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Abstract 

Malposition of implants is associated with complications, higher wear and increased 

revision rates in total hip replacement (THR) along with surgeon inexperience. 

Training THR residents to reach expert proficiency is affected by the high cost and 

resource limitations of traditional training techniques. Research in extended reality 

(XR) technologies can overcome such barriers. These offer a platform for learning, 

objective skill-monitoring and potentially for automated certification. Prior to their 

incorporation into curricula however, thorough validation must be undertaken. As 

validity is heavily dependent on the participants recruited, there is a need to review, 

scrutinise and define recruitment criteria in the absence of pre-defined standards, for 

sound simulator validation.  

A systematic review on PubMed and IEEE databases was conducted. Training 

simulator validation research in fracture, arthroscopy and arthroplasty relating to the 

hip was included. 46 validation studies were reviewed. It was found that there was no 

uniformity in reporting or recruitment criteria, rendering cross-comparison challenging.  

This work developed Umbrella categories to help prioritise recruitment, and formulated 

a detailed template of fields and guidelines for reporting criteria so that, in future, 

research may come to a consensus as to recruitment criteria for a hip “expert” or a 

“novice”. 
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Introduction and Background 

Clinical Motivation 

Primary and revision Total Hip Replacement (THR)1 procedures are forecasted to increase  

above and beyond the aging population [1].  In 2020, the UK was expected to see a total of 

143,087 THR procedures [2]. This figure is predicted to rise to 156,121 in 2030 [2]. Reducing 

the demand in particular for revision surgery is important with improving implant position a 

key objective in preventing revisions. Along with other factors, there is evidence to 

demonstrate that implant placement is influenced by the experience of the performing 

surgeon [3]. Therefore, amongst other resources, adequately trained surgeons are required to 

relieve the THR burden and perform procedures quickly, effectively and without 

complication. 

Fast and effective training of surgeons however, is a complex issue. There are numerous 

aspects that influence the acquisition of skills and performance in surgery. Still, repetitive 

practice is known to be a fundamental factor. A study in Sweden showed that surgeons with 

higher THR case volumes had a reduction in the rates of patient accident and emergency 

incidents within 90 days post-surgery [4]. Chen et al. reported that when 16 high-volume 

surgeons were questioned, the recommended number of cases that hip trainees should be 

exposed to are 128 (116 ± 58.7 for hip arthroplasty specifically) during a hip fellowship [5].  

The main barriers to offering surgical trainees opportunities for such high numbers of case-

based practice are associated with traditional training techniques. These include the 

following: observation of live surgery, practice on manikins/synthetic/animal/cadaveric 

models and practice on real patients (increasing risk to patient safety). Such methods are 

often costly, heavily dependent on operating theatre (OR) availability and expert surgeon 

 
1 Also referred to as total hip arthroplasty (THA). 



supervision, which further exacerbates resource shortages for patient procedures [6,7]. As a 

direct result, residents may graduate without sufficient surgical experience in vital areas [8]. 

Non-Traditional Training Technologies 

To overcome traditional training barriers and improve patient outcomes, research has moved 

to using technologies such as extended reality (XR)2 in order to design training simulators. 

An XR platform can offer a low-cost training environment, without compromise to patient 

safety. The most recent advancements in this field are towards immersive, wearable 

technologies, such as head-mounted displays (HMDs) coupled with controllers that allow the 

user more natural interaction (NI) and can render (visuo-/audio-) realistic OR environments 

in virtual reality (VR). This technology has shown mounting evidence of improved training in 

other surgical specialties, such as in general laparoscopy [9] and also in arthroscopy [10], and 

there is recent evidence that this XR technology can facilitate surgical training in more 

complex open procedures such as THR [11,12]. 

Simulators as Assessors 

If simulators are to provide a superior alternative to traditional techniques then not only 

should they closely replicate the live surgical procedure in order to make training effective 

[13] and ensure acquisition of skills, but they should also have the objective functionality for 

accurate and quantitative assessment of the users’ current skill-level. This would facilitate 

unsupervised training of the surgically naïve and, at the same time, solve the problem of 

subjective, variable and disparate grading systems seen cross-institutionally, cross-faculty, 

and cross-departmentally [14]; an issue that current accreditation bodies are particularly eager 

to solve [15].  

 
2 In this context this includes wearable head-mounted displays (HMDs) in Augmented Reality (AR), Virtual 

Reality (VR), Mixed Reality (MR) as well as static PC-based platforms, and excludes traditional simulation 

such as stand-alone cadaveric, animal or synthetic bone/manikin platforms.  



The digitally simulated environment offers the prime platform for implementing automated 

performance monitoring of skill-level for assessment and accreditation. However, whether 

current systems are successful in doing so requires further investigation. This issue should not 

be confused with the topic of much current research; whether simulators are effective training 

tools or not, which requires the user to show an improvement in performance [16]. The issue 

at hand, instead, focuses on the challenge that arises (and must be solved) prior to any attempt 

at evaluating training efficacy; that is whether the simulator can differentiate between users 

of differing skill level, most commonly an “expert” or a “novice”. This is often referred to as 

the construct validity [17] of a simulator and its success is determined by the appropriateness 

and fidelity of the performance measures selected. 

Vaughan et al. performed a systematic review, of mainly arthroscopic trainers, which 

demonstrated that simulators’ in-built metrics appeared to indeed be able to discern between 

“expert” and “novice” technical skill levels successfully in orthopaedics [18]. More mature 

simulation fields, such as  laparoscopy, are also taking advantage of this fact, applying 

machine learning techniques for intelligent assessment of trainee performance [19] and 

moving towards an adaptable and automated certification tool. 

However, implementation of assessment technology can be quite problematic and pose a 

barrier in measurement selection, especially in long and complex procedures such as THR 

since, often, the success of the procedure is not just dependent on trainee technical psycho-

motor skill proficiency [20] but also on cognitive and non-technical skills, such as decision-

making [21] and leadership, which can be challenging to quantify and automatically monitor 

[15,20].  

Furthermore, since even in psycho-motor skills acquisition there is high variability 

individual-to-individual, it becomes a challenging task to define, quantify and standardise 

criteria for classification of an “expert” and a “novice”. In fact, the Dreyfus and Dreyfus 



model (originally developed for pilots) [22] shows that there are in fact many skill levels in-

between and categorises them as “novice”, “Advanced Beginner”, “Competent”, “Proficient” 

and “expert” even mentioning a modified model, which includes an ultimate level that is the 

“Master” level. Researchers have applied this model to the medical field and have 

qualitatively summarised their respective definitions [23]. Moving towards this goal in a 

mastery-based approach means that simulators will have to be capable of discerning more 

subtle skill differences, often only uncovered by current qualitative assessment techniques, 

for example, the Global Rating Scale [24], often used as part of the Objective Structured 

Assessment of Technical Skills (OSATS) in Arthroscopic Skills Assessment [25].  

Therefore, it is apparent that a vigilant recruitment process must be followed, since the 

expertise levels of the participants will be used as the defining factor (ground truth) for the 

selection of quantitative measures and setting absolute proficiency standards [26], used to 

train these intelligent assessment simulators.  

Aim and Contributions 

The main aim of our work is to review how current literature has defined and reported 

participant recruitment criteria for hip simulator validation and also to identify if there are 

standards for recruitment in different specialist areas, including fracture and arthroscopy, 

with a particular focus however on THR. If no sufficient existing standards are found, this 

work aims to formulate recommendations for best practices so that future research can recruit 

and report participant criteria to an acceptable level for sound validation. Though there have 

been prior reviews conducted on orthopaedic simulators in general [27–34], to the authors’ 

best knowledge, this is the first review to focus solely on simulator validation for the single 

anatomical joint of the hip. 

  



Materials and Methods 

Systematic Search 

The review process was conducted with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA)3 as a template. The search query was formed by the 

terms listed in Table 1, and was run in two electronic databases: PubMed® and the 

IEEEXplore Digital Library®, and only included sources in the English language. The search 

was run for a 20-year period from Jan (1st) 2000 to Aug (4th) 2020. 

 

Table 1: Search Query Terms 

Joint Procedure Task Platform Subject 

hip arthroplasty training virtual expert 

 
replacement trainer augmented master 

 
surgery skills extended surgeon 

 
Total simulat* mixed consultant 

 
THA game reality experienced 

 
THR learn* benchtop specialist 

 
fracture interact* sawbones trainees 

 
resurfacing educat* "3D-printed" student 

 
preservation teach* three-dimensional resident 

   
porcine registrar 

 
arthroscopy 

 
animal junior 

   
cadaver senior 

   
computer intermediate 

   
PC fellow 

   
manikin novice 

   
phantom beginner 

    
postgraduate 

THA – Total Hip Arthroplasty 

* - Wildcard Query 

 

 

 
3 www.prismastatement.org/PRISMAStatement 



  



Studies were considered eligible for inclusion within this review if they met the pre-

determined inclusion and exclusion criteria listed in Table 2. 

