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Simulation-based medical education is an ethical and effective alternative in healthcare 

education that facilitates the development of cognitive and technical skills using 

simulation models, whilst protecting patients from unnecessary risks. This thesis 

investigates the implementation of simulation-based medical education in veterinary 

medicine to teach ultrasound-guided injections of the equine cervical articular process 

joints.  

The first objective of this project was to compare the qualitative ultrasonographic 

characteristics of three-dimensional (3D) printed models of an equine cervical articular 

process joint to that of a dissected equine cervical spine (gold standard). Thirteen 3D 

cervical articular process joint models were printed using several materials, printers, and 

printing technologies. Ultrasound video clips with the 3D printed models and gold 

standard immersed in water were recorded and compared to one another. Six 3D printed 

models had ultrasonographic characteristics similar to the gold standard (material, printer 

and printing technology): nylon PA 12, EOS Formiga P100, selective laser sintering; Onyx 

nylon with chopped carbon fiber, Markforged Onyx Two, fused deposition modeling; 

polycarbonate, Ultimaker 3, fused deposition modeling; gypsum, ProJet CJP 660 Pro,  
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ColorJet Printing; polylactic acid, Prusa I3, fused deposition modeling; and high 

temperature V1 resin, Form 2, stereolithography.  

The second objective was to develop and validate a model of an equine cervical articular 

process joint to teach ultrasound-guided intra-articular injections. Five identical models of 

an equine cervical articular process joint were 3D printed, mounted, and embedded. The 

ability of experts and novices to successfully insert a needle into the joint space of the 

model using ultrasound guidance was assessed and graded using an Objective 

Structured Clinical Examination (OSCE). Scores from experts and novices were 

compared to evaluate the construct validity of the model. Participants also answered a 

survey assessing the face and content validity of the model. Results partially supported 

the construct validity of the model and proved the face and content validity of this new 

training tool. 

The development and validation of a model of an equine cervical articular process joint 

laid the foundation for further research in the development of a full-size equine neck 

model.  
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1 CHAPTER 1: Literature Review 
1.1 Current problem 

The modern veterinary curriculum aims to graduate students that have high clinical 

acumen and proficiency in performance of procedural skills expected of an entry-level 

veterinarian. It is therefore critical that technical and clinical skills are integrated in all 

levels of the veterinary curriculum to ensure that students ultimately become confident 

and competent practitioners.(1) The pedagogy adopted by several medical institutions is 

often based on a more traditional approach; one largely focused on lectures and 

memorization, with less emphasis placed on simulation-based medical education. A 

substantial increase in procedural learning is needed in human and veterinary medicine, 

evidenced by the recently questioned traditional method of skill learning: "see one, do 

one, teach one." This apprentice-style of learning previously raised concern for the safety 

and quality of patient care, as students were unable to safely perform a medical procedure 

on a live patient following a demonstration.(2)  

Despite the clear evidence that procedural practice in human and veterinary medicine is 

a crucial component of modern medical education, several factors impede its successful 

implementation. In the field of veterinary diagnostic imaging, a previous investigation 

addressed the concern of unfilled positions in academic practice, with the majority of new 

diplomates pursuing their career in the private sector. In an attempt to solve this problem, 

the American College of Veterinary Radiology previously proposed immediate actions to 

address this issue.(3) Despite these suggestions, there persists a shortage of academic 

radiologists that has now shadowed the medical and veterinary communities for 

decades.(4) Therefore, providing each student with the adequate supervision required for 

procedural practice on live patients in the field of diagnostic imaging is a challenge. This 

is compounded by the ethical dilemma related to the use of live animals for teaching 

purposes. Although medical training imperatively makes use of patients, there is also an 

obligation to provide optimal treatments to patients to promote safety and well-being. 

These conflicting interests are the source of fundamental ethical tension in medical 
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education and justifies the search for alternative teaching strategies allowing apprentices 

to practice without compromising patient safety. (5) 

 

1.2 Solution 

The solution to this problem lies in the ongoing re-structure of medical education and in 

the implementation of simulation-based educational strategies. Simulation was first 

implemented in high-risk professions such as aviation, military and space exploration.(2, 

6) It is now widely used in several additional disciplines including business and medicine.(6) 

In the last two decades, medical education has increasingly relied on simulation 

technologies to promote the growth of learners.(7) Simulation-based medical education 

(SBME) uses artificial representations to replicate clinical scenarios and achieve 

educational goals through experiential learning. Learners can acquire knowledge by 

linking new information and experience with previous knowledge and understanding.(6) 

Although there are undeniable benefits associated with simulation training in healthcare, 

concerns related to this educational strategy were formerly raised. A systematic review 

of medical skills laboratory training(8) first questioned the transfer of technical skills from 

the laboratory to the clinical setting. However, several simulation studies have proven the 

validity of their model by demonstrating the associated acquisition of clinical skills. For 

example, within one week of simulator skill practice, novice gynecologic surgeons 

performed similarly to robotic surgery experts when mean operating time, estimated blood 

loss and skills were assessed.(9) In a different study, surgery trainees who underwent 

simulation training had improved tissue performance as compared to their peers.(10) In 

veterinary medicine, students who practiced jugular venipuncture on a model showed 

better performance and enhanced confidence while performing jugular venipuncture on 

live horses as compared to students who had only witnessed a live demonstration and 

attended a classroom lecture.(11) Another source of concern related to simulation training 

is skill and knowledge retention over time.(8) Yet, multiple studies have demonstrated that 

simulation training can result in short- and/or long-term improvement in objective 
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measures of knowledge.(12-14) Knowledge retention is also an inaccurate outcome variable 

to assess the efficacy of simulation training as it relies on several user dependent factors. 

For example, knowledge retention can be affected by the year of study, gender, student 

origin, and perceived clinical relevance.(15) Lastly, model acquisition cost is a major 

limitation of simulation training.(8) While enhancing learning through simulation training is 

important, cost-effectiveness must be considered. The belief that simulation training 

inherently involves a substantial financial investment is a misconstruction clarified by the 

concept of model fidelity. 

 

1.3 Model development 

1.3.1 Model fidelity and fidelity continuum 

Simulator fidelity refers to the degree of realism a simulator produces for a given learning 

experience.(16) Fidelity can be divided as engineering fidelity and psychological fidelity. 

Engineering fidelity, also referred to as physical fidelity, is the degree to which a training 

device replicates the physical characteristics of a real task. Psychological fidelity, also 

known as functional fidelity, characterizes how a simulator captures a real task in a 

simulated task.(17) A simulator can also be classified according to its degree of fidelity. 

Low-fidelity simulators are often simple, static, and use basic equipment to teach and 

assess a learner’s ability to perform a certain task.(6, 16) They often are models of a single 

body part that become the area of focus for a particular skill (Figure 1.1).(16) Although 

more affordable, these models often lack realism or situational context.(6) High-fidelity 

simulators are more complex and combine part or whole-body manikins to mimic, in a 

more realistic manner, clinical patient characteristics such as cardiac and respiratory 

sounds. High-fidelity simulators require hardware and software equipment to function, 

either internal or external to the simulator itself (Figure 1.2).(16) As a general rule, the 

higher the fidelity of a model, the greater the cost.(6) The relationship between model 

fidelity and cost(1) has been a subject of interest in several studies assessing the 

correlation between model fidelity and learning outcome. Learning outcome is often used 
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as a parameter to assess the effectiveness of a teaching model and serves to compare 

low and high-fidelity simulators. A number of studies have proven that high knowledge 

transfer can be achieved with low-fidelity simulators.(18-21) This is supported by an analysis 

that assessed learning from low-fidelity as compared to high-fidelity simulation based on 

measures of clinical performance. When the outcomes afforded by low-fidelity simulation 

were compared with those of high-fidelity simulation, the gains of high-fidelity simulation 

were modest and, almost without exception, not statistically significant.(18, 19, 21-24) 

Conversely, other studies have proven the additional training benefits and enhanced 

performance with high-fidelity simulation training.(25-27) The discrepancy between these 

studies lies in the theory of simulation fidelity continuum, which states that the level of 

fidelity of a model should be appropriate to the type of task and training stage.(17, 28) The 

more difficult the task to accomplish and the greater the experience of participants, the 

higher the level of fidelity required. 

 

Figure 1.1 - Low-fidelity equine head and neck model made of polyurethane foam and 

mounted on a wooden frame with an exchangeable simulated jugular vein designed to 

teach jugular venipuncture.(11) 
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Figure 1.2 - High-fidelity equine palpation and colic simulator made of epoxy resin and 

fiberglass developed by Veterinary Simulator Industries in collaboration with the 

University of Calgary, Faculty of Veterinary Medicine. The model is designed to teach 

transrectal abdominal palpation, abdominocenteses, jugular venipuncture, and 

intramuscular injections.(29) 
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1.3.2 Model detail requirements 

The development of a teaching model is an extensive process that requires substantial 

coordination and planning. It is important for the project leader to determine the level of 

model detail required; what aspects of a real situation want to be incorporated into a 

model and what aspects can be safely ignored. Detail requirements can be established 

by determining the purpose of a model, collecting information from subject matter experts, 

and reviewing information available on similar models in the literature. The specific 

purpose of a model must be defined, as each model is designed to address a particular 

scenario. An issue to solve (e.g. financial crisis), situation to control (e.g. plane accident), 

or clinical task to practice (e.g. intra-articular injections), are examples of model simulation 

purposes. The nature and complexity of a model purpose will dictate the detail 

requirements: the more complex the issue, situation or clinical task to simulate, the 

greater the detail requirements. It is also important to understand the needs and 

expectations from participants and the project leader in order to design a model that is 

relevant and addresses the right question/problem. Subject matter experts in the field of 

study (e.g. economists, pilots, physicians/veterinarians) can provide pertinent insight on 

components of a model to closely replicate to enhance realism. Finally, model design 

should be adapted according to the type and amount of information currently available. A 

model used to simulate a new scenario will be less detailed as compared to a model 

developed to perfect an already existing prototype on which data is available. Overall, it 

is not always essential to replicate each component of a scenario in complete detail. One 

should remember that the ultimate goal of a model is to include enough details to address 

an issue of interest, replicate a situation, or simulate a clinical task while maintaining 

realistic financial goals and timeline.(30) 

1.3.3 Features and uses of high-fidelity medical simulators that promote effective 
learning 

Features and uses of high-fidelity medical simulators that promote effective learning are 

provided in the Best Evidence Medical Education (BEME) report. The BEME report was 

created by an international group of individuals, universities and organizations committed 
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to moving the medical profession from opinion-based education to evidence-based 

education. This group performed a qualitative distillation of features and uses of high-

fidelity medical simulators and identified ten essential simulator features that promote 

effective learning.(7) [1] Feedback is estimated to be the single most important feature of 

SBME to achieve effective learning. Therefore, a simulator should provide feedback on 

students’ activity and performance throughout the learning experience to allow learners 

to self-assess and monitor their progress.(7) [2] Learners should have the opportunity to 

deliberately practice on a simulator for clinical skill acquisition and maintenance. Skill 

repetition during practice sessions gives learners the opportunity to correct their errors, 

polish their performance, and make skill demonstration effortless and automatic.(7) 

Behavioral theories state that repetition of cognitive or practical tasks leads to 

automaticity, which may be desired in the accomplishment of a simple task. In the case 

of complex tasks in which performance is achieved through an iterative process of action 

and feedback, deliberate practice allows this tendency to automaticity to be overridden, 

thereby reducing the risks of unconscious error and ensuring continued improvement.(1) 

[3] Regarding the design of a simulator, varying levels of difficulty should be included and 

assessed using objective criteria and standards. This strategy enables the assessment 

of a participant’s learning curve. It also gives learners the opportunity to engage in the 

practice of medical skills across a range of difficulty levels, which accurately replicates 

clinical scenarios.(7) [4] Analogously, a simulator should be able to reproduce clinical 

variation. Representing a wide variety of patient problems or conditions can help 

standardize a clinical curriculum across institutions and provides practical experience with 

unusual conditions or diseases.(7) [5] In addition, a simulator should be adaptable to 

multiple learning strategies for use in lectures, tutorials with small groups, or for 

independent learning without an instructor.(7) Adjusting the simulator to fulfill multiple 

learning strategies allows [6] to provide individualized or team learning adapted to one’s 

unique learning needs. Individualized learning meets the goal of uniform educational 

outcome despite different rates of educational progress.(7) It also addresses the negative 

impact that an emotional state can cause on an individual when placed in a group. For 

example, stress and anxiety often cause learners to focus on the social consequences of 
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their performance more than on the opportunity to acquire knowledge.(1) The controlled 

environment in which simulation training occurs [7] can also decrease stress as it allows 

learners to make, detect and correct patient care errors without adverse health and safety 

consequences. Education in a controlled environment reduces distraction and gives the 

opportunity to the instructor and learners to concentrate on the learning moment.(7) [8] 

The mandatory integration of a simulator into standard medical school or a postgraduate 

educational curriculum is considered an additional essential feature to conduct effective 

SBME.(7) Optional exercises result in decreased interest and tend to be associated with 

a lower participation rate. Prior to the integration of a simulator in a curriculum, [9] both 

the outcomes and benchmarks for the learners to achieve as well as the [10] validity of a 

model as a learning tool should be established. The desired outcomes can be clearly 

defined by providing tangible and objective measures to attain (time, target, number of 

attempts, etc.). Model validation assesses the realism and fidelity of a model as compared 

to clinical situations to judge the qualitative and quantitative correspondence with 

reality.(7) When these recommended guidelines are met, simulation allows learners to 

practice clinical skills under safe conditions, to undergo a formative assessment, and 

receive focused feedback.(31)  

1.3.4 Project planning and coordination 

Techniques can be implemented during project planning and coordination to enhance 

model validity and credibility. Validity is the extent to which a model measures what it is 

claiming to assess, and how accurately it represents a real situation.(1) Model credibility 

is concerned with developing in users the confidence they require to use the model and 

trust the information and skills it generates.(32) First, it is recommended to collect high 

quality information and data on the issue, situation, or clinical task to replicate. This can 

be accomplished by working closely with several subject matter experts, thereby 

combining their experience to gain a complete understanding of the model to design. 

Information collection can also be performed by observing a similar model or reviewing 

the results from similar studies.(30) An additional and important concept to follow in the 

development of a valid and credible model is to plan regular interactions between the 
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project members and the project leader. Initially, the nature of the problems to be 

addressed may be undetermined or unclear. As the study progresses and the nature of 

the problem clarifies, information should be communicated to the project leader who may 

decide to reformulate the objectives of the study. This helps ensure that the study 

objectives remain pertinent and address the problems to solve.(30) Miscommunication is a 

major source of critical omission during model design and development; therefore, a 

written assumptions document should be created. The assumptions document provides 

a description of the model; it is the embodiment of the vision of how the model should 

work and be modeled. It usually details several characteristics of the model, including but 

not limited to the overall project goals, specific issues to address, relevant performance 

measures, limitations of the model, and sources of important information. A structured 

walk-through of the assumptions document should be held with the project leader and 

subject matter experts to identify potential major problems prior to the start of model 

development.(30, 33) Finally, as stated in the BEME report, the components and output of 

a model must be validated, proving that they closely resemble the actual issue, situation 

or clinical task to replicate.(30, 33) 

 

1.4 Model validation 

Model validation is one of the most challenging aspects in a simulation study.(30) A valid 

model can be used to make decisions about an issue, situation, or clinical task similar to 

those that would be made in a real-life setting.(30) It provides an environment that closely 

approximates the characteristics of a clinical situation, mimics the visuospatial and real-

time aspects of a procedure, ideally provides realistic tactile feedback, and allows an 

objective assessment of the performance under study. Different forms of validity are 

described (Table 1.1).(34) Face validity is a subjective form of assessment and is the most 

basic level of validity. It is defined as the extent of model realism and similarity to a real 

task.(35) This assessment is usually conducted by a group of experts who evaluate the 

teaching tool based on their previous experiences.(1, 36-38) However, some believe that 
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face validity should instead be assessed by novices.(39-41) In general, it is common 

practice to seek the opinion of participants with varying levels of experience.(42-46) Content 

validity is a second subjective form of assessment that evaluates the level to which a 

model covers all aspects of a real-life issue, situation, or clinical task.(1) It is often 

considered as the judgement of participants towards the learning content of a model and 

how it represents the knowledge or skills to be learned in the real environment.(35) The 

greater the commonality in the content of a model and a real-life activity, the greater the 

confidence in the proposed model.(30) While certain studies recruit experts or believe that 

content validity should involve a formal evaluation by experts,(39, 40, 47) many other studies 

rely on the opinion of participants with different levels of experience.(42, 46, 48) Construct 

validity, also referred to as contrast validity, indicates the extent to which a model can 

distinguish between different levels of experience based on performance score. Novices 

and experts perform a task and their respective performance is graded and compared.(34) 

Finally, the most powerful evidence of validity is gained through predictive validity. 

