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Chapter 1: Introduction



1.1. Motivation

Hand and upper extremity injuries and diseases contribute substantially to the
burden of orthopedic conditions and can lead to painful osteoarthritis, functional
disability, and reduced quality of life. Between 2018-2022, the most common wrist
injuries reported in the National Electronic Injury Surveillance System (NEISS)
database included lacerations, fractures, contusions, and sprains.! Among these,
fractures, bony instability, and ligament injuries are at increased risk of developing

post-traumatic osteoarthritis (OA).23

Despite the clinical and economic burden of wrist injuries, treatment outcomes
remain worse than those for the hip, knee, or shoulder.4 This disparity is partly
attributed to the scarcity of studies and data on the wrist, which has impeded a
thorough understanding of its anatomical, biomechanical, and functional
complexity.5¢ As a result, both conservative and surgical interventions for carpal
osteoarthritis remain suboptimal. In the early stages of osteoarthritis,
management is primarily conservative, including splinting, physical therapy, and
nonsteroidal anti-inflammatory drugs.” While these approaches may alleviate
symptoms, they do not halt disease progression. In advanced stages, surgical
intervention is often required, with options such as partial or total wrist
arthrodesis, proximal row carpectomy, and total wrist arthroplasty.8-1© These
procedures, however, have important limitations, including reduced upper
extremity function after fusion and risks of component loosening or failure in
arthroplasty.1*-7 Although they can provide acceptable long-term outcomes,8-2°

surgical interventions are inherently invasive and may further compromise



function, for example by restricting range of motion and reducing grip strength.
Consequently, the absence of a validated preclinical animal model that accurately
captures wrist biomechanics has limited the development of less invasive
therapies. Addressing this gap is essential for facilitating the preclinical

assessment of new osteoarthritis treatments.

1.2. Background

1.2.1. Use of Animal Models for Osteoarthritis Progression and
Therapeutics

The use of animal models to study osteoarthritis dates back to 1963, initially
employing inbred laboratory mice and rats.2* Research has progressed from small
animal models, including guinea pigs22 and rabbits,23-25 to larger species such as
canines,26-28 sheep,29 goats,3°:3! pigs,32-34 and horses.35-4° Despite this trend, small
animal models remain widely used because of their rapid disease progression,
lower cost, and ease of housing.2:24 These models are well suited for evaluating
therapeutic effects on cartilage damage, but their small carpal bone anatomy limits
their utility for investigating novel implants. In contrast, large animal models are
often preferred due to their anatomical and biomechanical similarities to humans,
particularly with respect to bone size and cartilage structure.21,37:41,42

Among available large animal models, the porcine is particularly advantageous,
as it does not require specialized handling associated with zoonotic disease risks
(e.g., Q fever) observed in livestock such as sheep and goats,43 and is more feasible
to house compared to larger species such as horses. Domestic pig breeds have

limitations for preclinical studies due to rapid growth, large body size, and



potential aggressive or noisy behavior, which can complicate handling and
housing.4445 These challenges are largely mitigated by miniature and micropig
models, which avoid rapid growth phases, are easier to handle,37 and reach skeletal
maturity typically between 18 and 24 months.4¢ The bone morphology, healing
capacity, and macrostructural remodeling of pig bone closely resemble those of
human bone,42 although trabecular microstructure differs.47 Collectively, these
characteristics support the porcine model as a suitable and promising platform for
studying human wrist pathologies.

Animal models have been extensively used to study osteoarthritis progression
in large joints, particularly the knee, using chemical, mechanical, and surgical
induction methods.448 Surgical approaches typically target the stifle joint,
homologous to the human knee, and include medial meniscal tear replication,49
partial,49 or total meniscectomy,505t1 and anterior cruciate ligament
transection.23:51-54 Despite the widespread use of these models in large joints,
comparatively few studies have investigated osteoarthritis progression or the
development of treatment strategies in the wrist.

1.2.2. Anatomy of the Yucatan Minipig

The Yucatan minipig (YMP) carpus has been identified as a potential preclinical
animal model for the human wrist due to similarities in size, anatomy, bone
composition, and cartilage physiology.33.55 Although the YMP is a weight-bearing
animal, supporting approximately 60% of its weight on the forelimbs,5¢ it

represents a worst-case scenario for the human wrist.



The YMP forelimb consists of a radius, ulna, two carpal rows, and four
metacarpals. The proximal carpal row includes the radial carpal bone (RCB),
intermediate carpal bone (ICB), ulnar carpal bone (UCB), and accessory carpal
bone (ACB), while the distal carpal row consists of 4 carpal bones (CB1-4) (Figure
1.1). The RCB has been identified as homologous to the human scaphoid based on
imaging and perfusions studies demonstrating similar anatomy and blood
supply.55s The RCB consists of two articulating facets: a proximal facet that

articulates with the radius and a distal facet that articulates with CB2 and CB3.
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Figure 1.1. Computed tomography derived bone models of human and porcine (YMP)
wrists illustrating proximal and distal carpal rows and ligament anatomy. The radial
carpal bone (RCB) and intermediate carpal bone (ICB) are bound by deep and superficial
aspects of the radial intermediate ligament (RIL); the superficial RIL spans the proximal
carpal row, and the dorsal intercarpal ligament (DIC) extends distally from the RCB to
the fourth carpal bone (CB4).

The ligamentous anatomy of the YMP carpus, particularly the structures
associated with the RCB, is comparable to the primary and secondary stabilizers of
the human wrist. The scapholunate interosseous ligament (SLIL), a primary

stabilizer, contains dorsal and volar components that connect the scaphoid and



lunate.®57:5% The dorsal intercarpal ligament (DIC), a secondary stabilizer, spans
the proximal carpal row and inserts distally on the scaphoid dorsal ridge,
trapezium, and trapezoid.® In the YMP, the radial intermediate ligament (RIL) has
been identified as homologous to the SLIL, with a deep insertion between the
lateral RCB and medial ICB and a superficial component spanning the dorsal
aspect of the proximal carpal row from the RCB to the UCB. The homologous YMP
DIC extends obliquely from the dorsal RCB to CB4, connecting the proximal and

distal carpal row (Figure 1.1).

1.3. Specific Aims

Our overall goal is to establish the YMP as a preclinical model for developing
and validating innovative therapeutics, including carpal bone hemiarthroplasty, to
treat ligament injuries and severe OA of the wrist. To achieve this, we aim to
quantify YMP carpus biomechanics in vitro and evaluate OA progression in vivo
following either ligament injury or implantation of a radial carpal bone
hemiarthroplasty (RCBH). In Aim 1, we will design a YMP-specific RCBH using an
established dataset of YMP wrist computed tomography (CT) scans and develop a
surgical implant fixation technique in collaboration with a hand and wrist surgeon.
In Aim 2 (in vitro), we will evaluate YMP carpus biomechanics under four
conditions: intact, transection of all ligamentous attachments to the RCB, RCB
resection, and RCBH implantation. In Aim 3 (in vivo), we will assess OA
progression and severity following ligament injury induced by transection of the
radial intermediate and dorsal intercarpal ligaments, as well as RCBH

implantation. Together, these studies will define the functional and structural



characteristics of the YMP carpus and establish its potential as a preclinical animal
model for the human wrist to support the development of novel therapeutics and
implantable devices.

Specific Aim 1: Design a radial carpal bone hemiarthroplasty (RCBH)

and evaluate a surgical approach for implantation.

Aim 1.1: Determine the shape and size variations of the RCB associated with
bone volume, animal weight, and animal age from segmented CT scans of

35 YMP wrists.

Aim 1.2: Using a statistical shape model, determine the mean shape of the

RCBs derived from the established YMP wrist dataset.

Design Criteria: The RCBH must have design features that assist with

implant fixation, articulating surfaces that minimize cartilage degeneration,

and the material must be biocompatible.

Specific Aim 2: Quantify YMP carpal biomechanics during intact, after
transection of all ligamentous connections securing the RCB, after

removal of the RCB, and after re-stabilization with a RCBH, in vitro.

Huypothesis 2.1: YMP wrist range of motion (ROM) will increase following

transection of all ligaments connected to the RCB and further increase after

RCB resection.

Hypothesis 2.2: YMP wrist ROM will restore to intact values following

stabilization with a RCBH.



Specific Aim 3: Determine OA severity resulting from inducing carpal
instability through ligament transection and re-stabilization with a

RCBH in the YMP carpus 12-weeks postoperative, in vivo.

Aim 3.1: Quantify gait asymmetry and cartilage damage following ligament

transection and small bone replacement with a RCBH.

Huypothesis 3.1: The ligament injury group will exhibit greater gait

asymmetry and more severe histological cartilage degeneration than

the small bone replacement group.

Aim 3.2: Characterize osteophyte formation and joint space changes
following ligament transection and small bone replacement with a RCBH

following the completion of a 12-week in vivo study.

Hypothesis 3.2: Animals in the ligament injury group will exhibit

greater osteophyte formation and a narrower joint space in the

operated limb than those in the small bone replacement group.

Completion of these aims will establish a foundation for the use of the YMP in
preclinical studies of carpal bone hemiarthroplasty, supporting the development
of therapies for carpal instability and OA while informing the design of next-

generation wrist implants.
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2.1. Abstract

The development of innovative small bone replacements for the human wrist has
been partially limited by the lack of a suitable preclinical animal model. This study
explores the feasibility of using the Yucatan minipig (YMP) as a preclinical model
for small bone replacement. Implants for the radial carpal bone (RCB),
homologous to the human scaphoid, were developed for a pilot in vivo animal
study. RCB size (volume, bounding box dimensions) was quantified (n=35), and
relationships between animal age, weight, and RCB volume were investigated.
Bounding box dimensions were also analyzed relative to RCB volume. A mean-
shaped RCB model was generated using ShapeWorks Studio and scaled to create a
set of implants. These implants were evaluated in the pilot in vivo study, where the
distances between the explanted bone surface and both the predicted and surgeon-
selected implant surfaces were recorded for each animal. Predicted implant
distances (0.8 + 0.2 mm), were larger (p< 0.001) than surgeon-selected implant
distances (0.4 + 0.1 mm) in three animals. In one animal, the predicted implant
distances (0.3 + 0.2 mm) were smaller (p< 0.0001) than the surgeon-selected
implant distances (0.5 + 0.3 mm). The set of implants generated provided the
surgeon with options suitable for the range of animals in the in vivo study. This
study presents a novel approach to generating small bone replacements by scaling
a mean-shaped bone in a porcine model and further evaluates the YMP as a

preclinical model for small bone replacement in the human wrist.
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2.2, Introduction

Injuries and degenerative disease of the wrist present unique challenges in
orthopedic treatment due to the anatomical complexity of the wrist.t2 These
injuries can significantly impact a patient’s quality of life by causing pain,
disability, reduced range of motion, and potentially leading to osteoarthritis. If
conservative treatments are ineffective, surgical options can help preserve wrist
function while counteracting degenerative changes. Surgical treatment options
include wrist fusion (arthrodesis),34 proximal row carpectomy,5-7 and total wrist
replacement (arthroplasty),8-1* but each has limitations, such as hardware failure,4
decreased grip strength®? and component loosening.9-12 For active patients with
viable articular cartilage on one joint surface, wrist hemiarthroplasties, which
include individual replacement of carpal bones, offer motion-preserving
alternatives to total wrist fusion or arthroplasty.:s:14

Currently, “off-the-shelf” small bone replacements for wrist hemiarthroplasty
are available in a range of sizes that fit a general population. These implants aim
to restore function, relieve pain, and maintain the relationship of surrounding
carpal bones.’5-7 The implants are composed of materials such as silicone,!5:18-21
polyurethane urea,22 pyrolytic carbon,5:21:23-26 or metal.!521.27 However, implants
have been found to degrade over time, generating debris and leading to
complications, such as silicone synovitis, cystic lesions in adjacent bones,!8:19.28
bone erosion,29 and an increased risk of dislocation.'523:30 The design of a
successful small bone replacement is further complicated by the intricate geometry

of native carpal bones. 31
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Advancements in three-dimensional (3D) printing have revolutionized the
development of patient-specific orthopedic implants by enabling replication of
native bone geometry. These implants, typically derived from computed
tomography (CT) scans,32-39 provide a match to the anatomy of the patient and
facilitate osteointegration when desired.4°-43 Various materials, including
titanium,33-35:38.44 tantalum,32 polyetheretherketone (PEEK),37 and polyethylene,39
have been used in 3D-printed patient-specific scaphoid and lunate implant
manufacturing. Studies have reported improved wrist biomechanics compared to
preoperative results in patients treated with patient specific implants particularly
in wrist range of motion, pinch and grasp strength.32:34:35.38 However, the
development of these implants requires extensive preoperative planning, complex
modeling software, and longer lead time in manufacturing.40-41.45

The development of innovative small bone arthroplasty treatments has also
been partially limited by the lack of a suitable preclinical animal model for the
human wrist. The domestic pig has emerged as a promising model due to
similarities in size, anatomy, and bone composition.4¢ Studies have utilized
domestic pig forelimbs for evaluating fixation methods in trapeziometacarpal
arthroplasty,47-49 trapeziometacarpal joint arthrodesis,5¢ and for testing
metacarpal and phalangeal fracture fixation locking plates.5:-55 Notably, the
domestic pig is a weight-bearing animal that places approximately 60% of its
weight on the forelimbs,5¢ resulting in higher loads sustained by the domestic pig
carpus. These characteristics make the domestic pig a desirable model for
simulating “worst-case scenarios” for the human wrist. Specifically, the Yucatan

minipig (YMP) carpus has been evaluated as a potential preclinical animal model
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for the human carpus. For example, Altieri et al. quantified the biomechanics of
the YMP carpus after radial intermediate ligament (RIL) and dorsal intercarpal
ligament (DIC) transection, to model scapholunate interosseous ligament (SLIL)
and DIC injury in the human wrist.57 Previously, Stoeckl et al. used the accessory
carpal bone of the YMP carpus in a biologic joint replacement study for
trapeziometacarpal osteoarthritis,58 and Behrends et al. used the YMP to model
scaphoid nonunion.59 However, the suitability of the YMP carpus as a model for
small bone replacement remains unexplored.

Further evaluation of the YMP carpus as a preclinical animal model for the
human wrist, particularly for small bone replacement, may advance the
development and testing of innovative wrist hemiarthroplasties that mitigate
complications associated with design, cost, and degradation. To investigate this
potential, we explored the radial carpal bone (RCB) in the YMP as a model for the
human scaphoid.’9 Our goal in this study was to develop an approach for
generating a set of implants for RCB replacement for an in vivo study. First, the
size of the RCB was quantified using metrics of volume and bounding box
dimensions. We then evaluated the relationships between animal age, weight, and
bone volume, as well as between bounding box dimensions and bone volume.
Based on these relationships, we developed a model to generate a set of RCB
implants and assessed how well they fit, as compared to surgeon-selected implants,

in an in vivo pilot YMP study.
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2.3. Methods

2.3.1. YMP Forelimb Sourcing to Generate an RCB Dataset

Twenty-three YMP forelimbs (11 pairs, 1 unpaired) were harvested from
animals used in an unrelated meniscal tissue study. In this cohort, there were 9
females and 3 males ranging in age from 13.0 to 20.1 months (mean: 18.5 + 1.8
months) and weight from 49.3 to 61.0 kilograms (kg) (mean: 54.0 + 4.1 kg)
(Premier BioSource, Ramona, CA). An additional 12 YMP forelimbs (6 pairs) were
acquired from naive animals through purchase (Sinclair Bio-Resources, Windham,
ME). These animals included 3 females and 3 males ranging in age from 32.1 to
41.3 months (mean: 38.1 + 3.3 months) and weight from 66.0 to 99.9 kg (mean:
79.6 + 14.9 kg). All the animals were acquired following IACUC review and
approval. The CT imaged RCB models from these 35 YMP forelimbs (RCB dataset)
were analyzed to 1) calculate bone volume as a function of animal age and weight,

and 2) to inform the design of a size-varied set of RCB implants (Figure 2.1).
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1. YMP Sourcing for RCB Dataset 2. Age, Weight and Bone Size Relationships
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Figure 2.1. Flow chart of the steps to generate a set of implants. 1) Bone volume and
bounding box dimensions (volar-dorsal (VD), proximal-distal (PD), radial-ulnar (RU))
were calculated from segmented RCB models (RCB dataset). 2) Bone size relationships

were analyzed to model RCB volume as a function of animal age and weight, and
bounding box dimensions as a function of volume. 3) A mean shaped bone (RCB_MS)
was generated from the RCB dataset and the bounding box dimensions were recorded
(VD_msb, PD_msb, RU_msb). 4) The RCB_MS was scaled by the ratio of the estimated
dimensions [Eqn 2-4] to the corresponding RCB_MS dimension to generate a set of RCB
implants. An example of the scaled implant model (black) and the RCB_MS model (red)
is shown. 5) A set of 9 RCB implants was generated with linearly spaced increments from
the RCB_MS to encompass small and large animals.

