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CHAPTER I
INTRODUCTION



Arthroscopies are frequently performed procedures in orthopedic surgery
and are presently the gold standard treatment for intra-articular lesions.
The number of annually performed arthroscopies continues to grow™ 2.
Arthroscopic techniques will evolve for the greater part due to the
upcoming cartilage tissue replacement methods and the demands from
high performance athletes who sustain sports injuries® *. As acquiring
arthroscopic skills is challenging for orthopedic residents, effective and
efficient training is a prerequisite before performing arthroscopic
procedures in the operating room on real patients. Orthopedic residency
programs have remained practically unchanged for a long time, but with
the increasing restrictions on work hours and more focus on patient safety,
a paradigm shift in orthopedic residency training is inevitable®’. Hence,
the use of simulation for arthroscopic surgery could eventually become an
important alternative method to acquire arthroscopic psychomotor skills
safely, efficiently and effectively®*%

In this thesis, the focus lies on arthroscopic skills training, more
specifically, on the development and validity of simulation environments
for training, as this is key to acceptance and implementation in residency
programs. As an introduction, the traditional arthroscopic training and its
advantages and disadvantages, will be reviewed first. Thereafter, an
overview of alternative simulators will be provided. Thirdly, as
monitoring and assessing performance is essential to offer adequate and
effective training, the available performance tools and metrics will be
discussed. For the latter, performance metrics and complementary
thresholds need to be determined and validated to indicate the margins for

safe and efficient arthroscopic skills and provide feedback during training.



Arthroscopy and traditional skills training

Arthroscopy originated in Japan in the 1930s*. The technique eventually
became popular and has been increasingly used for orthopedic
interventions, due to advantages compared to open surgery: lower
morbidity, higher diagnostic accuracy and greater therapeutic efficacy™* *°.
Arthroscopic procedures are performed on joints, using arthroscopic
instruments that are inserted in the joint through a couple of small
incisions. An arthroscopic system consists of an arthroscope, a light
source- and cable, a camera system and video recorder, and arthroscopic
instruments. The basic arthroscopic instrument set consist of a probe,
basket and grasping forceps, arthroscopic scissors and knives (mechanical
instruments) and a shaver (motorized instrument). Arthroscopies can be
performed on every joint, but knee arthroscopy is one of the most
frequently performed procedures with 4 million times a year, and is
applied for a range of pathologies, such as meniscal tears, cartilage flaps
lesions, loose body removal, anterior and posterior cruciate ligament
reconstruction, meniscal transplantation, and synovectomy?.

Arthroscopic skills are complex, due to an indirect view on the
pathologic area through an arthroscope, disturbed tactile feedback,
complex hand-eye-coordination because of the three-dimensional surgical
environment shown on a two-dimensional display at a 30 degree angled
view, and manual bilateral handling of different surgical procedures in the
narrow joint space through two or three small entry points*>*" (Figure 1).
This demands a completely different skills-set compared with open
orthopedic surgery, which present direct vision and haptic feedback and
enable digital palpation of tissue. Moreover, many of the open surgical
techniques use skills similar to the ones used in daily life, from which

more advanced surgical techniques are intuitively developed™. Thus,
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arthroscopic procedures ask for a high level of psychomotor skills, that
lead to a long learning curve, and need to be sufficiently trained to ensure
patient safety in the operating room.

Figure 1: A. An arthroscopy tower
with a light source, a camera
system and a monitor B. monitor
displaying the inside of the knee
joint C. surgeon inserting the
arthroscope and probe into the
joint space through two entry
points (portals)

Arthroscopic training usually begins during orthopaedic residency.
Traditionally, written material, lectures and seminars and observational
learning are part of arthroscopic training’. Moreover, cadaver material
has since long been used to train arthroscopic skills. Cadaver training is
the gold standard and most arthroscopic residency programs still start
training of arthroscopic skills on cadavers (Figure 2)** *®. Although bovine
and porcine animal models present a similar gross and arthroscopic
anatomy as the human knee joint, human cadavers are preferred both by
teaching staff and residents to practice arthroscopic skills, as they enable
to study exact human anatomy. Cadavers, human cadavers specifically,
are the most realistic mode of simulation for arthroscopic training in terms
of tissue appearance, anatomy and sensory feedback'®?. Moreover, they

are easy to handle, assembly and store®. A drawback, is that cadaver
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courses are not fairly costly and offer insufficient exposure to truly make
the required hours to acquire arthroscopic skills. Finally, training consists
for the majority of a one-to-one apprentice model in the OR, where the
resident performs procedures on patients under supervision of an
experienced surgeon.

There are some limitations of the traditional educational paradigm
that undermine the efficiency and benefits of the approach®™ economy
induced recent transformations in surgical training programs have resulted
in reduced training time, work hour restriction and decreased case

numbers'® 2 24

Residents are expected to perform arthroscopic
procedures in the operating theater shortly after they have started their
training. But as the quantity and quality of residents’ surgical training is
compromised, orthopedic residents feel less prepared to perform
arthroscopic procedures compared with open procedures®. This is
associated with reduced quality of patient care, less patient safety, and
increased damage of healthy tissues” . Moreover, arthroscopic training
in the operating room is relatively inefficient as it significantly increases
the duration of the surgical procedure™. There are also a number of
objections to the use of cadavers: they are expensive, difficult to procure,
they have a lack of feedback and tissue may not always be natural or
intact'® %8, Fresh cadavers have limited time of use and are not reusable.
Moreover, human cadaver teaching is restricted by ethic rules'® . Thus,
the traditional approach seems neither the most efficient or effective form
of training, nor does it meet patient safety standards sufficiently.

Therefore, the traditional arthroscopic approach is difficult to maintain®
12

12



Figure 2: Student practicing
arthroscopic  skills on a
# cadaver knee

Arthroscopic simulation

Recent changes in the healthcare system have enforced a growing need for
alternative training methods to train arthroscopic skills outside the
operating theatre?. The use of simulators is such an alternative. Medical
simulation started in ancient times, with the use of sheep lungs and livers
as primitive forms of physical models®®. From then, scientists never
stopped working on the development of simulation, until late 20™ century
academic centers and research organizations began to develop more
realistic models of the human body. In the 1990s, inspired by simulation
in the military and aviation industry, and facilitated by advances in
computer science and other technologies, basic (virtual reality) training
simulators were developed and evolved into advanced and sophisticated

simulators®-32

(Figure 3). Today, three categories of arthroscopic
simulators exist according to their resemblance to reality: low-fidelity,
medium-fidelity and high-fidelity simulators™.

Low-fidelity simulators are often static, without realism or

situational context, and are appropriate for teaching the basics of technical
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medical skills. They are represented by box trainers and physical models.
Box trainers do not resemble a human joint, but are an actual box (Figure
4). Physical models, such as anatomic bench models, are artificial models
that represent the bones and joints of the body (Figure 5)*. Box trainers
and physical models can be used to train basic psychomotor skills
including eye-hand coordination, precise manipulation and bimanual tasks
3 Both models can provide sensory feedback and can be equipped with
sensors to objectively monitor performance based on motion and force
metrics'’. Medium-fidelity simulators have more resemblance with reality
and can be used for training of specific, increasingly complex
competencies. High-fidelity simulators are realistic and dynamic, and
combine a body (part) model with computers®. Some anatomic bench
models can be characterized as medium- or high-fidelity simulators,
depending on the degree to which they resemble a human joint. High-
fidelity simulators are mainly represented by virtual reality simulators
combined with a synthetic joint model (Figure 6 and 7). VR arthroscopic
simulators comprise a computer and screen (the virtual world) and
instruments that are similar to those used in the operating theatre. The
elements of the joint’s anatomy and instruments are displayed in a
computer-simulated environment. The instruments can be used to
manipulate virtual tissues and organs. There may also be visual feedback
through the visible deformity of tissues or force feedback through a haptic
device!. The synthetic joint model can be manipulated through predefined
portals into which instruments can be inserted. Key elements to VR
simulators are the visual graphics, haptic feedback with tissue deformation
and feedback on performance®. For an overview of currently available

arthroscopic simulators, see Table 1.
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Ancient Medieval | 15001900 | 1900-1960 | 1960-1980 | 1980-2000 2000-
times times present

Animal Clay, stone and Anatomic First surgical Plastic Computerized High-fidelity
organs copper models imulators i simulators VR simulators
models

Figure 3: Timeline of simulator development
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Figure 4: Simendo Pro arthroscopy for knee arthroscopy with virtual display

Figure 5: A. Sawbones Arthroscopy Shoulder with Replaceable Components (© Sawbones

Europe AB, 2014). B. ACL knee trainer (© Sawbones Europe AB, 2014). C. Sawbones
Arthroscopy Foot and Ankle (© Sawbones Europe AB, 2014).
Reprinted with permission from www.sawbones.com)
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Table 1: An overview of currently available simulators to practice arthroscopic skills, from

low fidelity to high fidelity

Currently available arthroscopic simulators

Low fidelity Box trainers

Anatomic bench
models

Anatomic bench
models with
sensors

VR simulators
with synthetic
joint model

High fidelity Hybrid Models

FAST Arthroscopy Training Workstation
(www.sawbones.com)

Box Trainer for Arthroscopic Knot Tying
(www.rcseng.ac.uk)
Arthroscopy training model for junior trainees

(www.rcseng.ac.uk)
SIMENDO Arthroscopy (www.simendo.eu)

Sawbones knee, shoulder and wrist joint bench
models (dry and wet) (www.sawbones.com)

Adam-Rouilly knee and shoulder joint bench models
(www.adamrouilly.co.uk)

Hillway Surgical Knee and shoulder joint bench
models (www.surgimodels.com)

The CLA knee, shoulder and wrist joint joint bench
models (www. coburger-lehrmittelanstalt.de)
Beijing Yimo Shoulder Joint
(www.chinamedevice.com)

Wrist bench model (Academic Medical Centre in
Amsterdam and Delft University of Technology, not

Alex Shoulder Professor(www.sawbones.com)

Knee joint bench model(www.sawbones.com)

ForceTRAP v2 (www.medishielddelft.com)

Knee Arthroscopy Surgical Trainer: ArthroSim TM
(www.toltech.net)

ARTHRO Mentor TM for knee and shoulder
(www.simbionix.com)

VirtaMed ArthroS TM for Knee and Shoulder
(www.virtamed.com)

Practice Arthroscopic Surgical Skills for Perfect
Operative Real-Life Treatment (PASSPORT)

Knee Arthroscopy Simulator”

16
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Figure 6: ARTHRO Mentor™ VR simulators for hip, knee and shoulder arthroscopy

(Reprinted with permission from www.simbionix.com)

Figure 7: The PASSPORT (Practice Arthroscopic Surgical Skills
for Perfect Operative Real-life Treatment) for knee arthroscopy

17



Performance tracking

The effect of simulator training on arthroscopic skills needs to be
evaluated by means of performance tracking. It has been demonstrated
that performance tracking is only beneficial if feedback on performance is
given to the trainee: direct objective feedback stimulates and supports the
learning process and improves the trainees’ individual skills**. In order
to give adequate feedback, thresholds for performance metrics need to be
set and categories for evaluation criteria and different levels of
competence are necessary to be formulated and validated.

Performance Metrics and Thresholds

Performance tracking requires objective metrics able to reflect ones
learning capability and learning curve. A range of metrics for performance
efficiency and performance safety is available to objectively monitor
arthroscopic performance (Table 2)'". Metrics are registered with sensors
built in a simulator'’. To develop metrics that are representative for a
certain task and skill training an important step is to derive thresholds.
Firstly, a comparison of objective measures of skills in the surgical
environment must be associated with simulator metrics®. Necessary
measurements need to be performed to represent the properties and
physiological processes accurately, taking into account the variation in
tissue material properties amongst the human population. For example, to
enable correct training of force application on meniscal material,
deformation zones for elastic and plastic deformation of human material
need to be determined. Menisci samples are collected and surgeons have
to perform several tasks to measure applied forces in different directions.

Average applied forces, peak forces and overall forces overtime must be

18



measured. Variation in forces between the menisci and between the
surgeons are compared, and the maximum applied forces is compared
with the theoretical maximum force; the minimum force that will damage
meniscal tissue when exerting force with a probe*®. When threshold for
performance metrics are determined, metrics and thresholds have to be
integrated into the simulator'” *. This process supports valid simulator
training curricula that can offer performance tracking, can correct and
enhance performance, and can provide exercises that discriminate

between levels of experience®.

Table 2: Metrics for performance efficiency and safety

Performance Efficiency Performance Safety

Task repetition Collisions

Task error Out of view time
Task time Tip-to-tip distance
Idle time Motion speed

Path length Motion smoothness
Economy of movement Force magnitude
Depth perception Force direction
Volume of motion Force area

Volume of force

Evaluating and monitoring arthroscopic performance

Performance and safety metrics provide feedback for part-task skills, but
to adequately define proficiency, a more holistic, expert judgment is
required as well. In the traditional apprenticeship model, the trainee is
assessed by a supervisor who rates the trainee’s skills globally without

using specific criteria®*. This type of rating is largely subjective, and
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possesses poor test-retest and inter-observer reliability, as the judgment of
trainee’s skills can vary significantly among supervisors™ *. Subjective
assessment devalues the evaluation of individual proficiency and hinders
adequate differentiation between novice, intermediate, and expert levels in
surgical performance. Set criteria against which skills can be evaluated
make assessment of trainees by supervisors more objective, valid, and
reliable. Global rating scales (GRS) are eligible tools to objectively
monitor complex task and assess performance in a more holistic approach.

A GRS provides a qualitative outcome measure of technical skills
necessary for performing a procedure, such as instrument handling, flow
of operation, knowledge of the specific procedure, autonomy, efficiency,
and quality of the operative result*’. Global rating scales consist of several
domains that describe clear evaluation criteria and various levels of
competence. Each domain needs to be scored on a 5-point Likert scale
enabling uniform assessment*. As the concept of objective structured
assessment for technical skills has been widely accepted by various

surgical fields'® %

, many operation-specific global rating scales have
been developed™ **°. However, it is relatively new to arthroscopic
training®. Recently, various GRS have been developed specifically for
monitoring and training of arthroscopic skills (see Table 3), presenting
similar demands with respect to what a resident should be able to
demonstrate in the operating theatre and the required level to qualify as

novice, competent or expert’’.
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Table 3: Global Rating Scales for arthroscopic skills performance

Orthopedic Competence Assessment Project (OCAP) 10
Basic Arthroscopic Knee Skill Scoring System (BAKSSS)*?
Arthroscopic Skills Assessment (ASA) a

Objective Assessment of Arthroscopic Skills (OAAS)54
Arthroscopic Surgery Skill Evaluation Tool (ASSET) >

Research gaps in validity of simulators and effect of simulator

training of arthroscopic skills

The development of simulators and simulator programs for arthroscopic
surgery has been lagging behind compared to other surgical disciplines®,
arthroscopic simulators and training programs have become available
relatively recently® & 2% 568

However, these simulators have drawbacks: the main drawback of
most physical models is their lack of realism or low fidelity, and their
limited ability to model physiologic processes, pathologies and anatomic

variability*® %% %

Secondly, they need continuous repair and
maintenance™. Moreover, although box trainers and bench models can be
combined with sensors, most models lack an adequate graphical user
interface, automatic data processing and performance feedback® °.
Besides, even if sensors are provided, these models still lack performance
registration and skill progression monitoring accordingly, which implies
that supervisor-independent learning cannot be provided'. These
shortcomings undermine the widespread integration of the models in
arthroscopic training curricula™ .

High-fidelity VR simulators overcome many of the limitations of
physical models®. Performance metrics can be documented and used for
feedback and training progression. Moreover, VR simulators are less
resource- and staff intensive® as they are more appropriate to supervisor-

21



independent learning®. However, controversy on the effectiveness of
(high-fidelity) arthroscopic simulators exists and convincing evidence of
the validity of these tools is required. There have been various studies on
different levels of validity and reliability of simulators. Several simulators

6367 and are able to discriminate between novice

present sufficient realism
and expert surgeons'® 2% %% %71 "Of great concern is the fact that it has not
been clarified yet whether arthroscopic simulators are able to discriminate
between groups that are more closely associated with each other in terms
of arthroscopic experience and skills proficiency. Moreover, there is
limited evidence on the contribution of simulator training to proficiency in
arthroscopic skills, and the transfer of skills from simulator training to the
operating theatre has been scarcely studied.

There are three other concerns with regard to studies on knee
simulator validity that obstruct simulators to become accepted as useful

tools in arthroscopic education®.

e Heterogeneity in the literature exists on validation studies,
impeding comparison between simulators;

e There is a range of limitations and flaws on the methodology used
in the studies™;

e Used assessment methods are not standardized or validated"’.
As a consequence, most arthroscopic training programs do not use

simulators routinely’, even though in other disciplines simulator

technology has proven their benefit®.
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Research gaps in validity of performance monitoring tools

So far, the focus has mainly been on performance metrics, in particular
task completion. However, results on studies on safety metrics for tissue
manipulation demonstrate that this is an equally important performance
category’ ?. Excessive stressing forces on a joint can damage intra-
articular structures, and thus safe execution of joint stressing is important.
Development of such safety metrics is in its infancy for arthroscopic skills
training.

With the ever-increasing number of yearly performed
arthroscopies, valid and reliable scoring methods are vital to evaluate
individual proficiency and to distinguish between novice, intermediate,
and expert levels in diagnostic knee arthroscopy. More research on the
validity of rating scales is needed to investigate whether they allow
objective evaluation of arthroscopic skills proficiency and development,

and learning curve assessment.

Thesis aims

In view of the shortcomings and missing evidence as stated, the aim of
this thesis is to:

1. Demonstrate simulator validity using standardization protocols and
improved study designs and methodology.

2. Validate safety metrics and complementary thresholds for safe and non-
damaging tissue handling.

3. Validate global rating scales for objective measurement and monitoring

of arthroscopic performance and indicate guidelines for implementation.
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Thesis outline

Validation of training and assessment tools is becoming increasingly
important in arthroscopic surgery”. As the concept of validity is running
through this thesis as a common theme, Chapter 2 will be dedicated to the
principles of validity and its different levels and types.

In Chapter 3 an overview of all commercially available medical
simulators is provided and their validity evidence determined, to inform
hospitals and medical educators who wish to implement simulation
training in their curriculum about the suitability of various types of
simulators.

Methodological flaws and limitations have generated controversy
about the validity of devices for knee arthroscopic training™. In an attempt
to overcome a number of these limitations, face and construct validity of
two high-fidelity knee arthroscopy simulators will be assessed with a
standardized and carefully developed study protocol in Chapter 4 and 5.
As the lack of randomized controlled trials and transfer validity evidence
is of particular concern, a protocol is set up in order to cater for this
shortcoming, which will be elaborated in Chapter 6.

As safe loading levels for joint stressing have not yet been set and
integrated in simulators, joint stressing thresholds need to be validated.
Chapter 7 focuses on force magnitude thresholds for safe ligament loading
to prevent tissue damaging when performing tissue manipulation.

Global Rating Scales for monitoring arthroscopic skills have not
been investigated for their suitability to track individual arthroscopic
training progress. Therefore, in Chapter 8, the validity and utility to assess
performance and monitor individual learning of two of these GRSs will be

examined.
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CHAPTER 2
Principles of Validity



The process of validation of training methods and skills assessment tools
is important in orthopedic surgery. Based on validity studies, decisions are
made about the appropriateness of a method or tool, and whether or not it
will be used in a training program. Validity can be defined as ‘‘the
property of being true, correct, and in conformity with reality’’®. Validity
studies clarify whether or not we are we measuring what we want to
measure, how well test scores reflect ‘reality’, and if predictions or
conclusions predictions based on the measurements are correct. Validation
levels have been developed to assess the validity of a test or tool.
Increasing in strength of evidence, these include face validity, content
validity, construct validity and criterion validity.

Face validity is a qualitative and subjective type of validation and
has the lowest strength of evidence. This type of validity is assessed by
having experts judge the test to determine the appropriateness of a test and
whether the test will measure what it is supposed to measure. It is the first
and most basis condition for simulators, concerning the degree of
resemblance between the simulator and the actual real life setting®®. Face
validity is usually used only during the initial phases of test construction®.