 

Table 2: Inclusion/Exclusion Criteria for Research in Hip Simulator Participant Recruitment  

Inclusion Criteria  Exclusion Criteria 

Human Participants Population Non-Human Participants 

Hip Arthroplasty, Arthroscopy, 

Resurfacing, Fracture 
Procedure 

Any Other Anatomical Joint 

Soft-Tissue 

General Orthopaedic Skills Operations 

with no mention of Hip 

Training Surgeons in Knowledge of 

Anatomy, Procedure, Psychomotor 

Skills, Cognitive Skills or other skills 

acquisition 

Task 

Pre-operative Planning 

Patient Rehabilitation 

Evaluation of a new Tool/Procedure 

approach 

Biomechanical Modelling 

Non-Surgical Speciality 

Extended Reality, VR and AR, PC, 

Sawbones, 3D-Printed, Manikin, 

Animal, Cadaver 

Platform Living Human (Patient) 

1) Studies that aimed to verify that the 

simulator was physically realistic 

(comparison with real surgery - face 

validity) 

2) Studies that aimed to differentiate 

between “experts” and “novices” 

(construct validity) 

3) Studies that aimed to validate 

efficacy of simulator for training 

(transfer validity) 

Study Type 

Description of System Design Only 

Validation not subject to human 

evaluation 

Published in English 

Date of publishing 2000-2020 
Publication 

Systematic reviews 

Editorial commentaries 

 

In order to be thorough, the definition of “simulation” used in this context included any 

research that was not an operation on a living human patient and, therefore, included any 

research in human cadaver training, in-vivo animal research, and synthetic bone/manikins. 

Even though these are classified as traditional training techniques, it was hypothesised that 

their recruitment processes may be able to guide those for future XR simulators.  

Studies that used computer-assisted (CAS) navigation techniques with synthetic 

bone/manikin platforms and compared them to traditional (non-CAS synthetic bone/manikin 

platforms) techniques were also included, since, essentially, CAS navigation is a form of XR. 

Such studies are not to be confused with those that attempted to investigate whether CAS 



navigation is a better technique to use in live patient procedure (these were excluded). 

Instead, if participants who used CAS in the training phase were then asked to perform the 

non-CAS procedure (and compared to other groups) for evaluation of skills acquisition, they 

constituted meeting our search criteria.  

The search included simulators for any stage of the THR procedure and other hip-related 

procedures, such as arthroscopy/resurfacing/fracture-fixation/hemiarthroplasty/osteotomy, to 

name a few. Due to the terminology used, any general orthopaedic skills trainer with no 

mention of task specificity to the hip procedure or anatomy thereof (e.g. distal as opposed to 

proximal femur) was automatically excluded. Procedures on other joints such as the knee, 

shoulder, spine etc. were excluded due to a difference in the anatomical knowledge required 

to undertake the procedure. 

Though arthroscopic procedures are included in the main review, it must be noted that the 

procedures utilise a very different set of skills to arthroplasty [35], and, therefore, an expert in 

an open procedure such as arthroplasty, might not be fairly or directly compared with that of 

an  arthroscopic one.  

The term “training” also was expected to return much research on resistance and 

rehabilitative training involving the patient post-surgery and, therefore, these studies were 

also to be excluded. 

Only studies that recruited human participants were included. 

The flow diagram of the search and filter process is shown in Figure 1. 



 

Figure 1: PRISMA Diagram 

 

Formulation of Umbrella Categories 

Numerous validation frameworks have been described in the literature but, unfortunately, the 

uptake of modern frameworks has been very slow in surgical simulation [36]. Borgersen et al. 

speculate that this could be because validation studies are not typically run by medical 

education specialists who may simply be using old techniques, unaware that there are updated 

frameworks [36].  Our work will not attempt to formulate or recommend a validation 

framework but, instead, attempt to create umbrella recruitment categories based on the most 

used terminology from publications in our literature search. It is hoped that these categories 

will be generic enough to prioritise recruitment criteria in such a way that the authors may 

formulate a detailed reporting template. The hope is that such a template may be used to 

make the participant recruitment process more transparent within any validation framework 

or research quality assessment, such as the Medical Education Research Quality Instrument 

(MERSQI). 



Participant recruitment criteria is heavily dependent on the objective of the type of validation 

to be undertaken. Therefore, the authors opted to categorise the results of the systematic 

search into validation types that may have similar recruitment criteria. In order to do this, 

first, it was important to define the different types of validation. However, the literature in 

surgical simulation validity and respective methodology can be prone to inconsistency [36], 

with multiple interpretations of validation terms and the interchangeable use thereof 

[17,37,38]. 

CATEGORY_1: Face/Content/Usability 

The Face validity of a simulator is often translated in the surgical field to mean a qualitative 

evaluation of the simulator’s seemingly realistic representation of the original procedure [38], 

but also defined as evaluating the appropriateness of the test contents through “expert” 

opinion [39], which encroaches on the Content validity definition by McDougal [40]. This 

ambiguity makes it challenging to separate Face from Content validity4, but the literature 

generally agrees; they are both very subjective forms of validation [17] that have the same 

goal, only differing in level of detail.  

Another form of qualitative validation that participants are often recruited for, are the 

simulators’ Usability tests. Usability is highly dependent on various factors, such as the 

familiarity of the participant with the interaction tools, both simulated and real, users’ 

physical attributes that influence ergonomics, and users’ individual preference and opinion, to 

name a few [41]. Much of these factors are contingent on those evaluated in Face and Content 

validation. 

As a consequence of such inherent subjectivity, these types of validation have been deemed 

one of the most “dangerous” categories in terms of providing “seemingly” valid evidence 

 
4 though one literature review of orthopaedic simulators has done so by stating rigid definitions for both [28] 



[42]. Therefore, if detailed and stringent recruitment criteria is set and reported, it would 

render the results of such tests more transparent to future researchers, who could then make 

independent and more informed decisions with respect to the resulting validity of such 

studies. 

With all this in mind, the authors observed that, although it may seem advantageous to recruit 

participants for cohorts of differing skill levels for Category_1 validation, it is, arguably, not 

a necessity since “expert” opinion may be the more desirable objective. Instead, it would be 

more pertinent to the tests if a group of “experts” were recruited with varying physical 

attributes, social interests, linguistic abilities and schools of thought.  Therefore, Face, 

Content, and Usability were grouped together to form this first umbrella category of 

validation, where priority is given to participants of the similar “expert” skill-level with 

diverse physical traits and personal backgrounds.  

CATEGORY_2: Criterion/Construct 

Criterion validity can have ambiguous definitions, with McDougal [40] defining it as a 

comparison of measurements from the simulator with the old assessment technique, and 

Fairhurst et al. [38] as a comparison to real or “concrete” measures. However, both agree that 

the subtypes of Criterion validity are termed “Concurrent validity” and “Predictive validity”, 

with the definitions being a comparison with the current gold standard performance 

measurement tool and future performance predictive ability, respectively. 

There is also general consensus in most surgical validation literature that Construct validity 

(the primary focus of this work) is the ability of the simulator to differentiate between an 

“expert” and a “novice” but has also been more broadly defined as differentiation of users of 

“differing skill levels” [40]. The latter definition is the preferred one for use in this article, as 

it encompasses the former. For both Criterion and Construct validity, it is compulsory that the 

participants to be recruited are of differing skill-level. This requirement may not seem so 



obvious for Concurrent Criterion validity since one may assume that as long as participants 

have been (or are being) assessed by the same gold standard they can be of one skill level. 

However, even though the simulator may closely match the gold standard of assessment at 

one extremity (e.g. “novice”-level) the simulator metrics may not be as sensitive as the gold 

standard to subtler changes in skill level (e.g. “intermediates” and “experts”). It is obvious 

that for Predictive Criterion validity, differing skill levels are a must in order for automated 

interpolation between datasets to formulate accurate projections of skill-level, to predict 

performance in the OR. 

Therefore, the priority requirement of Criterion and Construct validity becomes the 

recruitment of cohorts of differing skill levels and thus forms the second umbrella category. 

CATEGORY_3: Training/Transfer 

The third, and final, category aims to group all studies that look at learning curves or training 

effect within the simulator, as well as skills transfer5 from the simulator to other mediums, 

such as cadaveric models or the OR to name a few. To assess training efficacy, the desired 

initial skill-level of participants would ideally be “novices”. This way, the learning curves are 

more detectable, whereas an “expert” is expected to have no learning curve. Training-effect 

and Transfer studies would typically require twin cohorts of participants with matched skill 

level, preferably also “novices” (so the learning curves for both cohorts can be compared), 

split into a control cohort and a simulation training cohort. Comparison of cohorts’ 

performance on a common medium after a finite training period will be fairer if these cohorts 

are closely matched. 

 
5 This category should not be confused with Predictive criterion validity, which often requires 

data from transfer validity studies to be able to estimate levels of skills transfer.  



Therefore, the priority requirement is participants of lower skill level and matched cohort 

recruitment. 

Result Categorisation 

To summarise, the three umbrella categories used to group literature were: 

• CATEGORY_1 FACE/CONTENT/USABILITY: Studies that aimed to verify that the 

simulator was physically realistic (comparison with real surgery, evaluate 

correctness/usefulness of educational content or user perception/interaction) 

o Recruitment Priority: “Experts” from diverse personal backgrounds 

• CATEGORY_2 CRITERION/CONSTRUCT: Studies that aimed to differentiate 

between “experts” and “novices” (or differing skills levels), as well as aimed to set 

proficiency standards 

o Recruitment Priority: At least two cohorts of differing expertise 

• CATEGORY_3 TRAINING/TRANSFER: Studies that aimed to evaluate acquisition 

of skills (including within simulator environment and transfer to other mediums such 

as cadaveric training and OR). 

o Recruitment Priority: “Novices” of similar experience 

The selected sequence of the defined categories was conducted in such a way to reflect when 

these validity tests are usually carried out in the lifecycle of the simulator’s design and 

testing, i.e. only after Face/Content/Usability tests are passed should the Criterion/Construct 

validity take place. Subsequently, Training, and eventually, Transfer validity of the simulator 

should be undertaken. 

