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Abstract 

Joint replacement is an increasingly common surgery with over 130,000 procedures 

performed annually in Canada. Although joint replacement surgery is highly successful, 

implants do not last a lifetime, and often have to be replaced via costly revision surgeries. 

Before innovations aimed at extending the life of implants are applied to the clinic, testing 

must be performed in animal models. Clinically representative small-animal models of joint 

replacement would be ideal in the initial stages of research and development, due to ease of 

handling and low costs, but few such models have been established in the literature. Thus, we 

describe the development of a clinically representative rat model of hip hemiarthroplasty.  

A database of micro-computed tomography volumes of skeletally mature male 

Sprague-Dawley rats was analyzed to quantify the dimensions of the proximal rat femur. 

This was done in order to guide the creation of a parameterized rat-hip implant in computer-

aided design software. Sets of rat-specific femoral implants were then produced in medical-

grade alloys using additive manufacturing. Implants were then installed into cadaveric, and 

then live rats. Micro-computed tomography imaging was used to evaluate the position of the 

implant within the proximal femur longitudinally. Animals also underwent a gait analysis 

protocol using a commercially available CatWalk XT system, in parallel with an X-ray 

fluoroscopy protocol, whereby animals were imaged while running on a custom made 

radiolucent treadmill.  

Surgeries were successful in live animals; rats were able to tolerate the procedure and 

were observed ambulating on their affected limbs immediately following recovery from 

anaesthesia. Micro-CT imaging revealed clinically representative complications (implant 

subsidence) in some animals that mimic complications found in larger models. Functionally 
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loaded implants were observed in the remaining animals at twelve weeks, postoperative. Rats 

were successful in completing gait analysis protocols on both the Catwalk and fluoroscopic 

treadmill systems. Animal gait was restored following hemiarthroplasty.      

We report the first clinically representative rat hip hemiarthroplasty surgeries using 

custom 3D-printed metal implants. This thesis supports the feasibility of this model as a 

preclinical platform for basic scientists to study osseointegration, metal-on-cartilage 

interactions, and joint infection around a functional implant. 
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Summary for Lay Audience 

Joint replacement surgery is an increasingly common procedure, performed to relieve 

the pain of cartilage damage caused by osteoarthritis, or to restore joint function following a 

traumatic injury. While joint replacement surgery is highly successful, implants don’t always 

last a lifetime. When implants fail to function properly, they must be replaced via revision 

surgeries; these procedures are higher-risk, more complex and more costly compared to 

initial joint replacement surgeries, and therefore are to be avoided or delayed if possible. 

Consequently, scientists continue to research new ways to extend the life of implants, and 

reduce the burden of revision surgeries. However, before new innovations can be applied to 

the clinic, testing in animal models is often required. Historically, large animals (such as 

sheep) have been used to test joint implants, but these trials are expensive to conduct, and 

there are sometimes ethics concerns of testing in more sentient species. Small lab animals are 

more readily available, but joint implants are not easily manufactured in the sizes required 

for small animal testing. In this thesis we describe an approach to create custom small-animal 

implants, through the use of image-based design and 3D-metal printing. We also demonstrate 

the installation of these implants in rats, followed by 3D imaging and analysis of animals 

walking after surgery. Our rat hip implant model presents a new research tool for scientists 

who are looking to find ways to extend the life of implants, so that patients can maintain 

lifelong mobility with fewer surgical interventions.    
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Chapter 1  

1 Introduction 

1.1 Hip Joint Replacement in Canada 

Each year approximately 130,000 Canadians undergo joint replacement surgery, 

and of these, approximately 58,000 are hip replacement procedures.1 Joint replacement is 

predominantly performed as a last resort to alleviate joint pain caused by degenerative 

osteoarthritis (OA).1 Total joint replacement (TJR) surgery, also known as total joint 

arthroplasty, is the most common surgery performed, to alleviate OA pain.1 This 

procedure involves the installation of implants into the bone on either side of a joint 

surface, which serve to replace painful, worn-out cartilage. The most common TJR 

approach in the hip is to install a titanium-alloy prosthesis (stem) into the proximal femur 

via a press-fit (cementless) approach.1-3 The stem is attached via a tapered fit to a smooth 

ball, typically made of either cobalt-chrome alloy or ceramic (as titanium does not have 

favourable wear properties), which acts as a bearing surface within the acetabular 

component (cup).3 The cup’s shell is typically made of titanium alloy, which houses a 

highly cross-linked ultra-high molecular weight polyethylene (XLPE) liner on the inner 

surface that articulates with the ball.3 Cups serve to replace worn acetabulum cartilage, 

and are also commonly installed via an uncemented approach into the pelvic bone.4 The 

annual cost of joint replacement surgery in Canada is 1.2 billion dollars, with an average 

cost of 11,500 dollars per procedure for primary hip replacement surgery.1  
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Patients who have experienced a traumatic injury to bone, such as a femoral neck 

fracture, may also require joint replacement surgery, but may not undergo TJR if their 

cartilage is intact.5-7 In these cases, a hemiarthroplasty, or partial joint replacement (PJR) 

may be performed, whereby an implant is installed that articulates with cartilage, 

replacing only the injured side of the joint. In fact, the first modern hip implant was a 

hemiarthroplasty implant that replaced the femoral head, made of “Vitallium”, a cobalt-

chrome alloy.8 Currently, hip hemiarthroplasty is most commonly performed to replace 

the proximal femur, in patients who have suffered an acute femoral neck fracture.1; 5-7; 9 

While primary joint replacement surgeries are highly successful, with a success 

rate of approximately 97% at five post-operative years,1 implants do not last a lifetime. 

At ten post-operative years, 85% of uncemented hip implants remain functional, but this 

number drops to 70% at 15 post-operative years.2; 10 Implants can fail for various reasons; 

the most common reasons for failure are aseptic loosening (Figure 1.1), implant 

instability, infection, and periprosthetic fracture.1; 2 As an implant fails, it becomes 

increasingly painful, and eventually must be removed to preserve the patient’s quality of 

life. Procedures to remove failed components are known as revision surgeries, which 

account for around 10% of all hip replacement surgeries in Canada, costing 

approximately 163 million dollars annually.1 Revision surgeries are more complex than 

primary joint replacement surgeries, have higher morbidity, and are more expensive to 

manage than primary TJR cases.1; 11; 12 Patients are typically older, and there is less bone 

for the surgeon to work with, as more bone must be removed with each successive 

surgery to remove and re-install implants. These factors contribute to why revision 
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surgeries are to be avoided whenever possible, and why extending the longevity of 

primary joint replacement implants remains an active area of research.  

Figure 1.1: An uncemented total hip replacement implant in situ. Black arrows 

reveal radiolucency zones at the femoral stem, indicating aseptic loosening. Image is 

reused from Apostu et al, 2017,2 an open-source article published by Sage Journals, 

distributed under the terms of the Creative Commons License CC BY-NC 4.0 (see: 

creativecommons.org/licenses/by-nc/4.0/) (copyright license not required to reuse in 

this thesis). 

In the case of PJR, originally intact cartilage can begin to wear out over time, 

leading to OA as it is cyclically loaded against the often harder, metal surface of the 
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implant. In this scenario, the PJR must be revised to a TJR to replace the worn-out 

cartilage. Implants can also fail from periprosthetic joint infection (PJI), which incurs 

especially high associated costs and morbidity.11 Although PJI is relatively rare, affecting 

only around 1% of patients who undergo primary joint arthroplasty, PJI is the most 

common source of surgery-contracted infections in hospital inpatients in the 

industrialized world, due largely to the high volume of joint replacement surgeries 

performed annually.11; 13 Infected implants must be removed and replaced, requiring one 

or more revision surgeries, in addition to aggressive antibiotic therapy.11; 13 

Because joint replacement surgery is so common in the industrialized world, even 

a low failure rate of a few percent translates to thousands of patients annually who 

experience complications from failed components.1 For this reason, the development of 

innovations that can improve the function and longevity of joint replacement implants 

remains an active area of research in the medical sciences.  

1.2 Animal Models in Preclinical Orthopaedic Research  

Before innovations can be applied to the clinic, preclinical development and 

testing is required in animal models. Numerous factors can be considered when selecting 

an appropriate animal model for preclinical orthopaedic research and development, 

including joint biomechanics, physiological parameters (lifespan, metabolic rate, age, 

sex, weight, healing rate, etc.), post-operative function, cost and ease of handling.14 The 

type of implant or feature that is being tested and the stage in the development pipeline 

are also important to consider, where more clinically representative models should be 
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chosen to immediately precede human trials. Typically there are two classes of animal 

models to select from, small and large, each with its own advantages and disadvantages. 

1.2.1 Large-Animal Models of Joint Replacement 

Traditionally, large-animals have been utilized as clinically representative models 

of joint replacement, to investigate research questions related to the bone-implant 

interface, prosthetic material composition, implant design and mechanics, tribology and 

systemic effects secondary to joint replacements.14; 15 Examples of large-animal models 

of joint replacement include sheep,16-21 pigs,22; 23 goats,24; 25 dogs,26-29 horses,30 and non-

human primates.24 Large animal models are often utilized because their joints are of 

similar size to humans; this allows hardware to be installed that either mimics, or is 

equivalent to, the implants used in human joint replacement surgery. However, large-

animal studies are expensive to conduct, incurring high procurement and housing costs, 

and require specialized facilities that are not available at all institutions. There are also 

ethical concerns around the use of large-animal models that may hinder knowledge 

translation beyond the research and medical communities.31 For these reasons, large-

animal studies are commonly conducted in the later stages of preclinical research and 

development, where the efficacy of a given innovation has already been supported in 

small-animal studies, which are comparably lower in costs and have fewer ethics barriers 

to overcome. 

1.2.2 Small-Animal Models in Preclinical Orthopaedic Studies 

Small-animal models, such as mice,32-35 rats,14; 36; 37 rabbits,37; 38 and guinea pigs39-

41 have several advantages compared to large-animal models that make them more 
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attractive options in the initial stages of research and development. These advantages 

include low procurement and housing costs, higher throughput potential, less variability 

between subjects, and broad use across medical science research disciplines. Small-

animal models have been used to study concepts such as osseointegration,36-38; 42 the 

integration of new bone into the surface of an implant, and peri-prosthetic joint infection 

(PJI),11; 32; 35; 43 the pathologic growth of bacteria around an implant within the joint. 

Historically, small-animal implant studies utilize devices that that are non-functional, 

such as intracortical rods,36; 42 pins,44-46 and screws,47 which do not articulate within the 

joint space, unlike clinical joint replacement implants. This discrepancy is largely due to 

the fact that simple metal implants are easier to manufacture in the sizes required for 

small-animal testing, compared to the more complex geometry of joint replacement 

implants. Consequently, small-animal models are typically not used as clinically 

representative models of joint replacement, unlike their large-animal counterparts; 

however, this could be overcome if joint replacement hardware could be developed in the 

sizes required for small animal testing.  

The first small-animal model that utilized a functional joint implant was described 

by Powers et al., who piloted a cemented model of hip arthroplasty in the rat, using 

custom rat-specific implants.14 This study demonstrated that the creation and installation 

of components in the sizes required for small-animal testing was feasible and that animals 

could recover ambulation post-operatively, but had limitations that have prevented this 

rat model from being widely adopted, including: (i) resection of the greater trochanter to 

access the proximal medulla of the femur, compromising post-operative functionality of 

the hip joint, (ii) low rates of stability of the screw-fixed acetabular component due to the 
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thin rat pelvis, and (iii) the use of a non-conformal implant inside the proximal femoral 

anatomy, which required bone cement to be used for fixation – a less commonly 

performed procedure in the present day.1; 14  

While the development and surgical implantation of implants in a small-animal 

model such as the rat hip model is inherently challenging, the advantages of its potential 

use in preliminary orthopedic research have warranted further investigation in recent 

years. The orthopaedic community has also recently called for more clinically 

representative small-animals models to facilitate an increase our in understanding of PJI 

in particular, as efforts to prevent cases of infection have become a major priority in joint 

arthroplasty research.11; 35; 43 Ideally the implant used in a small-animal study should be 

designed specifically to the species’ joint anatomy, in the same way that human and 

large-animal components are tailored to fit precisely in the joint of interest. To create and 

test custom implants in the scale required to be anatomically conformal to small animal 

models, a non-traditional approach to manufacturing, such as additive manufacturing 

should be explored.  

1.3 Additive Manufacturing for Rapid Prototyping of 

Implants 

Carli et al. recently described a mouse model of knee hemi-arthroplasty for PJI 

studies that utilized additive manufacturing (AM) to develop a mouse-specific knee 

implant in medical-grade titanium alloy.32; 35 AM is a technique that produces objects in a 

layer-by-layer fashion, whereby material is added on top of the previously built layer 

until the full volume of the object is created.48 This technique relies on computer-
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generated three-dimensional (3D) models to manufacture parts, and does not require part-

specific moulds or specialized cutting tools to remove material from a block like in 

sculpting (subtractive manufacturing), reducing tool costs.48 A multitude of different 

components can also be manufactured concurrently within a given build volume, with a 

negligible amount of wasted material (support structures to secure parts during 

construction, like scaffolding). AM has been widely explored for surgical applications in 

recent years;48-50 implants and surgical tools can be made to be highly conformal to the 

anatomy of interest (patient-specific), which is beneficial for both the surgeon and the 

patient.48 Other advantages of AM include: (i) reduced component weight, since material 

only needs to be placed where essential to construct a part; (ii) rapid design iterations, 

since design changes to a part are made digitally and can be easily re-printed as needed; 

(iii) complex geometries can be built, such as thin walls and internal structures like 

lattices and pores that would be virtually impossible to produce via conventional 

manufacturing techniques; and (iv) increased design freedom, since AM parts are not 

constrained by traditional manufacturing and design rules.48; 50-52 AM options exist for a 

wide variety of materials, but the most pertinent to preclinical orthopaedic research is 

additive manufacturing in medical-grade alloys including 316L stainless steel, ASTM 

F75 cobalt-chrome, and Ti6Al4V titanium alloy, which have the same biocompatibility 

as human orthopaedic implants.48; 53  

1.3.1 Selective Laser Melting 

As mentioned above, AM machines produce objects in a layer-by-layer fashion, 

whereby material is added on top of the previously built layer until the full volume of the 

object is created48 (Figure 1.2). Selective Laser Melting (SLM) is an AM technique that 
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relies on a high-powered infrared laser, which is directed by a computer-controlled lens 

to heat and melt specific sites on a single layer of metal powder, creating small pools of 

molten metal. As the metal cools it adheres to the metal layer below and solidifies. The 

initial layer of an SLM build is constructed on a solid metal platform, which drops down 

by a specified distance to allow a second layer of metal powder to be placed above the 

first layer. The laser then selectively melts sections of the second layer, which adheres to 

material from the first layer. This process is then repeated until all parts are constructed. 

The metal powder that surrounds the solid metal parts is then removed and can be reused 

in future builds. The metal platform and build parts are then removed together from the 

SLM machine, which is an enclosed space with a controllable atmosphere (some metals 

react with oxygen and require an inert atmosphere such as Argon gas). Next, parts are 

often heat-treated to relieve stresses in the metal that accumulate during the building 

process.55 Finally the parts and any support structures are removed from the metal 

platform. Parts then undergo whichever post-processing technique is required for them to 

meet their intended design specifications. SLM parts have an inherent surface texture that 

is related to the average grain size of the metal powder being used for their construction; 

the molten metal pools capture adjacent powder particles as they solidify. Sandblasting 

followed by polishing with a rotary tool is often required to create a smooth surface on 

SLM parts. SLM is capable of producing parts in a variety of medical-grade metal alloys, 

making this an ideal technique for creating novel orthopaedic implants and custom-

surgical tools48 that could be applied towards the development of novel small-animal 

models of joint replacement surgery.35  



10 

 

Figure 1.2: A Renishaw plc AM 400 selective laser melting 3D printer (ADEISS 

Canada, London, Ontario) capable of building parts in medical-grade metal alloys.   

 

1.3.2 Computer-Aided Design of Implants 

Computer-aided design (CAD) software facilitates the creation of 3D geometries 

that can be printed as parts through additive manufacturing.48 Implants specifically, can 

be designed virtually to create a geometry that fits within the anatomical constraints of 

the species of interest. Once an initial implant prototype has been designed in CAD, 

changes can be made, based on feedback from surgeons and data collected from ex vivo 
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and in vivo trials, to further optimize the component. Custom surgical tools can also me 

made via the same approach, to help facilitate the installation of components. Since 

implants are not one-size-fits all, several sizes of an implants can also easily be produced 

to accommodate range of bone volumes, by utilizing a scaling feature that allows for 

percentage changes in the overall volume of the component. CAD ultimately allows for a 

high level of design freedom, which is optimal in iterative prototyping of a new custom 

implant for a small-animal model. This means that information obtained from cadaveric 

and live animal trials can inform design changes to both implants and surgical tools, to 

improve the surgical procedure. However, CAD models must first be parameterized so 

that implants fit precisely within the bone of interest and remain stable; for this to occur, 

accurate measurements of the bony anatomy of the joint of interest must first be made. 

1.4 Micro-Computed Tomography  

Micro-computed tomography (micro-CT) is well described and mature imaging 

technique that can facilitate the visualization and characterization of dense x-ray 

attenuating structures within the body, especially bone56-59. Micro-CT also allows for 3D 

imaging of implanted objects, particularly prosthetic devices,60; 61 which are well 

represented within micro-CT volumes compared to other imaging modalities.62 Briefly, 

micro-CT imaging involves the generation of X-rays (from an X-ray source) followed by 

the projection of x-rays through a sample at multiple angles. A detector then captures X-

rays that make it through the sample; the x-ray absorption (attenuation) along each ray 

path is determined from the number of X-ray photons that are captured. More electron-
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dense regions within the sample will attenuate more X-rays, giving each ray path a 

unique signal intensity value.  

Micro-CT volumes are comprised of several hundred two-dimensional (2D) 

projections, collected at multiple angles around the specimen of interest. 3D volumes are 

then produced via the reconstruction of the scanned volume using established algorithms 

such as filtered back-projection; this algorithm is implemented on cone-beam scanners 

(Figure 1.3), where the detector is a 2D grid of elements that captures x-rays emitted 

from a focal point source.63 Within the 3D volume, each volumetric element (voxel) is 

assigned a CT number, which is proportional to the linear attenuation coefficient of the 

material within that voxel.64 Electron-dense objects like bone have a high CT number, 

and less dense objects, like soft tissues, have a low CT number.65  

  



13 

 

 

Figure 1.3: A Locus Ultra cone-beam micro-computed tomography scanner (GE 

Medical, London, Ontario, Canada) for preclinical animal imaging.   

 

Sometimes extremely electron-dense objects like metal can present a problem 

(beam-hardening) when imaged on most biomedical micro-CT scanners.66 Beam 

hardening is a process that occurs when an emission of polychromatic x-ray photons 

passes through an electron-dense material of relatively high atomic number, resulting in 

the selective attenuation of lower energy photons. This leads to bright and dark artifacts 

in the image volume that can compromise the ability to interrogate the tissue around 
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metal objects. However, the implementation of a modern beam-hardening correction 

algorithm during image reconstruction can help to mitigate this problem and preserve 

image quality around a metal implant.66  

Another benefit of micro-CT is that an animal can be imaged longitudinally at 

several time-points during the course of a study; this is advantageous as animals do not 

need to be sacrificed at each time-point, as would be required for conducting a 

conventional histological analysis of bone. Imaging software also exists that facilitates 

the ability to take precise quantitative measurements of the anatomy of interest from 

micro-CT image volumes.65; 67 Thus, micro-CT is an ideal imaging modality for 

quantifying the bony anatomy of a small animal species, with the intent of creating a 

parameterized CAD model of an implant. 

1.5 Surgical Procedure Considerations  

When creating a novel implant, via 3D CAD design and additive manufacturing, 

it is necessary to consider the constraints of the surgical procedure that will be used to 

install the component.48 Hip replacement first requires that the surgeon access the hip by 

retracting the surrounding muscle layers in order to create a visual field of the femoral-

acetabular joint. An incision is then made into the joint capsule to allow the hip to be 

dislocated. The femoral head and neck are then resected to permit access to the proximal 

femoral medulla, so that it can be incrementally widened to the proper size to 

accommodate an implant.68; 69 The femoral component is then inserted and fixed to the 

bone using bone cement, or via a press-fit (uncemented/cementless) approach.9; 10; 70 

Choice of technique is determined by surgeon preference, but is influenced by the quality 
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and amount of available bone (lower quality medullary bone often requires a cemented 

approach).71 For a total hip arthroplasty, the acetabulum is reamed and a metal cup is 

either press-fit or cemented into the pelvis to articulate with the femoral implant; for a hip 

hemiarthroplasty, the femoral implants’ head is left to articulate with the native 

acetabulum.6-8; 71 The joint capsule is then sutured closed followed by deep to superficial 

muscle layers and the incision site.  

