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ABSTRACT

At the root of each regenerative medicine or tissue engineering breakthrough is a
simple goal, to improve quality of healing, thus improving a patient’s quality of life.
Each tissue presents its own complexities and limitations to healing, whether it is the
scarring nature of tendon healing or the mechanical complexity driving bone
regeneration. Preclinical, translational models aim to reflect these complexities and
limitations, allowing for effective development and refinement of tissue engineered
therapeutics for human use. The following body of work explores several of these
translational models, both utilizing them for tissue regenerative therapy development
and evaluating the benefits and complications incurred with each model. This work
begins with a discussion of the complexity of bone healing and how dysfunction in the
mechanical, surgical, and systemic fracture environment can lead to delayed healing
and nonunion. A comprehensive review of the advances in preventative and corrective
therapeutics for bone nonunion is included next, with specific focuses on mechanical
and tissue-engineered technology. Then, this work presents a tissue-engineered
application of mesenchymal stem cells in acute tendon injury, highlighting
experimentation in cell fate direction in vitro and intralesional mesenchymal stem cell
implantation in vivo. Next, this work presents a series of experiments that evaluated
and refined a commonly utilized preclinical model of delayed bone healing, the caprine
segmental tibial defect stabilized using single locking plate fixation. First, the
biomechanical stability of the model was evaluated in vivo using plantar-pressure
analysis of gait. Then, the surgical technique was refined through a retrospective
analysis of the effects of plate length and position on fixation stability in vitro and in
vivo. Finally, the comorbidities of this preclinical model were explored via an analysis
of the effect of long-term tibial locking plate fixation on cortical dimensions and density.
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CHAPTER I:

DELAYED UNION AND NONUNION: CURRENT CONCEPTS,
PREVENTION, AND CORRECTION



ABSTRACT

Surgical management of fractures has advanced with the incorporation of
advanced technology, surgical techniques, and regenerative therapies, but delayed bone
healing remains a clinical challenge and the prevalence of long bone nonunion ranges
from 10 to 15% of surgically managed fractures. Delayed bone healing arises from a
combination of mechanical, biological, and systemic factors acting on the site of tissue
remodeling, and careful consideration of each case’s injury-related, patient-dependent,
surgical, and mechanical risk factors is key to successful bone union. In this review, we
describe the biology and biomechanics of delayed bone healing, outline the known risk
factors for nonunion development, and introduce modern preventative and corrective
therapies targeting fracture nonunion.



INTRODUCTION

Surgical management of fractures has advanced with the incorporation of
advanced technology, surgical techniques, and tissue-engineered, regenerative
therapies, but delayed bone healing remains a clinical challenge [1]. The US Federal
Drug Administration (FDA) defines fracture nonunion as persistence of a radiologically
visible fracture line at 9 months post-injury [2]. In clinical practice, fractures may be
treated as a nonunion as early as 6 months post-injury, and delayed healing can be
detected between 3-6 months post-injury [2]. Roughly 10-15% of surgically managed
fracture cases will result in nonunion. Specific nonunion rates differ depending on
fracture location and fixation, but in general, these nonunion rates have remained
consistent over the past 40 years despite medical and surgical advances [3-5]. In a
retrospective analysis of U.S.-managed medical claims between 2005 and 2008,
nonunion of an open tibial fracture was estimated to cost roughly $25,500 USD in direct
medical costs and 6-12 months of work loss [6]. Nonunion patients also face risks of
opioid overuse, medical-related mental illness, and persistent pain even after fracture
union is achieved [7]. Despite the significant direct and indirect impacts of delayed
bone healing, our understanding of fracture nonunion remains incomplete, and both
preventative and corrective therapies are under development [8]. This targeted review
aims to describe the biology of delayed bone healing, outline the risk factors for
nonunion development, and introduce advances in prevention and corrective surgical
and medical techniques targeting fracture nonunion.

THE BIOLOGY AND MECHANICS OF BONE HEALING

Successful bone healing relies on a balance of mechanical, biological, and
environmental conditions. Mechanical factors include stress across the fracture gap,
interfragmentary motion, gap size, and interfragmentary strains [9]. Biologic factors
include site-specific vascularity, soft tissue damage, availability of osteoprogenitor cells,
and hormone and growth factor concentrations at the site of injury [10]. Environmental
conditions are determined by patient-dependent factors or comorbidities that can affect
bone healing, such as diabetes mellitus, compartment syndrome, chronic disease, or
history of smoking [11]. Modern fracture fixation and regenerative therapies target the
mechanical and biological factors of bone healing to optimize healthy bone formation
via primary or secondary bone healing. Primary bone healing is defined as the reunion
of fractured cortices without the formation of a callus [12]. Osteoid is laid down on the



exposed cortices themselves and through intracortical remodeling, cutting cones
establish new Haversian systems across the original fracture line [13]. Thus, absolute
stability between the fracture fragments and substantial interfragmentary compression
is necessary to achieve union, and modern compression plate fixation has optimized
both conditions to promote primary fracture healing [12]. On the other hand, secondary
bone healing is defined as cortical union through the formation of a callus. Instead of
direct osteoid production originating from the cortices themselves, secondary bone
healing relies on a profound periosteal response, stabilization of the fracture gap
through periosteal callus formed via endochondral ossification, bone healing through
both endochondral and intramembranous ossification, and gradual remodeling of the
bridged bone to return to its original morphology [13]. A relationship between
interfragmentary strain and the type of healing that a fracture undergoes has been
discovered, with strains <2% typically fostering primary bone healing, 2-10% strain
encouraging secondary bone union, and >10% strain predisposing fracture nonunion
[14]. In general, fixed beam constructs such as locking plates elicit secondary bone
healing through stable fixation without the degree of interfragmentary compression
that compression plating provides [15]. However, recent research posits that the
mechanics of successful bone union are dynamic, with ideal strain, hydrostatic stresses,
and interfragmentary motion changing throughout the course of bone healing [10, 16-
19]. This may account for similar nonunion rates between compressive and fixed beam
constructs.

Surgical fracture fixation serves several mechanical functions to foster bone
healing. Fixations transmit force from one end of the bone to the other, allowing for
necessary load-bearing functions without excessive motion at the fracture site [15].
These constructs maintain mechanical alignment of fractured bones, preserving not
only the bone’s original anatomy but also the integrity of associated muscles, tendons,
and neurovascular tissues [12]. Current options for surgical fracture fixation include
external fixation (i.e., Ilizarov-style fixators, hexapod-style fixators, and other circular,
hybrid, or linear fixators), intramedullary nail/rod fixation (i.e., reamed nailing
technique, interlocking nails, and Ender nails), internal plate fixation (i.e., neutralization
plating, compression plating, locking plate fixation, and point-contact fixators), screw
fixation (i.e., position screws, lag screws; either alone or in combination with other
internal fixators), and other internal stabilizers such as pins and wires [20-23]. As
mentioned above, surgical fixation aims to stabilize the fracture zone, preserving an
anabolic strain environment and protecting fragile granulation tissue, microvasculature,
and new cartilage/bone remodeling at the site of injury [24]. Advances in minimally



invasive surgical techniques and periosteal-sparing fracture fixations target the biologic
factors of bone healing by preserving necessary periosteal and endosteal vascular
supply, minimizing disruption to the fracture hematoma and associated signaling
factors and reducing infection risk at the site of injury [25, 26]. Research into the
systemic, patient-associated factors that influence bone healing such as patient age, sex,
concurrent diseases (i.e., diabetes mellitus, cardiovascular disease, etc.), concurrent
medications, body mass index (BMI), and lifestyle choices (i.e., smoking) has aided
clinical decision making and allowed for refinement of patient-specific surgical
techniques [27]. Delayed bone healing and fracture nonunion can arise from any
mechanical, biological, or systemic dysfunction, and careful consideration of each
nonunion case’s history, presentation, and risk factors will aid clinicians in determining
the proper treatment plan.

CLASSIFICATIONS OF FRACTURE NONUNION

Following surgical fracture fixation, bone healing is monitored through serial
clinical and radiographic evaluation, and under normal circumstances, improvement
should be apparent within three months [28-30]. In general, bone healing can be
considered delayed between 3 and 6 months postoperative (case-dependent), and, per
FDA guidelines, surgical nonunion can be diagnosed after 9 months postoperative [2].
However, due to the multifactorial nature of bone healing and the individual
characteristics of each bone, clinical nonunion may be diagnosed earlier than 9 months
[29]. On serial radiographic examinations, these cases exhibit a persistent fracture line
without progression toward bone union, and patients with surgical nonunion often
exhibit associated pain, loss of function, and reduced mobility [28]. Further
radiographic classification of nonunion was first described by Drs. Weber and Cech,
who classified three general radiographic morphologies of nonunion now termed
atrophic, oligotrophic, and hypertrophic nonunions (Figure 1.1; all tables and figures
are placed in appendices at the end of each chapter) [8, 31, 32]. Atrophic nonunions are
characterized by a lack of periosteal callus formation and are hypothesized to be
associated with impaired vascularity at the fracture site [4]. Oligotrophic nonunions
exhibit mild periosteal callus formation and historically were considered to have
preserved vascularity but reduced osteogenesis [8]. Hypertrophic nonunions are
characterized by excessive periosteal callus formation, often termed “elephant’s foot” or
“horse’s foot,” and these nonunions have been associated with fixation instability [4].
Despite widespread use of the Weber-Cech classification system in clinical practice,



inference of vascular and/or metabolic activity of an individual nonunion based on
radiographic appearance should be approached with caution [4]. Histological analyses
comparing atrophic, oligotrophic, and hypertrophic nonunions, have documented
similarities in vascular density and connective tissue ingrowth at the fracture site, and
transcriptomic analyses of various tissue samples from nonunion cases yields similar
transcriptomes regardless of Weber-Cech classification [4, 8, 33]. As advances continue
in patient diagnostics, especially in transcriptomic and genomic profiling, fracture
nonunions may be reclassified as either mechanical or biological in origin, aiding in

successful, case-specific intervention [4, 8, 34].

NONUNION RISK FACTORS

Risk factors for delayed bone healing and eventual nonunion can be injury-
related, patient-dependent, surgically related, or mechanical (Figure 1.2). As with all
illnesses and injuries, the systemic health of the individual patient plays a substantial
role in the outcome of a medical event. Retrospective patient outcome analyses have
reported that fracture nonunions may be associated with pre-existing conditions such as
diabetes mellitus, cardiovascular disease, immune-mediated disorders, renal
insufficiency, cancer, and other immunosuppressive conditions [4, 11, 19, 27]. Certain
concurrent medications including chemotherapeutics, anticoagulants, opioids, non-
steroidal anti-inflammatory medications, and anabolic steroids have been associated
with delayed or arrested bone healing [4, 35, 36]. In a meta-analysis of the association
between a history of smoking and surgical nonunion, Mahajan et al. confirmed a strong
association between smoking and complications in bone healing, utilizing data from 12
studies published between 1999 and 2020 (both prospective and retrospective) in their
analysis [37]. Patient age has been associated with nonunion but not in a linear fashion.
Several studies have noted a greater incidence of tibial and femoral nonunion in
younger patients, who commonly present with high-energy, comminuted, and often
open fractures [7, 8, 11, 38]. However, other studies have noted increased incidence of
nonunion in middle-aged patients (aged 45-65 years) or in patients of advanced age
often presenting with pre-existing conditions [3, 30]. Thus, patient age may not
represent a risk factor for fracture nonunion in isolation, but age-related comorbidities
should be considered.

Increased patient body mass index (BMI) has been identified as a risk factor for
delayed bone healing and surgical nonunion of long bone fractures [4, 27, 39]. In a
retrospective analysis of nonunions following lateral locking plate fixation of distal



femoral fractures, patients classified as obese (BMI > 30) were at significantly greater
risk of undergoing a secondary surgical procedure to address delayed bone healing
[39]. Additionally, a link between a patient’s compensable/insurance status and hospital
readmission for fracture healing complications was identified in a retrospective analysis
of humeral, tibial, and femoral (excluding proximal) fractures registered by the Victoria
Orthopedic Trauma Outcomes Registry between 2007 and 2011 [3]. Ekegren et al. noted
that patients with compensable healthcare plans were 2.43 times more likely to be
treated for fracture nonunion than those using Medicare or another non-compensable
plan [3]. Although patients” insurance statuses do not directly affect bone healing, there
is evidence that patient socioeconomic status affects healthcare, including the
treatments provided, access to providers, routine follow-up, and patient-provider
interactions [40, 41]. In a qualitative research study investigating American low-
socioeconomic status patients” perceptions of hospitalization, discharge, and post-
hospital transition, Kangovi et al. noted poor compliance to discharge instructions due
to economic constraints, availability of care, lack of targeted follow-up, and initial
misalignment of patient and care team goals [42]. Thus, patient socioeconomic status
can be considered a risk factor for bone healing complications leading to nonunion.
Several fracture characteristics have been identified as risk factors for
complications of bone healing leading to surgical nonunion. As noted above, younger
patients more often present with high-energy-impact fractures characterized by
extensive comminution, marked soft tissue damage, and open fracture status [43]. Open
fractures are at significantly greater risk of infection-related nonunion, particularly in
cases with severe vascular damage and/or segmental bone loss [44, 45]. Several studies
have identified significant associations between the risk of fracture nonunion and
increasing severity of comminution, as evaluated using the AO/OTA Fracture and
Dislocation Classification system described by Meinberg et al. [7, 38, 46, 47]. Further
investigation into the effects of fracture configuration was conducted using finite
element analysis modeling of tibia fractures stabilized using intramedullary nail
fixation [11]. When all other mechanical and surgical factors were held constant, wedge
and complex (marked comminution) fracture geometries exhibited excessive strain
patterns that delayed simulated healing, indicating that interfragmentary mechanics
could directly affect bone healing regardless of external mechanical conditions [11]. In
addition, both in vitro and in vivo analysis of fracture gap following intramedullary
nail fixation of long bone fractures has shown a direct relationship between increasing
fracture gap and risk of delayed bone healing [11, 48, 49]. Fracture gap and segmental
bone loss form the foundation for determination of critically-sized defects in clinical



fracture management and in preclinical modeling of delayed bone healing [50-52].
These injury-related risk factors are inherently connected with both surgically related
risk factors and fracture mechanics in the postoperative period.

Surgical risk factors for fracture nonunion include unstable fixation and
inadequate fracture reduction [11]. Determination of the appropriate implant, proper
surgical techniques, and optimal postoperative rehabilitation plan for each fracture is
the foundation of modern fracture research, and this review will present several
preventative and corrective surgical techniques targeting nonunion complications [53].
Changes in fixation stability through screw loosening, implant breakage, or implant
displacement increase the risk of delayed union and often result in necessary revision
surgery [2, 54]. Mechanical factors in the postoperative period also influence the quality
of bone healing. Claes et al. described correlations between the hydrostatic strain and
pressure conditions of a fracture and the types of tissues that will be deposited in the
fracture callus [10]. Deviatoric stresses exert directional strain across a fracture gap,
stimulating fibrous tissue production, whereas hydrostatic stresses exert pressure at the
fracture site, stimulating cartilage formation [10]. Mechanical overload in the form of
excessive weight-bearing or localized supra-physiologic strain concentrations on the
bone itself will delay healing [55, 56]. These effects can be compounded by the type and
placement of fracture fixation; for example, when locking plate fixations bridging FEA-
modeled tibial fracture gaps were experimentally loaded, the greatest stress
concentration occurred at the screws closest to the fracture gap, and in cases of short
working lengths, stress dissipation led to mechanical overload at the fracture site [57].
In addition, multi-axial loading can contribute to delayed bone healing depending on
the type and stability of fracture fixation; for example, intramedullary nail (IMN)
fixation is less stable than other fixation methods under torsional stresses, and torsional
instability has been identified as a risk factor for nonunion in IMN cases [7, 19]. The
interplay between patient-specific, surgical, mechanical, and injury-related factors will
determine the success of fracture healing, and increasing understanding of these risk
factors has spurred development of several techniques and devices aimed at reducing
nonunion prevalence in the future.

PREVENTATIVE TECHNIQUES AND ADVANCES

Dynamization

Dynamization of fracture fixation is an increase in interfragmentary motion

delivered in a controlled manner to foster secondary bone healing [58]. It is based on the
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theory that while marked fixation stiffness is beneficial to stabilize the fracture
hematoma and developing granulation tissue, a degree of controlled motion is
necessary to promote callus maturation and endochondral ossification [58, 59]. As the
use of fixed-angle constructs has increased, an association between locking plate
fixations and surgical nonunion has been identified [39, 60, 61]. In an analysis of the
effects of locking plate construct stiffness on fracture healing, Bottlang et al. provided
both in vitro mechanical and in vivo clinical evidence that locked-plate constructs may
be too stiff to consistently promote fracture healing regardless of plate length or fixation
working length [62]. Thus, dynamization aims to manipulate the biomechanical
conditions of the fracture site, often in accordance with the stage of fracture healing [58].
Two simple examples of fracture dynamization are an increase in fixation working
length and the use of semi-rigid locking screws during locking plate fixation of
experimental 10 mm distal femoral osteotomies [63]. In this model, both working length
(regardless of rigid or semi-rigid locking screws) and screw type contributed to axial
interfragmentary motion, and substitution of semi-rigid locking screws during locking
plate fixation of fractures provided auxiliary, controlled interfragmentary motion to
stimulate healing [63]. Another example of fracture dynamization is the use of far-
cortical locking screws (Figure 1.3B), introducing a degree of micromotion at the near-
cortex while maintaining the stability of a fixed-angle construct [60, 64] Plate
dynamization has been achieved through elastically suspended locking holes (termed
active locking plates) which allow screws to independently slide within a small pocket
in the plate, providing axial motion without significantly depreciating construct
strength (Figure 1.3C and 1.3D). Dynamization using active locking plates and semi-
rigid locking screws have reported success in animal models of delayed bone healing,
but currently, only the far-cortical locking screw technique has been evaluated and
successful in human clinical trials [60, 65, 66]. Related clinical trials are ongoing and
turther development and refinement of plate dynamization is expected with the current
advances in additive manufacturing [59].

Recent research in bone mechanobiology has indicated that the ideal fracture
mechanical environment changes over time, moving from greater stiffness and less
strain to more interfragmentary motion as the fracture callus matures [67]. Thus,
temporal dynamization aims to induce appropriate interfragmentary motion in
accordance with the progression of fracture healing, moving from rigid fixation to more
flexible over time [24, 65]. Three general methods of temporal dynamization are either
in use or being developed at this time: staged surgical interventions, modifiable external
fixation, and degradable biomaterials incorporated in surgical fixations [58, 59]. Staged



surgical interventions are the most simplistic form of temporal dynamization in which
an initially rigid implant is surgically manipulated after initial callus formation to
induce interfragmentary motion [59]. Examples of this include removal of a distal
locking screw from an IMN fixation or removing paired screws adjacent to the fracture
in a locking plate fixation to increase working length [68]. Modifiable external fixation
originated as a form of staged surgical intervention, in which an external fixation could
be converted from a static to a dynamic state with the removal stabilizing pins, screws,
and/or connecting bars [69, 70]. However, external fixators provide an opportunity for
more active control of interfragmentary motion, and additional forms of dynamization
including use of sliding elements, dynamized pins and screws, and other external
controls have been reported in research assessing the optimal timings and degrees of
dynamization during fracture healing [59, 71, 72].

Temporal dynamization of internal fixators is also under development, and,
currently, the most promising modality is the use of biodegradable polymers in plate
fixation. Several methods have been described including the use of a threaded
degradable polymer between locking screws and plate that degrades to induce motion
around the screw head and the use of degradable coatings or composites in the locking
plate itself that also induces motion around the screw heads with degradation [58, 73].
The Variable Fixation Locking Screw (VFLS, Biomech Innovations) combines the
concepts of far-cortical locking screws with temporal dynamization [74]. It utilizes a
biodegradable poly-(lactide-co-glycolide) (PLGA) sleeve positioned below the screw
head to sit within the near cortex and induce near-cortical micromotion as it degrades
(Figure 1.4) [75]. Initial results of temporal dynamization have been promising in
animal models but further clinical use is limited by both the questions and the risks
surrounding this technology [67, 69, 75]. First, the introduction of interfragmentary
motion carries an inherent risk of delayed healing due to excessive motion or
interfragmentary strain during early callus formation. Repeated disruption of the
fibrous and cartilaginous portions of the fracture callus will impair intramembranous
ossification, and the primary goal of fracture fixation is to stabilize the fracture site to
promote bone healing [24]. Thus, both the degree and timing of induced
interfragmentary motion is undetermined at this time [76]. Early dynamization in a rat
femoral ostectomy model resulted in no difference in osteotomy volume, tissue mineral
density, or bone mineral density between temporally dynamized and flexible control
specimens, suggesting no benefit of early dynamization in this model [70]. On finite
element analysis of temporally dynamized ostectomies, Fu et al. also noted delayed
bone healing with early dynamization (within 1 week of experimental fixation), but this
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effect could be reversed if the magnitude of early dynamization (amount of motion)
was decreased, resulting in enhanced bone formation and biomechanical strength of
new bone [77]. Further biomechanical and preclinical research aimed at identifying
proper timing and degree of dynamization is ongoing, and clinical research utilizing
both static and temporal dynamization techniques are in progress.

Reverse Dynamization

As the name suggests, reverse dynamization is a theory that, in contrast to
dynamization, bone healing could be enhanced through early introduction of
interfragmentary motion followed by conversion to more rigid fixation [59]. This stems
from the idea that callus size is directly affected by the degree of interfragmentary
motion during the inflammatory phase of healing, and if a fracture is stabilized early by
a larger callus, it will remodel more effectively and quickly [78]. Glatt et al. reported
accelerated and improved bone healing with reverse dynamization in a rat femoral
ostectomy model comparing static low-stiffness external fixators to reverse dynamized
fixations in the presence of implanted bone morphogenic protein-2 (BMP-2) [79].
However, in some cases, reverse dynamization resulted in persistence of a cartilaginous
union in rat femoral ostectomies treated with BMP-2, indicating that, similar to
dynamization, the timing and magnitude of interfragmentary motion will affect the
quality of bone healing [78]. While additional reports of improved bone healing using
reverse dynamization of external fixators have been published, further research into
internal fixation options for reverse dynamization as well as the biologic and
mechanical processes underlying this methodology is ongoing [59, 80, 81]. At this time,
publications relating to in vivo use of reverse dynamization have been limited to
preclinical segmental defect models, but clinical translation of these concepts to varying
fracture configurations and fixations is a promising next step [59, 80, 82].

Genomics, Transcriptomics, and Proteomics

Extensive research has described the molecular nuances of fracture healing, but
recent advances in genomic, transcriptomic, and proteomic analyses has expanded our
understanding of the robust interplay of genetic up- and down-regulation at the site of
fracture remodeling [83-87]. For example, single-cell transcriptomic analysis has
characterized the differences in regulatory gene expression between chondroclasts and
osteoclasts at the site of a fracture, and it identified several highly upregulated
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chondroclast genes (PSMD2, ATP5B, MT-CO1, and GLUD1) that may maintain cellular
metabolic activity, thus driving endochondral ossification within a callus [84]. While
extensive analysis of genomic control of bone healing is outside the scope of this review,
recent research targeting genetic or transcriptional markers of fracture nonunion
provide promising data for future prognostic biomarkers or perioperative treatment
targets [8, 85, 88, 89]. For example, Hadjiargyrou et al. compared the microRNAome of
intact bone to fracture callus and nonunion tissue samples and identified both miRNAs
unique to each tissue sample and miRNAs that were co-expressed in all circumstances
[8]. This data allowed them to identify target genes differentially expressed between
callus and nonunion samples, and these genes could serve as future targets for
osteoregenerative therapeutics [8]. Another study utilized genomic analysis to try to
understand the link between diabetes mellitus (Type II) and delayed bone healing; Liu
et al. identified several modules and hub genes of interest, particularly ANXAS3, that
may serve as prognostic biomarkers for fracture nonunion in patients with diabetes
[89]. As our understanding of the genetic controls of bone healing and transcriptional
alterations associated with nonunion advances, we predict that more nonunion-risk
biomarkers and preventative therapeutics will be developed for clinical use.

CORRECTIVE TECHNIQUES AND ADVANCES

Exchange Nailing

Exchange nailing has been an effective treatment for surgical nonunions
following IMN fixation with success rates ranging from 78% to 86% in femoral shaft
nonunions [4, 90]. An exchange nailing procedure consists of removal of the indwelling
nail, longitudinal drilling of the intramedullary canal, and IMN replacement with a
larger-diameter nail [91]. The thicker nail improves the biomechanical stability of
fixation, and the reaming procedure stimulates both inflammatory and regenerative cell
migration to the site of injury through vascular and tissue damage [4]. Exchange nailing
is a relatively simple surgical procedure that does not expose the fracture site, it
typically elicits minimal blood loss, and hospital stays for an exchange nail procedure
are relatively short [43]. However, careful case selection is key to success as exchange
nailing procedures alone have poor union rates in cases of septic nonunion or excessive
fracture gaps (>5mm) [43, 91].

Intramedullary reaming represents a key step in exchange nailing, and it is often
incorporated into original IMN surgical fixation as well [92]. However, the balance
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between benefits and risks incurred by intramedullary reaming remains debated today
[92]. Intramedullary reaming disrupts the endosteal blood supply to the bone in
question through direct vascular damage and penetration of the central venous sinus
within the medullary cavity [93]. Vascular injury directly stimulates tissue regeneration
through chemotaxis of inflammatory cells and mediators, but for a period of time,
vascular supply to the bone is impaired, driving rapid reorientation of blood flow to the
periosteum [93]. Concerns regarding both compressive and thermal damage during
reaming have been voiced, and risk of systemic embolization of bone marrow via
venous outflow during reaming has been reported [93-95]. However, the value of
intramedullary reaming to optimize bone-nail congruence and maximize fixation
stability cannot be understated [93, 94]. At this time, consensus regarding the use of
intramedullary reaming in initial IMN fixation has not been reached, and the majority
of clinical studies display marked statistical fragility, with merely one or two event
reversals necessary to reverse a binary conclusion [92]. On the other hand,
intramedullary reaming during exchange nailing has been refined and augmented over
time, serving as a valuable debridement tool for septic nonunions and a delivery
method for intramedullary lavage and antibiotic therapy [96]. Clinical research utilizing
exchange nailing in conjunction with biologic and regenerative therapies is ongoing and
offers promising future paths for the treatment of both aseptic and septic nonunions [91,
96, 97].

