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ABSTRACT

Orthopedic injuries in small animal patients represent a considerable concern within
veterinary medicine, influencing their overall well-being and functional capacity. Among these
injuries, patellar tendon (PT) and bone fractures can result in reduced mobility, producing
discomfort and restricting their capacity to participate in regular physical activities. In
particular, the phase of removing screws after a surgical procedure might also potentially cause
unexpected stress on the skeletal system, affecting the overall effectiveness of orthopedic
treatments. The current studies delve into the complex biomechanical aspects of small animal
orthopedics, specifically focusing on prevalent issues involving tendons and bones.

The first chapter quantitatively evaluates the biomechanical and viscoelastic properties
of the dog PT under the influence of neuromuscular blocking agents (NMBA), particularly at
varying stifle angles. This study not only investigates into the biomechanics of the dog PT but
also aims to establish a standard reference and introduce a novel examination method for this
crucial anatomical structure. Diagnosing dog PT disorders in clinical practice involves various
methods, including radiography, magnetic resonance imaging (MRI), and elastography.
However, these instrument's availability and dependability often depend on laboratory settings,
non-quantitative analysis methods, and operator skills or experience. Alternatively,
myotonometric methods have been widely employed in human tendon evaluation and have
emerged as a promising approach for dog PT assessment. This approach presents several
advantages, including portability, non-invasiveness, and high reliability. By integrating this
evaluation into the comprehensive biomechanical testing methodologies employed in the study,
the research aims to provide a more thorough understanding of the complex responses of the

PT. The method not only helps to advance scientific knowledge but also has the potential to



improve diagnostic precision and assist clinicians in optimizing treatment strategies for tendon-
related conditions.

The second chapter employs finite element analysis (FEA) to elucidate fracture
mechanisms within the radius and ulna of toy breed dogs. This computational approach allows
for a detailed examination of stress distribution patterns during the fracture condition, offering
a deeper comprehension of small animal orthopedics. To the best of our knowledge, no studies
have investigated fracture mechanisms in toy breed dogs utilizing FEA, especially in toy
poodles. The insights from this novel approach fill a critical gap in existing research, providing
valuable information that could significantly impact veterinary surgery practices. While FEA
is widely used in human medicine to study radius ulna fractures, its application in veterinary
orthopedics remains limited. The evolving potential of FEA in veterinary orthopedics holds
promise for addressing a range of complex challenges, offering insights into tissue deformation,
stress distribution, and other biomechanical aspects. Moreover, the FEA method provides an
alternative substitute for directly investigating these phenomena in living dog experiments,
which could present ethical obstacles. The limitation underscores the significance of utilizing
computational models to advance understanding of fracture dynamics, contributing to more
informed and ethically sound approaches to diagnosing and treating fractures in toy-breed dogs.
The implications of this research would potentially influence veterinary orthopedics and the
broader field of animal welfare.

The third chapter extends our investigation into veterinary orthopedic implants by
examining post-screw removal stress in the toy poodle radius. The research was prompted by
the recognition of complications associated with screw removal, with a particular emphasis on
reported occurrences of refracture in the radius. The primary objective is to contribute valuable
insights into the biomechanical implications of screw arrangements on post-operative screw

removal on bone stress distribution in dog radius fractures. Notably, our study addresses a gap



in existing research, as there have been no prior examinations of stress distribution on the toy
poodle radius after screw removal using FEA. Treating radius fractures in toy poodle dogs is a
complex clinical challenge due to their small size, unique bone structure, and limited blood
supply. Innovative approaches were necessary for effective treatment and optimal post-
operative outcomes. Implementing the revolutionary impact of FEA in biomedical engineering,
our methodology plays a pivotal role in predicting biological responses to mechanical stimuli
and efficiently analyzing tissue deformation and stress distribution. This insightful knowledge
significantly enhances the understanding of the stress distribution related to the removal of the
screw after surgery, providing essential insights for more informed clinical decision-making.
As these chapters coalesce, the dissertation aims to provide a comprehensive foundation
of knowledge that advances the understanding of small animal musculoskeletal biomechanics
and shapes the future landscape of surgical interventions in veterinary orthopedics. The
outcome of this research suggests considerable promise for improving the overall well-being

and health outcomes of companion animals.



GENERAL INTRODUCTION

Exploring the complexities of small animal orthopedics in veterinary medicine requires
thoroughly examining biomechanics to improve the understanding of musculoskeletal
disorders and enhance treatment approaches. The present work investigates a comprehensive
examination of the biomechanical and viscoelastic characteristics of the patellar tendon,
fractures occurring in the one-third distal radius of toy breed dogs, and the resulting stress

following the removal of screws in bone implant surgeries.

Patellar tendon (PT)

The PT comprises collagen fibers, elastin, and proteoglycans. The primary function of
the PT is to facilitate the extension of the stifle joint during weight-bearing activities or
transmitting forces generated by the quadriceps muscles during ambulation (Wheatley et al.
2020). Any disruption or alteration in this dense fibrous structure's biomechanical and
viscoelastic properties can profoundly impact a dog's ability to move and maintain stability.
The patellar tendon has a remarkable ability to store and release mechanical strain energy due
to its biomechanical properties and the strategic utilization of the force-length-velocity
dynamics of muscle fibers (Mersmann et al. 2019). The combination of these biomechanical
characteristics not only improves the overall stability of the musculoskeletal system but also
maximizes the performance and functionality of the associated muscles, illustrating an
adequate adaptation to the physiological requirements of mechanical stress in the extremities.
In addition, tendons might adapt to different loads by increasing their stiffness through changes
in their material properties and undergoing radial development over an extended period (Bohm
et al. 2015). During regular movement, tendons experience dynamic loading, resulting in a

response that varies over time. This dynamic loading exhibits a nuanced response from the



tendinous tissues, a phenomenon strongly linked to their unique viscoelastic properties. As
highlighted by (Kneifel et al. 2023) the time-dependent deformation and stress relaxation
inherent in the viscoelastic nature of tendons play a crucial role in shaping their adaptation to
mechanical stimuli over time. Understanding these complexities is crucial for furthering the
comprehension of physiological processes and the development of targeted treatments for

musculoskeletal disorders.

Patellar tendon assessment

Numerous studies have investigated the biomechanical and viscoelastic properties of the
animal PT. One study on ex vivo testing of dog patella-ligament-tibia (PLT) segments explored
the relationship between donor size, PLT dimensions, and graft mechanical properties (Biskup
et al. 2014). Further research examined mechanical damage to PT using ultrashort echo (UTE)
MRI (Pownder et al. 2021), while (Torniainen et al. 2019) explored the mechanical properties
of PT using near-infrared spectroscopy (NIRS). In clinical practice, shear wave elastography
is widely recognized as the primary method for examining the patellar tendon due to its
simplicity (Berko et al. 2015; McCagherty et al. 2020; Kuervers et al. 2021; Hardy et al. 2017;
Pearson et al. 2017). In bridging the gap between exploring various assessment methods for
PT, researchers have also addressed the myotonometric approach. This method has found
extensive application in the assessment of human musculoskeletal features, particularly in the
evaluation of the PT, Achilles tendon (AT), and viscoelastic muscles (Liu et al. 2018;
Pozarowszczyk et al. 2017; Young et al. 2018; Chen et al. 2019; Klich et al. 2020). The
evaluation process relies on the oscillation theory, wherein multiple mechanical impulses are
applied to soft tissue, and the reflected energy is measured to gauge the tissue's viscoelastic

properties. Notably, the myotonometric device boasts several advantages, including portability,



non-invasiveness, painlessness, and high reliability (Schneebeli et al. 2020; Bravo-Sanchez et

al. 2022).

Neuromuscular Blocking Agents (NMBA)

The primary objective of NMBA is to achieve muscle immobilization, facilitate surgical
procedures, and mitigate the risks associated with uncontrolled muscle movements (Popovici
et al. 2014). This drug works by temporarily inhibiting acetylcholine receptors, disrupting the
transmission of nerve impulses to muscle fibers, and inducing a reversible state of paralysis
(Motamed, 2023). Rocuronium has been reported as a non-depolarizing NMBA commonly
utilized in veterinary medicine (Martin-Flores et al. 2018). While existing research sheds light
on NMBA effects on muscle physiology (Alderson et al. 2007; Dugdale MA et al. 2002; Auer
2007), its specific impact on tendons remains not fully understood. Understanding potential
changes in tendon stiffness, elasticity, and viscoelastic properties is essential for small animal
practice. Moreover, the influence of NMBAS on tendons may vary with joint angles, reflecting
the dynamic nature of joint movement during different activities. Given the complex interplay,

it was a nuanced exploration beyond the current scope of veterinary literature.

Fractures on one-third distal radius

Toy-breed dogs have become extremely popular as pets in households. According to a
survey by ANICOM (the Japanese animal insurance business) in 2023, toy poodles were
ranked among the top five preferred dog breeds in Japan. Nevertheless, their small size gives
rise to intrinsic weaknesses, especially in their skeletal structure (Boudrieau R.J. 2003;
McCartney et al. 2010). Small breed dogs have distinct variations in the lengths and diameters
of their forelimbs compared to large breed dogs, as observed from an anatomical perspective.

As indicated by (Aikawa et al. 2018; Brianza et al. 2006; Brianza et al. 2007; Welch et al.



1997) the unique physical characteristics of toy poodles distal antebrachium, such as their small
size, specific bone structure, and limited blood flow, present challenges when treating fractures
in these dogs. Meanwhile, fractures in the proximal radius were infrequent due to the protective
effect of the nearby muscles, and the less rigid lateral epicondylar crest is more prone to
fracturing before the radius (Bruce WJ 2006). A study conducted by (Bell et al. 2022) showed
that the most common scenarios leading to fractures in these small animal companions
involved falls from considerable heights. These situations can occur during routine activities,
such as being carried by a caregiver or attempting to navigate household structures like sofas
or staircases. Effectively managing radius fractures in toy poodles presents a complex clinical
challenge, necessitating innovative approaches to ensure successful treatment and positive

post-operative outcomes.

Bone implant

The use of plates and screws as bone implants has become a standard practice in
veterinary orthopedics to provide stability and support during the healing process. Locking
compression plates (LCPs) have emerged as a prominent and preferred choice for effectively
addressing fractures, offering stability and accelerated healing. Prior research has pointed out
the advantages of LCPs, such as the ability to select different screw types, protect the crucial
blood supply, and obtain optimal stability by utilizing screws at various angles (Alwen et al.,
2018; Gibert et al., 2015; (Alwen et al. 2018; Gibert et al. 2015; Haaland et al. 2009). However,
numerous post-operative complications have been documented following the removal of
screws, with a notable prevalence of refracture observed in the radius of dogs (Aikawa et al.
2018; De Arburn Parent et al. 2017; Haaland et al. 2009). These complications underscore the
importance of careful consideration and precise surgical techniques involving screw removal,

as the risk of refracture poses a significant concern for the overall success of the intervention.



Notably, emerging evidence suggests that the plate size and arrangement of screws during the
surgical process might have a positive correlation with the overall success rate of the operation
(Wang et al. 2020). Optimal screw placement, considering factors such as size, position, and
orientation, plays a crucial role in achieving structural stability and reducing the risk of

complications post-removal (Largura et al. 2014; Bologna et al. 2023).

Finite Element Analysis (FEA)

The influence of FEA in the field of biomedical engineering is readily apparent due to its
exceptional capacity to investigate intricate problems. This method allows researchers to
simulate and analyze complex bone mechanics by breaking down structures into smaller and
manageable elements (Ruffoni and Van Lenthe 2017). In particular, FEA uses a numerical
approach to provide detailed insights into bone behavior under different conditions, surpassing
the limitations of experimental methods. It serves as an ethical and practical alternative to
direct experimentation on live animals in biomedical engineering, predicting fracture patterns,
assessing implant materials, and optimizing surgical procedures (Johnson and Troy 2017;
Pramudita et al. 2022; Revel et al. 2020; Yamazaki et al. 2021). The approach has played a
pivotal role in deepening understanding of bone stress distribution, deformation patterns, and
potential failure points. While FEA has been extensively researched in human medicine, its
potential remains largely unexplored in veterinary medicine. Limited awareness and expertise
in computational modeling within the veterinary community contribute to this gap, hindering
the widespread use of advanced computational tools in veterinary research and practice.
Therefore, bridging this gap could unlock new possibilities for implementing advanced
computational tools in veterinary studies, enhancing understanding of animal bone behavior

and leading to innovative methods for addressing musculoskeletal disorders in different species.



STUDY OBJECTIVE

The research comprehensively evaluates biomechanical and viscoelastic attributes in
small animal orthopedics. In particular, the study investigates the effects of NMBA and various
knee loading angles (normal, flexion, and extension) on dog PT. Additionally, it explores the
heightened susceptibility of toy poodles to the distal radius and ulna fractures and
biomechanical issues with post-operative screw removal. This inquiry aims to enhance
understanding of dog musculoskeletal biomechanics, contributing to advancements in small

animal diagnostic and therapeutic methods.



CHAPTER1

Quantitative evaluation of the biomechanical and viscoelastic properties of the dog

patellar tendon in response to neuromuscular blockade at different stifle angles

This work has been published as follows:

Anggoro, D, Purba, M.S., Nishida, N., Itoh, H., Itamoto, K., Nemoto, Y., Munekazu, N.,
Sunahara, H., and Tani, K. (2024). Quantitative evaluation of the biomechanical and
viscoelastic properties of the dog patellar tendon in response to neuromuscular blockade at
different stifle angles. PLoS ONE, 19(1): €0292453. https://doi.org/10.1371/journal.pone.