2.3.2. CT Imaging and Bone Size Analysis

All forelimbs were imaged using a clinical CT scanner (GE Healthcare, Chicago,
IL) with an image resolution of 0.4 mm x 0.4 mm in-plane and 0.625 mm slice
thickness.®© The radial carpal bone (RCB) in each image was segmented in

MIMICS v22 (Materialise, Leuven, Belgium) using a density-based threshold and
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manual editing to ensure the mask accurately captured the bone’s outer cortical
surface. Three-dimensional (3D) models of the RCB cortical bone surfaces were
exported as closed triangular meshes with no triangle reduction and minimal
smoothing (iterations: 1; smooth factor: 0.030). All left forelimb RCB models were
mathematically mirrored to the right for consistent orientation. Coordinate
systems for each RCB were constructed by calculating the bones’ geometric
centroids as the origins and the principal inertial axes as the coordinate axes,61.62
which generally aligned with the anatomical axes of the YMP forelimb. The
directions of the RCB coordinate system axes were defined positive X in the dorsal
direction, positive Y in the proximal direction, and positive Z in the ulnar direction,
toward the intermediate carpal bone (ICB) (Figure 2.2). Bone volume and
bounding box dimensions, defined as the lengths between the minimum and
maximum extents along each coordinate system axes, were calculated for each
RCB using custom-written code. The bone volumes and bounding box dimensions

of the RCB were averaged between the paired forelimbs (17 paired) and 1 unpaired.
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Figure 2.2, Right YMP 3D carpus model with the RCB inertial coordinate system from
four different views: (A) dorsal, (B) ulnar, (C) proximal, and (D) distal. Standardized
orientation is depicted with axes: dorsal (positive X; red), proximal (positive Y; green),
and ulnar (positive Z; blue). Bounding box outline in orange.

2.3.3. Age, Weight and Bone Size Relationships

Multiple linear regression was performed to express RCB volume (dependent

variable) as a function of animal age (months) and weight (kg) [Eqn 1].
Vol = -1455 + Age*67.18 + Weight*51.85 + Age*Weight*-0.9950 [Eqn 1]

The respective volar-dorsal (VD), proximal-distal (PD), and radial-ulnar (RU)
bounding box dimension values computed from the RCB dataset were linearly
regressed independently against RCB volume [Eqn 2-4] and R2 values were

calculated (Figure 2.3).
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VD = 0.004158*Vol + 13.03 [Eqn 2]

PD = 0.002850*Vol + 11.65 [Eqn 3]
RU = 0.002606*Vol + 7.23 [Eqn 4]
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Figure 2.3. Linear regression analyses of the relationship between RCB volume
and each bounding box dimension across the RCB dataset (n=18).

2.3.4. Mean Shaped Bone and Implant Development

A set of RCB implants was created by scaling a mean shaped bone generated
from the RCB dataset. The mean shaped bone (RCB-MS) was generated using
ShapeWorks Studio v6.2.1 (University of Utah, Salt Lake City, UT).63 The
segmented RCB models were expressed in their inertial coordinate system for
initial co-registration alignment. In ShapeWorks, each RCB surface was
represented as a set of particles, with correspondence across models. Particle

counts and weights were iterated and resultant model remeshing distortion was
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assessed. 512 particles with an initial relative weight of 1 resulted in minimal model
distortion and a mean shape of the RCB, which was exported in STL format.

Volume and bounding box dimensions of the RCB-MS were computed.

Our goal was to generate a set of various sized implants that at least
encompassed the range of bone volumes and bounding box dimensions in the RCB
dataset. First, we established discrete target volume values for the implant set. To
start, we assumed that the largest animal in the in vivo study would be at least 24
months old (skeletally mature) and weigh 110 kg, ~10% greater than the heaviest
animal in our YMP dataset. Using equation 1, the estimated RCB volume for a 24
months, 110 kg animal established an upper bound of implant target volumes. The
difference between the estimated largest RCB volume and the RCB-MS volume was
then divided by four to determine the volume increment for a set of 5 implants
(Table 2.1). An additional four volumes smaller than the RCB-MS were calculated
using the same volume increment to ensure the set of implants covered smaller

animals.

Table 2.1. Target volumes for desired implant sizes with the bounding box dimensions
(volar-dorsal, proximal-distal, radial-ulnar) and volumes of the implant models
generated by scaling the RCB-MS.
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Predicted Volar- Proximal- Radial- Calculated
Dorsal Distal Ulnar
Volume Volume
(mm) Length Length Length (mm?)
(mm) (mm) (mm)
Implant 1 843 16.6 14.0 9.4 986.9
Implant 2 1174.3 17.9 15.0 10.3 1247.1
Implant 3 1506.5 19.3 15.9 11.1 1549.0
Implant 4 1838.8 20.7 16.9 12.0 1895.7
Implant 5 2171 22.0 17.8 12.9 22090.4
Implant 6 2503.3 23.4 18.8 13.8 2736.1
Implant 7 2835.5 24.8 19.7 14.6 3235.8
Implant 8 3167.8 26.1 20.7 15.5 3792.8
Implant 9 3500 27.5 21.6 16.4 4410.0

The resulting set of 9 RCB implant models were generated via anisotropic
scaling of the RCB-MS model. To do so, the RCB-MS model was scaled
independently in the volar-dorsal, proximal-distal, and radial-ulnar directions
using scale factors determined from equations 2 through 4. Volumes and bounding

box dimensions of the resultant implant models were calculated.

2.3.5. Evaluation of Implant Sizing

Our implant size prediction method was evaluated by comparing both model-
predicted implants and surgeon-selected implants to micro-CT segmented RCBs
from animals in a pilot in vivo study. The in vivo study evaluated the RCB as a
potential model for small bone hemiarthroplasty. Eight animals were randomly
assigned to two groups, one in which the radial intercarpal ligament (RIL) and the

dorsal intercarpal ligament (DIC) connected to the RCB were transected (n=4;
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ligament transection group), the other in which the RCB was replaced with an
implant (n=4; implant group). The implants were manufactured out of Cobalt-
Chrome (CoCr) via direct metal laser sintering (3D printing), hand polished of the
articulating surfaces to a mirror-like finish (~0.5 pm), cleaned, and sterile
packaged prior to surgery use. The primary outcomes of that study, which include
spatiotemporal gait analysis and histology assessment of cartilage health, will be
reported elsewhere. In this paper, we report how the implants compared to the
RCBs of the in vivo animals. The animals included 4 females and 4 males ranging
in age from 24.4 to 29.8 months (mean: 25.7 + 1.8 months) and weight from 56.9
to 101.2 kg (mean: 84.2 + 13.6 kg). All surgeries were performed on the right
forelimb by a board-certified hand surgeon. All live animal work was reviewed and

approved by the IACUC.

For the four animals in the implant group, a “Predicted RCB Implant” was
determined before surgery using the animal’s age and weight as inputs in equation
1. The predicted volume estimated from equation 1 was compared to the volumes
of our list of implants and the implant whose volume was closest to the predicted
volume was selected as the Predicted RCB Implant. The final “Surgeon-Selected
Implant” used in each animal was determined by the surgeon at the time of

surgery, based on his subjective assessment of fit and joint manipulation.

At the end of the 12-week study, the left and right carpus were harvested from
each animal by sectioning the distal end of the radius/ulna and the proximal end
of the metacarpals. The implant was removed from the right carpus and 3D images

of the left and right carpus were generated using a SKYSCAN 1276 scanner (Bruker,
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Billerica, MA) with an image resolution of 0.1205 mm voxel size. The RCBs were
segmented from the images of each left carpus using MIMICS v22, yielding 3D
models of the RCB cortical bone surfaces. The left RCB models were mirrored to
the right for consistent orientation and the inertial based coordinate system for
each RCB was constructed. Volume and bounding box dimensions for each RCB

were calculated for the in vivo animals.

Implant sizing was evaluated by comparing digital models of the mirrored left
RCB (Reference RCB) to the Predicted RCB Implant and Surgeon-Selected
Implant to examine how well the implants fit. The Predicted RCB Implant model
and Reference RCB model were co-registered based on their inertial coordinate
systems. Following co-registration of the Predicted RCB Implant and Reference
RCB models based on their inertial coordinate systems, distances between the
surfaces were computed. For each Reference RCB node (triangular surface mesh
vertices) along its corresponding node surface normal, the nearest neighbor node
on the Predicted RCB Implant model was resolved and node-to-node distance was
computed (dist2surf; iso2mesh) 4. The process was repeated to compare the
Surgeon-Selected Implants to the Reference RCBs of each respective animal in the
implant group (n=4). The calculated distances between the surfaces of the
Predicted RCB Implant and the Surgeon-Selected Implant compared to the

Reference RCB model were visualized as heat maps across the implant surface.
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2.3.6. Statistical Analysis

Descriptive statistics (mean and SD) were calculated for volume and bounding
box dimensions of the RCB dataset and the RCB-MS. A two-tailed Wilcoxon
matched-pairs signed-rank test was performed with a significance threshold of p
< 0.05 to determine if the calculated distances between the surfaces differed for
the Predicted RCB Implant and Surgeon-Selected Implant comparison to the

Reference RCB model.

2.4. Results

2.4.1. RCB Size Variability

The volumes of the RCBs from the YMP dataset ranged from 1345.0 to 2506.8
mms3 (mean: 1798.7 + 359.8 mms3). The bounding box dimensions ranged in length
between 18.7 to 23.8 mm in the volar-dorsal dimension (mean: 20.5 + 1.6 mm),
14.9 to 20.0 mm in the proximal-distal dimension (mean: 16.8 + 1.4 mm), and 10.6
to 13.8 in the radial-ulnar dimension (mean: 11.9 + 1.1 mm). The volume of the
RCB-MS was 2171 mm3 with bounding box dimensions of 21.8 mm in the volar-
dorsal dimension, 17.9 mm in the proximal-distal dimension, and 12.3 mm in the

radial-ulnar dimension.

2.4.2. Age, Weight and Bone Size Relationships
The relationship between animal age and weight and RCB volume had an R2 of

0.83 as determined by the multiple linear regression.

The linear regression for the three bounding box dimensions and RCB volume

explained 91% of the variance in the volar-dorsal dimension (R2= 0.91, p < 0.001),
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74% in the radial-ulnar dimension (R2 = 0.74, p < 0.001), and 52% in the proximal-

distal dimension (R2 = 0.52, p < 0.001) (Figure 2.3).

2.4.3. Implant Sizes

The volume for the RCB of the largest animal that might be enrolled in our
study was estimated to be 3266 mma3, using equation 1 and age and weight of 24
months and 110 kg, respectively. The estimated volume of 3266 mm3 was rounded
up to 3500 mm3, to provide some margin for error. The difference between the
estimated largest RCB volume and the RCB-MS volume was 1329 mm3. The
volume increment between the 5 implants that spanned the volumes between the
RCB-MS (2171 mms3) and largest anticipated implant size (3500 mm3) was 332.3
mms3. To ensure the implants covered small to large animals, the target implant
volumes ranged from 842 to 3500 mm3. The generated set of implants had
calculated volumes ranging from 986.9 to 4410.0 mm3 (mean: 2460.4 + 1176.6
mms3) with bounding box dimensions ranging from 16.6 to 27.5 mm in the volar-
dorsal dimension (mean: 22.0 + 3.7 mm), 14.0 to 21.6 mm in the proximal-distal
dimension (mean: 17.8 + 2.6 mm), and 9.4 to 16.4 mm in the radial-ulnar

dimension (mean: 12.9 + 2.4 mm) (Table 2.1).
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2.4.4. Validation of Implant Sizes
The average maximum distance between the Predicted RCB Implants and the

Reference RCBs was 2.0 + 0.4 mm (n=8) (Figure 2.4).

Reference Bone Predicted RCB Implant

Animal 3 Animal 2 Animal 1

Animal 4

Figure 2.4. Heat maps were generated to reflect the calculated distances (mm)
between the surfaces of the Predicted RCB implant and the Reference RCB for
animals in the ligament transection group (n=4) of the in vivo study. Differences
are displayed on the implant surface.
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For the animals that received a CoCr implant, the average maximum distance
between the Surgeon-Selected Implants and the Reference RCBs was 1.5 + 0.2 mm
(n=4) (Figure 2.5). The distance values between the implant surfaces and the
Reference RCBs were smaller (p< 0.001) for the Surgeon-Selected Implants

relative to the Predicted RCB Implants in three animals (Animals 5-7) and larger

(p< 0.0001) in one animal (Animal 8).

Reference Bone Predicted RCB Implant  Surgeon-Selected Implan

Animal 5

Animal 7 Animal 6

Animal 8

Figure 2.5. Heat maps of the distances between the Predicted RCB Implant and
the Surgeon-Selected Implant compared to the Reference RCB for the animals in
the implant group (n=4) of the in vivo study.
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2.5. Discussion

The purpose of this study was to develop an approach for generating a set of
implants for RCB replacement in the YMP as a model for human small bone
hemiarthroplasty. To do so, we quantified the size of 35 YMP RCBs and then used
multiple linear regression to define a relationship for estimating RCB volume from
animal age and weight [Eqn 1]. We then generated a RCB-MS from the RCB dataset
and scaled it using the linear regression equations [Eqn 2-4] to generate a set of 9
implants for our in vivo study. Finally, we examined how well our predicted

implants fit in the animals from our in vivo study.

The 9 implants fabricated in this study encompassed the RCB dataset,
providing a suitable size range for the animals included in the in vivo study
(Figure 2.6). Of these, 5 implants fell within the bounding box dimensions of the
35 RCB dataset. To consider potential variations in animal size, an additional 4
implants were generated, 1 smaller and 3 larger (Figure 2.6). The bounding box
dimensions across the set of implants increased incrementally by approximately 1
mm (mean: VD= 1.4 mm; PD= 0.9 mm; RU= 0.9 mm), a size scale comparable to
commercially available small bone implants. For example, the Amandys
pyrocarbon implant is available in eight sizes, with lengths ranging from 24 to 26
mm and with thickness sizes of 9 mm (small), 10.7 mm (medium), 12.4 mm (large),
and 14.1 mm (extra-large) (Tornier SAS-Bioprofile Grenoble, France).6566
Similarly, the Adaptive Proximal Scaphoid Implant (APSI) varies in length from 16
to 18 mm and in height from 8 to 10 mm (Tornier SAS-Bioprofile Grenoble,

France).23.67
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Figure 2.6. Volume and bounding box dimensions of the generated implants
(n=0; filled diamonds) compared to the RCB dataset (n=18; open circles). The
bounding box dimensions are represented by volar-dorsal (red), proximal-distal
(green), and radial-ulnar (blue).

The motivation behind our approach was to design and determine implant size
when preoperative imaging and animal specific implant fabrication are unfeasible
due to constraints such as lead time and cost. Therefore, we investigated the use of
age and weight to predict implant sizes for a RCB replacement in a porcine model.
Similar approaches have been successfully applied to human knee and hip
arthroplasty.®8-72 In the knee, height, weight, and gender have been identified as
predictors for total knee component sizes, with a significant linear correlation
observed between these demographic variables and femoral and tibial sizes, both
with and without preoperative templating.697* Shoe size and height were also
found to be strong predictors for femoral and tibial components.8:7¢ In the hip, a

positive correlation was observed between templated and implanted acetabular
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cup sizes, and between templated and implanted femoral stem sizes, using shoe
size as a predictive variable.”2 Building on previous studies, our study found a
strong correlation between demographic variables (animal age and weight) and
RCB volume. However, the Predicted RCB Implant selected based on the animals
age and weight was larger when compared to the Reference RCB model for each
animal (Figure 2.4-2.5). Thus, our surgeon elected not to use the Predicted RCB
Implant and instead selected a smaller implant compared to the Reference RCB
model to avoid overpacking the joint which could increase the risk of implant
instability. The use of a mean shaped bone has previously been suggested as a
scalable template for implant design. Vafaeian et al. demonstrated that the mean
shape of the talus, derived using statistical shape modeling, exhibited minimal
variation across a population, supporting its use as a template for universal talar
implants.”3 Islam et al. employed a volume-based isotropic scaling approach to
categorize talus implants into standardized sizes, finding bone volume to be a
reliable predictor of implant fit.74 Our study built upon the methodologies of
Vafaeian et al. and Islam et al. by using ShapeWorks Studio to generate a RCB-MS
model that we then scaled to generate a set of 9 implants. Our scaling approach
used a volume and linear regression of the bounding box dimensions [Eqn 2-4] to
determine the anisotropic scaling factors. Although the approach yielded a total of
9 implants that encompass small and large animals expected in the YMP in vivo
study, the calculated volume of the generated implant sizes overestimated the

initial target implant volumes by an average of 10 % (Table 2.1).