Data Visualisation 

Multiple software tools were used to format, sort and visualise the data gathered in this 

review including Jupyter Notebooks [43] along with the Plotly [44], Pandas [45,46] and 

NumPy [47,48] Python libraries. The data was imported from Zotero (the reference manager 

of choice).   



Results 

The results of the systematic search returned a total of 46 publications for hip simulator 

validity research. The majority related to Category_3 (40%), and 33.3% and 26.7% fall under 

Category_2 and 1, respectively. 

 

 

Figure 2: Top - Results of Systematic Search Sorted by Procedure Type from 2000-2020 Publications in PubMed and 

IEEEXplore Digital Library Databases (Plotted with Plotly6) [11,12,49–92]. Bottom - Worldwide Internet “VR” 

Search Topic Over the Past 20 Years with Peak Interest in December 2016 (Data from Google Trends7)  

 
6 Plotly Technologies Inc. Collaborative data science. Montréal, QC, 2015. https://plot.ly  
7 https://trends.google.com/trends/explore?date=all&q=%2Fm%2F07_ny 

https://plot.ly/
https://trends.google.com/trends/explore?date=all&q=%2Fm%2F07_ny


The general trend in hip surgery simulators can be seen in Figure 2, with Fracture simulators 

dominating the 2000s and 2010s and arthroscopy and arthroplasty only gaining popularity in 

the past few years. 

The earliest instance of Category_3 validation in arthroplasty using a surgical simulator was 

seen in 2007 by Gofton et al. [52] and Cobb et al [50]. Many previous reviews did not include 

these studies, most likely due to the use of the terminology CAS navigation, which can be 

misleading. However, adding computer assistance to a traditional simulator platform, such as 

synthetic bones, and evaluating its training and transfer effect to another platform [50,52] did 

indeed qualify it as a simulator for inclusion in our study, as it falls under the XR domain.  

The first hip arthroscopy simulator validation seen was in 2012 by Pollard et al. [55] and this 

too was for a bench-top manikin. It was not until five years later that any further arthroscopy 

research was conducted. Due to their use of physical models, these studies likely suffered 

from the disadvantages of traditional training methods mentioned in section 0. This could 

explain why no more research was seen in this area until modern XR technologies became a 

more viable/cost-efficient option by around late 2016, demonstrated by the sudden spike in 

popularity of the Google search-term for “virtual reality” (bottom plot in Figure 2). It was 

also during this time that Vaughan et al.’s review of orthopaedic VR simulators highlighted 

the lack of development in hip and THR simulators [32]. 

We observed (see Figure 3) that there was a dearth of research in hip arthroplasty under 

Category_2, with only one study by Logishetty et al. in January 2020 [88] that examined the 

performance of  “experts” vs. “residents” in THR even though Construct validity was not 

explicitly stated as the aim of the study. There were also only two studies published with 

respect to Category_1 validation in arthroscopy [76,80]. 

7 studies having their sole objective of Category_1 validation did not recruit participants in 

multiple cohorts and therefore were grouped together  in 



Table 3 [51,69,75,77–79,84]. 

18 studies were grouped based on their similar recruitment, with multiple cohorts of differing expertise for Category_2 (see  

Author 

Tillander 
et al. 

Blythe et 
al. 

Froelich et 
al. 

Riehl & 
Widmaier 

Pedersen 
et al. 

Akhtar et 
al. 

Kho et al. 
Dwyer et 

al. 
Khanduja 

et al. 
Phillips et 

al. 
Christian 

et al. 
Erturan et 

al. 
Sugand et 

al. 
Gustafsson 

et al. 
Bauer et 

al. 
Cychosz 

et al. 
Gallagher 

et al. 
Logishetty et 

al. 

Year 
2004 2008 2011 2012 2014 2015 2015 2016 2017 2017 2018 2018 2018 2019 2019 2019 2019 2020 

Cohort Name 
"Medical 
Students" 

"MSs" "Group 1" 
"Novice 

Operator" 
"Group 1" "Novice" "Novice" "PGY-1" "Novice" "Novice" 

"Medical 
Students" 

"Novices" "Novices" "Novices" 
"Non-

Expert" 
"Novice" "Novice" 

"Ortho. 
Residents" 

Qualitative Description 
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Participants (n) 15 6 6 6 10 10 6; 24 9 10 27; 10 15 10; 10 8 38 33 4; 4 16 32 

Surgical Training/Experience 
(yrs) 

**0 0 
**Range: 
0.92-1.92 

**0  **Range: 
0-4 

**Range: 
0-0.5 

**0-1 
**Range: 

0-6 

**0.5 - 
2.5; **3.5 

- 4.5 

Mean 
(SD): 0 

(0) 

**0; 
Unknown 

**Range: 
1 - 5 

Median 
(Range):  

**0.583 (0-
1.833) 

working in 
orthop. 
Dept. 

 **0-1; 0  **Range: 0-4 

Procedure-Specific Full Cases 
Performed (n) 

   ? 0 Mean: 1   <10  
Mean 

(SD): 0 
(0) 

**Median 
(Range): 
0 (0-0); 
0(0-0) 

< 10 
Median 

(Range): 1 
(0-10) 

0 

Mean +- 
SD 

(Range): 
0 +- 0 (0) 

<50 0 

Procedure-Specific Partial 
Cases Performed (n) 

     Mean: 2    
Mean: 0 

0.78 0.15; 
1.86 8.33 

      <50 0 

Procedure-Specific Cases 
Assisted (n) 

         
Mean: 0.4 
1.78 2.61; 

8.29 22 

   ?    0 

Procedure-Specific Cases 
Observed (n) 

   ?  Mean: 6             

Any Surgical Simulator Use           0%   yes/no: 
17/21 

    

Gaming Experience   Fort-
nightly 

        66.67%       

Never Before, 
Once, 

Occasionally, 
Monthly, At 

Least Weekly: 
20,5,1,5,1 



Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range)

%: 66 
(40-90) 

               0 

Cohort Name   "BTs" "Group 2"     
"Inter-

mediate" 
  "PGY-4"     

"Resi-
dents" 

"Trainee" 
"Inter-

mediates" 
    

"Inter-
mediate" 

    

Qualitative Description   
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Participants (n)   6 9   10  9   17 18; 10 7   8; 1   

Surgical Training/Experience 
(yrs) 

  <3 
**Range: 2-

5 
  **Range: 

4-12 
    

Mean 
(SD): 3.5 

(1.2) 

 **Range: 
3-9 

  **1-3; 3-5   

Procedure-Specific Full Cases 
Performed (n) 

      Mean: 66     
Mean 

(SD): 2 
(35) 

Median 
(Range): 
0 (0-0); 0 

(0-0) 

Range: 
10-30 

  

Mean +- 
SD 

(Range): 
4 +- 5.68 

(0-15) 

  

Procedure-Specific Partial 
Cases Performed (n) 

      Mean: 28             

Procedure-Specific Cases 
Assisted (n) 

                   

Procedure-Specific Cases 
Observed (n) 

      Mean: 26             

Any Surgical Simulator Use            88.24%        

Gaming Experience    Monthly         70.59%        



Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

  

Median 
(Range): 
37 (14-

80) 

                

Cohort Name 
"Exper-
ienced" 

"ATs"   
"Ortho. 

Surgeons" 
"Group 2" "Expert" 

"Exper-
ienced" 

  "Expert" 
"Exper-
ienced" 

"Fellows 
/Attend-

ings" 

"Consult-
ant" 

"Experts" "Experts" "Expert" 
"Exper-
ienced" 

"Expert" "Expert" 
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Participants (n) 10 6  6, 4 10 10 5; 5  9 5; 5 18 4 11 8 9 3; 1 6 4 

Surgical Training/Experience 
(yrs) 

 >4    **>11 **>2  
Mean +- 
SD: 20.1 

+- 4.7 

 
Mean 

(SD): 10.6 
(6.2) 

 **>6 

Median 
(Range): 4 
(3-15) as 
full-time 

orthopaedi
c 

traumatolo
gist 

 **3-5; 
**5++ 

  

Procedure-Specific Full Cases 
Performed (n) 

   ? >20 427   >250  212 

Median 
(Range): 

527 (209-
800) 

>40  >150 

Mean +- 
SD 

(Range): 
52 +- 

85.74 (1-
200) 

>=50  

Procedure-Specific Partial 
Cases Performed (n) 

     234    Mean: 6.4 
; 99 

      >=50  

Procedure-Specific Cases 
Assisted (n) 

         Mean: 
16.0; 166 

        

Procedure-Specific Cases 
Observed (n) 

   ?  229             

Any Surgical Simulator Use           50%        

Gaming Experience   Monthly         66.67%        

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range): 
41(20-

66) 

                



) [49,53,54,56,61–63,66–68,70,71,73,76,80,81,86,88] 

In total there were 24 studies that investigated the training effect and/or transfer of skills to 

some extent, with the majority (62.5%) being in Fracture, 29.2% in Arthroplasty and only 

two (8.3%) in Arthroscopy. 21 of these studies had the primary goal of determining simulator 

training usefulness based on Category_3 validation and hence reported recruitment similarly 

[11,12,50,52,55,57–60,64,65,72,74,82,83,85,87,89–92]. 