Content validity is evaluated by examining the contents of the test
items; whether the test items are appropriate and overall cohesive, and if a
test contains the steps and skills that are used in a procedure. Content
validity concerns the degree to which an arthroscopic simulator covers the
actual medical psychomotor skills®. Like face validity, content validity is
mostly subjective, and relies on the judgments of experts about the
relevance of the materials used".

Construct validity concerns the degree to which the scores of a
measurement instrument are consistent with hypotheses. It evaluates

whether a test or instrument identifies the quality, ability, or trait it was
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designed to measure. Construct validity concerns internal relationships,
relationships with scores of other instruments or differences between
relevant groups. A simulation task for arthroscopy shows construct
validity as an assessment tool if it can distinguish between groups with
different levels of arthroscopic experience. Convergent and discriminant
or divergent validity are the two subtypes of validity that make up
construct validity. Convergent validity refers to the degree to which two
measures of constructs that theoretically should be related are in fact
related. Discriminant validity tests whether two measures that are
supposed to be unrelated are, in fact, unrelated®. A form of discriminant
validity is known-groups validity. Known-groups validity is demonstrated
when a test or tool can discriminate between two groups known to differ
on the variable of interest’.

Criterion validity is the degree to which the measurement score is
an adequate reflection of a gold standard. Criterion-related validation can
be either concurrent or predictive. Concurrent validity evaluates to what
extent test scores on one instrument and scores on another instrument, that
should both measure the same construct, are related®. Concurrent validity
is demonstrated when high correlation between different assessment tools
for arthroscopic skills exist. It can be used when a new assessment tool
has to replace an established ‘‘gold standard’’ assessment tool. Predictive,
or transfer validity refers to the extent to which the performance on a test
predicts the true (future) outcome in the actual environment” & A
simulator or simulator task has predictive or transfer validity if it is able to
predict clinical performance from the simulated performance. A tool used
to measure skills will have predictive validity if it predicts who will

perform actual surgical tasks well and who will not.
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All of these validation levels have value, and are desirable
elements of validity in simulation; however, predictive/transfer validity is
the strongest evidence of validity and the most likely to provide clinically
meaningful information. As perfect validity for any test is not realistic,
validation studies aim to explore whether there is enough supporting
evidence that teaching and assessment methods teach or test what they are

supposed to do’.
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Abstract

Background: Since simulators offer important advantages, they are increasingly
used in medical education and medical skills training that require physical
actions. A wide variety of simulators have become commercially available. It is
of high importance that evidence is provided that training on these simulators can
actually improve clinical performance on live patients. Therefore, the aim of this
review is to determine the availability of different types of simulators and the
evidence of their validation, to offer insight regarding which simulators are
suitable to use in the clinical setting as a training modality.

Summary: Four hundred and thirty-three commercially available simulators were
found, from which 405 (94%) were physical models. One hundred and thirty
validation studies evaluated 35 (8%) commercially available medical simulators
for levels of validity ranging from face to predictive validity. Solely simulators
that are used for surgical skills training were validated for the highest validity
level (predictive validity). Twenty-four (37%) simulators that give objective
feedback had been validated. Studies that tested more powerful levels of validity
(concurrent and predictive validity) were methodologically stronger than studies
that tested more elementary levels of validity (face, content, and construct
validity).

Conclusion: Ninety-three point five percent of the commercially available
simulators are not known to be tested for validity. Although the importance of (a
high level of) validation depends on the difficulty level of skills training and
possible consequences when skills are insufficient, it is advisable for medical
professionals, trainees, medical educators, and companies who manufacture
medical simulators to critically judge the available medical simulators for proper
validation. This way adequate, safe, and affordable medical psychomotor skills
training can be achieved.

Keywords: validity level, training modality, medical education, validation
studies, medical skills training
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Introduction

Simulators for medical training have been used for centuries. More
primitive forms of physical models were used before plastic mannequins
and virtual systems (VS) were available’. Since then, simulation in
medical education has been deployed for a variety of actions, such as
assessment skills, injections, trauma and cardiac life support, anesthesia,
intubation, and surgical skills (SuS)? 3. These actions require psychomotor
skills, physical movements that are associated with cognitive processes* °.
Among these psychomotor skills are skills that require (hand—eye)
coordination, manipulation, dexterity, grace, strength, and speed. Studies
show that medical skills training which requires physical actions can be
optimally performed by actual practice in performing these actions, e.g.,
instrument handling®. This is explained by the fact that when learning
psychomotor skills, the brain and body co-adapt to improve the manual
(instrument) handling. This way, the trainee learns which actions are
correct and which are not”.

Four main reasons to use simulators instead of traditional training
in the operating room have been described®. Firstly, improved educational
experience; when simulators are placed in an easily accessible location,
they are available continuously. This overcomes the problem of
dependency on the availability of an actual patient case. Simulators also
allow easy access to a wide variety of clinical scenarios, e.g.,
complications®. Secondly, patient safety; simulators allow the trainee to
make mistakes, which can equip the resident with a basic skills level that
would not compromise patient safety when continuing training in the
operating room’™. Thirdly, cost efficiency; the costs of setting up a
simulation center are in the end often less than the costs of instructors’

training time, and resources required as part of the training®. Moreover,
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the increased efficiency of trainees when performing a procedure adds to
the return on investment achieved by medical simulators, as Frost and
Sullivan demonstrated™. Lastly, simulators offer the opportunity to
measure performance and training progress objectively by integrated
sensors that can measure, eg, task time, path length, and forces® " 1°*%,
With the increased developments and experiences in research
settings, a wide variety of simulators have become commercially
available. The pressing question is whether improvements in performance
on medical simulators actually translates into improved clinical
performance on live patients. Commercially available simulators in other
industries, such as aerospace, the military, business management,
transportation, and nuclear power, have been demonstrated to be valuable

for performance in real life situations'®?

. Similarly, it is of high
importance that medical simulators allow for the correct training of
medical skills to improve real life performances. Lack of proper validation
could imply that the simulator at hand does not improve skills or worse,
could cause incorrect skills training® %,

Since validation of a simulator is required to guarantee proper
simulator training, the aim of this review is to determine the availability of
medical simulators and whether they are validated or not, and to discuss
their appropriateness. This review is distinctive as it categorizes
simulators based on simulator type and validation level. In this way, it
provides a complete overview of all sorts of available simulators and their
degree of validation. This will offer hospitals and medical educators, who
are considering the implementation of simulation training in their
curriculum, guidelines on the suitability of various simulators to fulfill

their needs and demands.
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Methods

The approach to achieve the study goal was set as follows. Firstly, an
inventory was made of all commercially available simulators that allow
medical psychomotor skills training. Secondly, categories that represent
medical psychomotor skills were identified and each simulator was placed
in one of those categories. Each category will be discussed and illustrated
with some representative simulators. Thirdly, validity levels for all
available simulators were determined. Lastly, study designs of the validity
studies were evaluated in order to determine the reliability of the results of

the validity studies.

Inventory of medical simulators

The inventory of commercially available medical simulators was
performed by searching the Internet using search engines Google and
Yahoo, and the websites of professional associations of medical education
(Table 1). The search terms were split up in categories to find relevant
synonyms (Table 2). Combinations of these categorized keywords were
used as search strategy. For each Internet search engine, a large number of
“hits” were found. Relevant websites were selected using the following
inclusion criteria: the website needs to be from the company that actually
manufactures and sells the product; the simulator should be intended for
psychomotor skills training in the medical field (this implies that the
models, mannequins or software packages that only offer knowledge
training or visualization were excluded); if the company’s website
provided additional medical simulators, all products that fulfil the criteria
were included separately; the website should have had its latest “update”

after January 2009, so that it can be expected that the company is still

42



actively involved in commercial activities in the field of medical

simulators.

Table 1 List of societies and associations concerning medical education and simulation.
Some of these societies promote commercially available simulators, which were included
in our inventory

Abbreviation  Society

SSIH Society for Simulation in Healthcare

SESAM Society in Europe of Simulation Applied Medicine

DSSH Dutch Society for Simulation in Healthcare

INACSL International Nursing Association for Clinical Nursing Simulation and
NLN National League for Nursing

ASSH Australian Society for Simulation in Healthcare

SIRC Simulation Innovation Resource Center

AMEE An International Association For Medical Education

Table 2 Search terms

simulator# medic# education Product Skill#

trainer# health# Learning Company OR firm OR psychomotor
business

“virtual reality” Clinical Teaching Commerc# Dexterity

OR VR

“skills trainer” Surg# Training Purchase OR buy OR Handiness
offer

Model Nurs# Eye-hand

Simulation Coordination

Phantom

Dummy

Mannequin

Manikin

Mock-up

Categorization of simulator type

For our study purpose, medical simulators were categorized based on their

distinct characteristics: VS and physical mannequins with or without

sensors (Figure 1)* %. VS are software based simulators. The software
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simulates the clinical environment that allows practicing individual
clinical psychomotor skills. Most of these simulators have a physical
interface and provide objective feedback to the user about their
performance with task time as the most commonly used performance
parameter”®. The physical mannequins are mostly plastic phantoms
simulating (parts of) the human body. The advantage of physical models
is that the sense of touch is inherently present, which can provide a very
realistic training environment. Most models do not provide integrated
sensors and real-time feedback. These models require an experienced
professional supervising the skills training. Some physical models have
integrated sensors and computer software which allow for an objective
performance assessment™ % 2. As these simulators take over part of the
assessment of training progress, it might be expected that they are
validated in a different manner. Therefore, a distinction was made

between simulators that provide feedback and simulators that do not.
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Figure 1: Schematic overview of the number of simulators per skills category (in between
brackets) and the number of simulators per simulator type (in between brackets). VS:
virtual reality system, and PM: physical model

Categorization of medical psychomotor skills

Skills were categorized in the following categories as they are the most
distinct psychomotor skills medical professionals will learn during their
education starting at BSc level: 1) manual patient examination skills
(MES): an evaluation of the human body and its functions that requires
direct physical contact between physician and patient; 2) injections,
needle punctures, and intravenous catheterization (peripheral and central)
skills (IP1S): the manual process of insertion of a needle into human skin
tissue for different purposes such as taking blood samples, lumbar or
epidural punctures, injections or vaccinations, or the insertion of a catheter

into a vein; 3) basic life support skills (BLSS)® *. BLSS refers to
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maintaining an open airway and supporting breathing and circulation,
which can be further divided into the following psychomotor skills:
continued circulation, executed by chest compression and cardiac
massage; opening the airway, executed by manually tilting the head and
lifting the chin; continued breathing, executed by closing the nose,
removal of visible obstructions, mouth-to-mouth ventilation, and feeling
for breathing®; 4) SuS: indirect tissue manipulation for diagnostic or
therapeutic treatment by means of medical instruments, eg, scalpels,
forceps, clamps, and scissors. Surgical procedures can cause broken skin,
contact with mucosa or internal body cavities beyond a natural or artificial
body orifice, and are subdivided into minimally invasive and open

procedures.

Inventory of validation and study design quality assessment

The brand name of all retrieved simulators added to the keyword
“simulator” was used to search PubMed for scientific evidence on validity
of that particular simulator. After scanning the abstract, validation studies
were included and the level of validation of that particular simulator was

24, 33

noted®. Studies were scored for face validity (the most elementary

level), construct validity®*, concurrent validity®* %

, and the most powerful
level, predictive validity® * *, The validation studies were evaluated for
their study design using Issenberg’s guidelines for educational studies
involving simulators (Table 3)*. Each study was scored for several
aspects concerning the research question, participants, methodology,
outcome measures, and manner of scoring (Table 4). An outcome measure
is considered appropriate when it is clearly defined and measured

objectively. The validation studies demonstrated substantial heterogeneity
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in study design, therefore, analysis of the data was performed qualitatively
and trends were highlighted.

Results

Inventory and categorization of medical simulators

In total, 433 commercially available simulators were found (see
Supplementary material:
https://c1cnlgl8s0hsr7pslatj.sec.amc.nl/cr_data/supplementary file 6343
5.pdf), offered by 24 different companies. From these simulators, 405
(93.5%) are physical models and 28 (6.5%) are virtual simulators (Figure
1). An almost equal distribution of simulators is available for each of the
four defined skills categories (Figure 1), with the SuS category containing
the noticeably highest portion of virtual reality simulators (86%).
Objective feedback was provided by the simulator itself in 65 cases
(15%). Simulators for patient examination (MES) training provide the
possibility for physical care training, e.g., respiratory gas exchange,
intubation, and anesthesia delivery”® 3*®. The typical simulators in this
category predominantly consist of (full body) mannequins that have
anatomical structures and simulate physiological functions such as
respiration, and peripheral pulses (eg, Supplementary material: simulators
3and 21).

IPIS simulators provide training on needle punctures and
catheterization. Such simulators usually consist of a mimicked body part,
eg, an arm or a torso. An example is the Lumbar Puncture simulator
(Kyoto Kagaku Co., Kitanekoyacho Fushimi-ku Kyoto, Japan)® “°. This
simulator consists of a life-like lower torso with a removable “skin” that
does not show the marks caused by previous needle punctures. Integral to

the simulator is a replaceable “puncture block”, which can represent
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different types of patients (eg, “normal”, “obese”, “elderly”), and which
is inserted under the “skin”*!.

BLSS simulators allow for emergency care skills training, such as
correct head tilt and chin lift, application of cervical collars, splints, and
traction or application to spine board*. These simulators predominantly
consist of full body mannequins having primary features such as
anatomically correct landmarks, articulated body parts to manipulate the
full range of motion, removable mouthpieces and airways, permitting the
performance of chest compressions, oral or nasal intubation, and
simulated carotid pulse (eg, Supplementary material: simulators 243, 245,
and 270). SuS simulators are used for skills training required when
performing open or minimally invasive surgery, like knot tying, suturing,
instrument and tissue handling, dissection, simple and complex wound
closure. Both physical and virtual simulators form part of this category. A
representative example of a physical simulator is the life-sized human
torso with thoracic and abdominal cavities and neck/trachea. Such a
model is suited to provide training on a whole open surgery procedure,
including preparing the operative area, (local) anesthesia, tube insertion,
and closure (eg, Supplementary material: 355 and 357). The torso is
covered with a polymer that mimics the skin and contains red fluid that
mimics blood. Virtual reality systems start to take an important place in
minimally invasive surgical procedure training, especially for hand-eye
co-ordination training. The VS provide instrument handles with or without
a phantom limb and a computer screen in which a virtual scene is
presented (eg, the Symbionix simulators 316-322 [Simbionix, Cleveland,
OH, USA] and the Simendo simulators 425-426 [Simendo B.V.,

Rotterdam, the Netherlands] in the Supplementary material). Software
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provides a ‘‘plug-and-play’’ connection to a personal computer via a USB

P ort#3: 44

Inventory of validation and study design quality assessment

One hundred and thirty validation studies evaluated 35 commercially
available medical simulators for levels of validity ranging from face to
predictive validity (Figure 2). From these 35 simulators, two (5.7%)
simulators were tested for face validity, four (11.4%) for content validity,
seven (20%) for construct validity, fourteen (40%) for concurrent validity
and eight (22.9%) for predictive validity (Figure 2). References of the
validated simulators are shown in the Supplementary material (between
brackets). Twenty-four (37%) simulators that provide objective feedback
have been validated, from which six occurred in MES, one in IPIS and
seventeen in SuS (Figure 1).

The numbers of validated simulators per category were
substantially different, as was the level of validity (Figure 2). SuS
simulators were most validated (62.9%), and most frequently for the
highest validity level (Figure 2, predictive validity). MES simulators were
primarily tested for content and concurrent validity. The proportion of
validated IPIS and BLSS simulators was small (Figure 2).

The quality of the study designs was verified for ten important
aspects. Although all studies clearly described the researched question,
study population, and outcome measures, few studies met all other criteria
on the checklist. Most studies did not perform a power analysis to
guarantee a correct number of participants before inclusion. Twelve
percent of the 130 studies used a standardized assessment system or
performed blind assessment. The majority of the studies (111) performed

a correct selection of subjects: either based on experience level or with a
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randomly selected control group. However, 20 studies did not select their
control group randomly or had no control group at all (Table 3) (37
studies tested face or content validity)*>*.

Each study used proper outcome measures to test the efficacy of
the simulator, which indicated psychomotor skills performance. The most
commonly used performance measures are depicted in Table 4. To assess
performance data objectively the following standardized scoring methods
were used: team leadership-interpersonal skills (TLIS) and emergency
clinical care scales (ECCS)*, objective structural clinical examination
(OSCE)?"*, objective structured assessment of technical skills (OSAT)**
5155 "and global rating scale (GRS)**®°. All other studies used assessment
methods that were developed specifically for that study.

Methodologically speaking, the studies that tested concurrent and

predictive validity outperformed the studies that tested face, content, and
construct validity.

validation level of simulators

number

= predictive

# concurrent

A construct
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Figure 2: The number of validated simulators. Arrangement is based on skills category,
level of validation and whether the simulator give feedback or not. Nine MES simulators,
three IPIS simulators, one BLSS simulator and 22 SuS simulators are validated
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Discussion

This study reviewed the availability of medical simulators, their validity
level, and the reliability of the study designs. Four hundred and thirty-
three commercially available simulators were found, of which 405 (94%)
were physical models. Evidence of validation was found for 35 (6.5%)
simulators (Figure 2). Mainly in category two and three, the number of
validated simulators was marginal. Solely SuS simulators were validated
for the highest validity level. Sixty-three percent of the 65 simulators that
provide feedback on performance have not been validated, which is
remarkable as these simulators take over part of the supervisors’
judgment. Studies that tested more powerful levels of validity (concurrent
and predictive validity) were methodologically stronger than studies that
tested more elementary levels of validity (face, content, and construct
validity).

These findings can partly be explained: the necessity of a high
level validation and the extent to which simulators need to mimic reality is
firstly dependent on the type of skills training, and secondly on the
possible consequences for patients when medical psychomotor skills are
insufficient. This could especially be the case for SuS skills, because
minimally invasive SuS are presumably most distinct from daily use of
psychomotor skills, and as a result not well developed. In addition, when
these skills are taught incorrectly, it can have serious consequences for the
patient, e.g., if a large haemorrhage occurs as a result of an incorrect
incision. To guarantee patient safety, it is important that simulators
designed for this type of training demonstrate high levels of validity® °'.
For other types of skills, such as patient examination, a lower validity
level can be acceptable, because these skills are closer related to everyday

use of psychomotor skills, and solely require a basic level of training on a

51



simulator, which can be quickly adapted in a real-life situation® .

Moreover, it requires less extensive methodology to determine face
validity than to determine predictive validity.

Certain factors made it difficult to score all validity studies on
equal terms; substantial heterogeneity exists among the studies. However,
in general, it can be stated that a substantial part of the validation studies
showed methodological flaws. For example, many studies did not describe
a power analysis, so it was difficult to judge whether these studies
included the correct number of participants. Furthermore, only fifteen of
130 studies used standardized assessment methods and blinded assessors.
Unvalidated assessment methods and unblinded ratings are less objective,
which affects reliability and validity of the test®. This raises the question
whether the presented studies were adequate enough to determine the
validity level of a certain simulator. Future validity studies should focus
on a proper study design, in order to increase the reliability of the results.

There are several limitations to our study. Firstly, our inventory of
commercially available medical simulators was performed solely by
searching the Internet. We did not complement our search by contacting
manufacturers or by visiting conferences. This might implicate that our
list of available simulators is not complete. Secondly, the available level
of validity for the simulators was also determined by searching public
scientific databases. Quite possibly, manufacturers have performed
validity tests with a small group of experts, but refrained from publishing
the results. It is also possible that studies have been rejected for
publication or have not been published yet. Therefore, the total number of
simulators and number of validated simulators that was found, might be
underestimated. However, this does not undermine the fact that few

simulators were validated. Especially high levels of validation are scanty.
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Our results should firstly make medical trainers aware of the fact
that a low number of simulators are actually tested, while validation is
truly important. Although it is possible that unvalidated simulators
provide proper training, validity of a device is a condition to guarantee

proper acquisition of psychomotor skills® © 18

and lack of validity brings
the risk of acquisition of improper skills” *. Secondly, a simulator that
provides feedback independent of a professional supervisor, should have
been validated to guarantee that the provided feedback is adequate and
appropriate in real-life settings® ®* %. Thirdly, for reliable results of
validity studies, proper study design is required. Well conducted studies
have shown to be limited so far. Lastly, it is necessary to determine the
type of skills educators will offer to their trainees with a simulator and the
level of validity that is required to guarantee adequate training.