Nail Dynamization

Nail dynamization involves the removal of proximally or distally locked screws
from an intramedullary nail fixation to introduce a degree of interfragmentary motion
at the fracture site [98]. As discussed above, this procedure can be staged as a
preventative measure or enacted as a treatment for diagnosed delayed healing [4]. It
represents a relatively simple and inexpensive treatment option for delayed bone
healing, and historically, success rates following nail dynamization in tibial and femoral
shaft nonunions (between 2011 and 2014) were reported between 55 and 65% [99]. In
clinical practice, nail dynamization may be elected as an early intervention for cases
with delayed bone healing and if bone union is not achieved, more invasive procedures
such as exchange nailing may be warranted [100]. As with prophylactic dynamization,
nail dynamization procedures carry risks of excessive motion at the fracture site,
resulting in fixation failure, fracture shortening, and/or refracture [4, 99]. Modern
advances in nail dynamization have centered around supplementary therapies such as
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shock wave to improve bone healing following the dynamization procedure, but recent
clinical studies have confirmed the value of nail dynamization as an early intervention
for delayed bone healing, reporting improved success rates of 75-85% in tibial and
femoral fracture cases [100-102].

Augmentation Plating

Augmentation plating describes the addition of an orthopedic plate to a pre-
existing fracture fixation (most often IMN) to enhance stability and interfragmentary
compression [103]. Augmentation plating can be used alone or in combination with
exchange nailing, bone grafts, and/or other biologic therapeutics [4, 103, 104]. Since it is
so versatile, success rates for union following augmentation plating vary based on the
chosen methodology, but in a retrospective review of patients diagnosed with femoral
shaft nonunion following IMN fixation and treated with plate augmentation (both
dynamic compression and locking plates utilized), Uliana et al. reported an 86% union
rate and excellent patient pain and mobility scores over two years of follow-up [105].
Similar successes in treating femoral nonunion with either locking or compressive
augmentation plates has been reported in other prospective and retrospective analyses,
and this modality has become increasingly popular in the management of femoral
nonunion [106-108].

Strain Reduction Screws

Similar to augmentation plating, the use of strain reduction screws in the
treatment of surgical nonunion avoids the removal of the initial fixation [109]. It
involves the placement of standard cortical screws across a nonunion site to induce
interfragmentary compression and reduce local strains [109]. Currently, clinical reports
utilizing strain reduction screws are few, with use limited almost exclusively to lower
limb aseptic nonunions [109-111]. However, clinical success has been reported
following strain reduction screw placement across hypertrophic humeral nonunions in
which the initial fixation exhibited no loss of stability [109]. Further large-scale clinical
research is necessary to confirm the clinical efficacy of strain reduction screws and
establish their indication for use, but this technique offers a promising minimally
invasive option for surgical nonunion treatment.
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External Fixation

External fixators are highly customizable and stable fixations that are widely
used to treat surgical nonunion, particularly in cases of septic nonunion [112]. They
operate percutaneously, and surgical stabilization using an external fixator results in
minimal soft tissue and periosteal trauma [112]. External fixator designs allow for a
wide range of mechanical stabilization, from linear, unilateral stabilization to circular,
multiaxial support, and external fixators can be manipulated to act as fixed beam,
compressive, or dynamized constructs [4, 71, 72]. External fixators are particularly
suited for cases involving severe soft tissue damage, excessive bone loss, and/or
infection [113]. Their versatility allows for staged soft tissue and bone reconstruction
procedures, and percutaneous fixation minimizes the risk of implant-related bacterial
dissemination or biofilm formation [112, 114]. Recent studies have highlighted the
utility of the Ilizarov technique of external fixation, which utilizes the theory of
distraction osteogenesis and applies controlled tensile stress to a fracture or nonunion
site to encourage tissue regeneration [115]. Ilizarov external fixators stabilize and
promote healing of large bone defects formed by high impact trauma, extensive
resection of infected tissue, or osteotomy to address fracture shortening [115-117].
Although limited by surgical complexity, long treatment times, and general
inconvenience to the patient, Ilizarov external fixators have reported success rates
ranging from 76% to 100% in clinical case reports of long bone septic nonunion both as
solo fixations and in conjunction with other nonunion treatments such as exchange

nailing or bone grafting [115].

Bone Grafts

Bone grafts are widely used in the treatment of surgical nonunion with
treatments ranging from cancellous autografts for osteoinduction and revascularization
of an atrophic nonunion to large cortical allographs for osteoconduction and bridging of
critically sized defect [104, 118]. While extensive discussion of bone grafting is outside
of the scope for this review, we aim to highlight current advances and discussions
related to bone graft treatment of surgical nonunions. To start, the topic of graft
vascularization stems from a long-standing limitation of bone grafts, particularly
allografts, in that the grafted bone lacks blood supply in the implantation site [118, 119].
The majority of grafted bone will necrose, serving more signaling and scaffold functions
than direct incorporation, and impaired vascularity or diminished osteoprogenitor cell
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populations at the implant site predispose the patient to graft failure or rejection [118,
119]. The use of vascularized autografts involves careful preservation of the graft’s
nutrient, metaphyseal, or other perforating vessel for anastomosis at the implant site. If
the blood supply is preserved, the graft may incorporate by either primary or secondary
bone healing, and vascularized bone grafts deliver donor osteocytes and
osteoprogenitor cells more effectively than non-vascularized autografts [118, 120].
However, the balance between osteoinductive benefits of vascular grafting versus the
technical difficulty and intensity of the procedure has been debated, spurring several
recent, large-scale meta-analyses and systematic reviews of vascularized bone grafts to
treat scaphoid nonunion [121-123]. These reviews documented favorable results of
vascularized bone grafts (more rapid bone union) in cases with poor prognostic
indicators such as systemic disease or avascular necrosis of the scaphoid [122, 123].
However, functional results were not as uniformly favorable, and questions remain as
to the functional advantage of vascularized bone grafts over non-vascularized grafts in
scaphoid nonunions [121].

Currently, the use of vascularized bone grafts is limited by donor site availability
and graft viability during auto- or allotransplantation [118]. However, recently, Visser
et al. described a technique for revascularization of cryopreserved bone allografts
involving surgical placement of the host cranial tibial arteriovenous bundle within the
intramedullary canal of the donor tissue (porcine tibia model) [119]. The goal was to
supply and utilize the vascular channels already present within the graft tissue to
encourage direct revascularization and incorporation of the graft. Seven of eight tibial
defects treated with revascularized cryopreserved grafts healed within the 20-week
experimental period, as compared to four of eight control defects treated with
traditional cryopreserved grafts [119]. However, no differences in bone mineral density
or biomechanical characteristics were noted between experimental and control bones,
suggesting that while revascularization does not seem to impair bone healing, it cannot
be proven to enhance bone density or strength from this study alone [119]. This theory
of graft revascularization is a promising subject for future research and refinement and
may address limitations such as donor site morbidity, graft availability, and graft
rejection.

Tissue Engineering

As with bone grafts, extensive discussion of the numerous bioactive biomaterials,
tissue regenerative therapeutics, and cell therapies developed to augment bone healing
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is outside of the scope of this review. However, we would like to highlight some of the
modern focuses of regenerative research targeting surgical nonunion. The field of
regenerative bone biomaterials has undergone expansive growth in the last two decades
following the approval of calcium phosphate cement for clinical use [124, 125]. Ceramic-
, polymeric-, and composite- based bone biomaterials have been developed to serve
numerous functions including osteoconductive filling of bone gaps, drug/hormone
delivery, cellular activity direction, and extracellular matrix templating [124]. Bone
biomaterials have been used to deliver concentrated and controlled doses of known
anabolic (ie. parathyroid hormone analogues and bone morphogenic protein analogues)
and anti-catabolic (ie. bisphosphonates, calcitonin, denosumab, and estrogen)
therapeutics to the sites of nonunion, and modern considerations for bone biomaterial
fabrication are presented in Figure 1.5 [124, 126-128]. Recent research regarding the use
of teriparatide, a synthetic recombinant parathyroid hormone, delivered via a
degradable biomaterial for the treatment of fracture nonunions has shown favorable
results in both preclinical and clinical trials [127, 129]. Further development, refinement,
and clinical evaluation of bone biomaterials for use in surgical nonunion cases is
ongoing, and more commercial approval and widespread use is expected in the near
future [125].

Stem cell therapy (alternatively termed stromal cell therapy) is another modality
used in combination with other stabilizing and/or reconstructive procedures to address
surgical nonunion [130, 131]. Similar to bone biomaterials, there are numerous types of
cell therapies currently under research, varying in origin, cellular processing,
preconditioning, delivery method, and supplementation (ie. co-delivery with growth
factors or chemokines) [130, 132]. Despite the heterogeneity of treatment options,
promising clinical results of stem cell therapy as a nonunion treatment have been
reported [133]. Following implantation of autologous expanded human mesenchymal
stromal cells (MSC) from bone marrow using a bioceramic delivery device to treat long
bone nonunions; femoral, humeral, and tibial nonunions exhibited rapid, effective bone
union following implantation with a 92.8% success rate at 12 months postoperative
[133]. In another case series evaluating a combination therapy using autologous stomal
cells loaded on collagen microspheres and delivered via platelet-rich plasma clots, rapid
and effective bone union was seen following both tibial and femoral applications of the
novel therapeutic [134]. However, the clinical efficacy of stem cell therapy in nonunion
cases remains questionable, with no consensus as to the source, dosage, processing, or
delivery of cells [130-132]. Current research exploring the paracrine effects of cell
therapy and evaluating the efficacy of MSC exosome implantation aims to further refine
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the therapeutic, and further development of cell therapy for clinical use is ongoing [130,
135].

CONCLUSIONS

Delayed healing and nonunion remain clinical challenges in the surgical
management of fractures with nonunion prevalence ranging from 10 to 15% of fracture
cases and costs associated with care averaging roughly $25,500 USD. Delayed bone
healing arises from a combination of mechanical, biologic, and systemic factors acting
on the site of tissue remodeling, and careful consideration of each case’s injury-related,
patient-dependent, surgical, and mechanical risk factors is key to successful bone union.
Recent advances in fixation dynamization, both static and temporal, and reverse
dynamization have the potential to reduce nonunion prevalence upon future
refinement and implementation, and discoveries in the genomic, transcriptomic, and
proteomic profiles of bone nonunion may direct development of risk-biomarkers and
targeted therapeutics for delayed healing. Modern treatments for nonunion include
exchange nailing, nail dynamization, augmentation plating, strain reduction screw
placement, bone grafting, and external fixation. These modalities can be augmented by
tissue engineered therapeutics including bioactive biomaterials, stem cell therapy,
anabolic therapies, and anti-catabolic therapies. Thus, modern advances in the
mechanics of fracture management combined with tissue engineering and biomaterial
innovations provide promising options for both the prevention and treatment of
surgical nonunions.
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APPENDIX

Figure 1.1: Illustration of Weber-Cech Classifications of Nonunion. (A) Hypertrophic
nonunion is characterized by excessive periosteal callus formation without union of the
fracture fragments. (B) Oligotrophic nonunion is characterized by mild periosteal callus
formation without union of the fracture fragments. (C) Atrophic nonunion is
characterized by no callus formation and often associated with impaired vascularity.
Figure reprinted from “Figure 1” by Kloen et al. [32], licensed under CC BY 4.0.
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Figure 1.2: Nonunion Risk Factors. Illustration of the injury-related, patient dependent,
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Figure 1.3: Illustration of Four Methods of Fixation Dynamization. Henschel et al.
mechanically evaluated four methods of dynamization as compared to a non-
dynamized locking plate control. (A) Distal femoral plates with alternating locked and
non-locked holes for use in the locked control and non-locked treatment groups,
respectively. (B) Images of locking, non-locking, and far cortical locking screws. (C)
Schematic illustration of dynamized, active plate in which screws are locked into a
sliding element within the plate. (D) Pictures of active locking plates; arrows point to
the sliding element pockets within the plate. Figure reprinted from “Figure 2” by
Henschel et al. [60]. Copyright © 2023 Wolters Kluwer Health, Inc. and/or its
subsidiaries. All rights reserved.
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Figure 1.4: Schematic Representation of Variable Fixation Locking Screws. In these
illustrations, solid grey represents the locking plate, green represents forming bone
callus, and blue arrows indicate axial loads acting on the fracture site. (A) Initially, the
VFLS is stabilized in the cis-cortex by a PLGA sleeve. (B) Once the sleeve degrades, the
VELS acts as a far-cortical locking screw, allowing for micromotion within the cis-
cortex. Figure reprinted from “Figure 1” by Plecko et al. [75], licensed under CC BY 4.0.
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Figure 1.5: Modern Considerations for Bone Biomaterial Fabrication. Modern bone
scaffolds combine biomimetic and biomolecule delivery designs, necessitating both
mechanical and biological integrity for proper functionality in vivo. This figure
illustrates the complexity and interconnectivity of biomaterial properties to achieve the
tinal goals of bone and vascular regeneration. Figure reprinted from “Figure 12” by Zhu
et al. [128], licensed under CC BY 4.0.
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CHAPTER II:

MESENCHYMAL STEM CELL USE IN ACUTE TENDON INJURY: IN
VITRO TENOGENIC POTENTIAL VS. IN VIVO DOSE RESPONSE
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ABSTRACT

Stem cell therapy for the treatment of tendon injury is an emerging clinical
practice in the fields of human and veterinary sports medicine; however, the
therapeutic benefit of intralesional transplantation of mesenchymal stem cells in
tendonitis cases is not well designed. Questions persist regarding the overall tenogenic
potential and efficacy of this treatment alone. In this study, we aimed to isolate a rat
mesenchymal stem cell lineage for in vitro and in vivo use, to assess the effects of
growth factor exposure in vitro on cell morphology, behavior, and tendon-associated
glycoprotein production, and to assess the therapeutic potential of intralesional stem
cells, as a function of dose, in vivo. First, rat adipose-derived (rAdMSC) and bone
marrow-derived (rBMSC) stem cell lineages were isolated, characterized with flow
cytometric analysis, and compared in terms of proliferation (MTS assay) and cellular
viability (calcein-AM staining). Rat AAMSCs displayed superior proliferation and more
homogenous CD 73, CD 44H, and CD 90 expression as compared to rBMSC. Next, the
tenogenic differentiation potential of the rAdMSC lineage was tested in vitro through
isolated and combined stimulation with reported tenogenic growth factors,
transforming growth factor (TGF)-3 and connective tissue growth factor (CTGF). We
found that the most effective tenogenic factor in terms of cellular morphologic change,
cell alignment/orientation, sustained cellular viability, and tendon-associated
glycoprotein upregulation was TGF-33, and we confirmed that rAdMSC could be
induced toward a tenogenic lineage in vitro. Finally, the therapeutic potential of
rAdMSCs as a function of dose was assessed using a rat acute Achilles tendon injury
model. Amounts of 5x10° (low dose) and 4x10° (high dose) were used. Subjectively, on
the gross morphology, the rAdMSC-treated tendons exhibited fewer adhesions and less
scar tissue than the control tendons; however,
regardless of the rAdMSC dose, no significant differences in histological grade or tissue
collagen I deposition were noted between the rAdMSC-treated and control tendons.
Collectively, rAdMSCs exhibited appropriate stem cell markers and tenogenic potential
in vitro, but the clinical efficacy of intralesional implantation of undifferentiated cells in
acute tendonitis cases could not be proven. Further investigation into complementary
therapeutics or specialized culture conditions prior to implantation are warranted.
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INTRODUCTION

Stem cell therapy for the treatment of tendon injury is an emerging clinical
practice in the fields of human and veterinary sports medicine. Intralesional stem cell
implantation has been utilized for tendonitis treatment in sport horses for over a decade
with promising results [1]. In a report of 105 National Hunt horses with over two years
of follow-up, there was less recurrence of tendonitis in those horses treated with stem
cells as opposed to traditional therapies [2]. An analysis of several case-control
observational studies in equine sport horses indicated that treatment of tendonitis with
bone marrow derived mesenchymal stem cells (BMSC) was associated with a reduction
in the rate of reinjury [3-5]. Further clinical research is necessary to elucidate the
potential of stem cell therapy in cases of acute or chronic tendon injury. In an
experimental model of Achilles injury using rats, tissue treated with BMSCs exhibited
superior biomechanical strength and histological evidence of healing when compared to
control samples [6]. However, the therapeutic benefit of intralesional transplantation of
mesenchymal stem cells in tendonitis cases is disputed in the literature with reports of
no significant difference between BMSC-treated and control tendons in other Achilles
injury trials [7-9]. Several strategies have been proposed to elevate the therapeutic
potential of intralesional stem cell therapy including predifferentiation, biomaterial-
based cell delivery, or concurrent growth factor injection [10-13], but uncertainty
regarding the ideal therapeutic strategy in terms of cell source, expansion
characteristics, and cell numbers persists [13-15].

Unlike osteogenic, chondrogenic, and adipogenic differentiation, a standardized,
effective protocol for tenogenic differentiation of mesenchymal stem cells has not been
established [16-18]. Methods include growth factor exposure, dynamic mechanical
stimulation, biomaterial/ECM scaffold three-dimensional culture, and coculture with
tendon-derived stem cells or tenocytes [17, 19, 20]. Growth factors that have been
positively correlated with tendon associated biomarkers include transforming growth
factor beta ligands (TGFE[3), specifically TGF-1 and TGF-f33, bone morphogenic protein
(BMP) ligands, specifically BMP-12, BMP-13, and BMP-14, fibroblast growth factor
(FGF) ligands, specifically FGF-2, and connective tissue growth factor (CTGF). These
cytokines are inherently linked, and they exhibit significant co-expression through the
mitogen-activated protein kinase (MAPK) pathway during embryonic development
and active homeostasis/tissue turnover in adults [21, 22]. Recently, Yin et al.
investigated the tenogenic effects of TGF-1, BMP-12, and CTGF/ascorbic acid exposure
on mesenchymal stem cells and noted superior morphologic changes, genetic
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upregulations, and tendon-associated marker production using a stepwise protocol of
initial TGF-{31 exposure, followed by CTGF/ascorbic acid [23]. In addition, several
studies have reported similarly promising results following MSC exposure to TGF-33
alone in either monolayer or three-dimensional culture [20, 24-27].

While uncertainty as to the ideal cell type and predifferentiation protocol for
intralesional MSC therapy in tendon injury persists, another potential contributor to its
inconsistent therapeutic benefit is the lack of an established therapeutic dose of
mesenchymal stem cells [28-31]. Initially, MSCs were thought to aid healing directly
through differentiation into tissue-appropriate cells, replication, and reestablishment of
tissue architecture, but more recent research has suggested that their function is more
immunomodulatory than direct repopulation [32]. Increasingly, experimental studies
and clinical practice favor the use of allogenic MSCs, rather than autologous MSCs [28,
33]. Allogenic MSCs provide the benefits of proven cellular purity, multipotency,
consistency, and ease of acquisition without the delays required for autologous cell
isolation, characterization, and propagation [34, 35]. These benefits typically outweigh
the risk of an inflammatory (rejection) reaction in response to foreign proteins,
specifically major histocompatibility complexes (MHC) [32, 36]. However, too high of a
dose of allogenic MSCs may impair their immunomodulatory functions by initiating an
overwhelming MHC-mismatch inflammatory response [32, 37].

Dose-response studies to ascertain an effective dose or an adverse threshold for
mesenchymal stem cell therapy are lacking. In one study, Saether et al. compared the
effects of high dose (4 x 10°MSCs) and low dose (1 x 10°MSCs) stem cells used in a
study of rat medial collateral ligament healing [37]. Improved strength and stiffness of
the ligament and decreased inflammatory response in the low dose group was noted,
but neither the high nor the low dose MSC treatments downregulated inflammatory
cytokines or restricted inflammatory cell migration when compared to untreated
controls [37]. This study was repeated using a rat Achilles tendon model and
introduced the variables of preconditioning and genetic modification to promote
production of anti-inflammatory modulators [32]. The authors reported that anti-
inflammatory preconditioning through genetic engineering had a more significant effect
on tendon healing than dosage in terms of M1 macrophage number and amount of
inflammatory IL-12 cytokine. As of yet, the effect of MSC dose alone on tendon injury
healing has not been described and an effective dose of MSC for use in treatment of
acute tendonitis has not been established.

Our goals were to isolate a rat mesenchymal stem cell lineage for in vitro and in
vivo use, to assess the effects of growth factor exposure in vitro on cell morphology,
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behavior, and tendon-associated glycoprotein production, and to assess the therapeutic
potential of intralesional stem cells as a function of dose in vivo. We aimed to
characterize and establish the cells” tenogenic potential in vitro prior to implantation in
vivo in a dosing trial. TGF-33 was selected for this experiment based on promising
published reports when used in vitro for tenogenic differentiation [20, 25-27]; CTGF
with ascorbic acid was selected due to its reported synergy with TGF-f31 in a stepwise
tenogenic differentiation protocol [23]. A rodent model of tendon injury is useful for
assessment of the effect of mesenchymal stem cell dose on in vivo healing with
achievement of appropriate endpoints in a time efficient manner [38-40]. The calcaneal
tendon injury model is well characterized and provides guidelines specific to the
duration of study, creation of defects, and analytical methods [6-8]. We hypothesized
that concurrent exposure to TGF-33, CTGF, and ascorbic acid would induce tenogenic
differentiation of rat MSCs in vitro, and we hypothesized that intralesional MSC
implantation would have a dose-dependent and beneficial effect on tendon healing in
an acute injury model.

MATERIALS AND METHODS

Ethics

All studies were reviewed and approved by the University of Tennessee
Institutional Animal Care and Use Committee and adhered to the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals [41].

Isolation, Culture, and Characterization of Rat Adipose-Derived MSCs

All MSCs were isolated from Sprague-Dawley rats (150-200 g, n = 2). BMSCs
were collected from the bone marrow of the femurs as previously described [42-45].
Briefly, the femurs were rinsed with phosphate-buffered saline (PBS) before clipping
the ends of the bone. An 18-gauge needle was used to extrude the bone marrow, and
marrow was transferred to a collection tube using growth media flushes. After
centrifugation at 1000 rpm for 5 minutes, the cell pellet was re-suspended in 5.5 mL
growth media and filtered with a 70 um strainer twice to ensure complete collection.
AdMSCs were collected from perinephric and testicular adipose tissue as previously
described [42, 43]. The tissue was minced and digested in PBS containing 0.1% Type I
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Collagenase Buffer (Sigma-Aldrich, St. Louis, Mo, USA) at 37°C with intermittent
mixing; incubation was discontinued when tissue appeared homogenous (roughly 60
minutes), and growth media was added to inactivate the collagenase. After
centrifugation at 600 rpm for 5 minutes, the lipid layer and collagenase/media liquid
fraction was removed, and the cell pellet was resuspended in PBS. Centrifugation and
resuspension were repeated, and cells were filtered through a 70 pm strainer. Isolated
bone marrow and adipose cells were cultured in complete medium consisting of
Dulbecco’s Modified Eagle Medium (DMEM-F12, Thermo Fisher Scientific, Waltham,
MA, USA) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA), 1% penicillin-streptomycin-neomycin (Thermo Fisher Scientific, Waltham,
MA, USA), and 0.1% amphotericin B (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were grown to 80 —90% confluency and then harvested with 0.05% trypsin for
cryopreservation (80% FBS, 10% DMEM-F12, and 10% DMSO) or re-seeded for

expansion in complete medium.

Immunophenotyping

Flow cytometry analysis was used as previously reported to characterize the
isolated rAdMSC and rBMSC [45]. Cells were identified by the expression of the
following cell-surface cluster-of-differentiation (CD) markers: CD29, CD73, CD44H,
CD90, CD106, CD11b/c, CD45, and CD31. All markers tested are recognized by the
Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular
Therapy [42]. Anti-CD antibodies were used at the manufacturer’s recommended
concentrations (Biolegend, San Diego, CA). Labeled cells were assessed using a BD
FACS Caliber Flow Cytometer (BD Biosciences, Haryana, India) and Flow]Jo software
(FlowJo LLC, Ashland, OR, USA).