0292453. PMID: 38166027. PMCID: PMC10760779.

10



1.1. Abstract

The patellar tendon (PT) is crucial for maintaining stability and facilitating
movement in the stifle joint. Elastography has been recognized as a prominent method for
evaluating PT properties in humans and dogs. The utilization of oscillation methods in
canine studies remains limited despite their extensive documentation in human studies. Our
study represents the first effort to quantitatively assess and compare the effects of muscle
relaxants on the biomechanical and viscoelastic characteristics of the PT at varying stifle
angles in living dogs. Five healthy female beagles were used in this study. Biomechanical
(tone, stiffness, and decrement) and viscoelastic (relaxation time and creep) properties of
the PT were measured using MyotonPRO (Myoton Ltd, Estonia) before and following
administration of rocuronium (0.5 mg/kg/body weight) at normal, extended, and flexed
positions. Rocuronium was selected for its safety, controllability, and widespread clinical
use in veterinary anesthesia. Two-way analysis of variance showed that tone, stiffness, and
decrement were significantly higher (P < 0.001) in the control group than in the muscle
relaxation group. At the same time, relaxation time and creep were significantly lower (P
< 0.001) in the control group than in the muscle relaxation group. The findings indicate
that stifle angle position and muscle rexalant administration fundamentally alter the
biomechanical loading conditions of the PT, leading to changes in its viscoelastic properties.
Therefore, this novel quantitative data could benefit clinical settings that necessitate
accurate and objective methods for risk identification and monitoring PT biomechanics in

dogs.

1.2. Introduction

Tendons are mechanical cushions that transmit and absorb force when jumping and

landing. Tendons also contribute to storing and releasing energy, which helps muscles

11



function more effectively (Liu et al. 2018). Knee extensors comprise the quadriceps muscle
and tendon, medial and lateral patellar retinaculum, patella, patellar tendon (PT), and tibial
tubercle (LaPrade et al. 2018). The PT also plays a crucial role in transferring the force
from the quadriceps to the tibia (Wheatley et al. 2020). The proximal attachment (inferior
pole) is mainly affected if the PT becomes inflamed from constant strain. Meanwhile, the
superior pole of the patella (quadriceps tendon insertion) and tibial tuberosity (patellar
tendon distal attachment) are rarely affected by strain (Wadugodapitiya et al. 2021). Hence,
accurately assessing tendon properties may be a valuable addition to the standard tests to
evaluate skeletal muscle function.

Numerous methods for diagnosing canine PT disorders, including radiography,
magnetic resonance imaging (MRI), and elastography, are used in clinical practice.
Radiography may reveal soft tissue edema, irregular margins, and the PT's thickening at
the tibial tuberosity level. Meanwhile, MRI and elastography provide better accuracy and
image quality when diagnosing injuries due to their superior visualization of soft tissues
(Piccionello et al. 2018). However, the availability and dependability of these modalities
depend on the laboratory settings, non-quantitative analysis methods, and operator skills or
experience. Alternatively, myotonometric medicine has been widely used in human
evaluation to evaluate the PT, Achilles tendon (AT), and viscoelastic muscles (Liu et al.
2018; Pozarowszczyk et al. 2017; Young et al. 2018; Chen et al. 2019; Klich et al. 2020).
Myotonometric evaluations are based on the oscillation theory that involves the application
of several mechanical impulses to soft tissue and measuring the reflected energy,
representing the tissue's viscoelastic properties. The device has several advantages: it is
portable, non-invasive, painless, and highly reliable (Schneebeli et al. 2020; Bravo-

Sanchez et al. 2022).
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Neuromuscular blocking agents (NMBA) are frequently used to improve skeletal
muscle relaxation during surgery that requires general anesthesia. Rocuronium is an
example of a non-depolarizing NMBA frequently used in veterinary clinical practice
because of its ability to induce muscle paralysis while reducing stiffness. Rocuronium
relaxes the muscles by acting on nerve endings and inhibiting the release of acetylcholine.
Additionally, rocuronium improves tendon gliding and joint movement, resulting in a safer
and more efficient surgery (Martin-Flores et al. 2018). The angle of the stifle joint would
significantly impact the PT and its viscoelastic properties. Studies regarding PT
biomechanics and viscoelastic properties have shown that changes in the stifle flexion angle
can significantly impact the PT's tone, stiffness, and elasticity. In humans, it is hypothesized
that knee joint position plays a role in determining the elasticity of the PT, representing the
highest elasticity at flexion using the elastography method (Berko et al. 2015). Reportedly,
flexion angles of 90° resulted in the highest PT tone and stiffness in both dominant and
non-dominant legs (Chen et al. 2019). Other studies reported that elastography assessment
of the patellar ligament demonstrated a considerably lower percentage of stiffness in the
standing position (135°) than in other positions (McCagherty et al. 2020). Even though
human and canine knees are not anatomically identical, a prior investigation discovered
sufficient biomechanical similarities to justify comparing specific characteristics (Haut et
al. 1992; Burgio et al. 2022).

To the best of our knowledge, in live animals (not cadavers), no studies have
addressed all five parameters included in the Myoton device on dog PT. These parameters
include muscular tone, dynamic stiffness, logarithmic decrement, relaxation time, and
creep. Therefore, this study aimed to investigate PT biomechanical and viscoelastic
properties in response to the effects of muscle relaxants and under different knee loading

angles (normal position, flexion, and extension). Analysis of a dog's PT using the Myoton
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device could provide reference values on PT biomechanical and viscoelastic properties in

various circumstances. These findings may offer an objective diagnostic procedure or

comparison between the various examination techniques. We hypothesized that the

biomechanical and viscoelastic properties of the patellar tendon (PT) in dogs will exhibit

significant variations under the influence of the muscle relaxant, particularly in response to

changes in stifle joint angles.

1.3. Material and methods

1.3.1.

1.3.2.

Animals

Five adult female Beagles (B1, B2, B3, B4, and B5) with a mean age of 10.6
+ (.55 years (range, 1011 years), mean body weight of 11.4 = 0.74 kg (range,
10.5-12.2 kg), and body condition score of 3 were used in this study. The dogs
were provided by the Yamaguchi University Animal Medical Centre as
experimental dogs and had no 1) history of lameness, 2) relationship to any
orthopedic examination, and 3) radiographic evidence of joint disease. The
protocol was approved by the Committee on the Ethics of Animal Experiments of

the Yamaguchi University, Japan (Protocol Number: 539).

Anesthesia and monitoring

Anesthesia was administered to all dogs as it would be easier to manipulate
the various stifle angle positions during the examination to create a condition
almost identical to those obtained from living dogs. All dogs were fasted for at least
12 hours before receiving anesthesia. The dog's left and right cephalic veins were
catheterized using a 22-gauge catheter (Terumo Co., Ltd., Tokyo, Japan) for

intravenous infusion of fluids and rocuronium. Ringer's acetate solution (5
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1.3.3.

mL/kg/hour, Veen F, Fuso Pharmaceutical Industries, Ltd., Osaka, Japan) was
administered with a precision infusion pump (TOP-3300; TOP Corporation, Tokyo,
Japan).

Induction was started with propofol 1% (Mylan®, Pfizer, Tokyo, Japan) at
7 mg/kg intravenously. An 8 mm endotracheal tube was inserted into the trachea
and connected to an anesthetic machine (Drédger Fabius® Plus, Liibeck, Germany)
and maintained with isoflurane (Mylan®, Pfizer, Tokyo, Japan) delivered via a 2-
liter rebreathing bag. The anesthetic depth was controlled by maintaining
isoflurane within 1.5-2.0 minimum alveolar concentration. To ensure the dogs
were in stage III plane 3, jaw tone, eye position, pupil size, and several reflexes,
including palpebral, swallowing, and pedal reflexes, were assessed. During the
experiment, several cardiopulmonary variables that were measured by
electrocardiography, pulse oximetry, capnography, temperature, and oscillometric
non-invasive blood pressure were monitored using a multiparameter monitor
(BSM-6301, Life Scope, Nihon Kohden, Tokyo, Japan) and noted on the anesthetic
record every 5 minutes by the anesthetist. The body temperature was maintained
between 37.5°C and 38.0°C with a patient warming system (775, 3M™ Bair

Hugger™, Maplewood, MN, USA).

Radiographic evaluation

Standard mediolateral radiographs of the stifle joint in the normal, extended,
and flexed positions were taken using RADspeed Pro (Shimadzu, Tokyo, Japan).
Due to concerns discussed earlier, the standing position will hereafter be described
as a normal position when taking radiographic examinations. The angle of the

normal (140°) stifle joint position was estimated based on the leg position of a
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standing dog. Maximal flexion (34°) and extension (135°) were performed on both
legs. The angle measurements were determined using a universal goniometer
(Takumed, Sankei Kanko Co., Ltd., Kyoto, Japan).

The main criteria for determining acceptable image results were
superimposition of the femoral condyles and fabellae of the gastrocnemius muscle
and that the fibular head should be positioned caudally along the proximal section
of the tibial condyle. The total PT length (PTL) was determined as specified by a
previous study (de Moya and Kim 2020) and was measured from the distal aspect
of the patella to the proximal aspect of the tibial tuberosity (Figure 1.1).
Additionally, an illustration was provided to highlight the changes in PT shape that
occur at different stifle angles (Figure 1.2). The results of PTL on varied stifle
angles are demonstrated in Table 1.1. A radiographic reference ball measuring 25
mm was utilized to reduce scaling error during measurement. This examination

was performed using SYNAPSE QA (Fujifilm, Tokyo, Japan).

Neuromuscular blockade and monitoring

Before administering muscle relaxant, neuromuscular function was
evaluated on a thoracic limb through responses to train-of-four (TOF) stimulation
utilizing a muscle relaxation module (AF-201P, Nihon Kohden, Tokyo, Japan) in
conjunction with a display monitor (VA-201R, Nihon Kohden, Tokyo, Japan). The
dog was positioned in lateral recumbency, and the extended limb was positioned
parallel to the table with the antebrachium extended. At the level of the medial
epicondyle of the humerus, two needles were implanted subcutaneously across the
ulnar nerve and positioned 2 cm apart. Meanwhile, alligator clips (101P-B, K942B,

Nihon Kohden, Tokyo, Japan) secured both needles to the TOF muscle relaxation
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module. The acceleration transducer (TA-101P, PO36A, Nihon Kohden, Tokyo,
Japan) was applied to the palmar aspect of the paw using surgical tape (Micropore
Surgical Tape, 2.54 cm wide; 3M Health Care, Maplewood, MN, USA), and carpus
flexion was elicited. A temperature sensor (TT-101P, P0O36B, Nihon Kohden,
Tokyo, Japan) was inserted into the gingiva of the upper lips.

Stabilization and calibration were performed before the administration of
rocuronium (Eslax®, MSD Connect, Rahway, NJ, USA). Signal stabilization was
performed using a TOF sequence every 15 seconds (2 Hz, 50 mA) for 10 minutes
to facilitate twitch potentiation. Moreover, the monitor's built-in automatic
calibration function calibrated the accelerometric measurement. At the beginning
of the assessment and baseline, the response remained stable for 5—10 minutes, and
a bolus dose of rocuronium (0.5 mg/kg) was administered intravenously.
Immediately after, a maintenance dose was administered at 0.2 mg/kg/hr using a
precision syringe infusion pump (TOP-5530; TOP Corporation, Tokyo, Japan) The
infusion rate was adjusted in increments ranging from 0.2 to 0.5 mg/kg/hour, with
at least 2 minutes between each adjustment. The blockade was successful when
none of the four twitches could be observed. Infusion was terminated once all
measurements were completed. Subsequently, the TOF ratio was monitored until
it returned to >90% to ensure that the effects of muscle relaxant had worn off before

discontinuing isoflurane administration.

Procedure of assessment
A hand-held MyotonPRO device (MyotonPRO, Myoton Ltd, Tallinn,
Estonia) was programmed to perform a series of scans at regular intervals every

second, each of which would consist of a short-duration (15 ms) impulse using a
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minimum amount of mechanical force (0.4 N) and gentle precompression (0.18 N).
Based on the mechanical dynamic response method, it will provide a subsequent
computation of parameters characterizing the PT's biomechanical (tissue/muscle
tone, dynamic stiffness, and decrement) and viscoelastic properties (mechanical
stress relaxation time and ratio of relaxation and deformation time).

The multi-scan measurement consists of five individual measurements (the
instrument generated five rapid mechanical impulses) and is automatically reported
as the average of these observations. Multi-scan measurements were conducted
five times for the three different stifle angles on both legs and groups. Following
this, analysis was performed using the average of the five repetitions. All dogs were
positioned in lateral recumbency, and all measurements were performed by a single
examiner (DA). Moreover, to prevent misinterpretation due to the stability factor,
the leg that rested on the examination table was utilized as the standard for
measuring.

The same dog was subjected to two experimental procedures. All dogs were
evaluated prior to rocuronium administration; this group is the control group. After
completing all evaluations, rocuronium was delivered to the same dog, after which
they represented the muscle relaxation group and underwent evaluations similar to
those previously mentioned. The overlying hair on both patellar ligaments was
clipped to avoid any potential bias. The PT was determined by determining the
midpoint of the distance between the distal pole of the patella and the tibial
tuberosity according to each stifle joint position angle. A standard probe (3 mm)
was directed to the designated area and measured the PT by lightly applying the
contact detection sensor perpendicularly to the measurement surface. The

measurements were repeated when the coefficient of variation was >3%.
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1.3.7.

Nevertheless, the results were retained in every other circumstance. The mean data

were used for statistical analysis.