Our plea is for researchers to collaborate with manufacturers to
develop questionnaires and protocols to test newly developed simulators.
Simulators from the same category can be tested simultaneously with a
large group of relevant participants”. When objective evidence for basic
levels of validity is obtained, it is important to publish the results so that
this information is at the disposal of medical trainers. Before introducing a
simulator in the training curriculum, it is recommended to first consider
which skills training is needed, and the complexity and possible clinical
consequences of executing those skills incorrectly. Subsequently, the
minimum required level of validity should be determined for the simulator
that allows for that type of skills training. The qualitative results support
the concept that the level of validation depends on the difficulty level of
skills training and the unforeseen consequences when skills are

insufficient or lead to erroneous actions. This combination of selection
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criteria should guide medical trainers in the proper selection of a simulator

for safe and adequate training.

Table 3: Checklist for the evaluation of validation study, using Issenberg’s Guidelines for
educational studies involving simulators

Guidelines for educational study No of References

involving simulators studies

1. Clear statement of the research 130

question

2. Clear specification of participants 130

3. Prospective study 130

4. Power analysis 10 56, 64-72

5. Random selection of subjects 41 1,5,27,28,39, 43, 49, 51-57

6. Selection based on experience level 70 14,43, 44,50-53, 55, 57, 58, 62, 67, 70-124

7. Is the outcome measure the properone 130
for the study?
8. Standardized scoring of performance 15 27,38, 49-54, 56-59, 91, 111, 125

9. Was performance blindly assessed 17 49,53, 56,72, 86, 110, 111, 124, 126-134

10. Pre-intervention measurement: yes/no 20 28, 35,36, 48, 49, 51-53, 63, 66, 82, 83,

102, 103, 135-139

Notes: In the first column, the ten important aspects the studies were evaluated for are
stated. The second column shows the number of studies that met the criteria. The third
column shows the references of the concerned studies.
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Table 4: Outcome measures to test the efficacy of the simulator. The parameters indicate

psychomotor skills performance

Parameters

Time

Path length

Smoothness

Number and economy of
movement

Number of targets reached or
missed
Tissue handling

Technical skills

Number of errors or
instrument collisions

Accuracy

Nr of studies

53

15

21

10

21

15

Reference
14, 28, 39, 40, 52, 57, 58, 62, 63, 67,

68,72,76-79, 81, 86, 87, 91, 93, 95-
103, 105-111, 114, 119, 122-126,
131, 132, 135, 138, 140-144

44,62,63,71,72,99, 100, 106,
109, 111, 114, 116, 132, 138

71,72,111, 112, 115, 116, 132,
134, 144

39,43,52,58,77,78, 82,96, 98, 99,
104, 105, 110-112, 115, 125, 127,
138, 140, 142

2,73-75,77, 81, 82,109, 131, 145

39, 43,52, 58,96, 110

39, 54,57, 80, 91, 104, 105, 107,
144

22, 44,58, 62, 63, 80, 82, 86, 87,
96-99, 104-106, 109, 131, 138, 142,
146

71,72,96,97,102, 104, 111, 112,
115, 116, 123, 124, 126, 128, 132
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Conclusion

For correct medical psychomotor skills training and to provide objective
and correct feedback it is essential to have a realistic training
environment. Scientific testing of simulators is an important way to prove
and validate the training method. This review shows that 93.5% of the
commercially available simulators are not known to be tested for validity,
which implies that no evidence is available that they actually improve
individual medical psychomotor skills. From the validity studies that were
done for 35 simulators, many show some methodological flaws, which
weaken the reliability of the results. It is also advisable for companies that
manufacture medical simulators to validate their products and provide
scientific evidence to their customers. This way, a quality system becomes
available, which contributes to providing adequate, safe, and affordable

medical psychomotor skills training.
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Abstract

Purpose: Virtual reality simulators used in the education of orthopaedic residents
have often no realistic force feedback. Therefore, a new design, the PASSPORT,
was developed. Recently, it has been subject to fundamental changes. The
purpose of this study is to demonstrate its face and construct validity, using a
previously used protocol.

Methods & Materials: Thirty-one participants were divided into three groups
having different levels of arthroscopic experience. Participants answered
questions regarding general information and the outer appearance of the simulator
for face validity. Construct validity was assessed with one standardized
navigation task. Face validity, educational value and user friendliness were
further determined with two exercises and by asking participants to fill out the
questionnaire. A value of 7 or greater was considered sufficient.

Results: Construct validity was demonstrated between experts and novices.
Median task times of the first trial were 137 (57-240) seconds for novices, 98.5
(37-166) seconds for intermediates, and 69 (52-109) seconds for experts. Median
task times were not significantly different for most repetitions between the
novices and intermediates, and for all repetitions between intermediates and
experts. Face validity, educational value and user-friendliness were perceived as
sufficient (median > 7). The presence of realistic tactile feedback was considered
the biggest asset of the simulator.

Conclusion: The PASSPORT showed construct- and face validity. The
PASSPORT is a suitable preparation for real-life arthroscopy, although there is
room for improvement. Proper preparation for arthroscopic operations will
increase the quality of real life surgery and patients safety.

This research was funded by the Marti-Keuning Eckhart Foundation, Lunteren,
The Netherlands.
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Introduction

As arthroscopic skills are complex, acquiring them is challenging®, while
training time is limited” ® and demands for patient safety and quality
control are increasing. Therefore, simulators were introduced in the
education of orthopedic residents. Initially, low-fidelity simulators were
used. These type of simulators provide good basic skill development, but
as they do not offer realistic simulation, they are not optimal to enhance
training®. Virtual reality simulators were introduced to optimize

orthopedic education® >,

Virtual reality simulators have a more
developed technology and are more realistic than low fidelity simulators.
Previous studies of virtual simulators have demonstrated certain types of
validity® > *#". However, a serious drawback of virtual simulators is their
lack of realistic force feedback'® ?. Realistic force feedback is essential to

231 and when absent it reduces the

imitate an arthroscopic procedure
natural sense of interaction of the instrument with the tissue®. This might
be a contributing factor for the fact that training on (virtual reality)
simulators for arthroscopic skills has not been adopted as in other
endoscopic disciplines.

Within our group, a different approach was developed for the design
of an arthroscopic knee simulator that potentially does offer complete
natural sensory feedback, while maintaining the advantage of virtual
reality simulators. In 2009, the first prototype of this physical simulation
environment to Practice Arthroscopic Surgical Skills for Perfect Operative
Real-life Treatment (PASSPORT) was presented, and its potential to
evolve as a training modality for knee arthroscopy was demonstrated®.
Although both construct and face validity were demonstrated, substantial
improvements were required®. Face validity can be defined as the ability

of a test to resemble the real situation. Construct validity is the ability of a
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test to actually assess what it is designed for*. Over the past years, the
PASSPORT has been subjected to the necessary major changes in
appearance, registration of performance and interaction with the trainee
(Fig. 1). These changes are fundamental and are expected to contribute
significantly to the PASSPORT concept, especially in terms of face
validity and the potential to practice arthroscopic skills beyond navigation
and probing.

The purpose of this study is to demonstrate face and construct validity
of PASSPORT V2 and to show that this simulator has enhanced realism
compared to virtual reality simulators. This is an important asset as
realistic force feedback is essential in arthroscopic training. Moreover,
findings of this study will provide clinical relevant information for
hospitals that wish to use a simulator for their training program. The study
will be performed by using a testing protocol that has been previously

applied for validation of other arthroscopic simulators®.

Materials and Methods

Prototype of PASSPORT V2

The overall concept of PASSPORT remained: The surgical setting is
imitated as close as possible by using standard arthroscopic equipment;
the human joint is replaced with a phantom model, and sensors are
integrated to provide feedback and registration of training sessions®.
However, the PASSPORT V2 is substantially redesigned compared to the
first prototype PASSPORT V1* *. First the appearance was substantially
improved. The original metal rod representing the lower leg was replaced
by a dummy leg of a mannequin (Fig. 1.D). A patellar bone was added
that moves in line with the flexion-extension motion of the lower leg (Fig.
1.G). The tibia plateau (Fig. 1.M), the menisci (Fig. 1.L) and cruciate
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ligaments were upgraded. The menisci were attached such that they could
be replaced by two simple actions (Fig. 1.F). A special hinge was
designed (Fig. 1.J), which allows both flexion-extension and joint
stressing in a natural manner®. Springs provide the resistance against
stressing. Their stiffness was chosen such that in the hinge’s end position,
the required stressing force was around 78 N*'.

Second, to measure the performance of a trainee, a set of sensors
was incorporated in the system in such a manner that these sensors do not
influence the intra-articular joint face validity. Motion is measured in a
two-dimensional plane using a webcam and yellow-colored markers that
are attached to the arthroscope and the instruments (Fig. 1.A and C). The
choice to measure motion in a plane was made, as it is assumed that due to
the confined knee joint space motion predominantly takes place in one
plane, and because task time is strongly correlated with path length®*°.
Additionally, one 3D force sensor was connected to the tibia plateau and
one 3D force sensor to the femur to measure instrument-tissue interaction
on the delicate cartilage and menisci areas (Fig. 1.N). The sensors were
based on our force measurement platform®.

Third, a graphical user interface was added that leads trainees
through a range of exercises, indicates progress in training by means of
spider graphs and gives real-time feedback on performance during
exercises (Fig. 1.B). Real-time feedback on performance is given by a
running timer, an alarm signal combined with a written warning on the
arthroscopic image when a force threshold level is exceeded. The trainees’
overall performance after completion of an exercise is presented in the
form of a spider graph.

During the validation tests, additional equipment was used to

document the participant’s performance. Recording equipment was set up
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to document the task times independently of the simulator. Simultaneous
digital recordings were acquired from the arthroscope and a separate
camera (digital CCD camera, 21CW Sony CCD, Tokyo, Japan).

Figure 1. Motion is measured in a two-dimensional plane using a webcam (A) and yellow-
coloured markers (C). A graphical user interface was designed leading trainees through a
range of exercises, indicating progress in training by means of spider graph and giving
real-time feedback on performance during exercises (B).The outer appearance of the
lower leg was made from a dummy leg of a mannequin (D). Two magnetic hall sensors
were positioned in line with the springs (K). The inner construction of the lower leg was
designed such that it allowed complete and easy removal of the inner metal construction
to which the tibia plateau (M) and menisci (L) were connected by unlocking one pin
positioned in the heel and two clips (F).A patellar bone (G) was added to the intra-
articular structures as well as cruciate ligaments (H). The skin contains two prefabricated
portals that are routinely used during knee arthroscopy (I). A special hinge was designed
(J) to allow flexion-extension, which as measure by an angular potentiometer (E) and to
allow joint stressing. One force sensor was connected to the tibia plateau and one force
sensor to the femoral condyles to measure instrument-tissue interaction (N)

Participants

All surgeons, residents and researchers in our department that were
eligible for participation in the study were recruited. Thirty-one
participants were divided into three groups having different levels of
arthroscopic experience: beginners who had never performed an
arthroscopic procedure, intermediates who had performed up to 59

arthroscopies, and experts who had performed 60 or more arthroscopies.
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This boundary level of 60 arthroscopies was based on the average opinion
of fellowship directors who were asked to estimate the number of
operations that should be performed to allow a trainee to perform

unsupervised meniscectomies®.

Study design
To test for face and construct validity, a previously used protocol was
applied®. Firstly, participants answered questions regarding general
information (Fig. 2) and the outer appearance of the simulator for face
validity. Secondly, the construct validity test was performed using normal
arthroscopic equipment (Smith and Nephew, Andover Massachusetts
USA). Finally, face validity, educational value and user friendliness were
further determined by giving the participants exercises that were
representative for the simulator’s specific features and by subsequently
completing the questionnaire®.

The assessment of construct validity was based on one basic
navigation task that was timed® *. If participants failed to complete the
task within ten minutes, they continued to the next part of the study

protocol®

. The task time was determined with a separate video recording
of the simulator monitor that shows the intra-articular joint. Accurate
determination of the task time was ensured, since the video recordings had
a frame rate of 25 images per second and allowed replay frame by frame.
This resulted in an accuracy of 0.04 seconds. In the subsequent part of the
protocol, the participants were asked to perform two additional exercises
representative for the simulator’s specific features. The first exercise was
to perform a medial or lateral meniscectomy. The assignment was to cut
the posterior horn of the medial or lateral meniscus and acquire an

impression of tissue when cutting. The second exercise was to perform a
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guided navigation task. For this task, three landmarks had to be identified
by probing; medial femoral condyle, ACL and posterior horn of the lateral
meniscus. Probing was preceded by textual instructions presented by
augmented reality on top of the intra-articular view of the arthroscope.
The two exercises both had to be performed once; no task time or other
parameters were recorded. However, the participants were pointed out to
the user interface and the manner for presenting feedback on performance.

Questions were filled out concerning face validity of the outer
appearance, the intra-articular joint, the instruments and instrument
handling. Educational Value | comprised the variation and level of
exercises; Educational Value 1l indicated to what extent the content of the
simulator is a good way to prepare for real-life arthroscopic operations.
User Friendliness |, covered questions concerning the quality of the
instructions given by the simulator and the presentation of the
performance; User Friendliness Il (Table 1) indicated whether the
participants needed a manual before operating the simulator®.

The questions were answered using a 10-point numerical rating
scale (NRS) (i.e. 0 = completely unrealistic and 10 = completely realistic)
or a dichotomous scale requiring a yes/no answer®. A “‘not applicable
(N/A)’’ option, could be used solely by beginners. Only the answers from
the expert and intermediate groups were used on simulator realism and
Educational Value I. These questions required prior knowledge of the
real-life arthroscopic situation. A value of 7 or greater was considered
sufficient. Participants were also asked to give free text suggestions for

improvements®.
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Experience: 0

Male 10/fernale 5

Age: 26 (21-32)
Movices (15)

Observations: 14 (0-50)

Simulator: 3

Games: 12

Experience: 1

Male 7/ female 1

Intermediates (8) Age: 32 (29-27)

Simulator: 4

Games: 4

Experiencea: 2

Male 7/ famale 1

Age: 34 (31-43)

Experts (8)

Simulator: 7

Games: 5

Figure 2. This figure shows the participant population per experience group. The age in
years and the number of attended arthroscopies (‘“Observation’”) are expressed as
median with range. Also the number of participants who previously had used a simulator
(“Simulator”’) or had experience in playing computer games (““Games’’) is shown

Table 1: The median scores for face validity
of the simulator (rows 1-3), Educational Value |
and User Friendliness |

Face validity: Median (range):

Outer appearance 8.7 (6-9.3)
Intra-articular joint 7.5 (4.8-8.8)
Surgical instruments 8.3 (6-10)
User friendliness | 7.3 (1.8-9.3)
Educational Value | 7 (2-8)
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Statistical analysis

One observer determined all navigation task times using the recorded
arthroscopic view by consecutive determination of each identified
landmark. This way, the proper sequence in the landmark identification
protocol was guaranteed. One complete task time was calculated as the
summation of the duration between all landmarks of one trial. Statistical
analysis was performed using SPSS 20 (SPSS Inc., Chicago, IL, USA).
The presence of normal distributions of task times was assessed by
Shapiro Wilk tests. As the data were not normally distributed, non-
parametric tests were performed. Construct validity was assessed with the
Kruskal-Wallis test by calculation of overall significant differences in task
time between the three groups for each of the five task trials. The
significance level was adjusted for multiple comparisons with the
Bonferroni-Holm procedure (alpha = 0.05)*. Mann-Whitney U tests were
used for pair-wise comparisons to highlight significant differences. The
results of the three separate aspects of face validity of the simulator,
Educational Value 1 and User Friendliness | were expressed as mean
summary scores of the corresponding grouped questions. As these results
were not normally distributed they were expressed as median (minimum-
maximum). The dichotomous questions (Educational Value Il and User
Friendliness I1) are presented as frequencies and percentages (%)®. Data
from previous research on simulators® for which the same study design
was used were applied to determine if PASSPORT V2 shows improved
realistic feel. Therefore, the results of the ‘intra-articular joint’ -and
‘instruments’ aspects of face validity were compared with the Kruskal-
Wallis test and the Mann Withney U test (p<0.5).
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Results

Two out of fifteen beginners completed three out of five trials within the
time limit. Three out of fifteen beginners and one out of eight
intermediates completed four out of five trials. The median task time of
the first trial was 137 seconds (range, 57-240 seconds) for the beginners,
99 seconds (range, 37-166 seconds) for the intermediates, and 69 seconds
for the experts (range, 52-109 seconds). The median task time for the fifth
trial was 55 seconds (range, 17-139 seconds) for the beginners, 33
seconds (range, 17-59 seconds) for the intermediates, and 26 seconds
(range, 14-52 seconds) for the experts (Fig. 3). The beginners were
significantly slower than the experts in completing all five trials. The task
times of the beginners and the intermediates were not significantly
different for the first, third and fifth trial. The second and fourth trials
were performed significantly faster by the intermediates. The task times of
the intermediates and the experts were not significantly different for all
trials (Fig. 3).

The outer appearance of any simulator was indicated as important
by 60% of the participants. Ninety per cent of the participants indicated
the outer appearance of this simulator as sufficient. All median values of
the summed scores for face validity, Educational Value | and User
Friendliness | were 7 or higher (Tables 1, 2). Comparison of the face
validity with the two previously evaluated simulators showed that the
‘intra-articular joint’ and ‘instruments’ aspects of face validity of the
PASSPORT were both significantly higher (p<0.001) compared to
simulator 1*. Compared to simulator 2, the ‘instruments’ aspect of the
PASSPORT was significantly higher (p<0.001). The median sum score
for Educational Value | was 4 out of 5 (range 1-4). All intermediates and

experts indicated that the simulator is a good way to prepare for
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arthroscopic operations (Educational Value II). Ninety percent of the
participants did not feel the need to read the manual (User Friendliness I1)
before operating the simulator. Sixty-five percent of the participants
indicated that the simulator is most valuable as a training modality during
the first year of the residency curriculum. Main advantages of the
simulator were the realistic arthroscopic view and probing, the realistic
performance of a meniscectomy and the possibility to train important
aspects of a knee arthroscopy, especially navigation and hand-eye
coordination. Participants indicated the presence of realistic tactile
feedback as the biggest asset of the simulator (fourteen participants out of
31), and considered it an essential condition to imitate clinical practice.
Most important suggestions for improvements included: fine-tuning of the
appearance of the warning on the arthroscopic image when the threshold
level of the force parameters is exceeded (seven participants), more
realistic material for the cruciate ligaments and the menisci (six
participants) and a more gradual joint stressing (four participants). Points
of criticism were the absence of the popliteal ligament, and the fact that
the performance spider graph showed software bugs leading to incorrect

presentation of the performance results.

Table 2: The median scores for individual questions for face validity

Face validity intra-articular: Median Face validity Median
Intra-articular anatomy 7 (5-9) Instruments visual 8 (5-10)
Texture structures 7 (4-8) Instruments motion 9 (5-10)
Color structures 7 (5-9) Instruments probing 7 (5-9)
Size intra-articular joint space 8 (5-10) Instruments cutting 7 (0-9)
Arthroscopic image 7,5 (4-9)
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Figure 3. Median task time per trial for each experience group

Discussion

The PASSPORT V2 prototype was found to show full face validity as all
median scores were 7 or higher (Tables 1, 2). Construct validity was
demonstrated for every trial, since the experts were significantly faster
than the beginners (Fig. 3). PASSPORT V2 was favored by experts and
residents on the intra-articular joint and instruments aspects of face
validity compared to two previously tested simulators®.