Proliferation Assay

Cell proliferation rates of rat adipose-derived and bone-marrow-derived
mesenchymal stem cells were assessed at 1, 3, 5, and 7 days of culture using the
CellTiter 96 Aqueous Non-Radioactive (MTS) assay (Promega, Madison, WI, USA) as
previously described [46, 47]. Briefly, all experiments were performed using 24-well
plates with 1.0 x 10* rBMSC or rAdMSC (passage 5 and passage 6, respectively) seeded
in 500 pL complete growth medium as the seeding volume. The optical density of the
cell and MTS reagent complex was measured using a microplate fluorescence reader
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(BioTek, Winooski, VT, USA) at 490 nm. Medium without cells was used as a blank.
Each timepoint was performed in triplicate, and average absorbance at 490 nm
(corrected by the reference blank reading) of the three wells was utilized as data for
further analysis. Absorbance data was analyzed for time effect and coefficients of
determination (R?values) of linear regression were calculated for direct comparison. At
each timepoint, an additional well was utilized for qualitative cell viability analysis
using Calcein AM Viability Dye (Thermo Fisher, Waltham, MA, USA); stained cells
were visualized after 5 minutes, and images were obtained using a laser scanning

spectral confocal microscope (Leica Microsystems, Wetzlar, Germany).
Tenogenic Differentiation of Rat Adipose-Derived MSCs

Based on the results of proliferation assay, rAdMSC were utilized for the
remainder of experimentation. Rat AAMSC (1.0 x 10°¢ cells, passage 3) were thawed,
suspended in complete growth medium, seeded into T175 flasks for expansion, and
incubated at 37 °C in a humidified atmosphere with 5% CO2. Medium was changed
every two to three days until the cells reached 70-80% confluence. Upon reaching
confluence, adherent cells were harvested using 0.25% trypsin EDTA (Thermo Fisher
Scientific, Waltham, MA, USA) and transferred to 6-well plates for the tenogenic
differentiation trial at a seeding density of 5.0 x 10* cells in 3 ml complete media per
well. The rAdMSC were maintained in complete medium alone (Control) or
supplemented with (a) 10 ng/ml TGF-$3 (Peprotech, Rocky Hill, NJ, USA), (b) 100 ng/ml
CTGF (Peprotech, Rocky Hill, NJ, USA) with 50 pg/ml ascorbic acid (Sigma-Aldrich, St.
Louis, MO, USA), or (c) 10 ng/ml TGF-3, 100 ng/ml CTGF, and 50 pg/ml ascorbic acid.
Growth factor concentrations were selected based on previously published reports
regarding growth-factor-mediated tenogenic differentiation [15, 23, 25, 26, 48].
Conditioned media was changed every two days and cells were imaged daily using
bright light phase-contrast microscopy (Leica Microsystems, Wetzlar, Germany). The
cells were monitored for signs of differentiation including changes in cellular
morphology, cell alignment/orientation, and cell-to-cell adherence/clumping, and cell
culture was halted if marked cellular exfoliation (greater than 30% of previously
adhered cells) was noted.
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Immunofluorescence

For immunofluorescence assays, the previously described tenogenic
differentiation experiment was repeated using the same growth factors and
concentrations of each. Briefly, rAdMSC (passage 4) were harvested with 0.25% trypsin
EDTA (Thermo Fisher Scientific, Waltham, MA, USA) and transferred to 12-well plates
for the tenogenic differentiation trial at a seeding density of 1.5 x 10%cells in 1 ml
complete media per well. The rAdMSC were maintained in complete medium alone
(Control) or supplemented with (a) 10 ng/ml TGF-3 (Peprotech, Rocky Hill, NJ, USA),
(b) 100 ng/ml CTGF (Peprotech, Rocky Hill, NJ, USA) with 50 pg/ml ascorbic acid
(Sigma-Aldrich, St. Louis, MO, USA), or (c) 10 ng/ml TGF-£33, 100 ng/ml CTGF, and 50
ug/ml ascorbic acid. Conditioned media was changed every two days and cell
morphology was monitored daily using bright light phase-contrast microscopy. On
days 1, 4, and 8, cells from each treatment group were fixed with 4% paraformaldehyde
at room temperature for 10 minutes, permeabilized with 0.1% Triton X-100 in Hank’s
Balanced Salt Solution (HBSS), and blocked with Universal Blocking Reagent
(BioGenex, Fremont, CA, USA) for 30 minutes at room temperature. Cytoskeletal
organization and cellular morphology were assessed by evaluating expression of
extracellular matrix proteins, F-actin and Collagen I, as previously described [45, 49].
Expression profiles of tendon-associated proteoglycans, tenascin C (TenC) and
tenomodulin (Tnmd), were also evaluated at each timepoint as markers of tenogenic
differentiation [17, 20, 24, 50]. Fixed cells were incubated with 1-2 pug of primary
antibodies for F-actin (Alexa Fluor 594 phalloidin, Invitrogen, Waltham, MA, USA),
Collagen I (Abcam, Cambridge, UK), TenC (Invitrogen, Waltham, MA, USA), and
Tnmd (Biorbyt, Cambridge, UK) at 4°C for 24 hours. Subsequently, the cells were
washed with HBSS and incubated with appropriate Alexa Fluor secondary anti-mouse
or anti-rabbit antibodies at room temperature for 30 minutes in dark; Alexa Fluor 594
phalloidin was preconjugated and did not undergo secondary antibody exposure. Cells
were mounted with Prolong Gold antifade reagent with 4, 6-diamidino-2-phenylindole
(DAPI) nuclear stain (Life Technologies, Carlsbad, CA, USA). Cells were analyzed and
imaged using a laser scanning spectral confocal microscope (Leica Microsystems,
Wetzlar, Germany). Images were further analyzed using Fiji image processing open-
source software (Image], Bethesda, MD, USA) to obtain DAPI-labeled cell counts,
average nuclear size, TenC positive cell counts, and Tnmd positive cell counts [51, 52].
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Fibrin Gel

In order to achieve local administration of stem cells in a controlled fashion, cells
were suspended in fibrin gel, a viscous transport medium that will entrap but not
inhibit the cells [53]. Fibrin gel was fabricated in our lab using fibrinogen and thrombin
(MilliporeSigma, Burlington, MA) at a ratio of 0.2 U thrombin: 1 mg fibrinogen. This
technique has been established and validated in our laboratory for cell uptake and
suspension within the gel. Briefly, adequate cellular uptake and suspension in the gel
was evaluated using equine mesenchymal stem cells stained with a fluorescent 1,1'-
Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (Dil) marker available
from the UTCVM Regenerative Medicine Laboratory. Adequate suspension in the gel
with minimal residual cellular loss was confirmed using a laser scanning spectral
confocal microscope at 600 nm wavelength (Leica Microsystems, Wetzlar, Germany).

Surgery

Twenty 12-week-old female Sprague Dawley rats each weighing between 208
and 242 g were acquired and maintained in a climate-controlled animal housing. Each
rat underwent left hindlimb Achilles injury and was assigned intralesional treatment
with fibrin gel alone (Control), 5 x 10° rAdMSC in fibrin gel (Low Dose), or 4 x 10°
rAdMSC in fibrin gel (High Dose). Dosages were selected based on those previously
employed in rat tendon or ligament injury models [7, 28, 54-56], and they reflect the
lowest and highest reported dosages utilized in these models. Left hindlimb Achilles
injury was induced as previously described [7, 8, 57]. Briefly, each rat was anesthetized
using isoflurane gas and administered preoperative analgesics (buprenorphine 0.02
mg/kg SQ). A 1 cm longitudinal incision was made over the caudolateral aspect of the
left hindlimb at the level of the Achilles tendon, terminating immediately proximal to
the calcaneal insertion. Then, the central third of the Achilles tendon was isolated using
blunt dissection and removed, resulting in a central defect that extended from the
myotendinous junction to immediately proximal to the calcaneal insertion. Following
defect creation, the appropriate treatment was administered intralesional using forceps
to transfer the semi-solid fibrin gel into the lesion site. The skin incision was closed in a
single layer using a full thickness, interrupted cruciate pattern.
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Postoperative Management

The animals were individually housed with free cage activity during the
postoperative period. Dietary intake, body weight, fecal/urine output, incisional
healing, and subjective lameness were monitored routinely, and postoperative analgesia
was provided for the first three days as needed (buprenorphine 0.02 mg/kg
subcutaneously every twelve hours). At thirty days postoperatively, all animals were
humanely euthanized via anesthetic overdose (isoflurane) and both Achilles tendons
were harvested. Gross appearances of the left Achilles tendons were documented and
photographed.

Histological Analysis

Tendon tissue was placed in 10% formalin solution for 48 hours, embedded in
paraffin, cut into coronal sections, and stained. Each tendon sample underwent
hematoxylin and eosin (H&E), Masson’s Trichrome (MT), and Gomori’s Reticulin (GR)
staining. All H&E and MT samples were imaged, randomized by rat, and graded as
previously described (Figure 2.1, please see chapter appendix for all figures) [7, 8, 57-
59]. A minimum of six images (two at the tendon origin, two at the tendon mid-body,
and two at the tendon insertion site) were acquired per stain per rat. Briefly, a histologic
grading scale was employed that assessed H&E sections on the criteria of fiber structure
and arrangement, cellular density, cellular appearance, inflammation,
neovascularization, and fatty deposits. Images were randomized and histological
grading was conducted by one reviewer blinded to treatment group assignment.
Histological grades in each category were averaged for each rat and included in
statistical analysis as separate variables. The same grading methodology was repeated
for MT sections. GR samples were randomized by rat and graded on the same scale, but
only the variable of fiber structure and arrangement was assessed.

Immunohistochemistry

The distribution and quality of Collagen I deposition was assessed by
immunohistochemical (IHC) staining. Briefly, coronal sections of tendon tissue were
deparaffinized, rehydrated, and subjected to antigen retrieval using 0.25% trypsin at
37°C for 30 minutes. After blocking with 5% bovine serum, the sections were incubated
with diluted anti-collagen type 1 (1:50; Bio Rad, Hercules, CA, USA) overnight. Goat
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anti-rabbit antibody served as the secondary antibody and all sections were
counterstained with Nova Red, hematoxylin, and a bluing agent prior to dehydration
and mounting. The sections were examined using bright field microscopy and imaged
(Leica Microsystems, Wetzlar, Germany). Sections were quantitatively analyzed with
the TWOMBLI macro for Fiji (Image]J, Bethesda, MD, USA) [60, 61].

Statistical Analysis

Immunofluorescence quantitative data was summarized for mean, standard
deviation, median, and range, and the effects of growth factor exposure over time were
evaluated using two-way ANOVA. Categorical histological grades were summarized as
counts and percentages. The effects of treatment on histological grades were screened
using logistic regression analysis for a completely randomized design with subsamples.
Numeric outcomes including nuclear counts as a measure of tissue cellularity and
TWOMBLI output metrics were summarized for mean, standard deviation, median and
range. The effects of treatment on tissue cellularity and TWOMBLI output metrics were
analyzed using a general linear model for a completely randomized design with
subsamples. Ranked transformation was applied when diagnostic analysis on residuals
exhibited violation of normality and equal variance assumptions using Shapiro-Wilk
test and Levene's test. Post hoc multiple comparisons were performed with Tukey’s
adjustment. Statistical significance was identified at the level of 0.05. Analyses were
conducted in SAS 9.4 TSIM7 for Windows 64x (SAS institute Inc., Cary, NC, USA).

RESULTS

Rat Mesenchymal Stem Cell Isolation, Characterization, and Tenogenic Differentiation

Isolation, Expansion, and Immunophenotyping of rAdMSCs and rBMSCs

Lineages of rAdMSCs and rBMSCs were successfully isolated and characterized
with flow cytometry (Figure 2.2). Immunophenotypic surface marker analysis revealed
that the rAdMSCs expressed CD29, CD73, CD 44H, CD90, and CD106, and they did not
express CD11b/c, CD45, and CD31. Isolated rBMSCs expressed CD29 and CD106 and
did not express CD11b/c, CD45, and CD31; however, widened peaks and mixed
positive and negative expression were noted on CD73, CD44H, and CD90 analysis,
suggesting a heterogenous population of cells at the tested passage.
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Cell Proliferation

Cellular proliferation of rBMSCs and rAdMSCs was assessed over a period of 7
days using MTS assays, and cellular viability was qualitatively assessed using calcein
AM cellular staining (Figure 2.3). In the presence of the standardized growth medium
provided, both cell types were viable and cell numbers increased linearly over time. The
proliferation rate and overall cellular viability of rAdMSCs was superior to that of
rBMSCs so all further analyses and experimentation was conducted using rAdMSCs.

Tenogenic Differentiation — Morphological Changes

Prior to exposure with enriched media, all wells were confirmed to contain
adherent rAdMSC with minimal debris or cellular exfoliation. Twelve hours following
exposure to enriched media, marked changes in cellular distribution and morphology
were evident in all treatment groups (Figure 2.4). Cells exposed to TGF-33 alone
displayed apparent migration and clumping while maintaining adherence to the wells
while cells exposed to CTGF/ascorbic acid (AA) and TGF-33/CTGF/AA exhibited
elongated, spindle-like morphology and, subjectively, a burst of proliferation. Two days
following initial exposure to enriched media, the TGF-33/CTGF/AA cells exhibited
distinct spindle morphology and had migrated into clumps with a mix of parallel and
intersecting cell-to-cell alignment within the well; similar changes in cell morphology
and alignment were noted in the remaining two treatment groups at Day 3 of enriched
media exposure (Figure 2.4). No apparent change in the TGF-33/CTGF/AA cells was
noted between Days 4 and 6 with the exceptions of gradual, cumulative exfoliation of
cells present and accumulation of a granular extracellular byproduct visualized in all
wells; a threshold of roughly 30% of cells exfoliated was reached on Day 6 of enriched
media exposure and further culture of the TGF-3/CTGF/AA group was halted. Cells
exposed to TGF-33 exhibited distinct spindle-morphology by Day 4 of culture and had
migrated into independently oriented clumps of parallel-arranged cells; between Days 4
and 8 of culture, these cells remained relatively static but extracellular-matrix
deposition (in the form of tendrils of extracellular material) could be visualized at cell-
to-cell contact points (Figure 2.4). Cells exposed to CTGF/AA remained static between
Days 4 and 8 of culture, but beginning on Day 6, a granular extracellular byproduct was
visualized in all wells, increasing in amount over the remainder of the differentiation
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trial. Both the TGF-33 and CTGF/AA wells reached >30% cellular exfoliation on Day 8
of culture and further culture was discontinued.

Immunofluorescence

Tenogenic differentiation was characterized by immunofluorescence staining for
cytoskeletal proteins, collagen I and F-actin, and for tendon-associated extracellular
matrix (ECM) glycoproteins, tenascin C and tenomodulin. Morphological changes
observed through phase contrast light microscopy were confirmed with F-actin and
collagen I immunofluorescence (Figure 2.5). Briefly, cells treated with TGF-{33,
CTGF/AA, and TGF-33/CTGF/AA displayed filipodia extension, overall cell elongation,
and parallel cytoskeletal conformation at cell junctions on Days 1 and 4 of culture.
Concurrently, a qualitative increase in collagen I expression was seen in all three groups
with distinct points of high intensity fluorescence indicative of collagen bundle
formation most apparent on Day 4. On Day 8, cells treated with TGF-33 remained
adhered with robust cytoskeletal morphology, characterized by parallel F-actin
orientation with a high degree of cell-to-cell contact. However, cells treated with
CTGF/AA and TGF-3/CTGF/AA displayed qualitatively poor cytoskeletal morphology
on Day 8 of culture, characterized by retraction of filipodia, reduction in cytoskeletal
size, and apparent decrease in cell numbers; the number of DAPI stained nuclei
significantly decreased between Day 1 and Days 4 and 8 of culture in the TGF-
B3/CTGF/AA group (Figure 2.5, p<0.001 and p<0.001 respectively).

No significant differences in the proportion of cells displaying tenascin C
immunofluorescence to total cell counts were observed between treatment groups on
Days 1 and 4 (Figure 2.6). However, both the TGF-33 and CTGF/AA groups exhibited
increased tenascin C expression on Day 8 when compared to unexposed controls
(p=0.0185 and p=0.0188 respectively). In addition, cells exposed to TGF-33 exhibited a
unique but consistent tenascin C immunofluorescent signature characterized by high
intensity fluorescence encircling the nucleus and moderate intensity fluorescence
adjacent to the cell membrane; this signature was most apparent at Day 4 of culture but
could be noted at all timepoints in the TGF-3 group.

Rat AAMSC displayed temporal upregulation of tenomodulin expression in
response growth factor exposure (Figure 2.7). Cells exposed to CTGF/AA exhibited
significantly increased tenomodulin expression on Day 1 compared to unexposed
controls (p=0.0420), and the relative magnitude expression remained consistent
throughout the culture period. Cells exposed to TGF-£33 displayed delayed but marked
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upregulation of tenomodulin expression on Day 4 (p<0.001). Cells exposed to TGF-[33,
CTGF/AA, and TGF-3/CTGF/AA displayed significantly greater tenomodulin
expression compared to unexposed controls on Day 8 (p=0.0130, p=0.0013, and p=0.0041
respectively).

Fibrin Gel

Equine mesenchymal stem cells were suspended within the fibrin gel with
minimal residual cells noted in the liquid fraction surrounding the gel clot. Images of
cellular suspension are provided in Figure 2.8.

Intralesional Rat Mesenchymal Stem Cell Use in Achilles Tendon Injury

Gross Morphology

On gross morphologic analysis, control tendons exhibited marked adhesions to
surrounding soft tissue and overlying skin, and thick scar tissue overlying and fusing
the remaining medial and lateral thirds of the Achilles tendon was observed in four of
six rats. Adhesions were rarely observed in the high dose and low dose groups (n=1 and
n=0, respectively) and the overall appearance of the stem cell treated Achilles tendons
more closely resembled uninjured controls with subjectively less scar tissue formation
(Figure 2.9). No evidence of infection or further tendon injury/rupture was noted in any
operated limbs.

Histological Analysis

At thirty days post-injury, all treatment groups displayed marked
hypercellularity, fiber disruption, and disorganization of fiber arrangement compared
to uninjured tendon. Histological grading of both H&E stained and Masson’s Trichrome
(MT) stained tendon samples revealed no statistically significant differences in terms of
tiber structure and arrangement, cell density, cell appearance, inflammation, fatty
deposits, or neovascularization grades (Figure 2.10). However, qualitative review of
tiber arrangement and macroscopic structure revealed marked matrix disruption with
complete loss of parallel structure and polar orientation of matrix fibers in Achilles
tendons treated with fibrin gel alone (Figure 2.11). In addition, on a macroscopic scale,
Achilles tendons treated with both high and low doses of stem cells displayed more
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widespread neovascularization without concurrent perivascular inflammation or fat
deposition.

Despite morphologic signs of healing, Achilles tendons treated with high dose
rAdMSCs, low dose rAdMSCs, and fibrin gel alone had significantly greater cellularity
(mean cell counts) than uninjured tendon (p=<0.001 for each pairwise comparison).
While normal tendon samples were not included in blinded histological analysis,
macroscopic differences from normal tendon in terms of cellularity, fiber pattern, and
cell appearance were appreciated on qualitative review (Figure 2.11).

Immunohistochemistry

Results of immunohistochemical staining for Collagen I are presented in Figure
2.12. The TWOMBLI metrics of high-density matrix (HDM, the proportion of pixels in
an image corresponding to stained matrix) and alignment (the extent to which fibers
within the field of view are oriented in a similar direction) were considered for
quantification of global collagen fiber pattern. No statistically significant differences in
quantitative analysis of Collagen I IHC were noted between treatment groups.

DISCUSSION

This study sought to evaluate the potential of allogenic rat MSCs for tenogenic
differentiation in vitro and intralesional application in vivo. First, rat adipose-derived
and bone marrow derived stem cells were isolated, expanded, and characterized using
flow cytometry. According to the International Society for Cellular Therapy, the
minimum criteria for mesenchymal stem cells include cells that are plastic adherent in
standard culture conditions, express CD106, CD73 and CD90, and must not express
CD45, CD11b, or CD31 [14, 62]. Additional MSC markers include CD29, which should
be present in both bone marrow and adipose tissue, and CD44H, which is more specific
to bone marrow but can be found in adipose-derived stem cells [62]. In the current
project, rAdMSC exhibited clear positive expression of CD29, CD73, CD44H, CD90, and
CD106 and negative expression of CD11 b/c, CD45, and CD31 (Figure 2.2), but rBMSC
only exhibited apparent positive CD29 and CD106 expression; while these differences
could be a function of cell source or the specific isolation procedure, rBMSC flow
cytometric results for CD73, CD44H, and CD90 suggested a heterogenous cell line, as
indicated by the bimodal positive and negative peaks for each of these cell surface
markers [62]. The rBMSC lineage also produced inferior results when compared to
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rAdMSC in a proliferation assay (Figure 2.3). Adipose-derived mesenchymal stem cells
have been extensively utilized in tissue engineering due to their relative ease of
acquisition and expansion, and positive results in terms of tenogenic differentiation
potential have been reported in rat, equine, and human cell lineages [19, 25, 26, 62].
However, in a tenogenic differentiation trial testing cell response to BMP-12-enriched
differentiation media, similar isolation, characterization, and proliferation assays of
three rat mesenchymal cell lines (rBMSC, rAdMSC, and rat synovial membrane MSCs)
was conducted [43]. While all three lineages displayed upregulation of tendon-
associated markers including Scleraxis expression and Tnmd, TenC, and Col I
production, rBMSC displayed the highest degree of upregulation in response to BMP-
12, and the authors concluded that rBMSC exhibited superior tenogenic differentiation
capability as compared to rAdMSC and rat synovial membrane MSCs [43]. In the
current experiment, based on the suspected heterogenous nature of isolated rBMSC and
apparent differences in cellular proliferation, the decision was made to move forward
with isolated rAdMSC for further use in vitro and in vivo.

Two potential tenogenic factors, TGF-33 and CTGF, were chosen to evaluate
their isolated and combined effects on rAdMSCs in monolayer cell culture. The TGF-3
family of cytokines plays key roles in cell proliferation and tissue morphogenesis
during embryogenesis and loss of TGF-33 specifically (null mutants) directly correlates
with a loss of normal tendon phenotype [20]. Several studies have reported on the
tenogenic potential of TGF-33 with significant upregulation of tendon associated
markers including Scleraxis and Mohawk expression and Tnmd, TenC, cartilage
oligomeric matrix protein (COMP), and thrombospondin production in both two-
dimensional and three-dimensional culture [20, 24, 26, 27, 50]. One study compared the
tenogenic potential of TGF-31, TGF-32, and TGF-33 exposure on equine embryonic
stem cells as compared to equine tenocytes; while all three TGF-{3 ligands upregulated
Scleraxis expression in vitro, further upregulation of tendon-associated glycoprotein and
Col I production was only observed in embryonic stem cells cultured in TGF-33
differentiation media [24]. Following evaluation of isolated and combined exposure of
rBMSC to TGF-31, BMP-12, and CTGF/AA, Yin et al. proposed a stepwise tenogenic
differentiation protocol that consisted of isolated TGF-{31 stimulation for three days
followed by combined TGF-1/CTGF/AA stimulation for an additional seven days [23].
The current study aimed to expand upon these previous experiments by testing the
synergistic potential of TGF-33 and CTGF/AA in two-dimensional culture. Similar to
the results described in Barsby et al., TGF-3 was the most effective single tenogenic
factor in terms of cell morphological changes, cytoskeletal structure/integrity, and
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tendon-associated glycoprotein production [24]. While morphological changes and
upregulation of TenC and Tnmd were detected in all groups within eight days of
induction, a subjective loss of cell-to-cell connections (F-actin immunofluorescence) and
cytoskeletal integrity (F-actin and Col I immunofluorescence) was observed between
Days 4 and 8 of CTGF/AA and TGF-33/CTGF/AA exposure (Figure 2.5).

Previous studies have identified several key cellular morphology and orientation
changes that are associated with a tenogenic lineage including elongation of the cell into
a fibroblast-like morphology, orientation along a polar axis, and parallel alignment of
clustered cells in monolayer culture [17, 19, 25]. Several culture conditions have been
described to directly enhance MSC orientation and alignment during tenogenic
differentiation, including dynamic mechanical stimulation such as cyclic uniaxial
stretching or culture environment manipulation such as cellular attachment on an ECM
scaffold or microgrooved matrix [19, 63-65]. In a study assessing the effects of both
biochemical (TGF-33 and BMP-12) and environmental (three-dimensional culture on
decellularized tendon ECM scaffolds) stimulation of equine AAMSC toward a tenogenic
lineage, TGF-p3 exposure in monolayer culture conditions elicited similar effects to the
current study, including cellular elongation, migration resulting in parallel alignment,
and marked proliferation (see Figure 2.4) [25]; concurrently, equine AAMSC cultured in
TGF-p3-enriched media displayed widespread upregulation of Col I-A2, TenC, and
Scleraxis expression [25]. However, cellular alignment and uniform orientation along a
polar axis was superior in scaffold cultures compared to their monolayer counterparts,
and TGF-B3 exposure in scaffold culture resulted in only a transient upregulation of
Scleraxis and concurrent upregulation of osteopontin, an osteogenic marker. In the
current study, rAdMSC exposed to TGF-33 in monolayer culture exhibited distinct
spindle morphology by Day 4 of enriched media culture and migrated into
independently oriented clumps of parallel aligned cells. It is probable that
environmental stimuli, in the form of mechanical stimulation or manipulation of the
culture matrix, would enhance the observed tenogenic effects of TGF-33 and yield more
uniform orientation and superior ECM organization in future tenogenic differentiation
trials.

In contrast, cells in the CTGF/AA and TGF-33/CTGF/AA, while notably
exhibiting a spindle-like morphology earlier than cells in the TGF[33 group, did not
achieve the same degree of cellular alignment and organization (Figure 2.4). F-actin and
Col I immunofluorescence was utilized to assess the cytoskeletal integrity, ECM
organization, and overall cellular health of MSCs in this differentiation trial. The actin
cytoskeleton plays a role in cell migration, cytokinesis, endocytosis, and polarization
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and visualization of the interplay between filamentous actin networks in a cell can give
insight into active cellular mechanisms such as division, migration, growth, or
apoptosis [66]. Collagen Type I, while the primary component of tendon matrix, is a
non-specific, structural ECM component and visualization of Col I immunofluorescence
will allow for qualitative comparison of ECM deposition between treatment groups
[16]. Cells treated with TGF-33, CTGF/AA, and TGF-3/CTGF/AA displayed filipodia
extension, overall cell elongation, and parallel cytoskeletal conformation at cell
junctions on Days 1 and 4 of culture, but by Day 8 of culture, cells exposed to CTGF/AA
and TGF-33/CTGF/AA exhibited reduction in cytoskeletal size and loss of apparent cell-
to-cell connections. Qualitative review of Col I immunofluorescence revealed superior
collagen deposition in the TGF-3 group with a robust cytoskeletal network persisting
through Day 8 of culture. Most apparent as green hyperintense fluorescent artifact in
Figures 5 and 6 (CTGF/AA and TGF-3/CTGF/AA groups), a granular extracellular
byproduct was observed in all wells exposed to CTGF/AA, either alone or in
combination. This result was not described in previous studies utilizing CTGF/AA in
tenogenic differentiation and further characterization of the byproduct was outside of
the scope of this project [15, 23]; however, detrimental effects of byproduct
accumulation cannot be ruled out as a contributing factor to the poor survival and
relatively inferior tenogenic differentiation results in this group.

Immunofluorescent staining and quantification of the glycoproteins,
tenomodulin and tenascin C, served as downstream markers of effective tenogenic
differentiation. Tenascin C functions in tendon ECM to aid collagen fiber alignment and
orientation [17]; other tenogenic differentiation trials have reported a transient burst of
TenC production in the first few days of differentiation, followed by a gradual decline
in ECM concentration for the remainder of culture [50, 67]. Tenomodulin is a
transmembrane glycoprotein vital to tenocyte proliferation and tendon maturation [17];
it is a downstream product of the pathway activated by the Scleraxis transcription
factor, a well-accepted marker of tenogenic lineage, and increasing tenomodulin
concentrations in vitro are directly correlated to Scleraxis upregulation [68, 69]. In the
current experiment, significant upregulation of TenC immunofluorescence was noted
on Day of 8 culture in the TGF-33 and CTGF/AA groups compared to matched controls,
and significant upregulation of Tnmd immunofluorescence was first noted on Days 1, 4,
and 8 in the CTGF/AA, TGF-33, and TGF-33/CTGF/AA groups respectively. In
addition, cells in the TGF-B3 group exhibited a unique but consistent tenascin C
immunofluorescent signature characterized by high intensity fluorescence encircling
the nucleus and moderate intensity fluorescence adjacent to the cell membrane, first
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noted on Day 4 of culture. Similar patterns and relative intensity of TenC
immunofluorescence have been documented in other tenogenic differentiation or
tenocyte characterization trials [70, 71], and in an experiment assessing the effect of
BMSC coculture with mechanically stretched ligament fibroblasts, hyperintense TenC
immunofluorescent signature was directly correlated with TenC mRNA expression
quantified using reverse-transcription-quantitative polymerase chain reaction (RT-
qPCR) [72]. Therefore, based on superior tendon-associated glycoprotein expression
upregulation and appropriate morphologic, behavioral, and proliferative changes, we
can conclude that TGF-33 alone was the most effective tenogenic factor in this
experiment, and we can confirm that the rAdMSC lineage can be effectively directed
toward a tenogenic lineage in vitro.