Parameters

The Myoton device provides five distinct indicators to ensure accurate and
reliable outcomes, including tone/oscillation/frequency (Hz, Hertz), stiffness (N/m,
Newton/meter), decrement/elasticity (log, logarithmic decrement), relaxation time
(ms), and creep (Deborah number [dn]). Tone signifies the tension when a tissue
remains passive at rest or without voluntary contraction. The stiffness value is
computed as the maximal oscillation acceleration and tissue deformation sensed by
the transducer. The ability of soft tissues to return to their original shape after being
deformed is referred to as elasticity. Furthermore, elasticity can be considered the
inverse of tissue oscillational dampening (the larger the decrement, the lower the
elasticity). Relaxation time is defined as the time required for the tissue to recover
after being displaced. Creep denotes the constant lengthening of tissue in response

to repeated tensile stress (ratio of relaxation and deformation time).

Statistical analysis

Mean values and standard deviation (SD) were used to explain the
information acquired from the assessment. Two-way analysis of variance
(ANOVA) with repeated measures ANOVA (RM ANOVA) was used to analyze
the effect of treatments (control and muscle relaxation) and stifle angles (normal
position, extension, and flexion) on the changes in the biomechanical (tone,
stiffness, and decrement) and viscoelastic (relaxation time and creep)

characteristics of the PT. The Shapiro—Wilk test was used to determine the normal
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data distribution. The interaction effect between different stifle angles and the
effects of muscle relaxants on the biomechanical and viscoelastic characteristics of
the PT was analyzed with the same method. Bonferroni test was performed for post
hoc comparisons. Mauchly's test of sphericity was used to evaluate the variances
of the differences between all combinations of the related groups (analysis of
sphericity). The Greenhouse—Geisser assumption was performed to analyze the
interaction when sphericity was violated. Pearson correlation analysis was used to
observe the relationship between dog body weight and PT length. SPSS version 27
(IBM SPSS Statistics, version 27, SPSS Inc, Chicago, IL, USA) was used for all

analyses. Differences were significant at P < 0,05.

1.4. Results
Table 1.2 shows the descriptive statistics for PT parameters contributing to its

biomechanical and viscoelastic properties.

1.4.1. Tone

PT tone values are displayed in Figure 1.3. Two-way RM ANOVA revealed
significant interactions between treatment and position (F [1.4, 34] = 17.987; P <
0.001). The effects of different treatments (control and muscle relaxation) on PT
tone depended on stifle angle position. In the normal position, PT tone was
significantly higher in the control group (22.99 = 0.99 Hz) than in the muscle
relaxation group (18.81 = 0.44 Hz) (F [1,24] = 372.825; P < 0.001), with a mean
difference of 4.18 Hz (95% CI [3.73, 4.62]). In the extended position, PT tone was
significantly higher in the control group (27.66 = 0.55 Hz) than in the muscle

relaxation group (24.67 + 0.54 Hz) (F [1,24] =2,361.062; P <0.001), with a mean
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difference of 2.99 Hz; (95% CI [2.86, 3.11]). In the flexed position, PT tone was
also significantly higher in the control group (31.61 £+ 0.46 Hz) than in the muscle
relaxation group (27.68 = 0.53 Hz) (F [1,24] = 1,486.196; P < 0.001), with a mean
difference of 3.93 Hz (95% CI [3.72, 4.14]).

The effect of stifle angle position on PT tone value varied depending on the
treatment. In the control group, PT tone was lower in the normal position (22.99 +
0.99 Hz) than in the extended position (27.66 = 0.55 Hz), with a mean difference
of 4.67 Hz (95% CI [4.13, 5.21]). However, PT tone was higher in the flexed
position (31.61 = 0.46 Hz) than in the normal and extended positions, with a mean
difference of 8.62 Hz (95% CI [8.04, 9.21]) and 3.95 Hz (95% CI [3.68, 4.22]),
respectively (F [1.3,31] = 1,050.686; all P < 0.001). Similarly, in the muscle
relaxation group, PT tone was lower in the normal position (18.81 + 0.44 Hz) than
in the extended position (24.67+ 0.54 Hz), with a mean difference of 5.86 Hz (95%
CI [5.68, 6.03]). PT tone was higher in the flexed position (27.68 + 0.53 Hz) than
in the normal and extended positions, with a mean difference of 8.87 Hz (95% CI
[8.68,9.05]) and 3.01 Hz (95% CI [2.79, 3.22]), respectively (F [2,48] =7.231.708;

all P <0.001).

Stiffness

The difference in stiffness between the control and muscle relaxation groups
in various positions and at different stifle angles is illustrated in Figure 1.4. Two-
way RM ANOV A revealed significant interactions between treatment and position
(F [2, 48] = 2,2295.392; P < 0.001). Notably, the effects of treatment on PT
stiffness depended on the stifle angle position. In the normal position, PT stiffness

was significantly higher in the control group (481 + 4.28 N/m) than in the muscle
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relaxation group (456 +2.01 N/m) (F [1,24] = 1,206.193; P < 0.001), with a mean
difference of 25 N/m (95% CI [23.77, 26.78]). Similarly, in the flexed position, PT
stiffness was significantly higher in the control group (745 + 1.64 N/m) than in the
muscle relaxation group (635 £+ 1.79 N/m) (F [1,24] = 70,860.065; P < 0.001), with
a mean difference of 110 N/m (95% CI [109, 111]). In the flexed position, PT
stiffness was also significantly higher in the control group (943 + 1.40 N/m) than
in the muscle relaxation group (765 = 1.34 N/m) (F [1,24] = 16,1471.953; P <
0.001), with a mean difference of 178 N/m (95% CI [176, 178]).

The interaction also indicated that the effect of stifle angle position on PT
stiffness varied depending on the treatment. In the control group, PT stiffness was
lower in the normal (481 + 4.28 N/m) than in the extended (745 + 1.64 N/m)
position, with a mean difference of 264 N/m (95% CI [261, 266]). However, PT
stiffness was higher in the flexed position (943 £+ 1.40 N/m) than in the normal and
extended positions, with a mean difference of 462 N/m (95% CI [459, 463]) and
198 N/m (95% CI [196, 198]), respectively (F [1.2,30] = 152,646.443; all P <
0.001). Similarly, in the muscle relaxation group, PT stiffness was lower in the
normal (456 £ 2.01 N/m) than in the extended (635 + 1.79 N/m) position, with a
mean difference of 179 N/m (95% CI [177, 180]). PT stiffness was higher in the
flexed positions (765 + 1.34 Hz) than in the normal and extended positions, with a
mean difference of 309 N/m (95% CI [307.774, 310.230]) and 130 N/m (95% CI

[129, 131]), respectively (F [2,48] = 18,7771.155; all P < 0.001).

Decrement

Two-way RM ANOVA indicated no significant interaction effect (F [2,48]

=2.267; P = 0.115), indicating no combined effect for treatment and position on
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decrement as depicted in Figure 1.5. However, both main effects of treatment and
position were statistically significant (P < 0.001). The main effect of treatment
showed a statistically significant difference in decrement between treatments
across all positions (F [1, 24] = 689.039; P < 0.001). Moreover, the main effect of
position showed a statistically significant difference in decrement between all

positions across all treatments (F [2, 48] =4,310.934; P <0.001).

Relaxation time

Figure 1.6 illustrates the difference in relaxation time between the control
and muscle relaxation groups at various stifle angle positions. Two-way RM
ANOVA revealed significant interactions between treatment and position (F [1.3,
31]=3.428; P = 0.04). The effects of the different treatments on the PT relaxation
time depended on the stifle angle position. In the normal position, PT relaxation
time was significantly shorter in the control group (10.05 £+ 0.38 ms) than in the
muscle relaxation group (12.10 £ 0.71 ms) (F [1,24] = 189.320; P < 0.001), with a
mean difference of 2.05 ms (95% CI [1.73, 2.35]). Similarly, in the extended
position, PT relaxation time was significantly shorter in the control group (6.38 +
0.16 ms) than in the muscle relaxation group (8.36 = 0.62 ms) (F (1,24) = 184.204;
P <0.001), with a mean difference of 1.98 ms (95% CI [1.67, 2.27]). In the flexed
position, PT relaxation time was also significantly shorter in the control group (5.65
+ 0.10 ms) than in the muscle relaxation group (7.30 = 0.49 ms) (F [1,24] =
241.977; P <0.001), with a mean difference of 1.65 ms (95% CI [1.43, 1.86]).

The interaction also indicated that the effect of stifle angle position on PT
relaxation time varied depending on the treatment. In the control group, PT

relaxation time was longer in the normal (10.05 + 0.38 ms) than in the extended
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(6.38 £ 0.16 ms) position, with a mean difference of 3.67 ms (95% CI [3.52, 3.81]).
However, PT relaxation time was shorter in the flexed position (5.65 £+ 0.10 ms)
than in the normal and extended positions, with a mean difference of 4.4 ms (95%
CI [4.24, 4.55]) and 0.73 ms (95% CI [0.65, 0.80]), respectively (F [1.3,32] =
4,242.062; P <0.001). Similarly, in the muscle relaxation group, PT relaxation time
was longer in the normal position (12.10 = 0.71 ms) than in the extended position
(8.36 = 0.62 ms), with a mean difference of 3.74 ms (95% CI [3.17, 4.31)).
Nevertheless, PT relaxation time was shorter in the flexed position (7.30 + 0.49
ms) than in the normal and extended positions, with a mean difference of 4.8 ms
(95% CI [4.46, 5.12]) and 1.06 ms (95% CI [0.69, 1.41]), respectively (F [1.2,31]

=445.094; all P < 0.001).

Creep

Figure 1.7 shows the PT creep values between the control and muscle
relaxation groups at various stifle angle positions. Two-way RM ANOVA revealed
significant interactions between treatment and position (F [2, 48] = 26.941; P <
0.001). The effects of the different treatments on creep depended on the stifle angle
position. In the normal position, PT creep was significantly lower in the control
group (0.65 £ 0.01 dn) than in the muscle relaxation group (0.75 £ 0.01 dn) (F
[1,24] = 259.251; P < 0.001), with a mean difference of 0.1 dn (95% CI [0.08,
0.10]). Similarly, in the extended position, PT creep was significantly lower in the
control group (0.45 £ 0.01 dn) than in the muscle relaxation group (0.51 £ 0.02 dn)
(F [1,24] =137.948; P < 0.001), with a mean difference of 0.06 dn (95% CI [0.05,
0.07]). Furthermore, in the flexed position, PT creep was also significantly lower

in the control group (0.40 = 0.01 dn) than in the muscle relaxation group (0.49 +
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0.03 dn) (F [1,24] =214.179; P <0.001), with a mean difference of 0.09 dn (95%
CI[0.08, 0.11]).

The interaction also indicated that the effect of stifle angle position on PT
creep varied depending on the treatment. In the control group, PT creep was higher
in the normal position (0.65 = 0.01 dn) than in the extended position (0.45 + 0.01
dn), with a mean difference of 0.2 (95% CI [0.18, 0.21]). However, PT creep was
lower in the flexed position (0.40 + 0.01 dn) than in the normal and extended
positions, with a mean difference of 0.25 dn (95% CI [0.24, 0.26]) and 0.05 dn
(95% CI [0.04, 0.06]), respectively (F [1.2,30] = 2,260.501; all P < 0.001).
Similarly, in the muscle relaxation group, PT creep was higher in the normal
position (0.75 £ 0.01 dn) than in the flexed extension (0.51 + 0.02 dn), with a mean
difference of 0.24 dn (95% CI [0.22, 0.24]). Nevertheless, PT creep was lower in
the flexed position (0.49 £ 0.03 dn) than in the normal and extended positions, with
a mean difference of 0.26 dn (95% CI [0.23, 0.26]) and 0.02 (95% CI [0.01, 0.03]),

respectively (F [2, 48] = 1,820.527; all P <0.001).

1.4.6. Correlations between body weight and PTL
Table 1.3 demonstrates the correlation between body weight and PTL in the

normal, extended, and flexed positions.

1.5. Discussion
The current study is the first to quantify PT's biomechanics and viscoelastic
properties in living dogs using Myoton devices. The primary findings showed that the
position of the stifle angle and the NMBA affected dog PT's biomechanical and

viscoelastic qualities. In addition, the relationship between body weight and PTL (Table
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1.3) using Pearson's r statistic was not statistically significant. The author believes the lack
of statistical significance might have been caused by the limited sample size (N = 5). The
research involved six canines of comparable ages, with a particular emphasis on female
subjects to reduce potential sources of variation. The author believes that gender and age
could influence outcomes, drawing parallels with human medicine. Despite the exclusive
focus on female dogs, the study's pioneering methodology and baseline data can form a
strong foundation for future research.

The administration of muscle relaxants resulted in a notable reduction in tone,
stiffness, and decrement. The authors postulate that muscle relaxant was unlikely to impact
tendons directly due to their primer influence on muscle relaxation. Around the stifle joint,
the quadriceps femoris and the posterior muscle compartment (plantaris, articulus genu,
semitendinosus, semimembranosus, and popliteus) are responsible for joint stabilization
and movement. Furthermore, by preventing muscle contraction, the PT experiences less
stress and strain, decreasing tone, stiffness, and decrement. The explanation aligns with
the reference by (Appiah-Ankam and Hunter 2004; de Cassia Marqueti et al. 2019; Finni
etal. 2023; Freedman et al. 2018; Subramanian et al. 2018; Wang et al. 2012), which states
that the loading conditions or forces occurring on a tendon are controlled by the
surrounding muscles, which attach to the tendon and contract to generate force. Multiple
studies have also provided evidence of the efficacy of muscle relaxants in canines
undergoing orthopedic surgery (Popovici et al. 2014; Alderson et al. 2007; Dugdale MA
et al. 2002; Auer 2007). This highlights its essential role in optimizing muscle relaxation
during medical procedures, indirectly affecting tendon function and overall joint stability.
The relaxation time and creep were significantly lower in the control group than in the
muscle relaxation group. Tissues with higher stiffness might rapidly influence the

condition to return to their original shape. A faster relaxation time indicates that the tendon
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returns to its initial length more quickly after being stretched. The time-dependent
behavior of materials under applied stress or strain, widely observed in biological tissues,
is called viscoelasticity. The association between tissue stiffness and viscoelastic qualities
has been reported in several studies (Klich et al. 2020; Sasajima et al. 2022; Chaudhuri et
al. 2020; Lange and Fabry 2013). Tissues with higher stiffness tend to have slower
relaxation rates and creep under constant stress or load. The observed disparities in
relaxation times and creep values between the groups indicate the complex viscoelastic
nature inherent to these biological components, underscoring the broader implications of
tissue mechanics within physiological contexts.