Differences in task time between beginners and intermediates were
only partly significant, and no significant difference was found between
intermediates and experts. This might be caused by the fact that the
intermediate group was the most heterogeneous group with respect level
of experience. As a consequence, relatively large differences existed,
contributing to a higher variance in task times (Fig. 3). Behavioral factors

could also have been of influence: most beginners were enthusiastic and
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motivated to learn new skills, while intermediates tended to be more
competitive, which could have contributed to being less cautious. The
experts were preoccupied with being accurate and cautious in treating the
tissue rather than trying to perform the task as fast as possible. It was
suggested previously that the influence of these behavioral factors affect
the outcome®® *,

Although 40% of the participants did not care about the outer
appearance of simulators in general, most participants (90%) did indicate
that the outer appearance of the PASSPORT is sufficient (Table 1). The
arthroscopic view inside the PASSPORT knee phantom was considered
sufficiently realistic by the intermediates and experts (Tables 1, 2), which
indicated the right direction in improving realism. Still, room for
improvement was pointed out: the material and fixation of the cruciate
ligaments as well as the menisci and more gradual sense of stressing. The
latter has been taken into account by replacing the springs by a different
set. All participants considered training on this simulator suitable to
prepare for arthroscopic operations. Educational Value | and Il and User
Friendliness I and 11 were considered sufficient. Instructions given by the
user interface were perceived as clear and intuitive by all participants.
Highly appreciated was the presence of adequate tactile feedback, which
offered realistic navigation, probing and cutting in the intra-articular joint
space. Tactile feedback is considered essential to provide a sense of

realism®® 4 %

and the participants confirmed this and indicated that
PASSPORT V2 does offer this? . Overall, all participants agreed that
apart from some adjustments the PASSPORT V2 can evolve in a valuable
training tool in the first year of the residency curriculum.

A limitation of this study was the relatively small number of

participants in each experience group. This could have been the reason
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that significant differences between the beginner and intermediate group
and between the intermediate and expert groups were not detected.
However, earlier mentioned factors (the heterogeneity of the intermediate
group and behavioural factors) are more likely to have contributed to the
absence of significant differences. Moreover, a protocol was applied that
was used previously which strengthens the results of the current study™.
Another limitation of our study is that only the task time as parameter was
recorded as prescribed in the protocol.

The clinical relevance of this study is the fact that evidence of
validation of a simulator is necessary before it is used in practice to train
residents. Moreover, the PASSPORT V2 has overcome critical drawbacks
of virtual reality simulators, most necessarily in its realistic force
feedback. The simulator has also proven to be an improvement compared
to the PASSPORT V1 in its full integration of registration devices and a
reasonable intuitive user interface®. Future plans are to perform test with
irrigation and the generation of bleedings at random moments during an

exercise and testing of adequate tissue manipulation.

Conclusion

The results support the face and construct validity of the PASSPORT V2
and this simulator is recognized as a valuable training modality by
experienced surgeon and residents. Moreover, the PASSPORT V2 shows
enhanced force feedback, which is considered a key feature for

arthroscopic simulators.
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Face and construct validation of Virtamed Virtual

Arthroscopic knee simulator
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Abstract

Purpose: Virtual reality simulator-training has become important for acquiring
arthroscopic skills. A new simulator for knee arthroscopy ArthroS™ has been
developed. The purpose of this study is to demonstrate face and construct
validity, executed according to a protocol used previously to validate arthroscopic
simulators.

Methods: Twenty-seven participants were divided into three groups having
different levels of arthroscopic experience. Participants answered questions
regarding general information and the outer appearance of the simulator for face
validity. Construct validity was assessed with one standardized navigation task.
Face validity, educational value and user friendliness were further determined by
giving participants three exercises and by asking them to fill out the
questionnaire.

Results: Construct validity was demonstrated between experts and beginners.
Median task times were not significantly different for all repetitions between
novices and intermediates, and between intermediates and experts. Median face
validity was 8.3 for the outer appearance, 6.5 for the intra-articular joint and 4.7
for surgical instruments. Educational value and User-friendliness were perceived
as non-satisfactory, especially because of the lack of tactile feedback.
Conclusion: The ArthroS™ demonstrated construct validity between novices and
experts, but did not demonstrate full face validity. Future improvements should
be mainly focused on the development of tactile feedback. It is necessary that a
newly presented simulator is validated to prove it actually contributes to
proficiency of skills.
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Introduction

Arthroscopic surgery has developed into an important operative therapy.
As arthroscopic skills are complex, learning these skills is challenging and
time consuming'. Traditionally, arthroscopic training is performed in the
operating room using a one-to-one apprentice model, where the resident is
permitted to perform actions under supervision. This is not an ideal
learning environment. The resident is not able to make mistakes and learn
from them, because these mistakes would compromise patient safety**.
Inspired by the aerospace industry, virtual reality simulation has been
deployed successfully in the medical world on a variety of medical skills>
® Due to reductions in training time and increasing demands for patient
safety and quality control, virtual reality simulators have also been
introduced in the education of orthopaedic residents® " 8. The potential
advantages of arthroscopic knee simulators has been demonstrated

1, 3, 4 7,9 10

repeatedly . However, objective validation of individual
simulators that are new to the market remains necessary to confirm their
contribution to the improvement of skills.

A new virtual reality simulator for knee arthroscopy has been

launched (ArthroS™, VirtaMed AG (www.virtamed.com). This

simulator has been developed through a joint effort of medical experts
from the Balgrist University Hospital and the ETH Zurich. The aim of
this new simulator is the presentation of a realistic virtual training

environment, since other virtual reality simulators evaluated for training

11-20 21-24

of knee arthroscopy—", only showed a marginal level of realism
Similar to other simulators, the simulator offers training of diagnostic and
therapeutic arthroscopy and objective performance feedback. However,
the method to determine collision of the instrument tools with the

anatomic structures is performed differently, which is meant to enhance
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the sense of realistic tactile feedback. Additionally, irrigation flow and
bleedings is simulated to improve realism. The purpose of this study is to
determine face and construct validity of this simulator. To allow
comparison, this will be performed according to a protocol that has

previously been used for the validation of arthroscopic knee simulators®.

Materials and Methods

Simulator characteristics

The simulator has an original arthroscope and original instruments
(palpation hook, grasper, cutting punch and shaver) that were modified to
connect them to the virtual environment of this simulator. The arthroscope
features in- and outlet valves for fluid handling and three virtual cameras
(0°, 30° and 70°) including a focus wheel. The simulator provides a patient
knee model and a high-end PC with touch-screen. The VirtaMed
ArthroS™ training software consists of 6 fully guided procedures for
basic skill training, four virtual patients for diagnostic arthroscopy, eight
virtual patients for various surgical operations and courses designed for
beginners, intermediate trainees and advanced arthroscopists. It is possible
to display an anatomical model of the knee in which the real-time
orientation of the instruments is shown. Registration devices are
integrated to provide objective feedback reports and registration of

training sessions.

93



Table 1: The median scores for face validity
of the simulator (rows 1-3),
Educational Value | and User Friendliness |

Face validity: Median (range):
Outer appearance 8.3(5.3-9.7)
Intra-articular joint 6.5 (4.2-8.5)
Surgical instruments 4.7 (3.3-6.7)
User friendliness 7.8 (4.5-8.8)

Participants

Twenty-seven participants were recruited to perform the validity test. To
keep in line with the protocol, the same strategy was applied in dividing
the participants in three groups with different levels of arthroscopic
experience: beginners who had never performed an arthroscopic
procedure, intermediates who had performed up to 59 arthroscopies and
experts who had performed more than 60 arthroscopies (Table 1). This
boundary level of 60 arthroscopies was based on the average opinion of
fellowship directors who were asked to estimate the number of operations
that should be performed before allowing a trainee to perform
unsupervised meniscectomies®. It was investigated whether the simulator

could discriminate between the three groups.
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Age: 79 (23-43)
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Figure 1: The participant population per experience group. The age in years and the
number of attended arthroscopies (“Observation”) are expressed as median with range.
Also the number of participants who previously had used a simulator (“Simulator”) or
had experience in playing computer games (“Games”’) is shown

Study design

To ensure a similar level of familiarity with using the simulator, the
participants were not allowed to use the simulator before the experiment.
A previously developed test protocol was used to determine face and
construct validity*. Firstly, participants were asked to answer questions
regarding general information (Fig. 1) and to provide their opinion on the
outer appearance of the simulator for face validity’. The assessment of
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construct validity was performed on one navigation task®®, that was to be
repeated five times. The time to complete all repetitions was set at 10
minutes®. Task time was used as an outcome measure, as it enables
objective comparison between the experience groups'. The task time was
determined with a separate video recording of the simulator’s monitor in
which the intra-articular joint is presented. This enabled verification of the
correct sequence of probing the nine anatomic landmarks. Accurate
determination of the task time was ensured, since the video recordings had
a frame rate of 25 images per second (equal to accuracy an of 0.04
seconds).

Subsequently, three exercises representative for the capability of
this particular simulator were performed. The first task was a triangulation
task to train hand-eye coordination. The second task was a guided
navigation task for a complete inspection of the knee (Fig. 2). The third
task was a medial meniscectomy. During the meniscectomy it was
possible to perform joint irrigation. For these three exercises, no task time
was recorded, but rather the participants’ impression of the capabilities of
the simulator. After every task, an objective feedback report, and a before
—and after picture were shown to demonstrate the way in which feedback
was provided by the simulator.

After the three tasks, the participants filled out the remainder of
the questionnaire®. The questionnaire comprised questions concerning
face validity, educational value, and user friendliness. Face Validity was
determined based on several aspects of the simulator (Table 1).
Educational Value | concerned the variation and level of exercises;
Educational Value Il indicated to what extent the simulator serves as a
good way to prepare for real-life arthroscopic operations. User

Friendliness | comprised questions concerning the quality of the
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instructions given by the simulator and the presentation of the
performance and results; User friendliness Il indicated whether the
participants needed a manual before operating the simulator®.

Questions were answered using a 10-point numerical rating scale
(NRS) (e.g., 0 = completely unrealistic and 10 = completely realistic) or
dichotomous requiring a yes/no answer®. A value of 7 or greater was
considered sufficient. Questions featuring a ‘‘not applicable (N/A)”’
answer option, could be used solely by beginners. Furthermore, only the
answers from the expert and intermediate groups were used to determine
Face Validity and Educational Value I. Participants were able to provide

free text suggestions for improvement of the simulator.

IRB approval

Academic Medical Centre, Amsterdam; reference number:

W13 262 # 1.17.0326.

The Medical Research Involving Human Subjects act does not apply to
the current study and an official approval of this study by the Medical
Ethical Commission is not required.
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Figure 2: A ghost tool on the monitor demonstrates the correct position of the scope to
visualize the indicated structures within the knee joint

Statistical analysis

Data processing and statistical analysis was performed on the basis of the
study protocol according to a previous study®. One observer determined
all navigation task times using the recorded arthroscopic view by
consecutive determination of each identified landmark. The summation of
the duration to probe all landmarks of one trial was considered as one
complete task time. Statistical analysis was performed using SPSS 20
(SPSS Inc., Chicago, IL, USA). The Shapiro Wilk test demonstrated a
skewed distribution. Therefore, nonparametric tests were performed, and
values were presented as median (minimum-maximum). Construct
validity was assessed by calculation of significant statistical differences in
the task time for each trial between the three groups with the
nonparametric Kruskal Wallis-test and Mann—Whitney U tests to highlight
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significant differences. The significance level was adjusted for multiple
comparisons with the Bonferroni-Holm procedure (alpha = 0.05). The
results of Face Validity, Educational Value | and User Friendliness | were

expressed as median summary scores of the corresponding questions.

Results
One beginner completed only one task trial within the time limit. All other
participants completed the five trials. The median task times and ranges of
each trial are represented in Fig. 3. The median task time for the fifth trial
was 41 seconds (3-50 seconds) for the beginners, 35 (18-120 seconds) for
the intermediates, and 31 seconds (17-42 seconds) for the experts (Fig. 3).

Task times of the beginners and the intermediates did not show
significant differences for all repetitions (n.s.), nor did the task times of
the intermediates and the experts (n.s.). The task times of the beginners
were significantly slower than those of the experts for all trials (Fig. 3).

The outer appearance was indicated as satisfactory by the experts and
intermediates (Table 1 median > 7). The intra-articular face validity and
instrument face validity were not sufficient (Table 1 median < 7), because
the texture of the structures, the motion of instruments, and tissue probing
and cutting were perceived as not realistic (Table 2). Related to these
results were the remarks written by respondents: presence of a small delay
between the motion of the instruments and the virtual image (fourteen
participants) and markers were sometimes placed in the femur condyle
(four participants).

The quality of instructions was perceived well (Table 1, User
Friendliness ). Seventy-one percent of the participants did not feel the
need to read the manual (User Friendliness Il). Fifty-nine percent of the

participants indicated that the simulator is most valuable as a training
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modality during the first year of the residency curriculum. The level of
exercises was 2 out of 5 (range 1-5) (Educational Value I). However, the
variation was judged adequate. In fact, the extensive training program,
which enables to practice a wide range of procedures, especially hand-eye
coordination, was considered an important asset of the simulator. Fifty
percent of the intermediates and experts agreed that training on this
simulator is a good way to prepare for arthroscopic operations
(Educational Value I1).

Important suggestions for improvement included: height adjustment
of the lower leg (three participants), replacement of the tibia bone by a
complete lower leg for better varus-valgus stressing (ten participants),
more realistic use and movement of the instruments (six participants) and

the improvement of tactile feedback (eighteen participants).
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Figure 3: Median task times [minimum-maximum] of novices, intermediates and experts
of each repetition
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Discussion

The most important finding of the present study was that the simulator
showed construct validity between beginners and experts for the
navigation task (Fig. 3) and that face validity was partly achieved. No
significant differences were found between trials of the beginners and the
intermediates and between the intermediates and the experts (p>0.05).
Analyzing the task times, different factors could have contributed to this.
Overall all task times were relatively fast, which could indicate that with
this simulator the navigation task was fairly easy to perform. As all
participants needed to become familiar with the simulator including the
experts, learning pace might have been the same for all experience levels.
Another noticeable result is the relative large variance of the task times in
the intermediate group. As this was the most heterogeneous group in
terms of skills levels - some intermediate participants performed no more
than few knee arthroscopies, while others performed almost sixty — this
explains the large variance. However, some studies did show significant
differences between experience groups'. These studies both stratified their
subjects into three groups (beginner, intermediate and experts). In the
study of Pedowitz et al, larger numbers of participants per experience
group (35, 22 and 21 respectively) were included, which could have
increased the chance to detect significant differences. However, they did
not classify their participants based on a certain number of performed
arthroscopies’. The study of Srivastava et al is more comparable to the
current study, since they included a similar number of participants, and
retained a comparable expert boundary (50 arthroscopies)®’. As there was
no correlation between task times and experience in playing computer
games, it is not probable that gaming experience contributed to the lack of

significant differences.
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Almost all participants indicated that the outer appearance of the
simulator was sufficient. All essential intra-articular anatomical structures
were present and were considered realistic in terms of their size. However,
stressing of the knee, and the color and the texture of the structures were
regarded less realistic, which is remarkable as this virtual reality simulator
makes use of high-end graphics and is the first to simulate irrigation. The
latter is meant to provide an additional sense of realism as was found in
Tuijthof et al.”®. The joint stressing issue can be easily solved by
incorporating the suggestion of the participants to extend the rather short
partial lower leg by a full sized one. Although a new manner to simulate
tissue probing and cutting was implemented in the system, the participants
felt that the haptic feedback they experienced did not adequately imitate
clinical practice. This was reflected in the low scores for surgical
instruments use (Table 1, 2) and the perceived educational value.

Questionnaire results showed that tissue probing and cutting, texture
of the structures and irrigation were perceived as not realistic. As a
consequence, proper training of joint inspection and therapeutic
interventions was not considered feasible (Educational Value 1). Eighteen
participants explicitly mentioned the absence of realistic tactile feedback
as a limitation in using the simulator as a training modality. Detailed
analysis revealed that this might have been caused by an offset of the
system’s calibration that connects the real to the virtual world, as the
markers of one of the tasks were occasionally positioned inside the
femoral condyle. The importance of realistic tactile feedback has been

raised earlier?®*!

, and the lack of (realistic) feedback has been considered
a limitation'®. The current and previous studies demonstrate that
simulators without realistic tactile feedback are perceived as less

appropriate for training arthroscopic skills* **. Simulators that do give
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realistic (partly) tactile feedback are considered more suitable for training

and have shown to improve arthroscopic skills in the operating room? *

33.

When comparing the results of this virtual reality simulator to other
virtual reality simulators that have been tested in literature, the simulator
offers similar results as the GMV simulator in offering acceptable face
validity, and a wide variety in exercises via a user friendly interface® *.

A limitation of this study was the relatively small number of
participants in each experience group. It is possible that significant
differences in the navigation trials were not detected. For logistic reasons
this was the maximum number of participants that we could include.
Besides, the heterogeneity of the intermediate group is likely to also have
contributed to the absence of significant differences. Another limitation is
that we only tested construct validity for one task, instead of testing the
complete curriculum of exercises. Within the set time frame of 30 minutes
this was not possible, but due to this time limit we were able to include a
sufficient number of experts.

Obtaining arthroscopic skills is challenging. Especially at the start of
their learning curve it is important that trainees are able to make mistakes
that do not compromise patient safety. Therefore, traditional arthroscopic
training in the operating room is not ideal®*. Simulators can play a
valuable role in training residents, but this has to be verified through
objective validation protocols for each individual simulator. This study is
clinically relevant as the findings provide important information for
educators that intend to use this simulator to train residents; it is necessary
that a newly presented simulator demonstrates validity. The strength of
this study is the application of a previously introduced study design that

allows relative comparison in an objective manner and highlights areas of

103



improvement. Overall, the simulator was considered a reasonable
preparation for real-life arthroscopy with as its main advantages the large
variety of exercises, the extensive theoretical section and the realistic
intra-articular anatomy. However, essential improvements are necessary

which mainly focus on the development of realistic tactile feedback.

Conclusion

The simulator demonstrated construct validity between beginners and
experts. Face validity was not fully achieved. The most important
shortcoming of the simulator is the lack of sufficient tactile feedback,
which participants considered essential for proper arthroscopic training.
According to most participants the simulator ArthroS™ has potential to

become a valuable training modality.

104



References

[1] Pedowitz RA, Esch J, Snyder S: Evaluation of a virtual reality simulator for
arthroscopy skills development. Arthroscopy 2002, 18:E29.

[2] Bayona S, Fernandez-Arroyo JM, Martyn |, Bayona P: Assessment study of
insightARTHRO VR arthroscopy virtual training simulator: face, content, and
construct validities. J of Robo Surg 2008, 2:151-158.

[3] Gomoll AH, Pappas G, Forsythe B, Warner JJ: Individual skill progression on
a virtual reality simulator for shoulder arthroscopy: a 3-year follow-up study. Am
J Sports Med 2008, 36:1139-1142.

[4] Tuijthof GJ, Visser P, Sierevelt IN, van Dijk CN, Kerkhoffs GM: Does
perception of usefulness of arthroscopic simulators differ with levels of
experience? Clin Orthop Relat Res 2011, 469:1701-1708.

[5] Michelson J: Simulation in orthopaedic education: an overview of theory and
practice. J Bone Joint Surg 2006, 88:1405-1411.

[6] Satava R: Virtual reality and telepresence for military medicine. Ann Acad
Med Singapore 1997, 26:118-120.

[7] Modi CS, Morris G, Mukherjee R: Computer-Simulation Training for Knee
and Shoulder Arthroscopic Surgery. Arthroscopy 2010, 26:832-840.

[8] Reznek M, Harter P, Krummel T: Virtual Reality and Simulation: Training
the Future Emergency Physician. Virtual real simul 2002, 9:78-87.

[9] Gomoll AH, O'Toole RV, Czarnecki J, Warner JJ: Surgical experience
correlates with performance on a virtual reality simulator for shoulder
arthroscopy. Am J Sports Med 2007, 35:883-888.

[10] Howells NR, Gill HS, Carr AJ, Price AJ, Rees JL: Transferring simulated
arthroscopic skills to the operating theatre: a randomised blinded study. J Bone
Joint SurgBr 2008, 90:494-9.