Following characterization of the rAdMSC and confirmation of their tenogenic
potential in experimental conditions, we sought to evaluate the rAdMSC therapeutic
potential in vivo in an acute tendon injury model. Fibrin gel (fibrinogen/factor XIII
combined with thrombin/calcium chloride) was selected as the delivery vehicle for
intralesional MSC therapy to ensure the safety and proper localization of delivered cells
within the injured tissue [11]; widely used in cardiac, neurological, and plastic surgery,
tibrin gel is a biocompatible, biopolymeric substrate that allows for cell suspension for
delivery and facilitates cell adhesion, proliferation, and differentiation after
implementation [50, 53, 73]. To allow for accurate evaluation of the effect of rAdMSC
dose in the current experiment, control rats underwent Achilles injury as described and
received fibrin gel without mesenchymal stem cells; a potential therapeutic benefit of
fibrin gel cannot be ruled out and serves as a limitation to the current study.

Thirty days following left Achilles injury and intralesional rAdMSC
implantation, all rats were euthanized, and the left Achilles tendons were evaluated for
gross pathology, structurally assessed using histopathology, and compositionally
assessed using immunohistochemistry. On gross morphologic analysis, control tendons
exhibited marked adhesions to surrounding soft tissue and overlying skin and apparent
thickening of the remaining Achilles tendon was noted in four of six control rats;
adhesions were rarely observed in rAdMSC treated tendons and the overall appearance
of the stem cell treated Achilles tendons more closely resembled uninjured controls
with subjectively less scar tissue formation. Tendon has a comparatively poor capacity
for repair following injury, and primary healing is often prolonged and scar mediated
as opposed to regenerative [16]. Manifestations of scar tissue, adhesions, or fibrotic
scars on gross pathology give insight into ineffective remodeling on a microscopic scale,
including lack of compartmental collagen organization, chronic tissue inflammation,
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and loss of gliding functionality [74]. Qualitative structural and compositional
differences were noted on histopathology, including marked matrix disruption with
complete loss of parallel structure and polar orientation of matrix fibers in control
tendons and notable neovascularization without concurrent perivascular inflammation
or fat deposition in rAdMSC-treated tendons. However, no significant differences in
histological grades or quantitative assessment of Col I deposition (IHC) were noted
between rAdMSC-treated and control tendons, regardless of rAdAMSC dose. Several
reports of intralesional MSC therapy in acute tendon injury models corroborate these
tindings [7, 54, 75, 76]; for example, in an analysis of the therapeutic potential of stem-
cell-derived extracellular vesicles as compared to rBMSCs in a rat Achilles defect model,
tendons treated with rBMSCs alone yielded no significant difference in histological
grade or quantitative Col I:Col III ratio from control tendons [8]. In a chronic model of
equine superficial digital flexor tendon injury, intralesional injection of autologous
AdMSC suspended in serum (three weeks after lesion induction) yielded no significant
differences from controls in terms of gross histology, histological grade, vascularization,
or Col I deposition at 12- and 24-weeks post-injury [77]. Similar to previous
publications, no effect of MSC dose was appreciated in this experiment, either on gross
morphology or histopathologic evaluation [28, 29, 31]; this challenges the notion that
more cells are indeed better, and in this experiment, suspension and delivery of 4 x 10°
rAdMSC into a subjectively small lesion without significant cellular loss or compromise
was difficult. Saether et al. noted a MSC-dose dependent difference in innate immune
response characterized by higher concentrations of pro-inflammatory cytokines and M1
macrophages in rat medial collateral ligaments treated with high dose (4 x 10°) MSCs as
compared to those treated with low dose (1 x 10¢) MSCs [28]. It has been suggested that
the immunomodulatory potential of MSCs may not be unconditional, and high doses of
MSCs can still induce an immune response through MCH II upregulation in certain
environmental conditions or direct stimulation through toll-like receptor recognition of
pathogen-associated molecular patterns [13, 14]. Based on this and previous studies, we
suggest that increasing MSC dose may not be therapeutically beneficial and future
studies to elucidate an optimal therapeutic dose for intralesional MSC implantation are

necessary.

CONCLUSIONS

Rat adipose-derived and bone marrow-derived stem cell lineages were isolated
and compared using flow cytometry for stem cell surface markers and using
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proliferation (MTS) assays. Rat AAMSC displayed superior proliferation and more
homogenous CD73, CD44H, and CD90 expression as compared to rBMSC. Tenogenic
differentiation potential of the rAdMSC lineage was tested through isolated and
combined TGF-33 and CTGF/AA stimulation, and the most effective tenogenic factor in
terms of cellular morphology change, cell alignment/orientation, sustained cellular
viability, and tendon-associated glycoprotein upregulation was TGF-33. Therapeutic
potential of undifferentiated rAdMSC were assessed using a rat acute Achilles tendon
injury model; on gross morphology, rAdMSC treated tendons exhibited fewer
adhesions and subjectively less scar tissue and tissue thickening, but no significant
differences in histological grade or tissue Col I deposition was noted between rAdMSC
and control tendons. No effect of mesenchymal stem cell dose was noted on gross
pathology or histopathological analysis.
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APPENDIX

Score

Fiber Structure and
Arrangement

Normal; compact, parallel,
and long fibers

Slight fragmentation; mildly
wavy, disorganized fibers

Moderate fragmentation and
disorganization; crossed,
wavy, and short fibers

Severe disorganization with
no appreciable pattern; short
and fragmented fibers

Cell Density

Normal

Slightly
increased

Moderately
increased

Markedly
increased

Cell Appearance

Long, spindle-
shaped cells with
elongated nuclei

Slightly rounded
cells

Moderately
rounded cells

Markedly rounded

cells with distinctly

round nuclei

Inflammation

<10%

10-20%

20-30%

>30%

Neovascularization

Normal appearance
and number of
vascular bundles

Slight increase in
vascularity

Moderate increase in
vascularity

Marked increase in
vascularity

Fatty Deposits

Normal; no lipid
deposits

Slight increase in
lipid deposits

Moderate
increase in lipid
deposits

Marked increase
in lipid deposits

Figure 2.1: Histological Grading Scale as Described by Girolamo et al. (2019).
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Figure 2.2: Flow Cytometry Results for rAdMSC and rBMSC. These results illustrate a
homogenous population of CD29, CD73, CD44H, and CD90 positive rAdMSCs and a
heterogenous population of rBMSCs with mixed positive and negative results at the

same foci.
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Figure 2.3: Proliferation and Viability Assays of rAdMSCs and rBMSCs. The solid
line represents average absorbance at 490 nm at Days 1, 3, 5, and 7, and the dashed line

represents the linear trendline for the respective data; the coefficients of determination
(R? values) of linear regression are reported in the upper right corner of each graph.
Representative confocal images of calcein AM stained cells at each timepoint are
included below the respective cell lineage’s graph. Scale bar =100 pum.
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CTGF

TGFB3/CTGF

Control
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Figure 2.4: Tenogenic Differentiation Trial, Bright Light Phase-Contrast Microscopy.
rAdMSCs were maintained in complete medium alone (Control) or were exposed to
either TGF-33 (10 ng/ml), CTGF (100 ng/ml) with 50 pug/ml ascorbic acid, or TGF-$3 (10
ng/ml), CTGF (100 ng/ml), and 50 pg/ml ascorbic acid. Representative images from
Days 0, 1, 4, and 8 of the Control, TGF-{33, and CTGF groups and Days 0, 1, 3, and 6 of
the TGF-3/CTGF group are depicted above to illustrate the change in cellular
morphology, orientation, alignment, and extracellular matrix. Scale bar = 100 pum.
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Figure 2.5: Collagen Type I and F-Actin Immunofluorescence and Cellular
Quantification. Expression of collagen Type I (green) and F-actin (red) in rAdMSCs
exposed to various growth factor enriched media at Days 1, 4, and 8 of culture; cell
nuclei counterstained with DAPI (blue). Mean values of DAPI stained nuclei counts are
depicted in the accompanying chart; cell counts significantly decreased between Day 1
and Days 4 and 8 in the group treated with TGFB3/CTGF/AA. Scale bar =100 pm. “**”
represents p<0.01 in pairwise comparison.
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‘ TGFB3/CTGF ‘

DAPI
Tenascin C

‘ Control ‘

Figure 2.6: Tenascin C Immunofluorescence and Quantification. Expression of
tenascin C (green) in rAdMSCs exposed to various growth factor enriched media at
Days 1, 4, and 8 of culture; cell nuclei counterstained with DAPI (blue).
Immunofluorescence staining of tenascin C was significantly upregulated in the groups
treated with CTGF/ascorbic acid (AA) and with TGFB3 on Day 8. Scale bar = 100 pm.

e

represents p<0.05 in pairwise comparison.

63



--- d Positive Cells to Totzal Cell Count
r t"l
: \;. ’LI
' =
Tenomodulin

Figure 2.7: Tenomodulin Immunofluorescence and Quantification. Expression of

| cTeF | \ TGFB3 |

| TGFB3/CTGF ‘

‘ Control ‘

tenomodulin (green) in rAdMSCs exposed to various growth factor enriched media at
Days 1, 4, and 8 of culture; cell nuclei counterstained with DAPI (blue).
Immunofluorescence staining of tenomodulin was significantly upregulated in the
group treated with CTGF/ascorbic acid (AA) on Day 1, in the group treated with TGF(33
on Day 4, and in the groups treated with CTGF/AA, TGF[33, and TGF3/CTGF/AA on
Day 8. Scale bar =100 um. “*” represents p<0.05 and “**” represents p<0.01 in pairwise
comparison.
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Dil Staf MSCs Fibrin Gel

Liquid Fraction

Figure 2.8: Fibrin Gel Cellular Uptake. Inmunofluorescent images of equine
mesenchymal stem cells (red) suspended in fibrin gel. The image on the left highlights
cellular suspension within the gel and the image on the right highlights the relative
concentrations of cells entrapped in the gel compared to those remaining in the liquid
fraction residual from fibrin gel fabrication. Scale bar = 100 pm.

4x108 MSC 5x10° MSC Control

Figure 2.9: Gross Pathology. Gross appearance of the rat Achilles tendon 30 days after
tendon injury and intralesional rAdMSC treatments at the indicated dosages
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Figure 2.10: Histological Grading. Results of histological grading (H&E) in terms of

tiber structure, cell density, cell appearance, inflammation, neovascularization, and

tatty deposits; color corresponds to histological grade and color bar height indicates the

percentage of the indicated treatment group assigned that histological grade. No

statistically significant differences in histological grade were detected between the high

dose, low dose, and control groups in any category.
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Figure 2.11: Histological Staining and Quantification. Histological staining of rat
Achilles tendon 30 days after tendon injury and treatment compared to uninjured rat
Achilles tendon. H&E staining highlights cellular density, architectural changes to the
tendon matrix, cellular morphology, and abnormal vascularization or fat deposition
within the tissue. Masson’s Trichrome staining highlights changes in the tendon
extracellular matrix with more normal tendon tissue (blue) and muscle (bright red)
differentiated from abnormal matrix (dull red). Gomori’s Reticulin stain highlights
abnormal reticular fiber conformation and overall organization of fibrous tissue within
the tendon. Scale bar = 100 um. Mean cell counts on H&E-stained samples are depicted
to the right. “**” represents p<0.01 in pairwise comparison.
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Figure 2.12: Collagen Type I Immunostaining and TWOMBLI Analysis. Collagen
Type I immunostaining of rat Achilles tendon 30 days after tendon injury and treatment
compared to normal, uninjured rat Achilles tendon. Scale bar = 100 um. Quantitative
TWOMBLI metrics of high-density matrix and matrix alignment are presented in the
chart above. No significant differences in quantitative analysis of collagen I IHC were
noted between treatment groups.
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CHAPTER III:

ASSESSMENT OF GAIT FOLLOWING LOCKING PLATE FIXATION
OF A TIBIAL SEGMENTAL DEFECT AND CAST IMMOBILIZATION
IN GOATS
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ABSTRACT

The purpose of this study was to analyze the effects of locking plate fixation used
for bridging of tibial segmental ostectomy and of cast immobilization on gait
biomechanics in goats. We hypothesized that stable fixation of a segmental bone defect,
using a locking plate construct, would result in minimal changes in biomechanical
variables of gait in goats, but full-limb immobilization would result in lasting
alterations in the immobilized limb’s gait kinetics. A pressure-sensing walkway was
used to measure biomechanical characteristics for stride, gait, and walking vertical
force. Thirteen, non-lame adult Boer-cross goats were trained to walk over a pressure-
sensing walkway prior to instrumentation. Segmental ostectomy was performed on the
right hind tibia of each goat and the defect was stabilized using bridging plate fixation
with a locking compression plate. Per the protocol of an ongoing orthopedic study, the
same goats underwent right hindlimb cast immobilization between one and four
months postoperatively. Data was collected preoperatively and then over twelve
months postoperatively in goats with unrestricted mobility. Statistical analysis revealed
no significant alterations in hindlimb kinematics or maximum force when comparing
the period after surgery with that after cast immobilization; significant decreases in
forelimb stride length and velocity were noted postoperatively but normalized prior to
cast placement, suggesting the overall functional stability of fixation. Cast
immobilization had a profound and sustained effect on gait with significant alterations
in both forelimb kinetics and hindlimb kinetics and kinematics for the remainder of the
trial period; increased hindlimb asymmetry characterized by greater weight
distribution and impulse to the left hindlimb was observed, suggesting the potential for
long-term and/or permanent detrimental effects of prolonged limb immobilization.
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INTRODUCTION

Small ruminants such as sheep and goats remain an important species model for
translational bone healing research, effectively modeling human osteoporosis,
osteoarthritis, bony trauma, and fracture physiology [1-4]. The caprine tibial segmental
defect model of bone healing is well described and offers the opportunity to model
multiple in vivo healing prognostic factors such as defect size, anatomic location, and
soft tissue coverage [2, 5, 6]. Benefits of the caprine model include clinically relevant
body weight and long bone dimensions to human subjects allowing use of human
implants, bone tissue macro- and microstructural similarities to human bone, similar
metabolic and bone remodeling rates to those of human bone, subject trainability, and
affordable housing and upkeep in normal group social structure [1, 5, 7, 8]. The caprine
model of segmental ostectomy also allows for translational capability in biomaterials
and tissue engineering research when combined with plate fixation [9]. Plate
osteosynthesis with rigid fixation (ie. dynamic compression plate, limited contact
dynamic compression plate, and locking plate) represents the standard treatment for
metaphyseal fractures, and it provides long-term stabilization while leaving an open
space for biomaterial/ construct implantation [5, 7, 10]. However, at the early stages of
tixation, this technique diverts load eccentrically from the tibial shaft to the plate, and
the balance of fixation rigidity and mechanical stimulation across the
fracture/ostectomy site remains a focus of biomedical research [10-12]. The dynamic
compression plate (DCP) offers adequate biomechanical stiffness of fixation, but it is
associated with potential complications from excessive periosteal contact and pressure
including potential avascular necrosis and/or impaired healing [7, 13, 14]. The limited
contact DCP (LC-DCP) reduces the area of periosteal contact and inherent contact-
related risks, but it still relies on the plate-bone interface for fixation stability [13].
Conversely, locking plate fixation relies on the screw plate interface for fixation stability
and can maintain sufficient strength in cases with weak metaphyseal bone (ie.
osteoporosis, osteomalacia, or severe fracture comminution) that would warrant tissue
engineering or biomaterial-based intervention [12, 15]. This construct carries similar
mechanical stability to external fixation but reduces risks associated with long-term
external fixation including infection or patient-associated trauma to the fixation [6, 10-
12]. Studies have confirmed similar rates and quality of fracture healing between DCP
and locking plate fixation, despite a significant increase in fixation rigidity with the
locking plate [13, 16]. However, few studies describe biomechanical analysis of gait
following locking plate fixation of segmental ostectomy, assessing the subject’s
perceived stability of fixation and subsequent weight distribution [17, 18]. Given the
translational importance of the caprine and ovine tibial segmental ostectomy models in
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biomaterials research, further characterization of the subject’s biomechanical response
to surgery is necessary.

Cast immobilization is a common clinical practice in both human and veterinary
medicine, allowing for necessary immobilization and stability for bone, ligament,
tendon, and other soft tissue healing [19, 20]. However, prolonged cast immobilization
is associated with common, severe complications including muscle atrophy,
intramuscular fibrosis, joint contracture, central and peripheral neural impairment,
venous thromboembolism, tendon atrophy, cartilage degeneration, hyperalgesia, and
osteoporosis [19-25]. Despite ample research into the biomechanical changes in gait
induced during joint immobilization and into the physiologic effects of cast placement
on bone, muscle, tendon, and nervous tissue, few studies document long-term
alterations in gait following long-term immobilization [23, 26-29]. Caplan et al.
described significantly reduced plantar-flexor strength and overall balance impairment
after only seven days of ankle immobilization in a prospective human trial [26]. In an
equine prospective trial testing the effect of distal limb cast immobilization for 56 days,
Stewart et al. observed a 24-fold increase in the likelihood of lameness after cast
placement, and complications such as lameness, deep digital flexor tendonitis,
decreased metacarpophalangeal joint range of motion, and increased sensitivity to
flexion that did not resolve during a 12-week rehabilitation period after cast removal
[19]. We aimed to further add to the body of knowledge regarding the effects of
extended full limb cast immobilization using serial biomechanical assessment of gait in
goat models used in orthopedic research.

Biomechanical assessment of gait via plantar pressure sensing technology
provides an objective tool for use in orthopedic research to monitor response to
treatment, lameness, and animal welfare [30]. Historically, both subjective and objective
measurements of gait have been employed to detect pain in goats. Subjective modalities
include visual lameness scores, behavior scoring, and numeric rating scales, but these
methods are variable and prone to biases including observer effect and categorical bias
(in which an increase in lameness score does not correspond to an equivalent degree of
behavioral change) [31-33]. Objective modalities include biomechanical assessment of
gait, infrared thermography of an area of interest, pedometer and accelerometer
tracking, and biochemical analysis such as plasma cortisol [30-32, 34]. The number of
studies utilizing two-dimensional and three-dimensional biomechanical investigation of
gait in veterinary research are rapidly increasing, and implementation of biomechanical
gait analysis adds weight to both veterinary and translational interpretation of results
[35, 36]. In particular, biomechanical analysis of gait via pressure sensing systems is a
portable, time-efficient and affordable option for quantitative and serial evaluation of
orthopedic pain, and, as opposed to ground reaction force measurement with force
plates, it allows the observer to evaluate multiple steps within and among strides in the
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same pass [30, 37, 38]. Multi-step analysis enables determination of paired limb
symmetry in quadrupedal research species, and calculated asymmetry indices,
described as a percentage of paired-limb symmetry, allow for subject-to-subject
comparison without confounding factors of heterogenous body size, conformation,
body mass, and gait velocity [38-41]. The current study utilizes long-term monitoring of
plantar pressure to evaluate goats” biomechanical responses to surgical stabilization of
tibial segmental ostectomy and to extended full limb cast immobilization. We
hypothesized that stable fixation of a segmental bone defect, using a locking plate
construct, would result in minimal changes in biomechanical variables of gait, but full-
limb immobilization would result in alterations in gait kinetics of the affected limb.

MATERIALS AND METHODS

Goats

The goats involved in this study were part of an orthopedic research project
assessing bone healing over 12 months. Thirty-two female, Boer-cross adult goats were
purchased from a licensed, commercial vendor. Criteria for inclusion in this study were
goats who completed the 12-month duration orthopedic research study of segmental
defects that are non-load sharing and who had complete sets of biomechanical data at
the desired time points. All study procedures were approved by the University of
Tennessee Animal Care and Use Committee (protocol number 2741) and adhered to the
National Institute of Health’s Guide for the Care and Use of Laboratory Animals [42].
Of the thirty-two goats enrolled in the ongoing orthopedic research project, thirteen
female Boer-cross, adult goats weighing 52.8 + 7.9 kg (range 29-67 kg) met inclusion
criteria for this study. Preoperatively, goats were judged to be free of lameness based on
a visual lameness score of 0 out of 4. Hooves and feet were inspected and trimmed to
ensure consistent, normal balance and conditioning. Preoperatively, goats were housed
in small group pens in groups of four to six (=17 ft? per goat); postoperatively, goats
were housed individually in adjacent pens (=20 ft? per goat). Flooring included a layer of
wood shavings laid on top of rubber mats over concrete flooring in a conditioned
housing facility for the duration of the study. The goats were fed a balanced ration of
grass hay, supplemental grain mix, and alfalfa as needed based on body condition and
weight change. Free choice fresh water was provided via automatic waterers in group
housing and in water buckets in individual pens. Goats were weighed at study entry,
weekly for the first thirty days postoperatively, and monthly for the remainder of the
study.
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Surgery

A mid-diaphyseal segmental ostectomy was performed on the right hind tibia of
each goat, and it was stabilized using a custom-designed low contact round double
threaded 8-hole, 4.5-mm thick locking plate (Veterinary Orthopedic Implants, St.
Augustine, FL, USA) with a solid central portion between the screw holes [5]. The plate
was stabilized with eight 4.0-mm diameter locking-head self-tapping screws
(Veterinary Orthopedic Implants, St. Augustine, FL, USA), four in the proximal
segment and four in the distal segment.

Surgical procedures were as follows. Goats received perioperative antibiotics
(ceftiofur sodium 2.2 mg/kg IV, q12h, Zoetis®, Parsippany, NJ., USA, and
oxytetracycline 20 mg/kg IV, single dose, Zoetis®, Parsippany, NJ., USA), non-steroidal
anti-inflammatory medication (flunixin meglumine 1.1 mg/kg IV, q12h, Merck®,
Keniworth, NJ, USA), and opioid analgesic (fentanyl transdermal patch 75 mcg/h,
placed 12 hours preoperatively, Mallinckrodt, Surrey, UK). After placement of a jugular
intravenous catheter (18GA x 2 in polyurethane catheter, Terumo Medical Corporation,
Somerset, NJ., USA), goats were sedated with xylazine (0.05 mg/kg IV, MWI Animal
Health, Boise, ID, USA) and induced into general anesthesia using a mixture of
ketamine hydrochloride (5 mg/kg IV, MWI Animal Health, Boise, ID, USA) and
midazolam (0.25 mg/kg IV, West-Ward Pharmaceuticals, Eatontown, NJ, USA) titrated
to effect. The goats were intubated, and general anesthesia was maintained using
isoflurane vaporized into oxygen (1-2 L/min, MWI Animal Health, Boise, ID, USA) and
administered via endotracheal intubation. Goats were placed in dorsal recumbency and
the right hindlimb was suspended in an extended position, clipped, cleaned, and
aseptically prepped. A roughly 20 cm incision was made along the medial surface of the
tibia, extending from immediately proximal to the medial malleolus to immediately
distal to the medial condyle of the tibia. The periosteum was stripped from the bone
surface using periosteal elevators (Veterinary Orthopedic Implants, St. Augustine, FL,
USA). The locking plate was applied to the craniomedial surface of the tibia and
stabilized with screws. Screws were placed using standard techniques, in brief: a 3.2
mm diameter locking-head drill sleeve (Veterinary Orthopedic Implants, St. Augustine,
FL, USA) was secured in the intended hole of the locking plate, a guide hole was drilled
using a battery-powered orthopedic drill (Model Number: ND-1001, Anhui, China) and
3.2-mm diameter drill bit (Veterinary Orthopedic Implants, St. Augustine, FL, USA)
with continuous lavage with sterile saline for cooling and debris clearance, depth and
appropriate screw length were determined using a depth gauge (Veterinary Orthopedic
Implants, St. Augustine, FL, USA), and each self-tapping screw was manually driven
into the bone using a hand-held screwdriver (Veterinary Orthopedic Implants, St.
Augustine, FL, USA). After initial placement of screws in the 1st, 4th, 5th, and 8th
position with unicortical engagement, the plate was distracted away from the bone to
allow for ostectomy using an oscillating bone saw (DEJUN, Shenzhen, China) to create a
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2.0 cm segmental defect in the mid-diaphysis. The plate was realigned in contact with
the bone and all screws were hand tightened until tight engagement between the screw
and plate threads. Soft tissues were closed in a routine fashion and a full limb bandage
with medial and lateral plastic splints (Premier1Supplies, Washington, IA, USA) that
spanned the limb from foot to stifle was applied for recovery. Postoperatively, the goats
were continued on an antibiotic (ceftiofur sodium 2.2 mg/kg IV, q12h, Zoetis®,
Parsippany, NJ., USA) and nonsteroidal anti-inflammatory medication (flunixin
meglumine 1.1 mg/kg IV, q12h, Merck®, Keniworth, NJ, USA) for three days.
Supplemental analgesia was provided via a transdermal opioid (fentanyl patch 75
mcg/h, q72h, Mallinckrodt, Surrey, UK) and/or a non-steroidal anti-inflammatory
medication (meloxicam 0.5-1 mg/kg PO, g24h, MWI Animal Health, Boise, ID, USA) at
the discretion of the attending veterinarian. Immediately after surgery, goats were
maintained in full limb bandages with medial and lateral plastic splints
(Premier1Supplies, Washington, IA, USA) that spanned the limb from foot to stifle for
the first month. Bandage changes occurred every two days for the first two weeks, then
twice weekly for the remainder of the month.

Cast Immobilization

Based on the ongoing research protocol, goats included in this study had full
limb casts placed on the treated limbs for a period of three months, beginning one
month after surgery. Casts were changed monthly. Briefly, each goat was sedated using
midazolam (0.25 mg/kg IV, West-Ward Pharmaceuticals, Eatontown, NJ, USA) and
xylazine (0.01-0.02 mg/kg IV, MWI Animal Health, Boise, ID, USA) and placed in left
lateral recumbency. A fiberglass cast was placed on the right hindlimb encasing the
hoof and extending proximally to the level of the femorotibial joint. Goats were
maintained in individual housing (220 ft> per goat) throughout the immobilization
period. Following cast removal, the goats were transitioned to a full limb bandage with
medial and lateral plastic splints that spanned the limb from foot to stifle. Bandages
were changed twice weekly for a minimum of two weeks and then the goats were
returned to unrestricted activity. Biomechanical data collection was reinitiated when the
goat had returned to unrestricted mobility.