 

 

Figure 3: Heatmap of Results of Systematic Search Categorised by Procedure Type (x-axis) and Novel Umbrella 

recruitment Category (y-axis). Colour scale correlates to number of publications in that category, with darker shades 

denoting higher numbers [11,12,49–92], plotted with Plotly 

 



 

 

  



Table 3: Reported Participant Recruitment Criteria for Studies with single objective of Category_1 Validation   
Author Blythe et al. Condino et al. Bartlett et al. Panariello e al. FundamentalVR Aguilera-Canon et al. Weik et al. 

Year 2007 2018 2019 2019 2019 2019 2019 

Surgical Speciality FRACTURE ARTHROPLASTY ARTHROSCOPY ARTHROPLASTY ARTHROPLASTY ARTHROPLASTY ARTHROPLASTY 

Qualitative 
Description 

3 x Medical 
Students, 4 x junior 

trainees and 3x 
fellows/orthopaedic 

surgeons 

Engineers; med staff: students, 
orthop. Residents, and orthop. 

Surgeons 

7 x Faculty Members (Orthopaedic 
Surgeons) programme. 18x 

orthopaedic surgical residents from 
a variety of training programmes 

across Europe 

2 Volunteers of 
healthy and 

robust 
constitution 

1 x Medical Student, 3 x 
FY2, 1 x CT1, 7 x CT2, 1 x 
ST1, 4 x ST2, 6 x ST3, 4 x 
ST4, 6 x ST5, 2 x ST6, 3 x 

ST7, 2 x ST8 

Hip surgeons and 
surgical trainees  

Orthopaedic 
Surgeons 

Participants (n) 10 10;10 (6,1,3) 25 2 40 7 2 

Age (yrs) 20-50 23:48:32:7 (Min Max Mean STD)  23, 40    

Sex/Gender (Male: 
Female) 

9:1  13:7:0 (Male, Female, Non-Binary) 
 

 2:0     2:0  

Handedness 
(Right:Left) 

 18:2:0 (right, left, ambidextrous) 
 

 2:0    

Vision (10/10 naked 
eyes, lens-corrected 

to 10/10) 

 10,10  

 

No deficiency in 
visual or haptic 

perception 

   

Colour Blindness (no, 
yes) 

 20, 0 

 

    

English Reading  0,0,12,8  (none, limited, familiar, 
experienced)  

    

English Speaking  0,2,11,6 (none, limited, familiar, 
experienced) 

 

    

Procedure-Specific 
Full Cases Performed 

(n) 

  

 

  prior knowledge of task  

Sim Platform-Specific 
Use (E.g. PC, VR etc.) 

0 in VR, PC 
Knowledge median 

= 3.9/10 

experience with AR: 8,5,5,2 (None, 
limited, familiar, experienced) 
experience with MS HoloLens: 

16,3,1,0 (None, limited, familiar, 
experienced)  

No Participants had previous 
experience using virtual reality of 

any kind 

    

 

 

 

 

 

 

 



 
Table 4: Reported Participant Recruitment Criteria for Studies with at least one objective as Category_2 Validation – Condensed Table 

Author 

Tillander 
et al. 

Blythe et 
al. 

Froelich et 
al. 

Riehl & 
Widmaier 

Pedersen 
et al. 

Akhtar et 
al. 

Kho et al. 
Dwyer et 

al. 
Khanduja 

et al. 
Phillips et 

al. 
Christian 

et al. 
Erturan et 

al. 
Sugand et 

al. 
Gustafsson 

et al. 
Bauer et 

al. 
Cychosz 

et al. 
Gallagher 

et al. 
Logishetty et 

al. 

Year 
2004 2008 2011 2012 2014 2015 2015 2016 2017 2017 2018 2018 2018 2019 2019 2019 2019 2020 

Cohort Name 
"Medical 
Students" 

"MSs" "Group 1" 
"Novice 

Operator" 
"Group 1" "Novice" "Novice" "PGY-1" "Novice" "Novice" 

"Medical 
Students" 

"Novices" "Novices" "Novices" 
"Non-

Expert" 
"Novice" "Novice" 

"Ortho. 
Residents" 

Qualitative Description 
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Participants (n) 15 6 6 6 10 10 6; 24 9 10 27; 10 15 10; 10 8 38 33 4; 4 16 32 

Surgical Training/Experience 
(yrs) 

**0 0 
**Range: 
0.92-1.92 

**0  **Range: 
0-4 

**Range: 
0-0.5 

**0-1 
**Range: 

0-6 

**0.5 - 
2.5; **3.5 

- 4.5 

Mean 
(SD): 0 

(0) 

**0; 
Unknown 

**Range: 
1 - 5 

Median 
(Range):  

**0.583 (0-
1.833) 

working in 
orthop. 
Dept. 

 **0-1; 0  **Range: 0-4 

Procedure-Specific Full Cases 
Performed (n) 

   ? 0 Mean: 1   <10  
Mean 

(SD): 0 
(0) 

**Median 
(Range): 
0 (0-0); 
0(0-0) 

< 10 
Median 

(Range): 1 
(0-10) 

0 

Mean +- 
SD 

(Range): 
0 +- 0 (0) 

<50 0 

Procedure-Specific Partial 
Cases Performed (n) 

     Mean: 2    
Mean: 0 

0.78 0.15; 
1.86 8.33 

      <50 0 

Procedure-Specific Cases 
Assisted (n) 

         
Mean: 0.4 
1.78 2.61; 

8.29 22 

   ?    0 

Procedure-Specific Cases 
Observed (n) 

   ?  Mean: 6             

Any Surgical Simulator Use           0%   yes/no: 
17/21 

    

Gaming Experience   Fort-
nightly 

        66.67%       

Never Before, 
Once, 

Occasionally, 
Monthly, At 

Least Weekly: 
20,5,1,5,1 

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range)

%: 66 
(40-90) 

               0 



Cohort Name   "BTs" "Group 2"     
"Inter-

mediate" 
  "PGY-4"     

"Resi-
dents" 

"Trainee" 
"Inter-

mediates" 
    

"Inter-
mediate" 

    

Qualitative Description   
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Participants (n)   6 9   10  9   17 18; 10 7   8; 1   

Surgical Training/Experience 
(yrs) 

  <3 
**Range: 2-

5 
  **Range: 

4-12 
    

Mean 
(SD): 3.5 

(1.2) 

 **Range: 
3-9 

  **1-3; 3-5   

Procedure-Specific Full Cases 
Performed (n) 

      Mean: 66     
Mean 

(SD): 2 
(35) 

Median 
(Range): 
0 (0-0); 0 

(0-0) 

Range: 
10-30 

  

Mean +- 
SD 

(Range): 
4 +- 5.68 

(0-15) 

  

Procedure-Specific Partial 
Cases Performed (n) 

      Mean: 28             

Procedure-Specific Cases 
Assisted (n) 

                   

Procedure-Specific Cases 
Observed (n) 

      Mean: 26             

Any Surgical Simulator Use            88.24%        

Gaming Experience    Monthly         70.59%        

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

  

Median 
(Range): 
37 (14-

80) 
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Participants (n) 10 6  6, 4 10 10 5; 5  9 5; 5 18 4 11 8 9 3; 1 6 4 

Surgical Training/Experience 
(yrs) 

 >4    **>11 **>2  
Mean +- 
SD: 20.1 

+- 4.7 

 
Mean 

(SD): 10.6 
(6.2) 

 **>6 

Median 
(Range): 4 
(3-15) as 
full-time 

orthopaedi
c 

traumatolo
gist 

 **3-5; 
**5++ 

  

Procedure-Specific Full Cases 
Performed (n) 

   ? >20 427   >250  212 

Median 
(Range): 

527 (209-
800) 

>40  >150 

Mean +- 
SD 

(Range): 
52 +- 

85.74 (1-
200) 

>=50  

Procedure-Specific Partial 
Cases Performed (n) 

     234    Mean: 6.4 
; 99 

      >=50  

Procedure-Specific Cases 
Assisted (n) 

         Mean: 
16.0; 166 

        

Procedure-Specific Cases 
Observed (n) 

   ?  229             

Any Surgical Simulator Use           50%      
 

 

Gaming Experience   Monthly         66.67%        

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range): 
41(20-

66) 

                

Key 

** Inferred from qualitative description 

* Figures for all cohorts collectively (no breakdowns given) 



Discussion 

In 2010, Van Nortwick et al. [37] provided a general guideline for validation methodology 

for surgical simulators, including a generic table of recommendations for subject 

demographic reporting. However, the results of our literature search showed that only one 

subsequent hip simulator validity study stated following this guideline, and that the majority 

do not state following any validation framework at all. This was shown to be a general 

problem in all areas of surgical simulation in a review of validation methods conducted in 

2018 by Borgersen et al. [36]. It outlined that studies were becoming more vague at reporting 

what validation frameworks they followed, if any, and even using validation nomenclature 

incorrectly, with a very notable increase of such publications from only 2.1% in 2012 to 

23.3% in 2017 [36].  