The evaluation of PT tone in various positions revealed notable differences within
the control and muscle relaxation groups. Our studies indicated that PT tone was the lowest
at normal position and the shape was not straight or elongated (Figure 1.2). The absence
of elongation suggests a state of rest, corroborated by the lower tension observed. This
aligns with the findings of another study (McCagherty et al. 2020), where dogs displayed
minimal PT tension while standing, emphasizing how their natural posture fosters
relaxation in their physiological state. The highest value was observed in the flexion for
both groups. This observation can be attributed to the mechanics of knee flexion, wherein
the patella is displaced away from the femur, facilitating the lengthening and stretching of
the tendon. Notably, PT elongation is shown in flexion and extension positions (Table 1.1).
However, it was exclusively during knee flexion that the PT tone displayed its peak value.
The phenomenon might be attributed to the heightened stress experienced by the PT in the
flexed position compared to the other positions. In line with this notion, previous research
(Kuervers et al. 2021; Hardy et al. 2017; Pearson et al. 2017) using elastography reported
that PT exhibits more significant shear strain and stiffness during flexion, reflecting higher

passive tension generated by the surrounding musculoskeletal structures. Indeed, a study
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by (Chen et al. 2019) using a Myoton device showed that PT tone at 90° (flexion) was the
highest compared to that at 0°, 30°, and 60° degrees.

The stiffness results in the flexion position were the highest in both the control and
the muscle relaxation groups across all positions. Similar to the tone parameter, the PT
experienced the highest stiffness in the flexed position due to the tendon being stretched
(Figure 1.2). These results are in accordance with (Okamura et al. 2015), which states that
the gastrocnemius muscles become stiff due to a greater dorsiflexion angle during static
stretching. Another study (Schneebeli et al. 2020) showed that AT measurements taken
with the foot in 0° of dorsiflexion significantly increased stiffness compared to those
obtained when the subject was standing or in a relaxed position (hanging freely over the
edge of the examination bed). Given the more linear explanation, the measurements in this
research were taken at the PT's midpoint, which was subjected to the highest stress. This
argument is consistent with previous observations, which reported that tendon stress would
be higher at the middle of the PT (roughly 50% of the length), approximately 20-25 mm
from the patella's apex (Kongsgaard et al. 2007). Other investigations also found that the
structure of the PT and subcutaneous fat, which generate PT strain when the knee is flexed,
is strongly associated with the higher stiffness values of the PT as the knee angle increases
(Chen et al. 2019). Research using elastography has confirmed that the relative stiffness
for both the PT and quadriceps muscles increases as the knee approaches its maximum
flexion angle (Wadugodapitiya et al. 2021).

Regardless of the position, the most significant decrement values were found in the
flexion position for both groups. Decrement parameters from the Myoton device were used
to inversely describe elasticity, suggesting that as the value of decrement increases, the
elasticity of the tissue decreases. As shown in Table 1.2, a similar pattern was seen in the

current study. The association can be highlighted by the fact that when the tissue becomes

28



stiff, its ability to deform and return to its normal shape decreases. Stiffness and elasticity
are typically inversely related in biological tissues, including tendons and cartilage. These
tissues comprise a dense network of fibers or proteoglycans that resist deformation (Bohm
et al. 2015). When subjected to strain or stretch, tendon fibers become denser and less
flexible. These alterations impair the tendons' ability to deform when a force is applied
and their capacity to stretch and recover, leading to a loss of elasticity (de Cassia Marqueti
et al. 2019). In other words, increased stiffness in biological tissue is often accompanied
by a decrease in elasticity as the tissue becomes less able to deform under load and
dissipate energy. The findings are congruent with (Ramazanoglu et al. 2021) on the
masseter muscle and (Agyapong-Badu et al. 2016) on the rectus femoris and biceps brachii.
Their results revealed that the elasticity decreases as the tone and stiffness of muscles
increase.

The current study shows that flexion in both groups produced the shortest relaxation
time. Conversely, relaxation time was consistently the longest in the normal position for
both groups. The essential assumption is that the PT is an example of a biological tissue
that exhibits both elasticity and viscosity. When force is applied to a tendon, it deforms
and stores energy elastically. As strain is prolonged, the tendon becomes viscous, losing
energy during deformation and relaxation. This ability would give the PT a shorter
relaxation time than other tissues, allowing them to quickly restore their original shape and
mechanical properties when subjected to repeated stress. This finding is consistent with
previous research demonstrating the relationship between tone/stiffness and relaxation
time. The observations revealed that the relaxation time was considerably shorter when
the tissue/muscle had a higher tone and stiffness (Klich et al. 2020; Ko et al. 2018; Rosicka

et al. 2022; Javier Nufiez et al. 2023).
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Similar to the relaxation time, creep was the lowest during flexion in both groups.
In contrast, creep was the highest in the normal position for both groups. Creep represents
the tendency of a material to continue to deform over time when subjected to constant load
or stress. The author's perspective was that there was an inverse correlation between
stiffness and creep due to the viscoelastic properties of the PT. Earlier research (Thornton
et al. 2001) identified a correlation between water and creep on ligament viscoelasticity.
This study suggests that decreasing water content in the ligaments would result in a reduced
viscoelastic response and creep. Further investigations have indicated that removing water
molecules around collagen fibrils alters its microarchitecture and increases tissue stiffness
(Masic et al. 2015). The PT experienced the highest stiffness during flexion compared to
other positions, i.e., increased stiffness will decrease the amount of water molecules around
the collagen fibers. This assumption is aligned with a previous investigation (Lozano et al.
2019) that stated that a stiffer PT would restrict water from entering or remaining within
the fibers by limiting the movement of water molecules. This phenomenon is evidenced by
squeezing the water molecules out or reducing the space between collagen fibers by a
compression mechanism. Additionally, several prior studies have suggested an inverse
correlation between creep and tone/stiffness in tissues. As tone and stiffness increase, creep

decreases (Thornton et al. 2001; Hingorani et al. 2004; Sopakayang and De Vita 2011).

1.6. Conclusion
The study demonstrates that muscle relaxants and the stifle joint angle may alter the
biomechanical and viscoelastic properties of the PT. Analysis of the dog's PT tone, stiffness,
decrement, relaxation time, and creep reveal distinct responses to joint angles, particularly

heightened tone and stiffness with reduced elasticity during flexion. Thus, it enhances our
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comprehension of tissue biomechanics by emphasizing interconnected mechanical

parameters, particularly in veterinary medicine.

1.7. Table chapter I

Table 1.1. Patellar tendon length (PTL) during various stifle joint conditions.

Patellar length (mm)
Position
B1 B2 B3 B4 B5
Normal 27.1 28.0 28.1 23.8 24.5
Extension 30.0 30.6 32.8 27.8 27.4
Flexion 28.8 29.5 31.7 26.9 26.4

Abbreviations: mm (millimeters).
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Table 1.2. Descriptive statistics for the biomechanical and viscoelastic characteristics of the patellar tendon.

Variable Control Muscle relaxation
Normal Extension Flexion Normal Extension Flexion
Tone (Hz) Mean 22.99¢ 27.66%¢ 31.613b 18.81 24.67° 27.68¢4
SD 0.99 0.55 0.46 0.44 0.54 0.53
Range 3.70 2.07 1.71 1.70 2.08 2.02
95% CI 22.58-23.40 27.43-27.89 31.42-31.80 18.62-18.99  24.44-2489  27.45-27.90
Stiffness (N/m) Mean 481¢ 745%¢ 943a.be 456 635¢ 765¢4
SD 4.28 1.64 1.40 2.01 1.79 1.34
Range 16.37 6.22 5.31 7.15 6.30 5.79
95% CI 480483 745-746 942-944 455457 634-636 765-766
Decrement (log) Mean 0.63® 0.78%¢ 1.46%b 0.49 0.63¢ 1.28¢d
SD 0.04 0.07 0.03 0.04 0.04 0.02
Range 0.18 0.26 0.13 0.17 0.16 0.09
95% CI 0.61-0.65 0.75-0.82 1.44-1.47 0.47-0.51 0.61-0.65 1.27-1.29
Relaxation time (ms) Mean 10.05¢ 6.38%¢ 5.65%0e 12.10 8.36¢ 7.30°4
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SD 0.38 0.16 0.10 0.71 0.62 0.49

Range 1.35 0.61 0.39 2.69 2.36 1.80
95% CI 9.89-10.2 6.31-6.45 5.61-5.70 11.80-12.39  8.10-8.61 7.10-7.51
Creep (dn) Mean 0.65¢ 0.45%¢ 0.402b¢ 0.75 0.51¢ 0.49%4
SD 0.01 0.01 0.01 0.75 0.51 0.49
Range 0.06 0.07 0.02 0.07 0.08 0.12
95% CI 0.64-0.66 0.44-0.46 0.39-0.40 0.74-0.75 0.51-0.52 0.48-0.51

Abbreviations: CI, confidence intervals; SD, standard deviation; Hz: Hertz; N/m: Newton/meter; log: logarithmic; ms: milliseconds; dn:
Deborah number.

aSignificantly (P < 0.05) different from the value obtained in normal position (control group).

bSignificantly (P < 0.05) different from the value obtained in the extension position (control group).

Significantly (P < 0.05) different from the value obtained in normal position (muscle relaxation group).

dSignificantly (P < 0.05) different from the value obtained in the extension position (muscle relaxation group).

¢Significantly (P < 0.05) different from the value obtained in other treatments.



Table 1.3. Correlation between body weight and patellar tendon length.

1 2 3 4
1.  Body weight
2. Normal 0.84
3.  Extension 0.83 0.91*
4.  Flexion 0.81 0.90* 0.99**

*p<0.05, ** p<0.01



1.8. Figures

Figure 1.1. Radiographic comparison of the patellar tendon. (A) normal, (B) extended,
and (C) flexed positions. Patellar tendon length (PTL) and radiographic reference ball are

shown as white lines and arrows, respectively.

Figure 1.2. Illustration of the patellar tendon shape (arrow). (A) Normal, (B) extension,

and (C) flexion of the stifle joint.
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Figure 1.3. Patellar tendon tone in the control and muscle relaxation groups. Mean with

SEM. *P <0.05. Hz, Hertz; SEM, standard error of the mean.
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Figure 1.4. Patellar tendon stiffness in the control and muscle relaxation groups. Mean

with SEM. *P < 0.05. N/m, Newton/meter; SEM, standard error of the mean.
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Figure 1.5. Patellar tendon decrement in the control and muscle relaxation groups. Mean

with SEM. *P < 0.05. log, logarithmic; SEM, standard error of the mean.
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Figure 1.6. Patellar tendon relaxation time in the control and muscle relaxation groups.

Mean with SEM. *P < 0.05. ms, milliseconds; SEM, standard error of the mean.
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Figure 1.7. Patellar tendon creep in the control and muscle relaxation groups. Mean with

SEM. *P < 0.05. dn, Deborah number; SEM, standard error of the mean.
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CHAPTER 11

Elucidation of the radius and ulna fracture mechanisms

in toy poodle dogs using finite element analysis

This work has been published as follows:

Anggoro, D, Purba, M.S., Fei, Jiang., Nishida, N., Itoh, H., [tamoto, K., Nemoto, Y., Munekazu,
N., Sunahara, H., and Tani, K. (2024). Elucidation of the radius and ulna fracture mechanisms
in toy breed dogs using finite element analysis. The Journal of Veterinary Medical Science,

86(5): 575-583. https://doi.org/10.1292/jvms.23-0520. PMID: 38556325.
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2.1.

2.2.

Abstract

Fractures occurring in the distal radius and ulna of toy breed dogs pose distinctive
challenges for veterinary practitioners, requiring specialized treatment approaches
primarily based on anatomical features. Finite Element Analysis (FEA) was applied to
conduct numerical experiments to determine stress distribution across the bone. This
methodology offers an alternative substitute for directly investigating these phenomena in
living dog experiments, which could present ethical obstacles. A three-dimensional bone
model of the metacarpal, carpal, radius, ulna, and humerus was reconstructed from
Computed Tomography (CT) images of the toy poodle and dachshund forelimb. The
model was designed to simulate the jumping and landing conditions from a vertical
distance of 40 cm to the ground within a limited timeframe. The investigation revealed
considerable variations in stress distribution patterns between the radius and ulna of toy
poodles and dachshunds, indicating notably elevated stress levels in toy poodles compared
to dachshunds. In static and dynamic stress analyses, toy poodles exhibit peak stress levels
at the distal radius and ulna. The Von Mises stresses for toy poodles reach 90.07 MPa
(static) and 1090.75 MPa (dynamic) at the radius and 1677.97 MPa (static) and 1047.98
MPa (dynamic) at the ulna. Conversely, dachshunds demonstrate lower stress levels for
5.39 MPa (static) and 231.79 MPa (dynamic) at the radius and 390.56 MPa (static) and
513.28 MPa (dynamic) at the ulna. The findings offer valuable insights for modified
treatment approaches in managing fractures in toy breed dogs, optimizing care and

outcomes.