A technically challenging part of hip arthroplasty is the precise shaping of bone to 

accommodate the femoral implant.68; 72-74 In human surgery this process relies on 

specialized tools that can now be guided by computer-assisted surgery devices or surgical 

robots.72-74 Unfortunately this equipment is not available for small-animal applications. 

Coupled with the need to access a proportionally smaller joint during small animal 

surgery, it is critical to try and establish a surgical field that makes preparation of the 

proximal femoral medulla as easy as possible, in order to ensure implants are installed 

properly. Thus, achieving a surgical approach that is repeatable will likely require the 

development of specialized tools, and will certainly involve the trial of different 

approaches to access the hip in both ex vivo and in vivo subjects. Implants must also be 

designed appropriately so that it they can be installed consistently within the bone and 

preserve the bony and muscular anatomy in order to facilitate functional motion on a 

stable implant, post-operatively.  

1.6 Rodent Gait Analysis 

Once implants are customized to accommodate the small-animal hip joint, and 

can be installed consistently into live animals, recovery of ambulation should be assessed, 
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in order to verify that implants are serving their intended purpose of being functionally 

loaded post-operatively. Commercial optical imaging systems exist (CatWalk XT) that 

provide quantitative measurements that can be used to assess gait in rats75-79 and mice.80-

82 CatWalk XT systems incorporate a long rectangular enclosure that the animals can run 

through, with a camera system that can track their paw prints from underneath the floor. 

The enclosure has a ceiling that emits red light, and a glass floor that encases green light, 

emitted in parallel along the floor. When animals step on the glass surface, the green 

light, which is normally internally reflected within the glass, is reflected down, creating a 

green paw print that is easily viewed against the red backdrop by the camera mounted at a 

prescribed distance underneath the glass.83; 84 Steps within the cameral field-of-view 

(FOV) are recorded via digital video by the camera system. Relative print intensities, step 

frequency and print area are a few of the many metrics that such systems are able to 

collect. CatWalk XT gait analysis is commonly used in neurological studies investigating 

phenomena such as pain,85 stroke,80 and spinal cord injury86, as well as in 

musculoskeletal studies involving conditions such as compartment syndrome87 and 

osteoarthritis.79 
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Figure 1.4: CatWalk XT system (Noldus, Leesburg, Virginia) for murine gait 

analysis. The system includes a glass-floored walkway, with one open end; the other 

end contains an enclosure that houses the animal’s cage. A camera captures 

fluorescent light that is reflected downward when the animal makes contact with the 

glass floor. Image is reused from Kappos et al 2017;84 an open-source article 

published by John Wiley and Sons and distributed under the terms of the Creative 

Commons License, CC BY (see: creativecommons.org/licenses/) (copyright license 

not required to reuse in this thesis).  

 

Utilizing this well-established approach would be ideal for determining to what 

extent animals are able to recover their gait following hip replacement surgery. However, 

one deficit of optical imaging techniques, as it pertains to studying joint replacement, is 

that they are unable to facilitate visualization of the implant as it articulates within the 
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joint space; this ability is important as it can provide useful insight into implant function 

during movement. In some cases, quadrapedal animals are able to ambulate without a 

functional hip joint, due to compensation by surrounding muscles.27 If an implant were to 

become unstable during a longitudinal study (a common complication is implant 

loosening within the femur),1; 2 optical gait analysis alone may not be sensitive enough to 

detect subtle changes at the hip joint that could influence whether or not an implant is 

functional. 

X-ray fluoroscopy is a well-established technique for collecting sequential images 

of internal anatomic structures for a variety of indications in both humans88-90 and 

animals.91; 92 Fluoroscopy machines consist of an x-ray source and a detector that can 

generate and store many x-ray images per second that can be compiled to create an x-ray 

video of the structure of interest. This technique is especially useful when investigating 

the cyclic loading of joints, which are difficult to observe using static imaging. 

Treadmills are often used in conjunction with X-ray fluoroscopy systems, so that several 

gait cycles can be collected consecutively while the subject remains in the field of view 

between the x-ray source and the detector. Treadmills are commonly used in preclinical 

research, but an ideal treadmill would be made of materials that are radiolucent so that 

the subject of interest could be imaged within an unimpeded FOV.91 Such a setup would 

provide data that when used in concert with optical imaging, can be used to create a 

complete picture of gait recovery following hip replacement surgery in a small-animal 

model.   
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1.7 Thesis Objectives and Hypotheses  

In this thesis, we present the methodologies required to: (i) design a novel, 

preclinical hip implant for use in a rat model of hip hemiarthroplasty; (ii) consistently 

install rat hip implants and longitudinal track implant position post-operatively using 

micro-CT imaging, and; (iii) ascertain the extent to which a cohort of rats with femoral 

implants recover their gait at several post-operative timepoints following hip 

hemiarthroplasty. The key content described in each Chapter is summarized as follows. 

In Chapter 2 our aim was to obtain micro-computed tomography derived 

measurements of the rat proximal femur, to create parameterized rat hip implants that 

could be surgically installed in a clinically representative small animal model of joint 

replacement. The proximal femoral anatomies of N=25 rats (male, Sprague-Dawley, 390-

605g) were quantified and averaged. Key anatomical measurements were used to 

parameterize computer-aided design models of monoblock rat femoral implants. Linear 

regression analysis was used to determine if rat hip dimensions could be predicted from 

animal weight. A correlation analysis was used to determine how implants could be 

scaled to create a range of sizes. Additive manufacturing (3D printing) was used to create 

implants in medical-grade metal alloys. Linear regressions comparing rat weight to 

Femoral Head Diameter and Neck-Head Axis Length revealed a significant non-zero 

slope (p<0.05). Pearson’s correlation analysis revealed five significant correlations 

between key measurements in the rat femur (p<0.05). Implants were installed into both 

cadaveric and live animals; iterative design modifications were made to prototypes based 

on these surgical findings. Animals were able to tolerate installation of implants, and 
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were observed ambulating on their affected limbs post-operatively. Overall, we 

established a preclinical joint surgery model using image-based and iterative design 

techniques to create 3D-metal printed implants in medical-grade metal alloys for a small-

animal model. Our findings support further development of this functional rat hip model 

for use as a low-cost translational test platform for preclinical orthopaedic research into 

areas such as osseointegration, metal-on-cartilage wear and peri-prosthetic infection. 

In Chapter 3 we describe the surgical installation of custom-designed unipolar rat 

femoral implants, which were created in five sizes and 3D-printed in titanium alloy. The 

cementless components were press-fit into the medullary canal of skeletally mature male 

Sprague-Dawley rats (N=6), using a posterior approach to access the hip joint. Animals 

were evaluated post-operatively (day 1) and at six time-points following surgery with in 

vivo micro-computed tomography to assess implant stability. Animals were sacrificed 

after 12 weeks and post-mortem analysis was conducted to assess fixation of each 

implant. Surgery was successful in all animals, and micro-CT imaging revealed stable 

implant positioning at 1 day and 1 week, post-operatively. Return to gait was observed in 

all cases, and rats remained ambulatory throughout the study. No incidences of implant 

failure were observed through the 3-week time-point. Micro-CT did, however, reveal 

implant subsidence in three of six animals at the 6-week time-point, resulting in hip 

subluxation. Post-mortem analysis revealed variable amounts of micro-motion when 

implants were manipulated with forceps, with more gross movement detected in subsided 

implants. We report the first clinically representative rat hip hemi-arthroplasty surgeries 

using custom 3D-printed titanium alloy implants. Clinically relevant complications were 

observed (subsidence) that mimic complications of larger joint models. These findings 
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support the use of this model as a preclinical platform that could be expanded for studies 

of osseointegration, metal-cartilage interactions, and joint infection around a functional 

implant. 

In Chapter 4 we describe the post-operative gait of five rats (male, Sprague-

Dawley) following hip hemiarthroplasty.  Rats were trained to walk across a CatWalk XT 

system, incentivized by cereal treats. Pre-operative data were collected prior to surgery 

and at 3, 6, 9, and 12 weeks postoperatively. Rats were also taught to run on a radiolucent 

treadmill, compatible with a commercially available micro-CT system that was modified 

to perform X-ray fluoroscopy at 62.5Hz. The ratio of affected and unaffected hind limbs 

was compared for multiple metrics. Post-operative videos were collected at a low 

treadmill speed (12cm/s) to qualitatively assess implant articulation within the 

acetabulum. Duty cycle % was significantly different at 6 post-operative weeks compared 

to baseline, but no other timepoints were significantly different to baseline. X-ray 

fluoroscopy revealed that implants in 2 of 5 animals had subsided at the 6-week 

timepoint; subsidence progressed for both animals until post-operative week 12. These 

findings indicate that rats are able to recover functional use of their affected limbs 

following the hip hemi-arthroplasty surgery, even if complications at the level of the joint 

are present. These findings also support that a complimentary imaging technique to 

optical gait tracking might be necessary to detect abnormal joint mechanics, since 

animals appear to be able to compensate for a failed implant, only partially detectable on 

CatWalk XT trials. 
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In Chapter 5 we present a summary of the main objectives and findings from 

Chapters 2-4. We also overview the research implications and future directions that this 

work could take within the field of preclinical orthopaedic research.  

Overall, this thesis demonstrates, for the first time, the development of a clinically 

representative model of rat hip hemiarthroplasty, including (i) implant design 

manufacturing and optimization; (ii) surgical design and optimization; and (iii) post-

operative care, imaging and gait assessment protocols, including the development of a 

novel radiolucent treadmill. This model provides basic scientists with a translation test 

platform for studying new innovation aimed at improving the longevity and outcome of 

joint replacement surgery.      
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Chapter 2  

2 Image-based Design and 3D-metal Printing of a Rat Hip 

Implant for use in a Clinically Representative Model of 

Joint Replacement 

2.1 Introduction 

The development of clinically representative animal models is critical for 

advancing translational orthopaedic research into areas related to joint replacement, such 

as osseointegration,1-8 metal-on-cartilage wear,9-11 and peri-prosthetic joint infection 

(PJI).12-16 Preclinical studies that evaluate changes around a functional implant have been 

limited to large-animal9; 10; 17 and companion-animal models,18-20 which can 

accommodate commercially available joint-replacement components that mimic or 

replicate human implants. However, the costs of procurement and long-term housing 

limit the sample sizes used in large-animal studies. To mitigate these limitations, small-

animal models, especially murine models, are used in the initial stages of research. 

Compared to large-animals these models are low-cost, offer higher throughput, and have 

several advantages such as small size, ease of handling, and compatibility with preclinical 

systems for imaging and gait analysis. 

Typical orthopaedic studies in rats and mice utilize cortical pins,2; 3; 6 

intramedullary rods,5; 7 and screws8 installed into the bone to investigate changes at the 

bone-implant interface. Nonetheless, these implants are non-functional and do not 

articulate within a weight-bearing joint. A murine model that utilizes a load-bearing 
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implant to effectively mimic the peri-prosthetic environment would be an ideal 

preclinical platform for basic scientists conducting orthopaedic research aimed at 

improving implant longevity.12-16; 21 This approach has been attempted previously: Carli 

et al. described a model of PJI in the mouse knee;14 Jie et al. summarized several animal 

models of PJI in the knee,13 and; Powers et al. described a rat model of cemented total 

hip replacement.21 Nevertheless, due to the difficulty of designing implants that mimic 

human implants – but are murine-specific, and can be manufactured such in the sizes 

required for in vivo testing – murine models of functional joint replacement have not been 

widely adopted. Performing joint replacement surgery in murine models is also inherently 

challenging due to size constraints, underscoring the need for implants that are 

anatomically conformal to facilitate installation.   

Recent advances in additive manufacturing (3D printing) allow for the creation of 

custom implants in medical-grade metal alloys,14; 15 such as titanium, cobalt-chrome and 

stainless steel. This approach is ideal for developing and testing novel implants for small-

animal models, as prototypes can be produced in small numbers, at modest costs, and 

tested iteratively to improve their design and functionality. The additive manufacturing 

process typically involves the development of a 3D model in computer-aided design 

(CAD) software in conformity with the anatomical parameters of the joint of interest. 

This template can also then be used to scale components to create a set of implants that 

covers the range of anatomical sizes in the animal population of interest, after which 

implants can be printed in an alloy of choice to match their application.    

To create a highly conformal implant to match the anatomical requirements of the 

species of interest, anatomical measurements of the bony anatomy of a murine model 
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(such as the rat) should first be obtained; this can be optimally achieved by analyzing 

high-resolution micro-computed tomography (micro-CT) volumes. By combining this 

type of image-based analysis, CAD, and additive manufacturing, we propose that the 

creation of a functional hip implant for the rat is feasible. Thus, our objectives are to: (i) 

quantify high-resolution micro-CT volumes of the proximal rat hip to create a set of 

measurements that can be used to inform a parameterized CAD model of a rat hip 

implant; (ii) determine if rat femoral dimensions can be predicted by animal weight; iii) 

determine an appropriate range of implant sizes to accommodate rats of different weights 

and femoral sizes, and; (iv) manufacture 3D-printed implants in medical-grade alloys. 

We also describe the surgical installation of implants in a rat model of hip-

hemiarthroplasty as a proof-of-concept, as well as iterative prototype revisions that were 

based on both ex vivo and in vivo surgical trials. 

2.2 Materials and Methods 

2.2.1 Proximal Femoral Quantification 

Whole-body micro-CT volumes of (N=25) rats (male Sprague-Dawley, 390g – 

605g) were selected at random from a database of 52 previously acquired live animal 

scans.22 These scans were originally acquired on a commercially available cone-beam 

scanner (eXplore Locus Ultra, GE Medical, London, Ontario) at 154µm isotropic voxel 

resolution (120kVp, 20mA, 16s).22 Volumes were analyzed in MicroView 2.2 (Parallax 

Innovations, Ilderton, Ontario), by a single user. Volumes were cropped manually to 

isolate each femur, yielding 25 left and 25 right femora for analysis. Due to the innate 

curvature of the rat femur, the proximal medullary cavity (nominally the superior 1/3 of 
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the bone) was cropped and aligned so that a linear long-axis through this region could be 

maintained. An isosurface of the bone was generated to aid the consistent reorientation of 

each femur (Fig. 2.1). Reorientation of volumes was done such that: (i) the coronal plane 

(anterior-posterior) bisected the center femoral head and the center of the proximal 

medullary cavity; (ii) the sagittal plane (medial-lateral) bisected the proximal medullary 

cavity along its centerline, and (iii) the transverse plane (superior-inferior) was 

perpendicular to the long-axis of the proximal medullary cavity (Fig. 2.2). Both 

extracortical and intramedullary measurements were obtained based on the assumption 

that the dimensions of four implant sections should be parameterized; (i) the head and 

neck, (ii) the proximal stem, (iii) the central stem, and (iv) the distal stem. The Inclination 

Angle, comparing Neck-Head Axis to the long-axis of the proximal medullary cavity, 

was also obtained.   
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Figure 2.1: Micro-CT volume of a male Sprague-Dawley rat. a) Whole-body 

maximum intensity projection (MIP); b) isosurface of lower-limb skeletal anatomy 

that is useful for reorienting volumes for repeatable measurement; c) slice through 

the femur, and; d) slice through femoral head and neck.   
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Figure 2.2: Micro-CT derived schematic of measurements obtained to quantify the 

rat proximal femoral anatomy collected in the coronal plane (left) and transverse 

planes (right). Measurements included (A) Femoral Head Diameter; (B) Neck-Head 

Axis Length; (C) Intramedullary Neck Width; (D) Medial Proximal Cortical 

Measurement; (E) Slice 1 M-L Diameter; (F) Lateral Proximal Cortical 

Measurement; (H) Proximal Stem Height, and; (G) Superior Proximal Cortical 

Measurement. Intramedullary diameter measurements were also obtained in the (X) 

Medial-Lateral and, (Y) Anterior-Posterior directions in the transverse plane at ten 

locations (Slices 1-10) separated distally by 770µm intervals. The Inclination Angle 

was also measured by comparing the angle between the Neck-Head Axis (B) and 

long-axis of the proximal medullary cavity (dashed line). 
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2.2.2 Statistical Analysis 

Image volumes of N=25 rats were analyzed bilaterally to obtain anatomical 

measurements of the proximal femoral anatomy. Values obtained from left and right 

femora in the same animal were averaged; mean values were then analyzed. A 

D’Agostino & Pearson omnibus test was conducted to assess the normality of key 

measurement data; all key measurements passed normality (p>0.05). Linear regression 

analysis was performed to determine if key measurements of the proximal rat femur 

increased significantly with rat weight (p<0.05), which would inform if rats were indeed 

skeletally mature, or if their skeletons continued to grow with increasing weight (Fig. 

2.3). Pearson r correlations of key implant measurements were also conducted to 

determine which measurements were significantly correlated (p<0.05), and subsequently 

if volumetric scaling of implant dimensions was appropriate for the creation of larger and 

smaller implants that could accommodate a range of rat femur sizes (Fig. 2.4). 

2.2.3 Implant Design and Manufacturing 

Generation 1 implants were modeled in computer-aided design (CAD) software 

(Solidworks, Dassault Systemes, Vélizy-Villacoublay, France). A monoblock 

hemiarthroplasty design was chosen due to the high complication rate of installing an 

acetabular cup, as noted in a previous study.21 Several key assumptions were made for 

implant design features: (i) a sphere approximated the femoral head; (ii) the neck of the 

implant was minimal in diameter to reduce the risk of femoral acetabular impingement; 

(iii) the stem began proximally with a slot profile and tapered to a cylinder; (iv) the 

proximal portion of the stem was adjusted in shape and size to facilitate a smooth 
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transition between Slice 1 and the neck of the implant; (v) the distal stem, beyond the 

minimum measured cortex diameter, was set to an arbitrary length (10mm) and tapered in 

diameter (to a 1.5mm circular profile) to facilitate installation. The mean values of 

several key measurements obtained from rat micro-CT volumes (Table 1) were used to 

guide the dimensions of an average-sized rat implant (Fig. 2.5).  

To accommodate the range of rats measured, it was determined that a set 

consisting of multiple implants should be created; this was accomplished by utilizing a 

scaling feature, which allows for an overall volumetric change in the CAD model that 

preserves the overall shape of the implant. Two additional models, one scaled by 0.9 and 

the other by 1.1 times the volume of the mean measurement-derived model were created 

using this approach. The standard deviation of the femoral head diameter was used to 

determine the aforementioned scaling values used for the overall volume of the implant; 

this approach was chosen because implant fit within the acetabulum cannot be adjusted, 

unlike fit of the stem within the bone. The resulting implants had head sizes that could 

nominally cover 99% of the rat population measured (approximately ± 2.5σ). A model of 

0.85 times the mean volume was also created to serve as a guide component when 

preparing the femoral canal during surgery. 

The resulting set of four implants (and several copies of each size) were 

manufactured using a commercially available selective laser melting (SLM) 3D printer 

(AM-125, Renishaw plc, New Mills Wotton-under-Edge, UK). 316L stainless-steel metal 

powder (40µm average grain size) was used for Generation 1 implants. After printing, 

each implant was deburred and hand-polished to a matte finish with various grits of 

sandpaper (Fig. 2.6). Stems were left with inherent surface texture to assist fixation in 
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bone. Prior to surgery, implants were washed for 20 minutes in an ultrasonic bath of 

detergent before being rinsed with water, dried, and then sterilized via autoclave. 

Generation 2 implants were designed using the same parameterized CAD 

template as Generation 1 implants (described above). Several features were added to 

Generation 2 implants in an effort to assist surgical installation and allow for potential 

bone growth into the stem of the implant: (i) a collar was added both as a visual reference 

(to prevent over-insertion of implants during surgery) and to improve primary stability of 

the components; (ii) a subtle medial curvature of the distal stem, with an accompanying 

decrease in length by 0.75mm, was implemented to mitigate impingement on the lateral 

medullary cortex during installation; (iii) a hexagonal porosity (nominally 0.5mm in 

diameter), as well as a slot feature were added to enhance surface area and improve the 

potential for bone integration into the stem, (iv) the neck diameter was increased by 

0.2mm to add strength, and (v) material was removed from the distal head to make it 

easier to polish the head and neck with dental hand-tools (Fig. 2.7).     