To avoid this for the relatively newer field of THR surgical simulators, we have reviewed the 

current validation research in prior hip surgery simulation and proceeded to analyse them 

under novel umbrella categories. 

CATEGORY_1 Face/Content/Usability 

Until very recently, XR simulators for training of open hip procedures, especially in THR, 

did not exist [32], which accounts for why validation research in this area is sparse. This is 

mainly due to the nature of the surgical procedure. THR or arthroplasty in general (unlike 

arthroscopy), has demanding technical visualisation requirements, including depth-rendering 

requirements, as the surgeon is no longer visualising patient anatomy through a 2D camera or 

radiograph (as in arthroscopy or fluoroscopy). Therefore, more sophisticated visual display 

techniques and positional controls are required for a larger reachable workspace and a more 

accurate representation of the user’s avatar in the virtual environment. As these factors are 



dependent on the user’s unique physical attributes, e.g. arm-span, it can be challenging to 

design user-agnostic interaction.  

Technology has now advanced sufficiently to be able to provide realistic visual patient 

rendering, as FundamentalVR8 demonstrate in their hardware agnostic platform, recently 

accredited by the Royal College of Surgeons [77]. More and more simulators are starting to 

emerge from commercial companies such as OssoVR9 ORamaVR10 and Virtamed11, though 

thorough evaluation for all these platforms is currently sparse. Figure 2 shows this general 

trend in hip surgery simulators over the past 20 years, the most advanced simulator research 

being in hip fracture-fixation, and the slow shift to hip arthroplasty as XR platform 

technology has advanced (its popularity highlighted by Figure 2’s Google search-term trend 

plot), with an approximate two-to-three year lag before these technology trends are integrated 

into simulators and then observed in validation research. 

However, as much as visual realism has advanced, haptic realism appears to still be lacking. 

Participants have often fed back that there is much still required in simulator haptics even in 

MIS procedures [49,73,76,80], let alone in high-force arthroplasty procedures. Only two 

studies in hip fracture had participants reach some consensus that force realism had been 

achieved [56,82] and one study in arthroplasty that the instruments used felt realistic [74]. 

These are likely due to the simulators in these trials being physical-model based rather than 

virtual-environment based.  

Almost all studies in this umbrella category had the outcome that the simulator was deemed a 

“useful” tool for surgical education, usually when the interaction with the platform was seen 

as intuitive [69,75]. Studies like [77] solely used participants who were still in training 

 
8 https://www.fundamentalvr.com/ 
9 https://ossovr.com/ 
10 https://oramavr.com/ 
11 https://www.virtamed.com/en/ 

https://www.fundamentalvr.com/
https://ossovr.com/
https://oramavr.com/
https://www.virtamed.com/en/


(ranging from Medical Students all the way to final year surgical specialty years), raising the 

question as to how researchers should distinguish between opinions to disregard and ones to 

pursue, in order to make the constructive design changes necessary to improve the simulator. 

Of course, if the participant is regarded a field “expert” by his peers, then it is possible his 

opinion would carry more weight [81] than a “novice” who may be classified as not having 

performed any operations (i.e. Medical Students) or is still in training. 

An early Face validity study by Blyth et al. in 2007 for a PC-based hip Fracture simulator 

showed that the majority (56%) of participants in fact disagreed with the need for haptics to 

be incorporated [51]. However, upon closer inspection, the demographics of the participants 

consisted of three Medical Students, four Junior Trainees and only three Fellows/Orthopaedic 

surgeons; participants in the first two categories most-likely12 never having performed the 

procedure on a live patient. Since there was no reporting as to whom exactly disagreed, it is 

difficult to soundly use such validation results in any design/implementation decisions; 

regardless of the questionnaire or rating method used. Since then, it has been reported that 

incorporation of haptic feedback improves general surgical VR simulator training effect [93]. 

Condino et al.’s participant demographic reporting was, by far, the most extensive amongst 

all the studies that only conducted validation in Category_1 [69] (see 

 
12 Amount of experience is unknown as the study does not report the number of prior cases participants have 

performed/assisted/observed 



Table 3). Affinity for this style of numerical data tabularisation might stem from the 

researchers’ predominantly engineering-based backgrounds, as opposed to clinical-based 

ones. It was also the only study to include ambidexterity and non-binary as options for 

handedness and gender respectively [69]. However, the use of engineers to evaluate the 

Usability of the AR THR simulator that is primarily meant for surgeons should be 

questioned, and was, it is likely, carried out in order to increase group size (and hence power 

analysis), which can be common practice amongst surgical simulator validation studies. 

According to consensus guidelines by Carter et al., even “expert” opinions are only classed as 

a low Level of Evidence (LoE) of 4, compared to Randomized controlled trials of  “good” 

quality and of adequate sample size, constituting a LoE of 1b [94]. However, as discussed, 

the majority of hip simulator validation studies, whose main goal is Category_1 validation, 

do not reach this low LoE since mixed experience-level and, in some cases, no “expert” 

participants were used [95] (see 



Table 3). 

Furthermore, only a few studies in this category mentioned following multi-institutional [49,77,82,84,87] recruitment of participants, meaning that the majority 

of studies cannot be taken as institutionally agnostic since, even if “experts” were used, their opinions may differ from one institution to another [14].   

The self-published FundamentalVR study was able to recruit participants from the most number of training levels (from Medical Student all the way to ST8 - 

Specialty Training Year 813) since their recruitment took place at a conference [77]. This is a testament to the benefits of more portable and cloud-based 

simulators, since, in the future, physical and geographical locations will no longer be an issue for participant recruitment as it is hoped technological, as well as 

engagement-level, barriers for take-home training kits will be reduced [96]. However, in this instance, recruitment for the Face validation of the posterior THR 

simulator was dependent on the attendees of a conference and therefore numbers of participants for each skill-level were very low.  

Therefore, it is apparent that for publications in this category, though “expert” opinion is vital, “expert” recruitment is lacking, and understandably so; 

availability of consultant surgeons is often limited. However, if a small number of diverse and leading “experts” are recruited, this could, arguably, better 

support the utility of conducting Category_1 validation than the opinions of higher numbers of participants of mixed skill-level. 

To ensure researchers do not overlook the importance of diversity, the authors have added the Physical/Personal Attributes fields to the recommended guideline 

(Table 5) to aid in the reporting and recruitment for Category_1 validation studies. Attributes such as eye colour and ethnicity have never before been reported 

in any previous studies, but should, in our view, be included since eye-tracking and hand-tracking technologies may differ in accuracy due to these wearer 

attributes (143,144), hence affecting the user experience and therefore opinions towards the simulator. Since these technologies are increasingly being 

 
13 https://www.rcseng.ac.uk/careers-in-surgery/trainees/foundation-and-core-trainees/surgery-career-paths/ 

https://www.rcseng.ac.uk/careers-in-surgery/trainees/foundation-and-core-trainees/surgery-career-paths/


incorporated in the latest commercial/mainstream HMDs (HTC VIVE Pro Eye14, Microsoft HoloLens 215 etc. ), until the technologies have been perfected, this 

data should be gathered in any Category_1 validation and can be used by engineers and technologists to improve such devices, if need be.  

The matter of ensuring that the participants are of “expert” skill-level however is much more challenging and the authors aim to provide further guidelines to 

aid Category_2 validation.  

CATEGORY_2 Criterion/Construct 

The thorough justification behind undertaking Construct validation for a simulator is often overlooked. In fact, Cook [99] contends that the simulator’s ability 

to discriminate between expert and novice cohorts adds little to the validity of the simulator and should not be the only form of validation that occurs. However, 

the inability to differentiate may immediately highlight issues before other stages of validation [99]. Our work therefore assumes that Construct validity is only 

one part of the simulation validation process and should be carried out along with Criterion and Transfer studies [99] before it can be used as evidence of 

usefulness. Furthermore, stringent participant recruitment processes should address all the confounding issues stated in [99].  

However, as is the case in this work, if a primary goal of the simulator is to serve as an assessment (pass/fail) and certification tool, then Category_2 validation 

must be carried out to such a sound level, that any proficiency standards [100] set within such simulators should be beyond reproach, since, eventually16, the 

simulator could serve as the final frontier before trainees are then allowed to perform patient procedures.  

 
14 https://www.vive.com/uk/product/vive-pro-eye/overview/ 
15 https://www.microsoft.com/en-us/hololens 
16 depending on the simulator’s place in the training curricula 

https://www.vive.com/uk/product/vive-pro-eye/overview/
https://www.microsoft.com/en-us/hololens


Factoring out the Learning curve of the simulator 

For true assessment, the simulator used should not in any way influence the participant’s current skill level, whether it is through extensive time, and hence 

practice, on the platform beforehand, or providing feedback on performance metrics during the experiment. [54] and [73] made a point to mention that no 

feedback was visible to participants. However, it is not clear as to how much time participants should be allowed in order to familiarise themselves with the 

simulator beforehand. Earlier studies [49,53] had “experts” guide participants through the first operation. Some papers have allowed no practice time at all with 

only visual [62,70], audio-visual [68], written instruction [67], or standardized explanation/demonstration [56,73,82] of each task. Other studies allowed two 

minutes or less [54,80],  five minutes or less [76] and even up to ten minutes [63], the latter recognising that this long familiarisation time could indeed have 

affected their findings.  