[11] Brehmer M, Tolley DA: European Urology Validation of a Bench Model for
Endoscopic Surgery in the Upper Urinary Tract. Eur Urol 2002, 42:175-80.

[12] Brehmer M, Swartsz R: Training on Bench Models Improves Dexterity in
Ureteroscopy. Eur Urol 2005, 48:458-463.

[13] Jacomides L, Ogan K, Cadeddu JA, Pearle MS: Use of a virtual reality
simulator for ureteroscopy training. J Urol 2004, 171:320-323.

[14] Knoll T, Trojan L, Haecker A, Alken P, Michel MS: Validation of
Computer-Based Training in Ureterorenoscopy. BJU Int 2005, 95:1276-1279.

[15] Macmillan Al, Cuschieri A: Assessment of Innate Ability and Skills for
Endoscopic Manipulations by the Advanced Dundee Endoscopic Psychomotor
Tester: Predictive and Concurrent Validity. Am J Surg 1999, 177:274-277.

105



[16] Matsumoto ED, Hamstra SJ, Radomski SB, Cusimano MD: A Novel
Approach to Endourological Training: Training at the Surgical Skills Center. J
Urol 2001, 166:1261-1266.

[17] Matsumoto ED, Pace KT, D’A Honey RJ: Virtual Reality Ureteroscopy
Simulator as a Valid Tool for Assessing Endourological Skills. Int J Urol 2006,
13:896-901.

[18] Ogan K, Jacomides L, Shulman MJ, Roehrborn CG, Cadeddu J, Pearle MS:
Virtual Ureteroscopy Predicts Ureteroscopic Proficiency of Medical Students on
a Cadaver. J Urol 2004, 172:667-671.

[19] Watterson JD, Beiko DT, Kuan JK, Denstedt JD: Randomized Prospective
Blinded Study Validating Acquistion of Ureteroscopy Skills Using Computer
Based Virtual Reality Endourological Simulator. J Urol 2002, 168:1928-1932.

[20] Wilhelm DM, Ogan K, Roehrborn CG, Cadeddu J, Pearle MS: Assessment
of Basic Endoscopic Performance Using a Virtual Reality Simulator. J Am Coll
Surgeons 2002, 195:675-681.

[21] Haluck R, Satava M, Fried G, Lake C, Ritter EM, Sachdeva K, N E
Seymour, Terry ML, Wilks D: Establishing a Simulation Center for Surgical
Skills: What to Do and How to Do It. Surg Endosc 2007, 21:1223-232.

[22] Maura A, Galata G, Rulli F: Establishing a Simulation Center for Surgical
Skills. Surg Endosc 2008, 22(2):564.

[23] McClusky DA, Smith CD: Design and Development of a Surgical Skills
Simulation Curriculum. World J Surg 2008, 32:171-181.

[24] White MA, Dehaan AP, Stephens DD, Maes A, Maatman TJ: Validation of a
High Fidelity Adult Ureteroscopy and Renoscopy Simulator. J Urol 2010,
183:673-677.

[25] O'Neill PJ, Cosgarea AJ, Freedman JA, Queale WS, McFarland EG:
Avrthroscopic proficiency: a survey of orthopaedic sports medicine fellowship
directors and orthopaedic surgery department chairs. Arthroscopy 2002, 18:795-
800.

[26] Tuijthof GJ, van Stekenburg MN, Sierevelt IN, van Oldenrijk J, Van Dijk
CN, Kerkhoffs GM: First validation of the PASSPORT training environment for
arthroscopic skills Knee Surg Sports Traumatol Arthrosc 2010, 18:218-224.

[27] Srivastava S, Youngblood PL, Rawn C, Hariri S, Heinrichs WL, Ladd AL:
Initial evaluation of a shoulder arthroscopy simulator: establishing construct
validity. J Shoulder Elbow Surg 2004, 13:196-205.

[28] Botden S, Torab F, Buzink SN, Jakimowicz JJ: The Importance of Haptic
Feedback in Laparoscopic Suturing Training and the Additive Value of Virtual
Reality Simulation. Surg Endosc 2008, 22:1214-1222.

106



[29] Kim HK, Rattner DW, Srinivasan MA: Virtual-reality-based laparoscopic
surgical training: the role of simulation fidelity in haptic feedback. Comput Aided
Surg 2004, 9:227-234.

[30] Moody L, Waterworth A, McCarthy AD, Harley P, Smallwood R: The
feasibility of a mixed reality surgical training environment. Virtual Reality 2008,
12:77-86.

[31] Strém P, Hedman L, Sarna L, Kjellin A, Wredmark T, Fellander-Tsai L
Early Exposure to Haptic Feedback Enhances Performance in Surgical Simulator
Training: a Prospective Randomized Crossover Study in Surgical Residents. Surg
Endosc 2006, 20:1383-1388.

[32] Korndorffer Jr JR, Dunne B, Sierra R, Stefanidis D, Touchard CL, Scott DJ:
Simulator training for laparoscopic suturing using performance goals translates to
the operating room. J Am Coll Surg 2005, 201:23-29.

[33] Munz Y, Almoudaris AM, Moorthy K, Dosis A, Liddle AD, Darzi AW:
Curriculum-Based Solo Virtual Reality Training for Laparoscopic Intracorporeal
Knot Tying: Objective Assessment of the Transfer of Skill from Virtual Reality to
Reality. Am J Surg 2007, 193:774-783.

107



CHAPTER 6

Transfer validity of simulator training for knee
arthroscopy:

a randomized pilot study controlled

J.J. Stunt, G.M.M.J. Kerkhoffs, T. Pahlplatz, M. Maas, G.J.M. Tuijthof
Submitted

108



Abstract

Purpose: The aim of this randomized controlled pilot study is to investigate the
effects of knee simulator training, to evaluate the study design, and investigate the
feasibility of the used methods and procedures for later use in a large randomized
controlled transfer validity study.

Methods: Thirty-one third-year medical students were recruited. Subjects that
had any arthroscopic experience or received prior simulator training were
excluded. Arthroscopic performance and knowledge level were compared
between subjects who trained with knee simulators (investigational group) and
who received theoretical training (control group). All subjects received three one-
hour sessions, for three consecutive weeks. Both groups performed a knowledge
quiz and an arthroscopic skill proficiency test on a cadaver knee. Outcome
measures were Quiz scores, ASSET scores and Navigations scores (number of
probed landmarks).

Results: As none of the participants was able to probe one landmark during the
pre-test, only post-test Navigation scores could be analyzed. Participants overall
improved from baseline tests with respect to knowledge level (p=0.001) and
arthroscopic skills level (p=0.37). Adjusted multiple linear regression showed
group effect for ASSET scores (p=0.04) and Navigation scores (p=0.001). There
was no group effect for Quiz scores (p=0.17). Power analysis demonstrated that a
sample size of 64 in each group is required for 80% power, based on a three-week
training period.

Conclusion: The study provided valuable data on the trial design and outcome
measures for a large-scale RCT on the effectiveness of simulator training for
arthroscopy. The findings suggest that some important modifications in the study
design are necessary to make a large scale randomized controlled trial feasible.
Clinical relevance: This pilot study provides information to enable a well-
designed study that can provide clarity about the effectiveness and transfer
validity of simulator training.
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Introduction

Arthroscopy is an effective and commonly used surgical technique®.
Knee arthroscopy is one of the most frequently performed orthopaedic
interventional procedures®. Since arthroscopic procedures are complex
and obtaining arthroscopic skills is challenging®®, adequate arthroscopic
training is important. Traditionally, arthroscopic training is performed in
the operating room in a one-to-one apprentice model, where the resident is
allowed to perform actions under supervision’® ™. This is no optimal
learning environment, as training time, availability of supervisors and
operative experience are limited® '2*° and lack of experience could
compromise patient safety™* ***°. Therefore, increased training efficiency
and effectiveness is necessary’” . To this end, simulation training is
increasingly used in surgical curricula?*®.

An advantage of simulator training is that it facilitates supervisor-
independent learning, allows the trainee to make mistakes (which
potentially increases the speed of learning), and equips the resident with a
basic arthroscopic skills level that would not compromise patient safety
when continuing training in the operating room® ' 2% 2% Numerous
(randomized controlled) studies have demonstrated the validity of
different types of simulators®® 3
skills™ #3%3,

Although simulator technology has proven its benefit in many

and the positive effect on surgical

(medical) disciplines'® * 5+

, scarcity of evidence on the effectiveness of
arthroscopic simulators exists and most arthroscopic skills training
programs do not use knee simulators routinely®. The potential and
educational value of knee simulators has been evaluated, and high levels
of internal, face, construct and content validity were demonstrated®" % %"

%% The effect of knee simulator training on arthroscopic performance
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was investigated as well'™ 2 * % To our knowledge, there is only one
randomized controlled study that has shown transfer validity of knee
simulator training, comparing residents who trained on an arthroscopic
knee simulator with a control group”. More convincing evidence on the
benefits of knee simulators is needed to incorporate knee simulation
training into arthroscopic training curricula.

The objective of this randomized controlled pilot study is to
determine the following aspects: a) feasibility of the used methods and
procedures to execute a full scale study, b) adequate sample size
calculation, c) the appropriateness of outcome measures, and d) the effects
of knee simulator training. These answers would serve a full randomized

controlled transfer validity study on the use of arthroscopic simulators.

Methods

Participants

Thirty-one medical students from the Academic Medical Centre (AMC)
of Amsterdam, following the course ‘Musculoskeletal Disorders’,
voluntarily enrolled in the study in September 2015. Subjects that had any
arthroscopic experience or received prior simulator training were
excluded. This exclusion criterion was set to effectuate a group of
participants with exactly the same baseline level and to enable a net effect
measurement of simulator and theoretical training. At inclusion,
demographic information of all participants was obtained. Moreover,
participants reported handedness and level of videogame experience, as
these aspects are known to influence simulator performance. Informed

consent was obtained from all participants at study entry.
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Study design

In this randomized controlled single-blinded pilot study, arthroscopic
performance and knowledge level were compared between medical
students who trained with knee simulators (investigational group) and
who received theoretical training (control group). Participants were
randomly assigned to the investigational Group 1 or the control Group 2.
Transfer validity of arthroscopic skills was evaluated by a navigation task
performed on a human cadaver knee joint by all participants (Figure 1A).
The Arthroscopic Surgery Skill Evaluation Tool (ASSET) score* and the
number of identified and probed landmarks were used as outcome
measures. The knowledge level was evaluated by an on-line multiple
choice quiz consisting of fourteen questions. Exactly the same navigation
task on the human cadaveric knee joint and quiz were performed during
the pre- and post-test.

Both groups performed the navigation task and the knowledge
quiz to assess their baseline level (pre-test). Subsequently, all subjects
received three one-hour sessions, for three consecutive weeks. We
decided to distribute the training sessions (distributed practice) because
practice interspersed with periods of rest has shown to lead to better
acquisition and retention of skills than practice delivered in continuous
blocks (massed practice)®® 3. Also, time frame and frequency of
training had to be chosen such that it would fit in the study curriculum of
the participants. Group 1 practiced one hour on each of three knee
simulators for which face and construct validity were demonstrated®® 4 #
™ (Figure 1B-D). Three different simulators were used since the study
covers the effectiveness of knee simulators in general, not one specific
simulator and because we were compelled to let multiple participants train

simultaneously for organizational reasons. The training program consisted

112



of a number of tasks of varying complexity, following a proficiency-based
strategy. This implied that all individuals had to perform at least at some
benchmark level of performance before they could move on to the next,

more complex, exercise. The simulators had similar curricula.

Figure 1. A: Participant performing
the pre-test on a cadaver knee. B-D
participants practicing on the
Simendo (B), Virtamed (C) and
PASSPORT (D)

VirtaMed® ArthroS (www.virtamed.com)

The VirtaMed ArthroS™ is a virtual reality simulator with tactile
feedback, and provides a patient knee model and a high-end PC with
touch-screen. The training program consisted of two guided navigation
tasks (Guided Diagnostics I: menisci, Guided Diagnostics Il:knee, two
triangulation tasks (Triangulation | and Catch the stars 1) and two

unguided navigation taks.
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Simendo simulator (www.simendo.eu)

The Simendo (Simendo, Rotterdam, The Netherlands) is a virtual reality
simulator to train hand-eye coordination motor skills. The curriculum
consisted of an exercise that teaches how to create space (‘Creating
Space’), three navigation exercises (‘Four Boxes’, ‘Six boxes’ and ‘Knee
navigation’) one exercise for basic exploration (‘Knee inspection’), and

one for manipulation of the arthroscopic hook (‘Knee manipulation’).

PASSPORTV?2’

The PASSPORTV2 is a combination of an anatomical model and a
performance assessment system. The training consisted of four exercises:
create space; a navigation task using only the scope; the same navigation

task with the probe; performing a medial and lateral meniscectomy.

Group 2 was exposed to two one-hour lectures, based on literature on the
anatomy of the knee, knee pathologies, description of arthroscopic
techniques and equipment, pitfalls and complications’>"®. Besides this,
they attended one life knee arthroscopy. This was in all cases a
meniscectomy. Finally, proficiency level and transfer of arthroscopic
skills and knowledge were evaluated (post-test).

The feasibility of the used methods and procedures, sample size
and outcome measures for a full scale transfer validity study were
evaluated by analyzing the overall results of both pre- and post-test, and
the post-test differences between the two study arms for both arthroscopic

skills and knowledge.
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Pre- and post-training cadaveric testing

All subjects performed a predefined navigation task on a human cadaver
knee (Figure 1A). To this end, two cadaveric knees were fixated in the
standard anterior arthroscopy position. A standard arthroscopy tower with
a 30-degree arthroscope, arthroscopic camera, light source, and probe
(Smith and Nephew, Andover Massachusetts USA) were used, as well as
irrigation by means of a gravity bag. Following a brief instruction, the
subjects were asked to perform the task, consisting of identifying and
probing nine landmarks in the following sequence: a) medial femoral
condyle, b) medial tibial plateau, c) posterior horn of medial meniscus, d)
mid-section of medial meniscus, e) anterior cruciate ligament, f) lateral
femoral condyle, g) lateral tibial plateau, h) posterior horn of lateral
meniscus, and i) midsection of lateral meniscus®. Participants had five
minutes to complete the navigation task, and were evaluated by an
observer that was blinded to the participant’s training status.

To evaluate the navigation task, two pre-test and two post-test
observers filled out an Arthroscopic Surgery Skill Evaluation Tool
(ASSET). The ASSET is a rating scale for the assessment of global
arthroscopic technical skill, applicable to multiple arthroscopic procedures
in both the live OR and simulated environments. It includes eight domains
with a maximum of 38 points in total, considering safety, view, dexterity,
flow and quality of procedure and autonomy, which can be evaluated by a
5-point Likert-type scale with descriptors at 1, 3, and 5*. These numbers
are not arbitrary, but correspond to the levels of the Dreyfus model of skill
acquisition with “1” representing the novice level, “3” representing the
competent level, and “5” representing the expert level of arthroscopic skill
performance’ ®. The ASSET has demonstrated to be a useful, valid, and

reliable method for assessing surgeon performance of diagnostic knee
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arthroscopy in cadaveric specimens’. Each subject was assessed by one
observer. Besides the ASSET, for each participant the number of
landmarks in the knee identified and probed within five minutes was
scored.

Pre- and post-training knowledge testing

Participants performed a pre- and post-training on-line quiz. The quiz
examined the level of knowledge about anatomical structures, pathologies,
handling of instruments and placements of portals. The quiz score had a

range from zero to a hundred points.

Statistical analysis

Data were analyzed with the Statistical Package for the Social Sciences
version 22.0 (SPPS, Chicago, IL) and R. As one knee was qualitatively
better -and thus easier to perform a navigation task on- than the other, this
was accounted for in the statistical analysis (referred to as ‘low” or ‘high’
knee complexity). Level of videogame experience was categorized as
either none, moderate or extensive. The number of landmarks identified
and probed was referred to as ‘Navigation score’.

Normality of the parameters was tested using the Shapiro-Wilk
test. Means and standard deviations were calculated for parametrical
continuous data (age, Quiz scores), medians and ranges were calculated
for non-parametrical continuous data (number of structures and ASSET
scores) whereas frequencies and proportions were calculated for
categorical and data (handedness, sex, computer game experience and
knee complexity). Baseline characteristics and potential chance

imbalances between Group 1 and Group 2 were determined using the
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Student’s t-test and Mann-Whitney U test for continuous variables and the
chi-squared test categorical variables.

The paired samples t-test was performed to analyze differences
between pre-and post-test Quiz scores. The Wilcoxon signed rank test was
performed to check for differences between pre- and post-test ASSET
scores. Linear regression analyses were used to determine differences
between the randomized groups at the post-test for outcome measures in
four stages: (1) raw group effects on outcome measures; (2) adjustment
for individual covariates (sex, handedness, computer game experience and
knee complexity); (3) adjustment for knee complexity; and (4) interaction
effects model to examine group by time (baseline scores and post-test
scores) effect. To meet assumptions for linear regression, ASSET and
Navigation scores were log-transformed. The regression coefficient (B)
and the explained variance R? (determined by squaring the correlation
coefficient R) were calculated. Correlation coefficients < 0.35 were
considered to represent weak correlations, 0.36 to 0.67 moderate
correlations, and 0.68 to 1.0 high correlations, with coefficients > 0.91
very high correlations®.

P-values of 0.05 were considered statistically significant. In case
of non-significant results, a power calculation was performed, in order to
investigate the number of participants required for a definitive RCT to
detect a significant effect on outcome measures. The power calculation is
based on a) median ASSET scores and b) the clinical relevant difference
in ASSET score.

Results
Thirty-one students were recruited. Six participants failed to complete the

entire study procedure (Figure 2). Table 1 presents the characteristics of
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the subjects included in the analysis. Statistical differences were not
observed between the two groups at baseline with respect to demographic
characteristics and videogame experience. During the pre-test, more
Group 1 than Group 2 participants performed the cadaver test on the
"low’-complexity knee (8:5). During the post-test, more Group 1 than
Group 2 participants performed the cadaver test on the ‘high’-complexity
knee (7:4).

Wilcoxon signed rank test showed participants overall improved
from baseline tests with respect to knowledge and arthroscopic skills level
(Table 2). As none of the participants was able to identify and probe one
structure within five minutes during the pre-test (and thus, no quantity
could be measured), only post-test Navigation scores could be analyzed.
Overall median score for number of structures was 6. Linear regression
analyses were performed to investigate the association between group
number and outcome measures, and whether one or more individual
covariates could have influenced that association, i.e. if there was
confounding or effect-modification.

Univariate linear regression analyses showed that there was a raw
group effect on ASSET, Navigation and Quiz score, but the association
was weak and non-significant, as the explained variance (R2=0.001, 0.003
and 0.07 respectively) and the p-value (p=0.88, 0.78 and 0.17
respectively) demonstrated. Coefficient estimates (B) showed that post-
test ASSET score decreased with nearly one scale point in the control
group (B=-0.98), the number of structures was almost one more for the
control group (B=0.93). Post-test Quiz score showed a decrease of 6.4
points in the control group (B=-6.4). Further univariate linear regression
analysis revealed that outcome measures were not dependent on

individual covariates, except for knee complexity (R2=0.19, p=0.03)
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(Table 3). Median ASSET and Navigation scores were significantly
higher for participants that performed the post-test on the low complexity
knee (4.5 ASSET points more, p=0.03 and four structures more on
Navigation score, p=0.01 respectively) (Table 3). Because of the
significant influence of knee complexity on arthroscopic performance, it
was included in the multiple regression model.

Multiple linear regression showed that adjustment for knee
complexity, adjustment for baseline scores and/or adjustment for both
baseline and score knee complexity inflated the association (correlation
coefficient) between group number and outcome measures (Table 4):
although correlations between group number and ASSET scores remained
weak to moderate, they increased compared to the model for group effect
alone (stage 1) (p=0.04). Also the association between group effect
adjusted for knee complexity and Navigation scores increased (p=0.01).
The association between group number and Quiz scores increased when
adjusted for baseline scores, but remained weak and non-significant.