Predictive validity is a comparison between performance on a model and performance on 

established assessment methods for the same skills.(1) It evaluates a condition in the 

present and predicts an event in the future, such as the acquisition of skills after practicing 

on a model.(34, 36) 

As each type of validity assesses different components of a proposed model, ideally a 

model should fulfill several of these. However, it remains unclear how many types of 

validity should be satisfied to ensure the quality of a model. It can be assumed that the 

more types of validity met, the more valid and credible a model is. This is supported in 

the literature, with most studies proving at least two forms of validity when assessing 

models.(35, 37, 38, 40, 41, 43, 46-50) 
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Table 1.1 - Model validation: Types of validity with their respective examples 

Types of validity Examples 

Face validity An otoscopy simulator, OtoTrainTM, was developed using web-

based programming and Unity 3D. Eleven experts involved in 

teaching otoscopy were recruited to test the simulator and 

responded to an online questionnaire. Through a series of cases, 

the realism of the simulator was evaluated by assessing the realism 

of the normal and abnormal external auditory canal anatomy and 

tympanic membrane. Answers collected confirmed the model to be 

an acceptable realistic representation of the relevant anatomy. The 

model was considered to have face validity.(50) 

Content validity The da Vinci Surgical Skills Simulator, a robotic platform simulator, 

was developed for training and assessment of robotic assisted-

laparoscopic skills. Experts and novices were recruited and asked 

to complete nine surgical tasks using the simulator. Immediately 

after completing the 9 tasks, each participant completed a 

questionnaire to evaluate the content validity of the simulator. All 

participants agreed that the simulator was useful in assessing and 

training trainees in robotic skills. Furthermore, participants agreed 

that the simulator should be part of a residency training program with 

robotic training. The content validity of the model was confirmed.(42) 

Construct 

validity 

The Voxel-Man TempoSurg VR simulator for Otologic surgical 

training was developed. Four temporal bone dissection tasks 

considered as the first fundamental steps in most middle-ear and 

inner-ear surgeries were selected. The tasks were performed by a 

group of experienced surgeons and a group of novice surgeons. 

Results demonstrated that experienced surgeons obtained better 

overall scores than novices. Experts also completed the tasks faster 
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while removing the same volume of bone. Results supported the 

construct validity of the Voxel-Man TempoSurg VR simulator.(49)  

Predictive 

validity 

A newly developed model for training veterinary students to inject 

the jugular vein of horses was tested. The injection technique was 

taught in a classroom lecture and a live demonstration was given to 

both groups. Only one of the two groups received additional training 

on the new model. When assessed on live patients, the group of 

students who received additional training on the model had a 

significantly higher score for performing an intravenous injection on 

a live horse than the control group. This assessment proved the 

predictive validity of the model.(11) 

 

1.5 Gap in the literature 

1.5.1 Educational models in the medical field 

In the medical field, several educational models have been designed and made 

substantial contributions to the improvement of medical care. As virtual reality is of 

growing interest in medical education, numerous virtual simulators have been proposed 

as new learning tools. For instance, computed generated models were developed to 

practice temporal surgeries,(49) endoscopic skills,(44) otoscopic examinations,(50) and 

laparoscopic skills such as gynecologic surgery.(39, 43) Teaching models have also been 

designed to replicate soft tissues such as the prostate for transurethral prostate resection 

and prostate palpation,(38, 51) gastrointestinal tract for endoscopy training,(52, 53) and 

reproductive tract for childbirth simulation(54) and palpation of the internal genital 

organs.(55) In human medicine, bone simulating models are used in several specialties, 

including otolaryngology,(56, 57) oral and maxillofacial surgery,(58-60) and neurosurgery  

among others.(61, 62) In veterinary medicine, a bone simulating model of the equine 

forelimb was designed to teach veterinary students how to perform injections of the 

metacarpophalangeal and distal interphalangeal joints.(63) However, a three-dimensional 
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(3D) printed model of the equine neck intended to teach ultrasound-guided intra-articular 

injections of the cervical articular process joints such as for the treatment of osteoarthritis 

has yet to be developed.  

1.5.2 Role of intra-articular injections in the treatment of osteoarthritis in horses 

The implementation of simulation training in the treatment of osteoarthritis deserves 

consideration given the proven benefits of this emerging educational strategy, which 

could help with the treatment of racehorses suffering from joint injury. In equine medicine, 

several therapeutic regimens are currently used to reduce the progressive and 

degenerative articular changes characteristic of osteoarthritis. These include rest, 

physical therapy, non-steroidal anti-inflammatory agents and oral joint supplements such 

as glucosamine and chondroitin sulphate.(64) Intra-articular injections of pharmaceutical 

agents and cell-based products are also commonly performed and play a major role in 

the treatment of osteoarthritis. Hyaluronic acid is a glycosaminoglycan that serves various 

important functions, including but not limited to ensuring the viscoelasticity to the joint 

fluid and providing boundary lubrication of the intra-articular soft tissues. It also has anti-

inflammatory properties and is an important component in the articular cartilage matrix.(64) 

When injected intra-articular, exogenous hyaluronic acid has an intra-articular anti-

inflammatory effect, which may account for a large proportion of the therapeutic benefits 

observed clinically in diseased equine joints.(65) It could also increase the synthesis of 

high molecular weight hyaluronic acid by the synoviocytes.(64) Polysulfated 

glycosaminoglycans are also approved for intra-articular administration. They alter 

osteoarthritis progression by sustaining and/or promoting chondrocyte activity and 

inhibiting the detrimental effects of cytokines and prostaglandins. They have a 

biosynthetic role by stimulating hyaluronic acid production and collagen synthesis.(64) 

Intra-articular injections of glucocorticoids are frequently performed and can be extremely 

effective to relieve pain and inflammation. In addition to the well-known general effect of 

reducing capillary dilation, margination, migration, and accumulation of inflammatory 

cells, glucocorticoids inhibit the synthesis and release of several mediators (e.g.  

prostaglandins and interleukin 1). Interleukin 1 is considered the most important mediator 
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of cartilage degradation and tumor necrosis factor at low concentrations.(66) Autologous-

conditioned serum has also been investigated as a novel intra-articular biological 

treatment for osteoarthritis as it increases the concentration of interleukin 1 receptor 

antagonist. In addition to its antagonist properties, interleukin 1 receptor antagonist 

increases the presence of anti-inflammatory cytokines including interleukin 10 and 

interleukin 4.(67) Various other intra-articular cell-based treatments are used with variable 

success in the treatment of osteoarthritis. 

1.5.3 Role of Simulation-Based Medical Education in the treatment of 
osteoarthritis 

The widely accepted benefit of intra-articular injections of pharmaceutical agents in the 

treatment of osteoarthritis depends on accurate intra-articular needle placement, which 

requires considerable practice. Techniques for ultrasound-guided injections of the equine 

cervical articular process joints have been described by many authors and have evolved 

over the years.(68-71) While published information provides students and veterinarians with 

fundamental theoretical knowledge, this passive method of learning does not provide 

procedural practice, nor allow the acquisition of technical skills. Many compensate for this 

lack of practical work experience using cadaver training. Dye or iodinated contrast 

medium is injected into a joint space, and subsequent dissection or radiographic 

evaluation confirms the site of injection.(70, 72-74) Although the use of cadavers is 

anatomically the closest to live animals, several limitations make this teaching model 

inaccessible and impractical. For instance, only a limited number of injection attempts is 

possible for each joint. The need for dissection to confirm accurate placement results in 

delayed feedback to participants. This training method is also costly due to required 

preparation, material, instructor availability, facility use, and cadaver acquisition.(63) This 

reality emphasizes the importance to find an ethical teaching alternative that affords 

graduating veterinary students and veterinarians the opportunity to deliberately practice 

these injections without the use of cadavers and without compromising the health and 

safety of live patients. 3D printed models represent an ethical alternative to the practice 

of intra-articular injections on cadavers or live animals. 
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1.5.4 Considerations for the development of a 3D printed equine cervical spine 

A 3D printed model of the equine neck should be tailored according to the complexity of 

the interventional procedure of interest. Although injections of the cervical articular 

process joints are invasive, this technique can be rapidly mastered by an individual that 

possesses knowledge of the cervical anatomy and a basic understanding of 

ultrasonography. The model design should also be adapted according to the training 

stage and experience of the participants. While such a 3D printed model could help refine 

and perfect the interventional skills of experts including radiologists, radiology residents, 

and equine specialists, the educational tool would be of most benefit to novices with 

limited experience. Considering the theory of simulation fidelity continuum,(17, 28) building 

a low-fidelity model of the equine neck is of highest relevance in teaching a simple 

interventional procedure to a group of veterinary students and veterinarians with limited 

experience.  

One of the main considerations and challenges in designing a 3D printed model of the 

equine neck consists of developing a 3D printed cervical spine with ultrasonographic 

characteristics similar to bone. Prior studies assessed quantitative ultrasonographic 

parameters of 3D printed bones, such as velocity of sound, ultrasound attenuation, and 

acoustic impedance. Some of these studies are presented in a review of tissue substitutes 

for ultrasound imaging.(75) Composite materials specifically developed for ultrasound 

bone phantoms were developed to replicate the acoustical properties of cortical bone, 

trabecular bone, and skull.(76, 77) The influence of mineral content and porosity of bone on 

ultrasound parameters, including sound velocity, attenuation and prevalent frequency 

was also modeled.(78) These studies are relevant for the development of phantoms used 

to calibrate ultrasonographic devices for long term patient studies and to enable inter-

comparison to be made between results from different commercial ultrasound bone 

systems.(77) On the other hand, the development of a low-fidelity model should ideally be 

cost effective, easy to replicate and accurately resemble the qualitative characteristics of 

an object. The results of a previous study evaluating the qualitative ultrasonographic 

properties (anterior wall echogenicity, reverberation artifact, posterior wall visibility and 
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through transmission) of different 3D printed geometrical shapes (cube, cylinder, 

triangular prism) made of seven 3D printing materials, revealed that all 3D printed 

materials utilized in this study may be used interchangeably to develop a 3D printed model 

because they reflected ultrasound waves similarly.(79) It was also shown that several 

materials produced ultrasonographic images resembling that of bone. Although these 

preliminary results may suggest a positive relationship between the qualitative 

ultrasonographic characteristics of 3D printed models and bone, the clinical utility of these 

results is unknown and limited by several factors. Such factors include the number of 3D 

printing materials evaluated as well as the size and shape of the 3D printed models 

assessed. The small number of materials evaluated may inherently reflect the 

resemblances observed in the qualitative ultrasonographic characteristics between the 

3D printed models. Moreover, the simplicity of the 3D printed model shape and size 

(small) may inaccurately reflect the true structural complexity of joints and bones. The 

practicality and feasibility to reproduce 3D printed models into more complex shapes and 

larger sizes is also undetermined. With respect to the limitations of the aforementioned 

study, it is imperative that a wide variety of 3D printed materials, printers and printing 

technologies are evaluated to develop an accurate anatomical 3D printed model with 

ultrasonographic characteristics that emulate bone. The assessment of several 3D 

printed models also allows one to compare cost effectiveness and additional 

biomechanical properties such as heat distortion temperature for future applications 

including 3D printed model embedding.  

All aspects considered, the goals of this project were threefold: 1) compare the qualitative 

ultrasonographic characteristics of 3D printed models of an equine cervical articular 

process joint to that of a dissected equine cervical spine (gold standard); 2) develop a 

durable and realistic model of an equine cervical articular process joint to teach trainees 

how to perform ultrasound-guided intra-articular injections, and 3) prove the face, content 

and construct validity of the model using an Objective Structured Clinical Examination 

(OSCE) and surveys distributed to participants.  
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2.1 Abstract 

In the equine racehorse industry, reduced athletic performance due to joint injury and 

lameness has been extensively reviewed. Intra-articular injections of glucocorticoids are 

routinely used to relieve pain and inflammation associated with osteoarthritis. Intra-

articular injections of pharmaceutical agents require practice for precise needle 

placement and to minimize complications. Training on simulators or models is a viable 

alternative for developing these technical skills. The purpose of this study was to compare 

the qualitative ultrasonographic characteristics of three-dimensional (3D) printed models 

of an equine cervical articular process joint to that of a dissected equine cervical spine 

(gold standard). A randomized complete block design study was conducted in which a 

total of thirteen 3D cervical articular process joint models were printed using several 

materials, printers, and printing technologies. Ultrasound video clips with the 3D printed 

models immersed in water were recorded. Two board-certified veterinary radiologists and 

three veterinary radiology residents reviewed the video clips and responded to a survey 

assessing and comparing the ultrasonographic characteristics of the 3D printed models 

to those of the gold standard. Six 3D printed models had ultrasonographic characteristics 

similar to the gold standard (material, printer, printing technology): nylon PA 12, EOS 

Formiga P100, selective laser sintering (P=0.99); Onyx nylon with chopped carbon fiber, 

Markforged Onyx Two, fused deposition modeling (P=0.48); polycarbonate, Ultimaker 3, 

fused deposition modeling (P=0.28); gypsum, ProJet CJP 660 Pro, ColorJet Printing 

(P=0.28); polylactic acid, Prusa I3, fused deposition modeling (P=0.23); and high 

temperature V1 resin, Form 2, stereolithography (P=0.22).  When assessed in water, it is 

possible to replicate the qualitative ultrasonographic characteristics of bone using 3D 

printed models made by combining different materials, printing technologies, and printers. 

However, not all 3D printed models share similar qualitative ultrasonographic 

characteristics with bone. We suggest that the aforementioned six 3D printed models be 

used as proxy for simulating bones or joints for use with ultrasound. In order to replicate 

the resistance and acoustic window provided by soft tissues, further work testing the 
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ability of these 3D printed models to withstand embedding in material such as ballistic 

gelatin is required.  

2.2 Introduction 

2.2.1 Osteoarthritis – Pathophysiology and treatment 

In the equine racehorse industry, reduced athletic performance due to joint injury and 

lameness has been extensively reviewed.(64, 66, 80) Relevant breeding and racing statistics 

data as well as veterinary reasons for losses in training in the Thoroughbred industry 

revealed that 53% of horses experienced lameness and 20% of them had a significant 

lameness that prevented further competition following injury.(81) Osteoarthritis is a 

frequent cause of poor performance in horses and has been estimated to represent more 

than 50% of all lameness problems.(82, 83) 

Osteoarthritis is defined as a group of diseases with a multifactorial etiopathogenesis but 

a similar biologic, morphologic, and clinical outcome.(84-86) Similar to people,(84, 86) injury 

to the articular cartilage, synovial membrane, subchondral bone, ligaments, or fibrous 

joint capsule can lead to osteoarthritis in horses.(80) Regardless of the initiating cause, an 

increased production of enzymes (matrix metalloproteinases, aggrecanases) and 

inflammatory mediators (prostaglandins, free radicals, cytokines such as interleukin 1 and 

tumor necrosis factor) decreases the synthesis of matrix components with enzymatic 

degradation of proteoglycans and collagen.(66, 80) Those complex physiological reactions 

lead to an imbalance between synthesis and degradation of the articular cartilage with 

subsequent fibrillation, ulceration, cartilage loss, and subchondral bone sclerosis.(80, 84, 86)  

Glucocorticoids or other disease modifying drugs are commonly used to treat 

osteoarthritis. When injected intra-articular, glucocorticoids act directly on nuclear steroid 

receptors and interrupt the inflammatory and immune cascade at several levels, thereby 

reducing the accumulation of inflammatory cells, enzymes, and the secretion of 

inflammatory mediators.(64, 86)  
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2.2.2 Intra-articular injections in equine medicine 

Several ultrasound-guided techniques for intra-articular injections are reported. Injection 

techniques of the cervical articular process joints,(68, 87) coxofemoral joints,(72, 73) and 

medial femorotibial joints have been described.(88) Currently, the most common practical 

approach to learning equine intra-articular injections involves the use of cadavers. Dye or 

a radiographic contrast medium is injected into synovial structures and subsequent 

dissection or radiographic evaluation confirms the site of injection.(70, 72-74) Although 

cadavers are anatomically the closest to live animals, their use has several 

disadvantages. A limited number of attempts is possible for each joint and the need for 

dissection results in delayed feedback to participants. Additionally, this training method is 

expensive as it requires preparation, instructor availability, facility use, cadaver 

acquisition, and ethical considerations of animal use.(63)  

2.2.3 Simulation-Based Medical Education (SBME) 

Considering the increasing demand for training, limited patients, and focus on patient 

safety, ethical alternatives such as SBME are used in healthcare education to facilitate 

learning of medical skills.(2, 89-91) SBME uses artificial representations to replicate clinical 

scenarios, promote education through experiential learning, and improve patient safety.(6) 

A Best Evidence Medical Education (BEME) systematic review describes several 

important features and aspects of simulators leading to effective learning.(7) Many of those 

features such as provision of direct feedback, possibility to practice skills repetitively, 

adaptation of the difficulty level, and implementation of clinical variation, can be achieved 

with 3D printed models.(7) In the medical field, studies have been conducted to assess 

the clinical applications of 3D printed models. A study discussed the development of 

prosected human cadavers and other anatomical specimens to obviate the societal 

controversy associated with the dissection of cadaveric material in professional medical 

training.(92) A different study assessed the potential of 3D printing to assist in preoperative 

planning, help develop intraoperative guidance tools, teach patients and surgical trainees, 

and produce patient-specific prosthetics.(93) These examples illustrate the emerging 

applications of 3D printing in the medical industry. 
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2.2.4 3D printed models of bone and ultrasonographic assessment of 3D printed 
models  

To date, several 3D printed models simulating bone have been described and tested for 

their physical and mechanical properties.(91, 94, 95) Limited research has been applied to 

the study of ultrasonographic characteristics of hard tissue substitutes. One review of 

tissue substitutes for ultrasound imaging states that epoxy is promising as it can be mixed 

with other materials to achieve a variety of acoustic properties.(75) A different study 

examined the change in frequency-related velocity and attenuation caused by variation 

in mineral content and porosity of 3D printed models made of organic epoxy matrix.(78) 

Quantitative ultrasonographic methods were used to test a cylindrical 3D printed model 

made of polyvinyl chloride and to replicate human phalanges.(96) The quantitative 

ultrasound parameters of a phantom made of a two-part epoxy compound were assessed 

and compared with cortical bone.(77) In each of the aforementioned studies, only a limited 

number of 3D printing materials were evaluated.  