Introduction

The small or toy-breed dogs were at a higher risk of experiencing an antebrachial

fracture compared to large-breed dogs, especially in the distal radius and ulna (Boudrieau
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R.J. 2003; McCartney et al. 2010; Yu et al. 2010). Fractures in those breeds often result
from specific situations, with the most common causes being falls from considerable
heights (Bell et al. 2022). These situations include instances where the dog falls out of a
caregiver's hand while being carried or when they attempt to jump from a sofa or staircase.
Based on the anatomical aspect of the forelimbs, small breed dogs have different lengths
and diameter sizes compared to large breed dogs. During weight-bearing activities such as
standing, walking, and trotting, the forelimbs of most dog breeds support approximately
60% of the dog’s body weight (Lee et al. 1999). In addition, it can be observed that upon
landing from a jump, dogs depend entirely on their forelimbs to support their body weight
in conjunction with the gravitational forces acting upon them (Zink and Schlehr 2020).
Consequently, while dogs of different sizes experience a similar fall, the forces acting on
their forelimbs should be distributed differently. Some clinical studies, including
experimental and numerical studies, have been conducted to elucidate the higher
prevalence of fractures and additional challenges during the healing mechanism of radius
and ulna bone in small or toy-breed and large-breed dogs (Brianza et al. 2007; Brianza et
al. 2006; Yu et al. 2010).

Experimental studies were typically carried out using either a single or a portion of
a cadaver’s radius and ulna. (Welch et al. 1997) investigated blood circulation in the
forelimbs of 12 deceased dogs. The investigations revealed that small-breed dogs have
prolonged bone healing time and increased incidence of non-union due to a reduction of
microvascular density in the distal diaphysis. In the same studies, (Welch et al. 1997)
further claimed that the limited bone surface contact during surgery corresponds to small
diaphyseal diameters of the radius and ulna compared to large-breed dogs. Further research
(Brianza et al. 2007) showed toy-breed dogs had lower values moments of inertia (MOI),

exposing this breed to more significant local stresses and eventual failure at lower peak
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loads when similar normalized loading is taken into large-breed dogs. The MOI is essential
in determining how resistant a structure is to bending deformation. Higher MOI
craniocaudal and mediolateral values indicate higher bone resistance to bending forces in
the craniocaudal and mediolateral planes (Mejia et al. 2019). However, the cadaver test is
prohibitively expensive due to the limited number of specimens that can be obtained,
making it difficult to carry out many experiments considering different boundary
conditions. Moreover, it is challenging to ascertain the distribution of stress and strain at
the distal radius, which is thought to be connected to variations in the fracture pattern
(Johnson and Troy 2017; Zapata et al. 2017).

In contrast to experimental studies, numerical bone studies, especially in veterinary
medicine, were in limited quantities. However, Finite Element Analysis (FEA) has been
widely applied and provided valuable insights into explaining distal radius ulna fractures
in humans (Edwards and Troy 2012; Johnson and Troy 2017; Pramudita et al. 2022; Revel
et al. 2020; Yamazaki et al. 2021). The introduction of FEA has demonstrated enormous
potential in resolving various biomedical engineering issues. In the context of veterinary
orthopedics, FEA offers a valuable tool that facilitates the prediction and comprehensive
understanding of various aspects of bone mechanics. It has enabled researchers to replicate
and evaluate the response of bones to diverse loading scenarios. Implementing a
simulation-based methodology offers a virtual platform for examining the mechanical
reaction of bones, including displacement, stress, and strain distributions along the entire
bone and at any location within its cross-section (Oftadeh et al. 2015; Ruffoni and Van
Lenthe 2017). The technique provides a viable alternative to studying these phenomena
directly in live animals, which may pose ethical or practical challenges.

To the best of our knowledge, no studies have investigated fracture mechanisms in

toy breed dogs, especially in toy poodles, by utilizing FEA. The study aimed to investigate

42



2.3.

the fracture mechanism of toy poodles by elucidating the stress distribution in the distal
radius and ulna during falls. According to the ANICOM study, dachshunds exhibit a lower
incidence of forelimb fractures compared to toy poodle (ANICOM 2023). In addition,
dachshunds were selected based on their unique skeletal morphology, characterized by an
elongated body with short and compact limbs. This conformation provides valuable
insights into the role of different skeletal morphologies in fracture patterns. We
hypothesized that toy poodles exhibit distinct stress distribution patterns compared to
dachshunds, with a concentration of stress observed in the distal region of the radius and

ulna.

Materials and methods
2.3.1. Animals
Four-year-old toy poodle and five-year-old dachshund, weighing 3 kg and 10
kg, participated in the experiment, respectively. The CT data used in this study was
obtained from Yamaguchi University Animal Medical Center (YUAMEC) and was
initially collected for different purposes. Prior consultation was conducted with the
Yamaguchi University Ethics Committee to ensure adherence to animal protection
regulations, eliminating the need for additional approval. Thus, the research was
not subject to the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
regulation. Dogs admitted to the center as regular patients, unrelated to orthopedic
issues, had their owners provide informed consent through a signed form before
the examination. Subsequently, the data were utilized following anonymization

protocols and general consent guidelines.
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2.3.2.

2.3.3.

Anesthesia

Prior to anesthesia, all dogs fasted for a minimum of 12 hr. A 22-gauge
catheter (Terumo Co., Ltd., Tokyo, Japan) was used to catheterize the dogs right
cephalic veins to administer intravenous fluids. Patients were administered
Ringer’s acetate solution (5 mL/kg/hr, Veen F, Fuso Pharmaceutical Industries,
Ltd., Osaka, Japan) using a precision infusion pump (TOP-3300; TOP Corporation,
Tokyo, Japan). The dogs were calm and cooperative, facilitating smooth anesthesia
induction without premedication. The induction process was initiated by
administering propofol 1% (Mylan®, Pfizer, Tokyo, Japan) at a dosage of 7 mg/kg.
The endotracheal tube was inserted into the trachea and connected to an anesthetic
machine (Driger Fabius® Plus, Liibeck, Germany) and maintained with isoflurane
(Mylan®, Pfizer, Japan) delivered via a 2-liter rebreathing bag. Throughout the CT
scanning, a multiparameter monitor (BSM-6301, Life Scope, Nihon Kohden,
Tokyo, Japan) was utilized to measure various cardiopulmonary variables,
including electrocardiography, pulse oximetry, capnography, blood pressure, and
temperature. The anesthesiologist conducted periodic evaluations at 5 min intervals

and documented them in the patient’s anesthesia record.

Three-dimensional finite element model

The radius, ulna, humerus, and spongy bone were segmented from a series
of 60 slices of CT scan (Supria, Hitachi, Medical Co., Tokyo, Japan) images. The
imaging parameters selected included a tube voltage of 120 kV, a tube current of
150 mA, and a slice thickness of 2.5 mm. Based on these structure identifications,
a three-dimensional model of the canine forelimb was constructed (Figure 2.1).

Following the segmentation, smoothing (canceling the noises), fixing (removing
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2.34.

the wholes), and meshing were performed on the model mentioned above. All these
procedures were done using Simpleware ScanlIP v21 (Synopsis, Sunnyvale, CA,
USA). The finite element models used tetrahedron mesh elements with an averaged
0.2 mm element size. The determination of the element size was based on the
convergence results, as the size of the element had been observed to have a
correlational effect on the outcomes. The number of nodes and elements for each
bone are shown in Table 2.1. The radius and ulna have been categorized into three
distinct regions: distal, medial, and proximal. Each specific location’s cross-

sectional area (CSA) was measured using the same software (Table 2.2).

Bone material property distribution

The bone material is assumed to be homogeneous, isotropic, and linearly
elastic (Arias-Moreno et al. 2020; Johnson and Troy 2017; Ruffoni and Van Lenthe
2017; Yamazaki et al. 2021). A comprehensive analysis of high-resolution CT
scans determined the differentiation between cortical and cancellous bone.
Simpleware ScanIP v21 (Synopsis) was utilized to analyze pictures by applying
thresholding and segmentation algorithms to accurately distinguish cortical and
cancellous bone based on the Hounsfield Unit (HU) ranges. Threshold values (700—
3000 HU for cortex, 100—700 HU for cancellous) were found through refined and
repeated testing to reduce noise and artifacts (Nakatsuchi et al. 2006; Hara et al.
2002). Additionally, watershed algorithms improved border delineation, especially
in complex or overlapping areas. The subsequent step of visual confirmation
involved aligning the segmented regions with observable anatomical structures
evident in the CT images, thereby providing additional validation for this model's

accuracy and biological significance. The material properties in terms of Young's
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2.3.5.

modulus and Poisson's ratio were derived from prior research (Hirashima et al.
2021; Lai et al. 2015; Laurent et al. 2020). The humeri of toy poodles and
dachshunds share similar mechanical properties, having a Young's modulus of
17,000 MPa and a Poisson's ratio of 0.3. Humeral mass density was determined
using the equation p = m/V, where p represents mass density (kg/mm?), m denotes
bone mass (kg), and V signifies bone volume (mm?). Loads equivalent to half the
typical weight of each breed were applied, yielding distinct densities. Toy poodles
exhibited a mass density of 4.5x10-4 kg/mm?, while dachshunds showed a lower
density of 1.35x10-4 kg/mm?. The previous study determined cortical bone mass
density as 2.1x10-6 kg/mm? and spongy bone as 7.0x10-7 kg/mm?, with spongy
bone exhibiting a significantly lower Young's modulus of 350 MPa while

maintaining the same Poisson ratio (Semb, 1966)

Ligament replication

Ligaments (Fig. 1) were constructed with spring elements that produce force
only in stretching deformation situations. This approach replicates the ligamentous
structures that establish joint connections and prevents bone separation and
dislocation. The accumulation of stress on the ulna and carpal bones, caused by the
transmission of force from the humerus, ultimately leads to the development of
dislocation-like abnormalities. Concerning this condition, the Multi-Point
Constraint (MPC) function was implemented at two locations between the ulna-
carpal and ulna-humerus bones. The MPC (Figure 2.1) equalizes displacements at
the previously mentioned two-bone association, which helps prevent dislocation
while maintaining the rotation ability of the joint (Freeman 2022; Martin et al.

2015).
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2.3.6. Analysis condition

The boundary conditions were established through the software MSC Patran
v21 (Hexagon, Newport Beach, CA, USA), followed by MSC Marc Mentat v21
(Hexagon) to conduct the analysis. The present study utilized two distinct
analytical approaches, static and dynamic. The static analysis examines the
behavior of bones when subjected to constant load, providing insights into their
responses to consistent forces. The dynamic analysis quantified the impacts of
rapid shifts in load, simulating scenarios in which dogs experienced falls to the
floor. In the context of static analysis, a series of forces (10 N, 20 N, 30 N, 40 N,
and 50 N for toy poodles; 30 N, 60 N, 90 N, 120 N, and 150 N for dachshunds)
were applied along the Z-axis from the proximal aspect of both the radius and ulna,
with the distal portion of these bones fixed. The Z-axis represents a line extending
from the distal to proximal aspects of the radius and ulna. The selection of force
magnitudes was determined by a ratio based on the body weight difference between
toy poodles and dachshunds, resulting in a threefold increase in force for
dachshunds. The present study addressed the radius and ulna's mechanical
responses and load-bearing capacities at varying force magnitudes, offering
valuable insights into the structural behavior of these bones across different dog
breeds.

The dynamic analysis was performed with initial velocities of 2800 mm/s
and applied to the humerus. The initial velocities for the experiment were
determined through a prior investigation involving drop heights of 20 cm, 40 cm,
and 80 cm. Among the drop heights tested, 40 cm emerged as the parameter
exhibiting the most substantial and relevant differences in fracture mechanisms for

toy breed dogs. The decision reflects a commitment to replicating clinical
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conditions encountered by these dogs, optimizing experimental resources for
efficiency, and ensuring a balanced approach that combines clinical relevance with
practical feasibility. This efficient approach facilitated a focused and considerable
examination of mechanical dynamics. Under the assumption that the grounding
component remains stationary at the moment of impact, the carpal and metacarpal
bones were arranged to be fully immobilized across all conditions. Our studies
replicate the force dynamics during the landing event within a limited timeframe.
The analysis duration of 0.0025 sec was partitioned into 800 segments and the
change was observed for each frame. The designated time frame is predicated on
the assumption that the fracture occurs approximately simultaneously with the
landing. We collected the data at 0.001, 0.0015, 0.002, and 0.0025 sec of the
dynamic analysis for further investigation. The Equivalent Von Mises stress and
shear stress distributions were automatically calculated using MSC Marc Mentat
v21 (Hexagon) software for static and dynamic analysis to elucidate the mechanical

factors influencing distal radius fractures.

2.4. Results
2.4.1. Static analysis of radius and ulna

The Von Mises stress (Table 2.3 and Figure 2.2) analysis on the radius and
ulna of toy poodles and dachshunds radius and ulna under increasing axial loading,
a consistent trend emerges with stress levels escalating from proximal to distal
regions. For toy poodles, distal radius stress increases from 16.45 MPa at 10N to
90.07 MPa at 50N, along with a parallel rise in the medial region from 6.86 MPa
to 44.83 MPa, and proximal stress increases from 1.18 MPa to 11.65 MPa.