The scaling parameters used to create larger and smaller implant sizes were also 

adjusted for Generation 2 implants. Each key measurement in the parameterized CAD 

model implant was adjusted to be 0.75 and then 1.5 times its standard deviation, yielding 

two larger-sized implant models, and two smaller-sized implant models. This was done 

with the intent of creating a more conformal implant stem, compared to Generation 1 

implants. The resulting set of five implants were made to accommodate approximately 

85% of the rat population measured; we anticipated this would improve conformity in 

rats hips with femoral dimensions closer to the measured means, compared to Generation 

1 implants.  
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Generation 2 implants were also manufactured using a commercially available 

SLM 3D printer (AM-400, Renishaw plc, New Mills Wotton-under-Edge, UK). Several 

copies of each implant size were printed in both titanium (Ti6Al4V) and cobalt-chrome 

(ASTM F75 Co-Cr) alloys from metal power (40µm average grain size). After 

manufacture, implants were heat-treated before removal from the build-plate and 

deburred. The head of each implant was then polished to a mirror-like finish with a rotary 

dental hand-tool and a series of polishing stones and rubber wheels (Fig. 2.8). Prior to 

surgery, implants were cleaned and sterilized in the same fashion as Generation 1 

components (described above). 

2.2.4 Animals 

Cadaveric specimens were initially used for surgical training and to test the fit of 

implants into the femoral canal. Surgeries in live animals were then performed to 

determine whether or not animals could tolerate the procedure and ambulate on their 

affected limbs post-operatively, following approval by the institutional Animal Care 

Committee (Animal User Protocol 2013-027, Western University, London, Ontario, 

Canada). Four retired breeder rats (male, Sprague-Dawley, 500-900g) were acquired via 

donation for use in in vivo surgical trials. Animals were housed in a conventional 

vivarium with 12-hour light/dark cycle and provided ad libitum standard rodent chow and 

water. Animal weights were recorded prior to surgery (baseline) and at post-operative 

timepoints (Table 2.2).   
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2.2.5 Surgical Approach 

Surgeries were performed in two cohorts – the first cohort of two rats received a 

Generation 1 implant (316L stainless steel), and the second cohort of two rats received a 

Generation 2 implant (F75 Co-Cr). The surgical findings from the Generation 1 rat 

surgeries informed design modifications for the Generation 2 implants. In total, four rat 

hip hemiarthroplasty procedures were attempted. Each procedure used a cranio-lateral 

approach to install implants into the right femur. Anesthesia was induced within a 

chamber using 4% isofluorane and maintained via nose cone at 1.5%. Antibiotics 

(Baytril, 10 mg/kg) and analgesics (Metacam, 1 mg/kg, Buprenorphine, 0.07 mg/kg SC) 

were administered subcutaneously. External heat support and anesthetic depth monitoring 

were maintained throughout the procedure. The animal was placed on lateral 

recumbency; the hair was clipped and the skin was aseptically prepared. A curvilinear 

incision was made atop the cranial aspect of the greater trochanter. The superficial gluteal 

muscle and the tensor fascia lata were incised to expose the middle and deep gluteal 

muscles, which were then retracted to expose the anterior joint capsule. A scalpel was 

used to incise the joint capsule, exposing the head of the femur. The femur was externally 

rotated to permit severing of the round ligament, followed by dislocation of the femoral 

head from the acetabulum. Ostectomy of the femoral head and neck was performed using 

a 90° dental drill with round burr. A series of dental files were used to hand ream the 

medullary cavity before the implant was potted into the bone using an impactor tool and a 

small hammer. Once positioned within the femur, forceps were used to grasp the implant 

to ensure that it was stable before the joint was relocated (Fig. 2.9). Routine closure of 

the surgical site was performed using 5-0 Monocryl sutures in a simple continuous 
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pattern to close the muscle and subcutaneous layers. The skin was closed with a 

subcuticular pattern using the same suture material and tissue glue. 

2.2.6 Post-operative Protocol 

Following recovery from anesthesia, animals were placed alone in cages with 

clean bedding. Therapy included antibiotics (Baytril, 10 mg/kg SC daily for 7 days) and 

drugs for pain management (Metacam, 1 mg/kg, daily for 7 days, Buprenorphine, 0.07 

mg/kg SC daily for 3 days). Radiographs were obtained at post-operative day 1 and week 

3 to confirm positioning of implant within the hip of the rat (120kVp, 20mA) and to 

assess implant position qualitatively. Animals were then kept under daily observation in 

their cages for one post-operative week, after which they were used as pilot animals for a 

concurrent gait analysis protocol, also approved by the institutional Animal Care 

Committee (Animal User Protocol 2013-027, Western University, London, Ontario, 

Canada) (Appendix A). 

2.3 Results 

The proximal femoral anatomy of N=25 rats was successfully quantified, and key 

measurements used to parameterize CAD models were summarized (Table 2.1). Linear 

regression of key measurements revealed a significant non-zero slope (p<0.05) when 

comparing animal weight (g) with both Femoral Head Diameter (mm) and Neck-Head 

Axis Length (mm); none of the remaining key measurements showed a non-zero slope 

when compared to rat weight (Fig. 2.3). Five significant correlations between key 

measurements were identified (p<0.05): (i) Femoral Head Diameter & Neck Head Axis 
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Length; (ii) Slice 1 M-L Diameter & Slice 5 M-L Diameter; (iii) Slice 1 M-L Diameter & 

Slice 5 A-P Diameter; (iv) Slice 1 A-P Diameter & Slice 5 M-L Diameter, and; (v) Slice 

5 M-L Diameter & Slice 5 A-P Diameter (Fig. 2.4).   

3D design and fabrication of parameterized custom rat hip implant sets was 

achieved for both generations of implants (Fig. 2.5 – 2.8). Additional features (collar, tool 

interface, distal curvature) were added to Generation 2 implants based on surgical 

findings in an effort to improve the ability for implants to be potted during installation. 

(Fig. 2.7, 2.8) Improvements to post-processing of implants were also made through the 

used of dental hand-tools to create a mirror-like finish on the heads of Generation 2 

implants (Fig. 2.8). 

Our surgical approach was sufficient to facilitate the press-fit installation (Fig. 

2.9) of our prototype implants into 3 of 4 male Sprague-Dawley rats, preserving the 

greater trochanter. One animal was sacrificed via Euthanyl injection after an anterior 

femoral cortex fracture occurred whilst the proximal medullary cavity was being 

prepared by drilling. Remaining rats recovered uneventfully and were observed 

ambulating on both hind limbs immediately post-operatively. Animal weights were 

maintained within an expectable range of <15% body weight loss (Table 2.2). 

Radiographs revealed the stem of each implant was seated within the proximal medullary 

cavity of the femur, and the head of the implant remained located within the acetabulum 

at post-operative day 1, indicating successful installations (Fig. 2.10). However, implant 

subsidence can be observed for Generation 1 rats at week 3, leading to a subluxed hip in 

Rat 2; subsidence is not observed at this timepoint in the Generation 2 animal (Fig. 2.10).  
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Table 2.1: Key measurements obtained from high-resolution micro-computed 

tomography volumes of N=25 rats (male, Sprague-Dawley, 390-605g), measured 

bilaterally, which were used to guide the 3D design of rat-specific hip implants. 

Measurement Mean (± Standard 
Deviation) 

95% Confidence 
Interval 

Weight (g) 497.6 (± 5.0)  477.4, 518.8 

Femoral Head Diameter 
(mm) 

4.81 (± 0.20)  4.75, 4.87 

Inclination Angle (degrees) 130.4 (± 1.5)  130, 131 

Neck-Head Axis Length 
(mm) 

8.61 (± 0.40)  8.5, 8.72 

Slice 1 M-L Diameter (mm) 2.97 (± 0.28)  2.89, 3.05 

Slice 1 A-P Diameter (mm) 2.13 (± 0.26)  2.06, 2.20 

Slice 5 M-L Diameter (mm) 1.97 (± 0.19)  1.92, 2.02 

Slice 5 A-P Diameter (mm)  1.67 (± 0.15)  1.63, 1.71 

 

Table 2.2: Baseline and post-operative weights for animals following hip 

hemiarthroplasty.   

 

Animal 

Baseline Weight 

(g) 

Day 1 Post-op Weight 

(g) 

Week 3 Post-op Weight 

(g) 

Rat 1 900.0 902.7 926.1 

Rat 2 500.0 495.3 540.7 

Rat 3 751.6 743.8 726.4 
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Figure 2.3: Linear regressions of key rat proximal femur measurements (mm) 

compared to animal weight (g), obtained from high-resolution micro-computed 

tomography volumes of N=25 rats (male, Sprague-Dawley, 390-605g), measured 

bilaterally. A significant non-zero slope, indicated by an asterisk, was found for 

Femoral Head Diameter and Weight, and Neck-Head Axis Length and Weight 

(p<0.05). 
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Figure 2.4: Pearson r correlation matrix of key implant measurements, obtained 

from high-resolution micro-computed tomography volumes of N=25 rats (male, 

Sprague-Dawley, 390-605g), measured bilaterally. A perfect positive correlation 

score between measurements is 1.0 and a perfect negative correlation is -1.0. An 

asterisk indicates a significant correlation (p<0.05) between different key 

measurements.   
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Figure 2.5: Computer-aided design model of a monoblock Generation 1 rat hip 

implant. a) Frontal b) Medial-Lateral, and c) Oblique lateral-medial views are 

displayed. The mean-sized implant displayed was parameterized from image-based 

bilateral measurements of the proximal femora of N=25 rats (male, Sprague-

Dawley, 390-605g). 
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Figure 2.6: Generation 1 rat-specific 3D-printed implants. Three sizes (2-4) were 

created to accommodate a range of skeletally mature rats, and one size (1) was 

created slightly smaller as a surgical tool to help with filing of the proximal 

medullary to accommodate an implant. Implants shown were 3D-printed in 316L 

stainless steel. Heads were polished by hand to a matte finish with progressively 

finer grits of sandpaper; this technique, which did not yield a mirror-like finish, was 

modified for generation 2 implants. 
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Figure 2.7: Computer-aided design model of a monoblock Generation 2 rat hip 

implant. a) Frontal b) Medial-Lateral, and c) Oblique lateral-medial views are 

displayed. The mean-sized implant displayed was parameterized from image-based 

bilateral measurements of the proximal femora of N=25 rats (male, Sprague-

Dawley, 390-605g). Parameterized dimensions were kept consistent with the 

Generation 1 implants, except for the Femoral Head Diameter, which was increased 

by 0.02mm to account for some material removal during polishing. Additional 

features (collar, tool interface, distal curvature) were added to improve the ability 

for implants to be potted during installation. A hexagonal porosity (0.5mm in 

diameter) and a slot feature were also incorporated into the stem to increase surface 

area in an effort better promote bone integration. 

  



49 

 

 

Figure 2.8: Generation 2 rat-specific 3D-printed implants. Five sizes (1-5) were 

created to accommodate a range of skeletally mature rats (male, Sprague-Dawley, 

390-605g). Implants shown were 3D-printed in Ti6Al4V titanium with heads 

polished to a mirror-like finish with a dental tool and progressively finer grits of 

polishing stones and rubber wheels. 

  



50 

 

 

Figure 2.9: Intraoperative view of a Generation 1 custom rat hip monoblock 

implant in situ. (A) Implants were selected by the surgeon intraoperatively based on 

primarily on fit within the acetabulum. (B) Implants were then press-fit into the 

proximal femur following preparation with a dental drill and files.    
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Figure 2.10: Dorsal-ventral radiographs of the right hind-limb of rats (male, 

Sprague-Dawley 500-900g) in a prone position, each with a monoblock hip implant 

in situ at post-operative day 1 and week 3. Animals were ambulatory at each 

timepoint.  Rat 1 and 2 received a Generation 1 316L SS component (Size 3, Size 2). 

Some implant subsidence was observed at post-operative week 3 in Rats 1 and 2, but 

not in Rat 3, which had an ASTM F75 Co-Cr Generation 2 implant (size 3). Rat 2 

also appears to have a partially subluxed hip at week 3. 

 

2.4 Discussion 

We describe the first efforts to quantify dimensions of the rat proximal femur for 

the purpose of designing a rat-specific hip implant, for use in a rat model of functional 

joint replacement. We also describe the design and manufacture of rat-specific 3D-metal-

printed implants in surgical-grade metal alloys, as well as the first hip-hemiarthroplasty 
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procedures to install these implants into live rats, preserving the greater trochanter and 

permitting ambulation on the affective limb post-operatively.  

Quantification of the proximal femoral anatomy in the rat using micro-CT based 

measurements was sufficient for determining key measurements that could be used to 

create a parameterized 3D computer-aided design (CAD) model of a monoblock rat 

femoral hip implant. These measurements were limited to male Sprague-Dawley rats 

(390-605g); it is unclear if similar rat species, or animals of different weights outside of 

the range included would be properly served by the implants we have developed. 

However, this approach could easily be expanded to include rats from a broader range of 

sizes, species and female rats. An image-based design approach could also be used to 

create a custom implant for each animal, but this may not be advisable as this process 

would be time-consuming in a larger cohort of animals. Instead, the increase in implant 

options between Generation 1 and Generation 2 implant sets was done so that implants 

could be more conformal to the individual rat hip, without the need to create a specific 

implant for each animal.   

Linear regression of key proximal femoral measurements revealed a significant 

increase (p<0.05) in femoral head diameter and neck-head axis length with rat weight 

(Fig. 3). This suggests that some continued bone growth may be occurring, as rats grow 

larger in weight, even in rats thought to be skeletally mature. Since animals would age 

throughout a potential longitudinal study, it may be prudent to select larger or older 

animals in future investigations, in order to mitigate the risk implants loosing congruency 

within the acetabulum. Linear regression of the remaining key measurements showed a 

non-zero slope when compared to rat weight (Fig. 3), suggesting that an appropriate stem 
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size for each rat cannot be predicted by animal weight. Instead, preoperative imaging 

might be appropriate in the future to determine the correct fitting implant size for each 

animal prior to surgery.  

Pearson r correlations of key implant measurements revealed five significant 

correlations between implant features (Fig. 4), suggesting that scaling implant designs to 

create multiple sizes was appropriate. However no significant correlations were found 

between Femoral Head Diameter and any of the intramedullary measurements, which 

suggested that independent scaling of the head and stem of the implant is more ideal. For 

this reason, key measurements were each scaled independently in Generation 2 implants 

compared to Generation 1 implants, which were scaled by overall volume.  

Given the findings from both linear regression and Pearson r correlation analyses 

(Fig. 3,4), it could be argued that it would have been appropriate to scale only the 

Femoral Head Diameter when creating larger and smaller implants, leaving the stem size 

the same. However in practice, it was thought that having multiple stem sizes would be 

crucial to facilitate a proper press-fit installation of the implant into the femur even with 

the ability to shape the proximal medullary cavity. For this reason, and because we chose 

to use a monoblock design for our implants, it was determined that changes in stem size 

would follow changes in Femoral Head Diameter.  

In the future, it may be beneficial to create heads that can be fit modularly with 

implant stems, to achieve an optimal implant fit in both the acetabulum and the proximal 

femur in each animal. This would also allow for combinations of metal alloys to be used, 

such as a cobalt-chrome head that is preferred for studying an articulating joint surface at 
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the metal-on-cartilage interface10; 11, and a modifiable titanium stem that is preferred for 

osseointegration studies1-5. Engineering an appropriately scaled and consistent taper joint 

between the head and neck of a rat-sized implant would likely be difficult to achieve, but 

could be investigated as well.  

The animals obtained for use in this proof-of-concept study were male breeders 

obtained through donation, which resulted in the procurement of animals that exceeded 

the weight range of rat weights analyzed for the development of our implant sets. 

However, since intramedullary dimensions in the rat hip did not significantly increase 

with rat weight (Fig. 3), it is reasonable to assume that the implant sizes we have created 

can be extrapolated to larger animals. Nevertheless, in the future, measurements of larger 

animals could be added to the set of analyzed image volumes to avoid extrapolation. 

Further limitations of this pilot study include the absence of post-operative data to 

determine longitudinal function of implants. The objective of this study was to determine 

an appropriate design for a rat hip implant to facilitate surgical installation while 

preserving major features of the rat hip anatomy. Metrics of implant position were not 

obtained, but could collected in the future through the used of X-ray or micro-CT 

imaging. Histopathology would be beneficial for determining if bone is able to integrate 

with the surface of 3D printed implant stems, or into any other engineered surface aimed 

at promoting osseointegration. Collection of post-operative data, such as rat weight at 

various timepoints would be useful to illustrate the quality of post-operative recovery; 

gait analysis would be ideal to determine the quality of movement that is afforded to 

animals post-operatively. Nonetheless, the present in vivo experiments to install 

components were the first of their kind using a rat-specific 3D-metal printed hip implant, 
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and highlighted several areas for implant design and surgical refinements. First, from the 

initial pair of animals that received a Generation 1 implant, it was determined that a 

change in stem shape, particularly adding a slight curvature to the distal stem, may ease 

installation. The location of the greater trochanter (directly superior to the canal) makes it 

difficult to install a long, cylindrical implant without substantial filing to prevent 

impingement on the lateral cortex of the medullary cavity. Over-filing may have 

contributed to implant subsidence observed for generation 1 animals (Fig. 10) and 

provided the rationale for making changes to the stem in the Generation 2 implants. 

Second, it was noted that reaming of the proximal medullary cavity by hand with 

dental files was time consuming, and likely did not ensure that the proximal medullary 

cavity was filed to exactly match the geometry of the implant. Canal preparation could 

potentially be improved by developing a set of broaches congruent with our set of 

implants, to allow for incremental widening of the rat medullary cavity. This technique 

could potentially improve the precision and repeatability of implant potting, compared to 

the use of dental hand files alone, but would also likely exacerbate the risk of cortical 

fracture revealed in this study. Moreover, the cranio-lateral approach we have described 

may not be feasible for effective broaching; the spine of the rats, and the surrounding 

muscle bulk, obstruct access to the medullary cavity, even with the limb in excessive 

adduction. Altering the approach to access the hip joint posteriorly might be 

advantageous; this would allow for adduction and internal rotation of the femur, which 

would improve visualization down the proximal medullary cavity within the surgical 

field.  This orientation would permit better access for tools, and could reduce the risk of 

fracture during future procedures. 
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Lastly, it was determined that the addition of a collar on the base of the neck 

would be useful as a visual reference; it was difficult to visualize the appropriate depth 

the implant should be inserted to achieve appropriate fit. During a longitudinal study, a 

collar may also be useful to prevent the implant from subsiding down the medullary 

canal, even if ideal fixation is not achieved, or is lost due to the introduction of an 

infectious agent. Furthermore, while an uncemented, press-fit approach was 

demonstrated, the implants described would also be suitable for a cemented approach; 

this would be practical for studies investigating concepts such as metal-on-cartilage wear, 

or antibiotic eluting cements, and would eliminate the need for a highly conformal 

medullary cavity around the implant stem. Metal alloys used to create implants could be 

adjusted as needed, along with surface preparation techniques to enhance head or stem of 

each implant, depending on the desired application. 

2.5 Conclusions 

We have demonstrated the use of quantitative, high-resolution micro-CT volumes 

of the proximal rat hip to create parameterized implants that were 3D-printed in medical-

grade metal alloys and installed in an in vivo rat model of hip hemiarthroplasty. Our 

findings support further development of this model for use as a low-cost translational test 

platform for preclinical orthopaedic research into areas such as osseointegration, metal-

on-cartilage wear and peri-prosthetic joint infection. This initial work was critical in 

establishing that the rat hip hemiarthroplasty model is feasible. Because of the difficulties 

encountered in our aforementioned surgical approach, the next objectives of this project 

involved determining if implants could be installed repeatedly, if implants would remain 
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stable in the bone over 12 weeks. Thus, Chapter 3 describes our efforts to establish a 

reliable surgical procedure that facilitates reproducible installation of components into the 

rat hip, as well as a post-operative imaging protocol to longitudinally evaluate implant 

position in situ. 
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Chapter 3  

3 Longitudinal Micro-Computed Tomography of A Rat 

Model of Hip Hemiarthroplasty Using 3D-printed 

Titanium Implants 

3.1 Introduction 

The establishment of clinically representative animal models of human disease is 

critical for testing new concepts, before innovations can be applied to patients. In 

orthopaedics, models such as sheep,1 pigs,2 goats,3 and dogs4  are often selected to 

investigate joint replacements, in part because their skeletal size permits the installation 

of human-like components. However, as decscribed in previous chapters, there are 

challenges related to the use of large animals in preliminary studies, including the 

expense of procurement, the need for specialized housing and husbandry, and the limited 

availability across all research institutions to conduct these studies. By comparison, 

small-animal models like mice,5-7 rabbits,8 guinea pigs,9 and rats10-14 offer substantially 

lower experimental costs, higher throughput potential, and can be easily housed in most 

institutions. Such studies have typically utilized cortical pins,11; 15 screws,12 and 

intramedullary rods13; 14 installed into the bone, but such models are limited compared to 

large animal studies. Specifically, traditional small-animal models do not replicate the 

peri-prosthetic environment, which ideally includes a functioning, load-bearing 

component that interacts against cartilage within a synovial joint space. A small-animal 

model that utilizes a functional implant could serve as a clinically representative platform 
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for research into areas such as osseointegration,8; 11-14 metal-cartilage wear,16; 17 and peri-

prosthetic joint infection (PJI).5; 7  

Previous work by Powers et al. proposed the rat as an ideal model for 

translational joint replacement studies, due to its use across a variety of medical research 

disciplines.10 Their study tested a cemented rat total hip system, but had limitations that 

have prevented this rat model from being widely adopted, including: (i) removal of the 

greater trochanter during surgical installation, compromising post-operative functionality 

of the hip joint, (ii) difficulty in achieving fixation of the acetabular component due to the 

thin rat pelvis, and (iii) the non-conformal proximal femoral anatomy of the rat, which 

required bone cement to be used for fixation.10 While the design, manufacture, and 

surgical implantation of implants in the rat hip model is inherently challenging, the 

advantages of its potential use in preliminary orthopedic research are numerous, and 

warrants further investigation.  