Biomechanical Data Collection

Gait parameters were objectively assessed using an automated, real-time
pressure sensing system (Walkway Pressure Mapping System, Tekscan Inc., South
Boston, MA, USA) with a sensor matrix of 87.1 cm by 36.9 cm and a sensor density of
1.4 sensors/cm?2. The mat was calibrated and equilibrated according to the
manufacturer’s instructions. Recordings were manually triggered and ended by the
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investigator based on the goat’s approach and exit from the mat. Maximum recorded
frames were set at 1000 frames with a recording rate of 15 frames per second. Goats
were trained to walk on a halter through an alleyway that housed the mat into a small
pen (~20 sq. ft.). The mat was placed at the midpoint of the alley and covered with a
soft, rubber overlay for device protection and to avoid slipping during ambulation. One
side of the alleyway was formed using a single plexiglass barrier to allow for
perpendicular video recording of each pass (Figure 3.1, please see chapter appendix for
all figures and tables). Prior to training, goats were weighed on a digital scale and the
weight was recorded in the computer system software for future data. Prior to surgery,
the goats were trained to walk at a uniform pace across the mat from a starting handler
to a second handler holding a halter with long lead. The lead was held without tension
applied to the halter during the pass to allow for free movement at a normal pace. The
investigator was positioned at the midpoint of the mat and each pass was recorded
using a digital video camera (Microsoft LifeCam Cinema, Microsoft Corporation,
Redmond, WA, USA) with the same frame rate of 15 frames per second and positioned
at the same location as the investigator to allow for accurate determination of extremity
strike and overall gait.

Biomechanical assessment of gait was collected from the three best-fit recordings
in one direction, on each of the following timepoints: preoperative (Day -1) and Days 1,
7, 30, 180, 240, 300, and 360 postoperative. The Day 1, Day 7, and Day 30 timepoints
were obtained after surgery and without external coaptation. The remaining
postoperative timepoints occurred after goats had reached unrestricted mobility
following cast immobilization of the treated hindlimb. During each data collection
session, each goat was walked across the mat until at least three valid walking passes
were obtained. A valid walking pass was defined as traversal of the mat at a
progressive and calm walking gait with all four limbs having at least one contact with
the pressure sensing surface and without stopping, excessive lateral or medial
deviation, distraction, or tension applied on the halter. The data from the first three
valid passes on each day were recorded and averaged for each goat and this averaged
data was used for further analysis. On Days 1, 7, and 30 postoperatively, each goat’s
splint bandage was removed prior to pressure mat analysis and replaced immediately
after each day’s data collection was completed. At the completion of each session,
pressure-sensing data was exported from the Tekscan software to Microsoft Excel
(Microsoft, Redmond, WA, USA) for backup and storage within an external hard drive
(Seagate Technology, Cupertino, CA, USA).

Kinematic variables of interest included the number of stances, gait time-front
(sec), gait distance-front (cm), gait velocity-front (cm/sec), cycles per minute, stance time
(sec), swing time (sec), stride time (sec), stride length (cm), and stride velocity (cm/sec).
Kinetic variables of interest included maximum vertical force (kg), maximum vertical
force normalized to body weight (%BW), vertical impulse (kg*sec), vertical impulse
normalized to body weight (%BW?*sec), and maximum peak pressure (kPa). These
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variables were defined as previously reported [30]. Maximum force (kg) and maximum
force normalized to body weight (%BW) were collected during the stance phase of each
extremity, and when multiple stances were present within the same pass, the values
were averaged for further data analysis. Impulse (kg*sec) and impulse normalized to
body weight (%BW*sec) utilized the average impulse for a given extremity.

Asymmetry Indices

To further characterize the effects of surgery and cast immobilization on gait,
asymmetry indices (ASI) were employed for both the forelimbs and hindlimbs as
previously described [40,41]. Briefly, data was transformed using the following
equation:

n 1 RL-LL
== X—X
2 RL+LL

where RL is the right limb and LL is the paired left limb. Asymmetry indices were
calculated for the variables of limb stance time, stride length, stride velocity, normalized
maximum vertical force, normalized maximum impulse, and maximum peak pressure.
Variable-specific ASI values, expressed as percent asymmetry, with a value of 0
reflecting perfect symmetry between paired limbs, were generated for each timepoint
for each goat and were utilized for statistical analysis.

100

Statistical Analysis

Descriptive statistics for each kinematic and kinetic variable of interest were
generated, including the mean, standard deviation, range, minimum, and maximum
values. The effects of time and limb on kinematic and kinetic variables were analyzed
using mixed model analysis for randomized block design, respectively, with the
individual animal as the block effect. Ranked transformation was applied when
diagnostic analysis using Shapiro-Wilk test and Levene’s test on residuals exhibited
violation of normality and equal variance assumption. Post hoc multiple comparisons
were performed with Tukey’s adjustment.

Asymmetry indices were calculated for limb stance time, stride length, stride
velocity, normalized maximum vertical force, normalized maximum impulse, and
maximum peak pressure as described above for all timepoints completed by each goat.
Descriptive statistics were generated including mean, standard deviation, and range.
ASI were analyzed using repeated-measures analysis of variance and post hoc
comparisons were performed with Tukey’s adjustment. All biomechanical and
asymmetry analyses were conducted in SAS 9.4 TSIM7 (SAS Institute Inc., Cary, NC,
USA), and statistical significance was identified at the level of 0.05.

78



RESULTS

Goats

All goats completed the study to the 12-month endpoint. Due to a software error,
data loss was sustained for five goats, affecting the Day 1, Day 7, and Day 30
timepoints. The adjusted sample sizes are reported in Tables 3.1-3.3. Briefly, data from
12 of 13 goats was included in the Day 1 and Day 7 subsets, and data from 10 of 13
goats was included in the Day 30 subset.

Post-Surgical Biomechanics (Days 1-30)

Limb-specific kinematics are presented in Table 3.1 and the variables of stance
time, stride length, and stride velocity are illustrated in Figure 3.2 (forelimbs) and
Figure 3.3 (hindlimbs). During the initial postoperative period, prior to limb
immobilization, significant shortening of stride length was noted in the right forelimb (p
=0.010) and left forelimb (p = 0.026) on Day 1 compared to preoperative baseline, but
stride length normalized by the Day 7 and Day 30 timepoints. No significant changes in
hindlimb kinematics were appreciated during the first thirty days postoperative.

Limb-specific kinetics are presented in Table 3.2 and the variables of weight-
normalized maximum vertical force, weight-normalized impulse, and maximum peak
pressure are illustrated in Figure 3.2 (forelimbs) and Figure 3.3 (hindlimbs). No
significant alterations in forelimb kinetics were appreciated in the first thirty days
postoperative. Right hindlimb impulse (%BW?*s) and maximum peak pressure
decreased postoperatively compared to preoperative baseline, reaching significance on
Day 30 (p = 0.041 and p = 0.001, respectively), but no significant change in left hindlimb
kinetics was noted.

Post-Immobilization Biomechanics (Days 180-360)

Post-immobilization limb-specific kinematics are included in Table 3.1 and
Figures 2 and 3. Significant shortening of forelimb stride length compared with
preoperative baseline was found at all post-immobilization timepoints (p < 0.003). In
addition, average right forelimb stride lengths on Days 240 and 360 were significantly
shorter than that on Day 30 (p = 0.006 and p = 0.025, respectively). Similarly, average left
forelimb stride lengths on Days 180, 240, and 360 were significantly shorter as
compared with that on Days 7 (p = 0.020, p = 0.003, and p = 0.010, respectively) and 30 (p
=0.042, p = 0.008, and p = 0.025, respectively). Significant decreases in forelimb stride
velocity compared with Day 30 were found for the right forelimb on Days 240, 300, and
360 (p = 0.024, p =0.049, and p = 0.029, respectively) and for the left forelimb on Days
180, 240, 300, and 360 (p = 0.003, p = 0.014, p = 0.037, and p = 0.018, respectively).
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Throughout the entire postoperative period, no significant alterations in forelimb stance
time, swing time, or stride time were noted.

Hindlimb stride length was significantly shortened compared to preoperative
baseline at all post-immobilization timepoints with the exception of Day 300 for the left
hindlimb (p < 0.015 for RH Days 180, 240, 300, and 360 and LH Days 180, 240, and 360).
In addition, left hindlimb average stride lengths on Days 180, 240, and 360 were
significantly shorter than that of Day 30 (p = 0.018, p <0.001, and p = 0.020, respectively).
Left hindlimb stance time was significantly less on Days 180 and 240 compared to
preoperative baseline (p = 0.010 and p = 0.029). Both left and right hindlimb stride
velocity was significantly less on Day 240 compared to their respective preoperative
baselines (p = 0.020 and p = 0.003, respectively). In addition, left hindlimb average stride
velocities on Days 180, 300, and 360 were significantly less than that of Day 30 (p = 0.007,
p <0.001, and p = 0.034, respectively). Finally, left hindlimb stance times on Days 180
and 240 were significantly greater than preoperative baseline (p = 0.010 and p = 0.029,
respectively). Although reciprocal lessening of right hindlimb stance time can be
appreciated in Table 3.1, these differences were not statistically significant. Throughout
the entire postoperative period, no significant differences in left hindlimb stride time
and in right hindlimb stance, swing, and stride times were noted.

Post-immobilization limb-specific kinetics are included in Table 3.2 and Figures
3.2 and 3.3. No significant alterations in forelimb kinetics were noted post-
immobilization. For the left hindlimb, normalized impulse (%BW*s) on Day 240 was
significantly greater than preoperative baseline (p = 0.019), but no significant changes in
maximum vertical force (%BW) or maximum peak pressure (kPa) were appreciated.
Significant alterations of right hindlimb kinetics were noted for all variables throughout
the post-immobilization period. Right hindlimb maximum vertical force (%BW) and
maximum peak pressure values were significantly less than preoperative baseline on
Days 180, 240, 300, and 360 (p < 0.005). Right hindlimb impulse (%BW*s) was
significantly less than preoperative baseline on Days 180, 300, and 360 (p < 0.005).

Asymmetry Indices

Asymmetry index values, expressed as % asymmetry for stance time, stride
length, stride velocity, maximum vertical force, impulse, and maximum peak pressure,
are presented in Table 3.3 and illustrated in Figure 4. No significant changes in forelimb
asymmetry indices were found. No significant differences in stride length, stride
velocity, and maximum peak pressure asymmetry indices were found. Hindlimb stance
time ASI was significantly greater than baseline on Days 1, 180, 240, 300, and 360 (p =
0.006, p <0.001, p=0.026, p =0.004, and p = 0.006, respectively). Hindlimb maximum
force ASI was significantly greater than preoperative baseline on Days 180 and 300 (p =
0.028 and p = 0.022, respectively), and hindlimb impulse ASI was significantly greater
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than baseline on Days 180, 240, 300, and 360 (p < 0.001, p = 0.013, p <0.001, and p = 0.002,
respectively).

DISCUSSION

This study is the first of its kind to characterize the effects of locking plate
stabilization of tibial segmental ostectomy and extended cast immobilization on the
biomechanical characteristics of gait in goats. The results of this study showed that
goats recovered substantially from creation of the surgical model in the first 30 days
after surgery; however, prolonged immobilization of the limb resulted in profound
alterations in gait kinetics of the affected limb. Notable findings can be categorized
temporally into two postoperative periods: pre-immobilization and post-
immobilization. Pre-immobilization biomechanical analysis supported our hypothesis
and documented the short-term functional stability of locking plate fixation of bone
defects. However, marked alterations in gait kinetics and kinematics were noted post-
immobilization, suggesting the potential for long-term and/or permanent detrimental
effects of prolonged limb immobilization. Unfortunately, the study design of the
ongoing orthopedic research project limited our ability to define or control the factors
associated with alterations in gait. However, the results reported here could be used to
design more specific studies in which risk factors can be isolated.

An important finding in this study is that the transient significant alterations in
gait kinematics associated with the locking plate model used in goats normalized by 30
days postoperative. Initially, forelimb stride length significantly decreased bilaterally
despite increased stance time. Interestingly, concurrent significant changes in hindlimb
kinematics were not present on Day 1, but a significant increase in hindlimb stance time
asymmetry was detected. Taken together, these kinematic alterations describe
voluntary gait alteration to compensate for surgically induced lameness. Similar
shortening of forelimb stride length and increase in forelimb stance time in response to
hindlimb lameness were observed in an ovine segmental ostectomy model stabilized
with external fixators [17,18]. These kinematic alterations create an offloading effect,
allowing for more weight to be distributed across the three unoperated limbs. Although
postoperative reductions in right hindlimb maximum vertical force, impulse, and
maximum peak pressure were mirrored by increases on the forelimbs and left hindlimb,
these compensatory kinetic changes did not reach significance. Kinematic alterations in
gait normalized by Day 30 postoperative, supporting the overall functional stability of
ostectomy fixation using the locking plate.

Kinetic depreciations in right hindlimb impulse and maximum peak pressure
were noted in the pre-immobilization period. This represented an offloading effect
similar to that described in an ovine model of tibial segmental ostectomy stabilized by a
rigid external fixator, with maximal offloading (defined as local minima in maximum
vertical force on the operated limb) occurring at two weeks postoperative and with
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normalization by nine weeks postoperative [17,18]. However, as interfragmentary
stability was experimentally decreased, the offloading effect became more pronounced
and rapid, reaching maximal offloading between 2-7 days postoperative [18]. A notable
limitation of the current study is the short pre-immobilization period of 30 days
compared to six months post-immobilization. Due to the nature of the ongoing study,
long term effects of surgical fixation without cast immobilization could not be assessed,
but the timing of maximal offloading may give insight into the functional rigidity of
fixation. Unlike that observed by Schell et al., significant decreases in right hindlimb
maximum vertical force were not observed in the first thirty days postoperative, and the
observed offloading pattern more closely resembles that of the stable, rigid external
tixation documented by Seebeck et al. [17,18]. In contrast to both ovine studies, no
significant changes in left hindlimb (unoperated paired limb) kinetics or in hindlimb
kinetic asymmetry were observed in the current trial’s pre-immobilization period.
Therefore, the normalization of forelimb kinematics, the lack of significant alterations to
hindlimb symmetry, and the gradual and relatively minor changes to hindlimb kinetics
support the use of locking plate osteosynthesis as a functionally stable fixation for tibial
segmental ostectomy in goats.

Long-term full limb cast immobilization in goats had marked and prolonged
effects on gait kinematics and kinetics following cast removal. Both forelimbs exhibited
significantly shortened stride lengths and slower stride velocities throughout the post-
immobilization period, without apparent normalization. To the authors” knowledge,
previous biomechanical analysis of the long-term effects of hindlimb cast
immobilization in small ruminants has not been documented. These seemingly
permanent alterations in forelimb kinematics may reflect the true treatment effect of
hindlimb immobilization, representing an adaptation during cast immobilization, or
they may be the result of training effect, with the goats’ gait variability and overall
stride frequency altered as the number of biomechanical data collection sessions
increased. Follow-up studies analyzing either the long-term biomechanical effects of
cast immobilization in small ruminants or the trends in normal goat biomechanics over
a year of data collection are necessary. However, in this study, a return to preoperative
baseline forelimb kinematics post-immobilization was not achieved, and these findings
in conjunction with the hindlimb kinetic alterations discussed below suggest potentially
permanent detrimental effects of prolonged limb immobilization on gait in goats.

Cast immobilization had significant, lasting effects on hindlimb kinetics and
kinematics. Similar to the forelimbs, both hindlimbs exhibited significantly shorter
stride lengths compared to preoperative baseline, but unlike in the forelimbs, hindlimb
stride velocity was not as consistently affected. Notably, right hindlimb stride velocity
did not differ significantly from preoperative baseline during the post-immobilization
period. A consistent, concurrent decrease in velocity on all four limbs would explain the
significant reductions in stride lengths, but the documented changes in forelimb and left
hindlimb kinematics, without concurrent alteration in right hindlimb velocity, suggests
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a true treatment effect of cast immobilization. Marked decreases in right hindlimb
maximum vertical force, impulse, and maximum peak pressure throughout the post-
immobilization period support this treatment effect and emphasize the clinical impact
that cast immobilization can have on a limb. Previous studies have extensively
documented the physiologic changes that cast immobilization can elicit, including
muscle atrophy, neuromuscular impairment, cartilage degeneration, tendon atrophy,
and joint stiffness [20-23]. These physiologic changes manifest as functional
impairment, as measured by impulse, weight distribution, and muscular strength
(isometric force); in a study assessing the effect of one week of hindlimb immobilization
in rats, significant reductions in the immobilized limb’s strength, load before
irreversible deformation (ex vivo), and stiffness were documented following
remobilization [20]. In a meta-analysis comparing results of internal fixation and cast
immobilization for scaphoid fractures (a non-loadbearing carpal bone) in humans, no
difference in overall healing or reported pain was noted between modalities, but
functional parameters such as grip strength were impaired in the cast-immobilized
group [43].

The current study provides further evidence of functional impairment following
immobilization through biomechanical analysis of gait. The immobilized right hindlimb
exhibited significant kinematic alterations throughout the post-immobilization period,
including reduced stride length and increased asymmetry favoring the left hindlimb in
stance time. Marked, significant increases in hindlimb impulse ASIs, reaching over 24%
asymmetry favoring the left hindlimb, were noted at all post-immobilization
timepoints, and concurrent significant depreciations in right hindlimb impulse,
reaching almost a 50% decrease in impulse compared to preoperative baseline, were
appreciated. Weight bearing was shifted away from the right hindlimb, as shown by
significant decreases in maximum vertical force and maximum peak pressure as well as
significant increases in hindlimb maximum force ASI. One limitation of this study is
that further characterization of the muscular, neural, and soft tissue changes in both the
immobilized and contralateral limb were outside of the scope of the ongoing orthopedic
research project. We can hypothesize that the biomechanical changes documented in
both hindlimbs were secondary to the physiologic complications described above, but
quantification and characterization of atrophy or other degenerative process was not
performed. However, the most consistently and significantly affected kinetic variable in
this study was impulse; directly related to muscular force and the time over which the
motion was completed, a significant drop in impulse without concurrent drop in stride
velocity or stride time, as seen in the right hindlimb, indicates a decrease in muscle
force (torque) generated for the given motion, most commonly secondary to a decrease
in functional muscular mass or activation [44]. Together, these biomechanical changes
illustrate the lasting functional impairment of the right hindlimb following long term
immobilization, without apparent normalization at six months post-immobilization
(Day 360). Questions remain as to the capability for gait normalization after extended
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immobilization and future research is required to characterize the long-term potential
compensatory changes in quadrupedal gait after hindlimb immobilization. Further,
studies aimed to quantitate the temporal effect of limb immobilization may aid
researchers and clinicians in post-operative rehabilitative plans to minimize the
potential for detrimental effects on animals and patients.

One limitation of the present study is the limited number of subjects included in
data analysis. Thirteen goats out of a total population of thirty-two goats met the
inclusion criteria for this study. These subjects were selected from an ongoing
orthopedic research project exploring bone healing in goats, and they met inclusion
criteria ensuring uniformity of gender, surgical fixation, postoperative care, and cast
immobilization protocol. Pre-determination of sample size of the study population was
not performed because we intended to enroll all qualified goats. On post hoc sample
size analysis with type II error set at 0.2, the minimum sample size needed for statistical
analysis was eleven goats. Therefore, total population statistical analysis met the
appropriate power for interpretation, but further stratification based on demographic
factors such as weight or age was not feasible given the current dataset.

CONCLUSIONS

This study documents the effects that locking plate stabilization of a tibial
segmental defect and cast immobilization have on goat gait biomechanics.
Postoperative data during the pre-immobilization period documented the functional
stability of locking plate fixation of segmental bone defects. Due to the nature of the
ongoing study, long-term effects of surgical fixation without cast immobilization could
not be assessed, but the normalization of forelimb kinematics and lack of significant
alterations to hindlimb symmetry and kinetics during the first month after surgery are
encouraging. However, marked alterations in gait kinetics and kinematics were noted
following cast stabilization, suggesting the potential for long-term and/or permanent
detrimental effects of prolonged limb immobilization. In particular, the persistence of
gait alteration for six months following coaptation and recovery highlights the
profound effects that joint immobilization can have on force distribution and
ambulation. Though both procedures affected gait, prolonged cast immobilization had
significant and lasting effects which should be considered in the design of future
orthopedic research using goat models.
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APPENDIX

Starting Position —
Operator #1

Ending Position —
Operator #2

Direction of Travel

Plexiglass Barrier

Computer/Video Station

Figure 3.1: Photograph and Associated Diagram of Data Collection Area. Goats were

allowed to walk at a self-selected pace in the indicated direction of travel from a starting
handler to a second handler holding a halter with long lead. The lead was held without
tension applied to the halter during the pass to allow for free movement at a normal
pace. Enclosure surrounding ending position not pictured above.
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Table 3.1: Forelimb and Hindlimb Kinematics Following Right Hindlimb Tibial Segmental Defect Locking Plate
Stabilization and Cast Immobilization. All values are presented as mean + standard deviation.

Timepoint N Stance Time (sec) Swing Time (sec) Stride Time (sec) Stride Length (cm) Stride Velocity (cm/sec)
Limb LF RF LF RF LF RF LF RF LF RF
Preop 13 | 0.46+0.13 | 0.47+0.14 | 0.44+0.19 | 0.39+0.08 | 0.85+0.29 | 0.84+0.21 92.62+7.65 91.54+13.30 114.55+27.55 | 117.91+34.47
Day 1 12 | 0.55+0.16 | 0.53+0.21 | 0.35+0.07 | 0.37+0.08 | 0.84+0.22 | 0.88+0.30 74.17+15.152 70.97£19.232 96.96+38.51 94.30+34.29
Day 7 12 | 0.53+0.30 | 0.50+0.27 | 0.40+0.14 | 0.41+0.13 | 0.87+0.26 | 0.88+0.30 86.21+12.26 76.59+13.42 109.17+£39.45 | 98.14+38.33

Day 30 10 | 0.49+0.39 | 0.48+0.36 | 0.34+0.09 | 0.35+0.08 | 0.84+0.57 | 0.81+0.45 86.79+13.17 84.02+13.29 136.28455.33 | 129.42+56.47
Day 180 13 | 0.59+0.19 | 0.49+0.11 | 0.39+0.12 | 0.44+0.23 [ 0.95+0.23 | 0.85+0.24 | 67.79+16.85*>< | 69.28+10.572 74.98+21.87¢ 89.92+25.17
Day 240 13 | 0.55+0.12 | 0.59+0.23 | 0.37+0.08 | 0.43+0.15 [ 0.85+0.17 | 0.90+0.32 | 64.86+13.85*>< | 63.21+14.79>c | 83.50+25.52¢ | 80.81+33.17¢
Day 300 13 | 0.53+0.09 | 0.50+0.11 | 0.37+0.06 | 0.41+0.09 [ 0.86+0.20 | 0.88+0.18 71.23+£12.282 68.68+8.18%¢ 87.51£19.74¢ | 83.68+15.96¢
Day 360 13 | 0.54+0.19 | 0.51+0.18 | 0.42+0.19 | 0.45+0.16 | 0.96+0.48 | 0.93+0.36 | 66.95+12.75*b< | 65.68+10.66%° | 84.74+35.48 | 81.72+29.46°

Timepoint N Stance Time (sec) Swing Time (sec) Stride Time (sec) Stride Length (cm) Stride Velocity (cm/sec)
Limb LH RH LH RH LH RH LH RH LH RH
Preop 13 | 0.43+0.15 | 0.45+0.13 | 0.48+0.18 | 0.44+0.10 | 0.87+0.21 | 0.85+0.18 84.90+20.54 84.72+7.52 103.31+£28.14 | 104.98+23.52
Day 1 12 | 0.55+0.16 | 0.34+0.14 | 0.46+0.21 0.58+0.23 | 0.88+0.30 | 0.95+0.31 70.71£19.23 70.60+22.58 87.38+45.34 84.39+40.59
Day 7 12 | 0.52+0.23 | 0.45+0.25 | 0.41+0.08 | 0.52+0.16 | 0.88+0.30 | 1.10+0.75 76.59+13.42 74.73+15.52 90.89+42.54 90.34+42.41

Day 30 10 | 0.47+0.24 | 0.41+0.26 | 0.40+0.12 | 0.54+0.20 | 0.81+x0.45 | 0.98+0.44 84.02+13.29 74.56+13.72 121.86+42.49 | 90.29+41.60
Day 180 13 | 0.7240.332 | 0.36+0.10 | 0.34+0.06 | 0.62+0.31 0.93+0.15 | 1.01+0.37 | 69.28+10.572¢ 62.01+16.782 71.35+18.23¢ 68.50+25.79
Day 240 13 | 0.70£0.182 | 0.45+0.10 | 0.34+0.08 | 0.69+0.13 1.00+0.19 | 1.09+0.28 | 63.21+14.792¢ 56.65+13.072 60.38+15.862 | 54.71£17.732
Day 300 13 | 0.61x0.11 | 0.37+0.09 | 0.34+0.07 | 0.59+0.16 | 0.87+0.14 | 0.99+0.21 68.68+8.18 64.36+9.742 81.43+14.82¢ 72.13+35.74
Day 360 13 | 0.64+0.15 | 0.39+0.07 | 0.34+0.10 | 0.62+0.21 0.90+0.20 | 0.97+0.28 | 65.68+10.66%¢ 58.97+13.522 79.14+33.73¢ 69.10+27.80

arepresents value significantly different from preoperative baseline in pairwise comparison; p < 0.05.
b represents value significantly different from Day 7 in pairwise comparison; p < 0.05.
< represents value significantly different from Day 30 in pairwise comparison; p < 0.05.




Table 3.2: Forelimb and Hindlimb Kinetics Following Right Hindlimb Tibial
Segmental Defect Locking Plate Stabilization and Cast Immobilization. All values are
presented as mean + standard deviation.

