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Preface

The last century has witnessed tremendous changes in the education and training system of
medical students, as well as medical and surgical residents, in short, our future physicians.
This has been the result of changes in the educational philosophy, the technology, and the
needs of our patients, just to name a few. We have learned that medical and surgical educa-
tion is not simply about providing medical knowledge, but finding out a way to impart this
knowledge together with the love for medicine in such a way that they will inspire young
physicians, as well as prepare them for the difficult task ahead.

A key challenge is to learn more about the various systems in medical education throughout
the world and identify advantages and disadvantages, a process from which we can all (and
most importantly our patients) benefit from. This book is a compilation of the experiences,
thoughts, and “best-practice” advice of a panel of international experts on medical and sur-
gical education. It also offers us a glimpse of the immediate future with chapters discussing
the implementation of new technology in medical education (such as augmented and virtual
reality), as well as better management strategies with the use of block time.

Georgios Tsoulfas, MD, PhD, FICS, FACS
Associate Professor of Surgery

Aristotle University of Thessaloniki
Thessaloniki, Greece






Chapter 1

Integrating Technical and Nontechnical Skills in Hands-
On Surgical Training

Alexander PB Alken, Cornelia Fluit,
Jan-Maarten Luursema and Harry van Goor

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73044

Abstract

Safe and effective surgery requires high-quality technical and nontechnical skills. Although
the importance of nontechnical skills has become increasingly clear, today’s surgical cur-
ricula still lack formal training in nontechnical skills. In this chapter, we discuss how to
integrate technical and nontechnical skills training into surgical curricula and provide
strategies on how to teach both skill sets concurrently in a hands-on setting.

Keywords: surgical training and teaching, operating room teaching, technical
skills, nontechnical skills, communication and team skills, integrated technical and
nontechnical skills training, concurrent technical and nontechnical skills training

1. Introduction

The operating room is a hectic and dynamic teamwork environment requiring safe surgical
practice. To achieve this, surgeons have to develop highly effective technical and nontechnical
skills that are both built upon formal training [1]. Since technical and nontechnical skills are
strongly associated to another [1] and have to be applied concurrently in the real-life operat-
ing room, these skills also have to be trained concurrently [2-5]. However, to date, the training
of nontechnical skills is still not effectively and fully implemented in surgical curricula [1].

Surgical curricula have always had a strong focus on the development of surgical technical
skills, aiming for high-level psychomotor skills, swift eye-hand coordination, and dexterity
[6]. Since it became clear that adverse events in surgery are not so much caused by deficiencies
and errors in technical skills but rather by deficiencies and errors in nontechnical team and
communication skills, the attention for nontechnical skills training has been increasing [1, 7].

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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In this chapter, we discuss how to effectively integrate technical and nontechnical skills in
surgical curricula, focusing on teaching behaviors, training strategies, and simulated and real-
life operating room training. We address the current knowledge on acquiring technical skills
in the section “How do we learn and teach surgical technical skills?” and nontechnical skills
in “How do we learn and teach nontechnical skills in surgery?”. We discuss training set-
tings used for concurrent technical and nontechnical skills training in “Environments used for
teaching nontechnical skills next to technical skills in surgery.” We address frameworks that
can be helpful to integrate technical and nontechnical skills teaching in the section “Effective
frameworks for integrated technical and nontechnical skills teaching.” Finally, we share our
view on how to successfully establish a surgical curriculum with integrated technical and
nontechnical skills training and teaching in “Integrating technical and nontechnical skills
training during hands-on surgical teaching in a curriculum”.

We realize that nontechnical skills of surgeons encompass more than communication and
team skills, such as clinical decision making and stress coping [5]. In this chapter, the term
‘nontechnical skills” refers to the social team and communication skills necessary for suc-
cessful surgery, encompassing effective communication (e.g., sharing information efficiently),
collaboration (e.g., assisting other team members when needed), coordination (e.g., timely
asking team members for requests), leadership (e.g., directing team members), and situational
awareness (e.g., asking for information updates regarding the patient’s condition) [8, 9].

2. How do we learn and teach surgical technical skills?

Technical skills are core skills of a surgeon. They refer to all goal-directed psychomotor
actions. Handling a scalpel to gain access to a patient’s abdomen and handling a needle to
repair a ruptured vein are examples of technical surgical skills. We discuss the current knowl-
edge available regarding the learning, training and teaching of technical skills, and surgical
technical skills in particular.