To improve the efficacy of the rat hip model, several improvements could be 

made: (i) preservation of the greater trochanter to improve the stability of the hip and 

facilitate recovery; (ii) a hemi-arthroplasty approach to simplify the procedure and reduce 

the potential for complications, and; (iii) a highly conformal, functional, rat-specific 

implant that permits an uncemented approach to allow potential changes at the bone-

implant interface to be investigated. The current study investigates the feasibility of 

implementation of a functional, uncemented rat hip implant. 

Previous work by Carli et al. demonstrates that recent advances in additive 

manufacturing (3D metal printing), allow for the creation of miniature joint replacement 
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components in medical-grade metal alloys, and in the sizes required for use in a mouse-

knee model of PJI.5 This work leads to the possibility of using this manufacturing 

approach to develop a custom implant for the rat hip joint. The benefit of using the rat, 

which has larger joints than the mouse, is that features such as tool attachments and 

porosities, found on commercially available joint implants, could be incorporated into 

components, adding to their utility. In addition, micro-computed tomography (micro-CT) 

is an ideal imaging modality for evaluating rats11; 18 and can permit longitudinal analysis 

of the skeleton, without the need to sacrifice animals at multiple time-points. Thus our 

objectives are to manufacture a rat-specific set of uncemented, functional femoral 

implants, to demonstrate the installation of such components, and show that implant 

position can be evaluated over time, using high-resolution cone-beam micro-CT.   

3.2 Materials and Methods 

3.2.1 Implant Manufacturing 

Implants were designed in five different sizes, to accommodate rats of different 

weight and skeletal dimensions, as described in Chapter 2 (Fig. 3.1). Computer-aided 

design (CAD) software (Solidworks by Dassault Systemes, Vélizy-Villacoublay, France) 

was used to design the implants. Dimensions were selected based on proximal femoral 

measurements, obtained from previously acquired high-resolution micro-CT volumes of 

rats.18 Additional features were included in an effort to facilitate effective installation and 

long-term fixation: (1) a collar to assist with primary fixation by deterring subsidence and 

over-seating of implants during press-fitting; and (2) a honey-comb-like porosity (500µm 
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diameter hexagonal holes) to help facilitate secondary fixation, ideally promoting 

osseointegration. 

 

Figure 3.1: Custom rat hip implants created in medical-grade titanium alloy 

(Ti6Al4V) in a range of sizes to accommodate rats of various weights, shown beside 

a Canadian dime for scale. A hexagonal porosity was introduced into the stem 

design (0.5mm diameter) in an effort to facilitate osseointegration. A collar was 

included to help prevent over-pressing of components and aid in primary stability. 

An impactor tool was also printed to facilitate the press-fit of implants into the 

medullary cavity. 

Implants were then printed in medical-grade titanium alloy (Ti6Al4V) on a 

commercially available 3D-metal printer (AM-400, Renishaw plc, New Mills Wotton-

under-Edge, UK). The articulating heads of each implant were polished to a mirror-like 

finish using a dental hand-tool and a series of stones and rubber wheels. Once polished, 

implants were cleaned for 20 minutes in an ultrasonic bath of detergent before being 

rinsed with water, dried, and sterilized via autoclave prior to surgery. An impactor tool 

was inserted into the proximal stem of each implant to help facilitate press-fitting of 
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implants into the proximal femoral medullary cavity; this tool was also 3D-printed in 

titanium (Ti6Al4V) and cleaned in the same fashion (Fig. 3.1).  

3.2.2 Animals 

Animal studies were approved by the institutional Animal Care Committee (AUP 

2017-156). Sprague-Dawley rats (N=6) were obtained for use in this study (Charles River 

Laboratories, Senneville, Canada) (Table 3.1). Animals were housed in a conventional 

vivarium with 12-hour light/dark cycle and provided ad libitum standard rodent chow and 

water. The hemiarthroplasty surgical procedures were performed aseptically and inside a 

sterile field. Anesthesia was induced within a chamber using 4% isofluorane and 

maintained via nose cone at 1.5%. External heat support and anesthetic depth monitoring 

were maintained throughout the procedure. 

Table 3.1: Baseline metrics obtained one week prior to surgery of male Sprague-

Dawley rats (N=6). Means are listed below, with measurement range bracketed. 

Weight (g) Inclination Angle 
(degrees) 

Anteversion 
(degrees) 

Length of Femur 
(mm) 

627.4  

(552.0, 761.9) 

130.4  

(128.5, 132.7) 

13.0  

(8.8, 15.6) 

44.01  

(41.21, 45.76) 

 

3.2.3 Surgical Technique 

 A posterior approach was selected for accessing the hip joint. A 3-4 cm linear 

incision was made over the greater trochanter of the right femur. Subcutaneous tissue was 
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incised and retracted. The tensor fascia lata was located and an incision along the fascia 

was extended to the length of the skin incision. Muscle fibres of the gluteus maximus 

were split using blunt dissection, revealing deep muscles and the sciatic nerve. The hip 

was internally rotated to locate the group of short rotator muscles (piriformis, superior 

gemellus, obturator internus, inferior gemellus). The attachment of the short rotators was 

cut using microsurgical scissors and detached as close to the hip joint as possible and 

then reflected backward to protect the sciatic nerve. The joint capsule was incised using 

microsurgical scissors and the hip was dislocated using internal rotation after 

capsulotomy. The hip joint capsule incision was then extended in a dorsocaudal direction 

using scissors to provide better visualization of the acetabulum, which was cleaned of 

tissue. 

 A dental scaling tool was used to perform an osteotomy of the head and neck of 

the femur, above the superior aspect of the lesser trochanter, then used to remove bone 

from the base of the greater trochanter to access the medullary cavity and provide space 

for the implant to be introduced into the proximal femur. The impactor tool was then 

inserted into the shoulder of the implant to facilitate press-fit of the implant with a small 

hammer. Once positioned, the neck of the implant was then gripped by forceps and 

manipulated to ensure the implant was securely press-fit. The ball of the implant was then 

placed into the acetabulum to re-locate the joint. The joint capsule was then closed using 

a simple interrupted pattern with 5-0 Monocryl sutures. The muscle layers were loosely 

apposed to reduce dead space. The gluteus maximus, fascia lata and subcutaneous layers 

were closed using 5-0 Monocryl in a simple continuous pattern. The skin was closed with 

subcuticular 6-0 Monocryl and tissue glue.  



66 

 

3.2.4 Post-operative Protocol 

 Following recovery from anesthesia, animals were placed alone in cages with 

clean bedding. Therapy included antibiotics (Baytril, 10 mg/kg SC daily for 10 days) and 

drugs for pain management (Metacam,1 mg/kg, daily for 7 days, Buprenorphine, 0.07 

mg/kg SC daily for 3 days).  

3.2.5 Imaging 

Micro-CT imaging was conducted on a commercially available cone-beam 

scanner (eXplore Locus Ultra, GE Medical, London, Ontario) with 154µm isotropic 

voxel resolution and a consistent scan protocol (120kVp, 20mA, 16s). Scans centered on 

the hip joint were conducted at 1 week prior to surgery (baseline), post-operative day 1 

(week 0), and at post-operative weeks 1, 3, 6, 9 and 12 to evaluate the position of 

implants over time. A beam-hardening correction was implemented to reduce the impact 

of metal artifacts within each scan volume.19 Rat micro-CT volumes were analyzed in 

MicroView 2.2 (Parallax Innovations, Ilderton, Ontario), by a single user. Volumes were 

cropped to isolate the affected femur, then reoriented to ensure accurate measurements: 

the coronal plane bisected the center of the affected limb’s femoral head and the center of 

the proximal medullary cavity, while the sagittal plane was aligned to bisect the center of 

the proximal medullary cavity along its centerline (Fig. 3.2). The vertical distance 

between the superior tip of the greater trochanter and the junction of the neck and collar 

of the implant was used to determine if translation of the implant distally (subsidence) 

was occurring over time. Three angles were also measured to convey implant position: 

(1) the inclination angle between the axis through head and neck of the implant and the 
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long-axis of the proximal medullary cavity; (2) the anterior tilt angle of the stem of the 

implant, compared to the long-axis of the medullary cavity, in the sagittal plane with 

respect to the femur; (3) the anteversion angle of the head and neck of the implant 

compared to the medial-lateral axis through the femoral condyles, in the transverse plane 

with respect to the femur (Fig. 3.2). The length of the rat femur was also measured from 

the distal edge of the lateral femoral condyle in the coronal plane to the superior aspect of 

the greater trochanter of the femur. Measurements were repeated three times and 

averaged. 
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Figure 3.2: Co-ordinate system used to reorient each femur during micro-CT 

analysis. Angular measurements, made to reflect changes in implant position over 

time, were implemented by comparing implant position to the anterior-posterior 

(AP), medial-lateral (ML) and superior-inferior (SI) axes and their associated 

planes. Translation (subsidence) was measured along the SI axis. Arrows indicate 

direction of increasing values.   
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3.2.6 Statistics 

Animals were followed longitudinally for six time-points and measurements (as 

described above) were obtained for five animals. Note that one animal was removed from 

the study at week 6 (described below), and thus these data could not be included in 

statistical analysis. Normality was assessed using the Kolmogorov-Smirnov test; all data 

were found to be consistent with a Gaussian distribution. Column statistics were analyzed 

(GraphPad Prism, San Diego, California) using repeated-measures ANOVA, with a 

Bonferroni multiple-comparison post-hoc test. Significance between data at all time-

points was determined at the p <0.05 level. 

3.3 Results 

Surgical installation of implants was successful in N=6 animals. The greater 

trochanter was preserved in all cases, and each animal was observed ambulating and 

rearing on their affected limb immediately post-operatively. One animal experienced a 

drop-foot gait initially, likely due to inadvertent sciatic nerve irritation, which resolved 

within the first post-operative week. This rat was later sacrificed after the 6-week post-

operative time-point, due to initial concerns that subsidence occurred secondary to a joint 

infection; this concern was later ruled out by a veterinary pathologist. The remaining five 

rats all progressed to the 12-week post-operative time-point. Post mortem analysis 

revealed variable amounts of motion when implants were manipulated with forceps, with 

more gross movement detected in subsided implants. The stem of each implant appeared 

to be surrounded by fibrous tissue.  
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The micro-CT protocol described above was sufficient to measure translation of 

the titanium implants within the bone over time (Fig. 3.3). All implant stems were 

observed to be in direct contact with the endosteum 1 day and 1 week following 

implantation. A loss of close contact between the implant stem and endosteum could be 

observed at post-operative week 6 and later time-points (Fig. 3.3). Implant translation 

distally in the femur (subsidence) was observed for all animals. Hip dislocation following 

subsidence was observed in two of five animals at the 6-week post-operative time-point. 

Translation was significantly greater at post-operative weeks 6, 9 and 12 compared to 

week 0 (p<0.05) (Fig. 3.4). Instances of hip dislocation unrelated to subsidence were not 

observed.  

The inclination angle had changed to become significantly more valgus at post-

operative week 12 compared to week 0 (p<0.05) (Fig. 3.5). The anterior tilt angle 

fluctuated, but no significant difference was found between time-points (p>0.05) (Fig. 

3.6). The anteversion angle also fluctuated, suggesting that implants were prone to 

rotation within the medullary canal, but again no significant difference was found 

between time-points (p>0.05) (Fig. 3.7). Three of five animals appeared to be growing 

throughout the study; as a result, femoral length increased significantly in this cohort 

between week 0 and post-operative weeks 9 and 12 (p<0.05) (Fig. 3.8).  
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Figure 3.3: Progression of implant position at baseline, day 1 post-op (week 0), post-

operative weeks 1, 3, 6, 9 and 12. Subsidence resulting in dislocation of the hip can 

be observed at week 6 for Rat C, indicated by asterisks, while the implant belonging 

to Rat E remains within the acetabulum at week 12. For Rat E, bone resorption 

around the implant, with probable replacement with fibrous tissue, can be seen 

beginning at week 6, indicated by carets. 
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Figure 3.4: Translation (mm) of implants (subsidence) for Rat A-E at post-operative 

time points compared to initial post-operative position measured at post-op day 1 

(week 0).  Translation was evaluated based on changes in vertical displacement from 

the tip of the greater trochanter to the stem-neck junction of each implant. Negative 

translation indicates distal movement within the medullary canal, away from the 

greater trochanter along the superior-inferior axis. Translation was significantly 

different at weeks 6, 9 and 12 (p<0.05) compared with week 0 (denoted by an 

asterisk). Mean translation reached a maximum value of 2.7mm at week 12. Error 

bars represent the standard error of the mean.   
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Figure 3.5: Inclination angle (degrees) measured for Rats A-E at Post-operative 

weeks 0, 1, 3, 6, 9 and 12. Inclination was measured as the angle between the head 

and neck of the implant and the superior-inferior axis of the proximal medullary 

cavity. Increasing angles correspond a more valgus alignment of the femur. 

Implants at week 12 had a significantly higher inclination angle compared to week 0 

(p<0.05), denoted by an asterisk, with a mean increase of 10.92 degrees. Error bars 

represent the standard error of the mean.    
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Figure 3.6: Anterior tilt angle of the stem of the implant (degrees), compared to the 

superior-inferior axis of the medullary cavity, measured at post-operative weeks 0, 

1, 3, 6, 9 and 12. Positive tilt angles indicate a more anterior position of the proximal 

stem, compared to distal. No significant differences in alignment were found 

between week 0 and later time points (p>0.05). Error bars represent standard error 

of the mean.   

  



75 

 

 

Figure 3.7: Anteversion angle of the head and neck of the implant (degrees) 

compared to the medial-lateral axis, which was parallel through the femoral 

condyles of the knee, measured at post-operative weeks 0, 1, 3, 6, 9 and 12. Negative 

anteversion infers a retroverted head position. No significant differences in 

anteversion angle were found between week 0 and the later post-operative time 

points (p>0.05). Error bars represent the standard error of the mean.    
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Figure 3.8: Length of the femur (mm) for Rats A-E, measured from the superior 

aspect of the greater trochanter to the distal edge of the lateral femoral condyle 

along the superior-inferior axis. Femoral length increased significantly (p<0.05) at 

post-operative weeks 9 and 12 compared to baseline, with an average increase in 

length of 2.42mm at week 9 and 2.86mm at week 12. Error bars indicate the 

standard error of the mean.   

 

3.4 Discussion 

This study has demonstrated the feasibility of both the fabrication and surgical 

implementation of a new model for hemiarthroplasty in the rat.  Titanium alloy 

components of the required shape and dimensions were fabricated using additive 

manufacturing techniques, and the rat model was compatible with live-animal imaging 

using micro-CT to track the stability of the implant over time. Overall, animals were able 
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to tolerate the procedure and resumed normal cage behaviour within the first week, post-

operatively. The implants installed were press-fit into the bone sufficiently to facilitate 

ambulation in each animal following recovery from anaesthesia. This work expands on 

previous efforts to establish a small-animal model that includes a functional joint 

replacement component.5; 10 

The mouse knee model described by Carli et al. also utilized additive 

manufacturing to create implants in the sizes needed for small-animal testing, and 

demonstrates a clinically relevant model of peri-prosthetic joint infection (PJI).5 The 

importance of furthering our understanding of PJI is clear, as it is one of the most 

catastrophic complications that can occur following an otherwise successful surgical 

procedure to install an implant.5; 20 Our findings suggest that the rat hip hemiarthroplasty 

model could potentially serve as a complement to knee models of PJI,21 and offer basic 

scientists another preclinical tool to help improve understanding of this devastating 

complication. In this case, fixation would become important, since infection is 

accompanied by osteolytic processes5 that would likely accelerate subsidence. 

The rat total-hip arthroplasty model described by Powers et al.10 had several 

limitations that were addressed in this study. Specifically we were able to demonstrate the 

preservation of the greater trochanter during our surgical procedure, the introduction of 

an uncemented implant, and elimination of the acetabular component to limit potential 

for post-operative compilations. An uncemented rat hip implant also has potential to 

serve as model for osseointegration, and maintain comparability to both small animal 

studies that use non-functioning implant, and large animal studies in this area.  
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The removal of the acetabular component also has the added benefit of providing 

an option to investigate cartilage changes as a result of regular articulation with a metal 

implant. While articulating components in clinical implants are typically not fabricated 

from titanium alloy –  largely due to concerns about wear – the use of a titanium head in 

this rat model may provide new information about the metal-cartilage interface.  It is also 

worth noting that the same additive manufacturing process that was used here to produce 

titanium alloy components can be used to fabricate in Cobalt-Chrome (ASTM F75); this 

may be advantageous in studies that are focused on the cartilage interface, rather than 

osseointegration.   

Overall, our surgical approach was feasible and allowed for effective access to the 

rat hip joint to install components, but had several limitations. First, irritation of the 

sciatic nerve, which is visible in the surgical field when performing a posterior approach, 

was likely responsible for the one instance of drop-foot gait observed post-operatively. 

Cases of subsidence were observed, mimicking a known clinical complication.1; 4 

Although subsidence resulting in hip dislocation was observed, such a complication 

should not prevent the use of this model in future studies, as optimal integration by 

unaltered implants could diminish the ability to evaluate novel stem coatings aimed at 

promoting osseointegration.  

Second, when performing cementless hip arthroplasty, achievement of primary 

mechanical stability and secondary biological fixation is crucial to ensure that the implant 

does not subside. Since infection was not identified during post-mortems, several factors 

related to primary and secondary implant fixation may have contributed to subsidence in 

this cohort. Preparation of the inner cortex of the proximal medullary cavity by hand may 
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not have created a sufficiently congruent space to maximize the bone contact area around 

stems of the implants and prevent micro-motion. A broaching system may have some 

utility in resolving this issue by allowing for incremental widening of the medullary 

canal, provided that broaching is accomplished without fracturing the observably thin 

cortex in the rat femur.  

Third, the additive manufacturing process produced an inherent surface texturing 

of the implant, which was removed from the articulating surface, but left intact on the 

stem in an effort to promote osseointegration. The addition of an engineered porosity 

through the implant stem, also intended to promote osseointegration, may not have been 

sufficient in promoting biological fixation of bone, which was not observed in this study. 

The application of a known osteoconductive substance such as hydroxy-apatite may be 

useful in future studies to better facilitate biological fixation through osseointegration.3 

Furthermore, the increasing femoral length observed in three of five animals (Fig. 8) may 

be indicative of overall bone growth. This could suggest that the implant selected at the 

time of surgery may not be of sufficient size at a later time-point to retain its congruent 

press-fit in the medullary cavity. Animal procurement in future studies should perhaps 

consider older animals that have reached skeletal maturity, and avoid selection based on 

rat weight alone. 

Finally, loss of an observable bone-implant interface was revealed at later time-

points during this study, with bone likely being replaced with fibrous tissue, which was 

found surrounding each implant during post-mortem analysis (Fig. 3). Future efforts 

could include more robust measurements to quantify the bone-implant interface as a 

measure of osseointegration, with complementary histology. Gait analysis to understand 
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the post-operative kinematics of the rat following hip hemiarthroplasty would also be 

beneficial to determine how well gait is restored, compared to baseline or its contralateral 

limb.  