As it is known that repeated practice does facilitate skills acquisition [101], ideally, participants should only be given a written, audio or video description of 

finite time and have no practice on the simulator itself. If the interaction perfectly mirrored that of a live surgical procedure over all five sensory domains, then, 

zero prior practice would not be an issue. However, though this may be better achieved in the arthroscopic procedures, this is not the case for arthroplasty. 

Researchers must be able to decouple the simulator’s learning curve from that of the user’s baseline skill level.  

The expert cohort is the ideal place to start. Since we can assume their knowledge and skill level of the actual procedure is complete, any learning curve 

observed based on the outcomes of the simulated procedure can be assumed to be their familiarisation with the simulator. Gustafsson et. al found that “experts” 

took as long as “novices” for familiarisation with a hip fracture osteosynthesis simulator and surmised it was due to the simulator not allowing them to perform 

the task as they would in real surgery, and therefore had to change their approach to operate within the simulation environment [81]. 

It may even take longer for the “experts” to familiarise themselves with the tools, due to differences in age and hence personal exposure to digital platforms 

than “novices”, and researchers have tried to adjust for this through questionnaires about prior personal gaming experience (even though research has not yet 



found strong correlation between skills acquisition and gaming [102]). Unfortunately, there was no consensus on the type of scale used for recording this 

attribute, with some studies using amount of time (1 hour per week etc.) and others qualitative Likert scales (e.g. frequently, less-frequently etc.).  

However, if the longer time is used as the upper limit for number of attempts/time, we can safely use this baseline of number of attempts (or time taken) as the 

cut-off for the familiarisation phase for all the “novice” participants during the study. Whatever the familiarisation task however, it must not be related to the 

surgical procedure, but should be more a game-based task, so as not to improve the user’s surgical knowledge or psycho-motor skill level. 

Therefore, the better approach would be to invite “experts” to take part before the “novice” cohort, but how can one define an “expert” or “novice”? 

Expert or Novice? 

As the metrics chosen when setting proficiency standards are heavily dependent on how skilled the participants are, this gives rise to the question of defining 

quantitative criteria for an “expert”, “intermediate” or a “novice”, so they may be recruited accordingly. Sadideen et al. reviewed whether surgeons’ innate 

talent is what leads them to become “experts” in their field, but reported that though it is a factor, such expertise is attained through significant practice [103]. 

Surgeons are required to keep a logbook during training and throughout their career, in which the number of cases performed, assisted-with and observed are 

marked down. This case history can serve as a quantitative measure for the amount of prior practice and therefore skill-level. Though Chen et al.’s subjective 

survey attempted to quantify the number of cases required for adequate proficiency [5], it is unclear how many prior cases constitute an “expert” in hip surgery 

fields. 

To ascertain this criteria, we have compiled  
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Participants (n) 15 6 6 6 10 10 6; 24 9 10 27; 10 15 10; 10 8 38 33 4; 4 16 32 

Surgical Training/Experience 
(yrs) 

**0 0 
**Range: 
0.92-1.92 

**0  **Range: 
0-4 

**Range: 
0-0.5 

**0-1 
**Range: 

0-6 

**0.5 - 
2.5; **3.5 

- 4.5 

Mean 
(SD): 0 

(0) 

**0; 
Unknown 

**Range: 
1 - 5 

Median 
(Range):  

**0.583 (0-
1.833) 

working in 
orthop. 
Dept. 

 **0-1; 0  **Range: 0-4 

Procedure-Specific Full Cases 
Performed (n) 

   ? 0 Mean: 1   <10  
Mean 

(SD): 0 
(0) 

**Median 
(Range): 
0 (0-0); 
0(0-0) 

< 10 
Median 

(Range): 1 
(0-10) 

0 

Mean +- 
SD 

(Range): 
0 +- 0 (0) 

<50 0 

Procedure-Specific Partial 
Cases Performed (n) 

     Mean: 2    
Mean: 0 

0.78 0.15; 
1.86 8.33 

      <50 0 

Procedure-Specific Cases 
Assisted (n) 

         
Mean: 0.4 
1.78 2.61; 

8.29 22 

   ?    0 

Procedure-Specific Cases 
Observed (n) 

   ?  Mean: 6             

Any Surgical Simulator Use           0%   yes/no: 
17/21 

    

Gaming Experience   Fort-
nightly 

        66.67%       

Never Before, 
Once, 

Occasionally, 
Monthly, At 

Least Weekly: 
20,5,1,5,1 

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range)

%: 66 
(40-90) 

               0 

Cohort Name   "BTs" "Group 2"     
"Inter-

mediate" 
  "PGY-4"     

"Resi-
dents" 

"Trainee" 
"Inter-

mediates" 
    

"Inter-
mediate" 
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Participants (n)   6 9   10  9   17 18; 10 7   8; 1   

Surgical Training/Experience 
(yrs) 

  <3 
**Range: 2-

5 
  **Range: 

4-12 
    

Mean 
(SD): 3.5 

(1.2) 

 **Range: 
3-9 

  **1-3; 3-5   

Procedure-Specific Full Cases 
Performed (n) 

      Mean: 66     
Mean 

(SD): 2 
(35) 

Median 
(Range): 
0 (0-0); 0 

(0-0) 

Range: 
10-30 

  

Mean +- 
SD 

(Range): 
4 +- 5.68 

(0-15) 

  

Procedure-Specific Partial 
Cases Performed (n) 

      Mean: 28             

Procedure-Specific Cases 
Assisted (n) 

                   

Procedure-Specific Cases 
Observed (n) 

      Mean: 26             

Any Surgical Simulator Use            88.24%        

Gaming Experience    Monthly         70.59%        

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

  

Median 
(Range): 
37 (14-

80) 

                

Cohort Name 
"Exper-
ienced" 

"ATs"   
"Ortho. 

Surgeons" 
"Group 2" "Expert" 

"Exper-
ienced" 

  "Expert" 
"Exper-
ienced" 

"Fellows 
/Attend-

ings" 

"Consult-
ant" 

"Experts" "Experts" "Expert" 
"Exper-
ienced" 

"Expert" "Expert" 
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Participants (n) 10 6  6, 4 10 10 5; 5  9 5; 5 18 4 11 8 9 3; 1 6 4 

Surgical Training/Experience 
(yrs) 

 >4    **>11 **>2  
Mean +- 
SD: 20.1 

+- 4.7 

 
Mean 

(SD): 10.6 
(6.2) 

 **>6 

Median 
(Range): 4 
(3-15) as 
full-time 

orthopaedi
c 

traumatolo
gist 

 **3-5; 
**5++ 

  

Procedure-Specific Full Cases 
Performed (n) 

   ? >20 427   >250  212 

Median 
(Range): 

527 (209-
800) 

>40  >150 

Mean +- 
SD 

(Range): 
52 +- 

85.74 (1-
200) 

>=50  

Procedure-Specific Partial 
Cases Performed (n) 

     234    Mean: 6.4 
; 99 

      >=50  

Procedure-Specific Cases 
Assisted (n) 

         Mean: 
16.0; 166 

        

Procedure-Specific Cases 
Observed (n) 

   ?  229             

Any Surgical Simulator Use           50%        

Gaming Experience   Monthly         66.67%        

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range): 
41(20-

66) 

                



, demonstrating how some publications in Category_2 have reported recruitment demographics and what criteria they have set. 

For the validation category with the most import placed on knowing the ground-truth and absolute skill-level, it was interesting to see that there is no uniformity 

amongst reporting participant recruitment details, especially for the characteristic that is perhaps most pertinent to construct validity; prior case history. 

Approximately a third of studies (6 out of the 18) do not detail prior case history and recorded years of experience [49,53,54,56,63,66].  Unfortunately, case 

history cannot be inferred from these years of training since there are cross-institutional differences in curricula, meaning trainees are exposed to different 

amounts of training mediums and live patient procedures. 

It was anticipated that the more recent studies published may be more thorough at reporting participant demographic details. It was also expected that post-2010 

work would attempt to adhere to the framework described by Van Nortwick et al. and Schout et al. [17,37]. Intriguingly, this was not the case in the latter 

instance and only one study by Bauer et al. [80] in this category quoted following any framework at all; the Van Nortwick framework. However, there was a 

marginal increase in reporting prior procedures, though no uniformity in the number of cases that would constitute an “expert” or “novice”. In addition to 

Borgerson et al.’s reasoning for this trend in study methodologies, we speculate this is because of the following; though generic validation framework papers 

and publications on simulator design [104] and validation [105] processes are available, they do not provide specific tabular templates for participant 

recruitment reporting with prioritisation of which fields are most important for Category_2 validation.  

Phillips et al. were one of the most thorough at reporting the case history of their participants recruited for their arthroscopic hip label repair synthetic bone 

simulator [68]. Prior case histories of hip, knee and shoulder arthroscopy procedures were recorded and higher cases were found to correlate to better 

performance on the simulator [68]. This indicates that there are similar cross-anatomy psycho-motor skills in arthroscopy, and, therefore, prior case history of 

other anatomical joint arthroscopies could be used as a criterion to determine the participant’s skill level in hip arthroscopy. This is in keeping with previous 

evidence that demonstrate laparoscopic skills are transferable to arthroscopy and vice versa [62]. 