To understand how technical skills are acquired, two main principles are important. First,
the acquisition of technical skills is not a linear process [10]. At the start of training, trainees
are completely unfamiliar and inexperienced. There are many untrained aspects of the skill
that can be improved relatively easily resulting in a rapid growth of trainees during their first
trials. After the first trials, however, the basics of the skill are acquired and the speed of prog-
ress starts to slow down. All aspects of the skill are familiar but now have to be optimized,
which requires much more time. The second principle regarding the acquisition of technical
skills involves the way a skill is cognitively approached by trainees. In the beginning stages
of learning, trainees depend on explicit rules to perform the skill that demands extensive
cognitive effort. In later stages, the skill is partially or completely automated and trainees
are less dependent on rules. Performing the skill then requires far less cognitive effort and
enables trainees to focus on other actions, activities, or aspects in the training or working
environment [10]. Both principles are important for designing the training and the teaching
that is to be provided.
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Distributed, short training sessions with sufficient resting periods in between are most effec-
tive to acquire technical skills [10]. Effective training stimulates trainees to engage in delib-
erate practice, meaning that trainees repetitively train skills in a dedicated and conscious
manner according to clear and achievable learning goals. Training of skills has to be simple at
the start and complexity should gradually increase over time in accordance to each trainee’s
individual progress and needs. Teaching has to contain demonstrations, instructions, and
immediate feedback intensely in case of novice trainees [10] to prevent the wrong acquisi-
tion and automation of skills [11]. But as trainees progress, this intensity should be reduced
accordingly and feedback should be increasingly given reflectively [10] (Figure 1). Highly fre-
quent feedback stimulates the initial acquirement of skills in the short term, whereas less fre-
quent feedback seems to stimulate the retention of the learned skills in the long term. If tasks
enable trainees to derive perceptual feedback and trainees are able to evaluate and improve
their skills themselves, no feedback may be required. Under such circumstances intense feed-
back can even hamper learning [10]. Feedback has to be provided in a constructive man-
ner [12]. Based on first-hand observations, teachers should provide specific information to
trainees regarding what went well and what needs to be improved [12]. All teaching has to
occur in a calm, supportive, and respectful way to create a safe and effective teaching climate
[13, 14]. The use of neutral, nondisturbing language is essential in achieving this [15]. When
teaching technical skills, the information density should be limited to how to perform the
skill without focusing on other aspects or additive information (e.g., other options and the
environment) [11]. Such information can prevent trainees from learning because executing
the task and simultaneously processing the teaching require trainees to process too much
information, which can easily cause cognitive overload. It is also important that trainees can
learn by exploring and committing errors to experience firsthand what works best and what
possible consequences are [10]. Simulation training plays an important role here.

2.1. Effective teaching behavior

Research to effective surgical skills teaching is primarily based on trainees’, teachers’, and
educational experts’ perceptions of effective teaching. Furthermore, research relating teach-
ers’ teaching behaviors to the actual acquisition of trainees’ skills is scarce, especially in surgi-
cal and other medical training. This makes it hard to determine evidence-based how teachers
exactly should teach. A recently conducted systematic review study on technical skills teach-
ing in medicine, sports, and music found that feedback, instructions, suggestions for improve-
ment, and demonstrations by teachers improved the skills development in trainees (Medical

_,_._.—'—'—'_'_._'_._._._'__._._'_
-
—— Trainee’s experience
Timing Concurrent Reflective
Fraquency High Low
Information density  Low High

Figure 1. Changes in feedback on technical skills according to the trainee’s progress.
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Teacher, paper under review [16]). It was also found important that teachers stimulated train-
ees to verbalize their thoughts and reasoning processes. A safe training environment was also
found to be important. However, it remained unclear how these behaviors should exactly
look like in order to effectively improve the acquisition of skills in trainees. Only one behavior
was found to be sulfficiently supported by evidence and was described elaborately: instruc-
tions and feedback that made trainees externally focus on the task and the effect was more
effective than instructions and feedback that made trainees internally focus on how to exactly
move their body parts. It may be more effective to explain by “When suturing, move the
needle in a circular motion as if you are going to make a full circle.” than by “When suturing,
move your wrist with a turning motion.”. However, results were only shown in psychomotor
sport skills teaching. It is unclear whether it is also effective in surgical hands-on training.