2.2.5 Objectives 

The purpose of this study was to compare the qualitative ultrasonographic characteristics 

of 3D printed models of an equine cervical articular process joint to that of a dissected 

equine cervical spine (gold standard). Each model was made using a unique combination 

of a 3D printing material, printer, and printing technology. The current research is part of 

a large-scale project aiming to develop a 3D printed anatomical model of an equine neck 

for teaching ultrasound-guided injections of the cervical articular process joints, as this is 

a common site of osteoarthritis in horses. It was hypothesized that some 3D printed 

models would share similar to nearly identical ultrasonographic characteristics to the gold 

standard, making them an adequate training tool for ultrasound-guided procedures 

involving bones and joints.  
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2.3 Materials and methods 

A summary of the study materials and methods is provided in Figure 2.1. 

 
Figure 2.1 - Summary of the materials and methods for the ultrasonographic evaluation 

of 3D printed models.  
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2.3.1 Anatomical dissection 

The neck of a horse was obtained immediately following humane euthanasia for a reason 

unrelated to the current study and cut with a band saw. Vertebrae were grossly dissected 

and placed in a box with beetles (Dermestes maculatus) that fed on the soft tissues for a 

duration of two weeks. Following this initial period, the vertebrae were further cleared of 

soft tissues and placed back in the box for an additional 5 weeks (Figure 2.2 A). At the 

end of the seven-week period, the specimen was removed from the box and degreased 

for four days with a handmade degreaser using non-dilute trichloroethylene (Univar, 

Illinois, USA). The vertebrae were bleached (hydrogen peroxide, 2.5-3%) for five days. 

Following bleaching, the vertebrae were rinsed for two hours and allowed to air dry.  

2.3.2 Image acquisition 

Computed tomographic (CT) images of the equine cadaver neck were obtained at the 

Ontario Veterinary College (Guelph, Ontario, Canada). Images of the neck were acquired 

prior to soft tissue dissection to preserve the anatomical alignment of the cervical 

vertebrae and joint space width. A 16-slice detector CT scanner (GE BrightSpeed CT 

scanner, GE Healthcare, Wisconsin, United States) was used and raw data (0.625 mm 

slice thickness) was acquired using a standardized protocol in helical mode, 1.0 second 

rotation time, 0.562:1 pitch, 120 kV and 200 mAs.  

2.3.3 Post processing of imaging data 

The CT images were exported in Digital Imaging and Communications in Medicine 

(DICOM) format and uploaded into a 3D medical image processing software (Materialise 

Mimics® version 19, Materialise NV, Leuven, Belgium) for segmentation and 3D volume 

rendering. Using the processing software, the DICOM images were transformed from two-

dimensional (2D) CT scans into 3D models. Thresholding features assisted in the 

delineation of bone by capturing Hounsfield units (HU) ranging from 226 to 2599,(97) which 

enabled the translation of images into a 3D surface model. The 3D reconstructed CT 

model of the cervical spine was then exported as a stereolithography file (STL) to a 3D 

modeling software program (Materialise 3-Matic® version 11, Materialise NV, Leuven, 
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Belgium). The STL file was then imported into a multipurpose 3D modeling program 

(SpaceClaim version 19.2, Massachusetts, United States). Within the program, the STL 

file was modified to adjust the geometry of the reconstructed 3D STL model. A shelling 

operation designed to adjust the model thickness to 5 mm was completed. Adjacent and 

paired cervical articular processes were sectioned at the level of the vertebral arch. 

Mounting and holes were added along the sagittal cut of the vertebrae for eventual affixing 

to metallic tins. 

2.3.4 Gold standard preparation 

A reconstructed 3D STL model of two adjacent vertebrae (Figure 2.2 B) was printed using 

the Stratasys J750 PolyJet printer and Vero resin. Both 3D printed vertebrae were fused 

together to ensure accurate positioning of the articular processes in anatomical alignment 

based on the previously acquired CT scan. A silicone mold was made of the fused 3D 

printed model using Mold Max 20 silicone (Smooth-On, Pennsylvania, United States) 

(Figure 2.2 C). The dissected vertebrae were then inserted into the mold and fixated with 

EpoxAcast 670 HT epoxy casting compound (Smooth-On, Pennsylvania, United States) 

(Figure 2.2 D). 
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Figure 2.2 - Gold standard model preparation. (A) Cervical vertebrae placed in a tray 

following natural dissection by beetle digestion. (B) 3D printed model of cervical vertebrae 

in a box made of Vero resin. (C) Silicone mold obtained following the addition of Mold 

Max 20 to the 3D printed box shown in B. (D) Dissected vertebrae were inserted into the 

silicone mold in C and fixated in anatomical alignment with epoxy. 
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2.3.5 Preliminary study 

Using the volumetric data acquired, 3D printed hollow models of varying surface 

resolution (50 μm, 100 μm and 200 μm) and shell thickness (1, 2, 3, 4 and 5 mm) were 

made with polylactic acid (printer: Ultimaker 3, printing technology: fused deposition 

modeling) and high temperature resin (printer: Form 2, printing technology: 

stereolithography). Each 3D printed model was manually held under water and scanned 

using a 5-8 MHz curvilinear transducer (Philips UI22, Philips, Washington, USA). All 

images were obtained in transverse plane along the joint space, from the cranial to caudal 

aspect of the joint space. The ultrasonographic images were assessed and compared to 

the gold standard by a board-certified veterinary radiologist (AZ) and veterinary radiology 

resident (AB). The effect of surface resolution and shell thickness on the following imaging 

characteristics were subjectively assessed: superficial wall (cortex) echogenicity, 

thickness and echotexture, creation of reverberation artifacts, joint space visibility, and 

margins. Following this initial assessment, the hollow portion of the 3D printed models 

was filled with high temperature castable epoxy (EpoxAcast 670 HT, Smooth-On, 

Pennsylvania, United States) and the ultrasonographic assessment was repeated. Epoxy 

filling was tested to assess the ultrasonographic characteristics of 3D printed models with 

a filled center, while limiting the quantity of 3D printing material used and therefore 

reducing the production cost.   

2.3.6 Printing of 3D models 

Using the parameters selected from the preliminary study, a randomized complete block 

design study was conducted in which a total of thirteen cervical articular process joint 

models were 3D printed. Each model was made using a unique combination of a 3D 

printing material, printer, and printing technology (Table 2.1 and Figure 2.3). The cost of 

each 3D printed model was determined by each commercial company taking into account 

material and labor costs as well as 3D printer wear (Table 2.1). Models A, B and C were 

purchased from the company Sculpteo (Villejuif, France). Models E, F, I, J were provided 

by the company Shop 3D (Ontario, Canada). Models D, G, H, K, M were obtained from 

the company Objex unlimited Inc (Ontario, Canada). Finally, model L was made using a 
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3D printer retail kit owned by a third-party provider and model cost was based solely on 

material cost.  

Table 2.1 - Summary of 3D printed models tested with their respective manufacturing 

information.  

Models Companies 3D printers 
Printing 

technologies 
Materials 

Model 

costs ($ 

CAD) 

A Stratasys Stratasys J750 PolyJet 

Resin, 

VeroPureWhite, 

glossy finish 

297 

B Stratasys Stratasys J750 PolyJet 

Resin, 

VeroPureWhite, 

matte finish 

297 

C EOS 
EOS Formiga 

P100 
SLSa Nylon PA 12 127 

D 3D Systems 
ProJet CJP 660 

Pro 
CJPb Gypsum 120 

E Ultimaker 
Ultimaker 3 

Extended 
FDMc PLAd 40 

F Formlabs Form 2 SLAe 
Resin, high 

temperature V1 
100 

G 3D Systems ProJet 6000 HD SLA 
Resin, Visijet SL 

Black 
200 

H Markforged 
Markforged 

Onyx Two 
FDM  

Onyx nylon with 

chopped carbon 

fiber 

80 

I Ultimaker 
Ultimaker 3 

Extended 
FDM Polycarbonate 60 
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J Formlabs Form 2 SLA Resin, Grey V3 80 

K 3D Systems ProJet 5500X MJPf 
Resin, Visijet CE-

BK 
250 

L Prusa 
I3 3D printer 

retail kit 
FDM PLA 10 

M Makerbot 
Makerbot 

Replicator + 
FDM PLA 40 

N 

Positive 

control 

(dissected 

specimen) 

N/Ag N/A N/A N/A 

a Selective Laser Sintering 
b ColorJet Printing 
c Fused Deposition Modeling 
d Polylactic acid 
e Stereolithography Apparatus 
f MultiJet Printing 
g N/A= Not applicable 



 

 

29 

 

 

 

Figure 2.3 - Four representative 3D printed models of an equine articular process joint. 

The models are printed with a surface resolution of 100 µm and a shell thickness of 5 

mm. (A) Model H: Onyx nylon with chopped carbon fiber, Markforged Onyx Two, fused 

deposition modeling. (B) Model I: polylactic acid, Ultimaker 3 Extended, fused deposition 

modeling. (C) Model D: gypsum, ProJet CJP 660 Pro, ColorJet Printing. (D) Model M: 

polylactic acid, Makerbot Replicator +, fused deposition modeling. 

2.3.7 Ultrasonographic assessment of 3D printed models 

Each 3D printed model was screwed to the bottom of a metallic tin using bolts inserted 

through drilled holes and maintained in place with metal and silicone washers. The 

metallic tins were filled with tap water to immerse the 3D printed models. Using the same 
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ultrasonographic equipment and technique described above, a video clip of each 3D 

printed model immersed in water was recorded (Figure 2.4). Each of the thirteen 3D 

printed models was attributed a letter from “A” to “M”. Two ultrasound video clips of the 

bone specimen (gold standard) were also recorded. One of the two video clips of the bone 

specimen was labelled “gold standard”. The second video clip was attributed a letter (“N”) 

similar to the 3D printed models and was used as a positive control. 

 

Figure 2.4 - Ultrasound image of model C immersed in water. Model C was made of nylon 

PA 12 using an EOS Formiga P100 printer and selective laser sintering printing 

technology. Note the characteristic hyperechoic appearance created by the strong 

reflection of the ultrasound beam as it encounters the model surface, simulating bone (*). 

The joint space is visible as a gap between the cranial (left) and caudal (right) articular 

processes (white arrow). 
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All video clips were adjusted for time gain compensation (Iscan function) followed by 

adjustment of the overall gain to optimize image quality. A single focal point was used 

and adjusted along the beam axis to maximize lateral image resolution. The depth of the 

field of view was standardized for all 3D printed models by adjusting the scale on the 

ultrasonographic display. The longest uninterrupted video clip duration achievable on the 

ultrasound machine was selected (10 seconds). Each video clip was exported in DICOM 

format into a commercially available DICOM image viewing software (Horos, 64-bit, 

version 3.2.1, Nimble CO LLC d/b/a Purview, USA) and converted into MOVIE format.  

Five participants including two board-certified veterinary radiologists and three veterinary 

radiology residents with varying experience (1-10 years) were recruited. Participants were 

recruited in accordance with research ethics guidelines and the study was approved by 

the Research Ethics Board (REB) at the University of Guelph, Canada (REB# 612-490).  

Each participant was provided with online access to the recorded video clips. Participants 

were asked to compare each video clip (from A to N) to the gold standard in a 

predetermined randomized order. For each 3D printed model, a six-question survey was 

answered. The survey aimed to assess the similarity or dissimilarity between 

ultrasonographic characteristics of the 3D printed models and the gold standard (Table 
2.2). The answers were digitally recorded on a 10-point Likert-like scale by drawing a 

vertical line according to the degree of agreement (from strongly disagree to strongly 

agree) (Appendix 1). All surveys were anonymously returned using a third party and data 

was tabulated in a Microsoft Excel document. 
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Table 2.2 - Survey statements comparing the ultrasonographic characteristics of each 3D 

printed model to the gold standard. For each 3D printed model, participants recorded their 

level of agreement with the proposed statements on a 10-point modified Likert-like scale. 

Similarity or dissimilarity between the ultrasonographic characteristics of the 3D printed 

models and the gold standard was based on the recorded level of agreement. 

Questions Descriptions 

1 
The ultrasonographic features of the superficial wall (cortex) of the 

model are comparable to the gold standard. 

2 
The reverberation artifact at the surface of the model is comparable to 

the gold standard. 

3 
The articular process joint space size and visibility of the model is 

comparable to the gold standard. 

4 
Internal structures/echoes are noted in the model, unlike the gold 

standard. 

5 
Artifacts are produced by the model that would prevent its use as a 

training model compared to the gold standard. 

6 
The model would be an acceptable replacement to the gold standard as 

a training tool for ultrasound-guided procedures involving bones/joints. 

2.3.8 Statistical analyses 

Statistical analyses were selected and performed by a statistician (GM). The survey 

scores of each 3D printed model (A to M) were compared to the survey scores of the 

positive control (model N) for each participant. Individual question scores as well as 

summed scores for all six questions were analyzed for mean/median differences of the 

3D printed models compared to the positive control. For the summed question scores, 

data was converted to absolute values. A mixed model ANOVA having participant 

identification as a random effect and model as a fixed effect was applied. Residuals were 

checked for normality with a Shapiro Wilk test. Friedman’s ANOVA was used if the data 

did not meet the assumptions of normality, even after a log transform was applied. Post 



 

 

33 

 

 

hoc tests were based on a Dunnett’s with significance set at p≤ 0.05. A trend towards 

significance was interpreted as a p-value between 0.05 and 0.1. The null hypothesis 

consisted of no significant difference between the qualitative ultrasonographic 

characteristics of the 3D printed models and the gold standard.  

 

2.4 Results 

2.4.1 Preliminary study 

The surface resolutions assessed did not affect the qualitative ultrasonographic 

characteristics of the superficial wall (cortex) of the 3D printed models. It also did not 

create a reverberation artifact or modify the joint space visibility and margins. A surface 

resolution of 100 µm was selected as most of the 3D printing technologies used in the 

current study could print at 100 µm; the one exception being the PolyJet printing 

technology printing at 27 µm only. Also, a higher surface resolution (e.g. 50 µm) is 

associated with a longer production time and higher production cost. A shell thickness of 

5 mm produced ultrasonographic images with the most realistic cortex (Figure 2.5). 

Unlike the gold standard, thicknesses varying from 1 to 4 mm created a reverberation 

artifact seen as multiple reflections displayed beneath the real reflector (Figure 2.5). A 

thickness of 1 mm was also impractical due to fragility and friability. The addition of high 

temperature castable epoxy (EpoxAcast 670 HT, Smooth-On, Pennsylvania, United 

States) in the hollow portion of the 3D printed models created a hyperechoic interface 

under the surface of the 3D printed model, which was not observed with the gold standard. 

Therefore, the use of filling material was discontinued for the remainder of the study.   
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Figure 2.5 - Ultrasound images comparing two 3D printed models to the gold standard. 

Both models are printed using the SLA printing technology and a surface resolution of 

100 µm. The shell thickness of both 3D printed models differs (2 mm vs. 5 mm). Note the 

similar cortical surface of bone (gold standard) and the 5 mm thick model, whereas 

multiple reflections are displayed under the surface of the 2 mm thick model. 

2.4.2 Ultrasonographic assessment of 3D printed models 

Using the tabulated data gathered from each participant for each question, the score of 

individual questions and the sum of question scores were calculated and are reported in 

Figures 2.6 and 2.7, respectively. Model ranking based on p-values for individual 

questions and sum of question scores is reported in Table 2.3. Data was normally 

distributed for questions 3, 4, 5 and for the sum of question scores. Data was non-

normally distributed for questions 1 and 6. Questions 3 and 4 did not reach a significant 

F value and post-hoc tests were not performed.  
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Table 2.3 - Model ranking based on the p-values for individual questions and sum of 

question scores. 

