mm
(£1.0). and 4.2 mm (+1.1). from frontal and sagittal views respectively.

J, JVaux et al. [22] conducted the human thumb metacarpal morphometric analysis with
a total of 80 metacarpals from 46 cadavers. For each bone, a virtual 3D model was constructed
by reviewing the sagittal, coronal and lateral plane of CT scans. The bones were analyzed for the
overall length, the radius of curvature and distance from the narrowest portion of the
intramedullary canal. This morphometric study was done with the intention to use that data for

osteointegration in cases of thumb amputation. The limitation of this study was in the accuracy
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of locating the narrowest portion of the thumb, manually. The manual process in CAD application
could have some level of observer bias.

In terms of the density analysis of the fifth metacarpal, there is very limited literature
available. There is literature that suggests the relative association of the fracture risk to
volumetric bone mineral density [30]. There is also a study available by Irene Llorente et al. [17]
which devised bone mineral density analysis of the cortical bone for predicting the extent of
arthritis. This study used conventional dual X-ray absorptiometry for studying the third
metacarpal radius, and tibia of rheumatoid arthritis patients. The results highlighted 75.7 mm? of
total cross-sectional area, and 1,166 mg/cm? of volumetric bone mineral density in the shaft
location of third metacarpal bone, which constitutes 30% of the total volume of bone.

There is no study conducted so far to highlight the density distribution in the metacarpal
bones. However, the literature suggests that Hounsfield’s unit scale is a useful “surrogate marker
for bone mineral density” [29]. In other studies, spatial mapping of humeral head bone density
by Hamidreza Alidousti et al. [23] used CT scans of 8 cadaveric humeri for predicting the bone
density distribution. The scanned images were processed in MIMICS to generate the HU format
file of the humerus head. These files were imported in MATLAB for density analysis. In MATLAB,
centroid was calculated for each specimen and assigned the corresponding bone density. The
data was sorted to divide the humeral head into 12 slices parallel to the neck of the respective
humerus bone. Each slice was then divided into 4 concentric zones. The bone density used an
average of subvolumes of the point cloud. Though the method ensured these values did not
overshadow the variation in local properties, it could still not distinguish the bone in the 4«

concentric zone.
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In the density distribution analysis of glenoid surfaces by Peter Simon et al., [24] the HU
values for the surfaces were accounted up to a depth of 5 mm. The surfaces traced were as per
the position of the pixel considered for the edges. Thereafter the glenoid zoning was performed
by defining the central zone as concentric part. The study highlighted that the zonal analysis of
density distribution could be an effective tool for preoperative planning. High density in the
concentric part and posterior zone in the peripheral area suggested the pattern of cartilage loss

in the peripheral area during the progression of osteoarthritis.
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Chapter 3: Methodology for Morphometry and Density Analysis of the Fifth Metacarpal

3.1 Study Population
An a-priori power analysis determined a minimum sample size of 12 specimens per

gender group is required to show gender differences in overall length (90%, large effect=0.8). For
this study, hands were harvested from cadavers and scanned via computed tomography. Post -
scanning, the CT scan images were clinically screened by orthopaedist Dr. Shaan Patel from
Morsani College of Medicine (USF) for osteoarthritis at carpometacarpal and
metacarpophalangeal joints. The aim of this morphometric analysis is to list the dimensions of an
average healthy fifth metacarpal bone. There were 22 males and 16 female samples. The average
age of the collected specimens was 70 + 13 years (71 + 12.8 years for male; and 69 + 13.7 years
for female). Average height was 170 £ 12 cm (177 £ 12 cm for male and 159 £ 12 cm for female);
average weight was 68 + 18 kg (76 + 18 kg for male and 57 + 18 kg for female), and average BMI
was 23 + 5.4 (24 + 6 for male and 22 + 5 for female). There were in total, 4 left and 12 right hands
for the female population and 10 left and 12 right hands for the male population considered as

per the study’s selection criteria.

3.2 Methodology
The acquired 3 D CT scans were in axial view, with the length of the long bone to be the

Z-axis. The cadaver hands were spaced in the GE lightspeed scanner in such a way that images
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could be captured with the required scale, 0.625 mm of thickness and pixel size of 0.383- 0.619
mm. The images were then stored on the DICOM system (Digital imaging and communications in

Medicine) to be transferred to the MIMICS application platform.

3.2.1 Segmentation

For each specimen’s hand, the image was individually processed as illustrated in figure 2.

a) Canal b) Cortex c) Solid Model

Figure 2: Image processed for the fifth metacarpal bone from CT scan. a) Volumetric model of
the canal, b) Cortex model and c) Volumetric model of whole fifth metacarpal.

The threshold value in the Hounsfield scale was set as per the cortical bone region on
MIMICS to define the initial contours. Each image was modeled for its whole solid shape and
canal section separately. The cortical portion was then generated by subtraction of the canal

from the solid model, using the Boolean operation. This function was performed to avoid
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redundancy as well as miss out on any of the modeled regions. All three generated models were

then exported in both point cloud (PC)and Hounsfield (HU) format.

3.2.2 Coordinate System and Alignment

The hands were scanned in the prone position hence establishing the Z-axis along the
length of the bone. Axis X & Y were identified via transverse and coronal views of the model. The
axes identified by these views were not aligned with the global coordinate system. The principal
component analysis was used to align the axes of these models for geometric interpretation. PCA
utilizes a matrix of data points to find the eigenvector and eigenvalues. The principal component
is said to be a linear combination of the original data points. In the newly formed coordinate
system (global coordinate system), the first principal component axis is in the direction of the
greatest variance of data points. Consequently, the second and third eigenvector would be
orthogonal to the first principal component. Hence, yielding longitudinal axis ‘2’ (1% principal
axis), anterior-posterior direction ‘Y’ (2" principal axis) and lateral — medial direction ‘X’ ( 3"
principal component).

For PCA and further morphometric and density analysis, the point cloud and Hounsfield
format files generated on MIMICS are imported onto MATLAB (MathWorks, Natick MA). The
algorithm from the previous study by Jazmine Aira et al. and Peter Simon et al. was opted and
customized to fit the requirement of our analysis [24] [25]. The normalization and alignment are

pre-requisite to further analysis for both morphometry and density distribution.
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Figure 3: The image from MIMICS. Starting from top right corner clockwise is the Transverse
section, complete model Fifth Metacarpal, sagittal view and coronal view. The longitudinal axis
along the length is established as Z-axis.

3.2.3 Normalization

Before morphometric analysis, every fifth metacarpal model underwent normalization to
transform from the local coordinate system to the global coordinate system. The technique used
for the normalization of coordinates is principal component analysis. Firstly, the geometric center
was calculated by finding the volumetric mean of the solid shape of the fifth metacarpal, and
canal model, individually.

C= X xi; ==Y yi; C=— N zi
In the next step, every model was translated from their geometric center [Cx, Cy, Cz] to

global origin [Gx, Gy, Gz] and aligned with the three principal component axes. To aligh models

with the created principal component axes, we applied orthogonal rotation from the local
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coordinate system to the global coordinate system. Hence completing the orthogonal
transformation.
1) Translation:

Cx

Cy
Cz

Gx] [Lx
Gz Lz

2) Rotation:

P31[Gx] [P3.Gx P3.Gy P3.Gz
GLR=[P2 [Gy]=[P2.Gx P2.Gy P2.Gz]
rillgzl lP1.6Gx P1.Gy P1.Gz

As a control to maintain the consistency in data, all the included left hands were verified

and vertically inverted (not mirrored) along the Z-axis.

3.2.4 Measurements

To verify a holistic measurement of length, the bounding box function was applied to
Hounsfield format of the solid model (see figure 4). The bounding box function calculates the
maximum and minimum values of the tightest-fit for the bone model. The next section explains
the algorithm considered for measurements for the scribed circle of the canal and the whole fifth

metacarpal model ( the solid model) as well as the density distribution of the bone.
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Figure 4: The solid model of the fifth metacarpal after orthogonal transformation.