Meanwhile, the dachshund's radius stress rose from 1.04 MPa at 30N to 5.39 MPa
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at 150N, medial stress from 3.95 MPa to 20.62 MPa, and proximal stress from 0.92
MPa to 4.66 MPa. Shifting the focus to the ulna, toy poodles experience significant
increases in distal stress (from 219.95 MPa to 1677.97 MPa), medial stress (from
186.25 MPa to 1001.54 MPa), and proximal stress (from 34.91 MPa to 122.83
MPa). On the other hand, dachshunds demonstrate an increase in distal ulna stress
from 48.61 MPa to 390.56 MPa, middle stress from 10.00 MPa to 74.67 MPa, and
proximal stress from 1.19 MPa to 10.35 MPa across the 30-150N force range.
The shear global stress (Table 3 and Fig. 2) analysis of the radius and ulna in
toy poodles and dachshunds demonstrated a consistent upward trend with
increasing loading forces ranging from 10N to SON. Notably, the distal segments
exhibited the most significant stress escalation, while the proximal regions
consistently displayed lower stress levels. Specifically, in toy poodles, the shear
global stress in the distal radius increased from 0.96 MPa to 7.55 MPa across the
force range. The medial segment initiated at 0.11 MPa and a peak at 2.11 MPa,
while the proximal region exhibited stress levels ranging from 0.02 MPa to 0.27
MPa. In dachshunds, the distal radius shear global stress rose from 0.25 MPa at
30N to 1.28 MPa at 150N, and the medial stress increased from 0.15 MPa to 0.90
MPa, with proximal stress ranging from 0.007 MPa to 0.06 MPa. Turning to the
ulna, toy poodles displayed a significant increase in distal shear global stress, rising
from 17.78 MPa to 818.04 MPa, and a notable increase in medial stress from 45.11
MPa to 345.23 MPa. Proximal stresses in toy poodles' ulna increased from 11.37
MPa to 60.34 MPa. In dachshund ulnae, the distal stress increased from 1.83 MPa
to 6.09 MPa, medial stress from 0.53 MPa to 4.64 MPa, and proximal stress from

0.54 MPa to 3.33 MPa within the force range of 30-150N.
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2.4.2. Dynamic analysis of the radius

2.4.3.

The Von Mises stress (Table 2.4 and Figure 2.3) values at the distal region
consistently exhibited an escalating trend in stress over time, reaching a peak value
01 1090.75 MPa at 0.0025 sec. In contrast, the proximal and medial regions showed
lower and more variable stresses, with proximal stresses ranging from 328.35 to
483.25 MPa and medial stresses ranging from 360.85 to 650.32 MPa. Conversely,
dachshunds displayed a different pattern. The distal region showed a declining
trend in stress, decreasing from 410.55 MPa to 231.79 MPa. The medial and
proximal regions of dachshunds exhibited modest peak stresses of 407.21 MPa and
374.65 MPa, respectively.

The shear global stress (Table 2.4 and Figure 2.4) values of toy poodles at
the distal and proximal regions displayed a consistent and increasing trend, with
peaks at 0.0025 sec, reaching 92.17 MPa and 39.86 MPa, respectively. In contrast,
the medial region exhibited a different behavior, with an earlier peak of 57.72 MPa,
followed by a subsequent decline. In contrast, dachshunds displayed an increasing
shear stress pattern in the distal and medial region, peaking at 55.88 MPa and 44.22
MPa, respectively, at 0.0025 sec. The proximal region in dachshunds exhibited

variable stresses over time, reaching a peak of 40.81 MPa at 0.0025 sec.

Dynamic analysis of the ulna

The Von Mises stress (Table 2.4 and Figure 2.3) values consistently
increased over time in all three regions (distal, medial, and proximal) for both
breeds. The distal ulna of the toy poodle surged significantly from an initial value
of' 442.86 MPa to a peak of 1047.98 MPa. Similarly, there was a noticeable rise in

the medial stress, which accelerated from 518.19 MPa to 841.68 MPa. The
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proximal region also experienced increased stress levels, climbing from 327.71
MPa to 617.33 MPa. A similar increasing pattern was observed over time in
dachshunds, although the increase was less pronounced compared to toy poodles.
The distal stress levels gradually rose from 275.86 MPa to 513.28 MPa. The medial
and proximal stress values increased from 371.18 MPa to 549.74 MPa and 217.12
MPa to 341.49 MPa, respectively.

The shear global stress (Table 2.4 and Figure 2.4) values indicate a persistent
upward trend across all the regions for both breeds. The distal ulna stress in toy
poodles experienced a substantial increase, rising from an initial value of 27.01
MPa to a peak of 78.68 MPa. Likewise, an apparent rise in the medial stress was
observed, with a rate of acceleration from 25.23 MPa to 60.17 MPa. The stress
levels in the proximal region also demonstrated a notable increase, with an initial
value of 39.66 MPa to 66.15 MPa. In contrast, the shear stresses in dachshunds
distal, medial, and proximal regions remained comparatively lower, ranging from

19.43 to 63.07 MPa, 15.22 to 55.47 MPa, and 28.56 to 45.41 MPa, respectively.

2.5. Discussion
The assessment of preventive strategies to reduce the incidence of a dog distal radius
fracture requires the implementation of non-invasive technologies that can investigate
bone strain and fracture resistance at an individual level. Conventional investigation
methods such as mechanical testing and observational studies faced limitations due to
small sample sizes and ethical concerns. The present studies overcome these restrictions
by utilizing FEA, a reliable computational simulation tool with numerous engineering and

veterinary medicine applications. Our findings shed light on the mechanical behavior of
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radius and ulna bones under loading conditions, contributing to a better understanding of
fracture patterns in toy-breed dogs.

The static analysis revealed a consistent trend in stress distribution, with stress levels
progressively increasing from proximal to distal regions for both the radius and ulna.
Notably, the Von Mises and shear stress levels of the toy poodle’s radius and ulna were
significantly greater in all regions compared to those of dachshunds. The ulna of the toy
poodle displayed an unusual bending condition when exposed to forces ranging from 20
to 50 N, as depicted in Figure 2.2. The phenomenon was investigated using a scalar of
2000 MPa for Von Mises stress and 1000 MPa for shear global stress, seemingly
impossible in typical clinical situations. These observed results may stem from the
oversimplification of bone geometry in FEA models, potentially failing to capture the
complex details of bone structure. Additionally, intentional exaggeration of loading
conditions (forces ranging from 20 to 50 N) was employed for investigative purposes.
Interestingly, a decrease in stress scalar values, such as the Von Mises stress (Figure 2.5)
decrease to 20 MPa for the radius and 200 MPa for the ulna, along with a reduction in
shear global stress (Fig. 5) to 10 MPa for the radius and 100 MPa for the ulna, resulted in
a similar pattern with higher stress levels in the distal region upon the subsequent
application of a 10 N force to the radius and ulna. This stress distribution aligned more
closely with clinical conditions. In other words, the static analysis reveals a consistent
stress distribution pattern, irrespective of the force applied to the radius and ulna. This
persistence suggests the robustness of the observed pattern under varying force conditions.
The author’s perspective on the current outcomes was that toy poodles and Dachshunds
exhibited different body masses, which might be associated with variations in bone stress
distribution. Large breed dogs generally have greater total bone mass than smaller breeds,

which helps support their weight-bearing ability (Plassais et al. 2017; Rimbault and
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Ostrander 2012; Zapata et al. 2022). Bones comprise a solid framework with a dense
matrix of collagen fibers and mineralized calcium phosphate crystals, mainly
hydroxyapatite. The higher mass of bones corresponds to a more extensive bone material,
resulting in enhanced strength and resistance to deformation (Casagrande et al. 2016;
Clayton et al. 2009). Toy poodles are characterized by the small size of their skeletal
structure, which is naturally adapted to accommodate a smaller body weight. On the other
hand, dachshunds are identified by their medium skeletal size to support their wider and
elongated body appearance. Studies have indicated that increased body mass is crucial in
enhancing bone mechanical performance. When subjected to equivalent forces, bones with
greater mass have demonstrated the ability to withstand higher stress levels (Mancuso et
al. 2018). The primary reason for this phenomenon is the increased surface area that
facilitates the dispersion of applied forces, enhancing the bone's capacity for support.
Similar findings were also reported by (Silva et al. 2019; Arias-Moreno et al. 2020),
showing that mice subjected to a high-fat diet treatment demonstrated enhanced bone
stiffness and strength due to increased body mass.

The analysis of the impact loading on the radius revealed that toy poodles
demonstrated consistently higher levels of Von Mises and shear stress across various times.
Notably, the heightened stress was evident in the distal region. These findings could be
explained by the radius of the toy poodle, which presented with a thinner bone morphology
compared to dachshunds. It is essential to acknowledge that geometries such as those
observed in long bones frequently utilize beam models within biomechanical assessments,
as evidenced by prior research (Arias-Moreno et al. 2020; Chen et al. 2016; Cheong and
Bull 2015; Zhang et al. 2018). Based on the beam theory, the resulting stresses depend on
the CSA perpendicular to the load when a load is applied axially to a beam. A smaller CSA

produces higher stresses for the same applied force (Rajaai et al. 2010; Saffar et al. 2009).
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The study found that toy poodles CSA of the radius consistently exhibited reduced
dimensions compared to those observed in dachshunds (Table 2), indicating their increased
risk of fractures due to higher bone stress levels during loading conditions.

As articulated by (Brianza et al. 2006), the bone structure of toy breed dogs had a
CSA position nearer to the centroid, leading to a reduced moment of inertia and
heightening the susceptibility to fractures. The author also presumed that the bone density
varied in each bone region. Variations in bone density could potentially contribute to
observed stress patterns and fracture processes on the bone. The proximal region of the
radius is located closer to the humeral joint than the distal region, making it more
susceptible to stress and strain (Rao et al. 2014). According to Wolff’s law and the concept
of mechanotransduction, regions subjected to greater forces and strains demonstrate higher
bone density, enhancing their capacity to endure mechanical stresses (Huang and Ogawa
2010; Frost 2003). Conversely, regions that experience lower levels of force exhibit
decreased bone density and potentially increased vulnerability to fractures. Several prior
investigations have also found that decreased bone density in the distal radius reduces bone
resistance to stresses and increases the fracture probability (Casagrande et al. 2016;
Clayton et al. 2009; Lill et al. 2003). The analysis of the impact loading on the ulna
revealed a consistent increase of both Von Mises and shear stress across all regions,
regardless of the breed under consideration. In particular, toy poodles had higher Von
Mises and shear stress for each region and time frame, indicating more significant
structural deformation during landing. The observed findings can be attributed to the
unique anatomical characteristics of the ulna. The ulna is distinguished by its proximal
region being more extensive than its distal end, resulting in a distinctive tapering shape.
The diminishing width along the bone introduces complex variations in stress distribution

across its structure, making stress distribution challenging to manage. Our findings
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resonate with (Rao et al. 2014), which states that ulna morphology presents a challenging
situation in stress distribution, ultimately giving rise to localized stress patterns within the
bone when subjected to external forces. In addition, these outcomes were likely the
consequence of variations in the cortical region surrounding the bones. Prior analysis of
cortical bone in the dog radius and ulna has been conducted by (Brianza et al. 2006;
Brianza et al. 2007; Mejia et al. 2019). The investigations revealed a consistent pattern
wherein smaller breeds exhibited thinner cortices and smaller cortical bone regions than
larger breeds. A cortical area with a large CSA will effectively distribute shear stresses
across a wider surface area, which potentially decreases the peak stresses (Abu-Hammad
et al. 2007; Holcombe et al. 2019; Kontulainen et al. 2007; Louis et al. 2010). Thus, the
reduced cortical CSA of bones in smaller dog breeds leads to structural differences that
make them more susceptible to the effects of impact loading and shear stresses.

The present study acknowledges limitations in replicating the complex
biomechanics of the elbow and shoulder joints within a finite element analysis, particularly
integrating elements such as cartilage and arthrodesis. Similarly, capturing the nuanced
cushioning effects of muscles around the shoulder post-impact or during leg movement in
a fall scenario is hindered by the inherent constraints of the model. Simulating clinical
scenarios is complicated by the intricate interplay between anatomical features and
physiological responses. Careful consideration was given to eliminating these complex
factors to ensure the model aligns with the study objectives and produces relevant results.
This decision recognizes the necessary compromise between model complexity and

practicality.
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2.6. Conclusion
the stress distribution patterns analysis in the radius and ulna showed pronounced
differences between toy poodles and dachshunds. Toy poodles experienced considerably
higher stresses in the examined bones compared to dachshunds. Specifically, the distal
regions of the bones showed markedly greater stress values. These findings contribute to
understanding the mechanical factors that influence distal radius fractures in toy-breed
dogs, establishing the groundwork for implementing targeted preventive measures and

improving veterinary care procedures.

2.7. Table chapter 11

Table 2.1. Number of elements and nodes of each model.

Element Nodes
Model
Toy poodle  Dachshunds Toy poodle  Dachshunds

Radius 25133 27808 5559 10069
Ulna 15160 22928 3828 6067
Humerus 41147 43604 7106 9920
Spongy

4118 4648 1050 2108
bone

Table 2.2. The cross-sectional area of the radius and ulna (mm?).

Toy poodle Dachshunds
Bone
Distal Medial Proximal Distal Medial  Proximal
Radius 17.4 16.24 15.72 57.6 49.71 46.17
Ulna 5.97 10.54 18.37 16.9 42.23 44.12
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Table 2.3. Static analysis at multiple locations under varied forces.

Von Mises stress

Force Locations Force Locations
TP DH
(N) Distal Medial Proximal (N) Distal Medial Proximal
Radius 10 16.45 6.86 1.18 Radius 10 1.04 3.95 0.92
20 31.99 14.54 2.71 20 2.11 7.99 1.85
30 54.60 23.21 4.74 30 3.19  12.11 2.78
40 77.18 33.15 7.53 40 428  16.32 3.72
50 90.07 44.83 11.65 50 539  20.62 4.66
Ulna 10 21995 186.25 3491  Ulna 10  48.61 10.00 1.19
20 713.95  563.72 91.45 20 107.54 21.82 2.69
30 1311.77 91244  101.37 30 18931 35.99 4.61
40 151846 977.07  118.79 40  272.09 53.26 7.09
50 167797 1001.54 122.83 50  390.56 74.67 10.35
Shear global stress
Force Locations Force Locations
TP DH
(N) Distal Medial Proximal (N) Distal Medial Proximal
Radius 10 0.96 0.11 0.02 Radius 10 0.25 0.15 0.007
20 2.12 0.26 0.06 20 050 032 0.01
30 3.54 0.55 0.12 30 0.76  0.50 0.02
40 5.30 1.11 0.16 40 1.02  0.70 0.04
50 7.55 2.11 0.27 50 1.28  0.90 0.06
Ulna 10 17.78  45.11 11.37 Ulna 10 1.83 0.53 0.54
20 158.03 167.81 40.51 20 3.25 0.62 1.17
30 609.39 238.07 44.81 30 3.33 0.76 1.88
40  737.82 284.72 54.82 40 3.84 1.49 2.63
50  818.04 34523 60.34 50 6.09 4.64 3.33

Data reported in megapascal (MPa); newton (N); toy poodle (TP); dachshunds (DH).
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Table 2.4. Dynamic analysis at multiple locations under varied times.