3. How do we learn and teach nontechnical skills in surgery?

Most nontechnical skills trainings are built upon (the combination of) three approaches:
theory-based, demonstration-based, and simulation-based training [1]. In the theory-based
training, trainees are classroom-like taught what nontechnical skills are, why they are impor-
tant, and how they can be applied in the operating room. Demonstration-based training adds
demonstrations of nontechnical skills to the theory-based approach. Trainees observe, for
example, video-recordings of a simulated operation and discuss the behaviors they have seen,
possible consequences, and solutions. Both approaches are low cost and easily organized.
Both approaches improve trainees” knowledge, awareness, and attitudes. However, there are
no possibilities for trainees to apply and train nontechnical skills by doing. Simulation-based
approaches do have a training-by-doing component. Trainees apply and train nontechnical
skills hands-on in a safe environment, varying from simple bench-top models to full-scale
simulated operating rooms with, for example, a patient simulator. This enables the hands-on
training of basic and advanced nontechnical skills in a realistic and multidisciplinary team
setting. Simulation training is easily compatible with the theory-based and demonstration-
based approaches. Simulation has been shown to improve skills acquisition, both in training
and in the real-life operating room. Drawbacks are that simulation training is costly, demands
extensive organization since realistic operating teams have to be composed, and requires
guidance by trained teachers. Blended approaches in which theory, demonstrations, and
simulations are combined are advocated. Theory and demonstrations should be the focus in
the early stages of nontechnical skills training. In following stages, nontechnical skills should
be applied and trained in simulated settings [1, 4]. Simulation has been shown to be most
effective in acquiring nontechnical skills [2]. Nontechnical skills training should be long-term,
structured according to learning goals, trainees’ individual needs and experiences, and firmly
embedded into surgical training curricula [1, 4]. Multiple and distributed training sessions are
considered most effective [2].

Although simulation training has been shown to be effective within different surgical special-
ties [2], the applied interventions are often minimally described [17]. As a consequence, it
remains unclear how nontechnical skills teaching should exactly look like to be effective [1].
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Most commonly used are debriefing sessions immediately after simulation in which reflective
feedback on nontechnical skills is provided by a teacher [2]. Debriefing sessions are consid-
ered highly important for teaching nontechnical skills. Trainees receive feedback on their non-
technical skills performance, but also reflect on their nontechnical skills [15]. Teacher feedback
on nontechnical skills has to be based on first-hand observations of trainees’ performance
and has to address specific strong points, weaknesses, and suggestions for improvement. It
should always be provided in a respectful way and with a neutral tone of voice. Teachers have
to structure their feedback based on observations and evaluations according to nontechnical
skills assessment tools [1, 15]. Training is essential to enable surgical teachers to effectively
analyze and teach nontechnical skills [1, 2, 15]. Extensive training and coaching by nontechni-
cal skills experts are required.

4. Environments used for teaching nontechnical skills next to
technical skills in surgery

4.1. The operating room

To date, surgical trainees generally learn nontechnical skills informally and unstructured as
they pass by in the real-life operating room [1]. Teaching in the operating room is a challenging
task in itself since the patient’s safety is the most important aspect that often pushes teaching
and training to the background [18]. Teaching as it occurs in the operating room is almost
entirely focused on technical skills [15]. The same goes for debriefing sessions after the opera-
tion [19]. Nontechnical skills teaching remains to be undertaught [15] and surgical teachers
are not sufficiently trained to teach nontechnical skills [1]. Nontechnical skills are not yet a
part of the surgical educational culture and teachers are inclined to avoid it, often unaware.
This means that the real-life operating room is not the best place to teach and train nontechni-
cal skills, especially when trainees lack technical experience.

4.2, Simulation

Simulation offers surgical teachers the possibility to put the teaching of trainees in the fore-
front [18]. Trainees can train and apply skills and build experience in a safe environment
without any risks for patients. For the training of technical skills, synthetic bench top models,
box trainers, virtual reality simulators, animal cadavers, human cadavers, and live animal
models are commonly used [20, 21]. Recently, nontechnical skills have slowly been added to
the skill sets trained by simulation. Possibilities to integrate nontechnical skills next to techni-
cal skills training have been developed, for example by using simulated operating rooms with
live animal models [22], manikins, and/or synthetic or hybrid models [18].