3.2.5 Inscribed and Circumscribed Circles Calculation

The models were then sectionalized in 50 planes along the length (Z-axis), which later
were utilized to draw 3D circles (inscribed and circumscribed) for both solid and canal model,
individually. The circumscribed circles were drawn with minimum radius, which could enclose the
complete set of points (X, Y) along the Z-axis, on the surface of the canal and solid model,
individually at a particular section. To ensure that the maximum number of point projections
were being utilized for every section, the points between the consecutive planes n and n+1 were
merged and flattened on a single surface. This function was performed at all 50 planes of the
model. The ellipse geometry is conditioned to at least pass through 3 points set to draw the
circumscribed circle.

For the two sets of models, the inscribed circle was also drawn for the polygon [x,y], using
the Voronoi diagram. Again, the Voronoi diagram is drawn with at least 3 input points, which

partitions the plane into specific regions as per distance of a seed to its subset points (which are
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in proximity to that seed). Hence, the Voronoi edge is defined by two adjacent Voronoi regions,
equidistant from two seeds. Subsequently, the intersection of three regions is a Voronoi edge
which is equidistant from the three seeds. The Voronoi diagram is created around the Convex

Hull of point cloud surface in a cross-section.
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Figure 5a: The bone model with the circumscribed circle around solid HU model, and
circumscribed circle around the canal HU model.

Figure 5b: The cross-section of the 3D scribed circles drawn around the two models in possible
combinations.

In this manner, four models generated with the stated algorithm are:
1) Circumscribed circle of solid HU
2) Inscribed circle of solid PC
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3) Circumscribed circle of canal HU

4) Inscribed circle of canal PC

(=]

Y- Axls (mm)

X- Axis (mm)

Figure 6a: The cross-section of the solid HU model with the circumscribed circle and canal PC
model with the inscribed circle.

@ o
2f S .
E )
0 y 8
= &
E 4 ¥
=l
=
< =
|\
s = o
-3 45
b
&f =
6 43 a3y -
X~ 205 [mm)

Figure 6b: The cross-section of the solid PC model with the inscribed circle and canal HU model
with the circumscribed circle.
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This study has explored the efficiency of automated evaluation of dimensions of the fifth
metacarpal bone. The detailed flow charts of the morphometric analysis below depict the

automated process applied for measurements.

Segmentation of fifth
metacarpal bone

MIMICS
platform

Solid, Canal and Cortex
model Generation

{ volumetric and surface

model)

File import to MATLAB (in
point cloud and Housnfield

format)

Axis Standardization & Normalization
with Principal Component Analysis

i

No

MATLAB
— | Invert Z axis

Is the bone

right- sided?

Yes l

Calculate the minimum and
maximum values of all three
co ordinates

!

Sectionalize
the model in
50 planes

Circumscribed inscribed circles
circles fitting fitting Data export

Figure 7: Flow chart diagram.
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3.2.5.1 The Efficiency of the Algorithm

The study by Michael Rivlin et al highlighted the capital axis angle and the shaft bending
angle for the fifth metacarpal bone [14]. Hence, it became imperative to analyze the deviation of
the critical data of inscribed circles for the canal model. For the analysis, the mean squared error
of every center of 40 planes was calculated. This helped substantiate the estimation error of the
central line as 0.88 mm for X coordinates and 0.86 mm for Y coordinates. The geometry of the
fifth metacarpal bone is not perfectly cylindrical. Also, at each plane, a circle or any regular
polygon cannot define the dimensions of that cross-section. Furthermore, calculations were
performed to determine the average differential distance of points at the surface of the canal
model for a cross-section, with respect to the inscribed circle of the canal model at that cross-
section. The Average of Absolute value of differential distance was calculated as:

(V (X-X")%+ (Y-Y')?) )?-R
wherein (X', Y') are the coordinates for the center of the inscribed circle. And, (X, Y) represents
the points on that plane. The values were calculated for the 5t to 45™ planes of the canal. The
irregularity of shape for the internal canal is extremely high for the subchondral region and does
not provide significant data for analysis. Hence the values were excluded from the extreme ends
of the canal. This analysis for the average of the absolute value of differential distance was run
for 3 sample sizes as large, medium and small as per the length of the bone. The differential
distance was found to be 1.10 mm, 0.92 mm and, 0.75 mm respectively. Hence, concluding that
the values are comparatively small for the average diameter of 5.92 mm, 4.96 mm, 4.66 mm for
their corresponding sample model. These measurements can be utilized for the optimization of

dimensions for the fifth metacarpal intramedullary devices.
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3.2.6 Density Analysis

The morphometric analysis with only inscribed and circumscribed circles does not provide
requisite information to quantify the bone thickness and morphology. Hence, the research
progressed with the calculation of the bone density distribution, which could unfold the
information of variability in the gender, anatomical side and length of the bone with respect to
the bone density distribution. The relative density calculation was performed on the cortex
model in Hounsfield format. The normalized data was again sectionalized in 50 planes along the
length (z-axis), and the elements of the data were converted from Cartesian to polar coordinates.
Every section was yet again divided within the 360° angle of the plane, to categorize 2 positive
and 2 negative quadrants. The points were then noted from the maximum radius to 60% of the
distance towards the center. The interior part of the concentric is defined as the central zone.
The intention of zoning is to study the density distribution of the cortex wall for reaming and
drilling the intramedullary device inside the bone canal. Hence, the central zone was excluded as
being a part of the canal.

The created model was divided into four different zones as per the angular parameter—
posterior (135° to 45°), anterior (-45° to -135°), lateral (45° to -45°), and medial (135° to 225°).
Such zonal radiodensity value helped to analyze the bone density distribution (see figure 8). The
bone density values were collected in the Hounsfield (HU) unit scale, which is a linear
transformation of attenuated coefficient measurement with respect to the radiodensity of

distilled water.
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**The Circle in the diagram represents the cross section of the Fifth Metacarpal bone.

Figure 8: Flow chart diagram of density distribution.
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The zonal information was further divided in 5 different regions or portions, for a better
understanding of bone density distribution at the head, shaft (neck and body) and, base. Such
distribution of the high and low density can help in the analysis of the fracture patterns, wherein
the location of the fracture can be analyzed to compare the bone density distribution. The data
of the mean densities were calculated for all four zones that are posterior, anterior, lateral and

medial at each of the divided 5 regions and the total average at that region, separately.
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Figure 9a: The cross-section of the neck part of the fifth metacarpal representing the density
distribution for the posterior, anterior, lateral and medial side.

27



Fifth Metacarpal

»

b

10

| f g™
:-.. - 1 0 ’ fd.

0 10 0 10
Figure 9b: The bone density distribution of the complete cortical bone.

3.3 Statistical Analysis

For the statistical analysis the average, standard deviation, ranges, minimum values were
calculated. In addition to that, a t-test for the gender-wise grouping for four scribed circles and
Pearson’s coefficient correlation test was performed to find the statistical significance of factor
influencing the dimensions of the fifth metacarpal bone. The demographic factors considered for
comparison were height, height percentile, weight and, sexual dimorphism. The analysis was

performed on SAS software, and the assumed level of confidence was 0.05.
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Chapter 4: Results and Discussions

4.1 Results
The diameter of the narrowest portion of the intramedullary canal (isthmus) was

calculated by finding the minimum value of the inscribed circle for the canal model and its
reference plane was noted. The values considered for the diameter were dataset points from the
5t to 45% planes. Similarly, the minimal value of diameter was calculated for every drawn circles’
algorithm. The attributes which were statistically computed with the collected data are as
follows:

1) Maximum and minimum values

2) Average of minimum radius

3) Standard Deviation

Starting with the length of the bone, we calculated the length of bone as a function of the
height of the donor specimen. The average length of the bone was found to be 54.8 + 4.4 mm.
On gender-wise grouping average bone length for females and males was observed as 50.5 + 2.1

mm and 57.9 + 2.5 mm, respectively.
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Table 1: Average Length of Bone as a Function of Height of the Specimen Donor.