Tt . Max1mu1:(1)/0\]/3ev1;;)1cal Force Impulse (%BW*s) Max1mum( lf;:)k Pressure
Limb LF RF LF RF LF RF
Preop 13| 49.49+9.43 52.48+11.50 15.42+6.41 15.88+6.16 212.62+61.57 | 236.15£54.94
Day 1 12 | 45.49+7.76 49.48+10.57 17.49+5.04 20.89+7.88 198.25+57.63 | 197.38+53.92
Day 7 12 | 46.93+13.76 47.18+13.83 15.11+11.37 13.50+5.84 216.44+59.55 | 194.00+£56.39

Day 30 10 | 48.86x9.66 47.60+8.63 14.84+8.77 14.89+11.29 234.70+54.93 | 210.70£36.74
Day 180 | 13 | 56.02+10.45 47.54+11.23 20.58+5.55 15.42+5.39 209.54+43.87 | 172.38+52.81
Day240 | 13 | 49.23+6.23 50.93+10.20 18.42+5.63 19.95+9.55 206.31+54.82 | 191.00+£55.90
Day 300 | 13 51.89+5.43 48.62+11.07 18.87+4.52 15.40+3.52 213.17+48.92 | 205.50+47.35
Day 360 | 13 | 49.73+14.06 48.37+8.95 18.42+8.18 15.11+4.70 193.85+44.05 | 218.08+39.67

i . Max1mux(r(1)/o\]/;.‘:;)1cal Force Impulse (%BW*s) Max1mum( 1I(’It)az)k Pressure
Limb LH RH LH RH LH RH
Preop 13 34.02+7.55 35.79+6.52 9.78+3.59 10.34+3.24 159.08+£31.90 | 172.23+48.61
Day 1 12 29.96+4.71 25.99+5.93 11.50+3.59 7.11%3.04 164.00£33.65 | 150.25+43.85
Day 7 12 34.3147.95 22.78+8.27 10.89+4.40 7.0945.04 159.67+31.08 | 131.22+32.35

Day 30 10 36.54+7.75 23.03+7.59 10.81+4.20 6.34+2.882 173.40+46.25 | 107.78+26.60°
Day 180 | 13 33.48+6.39 19.37+5.372 16.07+8.54 5.41+2.08? 156.46+42.97 | 95.46+31.85%°
Day 240 | 13 37.44+6.39 25.02+4.332 17.35+6.542 8.37+2.77 161.77425.41 | 115.77+29.30°
Day 300 | 13 36.63+9.30 20.17+4 442 14.28+4.82 5.80+2.112 158.50+40.68 | 118.17+34.242
Day 360 | 13 34.38+9.69 21.41+4.86° 14.18+5.64 5.86+1.64% 155.08+£36.52 | 108.08+25.372

arepresents value significantly different from preoperative baseline in pairwise comparison; p < 0.05.
brepresents value significantly different from Day 1 in pairwise comparison; p < 0.05.




Table 3.3: Forelimb and Hindlimb Asymmetry Indices Following Right Hindlimb
Tibial Segmental Defect Locking Plate Stabilization and Cast Immobilization. All

values are presented as mean + standard deviation.

Forelimb Asymmetry Indices
Timepoint | N St-ance Stride Strid-e
Time Length Velocity Max Force Impulse MPP
Preop 13 | 2.39+0.52 2.44+0.85 3.65+1.11 6.10£1.40 5.90+1.68 | 7.78+1.32
Day 1 12 [ 3.76+1.06 2.84+0.88 3.21+1.23 6.59+1.47 6.90£1.78 | 8.60+2.41
Day 7 12 | 2.50+0.96 3.87+1.14 4.46+1.11 5.10+1.19 6.50+£1.65 | 6.65+2.19
Day 30 | 10| 3.53+0.84 1.57+0.68 3.98+1.95 6.06+1.33 7.10£2.19 | 6.87+1.00
Day 180 | 13 | 5.47+0.90 3.13+0.69 5.13+1.44 6.29+1.12 8.95+1.87 | 8.36+1.54
Day 240 | 13 | 3.39+0.64 1.89+0.61 5.04+1.63 5.20+1.06 7.39+£1.04 | 5.31+£1.22
Day 300 | 13| 2.52+0.46 2.64+0.59 4.50+1.08 3.96+1.29 6.65+£1.35 | 5.87+0.77
Day 360 [ 13| 3.07+0.88 1.81+0.40 3.03+0.71 5.67+1.37 7.90+1.41 | 4.77+1.00
Hindlimb Asymmetry Indices
Timepoint | N St-ance Stride Strid.e
Time Length Velocity Max Force | Impulse MPP
Preop 13 [ 2.97+0.67 3.41+0.89 4.83+1.09 4.30+0.81 5.53+1.06 | 5.24+1.22
Day 1 12| 12.35+2.41* | 4.72+1.82 5.67+2.02 8.37+1.28 | 14.72+2.79 | 8.16+1.27
Day 7 12| 591+1.33 4.38+1.30 7.85+1.80 10.40+3.20 | 13.16+3.19 | 7.06+2.33
Day 30 | 10| 8.61+3.34 3.44+0.93 5.98+2.26 11.38+3.55 | 14.86+4.36 | 12.31+3.00
Day 180 [ 13 | 15.77#1.71* | 3.15%1.25 5.25+1.48 13.74+2.19* | 24.23+2.10* | 12.83+2.57
Day 240 | 13 | 10.61+1.20* | 2.83+0.70 3.97+1.19 9.84+1.77 | 17.41+2.19* | 8.51+1.53
Day 300 [ 13| 12.26+1.64* | 2.68+0.58 6.71£1.16 14.17+2.13* | 20.80+2.60* | 9.71+1.66
Day 360 13 | 11.66+1.38* 3.80+0.97 7.20+1.77 10.91+1.98 | 19.35+2.21* | 9.35+1.75

* represents value significantly different from preoperative baseline in pairwise comparison; p < 0.05.
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CHAPTER IV:

IN VITRO ANALYSIS AND IN VIVO ASSESSMENT OF FRACTURE
COMPLICATIONS ASSOCIATED WITH USE OF LOCKING PLATE
CONSTRUCTS FOR STABILIZATION OF CAPRINE TIBIAL
SEGMENTAL DEFECTS
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ABSTRACT

Locking plate fixation of caprine tibial segmental defects is widely utilized for
translational modeling of human osteopathology, and it is a useful research model in
tissue engineering and orthopedic biomaterials research due to its inherent stability
while maintaining unobstructed visualization of the gap defect and associated healing.
However, research regarding surgical techniques and long-term complications
associated with this fixation method are lacking. The goal of this study was to assess the
effects of surgeon-selected factors including locking plate length, plate positioning, and
relative extent of tibial coverage on fixation failure, in the form of postoperative
fracture. In vitro, the effect of plate length was evaluated using single cycle compressive
load to failure mechanical testing of locking plate fixations of caprine tibial gap defects.
In vivo, effects of plate length, positioning, and relative tibial coverage were evaluated
using data from a population of goats enrolled in ongoing orthopedic research which
utilized locking plate fixation of 2 cm tibial diaphyseal segmental defects to evaluate
bone healing over 3, 6, 9, and 12 months. In vitro, no significant differences in
maximum compressive load or total strain were noted between fixations using 14 cm
locking plates and 18 cm locking plates. In vivo, both plate length and tibial coverage
ratio were significantly associated with postoperative fixation failure. The incidence of
any cortical fracture in goats stabilized with a 14 cm plate was 57%, as compared with
3% in goats stabilized with an 18 cm plate. Craniocaudal and mediolateral angular
positioning variables were not significantly associated with fixation failure. Decreasing
distance between the gap defect and the proximal screw of the distal bone segment was
associated with increased incidence of fracture, suggesting an effect on proximodistal
positioning on overall fixation stability. This study emphasizes the differences between
in vitro modeling and in vivo application of surgical fixation methods, and, based on
the in vivo results, maximization of plate-to-tibia coverage is recommended when using
locking plate fixation of the goat tibial segmental defect as a model in orthopedic
research.
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INTRODUCTION

Bone healing is a complicated, non-linear process. Factors such as excessive bone
loss, unfavorable healing environment, systemic disease, and biomechanical instability
in long bone fracture fixation cases can lead to the formation of large defects with
limited regenerative capability [1]. The risk of malunion or nonunion complications
resulting in segmental defects pose innumerable surgical, socio-economic, and research
challenges, and current standard treatment options are limited, sometimes necessitating
limb amputation [1, 2]. In people, the tibial shaft is the most common site for segmental
defects due to its size, relative lack of soft tissue coverage, and relatively frequent
incidence of fracture [1, 3]. Thus, cutting-edge tissue engineering research has focused
on the development of synthetic bone graft substitutes and complementary regenerative
therapies for these cases of tibial bone loss, fostering a need for suitable translational
models [1, 4].

The most relevant species utilized for translational long bone segmental defect
modeling are dogs, sheep, goats, and pigs. These species demonstrate physiologic and
pathophysiologic similarities to humans in terms of long bone composition and healing,
but models utilizing dogs and pigs have declined due to public concerns and limitations
in handling and behavior [2, 4]. Goats are a preferred model for translational orthopedic
studies due to their trainability, cost-effectiveness, and translational characteristics
including body weight, long bone dimensions, bone mineral composition, metabolic
rate, and bone remodeling rate compared to humans [1, 4]. The caprine tibial segmental
defect model has been well documented in the literature, but fixation and stabilization
options vary among research groups [5-8]. Fracture fixation has varied based on clinical
application, and reported methods for external and internal fixation include options
such as intramedullary pins/nails, intramedullary interlocking nails, single bridging
plates, or overlapping auto-compression plates [1, 9]. Orthopedic plate stabilization is a
desirable option as it reflects the current standard of care for clinical management of
fractures, does not interfere with the defect, and provides for ease of imaging
assessment for evaluation of gap fillers including biomaterial scaffold and other
implants [1]. However, plate systems used in this model utilize a range of options
including dynamic compression plates (DCP), limited-contact dynamic compression
plates (LC-DCP), point-contact fixators (PC-Fix), locking compression plates (LCP), and
locking plates (LP) [10, 11].

Appropriate plate selection is vital to the use of plate stabilization of segmental
defects as these models lack any load sharing by the bone under investigation. At early
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stages of fixation, all loads exerted on the distal extremity are conducted along the
plate, which is required to support the full range of biomechanical forces exerted in the
tibia. As the bone defect heals and bony union is established, plate stresses decrease.
However, if the plate reaches fatigue limit prior to bony union or if the fixation is
biomechanically unsound, the construct will fail [4, 6, 10]. Bridge plating osteosynthesis
relies on a small degree of interfragmentary motion to stimulate callus formation, thus
discouraging excessively stiff fixation [10, 12]. Conventional dynamic compression
plating requires adequate plate to bone contact during screw tightening to achieve
desired stability between the plate and bone surface, and potential complications such
as periosteal vascular compromise, stress risers, and loss of compression in
compromised bone may lead to fracture complications [13-15]. In contrast, locking
compression plating relies more on the screw-plate interface for construct stability, and
locking plate fixation is particularly useful in cases of bone loss or poor bone integrity
[6, 16]. Biomechanically, DCPs and LC-DCPs convert axial load to shear stress whereas
LCPs convert axial load to compressive force, and the stability of a locking plate
construct will reflect the sum of screw torques, not merely the friction of the bone-plate
interface [17]. Biomechanical comparisons of dynamic and locking plating using both ex
vivo bone and in vitro composite bone substitute models have established that LCP
tixation (bridging) of a segmental defect yields significantly stiffer constructs in
compression and bending [11, 18-22]. However, results have varied regarding the
torsional stiffness of LCP constructs with relatively early failure of LCP constructs
under torsional testing compared to similar constructs exposed to bending or
compression forces [18, 22]. Notably, Gardner et al. documented a consistent mode of
failure when human radial constructs stabilized with LCPs were torsion tested in a
cyclic fatigue model. The authors noted that LCP constructs typically fractured in a
longitudinal pattern originating at the gap and extending along multiple screw holes
[22].

Due to its stability and suitability for tissue engineering and bone biomaterial
research, locking compression plate fixation has gained widespread use in bone
segmental defect models [1, 2]. However, questions regarding risk factors for locking
plate implant failure and possible torsional instability persist, and relatively few studies
have been published assessing complications associated with tibial locking plate gap
stabilization, particularly in small ruminant species [6, 23, 24]. Finite element analysis
(FEA) has allowed exploration of intrinsic factors of LCP fixation including plate length,
positioning of the plate on the bone, screw number, and screw placement. In a human
FEA model utilizing medial placement of an LCP at the tibial diaphysis, construct

98



rigidity increased directly with plate length, and the authors noted that clinically, the
use of relatively longer plates could reduce the risk for fixation failure [25].
Biomechanical testing has corroborated this claim with multiple studies reporting a
direct association between locking plate length and construct stiffness [26, 27]. The
literature is more divided in regard to working length, the distance between the
proximal and distal screws in closest proximity to the fracture gap, with studies
reporting that an increase in LCP working length could be associated with increased,
decreased, or no change in construct stiffness in axial compressive testing [17, 24, 26,
28]. In human patients, single locking plate internal fixation applied in bridging fashion
is commonly applied to comminuted distal femoral fractures [23]. Several retrospective
studies have examined risk factors associated with fixation failures in vivo [23, 29, 30].
Patient factors such as age, concurrent systemic disease, diabetes, a history of smoking,
and obesity were consistently associated with postoperative complications including
infection and reoperation, but additional plate-specific factors of plate length (total) and
plate length proximal to the fracture line were significantly associated with implant
failure [23]. In retrospective analysis of fracture nonunion following LCP fixation of
human distal femoral fractures, plate characteristics including number of locking
screws in the proximal fragment and plate material (stainless steel) were significantly
associated with nonunion but the factors of plate length, working length, and total
number of screws were not [29-32]. To our knowledge, these locking compression plate
characteristics and the effect of plate position have not been assessed in vivo in a
caprine segmental defect model. In addition, few studies report complications following
the use of locking plate fracture fixation in animals and few focus on translational
research species such as sheep and goats [5]. Therefore, the goal of this research was to
assess a large cohort of goats enrolled in an unrelated orthopedic study in which a tibial
segmental defect was stabilized with bridging locking plates and to analyze plate-bone
positioning factors associated with implant failure in the form of postoperative fracture

complication.
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MATERIALS AND METHODS

In Vitro Experiments

Specimen Preparation

Seventeen left hindlimbs were collected from adult goats that had died or were
euthanized for reasons other than orthopedic disease. Specimens were frozen at -20°C
and thawed at room temperature (22°C) 24 hours prior to testing. Prior to surgical
manipulation, limbs were randomly assigned to either long (18 cm) or short (14 cm)
plate length groups. All surgeries were performed by the same investigator under the
supervision of a veterinary surgeon with extensive orthopedic experience. The tibia was
approached via a roughly 20 cm incision along the medial surface of the limb, extending
from immediately proximal to the medial malleolus to immediately distal to the medial
condyle of the tibia. Overlying soft tissue and periosteum were elevated from the bone
to allow plate placement over the craniomedial mid-diaphysis. Custom-designed 316
stainless steel low contact round double threaded 8-hole, 4.5-mm thick locking plates
with a solid central portion (Veterinary Orthopedic Implants, St. Augustine, FL, USA)
were used for both the in vitro and vivo experimentation. Prior to limb dissection and
creation of the defect, the locking plates were secured to the tibias using eight 4.0 mm
self-tapping locking screws. Perpendicular alignment was ensured during screw hole
drilling using a 3.2 mm diameter locking-head drill sleeve. Screws were hand tightened
until tight engagement between the screw and plate threads was achieved at a 4.0 nm
torque. Once the plate was secured to the bone the remaining soft tissue around the
tibia was excised to harvest the plated tibia. Tibial length and mid-diaphyseal width
and depth measurements were obtained using electronic calipers or standard tape
measure and were recorded for future analysis. A 1 cm segmental ostectomy was
created at the mid-diaphysis of the tibia using a diamond-blade band saw. Care was
taken to avoid saw damage to the plate during ostectomy. Proximal and distal
epiphyses of each specimen were embedded in poly-methyl-methacrylate (Technovit,
Jorgensen Laboratories, Loveland, CO) in a 5 cm diameter, 2.5 cm high cylindrical mold
for axial compression testing (Figure 4.1, see Appendix for all figures and tables).

Mechanical Testing

The tibia/plate constructs were assessed using a materials testing system (Instron
5965, Instron, Norwood, MA, USA) with a custom jig to ensure stable hold of the
constructs during testing. Specimens were tested in single cycle axial monotonic
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compression until failure at a rate of 20 mm/min. End of test criteria were plate failure
defined as plastic deformation (bending) of the plate such that the two bone segments
touched, bone failure defined as apparent fracture, or arrival at maximal load for the
mechanical testing system, pre-set at 4.9 kN. Data was recorded using commercially
available software (Bluehill3, Instron, Norwood, MA, USA) and processed using a
custom Matlab script (The MathWorks Inc., Natick, MA, USA).

In Vivo Experiments

Goats

All study procedures were approved by the University of Tennessee Animal
Care and Use Committee (protocol numbers 2741 and 2383) and adhered to the
National Institute of Health’s Guide for the Care and Use of Laboratory Animals [33].
Boer-cross, adult goats (n=161 females; mean weight 50.6 + 7.58 kg, weight range 29 — 73
kg) were used in this study. Preoperatively, goats were housed in small group pens in
groups of four to six (17 ft? per goat); postoperatively, goats were housed individually
in adjacent pens (=20 ft? per goat) for a minimum of seven days, followed by group
housing based on goat behavior, clinician discretion, and housing availability. Flooring
included a layer of wood shavings laid on top of rubber mats over concrete flooring in a
conditioned housing facility for the duration of the study. The goats were fed a
balanced ration of grass hay, supplemental grain mix, and alfalfa as needed based on
body condition and weight change. Free choice fresh water was provided via automatic
waterers in group housing and in water buckets in individual pens. Goats were
weighed at study entry, weekly for the first thirty days postoperatively, and monthly
for the remainder of the study. The goats enrolled in this study were part of a series of
orthopedic research projects assessing bone healing following segmental tibial
ostectomy. Criteria for inclusion of goats in this study included those having a
segmental tibial ostectomy (2 cm defect), bridging fixation using the single, custom
designed locking plate, and a minimum of two postoperative orthogonal radiographs
available for review and measurement at various time intervals. Exclusion criteria
included diagnosis of postoperative osteomyelitis or identification of plate bending on
postoperative radiographs during the goats’ enrollment in the ongoing orthopedic
research.
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Surgery

A mid-diaphyseal 2.0 cm segmental ostectomy was performed on the right hind
tibia of each goat. The tibia was stabilized using a custom-designed low contact, round
locking screw hole, double threaded 8-hole, 4.5-mm thick locking buttress plate with a
solid central portion between the screw holes (Veterinary Orthopedic Implants, St.
Augustine, FL, USA). Three options for plate length (14 cm, 16 cm, and 18 cm; Figure
4.2) were available for use and plate selection was made at the time of surgery based on
surgeon assessment of the tibia. The plate was centered over the ostectomy and secured
with eight 4.0-mm diameter self-tapping locking screws (Veterinary Orthopedic
Implants, St. Augustine, FL, USA), four in the proximal tibial segment and four in the
distal tibial segment. Surgical procedures were conducted as previously described [34].
Postoperatively, goats were maintained in full limb bandages with medial and lateral
plastic splints (Premier1Supplies, Washington, IA, USA) that spanned the limb from
foot to stifle. Bandage changes occurred every two days for the first two weeks, and
then were discontinued between 2 and 4 weeks postoperative based on clinical
condition and at the discretion of the supervising veterinarian.

Radiographic examination of the tibia, consisting of a minimum of two
orthogonal views centered at mid-tibia, were performed immediately postoperatively,
one day following surgery, and then at monthly or bi-monthly intervals as directed by
the ongoing orthopedic research protocol. Computed tomographic examination of the
operated limb was performed at the time of plate removal, either postmortem or under
general anesthesia as dictated by the experimental design. Goats were humanely
euthanized at predetermined timepoints of 3, 6, 9, or 12 months postoperatively.

Goats were categorized into two outcome categories, fracture morbidity and no
fracture morbidity, based on medical record review and radiographic confirmation of
any complete or incomplete tibial fracture. Cases with minor fragmentation of the trans-
cortex at the region of bi-cortical screw engagement were not classified as fractures for
this analysis.

Plate Position Analysis

Proximodistal Positioning and Tibial Coverage

Proximodistal position, tibial length, and relative tibial coverage were assessed
using postoperative craniocaudal and lateromedial radiographic views (Figure 4.3).
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Plate lengths were either 14 cm, 16 cm, or 18 cm, and these known distances were used
to calibrate the images for further measurements. Screws were numbered proximally to
distally with “1” as the most proximal screw and “8” as the most distal screw. Recorded
variables included measured tibial length, distance from proximal tibia to proximal
extent of locking plate (PrT-Pl), distance from distal tibia to distal extent of locking plate
(P1-DT), distance from the fourth screw to defect (S4-D), and distance from defect to
tifth screw (D-S5). The tibial medial condyle served as a repeatable landmark for the
proximal extent of the tibia and the medial malleolus was used as the distal extent. With
the exception of 54-D and D-S5, all measurements were performed in duplicate utilizing
the craniocaudal and lateromedial views, and respective averages were utilized for
calculations and statistical analysis. 54-D and D-55 measurements were performed
utilizing the craniocaudal view only, and raw data was statistically analyzed. Relative
tibial coverage ratios (TCR) were calculated using the following equation:

Plate Length
Measured Tibial Length

Tibial Coverage Ratio =

Craniocaudal Positioning

Craniocaudal (anterior-posterior, AP) positioning was assessed using computed
tomographic examinations at the time of plate removal with the screw tracks serving as
positional markers (Figure 4.3). Craniocaudal positions of the plate at the proximal and
distal tibia were assessed using the most proximal (S1) and most distal screw tracks
(S8), and position was expressed as a ratio using the following equation:

o CrS
Position = D
where CrS represents the distance from the cranial tibia to cranial extent of screw track
and TD represents tibial depth at screw midpoint.

Craniocaudal position of the plate at its midpoint (Mid-AP) was calculated as the
linear mean of the proximal screw craniocaudal position (Pr-AP) and the distal screw
craniocaudal position (D-AP), and the change in relative plate position between the
proximal and distal tibia (PrD-Diff) was expressed as the difference between Pr-AP and
D-AP. The angle of plate position relative to tibial transverse axis (AP-Angle) was
calculated using the following equation:

CrSp — CrSp
AP — Angle = cos™?! (T)
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where CrSp represents the distance from cranial tibia to cranial extent of screw track at
the most proximal screw and CrSp represents the same measurement at the most distal
screw track. Z designates the known distance between the first and last screw holes on
either the 14 cm, 16 cm, or 18 cm plates and served as a conditional constant based on
plate length group.

Mediolateral Angular Positioning

Mediolateral angular positioning, in terms of biocentric deviation from the
mediolateral plane, was assessed using computed tomographic examinations at the
time of plate removal with the screw tracks serving as positional markers (Figure 4.3).
All plates were applied in a craniomedial to caudolateral fashion at the time of surgery.
To estimate the magnitude of deviation from the tibial frontal axis, the change in
relative plate position between the medial (cis) cortex and lateral (trans) cortex (ML-
Diff) was calculated using the following equation:

(4)

where CrS), represents the distance from the cranial tibia to cranial extent of screw track
immediately adjacent to the lateral (trans) cortex and CrS,, represents the distance from
the cranial tibia to cranial extent of screw track immediately adjacent to the medial (cis)
cortex. TD; and TD), represents tibial depth at the selected lateral and medial points.

Statistical Analysis

Mechanical testing variables, in vitro bone measurements, and in vivo sample
characteristics such as body weight distribution were examined using multivariate
analysis of variance (MANOVA) and univariate analysis of variance (ANOVA) with
treatment as the independent variable. Diagnostic analyses were conducted on
residuals for normality model assumption using Shapiro-Wilk test. Post hoc multiple
comparisons were performed with Tukey’s adjustment. Data were presented as
mean + SD.

The effects of plate positioning and length on fracture status were evaluated
using logistic regression. To detect multicollinearity issues, the variables of goat intake
body weight, tibial length, selected plate length, plate positioning, and tibial coverage
were assessed for correlation using Pearson’s product moment correlation coefficients
and variables expressing significant correlation were limited in final analysis. Then, the
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effects of plate position, length, and relative tibial coverage on fracture status were
screened using multivariate logistic regression analysis controlling for known plate
length with the fracture status as the binary response variable. The effects of
craniocaudal and mediolateral position on fracture status were analyzed using
multivariate logistic regression analysis with incidence of fracture as the binary
response variable. Qualitative data are presented as percentages and count

numbers. Statistical significance was identified at the level of 0.05. Analyses were
conducted in SAS 9.4 TSIM6 for Windows 64x (SAS institute Inc., Cary, NC, USA) and
IBM SPSS Statistics v. 28 (IBM Corp. Armonk, NY, USA).

RESULTS

In Vitro Mechanical Testing

A total of seventeen tibias were utilized in this experiment. Each tibia was
randomly assigned to either long (18 cm, n=9) or short (14 cm, n=8) plate length groups.
Tibial characteristics are presented in Table 4.1. Tibial length and diaphyseal depth did
not differ significantly between groups (p = 0.753 and p = 0.282 respectively), but the
long plate group had statistically significantly larger mean diaphyseal width than the
short plate group (2.0 cm and 1.8 cm respectively, p = 0.005). As per in vitro study
design, tibial coverage ratios differed between groups with significantly more tibial
diaphysis spanned by the plate in the long plate group (p < 0.001).

Fourteen of seventeen tibia-plate constructs failed during axial compression
testing limited to 4.9 kN (Table 4.2). Of these, four failed by bone fracture (2 short plate
and 2 long plate constructs), six failed by plate bending to the point of impingement of
the opposite cortex (4 short plate and 2 long plate constructs), and four failed by initial
bending followed by acute bony fracture (2 short plate and 2 long plate constructs).
Three constructs, all of which were long plate constructs, reached the test endpoint
without apparent failure; these constructs were included in statistical analysis with the
measured load and strain at time of test endpoint utilized as maximum load and total
strain.