Ranka Question 1 Question 2 Question 5 Question 6 
Sum of question 

scores 

1 Db (1.00)c C (0.98) C (1.00) C (0.99) C (0.99) 

2 C (0.99) H (0.79) F (0.95) I (0.99) H (0.48) 

3 H (0.99) I (0.18) L (0.90) L (0.99) I (0.28) 

4 K (0.98) F (0.075) I (0.69) H (0.91) D (0.28) 

5 L (0.93) L (0.06) D (0.68) K (0.80) L (0.23) 

6 I (0.74) D (0.04) B (0.66) F (0.63) F (0.22) 

7 F (0.27) K (0.013) H (0.47) D (0.45) B (0.07) 

8 B (0.17) B (0.012) K (0.09) B (0.43) K (0.05) 

9 M (0.07) G (0.002) J (0.07) M (0.25) J (0.01) 

10 E (0.07) E (0.0007) M (0.05) G (0.11) G (0.003) 

11 A (0.03) J (0.0007) E (0.005) J (0.06) M (0.002) 

12 J (0.03) A (<0.0001) G (0.003) A (0.02) E (0.0008) 

13 G (0.02) M (<0.0001) A (0.001) E (0.02) A (0.0002) 
a A rank of 1 indicates the most similarity. 
b Model letter 
c p-value 

A broad variation in the ultrasonographic characteristics of the 3D printed models was 

observed. When questions were considered individually, model D had the cortex with the 

most similar appearance to the gold standard (p= 1.00) (Figure 2.6 A). Seven other 3D 

printed models (C, H, K, L, I, F, B,) had a cortex with ultrasonographic characteristics that 

did not significantly differ from the positive control. Models M and E trended towards a 

significant p-value. The reverberation artifact noted at the surface of the gold standard 

was most accurately depicted by model C (p= 0.98) (Figure 2.6 B). No significant 

difference regarding the reverberation artifact was found for models H and I and near 

significance was obtained for model F and L. Model C produced the least artifacts (p= 
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1.00), followed by models F, L, I, D, B and H (Figure 2.6 E). Models K, J and M had p-

values trending towards a significant difference when compared to the positive control. 

Model C was determined to be the most acceptable replacement to the gold standard as 

a training tool for ultrasound-guided procedures involving bone and joints (p= 0.99) along 

with nine other models (I, L, H, K, F, D, B, M, G) (Figure 2.6 F). Model J trended towards 

a significant p-value.  

When all question scores were summed, six 3D printed models had ultrasonographic 

characteristics that were not significantly different from the positive control (p> 0.1). These 

included models C, H, I, D, L and F (Figure 2.7). Two models (B and K) were not different 

from the positive control but approached the significance level.  
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Figure 2.6 – Mean score with standard error for questions 2-5 (graph B-E) and median 

score for questions 1 and 6 (graphs Aa and F).b Yellow: positive control, green: models 

not significantly different from the positive control, blue: models trending towards a 

significant difference when compared to the positive control, red: models significantly 

different from the positive control. Question 3 and 4 (graphs C and D respectively) did not 
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reach a significant F value and post-hoc tests were therefore not performed; all models 

are displayed in grey.  
a Note that the model rank order based on the p-values and medians differs for graph A 

since the Friedman’s test from which the p-values were calculated is based on the rank 

sums and not the medians. 
b The mean and median scores are respectively reported for normally and non-normally 

distributed data. 

 

Figure 2.7 - Mean score with standard error for the summed question scores with 

standard error. Yellow: positive control, green: models not significantly different from the 

positive control, blue: models trending towards a significant difference when compared to 

the positive control, red: models significantly different from the positive control. 
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2.5 Discussion 

2.5.1 3D printed models 

Simulation-based medical education uses artificial representations to replicate clinical 

scenarios and promote education through experiential learning. Described features and 

best practices of simulation-based medical education emphasize the importance of 

simulation fidelity, which guided the purpose of the present study. This work supported our 

hypothesis that a variety of 3D printed models share similar ultrasonographic 

characteristics with a dissected equine cervical spine, making them an acceptable training 

tool for ultrasound-guided procedures involving bones and joints.  

The p-value adjustment due to the multiple comparisons was conservative. To minimize 

the possible bias induced by the conservative p-value adjustment, falsely decreasing the 

statistical significance of some 3D printed models, only models not significantly different 

from the gold standard were considered a good replacement for bone in the development 

of 3D printed models. This ensured the exclusion of models categorized as trending 

towards a statistical significance with the conservative adjustment that would, in fact, be 

considered as significantly different without the conservative adjustment. 

Model C (nylon PA 12, EOS Formiga P100, SLS) was found to be the most realistic 

replacement of bone. Other 3D printed models including model H (Onyx nylon with 

chopped carbon fiber, Markforged Onyx Two, FDM), model I (polycarbonate, Ultimaker 3 

Extended, FDM), model D (gypsum, ProJet CJP 660 Pro, CJP), model L (PLA, I1 3D 

printer retail kit, FDM), and model F (high temperature V1 resin, Form 2, SLA) were also 

considered acceptable. The finding of high temperature V1 resin (model F) as a good 

replacement of bone agrees with a previous study(75) stating that epoxies are a good hard 

tissue substitute. Model L was not significantly different from the gold standard and 

therefore is considered an appropriate replacement of bone in simulation testing. However, 

this 3D printed model was friable and showed occasional discontinuities in the model 

surface, especially along the margins of the articular processes. Although the assessment 

of the 3D printed model mechanical properties and resistance was not the aim of the 



 

 

40 

 

 

current study, the poor quality of model L is not favorable in the development of resistant 

and long-lasting 3D printed models designed for repetitive use.  

3D printed models with shell thicknesses ranging from 1 mm to 5 mm were tested as part 

of the preliminary study. With the goal to develop affordable and therefore accessible 3D 

printed models, production costs were considered. Shell thickness being related to both 

time for production and amount of material required per 3D printed model, it directly 

impacts production cost. For a thicker 3D printed model, the printing time and amount of 

printing material required is greater, resulting in a higher cost. As part of the shell thickness 

testing, we found that a thickness of 5 mm mimics the gold standard cortex the closest. 

Unlike the gold standard, thicknesses varying from 1 to 4 mm did not completely reflect 

the ultrasound beam. The impact of shell thickness on the ultrasound images obtained is 

a function of the interaction of the ultrasound beam with matter. As the energy of the 

ultrasound beam propagates through a medium, interactions include reflection, refraction, 

scattering, and absorption.(98) Reflection of the ultrasound beam at a boundary between 

two media occurs because of the differences in the acoustic impedance of the two 

structures. In the current study, partial reflection of the ultrasound beam occurred when it 

encountered the surface of the 3D printed model after traveling in water. The concept of 

reflection is important to understand the reverberation artifact. Reverberation artifact 

consists of multiple reflections occurring between two strong reflectors, or between the 

ultrasound transducer and a strong reflector.(99) These multiple reflections are displayed 

beneath the real reflector at intervals equal to the distance between the ultrasound 

transducer and the real reflector. As shown in Figure 2.5, these reflections were present 

under the surface of the thinner 3D printed models, especially models printed at a 

thickness of 1 mm. A clear explanation clarifying the presence of a reverberation artifact 

noted with the thinner 3D printed models remains unclear. However, it would be 

reasonable to think that these 3D printed models acted as a stronger reflector or simply 

allowed better visualization of the artifact under their thinner surface.  

As part of the preliminary study, we tested the addition of high temperature castable epoxy 

(EpoxAcast 670 HT) in the hollow portion of the 3D printed models. Unlike the gold 
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standard, this created a hyperechoic interface under the surface of the model. 

Accordingly, all the 3D printed models developed were made hollow without any specific 

internal structures. This highlights the possibility of employing 3D printed light parts with 

a hollow center to reproduce joints, minimizing the production cost by decreasing the 

amount of 3D printing material used. This also contributes to the development of 3D 

printed models that are easy to use, manipulate and transport due to their light weight.  

According to the observations made as part of the preliminary study, standardizing the 

shell thickness and surface resolution of most 3D printed models minimized the numbers 

of variables tested. This standardization allowed to focus the assessment on the 

ultrasonographic characteristics of printing materials, printers, and printing technologies. 

It would be ideal to independently assess printing materials, printers, and printing 

technologies by standardizing two of the three variables across all models. However, this 

could not be performed due to limitations inherent to 3D printing. Each individual printer 

can only print with one technology and one or more materials, depending on the printer. 

Despite this limitation, among the 3D printed models tested in the current study, two were 

made using the same printer and printing technology but different materials. Model E and 

I were both printed with a Ultimaker 3 Extended printer, using the fused deposition 

modeling technology. Model E was made of polylactic acid and model I was made of 

polycarbonate. Whereas model E was significantly different from the gold standard, model 

I was not. Although additional similar comparisons would be required to draw appropriate 

conclusions, this implies that printing material alone can significantly change the 

ultrasonographic characteristics of 3D printed models. Also, of all the 3D printed models 

tested, two were made of nylon (models C and H). Both of these models were not 

significantly different from the gold standard based on their qualitative ultrasonographic 

properties. We postulate that nylon may be a superior printing material to replicate bone 

ultrasonographically and should be considered for the development of 3D printing models 

to practice ultrasound-guided intra-articular injections.  

As part of the study, six printing technologies were assessed. Among the 3D printed 

models that were not significantly different from the gold standard, four printing 
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technologies were used: selective laser sintering, ColorJet Printing, stereolithography and 

fused deposition modeling. This finding suggests that a sole printing technology is not 

superior in the development of 3D printed models replicating bone ultrasonographically. It 

reinforces the statement that a printing technology should be selected based on several 

criteria such as intended use, printing time, availability, cost, materials, color, 

biocompatibility, sterilization capability, resistance, transparency, molding, or casting 

properties.(100) Even though an exhaustive description of each printing technology is 

beyond the scope of this study, each technology is unique. Some printing technologies are 

more labor intensive. Stereolithography Apparatus (SLA) is an example of vat 

photopolymerization, which involves several steps and uses a high-intensity light source, 

a vat of photo-curable liquid resin, and a controlling system to produce 3D printed models. 

Resin is solidified by a light source in successive 2D layers as a platform is progressively 

lowered or raised. The excess resin is removed by rinsing with a solvent, and the 3D 

printed model is cured in a UV chamber.(100) In the current study, printing was performed 

in such an orientation that no supports were in contact with the 3D printed model surface, 

avoiding alteration in the parameters investigated ultrasonographically. ColorJet Printing 

(CJP) is a type of binder jetting technology and uses a print head to jet a liquid binding 

agent onto a bed made of fine powder. The powder bed is selectively bonded where the 

liquid is deposited. After each layer completion, new powder is deposited for the new layer. 

By gluing the particles together, the part is built up layer by layer. The unbound powder is 

blown off and the last step consists of infiltrating the 3D printed model with cyanoacrylate 

wax or resin for solidification. A support structure is not needed because the 3D printed 

model is continuously supported by unbounded powder during fabrication. Selective laser 

sintering (SLS) is an example of powder bed fusion which uses a high-power laser of 

electron beam to fuse small particles of material into a desired 3D shape layer by layer. 

After a layer is fused, the powder bed is lowered by one layer thickness and a new layer 

is applied on top. This technology does not require the use of a support as described for 

binder jetting.(100) Similar to CJP, SLS requires removal of unbound powder from the 

surface of the 3D printed models using pressurized air.  
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While a wide variety of 3D printers are available, some are easily accessible while others 

are more expensive. In order to develop readily accessible 3D printed models and promote 

learning, it is important to consider the financial investment related to the acquisition of a 

3D printer. Of the 3D printed models not significantly different from the gold standard, 

models C and D were made using commercial printers (EOS Formiga P100 and ProJet 

CJP 660 Pro respectively). On the other hand, models H, I and F were made using more 

affordable and accessible printers (Markforged Onyx Two, Ultimaker 3 Extended, Form 2 

respectively). 

2.5.2 Limitations 

A few limitations were encountered in this study. The number of participants was limited, 

and recruitment of additional radiologists or radiology residents could have increased 

statistical power. The main investigators did not participate in the assessment of the video 

clips in order to remove any potential bias. Of more importance was the subjectivity of the 

criteria used to compare the video clips of the 3D printed models to the gold standard. 

Assessment of features such as articular process joint visibility and model surface/cortex 

could have introduced some variability due to personal interpretation. Subjectivity was 

limited by providing a document of descriptions and examples to guide participants in 

their assessment (Appendix 2). Video clips were also recorded and standardized by the 

investigators to avoid operator variability. As briefly mentioned above, there are inherent 

limitations in 3D printing. Although the printing resolution was standardized for most 3D 

printed models, the PolyJet printing technology used for models A and B could only 

achieve a higher resolution of 27μm. 

 

2.6 Conclusion 

This study provides knowledge for further educational training involving the printing of 3D 

models simulating bone for ultrasound-guided procedures. According to their qualitative 

ultrasonographic properties, the following 3D printed models are a good replacement of 
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bone (material, printer, printing technology): nylon PA 12 (EOS Formiga P100, SLS); 

Onyx nylon with chopped carbon fiber (Markforged Onyx Two, FDM); polycarbonate 

(Ultimaker 3, FDM); gypsum (ProJet CJP 660 Pro, CJP); polylactic acid (Prusa I3, FDM), 

and high temperature V1 resin (Form 2, SLA). Conditional to their ability to withstand 

ballistic gelatin embedding, these 3D printed models could be used for the development 

of a larger 3D printed anatomical model, such as a complete equine neck for teaching 

ultrasound-guided injections of the cervical articular process joints.  
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3.1 Abstract 

Intra-articular injections of pharmaceutical agents and biologic products are routinely 

performed to alleviate pain and inflammation associated with osteoarthritis in horses. 

Intra-articular injections require accurate needle placement to optimize clinical outcomes 

and minimize complications. Simulation-based training allows an individual to develop 

and refine this technical skill without putting patients at risk. The objective of this study 

was to develop a durable and realistic three-dimensional (3D) printed model of an equine 

cervical articular process joint to teach ultrasound-guided injections and ultimately 

enhance the learning experience of fourth-year veterinary students, equine practitioners, 

and veterinary specialists. An additional aim was to prove the face, content and construct 

validity of this model. Five identical 3D printed models of an equine cervical articular 

process joint made of nylon PA 12 (EOS Formiga P100, selective laser sintering) were 

printed with a surface resolution of 100 µm and shell thickness of 5 mm. The models were 

separately assembled in sealed metallic tins and embedded in transparent ballistic gelatin 

to replicate the acoustic properties of soft tissues. To validate the model, 5 experts and 

10 novices were enrolled. Experts’ and novices’ ability to successfully insert a needle into 

the joint space of the model using ultrasound guidance was assessed and graded using 

an Objective Structured Clinical Examination (OSCE). Scores from experts and novices 

were compared to evaluate the construct validity of the model. Participants were 

subsequently invited to answer a survey assessing the face and content validity of the 

model.  Experts required less time (22.51 sec) for correct needle placement into the model 

joint space than novices (35.96 sec); however, this difference was not significant (P= 

0.53). The proportion of successful trials between experts and novices was also not 

significantly different (P= 0.54). Experts’ median total OSCE score (median score= 14) 

was significantly high (P= 0.03) than novices’ (median score= 12), supporting the model’s 

construct validity. Participants agreed on the face and content validity of the model by 

grading all survey questions greater than 7 on a 10-point Likert-like scale; a high score 

indicating agreement with the face and content validity of the model. In summary, we 

successfully developed a durable and realistic 3D printed model of an equine cervical 



 

 

47 

 

 

articular process joint to teach ultrasound-guided injections, provide an enhanced 

learning experience, and help improve skills and confidence of fourth-year veterinary 

students, equine practitioners, and veterinary specialists. We partially demonstrated the 

construct validity of the model using an OSCE. We also proved the face and content 

validity of this new training model with participants unanimously agreeing that the model 

resembles and covers all aspects of the real-life activity. 