Average length of the bone in mm with + SD
Height in cm
Gender Female Male
135-155 50.5+0.9
155-175 51.3%2.6 55.6+2.9
175-195 59.3+13

Overall, the average minimum diameter of the inscribed circle for the canal model was

3.3 £ 0.8 mm at 49.5% of the length. Furthermore, the minimum diameter of the inscribed circle

for male is 3.5 £ 0.8 mm, whereas for female it was 3 + 0.6 mm. Further calculated dimensions

have been mentioned below.

Table 2: Average Diameter of Inscribed Circle for Canal.

Average for Std Average for D Total Std

Female Deviation Male Average | Deviation
3 0.6 3.5 0.8 33 0.8
Diameter Mentioned Bone Lengthwise
Length of Bone Average Female Average of Male Average

45-48 2.4 2.4
48-51 3
51-54 4 3.4
54-57 3.4 4 3.8
57-60 3.2 3.2
60-63 3.2 3.2
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Table 3: Average Diameter of Circumscribed Circle for Canal.

Average for D Average for D Total Std
Female Male Average | Deviation
3.8 0.8 4.3 1 4.1 0.9
Diameter Mentioned Bone Lengthwise
Length of Bone | Average Female | Average of Male Average
45-48 2.8 2.8
48-51 4 4
51-54 3.8 4.6 4
54-57 3.6 5.2 4.8
57-60 4.2 4.2
60-63 3.6 3.6
Table 4: Average Diameter of Inscribed Circle for Whole Bone Model.
Average for Average for Total Std
SD SD L
Female Male Average | Deviation
5.9 0.8 1 6.5 1.1
Diameter Mentioned Bone Lengthwise
Length of Bone | Average Female | Average of Male Average
45-48 5.2 5.2
48-51 5.8 5.8
51-54 6.6 6.4 6.4
54-57 5.4 8 7.6
57-60 8.4 8.4
60-63 7.2 7.2
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Table 5: Average Diameter of Circumscribed Circle for Whole Bone Model.

Average for D Average for D Total Std
Female Male Average | Deviation
7.8 0.9 9.1 1 8.5 1.2
Diameter Mentioned Bone Lengthwise
Length of Bone Average Female | Average of Male Average
45-48 6.8 6.8
48-51 7.6 7.6
51-54 8.2 9.4 8.6
54-57 8 10 9.6
57-60 8.6 8.6
60-63 9.4 9.4

As per the t- test analysis (refer tables 6 -9), the gender- wise grouping for the inscribed

and circumscribed circle for canal was observed to be statistically significant (p< 0.05). The

circumscribed and inscribed circle for whole bone model was also found to be statistically

significant. For the one tail test, the average value of diameter for the male population was

hypothesized to be greater than that of average for the female population.

Table 6: Two-Sample t-Test Assuming Unequal Variances for Canal Circumscribed Circles.

Female Male

Mean
Variance
Observations

Hypothesized Mean Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

1.88
0.15
16

0

36

-1.91

0.03
1.69
0.06
2.03

2.15
0.24
22
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Table 7: Two-Sample t-Test Assuming Unequal Variances for Canal Inscribed Circles.

Table 8: Two-Sample t-Test Assuming Unequal Variances for Inscribed Circles of Whole Bone.

Female Male

Mean 1.49 1.73
Variance 0.09 0.17
Observations 16 22
Hypothesized Mean 0

Difference

df 36

t Stat 2.11

P(T<=t) one-tail 0.02

t Critical one-tail 1.69

P(T<=t) two-tail 0.04

t Critical two-tail 2.03

Female Male

Mean

Variance

Observations

Hypothesized Mean Difference
df

t Stat

P(T<=t) one-tail

t Critical one-tail

P(T<=t) two-tail

t Critical two-tail

2.95
0.17
16

0

35
-3.56
0.00
1.69
0.00
2.03

3.48
0.25
22

Table 9: Two-Sample t-Test Assuming Unequal Variances for Circumscribed Circles for Whole

Bone.

Female Male
Mean 3.88 4.56
Variance 0.18 0.25
Observations 16 22
Hypothesized Mean Difference 0
df 35
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Table 9 (continued)

Female Male
t Stat -4.55
P(T<=t) one-tail 0.00
t Critical one-tail 1.69
P(T<=t) two-tail 0.00
t Critical two-tail 2.03

Gender
Female Male
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Figure 10a: Population pyramid frequency for diameter of inscribed circle for canal model.
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Gender
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Figure 10b: Population pyramid frequency for diameter of circumscribed circle for canal model.
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Figure 10c: Population pyramid frequency for diameter of inscribed circle for whole bone
model.
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Figure 10d: Population pyramid frequency for diameter of inscribed circle for whole bone
model.

The Pearson’s coefficient correlation test verified the relation of height with respect to
bone length, the diameter of the inscribed and circumscribed circle of the canal. This was
statistically significant with a p-value of 0.0294, 0.0743 and 0.0797 respectively in the male
specimen. The correlation was not found statistically significant in the female population. The
correlation of the height of the specimen with the diameter of the inscribed and circumscribed
circle of the canal was found to be statistically significant for the whole population.

The mean density of four individual zones for five different portions of the bone was
calculated. The Average density as a whole for each of the five portions was also calculated. The
results were compared for gender variability. The recorded bone density was comparable in all
four zones. The pattern suggested that the average density of the bone at the distal end of the
fifth metacarpal is slightly more concentrated in the posterior zone. In the proximal portion, the

density is more concentrated in the anterior and medial zone for the cortex. However, in the
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subchondral region of the proximal end, it is higher at the posterior zone. This pattern was less
evident in female than in male population, hence it would be difficult to draw any conclusion
based on a small population. In the shaft area, bone density was found to be higher than that of

in the subchondral regions. We also found a correlation between weight and average density.

Table 10: Region and Zone-wise Distribution of Density in Male and Female.

Average Density, Zone-wise £ SD
Total Average
e
Region 'en5|ty, \
Anterior Posterior Lateral Medial Region-wise +
SD
. 561.2 + 592 + 573.9 + 564.4 +
+
Region 1 186.7 218.1 205.1 2304 | 737%1924
. 1026.8+ | 1048.1+ 1020.3 + 1037.5 +
+
Region 2 3335 337.4 327.0 3400 | 1032:9%3249
. 12305+ | 1232.7+ 1163.8 + 1251.7 +
+
Region 3 356.4 375.9 379.9 4114 | 12420%3668
. 10354+ | 1037.2+ 1037.5 + 1082.6 +
+
Region 4 362.0 353.1 370.9 370.5 | 1049-7%356.4
. 575.8 + 577.9 + 562.1+ 545.6 +
+
Region 5 2104 218.6 218.6 209.3 >68.1£202.6
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Figure 11: Graphs plotted to represent the density distribution. Bar charts for anterior,
posterior, lateral and medial zones, along with average density of the corresponding region in
both male and female population.
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Figure 11 (continued)
The Pearson’s coefficient correlation for the average density in every region with respect
to the weight of the specimen was found to be statistically significant and the p-value in the
order of region from head to base was observed to almost 0.05 ( p < 0.05). Again, the correlation

was more pronounced in the male population than the female population.
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4.2 Discussions

The results of this study are in line with the previous studies in terms of density
distribution and bone length. The study by John H. Musgraves and Narendra K highlighted a
significant correlation between the stature of a person and the length of the bone [26]. However,
the observations in this study, of the height of the specimen donor as a function of bone length
suggest that the correlation is rather skewed though being statistically significant. The result of
density distribution relates to the conclusion from the previous study by George Lazar et al. It
states that, the dorsal cortical walls in mid-shaft are thinner than volar side. This pattern was
observed while analyzing the four zones of the cortex bone. The study also suggested that the
small size of the intramedullary canal at the mid-shaft and the gradual increase of diameter at
the distal end is due to the thinning cortical wall at the metaphyseal area [16].

The results were more precise and apparent in the male group than in the female group.
A possible explanation could be the size of the female population and its distribution. For
calculation of thickness of the wall the diameter of the circumscribed circle of the canal was
subtracted from the diameter of the inscribed circle of the whole bone model. The value was
compared with the BMI of the specimen donor, which did not reflect a statistical significance.
However, thickness correlated with bone length. We observed a correlation between the height
and height percentile, with respect to the average density in the five regions. However, the
correlation was not statistically significant.