34



Anisotropic scaling was applied to the RCB-MS using linear regression
formulas [Eqn 2-4] that predict bounding box dimensions from volume. This
approach was used because each bounding box dimension had a distinct
relationship with volume, as indicated by the linear regression analyses. The
analyses demonstrated that the volar-dorsal dimension accounted for most of the
variation in RCB volume, suggesting that RCB bounding box dimensions do not
develop uniformly. Similar to Islam et al.,”# we also explored an isotropic scaling
approach using the target implant volumes. The isotropic set of implants generated
had calculated volumes that corresponded with the target implant volumes. The
implants measured between 15.9 to 25.6 mm in the volar-dorsal dimension, 13.0
to 20.9 mm in the proximal-distal dimension, and 9.0 to 14.5 mm in the radial-
ulnar dimension. However, as the implant sizes increased after the fifth largest
implant, the increments in bounding box dimensions between implants were less
than 1 mm. While isotropic scaling produced implants with calculated volumes
equal to the target volumes, we aimed to ensure that each implant maintained
approximately a 1 mm increment in each bounding box dimension, which favored

the anisotropic approach.

This study has several limitations. First, the model’s ability to accurately predict
RCB volume for ages and weights outside the range used for the model
development (age: 13.0—41.3 months; weight: 49.3—99.9 kg) remains uncertain,
particularly since age and weight may be interdependent variables. Second, the
relatively small sample size of the YMP RCB dataset (n=18) and the limited number

of males (n=6) compared to females (n=12), likely could not capture sex
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differences or bone variations, indicating the need for further validation with a
larger dataset. Third, the sample size of the in vivo group that received a small
bone replacement was limited (n=4), however the RCB dataset consisted of small
incremental sizes which suggests the implant set generated is likely to fit the broad
spectrum of YMP bones, though further validation with a larger sample size is
needed. The generated set of implants also does not account for variations in RCB
shape, for example differences in the curvatures of articulating surfaces, as it relies
on scaling a RCB-MS. Additionally, potential implant designs derived from the
modes of variation identified through statistical shape modeling were not
explored. Future research should investigate combining different modes of
variation to inform implant design. Lastly, the scaling ratios for each bounding box
dimension were treated as independent variables due to the distinct relationship
each dimension had with bone volume. After anisotropic scaling, the calculated
implant volumes were larger than the target volumes (Table 2.1). Expressing the
bounding box dimensions as interdependent, nonlinear variables could improve
accuracy of fit and generate implants with calculated volumes closer to the target

volume. Future studies should explore this alternative scaling approach.
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Chapter 3: In Vitro
Biomechanics of the Yucatan
Minipig Carpus After Ligament
Transection, Bone Resection, and
Small Bone Replacement
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Biomechanics of the Yucatan Minipig Carpus After Ligament
Transection, Bone Resection, and Small Bone Replacement.
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3.1. Abstract

Treatment options for carpal pathologies are limited, and the biomechanical
effects of surgical interventions, particularly carpal bone replacement, remain
poorly understood. Establishing a preclinical animal model may advance
treatment development and inform implant designs that better restore native wrist
motion. This study used the Yucatan minipig (YMP) carpus, specifically the YMP
radial carpal bone (RCB) as a model for the human scaphoid, to quantify
multidirectional biomechanics in the following conditions: intact, transection of
all ligaments connected to the RCB (ALC), resection of the RCB (no RCB), and
treatment with a 3D-printed polylactic acid radial carpal bone hemiarthroplasty
(RCBH). Nine YMP forelimbs were tested in 28 range of motion (ROM) directions,
pronation-supination, and volar-dorsal translation using a six-degree-of-freedom
robotic system. Mixed models examined differences in direction and testing
conditions. ROM increased (p<0.05) in 18 directions for ALC, 19 directions for no
RCB, and 22 directions for RCBH conditions relative to intact. Of the four primary
directions, extension (ALC= 17.4°; No RCB= 16.8°; RCBH= 18.5°) and radial
deviation (ALC= 10.0°; No RCB= 10.8°; RCBH= 11.2°) increased compared to
intact (extension= 9.4°; radial deviation= 3.3°). In all conditions: at neutral,
pronation exceeded supination; at max ROM, supination exceeded pronation;
volar translation increased; and dorsal translation decreased compared to intact.
All conditions increased ROM relative to intact, and the implant did not restore
native biomechanics. However, the similar elliptical motion envelope to humans

suggests the potential of the YMP as a promising preclinical model of the wrist.
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3.2. Introduction

Wrist ligament injuries can lead to carpal instability and eventual development
of osteoarthritis (OA), significantly impacting patient quality of life. In end-stage
disease, surgical treatments include wrist fusion (arthrodesis),»? proximal row
carpectomy,35 and total wrist arthroplasty.6-9 However, these treatment
modalities can result in complications, such as hardware failure,? reduced grip
strength,45 and limited range of motion.>0* Hemiarthroplasty approaches,
specifically carpal bone replacements, may provide a motion-preserving
alternative due to reduced hardware and limited bone resection.2:3 However, the
biomechanical effects of carpal bone replacement have not been well
characterized, highlighting the need for further research to define and develop

effective, motion-preserving therapies for wrist OA.

Animal models and in vitro testing have been instrumental in developing
successful treatments for joint degeneration, particularly in the knee. However,
there is currently no well-established animal model for studying wrist
biomechanics or implant design. While small animal models are commonly used
for proof-of-concept studies,'4!5 their carpal bone size limits evaluation of
implantable devices. Larger animal models, such as sheep and pigs, offer
anatomical and biomechanical similarities to humans 5-17 that may better support

translational wrist research.

The Yucatan minipig (YMP) has recently been proposed as a potential animal
model for the human wrist based on similarities in carpal bone anatomy,8 bone

composition 7 and ligamentous anatomy.*9 Previous studies have used the YMP
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radial carpal bone (RCB) to model scaphoid nonunion 8 and the YMP accessory
carpal bone as a model for the human trapezium to investigate a biologic joint
replacement for trapeziometacarpal OA.2° Additionally, in vitro YMP
biomechanics after transection of the radial intermediate and dorsal intercarpal
ligaments, homologous to the human scapholunate interosseous and dorsal
intercarpal ligaments, have been reported.’9 However, only minimal increases in
range of motion were observed after these specific ligament transections,
indicating that additional stabilizing structures may contribute to carpal stability

in this model.

To further support the use of the YMP as a model for evaluating novel implant
designs and implant biomechanics, the YMP carpus must be assessed under
injured conditions and after stabilization with a carpal bone implant. To do so, this
study quantified the biomechanics of the YMP carpus under intact, ligament
transection, bone resection, and small bone replacement conditions. We
hypothesized that range of motion (ROM) would (1) increase following transection
of all ligaments connected to the RCB; (2) further increase after RCB resection;
and (3) be restored to intact values following stabilization with a small bone

replacement.

3.3. Methods

3.3.1. Specimen Acquisition and Preparation
Nine YMP forelimbs (3 pairs, 3 unpaired) were harvested from animals used in
an unrelated study. The cohort included 3 females and 3 males aged 13.0 to 20.1

months (mean:18.5 + 2.7 months) and weighing 50.5 to 61.0 kilograms (kg) (mean:
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56.0 + 4.4 kg) (Premier BioSource, Ramona, CA). All animals were acquired

following IACUC review and approval.

Following harvest, forelimbs were prepared by removing the skin,
disarticulating the phalanges, and trimming the radius and ulna at the radial
glenoid cavity. The superficial dorsal extensor (SDE), superficial radial carpal
flexor (SRCF), and the superficial ulnar carpal flexor (SUCF) were isolated and
whip-stitched for biomechanical testing. The deep radial carpal flexor tendon
(DRCFT) was additionally isolated for implant fixation. The distal metacarpals and
proximal radius and ulna were potted in fast-setting urethane resin (SmoothOn,
Macungie, PA). A fiducial collar with five non-coplanar holes was added to the
potting fixtures to allow registration of the specimen-specific anatomical
coordinate system to the global coordinate system of a robotic testing system

(ROBgcs).

3.3.2. CT Imaging and Post-Processing

Potted forelimbs were imaged using a clinical CT scanner (0.4 mm X 0.4 mm X
0.625 mm, GE Healthcare, Chicago, IL). The metacarpals, radius, ulna, and
fiducial collars were segmented (Mimics v22, Materialise, Leuven, Belgium) using
density-based thresholding with manual editing, and exported as three-
dimensional (3D) surface models of the bones as closed triangular meshes with no
triangle reduction and minimal smoothing (iterations: 1; smooth factor: 0.030).
Surface models were imported into Geomagic Wrap (Geomagic Wrap 2021; 3D
Systems, SC) to define specimen-specific anatomical coordinate systems using

anatomical landmarks on the metacarpals, radius, and ulna, following previously
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described methods for homologous human wrist testing.2! Fiducial points on each

potting fixture were labeled for registration of the specimen to the ROBgcs.

3.3.3. Ligament Sectioning, Bone Resection, and Insertion of a Small
Bone Implant

Each forelimb underwent sequential testing under four conditions: intact, all
ligaments cut (ALC), RCB resection (no RCB), and re-stabilization with a polylactic
acid 3D-printed small bone implant (RCBH) (Figure 3.1). For the ALC condition,
a 2-inch sagittal capsular incision centered above the RCB and intermediate carpal
bone (ICB) was made, and all ligamentous attachments to the RCB were
transected. Complete transection was confirmed by temporary removal and

replacement of the RCB, followed by capsular closure with interrupted sutures.

Small Bone Replacement

Intact No RCB

All Ligaments Cut

Distal

Distal Distal

Mectacarpals
(MC2-5)
Carpal Bones
(CB2-4)
Radial Carpal
Bone (RCB)
Intermediate
Carpal Bone (1CB)
Ulnar Carpal Bone
(UCB)
Radius (RAD)
Ulna

Proximal

Proximal Proximal

Proximal

Figure 3.1. Bone models (dorsal view) of the YMP carpus depicting the testing
conditions: (A) intact; (B) all ligaments cut (ALC) meaning transection of all
ligaments connected to the radial carpal bone (RCB); (C) no RCB meaning the
bone was resected from the carpus; and (D) replacement of the RCB with a radial
carpal bone hemiarthroplasty (RCBH; blue). The testing procedure for
multidirectional range of motion (MROM), pronation/supination range of
motion (PSROM), and translational range of motion (TROM) was performed
after each condition.
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For the no RCB condition, the capsule was reopened, the RCB removed, and
the capsule reclosed. For the RCBH condition, three predicted implant sizes were
selected based on animal age and weight using a predictive model.22 Optimal
implant size was determined by subjective assessment of fit through joint
manipulation and articulation with the distal radius and proximal CB2 and CB3.
The implant was secured with a suture anchor (~3 mm length, ~2.5 mm diameter)
placed into the ICB and the DRCFT was passed through the volar-dorsal tendon
port and sutured to residual ligament on the dorsal face of the ICB. Anchor sutures
were passed through radial-ulnar through-holes and secured using square knots.
Following implant fixation, the capsule was closed. Robotic testing was performed

after capsule closure for each condition.

3.3.4. Biomechanical Testing and Data Processing

Biomechanical testing of each forelimb was performed using a 6-DOF robot
(KUKA KR6 R700, Augsburg, DE). The robot and load cell were registered using a
LabView based software simVITRO (Cleveland Clinic, OH) and a 6-DOF digitizing
probe (Optotrak, NDI, Ontario, CA). Specimens were mounted on an L-shaped
fixture, with the radius/ulna secured to the robot base and the metacarpal to the
end-effector. Constant force springs (4.45 N each; McMaster-Carr, Robbinsville,

NJ) were attached to the whip-stitched tendons (SDE, SRCF, and SUCF) (Figure

3.2).
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Figure 3.2. Right YMP forelimb mounted on the KUKA robot for
multidirectional ROM, pronation and supination ROM, and volar/dorsal
translation testing. The radius and ulna are fixed to the base using an L-shaped
fixture and the metacarpals are secured to the end-effector of the robot. Force
springs are attached to the flexor and extensor tendons. Fiducial collars used for
digitization to register the specimen in the robotic coordinate system are included
in the metacarpal and radius/ulna potting mixtures.

Fiducial markers on the metacarpals and radius/ulna were digitized to register
specimen-specific anatomical coordinate systems to the ROBgcs. Joint axes
included flexion-extension (Z; radius fixed), pronation-supination (Y; metacarpals
fixed), and a floating radioulnar deviation axis (X). The forelimb was positioned in
a neutral configuration (0° flexion-extension, 00 radial-ulnar deviation, 0 Nm
pronation-supination torque, 0 N forces), with residual forces and torques of less

than + 1 N and + 0.05 Nm.

Three testing protocols were performed: multidirectional range of motion
(MROM), pronation/supination ROM (PSROM), and translational ROM (TROM).

In MROM, metacarpals were rotated in 28 directions (4 primary, 24 coupled) at
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10/sec until a resultant torque of 1 Nm was achieved; testing was manually stopped
if fixture collision risked before reaching 1 Nm. Data were processed using a

previously established methodology.9

For the MROM testing, ROM was computed as the resultant of flexion-
extension and radial-ulnar deviation angles of the metacarpals relative to the
radius/ulna with respect to the neutral position. Torque-rotation curves were fitted
using fifth-order polynomials (MATLAB, MathWorks, Natick, MA) to quantify
ROM and stiffness across all directions. ROM was defined as metacarpals rotation
at 1 Nm, average stiffness was defined as the inverse of the ROM, and final stiffness
was calculated as the slope of the fitted curve between 0.75 and 1 Nm. A total of
1008 tests were performed, 112 of which were manually stopped. Of the 112
manually stopped tests, 36 exceeded an established threshold of 0.5 Nm required
for polynomial extrapolation to estimate ROM, while the remaining 76 were
recorded as missing. For the PSROM protocol, pronosupination was performed at
neutral and at maximum ROM previously identified in the ulnar-flexion direction
(UF75; 75° from ulnar deviation in the flexion direction). At each orientation, the
carpus was pronated and supinated at 19/sec until a resultant torque of 1 Nm was
reached. For the TROM protocol, the metacarpals were translated in the volar and
dorsal directions at a rate of 1 mm/sec until a force of 30 N was achieved in each
direction, while the carpus remained in the neutral position. For PSROM, ROM
was defined as rotation about the pronation-supination axis at 1 Nm, whereas for
TROM, ROM was defined as displacement at 30 N. Torque-rotation and load

displacement curves were fitted using fifth-order polynomials, and final stiffness
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was calculated as the slope of the fitted curves between 0.75 and 1 Nm for PSROM

and between 22.5 and 30 N for TROM.

3.3.5. Statistical Analysis

Mixed models were utilized to evaluate the differences in ROM and stiffness
(average and final) as a function of testing direction and testing condition (Intact,
ALC, No RCB, RCBH). Mixed models were chosen for the analytic method as they
allow appropriate handling of data structures associated with repeated
measurements and maximize the information from specimens with missing
observations. The outcome distribution and model residuals were examined to
determine the distribution and link function to be applied to each model. To satisfy
the assumption of normality, the outcomes were logarithmically transformed
where necessary. Classical sandwich estimation was used to further protect against
possible model misspecification. Pairwise comparisons between testing conditions
(Intact, ALC, No RCB, RCBH) were conducted within the model via orthogonal
contrasts. The Holm test was used to correct for multiple comparisons,
maintaining a 2-tailed familywise alpha at 0.05 across the hypotheses tested.
Adjusted p-values and model-based means and 95% confidence intervals (CIs) are
reported. An adjusted p-value < 0.05 was used to determine statistical
significance. All analyses were conducted in SAS version 9.4 (SAS Institute Inc.,

Cary, NC).
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3.4. Results

3.4.1. All Ligaments Cut Biomechanics (ALC)

All specimen intact data were previously reported in a separate study.!9 Relative
to intact, ALC ROM increased (p<0.05) in 18 out of 28 directions. The greatest
ROM remained in the UF75 direction at 109.4° (CI: 95.7, 125.0), a 22.39 increase
(p<0.05) from intact. Of the four primary anatomical directions, ROM increased
in extension by (+8.0° to 17.49, CI: 14.2, 21.3; p<0.05) and radial deviation (+6.6°
to 10.09, CI: 6.7, 14.7; p<0.05) (Figure 3.3). Average stiffness decreased in 16 of
28 directions, including extension (0.05 Nm/°, CI: 0.04, 0.06), radial deviation
(0.11 Nm/°, CI: 0.09, 0.15), and ulnar deviation (0.09 Nm/°, CI: 0.06, 0.12)
(Figure 3.4). Final stiffness increased (p<0.05) in 8 directions, including radial

deviation (3.05 Nm/9, CI: 1.82, 5.11) (Table 3.1).
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Figure 3.3. Average range of motion envelopes across the 28 motion directions
for each condition: (A) intact, (B) all ligaments cut (ALC), (C) no radial carpal
bone (RCB), and (D) small bone replacement with a radial carpal bone
hemiarthroplasty (RCBH). Significant differences (p-values < 0.05) relative to
intact are shown with a dot (e) and relative to ALC are shown with an asterisk (¥).
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Figure 3.4. Average stiffness envelopes across the 28 motion directions for each
condition: (A) intact, (B) all ligaments cut (ALC), (C) no radial carpal bone
(RCB), and (D) small bone replacement with a radial carpal bone
hemiarthroplasty (RCBH). Significant differences (p-values < 0.05) relative to
intact are shown with a dot (e) and relative to ALC are shown with an asterisk (*).
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Table 3.1. Estimated marginal mean final stiffness (Nm/°) (95% confidence
interval) across the 28 motion directions for each condition: (A) intact, (B) all
ligaments cut (ALC), (C) no radial carpal bone (RCB), and (D) small bone
replacement with a radial carpal bone hemiarthroplasty (RCBH).