As most results were non-significant, a sample size calculation
was performed. Based on the median ASSET scores and the clinical
relevant difference in ASSET scores, a sample size of 64 participants in
each group will have 80% power to detect a significant difference in
ASSET score if we preserve a study period of three weeks. A number of
80 participants per group will increase the power and will overcome the
problem of possible study drop-outs.
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Randomization
(n=31)

J v

Drop-outs Allocated to simulator group Allocated to controlgroup Drop-outs
(n=3) < (n=16) (n=15) —>| (n=3)
Analysed (n=13) Analysed (n=12)

Figure 2: Flow diagram outlining enrollment, allocation and assessments of participants

Table 1: Demographic data for the simulator and control group

Parameter Simulator group Control group p-value
Sex (male: female) 7:6 7:5 0.83
Age (mean (sd)) 21.5(1.6) 21.8 (1.5) 0.65
Handedness (right: left) 11:2 10:2 0.93
Videogame experience 10:0:3 5:2:5 0.13

Table 2: pre- and post-test scores

Score Pre-test Post-test p-value
Quiz mean (sd) 34 (11.8) 49 (13.5) <0.001
Navigation score - 6 (1-18) -
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Discussion
The purpose of conducting this study was to carefully investigate the
study design, applied methods, outcome measures and preliminary results
on the effect of knee simulator training, before moving to a large-scale
randomized trial. Statistical analysis has demonstrated overall progression
between pre- and post-test scores, with significant progression for Quiz
scores. By lack of pre-test Navigation scores, quantitative comparison
between pre- and post-test results was not possible. However, it is
legitimate to state that there was significant progress in both groups as the
median post-test Navigation score was 6 points. Group humber on its own
had no significant effect on outcomes indicating no effect between
simulator versus no simulator. But the linear regression analysis
demonstrated that association between group number and outcome
measures increased substantially when baseline scores and knee
complexity were included as independent variables in the regression
model. The results of this study suggest a positive effect of simulator
training on arthroscopic skills- and knowledge level. However, judging
from these results, some methodological modifications are necessary in
order to create an optimal trial design for a future large-scale RCT.

Firstly, skills progression on the ASSET scale was not significant.
The rationale for using the ASSET was to have an expert opinion on
participant’s performance, besides a quantitative measure. However, the
ASSET appeared not sufficiently sensitive to measure a significant
progression after a three-week training period. Moreover, we noted a floor
effect, as a large part of the participants got the lowest possible score and
none of the participants reached a competent level. As a consequence,
participants could not be distinguished from each other sufficiently, which

limited the reliability of the results. For a future RCT, a possible
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alternative is the application of a tool to assess learning curves. A number
of studies describe such tools and indicate that skills progression can be
measured in a range of five to 30 cases®®. Van Oldenrijk and co-workers
used time-action analysis to assess a learning curve, and demonstrated
learning took place within the first five to ten procedures®. As a more
sensitive alternative to the ASSET, we propose to establish learning
curves by using time-action analysis, measuring the number of actions and
duration of each action during the navigation task of the diagnostic phase
of a knee arthroscopy. Based on the minimum amount of cases to
establish a learning curve and weekly training sessions, we advocate a
training period of at least five weeks.

Secondly, our results indicate that the use of the Navigation
score as an outcome measure should be reconsidered. We had to abandon
the original idea of using task time as an outcome measure, as none of the
participants was able to complete one navigation round within five
minutes during the pre-test and only 40% of the participants managed to
complete one sequence during the post-test (Table 2). Thus, this task
might not be very appropriate for the assessment of novices. However,
task time has previously shown to be a valid, and easy to understand and
apply outcome measure to assess surgical skills learning, and is a
commonly used and validated criterion to measure the validity and
effectiveness of simulator training® 2 %% 40 8 73, 74 88 Tharefore, we
would recommend task time as outcome measure in a full-scale RCT, but
in a modified manner. Options are to extend the time limit to ten minutes,
to assess a guided navigation task or to place the arthroscope and probe in
the lateral compartment by a supervisor before starting the task. However,
if participants have no or very little knowledge of the anatomy of the

knee, these options are not applicable, and the alternative is to use task
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time only as a post-test outcome measure to investigate differences
between the simulator and the control group.

Lastly, the study was not sufficiently powered to detect small
effect sizes. We expect the differences in arthroscopic performance before
and after simulator training will be statistically significant with increased
power. Based on the current study design, a number of at least 64 in each
study arm is required to find significant results. However, using a more
sensitive assessment tool and including more training sessions, a number
of 25 participants per group is justified. This was also shown by Cannon
and co-workers™.

The present study has some limitations. Firstly, four different
supervisors filled out the ASSET score, and participants were assessed by
a single one of them. ldeally, multiple raters, trained with distinct
examples to increase consensus, should assess both pre-test and post-tests
scoring of each subject’. Unfortunately, this was not feasible for the
current study, due to limited availability of eligible assessors. Secondly, a
relatively large part of the simulator group compared to the control group
was randomly assigned to perform the cadaver test on the ‘low’-
complexity knee during the pre-test and on the ‘high’-complexity knee
during the post-test. This coincidence significantly distorted the results, as
ASSET and Navigation scores on the ‘high’-complexity knee were
significantly lower than on the ‘low’-complexity knee, and partly explains
the lack of differences in Navigation score between Group 1 and 2. Since
knee quality influences arthroscopic performance, cadaver knees of the
same quality should ideally be used in a future study, or it should be
ensured that knees of different quality are evenly distributed among the

two groups.
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Some trends were observed in this study. With the above
mentioned modifications, a more reliable basis for a full-scale RCT on
simulator training is provided. An adequately powered RCT with a
prolonged training period and better aligned outcome measures is highly
recommended to rightly inform orthopedic trainers about the effectiveness
and transfer validity of knee simulators, the implementation of a
simulation curriculum in residency programs and whether simulator
training can contribute to prevent residents in training from compromising

patient safety in the operating room.

Conclusion

The study provided valuable data on the trial design and outcome
measures for a large-scale RCT on the effectiveness of simulator training
for arthroscopy. The findings suggest that important modifications in the
study design are necessary to make a large scale randomized controlled
trial feasible. Before moving to a definitive RCT it is imperative that
duration of training, sample size, outcome measures and assessment of
proficiency level are optimized. A study period of minimally five weeks,
with 25 participants included in each study arm, using time-action
analysis to establish learning curves, an adjusted navigation task and
multiple, trained, raters, assessing both pre-test and post-tests scoring of
each subject, should enable a study that can provide clarity about the

effectiveness and  transfer  validity —of simulator training.
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Abstract

Purpose: When performing knee arthroscopy, joint stressing is essential to
increase the operative joint space. Adequate training of joint stressing is
important, since high stressing forces can damage knee ligaments and low
stressing might not give sufficient operative space. As forces are difficult to
transfer since they cannot be seen, simulators might be suited to train joint
stressing as they can visualize the amount of applied stress. This requires the joint
stressing thresholds to be validated. The purpose of this study was to measure the
variation of the maximum joint stressing forces applied by various surgeons in
vivo in a human population, and based on that derive thresholds for safe stressing.
Methods: From studies on ligament failure properties we inferred a theoretical
maximum stressing force of 78 N. Twenty-one patients were included and knee
arthroscopies were performed by five experienced surgeons. Forces solely
performed in the varus and in valgus direction were measured. A load sensor was
mounted on a belt, which was rotated along the hip to measure both varus and
valgus stressing. The measurements started as soon as the interior of the knee
joint was visualized using joint stressing.

Results: The average maximum stressing force was 60 N (SD= 28 N). The mean
first frame force was 47 N (SD=34 N). No significant differences were found
between varus and valgus stressing.

Conclusion: Since variation in stressing forces is high, offering training cases on
simulators where the complete range of stressing forces can be experienced is
recommended. Abiding to safety levels is essential to increase patient safety.

This research was funded by the Marti-Keuning Eckhart Foundation, Lunteren,
The Netherlands.
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Introduction

During knee arthroscopies, the lower leg is stressed to increase the
available joint space. Stressing the lower leg in valgus direction increases
the space in the medial compartment and stressing in varus direction
increases the space in the lateral compartment. This way, the surgeon has
increased space for inspection, navigation and therapeutic treatment in the
complete knee joint. The simultaneous performance of joint stressing and
triangulation is a complex task, especially as the surgeon watches the
arthroscopic view on the monitor during this process to verify his actions
and judge proper stressing’. Thus, stressing and triangulation are
predominantly executed based on haptic sensory feedback.

Learning to apply the load adequately is challenging, as the
stressing forces applied cannot be seen; it is difficult for the resident to
judge what force to apply, and for the surgeon to transfer his/her skills.
This complicates skills training and potentially compromises training
effectiveness and patient’s safety. Safe execution of joint stressing is
important, since too high stressing loads can possibly damage the
collateral and/or cruciate ligaments®*. Simulators can facilitate this
specific type of skills training, since they provide built-in sensors that can
measure performance, and thus the applied stressing forces. They can
objectively judge efficiency or quality of a performance by measuring the
path length and movement of the arthroscope and probe, or by counting
the amount of errors made® °. This gives the benefits that residents can
practice joint stressing by actual handling without compromising patient

safety> "

, and that feedback on stressing forces can be offered by visual
or audible cues® ***. To accomplish this, joint stressing thresholds need to

be validated.
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To the best of our knowledge, no safe loading levels for joint
stressing have been proposed, but they are needed to offer validated
simulator training. A study of Schmid et al.* reported maximum stressing
forces during knee arthroscopy, but their data cannot be used as seven
patients in that study had a torn ligament; this study aims at investigating
joint stressing forces in patient with normal intact ligaments.

Thus, the aim of this study is to measure quantitative magnitudes
and the variation of joint stressing forces during arthroscopic knee surgery
performed by experienced surgeons. It is important to measure these
stressing forces during arthroscopy, because A) the patients are under
general or spinal anaesthesia and will not limit the maximum stressing
load by their pain limit and B) the orthopaedic surgeon determines the
stressing magnitude based on visual information received from the
arthroscopic view. A theoretical safe joint stressing level will be deduced.
The results will be used to derive thresholds for safe stressing and

recommendations for effective stressing training.

Materials and Methods

Theoretical maximum allowable stressing force (TMSF)

To determine the maximum allowable joint stressing force (TMSF), the
longest expected leg length (Figure 1, L1), the length of the medial
collateral ligament (MCL, Figure 1, L2) and the maximal allowable force
on the weakest set of collateral ligaments need to be determined (F2).
Using these measures, the joint stressing maximum performed is derived
at the ankle level (Figure 1, F1), which is the location that is routinely
used to apply stressing forces by the surgeon. When stressing is performed
at magnitudes lower than the TMSF, no damage of the knee ligaments is

expected in 95% of the adult population.
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Several studies on cadavers determined the failure properties of
the MCL''® (Table 1). The subtract of 2 times the standard deviation
from the measured mean values, was defined as the strength of the
weakest MCL for each of the datasets of three papers (Table 1, Column
3). All values found in literature were pooled by calculating the mean
value of these weakest tensile strengths resulting in 427 N. This force was
multiplied by a factor 2, because during knee stressing also the other
ligaments such as the cruciate ligaments and joint capsules bear part of the
load. Thus, a tensile force of 854N was set as the load that causes the
weakest MCL at the 95% percentile of the population to fail.
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Figure 1 Moment arms of and
forces on the lower leg during join
stressing. L1 is the longest
expected leg length; L2 is the
length of the medial collateral
ligament; F1 is the level where
maximum joint stressing is
performed; F2 is the maximum
allowable force on the weakest set
of collateral ligaments

Subsequently, the TMSF at the ankle joint level was calculated by
multiplying this tensile force with the ratio of the contact point and the
condyle and the leg length. The ratio affects the magnitude of TMSF.
Therefore, the average leg length for both men and women were found, as

well as the mean width of femoral condyles, the mean moment arm of the
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MCL and the ratio of the contact point and the condyle (Table 2). No
differences were found between the ratios of leg length and the width of
the condyle. The length of the moment arm of the MCL was calculated by
means of the ratio between the distance from the pivot point and the
attachment of the MCL, and the width of the condyle of the femur, which
were obtained from postero-anterior radiographs from the knee. This ratio
was 3:4"". The ratio between the force on the lower leg and the force on
the MCL is calculated by division of the lower leg length and the moment
arm of the MCL (Table 2: last row), which was 11. Thus, the force on the
lower leg applied at the ankle level causes a force on the MCL that is 11
times larger. To calculate the accompanying joint stressing force at ankle
level, 854N was divided by 11 (Table 2D), which gave the theoretical
allowable stressing force (TMSF) of 78N. When joint stressing loads
remain below this stressing force level, the MCL will not damage in 95%
of patients.

Table 1. Maximum stressing force of the Medial Collateral Ligament MCL with the
standard deviation (SD)

Maximum stressing SD Weakest stressing force Reference

force MCL MCL

665N 75N 515N Trent et al(1976)™°
468N 33N 402N Kennedy et al(1976)™
534N 85N 364N Robinson et al(2004)"

Table 2. Measures and ratios of knee and lower leg. (C:B=D)

A Mean Width of condyle (mm) v 51.6 45.6
B Moment arm MCL (mm) 38.7 34.2
C Length of lower leg (mm)18 429 389

D Ratio of stressing force on the lower leg at ankle level and 11/1 11/1

140



Participants

The protocol was approved by Medical Ethical Commission. All patients
signed informed consent. Twenty-one patients, eleven men and ten
women (median 46 (range 18-73) years), that were scheduled for a routine
knee arthroscopy in the day care centre in the Academic Medical Centre
(AMC) in Amsterdam, Netherlands, were included. The median body
mass index was 27 (range: 20.3-40.6) kg/m2. The mean medial leg length
was 410 mm (SD: 20), the mean lateral leg length was 420 mm (SD: 20).
Arthroscopy was performed for a meniscal lesion (n=11), ostheoarthritis
(n=3), tendinitis of the right patella ligament (n=1), vascular pseudo-
arthrosis (n=1), removal of free body (n=1), removal of plica
mediopatellaris (n=1) or a diagnostic purpose (n=3). The level of knee
(in)stability was tested with a Lachman test' (17), which demonstrated
that all knees were stable.

The power analysis focused on achieving a sufficient dataset that
reflected the variation in the entire population. During the pilot test, two
researchers each stressed legs of 5 subjects laterally and medially, with the
knee flexed at approximately 30°. Based on the standard deviation (21 N)
from this pilot and an acceptable 95% confidence limit of +/- 9 N, the
sample size was calculated to be 21 patients. This number would be
sufficient to give a representative dataset of the existing variation in joint
stressing during knee arthroscopy, and based on a comparison with the

TMSF indicate if there is a need to set a threshold for safe joint stressing.
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Figure 2 Pictures taken in the OR of the stressing motion of the lower leg in valgus (1A)
and varus (2A) direction toincrease operating space inside the knee joint. Pictures 1B and
2B show the corresponding arthroscopic view of the joint space, respectively

Study design
The recording equipment consisted of a 1 load cell (LSB200 (L2357),
Futek, Irvine CA, USA) which was integrated in a custom-made hip belt
that could be placed underneath the sterile clothes of the surgeon (Figure
2). The load sensor was surrounded by a special construction to give an
adequate pressure surface. The sensor was calibrated in that construction
by loading the sensor with known loads to relate the voltage output to the
force. The accuracy of the sensor was 0.1%.

Only forces in the varus and valgus direction are measured. The
weight of the leg was compensated by the surgeon imposing the patient’s
heel in a U-shaped board (Figure 2). Furthermore, a dedicated data-

acquisition-system was used consisting of a Notebook PC with custom-
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made software developed VISIONDAQ (version 1.2, MTO, AMC), which
was connected with a video server (GS-C4CQR Golden state Instrument
co., Tustin, USA), the camera unit of the arthroscope and a separate
camera (digital CCD camera, 21CW Sony CCD, Tokyo, Japan) (Figure
2). The data acquisition system enabled the synchronized acquisition of
the force data channels and two digital video streams. The sample rate of
the data channel is set at 500 Hz and that of the video stream at 25 Hz.
Thus simultaneously, the arthroscopic view, the view on the flexion-
extension of the knee joint and the stressing force were recorded.

Before surgery started, age, sex and the lower leg length were
documented. Lower leg length was measured in two ways: a) the distance
between the medial knee joint space and the medial malleolus and b) the
distance between the lateral knee joint space and the lateral malleolus.
During the operation, the surgeon placed the load sensor-belt around the
hip and prepared for sterility thereby putting the surgical gown over the
load sensor-belt. When the arthroscope was placed in the first portal
(anterolateral portal) and the interior of the knee joint was visualized, the
measurement of the data signals was started. Routine inspection of the
knee joint started in the lateral compartment by stressing the knee joint in
varus direction with the hip at the position of the load sensor.
Subsequently, the load sensor-belt was rotated along the hip to the other
side, and the medial compartment was inspected by stressing the knee
joint in valgus direction again with the hip at the position of the load

Sensor.

Data processing
The force data was processed with MATLAB software (version 7.0.4.365
(R14), The Mathworks, Natick, USA). The first and last time frame the
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measured stressing force were determined for both valgus stressing
(opening of medial compartment) and varus stressing (opening of lateral
compartment). A clear view was defined by a visible tibia plateau, femur
condyle and meniscus. The first and last frames with a clear arthroscopic
view on the knee joint space were selected as the first and last time frame,
respectively. Within this set of measured forces, the 10 highest force
values were automatically detected and averaged to compensate for noise
(Figure 3). This average value was used as the maximum force value for
each particular patient (Fmaxmed and Fmaxlat). The joint stress moment
(Mmaxmed and Mmaxlat) was calculated by the force data multiplied
with the lower leg length.

After recording the procedures, the arthroscopic view was used to
determine the moment of adequate joint stressing and the external camera
is used to determine the flexion-extension angle relative of the patient’s
lower leg relative to the upper leg. The force value at the start time frame
with a clear arthroscopic view in the joint compartment was used to
determine the minimal stressing force needed to open the joint
compartment. For instance, in Figure 3, the start force value is the value at
the first vertical dotted line, indicating the start of the measurement
(Mstartmed and Mstartlat). The recordings with the separate camera
allowed us to indicate the level of flexion of the knee during joint

stressing.
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Statistical analysis

The data were analyzed by use of SPSS version 12.0 (Chicago, IL) to
determine if the set was normally distributed using the Kolmogorov-
Smirnov tests were performed. In case of normality, data were described
as means with standard deviations and comparison between varus and
valgus stressing was performed using paired T-tests. A level of p < 0.05

was considered statistically significant.

Results

The force data showed a normal distribution. The mean medial lower leg
length was 410 mm (SD=2 mm); the mean lateral lower leg length was
420 mm (SD=2 mm). Stressing was always performed with the knee

slightly flexed. The average maximum stressing force was 55 N (SD=16
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N) to open the medial compartment (valgus stressing) and 66 N (SD=36
N) to open the lateral compartment (varus stressing) (n.s.). As there was
no significant difference the data points were pooled. This gave an
average maximum stress force of 60 N with a standard deviation of 28 N,
with a 95% interval of 8.5 N for the average joint stressing. Seven
stressing forces exceeded 78 N (Figure 4). The confidence interval was
8.5 N. The mean first frame force was 43 N (SD=34 N) for varus stressing
and 50 N (SD=33 N) for valgus stressing (n.s.). The first frame forces did
not show significant differences either, therefore, data points were again
pooled. This yielded a mean first force of 47 N (SD=34 N). The impact of
leg length on applied stressing forces was taken into account by
calculating the joint stressing moment. The average maximal stress
moment was 25 Nm (SD=12 Nm), the average first frame moment was 20
Nm (SD=14 Nm).
a0l
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stressing force [N]
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Figure 4 Raw force measurement data in time a particular patient. The triangles are the
highest valgus data points and the diamonds are the highest varus data points. The start
and end time of the measurement is shown as by four vertical dotted lines
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Figure 5 Scatter plot of medial and lateral maximal stressing forces per patient. The figure
shows that 7 stressing forces exceed the Theoretical Maximal Stressing Force 78 N
(straight line)

Discussion

The most important finding of the present study was that the overall mean
maximum stressing force of 60 N (SD=28 N) was below the theoretically
determined allowable force level (78 N). Additionally, the variation in
stressing forces was relatively high. Maximum lateral stressing forces did
not significantly differ from maximum medial stressing forces (n.s.). Also
first frame lateral and medial stressing were not significantly different
(n.s.). The variation of the stressing forces was high especially for lateral
opening (standard deviation is 29% of the mean for medial opening and
54% for lateral opening). Variation was also high for the first frame
stressing forces. The found variation is not surprising, since both multiple
surgeons and patients were included in this study, and stressing forces are
depended on both surgeon and patient. Surgeon’s factors include factors
such as strength, experience and prudence. Patient’s factors include the
bony attachment of the ligaments, which is dependent on the bone density

on the site of bony attachment™ ; the tensile strength and visco-elastic
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properties of the ligaments, which is to a large extent dependent on age'*

15 20, 21

; and physical activity . The differences found between the leg
lengths of patients were too small to be of any influence.