4.3. Animal model simulation

Using an animal model adds to the reality of the experience in a simulated operating room.
Trainees have to deal with real bleedings, time pressure, and hectic teamwork within realistic
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operating teams [22]. This reality is considered to contribute to the transfer of the acquired
nontechnical skills to the real-life operating room [2]. However, our research showed that
integrating technical and nontechnical skills during a training using live animal models
remained difficult and resulted in a main focus on the teaching of technical skills and hardly
on nontechnical skills [22, 23]. It was assumed that the use of a live animal made training
activities too unstable to properly teach nontechnical skills next to technical skills. The ani-
mal’s condition can really deteriorate without being able to pause the situation. Like in the
real-life operating room, the main focus may remain on keeping alive the animal patient
and on the technical skills necessary to do so. The teaching of nontechnical skills may easily
shift to the background. Furthermore, the occurrence of stress caused by real bleedings, for
example, is known to cause cognitive overload. This may have further limited the teachers in
teaching nontechnical skills [22].

4.4. Simulated human patient operation

A simulated operating room equipped with an operating table, equipment, instruments, and
synthetic or virtual reality models offers more opportunities for integrating nontechnical next
to technical skills teaching than other environments [20]. The use of synthetic or virtual mod-
els creates the possibility to teach and train surgical procedures and the necessary technical
skills in an authentic setting. By adding a realistic operating team, the teaching and training
of nontechnical skills are possible. Such simulation setting not only offers extensive debriefing
possibilities after simulation, for example with the help of video-recordings but also offers the
possibility to freeze the condition of the patient in time. Pause and reflect procedures focused
on nontechnical skills can then follow immediately, even in acute situations [22]. While still
in the simulation, trainees receive feedback and have the opportunity to immediately apply
and train the improved nontechnical skills during the remainder of the simulation. However,
no research has yet been conducted to the effectiveness of such pause and reflect procedures.

5. Effective frameworks for integrated technical and nontechnical
skills teaching

Many frameworks are available for teaching surgical skills and skills in general. We discuss
four approaches that in our opinion are superior at the moment in contributing to the effective
integration of technical and nontechnical skills teaching in surgery.

5.1. The Peyton four step approach

The Peyton four step approach is a widely accepted method to teach and train technical medi-
cal and surgical skills [11] (Table 1). During the first step, the teacher shows the trainee how to
perform the skill without any instruction. This is to enable the trainee to entirely focus on the
performed motor skills without potentially distracting verbal information. During the second
step, the teacher shows and explains the skill according to manageable, logically sequenced
part-tasks (steps within the skill). Explanations should be limited to only the key information
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Teacher Trainee
1 Performs Observes
2 Shows and explains Observes
3 Performs Instructs
4 Observes Explains and performs

Table 1. Peyton four step approach for technical skills.

to prevent cognitive and information overload. In the third step, the teacher performs the part-
tasks according to the instructions provided by the trainee. This enables the teacher insight
into the trainee’s understandings and misunderstandings and helps the teacher to adjust the
teaching. During the fourth step, the trainee first verbalizes what to do in each part-task (the
teacher checks whether the part-tasks are understood) and then executes the skill (the teacher
checks whether the skill is performed correctly). Misunderstandings or mistakes have to be
immediately corrected to teach the skill correctly and prevent the wrong automation of the
skill. Although widely used, the evidence for the effectiveness of the Peyton four step and
similar approaches is limited [11].

5.2. The Zwisch model

The Zwisch model guides teachers in tailoring their teaching and granting autonomy in accor-
dance to each individual trainee’s level for each surgical procedure [24]. The model’s first
stage, ‘show and tell,” applies to inexperienced trainees. The teacher performs the procedure,
shows, and explains how it is done, while the trainee observes and assists. This step looks
similar to the second step of the Peyton approach; however, the Zwisch model does also allow
teaching beyond the key information (e.g., background information, other options, and infor-
mation on team skills) if the trainee’s level of experience allows this. When the trainee is famil-
iar with the entire procedure and is able to actively assist (e.g., anticipating on the progress of
the procedure), the trainee moves on to the second stage, ‘smart help.” In this stage, the teacher
switches between self-performing and assisting the trainee in performing the procedure. The
trainee performs most of the procedure based on the teacher’s continuous instructions and
feedback. This stage continues until the teacher deems the trainee able to perform the entire
procedure with this ‘smart help.” During the third stage, ‘dumb help,” the trainee performs
the procedure entirely while the teacher assists and only provides feedback and instructions
for fine-tuning the trainee’s skills. The final step is called “no help” during which the teacher
monitors the trainee performing the procedure and only provides minimal advice. The
Zwisch model is supported by psychomotor learning theories [24]; however, research on the
effectiveness is mostly lacking.