3.5 Conclusions 

Our findings support further development of the rat hip hemiarthroplasty model as 

a preclinical platform, which could be expanded for studies investigating 

osseointegration, metal-cartilage wear and peri-prosthetic joint infection around a 

functional implant. While we were unable to achieve consistent bone fixation, the 

surgical approach to install implants consistently was validated, as well as the use of 

micro-CT imaging to track implant position post-operatively and detect clinically 

representative complications. As mentioned above, one research question that should be 

investigated is to what extent animals are able to ambulate on their affected limbs post-

operatively. The establishment of a post-operative gait analysis protocol, along with 

functional dynamic imaging of an implant as it articulates within the rat hip is explored in 

Chapter 4.  
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Chapter 4  

4 Post-operative Gait Analysis in a Rat Model of Hip 

Hemiarthroplasty 

4.1 Introduction 

Joint replacement surgeries are performed to replace damaged bone and cartilage 

and restore functional mobility in patients. As described in Chapter 1; while the vast 

majority of procedures are successful, implants do not always last a lifetime and may be 

replaced for reasons such as aseptic loosening1-3 or infection.4-7 Revision surgeries to 

replace failed components are more costly and have higher complication rates compared 

to primary joint replacement surgeries, placing an added burden on both patients and 

healthcare systems. Consequently, preclinical orthopaedic research continues to be 

dedicated towards improving the longevity of joint replacement implants. Traditionally, 

large-animal models have used as preclinical test platforms to answer research questions 

related to implant function and longevity. Large-animal models including pigs8, sheep9; 

10, dogs11; 12, and horses13 are often selected because their joint sizes are of similar 

dimensions to humans, which permits human-sized implants to be installed, using tools 

and procedures that mimic human surgeries. Small-animal models on the other hand, 

such as mice14-16, rats17-19 and rabbits20 have historically been reserved for earlier stages 

of preclinical research, where basic scientists have tested innovations related to implant 

longevity, including osseointegration, metal cartilage wear and infection. Small-animal 

studies are much less costly to conduct compared to large-animal trials, however small-
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animal models typically do not receive functional implants that mimic human 

components. Instead non-functional hardware in the form of metal rods17; 21, screws22 and 

pins19; 23 are often used, as they are much easier to install into smaller bones. 

Recently, efforts have been made to incorporate functional implants into murine 

models, specifically rats24 and mice6; 14, to allow basic scientists to perform cost-efficient 

studies involving functional implants in small-animal models that are also clinically 

representative of human joint replacement surgeries. While the design and surgical 

installation of small-animal specific implants is now possible, it is unclear to what extent 

functional recovery of ambulation on the affected limb is achieved. Ideally, approaches 

should permit the eventual recovery of the ipsilateral (affected) limb to the point where it 

could not be distinguished from its contralateral (unaffected) limb during normal 

ambulation. It follows that quantifying the post-operative gait of small-animals who have 

undergone joint replacement surgery would be an important next step in demonstrating a 

clinical representative functional implant model. 

In order to assess functional gait recovery, a variety of small-animal specific 

hardware options exist. In particular, an optical gait analysis system, known as the 

CatWalk XT (Noldus, Leesburg, Virginia) has been used for a variety of studies in rats25-

28 and mice29 for both neurologic26; 29 and orthopaedic27; 28 applications. Briefly, the 

CatWalk XT system is a runway with a glass floor that has fluorescent light passing 

through it. As the animal contacts the floor, the light that normally is internally reflected 

within the floor, reflects downward. A camera captures each paw print as the animal 

transverses the walkway, and a series of gait metrics are computed.  Miyamoto et al25 

recently utilized the CatWalk XT a study in rats with hip osteoarthritis, revealing 
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significant differences in several gait metrics when comparing affected versus unaffected 

limbs. It follows that the CatWalk XT system would likely be ideal to use for quantifying 

the gait of small-animals, specifically rats, following joint replacement surgery.  

One potential disadvantage to using the CatWalk XT to assess gait, particularly as 

it pertains the joint replacement, is that such a system, which relies on optics, does not 

facilitate direct observations of the joint of interest during locomotion. The ability to 

observe an implant function during cyclic loading is important to ensure that the 

component is serving its intended purpose (bearing weight and articulating within the 

joint). Using another gait analysis approach in tandem with the CatWalk XT, such as X-

ray fluoroscopic video analysis, which is routinely performed in both humans and 

animals, would be beneficial; this would provide two sets of complementary data that 

could be analyzed concurrently to give an accurate representation of small-animal gait 

following joint replacement surgery.  

To permit the acquisition of fluoroscopic data it is beneficial to create a treadmill 

system; this allows the X-ray source and detector to remain stationary while images are 

collected of the joint of interest during repeated gait cycles, minimizing image blur. A 

variety of small-animal treadmill systems exist, however commercially available systems 

are rarely designed specifically for fluoroscopic assessment, meaning that they are not 

build with radiolucent materials to permit unimpeded visualization of the subject in 

multiple fields-of-view. Guillot et al30 recently demonstrated a radiolucent treadmill 

system in cats, as well as the use of a high-pass filter to enhance the edges of structures 

(bone in particular) within each frame so that anatomical features could be observed more 

clearly in the resulting videos and still-frame radiographs. While a typical fluoroscopic 
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setup would include a dedicated X-ray source capable of capturing successive 

radiographs at a given frequency, cone-beam micro-computed tomography scanners can 

also be used to acquire fluoroscopic x-ray videos if the gantry is kept stationary during 

acquisition. Furthermore, such systems can be programed so that the gantry can be 

parked at specific view angles (i.e. 0 degrees, and 90 degrees) to facilitate video 

collection in multiple anatomical planes (i.e. dorsal-ventral, and medial-lateral) without 

the need to manually reposition the X-ray source and detector. Such features would be 

ideal for the rapid collection of fluoroscopic data in multiple subjects during a study, and 

would permit the visualization of an implant during multiple gait cycles at different 

viewing angles. Thus, we describe a rat-specific radiolucent treadmill (Ratwalk) that is 

build to be compatible with a commercially available micro-CT scanner (serving the X-

ray source). We also describe the post-operative gait assessment of rats that have 

undergone a hip hemi-arthroplasty procedure, using both the CatWalk XT and Ratwalk 

systems at several timepoints. We hypothesize that following hip hemiarthroplasty, 

animals will favour their contralateral hindlimb at earlier timepoints, but will not favour 

either hindlimb by 12 post-operative weeks, indicating that the hip hemiarthroplasty 

procedure produced a clinically representative model of functional joint replacement.   

4.2 Materials and Methods 

4.2.1 Animals 

All surgical trials and post-operative gait and imaging protocols were approved by 

the institutional Animal Use Committee (AUP 2017-156, Western University, London, 

Ontario, Canada) (Appendix A). N=5 male Sprague-Dawley rats from a concurrent 
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surgical study (described in the previous chapter) were analyzed for this study. Rats were 

originally obtained from a commercial vendor (Charles River Laboratories, Senneville, 

Quebec, Canada). Animals were housed in a conventional vivarium with 12-hour 

light/dark cycle and provided standard rodent chow and water ad libitum.  

4.2.2 Surgical Procedure 

Each rat underwent a hip hemiarthroplasty surgery to install a titanium (Ti6Al4V) 

hip implant into the right femur; the surgical procedure was characterized in the previous 

chapter. Briefly, procedures were performed aseptically within a sterile field. Peri-

operative medication included antibiotics (Baytril, 10 mg/kg SC) and drugs for pain 

management (Metacam, 1 mg/kg, and; Buprenorphine, 0.07 mg/kg SC). Anesthesia was 

induced within a chamber using 4% isofluorane and maintained via nose cone at 1.5%. 

External heat support and anesthetic depth monitoring were maintained throughout the 

procedure. A posterior approach was used to access the hip joint through a 3-4cm 

curvilinear incision over the greater trochanter. The attachment of the deep external 

rotators and the posterior joint capsule were excised using microsurgery scissors. The 

femur was then dislocated from the acetabulum to expose the femoral head. A dental 

scaling tool, in combination with dental files and custom rat-hip broaches were used to 

prepare the proximal femur to receive an implant, which was potted using an 

uncemented, press-fit technique. The implant was then relocated into the acetabulum. The 

joint capsule was then closed using a simple interrupted pattern with 5-0 Monocryl 

sutures. Muscle layers were then loosely apposed to reduce dead space. The gluteus 

maximus, fascia lata and subcutaneous layers were closed using 5-0 Monocryl in a simple 
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continuous pattern. The skin was closed with subcuticular 6-0 Monocryl sutures and 

tissue glue. Following recovery from surgery, animals were placed alone in cages with 

clean bedding. Post-operative therapy included antibiotics (Baytril, 10 mg/kg SC daily 

for 10 days) and drugs for pain management (Metacam, 1 mg/kg, daily for 10 days, and; 

Buprenorphine, 0.07 mg/kg SC daily for 7 days). 

4.2.3 Radiolucent Treadmill (Ratwalk) Construction 

The Ratwalk treadmill was constructed using an acrylic enclosure mounted on 

carbon fibre support beams and secured using screws (Fig. 4.1). The enclosure contained 

a hinged door on its top surface to allow an animal to be placed within the enclosure. 

Perforations were made within each end of the enclosure to serve as air holes. Rotating 

plastic rollers were fixed between the carbon fibre supports at a distance and separated by 

a plastic floor; this created the running laneway. A commercially available vinyl rat 

treadmill belt (Harvard Apparatus, St. Laurent, Quebec, Canada) was placed over the 

rollers and the floor and served as the running surface. Removable plastic trays were built 

under the runway in order to catch and facilitate the removal of excrement from the 

device. Metal rods were installed on one side of the track so that excrement could fall 

under the track, but not the animals. The carbon fibre supports were fixed to an aluminum 

mounting block, which was custom build to fit into the housing that normally supports 

carbon fibre specimen beds in a commercially available micro-CT scanner (eXplore 

Locus Ultra, GE Medical, London, Ontario, Canada). This allowed the movement of 

treadmill into and out of the scanner, to be controlled in the same way the scanner bed 

would normally operate; this gave the operator the ability to remotely adjust the position 
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of the Ratwalk within the field-of-view of the scanner’s X-ray source and detector. A 

stepper motor was used to power the device and was mounted, along with a control unit, 

on top of the aluminum block (Fig. 4.2). The stepper motor was connected to the plastic 

rollers using a toothed belt and two gears, one at the roller and one at the stepper motor. 

The control unit had two cable systems; the first allowed the device to be connected to a 

power source (set to 30volts) and, the second allowed the treadmill to be connected to a 

laptop outside of the scan room (to operate the treadmill without radiation exposure). 

Commands sent from the laptop controlled the speed and direction (forward or reverse) 

of the treadmill. 

  



90 

 

 

 

Figure 4.1: Computer-aided design schematic of the Ratwalk radiolucent treadmill, 

highlighting pertinent design features. The control unit and power supply are not 

pictured, but were included in the final design, along with a 3D-printed plastic block 

to restrict space over the deterrent rails.   
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Figure 4.2: The “Ratwalk” Radiolucent Treadmill post construction. The control 

unit with cable attachment can be seen behind the stepper motor (right). 

 

4.2.4 X-ray Fluoroscopic Imaging 

To ensure animal safety, prior to animal trials, a research veterinarian and a 

hardware technician both inspected the device for potential hazards. After the device was 

determined to be safe for animal testing, the veterinarian and technician were also present 

to oversee the runs of an initial test-group of male Sprague-Dawley rats (Fig. 4.3). Once 

it was determined that the Ratwalk was safe for repeated use, the device was incorporated 

into the post-operative protocol for rats following hip hemiarthroplasty surgery.  
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Figure 4.3: A male Sprague-Dawley rat within the custom radiolucent treadmill 

(Ratwalk) enclosure, which is integrated for use within a GE Locus Ultra cone beam 

micro-CT scanner (GE Medical, London, Ontario Canada). 

Animals were trained to run on the Ratwalk prior to testing. Initially, animals 

were placed within the treadmill and permitted to explore the enclosure for several 

minutes. The treadmill was then turned on at slow speeds (<10cm/sec) so that the animal 

could practice walking on the moving floor. Once the animal was comfortable walking in 
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the appropriate direction and location on the belt, speeds were slowly increased to a 

moderate pace (26cm/sec) and rats were allowed to run freely for several seconds. Breaks 

were taken at regular intervals, which involved an incremental deceleration of the 

treadmill before the belt was stopped. The same protocol was followed to ensure animal 

comfort and safety during post-operative trials, which were conducted at post-operative 

weeks 3, 6, 9 and 12. X-ray fluoroscopic imaging was obtained three run speeds, 

12cm/sec, then at 19cm/sec and finally 26cm/sec, in both dorsal-ventral and medial-

lateral directions. Animals were monitored throughout trials for signs of discomfort or 

difficulty in maintaining runs speeds, where if observed, the treadmill speed was 

immediately decreased, and gradually lowered to zero so that the animal could be 

inspected and allowed to recover.  

The imaging protocol used for fluoroscopy was completed on a Locus Ultra cone 

beam micro-CT scanner (GE Medical, London, Ontario, Canada). The protocol consisted 

of 1000 x-ray frames (120kVp, 20mA) over 16s for each imaging trial (62.5Hz); images 

were acquired with the gantry held stationary in either AP or Lateral orientations. X-ray 

dose for the imaging protocol with these settings was measured with a radiation meter to 

be 81mGy; the estimated dose over the course of the study fell well below the 5Gy 

threshold that has been shown to be safe for murine subjects.31 Following image 

acquisition, radiographs were converted into JPEG stacks and transferred into ImageJ (U. 

S. National Institutes of Health, Bethesda, Maryland, USA) for post-processing. Window 

and Level were maintained at 8400 and 2800 respectively. A high-pass filter (for edge 

enhancement) was used to improve the visualization of bone boundaries within each 
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image (Figure 4.4). The resulting image stacks were then analyzed to qualitatively assess 

implant position over several gait cycles.  

 

 

Figure 4.4: X-ray fluoroscopy still-frames of a male Sprague-Dawley rat walking on 

the Ratwalk radiolucent treadmill, with a titanium hip implant in situ. (A) is an 

unaltered image and, (B) is an image that has been processed using a high-pass filter 

(edge detection) to improve visualization of the hindlimb anatomy. 

 

4.2.5 CatWalk XT Gait Assessment 

Animals were trained to walk across the CatWalk XT system (Noldus, Leesburg, 

Virginia) prior to testing, incentivized by treats (cereal, peanut butter). Runs were 

collected pre-operatively and at post-operative weeks 3, 6, 9 and 12. Three runs were 

collected at each timepoint; these consisted of the first three compliant runs, or pseudo-
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compliant runs each animal was able to achieve. A compliant run was counted if the 

animal was able to transverse the glass floor (pass across the camera field of view) in less 

than 5 seconds. In some cases animals did not meet this speed requirement over 

successive tests; in these instances the three fastest runs were used for analysis, provided 

that the animal transversed the field-of-view with an uninterrupted gait pattern. Data was 

collected and processed using the CatWalk XT software version 10.6 (Noldus, Leesburg, 

Virginia). Pawprints were initially classified using the Automatic Footprint Classification 

feature (Fig. 4.5). A single user then reviewed each run and determined if pawprints had 

been correctly classified. Where there were incorrect or incomplete classifications, this 

task was performed manually. Run data was tabulated in Catwalk XT software before 

being exported for analysis. 

 

Figure 4.5: Image of a male Sprague-Dawley rat with a titanium hip implant as it 

transverses the walkway of the CatWalk XT system. Pawprints have been classified 

within the device software (version 10.6) to allow gait metrics to be computed 

(Noldus, Leesburg, Virginia). 

 

4.2.6 Data and Statistical Analysis 

Quantitative gait analysis was conducted longitudinally over 5 timepoints (Pre-op, post-

op weeks 3, 6, 9, 12) using the CatWalk XT system (Noldus, Leesburg, Virginia). 

CatWalk XT runs were completed at each timepoint; qualitatively assessed Ratwalk runs 
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were only completed at post-operative timepoints and were not used for statistical 

analysis. CatWalk XT run data was imported into Prism 8 (GraphPad, San Diego, 

California) for statistical analysis. The run metrics analyzed were Standing time(s), Duty 

Cycle (Stand/(stand+swing)x100%), Swing Speed (cm/s), Print Area (cm2), Maximum 

Contact Area (cm2) and Maximum Intensity (pixels) (Table 4.1); these metrics were 

shown to be significantly different between a hip with osteoarthritis and the unaffected 

side, in a previous study by Miyamoto et al.25 Our assumption was that suboptimal hip 

performance of the affected following the hemiarthroplasty surgery would also result in 

significant differences, compared to the contralateral side, for the aforementioned 

metrics. The Miyamoto approach was also followed in that ratios comparing contralateral 

and ipsilateral hindlimbs were calculated for the aforementioned output metrics prior to 

analysis; this approach accounts for weight variability between animals and timepoints. 

Normality was assessed using a Kolmogorov-Smirnov test; data from the pre-operative 

(baseline) timepoint for the print area variable did not pass normality therefore column 

statistics for print-area were analyzed using repeated measures one-way ANOVA, with a 

Friedman post hoc test. All other data followed a Gaussian distribution; column statistics 

were analyzed using repeated measures one-way ANOVA and Bonferroni’s multiple 

comparisons post hoc test. Significance between data at all timepoints was determined at 

the p<0.05 level.   
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Table 4.1: CatWalk XT output gait metrics analyzed for rat hip hemiarthroplasty 

cohort. 

CatWalk XT Metrics 

Analyzed 

Description 

Standing Time (s) Time in seconds that each paw is in contact with the 

glass plate and weight-bearing during a given run. 

Duty Cycle (%) Percentage of time a given limb is weight-bearing during 

a given run. 

Swing Speed (cm/s) Speed that a given limb travels between steps, in 

centimeters per second.   

Print Area (cm2) Area of a given paw identified to be in contact with the 

glass floor during a run, in centimeters squared.  

Maximum Contact Area (cm2) Total floor area covered by a paw print at the moment 

when it is at its peak contact with the floor, in 

centimeters squared.   

Maximum Intensity (pixels) Maximum light intensity value measured during paw 

contact with the floor, in unitless pixel values.  

 

4.3 Results 

As described in Chapter 3, installation of titanium hip hemiarthroplasty implants 

into the right femur was successful in the N=5 animals analyzed in this study, without 

any intraoperative complications. The greater trochanter was preserved in all cases. 
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Animals were observed ambulating on their affected limbs immediately following 

recovery from general anaesthesia as well as at all timepoints throughout the study.  

CatWalk XT assessment was completed for all animals at each timepoint. The 

duty cycle percentage ratio of the ipsilateral to contralateral hindlimb at post-operative 

week 6 was significantly different from baseline (P<.05) (Figure 4.6). Significant 

differences were not observed for any other metrics between timepoints. Individual 

metrics were also plotted to display the distribution of data across the study cohort 

(Figure 4.7). 

X-ray fluoroscopic assessment was completed for all animals at each timepoint. Three 

of five rats performed compliant runs at all three belt speeds (12cm/s, 19cm/s and 

26cm/s) at each post-operative timepoint; two of five animals did not comply with the 

26cm/s setting. The Ratwalk treadmill maintained functionality throughout the duration 

of the study. Analysis of the collected X-ray fluoroscopy image sequences revealed 

dislocated ipsilateral hips (Figure 4.8), caused by implant subsidence, in two animals 

(Rats A and C) beginning at the 6-week post-operative timepoint and subsequently at 

post-operative weeks 9 and 12. No complications were observed for the other 3 animals.  
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Figure 4.6: Group mean gait metrics collected on the CatWalk XT system for N=5 

male Sprague-Dawley rats prior to and following hip hemiarthroplasty. Data 

displayed are ratios of the ipsilateral (affected) limb results divided by the 

contralateral (unaffected) limb. A significant reduction in Duty Cycle was observed 

at post-operative week 6 compared to baseline (P<.05), denoted by an asterisk. 

Error bars represent standard error of the mean at each timepoint. 
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Figure 4.7: Gait metrics collected on the CatWalk XT system for N=5 male 

Sprague-Dawley rats prior to and following hip hemiarthroplasty; individual scores 

are shown to highlight the distribution of results. Data displayed are ratios of the 

ipsilateral (affected) limb results divided by the contralateral (unaffected) limb. A 

significant reduction in Duty Cycle was observed at post-operative week 6 compared 

to baseline (P<.05), denoted by an asterisk. Error bars represent standard error of 

the mean.  
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Figure 4.8: X-ray fluoroscopy anterior-posterior images of male Sprague-Dawley 

rats at heel strike, collected on the Ratwalk radiolucent treadmill. An edge-

enhancement filter has been applied to all images. Rows compare a rat with a 

functional implant at all post-operative timepoints (Rat E), with an animal with an 

observable complication (Rat C); a dislocated hip and subsided implant can be 

observed beginning at post-operative week 6, persisting at post-operative weeks 9 

and 12, indicated by asterisks. 

 

4.4 Discussion 

We describe the first efforts to assess the post-operative gait of rats following hip 

hemiarthroplasty surgery using the CatWalk XT system and a novel radiolucent treadmill 

(Ratwalk). Our results indicate that ambulation on the ipsilateral limb is recovered within 

the first three post-operative weeks following hip hemiarthroplasty; these data support 

that implants installed via this approach can be considered functional post-operatively. 

However, a significant difference in duty cycle percentage at post-operative week 6 was 
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observed (Figure 4.6, 4.7), which suggests that this group of animals did begin to favour 

their ipsilateral limbs at the week 6 post-operative timepoint. It is likely that gait was 

affected by the cases of implant subsidence and subsequent hip dislocation (Figure 4.8) 

observed in two of the five animals at post-operative week 6.  