This study could not meet the objective of finding a variation in measurements per the
anatomical side (left and hand hands) of the fifth metacarpal bone. Observations of the left and

right side of the fifth metacarpal did not show a correlation as they were collected from different
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specimens and were not matching hands to make relevant comparisons. The overall information
of various parameters within male and female population suggest significant variation as per the
t-test.

While, the average length of the bone was compared with the previous study by Michael
Rivlin et al, which was 89 + 21 mm, this study found the average dimensions were distinctively
different as 54.8 + 4.4 mm [14]. However, it is difficult to make a comparison as the methodology
of measurement used in the previous study was manual and was estimated from two different
views of lateral and anterior-posterior radiographic images. The morphometry study using a 3D
scan along with standardized principal component analysis reduces the human bias in estimating
the dimensions and minimizes the information loss. This study also states the demography of the
specimen donors along with their height percentile to provide a better picture of the population

used for measurements and calculations.
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Chapter 5: Conclusion and Recommendations

5.1 Implication of Results

This study is an attempt to benchmark the dimensional parameters of the fifth metacarpal
bone, which can be utilized for designing the intramedullary devices. The current surgical
techniques specify a screw length of 40 mm being successfully used for the treatment of fifth
metacarpal bone with intramedullary devices. Most of the previous studies suggest that an IM
screw with a diameter of 3 mm has worked efficiently.

The Pearson’s coefficient correlation test indicates that there is a significant variation in
the diameter of the inscribed and circumscribed circles of the canal model with respect to the
height of the specimen donor. Hence, it suggests that the height of the patient could be a deciding
factor for the selection of the screw dimensions.

The gender variability was not found statistically significant for radiodensity, which might
require an effective sample size for observation. The density distribution of the cortex bone of
the fifth metacarpal is comparable in four zones and therefore it is difficult to state a definitive
pattern. However, the statistical analysis highlights a correlation of weight and body mass index
with the density of the bone. Also, the region-wise distribution indicates that the bone density in
the subchondral region of either end of the fifth metacarpal is less than that of the shaft of the

bone.

42



The benefit of the methodology used is that the orthogonal transformation helps to
provide measurement independent of the spatial placement of the specimen. The automated
calculation of dimensions cancels out the chances of manual error. However, creating the bone
model on the Mimics platform for the cortical region is a manual process wherein we could
anticipate a certain level of observational bias. Bone modeling is dependent on the objective
inclusion of the voxels that constitute the cortex region of the metacarpal bone.

The average length of the bone and diameter of the scribed circles provide a skewed set
of measurement for both male and female population. The overall average of the dimensions
observed is comparable with the dimensions of the existing intramedullary devices.
Nevertheless, this range of measurements can supplement the analysis for the optimization of
intramedullary devices. Also, the knowledge of normal dimensions and anatomic configuration

can be helpful for reconstruction surgery.

5.2 Future Work and Recommendations

It would be worth investigating the variation in the right and left anatomical side with the
specimens of matching hands. The data can be further diversified by adding the variable, grip
strength of an individual. We expect that the hand dominance and relative activities could have
a critical impact on the density distribution of the bone and its thickness.

As the morphometry and morphology of the fifth metacarpal have been stated in this
study, it can be used as a foundation to carry forward the simulation of different screw size
insertions in the fifth metacarpal bone. Apart from simulation, the existing devices can be

verified for their strength and fit using mechanical testing methods on the cadaveric bones.
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Information on the diameter of scribed circles at different planes of the fifth metacarpal can be
utilized to define the dimensions of the screw implant for fractures at different anatomical
planes. In addition, finite element analysis for stress and strain analysis on the fifth metacarpal
bone due to IM devices is also recommended. The information on density distribution can be

utilized to define the material of the bone before subjecting it to load for analysis.
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Appendix A: Table of Results

Table Al: Results of Minimum Values of Scribed Circles.

plane plane plane plane

Length |Length of reference reference reference reference
specimen  |Articular ofthe |bone Height |Weight [Diameter|of the Diameter |of the Diameter |of the Diameter |of the
Number side Gender |bone Categorized |in cm in kg CIC value CIC |CCC value CCC |OIC value QIC |OCC value OCC
GLI706B03  |Right Female 51.87(51-54 152 48 3.22 23 5.36 22 728 21 0491 21
GL1B10231 |Left Male 58.84(57-60 188 1 443 23 40 17 5.13 26 7.14 23
GLI706524  |Left Male 58.66(57-60 180 ] 4325 16 5.64 15 6.51 15 877 26
GL1B09034  |Right Female 50.62(48-51 137 54 298 28 436 26 6.47 23 1.72 25
GL1707366 |Left Female 48.67|48-51 152 57 406 18 3.B8 26 6.20 22 7.56 25
GL1707011 |Right Male 58.11(57-60 168 a4 2.67 31 3.69 28 5.85 24 792 25
GL1B09025 |Left Male 52.12(51-54 170 1 5.01 22 6.32 28 6.27 18 10.55 23
GL1B10G1S  |Right Male 60.34(60-63 183 a1 3.15 22 3599 23 748 22 0EB 24
GLI706730  |Left Male 58.68(57-60 178 113 3.54 22 4494 17 7.34 27 046 15
GL1B10671 |Right Male 57.00(54-57 170 52 3.81 24 461 24 7.93 18 0.60 25
GL1707122 |Left Male 57.52(57-60 173 75 3.06 24 400 17 6.45 20 8.26 25
GL1707136  |Right Female 54.26(54-57 168 1 347 27 3.67 24 542 15 7192 18
GL1B1021R |Left Male 60.62 |60-63 178 a1 377 27 3.82 24 745 12 B79 22
GLI706741  |Right Male 57.17(57-60 183 82 228 23 2491 18 6.92 33 747 23
GL1810540  |Right Female 46.61|45-48 163 5] 274 34 256 26 5.36 32 6.69 26
GL1B10414  |Left Female 50.95(48-51 165 54 3.07 28 3.78 24 5.18 14 7.24 23
GL1B101BE |Left Female 50.91(48-51 165 59 2.45 29 3.74 23 447 23 746 23
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Table Al (continued)

plane plane plane plane

Length [Length of reference reference reference reference
Specimen  |Articular of the |bone Height [Weight |Diameter|of the Diameter [of the Diameter |of the Diameter (of the
Number side Gender [bone  |Categorized|incm  |inKg CIC value CIC |CCC value CCCQIC value OIC|OCC value OCC
CIB1372 Right |Female 51.84|51-54 155 68 3.15 37 408 27 593 20 7.15 28
F182611 Left Male 58.96|57-60 168 73 448 28 470 17 758 23 991 21
5190261 Left Male 58.42|57-60 170 g9 409 19 544 19 7.05 22 8.67 26
1150129 Right |Female 50.17|48-51 155 3 343 30 438 24 .71 25 745 28
F1B2566 Left Female 48 B5|48-51 150 66 3.07 24 3.51 26 577 22 152 25
5182714 Right |Male 57.86|57-60 183 g9 267 16 3.60 21 5.05 16 1.70 24
F150645 Right |Male 58.72|57-60 178 67 277 26 405 20 6.33 13 9.09 30
F1901070  |Left Male 50.59|57-60 178 6B 3.15 23 3.99 22 748 23 9.B8 24
GL1S04015  |Right  [Male 56.60|54-57 170 70 403 25 442 25 852 26 10.90 24
C150245 Right |Female 52.52|51-54 157 45 259 22 281 22 1.23 25 9.26 21
GLI706804 |Right |[Male 60.44|60-63 185 71 3.52 26 3.45 7 B.02 17 9.67 32
5182705 Right |Female 49 36(48-51 147 45 3.53 21 484 21 472 pic] 8.06 22
5190235 Right |Female 4p.54(45-48 163 68 192 30 287 26 5.18 17 102 24
C1B1B47 Right |Male 58.66|57-60 183 70 185 7 342 33 5.29 35 9.45 31
1181079 Right |Female 52.33|51-54 175 44 3.69 17 427 19 6.07 15 7.40 24
C150111 Right |Male 55.29|54-57 173 104 446 23 511 4 754 28 .06 24
C1B1432 Left Male 61.98|60-63 188 54 264 7 3.36 28 786 29 947 20
5190655 Right |Male 51.68|51-54 175 ] 298 22 292 21 6.60 16 8.07 27
F182481 Right |Female 51.87|51-54 170 80 228 26 289 25 6.33 35 862 32
GLI707410 |Right [Male 56.12|54-57 180 113 3.70 26 6.36 28 B33 32 1057 33
GL1B10754 |Right  |Female 50.68|48-51 175 54 212 24 3.18 23 6.16 27 107 22
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Table A2: Results of Density Distribution, Part 1.