Condition
Direction
Intact ALC No RCB RCBH
EXO0 0.09 0.09 0.11 0.09
(0.03, 0.25) (0.02, 0.36) (0.03, 0.32) (0.02, 0.30)
FEo 0.02 0.02 0.02 0.02
(0.00, 0.11) (0.00, 0.15) (0.00, 0.07) (0.00, 0.07)
RDo 0.25 3.05 0.62 0.49
(0.11, 0.58) (1.82, 5.11)* (0.40, 0.98)*t (0.13, 1.94)*
RE15 0.23 0.88 0.48 0.30
(0.09, 0.59) (0.16, 4.90)* (0.14, 1.59)* (0.06, 1.40)
RE30 0.19 0.44 0.79 0.50
(0.07,0.51) (0.14, 1.35)* (0.08, 8.28) (0.07, 3.65)
RE45 0.15 0.27 0.26 0.27
(0.06,0.37) (0.08, 0.89)* (0.05,1.48) (0.05,1.57)
RE60 0.10 0.17 0.16 0.12
(0.05, 0.19) (0.05, 0.58) (0.03,0.83) (0.02, 058)
RE75 0.08 0.07 0.08 0.08
(0.03, 0.23) (0.01, 0.41) (0.02, 0.30) (0.03, 0.20)
RF15 0.24 1.31 0.54 0.58
(0.10, 0.59) (0.88, 1.93)* (0.30, 0.99)T (0.32, 1.06)*T
RF30 0.22 0.65 0.73 0.73
(0.09, 0.56) (0.26, 1.62)* (0.50, 1.08) (0.33,1.61)
RF45 0.19 0.57 0.39 0.74
(0.07,0.48) (0.12, 2.73) (0.21,0.74) (0.26, 2.15)
RF60 0.14 0.21 0.27 0.53
(0.05, 0.39) (0.09, 0.48)* (0.10, 0.71) (0.19, 1.44)
RF70 0.09 0.16 0.29 0.14
(0.03, 0.26) (0.0.8,0.33)* (0.09, 0.89) (0.02,0.83)
RF75 0.07 0.16 0.21 0.08
(0.02,0.23) (0.10, 0.28) (0.08, 0.59) (0.02,0.39)
RFS80 0.05 0.13 0.07 0.06
(0.02,0.18) (0.06, 0.30) (0.02, 0.31) (0.02, 0.25)
UDo 0.14 0.13 0.21 0.11
(0.05, 0.35) (0.03, 0.59) (0.03, 1.47) (0.02, 0.57)
UE15 0.16 0.15 0.28 0.15
(0.05, 0.49) (0.03, 0.72) (0.04, 2.14) (0.03,0.84)
UE30 0.16 0.27 0.50 0.28
(0.05, 0.53) (0.04, 1.86) (0.05, 5.16) (0.04, 2.10)°
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UF45 0.17 0.24 0.12 0.24
(0.06, 0.50) (0.04, 1.40) (0.02, 0.71) (0.04, 1.41)

UE60 0.14 0.19 0.18 0.17
(0.05, 0.39) (0.04, 0.93) (0.02,1.62) (0.03,0.93)

UE7s5 0.13 0.12 0.13 0.12
(0.04, 0.38) (0.03, 0.46) (0.03, 0.52) (0.03, 0.47)

UFi15 0.11 0.10 0.16 0.09
(0.04, 0.33) (0.02, 0.42) (0.02,1.18) (0.02, 0.49)

UF30 0.08 0.09 0.15 0.09
(0.03,0.24) (0.02, 0.49) (0.02,1.35) (0.01, 0.66)

UF4s5 0.05 0.04 0.03 0.03
(0.02, 0.16) (0.01, 0.20) (0.01, 0.21) (0.01, 0.21)

UF60 0.013 0.01 0.01 0.01
(0.006, 0.029) (0.00, 0.03) (0.00, 0.03) (0.00, 0.05)

UF70 0.01 0.01 0.01 0.01
(0.004, 0.02) (0.00, 0.02) (0.00, 0.04) (0.00, 0.03)

UF75 0.01 0.01 0.01 0.01
(0.00, 0.02) (0.00, 0.02) (0.00, 0.04) (0.00, 0.03)

UF80 0.02 0.014 0.014 0.02
(0.00, 0.05) (0.006, 0.032) (0.008, 0.025) (0.00, 0.10)

* p<0.05 to Intact
T p<0.05to ALC
° p<0.05to No RCB

For the PSROM protocol, neutral pronation and supination measured 21.20
(CI: 16.4, 27.4) and 12.69 (CI: 8.8, 17.8), respectively. Final stiffness decreased
compared to intact to 0.13 Nm/© (CI: 0.11, 0.15; p<0.05) for pronation and 0.17
Nm/©° (CI: 0.15, 0.20; p<0.05) for supination. At UF75 (max ROM), supination
ROM increased by 9.50 to 28.99 (CI: 23.7, 35.1; p<0.05), whereas pronation
measured 20.30 (CI: 13.5, 30.6) (Figure 3.5). Corresponding final stiffness values
were 0.11 Nm/0 (CI: 0.08, 0.14) for pronation and 0.14 Nm/© (CI: 0.13, 0.16) for

supination.
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Figure 3.4. Pronation and supination at neutral and maximum range of motion
(UF75) (average + 95% confidence intervals) of the four testing conditions:
intact, all ligaments cut (ALC), no radial carpal bone (RCB), and small bone
replacement with a radial carpal bone hemiarthroplasty (RCBH). Significant

differences (p-values < 0.05) are shown with an asterisk (*).

For the TROM protocol, volar translation (10.2 mm, CI: 8.6, 12.2) exceeded
dorsal translation (5.4 mm, CI: 4.0, 7.2; p<0.05) (Figure 3.6). Volar stiffness

(6.25 N/mm, CI: 4.35, 8.97) was lower (p<0.05) than both intact and dorsal

stiffness (7.47 N/mm, CI: 5.38, 10.38).
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Figure 3.5. Average volar and dorsal translation + 95% confidence intervals of
the metacarpals relative to the radius and ulna for the four testing conditions:
intact, all ligaments cut (ALC), no radial carpal bone (RCB), and radial carpal
bone hemiarthroplasty (RCBH). Significant differences (p-values < 0.05) are

shown with an asterisk (¥*).

3.4.2. No RCB Biomechanics

Removal of the RCB increased ROM in 19 directions relative to intact and in 12
directions relative to ALC. Among primary anatomical directions, ROM increased
(p<0.05) compared to intact in extension (+7.40 to 16.89, CI: 13.5, 20.9) and radial
deviation (+7.5° to 10.89, CI: 7.4, 15.7) (Figure 3.3); radial deviation also
increased compared to ALC (+0.99; p<0.05). Average stiffness decreased in 14
directions relative to intact and in 6 directions relative to ALC. Among the primary
anatomical directions, decreases were observed in extension (0.05 Nm/°, CI: 0.04,
0.07) and ulnar deviation (0.08 Nm/°, CI: 0.07, 0.11) relative to intact, and in
radial deviation (0.10 Nm/°, CI: 0.08, 0.12) relative to both intact and ALC
(Figure 3.4). Final stiffness increased in 2 directions relative to intact and
decreased in 2 directions relative to ALC, including radial deviation (0.62 Nm/©,
CI: 0.40, 0.98; p<0.05) (Table 3.1).
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In the PSROM protocol, neutral supination ROM increased (p<0.05) by 7.3°
compared to intact and 3.00 compared to ALC to 15.5° (CI: 11.7, 20.6), while
pronation measured 21.6° (CI: 17.2, 27.2). Stiffness decreased compared to intact
for supination (-0.05 Nm/© to 0.17 Nm/9, CI: 0.16, 0.18; p<0.05) and pronation (-
0.06 Nm/© to 0.12 Nm/9, CI: 0.11, 0.14; p<0.05). At UF75, supination ROM
increased compared to intact by 10.0° to 29.40 (CI: 24.76, 34.81; p<0.05), while
pronation measured 18.4° (CI: 12.1, 28.0) (Figure 3.5). Stiffness at UF75 was
unchanged compared to ALC at 0.11 Nm/© (CI: 0.09, 0.14) for pronation and 0.14

Nm/© (CI: 0.11, 0.16) for supination.

In the TROM protocol, volar and dorsal translation measured 10.0 mm (CI: 7.9,
12.7) and 5.7 mm (CI: 4.0, 8.1), respectively (Figure 3.6). Volar stiffness (6.23

N/mm, CI: 4.51, 8.59) was lower than dorsal stiffness (7.32 N/mm, CI: 5.18, 10.33;

Pp<0.05).

3.4.3. Radial Carpal Bone Hemiarthroplasty Biomechanics
Implantation of the RCBH in the YMP carpus increased ROM in 22 directions
compared to intact and 1 direction compared to ALC. ROM did not differ compared
to the no RCB condition. The greatest ROM occurred in the UF70 direction at 977.00
(CI: 73.1,128.7). Among primary anatomical directions, ROM increased compared
to intact in extension (+9.00 to 18.59, CI: 14.9, 22.8; p<0.05) and radial deviation
(+7.99 to 11.29, CI: 7.6, 16.7; p<0.05) (Figure 3.3). ROM in the extension and
radial deviation directions did not differ from the ALC and no RCB conditions.
Average stiffness decreased (p<0.05) in 11 directions relative to intact, with no

differences observed relative to ALC and no RCB (Figure 3.4). Among the
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primary anatomical directions, decreases were observed in extension (0.06 Nm/°,
CI: 0.04, 0.08) and radial deviation (0.12 Nm/°, CI: 0.08, 0.17) relative to intact.
Final stiffness increased in 2 directions relative to intact, including radial deviation
(0.49 Nm/9, CI: 0.13, 1.94; p<0.05), and in 1 direction relative to ALC and no RCB

(Table 3.1).

In the PSROM protocol, neutral supination ROM increased by 7.00 compared
to intact and 2.79 compared to ALC to 15.29 (CI: 10.66, 21.70; p<0.05), while
pronation measured 21.49 (CI: 15.8, 29.1). Supination stiffness at neutral
decreased by 0.03 Nm/© relative to intact but remained greater than pronation
(0.14 Nm/9, CI: 0.13, 0.16; p<0.05). At UFy75, supination ROM increased
compared to intact by 8.80 to 28.20 (22.2, 35.8; p<0.05), while pronation
measured 20.49 (CI: 13.95, 29.85) (Figure 3.5). Stiffness at UF75 was unchanged
compared to ALC and no RCB at 0.14 Nm/© (CI: 0.10, 0.18) for supination and 0.11

Nm/© (CI: 0.09, 0.14) for pronation.

In the TROM protocol, volar translation measured 10.5 mm (CI: 8.2, 13.5) with
a stiffness of 14.81 N/mm (CI: 7.22, 30.38), whereas dorsal translation measured

5.1 mm (CI: 3.4, 7.5) with a stiffness of 7.75 N/mm (CI: 5.46, 11.00) (Figure 3.6).

3.5. Discussion

The aim of this study was to quantify the YMP carpus biomechanics to assess
its suitability as a preclinical model for the human wrist for evaluating
osteoarthritis treatments, including carpal bone replacement. Based on prior
findings that human wrist ROM increases following ligament transections,23 we

hypothesized that ROM would increase after transection of all ligaments connected
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to the RCB, further increase after RCB resection, and return to intact levels
following small bone replacement. Consistent with our hypothesis, ROM increased
after ligament transection and RCB resection. However, ROM did not return to

intact levels after RCBH implantation.

In vitro testing has been widely used to quantify carpal 24-29 and wrist 23 ROM,
revealing progressive increases in motion and instability following ligament
transection. Prior studies demonstrated increased carpal bone motion following
ligament transection. Specifically, SLIL transection increased scaphoid flexion.
Additional injury to volar and dorsal SLIL components or secondary stabilizers
further increased scaphoid and lunate motion and overall instability.27-29 For
overall wrist motion, Badida et al. reported that isolated SLIL transection did not
significantly affect ROM; however, subsequent DIC transection increased ROM by
approximately 3.9° in radial deviation, 8.8° in radial extension, and 13° in ulnar
flexion. Further transection of the long radiolunate ligament increased ROM
across multiple directions.23 YMP carpus ROM was previously reported by Altieri
et al., who mimicked a ligament transection sequence involving the radial
intermediate ligament, homologous to the scapholunate interosseous ligament and
dorsal intercarpal ligament (DIC); however, only subtle increases in ROM were
observed following transection of both ligaments (approximately 3° in
extension).!9 Similarly, the YMP carpus demonstrated increased ROM following
transection of all ligaments connected to the RCB, including 4.3° in radial flexion,

5.5° in radial extension, 10.3° in ulnar flexion, and 6.4° in ulnar extension.
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Few studies have examined wrist biomechanics following removal of a single
carpal bone, and existing findings report inconsistent effects on range of motion.
However, Sobczak, et al. and Blankenhorn, et al. reported biomechanical outcomes
in cadaveric wrists after proximal row carpectomy.3°:3! Blankenhorn, et al.
observed substantial reductions in wrist motion, including decreases of 28% in
flexion, 30% in extension, 40% in radial deviation, and 12% in ulnar deviation due
to radiocarpal impingement, specifically the trapezoid on the radial styloid.3* In
contrast, Sobczak, et al. found no significant differences in ROM compared to
intact and capsulotomy conditions, although reductions occurred across all
degrees of freedom except palmar flexion.3° In the YMP carpus, the opposite was
observed in the no RCB condition, with ROM increases of approximately 79% in
extension, 225% in radial deviation, and 71% ulnar deviation, while flexion
decreased minimally (8%). This minimal reduction may reflect measurement
limitations due to extreme flexion of the YMP carpus prior to fixture collision
during testing. Although the magnitude of these changes differs from human
studies, the overall ROM profile of the YMP carpus is comparable, exhibiting an

elliptical motion envelope with limited extension.

To our knowledge, no studies have reported human wrist biomechanics
following small bone replacement, although related implant procedures have
shown variable effects on wrist ROM. However, implant effects on cadaveric wrist
ROM have been evaluated in total wrist arthroplasty,©32 ulnar head
arthroplasty,33 and distal radioulnar joint prosthesis.3¢ Following total wrist

arthroplasty, Mookerjee et al. reported decreases in flexion, extension, and radial
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deviation,! whereas Glanville et al. observed no significant differences in maximal
flexion, extension, or radial ulnar deviation compared to preoperative values.32
Studies of distal radioulnar joint prosthesis and ulnar head arthroplasty reported
no significant changes in ROM 34 or kinematics,33 respectively. In the present
study, small bone replacement using an RCBH did not restore the YMP carpus to
intact ROM; instead, slight increases in ROM were observed relative to the bone
resection condition. These increases may reflect factors such as implant fixation,

suboptimal implant sizing, or residual joint laxity following repeated testing.