However, it is not clear whether knee and shoulder arthroplasty skills are transferable to hip arthroplasty, as none of the arthroplasty studies in Category_2 have 

attempted to report or recruit based on participants’ prior case histories for other anatomical joints.  It is also not evident whether prior hip arthroscopic case 

numbers correlate to performance in arthroplasty of the same anatomical joint. 

The authors included the “prior experience” fields in Table 5 by combining all those seen in Category_2 literature ( 

Author 

Tillander 
et al. 

Blythe et 
al. 

Froelich et 
al. 

Riehl & 
Widmaier 

Pedersen 
et al. 

Akhtar et 
al. 

Kho et al. 
Dwyer et 

al. 
Khanduja 

et al. 
Phillips et 

al. 
Christian 

et al. 
Erturan et 

al. 
Sugand et 

al. 
Gustafsson 

et al. 
Bauer et 

al. 
Cychosz 

et al. 
Gallagher 

et al. 
Logishetty et 

al. 

Year 
2004 2008 2011 2012 2014 2015 2015 2016 2017 2017 2018 2018 2018 2019 2019 2019 2019 2020 

Cohort Name 
"Medical 
Students" 

"MSs" "Group 1" 
"Novice 

Operator" 
"Group 1" "Novice" "Novice" "PGY-1" "Novice" "Novice" 

"Medical 
Students" 

"Novices" "Novices" "Novices" 
"Non-

Expert" 
"Novice" "Novice" 

"Ortho. 
Residents" 
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Participants (n) 15 6 6 6 10 10 6; 24 9 10 27; 10 15 10; 10 8 38 33 4; 4 16 32 

Surgical Training/Experience 
(yrs) 

**0 0 
**Range: 
0.92-1.92 

**0  **Range: 
0-4 

**Range: 
0-0.5 

**0-1 
**Range: 

0-6 

**0.5 - 
2.5; **3.5 

- 4.5 

Mean 
(SD): 0 

(0) 

**0; 
Unknown 

**Range: 
1 - 5 

Median 
(Range):  

**0.583 (0-
1.833) 

working in 
orthop. 
Dept. 

 **0-1; 0  **Range: 0-4 

Procedure-Specific Full Cases 
Performed (n) 

   ? 0 Mean: 1   <10  
Mean 

(SD): 0 
(0) 

**Median 
(Range): 
0 (0-0); 
0(0-0) 

< 10 
Median 

(Range): 1 
(0-10) 

0 

Mean +- 
SD 

(Range): 
0 +- 0 (0) 

<50 0 

Procedure-Specific Partial 
Cases Performed (n) 

     Mean: 2    
Mean: 0 

0.78 0.15; 
1.86 8.33 

      <50 0 

Procedure-Specific Cases 
Assisted (n) 

         
Mean: 0.4 
1.78 2.61; 

8.29 22 

   ?    0 

Procedure-Specific Cases 
Observed (n) 

   ?  Mean: 6             

Any Surgical Simulator Use           0%   yes/no: 
17/21 

    



Gaming Experience   Fort-
nightly 

        66.67%       

Never Before, 
Once, 

Occasionally, 
Monthly, At 

Least Weekly: 
20,5,1,5,1 

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range)

%: 66 
(40-90) 

               0 

Cohort Name   "BTs" "Group 2"     
"Inter-

mediate" 
  "PGY-4"     

"Resi-
dents" 

"Trainee" 
"Inter-

mediates" 
    

"Inter-
mediate" 
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Participants (n)   6 9   10  9   17 18; 10 7   8; 1   

Surgical Training/Experience 
(yrs) 

  <3 
**Range: 2-

5 
  **Range: 

4-12 
    

Mean 
(SD): 3.5 

(1.2) 

 **Range: 
3-9 

  **1-3; 3-5   

Procedure-Specific Full Cases 
Performed (n) 

      Mean: 66     
Mean 

(SD): 2 
(35) 

Median 
(Range): 
0 (0-0); 0 

(0-0) 

Range: 
10-30 

  

Mean +- 
SD 

(Range): 
4 +- 5.68 

(0-15) 

  

Procedure-Specific Partial 
Cases Performed (n) 

      Mean: 28             

Procedure-Specific Cases 
Assisted (n) 

                   

Procedure-Specific Cases 
Observed (n) 

      Mean: 26             

Any Surgical Simulator Use            88.24%        



Gaming Experience    Monthly         70.59%        

Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

  

Median 
(Range): 
37 (14-

80) 

                

Cohort Name 
"Exper-
ienced" 

"ATs"   
"Ortho. 

Surgeons" 
"Group 2" "Expert" 

"Exper-
ienced" 

  "Expert" 
"Exper-
ienced" 

"Fellows 
/Attend-

ings" 

"Consult-
ant" 

"Experts" "Experts" "Expert" 
"Exper-
ienced" 

"Expert" "Expert" 
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Participants (n) 10 6  6, 4 10 10 5; 5  9 5; 5 18 4 11 8 9 3; 1 6 4 

Surgical Training/Experience 
(yrs) 

 >4    **>11 **>2  
Mean +- 
SD: 20.1 

+- 4.7 

 
Mean 

(SD): 10.6 
(6.2) 

 **>6 

Median 
(Range): 4 
(3-15) as 
full-time 

orthopaedi
c 

traumatolo
gist 

 **3-5; 
**5++ 

  

Procedure-Specific Full Cases 
Performed (n) 

   ? >20 427   >250  212 

Median 
(Range): 

527 (209-
800) 

>40  >150 

Mean +- 
SD 

(Range): 
52 +- 

85.74 (1-
200) 

>=50  

Procedure-Specific Partial 
Cases Performed (n) 

     234    Mean: 6.4 
; 99 

      >=50  

Procedure-Specific Cases 
Assisted (n) 

         Mean: 
16.0; 166 

        

Procedure-Specific Cases 
Observed (n) 

   ?  229             

Any Surgical Simulator Use           50%        

Gaming Experience   Monthly         66.67%        



Sim Platform-Specific Use (E.g. 
PC, VR etc.) 

 

Median 
(Range): 
41(20-

66) 

                



), to further research in hip arthroplasty simulator validation. The only way to uncover 

relationships of cross-anatomy and cross-procedure (arthroplasty and arthroscopy) psycho-

motor skills transfer is through the thorough reporting of prior case numbers for hip 

arthroscopy and knee/shoulder arthroplasty.  

 

CATEGORY_3 Training/Transfer 

In order to ascertain whether a trainee is improving (and hence plotting the learning curve), 

the objective metrics selection should be sound. When designing proficiency standards, 

measurable metrics must be chosen which can be monitored both in the training platform as 

well as the transferred platform. This is one of the major barriers for THR, as unlike 

arthroscopy, open surgery proves to be more challenging for tool path monitoring etc. Hence, 

the final umbrella category is heavily dependent on the sound completion of Category_2 

validation.  

Assuming Category_1 and _2 validation have been soundly conducted, the only recruitment 

barriers that are left at this stage pertain to the close matching of cohorts. This problem 

however is not unique to training simulator validation and has been looked at extensively in 

the medical field, as it parallels patient recruitment in clinical trials for control cohorts. 

Category_3 recruitment often does not suffer from lack of cohort sizes either, because in 

order to ensure learning curves are detectable, the desired participants should be at the 

novice-level. Participants at this skill level are much more readily available than those at the 

opposite extreme. However, in order to ensure close matching of the cohorts, transparency of 

participant demographic is vital. Therefore, the authors hope that the fields in Table 5, 

formulated from publication analyses in Category_1 and _2, can serve as a tool to simplify 

this matching process. 



Pahuta et al. conducted the earliest study in objectively measuring cognitive skills acquisition 

for learning acetabular fracture anatomy. This does not fully report participant demographics; 

only training year and sex were recorded but not reported [57]. The work also mentions 

conducting Vandenberg et al.’s visuospatial ability assessment [106], pre-empting some 

correlation with performance, but these scores were also not reported, and were also found 

not to have any statistical significance.  

Arroyo-Berezowsky et al. do provide a detailed breakdown of all participants including 

institution, PG year, gender and age. They, like Pahuta et al., did not find any statistical 

significance between gender and performance [83]. This tends to be the common trend 

amongst more recent work by Logishetty et al. as well [88]. 

However, by including visuo-spatial ability and the sex/gender field in the reporting 

guidelines (Table 5) it serves as a reminder for future researchers as to the importance of 

recording inherent participant ability to a much higher degree, even though this is more 

useful for Category_1 studies. 

Recommendations 

In order to recruit appropriate participants to correctly perform all the categories of validity 

testing, it must first be understood who the simulator is catering to. It is important whether its 

use is for the earlier training, more advanced, late-stage training or as just-in-time [104,107] 

training to refresh already qualified surgeons who are returning to work (i.e. have not 

performed the procedure after a while), or indeed a combination of all. Therefore, during the 

training needs analysis (TNA) described by Schout et al. [17], it is important to also perform 

stakeholder analysis [108] to ascertain starting requirements for participant recruitment. 

In the majority of validation studies found in this review, there were omissions in reporting 

the surgical simulator’s intended place in the training curriculum and hence declaring what 



surgical training years/level of experience would ideally be considered for novice-level and 

who would ideally be considered an expert.  