 

3.2 Introduction 

3.2.1 Osteoarthritis: clinical considerations and treatment selection 

Lameness is one of the main causes of reduced athletic performance in the equine 

industry and is often the consequence of pain referable to joints.(64, 101-105) Several causes 

of joint diseases such as trauma, overuse, and conformation abnormalities ultimately 

manifest as osteoarthritis. More specifically, cervical osteoarthritis is characterized by 

osseous proliferation of the articular process joints and can result in a variety of clinical 

signs. These clinical signs can relate to the presence of local, peripheral, or central 

effects.(106) Local effects refer to inflammation and mechanical restriction to motion, both 

of which can induce neck pain, muscle atrophy, stiffness, and resistance to joint motion, 

such as that due to joint ankylosis.(105, 106) Peripheral effects are related to the 

impingement of cervical spinal nerves due to enlargement of the cervical articular process 

joints caused by periarticular osseous proliferation. This can ultimately result in neck pain 

and stiffness, neurogenic muscle atrophy, dermatomal sweating, and forelimb 

lameness.(104-108) Central effects are attributed to changes in cervical articular process 

size, shape, and spatial orientation, leading to a static reduction in vertebral canal 

diameter and causing spinal cord compression. This pathophysiologic process, referred 

to as cervical vertebral myelopathy, often produces signs of ataxia, paresis, and spasticity 

that are most pronounced in the pelvic limbs.(106, 108) 
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Rest, physical therapy, nonsteroidal anti-inflammatory agents, oral joint supplements, 

and/or a combination thereof are often utilized to inhibit osteoarthritis progression and 

reduce intra-articular inflammation in affected horses.(64) Despite the common use of 

nonsteroidal anti-inflammatory drugs in race and performance horses, clinicians are 

responsible for their judicious and restricted use due to strict regulatory 

recommendations, risk of side effects (e.g., gastrointestinal mucosal ulceration and renal 

tubular necrosis), and inhibitory effects on bone healing.(109) Nutraceuticals are gaining 

popularity in the treatment of osteoarthritis.(110) However, the lack of regulation in quality, 

efficacy, tolerance, and safety, as well as the limited pain relief they provide when used 

alone, are factors that limit their efficacy for a complete return to athletic function.(103, 110) 

Accordingly, the main goal for nutraceuticals use is to lower the dose and to limit the side 

effects of other therapeutic agents such as non-steroidal anti-inflammatory drugs.(110) 

Considering the respective limitations of the above described treatments, intra-articular 

injections of pharmaceutical agents and biologic products are commonly added to the 

therapeutic regimen of horses suffering from chronic osteoarthritis.(66, 103, 111) These 

pharmaceutical agents and biologic products include exogenous hyaluronic acid, 

polysulfated glycosaminoglycans, glucocorticoids, and autologous-conditioned serum. By 

reducing intra-articular inflammation and sustaining and promoting the normal activity of 

synoviocytes and chondrocytes, these treatments are considered essential in the 

management of osteoarthritis.(64-67) More specific to equine cervical osteoarthritis, return 

to normal function and improvement in performance was documented in horses showing 

signs of ataxia, obscure lameness, and neck pain following ultrasound-guided cervical 

articular process injections of glucocorticoids.(108) Although a recently described 

technique to perform ultrasound-guided perineural injections of the ramus ventralis of the 

seventh and eighth cervical nerves may be promising in providing multimodal analgesia 

in horses suffering from cervical osteoarthritis, this technique is experimental and further 

studies are needed to determine the appropriate drug, dosage and volume to inject to 

confirm its usefulness.(112) 
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3.2.2 Intra-articular injections: an invasive procedure requiring practice 

While the efficacy of intra-articular injections in the treatment of osteoarthritis is well 

recognized, this invasive procedure is not without risks. Possible complications include 

broken needles, cartilage damage, incorrect needle placement resulting in peri-articular 

or intravascular injections, and septic arthritis.(113-115) It is therefore essential that equine 

veterinarians receive adequate training to practice and refine this procedural technique 

to minimize risks for procedural complications. Equine cadaver limbs are currently the 

most utilized model for intra-articular injection training. Although commonplace, the 

cadaver model has several limitations related to logistics of acquisition, preservation, 

preparation, and disposition.(63) Additionally, when using cadavers, confirmation of correct 

needle/injection placement requires dye injection followed by soft tissue dissection. This 

results in a delayed feedback to participants regarding their performance and inherently 

restricts the number of procedural attempts that can be made on the same cadaver. As 

an alternative, the application of a simulation-based model for intra-articular injections 

affords graduating veterinary students and veterinarians the opportunity to develop and 

refine their skills, repeatedly if necessary, without putting patients at risk. This teaching 

model does not involve the use of cadavers, nor does it compromise the health and safety 

of live patients. However, prior to the use or integration of a simulator in a curriculum, the 

validity of a model as a learning tool must be established.(7) 

3.2.3 Model validation and types of validity 

Model validity is the extent to which a model measures what it is claiming to assess and 

how accurately it represents a real situation. Different forms of validity have been 

described, and a simulation model should ideally fulfill several of them. Face validity is 

evaluated by a group of experts who judges how well a simulator resembles a real-life 

activity. Content validity evaluates the level to which a model covers all aspects of a real-

life activity. Construct validity is the ability to distinguish between different levels of 

experience based on performance scores obtained using a simulation model. Finally, 

predictive validity is a comparison between performance on a model and performance on 

established assessment methods for the same skills.(1)  
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3.2.4 Objectives 

This study is part of a larger project aiming to develop a full-size 3D printed model of the 

equine cervical spine to serve as a platform for simulation-based training on how to 

successfully perform ultrasound-guided intra-articular injections of the cervical articular 

process joints. Our objectives for this portion of the research project were twofold: 1) 

develop a durable and realistic 3D printed model of an equine cervical articular process 

joint to teach trainees how to perform ultrasound-guided intra-articular injections, and 2) 

prove the face, content and construct validity of the model using an OSCE (multipurpose 

evaluative tool that is commonly utilized to assess health care professionals in a clinical 

setting), and surveys distributed to participants.(116) We hypothesized that 1) a teaching 

model of an equine cervical articular process joint can be made using 3D printing, 2) 

experts as compared to novices would complete the procedure faster, have a higher 

proportion of successful needle placements, and obtain a higher total OSCE score 

thereby confirming the construct validity of the model, and 3) survey scores and answers 

provided by participants would support the face and content validity of this new training 

model. 

 

3.3 Materials and Methods 

When designing a realistic 3D printed model of an equine cervical articular process joint, 

judicious selection of both hard and soft tissue material substitutes that closely resemble 

the characteristics of the anatomical structures of interest is important. 

3.3.1 Hard tissue substitute selection 

Briefly summarized, a total of thirteen 3D printed cervical articular process joint models 

were built using several materials, printers, and printing technologies. Following the 

ultrasonographic assessment of these models when placed under water, it was 

demonstrated that it is possible to replicate the qualitative ultrasonographic 

characteristics of bone using 3D printed models. Of the thirteen models tested, a total of 
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six 3D printed models had ultrasonographic characteristics similar to the gold standard 

(cadaveric vertebrae). Those models were made of nylon PA 12 (EOS Formiga P100, 

selective laser sintering); Onyx nylon with chopped carbon fiber (Markforged Onyx Two, 

fused deposition modeling); polycarbonate (Ultimaker 3, fused deposition modeling); 

gypsum (ProJet CJP 660 Pro, ColorJet Printing); polylactic acid (Prusa I3, fused 

deposition modeling), and high temperature V1 resin (Form 2, selective laser 

sintering).(117)  

3.3.2 Soft tissue substitute selection 

A soft tissue substitute that can transmit ultrasound waves between the ultrasound 

transducer and the cervical vertebrae is imperative in the development of a realistic 3D 

printed model designed to teach ultrasound-guided procedures. Other desirable 

characteristics of soft tissue mimicking simulators have been described previously.(118) A 

phantom should reproduce the texture of soft tissues, allow sufficient ultrasound wave 

penetration, be easy to reproduce, non-perishable, transportable, affordable, and have 

clearly distinguishable targets.(118) When selecting a soft tissue substitute for the 

development of a model designed to endure needle placement, the material should be 

durable and self-healing such that physical damage caused by repeated needle insertions 

is reversible. The substitute should also be transparent to assess needle location 

following needle placement, thereby providing participants with immediate feedback so 

that any technical adjustments can be made as needed. Finally, a soft tissue substitute 

should replicate the resistance that the axial needle force must overcome to advance a 

needle in the cervical soft tissues during needle placement.  

A wide variety of soft tissue mimicking materials have been developed and tested. Some 

soft tissue substitutes are composed of a simple mixture of ingredients such as molten 

water-based gelatin and oil or psyllium hydrophilic mucilloid fiber and culinary gelatin.(119, 

120) Commercial products are also available and include ballistic gelatin (Clear Ballistics 

LLC, Ontario, Canada) and Zerdine hydrogel (Computerized Imaging Reference Systems 

Inc, Virginia, United States).(121, 122) Tissue mimicking materials for ultrasound use were 
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previously tested for their physical and acoustic properties including sound velocity, 

attenuation coefficient, and acoustic impedance.(75, 120, 121, 123-128) Knowledge of tissue-

mimicking phantoms physical and acoustic properties is essential for the characterization 

and calibration of ultrasound imaging systems.(75) Conversely, when aiming to develop a 

low fidelity model, the selection of a soft tissue substitute that accurately reproduces the 

qualitative ultrasonographic characteristics of soft tissues and provides a realistic 

ultrasonographic image is of most relevance.(119, 129)  

As part of our study, transparent paraffin gel was first investigated as a possible soft tissue 

substitute. Although transparent, easily accessible and affordable, this material was 

friable, numerous variably sized gas pockets formed in the gel and remained in 

suspension during melting and after cooling. These major limitations lead to the exclusion 

of paraffin gel from further consideration in the development of the model. Alternatively, 

given its properties that approximate soft tissue density, 10% ballistic gelatin (Clear 

Ballistics LLC, Ontario, Canada) was considered. Ballistic gelatin was previously found to 

be an excellent soft tissue simulant for ultrasound-guided procedures as it provides a 

transparent interface through which needles are visible ultrasonographically. It also seals 

the physical damage caused by needle punctures, although leaves linear hyperechoic 

tracts that can interfere with subsequent needle placements. Ballistic gelatin is stable at 

room temperature, recyclable, and can be remolded while preserving a similar quality. 

Finally, ballistic gelatin offers the convenience and cleanliness of commercial phantoms 

at the cost of homemade phantoms.(129) In accordance with these previous observations, 

we found that repeated needle insertions and retractions minimally damaged ballistic 

gelatin. Also, the axial force required to advance a needle in ballistic gelatin was estimated 

to be subjectively comparable to that applied when performing equine cervical articular 

process joint injections. Although gas bubbles formed and remained in suspension when 

ballistic gelatin was melted, this phenomenon was minimal as compared to paraffin gel. 

Therefore, the advantages offered by ballistic gelatin made this material an optimal option 

to replicate soft tissues as part of our 3D printed model of an equine cervical articular 

process joint.  
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3.3.3 Logistics of model embedding and degassing 

As mentioned above, ballistic gelatin melting is necessary to shape the embedding 

material. Heating to a temperature of 250-270°F is generally required to safely transform 

the embedding material from a solid to a liquid state. When developing a 3D printed model 

that requires embedding, it is imperative that the selected 3D printing material is heat 

resistant. Although six 3D printed models were previously shown to share 

ultrasonographic characteristics similar to that of cadaveric vertebrae when assessed in 

water,(117) the heat resistance of these 3D printed models was not assessed. In order to 

test the heat resistance of the models, each of the six models was individually screwed 

to the bottom of a metallic tin using bolts inserted through drilled holes and affixed with 

metal and silicone washers. The metallic tins were subsequently filled with solid pieces 

of ballistic gelatin and were placed in a commercial roaster oven for 1 hour at a 

temperature of 270°F to allow the ballistic gelatin to melt (Figure 3.1 A and B). During 

melting, two models did not withstand heating and displayed a change in shape with 

collapse of the joint space. These two models were made of polycarbonate (Ultimaker 3, 

fused deposition modeling) and polylactic acid (Prusa I3, fused deposition modeling), both 

of which were considered unsuitable for the development of a 3D printed model requiring 

embedding. These two models were therefore excluded from further testing. At the time 

of melting, it was also noted that several gas bubbles formed in the ballistic gelatin, a 

phenomenon that varied in quantity for each 3D printed model embedded (Figure 3.1 B). 
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Figure 3.1 - 3D printed cervical articular process joints screwed to the bottom of their 

respective metallic tin filled with ballistic gelatin and placed in a roaster oven for heat 

resistance testing. (A) Prior to melting, the 3D printed models are covered by solid pieces 

of ballistic gelatin. (B) Following heating and cooling, the ballistic gelatin forms a 

transparent and solid envelope that surrounds the models. Several gas bubbles are 

present in suspension and at the surface of the ballistic gelatin, a phenomenon that is not 

clearly depicted in the provided image. 

Following melting, the ballistic gelatin was cooled at room temperature and returned to a 

solid state, conforming to the shape of the metallic tins and forming a transparent interface 

surrounding the 3D printed models. The gas generated during the melting process of the 

ballistic gelatin either dissolved or rose to the surface. After cooling, some of the gas 
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remained in suspension within the embedding material. When assessed 

ultrasonographically, the gas in suspension impaired visualization of the embedded 3D 

printed model and did not accurately replicate the ultrasonographic characteristics of 

equine cervical soft tissues. To address this problem, vacuum degassing was used as a 

technique to extract gas from the embedding material. Each of the four models that 

withstood thermal testing underwent degassing. These included the models made of 

nylon PA 12 (EOS Formiga P100, selective laser sintering), Onyx nylon with chopped 

carbon fiber (Markforged Onyx Two, fused deposition modeling), gypsum (ProJet CJP 

660 Pro, ColorJet Printing), and high temperature V1 resin (Form 2, selective laser 

sintering). The metallic tin of each individual model was filled with melted ballistic gelatin. 

The metallic tins were subsequently placed in pairs in a vacuum chamber made of 

aluminum and sealed with an acrylic lid and a rubber gasket (Smooth-On, Pennsylvania, 

United States). The vacuum chamber was connected to a lubricated USV series-9B 

vacuum pump (US Vacuum Pumps LLC, Texas, United States) adjusted to a negative 

pressure of 27 inHg. The models were degassed for 5 minutes. Although degassing 

effectively extracted gas from the ballistic gelatin, it resulted in overspill of the embedding 

material from the metallic tins due to excessive surface bubbling.  

During the degassing process, the model made of high temperature V1 resin (Form 2, 

selective laser sintering) fissured and was therefore excluded from further consideration 

in the selection of a hard tissue substitute. Additionally, the model made of gypsum 

(ProJet CJP 660 Pro, ColorJet Printing) created an excessive amount of gas in the 

ballistic gelatin at the time of degassing and the process had to be repeated a second 

time to completely extract gas. Gypsum was therefore also considered a suboptimal hard 

tissue substitute and was excluded. The two remaining models respectively made of 

nylon PA 12 (EOS Formiga P100, selective laser sintering) and Onyx nylon with chopped 

carbon fiber (Markforged Onyx Two, fused deposition modeling) were successfully and 

easily degassed in ballistic gelatin and considered viable options in the development of 

our final 3D printed model of an equine cervical articular process joint. Ultimately, 

because the model made of nylon PA 12 (EOS Formiga P100, selective laser sintering) 
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had been previously shown to exhibit the ultrasonographic characteristics most 

comparable to real bone,(117) this combination of 3D printing material, printer, and printing 

technology was selected to build the cervical articular process joint model. 

3.3.4 Development of 3D printed models of an equine cervical articular process 
joint  

Following the selection of hard and soft tissue substitutes resistant to heating and 

degassing, a total of five identical 3D printed models of an equine cervical articular 

process joint were developed. 

Computed tomographic (CT) images of an equine cadaver neck were obtained at the 

Ontario Veterinary College (Guelph, Ontario, Canada). Images of the neck were acquired 

prior to soft tissue dissection to preserve the anatomical alignment of the cervical 

vertebrae and joint space width. A 16-slice detector CT scanner (GE BrightSpeed CT 

scanner, GE Healthcare, Wisconsin, United States) was used and raw data (0.625 mm 

slice thickness) was acquired with a standardized protocol in helical mode, 1.0 second 

rotation time, 0.562:1 pitch, 120 kV, and 200 mAs. The CT images were exported in Digital 

Imaging and Communications in Medicine (DICOM) format and uploaded into a 3D 

medical image processing software (Materialise Mimics® version 19, Materialise NV, 

Leuven, Belgium) for segmentation and 3D volume rendering. Using the processing 

software, the DICOM images were transformed from two-dimensional (2D) CT scans into 

3D models. Thresholding features assisted in the delineation of bone by capturing 

Hounsfield units (HU) ranging from 226 to 2599,(97) which enabled the translation of 

images into a 3D surface model. The 3D reconstructed CT model of the cervical spine 

was exported as a stereolithography file (STL) to a 3D modeling software program 

(Materialise 3-Matic® version 11, Materialise NV, Leuven, Belgium). The STL file was 

then imported into a multi-purpose 3D modeling program (SpaceClaim version 19.2, 

Massachusetts, United States). Within the program, the STL file was modified to adjust 

the geometry of the reconstructed 3D STL model. A shelling operation designed to adjust 

the model thickness to 5 mm was performed. Adjacent and paired cervical articular 

processes were sectioned at the level of the vertebral arch, limiting model size and 



 

 

57 

 

 

facilitating reproducibility. Mounting and holes were added along the sagittal plane of the 

vertebrae for eventual affixing to metallic tins. The reconstructed 3D STL model of the 

articular process joint was 3D printed using nylon PA 12, EOS Formiga P100 printer and 

selective laser sintering printing technology.(117) 

Following 3D printing, the model was assembled as illustrated in Figure 3.2. Stainless 

steel screws were inserted through holes made in the bottom of a metallic tin and were 

sealed with silicone rubber washers. An unthreaded aluminum spacer was inserted over 

each screw, on top of which a 0.25-inch aluminum plate was placed and secured to the 

3D printed model using stainless steel square nuts (Figure 3.2 A). This formed a 1.5-inch 

offset, which was subsequently filled with liquid silicone (Mold Star 16 FAST, Smooth-On, 

Pennsylvania, United States). Once solidified, the silicone formed a layer filling the bottom 

of the metallic tin to the level of the aluminum plate, simultaneously sealing the metallic 

tin (Figures 3.2 B and C). 
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Figure 3.2 - Model assembly. (A) Materials used to complete model assembly included 

from bottom to top: stainless steel screws, red silicone rubber washers, bottom of a 

metallic tin, blue silicone layer, unthreaded aluminum spacers, aluminum plate, stainless 

steel square nuts, and 3D printed articular process joint. Model following assembly (B) 
and placed inside a metallic tin that is depicted as partially translucent to show the internal 

structures (C). 