Consistent with the observed changes in ROM, average and final stiffness
exhibited contrasting trends across conditions Average stiffness decreased relative
to intact in all three conditions, with the greatest values consistently observed in
the radial flexion direction, consistent with patterns reported in intact human
wrists.2! In contrast, final stiffness, defined as the slope between 0.75 and 1 Nm,
showed a substantial increase relative to intact in specific directions: radial
deviation for ALC, radial extension for no RCB, and radial flexion for RCBH. This
increase appears to result from minimal displacement occurring as the specimen
approaches 1 Nm, likely due to interaction between the RCB and the radial styloid
or other lateral stabilizing structures of the YMP carpus, producing an overshoot
in load. A similar effect has been observed in spine in vitro testing, where low-
stiffness regions (the neutral zone) can lead to large displacement changes with
minimal load variation, requiring machine compensation and resulting in

overshoot of load targets.35
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Several limitations should be considered with this study. First, motion of the
intact and implant RCBs were not quantified. We quantified overall wrist motion,
defined as metacarpal motion relative to the radius and ulna, demonstrating
increased ROM following ligament transection and bone resection. Assessing
individual carpal kinematics could further support the translatability of the YMP
by allowing comparison with human wrist kinematics. Second, all specimens
underwent multiple freeze—thaw cycles (~3 cycles) and repeated sequential
testing. While the effects of freeze—thaw cycling on animal specimens have not
been well characterized, prior studies on human tendons report mixed results on
the biomechanical effects of multiple freeze-thaw cycles. Huang, et al. investigated
the effects of freeze-thaw cycles on human flexor tendons and found that repetitive
freeze-thaw cycles (> 5) declines the structural, mechanical and viscoelastic
properties of human tendons.3¢ In contrast, Jung, et al. found that there was little
effect on the structural properties of the bone-patellar tendon-bone grafts or the
mechanical properties of the patellar tendon tissue following eight freeze-thaw
cycles.3” Thus, the impact of repeated freeze—thaw cycles on specimen
biomechanics remains uncertain and should be considered when interpreting the
results. Implant sizing may have been too small for the YMP carpus, potentially
limiting their effect on restoring intact ROM. Although smaller implants are
typically selected to avoid overpacking the joint and compromising stability,38:39
under sizing may have limited articulation with surrounding bones, resulting in a
ROM profile similar to the bone-resected condition. Additionally, implant fixation

may have loosened during ROM testing, further compromising stability.
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In summary, YMP carpus ROM increased compared to intact following
ligament transection and subsequent RCB resection. Although small bone
replacement was expected to restore intact ROM, only minimal increases were
observed compared to the bone resection condition. The similar elliptical ROM
envelopes of the YMP and human wrists with findings of increases in ROM,
support the potential of the YMP as a preclinical model for the human wrist.
Further studies evaluating implant designs and quantifying individual carpal
kinematics are needed to strengthen the utility of the YMP for testing emerging

osteoarthritis treatments.
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Chapter 4: Small Bone
Replacement Leads to Greater
Gait Asymmetry and Cartilage
Damage Compared to Ligament
Injury in a Porcine Wrist Model

Chapters 4 and 5 have been combined into the following manuscript.

Vaughan QM, Morton AM, Moore DC, Molino J, Akelman E, Crisco JJ.
Small Bone Replacement Leads to Greater Gait Asymmetry, Cartilage
Damage, and Osteophyte Formation Than Ligament injury in a Porcine
Wrist Model. (UNDER REVIEW: Osteoarthritis and Cartilage OPEN)
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4.1. Abstract

This study evaluated the Yucatan minipig (YMP) as a translational large-animal
model of wrist osteoarthritis (OA) following ligament injury (LI) or small bone
replacement (SBR) in a 12-week in vivo study. Eight YMPs were assigned to LI or
SBR groups (n=4/group). Gait data were collected preoperatively and at 3, 6, 9,
and 12 weeks postoperatively. Ratios of surgical to contralateral limbs were
calculated for maximum force, impulse, stance time, and stride velocity and
compared within and between experimental groups. At study completion, cartilage
health was assessed histologically using OARSI scoring. We found that the SBR
group demonstrated significant gait asymmetry at week 3, with reduced maximum
force, impulse, and stance time relative to preop (p < 0.05), followed by partial
recovery after 3 weeks postop. Compared to the LI group, the SBR group exhibited
greater gait asymmetry (p<0.05) at all postoperative timepoints, while stride
velocity remained unchanged. Histological analysis revealed significantly higher
total OARSI scores in SBR experimental limbs compared to contralateral limbs
across the distal radius and proximal carpal bones articular surfaces. The SBR
group exhibited greater cartilage degeneration than the LI group (p<o0.05),
whereas contralateral limbs did not differ between groups. These findings support
the YMP as a promising translational model of the human wrist for evaluating OA
development following ligament injury and small bone replacement. Improved
understanding of OA progression and therapeutic effects in this model may
facilitate the development of targeted treatment strategies for wrist pathologies

including arthroplasties.

70



4.2. Introduction

The human wrist is a complex joint comprised of multiple bones and ligaments
that function collectively to facilitate complex motions while providing stability.
Wrist ligaments are classified as primary or secondary stabilizers, with the
scapholunate interosseous ligament (SLIL) serving as a key primary stabilizer
between the scaphoid and lunate bones.*2 Injury to the SLIL is the most common
ligamentous injury and when combined with disruption of secondary stabilizers
such as the dorsal intercarpal ligament (DIC), can result in wrist instability, altered
biomechanics.2-5 These injuries can be associated with pain during tasks that
include pushing, gripping, or grasping and progression to degenerative joint
disease, including as osteoarthritis (OA).3

Current treatment strategies for wrist OA focus on symptom management
during the early stages of disease and often progress to surgical intervention in
advanced cases.® Treatment options include wrist fusion (arthrodesis),”-8 proximal
row carpectomy,9-'* and total wrist replacement (arthroplasty).2-15 Although these
treatments aim to alleviate pain and restore function,¢-18 Jong-term outcomes are
limited by complications such as hardware failure,® decreased grip strength,o.
and component loosening.!3-1519  Other treatment options include wrist
hemiarthroplasties, specifically carpal bone replacements, which offer a potential
motion-preserving alternative to fusion or arthroplasty with minimal hardware
implantation and bone resection.202t Carpal bone replacements have been found
to reduce pain and improve function relative to preoperative results.22-24 However,

long term follow-up has reported mild progression of OA and the development of
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osteolysis.25-27 Despite these findings, carpal bone replacements remain a viable
alternative to more aggressive procedures, given favorable patient-reported
outcomes and the ability to pursue revision or salvage procedures if failure occurs.
To further optimize carpal bone replacement treatments, a clearer understanding
of OA development following implantation is necessary.

OA progression is typically evaluated and diagnosed through -clinical
examination and radiographic imaging.28 The presence of osteophytes, which are
bony outgrowths that often form at joint margins, is a common indicator of
disease.293° As OA advances, joint space narrowing becomes evident on
radiographs, and in severe cases, subchondral cysts and bone deformities may also
appear.3! However, OA is often diagnosed at a stage when irreversible joint damage
has already occurred, limiting the effectiveness of available treatments.32 Given
this challenge, animal models serve as essential tools for studying disease
progression, evaluating novel treatment strategies, and assessing the impact of
interventions at various stages of OA development.

Animal models have been widely used to study OA progression in large joints,
particularly the knee, using chemical, mechanical, or surgical induction
methods.33:3¢ Small animals such as mice, rats, guinea pigs, and rabbits are
commonly used due to their rapid disease progression, lower cost, and ease of
housing.35:3¢ In contrast, larger animals like sheep and pigs are often preferred for
their anatomical and biomechanical similarities to humans.33.36:37 Surgical models
of OA have most frequently targeted the stifle joint, homologous to the knee, as
models for medial meniscal tear replication,38 partial,38 or total meniscectomy,39-40

and anterior cruciate ligament (ACL) transection.4°-44 Despite the extensive use of
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these models to study OA in large joints, there is a lack of studies focused on OA
progression or improvement of treatment options in the wrist.

Assessment of both healthy and OA affected joints is essential for
understanding disease progression and evaluating treatment options. Gait analysis
is widely used in animal models of OA to quantify alterations under baseline,
injury, and treatment conditions. Metrics such as limb idleness, maximum force
ratios, stance time, stride velocity, and related gait parameters have demonstrated
the capability of detecting OA-related changes in experimental, treated, and
contralateral joints.44-5¢ Structural severity is further validated through
histopathological evaluation of cartilage degeneration.4445.47-49.51 Although gait
and histopathological analysis are well established for evaluating OA progression
in animal models, most studies have focused on stifle joint injuries. There remains
a need for a translational large animal model of post-traumatic OA following
ligament injury and small bone replacement in the carpus. To address this gap, we
identified the Yucatan minipig (YMP) as a promising preclinical animal model for
the human wrist due to its similarities in anatomy, size, and bone composition.3”

This study evaluated the Yucatan minipig as a preclinical animal model for
assessing osteoarthritis (OA) progression following either ligament injury (LI) or
small bone replacement (SBR) in the carpus. OA progression was monitored
through changes in gait over a 12-week in vivo study. Based on previous clinical
reports of OA development following ligament injury,52-5¢ we hypothesized that
the ligament injury group would exhibit increased gait asymmetry and more severe
histological degeneration of cartilage than animals receiving a small bone

replacement at 12 weeks.
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4.3. Methods

4.3.1. Animal Acquisition

Following TACUC review and approval, eight Yucatan minipigs (YMP) were
acquired from accredited laboratory animal suppliers (Sinclair Bio-Resources,
Windham, ME and Premier BioSource, Ramona, CA). The cohort included four
females and four males, ranging in age from 24.4 to 29.8 months (mean: 25.7 + 1.8
months) and weight from 56.9 to 101.2 kg (mean: 84.2 + 13.6 kg). The animals
were assigned to undergo ligament injury alone (LI; 2M/2F) or small bone

replacement (SBR; 2M/2F).

4.3.2. Surgical Procedure

Both the LI and SBR surgeries were performed on the right forelimb. Exposure
was via a ~3 cm capsular incision over the medial aspect of the dorsal carpus,
centered on the proximal row. A second incision (~5 cm) was made on the medial
aspect of the volar carpus to access the Deep Radial Carpal Flexor Tendon
(DRCFT), which was transected at the musculotendinous junction.

For each animal in the LI group, the deep and superficial attachments of the
RIL and DIC were transected between the radial carpal and intermediate carpal
bones (Figure 4.1). Once the ligaments were cut, the joint capsule, fascia, and skin
were closed. For each animal in the SBR group, the radial carpal bone (RCB) was
removed and replaced with a comparably sized cobalt-chrome (CoCr) implant.s5
The implant was fixed via a suture anchor (AR-1318FT, Arthrex, Inc., Naples, FL)
placed into the medial side of the intermediate carpal bone (ICB), and suturing of

the DRCFT to the dorsal ICB after passage through a dorsal-volar hole in the
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implant. As with the LI animals, once the implant was fixed in place, the joint
capsule, fascia, and skin were closed. All animals were allowed unrestricted

weightbearing after surgery prior to euthanasia at week 12.

Ligament Injury Group Small Bone Replacement Group
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Figure 4.1. Bone models (dorsal view) of the YMP carpus depicting the ligament
injury (LI) and small bone replacement (SBR) experimental groups. The YMP
carpus consists of four metacarpals, two distinct rows of carpal bones, the radius
and ulna. The ligament injury group (left) is a transection of the radial
intermediate ligament (RIL) and dorsal intercarpal ligament (DIC), identified as
homologous to the stabilizing ligaments of the human wrist. The small bone
replacement group (right) shows the replacement of the radial carpal bone
(RCB), homologous to the scaphoid, with a small bone implant (blue). The
implant design includes a tendon port, drill guide, and suture through-holes.

4.3.3. Gait Measurement

Forelimb gait was evaluated using a digital pressure mat (HRV6 Walkway
System; Tekscan Inc.), with video recorded contemporaneously to verify hoof
strikes. Gait measurements were made prior to surgery (pre-op) and at 3, 6, 9, and
12 weeks post-operatively. Commercial software (Walkway 7.0; Tekscan Inc) was

used for calibration, data collection, and analysis. A minimum of five successful

trials were recorded per animal at each timepoint. Trial success was defined as the
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animal walking continuously across the mat without stopping or stepping off. Hoof
strikes were visualized in the software and labeled automatically (LF- left forelimb;
RF- right forelimb; LH- left hindlimb; RH- right hindlimb). The raw gait data were
reduced to yield maximum force (kg) and impulse (kg-s) for each hoof strike, each
normalized as a percentage of body weight, as well as stance time (sec) and stride
velocity (cm/sec). For each gait metric, the ratio of the operated forelimb to

contralateral forelimb was calculated and averaged across trials for each animal.

4.3.4. Microscopic Articular Cartilage Analysis

Microscopic analysis of RCB articulations was performed on sagittal sections
cut through the radial side of the carpus, and frontal sections cut through the
middle of the remaining ulnar side (Figure 4.2). To do so, each wrist was grossly
cut to yield a radial block, obtained by making a sagittal cut at the midpoint of the
radial-ulnar width of the RCB, and dorsal and volar blocks obtained by making a
frontal cut at the midpoint of the volar-dorsal depth of the RCB from the remaining
ulnar portion of the wrist. After gross sectioning, the radial and dorsal blocks were
decalcified, embedded in paraffin, sectioned, and stained with Safranin-O (Saf-O)
and fast green. The cartilage surfaces at the articulations of the RCB and radius
and the RCB and CB2/CB3 (Figure 4.2) were scored by the consensus of 3
reviewers (Q.M.V., D.C.M., and B.C.F.), following the OARSI guidelines for sheep
and goat.53 OARSI scores for each category (structure, chondrocyte density, cell
cloning, interterritorial Saf-O, and tidemark) were summed and averaged across
the radial and dorsal blocks for both operated and contralateral wrists and

compared within and between experimental groups (LI and SBR).
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Figure 4.2. Bone models of the YMP carpus and the sectioning planes used for
histopathological analysis. The carpus was divided into a dorsal block (left) and a
radial block (right) with dashed lines indicating the planes of section. Red boxes
denote the articular surfaces scored for histology for each experimental group
(Figure 4.4). For the ligament injury group, scored surfaces included the distal
radius, proximal and distal RCB, and proximal CB2/CB3. For the small bone
replacement group, scored surfaces included the distal radius and proximal
CB2/CBs.
4.3.5. Statistical Analysis
Descriptive statistics (mean and confidence intervals) were computed for gait
ratios at each time point in the ligament injury and small bone replacement groups,
and the results were compared. Data was imported into commercial software (SAS
version 9.4, SAS Institute Inc, Cary, NC) for hypothesis testing. Generalized
estimating equations (GEE) with fixed effects for experimental group (ligament
injury vs small bone replacement), timepoint (preop, WK3, WK6, WK9, WK12),
and the interaction between experimental group and timepoint were used to test

whether gait metrics differed between the ligament injury and small bone

replacement groups. GEEs were chosen as the analytic methods since it allows the
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appropriate handling of repeated measurements and maximizes the information
from animals with missing values. Classical sandwich estimation was used to
protect against possible model misspecification. For microscopic cartilage
analysis, mixed models with a binomial distribution and logit link function, a
Laplace approximation, and random intercept per specimen were estimated to test
if OARSI scores differed between experimental and contralateral limb within and
across each experimental (ligament injury vs small bone replacement) group.
Mixed effects were chosen as the analytic method as they allow the appropriate
handling of repeated measures data and maximize the information from
specimens with missing observations. Model residuals were examined to ensure
that all model assumptions were satisfied. Post hoc comparisons were conducted
within the models via orthogonal contrasts. The Holm test was used to adjust for
multiple comparisons, maintaining a two-tailed familywise alpha of 0.05. A p-

value < 0.05 was used to determine statistical significance.
4.4. Results

All animals in the LI and SBR groups completed the 12-week postoperative
period without major complications. Mild carpal swelling was observed for an
average of 4 days postoperatively in the operated limb. One animal exhibited
implant subluxation, confirmed by radiography, in the post-op recovery period;
the implant was repositioned via manual manipulation, and proper placement was
confirmed radiographically. One animal experienced wound dehiscence one day

postoperatively; the sutures were repaired under sedation without implant
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subluxation. In the SBR group, implant placement was confirmed by radiography
immediately after surgery and at 6 and 12 weeks postoperatively.
4.4.1. Gait Analysis

Gait analysis revealed that the SBR animals reduced weightbearing on their
operated forelimbs 3 weeks postoperatively, with gradual return to near normal by
week 9. Weight bearing was not altered in the LI animals at any time point.
Specifically, at 3 weeks post-op the maximum force borne by the operated limb in
the SBR animals decreased by 31.4% to a ratio of 0.72 compared to pre-op values
(CI: 0.65-0.78; p<0.001) (Figure 4.3A), impulse decreased by 43.9% to 0.60 (CI:
0.52-0.68; p<0.001) (Figure 4.3B), and stance time decreased by 13.9% to 0.87
(CI: 0.84-0.90; p<0.0001) (Figure 4.3C). The asymmetry in maximum force and
impulse decreased substantially after post-op week 3 but persisted at a low level
when compared to pre-op throughout the study in the SBR group. At 6 weeks
postoperative, impulse and stance time were less than pre-op by 21.5% (ratio: 0.84,
CI: 0.80-0.89; p<0.0001) and 8.9% (ratio: 0.92, CIl:0.90-0.95; p<0.0001),
respectively. At weeks 9 and 12, impulse remained less by 14.0% (ratio: 0.92, CI:
0.88-0.96; p<0.0001) and 15.9% (ratio: 0.90, CI.:0.81-0.98; pP=0.008),
respectively. Stride velocity in the SBR group did not differ from pre-op values at
any time point.