The authors recommend that, once the simulator’s place is established in the training scheme 

(i.e. before, after or in conjunction with other training platforms such as dry-bones) and the 

stakeholders are identified, the example table laid out in Table 5 should be used to recruit and 

report participant demographic data. In instances where field data cannot be gathered, 

researchers should explicitly state why this was not possible (e.g. to maintain anonymity of 

participants etc.) and should still include these fields but simply leave them blank or 0:0 (e.g. 

in eye dominance), so that there is a uniformity when it comes to analysis and comparison of 

reports. 

Few studies have looked at the transference of arthroscopy to arthroplasty, or knee 

arthroplasty to hip arthroplasty. Therefore, completing these fields (of related or similar 

procedures) will allow future studies to find correlations or relationships for cross-anatomy 

skills transfer; a gap in the current understanding of surgical psycho-motor skills acquisition. 

Surgical training and research in COVID-19 

The global lockdown as a result of the COVID-19 pandemic has forced many surgical 

training and educational institutions to re-think their methods for delivery and access to 

knowledge and learning [109,110]. As surgical residents are being called upon to fill the 

shortage of non-surgical healthcare professionals [111], it might seem that they have reduced 

opportunities and time for training. However, one study showed that residents who performed 

soft-tissue surgical procedures had more opportunities to perform emergency operations and 

use open approaches otherwise reserved for special cases [112]. Still, as elective surgeries are 

put on hold, this means that most orthopaedic residents will not be exposed to live 

arthroscopic and arthroplasty procedures. Therefore, to avoid skills decay and to further 

unsupervised learning, the importance of the rapid adoption of XR technologies in training 



programmes is apparent [113,114]. The template produced in this work hopes to standardise 

recruitment in such a way in order to accelerate validity research so simulators may be 

incorporated into training curriculums in the very near future. 

 

  



 

Table 5: Recommended standardisation for reporting participant criteria in cohorts for all Umbrella categories 

No. Field Further Description 

Example Recommended 

Reporting 

01 Cohort Name Qualitative Name 

For Category_2: More 

Experienced, Less 

Experienced 

02 

Cohort 

Description 

Qualitative description of the 

cohort, preferably with industry 

standard code names. The order 

stated here can be taken 

Medical Students, PGY1, 

PGY2, PGY3 through to 

CT1, ST2 etc. 

03 

Total No. of 

Participants in 

Cohort 

This should be total no. after 

sufficient elimination [100] 
(n) 

04 

No. of centres/ 

countries recruited 

from 

Not recommended to display 

actual centre names to preserve 

anonymity. Stating country 

instead, can give a clue 

regarding curriculum diversity 

(n) 

Institutes A,B and C 

Country using alpha-2 

country code e.g. GB for 

the U.K., LK for Sri Lanka 

etc. 

05 

No. of Participants 

recruited from 

each centre 

To see if there are correlations 

between centres and 

performance 

State as a ratio (n:n:n) 



06 

No. of Participants 

in Training Year 

Code Name 

State as a ratio in the order 

stated in field 02 

PGY1, PGY2, PGY3, CT1, 

ST2 etc. 

n:n:n:n:n:n:n 

07 

No. of Years in 

Surgical 

Training/Practice 

Should include months as well, 

since someone at the start of the 

academic year may not have the 

same experiences as someone at 

the end of the year. This should 

only include Surgical Training, 

so Medical students should be 

listed as having 0 yrs of surgical 

training 

1.5 years (1 year and 6 

months) for a PGY2 

student. For a consultant 

surgeon, it should include 

the no. of years in training 

and the no. of years 

practicing after training 

completed combined 

Prior Experience: 

The following should be recorded for only the past 5 years, to take into account 

frequency and hence skill decay 

08 

No. of procedure-

specific cases 

performed 

This is only referring to live 

cases on a living patient 

Mean, Median, Mode, 

Range +- SD 

09 

No. of procedure-

specific cases 

assisted in or 

partially 

performed 

This is only referring to live 

cases on a living patient 

Mean, Median, Mode, 

Range +- SD 

10 

No. of similar 

cases performed 

This is only referring to live 

cases on a living patient 

Mean, Median, Mode, 

Range +- SD 



11 

No. of similar 

cases assisted in or 

partially 

performed 

This is only referring to live 

cases on a living patient 

Mean, Median, Mode, 

Range +- SD 

12 

No. of procedure-

specific cases 

observed 

This is only referring to live 

cases on a living patient 

Mean, Median, Mode, 

Range +- SD 

13 

No. of procedure-

specific simulated 

cases performed 

As simulator research advances, 

what research work may not 

foresee is that the same surgeons 

might have already been part of 

a study with a simulator 

platform 

Mean, Median, Mode, 

Range +- SD 

14 

No. of similar 

simulated cases 

performed 

As simulator research advances, 

what researcher work may not 

foresee is that the same surgeons 

might have already been part of 

a study with a simulator 

platform 

Mean, Median, Mode, 

Range +- SD 

15 

Amount of time 

spent on any 

simulator 

(minutes) 

Difficult to say no. of times 

used, so amount of time is 

instead asked, and can be 

compared to no. of procedure-

specific cases (because approx. 

length of procedure is known). 

Mean, Median, Mode, 

Range +- SD 



Qualitative reporting methods 

avoided, to make retrospective 

data entry and analysis easier. 

Personal/Physical Attributes: 

16 Age (yrs) 

This can be used to find 

correlations between 

technology/platform proficiency 

Mean, Median, Mode, 

Range +- SD 

17 

Sex at birth and/or 

Gender 

The term gender has been used 

by too many studies, when in 

fact it is sex (pertaining to the 

biological and physical attributes 

of the individual) that may be 

more pertinent for Category_1 

recruitment. Both Sex and 

Gender may play a more 

significant role in learning and 

hence Category_3 recruitment 

[115], therefore both have been 

included in this field. Condino et 

al. attempted to be further 

inclusive by providing the 

option for “Non-Binary” 

State as a ratio 

(Male:Female:Non-Binary) 

18 Height (cm) 

If not known prior to 

experiment, should be measured. 

Useful for user experience when 

Mean, Median, Mode, 

Range +- SD 



setting up VR headset 

height/table-top height etc. 

19 Handedness 

Best reported as a ratio of no. of 

participants who have their 

dominant hand as their right or 

left (or both) 

State as a ratio 

(Right:Left:Ambidextrous) 

20 Ethnicity 

For estimating skin pigmentation 

and whether negative interaction 

experiences correlates with bad 

hand tracking due to differing 

infra-red  reflectance 

Standard List can be taken 

from any other database 

21 

Hand/Glove Size 

(cm) 

Mean of both hands 

Useful for hand-tracking 

interaction 

Mean, Median, Mode, 

Range +- SD 

22 Eye Dominance 

Especially useful for eye-

tracking simulator platforms 

State as a ratio (Right:Left) 

23 Colour Blindness 

Could affect perception of color-

coded visual cues (e.g., red 

warning regions and green safe 

zones) in simulator 

State as a ratio (Yes:No) 

24 

Require 

Corrective Lenses 

(External) 

Especially useful for eye-

tracking simulator platforms, 

and can influence opinion of 

comfort in wearable headsets 

State as a ratio (Yes:No) 



25 Eye Colour 

Especially useful for eye-

tracking simulator platforms, 

and can influence opinion if 

tracking performs differently for 

differing eye colours 

State as a ratio 

(Colour1:Colour2:Colour3) 

Can be stated as Red Green 

Blue (RGB) values from 0 

to 255 depending on if 

tracking technology has 

colour measurement 

functionality  

26 

Visuo-spatial 

Ability 

To pre-determine innate 

individual ability. Important to 

report for Category_3 Umbrella 

for purposes of matching cohorts 

As scores from the three 

dimensional rotations test 

[106] 

 

 

 

  



Limitations 

We recognize that this study was only conducted on two databases and only for hip-related 

simulators. Therefore, to understand relationships for related surgeries, there needs to be 

more research conducted on other anatomical joints as well. This work does not do a deep 

review of all validation frameworks, therefore cannot provide detailed recommendations for 

experiment design, but only guidelines for reporting and selecting participant recruitment 

criteria. 

Conclusion 

The recruitment of participants for Construct validity of simulators has the potential for 

multiple relationships to be uncovered. As surgeons (in-training or otherwise) are few and far 

between, and their availability to take part in such studies can invariably be quite limited, 

maximum data collection must therefore be carried out in order to facilitate research in 

surgical simulators. With thorough and transparent reporting of participant recruitment, more 

sound validation can be achieved for hip surgery simulators. 

This work attempted to identify best practices during the participant recruitment process. A 

novel approach for prioritising recruitment objectives through umbrella categorisation of 

validation types was undertaken. It was found that hip research employed multiple cohorts of 

apparent differing skill-levels without often stating exact recruitment criteria for each. For the 

research that has, often the recruitment criteria is based on years of experience rather than 

number of cases; this needs to be scrutinised if simulators are to become true assessors of 

surgical skill in hip procedures. Literature in this area also suffers from non-uniformity of 

reporting recruitment criteria. A standardised table of reporting participant recruitment 

criteria was devised to facilitate cross-comparison of studies, and to prevent researchers from 

relaxing recruitment criteria for the purposes of larger cohort sizes. Instead, the authors 

would envisage that the use of the standardised template can facilitate cross-institutional 



collaboration for larger and more diverse cohorts, whilst simultaneously maintaining 

stringent and transparent recruitment criteria. 
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