Specimen

Number |Anterior 1 |Posterior 1 |Lateral 1 |Medial 1 [TA1 Anterior 2 |Posterior 2 |Lateral 2 |Medial 2 |TA2 Anterior 3 |Posterior 3 |Lateral 3 |Medial 3 (TA3
GL1706803 436.26 37002 27e06| 41229 37932 81272 864.31| 66050 82425 73499 106478 1133.34) 100059| 1023.23| 1063.49
GL1310231 590.44 49397| 45990 S5BOS2( 51686 116638 134196 113259| 120445( 123441 140362 143746 147427| 151003| 1456.13
GL1706524 54315 0BA.31| 585.26| 44082 57446 105044 140543 109991 91199 111691 143361 152342) 1505.07| 1317.80| 142527
GL1B02034 37378 42612 50538 37176| 42735 82319 94550 97488 92557 93779 105263 125215| 110395 126699| 116314
GL1707366 669.70 61546\ 74571 59278| 66415 120211 122040( 135760 128301 125526 131036 1358.28| 123712 145494| 137166
GL1707011 48110 49695 57324 42510| 49960 116563 115951 108690 113389 114388 140060 1280.26| 124656 141252| 137267
GL1809025 585.39 p03.74| 73919 5BG.BB| 635591 856.88 106175 1146.86| 1067.70| 1057.37| 135938 1236.38| 1300.27| 1539.27| 1359.87
GL1810619 £39.93 709.87| 67599 54977 653.88| 121353 126745 1290.68) 133678 126500 146732 143059 1357.37| 1580.44| 148351
GLL706730) 912,67 850.26| 88306 64331 82959 151635 133595| 1316.85) 140445 1396.02| 158159 15895.88| 1423.36| 1607.72| 158385
GL1810671 650.78 85958 793.42| 104236| 79524 111412 1249.14| 1101.86| 104415 112051 112812 1547.45| 930.09 170585 143103
GLL707122 597.27 578.81| 666.86| 493.10| 594.80 895.07 121554| 131679 116238 1161.58| 150050 146532 1313.44) 1506.43| 147235
GLL707136 543.60 S96.66| 50004 56168| 57420 116310 102556 982.46| 102395 1057.37) 138968| 129120 1453.11| 129651| 133588
GL1510218 662.98 837.26| 60459 60130| 68419 114142 144977 125253 127441 1287.67| 154954 1577.23| 1468.14| 1465.51| 151432
GLL706741) 1051.03 909.65| 1048.87 77457 95308 172992 147679 1703.38| 158741 164055| 184448 175091 183549 1851.96| 1B836.56
GL1B10540( 70575 86105 73231 92792 79429 140567 138893 1226.16| 15B8371| 141837 142872 167408| 154780 177179| 1678.65
GL1310414 53268 £25.78| 60488| 57199 579.09 838.11 863.04| 102083 85452 92353 108210 114263 107644| BB733| 1064.75
GL1310188 49999 595.43| 53392 55672 54358 811.59 76597 86109| 7B795| B0908 92612 106191) 96966| B83031| 967.77
GL1707410) 802.55 113427 98250 119846 103676 1633.82 1451.84( 1353.14| 156990| 150056 183520 173111| 164589| 180353 176574
GL1B10754 61348 76346| 67209 64627\ 63227 134777 145050 1251.13) 134925 1348358 172871 1462.16| 154519 1676.26| 1657.71

50



Table A2 (continued)

Specimen

Number |Anterior1 |Posterior 1 |Lateral 1 |Medial 1 [TAL Anterior 2 |Posterior 2 |Lateral 2 |Medial 2 [TA2 Anterior 3 |Posterior 3 |Lateral 3 |Medial 3 {TA3
Cl81372 46396 38082 29601 457.10| 40534 80442 91357 705.83| B86430| B1442| 107730 113808| 102V47| 109323| 107427
F182611 57405 47857 45313 58249| 50818 117751 1357.49| 110088| 135621 125198 137182 1386.47| 133032( 1430.89| 141630
5190261 §90.24 55252 54950 54742| 5B038| 121895 11v427| 130535 982.14| 116202| 152571 1524.62( 1595.73| 144796| 1510.08
1150129 427 24 4pB22| 57072 41178| 47756 105358| 1103.49| 106145 107055 1069.34| 113923 133260( 126191| 131069| 124673
F182566 Go4.64 605.44| 72977 59395 65145 120261 126070 1361.71) 1308.36| 127618 1430.00( 1380.25| 1359.60( 1454.74) 141458
5182714 43598 526.08| 59168 44198 51868 128165 130452 120763| 123001 126268 143197 1408.28| 142264| 14p4.40) 145946
F190645 32347 26410 34603| 228349) 29926 45512 41244 43991 46723| 44326 51219 54953 33387 55298 52505
F1801070 36660 J9B62| 34B33| 31244| 36069 45697 51452 52743 4BR7V| 49377 68992 68928 57485 71054| 68413
GL1504015 44148 40336 39579 42498| 41587 61177 B06.85| 69160 73131 63871 96263 B4258| 953.04| 71604| 91208
£190245 650.78 85958| 79842| 104236| 79524 111412 124914) 110186 104415) 112051 112812 1547.45) 980.09| 170595 143103
GLI706304 40734 47692 47088 35562 44208 92202 72013 71082 63267 79206 103977 69237 67202\ 80148 Be3.30
5182705 34755 20680 38025| 23978| 32632 76346 54593 811e1| 67716 69316 993125 79373 769.78( 77183| B4RES
5130235 628.16 678.64| 49767 73050| ode86| 1075.27) 116396 1192.87| 134378| 118240 136838 1510.40| 1578.44| 1308.53| 150110
(181847 97665  10BB.71| 87903 87486 95147 151945 138254| 145617 141160| 143082 152202 154131| 1159.24| 148374) 148871
1181079 286.43 34297 27207 31441 29910 62486 557.26| 54660 65879| 597.26| 106015 Bo2.77| 85678 BBB.E9| B36T3
C190111 54436 60429 71458| B2484) 66894 100411 988.05| 104871| 125520 1085.14| 141p35| 128667| 139138| 142347 135941
(181432 35961 43164| 42197 4pdB6| 42631 T0BS3 70271 eBv42) 71334| 70413 V1156 55043| 62834 71169 68332
5190655 26450 23323 23102 20059| 23836 36206 Je067| 30410| 35491) 35080 36811 44730 28538 44367 41081
F182481 33156 JBG.B3| 27266| 42189) 36374 35712 Jea56| 37281 34e86| 36350 46334 36933 49607 28473 45024

51



Table A3: Results of Density Distribution, Part 2.