One animal that had a subsided implant (Rat C) was non-compliant at both the 3 and 

6 week post-operative timepoints at moderate treadmill speeds; the animal also did not 

meet the 5 second threshold for compliant runs on the CatWalk XT at post-operative 

week 6. This animal likely had apprehension or discomfort to ambulation at moderate 

speeds on a recently failed component. However, this animal performed at all treadmill 

speeds at post-operative weeks 9 and 12, which could suggest that muscle compensation 

around a failed implant occurred gradually over several weeks. One animal that was 

observed to have a functional implant at all timepoints also failed to perform compliant 

treadmill runs at 26cm/s at post-operative weeks 3 and 12. It is unclear why this animal 

did not tolerate the higher speeds, but this could suggest either some underlying 

discomfort around the hip joint, or apprehension to run at higher speeds. Moreover, one 

animal (Rat B) appeared to favour the ipsilateral limb preferentially at week 3, followed 

by the contralateral limb at week 6 (Fig. 4.7). It is unclear why this was the case, but it 

could be that pain or discomfort could have been a contributing factor. Thus, while 

animals exhibited normal cage behaviour throughout the study, in the future rat pain 

scores could be collected at regular timepoints to determine if there is underlying hip pain 

contributing to poor performance during gait assessments.32  

Although there was an observed drop in ipsilateral limb function at post-operative 

week 6, ipsilateral limb function compared to baseline recovered to be not significantly 
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different from baseline at post-operative weeks 9 and 12. These findings suggest that 

some compensatory changes may have occurred around the hip joint prior the post-

operative week 9 timepoint that allowed animals to ambulate on the ipsilateral limb 

despite not having a functional implant. Ambulation on a non-functional hip is perhaps to 

be expected after a period of recovery. In quadrupeds, muscle compensations alone can 

often be sufficient to restoring gait even if the joint is non-functional; femoral head and 

neck resections are performed in dogs to relieve chronic coxofemoral joint pain and 

necrosis33. Femoral head and neck ostectomies are commonly performed in pets, 

particularly dogs34 and cats.35 Such procedures forgo the installation of a femoral 

prosthesis; quadrupeds are routinely able to ambulate on their affected limb without a 

functional hip joint.33 Similar compensations likely occurred in the two animals with 

implant subsidence, which could explain why gait metrics for this cohort improved 

somewhat after post-operative week 6 and did not significantly differ from baseline at 

post-operative weeks 9 and 12.  

While post-operative gait assessment was achieved on the CatWalk XT system, a 

drawback of this method of gait analysis is the inability to interrogate the function of the 

hip joint during motion. In this trial it would have been difficult to observe a non-

functional hip implant without the use of X-ray fluoroscopy, or another imaging 

modality, and only using optical gait measurements alone. Moreover while static 

techniques, such as static X-ray and micro-CT imaging can highlight post-operative joint 

complications such as subsidence and dislocation, they do not offer any information 

regarding implant position during various stages of the gait cycle; a component prone to 

subluxation for instance may appear to be located within the hip joint during static 
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imaging. Other potential complications, such as implant toggling within the proximal 

femur could be explanatory in determining why certain implants are prone to subsidence, 

as excessive micro-motion can prevent effective osseointegration of bone into the implant 

stem.36  

Implant motion, particularly toggling of the stem within the proximal medulla was 

suspected for some subjects but could not be definitively observed. Incorporating a 

quantitative approach to image analysis, particularly 2D to 3D image registration37, could 

facilitate kinematic measurements of implant motion in future investigations; this was 

however beyond the scope of our current study. Such an approach would be especially 

promising to investigate on a system like the Ratwalk, which integrates with a micro-CT 

system. This way the same scanner could be used to collect volumetric 3D data along 

with 2D fluoroscopic image sequences, which would likely simplify any prospective 2D-

3D co-registration process. A limitation of this study was that no pre-operative treadmill 

runs were collected for this cohort. This was done intentionally to reduce the amount of 

X-ray dose the animals were subjected to, and because assessment was to be limited to 

qualitative observations regarding implant position. In the future, pre-operative trials 

should be collected, particularly if quantitative metrics are to be collected similar to the 

CatWalk XT protocol.  

Another limitation of the current Ratwalk setup is the limited field-of-view (FOV) 

afforded by the micro-CT cone beam detector (14cmx10cm); the axial FOV (10cm) in 

particular only partially captures the rat’s anatomy during image acquisition. This led to 

several failed trials, particularly in training and earlier tests, where the animal’s hindlimb 

would either partially or fully be outside of the FOV. Selecting where to position the 
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treadmill relative to the detector, based on observations of where the animal typically ran 

on the belt, was crucial for centering the hindlimb within the FOV. Creating a mechanism 

to automatically centre the hindlimb within the FOV, such as incorporating a self-pacing 

feature to adjust the belt speed to compensate for changes in run speed, could improve the 

probability of acquiring successive gait cycles within the image sequence.  

Rats also had a tendency to position their hindlimbs on the rails to avoid running, 

especially at increased belt speeds. A custom 3D-printed plastic block was particular 

useful in restricting the space within the enclosure behind the tread over the rails, and 

helped to address the aforementioned issues. Several animals also preferred to turn in the 

wrong direction before and after runs were attempted. There was no clear explanation for 

this behaviour, but it meant that delays occurred between trials as animals had to be 

facing the right direction before the treadmill speed would be increased. This issue was 

somewhat mitigated by keeping the tread moving at a low speed during breaks between 

trials, instead of stopping the belt completely. This ensured rats kept walking in the 

correct direction, thereby reducing the number of turn-arounds that occurred in later 

trials. In the future, time during initial training (perhaps the use of auditory queues or 

positive reinforcement with edible treats) should be dedicated to addressing this turn-

around behaviour on the Ratwalk. 

4.5 Conclusions 

We describe the post-operative gait assessment of rats following the installation 

of titanium implants via hip hemiarthroplasty. Our findings support that implants can be 

considered functional, and served to restore rat gait within the first three post-operative 
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weeks. We were able to detect a significant reduction in duty cycle % in this cohort at 

post-operative week 6 using data collected on the CatWalk XT system, followed by a 

recovery in gait at post-operative weeks 9 and 12. The Ratwalk radiolucent treadmill 

system facilitated the collection of X-ray fluoroscopic gait data of the rat hindlimb, which 

was used to identify post-operative complications that were initially detected in CatWalk 

XT trials, but not at later timepoints. Future studies in this area should consider the use of 

fluoroscopic imaging in tandem with CatWalk XT trials to best evaluate implant function 

in the rat hindlimb post-operatively.   
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Chapter 5  

5 Conclusions and Future Directions 

5.1 Summary of Presented Works 

Joint replacement surgery continues to be highly prevalent in Canadian society, 

with around 130,000 procedures performed annually for hip and knee cases alone.1 The 

most predominant reason for joint replacement surgery is degenerative osteoarthritis; for 

hip replacement surgery, femoral neck fracture also accounts for around 15% of primary 

replacement procedures.1 While the success rate of primarily hip and knee procedures is 

high (~97%),1 given the large numbers of joint replacement surgeries performed, even 

low complication rates implants can affect thousands of patients annually. When implants 

fail, they need to be replaced during revision surgeries, which are more costly, and have 

higher perioperative complication rates compared to primary arthroplasty procedures.2 

Such procedures are to avoided whenever possible. Consequently, research efforts to 

address the causes of implant failure, most notably instability caused by a failures of the 

bone-implant interface and infection,1; 3 continue to be active.  

Before innovations can be applied in the clinic, testing is required in animal 

models. In this dissertation, we describe the first clinically representative rat model of hip 

hemiarthroplasty that utilizes a functional implant created via 3D-metal printing in 

surgical grade metal alloys.4 Such a model is beneficial to basic scientists and clinicians 

conducting research to resolve issues related to implant failure, because it allows the use 
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of a cyclically loaded implant that articulates within the joint space, to be used in a low-

cost, high-throughput animal species. As we have previously detailed, clinically 

representative implant studies have been traditionally restricted to large-animal5-7 and 

companion-animal species8-10, as their size permits the installation of human-like 

components. Small-animal models, particularly rats and mice, which have the advantage 

of being widely used across the basic sciences, had previously relied on non-loaded 

intramedullary metal rods,11; 12 screws,13 and pins14-16 to study changes at the bone-

implant interface. The inherent disadvantage of non-functional devices is that they are not 

representative of clinical implants, nor do they require the same invasive surgical 

procedures that are needed to install functional joint replacement prostheses. We have 

described a novel approach to implant design and surgical installation, that allows us to 

incorporate a functional implant, into a low-cost small animal model, that can be used in 

preclinical orthopaedic research to conduct studies into areas that affect implant 

longevity, in particular osseointegration,11; 17-19 metal-on-cartilage wear,6 and 

periprosthetic joint infection.20-23 We also described the creation of a radiolucent rat 

treadmill that is compatible with a commercially available micro-CT scanner that can be 

used to acquire X-ray fluoroscopic image sequences of rats as they ambulate on their 

conformal hip implants.  

In Chapter 2, the aim was to obtain micro-computed tomography derived 

measurements of the rat proximal femur, to create parameterized rat hip implants that 

could be surgically installed in a clinically representative small animal model of joint 

replacement.  The proximal femoral anatomy of N=25 rats (male, Sprague-Dawley, 390-

605g) was quantified. Key measurements were used to parameterize computer-aided 
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design models of monoblock rat femoral implants. Linear regression analysis was used to 

determine if rat hip dimensions could be predicted from animal weight. A correlation 

analysis was used to determine how implants could be scaled to create a range of sizes. 

Additive manufacturing (3D printing) was used to create implants in medical-grade metal 

alloys. Linear regressions comparing rat weight to Femoral Head Diameter and Neck-

Head Axis Length revealed a significant non-zero slope (p<0.05). Pearson’s correlation 

analysis revealed five significant correlations between key measurements in the rat femur 

(p<0.05). Implants were installed into both cadaveric and live animals; iterative design 

modifications were made to prototypes based on these surgical findings. Animals were 

able to tolerate installation of implants, and were observed ambulating on their affected 

limbs post-operatively. Our results indicate that we were able to develop a preclinical rat 

hip hemiarthroplasty model using image-based and iterative design techniques to create 

3D-metal printed implants in medical-grade metal alloys. Our findings support further 

development of this model for use as a low-cost translational test platform for preclinical 

orthopaedic research into areas such as osseointegration, metal-on-cartilage wear and 

peri-prosthetic joint infection.  

In Chapter 3 we described a study in which the purpose was to develop and 

optimize a functional 3D-printed hip implant system and surgical approach for the rat that 

will allow for repeatable installation, in vivo testing, and imaging follow-up, in a 

preclinical model of hip hemiarthroplasty. Custom-designed unipolar rat femoral 

implants were created in five sizes and 3D-printed in titanium alloy. The cementless 

components were press-fit into the medullary canal of skeletally mature male rats (N=6), 

using a posterior approach to access the hip joint. Animals were evaluated post-
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operatively (day 1) and at six time-points following surgery with in vivo micro-computed 

tomography to assess implant stability. Animals were sacrificed after 12 weeks and post-

mortem analysis was conducted to assess fixation of each implant. Surgery was 

successful in all animals, and micro-CT imaging revealed stable implant positioning at 1 

day and 1 week, post-operatively. Return to gait was observed in all cases, and rats 

remained ambulatory throughout the study. No incidences of implant failure were 

observed through the 3-week time-point. Micro-CT did, however, reveal implant 

subsidence in three of six animals at the 6-week time-point, resulting in hip subluxation. 

Post-mortem analysis revealed variable amounts of micro-motion when implants were 

manipulated with forceps, with more gross movement detected in subsided implants. We 

were able to report the first clinically representative rat hip hemi-arthroplasty surgeries 

using custom 3D-printed titanium alloy implants. Clinically relevant complications were 

observed (subsidence) that mimic complications of larger joint models. These findings 

support the use of this model as a preclinical platform that could be expanded for studies 

of osseointegration, metal-cartilage interactions, and joint infection around a functional 

implant. 

Chapter 4 describes how clinically representative small-animal models of joint 

replacement have been developed as low-cost test platforms to test orthopaedic 

innovations aimed at reducing post-operative complications that lead to revision 

surgeries. Such models require implants that are functional and are able restore gait post-

operatively in order to be considered clinically representative. The aim of this study was 

to assess the post-operative gait rats following the installation of Ti6AlV titanium alloy 

hip implants. N=5 male Sprague-Dawley rats from a concurrent study (described in 
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Chapter 3) underwent hip hemiarthroplasty surgery to install components via a posterior 

approach. Gait was assessed using a CatWalk XT system preoperatively, as well as at 3, 

6, 9 and 12 weeks post-operatively. Data was analyzed via repeated measures one-way 

ANOVA; significance was determined at P < .05 level. A custom radiolucent rat 

treadmill was also developed to permit fluoroscopic assessment of post-operative 

hindlimb function at post-operative weeks 3, 6, 9 and 12. The ratio of affected limb to 

unaffected limb was not significantly different from baseline at post-operative week 3 

compared to baseline for all metrics analyzed. A significant difference in duty cycle % at 

post-operative week 6 compared to baseline was revealed. Two cases of implant 

subsidence were observed following X-ray fluoroscopy analysis at post-operative week 6, 

likely contributing to the decline in gait at this timepoint. No significant differences in 

gait were observed compared to baseline at post-operative weeks 9 and 12. These results 

indicate that rat hip implants are able to restore ambulation in rats following hip 

hemiarthroplasty, but may lose functionality at later timepoints due to complications such 

as subsidence. Our findings also support that rat implants installed via hip 

hemiarthroplasty can be considered clinically representative; on the basis that functional 

cyclic loading was restored in rats post-operatively. 

5.2 Future Directions 

The accumulation of results presented within chapters 2-4 of this thesis 

demonstrate our ability to (1) design rat-specific femoral hip implants in a range of sizes 

that can accommodate rats of various weights; (2) manufacture rat implants in several 

medical-grade metal allows, including post-processing techniques that allow for a 
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polished finish on the heads of implants; (3) install implants surgically via both anterior 

and posterior approaches to demonstrate the world’s first rat model of hip 

hemiarthroplasty; (4) evaluate implant position within the hip longitudinally using micro-

CT image analysis; (5) evaluate the post-operative gait of rats following hip hemi-

arthroplasty using both a gold-standard approach (CatWalk XT system) and a novel 

radiolucent treadmill, developed specifically for evaluating implant position in the hip 

during cyclic loading. We were able to show that implants could be designed, installed 

and assessed post-operatively for rats, laying the groundwork for future studies using this 

clinically representative model of hip hemiarthroplasty. 

5.2.1 Osseointegration 

Osseointegration is the apposition of bone onto the surface of an implant, and is 

critical to ensure secondary fixation and the long-term survival of cementless hip 

prostheses.24 Post-operatively, growth factors are released from activated blood cells 

within the medulla at the bone-implant interface, which initiate a series of biological 

events that lead to bone formation around the stem of the implant.24; 25 A tissue matrix, 

consisting of predominantly fibrin, is then created and acts as a scaffold to support 

osteoblasts (boneforming cells).24; 25 This scaffold eventually becomes entirely filled with 

bone when osseointegration occurs properly, however if this process fails, a fibrous 

connection will instead form, which is not strong enough to prevent implant loosening 

over time.24; 25 Several factors can contribute to a fibrous interface, including implant 

material, surface design, poor bone quality, surgical technique, loading conditions and 

insufficient bone turnover.26 Extrapolating from histopathological post mortem analysis 
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performed on a Generation 1 rat, there is evidence that implants may have only facilitated 

a fibrous connection (Figures 5.1 and 5.2), indicating that one or more of these 

aforementioned areas would need to be addressed. Since implants were made in medical-

grade alloys, and Sprague-Dawley rats have been used in many osseointegration 

studies,11 the two areas that should be address to improve the osseointegration potential 

surface design and surgical technique.  

The surface design we selected in Generation 1 implants (Chapter 2) consisted on 

an inherent surface texturing that results from the 3D printing process. This was done 

intentionally in an effort to promote osseointegration; we hypothesized this would be 

enhanced by a stem that was rough with larger surface area compared to a polished stem. 

Generation 2 implant stems (Chapters 2-4) also were left rough, with an engineered 

500µm porosity added to further promote osseointegration; the optimal pore size to 

promote osseointegration onto titanium implants is between 150 and 600µm.27 However, 

despite adding an engineered stem porosity, our components did not appear to facilitate 

effective osseointegration; this however may not be an outright limitation, since it would 

be difficult to evaluate new surface preparations aimed at promoting osseointegration in 

untreated control implants innately had this effect. Nevertheless in future studies, it 

would be useful to test our implants when prepared with conventional surface designs 

such as plasma-sprayed titanium and hydroxyapatite coating28; 29 to determine if the 

overall geometry and installation of components is conducive to promote 

osseointegration.  
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Figure 5.1: Histopathology section of a proximal femur (distal end towards left, 

articular surface towards right) of a male Sprague-Dawley rat at 11 post-operative 

months following installation of a Generation 1 316L stainless steel implant. The 

implant was removed prior to sectioning. A medullary cavity (asterisk) is lined by 

fibrous connective tissue (solid arrow) that contains numerous vessels (open arrow). 

Hatched box outlines area magnified in Figure 5.2. 
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Figure 5.2: a) Hematoxylin and eosin stain of bone cavity bordered compared with 

b) polarized light of the same area. Sample is from a male Sprague-Dawley rat at 11 

post-operative months following installation of a Generation 1 316L stainless steel 

implant. An asterisk indicates the fibrous connective tissue that at times has 

fibrocartilage characteristics. Refractile fibers help contrast woven bone 

architecture (arrow) relative to lamellar bone (diamond). 
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Surgical technique may also have contributed to the fibrous interface and unstable 

implants we observed in Chapters 2-4. In human and large-animal hip arthroplasty 

procedures, the intramedullary cavity is prepared using a broaching system, which 

facilitates incremental widening of the canal to receive an implant.30 Broaching compacts 

the intramedullary bone and helps to ensure that the implant can be potted effectively, 

with maximum bone apposition against the stem. This approach was explored in the rat 

model using custom-developed broaches (Figure 5.3), however it was extremely difficult 

to tap broaches into the intramedullary space, with enough force to widen the canal, 

without causing a catastrophic fracture. To avoid fracture (which was also quite common 

when using a rotary drill), we instead used an ultrasonic dental scalar to prepare the 

proximal medullary cavity to receive an implant. The scalar afforded a fair amount of 

forgiveness from a surgical standpoint and was effective in creating a space where 

implants could be potted. However, it is possible that the scalar removed intramedullary 

bone that would normally be compacted around implants during broaching, thereby 

reducing the amount of bone that was in apposition to the implant stem and decreasing 

primary implant stability. In the future, instead of using a pointed tip on the end of the 

scalar, a custom broach or rasp could be designed to integrate with this device. This way, 

the broach or rasp could be oscillated to compress and shape intramedullary bone, 

without the need for tapping with a hammer, which risks fracture. Such a refinement in 

surgical technique would likely improve the chances of achieving effective 

osseointegration and reduce the instances of implant subsidence in the rat hip 

hemiarthroplasty model.  
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Figure 5.3: (A) Custom broach set and impactor tool 3D printed in F75 cobalt-

chrome, created for incremental widening of the proximal medullary to facilitate 

effective press-fit of Generation 2 implants. (B) A commercially available stainless-

steel dental hammer beside a custom slide hammer tool (aluminum shaft and 

titanium cylinder) and a Canadian dime for scale. Custom broaches and the 

impactor tool screw into the tip of the slide hammer, allowing for tool tapping and 

pullout.   
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5.2.2 Periprosthetic Joint Infection 

Periprosthetic joint infection (PJI) is a devastating complication of total joint 

replacement, which occurs in 1% of patients who undergo total joint arthroplasty of the 

hip and knee.22; 31 Although this percentage is small compared to some other surgical 

procedures, the high volume of joint replacement procedures performed annually means 

that PJI complications from orthopaedic surgeries are the most common source of 

surgery-contracted infections amount hospital inpatients in the industrialized world.1; 22; 32 

The pathogenesis of PJI involves the colonization of bacteria on the surface of the 

implant, followed by the creation of a protective layer called a biofilm (polysaccharide 

glycocalyx), which has a protective effect against the host’s immune system, antibiotic 

therapy and even mechanical debridement.22; 33 Several therapeutic options exist for 

resolving PJI including, combination antibiotic therapies, nanoparticles with bactericidal 

effects, phage therapy, and immunotherapy using monoclonal antibodies to name a few.22 

In most cases, treatment also involves revision surgery to remove the implant from the 

infected joint, via either a 1-stage revision, where a new implant is installed at the time of 

surgery, or; a 2-stage revision, where a temporary spacer (usually bone cement) is 

installed to maintain the joint space, followed by a second surgery to install a new 

component after the course of treatment in completed.34 In either scenario, there is a high 

morbidity associated with revision surgery for PJI.22; 34 

Recently, there has been a strong consensus amongst orthopaedic surgeons that 

better understanding the causes of PJI is needed, and therefore should be a major focus of 

research efforts in the coming years.23 Consequently, the development of clinically 



122 

 

representative models of PJI has become an active area of research, particularly in the 

murine knee.20; 21; 23; 35; 36 Such models use implants that interact with the synovium, since 

clinically representative infection involves the whole joint space microbiome.23 Our rat 

hip model is therefore an ideal candidate for use in studying PJI, as it too utilizes an 

implant that articulates within the synovium. Also, no such model exists for the murine 

hip, making our model the ideal candidate for use as a clinically representative PJI model 

of hip arthroplasty. 