Once model assembly was completed, pieces of solid ballistic gelatin were added in the 

metallic tin and allowed to melt at a temperature of 270 °F for 1.5 to 2 hours, similar to 
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that shown in Figure 3.1. The model was subsequently vacuum degassed. To prevent 

liquid ballistic gelatin overflow from surface bubbling at the time of degassing, a 3-inch 

silicone sleeve was temporarily added along the borders of the metallic tin, increasing the 

height of the tin. Degassing was performed for approximately 2 minutes to 27 inHg and 

released once the bubbles reached a height of 3 inches above the top of the metallic 

container. The degassing process was repeated three times. After the degassing 

procedure was completed, a final melting of 20 minutes was performed at a temperature 

of 270°F to remove any residual surface bubbles. Additional melted ballistic gelatin was 

added as needed to completely fill the metallic tin and to achieve a 3 cm thickness 

between the joint space and ballistic gelatin surface; a soft tissue thickness comparable 

to that measured ultrasonographically in a live horse. The models were then allowed to 

cool and solidify (Figure 3.3). 
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Figure 3.3 - Four individual 3D printed models of an equine cervical articular process joint 

following assembly, embedding and degassing. 

3.3.5 Participant recruitment and inclusion criteria 

The study design was a prospective randomized experimental trial. Participants were 

recruited in accordance with research ethics guidelines, and the study was approved by 

the Research Ethics Board (REB) at the University of Guelph, Canada (REB # 19-11-

005). An email was sent by one of the main investigators (AB) to a total of 19 participants. 
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Participants were invited to voluntarily (1) join a practice session, (2) participate in an 

OSCE, and (3) complete a survey. The email provided a concise description of the study, 

eligibility criteria, testing location, and approximate duration of participation.  

Fifteen participants responded and were enrolled (response rate of 79%). Recruited 

participants were assigned to either a novice (n= 10) or expert (n= 5) group, defined by 

the following criteria. The group of novices was comprised of large animal rotating interns 

and large animal surgery and internal medicine residents who were enrolled at the Ontario 

Veterinary College at the University of Guelph at the time of study. Novices had variable 

ultrasound training and experience in ultrasound-guided interventional procedures. The 

group of experts included veterinary diagnostic imaging residents and board-certified 

veterinary radiologists. Veterinary diagnostic imaging residents had been performing 

ultrasound-guided injections of the cervical articular process joints for 1 to 3 years on 

patients presenting to the Ontario Veterinary College under the supervision of a board-

certified veterinary radiologist. Radiologists had been performing this same procedure for 

a minimum of 4 years.  

Each participant was emailed a tutorial handout in advance; a minimum of 10 days prior 

to their participation in the study (Appendix 3). The tutorial handout provided information 

on the practice session, including the materials available for testing, an image depiction 

and description of the controls used to optimize the ultrasonographic image (e.g., depth, 

gain, time gain compensation, focus), anatomy of the equine cervical articular process 

joints, and a general description on how to perform ultrasound-guided injections of the 

equine cervical articular process joints. Images of the ultrasound machine scanner 

controls, dissected equine cervical spine, 3D printed cervical articular process joint, and 

important ultrasonographic landmarks in the localization of the cervical articular process 

joint space were also included in the handout. The OSCE rubric was provided to 

participants in advance for them to review the design of the evaluation, content areas, 

and their respective weighting. 
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3.3.6 Practice session 

Prior to beginning the practice session, participants were asked to carefully read and sign 

a printed consent form providing further information on the study, potential risks, and 

benefits, and to ensure participant and study confidentiality. An ultrasound machine 

(Philips UI22, Philips, Bothell, USA), a 5–8 MHz curvilinear ultrasound transducer, 18G 

3.5-inch spinal needles (Becton Dickinson and Company needles, New Jersey, United-

States), and two embedded 3D models were made available to each participant. A spray 

bottle filled with water was also provided to facilitate the gliding motion of the ultrasound 

transducer on the surface of the model. Water was selected as a coupling agent to 

preserve the clearness of the ballistic gelatin surface. The 3D printed models were placed 

in a horizontal position at a height of 140 cm and on a shelf affixed to the wall, replicating 

the orientation and height of an equine neck (Figure 3.4).  
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Figure 3.4 - Testing station. A 3D printed model is placed in a horizontal position on a 

shelf affixed to the wall. Adjacent to the model are dissected equine cervical vertebrae in 

anatomical alignment provided as a reference for comparison. A spray bottle filled with 

water is provided to participants to facilitate the gliding motion of the ultrasound 

transducer on the surface of the model. The ultrasound machine and transducer are 

located adjacent to the shelf, easily accessible to participants. 

The main investigator (AB) was available to demonstrate how to optimize the 

ultrasonographic image (i.e., by adjusting the scanner controls including depth, gain, time 

gain compensation, and focus) as needed. The ultrasonographic identification of the 

cranial and caudal articular processes used as landmarks for accurate needle placement 



 

 

64 

 

 

was shown to participants on one of the 3D printed models, with emphasis placed 

identifying of the joint space. Ultrasound-guided needle placement in the cervical articular 

process joint was then demonstrated similar to that previously described.(68, 71) 

Participants were subsequently allotted up to 15 minutes to practice intra-articular needle 

placement using their first designated training model. Assistance was provided as needed 

to guide participants during the practice session. 

3.3.7 Assessment of construct validity: Objective Structured Clinical Examination 

For the evaluation, participants used their second designated training model. Participants 

were instructed to insert a needle into the joint space of the model. Each participant 

performed a total of three trials. Each trial was allotted a maximal procedural time of 2 

minutes. The marker on the ultrasound transducer was orientated with cranial towards 

the cranial articular process. The ultrasound transducer marker was also aligned parallel 

and mildly craniodorsal relative to the joint space (Figure 3.5 A). The cranial and caudal 

articular processes and joint space were identified (Figure 3.5 B), and the needle was 

slowly inserted in the ballistic gelatin while maintaining a parallel alignment between the 

needle and ultrasound beam. The needle was advanced until positioned into the joint 

space. The needle was slowly retracted and/or realigned until correct placement into the 

joint space was achieved (Figure 3.5 C). At the end of a trial, needle location was 

assessed by an investigator (AB) (Figure 3.5 D) prior to needle removal. Throughout the 

procedure, needle guidance by direct visualization of the model through the transparent 

ballistic gelatin was not permitted and was monitored by the main investigator (AB), who 

was present throughout the session. 
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Figure 3.5 - Composite image illustrating (A) the orientation of the ultrasound transducer 

relative to the model to obtain (B) an optimal ultrasonographic image of the cervical 

articular process joint. Following ultrasound-guided needle placement (C), the intra-

articular location of the needle can be immediately confirmed (D). 

On-site evaluation was performed by the same investigator. As previously outlined, 

participants were allocated up to 2 minutes to perform each trial. Needle placement was 

considered successful if the needle was inserted into the joint space or along the articular 
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margins of the articular processes within the defined time frame. Needle placement was 

considered unsuccessful if the needle was placed in a periarticular location or along the 

non-articular surface of the articular processes. Participants were evaluated using an 

OSCE rubric only on the third and final trial (see Table 3.1). A score of variable weighting 

was attributed to each task required to successfully perform the procedure. Scores were 

then summed to obtain a total score for each participant. 

After each model use, the models were reheated for 90 to 120 minutes at a temperature 

of 270°F to allow the ballistic gelatin to melt and seal the needle tracts. The models were 

subsequently cooled at room temperature (25°C) for a minimum of 5 hours to allow the 

ballistic gelatin to return to a solid state. 
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Table 3.1 - OSCE rubric evaluating participants’ ability to perform needle placement into 

an equine cervical articular process joint. 

Tasks Score 

The participant handles the needle with agility.  
- No cutaneous puncture (1 point) 

- Needle secured in the hands of the participant (1 point)  

2 

The participant adequately and safely handles the ultrasound transducer. 

- Cranial orientation of the marker on the ultrasound transducer (1 point)  

- Ultrasound transducer appropriately secured in the hands of the 

participant (1 point) 

2 

The participant identifies the cranial and caudal articular processes for 

accurate needle placement (chair sign). 

2 

The participant aligns the needle parallel with the ultrasound beam during 

needle insertion. 

2 

The participant slowly and steadily inserts the needle underneath the 

ultrasound transducer in the ballistic gelatin (no abrupt movement of the 

needle). 

2 

The participant successfully places the needle into the joint space. 2 

After validation of the needle location with the investigator, the participant 

slowly and steadily removes the needle from the ballistic gelatin (no abrupt 

movement of the needle). 

2 

Total score (maximum) 14 

3.3.8 Assessment of face and content validity: Surveys 

Following the practice session and OSCE, participants were asked to fill out a survey 

(Appendices 4 and 5). 

The number of years of ultrasound experience was recorded for each expert. The expert 

survey was divided into three sections. The first section comprised four statements 

assessing how well the simulator resembled the real-life procedure (face validity). The 
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second section comprised five statements evaluating the level to which the model 

covered all aspects of the real-life procedure (content validity). Finally, the last section 

consisted of three open-ended questions evaluating the strengths and weaknesses of the 

training model as well as suggestions for future improvement (Appendix 4). 

Any previous experience or familiarity with ultrasound-guided interventional procedures 

involving needle placement was recorded for the novice group. If novice participants had 

prior experience performing cervical articular process joint injections, the approximate 

number of times they had performed the procedure was recorded. The novice survey was 

divided into four sections. Similar to the expert survey, the first section comprised three 

statements assessing how well the simulator resembled the real-life procedure (face 

validity). The second section comprised four statements evaluating the level to which the 

model covered all aspects of the real-life procedure (content validity). The third section 

consisted of a self-assessment of four statements. Questions were directed to the 

evaluation of novices’ attitude, skills, and confidence at performing the procedure prior to 

and following the additional training received. Finally, the last section comprised three 

open-ended questions asking novices their opinions on the strengths and weaknesses of 

the training model, as well as suggestions for future improvement (Appendix 5). 

Statements from both surveys were rated on a 10-point Likert-like scale. 

3.3.9 Statistical analyses 

Statistical analysis was selected and performed by a statistician using a commercial 

software (SAS 9.4, Cary, NC). The data were assessed for normality using a Shapiro-

Wilk test. For continuous variables that are parametric, means are reported. For 

continuous variables that are nonparametric, medians are reported. A general linear 

mixed model was used to test for group and time effects. Data was log transformed to 

meet the assumptions of the ANOVA test. Fixed effects of group and trial as well as the 

random effect of identification (id) were included in the model. A post hoc Tukey test 

adjustment was applied to test for differences between trials. The number of successful 

trials between experts and novices was analyzed with a Fisher’s exact test. OSCE scores 
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were analyzed with a Mann–Whitney U test to determine whether the sum of the scores 

was significantly different between novices and experts. Finally, Likert-like scale scores 

for questions assessing the face and content validity of the model were analyzed with a 

Mann–Whitney U test to determine if the sum of the scores was significantly different 

between novices and experts. Significance was set to P < 0.05 for all statistical tests. 

 

3.4 Results 

3.4.1 Assessment of construct validity: Objective Structured Clinical Examination 

Time required per trial to perform needle placement 

The mean time per group for each trial (1, 2 and 3) is provided in Table 3.2. When 

averaging all trials, the mean time required by experts to successfully place a needle into 

the joint space of the model was 22.51 seconds. Although the time required for novices 

to complete the procedure was longer (mean= 35.96 seconds), as illustrated in Figure 
3.6, the time difference was not significantly different (P= 0.53). This was similar when 

comparing the time required for experts and novices to complete the procedure with trials 

considered separately (trial 1 P= 0.20, trial 2 P= 0.10, trial 3 P= 0.49). 

Table 3.2 - Mean time per trial required to successfully place a needle into the joint space 

of the model using ultrasound guidance. 

Participants Timea trial 1 (secb) Time trial 2 (sec) Time trial 3 (sec) 

Experts 26.50 15.56 27.68 

Novices 43.69 29.50 36.08 

Average of all 

participants 

34.03 21.42 31.60 

a Mean  
b Seconds 
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Figure 3.6 - Box plots illustrating and comparing the distribution of time (seconds) per 

needle placement for experts and novices, all trials combined. Minimum and maximum 

values are marked as whiskers. Boxes indicate the 25, 50 and 75 quartiles. Data for the 

plots used back transformed log data from the analysis. 

When comparing the time required to successfully place a needle into the joint space of 

the model among trials 1, 2 and 3, participants were significantly faster during the second 

trial when compared with the first trial (P= 0.026). However, no significant difference was 

noted when comparing the time required to complete trial 1 vs. 3, and trial 2 vs. 3 (P= 

0.66 and P= 0.07 respectively) (Figure 3.7). The absence of significant difference 

between trial 1 vs. 3 and between trial 2 vs. 3 was similar when considering data from 

experts and novices separately. 
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Figure 3.7 - Box plots illustrating and comparing the distribution of time (seconds) per 

needle placement for experts and novices, each trial considered separately. Minimum 

and maximum values are marked as whiskers. Boxes indicate the 25, 50 and 75 quartiles. 

Data for the plots used back transformed log data from the analysis. 

Proportion of successful needle placements 

For experts, all trials (a total of 15, five experts enrolled, three trials per expert) were 

successful as defined by correct needle placement into the joint space or along the 

articular surface of the model (15/15). For novices, out of a total of 30 trials (10 novices 

enrolled, three trials per novice), 28 trials were successful and 2 were unsuccessful 

(28/30). The proportions of successful trials between experts and novices were not 

significantly different (P= 0.54).  

OSCE scores 
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Experts’ and novices’ total OSCE scores were significantly different (P= 0.03), with the 

median total score of experts (median score= 14) being significantly higher than novices 

(median score= 12). When comparing the median score of experts and novices for each 

individual task assessed as part of the OSCE, participants’ ability to align the needle with 

the ultrasonographic beam during needle insertion was significantly different between 

novices and experts (task 4 P= 0.01). For this task, the median score of experts was 

higher (median score= 2) than that of novices (median score= 1). Comparison of the 

median score of all other tasks did not reveal a significant difference between novices 

and experts (task 1 P= 1.00, task 2 P= 0.67, task 3 P= 0.23, task 5 P= 1.00, task 6 P= 

1.00, task 7 P= 1.00).  

3.4.2 Assessment of face and content validity: Surveys 

Face and content validity 

Median scores of experts and novices for each survey question and p-values comparing 

the median scores of experts and novices are provided in Table 3.3. When comparing 

the median scores of experts and novices for questions mutual to the expert and novice 

surveys, no significant differences were found. For questions assessing the face and 

content validity of the model, all median scores obtained were equal or greater than 8 on 

a scale of 10; a high score indicating agreement with the face and content validity of the 

model. 
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Table 3.3 - Median scores of experts and novices for each survey question, and p-values 

comparing the median scores of experts and novices where applicable. 

Survey questions Median expert 

scores 

Median novice 

scores 

p-values 

Face validity question A 10.0 10.0 1.00 

Face validity question B 9.0 8.0 0.61 

Face validity question C 9.0 9.0 0.83 

Face validity question D 8.3 N/A N/A 

Content validity question A 10.0 10.0 1.00 

Content validity question B 10.0 10.0 1.00 

Content validity question C 10.0 10.0 1.00 

Content validity question D 10.0 10.0 1.00 

Content validity question E 9.0 N/A N/A 

Self-assessment question A N/Aa 10.0 N/A 

Self-assessment question B N/A 10.0 N/A 

Self-assessment question C N/A 8.0 N/A 

Self-assessment question D N/A 6.5b N/A 
a N/A = Not applicable 
b Self-assessment question D was converted from a negative to a positive question to 

ensure score consistency in results presented. 

Self-assessment 

Median scores of the self-assessment questions included in the novice survey are 

provided in Table 3.3. All self-assessment question median scores were equal or greater 

to 8 on a scale of 10, with the exception of “Question d” (median score of 6.5/10).  

Additional comments and suggestions 

A summary of the strengths and weaknesses of the model as well as suggestions for 

future improvement is provided in Tables 3.4 and 3.5.  
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Table 3.4 - Summary of the most common comments provided by experts with regards to the strengths and weaknesses 

of the model as well as suggestions for future improvement categorized according to tactile experience, echogenicity and 

transparency of the embedding material, realism of the anatomical replication, artifacts, and other comments.  

Experts 
 Strengths Weaknesses Suggestions for future 

improvement 
Tactile 
experience 

The resistance to needle 

advancement is realistic.  

This is a great way to get a feel for 

the procedure. 

There is a lot of resistance when 

inserting the needle relative to 

that experienced in vivo.  
 

 

Echogenicity and 
transparency of 
the embedding 
material 

The model is transparent which 

allows you to see the extremity of 

the needle and immediately 

confirm accurate needle 

placement. 

The echogenicity of the model is 

not true to soft tissues; it is easy 

to see the needle which is helpful 

for initial training but is not fully 

realistic.  

It could be interesting to 

develop an advanced 

training model made of 

opaque ballistic gelatin. 

Anatomical 
replication 

The model adequately displays 

the typical in vivo appearance of 

the articular process joint.  

The model is a great anatomical 

reference. 

The model is unilateral and does 

not allow for both sides of the 

horse to be emulated or both 

hands to be used to perform 

needle placement.  

Adding a skin layer coupled 

to the gelatin could make 

the model more realistic. 
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The transducer/ballistic gelatin 

interface is very smooth, unlike in 

a horse. 

 

Artifacts The model can be melted to get rid 

of previous needle tracks and is 

therefore reusable. 

After a few needle insertions, 

needle tracks impair 

visualization of the joint space 

ultrasonographically.  

 

 

Other The model supports the concept 

of reduced animal use.  

The model is great to learn how to 

orient the needle and ultrasound 

transducer relative to one another.  