Comparison of the gait asymmetries between the experimental groups revealed
that the maximum force born by the operated limb in the SBR group was less than
the LI group, by 31.4% at week 3 (p<0.0001), 8.5% at week 6 (p=0.0049), and 7.4%
at week 9 (p=0.01) (Figure 4.3A). For impulse, the SBR group was less than LI

group at all timepoints: by 42.3% at week 3 (p<0.0001), 22.9% at week 6
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(p<0.0001), 13.2% at week 9 (p=0.0002), and 17.4% at week 12 (p=0.0006)
(Figure 4.3B). Stance time was less in SBR group by 11.2% at week 3 (p<0.0001),
10.7% at week 6 (p<0.0001), and 7.8% at week 12 (p=0.001) (Figure 4.3C). There

were no differences in stride velocity between groups at any timepoint (Figure

4.3D).
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Figure 4.3. Mean gait ratios (surgical/contralateral) + 95% confidence intervals
over the 12-week study for the ligament injury (blue) and small bone replacement
(red) groups for (A) max force, (B) impulse, (C) stance time, (D) stride velocity.
Significant differences within the small bone replacement group at each
timepoint compared to preoperative are indicated by letters (a = p < 0.0001; b =
p < 0.001; ¢ = p < 0.01; d = p < 0.05). Significant differences between the
ligament injury (LI) and small bone replacement (SBR) groups at each timepoint
are indicated by asterisks (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** =p <
0.0001).
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4.4.2. Microscopic Articular Cartilage Scoring

OARSI scores were largely driven by structural changes, particularly cartilage
erosion, reduced chondrocyte density, and decreased Saf-O staining (Figure 4.4).
The operated limb of the SBR group exhibited greater cartilage damage than the
contralateral limb. For the distal radius articular surface, the total OARSI score
was four times higher in the operated limb (24.0; CI: 19.0, 24.9) compared to the
contralateral limb (7.1; CI: 3.4, 12.5; p= 0.006). For the proximal CB2/CB3
articular surface, the operated limb also demonstrated higher OARSI scores (24.0;
CI: 18.1, 24.9) compared to the contralateral limb (5.3; CI: 3.5, 7.6; p= 0.008)
(Figure 4.5).
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Figure 4.4. Safranin-O/Fast Green staining of representative right carpal
sections from the ligament injury (left) and small bone replacement (right)
groups. The small bone replacement group demonstrated severe cartilage
degeneration of the distal radius and proximal CB2/CB3, characterized by
structural erosion, decreased chondrocyte density, and loss of Safranin-O
staining. In contrast, the ligament injury group exhibited minimal structural
disruption with mild reduction in Safranin-O staining.
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Total OARSI scores were missing for the contralateral limb of one animal in the
LI group for the proximal and distal RCB and proximal CB2/CB3 articular
surfaces, as the relevant bones were missing from the histological slice. No
differences were observed between operated and contralateral limbs for any
articular surface in the LI group. Mean OARSI scores for the operated limb were
6.8 (CI: 2.7, 13.5) for the distal radius, 8.3 (CI: 4.8, 12.7) for the proximal CB2/CB3,
6.1 (CI: 4.0, 8.9) for the distal RCB, and 5.4 (CI: 3.4, 8.1) for the proximal RCB,
compared with 6.5 (CI: 3.6, 10.4), 5.3 (CI: 4.0, 6.7), 4.1 (CI: 1.7, 8.7), and 3.8 (CI:

1.8, 7.1), respectively, for the contralateral limb (Figure 4.5).
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Figure 4.5. Mean total OARSI scores + 95% confidence intervals for the
articular surfaces scored in the ligament injury and small bone replacement
groups. Results are displayed for contralateral (black) and operated (grey) limbs.
Significant differences are indicated by asterisks (* = p < 0.05; ** = p < 0.01).
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4.5. Discussion

The aim of this study was to evaluate the YMP as a preclinical animal model for
assessing OA progression in the carpus following ligament injury and small bone
replacement using gait and histopathological analysis. We hypothesized that the
LI group would exhibit greater gait asymmetry than the SBR group, except at the
first postoperative gait analysis (week 3), due to transection of homologous
ligaments to two key stabilizers of the human wrist that cause instability after
injury. We further hypothesized that gait asymmetry would correspond with
histological evidence of OA at the conclusion of the 12-week study. On the contrary,
the LI group did not demonstrate significant gait alterations following transection
of the RIL and DIC, suggesting that the modeled injury may not have been
sufficient to induce OA within the study period. This was supported by the absence
of differences in total OARSI -cartilage scores between experimental and
contralateral limbs. In contrast, the SBR group exhibited greater gait asymmetry
than the LI group, particularly in maximum force, impulse, and stance time.
Although partial recovery occurred over time, gait symmetry did not return to
preoperative levels. Histological analysis confirmed severe cartilage degeneration
in the SBR group, with total OARSI scores averaging four times higher in the
experimental limb compared to the contralateral limb.

Gait analysis using pressure mat systems is an established method for detecting
OA-related functional changes in animal models that most commonly report
offloading of the affected limb.44.49:50.57 L.aVallee et al. observed no gait differences

following monosodium iodoacetate-induced knee OA over 12 weeks,57 whereas
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Karamchedu et al. reported greater hindlimb asymmetry at 4 weeks in a treatment
group for ACL repair with a tissue-engineered implant compared to ACL
transection.44 Consistent with Karamchedu et al., SBR animals exhibited early and
persistent gait asymmetry at 3 weeks postoperatively, whereas LI animals showed
minimal functional change, similar to the limited gait alterations reported by
Karamchedu et al. after ACL transection at 12 weeks postoperatively, which
remained unchanged through 52 weeks in their study.44

Histopathological findings in the SBR group align with prior OA models
demonstrating elevated OARSI scores following joint destabilization or
reconstruction. Zhao et al. demonstrated higher scores after ACL reconstruction in
a porcine model.49 In contrast, Karamchedu et al. found no significant differences
in OARSI scores between ACL transection, ACL reconstruction, and ACL repair
with a tissue-engineered implant.44 Although outcomes vary by species and injury
model, the cartilage degeneration characterized by high OARSI scores in the SBR
operated limbs demonstrate that the YMP carpus can develop moderate-to-severe
OA cartilage pathology.

Several limitations warrant consideration. The YMP is a quadruped; however,
approximately 60% of body weight is placed on the forelimbs,58 representing a
high-loading or worst-case condition relative to humans. Although gait analysis
trends were comparable to those reported in animal models of knee OA,44:57
preoperative measurements did not demonstrate perfect symmetry
(surgical/contralateral = 1; equal distribution on the surgical and contralateral
limbs). This asymmetry may be attributable to the clockwise direction of

ambulation across the pressure mat, as animals enter the mat while navigating a
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turn, potentially influencing forelimb loading relative to head orientation. The
study duration also represents a limitation. While cartilage degeneration was
evident at the conclusion of the 12-week study in the small bone replacement
group, this time frame may have been insufficient for OA to develop following
ligament injury. A longer follow-up period or a more extensive ligament
transection protocol may be necessary to induce sufficient carpal instability to
promote OA progression. The small sample size limited the ability to explore
comparisons such as potential sex-based differences. Nevertheless, the model
could detect significant differences in gait and histopathological outcomes.
Cartilage degeneration in the YMP was evaluated following implantation of a small
bone replacement fabricated only of CoCr. CoCr is an FDA-approved material that
has been widely used in orthopedic implants because of its biocompatibility, wear
resistance, and mechanical strength. However, evaluation of additional implant
materials will be necessary to determine how the model responds to other bearing
surfaces for articulation with cartilage in hemiarthroplasty treatment strategies for
wrist OA.

In summary, RIL and DIC ligament transection did not induce significant OA
within 12 weeks in the YMP carpus, whereas RCB replacement with cobalt chrome
implants resulted in persistent gait asymmetry and marked cartilage degeneration.
The functional and structural changes observed in the SBR group support the
feasibility and translational potential of the YMP as a preclinical model for wrist
OA. Longer follow-up periods, additional animals, refined instability models, and
evaluation of different implant materials will further clarify the potential of the

YMPs carpus for modeling human wrist pathologies and treatments.
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Chapter 5: Osteophytes
Develop in a Porcine Wrist Model
for Ligament Injury and Small
Bone Replacement, Yet Joint
Space Remains Unchanged

Chapters 4 and 5 have been combined into the following manuscript.

Vaughan QM, Morton AM, Moore DC, Molino J, Akelman E, Crisco JJ.
Small Bone Replacement Leads to Greater Gait Asymmetry, Cartilage
Damage, and Osteophyte Formation Than Ligament injury in a Porcine
Wrist Model. (UNDER REVIEW: Osteoarthritis and Cartilage OPEN)
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5.1. Abstract

Osteophyte formation and joint space narrowing are indicators of osteoarthritis
(OA). While OA has been extensively studied in humans and replicated in animal
models for larger joints (e.g., the knee), few studies have quantified these
characteristics in animal models of the human wrist. This study evaluates the
Yucatan minipig (YMP) carpus as a preclinical model for the human wrist to assess
osteophyte volume and joint space following ligament injury and small bone
replacement. Eight YMP’s were assigned to a ligament injury or small bone
replacement group for a 12-week in vivo study. After euthanasia, bilateral
forelimbs were scanned using micro-computed tomography. Three-dimensional
(3D) bone models were generated to quantify osteophyte volume via Boolean
subtraction of the contralateral from the experimental bone. Joint space was
measured between manually identified articular surfaces. Osteophyte volume,
expressed as a percentage of contralateral bone volume, was greater in the small
bone replacement group than the ligament injury group for seven of twelve
forelimb bones (p<0.005). Joint space did not differ between contralateral and
experimental limbs nor between experimental limbs across groups. Osteophyte
formation in the YMP wrist was evident prior to joint space narrowing following
ligament injury and small bone replacement at 12 weeks. Osteophyte volume was
greater in the small bone replacement group than in the ligament injury group,
with no observed correlation between osteophyte volume and joint space. These
findings support the YMP as a feasible preclinical model for assessing OA severity

and small bone replacement in the human wrist.
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5.2. Introduction

Osteoarthritis (OA) is often characterized by osteophyte formation -3 and joint
space narrowing.4-8 Osteophytes are fibrocartilage-capped bony outgrowths that
contribute to pain and loss of function,9-** while joint space narrowing has been
found to correlate with loss of cartilage thickness.»'2 The extent of osteophyte
formation and joint space narrowing, as assessed radiographically, provides a

reliable indicator of OA severity.%3:4

Surgical treatment options for end stage OA include wrist fusion
(arthrodesis),'34 proximal row carpectomy,’s-7 and total wrist replacement
(arthroplasty).:8-2t For individuals with advanced OA in the wrist, arthroplasty is
often recommended to improve quality of life. For patients with viable articular
cartilage on one joint surface, replacing an individual carpal bone offers a motion-
preserving alternative to wrist fusion or total arthroplasty.2223 There are, however,
limited studies investigating the relationship between osteophyte growth and joint
space narrowing before and after treatment with a small bone implant in the wrist,

specifically in a large animal model.

Animal models play a critical role in advancing our understanding of OA
severity and in developing effective treatment options. However, the use of animal
models presents several limitations, including anatomical differences, variations
in joint dimensions and loading between quadrupeds and bipeds, and differences
in cartilage thickness.2425 One of the most common methods for studying OA of
the knee joint, in an animal model, is by inducing OA through transection of the

ACL, which has been widely applied in species such as canines,2® mice,27-3°
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rabbits,3! and swine.32-34 While these models provide valuable insights into OA
models for such large joints, there remains a lack of a suitable animal model for

smaller, more complex joints such as the human wrist.

Recently, the Yucatan minipig (YMP) has been proposed as an animal model
for the human wrist 35-37 due to similarities in bone composition 25 and
ligamentous anatomy,3” making it a desirable model for preclinical testing of
implants and treatments for wrist OA. The YMP carpus consists of a radius, ulna,
eight carpal bones and four metacarpals, all connected by ligaments, with an
overall orientation analogous to the human wrist. The YMP carpus has previously
been used to model scaphoid nonunion,35 in a biologic joint replacement study for
trapeziometacarpal OA,3¢ and to assess YMP carpus biomechanics after radial
intermediate ligament (RIL) and dorsal intercarpal ligament (DIC) transection, to
replicate a scapholunate interosseous ligament (SLIL) and DIC injury in the
human wrist.3” However, to further support the use of the YMP carpus as a
preclinical model for the human wrist, it is important to characterize its skeletal

response to ligament injury and treatment with a small bone replacement.

The specific aim of this study was to assess OA severity in the YMP carpus
following ligament injury and small bone replacement. OA severity was quantified
by computing osteophyte volume and joint space in the carpus after a 12-week in
vivo study. We hypothesized that animals in the ligament injury group would
exhibit significantly greater osteophyte measures than those receiving a small bone
replacement, as ligament injuries are known to lead to OA.38-40 Furthermore, we

hypothesized that joint spaces in the experimental limb of the ligament injury
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group would be narrower than those in the small bone replacement group, and
within each treatment group, the experimental limb would have narrower joint
spaces than the contralateral limb. Based on the established association between
osteophyte volume and joint space in human OA,*941-43 we further hypothesized

that increased osteophyte volume would correlate with joint space narrowing.

5.3. Methods

5.3.1. Forelimb Acquisition

Eight Yucatan minipigs (YMP), at least 24 months of age with no prior history
of gait asymmetry or forelimb injury, were acquired through purchase for an
unblinded in vivo study evaluating the YMP as a preclinical animal model for
ligament injury and small bone replacement. In this cohort, there were 4 females
and 4 males ranging in age from 24.4 to 29.8 months (mean: 25.7 + 1.8 months)
and weight from 56.9 to 101.2 kg (mean: 84.2 + 13.6 kg) (Sinclair Bio-Resources,
Windham, ME; Premier BioSource, Ramona, CA). An additional six YMP’s were
acquired from naive animals used in an unrelated knee study. The wrists in this
cohort were used to evaluate left to right carpal bone size differences. These
animals included 3 females and 3 males ranging in age from 32.1 to 41.3 months
(mean: 38.1 + 3.3 months) and weight from 66.0 to 99.9 kg (mean: 79.6 + 14.9 kg)
(Sinclair Bio-Resources, Windham, ME). All animals were acquired following

IACUC review and approval.

For the eight animals included in the in vivo study, four animals were assigned
to the ligament injury group, in which the radial intermediate ligament (RIL) and

dorsal intercarpal ligament (DIC) were transected (n=4; 2F, 2M; ligament injury
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group), and a small bone replacement group, in which the radial carpal bone (RCB)
was replaced with a custom Cobalt-Chrome (CoCr) implant (n=4; 2F, 2M; implant
group).44 All surgeries were performed on the right forelimb by a board-certified
hand surgeon and all animals were post-operatively monitored for 12 weeks and
allowed unrestricted weight bearing. Following the end of the 12-week in vivo
study, the right and left wrists were harvested from each animal by sectioning the
midshaft of the radius and ulna, and the midshaft of the metacarpals. For the
implant group, the CoCr implant was removed from the right carpus through a
small dorsal incision centered over the proximal carpal row. After harvest and

preparation, all wrists were fixed in formalin.

5.3.2. Imaging and Bone Model Generation

The wrists harvested from the in vivo animals were imaged using a SKYSCAN
1276 micro-computed tomography (uCT) scanner (Bruker, Billerica, MA) with an
isometric voxel resolution of 0.1205 mm. The forelimbs harvested from the control
group were imaged using a clinical CT scanner (GE Healthcare, Chicago, IL) with
an image resolution of 0.4 mm x 0.4 mm in-plane and 0.625 mm slice thickness.
The carpal bones, radius and ulna, and metacarpals in each image were segmented
in MIMICS v22 (Materialise, Leuven, Belgium) using a density-based threshold
and manual editing to delineate the bone’s outer cortical surface. Three-
dimensional (3D) models of all cortical bone surfaces were exported as closed
triangular meshes with no triangle reduction and minimal smoothing (iterations:
1; smooth factor: 0.030). All left bone models were mathematically mirrored to the

right for consistent orientation. Coordinate systems for each carpal bone were

97



constructed by calculating the bones’ geometric centroids as the origins and the
principal inertial axes as the coordinate axes. The coordinate systems for the
metacarpals and the combined radius and ulna were defined using manually
identified anatomical landmarks on the bone models.45 Metacarpal landmarks
included the lateral base of MC3, medial base of MC4, and four points around the
midshaft of MC3 and MC4. Radius and ulna landmarks included the radial and
ulnar styloid, and four midshaft points around the radius and ulna. The directions
of the coordinate system axes were defined as X in the volar-dorsal direction, Y in
the proximal-distal direction, and Z in the radial-ulnar direction (Figure 5.1).

Bone volume was calculated for each bone model using custom-written code.