In order to use our model in PJI studies, it will be first important to achieve 

osseointegration into our uncemented implants. Infection can often have a destabilizing 

effect of implant fixation,37 therefore creating a component that is stable within the model 

at baseline will be important to help preserve the functionality of implants within the joint 

space during longitudinal studies. Approaches to help promote effective osseointegration 

are mentioned previously (above). Next, a common PJI bacterial pathogen, such as 

Staphylococcus aureus,34; 37 could be cultured on our implants to investigate biofilm 

formation, followed by installation into live rats to investigate PJI progression 

longitudinally. Provided that there is adequate pain management to satisfy animal ethics, 

this approach would allow both systemic and localized treatments to be explored in the 

rat. Post-operative analysis should include both histopathology and imaging at multiple 

timepoints to characterize disease and/or treatment progression. 

5.2.3 Metal-on-cartilage Wear 

Metal-on-cartilage wear is perhaps an under-studied research area compared to 

osseointegration and infection, because the rates of hip hemi-arthroplasty surgery, which 
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only replaces one side of a joint, are much lower compared to total joint arthroplasty, 

where all articulating surfaces of the joint are replaced.1 This is unsurprising because the 

most common reason for joint replacement surgery is degenerative osteoarthritis, where a 

patient’s cartilage has degraded to the point that is chronically painful and must be 

removed completely.1 However, in an effort to preserve bone-stock (in the event that a 

revision procedure is required), hip hemiarthroplasty is performed in patients who have 

healthy cartilage, particularly those who have suffered a femoral neck fracture, resulting 

in avascular necrosis of the femoral head.1; 2; 5; 38  

In the short-term (2 year follow-up), the installation of a unipolar hip 

hemiarthroplasty implant has been shown to cause minimal acetabular cartilage wear,39 

but after long-term use, there is often concern that enough wear will accumulate to 

require resurfacing of the acetabulum with a femoral head prosthesis.38 Femoral head 

hemiarthroplasty implants meant to articulate with healthy cartilage (unipolar) have 

highly polished articular surfaces and are usually made in cobalt-chrome alloys (Fig. 5.4); 

this has remained relatively unchanged since the first installations in 1939.40 Surface 

topography modifications, such a dimple pattern like on a golf ball, could be explored to 

see if the added surface area allows for more synovial fluid to surround the articulating 

surface, which could potentially have a lubricating effect within the metal-on-cartilage 

joint. Moreover, the addition of coatings over the cobalt-chrome surface, using perhaps 

smoother or more pliable materials could be explored to see if they promote reduction in 

acetabular cartilage wear over time.   

While we have demonstrated cementless components (since the majority of hip 

implants are uncemented), a cemented approach that uses either orthopaedic or dental 
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bone cement could easily be performed using our implants. In femoral head 

hemiarthroplasty cases, cemented implants have been shown to cause fewer 

complications compared to uncemented implants.41 Using an approach that results in a 

lower complication rate from stem failure would be logical to pursue, especially when 

investigating articulating surface modifications, which should be agnostic to fixation 

technique.  To modify our existing implant stems for optimal use in a cemented 

procedure, stems should be buffed to a smooth finish. This would have two benefits; first, 

this process would create an improved bonding surface for bone cement compared to a 

rough surface, and second; this would reduce the profile of the stems slightly, allowing 

space that the bone cement would fill between the implant and the bone. A cemented 

approach would better ensure that implants would be stable within the femur in the short-

term,41 meaning that cartilage wear would primarily be affected by the surface finish of 

the implant heads, avoiding damage that could occur as the result of an unstable implant. 

In the future, a cemented approach in live animals should be explored using polished 

generation 2 cobalt-chrome implants, with histopathology at several post-operative 

timepoints to determine the effect on rat hip cartilage wear longitudinally. An exercise 

regimen may also be useful in such a study, to ensure that articulation of the implant 

within the acetabulum is maximized.   
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Figure 5.4: An Austin Moore unipolar femoral hip hemiarthroplasty prosthesis 

beside an array of unipolar rat hip hemiarthroplasty implants in various medical 

grade alloys, and a Canadian dime for scale. Numerous implant iterations were 

created and tested before arrival on our final implant design.  

 

5.2.4 2D-to-3D Image Registration 

2D-3D image registration is a widely used technique for analyzing hip joint 

kinematics in both humans42; 43 and animals.44 Briefly, this process involves 

superimposing a 3D anatomical model, particularly bone, on a series of 2D images; these 

models are then moved in a virtual 3D space to precisely mimic their corresponding 

features in the original image sequence.42 Open-source software exists (JointTrack) to 

facilitate both 2D-to-3D image registration and the quantification of joint kinematics.45; 46 

It would be ideal to explore this approach to gait analysis, particularly in our analysis of 
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fluoroscopic image sequences collected on the Ratwalk radiolucent treadmill system we 

describe in Chapter 4. Although 2D-to-3D registration can be automated, manual 

measurement and optimization by an experienced user is often required to ensure high-

quality kinematic data is acquired.42 The ability to use 3D bone models that are derived 

from micro-CT scans (Chapter 3) should be explored to determine if this could expedite 

the co-registration processes. Creating a workflow to allow the Ratwalk system to output 

quantitative kinematic measurements of post-operative gait performance would be ideal, 

providing objective data in addition to the qualitative observations of implant 

performance during cyclic loading that it already affords. If done correctly, 2D-to-3D 

registration could mean that post-operative gait analysis on the CatWalk XT may not be 

necessary in future studies involving the rat hip hemiarthroplasty model. Measurements 

that are specific to hip instability, such as femoral translation, could also be quantified via 

2D-to-3D registration, providing objective measurements of implant function that the 

CatWalk XT cannot facilitate. Thus, using the Ratwalk for quantitative kinematic 

analysis should be explored in future works as this would simplify post-operative gait 

analysis, reduce pre-operative training time, and reduce the number of post-operative 

trials that would need to be conducted, compared to using both systems in parallel. 

5.3 Final Remarks 

In conclusion, this thesis has described the development of a clinically 

representative rat model of hip hemiarthroplasty, using image-based design to produce 

functional rat-specific 3D-printed implants in medical-grade alloys that can be installed 

into live animals. While clinically representative complications were observed 
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(subsidence), animals were able to facilitate the recovery of gait on the affected limb 

post-operatively. Our findings support further development of this model for use in 

studies of osseointegration, peri-prosthetic joint infection and metal-on-cartilage wear. 

Furthermore, we have described the design and implementation of a novel radiolucent 

treadmill that can be used in future studies to monitor the gait of rats post-operatively. 

These innovations offer basic scientists a translational test platform for conducting 

preclinical orthopaedic research aimed at improving the longevity of implants following 

joint replacement surgery.   
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Appendix A – Animal Use Protocols 

AUP 2013_027 was obtained for animal use in Chapter 2. 

AUP 2017_156 was obtained for animal use in Chapters 3 and 4. 

Due to the page length of the AUP only partial content of initial sections are attached for 

reference in this appendix. For a complete version of the approved AUPs, please contact 

ADMP or Animal Care and Veterinary services at Western University. 

AUP 2013_027 

1. Investigator Contact Information 
 
PI_FULL_NAME El Warrak, Alex 
AUP NUMBER 2013-027 
AUP TYPE 
Primary Role Principal Investigator 
1. PI Full Name  
El Warrak, Alex 
 
2. Primary Institution&Department  
Research Western / Animal Care &Veterinary Services 
 
3. Office Location 
- Building &Room # 
 
4. Weekday Phone # 
 
5. PI After-Hours 
Emergency Contact# 
 
6. Pager – Phone &Pager # 
 
7. Primary Email aelwarra@uwo.ca 
 
8. Other Email 
 
9. Lab Campus Location, if different from Q.3 Medical &Dental Sciences Buildings 
 
10. Lab Phone #, if different from Q.4 
 
1.1 PI Designate Contact Information 
Primary Role On This Protocol 
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PI Student 
1. PI Representative 
Paish, Adam 
 
2. Primary Institution &Department 
Schulich School Of Medicine &Dentistry 
 
3. Office Location - Building &Room # 
RRI Room 1200 
 
4. Weekday Phone # X24027 
 
5. After-Hours Emergency Contact # 
416-818-2146 
 
6. Pager – Phone &Pager # 
 
7. Primary Email  
apaish@robarts.ca 
 
Submit - Animal Use Protocol - AUP Form 3 
 
8. Other Email 
 
9. This is a Primary Contact on this Protocol 
 
10. Include Primary Contact on all E-mail Correspondence 
 
11. This is the Requestor on this Protocol 
Yes 
 
2. Protocol Title &Project Type 
1. Animal Use Protocol Title Rat partial hip replacement (Pilot) 
 
2. Application Type, Pick One  
Pilot 
 
3. If ’Full Renewal’ or ’Post-Pilot Full Protocol’ provide Associated Previous Protocol 
Number 
 
4. If Post-Pilot Full Protocol or Full Renewal, Provide a PROGRESS REPORT 
SUMMARY that outlines progress relating to the scientific question asked in this AUP, 
as well as to the REPLACEMENT of animals, REDUCTION of animal use numbers 
AND REFINEMENT of experimental technique. 
 
5. If Post-Pilot Full Protocol or Full Renewal, provide previous Protocol Year’s animal 
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use number. 
 
6. Proposed Start Date (mm/dd/yy) 
07/01/2013 
 
Attachments List 
File Spec Description Created 
3. Lay Summary &Glossary 
1. Using non-scientific language, please describe the project’s purpose, expected benefit, 
and a brief summary of your work with the animal model(s). Please be aware that in the 
event of communications with Western Media Relations and the PI is not available, this 
summary will be sent to Western Media Relations.  
 
Purpose: To demonstrate the ability to successfully perform a partial hip-joint 
replacement in a rat, using a novel, custom rat orthopaedic hip component. 1) Using 3D 
metal printing, fabricate a working prototype of a femoral orthopaedic hip component 
made  of surgical-grade titanium alloy (Ti6Al4V), and designed specifically to be used in 
a rat. 2) Perform a partial hip replacement surgery using the prototype implants. 3) 
Evaluate surgical success using gait analysis to determine whether the rats’ hips are 
functionally stable (no dislocation) and that the animals have been restored to normal 
locomotion. 4) Using micro-computed tomography (micro-CT), investigate the bone-
metal interphase for signs of osseointegration. 
 
Expected benefit: This project will demonstrate the first cost-effective, functional hip 
hemiarthroplasty component in a rat model, leading to a new tool for basic scientists. 
Compared to the traditional large animal model (pig, goat, sheep, etc.), the use of a rat 
model will reduce variability, and future studies can be carried out with increased 
throughput and statistical power, through the use of existing live-animal micro-imaging 
systems to assess osseointegration. 
 
2. GLOSSARY OF TERMS - Identify each individual scientific term and abbreviation 
using CAPITAL LETTERS, and then briefly define each term to be referenced in any 
section of this protocol. e.g. ALLELE - The genetic variant of a gene responsible for the 
different traits of certain characteristics and genetic diseases.  
 
partial hip-joint replacement: referred to surgically as a hemiarthroplasty, this procedure 
involves replacing one-half of the hip joint, in this case, the femoral side. 
 
3D metal printing: a new additive manufacturing technique that can fabricate custom 
objects based on instructions from computer-aided design software 
 
Ti6Al4V: titanium alloy with 6% aluminum and 4% vanadium, used in human 
orthopaedic components 
 
gait analysis: technique for assessing movement during normal walking or running 
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micro-CT: a small CT machine, made specifically for imaging small animals 
 
osseointegration: the functional integration of a surgical implant into the bone cell matrix, 
allowing for proper fixation and function of the implant over time 
 
4. CCAC Animal Procedural Outline 
CCAC PROCEDURAL OVERVIEW - Use this field to convey in simple terms using 
approximately 40 words or less the nature of the procedures conducted on the animals. 
Please use KEY WORDS provided through the above link. 
 
General: pilot study; medical research 
Procedures: micro-CT imaging (whole-body radiation); gait analysis (rat treadmill, 
cameras); surgery 
 
Agents: iso-fluorine (anesthesia); CO2 gas (euthanasia); buprenorphine (analgesic) 

Surgery: major surgery (partial joint replacement) 

AUP 2017_156 

PI : 
Truscott, Emily 
 
Protocol # 
2017-156 
 
Status : 
Approved (w/o Stipulation) 
 
Approved : 
04/01/2018 
 
Expires : 
04/01/2022 
Title: 
Rat partial hip replacement study 
 
Add/Update/Remove Species Used on this Protocol 
Species Agents Drugs Restraint Breeding 
Rat  
Yes Yes No No 
TOC 
 
Animal Use Protocol Overview 
Animal Use Protocol Title 
Rat partial hip replacement study 
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Application Type. If this is a post-pilot project, please attach the Pilot Report to this 
section, below. 
Post-pilot 
 
Provide Associated Previous Protocol Number 
 
Please provide a report detailing the previous AUP's use of Animals  
2013_027 
 
Using non-scientific language, please describe the project's purpose, expected benefit, 
and a brief summary of your work with the animal model(s). 
 
Please be aware that in the event of communications with Western Media Relations and 
the PI is not available, this summary will be sent to Western Media Relations. 
 
Purpose: To assess the bone-metal and metal-cartilage interfaces of custom 3D-printed 
metal functional orthopaedic implants, in a rat model of partial hip replacement. 1) 
Implants will be manufactured via 3D metal printing, and made of surgical-grade 
titanium alloy (Ti6Al4V) and/or surgical grade cobalt-chrome (F75). Components have 
been designed specifically to be used in a rat. 2) Perform a partial hip replacement 
surgery using 3D-printed metal implants. 3) Evaluate surgical success using gait analysis 
to determine whether the rats' hips are functionally stable (no dislocation) and that the 
animals have been restored to normal locomotion. 4) Using micro-computed tomography 
(micro-CT), investigate the bone-metal interphase for signs of osseointegration. 5) 
Postmortem histology will be performed to evaluate cartilage wear. Expected benefit: 
This project will demonstrate the first cost-effective, functional hip component in a rat 
model, leading to a new tool for basic scientists. Compared to the traditional large animal 
model (pig, goat, sheep, etc.), the use of a rat model will reduce variability, and future 
studies can be carried out with increased throughput and statistical power, through the use 
of existing live-animal micro-imaging systems to assess osseointegration. 
 
GLOSSARY OF TERMS - Identify each individual scientific term and abbreviation 
using CAPITAL LETTERS, and then briefly define each term to be referenced in any 
section of this protocol. e.g. ALLELE - The genetic variant of a gene responsible for the 
different traits of certain characteristics and genetic diseases. 
 
Osseointegration - the growth of new bone with the surface of an implant, which ensures 
the long-term stability of 
the component  
 
3D-printing (metal) - Selective laser melting of metal powder in a layer by layer fashion 
 
Here is the link to CCAC's Policy on Scientific Merit and Ethical Review of Animal-
based Research: 
http://www.ccac.ca/Documents/Standards/Policies/Scientific_merit_and_ethical_review_ 
of_animal-based_research.pdf 
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Has the work outlined in this AUP received favourable scientific peer review? 
Yes No 
 
Do you wish to provide a funding peer review assessment, which may be considered in 
lieu of internal scientific peer review? If 'YES', please attach the funding assessment. 
Yes No 
 
If this is a RESEARCH AUP, please provide a list of one to three publications relevant to 
the work outlined in this 
AUP. 
 
If this is a research AUP, attach an OUTLINE for scientific merit reviewers that provides 
sufficient information that another scientist working in the same field of study could 
effectively review this AUP's scientific merit, below. PIs may utilize whichever format 
best describes its scientific merit, e.g. background, rationale, hypothesis, objectives, 
experimental procedures 
 
Using only key words, specify the animal models and procedures described within this 
AUP. 
 
General: medical research Procedures: micro-CT & x-ray imaging (whole-body 
radiation); gait analysis (rat treadmill, cameras); surgery Agents: iso-fluorine 
(anesthesia); CO2 gas (euthanasia); buprenorphine (analgesic) Surgery: major surgery 
(partial joint replacement) 
TOC 
 
Funding Source List 
Fund Source Grant Title Funded? Grant 
Number Start Date Grant Holder 
Canadian Institutes Of Health Research 
Dynamic Imaging of the Musculoskeletal 
System: From Cell Yes R1896A46 02/01/2017 
 
Canadian Institutes Of Health Research 
Dynamic micro-computed tomography for pre-clinical muscular Yes R1896A41 
04/09/2014 
UWO Bone And Joint Institute  
Adam Paish - CMHR Award Yes R1896A47 02/01/2017 
 
Funding Source Name 
Canadian Institutes Of Health Research 
Proposal Title 
Dynamic Imaging of the Musculoskeletal System: From Cell 
Is this award currently funded? 
Please provide the associated GRANT # 
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R1896A46 
 
Funding START date mm/dd/yy 
02/01/2017 
 
PI on Grant (if different than PI on Protocol) 
David W. Holdsworth 
 
Funding Source Name 
Canadian Institutes Of Health Research 
Proposal Title 
Dynamic micro-computed tomography for pre-clinical muscular 
 
Is this award currently funded? 
Please provide the associated GRANT # 
R1896A41 
 
Funding START date mm/dd/yy 
04/09/2014 
PI on Grant (if different than PI on Protocol) 
Funding Source Name 
UWO Bone And Joint Institute 
Proposal Title 
Adam Paish - CMHR Award 
Is this award currently funded? 
Please provide the associated GRANT # 
R1896A47 
Funding START date mm/dd/yy 
02/01/2017 
PI on Grant (if different than PI on Protocol) 
TOC 
 
Purpose of Animal Use 
Identify PRIMARY purpose of animal use 
2-Medical or Veterinary Research 
TOC 
Hazardous Materials 
Microorganism, Biological Agent or Hazardous Species Used? 
Yes No 
 
Institute Biosafety Committee # 
Recombinant DNA or Viral Vector Directly into Animals Used? 
Yes No 
 
Experimental Agents or Veterinary Drug Used? 
Yes No 



139 

 

 
Nuclear Substance, Radiation, or Imaging Device Used? 
Yes No 
 
Radiation Permit # 

2342-RRI-807 
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Wiley	Materials.	You	may	not	license,	rent,	sell,	loan,	lease,	pledge,	offer	as	security,	
transfer	 or	 assign	 the	Wiley	Materials	 on	 a	 stand-alone	basis,	 or	 any	of	 the	 rights	
granted	 to	you	hereunder	 to	 any	other	person.	The	Wiley	Materials	 and	all	 of	 the	
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the	 Wiley	 Materials	 pursuant	 to	 Section	 2	 herein	 during	 the	 continuance	 of	 this	
Agreement.	 You	 agree	 that	 you	 own	 no	 right,	 title	 or	 interest	 in	 or	 to	 the	Wiley	
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shall	not	assert	any	such	right,	license	or	interest	with	respect	thereto	
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The	 Creative	 Commons	 Attribution	 Non-Commercial	 (CC-BY-NC)	 License	 permits	
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Use	by	commercial	"for-profit"	organizations	
	
Use	 of	 Wiley	 Open	 Access	 articles	 for	 commercial,	 promotional,	 or	 marketing	
purposes	 requires	 further	 explicit	 permission	 from	Wiley	 and	will	 be	 subject	 to	 a	
fee.	Further	details	can	be	found	on	Wiley	Online	Library	
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Appendix C - Curriculum Vitae 

 

ADAM D.M. PAISH 

Academic CV 
PhD Candidate, Dept. of Medical Biophysics, Western University   

 

 

EDUCATION 

WESTERN UNIVERSITY – London, ON, Canada 

PhD Candidate in Medical Biophysics  May 2014 – Present  
• Research focus on orthopaedic implant development for small animal models using 

micro-computed tomography analysis and 3D metal printing 
• 2016 AC Groom Award Winner for Top PhD Seminar in Medical Biophysics 

 

WESTERN UNIVERSITY – London, ON, Canada 

Medical Innovation Fellowship  Jul. 2019 – May 2020  
• Tasked with identifying unmet needs within the healthcare system and creating novel 

solutions  
• One of six applicants selected for program, unique to Canada, out of international 

applicant pool 

 

UNIVERSITY OF MINNESOTA – Minneapolis, MN, USA 

Earl Bakken Medical Device Center Bootcamp Jul. 2019 – Aug. 2019  
• Medical Alley course in entrepreneurship, medical innovation, engineering and health 

policy 
• Top bio-design project in mach pitch competition  

 

IVEY INTERNATIONAL CENTRE FOR HEALTH INNOVATION – London, ON, Canada 

Health Leadership Training Program Jan. 2013  – Apr. 2014  
• Completed MBA level course in healthcare analytics 
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• Participated in strategic training sessions for future leaders in health innovation and 
knowledge translation 

 

WESTERN UNIVERSITY – London, ON, Canada 

MSc in Medical Biophysics  (Reclassified) Sep. 2012 – Apr. 2014  
• Joint Motion Program (JuMP) and Collaborative Program in Musculoskeletal Health 

Research (CMHR) funded trainee.  