The model is small, accessible, 

easy to use, and allows to practice 

in a low stress environment. 

 Developing a whole neck 

model at an angle similar to 

that of a live animal would 

be amazing. This would 

also allow to practice on 

different articular process 

joints. 
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Table 3.5 - Summary of the most common comments provided by novices with regards to the strengths and weaknesses 

of the model as well as suggestions for future improvement categorized according to tactile experience, echogenicity and 

transparency of the embedding material, realism of the anatomical replication, artifacts, and other comments. 

Novices 
 Strengths Weaknesses Suggestions for future 

improvement 
Tactile 
experience 

Resistance to needle 

advancement is realistic. 

The model texture is similar to 

real bone, articular surfaces, and 

soft tissues. 

The model does not give a true 

tactile experience; the skin is 

usually the hardest part to 

puncture which is not replicated 

on the model. 
The grainy texture of muscles is 

missing and the tactile experience 

when contacting the articular 

process with the needle is 

different. 

 

Echogenicity and 
transparency of 
the embedding 
material 

The model is useful to practice the 

identification of landmarks and is 

very easy to use. 

Participants can look at their 

needle through the ballistic gelatin 

if they elect not to respect the 

experimental rules. 

The transparent ballistic 

gelatin could be covered with 

a non-transparent film. 



 

 

77 

 

 

The model offers the advantage 

of seeing through the ballistic 

gelatin for immediate feedback 

following needle placement. 

It could be a good idea to 

develop an advanced 

training model made of 

opaque ballistic gelatin.  

Anatomical 
replication 

The ultrasonographic image is 

very similar to that obtained in a 

live animal. 

The morphology of the articular 

process joint is realistic. 

The model is not a full neck but is 

exceptional for initial training. 

The model is static and does not 

replicate the movements of live 

patients.  

An additional model of an 

osteoarthritic articular 

process joint could be 

interesting. 

Developing a whole neck 

model would allow to 

practice articular process 

joint localization. 

Artifacts The needle tracks help 

understand and visualize needle 

directionality after each trial to 

then adjust and perfect the 

technique. 

Needle punctures leave 

echogenic tracts in the ballistic 

gelatin. 

 

 

Other The model supports the concept 

of reduced animal use. 

The metallic tin should be bigger 

for participants with larger hands. 
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The model allows repetitive 

training, is easy to use, and helps 

understand the anatomical 

landmarks. 
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3.5 Discussion 

Considering the local, peripheral, and central effects occurring secondary to cervical 

articular process osteoarthritis, combined with the previously documented return to 

normal function and improvement in performance in horses following ultrasound-guided 

cervical articular process injections of glucocorticoids, the objectives of this study were 

twofold.(106, 108) We first aimed to develop a durable and realistic 3D printed model of an 

equine cervical articular process joint to teach trainees how to perform ultrasound-guided 

intra-articular injections. The second objective was to prove the model’s face, content, 

and construct validity using an OSCE and surveys distributed to participants. 

3.5.1 Construct validity: Objective Structured Clinical Examination 

Time required per trial to perform needle placement 

Experts were faster than novices at successfully inserting a needle into the joint space of 

the model, although this was not statistically significant. The absence of significant 

difference is most likely attributed to small sample size limiting the power of the study. 

With only 5 experts and 10 novices enrolled, the power of the study was 28%. To achieve 

a power of 85% or greater, a sample size of 20 experts and 40 novices is required. 

Unfortunately, this could not be achieved due to the global pandemic (COVID-19) at the 

time of the study, which drastically limited participant enrollment. The nature of the study 

required in-person testing, and participant enrollment was limited to essential personnel 

having access to the veterinary hospital as part of their clinical work. 

When comparing the time required to successfully place a needle into the joint space of 

the model among trials 1, 2, and 3, participants were significantly faster at completing the 

procedure during trial 2 than during to trial 1. This could reflect familiarization with the 

model, increased confidence, skill improvement, or a combination thereof. The absence 

of a similar trend when comparing trials 1 vs. 3 and 2 vs. 3 was unexpected and may be 

attributed to several factors. For instance, during the second and third trials, needle tracts 

from prior needle insertions could have impaired joint space visualization, rendering 

subsequent trials more challenging. Additionally, because the formal assessment (OSCE) 
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was conducted exclusively during the third trial, increased pressure may have resulted in 

a decrease in some participants’ performance. Arguably, the opposite may also hold true; 

some participants may have been exposed to an insufficient level of pressure to reach 

their optimal performance. This concept is explained by the relation of the strength of 

stimulus to rapidity of habit-formation formulated by Robert Yerkes and John Dodson, 

also known as the inverted-U curve.(130) This concept states that peak performance is 

achieved when the level of pressure experienced is appropriate for the work 

accomplished. When an individual is placed under a level of pressure that is either too 

low or too high, it is likely that performance will be suboptimal, respectively reflecting 

being under- or over-challenged. Although this relation can be generalized, it is likely 

dependent on personal attributes and professional experience. To emulate both 

environments of lower and higher pressure in addition to that conducted in the current 

study, the study design could be altered in two ways. First, participants could be 

requested to perform the procedure on the model without being informed of a 

simultaneous formal assessment to provide a low-pressure environment. Alternately, 

participants could be requested to perform the procedure on a live patient, providing a 

high-pressure environment and simultaneously testing the predictive validity of the model. 

This would allow the assessment and comparison of participants in a variety of situations 

to detect performance improvement across various scenarios.    

Proportion of successful needle placements 

The number of times experts were successful at placing a needle into the joint space was 

not significantly different compared to novices. This may be explained by novices’ and 

experts’ different attitudes with regards to the practice session. Even though all 

participants were allotted up to 15 minutes to practice, several experts elected to forego 

the practice session and directly proceeded to the trial assessment. Conversely, most 

novices took advantage of the full practice time allotted, thus familiarizing themselves with 

the procedure, model, and ultrasound machine. It is likely that this additional practice time 

benefited novices and may account for the similar number of successful needle 

placements observed in the novice and expert groups.  
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OSCE scores  

When comparing the total median OSCE score of experts and novices, experts obtained 

a significantly higher score. This difference is attributed to the significantly higher score 

of experts as compared to novices when assessed for their ability to align the needle with 

the ultrasonographic beam during needle insertion. The safe and successful performance 

of ultrasound-guided procedures requires a detailed knowledge of anatomy and an 

understanding of needle positioning. This is commonly more challenging for novices as it 

requires dexterity, good hand-eye coordination, and visuospatial ability for adequate 

ultrasound transducer manipulation and simultaneous ultrasonographic image 

interpretation; skills acquired with years of practice. Most other OSCE tasks, however, 

assessed needle handling and ultrasonographic skills separately, which may explain why 

novices and experts obtained similar scores.  

All other tasks assessed as part of the OSCE did not reveal a significantly different score 

between novices and experts. This may be due to several factors in addition to those 

mentioned above. First, most of these tasks are considered rudimentary ultrasonographic 

and technical skills expected to be mastered by equine veterinarians. Therefore, the 

absence of a significant difference in the score of most tasks is not unexpected as the 

majority of the participants enrolled had received prior ultrasonographic training and were 

familiar with needle handling. Additionally, the absence of significant differences between 

the two groups could be attributed to the criteria used to define novices and experts. 

Participants were categorized as experts or novices according to their clinical position 

and anticipated experience. Group allocation according to procedural experience may 

have been more accurate, especially given that few novices expressed their familiarity 

with the procedure from prior clinical work. Lastly, preparedness prior to evaluation may 

likely have contributed to the absence of significant difference in the OSCE score of some 

tasks between novices and experts. Although material describing and illustrating the 

model and procedure was emailed to all participants prior to the assessment, only 40% 

(n=2) of experts compared with 90% (n= 9) of novices confirmed having read the material 

and prepared for the assessment. Because the OSCE rubric was included in the 
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preparative material emailed to participants, novices were more likely to be cognizant of 

the specific tasks assessed, which may have optimized their technique and improved 

their performance. 

Overall, in partial agreement with our initial hypothesis, the OSCE score validated the 

construct validity of the model by differentiating novices and experts in some of the tasks 

assessed. However, we could not prove that experts were faster and more successful 

than novices at completing the procedure. Future studies would require a higher subject 

enrollment to prove that this is significantly different. A significant difference between 

experts and novices may also be detected by using opaque embedding material, thereby 

introducing a completely blinded approach to ultrasound transducer placement and 

needle insertion in the joint space. 

3.5.2 Face and content validity: Surveys 

Face and content validity 

Face validity is evaluated by a group of experts that judge how well a simulator resembles 

a real-life activity. Content validity evaluates the level to which a model covers all aspects 

of a real-life activity.(1) Therefore, the face and content validity of a model relies on a 

subjective assessment based on participants’ opinion influenced by personal feelings, 

tastes, and preferences. In an attempt to perform an objective assessment of the model’s 

face and content validity, participants rated their level of agreement with various 

statements regarding the face and content validity of the presented model. A score equal 

to or greater than 7/10 was established as the minimum score below which the degree of 

confidence of responders was estimated insufficient to validate the model.  

Using this threshold score, all participants agreed that the model was easy to use, that 

ultrasonographic artifacts produced by the model did not impair visualization of the joint 

space, and that the resistance encountered while inserting a needle in the ballistic gelatin 

was comparable to that of soft tissues. Participants also agreed that the model was 

adequate to teach the simultaneous handling of an ultrasound transducer and needle 

(including alignment with the ultrasound beam while performing ultrasound-guided 
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injections). Overall, all agreed that the model was an acceptable training tool to learn how 

to perform ultrasound-guided injections of an equine cervical articular process joint. In 

addition, based on their prior experience, experts were in agreement that the model’s 

ultrasonographic images were similar to those obtained in live patients and that the model 

was adequate to assess the ability to correctly perform injections of an equine cervical 

articular process joint. 

In agreement with our initial hypothesis, the content and face validity of the model were 

therefore confirmed by both experts and novices. 

Self-assessment 

Self-assessment is the act of monitoring one’s processes and products in order to make 

adjustments that deepen learning and enhance performance.(131) Monitoring and self-

assessing processes are synonymous with self-regulated learning. Research on self-

regulated learning has shown that self-generated feedback on one’s approach to learning 

is associated with academic gains.(131) Therefore, a short self-assessment was included 

as part of the novice survey. 

Similar to the questions provided on the face and content validity of the model, a score 

equal to or greater than 7/10 was selected as a threshold of agreement with each 

statement provided. Novices agreed that using the model increased their confidence 

while using an ultrasound transducer. They also agreed that practicing needle placement 

on the model improved their ability to localize landmarks for correct needle placement 

into an equine cervical articular process joint. At the completion of the study, novices felt 

confident teaching others how to use this model to perform cervical articular process joint 

injections. Novices almost agreed that performing cervical articular process joint 

injections was easier than they had initially anticipated (score 6.5/10), suggesting that the 

model is easy to use and increased their confidence. Overall, these results emphasize 

the benefits of applied simulation-based learning, which allows professionals to develop 

knowledge, skills, and confidence without putting patients at risk.  
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Additional comments and suggestions 

Most participants agreed that the model was easy to use, closely replicated the 

ultrasonographic characteristics of an articular process joint, and served as a great 

anatomical reference. In addition, participants agreed that the model enhanced their 

learning experience by providing them with the opportunity to practice ultrasonographic 

landmark identification, perform needle placement in a safe environment, and receive 

immediate feedback regarding their performance.  

Participants had various opinions regarding how representative the ballistic gelatin was 

to real soft tissues. While some agreed that the axial force required to advance a needle 

in the ballistic gelatin was equivalent to that of soft tissues, others felt that the needle 

resistance was greater or that it failed to accurately replicate the grainy texture of muscles. 

Participants also had various opinions regarding the transparency of the ballistic gelatin 

used to embed the model. The purpose for choosing transparent ballistic gelatin was to 

enable participants to receive immediate visual feedback on their performance. While 

some participants appreciated this design, others felt that the echogenicity and 

transparency of the ballistic gelatin did not resemble soft tissues. Some participants also 

expressed that tracks from prior needle insertions impaired ultrasonographic visualization 

of the joint space, a phenomenon that also occurs to varying extents following repeated 

needle insertions into soft tissues. To mitigate this issue, we selected a material that can 

be easily remelted, in essence mimicking soft tissue healing. One participant stated that 

needle tracks helped visualize and understand the orientation of the needle in relation to 

the ultrasound transducer, allowing refinement of technique, possibly causing bias. 

Additional limitations of the simulation model included the unilateral design of the model, 

the absence of motion as encountered in live patients, and the incomplete replication of 

a complete cervical model. 

Considering the strengths and weaknesses of the model design, suggestions for future 

improvements included the following: 1) build an advanced training model embedded in 

opaque ballistic gelatin, 2) add a skin layer that conceals the underlying articular process 

joint and emulates the skin/muscle resistance encountered at the time of needle 
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advancement, 3) build a full-size equine cervical spine to practice articular process joint 

localization and intra-articular injections at other sites, and 4) develop an osteoarthritic 

joint simulation model as many patients requiring intra-articular joint injections often have 

varying degrees of articular degenerative changes.   

Study limitations 

The predominant limitation of this study was the low subject enrollment due to the global 

pandemic (COVID-19) when the study was conducted. This resulted in the reduced power 

of the study. Fourth-year veterinary student enrollment in the novice group may have 

been a more effective way of demonstrating the construct validity of the model. 

Additionally, the main investigator was not blinded to participant identity and group 

allocation at the time of the OSCE. Although this could have biased results in favor of a 

significant difference between expert and novice scores, it is unlikely to have influenced 

results as most individual OSCE scores were not significantly different between experts 

and novices. Finally, novices reviewing the OSCE rubric prior to the evaluation and taking 

advantage of the practice session to optimize their technique is likely to have contributed 

to the absence of statistical significance in the performance of novices relative to experts 

for some of the variables assessed. For future studies, dedicating time to review the 

OSCE rubric immediately prior to the evaluation and enforcing a mandatory practice 

session would ensure a similar preparation among all participants. 

 

3.6 Future perspectives 

In order to optimize model accessibility and teaching opportunities, the model will be 

integrated in the fourth-year veterinary student curriculum at the Ontario Veterinary 

College, University of Guelph. As part of the diagnostic imaging rotation of fourth-year 

veterinary students, a teaching session will be held by a board-certified radiologist for 

students with an interest in equine practice. During this session, students will be provided 

with a descriptive tutorial (Appendix 3) detailing pertinent anatomy of the equine cervical 

articular process joint, ultrasonographic image optimization, and technique to perform 
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injections of the cervical articular process joints. A demonstration will be given using the 

model while emphasizing important concepts such as the ultrasonographic identification 

of the joint space and parallel alignment between the ultrasound beam and needle. Each 

student will then be allotted time to practice the procedure on the model while receiving 

direct feedback on their performance. The five identical models will be melted after each 

use to seal the needle tracts and will then be reused for each student rotation. Models will 

also be made available to equine practitioners at the Ontario Veterinary College, including 

interns, residents, and specialists in the field of equine medicine and surgery, so they can 

practice the procedure and refine their technical skills as needed. 

Finally, as part of a larger scale project and in line with the provided suggestions for future 

improvement, a full-size 3D printed model of the equine cervical spine is being developed. 

The model will include the first cervical vertebra (C1) to the first thoracic vertebra (T1) 

(Figure 3.8) and will be embedded in a ballistic gelatin mold replicating the equine cervical 

soft tissues. This model will also be height adjustable. Embedding the model in opaque 

ballistic gelatin will be considered to increase the difficulty level of the simulation-based 

training if so desired. 
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Figure 3.8 - Anatomical 3D printed model of an equine cervical spine, printed with a 

surface resolution of 100 μm, shell thickness of 5 mm and made of nylon PA 12 (EOS 

Formiga P100, selective laser sintering). The vertebrae were halved along their sagittal 

plane. Vertebrae were then grouped and fused in pairs. Finally, mounting and holes were 

added along the sagittal plane of the vertebrae for eventual affixing to a mounting plate. 

 

3.7 Conclusion 

In summary, we successfully developed a durable and realistic 3D printed model of an 

equine cervical articular process joint to teach ultrasound-guided injections and enhance 

the learning experience of fourth-year veterinary students, equine practitioners, and 

veterinary specialists. We partially demonstrated the construct validity of the model using 

an OSCE. We also proved the face and content validity of this new training model, with 

participants unanimously agreeing that the model resembles and covers all aspects of 

the real-life activity. We are hopeful that this new simulation-based training model will 

provide fourth-year veterinary students, equine practitioners, and veterinary specialists 

the opportunity to develop and improve their skills and confidence to perform cervical 
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ultrasound-guided articular process joint injections while minimizing procedural 

complications and therefore patient morbidity. 
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4 CHAPTER 4: Conclusion and future perspectives 
While the efficacy of intra-articular injections of glucocorticoids in the treatment of 

osteoarthritis of the equine cervical articular process joints is well recognized,(108) this 

invasive procedure is not without risks. It is therefore essential that equine veterinarians 

receive adequate training to practice and refine this procedural technique to minimize 

risks for procedural complications. Combining the ethical concern for animal use in the 

medical field and the proven benefits of simulation-based medical education, the 

development and validation of an equine cervical articular process joint model to teach 

ultrasound-guided injections and treat horses suffering from cervical osteoarthritis was 

lacking in the current literature. Therefore, the goals of this project were threefold: 1) 

compare the qualitative ultrasonographic characteristics of three-dimensional printed 

models of an equine cervical articular process joint to that of a dissected equine cervical 

spine (gold standard); 2) develop a durable and realistic three-dimensional (3D) printed 

model of an equine cervical articular process joint to teach trainees how to perform 

ultrasound-guided intra-articular injections, and 3) prove the face, content and construct 

validity of the model using an Objective Structured Clinical Examination (OSCE) and 

surveys distributed to participants.  