Von Mises stress

Time Locations Time Locations
TP DH
(sec) Distal Medial Proximal (sec)  Distal Medial Proximal

Radius  0.001  452.86 360.85 483.25 Radius 0.001 410.55 290.86 241.22

0.0015 696.23 58397 465.48 0.0015 289.26 35548  255.89
0.002 82592 546.26  328.35 0.002 256.83 381.12 257.14
0.0025 1090.75 65032  397.17 0.0025 231.79 40721 374.65

Ulna 0.001 44286 518.19 327.71 Ulna 0.001 27586 371.18 217.12

0.0015 72825 54223  478.44 0.0015 361.12 432.61 272.33
0.002  834.67 69726  521.28 0.002 43725 526.12 291.56
0.0025 104798 841.68 617.33 0.0025 513.28 549.74  341.49

Shear global stress

Time Locations Time Locations
TP DH
(sec) Distal Medial Proximal (sec) Distal Medial Proximal

Radius  0.001 27.89 57.72 30.12 Radius  0.001 18.25 25.27 29.03

0.0015 36.89 44.05 32.65 0.0015 29.11  29.19 36.12
0.002 75.15  40.12 35.22 0.002 35.16 35.65 31.77
0.0025 92.17  37.65 39.86 0.0025 55.88 44.22 40.81

Ulna 0.001 27.01 2523 39.66 Ulna 0.001 1943 15.22 28.56

0.0015 5022  39.09 42.21 0.0015 34.87 22.19 31.83
0.002 64.18 48.12 59.07 0.002 38.55 36.04 43.37
0.0025 78.68  60.17 66.15 0.0025 63.07 55.47 45.41

Data reported in megapascal (MPa); seconds (sec); toy poodle (TP); dachshunds (DH).
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2.8. Figure chapter 11

CT images Surface model Finite element model

Figure 2.1. Development process for three-dimensional canine forelimb model. Red

represent the trabecular region, multi-point constraints (MPC).
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Von Mises stress.

Toy poodle _ Scalar 20N N Dachshunds __ Scalar

Shear global stress

Figure 2.2. The distribution of Von Mises and shear global stress on the radius and ulna under varied force conditions during static analysis.

The stress levels are represented by a color scale, with red indicating the highest stress area.
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Figure 2.3. Bar graph comparison of Von Mises stress distribution at the radius and ulna on dynamic analysis.
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Figure 2.4. Bar graph comparison of shear global stress distribution at the radius and ulna on dynamic analysis.
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Toy poodle Dachshunds

Parameter Scalar Radius Scalar Ulna Sealar Radius Sealar Ulna

Figure 2.5. Uniform Von Mises and shear global stress distribution in radius and ulna regardless of applied force.
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CHAPTER IIT

Finite element study on post-screw removal stress in toy poodle radius

with different plate designs and screw arrangements

This work has been published as follows:

Anggoro, D, Purba, M.S., Fei, Jiang., Nishida, N., Itoh, H., [tamoto, K., Nemoto, Y., Munekazu,
N., Sunahara, H., and Tani, K. (2024). Elucidation of the radius and ulna fracture mechanisms
in toy breed dogs using finite element analysis. Open Veterinary Journal, 14(3):885-894.

https://doi.org/10.5455/0V].2024.v14.i3.16. PMID: 38682140. PMCID: PMC11052620.
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3.1.

3.2.

Abstract

The conducted study provides a comprehensive analysis employing finite element
analysis (FEA) to examine stress distribution in the radius of toy poodles after screw
removal. The investigation utilized 1.5-mm and 2.0-mm locking compression plates (LCP)
with notched head T-Plates, presenting a non-invasive approach to investigate the
biomechanical implications of diverse screw hole configurations on bone stress
distribution. This research contributes valuable insights that have the potential to refine
veterinary orthopedic practices. The study constructed a three-dimensional bone model of
the toy poodle forelimb, encompassing the carpal, radius, ulna, and humerus, based on
Computed Tomography (CT) images. The simulation design aimed to replicate jumping
and landing conditions from a 40 cm vertical distance to the ground, with a specific focus
on the immediate consequences of screw removal from the radius bone. The investigation
into stress distribution patterns within the two LCPs revealed significant variations.
Notably, the radius implanted with the 2.0-mm LCP exhibited a uniform stress distribution
compared to the 1.5-mm plates. An interesting finding highlighted localized stress
concentration around the screw holes, while the trabecular bone regions displayed lower
stress levels in proximity to the screw holes. The study sheds light on the complex
dynamics of stress distribution in toy poodle forelimbs post-screw removal, emphasizing
the influence of varied plate designs and screw configurations. The observed distinct bone
stress distribution patterns provide essential information for veterinarians, offering well-

informed insights on clinical decision-making regarding post-screw removal conditions.

Introduction

Toy breed dogs, especially toy poodles, are admired for their small size and

delightful personalities. Nevertheless, the attractive characteristics of these dogs
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frequently lead them to engage in activities that could potentially endanger their delicate
skeletal structure. These dogs tend to jump and frequently participate in activities that
strain their front legs, such as jumping from high places or falling out of a caregiver's hand
(Bell et al. 2022). This behavior heightens the risk of fractures and their fragile bone
structure, especially in the distal radius and ulna, which are most commonly affected and
fractured due to the force of impact (McCartney et al. 2010; Yu et al. 2010). Treating
radius fractures in miniature poodle dogs presents a complex clinical situation that requires
innovative approaches to ensure effective treatment and optimal post-operative outcomes.
The small size, unique bone structure, and limited blood supply of toy poodles are essential
features that make it challenging to treat fractures in these dogs (Aikawa et al. 2018; De
Arburn Parent et al. 2017). These challenges require veterinarians to carefully analyze and
employ specialized techniques to treat them, which could improve the probability of a
successful recovery.

Locking compression plates (LCPs) have become a prominent choice in veterinary
orthopedics for stabilizing fractures, offering exceptional stability and promoting healing.
Previous studies (Alwen et al. 2018; Gibert et al. 2015; Haaland et al. 2009; Kang et al.
2016; Vezzoni et al. 2021) have highlighted the benefits of LCPs, including the flexibility
to choose screw types, preservation of critical blood supply, and optimal stability through
the use of screws at multiple angles. Despite both 1.5-mm and 2.0-mm LCPs being
employed for toy poodle radius fractures, there is a lack of evidence comparing their
biomechanical properties. Several complications after the removal of screws have been
reported, especially the occurrence of refracture in the radius (Aikawa et al. 2018; De
Arburn Parent et al. 2017; Haaland et al. 2009; Vallefuoco et al. 2016). The choice of plate
size is a critical decision influencing construction stability and healing. Moreover, the

number and placement of screws significantly correlate with screw removal considerations
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during post-operative conditions, presenting a risk of refracture. Careful consideration
regarding this situation is crucial during the decision-making process for screw removal,
highlighting the need for ongoing research to refine fracture management guidelines and
enhance long-term outcomes in veterinary orthopedic surgery.

The revolutionary impact of finite element analysis (FEA) in biomedical engineering
is evident in its remarkable capabilities to address complex challenges. The methodology
is pivotal in predicting biological responses to mechanical stimuli, facilitating efficient
analysis of tissue deformation and stress distribution. This procedure has gained extensive
traction in human medicine, primarily in elucidating fractures affecting the distal radius
ulna (Johnson and Troy 2017; Pramudita et al. 2022; Revel et al. 2020; Yamazaki et al.
2021), its presence in veterinary orthopedics has been relatively limited. However, the
evolving potential of FEA in veterinary orthopedics holds promise for addressing a range
of complex challenges, offering insights into tissue deformation, stress distribution, and
other biomechanical aspects. The interdisciplinary approach highlights FEA's versatility
and potential contribution to human and veterinary medicine advancements.

To the best of our knowledge, there have been no studies that addressed the stress
distribution on the toy poodle radius after the removal of screws using FEA. The primary
objective is to investigate the biomechanical implications of post-operative screw removal
in canine radius fractures. We hypothesize that the distribution of stress within the radius
exhibits a substantial influence by both plate size and screw hole arrangement. The study
employed a non-invasive FEA to investigate the stress distribution within the radius bones
of canines as an alternative to experimental cadaveric investigations, addressing the

constraints associated with such procedures.
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3.3. Materials and methods

3.3.1.

3.3.2.

Study subject and animal preparation

The experiment involved four-year-old toy poodles with a 3 kg body weight.
The dogs were admitted to Yamaguchi University Animal Medical Centre as
general patients with no orthopedic issues. The patient was required to fast for a
minimum of 12 hours before the anesthetic procedure. An intravenous catheter was
inserted into the dog's right cephalic vein using a 22-gauge needle (Terumo Co.,
Ltd., Tokyo, Japan). Ringer's acetate solution (5 mL/kg/hour, Veen F, Fuso
Pharmaceutical Industries, Ltd., Osaka, Japan) was administered using an infusion
pump (TOP-3300; TOP Corporation, Tokyo, Japan) throughout the procedure.
Anesthesia induction started by administering propofol (Mylan®, Pfizer, Tokyo,
Japan) intravenously at a dosage of 7 mg/kg. Following endotracheal intubation,
anesthesia was maintained using an anesthetic machine (Driager Fabius® Plus,
Liibeck, Germany) that delivered isoflurane (Mylan®, Pfizer, Tokyo, Japan)
through a rebreathing circuit. Continuous physiologic monitoring was
accomplished utilizing a multiparameter monitor (BSM-6301, Life Scope, Nihon
Kohden, Tokyo, Japan), which recorded electrocardiography, pulse oximetry,
capnography, blood pressure, and core temperature readings. Regular anesthetic
assessments were conducted at S-minute intervals, with findings documented by

the anesthesiologist in the medical record.

Image acquisition and finite element model construction
The radius, ulna, humerus, and trabecular bone were isolated from 60 CT
scan images (Supria, Hitachi, Tokyo, Japan). A comprehensive three-dimensional

model of the toy poodle forelimb was successfully constructed based on the
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segmentation of skeletal structures, as illustrated in Figure 3.1. Following the
completion of segmentation on the model above, the subsequent steps include
applying smoothing techniques to reduce noise and address gaps by fixing and
meshing the model. In order to streamline the simulation, intentional avoidance of
a fracture gap was implemented, and the plate was designed to stabilize a transverse
fracture on the distal one-third of the radius bone.

The condition of the radius bone after screw removal was assessed by
creating several holes based on the LCP 1.5 mm notched head T-plate (length,
36.25 mm; thickness, 1.0 mm; width of head, 9 mm; width of shaft, 4.25 mm;
distance between center of shaft holes, 5.0 mm, six shaft holes, Code No.
VP4007.06; DePuy Synthes Companies, Raynham, MA, USA) and LCP 2.0 mm
notched head T-plate (length, 54 mm; thickness, 1.33 mm; width of head, 12 mm;
width of shaft, 5.0 mm; distance between center of shaft holes, 5.0 mm, seven shaft
holes, Code No. VP4312.07; DePuy Synthes Companies, Raynham, MA, USA). A
hollow cylinder region was determined based on the screw hole diameters of 1.5
mm (Code No. VS106.011; DePuy Synthes Companies, Raynham, MA, USA) and
2.0 mm (Code No. VS207.011; DePuy Synthes Companies, Raynham, MA, USA)
locking screw. Each cylindrical structure corresponds to the respective diameter
screw hole sizes, illustrating 1.5 mm and 2.0 mm, respectively. The screw hole
locations were created on the radius bone, and both sections of the head hole on
each plate were inserted with screw holes. Simultaneously, the shaft holes for each
plate were illustrated with two different arrangements: four holes and two holes
(Figure 3.2). These modifications not only replicate the screw removal process but
also offer a comprehensive representation of post-surgery conditions. A normal

radius without a screw hole was generated to facilitate a comparison to assess the
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3.3.3.

bone's normal condition. The resulting model enhances understanding of how
different screw configurations impact the structural integrity of the radius bone.
The experimental procedures described above were performed using
Simpleware ScanlP v21 (Synopsis, Sunnyvale, CA, USA). The finite element
models utilized tetrahedral mesh elements with an average size of 0.2 mm. The
element size for this component was selected through a rigorous analysis of
convergence results, as it significantly influences the research findings. The carpal,
ulna, and humerus shared identical elements and nodes for each plate model.
Nevertheless, distinctions appeared when evaluating the positions of the screw
holes (1.5 mm and 2.0 mm) in the radius and trabecular bones, especially in normal
bone. Table 3.1 illustrates the different numbers of elements and nodes for all

conditions.

Material properties and ligament creation

The humerus bone was represented as a homogeneous, isotropic, linearly
elastic material (Synek et al. 2023). A high-resolution CT scan was conducted to
differentiate between cortical and cancellous bone. Advanced image processing
methods, notably thresholding and segmentation algorithms, were instrumental in
accurately distinguishing cortical and cancellous bone. The subsequent verification
process entailed aligning the segmented regions with different anatomical
structures visible in the CT images, further substantiating this model's accuracy and
biological relevance. The data from earlier studies (Hirashima et al. 2021; Lai et al.
2015; Laurent et al. 2020) were used to determine Young's modulus and Poisson's
ratio of the humerus, cortical, and trabecular bone (Table 3.2). The humerus mass

density was estimated by assuming that the forelimbs support 50% of the weight
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3.34.

of a typical toy poodle, roughly 1.5 kg. The outcome was a humeral mass density
of 4.5x10* kg/mm?®. Additionally, the cortical and trabecular Young's modulus,
Poisson's ratio, and bone mass density data were obtained from previous research
(Table 3.2) (Semb 1966).