5.3. The BID model

The three-phase briefing-intraoperative teaching-debriefing (BID) framework [25] has been
shown to be effective in structuring the teaching before, during, and after hands-on surgical
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training in the operating room [13, 14]. The briefing phase is characterized by discussing and
setting learning goals for trainees to work on during the intraoperative phase [25, 26]. Trainees
come up with learning goals or teachers do suggestions, for example, based on their prior
experiences with the trainee. Generally, trainees are inclined to focus on technical skills [14]
so teachers may have to stimulate trainees to formulate nontechnical learning goals. Research
suggests that if clear learning goals on nontechnical skills are lacking the teachers” attention for
nontechnical skills will be minimal [22]. The teacher and trainee should agree to focus on one
or two learning goals [25], which help the teacher, but also the trainee, to focus on what has
to be taught and trained during the intraoperative phase. The briefing generally takes only a
few minutes.

The teaching during the intraoperative phase should be aimed at achieving the learning goals
and form the guidelines for the teacher to structure the training [25]. How to effectively teach
during the intraoperative or the hands-on training phase is discussed in the sections concern-
ing the learning of technical and nontechnical skills.

The final phase is the debriefing during which the teacher and trainee reflect on the achieve-
ment of the learning goals [25]. Research showed that teachers during the debriefing are
inclined to emphasize what went wrong with a focus on technical skills and without sufficient
elaboration on how to improve [14]. A teacher-trainee dialog should be established containing
honest and specific strong points, weaknesses, suggestions, and solutions for future prac-
tice based on the formulated learning goals. Also the underlying schemes why trainees acted
the way they acted during the intraoperative phase should be discussed [25]. This provides
both the trainee and the teacher insight into the trainee’s thoughts, beliefs, and reasoning
processes. This offers reflection and deeper learning for trainees and provides teachers with
the opportunity to specifically develop or improve trainees’ schemes regarding technical,
and in particular nontechnical skills. Along this process, teachers should preferably ask open
questions. Debriefing sessions should always result in individual learning goals for trainees’
future performance [15]. The use of video-recordings of the trainee’s performance has been
shown to be effective in debriefing [2]. It helps and teaches trainees to reflect. Mistakes can be
discussed and remediated.

5.4. The 4 C/ID model

The 4 component instructional design (4 C/ID) model is specifically designed for the teach-
ing of complex skills [27, 28] (Figure 2). The model distinguishes four components for
designing a successful training program: learning tasks, supportive information, procedural
information, and additional part-task training. The learning tasks are at the core of the 4 C/
ID model and encompass the training of whole-task procedures in an authentic and real-
istic training setting from the very start. Whole-task procedures require trainees to combine
knowledge, skills, and attitudes and enable them to train these aspects in a realistic relation
to each other. This is an important contrast to classical learning theories, which generally
prescribe the division of complex tasks into subtasks for training. The 4 C/ID model con-
siders such an approach only effective for the learning of simple skills or skills that can be
automated through training. Obviously, confronting a trainee with a new, complex task at
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Figure 2. The 4 components of the 4 C/ID-model.

the very start of training will induce cognitive overload and hinder learning. To prevent
this, the whole-task training should start with the simplest or most simplified version of
this task. This requires much less information processing, reasoning, and problem-solving.
As trainees improve, they develop schemes and automate skills that then require less cogni-
tive resources and enable them to focus on other aspects of the skill. As trainees’ capabili-
ties improve, the complexity of training should gradually increase accordingly. Whole-task
training will improve the effective transfer of the trained skills to real practice, which also
requires the whole task to be performed [27, 28]. Regarding the training of technical and
nontechnical skills, the 4 C/ID model would require trainees to train these skills concur-
rently from the very start. Training should gradually progress from the simplest to the most
complex version of a surgical procedure.

Supportive information should be available for trainees during training [27, 28]. Supportive
information encompasses knowledge that trainees need for reasoning and problem-solving
during nonrecurrent, situation-specific aspects of the learning task, for example, informa-
tion on consequences based on patient-specific characteristics (technical skills) or operating
team composition (nontechnical skills). Procedural information encompasses knowledge
of recurrent procedural aspects of the learning task [27, 28]. Preferably, this information is
provided to trainees during training when the situation requires it, for example, conduct-
ing a physical test on the patient (technical skills) or working with a checklist (nontechnical
skills) during the operation. Supportive information and procedural information encom-
pass the teaching activities applied by the teacher. The final component of the 4 C/ID model
is additional part-task training [27, 28]. Although whole-task training is key and remains
the focus during the entire training program, some skills require a high level of automa-
tion and additional training. Such skills can be trained and automated in separate training
sessions.