Length  |Length of

Specimen Articular ofthe  |bone Height in|Weight

Number Side  |Gender |bone  |Categorized |cm inkg  |Anteriord |Posteriord |Lateral 4 |Medial 4{TAZ  |Anterior5 [Posterior 5 |Lateral 5 |Medial 5|TAS
GLI706803  |Right  |Female 51.87)51-54 152 48 636.51 79043| 82714 B64.19| 759201 32149 30104 19883| 34505 30016
GLIB10231  |Left Male 58.94/57-60 188 61| 134022 118R.86| 137279 117915 126148| 626.38|  53283| 62556 40334 57681
GLI706524  |left Male 58.66)57-60 180 68| 117049 970.76| B885.12| 102960 102098 53721 43592 G575.78) 42691 50530
GL1B0%034  |Right  |Female 50.62|48-51 137 54 77238 100487) 84348 R7401) 86345 52072( 39078 444B5| 44553 449
GLI707366  |Left Female 4867|4851 152 57 120003 996.31) 88226 120530\ 1077.21| 663594 66375 53817 60245 60864
GLI707011  |Right  |Male 58.11)57-60 168 44| 108140 1267.13] 1115.03) 119835 116197| 52781 H48.34| 48B12( 44875 S0BLY7
GLIB0S025  |Left Male 52.12/51-54 170 61| 101754 1110.02) 969.20| 1270.14| 111228 61423 82354| 64764 76065 686.53
GLIB1061S  |Right  |Male 60.34)60-63 183 91| 135606  125747) 13529| 1427.20) 135841 80944  709.04| 68475 824334 TH4HE7
GLI706730  |Left Male 58.69)57-60 18 113| 140147) 1485.84| 143366) 154063 147138 90302) 106623 939.28| 78435 93838
GLIBI0E71  |Right  |Male 57.0054-57 170 52| 145718  152147) 161496| 1640.69) 156731  795.5 JAA00) 92007 B9 &2y
GLI707122  |left Male 57.32|57-60 173 75| 130882 114074 1079.74 1323.05) 121757| 58515 687.93) 53006 655.65| 604.95
GLI707136  |Right  |Female 54.26/54-57 168 61|  103797| 1156.69| 103419 121573| 111886 52445 636.49) 55561 47050| 560.83
GLIB10218  |left Male 60.62|60-63 18 9l 119772 107914 1255.86| 1261.84| 119929 633B6|  565.33| 72651 47694 61478
GLI706741  |Right  |Male 57.17)57-60 183 81| 168442 173649 167168| 1B06.92| 173078 116452( 78043 797.24| 111652) 93617
GL1B10540  |Right  |Female 45.61|45-48 163 68| 137088  137R.89| 147276 151794) 142847 78753 80462 80764 68797 78068
GLIB10414  |left Female 50.93)48-51 165 54 806.39 502.24| BhoB4| 79954 85437 51253 533.72) 42536 490.28) 49698
GL1810188  |Left Female 50.91)48-51 165 59 768.68 915.76| 87057 &07.26| 85185 49328  530.19| 30852 50598 490.14
GLI707410  |Right  |Male 56.12|54-57 180 113| 164944)  171552| 1619.83) 170575 1678.69) 104486) 1239.87) 1137.72| 99485 110837

52



Table A3 (continued)

Length |Length of

Specimen  |Articular ofthe |bone Height [Weight Lateral |Medial Posterior (Lateral [Medial

Number Side Gender |bone  |Categorized |incm  |inKg  |Anteriord |Posteriord |4 4 TA4 Anterior 5|5 5 5 TAS
GLIB10754  |Right |Female 50.68|48-51 175 54| 1617.77| 1062.31| 148782| 1319.66| 1383.25) 77596 65848 61734 71BGl| 6BR.24
CIB1372 Right |Female 5184|51-54 155 ] 647.16 82357 BeR32| &7347| 7TBL25| 32686 31268 23008 35815 31483
F1B2611 Left Male 58.96|57-60 168 73| 128329 1101.85| 132315 114195( 120244 593.07 503.42| 5Be.22| 46752 54342
5190261 Left Male 5842|5760 170 89| 103139 102945| 91808| 1093.75| 1022.19) 36892 51682| 562.74| 526.53| 50745
1190129 Right |Female 50.17|48-51 155 37 B0946| 1030.68| B205%| 90206 800ER| 54026 44564 47627 48815 48439
F1B2566 Left Female 48 85|48-51 150 B6| 121935 00B59| 97281| 117466( 1093.09| 64407 J05.88| 5B2.26| 62182 63256
5182714 Right  |Male 57.96|57-60 183 B3| 108223 127953| 116758| 123465| 1189.42) 53388 55414 50157| 44818 51289
F150645 Right |Male 59.72|57-60 178 ) 398.49 41758| 42342 44p20| 41968 29633 28680 25497 26011 28B17
F1501070 Left Male 59.59/57-60 178 ] 642 45 57455 62358 606.20| 61020 37741 3B5.26| 43245 30093) 38471
GL1S04D1S  |Right  |Male 56.60|54-57 170 70 74146 62857 67585 77410 7T0L74| 41758 52037 38471 42776 45428
150245 Right |Female 5252|51-54 157 400 145718 152147| 161496 164068| 156731 795.25 7a410| 92907 B2228| 8323
GLI706804  |Right |Male 60.44|60-63 185 71 B63.57 61759| 666.6D| 7BO.14| 75647 39212 391.17| 45956 44064| 42457
5182705 Right |Female 45 .36|48-51 147 45 616.84 G666.75| 587.24| 588.13| 61555 44666|  409.60| 39458 35107 40L&
5190235 Right |Female 4p.54|45-48 163 68| 140812 1364.18| 141427 1219.29| 1358.00) 5B5.85 662.12| 633.16| 54011 600.59
(181847 Right |Male 58.66|57-60 183 70| 112349 1440.19| 138048 141151| 132387 77R93 04432 BeBO6| 760.36| 84808
1181079 Right |Female 5233|51-54 175 a4 713.16 JBD54| GVBER| T74765| 73834 34B43 36752 38415 23887 34280
C150111 Right |Male 55.29|54-57 173 104 956.10| 1076.29| 115964 1028.93| 105740 61453 527.44| G418l 57566 59851
181432 Left Male 61.98|60-63 188 54 708.93 70371 68742 71334 70418 35961 43164) 42197 4p486| 42631
5190655 Right |Male 5169/51-54 175 ] 279.36 28416 25256 30625 28715 18706 18563 17277 16403 17744
F182481 Right |Female 5187|51-54 170 &0 470.32 38200 45478 45B54| 44253 401%%) 40135 30250 36450 37782
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Appendix B: Statistical Analysis from SAS

Amrita data analysis - more focused for thesis

7 Warkables:

varkable
HE_perc
HE_inch

ELength
Dliamchz
DlamicsC
DliamciCC
DEamohs
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15
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15
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0. 7858

DilamisoC

DlamocC
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0.515

Dooaz

T

0.2a47

Dilamonc

D1s13z

0.5758

{by gender)
Tha CORR Procadure

andar—Female
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Ht_perc Hi_inch BLength DlamCIiC Dlamc G Dlamcos Dlamcic

Mean  &td Dew Surn | Minlonum NS e
2137500 1633350 I42.00000 3 4700000
S2.75000 412311 1004 5400000 &3.00030
S0.526858 212249 S0E.4353000 | 46.54000 2 S4.28000

2 5E5E3 059755 47 . 700l 1.52000 405000
Z.T61Z5 (R = EQ. 15000 2.5656000 5.385000
T.75313 DLB5452 12405000 E.69000 9.91000
S.501E8 082402 Sl 43000 442000 T.28000
PFaarson Corrakation Cosficlents, M= 18
Prob = |r] undar Hi: Rho=0
Ht_lrlt:h Ell.Elnq;th DliamCICs | DiEamcos Dlamdol | Dilamdilc
-0 23511 | 023153 DTS84 =0 17545 O.0a1E2 O3.15132
0. 3807 0. 2305 07883 05157 0.9547 0.5755
100000 | 023553 | -D.33285 -0.45853 -0.21350 -018744
0373 02075 OO 7E0 02152 04570
023553 | 100000 D.15389 0.28715 0.51555 0.5343532
0.37e4a 04715 3172 00410 o 1581
-0 3Z2Es | D193389 100000 0.E3ESS 0.07E13 011077
0. 2078 0.471E DOHEED 0.7793 DES30
-DL4ASEES | D26715 Da35E65 1.0:3000 0.33528 0.15555
10,0740 03172 0,030 0. 2043 0.5651
-0 21850 | 051539 LaFsis 0.33528 1.00000 0.58550
0. 41E2 10,0410 0.77ES 02083 00154
-D1ET4E | 034832 019077 0. 15555 0.59350 1.00000
04870 01861 0.E530 0_SES1 00154