Linear spring elements were implemented to model the biomechanical
function of ligaments in connecting bones and stabilizing joints, as shown in Figure
1. These one-dimensional elastic springs produce a restoring force only when
extended beyond their zero-load length, reflecting the physiological behavior of
ligaments resisting tensile stress. The simplified representation allows the joint
model to mimic ligament deformation under tensile loading and restrain
hyperextension and dislocation. Specifically, the spring's zero-force length and
stiffness properties were tuned to match the tension response of major ligamentous
structures while keeping the articulating bones together within normal anisotropic

limits.

Simulation condition

The boundary conditions were developed through the software MSC Patran
v21 (Hexagon, Newport Beach, CA, USA), followed by MSC Marc Mentat v21
(Hexagon, Newport Beach, CA, USA) to conduct the analysis. The initial velocities
of 2800 mm/s were specifically applied to the humerus with a 0.0025 seconds
timeframe partitioned into 800 increments, encompassing the critical event of
fracture occurrence at ground contact. The above initial velocities represent drop
heights of 40 cm, which display the most noticeable and appropriate disparities in
the fracture mechanisms observed in toy-breed canines based on the preliminary

research. The decision demonstrates to recreate the real-life situations experienced
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by these dogs during fall conditions, maximizing the efficiency of experimental
resources and adopting an integrated approach that connects therapeutic
significance with practical achievability. The carpals were fully constrained during
the simulation to represent rigid contact with an unyielding ground plane.
Equivalent node identifiers were systematically compiled from normal and screw-
holed bone conditions, signifying the stress values. Subsequently, these data points
were employed to facilitate a comprehensive comparative analysis. Von Mises
stresses were determined within the radius under different loading circumstances
to compare the impact of 1.5 mm and 2.0 mm LCP notched T-plate screw holes

configurations on mechanical characteristics that lead to distal radius fractures.

3.3.5 Ethical approval
This study did not require ethical approval. The owners granted informed
consent by completing and signing a consent form before the examination. The
collected data were employed under anonymization protocols and general consent

agreements.

3.4. Results
The analysis in Figure 3.3 compares von Mises stress distribution across one-third
of the distal radius, considering various screw-hole locations. Regardless of screw hole
configuration, LCP 2.0 mm shows a more uniform stress distribution than LCP 1.5 mm.
Localized stress concentration around screw holes is consistent across all plate designs.
Notably, the 4-hole shaft design exhibits the highest stress concentration at screw hole 4
for the 1.5 mm plate and screw hole 3 for the 2.0 mm plate. The 2-hole shaft design,

however, displays distinct patterns, with the 1.5 mm design concentrating stress on screw
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hole 2, while the 2.0 mm design has consistent stress distribution between both screw holes.

Importantly, stress concentration around trabecular screw holes is consistently lower than

that around shaft screw holes across all plates. The stress values at each screw hole across

all plates were described in the specific data provided below.

34.1.

3.4.2.

Four-hole screw shaft design

The stress values within the shaft screw holes of the normal bone showed the
highest stress concentration at S3, registered at 1035.02 MPa (Figure 3.4). The 1.5
mm plate resulted in elevated stress across all screw shaft locations, particularly at
S4, reaching 1898.54 MPa. Similarly, the 2.0 mm plate exhibited a pronounced
increase, notably at S3, where values surged from 1035.02 MPa in normal bone to
2586.39 MPa. Regarding the head screw, stress values around H1 and H2 in the
normal bone were relatively lower at 86.9 MPa and 123.72 MPa, respectively.
However, the 1.5 mm plate led to a marked escalation, with stress levels
significantly increasing to 372.24 MPa and 332.8 MPa around H1 and H2,
respectively. The 2.0 mm plate yielded elevated stress levels of 930.79 MPa and

596.50 MPa around H1 and H2, respectively.

Two-hole screw shaft design

The stress values within the shaft screw holes of the normal bone
demonstrated that the maximum stress concentration was observed at S2, reaching
1035.02 MPa (Figure 3.5). The 1.5 mm plate screw hole increased stress at all
configurations, especially at S2, where it reached 2264.78 MPa. Similar patterns
were observed with the 2.0 mm plate, with stress at S2 rising from 1035.02 MPa in

normal bone to 1848.36 MPa. Simultaneously when considering the head screw,
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stress levels around H1 and H2 were lower in normal bone (86.90 MPa and 123.72
MPa, respectively). However, the 1.5 mm plate showed a substantial increase,
reaching 384 MPa at H1 and 343.25 MPa at H2. The 2.0 mm plate design further

heightened stress levels, with 760.04 MPa at H1 and 531.27 MPa at H2.

3.5. Discussion

Orthopedic veterinary practitioners frequently confront challenges and
uncertainties during the post-operative phase, particularly when determining the optimal
timing for the removal of screws from bone plates. FEA emerges as a sophisticated
computational technique to navigate the complexities, enabling a thorough exploration of
the mechanical interactions between bone and implant. The author's earlier experiment
underscored concentrated stresses in the distal regions of the toy poodle's radius bones.
The results align seamlessly with the present findings, reinforcing the consistent elevation
of stress levels in the distal regions, as shown on the bones without holes (Figure 3.3). The
current study provides important findings on the mechanical dynamics of the radius bone,
with a particular emphasis on the specific examination of stress distribution around the
bone screws holes. The discovered findings remarkably advance the understanding of post-
operative screw removal conditions in toy-breed dogs, offering fundamental insights into
veterinary orthopedics.

Plates with longer lengths showed a more uniform stress distribution on the one-
third distal radius. Interestingly, an increase in the number of screw holes in the plate was
associated with heightened stress concentration around specific screw holes. The author's
viewpoint regarding the present outcomes was that the plate length considerably influences
stress distribution on the radius. The shorter plate has a limited area for stress distribution,

leading to stress accumulation at the proximal region of the screw hole. Conversely, a
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longer plate enables a more uniform stress distribution. As shown by (El-Anwar and El-
Zawahry 2011; Erdem et al. 2018), plate size and increased implant length would generate
a uniform load distribution and improve biomechanical performance. A recent study
(Wang et al. 2020; Valeri et al. 2024) similarly conveyed that various factors, including
the working length of the plate, the presence of holes, the overall size of the plate, and the
diameter and length of the screw, influence the mechanical environment around the bone.
A recent study similarly conveyed that various factors, including the working length of
the plate, the presence of holes, and the overall length of the plate, influence the
mechanical environment around long bone mid-shaft fractures. In addition, the study
identified that the configuration of the shaft-hole screw, as shown by the 4-hole shaft
design, has a considerable effect on the stress level at a particular location. The rationale
behind these results could be identified due to each screw hole insertion resulting in the
removal of bone mass, diminishing the overall cross-sectional area (CSA) available for
stress distribution. This condition leads to the remaining material around the screw holes
being compelled to withstand an increased load, resulting in heightened stress levels.
According to fundamental principles in the mechanics of materials, stress is defined as the
internal force within a material divided by the CSA area over which the force acts.
Following this, a diminished CSA raises stress levels when subjected to a specific applied
load. Studies conducted by (Nelson et al. 2000; Zaki et al. 2015) found that the strength of
long bones is mainly derived from the complex geometric details embedded in their cross-
sectional structure. Bones with a larger CSA typically have greater bone mass and density.
This characteristic facilitates the extensive distribution of bone tissue, enhancing its
durability and capacity to endure bending or fractures. Further investigations have also
indicated that bone mass and density are crucial in determining bone strength and

impacting the possibility of fractures (Felder et al. 2017; Jaworski et al. 2019; Pomeroy et
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al. 2018). These findings emphasize the importance of a comprehensive orthopedic
strategy that considers both the mechanical stability offered by implants and their effect
on the structural integrity of the bone.

Analysis of stress distribution across all plates revealed a concentrated
accumulation of stress adjacent to the screw holes. These findings could be explained by
the presence of screw holes, which create a structural irregularity resembling a defect in
the bone. The presence of this discontinuity shape causes a disturbance in the uniform
distribution of stress, leading to increased stress levels that are focused in the area
surrounding the screw holes. The documented results agreed with Wolff's Law,
emphasizing that bones adapt their structure in response to alterations in mechanical
conditions to enhance their function (Dittmer and Firth 2017). In other words, the bone
undergoes a self-reinforcement process in regions with reduced bone mass, demonstrating
its continual adaptation to stress distribution. Prior experimental research has supported
our results (Rosson et al. 1991), which showed that remaining screw holes have a
substantial impact on bone weakening following plate removal, reducing the bone's
absorbing capacity by approximately half. The weakening condition after the extraction of
screws could initiate stress risers due to micro damage within the screw holes when
receiving normal loads, compromising its structural integrity and heightening the risk of
fractures (Velkes et al. 1966; Yoo et al. 2021; Zhou et al. 2019). Our findings also resonate
with (Largura et al. 2014), which states that a greater magnitude of deformations
developed at a close distance to the point of screw application. Similarly, (Bologna et al.
2023) discovered elevated stress levels in areas surrounding the screw holes when
evaluating the maximum stress and fatigue life of bone plates under in vivo loads.

The trabeculae region presented with the lowest amount of stress around the screw

holes in comparison to the shaft screw holes on all plates. The author presumed that the

75



variance in Young's modulus between cortical and trabecular bone might be associated
with the different stress distributions. Cortical bone resists substantial elastic deformation
under stress with its higher Young's modulus. In contrast, the trabecular bone's lower
modulus allows for more significant elastic deformation and promotes a uniform stress
distribution around screw holes. Existing evidence aligns with the findings (Almer and
Stock 2007; J. Currey 2004; J. D. Currey 2004), indicating a positive correlation between
the increase of Young's modulus in the cortical region and elevated stress along the bone.
The observed phenomenon in the clinical condition can be attributed to the distinctive
anatomical characteristics of trabecular bone. This region is designed with larger
dimensions and a supportive network that efficiently distributes and absorbs stresses,
surpassing cortical bone in the diaphyseal region. The porous structure of trabecular bone
allows for superior stress distribution (Oftadeh et al. 2015), making it well-suited to
accommodate the forces associated with screw removal without creating localized stress
points. Conversely, the cortical bone of the diaphyseal shaft, which has a significantly
reduced porosity and less effective stress dissipation capabilities, resulted in the
accumulation of stress, specifically adjacent to the screw hole. Remarkably, numerous
FEA studies (Bar@o et al. 2013; Cicciu et al. 2018; Kim et al. 2023; Vijayalakshmi et al.
2012; Zhang et al. 2023) have substantiated these clinical findings, consistently
demonstrating that the trabecular region exhibits lower stress concentrations compared to
the cortical region. The convergence of clinical observations and FEA outcomes
underscores the robustness of trabecular bone's distinctive anatomical characteristics in
providing superior stress distribution.

The current study has some limitations that should be acknowledged. Illustrating
the complex interplay of anatomical features and physiological reactions in clinical

scenarios, including the recreation of intricate biomechanics in the elbow and shoulder
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3.6.

3.7.

joints and simulating the complex muscle cushioning effects in FEA, poses a highly
complex and challenging task. The authors intentionally excluded these complexities to
align with study objectives, acknowledging the necessary compromise between model

intricacy and practical feasibility for achieving streamlined and relevant results.

Conclusion

Based on the data derived from this study, the longer plate design demonstrates
superior and more uniformly distributed stress on the radius. Nevertheless, it is essential
to note that there was a consistent observation of localized stress close to the screw holes.
The findings underscore the importance of considering plate length and screw arrangement
when evaluating stress distribution on the radius, especially in toy-breed dogs. This
perceptive understanding substantially advances the comprehension of the dynamics
associated with post-operative screw removal, offering invaluable insights for more

informed clinical decision-making processes.

Table chapter III

Table. 3.1. Number of each element and nodes of each model.

Element Nodes
Model 1.5 mm 2.0 mm 1.5 mm 2.0 mm
A B A B A B A B
Humerus 41147 7106
Ulna 15160 3828
Carpal 6452 2050

Trabecular 6137 6042 3259 3036 2785 2258 980 878

Radius 28575 27498 32639 31450 9120 8834 10470 10087
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Table. 3.2. Physical properties of bone material.

Element  Young Modulus (MPa) Poisson’s ratio Mass density (kg/mm?)

Humerus 17000 0.3 4.5x104
Cortical 17000 0.3 2.1x10%°
Trabecular 350 0.3 7.0x107
3.8. Figure chapter 111
1. CT images segmentation 2. Finite element design 3. Analysis and results

Figure 3.1. Finite element design.

]
[
H2 H2 H2 H2

A) 1.5 mm, 4-hole shaft design B) 1.5 mm, 2-hole shaft design C) 2.0 mm, 4-hole shaft design D) 2.0 mm, 2-hole shaft design

Figure 3.2. Screw-hole arrangement on each plate. Head screw hole 1 (H1), head screw
hole 2 (H2), shaft screw hole 1 (S1), shaft screw hole 2 (S2), shaft screw hole 3 (S3), shaft

screw hole 4 (S4).
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MPa

Figure 3.3. Comparison of stress distribution with varying screw hole locations. The stress

levels were illustrated using a color scale, where red signifies the most elevated stress zone.
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Figure 3.4. Bar graph comparison of stress distribution on 4-hole screw shaft design.
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Figure 3.5. Bar graph comparison of stress distribution on 2-hole screw shaft design.
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