We first established that according to their qualitative ultrasonographic properties, heat 

and degassing resistance, the following models are a good replacement of bone in the 

development of a 3D printed model of the equine cervical articular process joint: nylon 

PA 12 (EOS Formiga P100, selective laser sintering) and Onyx nylon with chopped 

carbon fiber (Markforged Onyx Two, fused deposition modeling). Using this preliminary 

data, we successfully developed a durable and realistic embedded 3D printed model of 

an equine cervical articular process joint to teach ultrasound-guided injections and 

enhance the learning experience of fourth-year veterinary students, equine practitioners, 

and veterinary specialists. We partially demonstrated the construct validity of the model 

using an OSCE. We proved the face and content validity of this new training model, with 

participants unanimously agreeing that the model resembles and covers all aspects of 

the real-life activity. We also emphasized that the model can be easily modified to provide 



 

 

90 

 

 

different levels of difficulty. For example, embedding the model of the articular process 

joint into opaque ballistic gelatin (opposed to a clear ballistic gelatin) or creating a 3D 

printed model of an osteoarthritic articular process joint that varies in severity (i.e., mild, 

moderate, severe) are options that can easily be modified using a similar methodology. 

A previous study estimated the acquisition cost of four fresh equine head-neck cadavers 

at $800 USD ($1,000 CAD), or $200 USD each ($250 CAD).(132) Although this is similar 

to the production cost of the equine articular process joint model (Table 4.1), the novel 

model offers several advantages over cadavers. For instance, it eliminates the 

disadvantages related to the logistics of body part acquisition, preservation, preparation, 

and disposition. More importantly, the model is reusable and can be easily duplicated, 

thus increasing accessibility to fourth-year veterinary students, equine practitioners, and 

veterinary specialists. This new teaching tool also provides direct and immediate 

performance feedback which has traditionally been delayed out of necessity for dissection 

to evaluate injection placement. 
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Table 4.1 - Materials used to construct the 3D printed model with their respective cost 

and estimated total model production cost. 

Materials Estimated costs ($CAD) 

Stainless steel screws ($16/100 units) x 6 = 0.96 

Red silicone rubber washers ($16/100 units) x 6 = 0.96 

Metallic tin ($4/unit) x 1 = 4 

Blue silicone layer ($60/silicone rubber kit) / 10 = 6 

Unthreaded aluminum spacers ($0.90/unit) x 6 = 5.40 

Aluminum plate ($25/ square feet) / 20 =1.25 

Stainless steel square nuts ($12/100 units) x 6 = 0.72  

10% Ballistic gelatina $12/lbs x 4 = 48 

3D printed articular process joint (Nylon 

PA 12, EOS Formiga P100, selective laser 

sintering) 

($127/paired articular processes) = 127 

Total: $194.29 or estimate of $200 

a $10 to $17 CAD/lbs. The price variation is attributed to the specific type of 10% ballistic 

gelatin purchased and estimated at $12CAD/lb for the ballistic gelatin used in this 

study.(122)  

We acknowledge that disadvantages related to 3D printing exist, particularly the initial 

financial investment. While a wide variety of 3D printers are available, the EOS Formiga 

P100 printer used to make the 3D printed model of the equine cervical articular process 

joint costs between $150,000 and $240,000 USD ($193,000 – $308,800 CAD).(133) 

Fortunately, 3D printed models can be purchased from companies, limiting the cost to the 

service and materials used (i.e., $127 CAD for paired equine cervical articular processes). 

The largest initial and long-term cost is related to the acquisition of a software and 

licensure for creation and alteration of the digital file prior to printing, which currently 

ranges in price between at least $5,000 and $11,000 USD ($6,400 – $14,000 CAD). A 

yearly software subscription fee ranges in price between $1,000 and $1,500 USD ($1,300 
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– $1,900 CAD).(134) While the software and licensure acquisition may be cost prohibitive, 

working with Colleges of Engineering and Arts or Universities is a viable alternative to 

access such programs while promoting collaborative work.  

By proving three of the four types of model validity,(1) we believe that our newly developed 

model is a credible and realistic training tool that could be implemented in the fourth-year 

veterinary curriculum at the Ontario Veterinary College, University of Guelph. Although 

the face and content validity of the model was proven and the construct validity partially 

demonstrated, the validity gained through predictive validation was not assessed. 

Specifically, a comparison between the performance of the simulator to that of established 

assessment methods for the same skills was not completed. Future research comparing 

participants’ performance conducting ultrasound-guided injections of cervical articular 

process joints on live patients following training on the simulation model versus traditional 

instructional training (e.g. a classroom lecture) could therefore still be considered. 

Although this could further strengthen the validity of the proposed model, this validation 

method brings into the question the ethical usage of animals for training purposes and 

therefore was not implemented in this project. 

Lastly, the development and validation of this 3D printed model of an equine cervical 

articular process joint lays the foundation for further research for the development of a 

full-size equine neck model. A full-size equine neck model that is adjustable in height 

would further enhance the learning experience of fourth-year veterinary students, equine 

practitioners, and veterinary specialists by providing the opportunity to practice both the 

localization of cervical articular process joints and ultrasound-guided injections at various 

sites. However, we acknowledge some limitations of this model including difficulty of 

model replication, greater initial financial investment, and decreased portability. While 

such a model is currently under construction, future research assessing the clinical 

relevance of a full neck model as compared to smaller models is still needed.
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APPENDICES 

Appendix 1- Survey assessing the three-dimensional printed models ultrasonographic 

features as compared to the gold standard. 

Please circle one of each of the following: 

- What is your position? Resident / Faculty  

- How many years of experience in ultrasonography do you have?  1-2 years/3-5 

years/6-10 year/10+ years 

Participant ID#______________        Model #______________  

 

Please state your level of agreement for the following statements by marking a vertical 

line on a scale between strongly disagree and strongly agree. 

 

1. Ultrasonographic features of the superficial wall (cortex) of the model are comparable 

to the gold standard. 

 

 

 Strongly disagree      Strongly agree 

 

2. The reverberation artifact noted at the surface of the model is comparable to the gold 

standard. 

 

 

 Strongly disagree      Strongly agree 

 

3. The articular process joint space size and visibility of the model is comparable to the 

gold standard. 

 

 

 Strongly disagree      Strongly agree 
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4. Internal structures/echoes are noted in the model, unlike the gold standard. 

 
 

 Strongly disagree      Strongly agree 

 

5. Artifacts are produced by the model that would prevent its use as a training model, 

compared to the gold standard. 

 

 

 Strongly disagree      Strongly agree 

 

6. The model would be an acceptable replacement to the gold standard as a training tool 

for ultrasound-guided procedures involving bones/joints. 

 

 

 Strongly disagree      Strongly agree 

  



 

 

106 

 

 

Appendix 2 - Document of descriptions and examples to guide participants in their video 

clip assessment of the models. 

Testing of 3D printed models of an equine cervical articular process joint in water
Directions
1. If not already done, please download the consent form*, sign it and email it to abeaul02@uoguelph.ca.
2. You are asked to download and look at 15 ultrasound video clips (14 models, 1 gold standard). The video clips are in MOVIE

format (total of 185.2MB, download time of approximately 2 minutes).
• The order in which video clips are to be viewed is randomized for each participant. Please follow the order provided

in the word document sent to your email address. You may go back and forth between video clips.
3. Upon watching all video clips, you will answer a questionnaire of 6 questions for each model, for a total of 14

questionnaires/forms.
• Please complete the forms digitally to help us standardize and anonymize the process.
• For each question, you are asked to draw a vertical line on a scale. This can be done with «Preview» for MAC users.
• Carefully identify each form with both the letter attributed to the models and your participant ID. The latter should

be a unique 4 digit number that you will easily remember (e.g. day and month of father’s birthday).
4. Once you are done filling out the forms, please email them to cabennet@uoguelph.ca. Carolyn will anonymize the results

before sending them to us. If the word documents are too heavy to be sent via regular email, you may use the free and
user friendly website «We Transfer» https://wetransfer.com

• Due to time constraints, we would appreciate if all forms could be returned by Wednesday night (05/03/18). The
whole process should take approximately 30-40 minutes.

* The consent form, 15 videos, and questionnaire can be found in drop box. Please find the link sent to your email address.
** Below are examples of features assessed in the questionnaire.

Ultrasonographic features of the superficial wall 
(cortex) of the model are comparable to the gold 

standard.

Cortex

The reverberation artifact noted at the surface 
of the model is comparable to the gold 

standard.

Reverberation artifact

The articular process joint space size and 
visibility of the model is comparable to 

the gold standard.

Joint space

Internal structures are noted in the model, 
unlike the gold standard.

Internal 
structures/echoes
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Appendix 3 - Tutorial handout provided to participants following enrollment.  

 

Design and validation of a 3D printed equine cervical articular process joint model for ultrasound-guided joint injection training

General instructions
1. You are provided with a three-dimensional (3D) printed model of an equine cervical articular process joint embedded in ballistic gelatin, a

spinal needle, and an ultrasound machine. Using ultrasound guidance, you are asked to place a needle into the joint space of the provided
cervical articular process joint model. This procedure is to be repeated three times. Prior to the start of the Objective Structured Clinical
Examination (see document OSCE rubric):
• You are allotted up to 5 minutes to practice ultrasound scanner control adjustment for image optimization .
• Using the model, a demonstration will be given by the main investigator to explain how to perform the procedure (see description

below).
• Following the demonstration, you will be able to practice the procedure on the model for up to 15 minutes.

Scanner controls for image optimization (Fig 1)
• Prior to the start of the procedure, you may adjust the following scanner controls as desired:

o Depth: Serves to adjust the depth of the image that you want to display on the screen. Ensure that the anatomy of interest is centered in
the image.

o Time gain compensation (TGC): Is used to adjust the brightness from the near to the far field. TGC should be adjusted to obtain an image
uniform in brightness across the depth of tissues displayed.

o Focus: Reduces beam width to improve lateral resolution, thereby improving the ability to distinguish two closely located objects at the
same depth.

o Freeze button: Allows to pause and capture images for further assessment as needed.

Pertinent anatomy of the equine cervical articular process joints (Fig 2)
• The cervical articular process joints are formed by the combination of cranial and caudal articular processes.
• Together, the cranial and caudal articular processes form a large and oval synovial joint directed in an oblique dorsal plane.

Technique for ultrasound-guided injections of the equine cervical articular process joint (Fig 3 & 4)
1. Orient the ultrasound transducer marker cranially towards the cranial articular process.
2. Align the long axis of the ultrasound transducer parallel with the long axis of the articular process joint (Fig 3).
3. Using ultrasound guidance, identify the cranial and caudal articular processes (chair sign) (Fig 4). The joint space is located at the junction

between the cranial and caudal articular processes, depicted as a narrow anechoic gap.
4. Once the articular process joint is identified, ensure that the hand holding the needle rests against the metallic tin.
5. Align the needle parallel with the ultrasound transducer marker.
6. Once a parallel alignment is obtained, slowly insert and advance the needle underneath the ultrasound transducer until the joint space is

reached (Fig 4). The needle is identified as a highly reflective hyperechoic line.
7. Upon validation of the intra-articular location of the needle, slowly remove the needle.
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Internal structures are noted in the model, 
unlike the gold standard.

Figure 1

Freeze

TGC
Depth

Focus

Figure 2

C4

C5

Cranial articular process (C4)Caudal articular process (C5)

C5

C4

Figure 4

Needle

Figure 3

C4

C5

C5
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Appendix 4 - Survey provided to experts following the practice session and OSCE. 

How many years of experience in ultrasonography do you have? Please circle your 

answer: 

• < 1 year 

• 1-3 year(s) 

• 4-6 years 

• 7-10 years 

• > 10 years 

 

1. FACE VALIDITY 

Please indicate your level of agreement or disagreement with the following statements 

by marking a vertical line on a scale between strongly disagree and strongly agree. 

 

a) The model is easy to use. 

 

 

Strongly disagree      Strongly agree 

 

b) There are no substantial ultrasonographic artifacts produced by the model (e.g. 

gas bubbles in the ballistic gelatin) that impair visualization of the joint space. 

 

 

Strongly disagree      Strongly agree 

 

c) The resistance encountered while inserting the needle in the ballistic gelatin is 

comparable to that of soft tissues in live patients. 
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Strongly disagree      Strongly agree 

 

d) The ultrasonographic images obtained while imaging the model are similar to those 

obtained in live patients. 

 

 

Strongly disagree      Strongly agree 

 

2. CONTENT VALIDITY 

Please indicate your level of agreement or disagreement with the following statements 

by marking a vertical line on a scale between strongly disagree and strongly agree. 

 

a) The model is adequate to teach the simultaneous use of an ultrasound transducer 

and needle while performing injections of an equine cervical articular process joint. 

 

 

Strongly disagree      Strongly agree 

 

b) The model is adequate to teach the importance of needle alignment with the 

ultrasound beam while performing injections of an equine cervical articular process 

joint. 

 

 

Strongly disagree      Strongly agree 

 

c) The model is suitable to give a general idea of the tactile experience when 

performing injections of an equine cervical articular process joint. 
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Strongly disagree      Strongly agree 

 

 

d) The model is an acceptable training tool to learn how to perform ultrasound-guided 

injections of an equine cervical articular process joint. 

 

 

Strongly disagree      Strongly agree 

 

e) The model is adequate to assess the ability to correctly perform injections of an 

equine cervical articular process joint. 

 

 

Strongly disagree      Strongly agree 

 

3. ADDITIONAL COMMENTS AND SUGGESTIONS 

• What are the strengths of the model as a training tool? 

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

 

• What are the weaknesses of the model as a training tool? 
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________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

 

• To help us improve the model, please provide suggestions for future improvement. 

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

 
Appendix 5 - Survey provided to novices following the practice session and OSCE. 

In the past, have you performed an ultrasound-guided interventional procedure involving 

needle placement?  

Yes___             No___ 

In the past, have you performed cervical articular process injections?    Yes___      No___ 

If yes, how many injections have you performed?    <5___     5-15___     >15___ 

 

1. FACE VALIDITY 

Please indicate your level of agreement or disagreement with the following statements 

by marking a vertical line on a scale between strongly disagree and strongly agree. 
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a) The model is easy to use. 

 

 

Strongly disagree      Strongly agree 
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b) There are no substantial ultrasonographic artifacts produced by the model (e.g. 

gas bubbles in the ballistic gelatin) that impair visualization of the joint space. 

 

 

 Strongly disagree      Strongly agree 

 

c) The resistance encountered while inserting the needle in the ballistic gelatin is 

comparable to that of soft tissues in live patients (i.e., venipuncture or 

intramuscular injection). 

 

 

Strongly disagree      Strongly agree 

 

2. CONTENT VALIDITY 

Please indicate your level of agreement or disagreement with the following statements 

by marking a vertical line on a scale between strongly disagree and strongly agree. 

 

a) The model is adequate to teach the simultaneous use of an ultrasound transducer 

and needle while performing injections of an equine cervical articular process joint. 

 

 

Strongly disagree      Strongly agree 

 

b) The model is adequate to teach the importance of needle alignment with the 

ultrasound beam while performing injections of an equine cervical articular process 

joint. 
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Strongly disagree      Strongly agree 

 

c) The model is suitable to give a general idea of the tactile experience when 

performing injections of an equine cervical articular process joint. 

 

 

Strongly disagree      Strongly agree 

 

d) The model is an acceptable training tool to learn how to perform ultrasound-guided 

injections of an equine cervical articular process joint. 

 

 

Strongly disagree      Strongly agree 

 

3. SELF-ASSESSMENT 

Please indicate your level of agreement or disagreement with the following statements 

by marking a vertical line on a scale between strongly disagree and strongly agree. 

 

a) Using the model increased my confidence while using an ultrasound transducer 

and needle simultaneously.  

 

      

   Strongly disagree      Strongly agree 

 

b) Practicing needle placement on the model increased my ability to localize, with 

ultrasound guidance, the landmarks for needle placement in an equine cervical 

articular process joint.  

 



 

 

116 

 

 

 

         

Strongly disagree      Strongly agree 

 

c) After practicing on the model, I feel confident teaching someone how to use this 

model to perform cervical articular process joint injections.  

 

 

    Strongly disagree      Strongly agree 

 

d) Performing cervical articular process joint injections is more complicated than I 

had initially anticipated. 

 

       

  Strongly disagree      Strongly agree 

 

4. ADDITIONAL COMMENTS AND SUGGESTIONS 

• What are the strengths of the model as a training tool? 

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

 

• What are the weaknesses of the model as a training tool? 

________________________________________________________________

________________________________________________________________
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________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

 

• To help us improve the model, please provide suggestions for future improvement. 

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________

________________________________________________________________ 

 

 