Metacarpals 2-5
(MC2-5)

Carpal Bone 2 (CB2)
Carpal Bone 3 (CB3)

Dorsal

Carpal Bone 4 (CB4)

Radial Carpal Bone
(RCB)

Intermediate Carpal
Bone (ICB)

Ulnar Carpal Bone
(UCB)

Radius (RAD)
Ulna

Proximal

Figure 5.1. 3D model of the right YMP carpus generated from micro-CT images,
depicting the radius (RAD), ulna, two carpal rows, and metacarpals. Carpal bones
are represented in their inertial coordinate system, while the radius, ulna, and
metacarpals are represented in their anatomical coordinate systems.
Standardized orientation of the coordinate systems is indicated by the axes:
dorsal (positive X; red), proximal (positive Y; green), and ulnar (positive Z; blue).
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5.3.3. Osteophyte Volume Calculations

Osteophyte volume was calculated by Boolean subtraction of the contralateral
bone model from the experimental bone model following previously established
algorithms.4¢ To do so, the contralateral bone models were registered to the
experimental bone models using the coordinate systems as an initial registration,
followed by a dissimilarity-excluding Procrustes (DEP) registration approach,
which is a least-squares superimposition (rotation, translation) algorithm that
excludes localized dysmorphologies while optimizing alignment of the bone
models. Superimposition was performed with DEP without scaling the
contralateral bone model. Osteophyte volume calculations were performed for the
distal epiphysis of the radius and ulna, and the proximal metaphysis of the
metacarpals. To do so, the radius and ulna bone models were digitally trimmed by
a transverse plane located at the growth plate. The metacarpals were digitally
trimmed 16 mm from the proximal articular surface, the shortest length at which
osteophytes were observed. Osteophyte models for all bones were generated using
Boolean subtraction (experimental-contralateral); all portions of experimental
bone that fell outside of the registered contralateral bone models were considered
osteophytes (Geomagic Wrap 2021; 3D Systems, SC) (Figure 5.2).46 For the
control group, the steps for registration and Boolean subtraction were repeated by
treating the right bones as the experimental model and the left as the contralateral,
with the resulting model defined as the bone difference. The volume of each
osteophyte model was calculated using open-source code that requires the model
to be a closed triangular surface and utilizes a discrete form of the divergence

theorem to convert volume integration to an area integral over the boundary of the
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triangular surface.474% To account for differences in bone size across animals,
osteophyte volumes were normalized by the total volume of the contralateral bones
and reported as a percentage (%) of total bone volume. To establish a baseline for
detecting normal side-to-side variations in bone size this process was then

repeated with the left and right control bone models.

1. Digital Models of Explanted Bones

2. Registration of 3. Osteophyte Model After
Experimental and Boolean Subtraction of
Contralateral Bone Models Contralateral From
Contralateral Experimental

Experimental-Contralateral Osteophyte
Experimental

Figure 5.2. The contralateral bone model is registered to the experimental bone
model, and a Boolean subtraction is performed on the co-registered models to
yield the osteophyte model.

Osteophyte formation on each carpal bone was characterized in terms of new
bone formed in each of eight anatomic locations on the bones (e.g. dorsal-distal-
radial, dorsal-proximal-radial, dorsal-distal-ulnar, dorsal-proximal-ulnar, volar-
distal-radial, volar-proximal-radial, volar-distal-ulnar, volar-proximal-ulnar),
defined by a cube fit at the origin of the coordinate system (Figure 5.3). For the
metacarpals, radius, and ulna, osteophyte volume was characterized by using only

four anatomic locations (e.g. dorsal-radial, dorsal-ulnar, volar-radial, volar-ulnar)
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to exclude variations associated with differences along the bone shafts. Boolean
intersection between the cube and the osteophyte model (Geomagic Wrap 2021;
3D Systems, SC) was used to determine osteophyte volume at each anatomic
location and then normalized by the contralateral bone volume and reported as a

percentage (%) of total bone volume.

Volar-Distal-Ulnar
(VolDistUln)

Volar-Distal-Radial
(VolDistRad)

Dorsal-Distal-Ulnar
(DorDisUln)

Volar-Proximal-Radial
(VolProxRad)

Dorsal-Proximal-Ulnar
(DorProxUln)

Dorsal-Proximal-Radial
(DorProxRad)

Figure 5.3. Dorsal-radial view of the RCB, with eight cubes positioned at the
origin of the RCB inertial coordinate system depicting the eight anatomical
regions of the RCB osteophyte bone model separately analyzed for osteophyte
development. The dorsal-distal-radial (DorDistRad) location of the RCB
osteophyte model is displayed.

5.3.4. Joint Space Measurements
Joint space was computed by calculating the inter-bone spacing between 19 sets
of mating bone surfaces for the ligament injury group and 17 sets of surfaces for

the small bone replacement group (Figure 5.4).
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Articular Surfaces

ICB-RAD
ICB-CB3
ICB-CB4
ICB-UCB
UCB-ULNA
UCB-CB4
CB4-MC4
CB4-MC5
MC5-MC4
CB4-CB3
MC3-MC4
CB4-MC3
CB3-MC3
CB2-MC2
CB2-MC3
CB2-CB3
MC2-MC3
RCB-RAD
RCB-CB2/CB3

Figure 5.4. Articular surfaces (purple) analyzed for joint space (mm) for the
ligament injury and small bone replacement groups. For the small bone
replacement group, surfaces articulating with the RCB were excluded (RCB-RAD
and RCB-CB2/CB3).

Each surface within the carpus was manually identified based on the smooth
contours of the subchondral bone and defined as a boundary in Geomagic Wrap
2021 (3D Systems, SC). The segmented surfaces were exported (Figure 5.5), and
the distances between the surface models were computed. Node-to-node distance
was computed by identifying, for each node on the surface model (triangular
surface mesh vertices), along its corresponding node surface normal, the nearest
neighbor node on the articulating pair surface model (dist2surf.m; iso2mesh). The
mean and standard deviation of the distances between each surface pair were
reported for the contralateral and experimental limbs for each animal in the

ligament injury group and small bone replacement group.
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RCB-RAD Articular Surface

RCB

RAD-RCB Articular Surface

Figure 5.5. 3D models of the manually identified articular surfaces between the
RCB (purple) and the radius (blue), used to compute joint space.

5.3.5. Statistical Analysis

Descriptive statistics (mean and standard deviation) were computed for
osteophyte and bone volume in the control, ligament injury, and small bone
replacement groups, and joint space in the contralateral and experimental
forelimbs for both the ligament injury and small bone replacement groups.
Generalized estimating equations (GEE) were used to compare osteophyte and
bone difference volumes across groups (control, ligament injury, and small bone
replacement), and joint space between contralateral and experimental forelimbs
within and across the ligament injury and small bone replacement groups. The
residuals from each GEE model and the distribution of the osteophyte volume and
joint space were used to determine the distribution and link function specified in
the regression model. A binomial distribution and logit link function were used to
analyze osteophyte volume. For joint space, a Gaussian distribution and identity
link function were employed. Classical sandwich estimation was used in all models
to protect against possible model misspecification. Post hoc pairwise comparisons

between ligament injury and small bone replacement groups, and contralateral
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and experimental forelimbs were conducted within the model via orthogonal
contrasts. Where appropriate, the Holm test was used to adjust for multiple
comparisons and to maintain a two-tailed familywise alpha of 0.05. Linear
regression was used to examine the relationship between osteophyte volume and
joint space. The residuals from the linear regression model were examined to
ensure that all model assumptions were satisfied. Beta values, correlation
coefficients, and R-squared values were reported. An interaction term between the
independent variable and study group was examined to determine if the
relationship between osteophyte volume and joint space differed between ligament
injury and small bone replacement groups. A p-value < 0.05 was used to determine

statistical significance.

5.4. Results

5.4.1. Healthy Control Bone Volumes

There were no significant differences in bone volume between the left and right
carpal bones in the healthy controls (Appendix, Supplementary Table 5.1).
The variation in bone volume ranged from 0.5 % to 7.1%, with the smallest
variation observed in the ICB (0.5 + 8.2 %) and the greatest in the RCB (7.1 £ 5.6

%).

5.4.2. Osteophyte Volume for Ligament Injury and Small Bone
Replacement Groups

In the ligament injury group, the average osteophyte volumes were 10.4 + 3.3
% for MC2, 9.0 + 7.9 % for MC3, 6.4 + 3.0 % for MC4, 6.6 + 3.3 % for MC5, 7.2 +

2.8 % for CB2, 7.0 + 1.7 % for CB3, 5.5 + 1.4 % for CB4, 10.9 + 2.0 % for RCB, 7.1 +
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1.8 % for the ICB, 7.8 + 3.4 % for the UCB, 2.3 + 0.6 % for radius, and 6.3 + 1.7 %
for ulna (Figure 5.6). In the small bone replacement group, osteophyte volumes
were significantly greater compared to the ligament injury group by 5.1 % for MC4
(p=0.05), 6.8 % for MC5 (p=0.03), 20.1 % for CB2 (p<0.0001), 10.4 % for CB3
(p=0.0005), 12.1 % for CB4 (p<0.0001), 14.4 % for ICB (p=0.002), and 4.1 % for
the radius (p=0.02) (Figure 5.6). Osteophyte volume did not differ for MC2
(p=0.10), MC3 (p=0.57), UCB (p=0.07), and the ulna (p=0.89) between the
ligament injury and small bone replacement groups. Compared to the bone
differences calculated through Boolean subtraction of the control group,
osteophyte volumes in the ligament injury group were significantly greater by 4.2
% for CB3 (p=0.0005), 2.7 % for CB4 (p=0.007), and 9.1 % for RCB (p=0.0005).
Compared to the control group, osteophyte volumes in the small bone replacement
group were significantly greater by 7.6 % for MC3 (p=0.02), 7.0 % for MC4
(p=0.02), 23.1 % for CB2 (p<0.0001), 14.6 % for CB3 (p<0.0001), 14.8 % for CB4

(p<0.0001), and 16.9 % for ICB (p=0.005).
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Figure 5.6. Osteophyte volume (average and SD) as a percentage of
contralateral bone volume for the ligament injury group (n=4; blue), and the
small bone replacement group (n=4; red). Osteophyte volume was significantly
more extensive in the small bone replacement group after harvest at 12 weeks.
For comparison, the volume of the bone differences of the control group (n=6;
black) were significantly smaller in 3 bones compared to the ligament injury
group and 6 bones compared to the small bone replacement group. Significant
differences are denoted by an asterisk (* = p<0.05; ** = p<0.01; *** = p<0.001;
**%% = p<0.0001).

Osteophyte volume was predominantly observed at the dorsal, proximal, distal,
and radial locations in both the ligament injury and small bone replacement
groups (Appendix, Supplementary Table 5.2). In the ligament injury group,
the greatest osteophyte volume was observed at the dorsal-distal-radial location of
RCB (mean: 2.7 + 0.5 %). In the small bone replacement group, the greatest
osteophyte volume was observed at the dorsal-proximal-radial location of CB2

(mean: 5.6 + 1.7 %).
5 7
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5.4.3. Joint Space for Ligament Injury and Small Bone Replacement
Groups
There was no detectable loss in joint space in the operated forelimb of the LI
(average across all surfaces analyzed was 1.0 + 0.5 mm) or in the SBR (average
across all articular surfaces was 0.9 + 0.3 mm) groups, when compared with the

joint spaces in the contralateral limbs (approximately 0.9 + 0.4 mm) (Table 5.1).

Table 5.1. Average (+ standard deviation) joint space for each articular surface
in the contralateral and operated limbs of the ligament injury and small bone
replacement groups. No significant differences in joint space were observed
within or between groups. The corresponding articular surfaces are illustrated in

Figure 5.4.
Ligament Injury (LI) Small Bone Replacement
Articular (SBR)
Surface Contralateral | Operated | Contralateral | Operated
(mm) (mm) (mm) (mm)
ICB-RAD 1.9 £ 0.2 2.1+0.1 1.8+ 0.3 1.6 £ 0.3
ICB-CB3 1.6 £ 0.2 1.6 £ 0.1 1.6 £ 0.3 1.5+ 0.1
ICB-CB4 0.8+0.2 0.9+0.2 0.8+ 0.1 0.8 £ 0.0
ICB-UCB 0.6 £ 0.1 0.7 £ 0.1 0.7 £ 0.1 0.7 £ 0.1
UCB-ULNA 1.2+ 0.1 1.3+ 0.3 1.1+ 0.1 1.2 £ 0.1
UCB-CB4 1.1+ 0.1 1.1+ 0.0 1.0 £ 0.1 1.1+ 0.1
CB4-MCy4 0.9+0.1 0.9+ 0.2 1.0 £ 0.1 1.0 £ 0.1
CB4-MCs 1.0+ 04 1.1+ 04 0.9+ 0.2 1.1+ 0.3
MC5-MCgq 0.8 +0.1 0.9 £ 0.0 0.8+ 0.1 0.9 £ 0.0
CB4-CB3 0.6 £ 0.1 0.6 £ 0.1 0.6 + 0.1 0.6 £ 0.0
MC3-MCg4 0.5+ 0.0 0.5+ 0.0 0.5 £ 0.0 0.6 £ 0.0
CB4-MC3 1.1+0.1 1.1+ 04 1.2+0.2 1.2+ 0.3
CB3-MC3 0.6 £ 0.0 0.6 £ 0.1 0.6 + 0.1 0.7 £ 0.1
CB2-MCz2 0.8+0.2 0.8+0.2 0.9+ 0.2 0.9+ 0.2
CB2-MC3 0.7+ 0.0 0.7 £ 0.1 0.7 £ 0.1 0.8+ 0.1
CB2-CB3 0.4+ 0.1 0.4 £ 0.1 0.4+ 0.1 0.5+ 0.1
MC2-MC3 0.7 £ 0.1 0.6 £ 0.1 0.6 £ 0.1 0.7+ 0.1
RCB-RAD 1.7 £ 0.1 1.8+ 0.2
RCB-CB2/CB3 1.1+ 0.1 1.1+ 0.2
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5.4.4. Correlation Between Osteophyte Volume and Joint Space
No correlation was observed between osteophyte volume and joint space in the
ligament injury group (r= 0.01, R2= 0.0002) nor small bone replacement group

(r=-0.4, R2= 0.13).

5.5. Discussion

In this study, we aimed to evaluate OA severity in the YMP carpus following
ligament injury and small bone replacement by quantifying osteophyte volume and
joint space for the bones in the carpus following a 12-week in vivo study involving
ligament transection (n=4) and radial carpal bone replacement (n=4) in YMPs. We
hypothesized that osteophyte volume would be greater in the ligament injury
group compared to the small bone replacement group as ligament injuries are
known to lead to OA.38-40 Contrary to our hypothesis, osteophyte volume was
significantly greater in the small bone replacement group compared to the
ligament injury group (mean difference: 9.0 %). Additionally, we hypothesized that
joint spaces in the experimental limb of the ligament injury group would be
narrower compared to the experimental limb of the small bone replacement group.
However, no significant differences in joint space were observed between the
contralateral and experimental limbs within or across the ligament injury and
small bone replacement groups. Finally, we hypothesized a negative correlation
between osteophyte volume and joint space but observed no significant correlation
in the ligament injury (r=0.01; p=0.96) or small bone replacement (r=-0.4;

p=0.19) groups.
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When analyzing osteophyte volume for the ligament injury or small bone
replacement groups, a highlight of our findings was that osteophyte formation was
observed on all the bones in the carpus and not limited to the bones that articulate
directly with the RCB. In the ligament injury group, osteophyte volume was mainly
observed in the dorsal, proximal, distal and radial regions of the metacarpals and
carpal bones. In the small bone replacement group, osteophyte volume was mainly
located in the volar and dorsal regions of the metacarpals and carpal bones
(Appendix, Supplementary Table 5.2). These findings suggest that the YMP
may have had a biological response to the trauma induced by the surgical
procedure since osteophyte formation was not restricted to the bones surrounding

the RCB. However, the cause behind the new bone formation remains uncertain.

Osteophyte formation and joint space narrowing have been extensively studied
in the context of OA in both the human wrist ¢-849-54 and knee.>!2:55 In rodent
models of knee OA, osteophyte development has been found to emerge within
weeks after joint destabilization. For example, Das Neves Borges et al. observed
significant osteophyte formation beginning 4 weeks after medial meniscus
destabilization,5¢ while similar growth was reported by Hayami et al. following
surgical induction via ligament transection and meniscal resection.28 In our study
of the YMP carpus, osteophyte formation was observed at the 12-week post-
operative time point in both the ligament injury and small bone replacement
groups (Appendix, Supplementary Figure 5.1), although the onset timing of

osteophytes remains uncertain. To our knowledge, this is the first preclinical
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animal model study that utilizes the YMP as a translational model for wrist OA to

report both osteophyte volume and joint space.