Figure B1: Data analysis from SAS for female population.
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Amrita data analysis - more focused for thesis

(by gender)

The CORR Procadure

Gandar=nale

T vartables: Ht perc Ht Inch BLength DlamCIiC DlamCCs Dlamcos Dlamcis

Warlable H
Ht_perc | 22
HE_mch | 22
BLength | 22
Olamciz | 22
Olamcos | 22
DlamOCC | 22
DlamiC | 22
Ht_parnc

Ht_panc 100000
Ht_Inc:h -0FTaiT
=000

BLangfh  -0.357E59
0.0744

DlamCic @ 045632
0.0525

DlamCos | 0323585
01350

OlamDCC | 008915
06931

OlamDIC = 027975
02073

Zimple satiztica
Mean Eid Dew
19.00000 1463525

59.81818 Z.53802

ar..Eyay  2.508249
3.46864 081585

4 30955 0539249
212535 0.99550

656000 1.00363

Sum | Minlmunm
41300000 1.00000

1538 | §6.00000

1274 | 51.69000
TE.31 000 1.85000

B E1000 | 251000
200, 73000 | 7.14000

15312000 | 5.05000

Faaraon Cormelkathomn mml’iﬁ:. M=22
Prob = [r] undar HI: Rho=0

Ht_Inch

-LITEIT
=000

100300

0 4E4E2
0.02584

-0.3e509
0.0743

-038162
0.07e7

02234
03178

-0183Tr
0.4130

BLength | DtamCIC | DEamCCC

-0.357E9 | 045632
0.0744 | 0.0323
046462 | -0.33309
0.0254 | 0.0743
1.00000 | -0.28435

0.1956

-0.28436 | 1.00000
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-0.30162 | 073053
0.1725 |  0.0001

-0.04006 | 025069
0.5505 | 0.1354
010713 | 027209
06351 | 0.2206
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0.1350

-0 35162
guoTar
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01725

0.73093
00001

1.0:00010

0.475848
0.0235

023357
02555

M bmvuamy
45.00000
T4.00000
51.95000

5.01000
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10.90000
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Figure B2: Data analysis from SAS for male population.
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Amrita data analysis - more focused for thesis

(by gender)
The CORR Procecurs

Gencar-Femaie

9 Variablea: =_Inch W BME SLength Avt AvZ Av3 Avd AvS

simple Statistics

Veriable N Mean  StdDev Sum  Minimom  Maximum

Hiinch 16 6275000 412311 1004 5400000 69.000C0

wt 16 12531250 2443480 2013 $1.00000 176.00000

sw 16 2262913 470253 36206504 1447043 2928325

Blength 16 5052685 212249 S03.43000 4554000 5425000

Av1 16 S33.11625 180.67740 3610 293.10000 795.22000

Av2 16 ©73.22185 20145845 15652 363.50000 1413

Av3 1 1153 32253581 19166 | 450.24000 1573

Avd 16 SB9.66313 317.54272 15835 442 53000 1567

AvS 16 52216750 160.41508 8385 30115000 832.37000

Pearson Comedation Cosfficients, N = 16
Prob » 1] Lnder HE- RNO=0
| HU_inch wt BMI BLength  Avi AvZ  Ava.  Avé
HiInch | 1.00000 0.19564 -0.44366 023553 011369 -0.09555 -0.02887 0.11951
04578 00813 3788 06751 07221 09155 (08585
wt | 019584 1.00000 0.77956 021350 021406 0.00057 -0.04203 003313
| 04678 0.000¢| 04270 04260 09971 G877z 0.3834
BMI | -0.44865 0.779%6 1.00000 033203 011871 007573 000588 -0.02545
| 00813 00004 02050 08515 07851 09833 9225
BLength | 023553 -0.21359 -0.33203 1.00000 036452 049568 041624 -0.29359
03758 04270 02050 01851 00287 01025 02606
Avi | 011365 0.21408 O.11871 0.36452 100000 O0.2537S 082452 0.51101
| 08751 04280 06615 01651 <0001 <0001 <0001
AvZ  |-0.09855 000057 007573 <0.49963 085575 100000 057215 026306
| 07221 09971 07591 00487 <0001 <0001 <0001
AvS | -0.02837 -0.04203 O0.00569 041624 082452 057213 100000 0.52043
| 09155 (08772 09333 01083 <0001 <0001 <0001
Avé 0.11581 0.03813 -0.02545 020850 051101 0.253C6 052043 1.00000
| 08585 08384 09225 02606 <0001 <0001 <0OC1

AvS 011385 011797 003361 033702 055443 081155 073541 050334
06754 06635 D0S017 02018 <0001 00001 QO0CS <0001

Figure B3: Density Data Analysis from SAS for female population.
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Amrita data analysis - more focused for thesis

(by gender)
The CORR Procedure

Gendor=Male

8 Variables: | Ht_inch Wt BMI BLength Av! Av2 Av3 Avd AvS

06857 00219

D.0432

0.8568

< 0001

<0001 | <0001

Simple Statistics

v-um.[ N Moan | Std Dev Sum | Minimum  Maximum

Ht_inch n 8981818 | 25300:2 1530‘ eeooooo 74.00000

wt -22 1073&04, 41.07519 soso, oeooooo - 250.00000

BMm ,n 2424147 506435 533.31244; 1540541 3586736

Blength |22 5792727 250829 1274 5168000 6196000

| Av1 |22 580585045 21239403 13180 | 238.35000 1037

Av2 lzz 1073 massos mo'ssogoooo um

Av3a ga 1274 | 398 81701 28031 luoatooo 1837

Ava |22 1093 | 383 47513 24055 | 297 15000 1731

! . - +
AvS jzz 601.47000 | 228.22285 !3232 1'nuooo 1108
Poarson Correlation Coefficlonts, N = 22
Pmb>ﬁ1und.tm: Rho=0

He_| und-' [ Bmi aungm Avt szi Ava Ava AvS
100000 O0.11760 -0.14402 048462 0.10551 000120 -0.04035 0.04428 008759
06022 05225 00294 06403 08885 08585 08449 06857
011780  1.00000 096382 -0.03398 048730 043938 043894 0.36874 048568
06022 <0001 08807 00214 00408 | 00410 00913 00219
014402 0.96382 100000 -0 14837 0.43832 0.39751 | 0.43178 0.33268 0.43480
05225 <0001 05099 00413 00669 00448 0.1303 00432
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Figure B4: Density data analysis from SAS for male population.
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Amrita data analysis - more focused for thesis

{all data combined)

The CORR Procedure

'WHM:M_MMBMWM1 Av2 Av3 Aed ANS

Stnvlo Swﬂk:s

Vaiahh[ N Ho-u! SldDw Sun Minimum Maximum

l-! Iuch |SB 6684211 4.&181 2540 | 53200000 7400000
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Blll |38 2356258 % 5458563 096.378495 144?069 36.38’?36E

w 3! 5431132@ 437181 m, 488‘000 819&00

Avi 13! 673.68342 192 39231 21000123&&000 1037

Av2 33 1033 m.asaa? 30262 | 360!)000 1641 {

Avi | 38 1242 '368 75205 l7197 uo 81000 1837 |

Ava ]aa 1050 3&4&0 lzar 1sooo 1731 |

| AvS 33 568.079‘7 20261644 21587 17744000 noe,'

Peoarson Correlation Coefficients, N = 38
Prob > mlhtm: Rho=0

l-l_lm:hl Wt B w Avt Av2 Av3 Ava Avs
Ht_inch  1.00000 045917 -00?2@ 0.74368 a18587 OIMIB 0.05458 015872 oms
: . 00037 068& <0001 02644 05249 0.7448 03412° 02098
7m 045817 1 ooooo 0&‘874 oaosnz 043608 034669 0.32018 031207 04383?
oooav' <0001 0012‘! 000&2 0033)| 0.0500 00585 00062
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<ooo1 a0 0.9237 0.7363 0?07B| 09258 08248 05883
L Awt 018567 oueoe 0.35826 0.05847 1.00000 086212  DB83INI2 0.90!29 0.96307
OMS 00082 00272 0.7383 <ooo1| <0001 <000t <0001
L Av2 010628 | 034669 031077 0.06283 0.86219 100000 087368 092233 083454
06249’ 00330 00576 0.7078 <0001 <0001 <0001 <0001
 Av3 0.06458 032018 Om 0.01563 0.83012 097368  1.00000 O C.80205
07445 00500 00520 09258 <0001 <.0001) <0007 <0001
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Figure B5: Density data analysis from SAS for combined population.
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Appendix C: Results from Previous Studies

Table C1: Details of Existing Sizes of Headless Screws.