On average, the measured stressing forces did not exceed the
theoretical maximum allowable stressing forces of 78 N. However,
stressing forces in the OR were measured that did exceed the TMSF
(Figure 5). Even in these cases though, no ligament failure was found, in
contrast to earlier reports**™®. Several factors might contribute to this.
Firstly, measurements of stressing forces of earlier studies were not
performed in vivo, but on cadavers*°. Those ligaments might be more
prone to ligament failure than ligaments of our patients. Secondly,
microscopic failure was not investigated; when determining maximum
stressing forces, ligaments might have been stressed so much that
microscopic failure occurred, but remained visibly intact™.

There are several limitations to the study. First of all, the
population (patients) differed from the population of most other studies on
ligament properties (cadavers)® ' **. Therefore, the calculated theoretical
TMSF might not be directly applicable to real life settings. But since the
maximum stressing force was on average less than 78 N, the TMSF was
considered as a good initial value. Secondly, rotation was not included in
the derivation of the TMSF. However, Hull et al. (1996) state that rotation
of the lower leg with respect to the upper leg does not cause a significant
difference in the size of forces on the collateral ligaments®. The effects of
rotation of the lower leg were simulated with the ‘knee joint simulator’
program (MADYMO, TNC Road-Vehicles Research Institute, Delft, the
Netherlands) and verified that indeed rotation of the lower leg does not
cause significant differences to the medical collateral ligaments (MCL).

Thirdly, patient’s factors such as age, sex, lower leg length and BMI were
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not discussed thoroughly. We realize that (one of) these factors might
affect joint stressing forces. However, this was less relevant for our study
purpose, which was to determine the variation in joint stressing forces to
set threshold levels for safe tissue manipulation in a training environment.
Moreover, the sample size is too small to give any significant results on
the influence of these factors. Lastly, potential microscopic failure was
not investigated. But as all knees were stable, patients did not have any
post-operative complaints and all surgeons were very experienced, this
type of microscopic failure did probably not occur.

Since the mean maximum stressing force was 60 N and the
majority of the measured stressing forces was below 78 N (Figure 5), 78
N is considered a good initial value to train with. Conclusions can be
drawn justly from the measured values, since our power analysis was
correct, as the 95% confidence interval of the measured data was 8.5 N,
and stayed below the 95% confidence interval limit of 9 N that was set
acceptable. Thus, the data from the 21 participants are representative for
the entire population. As no significant difference was found between
varus and valgus stressing forces, different maximum values for varus and
valgus stressing do not have to be set for training. However, since
variation in stressing forces are high, it is also recommended to offer
training cases where the complete range of stressing levels can be
experienced. Some patients might have, for example, very strong
ligaments, which require more stressing force. Simulators must have the
opportunity to train these variations to enhance training. It is important to
implement force feedback with safety levels in arthroscopic simulators
when residents practice knee arthroscopies.

The results of this study should make training surgeons aware of
the fact that teaching adequate joint stressing is not necessarily
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straightforward, and that safe joint stressing levels are necessary for
efficient training. Joint stressing training on an arthroscopic knee
simulator could be the future manner of training. Repeated training will
increase the competency level of residents and enhance patient safety as

potential damage of the knee joint ligaments is minimized.

Conclusion

Since joint stressing can cause ligament failure, it is important to
determine a maximum level of stressing force, and to train with this level.
To remain in a safe deformation zone with no chance of tissue damage,
the stressing force may not exceed the safe loading limits. Joint stressing
levels are depended on both patient and surgeon, and relatively high
variations in stressing forces were found. A maximum value of 78 N is a
good initial value for residents and surgeons to stay below. However,
since variation of joint stressing magnitudes is high, offering training
cases on simulators where the complete range of stressing forces can be

experienced is recommended.
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Abstract

Purpose: As developing arthroscopic skills is challenging and training time for
residents is limited, arthroscopic skill competency of residents should be
measured. Assessment tools, such as Global Rating Scales (GRS), have been
developed for structured, objective feedback and to assess learning curves. The
goal of this study is to assess known-groups and convergent validity of these
scales, to evaluate the suitability of these scales to monitor training progress of
residents.

Methods: Knee arthroscopies and ACL reconstructions performed by residents
were supervised and assessed, using both GRS questionnaires. The estimates of
the parameters were used to study the relationship between year of residency and
each GRS score, and between the number of previously performed arthroscopies
and each GRS score. Pearson correlation coefficient between GRS scores were
calculated to measure convergent validity. A Bland-Altman plot with a paired t-
test was constructed to evaluate the agreement between GRS | and I1.

Results: Mixed model analysis revealed a significant increase (p<0.001) per year
of residency on both GRSs (8.1 points (95% ClI: 6.3-9.9) and 9.2 points (95% CI:
7.4-11.2) respectively). Significant increases per performed arthroscopy were also
observed for both GRSs (p<0.001) (0.14 (95% CI: 0.09-0.18) and 0.13 points
(95% CI: 0.08-0.2) respectively). Scores for ACL reconstructions were
significantly lower (p<0.001) than for standard knee arthroscopies (12.5 and 13.0
points respectively, p<0.001). The Pearson correlation coefficient between GRS |
and GRS Il scores was high (0.94). The Limit of Agreement was 11 points.
Conclusion: GRS | and GRS Il demonstrate sufficient construct validity.
However, they seem not sufficiently sensitive and consistent to establish
individual learning curves. Both scales are suitable to objectively evaluate global
progress of residents in the operating room when acquiring arthroscopic skills, in
particular on group level.

Key words: Global Rating Scales, objective assessment, learning curves,
arthroscopic training
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Introduction

Since arthroscopic surgery has several advantages compared with open
surgery, it has become the most performed procedure in orthopaedic
surgery™®. However, as developing arthroscopic skills is challenging®®

and training time for residents is limited® ****

, professional societies have
requested arthroscopic skill competency of residents to be assessed to
improve patient safety® *°. Assessment of skills by expert surgeons is
sensitive to the subjective opinion of the assessor, which might
compromise fair judgment™. To overcome this issue, the formulation of
criteria and proficiency levels for evaluation of arthroscopic skills is
recommended.

Assessment tools for monitoring technical skills in the operating
theatre, such as Global Rating Scales (GRS), have been developed for
structured, objective feedback and to assess learning curves®. Previous
research investigated whether GRS are valid, reliable tools to objectify
resident performance in surgery; feasibility, face validity, content validity,
construct validity and reliability have been demonstrated for various
Global Rating Scales™ ' Two Global Rating Scales that have been
specifically proposed for feedback during arthroscopic training, are the
Basic Arthroscopic Knee Skill Scoring System® and the Orthopaedic
Competence Assessment Project®. Insel and co- workers developed a
GRS to assess diagnostic knee arthroscopies and partial meniscectomies
on cadaver knees (GRS 1)°. This GRS has demonstrated validity, but only
on cadavers, performing basic arthroscopic tasks®. Howells and co-
workers combined the Orthopaedic Competence Assessment Project and
the Objective Structured Assessment of Technical Skill (OSATS) (GRS
I1) to test arthroscopic simulator training on a bench-top knee simulator?.
Validity of this GRS has however not yet been assessed.
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Since both GRSs are not validated in a clinical context, the goal of
this study is to assess validity of these scales during training of
arthroscopic skills in the operating room on real-life patients. In the
absence of a gold standard, both known-groups and convergent validity
are investigated to assess the suitability of these scales to monitor training

progress of residents.

Materials and methods

Participants

Twenty-eight orthopedic residents in four consecutive residency years
(year 3 to 6) and ten experienced orthopedic surgeons were recruited at
two institutions (the Stanford University School of Medicine and the
Academic Medical Centre in Amsterdam) (Table 1).

Study design

After participants signed informed consent, all outpatient KA’s and ACL
reconstructions performed by each resident were supervised and assessed
by one of the experienced surgeons, using both GRS questionnaires.
Before each procedure, the resident’s and supervisor’s unique identifier
code, type of operation, year of residency and number of previously
performed arthroscopies were documented. Hundred-and-thirty-five KA’s
and 30 ACL reconstructions were included (Table 1). Residents
performed on average six procedures, within a time frame of maximum a

month.
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Figure 1: GRS | Basic Arthroscopic Knee Skill Scoring System (BAKSSS)6
158



Figure 2: Orthopaedic Competence Assessment Project (ocap)®
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Outcome measures

GRS | is a ten-item Global Rating Scale, derived from previously
published and validated evaluation models to assess arthroscopic skills
(Fig. 1). Items from these models were used to create a task-specific
checklist and a global rating scale that together form the Basic
Arthroscopic Knee Skill Scoring System (BAKSSS), a model specific to
diagnostic knee arthroscopy and partial meniscectomy®. The checklist was
not included in the current study. Items of the global rating scales include
dissection, instrument handling, depth perception, bimanual dexterity,
flow of operation, knowledge of instruments, to the knowledge of the
specific procedure, autonomy, efficiency, and quality of the operative
result®.

For GRS I, nine of the fourteen Orthopaedic Competence
Assessment Project (OCAP) criteria for diagnostic arthroscopy were
selected (Fig. 2). Competences include following procedure protocol,
handling of tissue, appropriate and safe use of instruments, appropriate
pace with economy movement, calmness and effectiveness in dealing with
untoward events, appropriate use of assistants, communication with scrub
nurse, and identification of common abnormalities and protection of
articular surface®.

GRS I and Il have similar domains, such as instrument handling,
flow of operation, efficiency and autonomy. Both Global Rating Scales
allow assessors to rate arthroscopic skills performance on each domain,
using 5-point Likert scales with anchors at 1, 3, and 5 points. The anchor
points have specific descriptions of the necessary requirements to receive
the respective point values, which should help uniform assessment.
Higher scores indicate better arthroscopic proficiency. Minimum and

maximum GRS score for the GRS | are 10 and 50 points, respectively®.
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Minimum and maximum GRS score for GRS Il are 9 and 45 points,
respectively®.

Firstly, known-groups validity will be investigated by determining
the extent to which the GRSs can discriminate between levels of
experience®. Secondly, convergent validity is investigated by determining
whether the two GRSs correspond with one another, as they cover similar
domains of arthroscopic skills?’. To this end, knee arthroscopies (KA) and
anterior cruciate ligament (ACL) reconstructions performed on real life
patients will be used. If validity is shown, these GRS could be further
developed into objective assessment tools to show individual training
progress of residents.

Statistical analysis
Analysis was performed with SPSS 22© (SPSS Inc., Chicago, IL, USA).
All 165 procedures were included in the analysis (Table 1). In order to
compare GRS | and I, scores were normalized to a range from 0 to 100
points. Normality of the parameters was assessed using the Kolmogorov-
Smirnov test, and the skewness and kurtosis of the sample (-2<z-value<2).
To account for correlated assessments within the residents (that is
multiple assessments were performed per resident), a multilevel analysis
was performed by use of mixed model analysis using a residual maximum
likelihood (REML) approach (Table 2). The estimate of the parameters, as
well as the standard error and confidence intervals were used to study the
relationship between year of residency and each GRS score, and between
the number of previously performed arthroscopies and each GRS score.
Type of operation (KA of ACL reconstruction), year of residency and
number of previously performed arthroscopies were entered as model

factors, with GRS | and GRS Il scores as dependent variables. Pearson
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correlation coefficient between the scores of GRS | and GRS Il were
calculated to measure convergent validity. Correlation coefficients < 0.35
were considered to represent weak correlations, 0.36 to 0.67 moderate
correlations, and 0.68 to 1.0 high correlations, with coefficients > 0.91
very high correlations® %,

A Bland-Altman plot was constructed to evaluate the agreement
between GRS I and Il. The mean differences between GRS | and Il scores
against the absolute differences and limits of agreement (LoA) were
calculated (1.96*SDdif))3°. A paired t-test was performed to assess a
systematic difference between the two scales. P-values <0.05 were

considered statistically significant.

Table 1. An overview of the number of residents per

residency year, and the total number of performed

procedures by the residents within one residency year
Year of Nr of Total nr of

Residency residents procedures
3 8 32
4 6 36
5 8 45
6 6 52
Results

Non-normalized GRS sum scores varied between 19 and 50 points for
GRS I and between 18 and 45 points for GRS 1. In Table 2, results of the
mixed model analysis are described. The parameters can be interpreted as
the constant (intercept) and the coefficients or slopes (estimates) of the
independent variables. Mixed model analysis revealed a statistically
significant increase (p<0.001) per year of residency on both GRS | and I,
with values of 8.1 points (95% CI: 6.3-9.9) and 9.2 points (95% CI: 7.4-

11.2) respectively. Significant increases per performed arthroscopy were
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also observed for both GRSs (p<0.001), with values of 0.14 (95% CI:
0.09-0.18) and 0.13 points (95% CI: 0.08-0.2) for GRS | and Il
respectively. Furthermore, scores for ACL reconstructions were
significantly lower (p<0.001) than for standard knee arthroscopies (12.5
and 13.0 points for GRS I and Il respectively, p<0.001) (Table 2).

Normalized GRS sum scores varied between 40 and 100 points
for GRS | and between 38 and 100 points for GRS II. The scores did not
differ significantly (p=0.19), with mean normalized scores of 70.8 (SD is
14.9) for GRS I and 71.3 (SD is 16.2). The Pearson correlation coefficient
between the normalized GRS | and GRS Il scores was high (0.94). The
calculated LoA was 11 points, resulting in a lower limit of -11.6 and an
upper limit of 10.4 (Fig. 3).

Table 2. Mixed model analysis showing the effects of year of
residency, number of previously performed procedures and type
of operation on scores for GRS | and IlI. All estimates are significant
(p<0.001). The intercept can be interpreted as the mean of the
outcome when all independent variables are zero. The estimates
can be interpreted the same way as the estimates (coefficients)
of predictors in a linear regression. GRS scores increase with 8.1
and 9.3 respectively per year of residency, and with 0.14 and 0.13
points respectively per number of previously performed
arthroscopies. Scores for ACL-procedures are on average 12.5 and
13.0 points lower that KA scores.

s.e.: standard error; Cl: confidence interval

GRS 1 GRS I

Estimate (95% Cl) Estimate (95% Cl)

Intercept 34.4 (25.7-43.1) 29.4 (20.1-38.7)
Year of residency 8.1(6.3-9.4) 9.3 (7.4-11.2)

No of arthroscopies 0.14 (0.1-0.2) 0.13 (0.1-0.2)
ACL-procedure -12.5(-17.2--7.8) -13.0(-17.8--7.8)
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Figure 3: Bland—Altman plot comparing the scores of GRS | and GRS Il. The solid line
represents the mean difference between the two (-0.57), and the dotted lines represent
the upper (10.4) and lower (-11.5) limits of agreement (mean + 1.96 SD)

Discussion

This study investigated if the proposed GRSs show construct validity,
more specifically, known-groups validity and convergent validity. With
the available sample size, the study demonstrated that both GRS | and Il
were able to discriminate based on year of residency or number of
arthroscopies, supporting known-groups validity. Convergent validity of
the studied Global Rating Scales was supported by a high Pearson
correlation coefficient. The Bland and Altman plot demonstrated that the

average discrepancy between GRS | and Il was small (close to zero),
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indicating that there was no systematic difference between the two scales.
However, the limits of agreement had higher values then the estimated
differences per residency year or arthroscopic intervention: the standard
error was 11, meaning that only differences larger than 11 points between
the GRSs can be interpreted as actual difference when used on individual
level. This emphasizes the question whether the GRSs are reliable
outcome measures and if they are suitable for performance monitoring on
individual level.

Besides year of residency, GRS scores are influenced by other
factors, which can account for variability. One of these factors is the
complexity of the type of procedure: ACL reconstructions are more
complex than knee arthroscopies, which was reflected in the significantly
lower GRS scores for scores for ACL reconstructions. Other factors
influencing GRS scores are the complexity of the joint (depending on the
anatomy or the severity of the condition of the patient), inter-observer
differences between supervisors and the moment of the day or of the week
at which the procedure was performed. Thus, as GRS score is determined
by other factors additional to level of experience, in particular type and
complexity of procedure, a standardized setting is required when using the
GRS to measure competence.

The GRSs did not show floor or ceiling effects. None of the
participants scored lower than 19 (GRS 1) and 18 (GRS II) points,
whereas the minimum values of the scales are 10 and 9, respectively.
Moreover, no item was scored below two points. This can be attributed to
the range of residency years that was included: residents were selected
from their third year of residency, as they start than with their
specialization in orthopaedic surgery in the Netherlands. Hence, none of

the residents participating in the current study was a completely untrained
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novice, as opposed to the original studies that also included participants
with none or very little training® . Our results indicate that the GRSs can
be used for the entire duration of the residency curriculum.

The current study has limitations. Firstly, residents were assessed
by one supervisor, implicating that inter-observer reliability could not be
assessed. Secondly, supervisors were not blinded and thus were aware of
the level of training of the residents. Thirdly, supervisors were not
specifically trained to use the two Global Rating Scales of study. Ideally,
all supervisors should have been trained with distinct examples, and
multiple observers, who were blinded from the identity of the residents,
should have performed the scoring. This would have increased consensus
and objectivity. Unfortunately, this was logistically difficult to arrange.
Vogt showed that knowing the identity of the resident does not
significantly affect scoring®. Moreover, the study design was similar to
other studies showing the potential of Global Rating Scales to objectively

evaluate arthroscopic skills® * *

. Therefore, we expect that these
limitations will have marginally influenced the results.

As competency-based education is becoming more important in
arthroscopic training *, objective tools for assessment and performance
monitoring of orthopedic residents need to be validated. The current study
showed known-groups validity and convergent validity for Global Rating
Scales. However, the results also suggest the scales do not seem to be
sufficiently sensitive and consistent to monitor individual learning curves
and progress of a trainee over a short period of time. Rather, they are
suitable to objectify and assess general arthroscopic performance on group
level in a structured way. Moreover, they can be applied in a research
setting; to study differences on group level and to perform sample size

calculation required to detect significant differences between different
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levels of experience. Lastly, as feedback on performance is known to
improve the learning process®**, and the structure of the GRSs allows

feedback per skill domain, GRSs can also be valuable as educational

tools.

167



Conclusion

The Basic Arthroscopic Knee Skill Scoring System (GRS 1) and the
Orthopaedic Competence Assessment Project (GRS Il) demonstrate
sufficient construct validity when performing knee arthroscopy or ACL
reconstruction. However, they seem not sufficiently sensitive and
consistent to establish individual learning curves. Both scales are suitable
to objectively evaluate global progress of residents in the operating room

when acquiring arthroscopic skills, in particular on group level.
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High-fidelity arthroscopic simulators are becoming important training
tools for orthopedic surgery'. As developments continue, the need
increases to integrate simulation into orthopedic training programs and to
validate simulation curricula. Simulator training has been found to
improve arthroscopic skills and shorten the learning curve for acquirement
of basic arthroscopic skills?>*. However, there are still major barriers to the
use of simulators in orthopedic education, as attempts to yield validity
data have been partially successful®.

The establishment of simulators as a standard training tool for
arthroscopic skills relies on proper validation of simulators and
performance monitoring tools. Consequently, the aim of this thesis was
three-fold:

e To study the validity of arthroscopic simulators, the effect of
simulator training and the transferability of arthroscopic skills;

e To study and validate metrics and complementary thresholds for
safe and non-damaging tissue handling;

e To investigate the validity and utility of global rating scales for

objective assessment and monitoring of arthroscopic performance.