In contrast, joint space narrowing, another hallmark of OA, was not observed
in the experimental limb of either the ligament injury or small bone replacement
groups in the YMP model. Although joint space narrowing has not been widely
reported in animal models of OA, it has been consistently documented in wrist OA,
specifically in the trapeziometacarpal,®52 carpometacarpal,” and pisotriquetral 54
joints. The presence of osteophytes prior to joint space narrowing in both
experimental groups suggests that the study duration may have been insufficient
to reproduce end-stage OA with joint space narrowing in the YMP model.
Consequently, the lack of joint space narrowing in the experimental limbs explains
the absence of a correlation between osteophyte volume and joint space narrowing
in the YMP carpus. Our findings in the YMP carpus contrast with clinical findings
from Zhang et al., who reported this relationship in older females with prior knee
injury,57 and Nakasa et al., who found a similar relationship in osteochondral
lesions of the talus.4* However, osteophytes can develop in the early stages of OA,
often preceding joint space narrowing, as defined by the Kellgren-Lawrence

grading scale.!%:58

Although osteophyte volume and joint space were successfully quantified in a
preclinical animal model of ligament injury and small bone replacement, this study
has several limitations. The most notable limitation was the sample size (n= 4 per
group), which limited our ability to assess sex-specific effects within and across the

ligament injury and small bone replacement groups, and to evaluate the
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robustness of differences in osteophyte volume between the groups. Another
limitation was measurements of osteophyte volume and joint space narrowing at a
single time point, which prevented assessment of the timing of the onset and
progression of osteophyte formation and joint space narrowing. The 12-week
duration of the in vivo study may also have been insufficient to detect joint space
narrowing. While osteophyte volume was observed, it has previously been reported
that the presence of osteophytes precedes joint space narrowing,'58 indicating the
YMP carpus may have been in the early stages of OA. Additionally, carpal
orientation during formalin fixation and post-harvest imaging, as well as the
absence of weightbearing during joint space analysis, may have contributed to
variability in joint space measurements. Each carpus was placed in a visually
neutral position during formalin fixation; however, some articular surfaces were
not fully mated as visible in the 3D model of the carpus (Appendix,
Supplementary Figure 5.2). Future histological analyses are needed to confirm
whether the identified osteophyte models represent bone remodeling and whether

joint space measurements accurately reflect cartilage degradation.
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Chapter 6: Conclusion



6.1. Summary

This thesis aimed to evaluate the potential of the Yucatan minipig (YMP) as a
preclinical animal model of the human wrist for testing novel implant designs and
therapeutics for the treatment of wrist pathologies. In this dissertation, we first
developed a methodology to design a set of small bone implants for the radial
carpal bone (RCB), which is homologous to the human scaphoid, and a predictive
model to estimate which implant sizes would best fit animals included in an in vivo
study without preoperative imaging. Next, we assessed the biomechanics of the
YMP carpus under intact, injury, and post-implantation conditions. Finally, we
investigated OA progression and severity following ligament injury and small bone

replacement in an in vivo model.

For the 15t aim, we designed a set of 9 implants that characterized a range of
animals of varying ages and weight, developed a predictive model to estimate the
three best-fitting implant sizes based on animal age and weight, and established a
surgical approach for optimal implant fixation. Regression analyses demonstrated
a strong relationship between animal age, weight, and RCB volume. Model
performance was evaluated in 4 in vivo animals by comparing model-predicted
and surgeon-selected implants to the explanted bone using surface distance
calculations. Distances between the model-predicted implant and the explanted
bone were greater than those for the surgeon-selected implant. This suggests that

the model overestimated implant size for the in vivo cohort.

For the 2nd aim, we quantified biomechanics, specifically multidirectional range

of motion (ROM), pronosupination ROM, and translational ROM, of 9 YMP carpi
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in vitro under ligament transected, RCB resection, and small bone replacement
conditions. The greatest ROM was observed in the ulnar flexion direction, and
overall carpus ROM increased relative to intact across all conditions in the four
primary motion directions, particularly in radial deviation and extension.
Supination at neutral increased relative to intact for the no RCB and RCBH
conditions, and at maximum ROM, supination increased for all conditions (ALC,
No RCB, RCBH). In contrast, pronation remained unchanged across conditions at
both neutral and maximum ROM. No differences were observed in volar or dorsal

translation relative to intact.

For the 3rd aim, we assessed osteoarthritis progression through serial gait
analysis during a 12-week in vivo study and evaluated severity at study completion
using osteophyte volume, joint space measurements, and histological analysis
following either ligament injury (LI) or small bone replacement (SBR). The SBR
group exhibited greater gait asymmetry at all postoperative timepoints for
maximum force, impulse, and stance time compared to the LI group, while stride
velocity remained unchanged. Osteophyte volume was greater in the SBR group in
seven of twelve bones, joint space did not differ between limbs or across groups,
and SBR operated limbs demonstrated greater cartilage degeneration than LI

operated limbs.

The presented work makes the following contributions to the literature on the

YMP as an animal model for the human wrist:

e Established a predictive model for estimating bone size based on animal

age and weight without the need for preoperative imaging.:
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e [KEstablished an in vitro methodology for quantifying the ROM,
pronosupination, and volar-dorsal translation of the YMP carpus.2

e Identified that the YMP carpus has an elliptical-shaped ROM envelope
similar to that of the human wrist.2

e [KEstablished a surgical approach for small bone implant fixation.3

e Demonstrated the feasibility of the YMP as a model of the human wrist
for investigating osteoarthritis progression following wrist injury and
implant treatment, as evidenced by osteophyte development and

cartilage damage following the in vivo study.3

6.2. Implications and Clinical Significance

The results of these studies characterize the translational potential of the YMP
as a preclinical animal model for the human wrist and highlight its relevance for
the development and testing of novel therapeutics for wrist osteoarthritis.
Characterization of the in vitro biomechanics of the YMP carpus enables direct
comparison with human wrist biomechanics, despite the limited extension and the
weightbearing function of the carpus. Furthermore, the response of the YMP
carpus to modeled ligament injury, a common precursor to osteoarthritis, and to
small bone replacement, a promising surgical treatment, provides valuable insight
into what factors may influence treatment success. The ability to detect changes in
gait, osteophyte progression, and cartilage degeneration in the YMP model will
help identify optimal implant features, such as material and shape, for treating

pathologies of the human wrist.
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6.3. Limitations

Several limitations should be considered when interpreting these results. First,
the Yucatan minipig (YMP) is a weight-bearing animal, placing approximately 60%
of its weight on the forelimbs,? and thus represents a worst-case loading scenario
for the human wrist. For Aim 1, the predictive model used to estimate bone size
from animal age and weight overestimated bone volume by approximately 10%.!
For aim 2, it remains unclear whether sufficient instability was induced during in
vitro testing; although ROM increased relative to intact conditions, increases in
the primary directions, specifically extension and radial deviation, were limited to
at most 8°. Furthermore, due to the increased flexion of the YMP carpus, testing
had to be manually stopped, primarily in the ulnar flexion direction, limiting
accurate ROM measurement in those directions. For aim 3, imitations include a
small sample size, which warrants cautious interpretation despite observed
significant differences in gait, osteophyte volume, and histopathology. The short
study duration (12 weeks) may explain the absence of differences in gait and joint
distance, as well as the subtle osteophyte formation and cartilage damage observed
in the LI group. Additionally, the onset and progression of osteoarthritis could not
be fully characterized due to the lack of available computed tomography imaging
throughout the study. Finally, cartilage damage in the SBR group was evaluated

using only a single material (Cobalt—Chrome).
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6.4. Future Directions

There are several opportunities to build upon the work presented in this
dissertation. First, a model was developed to predict carpal bone size using animal
age and weight; however, the model overestimates bone volume because each
dimension (volar—dorsal, proximal—distal, radial-ulnar) is treated as
independent, despite the interdependence of these dimensions in collectively
determining bone volume. Future work should focus on improving the model to

reduce this overestimation.

Additionally, while the biomechanics of the YMP carpus under injured and
implant conditions were characterized, the motion of individual carpal bones was
not determined. Quantifying bone kinematics across multiple degrees of freedom
could determine whether the YMP carpus replicates human wrist motion during

intact and following ligament injury.

For the in vivo study, extending the study duration may better capture the
development of osteoarthritis, as limited evidence of gait asymmetry, joint
distance, and cartilage damage was observed in the LI group. Finally, evaluating a
broader range of implant materials could help identify those that minimize

cartilage damage.
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Appendix



Chapter 3 Supplementary Data

Supplementary Table 3.1. Estimated marginal mean ROM (°) (95% confidence

interval) for each direction of motion by condition during multidirectional testing.

Condition
Direction
Intact ALC No RCB RCBH
EXo 9.41 17.43 16.84 18.45
(7.87, 11.24) (14.23,21.34)* | (13.54,20.94)* | (14.94, 22.78)*
FEo 40.77 39.61 37.58 38.38
(23.62, 70.37) (21.01, 74.68) (29.85, 47.31) (27.47, 53.63)
RDo 3.33 9.95 10.81 11.24
(2.46, 4.51) (6.73, 14.70)* (7.44, 15.71)*t (7.56, 16.72)*
RE15 3.45 10.10 10.96 11.34
(2.54, 4.69) (6.91, 14.75)* (7.60, 15.79)*t (7.64,16.85)*
RE30 3.86 10.34 11.24 11.53
(2.82, 5.29) (7.20, 14.86)* (7.91, 15.97)*t (7.75,17.14)*
RE45 4.85 10.78 11.79 11.91
(3.54, 6.65) (7.70, 15.09)* (8.50, 16.36)*t (8.01,17.73)*
RE60 7.01 11.72 12.96 13.12
(5.07,9.69) (8.72,15.77)* (9.67,17.37)*F (9.06, 18.90)*
RE75 10.35 14.31 15.83 16.91
(7.71,13.88) (11.01, 18.61) (12.49, 20.05) (13.58, 21.06)
RF15 3.42 9.85 10.78 11.20
(2.53, 4.62) (6.61, 14.67)* (12.49, 20.05)*t (7.52, 16.69)*
RF30 3.74 9.81 10.85 11.21
(2.76, 5.07) (6.56, 14.68)* (7.45, 15.82)*t (7.50, 16.74)*
RF45 4.52 9.88 11.17 11.36
(3.37, 6.08) (6.62, 14.75)* (7.72, 16.15)*T (7.59, 16.98)*
RF60 6.15 10.32 12.20 12.09
(4.57, 8.28) (7.06, 15.10)* (8.69, 17.14)*t (8.26, 17.70)*
RF70 8.61 11.40 14.56 13.77
(6.40, 11.60) (8.02, 16.21) (10.76, 19.70)*t | (10.03, 18.90)*t
RF75 10.89 13.02 17.62 15.60
(8.07, 14.72) (9.13,18.54) (12.89, 24.08)T (11.84, 20.56)*
RFS80 14.78 17.96 24.22 18.86
(10.85, 20.13) (10.58, 30.49) (15.97, 36.72)T (14.62, 24.33)*
UDo 6.20 10.96 10.59 11.41
(5.01,7.67) (7.85, 15.30) (7.69, 14.57) (7.77,16.77)
UE15 5.32 10.82 10.43 11.09
(4.36, 6.49) (7.73, 15.12)* (7.48, 14.55)* (7.48,16.46)*
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UE30 5.60 11.17 10.72 11.33
(4.52, 6.94) (8.13,15.35)* (7.72, 14.90)* (7.77,16.53)*
UE45 4.80 11.87 11.38 11.96
(3.50, 6.58) (8.80, 16.01)* (8.28, 15.64)* (8.38, 17.06)*
UE60 6.64 13.10 12.60 13.16
(5.44, 8.10) (9.89, 17.35)* (9.27,17.12)* (9.46, 18.31)*
UE75 7.69 15.29 14.72 15.40
(6.68, 8.86) (11.90, 19.63)* (11.19, 19.36)* (11.55, 20.54)*
UFi15 6.81 11.86 11.46 12.55
(5.61, 8.26) (8.78, 16.03)* (8.69, 15.11)* (8.98, 17.54)*
UF30 9.55 14.34 13.72 15.56
(7.79, 11.70) (11.18, 18.38) (11.07, 17.01) (12.17, 19.90)*
UF45 12.69 21.13 20.13 24.17
(9.17, 17.55) (16.79, 26.59)* (16.73, 24.21)* | (19.59, 29.82)*
UF60 38.94 52.70 52.84 66.35
(32.14, 47.19) (41.84, 66.39) (42.14, 66.25)* | (53.34, 82.28)*
UF70 84.95 93.73 103.74 97.01
(69.03, 104.53) (82.53, 106.45) (84.64, 127.15) (73.12, 128.70)
UF75 87.16 109.41 105.23 95.30
(73.82,102.90) | (95.73,125.04)* | (90.38, 122.52) (79.76, 113.86)
UFS8o 77.81 86.55 81.46 85.23
(55.79, 108.51) (65.06, 115.15) (70.07, 94.70) (65.18, 111.45)

* p<0.05 to intact
T p<0.05 to ALC

Supplementary Table 3.2. Pronation/supination ROM (°) in neutral by

condition.
Direction Intact ALC No RCB RCBH
Pronation 19.54 21.20 21.62 21.42
(16.18, 23.59) (16.43, 27.36) (17.18, 27.21) (15.80, 29.05)
Supination 8.25 12.55 15.54 15.21
(6.45,10.55)E (8.84,17.82) (11.70, 20.64)*t | (10.66, 21.70)*T

* p<0.05 to intact
T p<0.05 to ALC
£ p<0.05 to pronation

Supplementary Table 3.3. Stiffness (Nm/°) in pronation/supination in neutral

by condition.
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Direction Intact ALC No RCB RCBH
Pronation 0.18 0.13 0.12 0.14
(0.14, 0.21) (0.11, 0.15)* (0.11, 0.14)* (0.13, 0.16)
Supination 0.22 0.17 0.17 0.19
(0.21,0.23)£ (0.15, 0.20)*£ (0.16, 0.18)*£ (0.16, 0.21)*£

* p<0.05 to intact
T p<0.05 to ALC
£ p<0.05 to pronation

Supplementary Table 3.4. Pronation/supination ROM (°) in UF75 by

condition.
Direction Intact ALC No RCB RCBH
Pronation 13.07 20.31 18.40 20.40
(8.80, 19.40) (13.46, 30.63) (12.10, 27.97) (13.95, 29.85)
Supination 19.39 28.85 29.36 28.20
(17.02, 22.08) (23.68, 35.13)* | (24.76,34.81)* | (22.23, 35.75)*

* p<0.05 to intact
T p<0.05 to ALC
£ p<0.05 to pronation

Supplementary Table 3.5. Stiffness (Nm/°) in pronation/supination in UF75

by condition.
Direction Intact ALC No RCB RCBH
Pronation 0.17 0.11 0.11 0.11
(0.13, 0.20) (0.08, 0.14) (0.09, 0.14) (0.09, 0.14)
Supination 0.16 0.14 0.14 0.14
(0.14, 0.19) (0.13, 0.16) (0.11, 0.16) (0.10, 0.18)

* p<0.05 to intact
T p<0.05 to ALC
£ p<0.05 to pronation

Supplementary Table 3.6. Volar/dorsal translations (mm) by condition.

Direction Intact ALC No RCB RCBH
Dorsal 6.48 5.36 5.71 5.06
(5.44, 7.73) (4.00, 7.18) (4.02, 8.12) (3.41, 7.52)
Volar 7.60 10.23 10.02 10.54
(6.15, 9.39) (8.59,12.17)£ (7.93, 12.65) (8.21,13.54)

* p<0.05 to intact
T p<0.05 to ALC
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£ p<0.05 to dorsal

Supplementary Table 3.7. Stiffness (N/mm) in volar/dorsal translations by

condition.
Direction Intact ALC No RCB RCBH
Dorsal 7-38 7-47 7-32 7-75
(5.46, 9.97) (5.38,10.38) (5.18,10.33) (5.46, 11.00)
Volar 6.71 6.25 6.23 14.81
(4.58,9.83) (4.35, 8.97)*£ (4.51, 8.59)£ (7.22, 30.38)

* p<0.05 to intact
T p<0.05 to ALC

£ p<0.05 to dorsal
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Chapter 5 Supplementary Data

Supplementary Table 5.1. The average of osteophyte volume (mms3),

osteophyte volume as a percentage of contralateral bone volume (%), and total

bone volume for each bone model in the left and right carpus, comparing the
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Supplementary Table 5.2. Average percentage of osteophyte volume (+
standard deviation), computed for each cube, corresponding to the anatomical
location of the bone, for the ligament injury group (Lig Inj) and the small bone

replacement group (Imp).
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Supplementary Figure 5.1. Osteophyte models of the carpal bones for the
ligament injury group (left column) and the small bone replacement group (right
column), with colormaps depicting the distance (mm) from each osteophyte model

to the surface of the corresponding contralateral bone model.
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Supplementary Figure 5.2. Radial (left), dorsal (middle), and ulnar (right)
views of a right YMP carpus following formalin fixation. Gapping is observed
between the distal and proximal carpal rows, the proximal carpal row and the

radius/ulna, suggesting the carpus was fixed in a minimally flexed orientation.
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