Mean maximum loads for the short and long plate groups were 4314 + 700 N and
4396 + 874 N, respectively, and total strains were 7.46 + 2.48 mm and 7.56 +2.99,
respectively (Figure 4.4). No significant differences in compressive maximum load or
total strain were observed between plate length conditions (p = 0.793 and p = 0.668,
respectively).
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Clinical Morbidity

Of 161 goats, 133 met the inclusion criteria for this study. Thirty goats received
the 14 cm plate, 38 received the 16 cm plate, and 65 received the 18 cm plate. On initial
correlation analysis, surgeon-selected plate length was significantly associated with
both the body weight of the goat and the measured radiographic tibial length (p=0.043
and p <0.001, respectively). However, goat body weight and measured tibial length
were not significantly correlated (p = 0.322), and body weights of goats with and
without fracture were not significantly different (p = 0.236). Due to these correlations
that cause multicollinearity issues in logistic analysis, only the variable of plate length
was included in further analysis for association with postoperative fracture
complications. Of the 133 goats, 22 (16.5%) experienced a fracture complication during
their assigned postoperative period ranging from 3 to 12 months. Fracture incidence as
a function of plate length was 56.7% (17/30) for 14 cm plates, 7.9% (3/38) for 16 cm
plates, and 3.1% (2/65) for 18 cm plates. The most common fracture configuration noted
was a longitudinal oblique fracture of the proximal tibial segment with the fracture line
typically following the screw holes proximally (Figure 4.5).

Plate length was significantly associated with postoperative fracture
complication (Table 4.3) with greatest fracture incidence noted in the 14 cm group (p <
0.0001). Exploring further, calculated tibial coverage ratios were significantly less in
goats that suffered a postoperative fracture compared to those without (0.682 + 0.039
and 0.748 + 0.039 respectively, p <0.001). Analysis of measured proximodistal,
craniocaudal, and mediolateral positioning variables is presented in Table 4.4. Of these
variables, only the proximodistal distance from the gap defect to the fifth screw, the
closest screw to the gap within the distal segment, was significantly associated with
fracture. Goats that experienced a fracture complication had a mean distance of 21.4 +
8.34 mm between the defect and fifth screw whereas goats without fracture had a mean
distance of 28.5 + 7.67 mm (p = 0.008). No craniocaudal positioning variables or
mediolateral deviation from the bicentric plane were significantly associated with the
development of postoperative fracture complications.

DISCUSSION

This study highlights the importance of caution when translating in vitro
modeling to in vivo application of orthopedic techniques. Mechanical testing of two
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locking plate constructs of varying length and tibial coverage showed no difference in
mechanical strength or construct stability when exposed to single cycle to failure
compressive force in vitro, but upon in vivo application of the construct, significant
associations of plate length and tibial coverage with construct failure, in the form of
postoperative fracture, were noted. The locking plate and locking compression plate
combine mechanical stability of a type-1 external fixator with the benefits of internal
fixation such as lower infection risk and lack of external interference [9]. Mechanical
testing of LCP stabilized gap defects in vitro have documented superior strength
against bending and compressive forces in vitro when compared to conventional
dynamic compression plates, but questions have been raised regarding the fixation’s
torsional strength [11, 12, 17-19, 21]. In a biomechanical study of tibiofemoral contact
forces in sheep, Taylor et al. documented significant axial force conveyed to the tibia
from the tibiofemoral joint, but unlike humans, sheep experience a greater magnitude of
craniocaudal and mediolateral sheer force originating at the stifle [35]. The authors
hypothesized that these forces were caused by the obliquity of muscular forces acting
on the joint due to a comparatively wide range of motion, and these forces translate to
significant off-planar sheer and torsional stresses exerted on the ovine tibia [35]. Similar
biomechanical analysis of caprine tibiofemoral forces and tibial stresses has not been
conducted, but similarities in body mass, gait, and relative musculoskeletal
size/segment lengths allow for crossover comparison. In this context, we suspect that
the differences in LP construct stability between in vitro modeling and in vivo
implementation may be attributed to the secondary sheer and torsional stresses exerted
on the tibia during gait, as opposed to mere compressive overloading. Further
biomechanical research is necessary to explore this theory.

As noted above, no significant differences in compressive maximal load or total
strain were observed during compressive mechanical testing of two LP constructs of
markedly different plate lengths. This differs from several in vitro models that noted a
direct relationship between LP construct rigidity and plate length [25-27]. In a
mechanical study utilizing simulated human supracondylar femoral fractures, locking
plate length was significantly associated with construct stiffness, and longer plates
generated significantly stiffer constructs regardless of number of screws and working
length [26]. Cao et al. utilized finite element analysis modeling of human tibial fractures
to test numerous surgeon-controlled fixation elements, including plate length,
positioning, and material; they noted that construct rigidity increased with plate length
under medial plating conditions and suggested that appropriate plate length selection is
vital to reducing the risk of fixation failure [25]. The current study also evaluated
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varying working lengths of fixation, due to the custom nature of the locking plates
utilized. Similar to previous mechanical studies, no significant effect of working length
on construct stability was noted during compressive testing to failure [26, 27]. However,
one study noted differences in yield load, specifically, between constructs of short and
long working lengths, and shorter working lengths were significantly associated with
greater maximum load but not overall construct stiffness during cyclic compressive
testing followed immediately by compressive load to failure [24].

One limitation of the current study is the utilization of only one mode of in vitro
mechanical testing, compressive load to failure. Due to restrictions in sample size and
specimen availability during this experiment, further modes of loading such as bending
or torsion and further test conditions such as cyclic loading were not conducted;
therefore, interpretation of in vitro mechanical data is limited to ultimate compressive
strength and stability. Further mechanical studies evaluating caprine tibial gap defect
LP fixation are recommended to evaluate the effects of plate length and working length
under additional loading conditions. In addition, following random allocation of
caprine tibias into either the long or short plate fixation groups, a significant difference
in tibial diaphyseal width was noted. However, no corroborating differences in tibial
length or diaphyseal depth were appreciated, and the difference, while significant,
represents only two millimeters. Therefore, while this group difference could, in theory,
affect the results of mechanical testing, we suggest that its clinical relevance is limited
and does not represent a major limitation of the mechanical tests.

The current study retrospectively assessed certain surgeon-selected factors such
as plate length and plate positioning during locking plate stabilization of a 2 cm caprine
tibial segmental defect. To our knowledge, this is the first publication to explore these
factors in small ruminants (sheep and goats) and few publications regarding long-term
outcome of long bone locking plate fixation exist in the veterinary literature [5]. In
human medicine, locking compression plate fixation is commonly applied to
supracondylar femoral fractures, and retrospective analysis of patient and surgeon-
related factors related to fixation failure has associated shorter plate lengths with
increased incidence of implant failure and fracture [23]. In one retrospective analysis of
locking plate fixation of human femoral fractures (n = 335 fractures), Ricci et al.
concluded that constructs with a plate length corresponding to 9 holes or greater were
significantly less likely fail than shorter constructs, as associated with the possibility of
stress riser formation with the application of plates with lesser femoral coverage [23]. In
the current study, both plate length, alone, and calculated tibial coverage ratios were
significantly associated with risk of postoperative fracture. In contrast, plate
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positioning, as described by radiologically measured proximodistal, craniocaudal, and
mediolateral variables, was not significantly associated with fracture complications
with one exception, the distance between the gap margin and the fifth screw (first screw
in distal tibia). In fracture cases, the distance between the gap margin and fifth screw
was significantly shorter (by roughly 7 mm) than that in cases without fracture.
Utilizing a two-dimensional finite element analysis model of bridging locking plate
fixation of a simple transverse diaphyseal human femoral fracture, Giordano et al.
demonstrated that the highest concentration of stress occurred around the screws
closest to the fracture margin and suggested that a threshold of distance between the
fracture line and closest screws is necessary to allow for safe deflection of stress and
overall construct stability [28]. This provides a possible explanation for the significant
association between shorter distance from the defect to fifth screw and postoperative
fracture complication observed in the current study.

Plate working length is defined as the distance between the two screws closest to
the fracture or gap margin [30]. In the current study, custom locking plates of three
lengths were utilized, and working length was fixed for each of the plate length
categories; thus, experimental working lengths directly reflect the plate lengths selected,
representing absolute correlation, and only plate length variables were included in the
tinal logistic regression analysis. Due to the retrospective nature of the study, we are
unable to differentiate between the effects of overall plate length and the effects of
fixation working length on fracture outcomes, and this represents a major limitation of
the study. Previous in vitro and in vivo analyses of the effects of working length on
locking plate fixation have yielded mixed results [24, 26, 28, 30]. Using in vitro FEA
modeling, Giordano et al. describe a direct correlation between increasing working
length and construct stability through effective deflection of stress, but in mechanical
testing of various working lengths for LCP fixation of canine femoral gap defects, Chao
et al. described significantly higher strength (yield load) in short compared to long
working length constructs [24, 28]. In retrospective analyses of in vivo factors associated
with distal femoral LCP fixation failure in humans, working length was not
significantly associated with implant failure or with nonunion [23, 30]. In addition, in a
retrospective analysis of locking plate fixation stiffness as a function of working length,
neither fixation working length nor the ratio of working length to plate length were
correlated with overall fixation stiffness or with complications such as delayed union or
nonunion [32]. In the current study, working length was directly reflective of the
selected plate length, and both short plate length and lower tibial coverage ratios were
significantly associated with fixation failure. Follow-up experimentation employing
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either consistent plate length and variations of working length or vice versa are
necessary to differentiate the effects of plate length and fixation working length in
locking plate fixation of caprine tibial gap defects.

Due to the retrospective nature of this study, certain limitations including
differences in group sample sizes with relative overrepresentation of 18 cm plate length
are inherent. As noted above, plate length selection was carried out by the attending
surgeon at the time of gap fixation, based on evaluation of the surgical site. Thus,
reported correlations of goat weight and tibial measured length with selected plate
length are logical, and we suggest that these conditions reasonably simulate a clinical
setting. However, conclusions regarding potential confounding effects of body weight,
tibial length or size, and plate length selection cannot be made from this study. In the
current study, the additional variable of tibial coverage ratio was included to link the
factors of surgeon-selected plate length and goat-specific tibial size, and lesser degrees
of tibial coverage, regardless of absolute tibial length, was significantly associated with
postoperative fracture. In this model, goats immediately bear weight on the operated
limb and though their activity is limited to stall rest, behaviors such as pacing and
standing on their hindlimbs were unrestricted. Thus, quantification of stresses to the
construct is goat-specific and reliant on individual behavior. Further research into the
association of veterinary patient demographic factors such as age, weight, and bone
dimensions, surgeon-selected factors, goat behaviors and activity levels, and orthopedic
complications is warranted.

CONCLUSIONS

Although in vitro modeling of variable plate length in relation to tibial length
suggested that similar failure modes and rates could be anticipated, in vivo application
revealed that both plate length and tibial coverage ratio were significantly associated
with the incidence of postoperative fracture complications under the condition of
segmental defects in which the bone does not contribute to load sharing. Interestingly,
decreasing distance between the gap defect and the first screw distal to the gap was
associated with increased incidence of fracture. Based on the results of this study,
optimization of plate-to-tibia coverage through maximization of plate length may lessen
the risk of postoperative fracture morbidity following locking plate fixation of
diaphyseal gap defects.
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APPENDIX

Figure 4.1: Mechanical Testing Setup. (A) Lateral view of tibia specimen mounted in

poly-methyl-methacrylate prior to mechanical testing. (B) Caudal view of tibia
specimen utilized for model illustration. (C) and (D) Cranial and lateral views of tibia
specimens mounted in mechanical testing system prior to compression testing. In all
specimens, the 1 cm segmental ostectomy is stabilized using an 18 cm (A and B) or 14
cm (C and D) 316 stainless steel low contact round double threaded 8-hole, 4.5-mm
thick locking plate applied in a bridging fashion with four bicortical locking screws
proximal to the defect and four distal.
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Figure 4.2: Locking Plates Utilized In Vitro and In Vivo. Custom-designed low
contact, round screw hole, double threaded 8-hole, 4.5-mm thick locking plates. Three
plate lengths were utilized: 14 cm, 16 cm, and 18 cm. In surgery, the plate was centered
over the ostectomy and secured with eight 4.0-mm diameter locking-head self-tapping
screws, four in the proximal tibial segment and four in the distal tibial

segment. Fixation working length directly reflected the plate length selected.
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1. Tibial Length
2. Plate Length

Figure 4.3: Diagram of Tibial Axes and Measurements Included in Plate
Characteristics and Positioning Variables. Distances were measured in millimeters
from calibrated radiographic or computed tomographic data. Positions were calculated
as ratios of calibrated distances, and angles were calculated from calibrated distances

and known constants. Image created using Biorender.com.
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Table 4.1: Results of In Vitro Plate Length Analysis. Despite significant differences in

tibia coverage ratio, no significant differences in maximum load or total strain were

detected during axial compression to failure.

Classification Variable Name Unit Plate Length p
14 cm 18 cm Value
(Mean + St. Dev.) ~ (Mean + St. Dev.)
Tibial il Length cm 24.0+13 24.0+16 0.753
Characteristics
Tibial Diaphyseal
1.8+0.14 2.0+0.12 .
Width (Mediolateral) o 80 00 0.005
Tibial Diaphyseal
1.6 +£0.11 1.6+0.14 0.282
Depth (Craniocaudal) cm * *
Plat A
e Tipjal Coverage Ratio 0.591 +0.032 0.754+0.052  <0.001
Characteristics (ratio)
Biomechanical /. imum Load Newtons 4314 = 700 4396 + 874 0.793
Testing
Total Strain mm 7.46+248 7.56 +2.99 0.668

Table 4.2: Outcomes and Modes of Failure for Plate-Bone Construct Mechanical

Testing. Fourteen of seventeen constructs failed by either bone fracture, plate bending

to the point of bone impingement at the opposite cortex, or initial plate bending

followed by fracture. Three long plate constructs reached the 4.9 kN test endpoint

without failure.

Outcome Mode of Failure Number of Constructs
14 cm 18 cm
n=_8 n=9
Failure Fracture 2 2
Plate Bending 4 2
Plate Bending, then Fracture 2 2
Non-Failure
N/A 0 3

4.9 kN test endpoint
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Figure 4.4: In Vitro Results. Box-and-whisker plots of (A) maximum load (N) and (B)
total strain (mm) during compression to failure as a function of plate length. No
significant differences were detected between 14 cm and 18 cm plates in vitro.
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Figure 4.5: Tibial Fracture. Lateromedial and caudolateral-craniomedial oblique

radiographic projections of fractured caprine tibia (yellow arrows). These images

illustrate the most common fracture configuration, an incomplete, longitudinal oblique

fracture of the proximal tibial segment with the fracture line following the screw holes.

Table 4.3: Plate Length Descriptives and Analysis. Selected plate lengths for all goats

included in retrospective radiographic review are depicted. Plate length was

significantly associated with fracture complication (p < 0.001) with increased fracture

incidence in the 14 cm plate group.

Plate Selection Outcome P-Value
Plate Length (cm) N No Fracture Fracture
14 30 13 17
16 38 35 3
18 65 63 2
Total 133 111 22 <0.0001
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Table 4.4: Plate Characteristics and Positioning Descriptives and Analysis. Plate characteristics and positioning
variables identified on radiographic and computed tomographic examination and their association with fracture
complication outcome is depict

Classification Variable  Variable Description Unit Outcome P-Value
Name No Fracture Fracture

(Mean + St. Dev.)  (Mean *+ St. Dev.)

Plate Characteristics TCR Tibial coverage ratio N/A (ratio) 0.748 + 0.047 0.682 +0.039 <0.001
Pro?q.mo.dlstal PrT-Pl Distanc.e from proximal tibia mm 26.30 + 9.89 35.51 +7.74 0.201
Positioning to proximal extent of plate
PLDT ~ powncefromplateto distal mm 30.89 + 5.69 3266+ 7.86 0.535
S4-p  ewance fromfourthscrewto mm 28.64 + 8.91 18.69 = 5.69 0.219
D-S5  Lieancefromdefecttofith mm 28.53 + 7.67 21.39 + 8.34 0.008
Crani dal iti
rantocauda pr-Ap ~ CrCd plate positionat NJ/A (ratio)  0.667 +0.085 0.659 + 0.047 0.228
Positioning proximal tibia
D-AP  _odPltepostionatdisal oy A (ratio) 0436 +0.079 0.399 + 0.067 0.32
Mid-AP oA PltePostionatmid -y A (raio)  0.552+0.056 0.529 + 0.041 N/A
AP- Angle of plate position
relative to tibial transverse Degrees 84.63+1.44 84.15+1.37 0.221
Angle axis
Change in relative plate
PrD-Diff position between proximal N/A 0.231 +0.120 0.260 + 0.082 N/A
and distal tibia
Mediol 1 Change in relative plate position
ediolatera ML-Diff between medial (cis) and lateral N/A 0.052 + 0.048 0.052 + 0.048 0.825
Positioning (trans) cortices




CHAPTER V:

CHANGES IN TIBIAL CORTICAL DIMENSIONS AND DENSITY
ASSOCIATED WITH LONG-TERM LOCKING PLATE FIXATION



This chapter is in submission to The Journal of Experimental Orthopaedics:

Kristin M. Bowers*!, Lori D. Terrones!, Xiaocun Sun?® Rebecca Rifkin', Elizabeth Croy!,
Henry S. Adair III', Pierre-Yves Mulon!, Silke Hecht? David E. Anderson'

Affiliations:

1Large Animal Clinical Sciences, University of Tennessee College of Veterinary
Medicine, Knoxville, Tennessee, USA

2 Small Animal Clinical Sciences, College of Veterinary Medicine, University of
Tennessee, Knoxville, Tennessee, USA

3 Office of Information Technology, University of Tennessee, Knoxville, Tennessee, USA

Corresponding Author:

Kristin Bowers, DVM, Large Animal Clinical Sciences, College of Veterinary Medicine,
The University of Tennessee, 2407 River Dr., Knoxville, Tennessee, 37996, USA; email:
kbowerl7@vols.utk.edu

121



ABSTRACT

Cortical porosis, secondary to either vascular injury or stress-shielding, is a
comorbidity of fracture fixation using compression bone plating. Locking plate
constructs have unique mechanics of load transmission and lack of reliance on contact
pressures for fixation stability, so secondary cortical porosis adjacent to the plate has
not been widely investigated. Therefore, this study aimed to assess the effects of long-
term locking plate fixation on cortical dimensions and density in a caprine tibial
segmental ostectomy model. Data was acquired from a population of goats enrolled in
ongoing orthopedic research which utilized locking plate fixation of 2 cm tibial
diaphyseal segmental defects to evaluate bone healing over periods of 3, 6, 9, and 12
months. Quantitative data included tibial cortical width measurements and three-
dimensionally reconstructed slab density measurements, both assessed using computed
tomographic examinations performed at the time of plate removal. Additional surgical
and demographic variables were analyzed for effect on cortical widths and density, and
all cis-cortex measurements were compared to both the trans-cortex and to the
contralateral limbs. The tibial cis-cortex was significantly wider and more irregular than
the trans-cortex at the same level. This width asymmetry differed in both magnitude
and direction from the contralateral limb. The bone underlying the plate was
significantly less dense than the trans-cortex, and this cortical density difference was
significantly greater than that of the contralateral limb. These cortical changes were
independent of both duration of fixation and degree of ostectomy bone healing. This
study provides evidence that cortical bone loss consistent with cortical porosity is a
comorbidity of locking plate fixation in a caprine tibial ostectomy model. Further
research is necessary to identify risk factors for locking-plate-associated bone loss and
to inform clinical decisions in cases necessitating long-term locking plate fixation.
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INTRODUCTION

Internal fixation through plate osteosynthesis remains a mainstay for effective
treatment of fractures, but fixation methods, plate composition and design, and surgical
techniques have evolved over time [1]. Even in its earliest stages, orthopedic plate
designs reflected the challenges at hand, each aiming to improve outcome and reduce
complications. Landmark achievements include the development of metallic alloys for
orthopedic plates, the establishment of the Arbeitgemeinschaft fur Osteosynthesefragen
(AO) principles of effective fracture treatment, the invention of compression plates to
encourage primary bone healing of fractures, the refinement of plate hole designs to
allow for tension or dynamic compression plating, and the establishment of minimally
invasive plate osteosynthesis [1-3]. Fixed angle devices, such as point-contact fixators
and locking plates, were developed to respond to the challenges observed during
conventional compression plating including marked soft tissue and periosteal damage
during fixation, stress shielding of the underlying bone, and complications such as
cortical porosis and/or refracture following plate removal [2, 4-7].

Conventional compression plating aims to maximize fracture stability, minimize
fragmentary motion, and minimize strain across the fracture gap to encourage primary
bone healing, defined as the reestablishment of cortical bone without callus formation
[8-10]. During early fixation, all load exerted on the bone is transferred from extremity
to extremity through the plate and in compression plating, axial load is converted to
shear stress [11-13]. Compression plates counteract these shear forces through frictional
force generated by both plate-to-bone contact and summed screw torques, and once the
external load exceeds frictional force, the strength of fixation directly reflects the axial
stiffness of the screws furthest from the fracture site [2, 9]. Compression plating
comorbidities and complications reflect these fixation biomechanics. Each screw is
loaded individually at the screw-bone interface and repetitive loads can lead to screw
toggle, failure, or pullout complications [2, 14]. These interfaces can be further
compromised by cortical bone loss, either during the fracture itself or as a result of the
fracture fixation (periosteal injury, soft tissue damage, or cortical stress-shielding) [7, 9].

Cortical porosis is a comorbidity of compression plating [7]. Initially described as
a cancellous transformation of cortical bone under the plate, cortical porosis represents
a structural change to bone in contact with the plate characterized by bone resorption,
medullary widening, and cortical thinning [15]. This comorbidity has been associated
with increased refracture rates following plate removal and poses a challenge to
clinicians who must balance radiographic fracture healing with increasing cortical
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porosity risk in their plate removal decisions [5, 16]. The definitive etiology of cortical
porosis following compression plate fixation remains unclear [7]. Proposed etiologies
include stress-shielding of the bone leading to disuse resorption or disruption of cortical
perfusion either by surgical trauma or compression between the plate and periosteum
[1, 5]. However, plate alterations aimed at reducing plate contact (e.g., limited contact
dynamic compression plate) and/or stress differential between plate and bone (e.g.,
plate material compositions) have not succeeded in eliminating porosis and reducing
refracture rates [7, 16-18].

In contrast to compression plates, locking plates do not depend on individual
screw torques nor on plate-to-bone frictional forces for fixation stability [12, 19].
Locking plates act as single beam constructs in which there is no motion between the
components of the beam (plate and screws), and axial external load is converted to
compressive force, not shear forces [12, 20, 21]. The strength of locking plate fixation
reflects the sum of all screw-bone interfaces, avoiding comorbidities of screw toggle
and/or breakage and proving ideal for fracture cases with weak or lacking cortical bone
(osteoporosis, comminution, etc.) [14, 20, 21]. Locking plates also are periosteal sparing,
as the stability of locking plate fixation does not rely on frictional force generated by
compressive contact between the plate and underlying bone [5, 10]. Generalized locking
plate contact forces and surface areas have been described, but the true extent of locking
plate contact is case-specific, depending on the fracture configuration, bone contours,
cortical integrity, and overlying soft tissue [4, 5, 22, 23]. In theory, the differing contact
profiles and fixation biomechanics between locking and compression plate fixation
should reduce the incidence of cis-cortical porosis following locking plate fixation.
However, Moens describes several clinical case series and studies that found no
difference in cortical necrosis or porosity between locking and compressive plates [5].
Also, progressive bone atrophy (characterized by cortical thinning and porosis)
following locking plate fixation of diaphyseal forearm fractures has been reported [24-
26]. Moens challenged the claim that locking plates do not induce cortical porosis, citing
a lack of in depth and rigorous comparisons between traditional compression and
locking plates [5].

The current study aimed to assess the effects of long-term locking plate fixation
in a caprine tibial segmental ostectomy model, focusing on cortical changes such as
thinning, porosity, or loss of density under the plate as compared to both the trans
cortex and to the cortical characteristics of the opposite limb. We hypothesized that
long-term locking plate fixation would be associated with a loss of cortical integrity in
the form of cortical thinning and decreasing cortical density of the bone underlying the
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plate. We hypothesized that these effects would be associated with time but would be
independent of bone healing, fixation characteristics, and goat body weight.

MATERIALS AND METHODS

Goats

All study procedures were approved by the University of Tennessee Animal
Care and Use Committee (protocol numbers 2741 and 2383). Boer-cross, adult goats
(n=160 females; mean weight 50.6 + 7.58 kg, weight range 29 — 73 kg) were used in this
study. Preoperatively, goats were housed in small group pens in groups of two to six
(=17 ft? per goat); postoperatively, goats were housed individually in adjacent pens (=20
ft? per goat) for a minimum of seven days, followed by group housing based on goat
behavior, clinical indication, and housing availability. Flooring included a layer of
wood shavings laid on top of rubber mats over concrete flooring in a conditioned
housing facility for the duration of the study. The goats were fed a balanced ration of
grass hay, supplemental grain mix, and alfalfa as needed based on body condition. Free
choice fresh water was provided via automatic waterers in group housing and in water
buckets in individual pens. The goats used in this study were part of a series of
orthopedic research projects assessing bone fillers in a tibial segmental defect model.
Treatment groups included negative control (empty defect), positive control
(autologous cortical bone graft), and intramedullary bone fillers with and without
recombinant human bone morphogenic protein 2 (thBMP-2). Goats from two projects in
this series were included in this study, and cases were identified as either from Study A
(2018) or Study B (2021); surgical technique, postoperative management, and
postoperative monitoring did not differ between Studies A and B, but treatment group
allocation and duration of the postoperative period differed by design. Criteria for
inclusion of goats in this study included those having a segmental tibial ostectomy (2
cm defect, right hindlimb), bridging fixation using a single, custom designed locking
plate, and computed tomographic examination of the operated limb immediately
following plate removal. Exclusion criteria included goats diagnosed with surgical site
infection, osteomyelitis, loose screws, broken screws, or cortical fractures during the
study.
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Surgery

A mid-diaphyseal 2.0 cm segmental ostectomy was performed on the right hind
tibia of each goat. The tibia was stabilized using a custom-designed low contact, round
locking screw hole, double threaded 8-hole, 4.5-mm thick locking buttress plate with a
solid portion between the 4" and 5" screw holes (Veterinary Orthopedic Implants, St.
Augustine, FL, USA). Plate lengths varied based on tibia length, and plate selection (14
cm, 16 cm, or 18 cm) was made at the time of surgery following assessment of the tibia
and surgical site. The plate was centered over the ostectomy and secured with eight 4.0-
mm diameter self-tapping locking screws (Veterinary Orthopedic Implants, St.
Augustine, FL, USA), four in the proximal tibial segment and four in the distal tibial
segment. Each screw was tightened manually by the lead surgeon to ensure adequate
engagement between screw and plate. Surgical procedures were performed as
previously described [27]. Postoperatively, goats were fully weight-bearing and were
maintained in full-limb bandages with medial and lateral plastic splints
(Premier1Supplies, Washington, IA, USA) that spanned the limb from foot to
femorotibial joint (knee). Bandages were discontinued between 2 and 4 weeks
postoperative based on clinical condition as assessed by the supervising veterinarian.
Goats were maintained in either group or individual housing as described above but no
additional activity, behavior, or mobility restrictions were in place in the postoperative
period. Goats were humanely euthanized at predetermined timepoints of 3, 6, 9, or 12
months postoperatively.