Shaft Major Thread Major Thread
Diameter Diameter at Diameter at
Company Screw Name Indications Thread Design | Material , mm Tip, mm Head, mm
Radial head, capitellum, Full, variable
AcuMed Acutrak Mini metacarpal, IP arthrodesis pitch Ti Tapered 2.8 3.1-3.6
Radial head, capitellum, Full, variable
AcuMed Acutrak 2 Micro metacarpal, IP arthrodesis pitch Ti Tapered 2.5 2.8
Micro Radial head, IP arthrodesis, Full, stepped
Arthrex Compression FT metacarpal variable pitch Ti Tapered 2.8 2.8
Radial head, IP arthrodesis, Dual, partial
Integra BOLD 2.5 metacarpal variable pitch Ti 1.8 2.5 33
KLS Radial head, capitellum, Dual, variable
Martin 2.5 HBS 2 Mini* metacarpal, IP arthrodesis pitch Ti 1.7 2.5 3.2
Dual, variable
Medartis | 2.2 SpeedTip CCS | DIP arthrodesis, metacarpal pitch Ti 1.7 2.2 2.8
OsteoMe 2.0 HCS Dual, variable
d Extremifix DIP arthrodesis, metacarpal pitch Ti 1.8 2.1 2.7
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Table C1 (continued)

Major
Thread
Major Diamete
Shaft Thread rat
Diameter | Diameter Head,
Company Screw Name Indications Thread Design Material , mm at Tip, mm mm
Radial head, capitellum, Dual, variable
OsteoMed 2.4 HCS Extremifix metacarpal, IP arthrodesis pitch Ti 1.9 2.46 2.9
Small Bone Dual, variable
Innovations AutoFIX 2.0 DIP arthrodesis, metacarpal pitch SS 1.6 2 3
Small Bone Radial head, capitellum, Dual, variable
Innovations AutoFIX 2.5 metacarpal, IP arthrodesis pitch SS 1.8 2.5 33
DIP arthrodesis, phalanx, Dual, non-variable
Synthes HCS 1.5 metacarpal pitch SS, Ti 1.2 1.5 2.2
Radial head, capitellum, Dual, non-variable
Synthes HCS 2.4 metacarpal, IP arthrodesis pitch SS, Ti 2 2.4 3.1
1.7 Small Headless DIP arthrodesis, phalanx, Dual, variable
TriMed Screw metacarpal pitch Ti 1.27 1.7 2.8
Herbert Mini Bone Dual, variable
Zimmer Screw Metacarpal, carpal, IP arthrodesis pitch Ti 1.25 2.5 3.2
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Table C2: Details of Existing Sizes of Headed Cannulated Screws.

Major
Shaft Thread Guide Length (Step
Diameter, Diameter Wire, Increment),
Company Screw Thread Design Material mm at Tip, mm mm mm
OsteoMed 2.0 Extremifix Partial threads Ti 1.8 2.1 0.9 6-42 (2)
OsteoMed 2.4 Extremifix Partial threads Ti 1.9 2.5 0.9 6-50 (2)
OsteoMed 3.0 Extremifix Partial threads Ti 2.2 3 1.1 10-40 (2)
8-20 (1), 22-40
Smith and Nephew 2.5 cannulated Partial SS 1.8 2.5 0.9 (2)
8-20 (1), 22-40
Smith and Nephew 3.0 cannulated Partial SS 2 3 1.1 (2)
8-20 (1), 22-30
Stryker Asnis micro 2.0 Partial Ti 1.7 2.1 0.8 (2)
8-30(1), 3240
Stryker Asnis micro 3.0 Partial Ti 2.1 3.1 1.2 (2)
Partial thread, short or 17-20(1), 22—
Synthes 2.4 cannulated long SS 1.7 2.4 0.8 30 (2)
Partial thread, short or 17-20(1), 22—
Synthes 2.4 cannulated long Ti 1.9 2.4 0.8 30 (2)
Partial thread, short or 8-30(1), 3240
Synthes 3.0 cannulated long 2 3 1.1 (2)
Synthes 3.5 cannulated Partial or full 2.4 3.5 1.3 10-50 (2)
Arthrex 2.0 QuickFix cannulated Partial Ti 1.7 2 0.9 8-30(2)
Arthrex 2.4 QuickFix cannulated Partial Ti 1.7 2.4 0.9 8-36(2)
Arthrex 3.0 QuickFix cannulated Partial Ti 2 3 1.1 10-50 (2)
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Table C3: Results from the Study of Michael Rivlin et al.

Fourth

Averaged measurements Fifth Metacarpal metacarpal
(mm) SD (mm) SD
Metacarpal length 89 21 95 22
Proximal third diameter (lateral) 13 4 14 5
Distal third diameter (lateral) 16 16 4
Proximal third diameter (AP) 16 14 4
Distal third diameter (AP) 16 16 5
(deg) SD (deg) SD
Shaft bending angle (lateral) 10 3 12 3
Capital-axis angle (lateral) 12 6 14 12
Shaft bending angle (AP) 1 2 0 1

Radius of curvature (lateral) 256 mm 228 mm
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Appendix D: Table of Terminology

Table D1: Table of Terminology Used in the Methodology of Chapter 3.

Number of voxels included for volumetric model

N
(xi,yi, zi) Coordinates of the volumetric model
[Gx, Gy, Gz] Global coordinate system
[Lx, Ly, Lz] Local coordinate system
[Cx, Cy, C7] Geometric center of the bone
P1 Eigen vector for first principal component
P2 Eigen vector for second principal component
P3 Eigen vector for third principal component
CIC Canal inscribed circle
CcC Canal circumscribed circle
oIC Outer inscribed circle
0OCC Outer circumscribed circle
Thickl Diam OIC- Diam CCC
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Appendix E: Copyright Permissions

1) Copyright permission for tables C1 and C2 was obtained as below:

ELSEVIER LICENSE
TERME AND CONDITIONS

Oct 29, 2019

Thiz Agreement berween University of South Florida ("You®) and Elsevier
("Elsevier") consist: of yvour license details and the terms and conditions
provided by Elzevier and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
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End Page
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Number of

figures‘tables illustrations
Formar

Are yvou the author of thiz Elsevier
article?

Will you be translatng?
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4698370357026
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The Journzl of Hand Surgery
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Nathan Douglass, Jeffrey Yao
Feb 1. 2015
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368

382

reuse in a thesis'dissertation
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2
elecronic

No
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Morphomewy and Density Analysi: of the
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University of South Florida

Oct 2019

Table 1l & 2

Figure E1: Permission from Elsevier for the tables on screw sizes.
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2) The copyright permission for table C3 was obtained as below:

Measurement of the Radiographic Anatomy of the Small and Ring Metacarpals using
Computerized Tomographic Scans

Author; Michael Redin, Nayoung Kim, Kevin F, Lutsky, et ol
@SAGE Publication: HAND

Publisher: SAGE Publications

Date: 1270172015

Copyright © 2014 © SAGE Pubiicasions

Gratis Reuse

Permission ks granted at no cost for use of content in § Masters Thess and/or Doctoral Dissestation, If you intend to distribute or seil your Master's
Thesis/Doctoral Dissertation to the general public through print or website publication, please return to the previous page and select ‘Republish in a
Book/Journal” or 'Post on iIntranel/password-protected website' to compiete your request.
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Figure E2: Copyright permission from SAGE publications.
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