 

WESTERN UNIVERSITY – London, ON, Canada 

Hon. BSc Spec. Kinesiology Sep. 2008 – Apr. 2012  
• Additional Minor in Medical Science 
• Achieved Dean’s Honours List status in all four years of study 
• Graduated with “Western Scholars” distinction 

 

SCHOLARSHIPS AND AWARDS 

PROTEUS INNOVATION COMPETITION – London, ON, Canada 

Pitch Competition Winner  Jan. 2018 – Mar. 2018 Mar. 2008  
• Award of $5,000 for top business plan and pitch: Force-Guided Navigation system for 

surgery.  

 

WORLDISCOVERIES – London, ON, Canada 

Graduate Student Innovation Scholar  Jan. 2017 – May 2017 April. 2017 Mar. 2008  
• Award of $1,500 for participation in the program, which included training medical 

innovation, patenting and entrepreneurship.  

 

WESTERN BONE AND JOINT INSTITUTE – London, ON, Canada 

Transdisciplinary Bone and Joint Training Award  Sep. 2015 – 2018 Mar. 2008  
• Award of $10,000 annually for three years 

 

DEPARTMENT OF MEDICAL BIOPHYSICS, UWO – London, ON, Canada    
Alan C. Groom Award Sep. 2016 Mar. 2008  

• Award of $1,000, presented to the PhD student who presents the most effective research 
seminar. 
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CANADIAN BONE AND JOINT CONFERENCE – London, ON, Canada    

Top Presenter Apr. 2016 Mar. 2008  
• Presented for the most effective podium presentation in Novel Applications of MSK 

Imaging 

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada    

Western Graduate Research Scholarship Sep. 2012 – 2017 Mar. 2008  
• Award of $4,500 annually for duration of graduate studies 

 

LAWSON HEALTH RESEARCH INSTITUTE – London, ON, Canada 

Internal Research Fund Grant Jan 2013 – Dec 2015   
• Assisted in writing grant that was funded for $15,000 to conduct pilot projects for novel 

technologies 
 

CANADIAN INSTITUES OF HEALTH RESEARCH (CIHR) - Ottawa, ON, Canada 

Travel Award May 2015   
• $1000 for travel and expenses at the Canadian Health Research Forum 

 

SCHULICH SCHOOL OF MEDICINE AND DENTISTRY – London, ON, Canada 

Graduate Research Scholarship Jan. 2015   
• $2000 award  
• Administered through the Joint Motion Program (JuMP), a CIHR training program in 

musculoskeletal health research and leadership 

 

CANADIAN INSTITUES OF HEALTH RESEARCH (CIHR) - Ottawa, ON, Canada 

Strategic Training Initiative in Health 
Research (STIHR) Fellowship 

Sep. 2012 – Aug. 2014   

• Award of $11,500 annually including a stipend enhancement of $2000  
• Administered through the Joint Motion Program (JuMP), a CIHR training program in 

musculoskeletal health research and leadership 

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada    

Western Scholarship of Excellence Mar. 2008  
• Entrance Scholarship of $2000 
• Award for achieving a high school average between 90.0-94.9% entering university 
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THESIS MANUSCRIPTS 

1. A.D.M. Paish, H.N. Nikolov, I.D. Welch, A.O. El-Warrak, M.G. Teeter, D.D.R. Naudie, D.W. 
Holdsworth. Image-Based Design and 3D-metal Printing of a Rat Hip Implant for use in a 
Clinically Representative Model of Joint Replacement. J Orthop Res. 2020 May 5. doi: 
10.1002/jor.24706. 

 
2. A.D.M. Paish, E.A. Truscott, H. Abdelbary, M.G. Teeter, D.D. Naudie, D.W. Holdsworth. A 

Rat Model of Hip Hemiarthroplasty Using 3D-printed Titanium Implants. In preparation 
for the Journal of Orthopaedic Research. 

 
3. A.D.M. Paish, E.A Truscott, S.I. Pollmann, H. Abdelbary, M.G. Teeter, D.D. Naudie, D.W. 

Holdsworth. Rat hind limb gait following a hip-hemiarthroplasty. In preparation for the 
Journal of Orthopaedic Research. 
 

ADDITIONAL WORKS IN PREPARATION 

 
1. A.D.M. Paish, T. Chmiel, B. Salt, L.L Pederson D.W. Holdsworth, A.O. El-Warrak. 3D 

design and fabrication of a custom titanium bone plate for ulnar fracture repair in a 
peregrine falcon wing. In preparation for the Journal of Avian Medicine and Surgery. 

 

CONFERENCE PRESENTATIONS 

 
1. A.D.M. Paish, E.A. Truscott, S.I. Pollmann, H. Abdelbary, M.G. Teeter, D.D. Naudie, D.W. 

Holdsworth.   A Rat Model of Hip Hemiarthroplasty Using 3D-printed Titanium Implants. 
Orthopaedic Research Society Annual Meeting 2020, Phoenix, AZ, 2020-02-08. 
 

2. A.D.M. Paish, H.N Nikolov, E.A. Truscott, A.O. El-Warrak, I.D. Welch, M.G. Teeter, D.D. 
Naudie, D.W. Holdsworth. Iterative design of a small-animal hip-hemiarthroplasty model 
for preclinical research. Imaging Network Ontario, London, ON. 2019-03-29. Award 
Winning Podium Presentation. 
 

3. A.D.M. Paish, T. Chmiel H.N. Nikolov, A.O. El-Warrak, I.D. Welch, M.G. Teeter, D.D. 
Naudie, D.W. Holdsworth. A 3D-Metal Printed Implant System for a Small Animal Model 
of Hip Hemiarthroplasty. Orthopedic Research Society, New Orleans, LA. 2018-03-10. 
Poster Presentation.  
 

4. Rapid prototyping of a lightweight bone plate for complex fracture fixation in a peregrine 
falcon. A.D.M. Paish, T. Chmiel, B. Salt, A.O. El-Warrak, D.W. Holdsworth. Imaging 
Network Ontario, London, ON. 2017-03-15. Poster Presentation. 
  

5. A.D.M. Paish, H.N. Nikolov, A.O. El-Warrak, I.D. Welch, M.G. Teeter, D.D. Naudie, D.W. 
Holdsworth. Towards optimizing a custom small animal model of partial joint replacement 



149 

 

system created via additive manufacturing. 10th World Biomaterials Congress, Montreal 
QC. 2016-05-17. Poster Presentation 
 

6. A.D.M. Paish, T. Chmiel, S.I. Pollmann, H.N. Nikolov, A.O. El-Warrak, M.G. Teeter, D.D. 
Naudie, D.W. Holdsworth. A Radiolucent Treadmill for X-ray Fluoroscopic Kinematic 
Analysis of a Small-Animal Model of Partial Hip Replacement Arthroplasty. Canadian Bone 
and Joint Conference 2016-04-08. Platform Presentation (Top Prize) 

 
7. A.D.M. Paish, T. Chmiel, S.I. Pollmann, D.W. Holdsworth. A micro-CT-integrated 

radiolucent treadmill for fluoroscopic gait assessment in small animal models. Imaging 
Network Ontario 2016-03-30. Platform Presentation 

 
8. A.D.M. Paish, T. Chmiel, S.I. Pollmann, D.W. Holdsworth. A Novel Radiolucent Treadmill 

for X-ray Fluoroscopy Kinematic Analysis in Small-Animal Models of Musculoskeletal 
Disease. London Health Research Day 2016-03-29. Platform Presentation 

 
9. A.D.M. Paish, H.N. Nikolov, I.D. Welch, D.W. Holdsworth. Design and installation of a rat 

hip implant for a small animal orthopaedic model of joint replacement. London Imaging 
Discovery. 2015-06-11. Poster Presentation (Award Winning) 

 
10. A.D.M. Paish, H.N. Nikolov, I.D. Welch, D.W. Holdsworth. Image-based design of a rat 

hip prosthesis. Canadian Student Health Research Forum. 2015-06-03. Poster 
Presentation, Faculty Nominated Presenter (Top 5% of Schulich Medicine and Dentistry 
PhD Trainees 2015)  

 
11. A.D.M. Paish, H.N. Nikolov, I.D. Welch, D.W. Holdsworth. Image-based design of a rat 

hip prosthesis. London Health Research Day. 2015-04-01. Platform Presentation (Award 
Winning) 

 
12. A.D.M. Paish H.N. Nikolov, I.D. Welch, D.W. Holdsworth. Design of a novel functional hip 

prosthesis created through additive manufacturing for use in a small animal model of 
osseointegration. Orthopaedic Research Society Annual Meeting. 2015-03-28. Poster 
Presentation 

 
13. A.D.M. Paish H.N. Nikolov, I.D. Welch, D.W. Holdsworth. The use of micro-CT image data 

and additive manufacturing to create a functional hip implant for small animal studies. 
SPIE Medical Imaging, 2015-02-24. Poster Presentation 

 
14. A.D.M. Paish, H.N. Nikolov, I.D. Welch, D.W. Holdsworth. Development of a functional 

metal hip implant for a small animal model of osseointegration. London Imaging 
Discovery. 2014-06-26. Platform Presentation 

 
15. A.D.M. Paish, H.N Nikolov, I.D. Welch, D.W. Holdsworth. Development of a novel 

functional orthopaedic implant for use in a rodent model of partial hip replacement. 
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Imaging Network Ontario Symposium. 2014-03-25. Platform Presentation, Poster 
Presentation (Award Winning) 

 
16. A.D.M. Paish, I.D. Welch, D.W. Holdsworth. Development of a functional orthopaedic 

implant for a small animal model. London Health Research Day. 2014-03-18. Poster 
Presentation 

 
17. A.D.M. Paish, H.N Nikolov, I.D. Welch, D.W. Holdsworth. Development of a novel 

functional orthopaedic implant for use in a rodent model of partial hip replacement. 
Imaging Network Ontario Symposium. 2013-06-13. Poster Presentation 

 
18. A.D.M. Paish, H.N. Nikolov, S.I. Pollmann, J.U. Umoh, I.D. Welch, D.W. Holdsworth. 

Functional orthopaedic implants for small animal models. London Health Research Day. 
2013-03-19. Poster Presentation 

 

ADDITONAL WRITTEN CONTRIBUTIONS 

 
1. Lawson Internal Research Fund Grant Fall 2012 Competition ($15,000 Awarded). 

 
2. M. Guiler, S. Tian, A.D.M. Paish. Mustang Athlete Student Council Constitution. 2014-10-

10. Supervising Author of the Official Constitution the Mustang Athlete Student Council at 
Western University 

 
3. M. Guiler, S. Tian, Adam D.M. Paish, M. Bryant, T. Flaxman. Editors: C. Mathies, B. 

Emery, B. Cooper; Student Athlete Code of Conduct. Student-Athlete Handbook 2014-
2015. Western Mustangs Athletics. 2014-09-04 

 
4. A.D.M. Paish, A. Scarffe. What It Means To Be A Mustang: A Forum Discussion With The 

Mustangs Athlete Student Council. University of Western Ontario. 2014-03-06 

 

CLINICAL SHADOWING 

LONDON HEALTH SCIENCES CENTRE / ST JOSEPH’S HEALTH – London, Ontario, Canada 

Clinical Fellow Aug. 2019 – Mar. 2020  
• Shadowed orthopaedic surgeons in the operating room and in the clinic 
• Identified 145 of unmet medical needs within Surgery, Paediatrics, Neuro-rehab and 

Internal Medicine  

 

UNIVERSITY OF TEXAS MD ANDERSON CANCER CENTER – Houston, Texas, U.S.A. 
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Observer May 2013  
• Shadowed physicians and surgeons in variety of fields, including G.I. oncology, 

interventional radiology, endoscopy, bronchoscopy, general surgery and thoracic surgery 
• Gained a clinical understanding of various types of cancer treatments and interventions  

 

LONDON HEALTH SCIENCES CENTRE – London, Ontario, Canada 

Observer Feb. 2013  
• Shadowed orthopaedic surgeons in the operating room and in the clinic 
• Gained an understanding of a variety of lower limb orthopaedic interventions and care  

 

FOWLER KENNEDY SPORTS MEDICINE CLINIC – London, Ontario, Canada 

Volunteer Jan. 2009 – Mar. 2009  
• Shadowed physiotherapists and assisted in administrative work at the clinic 
• Gained an understanding of several specific tests and techniques for assessing 

musculoskeletal injuries 

 

CREDIT VALLEY HOSPITAL – Mississauga, Ontario, Canada  

Co-op Student/Volunteer Sep. 2007 – Aug. 2008  
• Obtained over 500 hours of clinical experience observing care, treatment and medical 

procedures in ICU/CCU. 
• Shadowed surgeons and anaesthesiologists in the OR during surgical procedures 

including total-knee replacement, arthroscopic ACL replacement, pulmonary resection, 
cataract removal, thyroid resection, total mastectomy and arthroscopic gall bladder 
removal 

 

EXTRACURRICULAR AND COMMUNITY INVOLVEMENT 

WESTERN UNIVERSITY - London, Ontario, Canada 

Varsity Baseball Assistant Coach Jan. 2016 – Present  
• Coach and mentor for elite level student athletes  
• Design and order on field uniform apparel  

 

WESTERN UNIVERSITY - London, Ontario, Canada 

President – UWO Baseball Alumni  Jan. 2016 – Present  
• Connect team alumni with current players 
• Organize annual alumni golf tournament and fundraiser 
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LONDON BADGERS BASEBALL – London, ON, Canada  

Assistant Coach  Mar. 2011 – Aug. 2017  
• Coach youth AAA baseball players, specializing in pitching instruction 
• Won Intercountry Baseball Association League Championship in 2011 and 2014 

 
MUSTANGS ATHLETE STUDENT COUNCIL - London, ON, Canada 
Founding President/Executive Advisor Apr. 2013 – Apr. 2014  

• Aim is to ensure the success of student-athlete community outreach programs and social 
initiatives, in addition to advocacy for the student athlete community 

• Plan future directions of the Council as it grows to become a leading voice for student-
athletes 

 

LONDON MAJORS BASEBALL – London, ON, Canada  

Semi-Professional Athlete  Jan. 2011 – Sept. 2011, Jan. 2015 – Aug. 2015  
• Starting pitcher 
• Led the Intercounty Baseball League (IBL) in ‘complete games’ during 2011 season, won 

IBL ‘rookie pitcher of the year’ and runner-up for ‘rookie of the year’ during 2011 season.  

 

WESTERN UNIVERSITY – London, ON, Canada   

Sr. Captain Nov. 2010 – Oct. 2015  
• Varsity captain of ‘Western Mustangs’ baseball 
• Assisted coaching staff in developing and executing team fundraising initiatives 

 

JOINT MOTION PROGRAM (JuMP) - London, ON, Canada 

Workshop Leader  Jun. 2015  
• Co-organized and lead a workshop about effective communication in a transdisciplinary 

research environment for JuMP summer students  

 

JOINT MOTION PROGRAM (JuMP) - London, ON, Canada 

Outreach Co-ordinator  Feb. 2013 – 2014  
• Involved in organising events involving JuMP and the Arthritis Society of Canada as well 

as social events for JuMP trainees 

 

ROBARTS RESEARCH INSTITUTE – London, ON, Canada 
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Network of Imaging Students (NOISe) 
Representative 

Oct. 2012 – 2014  

• Student society for graduate researchers working in the field of medical imaging 

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada    

Varsity Leaders Circle Vice-president Sep. 2012 – Apr. 2013 
• Currently oversee Western’s varsity student athlete council 
• Aim is to ensure the success of student-athlete community outreach programs and social 

initiatives 
• Plan future directions of the Circle as it expands on its impact within the Western 

student-athlete community and local London area  

 

BOYS AND GIRLS CLUB OF PEEL REGION – Mississauga, ON, Canada  

Youth Program Leader Jun. 2012 – Aug. 2012  
• Planned and organized games and activities for the summer children’s program at the 

Salvation Army’s Peel Family Shelter 
• Worked with ‘high risk’ children undergoing moderate to severe family issues 

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada 

Kinesiology School Advisory Council 
Member 

Sep. 2011 – Jun. 2012  

• Student representative for Varsity Athletics and Student Health and Recreation Services   
• Held a vote on all issues presented to the council by the School of Kinesiology including 

curriculum changes and procedural amendments   

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada    

Varsity Leaders Circle Social Committee Co-
chair 

Sep. 2011 – Jun. 2012  

• Created and hosted events designed to increase networking within the varsity student-
athlete community 

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada 

Athletics Fundraising Ambassador  Jun. 2011 – Sept. 2011  
• Represented Western at the Canadian Baseball Hall of Fame induction  
• Met with and contacted local business personnel to generate donations to the ‘Adopt a 

Mustang’ fundraising program 
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VOLUNTEER ECO STUDENTS ABROAD – Cornwall, ON, Canada  

Volunteer  May 2011 – Jun. 2011  
• Worked with the  ‘Kichwa’ native community in the Amazon, Ecuador as a construction 

worker and as an educational assistant 

 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada 

Varsity Captains Circle Member Sep. 2010 – Aug. 2011  
• Represented ‘Western Mustangs Baseball’ on the council of varsity captains (later became 

the Varsity Leaders Circle) 
• Helped to plan and organize social events designed to increase networking within the 

varsity student-athlete community 

 

EXTRACURRICULAR AWARDS AND RECOGNITIONS 

THE UNIVERSITY OF WESTERN ONTARIO – London, ON, Canada 

Top 10 Student Athlete  Dec. 2014  
• Selected to meet and run 4km with the Hon. Kathleen Wynne, Premier of Ontario and 

Matthew Brown, Mayor of London, Ontario as one of the top 10 highest achieving 
student athletes at Western   

 
ONTARIO UNIVERSITY ATHLETICS – Hamilton, ON, Canada 
Academic Achievement Award Winner  Dec. 2008 - 2014  

• 8-time award winner 
• Awarded annually to student-athletes who achieve dean’s honours list status while 

competing in a varsity sport for their respective university 

 

BASEBALL CANADA – Ottawa, ON, Canada 

National Baseball Championships  Aug. 2010, Aug. 2013 and Aug. 2014  
• As a starting pitcher for Ontario, won a silver (2010) and two bronze (2013, 2014) medal 
• 2010 National Championship Game MVP 

 
WESTERN MUSTANGS ATHLETICS – London, ON, Canada 
Purple Blanket Award Winner  Apr. 2013  

• Awarded to the student athletes who, in the opinion of the Selection Committee at 
Western University, achieved superior distinction at the Provincial/National level of 
competition as representatives of Western 

• Signifies a student athlete at Western who is amongst the top 1%, all-time 

 



155 

 

ONTARIO UNIVERSITY ATHLETICS – Hamilton, ON, Canada 

Ontario University Pitcher of the Year Oct. 2010, 2012  
• Awarded to the top university baseball pitcher in the Province of Ontario 
• Selection based on a vote by all Ontario university baseball Managers 

 

ONTARIO UNIVERSITY ATHLETICS – Hamilton, ON, Canada 

First Team All-Star Oct. 2010, 2012  
• Awarded to the top university student-athlete at his or her position in a particular varsity 

sport in the Province of Ontario 
• Selection based on a vote by all Ontario university baseball Managers 

 
COMMUNITY LIVING LONDON NIGHT OF HEROES– London, ON, Canada 
Community Heroes Honouree Mar. 2012  

• Recognition for contributions to the London, Ontario community through baseball and 
through work done to grow the Varsity Leader’s Circle at Western University  

 

ONTARIO UNIVERSITY ATHLETICS – Hamilton, ON, Canada 

Second Team All-Star Oct. 2011  
• Awarded to a university student-athlete to is one of the top players at his or her position 

in a particular varsity sport in the Province of Ontario  
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