Using a standardized protocol, we demonstrated basic levels of validity
for the simulators of study, and revealed the shortcomings of the
simulators, and applied methods and procedures. We gathered the
information necessary for the development of a large-scale RCT on
transferability of arthroscopic skills. Furthermore, the importance and
impediments of incorporating performance metrics and thresholds in
simulation environments were stressed, and we argued that global rating
scales are appropriate for the assessment of general arthroscopic

performance, but not for the establishment of individual learning curves.
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When studying arthroscopic skills acquisition, it is preferable to
include every joint. Narrowing down to the knee joint makes sense, as
knee arthroscopies are one of the most performed arthroscopic procedures,
and the number of annually performed knee arthroscopies will continue to
grow, due to the aging population® ’. It sets a representative example for
arthroscopic surgery, and the results of this study are useful for every area

of arthroscopic surgery.

Validity of arthroscopic simulators

Effect of simulator training and transferability of arthroscopic
skills

As technology advanced, simulators have become more sophisticated,
realistic and affordable. However, technological improvement does not
validate the use of simulators in medical training. Our review (Chapter 3)
revealed that high-quality research on the different aspects of validity of
current commercially available medical simulators is marginal; this counts
especially in the field of arthroscopic surgery. Lack of validation bears a
risk of stimulating incorrect skills training, which would compromise
patient safety. Moreover, heterogeneity among studies makes it difficult to
compare the value and applicability of various simulator environments
available to arthroscopic educators.

Recently, evidence for the educational value of arthroscopic
simulators has been accumulating and numerous studies have provided
verification of simulator validity. However, recent reviews on
arthroscopic simulation agree that studies are methodologically weak,
heterogeneous, and that evidence for higher levels of validity still misses®

12 \We have overcome several limitations in our validation studies: in line
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with a protocol development in our group, we have continued to use that
protocol to demonstrate face and construct validity for an updated version
of a hybrid model, and a new virtual reality simulator (Chapters 4 and 5).
The strength of these studies was the use of a standardized protocol and
validated outcome measures, effectuating more reliable and better
interpretable results. Face validity, and construct validity between novices
and experts were demonstrated.

10.12 "\we were not able to

Like other studies on construct validity
distinguish between novices and intermediates and intermediates and
experts. However, we should reconsider to what extent demonstrated
differentiation from the intermediate group is a prerequisite for a
simulator to be of value: the most important asset of arthroscopic
simulators is their deployment as a means to prepare residents for the
operating room, shifting the first part of the learning curve from the
operating to the simulation environment. This ensures a sufficient level of
competency before residents continue their training on actual patients.
Simulator training may also be continued in the course of the orthopedic
curriculum, contributing to updating and maintaining skills once
proficiency has been achieved. But the most prominent place for simulator
training should be at the start of orthopedic training, as this is most
beneficial to training efficiency and patient safety. From this point of
view, the requisite for a simulator to differentiate between adjacent groups
in terms of experience is less critical.

The question of transferability of arthroscopic simulators is still
practically unanswered® ' ' *_ The most appropriate study design to
investigate this is a randomized controlled trial, as this set up reduces
spurious causality and bias. Our pilot study (Chapter 6) demonstrated

positive trends with respect to transfer validity. However, the most
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important result of this study is the information that has become available
about appropriate methods, procedures and tools to set up a large scale
RCT: a sample size of 25 subjects per study arm and a training period
with at least five training sessions, is essential to establish a significant
effect. These conditions are challenging, organizationally speaking, as
they imply sufficient availability of simulators, and objective (blinded)
and trained assessors, and appeal to the flexibility of participants and their
working schedules. Moreover, there appear to be limitations of existing
assessment tools and performance metrics to evaluate competency and
progression of novices: firstly, global rating scales are not sufficiently
sensitive to monitor the individual progression of novices in a relatively
short training period. Secondly, existing validated outcome measures,
such as task time, are too difficult for novices. This calls for more
sensitive assessment methods, such as time-action analysis, and modified
outcomes measures or new parameters to be developed, appropriate for
the assessment of novices. Our findings provide guidance for the
development of the first high-quality large scale RCT that can offer clarity

about the effectiveness and transfer validity of simulator training.

Future perspectives for validity studies

Improved studies for available simulators, every update of an existing
simulator, and every new simulator are required. Forthcoming studies
should focus on a proper study design that overcomes limitations of
existing studies and enables to investigate the effect of simulator training
in an unbiased way. This includes validated outcome measures, sufficient
power, appropriate study groups, extended study periods and adequate
assessment methods. Such improvements will only be feasible with
financial support of funding organizations for scientific research and if
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researchers and manufacturers team up and collaborate to develop
protocols and study designs to test simulators simultaneously with large
groups of participants. This way, validated and improved simulation
environments can be offered, which would take away a major concern of
orthopedic teaching staff.

Further studies on transfer validity should be based on
randomized controlled trials to demonstrate that simulator training
translates into better arthroscopic skills on real patients. Our pilot study is
a first move to a solid, large-scale RCT. Future research must also
determine the number and timing of training sessions needed to reach an
appropriate level of performance and to transfer skills from simulation to
the OR, and whether there is a ceiling effect associated with the benefit of
simulator training for the acquisition of arthroscopic skills. Lastly,
international standardization of validation protocols are required, to
compare simulators, acquisition, development and retention of skills,
facilitate multi-center trials and to set an international standard for the
requirements of simulators and skill competency. This means that
hospitals and universities will have to cooperate on international level to
set up and carry out multi-centre studies on simulator validation and to
implement the results.

As the appropriateness and value of a specific simulator also
depends on the training goals, educators should adjust the choice for a
simulator to the type of skills that need to be trained, and the complexity
of these skills. The difficulty level of skills affects the minimum required
level of validity of a simulator as well: a high-fidelity simulator with a
high validity level is of more importance for training of (minimal
invasive) surgical skills than for training of patient examination skills, as

surgical skills are more complex and may cause severe consequences for
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the patient when trained incorrectly. In addition, it should be noted that
simulator training is no substitute for cadaver training or training in the
operating room. Thus, when a minimum required level of competency has
been reached, training should be continued on cadavers and in the

operating room.

Validity of performance monitoring tools

Thresholds for safety performance metrics

The focus so far has been mainly on metrics for performance efficiency.
We were the first to complement performance efficiency with
performance safety; a necessary follow-up, as both type of metrics are
crucial in order to reflect performance optimally and to provide adequate
feedback for the improvement of competency in arthroscopic skills. We
investigated maximum tolerable forces for safe tissue manipulation
(Chapter 7). Tissue properties of ligaments were determined from earlier
experiments™™*’. Our findings have demonstrated that teaching adequate
force magnitudes is not necessarily straightforward, because stresses or
loads cannot directly be seen. We have determined thresholds for save
metrics and shown how to implement force feedback with safety levels in
arthroscopic simulators so that residents can use the tactile feedback to
experience the complete range of stressing levels and to train safe tissue
manipulation when practicing knee arthroscopies. Integration of safety

metrics and thresholds in simulation has been limited until now*® *°

, as it
is difficult to reach a sufficient level of realism. Moreover, development
and implementation of metrics and thresholds is complicated and time-
consuming: every metric must be defined, for each metric or task optimal

performance needs to be determined, and thresholds for absolute
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maximum forces need to be determined and compared with theoretical

maximum forces.

Future perspectives for the development of safety performance

metrics and thresholds

The results of Chapter 7 demonstrated that effective learning could benefit
from monitoring the force and the amount of manipulation of the knee
exerted during training. Unfortunately, there is a lack of built-in safety
performance metrics and complementary thresholds in currently available
simulators. As learning to safely manipulate tissue is mandatory in the
beginning of a training process, research on performance metrics should
focus more on safety- and force-related parameters. More quantitative
data need to be collected to design and validate metrics and to support
their applicability with evidence-based thresholds to set limits for safe
tissue manipulation and performance efficiency. This is definitely required
for the future, if physical or virtual trainers are to be deployed as standard
devices to train knee arthroscopies and to enable practicing of safe tissue

manipulation'”?°.

Evaluating and monitoring arthroscopic performance

In response to the need for more holistic assessments tool for performance
monitoring, global rating scales for arthroscopic skills have been
developed. In Chapter 8, we found that the OCAP and BAKKKS are
useful assessment tools, as they demonstrate construct validity, are easy to
implement in residency curricula, not costly and usable for either a
simulation environment or the operating room?:. Although it was argued

repeatedly that GRSs are feasible tools for the assessment of an individual

179



learning process® %

this as it was shown that neither the OCAP, nor the BAKKKS or the

ASSET was acceptably sensitive and consistent to follow individual

, our results in Chapter 6 and 8 evidently contradict

learning and progress of a trainee over a short period of time. Consistency
can be increased by training assessors to use global rating scales, by
performing assessment by multiple assessors at the same time, and by
blinding assessors from the identity of residents. This can be achieved by
evaluating performances at a remote time and location with video
recordings. For accurate assessment of specific tasks, sensitive assessment
tools, such as performance metrics that can be incorporated in the
simulator, are more appropriate than global rating scales. Global rating
scales are best suited for the assessment of general arthroscopic
performance on group level, to study differences on group level and to
perform sample size calculation required to detect significant differences

between different levels of experience.

Future perspectives for research on Global Rating Scales

Today, GRSs for arthroscopic skills have been validated for construct,
content and concurrent validity as well as internal consistency, inter-rater
and test-retest reliability?® %2, However, none of the study designs for
validation are the same, thus one-to-one comparison is not possible.
Moreover, the reported outcomes are all surrogate outcomes focusing on
technical skills, instead of patient-related outcomes. Thus, standardized
research is required to investigate how assessment can be embedded in
orthopedic training curricula to support objective skills monitoring and

effective learning of arthroscopic skills.
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Other factors influencing skills acquisition

Evaluating the effect of simulator training is complex, as more factors
than training alone can affect arthroscopic skills acquisition and
performance. Variations in innate skills for psychomotor tasks were
suggested to cause variations in arthroscopic skills performance®.
Researchers have stated that computer video game experience correlates
with VR simulator performance®*®, and some even fear that VR
simulators would evaluate a subject’s talent for video games rather than
their surgical skills®”. However, other studies have contradicted this

38-40

hypothesis In Chapter 6 we saw some effect of video game
experience, but this effect was not significant. Sex differences have been
found to exist with respect to simulator performance, with men showing
higher interest* and performance then women*® ** **, We did not find
significantly higher scores for men then for women, neither did Gomoll
and co-workers®’. Found sex differences were possibly due to a spurious
relationship between sex and arthroscopic performance: in our validity
studies we found men to be more experienced with video games then
women, simulating an association between sex and arthroscopic
performance. Furthermore, feedback from the instructor has been
repeatedly found to have a positive effect on arthroscopic performance %

“ 45 This also applies to preoperative warming-up*®“*®

, although this was
again disproved®. Obviously, environmental distractions, negative stress
coping and lack of self-efficacy, alcohol intake and sleep deprivation
before a surgical task negatively affect performance®® *° >,

In summary, there are numerous factors that are thought to affect
arthroscopic performance. As there is yet no complete understanding of
the extent of the influence of these factors, this should be studied more

extensively, to ensure that these factors are adequately accounted for in
181



validity studies and during simulator training. Moreover, influencing
factors should be introduced in simulation (as far as possible) to represent

the operating theater more accurately™’.

In conclusion

As time-efficient, effective and safe methods of training are essential, the
role of simulation in orthopedic surgical training will very likely continue
to expand and objective and valid tools for assessment and performance
tracking will also become more important. Sophisticated high-fidelity
arthroscopic simulators have great potential as effective training
modalities, offering standardized, controlled and adaptable environments
to teach orthopedic residents arthroscopic skills and procedures, without
jeopardizing patient safety and with an opportunity for feedback and
assessment®! %, Both sensitive and generic assessment tools should have a
prominent role in evaluating the effect of simulator training and
improvement of arthroscopic performance. Sensitive tools, such as
performance metrics are specifically focused on patient safety and
suitable to reflect individual learning curves. More generic tools, such as
global rating scales enable overall performance assessment or provide a
global impression of performance. A future approach to arthroscopic
training should be a combination of simulator- and traditional training,
canceling out the drawbacks of each method, while improving
arthroscopic performance and competence, ultimately leading to increased
patient safety.
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Summary

The validity of arthroscopic simulators and performance tools
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As there is a growing demand for more time-efficient and effective
methods for medical training without putting patients at risk, the role of
simulation keeps expanding. In Chapter 3 it was stated that validation of
simulators should precede implementation in medical curricula. However,
of the wide variety of commercially available medical simulators, only a
small minority was found to be validated. Moreover, substantial
heterogeneity and methodological flaws exists among validation studies.
This might bring the risk of improper skills training and prevents
simulators from becoming established as standard training modalities.
Researchers, manufacturers and medical trainers are therefore encouraged
to collaborate in order to develop simulators, conduct proper validation
studies and select the appropriate simulator for safe and adequate training.

Especially in the field of arthroscopy, a lack of (properly
validated) simulators exists. Therefore, the use of simulators for
arthroscopic training lag behind compared to other medical areas. In
Chapter 4 and 5, two high-fidelity arthroscopic knee simulators were
studied for face and construct validity. By using a standardized protocol
and validated outcome measures, several important limitations have been
overcome, and basic level of validity were demonstrated. Moreover, the
studies revealed both simulators require further improvement. There is an
absence of transfer validity evidence of arthroscopic knee simulators, due
to a lack of randomized controlled trials covering this level of validity. In
Chapter 6, a pilot study was conducted to develop a solid protocol for a
large scale randomized controlled transfer validity study. Using a
simulator-trained group and a theoretically trained control group,
appropriateness and feasibility of the used methods and procedures were
investigated. Recommendations were made for appropriate study period,

assessment tools and methods, and outcome measures, to enable an RCT
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that will offer clarity about the effectiveness and transfer validity of
arthroscopic knee simulators.

The acquirement of arthroscopic skills is stimulated by the use of
objective tools and metrics to monitor arthroscopic performance and
provide feedback. As metrics and complementary thresholds for safety
performance during arthroscopy are scarcely studied, Chapter 7 elaborated
on the maximum allowed forces for safe joint stressing. It was stated that
thresholds for safety metrics are necessary for efficient training, and that
force feedback with safety levels should be implemented in arthroscopic
knee simulators in order to give orthopaedic residents the opportunity to
practice safe tissue manipulation. Besides task-specific metrics, more
holistic tools for performance tracking are required as well. In Chapter 8,
construct validity of two Global Rating Scales, designed for evaluation of
arthroscopic performance was studied. Although it was suggested
repeatedly that GRSs are suitable to establish individual learning curves,
the results of this study demonstrated that these scales are not sufficiently
sensitive and consistent to establish individual learning curves. They are
however suitable to objectively evaluate global progress of residents in the
operating room when acquiring arthroscopic skills, in particular on group
level.

In recent years, the number of (high-fidelity) arthroscopic
simulators and performance tracking tools have increased. However, for
both simulators and assessment tools, more evidence on their validity and
usefulness is needed. Of particular importance for the acceptance of
simulators as a useful tool in arthroscopic education is the demonstration
of transfer validity. Future studies should focus on high-quality study
designs and standardized protocols in order to offer orthopedic residents

an adequate training environment to acquire and maintain arthroscopic
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skills, and to enable performance tracking and proficiency assessment,

with the ultimate goal to improve and secure patient safety.
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Samenvatting

De validiteit van arthroscopische simulatoren en prestatie parameters
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Aangezien er een groeiende vraag is naar meer tijdbesparende, effectieve
en patiént-veilige trainingsmethoden binnen medische curricula, wordt
simulatie steeds belangrijker. In Hoofdstuk 3 werd gesteld dat simulatoren
gevalideerd moeten worden voordat ze worden geimplementeerd in
medische curricula. Van de grote verscheidenheid aan commercieel
beschikbare medische simulatoren, is echter slechts een kleine minderheid
gevalideerd. Bovendien zijn de bestaande validatie studies zeer
heterogeen en is er sprake van een scala aan methodologische
tekortkomingen. Dit vergroot het risico op het incorrecte
vaardigheidstraining, en werkt de in gebruik name van simulatoren als
standaard training module tegen. Onderzoekers, fabrikanten en opleiders
worden daarom aangemoedigd samen te werken om simulatoren te
ontwikkelen, gedegen validatie studies uit te voeren en de juiste simulator
voor een veilige en adequate training te selecteren.

Binnen de arthroscopische chirurgie, is er een gebrek aan (goed
gevalideerde) simulatoren. In Hoofdstuk 4 en 5 zijn twee high-fidelity
arthroscopische knie simulatoren getest op face en construct validiteit.
Door gebruik te maken van een gestandaardiseerd protocol en
gevalideerde uitkomstmaten zijn een aantal belangrijke beperkingen
ondervangen, en werden basis levels van validiteit aangetoond. Bovendien
bleek dat bij beide simulators verdere verbetering vereist is. Er is nog
altijd geen bewijs van transfer validiteit van artroscopische knie
simulatoren, vanwege een gebrek aan gerandomiseerde studies die dit
validiteitsniveau bestuderen. In Hoofdstuk 6 is een pilot studie uitgevoerd
om een solide protocol voor een grootschalige gerandomiseerde studie te
ontwikkelen, om transfer validiteit te kunnen bestuderen. Door een
simulator-getrainde groep en een theoretisch getrainde controlegroep met

elkaar te vergelijken, is de geschiktheid en haalbaarheid van gebruikte
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methoden en procedures onderzocht. Vervolgens zijn er aanbevelingen
gedaan voor het realiseren van een afdoende studie periode,
evaluatietesten, methoden en uitkomstmaten, die zouden moeten leiden tot
een RCT die duidelijkheid kan geven over de effectiviteit en de transfer
validiteit van arthroscopische knie simulators.

Het aanleren van arthroscopische vaardigheden wordt
gestimuleerd door objectieve parameters en meeteenheden om
arthroscopische competentie te monitoren en feedback te geven.
Aangezien meetbare veiligheidswaarden en de daarbij horende
drempelwaarden tijdens artroscopieén nog nauwelijks bestudeerd zijn, zijn
in Hoofdstuk 7 de maximaal toegestane krachten op knieligamenten
onderzocht. We stelden dat arthroscopische training drempelwaarden voor
meetbare veiligheidswaarden behoeft, en zouden moeten worden
geimplementeerd in arthroscopische knie simulatoren om orthopeden in
opleiding de mogelijkheid te bieden zich het veilig omgaan met het
knieweefsel eigen te maken. Naast taak-specifieke meetwaarden, is er ook
behoefte is aan meer holistische instrumenten voor het beoordelen van
prestaties. In Hoofdstuk 8 is construct validiteit van twee Global Rating
Scales, specifiek ontwikkeld voor het evalueren van arthroscopische
vaardigheden, bestudeerd. Hoewel herhaaldelijk is gesuggereerd dat
GRSsen geschikt zijn voor het volgen van individuele leercurves, hebben
de resultaten van deze studie getoond dat deze schalen onvoldoende
gevoelig en consistent zijn om individuele leercurve te bewerkstelligen.
Zij zijn echter wel geschikt om globale vooruitgang van arthroscopische
vaardigheden in de operatiekamer te objectief beoordelen, met name op
groepsniveau.

De afgelopen jaren is het aantal (high-fidelity) arthroscopische

simulators en parameters om prestaties mee te monitoren toegenomen.
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Echter, voor zowel simulatoren als beoordelingsmethoden geldt dat meer
bewijs van hun validiteit en bruikbaarheid nodig is. Van bijzonder belang
voor de acceptatie van simulatoren als arthroscopische trainingsmodaliteit
is het bewijs van transfer validiteit. Toekomstig onderzoek moet zich
richten op het ontwikkelen van hoogwaardige studies en
gestandaardiseerde onderzoeksprotocollen. Zodoende kan orthopeden in
opleiding een adequate training worden geboden om arthroscopische
vaardigheden te verwerven en te onderhouden, en om vaardigheid en
vooruitgang te evalueren, met het uiteindelijke doel de veiligheid van de

patiént te bevorderen en te waarborgen.
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