Radiographic examinations of the tibia, consisting of a minimum of two
orthogonal views centered at mid-tibia, were performed immediately postoperatively
and one day following surgery. Bone healing was assessed radiographically throughout
the postoperative period at monthly or bi-monthly intervals as directed by the ongoing
orthopedic research protocol. Computed tomographic examination of either the
operated limb alone or both hindlimbs was performed at the time of plate removal,
either postmortem or under general anesthesia as dictated by the experimental design.
Computed tomography (CT) was performed using a 40-slice helical CT scanner
(Philips® Brilliance-40™, Philips International B.V., Amsterdam, Netherlands). Prior to
imaging, the CT scanner was calibrated according to manufacturer specifications.
Transverse images were acquired as a multislice helical dataset and were reconstructed
into 0.67-mm to 1-mm slice thickness using a bone algorithm. Images were uploaded
into a picture archival and communications system (Sectra® PACS™ IDS7, Sectra AB,
Linkoeping, Sweden) for further evaluation.
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Bone Healing Assessment

Per the ongoing orthopedic research protocols, each postoperative radiographic
study and computed tomographic examination was reviewed by a board-certified
veterinary radiologist (SH). Bone healing was assessed using an ostectomy gap filling
score, referred to as “Bone Healing Score,” outlined in Table 5.1 and based on both the
Radiographic Union Score for Tibial fractures (RUST) treated with intramedullary
fixation and the modified RUST scoring system for plate fixation [28-30]. Scores ranged
from 1 to 5 with a bone healing score of 5 representing complete filling of the ostectomy
gap with bridging callus on all cortices. For both cortical thickness assessment and
cortical density assessment using computed tomographic (CT) data, the bone healing
score assigned to the respective CT examination was utilized for correlation analysis
described below.

Cortical Thickness Assessment

Cortical thickness and cortical density were measured using computed
tomographic data of the operated and, if available, contralateral limbs obtained at the
time of plate removal. Manipulation of image files, cortical thickness measurements,
and cortical slab density measurements were performed using a picture archive and
communication system (PACS) and digital radiographic imaging system (Sectra PACS,
Sectra AB, Linkoping, Sweden). Cis (medial cortex underlying the plate) and trans
(lateral cortex opposing the plate) tibial cortical widths were measured using digital
calipers on transverse CT frames (slice thickness 0.67-1 mm). For all operated limbs,
standardized measurement loci were implemented using the visible screw tracts from
locking plate fixation. Briefly, each fixation was performed using eight locking screws
with bicortical engagement, four proximal to the ostectomy gap and four distal to the
gap. The screws were referred to by number with screw 1 (S1) as the most distal screw
and screw 8 (S8) as the most proximal screw (see Figure 5.1). The midpoint frames
between each adjacent pair of screws on the same bone segment were identified and
utilized for measurements, yielding three measurement loci in the proximal tibial
segment and three in the distal. For all contralateral limbs, three standardized
measurement loci were determined using tibial length, measured in CT frames. Briefly,
measurements were conducted at the appropriate frames representing %4, %2, and %
tibial length to correspond to repeatable proximal metaphysis, mid-diaphysis, and
distal metaphysis loci. On the contralateral limb, the medial cortical measurements
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were compared to operated cis-cortical measurements, and the lateral cortical
measurements were compared to operated trans-cortical measurements.

At each measurement location, cis- and trans-cortical widths at the craniocaudal
midpoint of the bone were recorded. Additionally, a qualitative binary assessment of
cis-cortical irregularity was conducted by the reviewer with cortical irregularity defined
as any disruption to the uniform tibial cortical structure such as bone porosity or
periosteal new bone formation. Differences in cortical width were determined
mathematically as trans width minus cis width.

Cortical Density Assessment

Cortical density measurements were conducted at each operated and
contralateral limb measurement location described above. To enhance density
measurement accuracy and reduce frame-to-frame variability, density measurements
were conducted as previously described on three-dimensional cylindrical cortical slab
regions of interest (ROI) generated using Sectra PACS’s multiplanar reconstruction
software (Sectra AB, Linkoping, Sweden) [30, 31]. Slabs were generated using
maximum intensity projections (MIP), slab thickness was set at 3 mm with 1 mm step,
and ROI cylinders were generated with 2.5 mm diameter and 5 mm? area. At each
operated and contralateral limb measurement point, cis (medial) and trans (lateral)
cortical slab densities at the craniocaudal midpoint of the bone were determined using
manual placement of ROI cylinders within the appropriate cortex. Differences in
cortical density were determined mathematically as trans density minus cis density.

Statistical Analysis

For both the operated and contralateral limbs, cis- and trans-cortical tibial
cortical widths and densities were compared at each measurement locus using paired
Student’s t tests. Additional demographic and surgical factors were screened for any
effects on operated or contralateral tibial cortical width or density differences. These
factors included body weight at study admission, orthopedic research project group
(Study A or Study B), allocated treatment group, selected locking plate length, time in
months that the locking plate was in place, cortical irregularity status, and bone healing
score at the time of plate removal and CT exam. Descriptive statistics (including mean,
median, standard deviation, frequency, percentile, and range) were generated as
appropriate for the given dataset. The effects of cortical irregularity status, project
group, and treatment group on width and density differences were analyzed using an
analysis of variance (ANOVA), and the effects of numeric factors including body
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weight, plate length, bone healing score, and time were assessed using Pearson
correlation analysis. For all demographic and surgical factors, effects were assessed first
at the whole tibia level and then at each measurement locus individually. For ANOVA
analyses, rank data transformation was applied when diagnostic analysis on residuals
exhibited violation of normality and equal variance assumptions using Shapiro-Wilk
test and Levene's test. Post hoc multiple comparisons were performed with Tukey’s
adjustment.

Operated and contralateral limb width and density differences were compared
using paired Student’s t tests. Briefly, calculated width and density differences on the
operated limb were matched with contralateral differences at the same location on the
bone. The two proximal operated limb measurement loci were compared to the
proximal metaphysis contralateral locus, the two loci immediately adjacent to the
ostectomy site were compared to the contralateral mid-diaphysis locus, and the two
distal operated limb measurement loci were compared to the contralateral distal
metaphysis locus. Statistical significance was identified at p<0.05. Analyses were
conducted in SAS 9.4 TSIM7 (SAS institute Inc., Cary, NC) and IBM SPSS Statistics v. 28
(IBM Corp. Armonk, NY, USA).

RESULTS
Goats

Out of a total population of 160 goats, 84 (mean body weight 50.11 +7.13 kg;
range 35-66.6 kg) met the inclusion criteria for this study. Study groups, treatment
groups, locking plate lengths, duration (in months) of plate fixation, and bone healing
scores are presented in Table 5.2. Due to differences in experimental design between
Study A (70 goats) and Study B (14 goats), significant differences in treatment group
allocations and durations of fixation were observed (p<0.001). Additionally, significant
differences in allocated plate lengths and body weights at intake were noted between
study groups (p<0.001). Goats in Study A were slightly lighter than those in Study B
(49.1 £ 6.6 kg and 55.4 + 7.6 kg, respectively), and selected plate lengths were longer in
Study A as compared to Study B (Table 5.3).
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Tibial Cortical Width

Operated limb cortical widths and width differences are presented for each
measurement location in Table 5.4. At all points on the operated tibia, the cis cortex was
significantly wider than the trans cortex (p<0.001 for all comparisons). Mean
contralateral limb cortical width differences, expressed as trans-cortex minus cis-cortex,
are presented for each measurement locus in Table 5.5. At all locations on the
contralateral tibia, the lateral cortex was significantly wider than the medial cortex
(p<0.001 for all comparisons). As described in Table 5.5 and illustrated in Figure 5.2,
mean cortical width differences were significantly different in magnitude and direction
between operated and contralateral limbs (p<0.001 for all comparisons), with the
greatest disparity in cortical dimensions at the operated and contralateral proximal
metaphyses (-0.836 + 0.935 mm and 0.433 + 0.412 mm, respectively). Qualitative cortical
irregularity scores were significantly different between the operated cis-cortex and
contralateral limb medial cortex (53.1% irregularity and 0.9% irregularity, respectively,
p<0.001).

On the contralateral tibia, the factors of treatment group, body weight, duration
of locking plate fixation on the operated limb, locking plate length, and bone healing
score of the operated limb were assessed for correlation with contralateral tibial width
differences. No significant correlations were detected for treatment group, body weight,
locking plate length, and time, but bone healing score on the operated limb was
significantly correlated with contralateral limb mid-diaphyseal width difference (p =
0.042). As bone healing improved, the width difference at mid-diaphysis on the
contralateral tibia decreased.

On the operated limb, the factors of orthopedic study group, body weight,
locking plate length, treatment group, duration of locking plate fixation, and bone
healing score were assessed for correlation with tibial width differences (Table 5.2). No
significant correlations were detected for treatment group, time, and bone healing score.
Study group, body weight, and locking plate length were each significantly correlated
with operated tibial cortical width difference (p<0.001 for each). The effects of study
group were inconsistent when broken down by measurement foci. At the proximal
metaphysis, goats from Study A had greater width differences than Study B, but at the
mid-diaphyseal and distal metaphyseal loci, Study B had greater width differences. At
the distal mid-diaphysis locus (543) and distal metaphyseal locus (532), increasing body
weight was directly correlated in increasing width difference, but no significant effect of
body weight was detected at the remaining measurement loci. Plate length was
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significantly correlated with width difference; as plate length increased, the operated
tibial cortical width difference decreased.

Based on these results, further analysis of interactions between the demographic
and surgical variables was performed. Bone healing score had no significant
interactions with the other variables. Duration of locking plate fixation (time) was
significantly associated with study group only (p<0.001). The variables of study group,
treatment group, body weight, and plate length were significantly codependent
(p<0.001 for all comparisons).

Tibial Cortical Density

Operated limb cortical densities and density differences are presented in
Hounsfield Units (HU) for each measurement location in Table 5.6. At all locations on
the operated tibia, the cis cortex was significantly less dense than the trans cortex
(p<0.001 for all comparisons). Mean contralateral limb cortical density differences,
expressed as lateral cortical density minus medial cortical density, are presented in
Table 5.7. Similar to the operated tibia, the medial cortex was significantly less dense
than the lateral cortex at all measurement points (p<0.001 for all comparisons). As
described in Table 5.7 and illustrated in Figure 5.3, mean cortical density differences
were significantly greater in the operated limbs compared to contralateral (p<0.001 for
all comparisons), with the greatest disparity in cortical densities at the mid-diaphyseal
region.

On the contralateral tibia, no significant correlations with cortical density
differences were found for the factors of treatment group, locking plate length, and
body weight. At the contralateral proximal metaphysis only, both bone healing score of
the operated tibia and time that the locking plate was in place were significantly
correlated with contralateral cortical density difference (p = 0.003 and p = 0.030,
respectively). Greater bone healing scores, representing more complete bridging of the
ostectomy, were associated with greater differences in density between the contralateral
medial and lateral proximal metaphyseal cortices, but increasing duration of plate
fixation was association with decreased density differences on the contralateral limb.

On the operated limb, the factors of bone healing score, locking plate length,
study group, and time exhibited no significant correlation with cortical density
differences (Table 5.2). Body weight at intake and assigned treatment groups were
significantly correlated with whole-bone cortical density differences (p =0.048 and p =
0.031, respectively). When broken down by measurement foci, increasing body weight
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at intake was significantly correlated with decreasing density differences at the mid-
diaphysis proximal to the fracture gap (565), but no additional significant interactions
were noted. At two locations in the proximal metaphysis, significant differences in
cortical densities were noted between the positive and negative control groups; no
additional effects of treatment group reached significance.

DISCUSSION

Locking plate fixation combines the mechanical stability of an external fixator
with the antimicrobial safety of an internal fixator [6]. Locking plate mechanics allow
for stable fixation in cases of weak or limited cortical bone, and while they do not
provide interfragmentary compression, locking plate fixations have similar strength,
stiffness, and generalized success in terms of fracture healing and functional recovery
when compared to matched compression plate fixations [21, 23, 32-35]. Locking plate
complications generally reflect those of all internal fixations, and the most common
reasons for reoperation are infection, most commonly associated with patient factors
such as obesity, diabetes, smoking, or other underlying disease, and implant failure,
most commonly associated with loss of screw purchase in compromised bone [21, 36,
37]. However, an increased rate of nonunion associated with locking plate fixation,
particularly in distal femoral fractures (nonunion rates range from 14% to 41% of cases),
has been identified, and upon further investigation, cortical atrophy and loss of cortical
integrity under the locking plates was observed [26, 38-40]. Also, cortical porosis and
bone loss have been observed in cases of locking plate fixation of proximal humeral
fractures, resulting in both nonunion and refracture complications [24, 26]. In a single-
subject prospective trial, Hirashima et al. evaluated atrophic bone changes associated
with locking plate fixation of paired radial and ulnar fractures without subsequent plate
removal over 5 years of follow-up [25]. They reported a rapid loss of volumetric bone
density in the radius and ulna under the plate (roughly 8% and 15%, respectively)
during the first year of follow-up, relatively unchanged bone density between years 1
and 3, and rapid, marked declines in bone density from year 3 onward (roughly 34%
volumetric bone loss under the plate in both the radius and ulna at year 5 of follow-up)
[25]. Throughout this period, the volumetric bone mineral density outside of the
margins of the plate did not significantly change [25]. Therefore, the goal of this study
was to screen for cortical thinning, porosity, or loss of density following locking plate
fixation of a caprine tibial defect.

132



Changes in cortical dimensions were assessed through measurements of
operated and contralateral tibial cortical widths. Significant differences in cortical
widths were noted at all measurement points on the contralateral tibia with the lateral
cortex wider than the medial. These differences are expected due to normal tibial
functional anatomy, tension surface, stress distribution, and muscular attachments, and
similar relative cortical widths have been documented in focused caprine breed-
associated anatomical studies [41-43]. However, the cortical geometry of the operated
limb differed from that of the contralateral tibia both in magnitude and direction of
cortical width differences (Figure 5.2). Contrary to our hypothesis, the cis-cortex
underlying the locking plates was significantly wider than the trans-cortex at all
measurement points. Upon qualitative review, this wider bone was significantly more
irregular and porous than the contralateral comparisons. Biomechanical analysis of
tibial mechanics and strain distribution following plate removal was outside the scope
of this study. Thus, we can only speculate from previous mechanical studies that the
operated tibias would undergo markedly different patterns of tension, strain, and load
distribution based on geometry alone, and the observed cortical irregularities may act
as stress risers during load transfer as seen in previous osteoporosis models [44-49].
Cortical widening in this study was rapid, and the duration of locking plate fixation
had no significant effect on the geometric changes. In addition, operated limb cortical
width differences were independent of bone healing score, suggesting that the fixation
itself and not the degree of load sharing of the healed ostectomy was responsible for
medial (cis) cortical widening.

Changes in cortical density and cortical porosity were assessed through
multiplanar CT reconstruction and three-dimensional cortical slab density
measurements. Similar to cortical widths, expected differences in cortical density
between the contralateral tibia’s medial and lateral cortices reflect normal anatomic
adaptations to the bone’s functions in load bearing and locomotion [30, 43]. In both the
operated and contralateral limb, the cis-cortex was less dense than the trans-cortex, but
the difference between three-dimensionally reconstructed cortices was significantly
greater on the operated limb (Figure 5.3). This translates to increased bone porosity and
overall bone loss under the plate that corroborates what has been described following
long-term locking plate fixation of human forearm and upper arm fractures [24-26].
Similar to cortical width differences, operated limb cortical density differences were not
affected by either duration of fixation or bone healing score, suggesting rapid, fixation-
associated changes that were independent of the defect’s degree of healing and load
sharing status. We suggest that the significant correlations between operated cortical
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density differences and the variables of body weight at intake and treatment group are
reflective of convenience sampling limitations discussed below. However, the
interesting correlations between both cortical width and density differences and body
weight is worthy of further investigation. In this study, as body weight increased,
cortical width disparities between cis and trans at the mid-diaphysis increased while
cortical density disparities at the proximal metaphysis decreased. Due to the
codependence of body weight, study group, treatment group, and plate length in this
study, further conclusions regarding the effect of body weight and, by extension,
external axial load on locking-plate-associated cortical bone loss cannot be made, but
this is a compelling topic for future research.

Another interesting finding worthy of further exploration is the significant
correlation between bone healing score on the operated limb and cortical width and
density differences on the contralateral limb. As operated limb healing scores improved,
reflective of increasing load sharing of the defect, contralateral limb width differences
decreased and density differences increased. Alterations in quadrupedal load
distribution and biomechanical gait following induction of lameness have been well-
described [50-52]. As the contralateral cortical measurements in this study were only
intended to provide a contralateral comparison for observations in the operated limb,
further exploration into lameness biomechanics and contralateral limb loads were
outside the scope of this project. However, we hypothesize that these changes in
contralateral tibial geometry and composition may reflect adaptive bone responses to
alterations in loading environment as previously described [27, 52, 53].

The data from this study was obtained as a convenience sample from a series of
orthopedic research projects using the caprine tibial ostectomy model. Thus, study
population limitations including unequal distribution of study and treatment groups,
lack of control for body weights and plate lengths, and overall codependence of study
group, treatment group, body weights, and plate lengths are inherent. On individual
factor analysis, orthopedic study group, body weight at intake, and locking plate length
were significantly correlated with operated limb cortical width differences. However,
due to the significant interaction effects among these variables and inconsistency of
effect on cortical width differences when broken down by measurement location,
conclusions regarding the influence of one variable over another and recommendations
for future surgical planning cannot be made. To account for these inherent limitations,
strict inclusion criteria was enacted to maximize uniformity in fixation mechanics, bone
metabolism, and wound environment. This resulted in a relatively high exclusion rate
(47.5%) and limitation of overall sample size, and we acknowledge these limitations to
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data interpretation. However, on post hoc sample size analysis with type II error set at
0.2, all demographic and surgical variable stratifications retained adequate power for
whole tibial analysis and inclusion in our results.

In addition to the study population limitations discussed above, additional
limitations in methodology and standardization must be acknowledged. This study
compared measurements between the operated and contralateral limbs, but direct
matching of measurement methods was not feasible due to the presence of screw tracts
and gap ostectomies in the operated tibias. For that reason and to ensure standardized
and repeatable measurements in both two- and three-dimensional reconstructions, the
mathematical midpoints between screw tracts were used on the operated limb whereas
relative tibial length was used on the contralateral tibias. Variations in plate lengths,
plate positions, and tibial anatomy introduced minor and unavoidable variability in
operated tibia measurements, and we acknowledge this as a limitation to the study.
Finally, all contralateral CT examinations were performed as a part of Study A, so no
correlation analysis of study group effect was able to be performed on contralateral
tibial measurements. Contralateral CT examination was not included in Study B’s
methodology, and the limitations to contralateral dataset size and matching are
acknowledged.

CONCLUSIONS

This study describes significant alterations in cortical dimensions and density
following long-term locking plate fixation of caprine tibial segmental defects. Cortical
porosis is an accepted comorbidity of compression plating, but due to locking plates’
unique mechanics and contact profile, it has not been widely investigated in association
with locking plate fixation. In this study, the tibial cortex underlying the plate was
significantly wider and more irregular than the opposite cortex at the same level, and
this width asymmetry differed in both magnitude and direction from the contralateral
limb. The bone underlying the plate was significantly less dense than the opposite
cortex, and the magnitude of difference between operated cis and trans was
significantly greater than that of the contralateral limb. This study provides evidence
that cortical bone loss consistent with cortical porosity is a comorbidity of locking plate
fixation and may contribute to nonunion or refracture complications in cases of
extended duration of fixation. Further research is necessary to identify risk factors for
locking-plate-associated bone loss and to inform clinical decisions in cases necessitating
long-term locking plate fixation.
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APPENDIX

Table 5.1: Bone Healing Score. Values and criteria based on ostectomy gap filling.

Ostectomy Gap Filling Score

New bone filling <25% of ostectomy gap 1

New bone filling 25-50% of ostectomy gap

New bone filling 51-75% of ostectomy gap

New bone filling >75% of ostectomy gap but not completely healed

Q=N

Ostectomy gap filled completely and/or bridging callus present on all cortices
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Figure 5.1: Illustration of Measurement Locations for Operated and Contralateral
Tibias. Contralateral limb measurement locations were determined using tibial length
with each measurement point, indicated by a solid red line and label, representing a
25% increment in tibial length. Operated limb measurements were taken at the
midpoint between each adjacent screw and grouped by anatomic localization (indicated
by blue lines and labels). Screws were numbered for reference and each midpoint
measurement location was identified using the two adjacent screws' numbers. Figure
created using BioRender.
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Table 5.2: Demographic and Surgical Factors” Descriptives and Correlation Analysis

Results. Statistical significance is denoted by bolded text.

Operated Operated
Limb Limb
Cortical Cortical
Factors of Interest Width — Density
Difference Difference
Correlation  Correlation
P-Value P-Value
Orthopedic Study <0.001 0.234
Number of Goats  Percent of Total
Study A 70 83.3
Study B 14 16.7
Body Weight at Intake <0.001 0.048
Mean + St. Dev. Range
Body Weight (kg) 50.11+7.13 35, 66.6
Locking Plate Length <0.001 0.762
Number of Goats  Percent of Total
14 cm 13 15.5
16 cm 21 25.0
18 cm 50 59.5
Treatment Group 0.457 0.031
Number of Goats  Percent of Total
Autologous Graft 5 6.0
rhBMP-2 Bone Filler 30 35.7
Bone Filler Alone 22 26.2
Empty Defect 27 32.1
Time Locking Plate in Place 0.310 0.591
Number of Goats  Percent of Total
3 months 14 16.7
6 months 20 23.8
9 months 24 28.6
12 months 26 30.9
Bone Healing Score 0.651 0.400
Number of Goats  Percent of Total
1 13 15.5
2 3 3.6
3 13 15.5
4 19 22.6
5 36 42.9
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Table 5.3: Plate Length Distribution Between Study Groups. Selected plate lengths were
significantly different between Study A and Study B (p<0.001).

Study Group Plate Lengths

14 cm Plates 16 cm Plates 18 cm Plates Total
Number of Goats . Number of Goats = Number of Goats | Number of Goats
Study A 0 20 50 70
Study B 13 1 0 14

Table 5.4: Operated Limb Mean Tibial Cortical Widths and Width Differences.
Values organized by location. Statistical significance was identified at p<0.05 and

significant differences between cis and trans cortical widths are denoted by bolded text.

Operated Limb Cortical Widths

Width
. . Measurement Cis-Cortex Trans-Cortex Difference
Tibial Regions Points Width (mm) Width (mm) (mm) P-Value
Mean + St. Dev.  Mean + St. Dev.  Mean * St. Dev.
Proximal S87 4.842 +0.999 3.922+0.727  -0.920+1.019 <0.001
Metaphysis S76 4.871+0.914 4.119 + 0.659 -0.752 £ 0.846 <0.001
Mid-Diaphysis
P e S65 4818+0955  4.390+0.633 -0.428+1.049  <0.001
Mid-Diaphysis
Di 543 5.057 + 0.658 4986 +0.807  -0.071 +0.862 <0.001
istal to Defect
S32 4.962 +0.702 4.596 + 0.668 -0.365 + 0.685 <0.001
Distal Metaphysis
S21 5.144 + 0.856 4.445 + 0.589 -0.699 + 0.860 <0.001
Table 5.5: Comparison of Cortical Width Differences Between Operated and
Contralateral Tibias. Values organized by location. Statistical significance was
identified at p<0.05 and significant associations are denoted by bolded text.
Cortical Width Difference
Operated Limbs Contralateral Limbs
P-Value
Mean (mm) + St. Dev. Mean (mm) + St. Dev.
Proximal Metaphysis -0.836 +0.935 0.433 +0.412 <0.001
Mid-Diaphysis -0.249 £ 0.970 0.317 £ 0.361 <0.001
Distal Metaphysis -0.532 +£0.791 0.126 + 0.236 <0.001
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Width Differences - Operated vs. Contralateral Limbs
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Figure 5.2: Operated and Contralateral Cortical Width Differences. Values organized
by location on the bone. Polynomial lines of best fit were generated to aid in
visualization, and R? values are included adjacent to the appropriate line.

Table 5.6: Operated Limb Mean Tibial Cortical Densities and Density Differences.
Values organized by location. Statistically significant differences between cis and trans
cortical densities are denoted by bolded text.

Operated Limb Cortical Densities

Density
o . Measurement Cis-Cortex Trans-Cortex Difference
Tibial Regions Points Density (HU)  Density (HU) (HU) P-Value
Mean + St. Dev. Mean + St. Dev. Mean + St. Dev.
Proximal S87 1437.7 £+226.3 1604.0 +232.4 166.2 +166.3 <0.001
Metaphysis S76 1471.8 +216.5 1689.3+172.2 217.5+125.4 <0.001
Mid-Diaphysis S65 1441.4+2783 17468+1347  3054+251.4  <0.001
Proximal to Defect T : i : T : °
Mid-Diaphysis
Distal to Defect 543 1643.9+154.5 1846.0+127.4 202.1 +111.9 <0.001
S32 1641.5+143.9 1812.6 +124.9 171.0 = 83.8 <0.001
Distal Metaphysis
S21 16382 +138.6 1789.3 +132.8 151.2+92.7 <0.001
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Table 5.7: Comparison of Cortical Density Differences Between Operated and
Contralateral Tibias. Values organized by location. Statistical significance was
identified at p<0.05 and significant associations are denoted by bolded text.

Cortical Density Difference

Operated Limbs Contralateral Limbs P-Value
Mean (HU) + St. Dev. Mean (HU) + St. Dev.
Proximal Metaphysis 192.0 £ 148.5 88.5+48.2 <0.001
Mid-Diaphysis 253.8 +200.2 62.2+123.9 <0.001
Distal Metaphysis 161.1 + 88.4 49.5+25.9 <0.001

Density Differences - Operated vs. Contralateral Limbs
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Figure 5.3: Operated and Contralateral Cortical Density Differences. Values organized
by tibial regions. Polynomial lines of best fit were generated to aid in visualization and
comparisons, and R? values are included adjacent to the appropriate line.
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