The development of and research to integrated technical and nontechnical skills training in
surgical specialties are very scarce [5]. Currently, modules are focused on developing tech-
nical skills or nontechnical skills, but barely on integrating and developing both skill sets
concurrently. Although the 4 C/ID model is built upon solid learning principles and theories,
to our knowledge, its effectiveness has not yet been investigated in relation to surgical teach-
ing. Nevertheless, we believe this model helps to integrate technical and nontechnical skills
teaching successfully.
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6. Integrating technical and nontechnical skills training during
hands-on surgical teaching in a curriculum

In this section, we put the aforementioned theory together and share our view on how to
effectively integrate technical and nontechnical skills training and teaching in surgical cur-
ricula, using both simulated settings and the real-life operating room. We advocate a surgical
curriculum to be organized in different training modules. Each training module is composed
out of different training sessions. In these training sessions, the actual teaching and training
takes place. We provide recommendations on three main aspects: learning goals and assess-
ment; training modules and training sessions; and teaching and training within training
sessions.

6.1. Learning goals and assessment

To ensure the formal and structural training of nontechnical skills next to technical skills, long-
term learning goals on nontechnical skills have to be formulated next to long-term learning
goals on technical skills. Long-term learning goals are formulated by program directors in
cooperation with surgical teachers. All have to be achieved by trainees during the curriculum.
The long-term learning goals on nontechnical skills can be based on research (for example, the
studies conducted by Hull et al. [8] and/or Yule et al. [9]) combined with specific needs of the
workplace.

Based on the long-term learning goals, the program directors and surgical teachers formulate
short-term learning goals (Figure 3). Short-term learning goals have to be achieved by train-
ees during the training modules within the curriculum. Short-term learning goals address
both general and procedure-specific technical and nontechnical skills. General learning goals
apply to all surgical procedures. Procedure-specific learning goals specifically apply to dis-
tinctive surgical procedures.

The formulated short-term learning goals are the guidelines for the surgical teachers and
trainees to formulate personal learning goals for each individual trainee. These personal
learning goals enable teachers to tailor the teaching to each individual trainee’s needs, experi-
ence, and interests. Personal learning goals are specific and achievable. They can be achieved
in one or in multiple training sessions.

Each trainee’s individual performance and progress is assessed and monitored with
assessment instruments on technical skills (like the Objective Structured Assessment
of Technical Skills (OSATS)) and nontechnical skills (like the Observational Teamwork
Assessment for Surgery (OTAS) [8] or Nontechnical Skills for Surgeons (NOTSS) [9]). The
trainees’ progress on nontechnical skills is structurally analyzed after each training ses-
sion and documented with the purpose to provide trainees with feedback and personal
learning goals and to improve future performance in upcoming training sessions. Each
training module finishes with a summative pass or fail test for trainees on technical and
nontechnical skills concurrently, according to the short-term learning goals.
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Figure 3. Modular structure of a curriculum for integrated skills” teaching and learning.

Surgical teachers have to be trained and coached in observing, assessing, and teaching non-
technical skills by nontechnical skills teaching experts. Teachers should regularly reflect on
their nontechnical and technical skills teaching abilities based on peer observations and feed-
back. Assessing the teachers’ abilities is not a goal in itself but rather a method to strive for
perfection, learn from each other, and stay up-to-date regarding effective surgical teaching
research and frameworks.

Preferably, nontechnical skills are integrated over the entire line of surgical education, start-
ing in undergraduate medical education all the way through to continuing postgraduate
surgical education. It may well be that technical skills require more training and teaching
effort to develop than nontechnical skills. The perfect ratio is not known. However, effective
nontechnical skills can only be achieved through a formal, structured, and sufficient installa-
tion of training possibilities.

6.2. Training modules and sessions

We advocate that surgical training curricula are composed out of training modules focused on
specific surgical procedures (e.g., a laparoscopic cholecystectomy module, an open inguinal
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hernia repair module, etc.). What training modules are exactly incorporated in a curriculum is
decided by the program directors depending on the relevance of the modules and the intentions
of the curriculum. Technical and nontechnical skills are integrated from the start of a module
so trainees learn that both skills are connected and have to be applied and trained concurrently.

6.2.1. Integrated training sessions

A training module consists out of several distributed training sessions. Two types of training ses-
sions are distinguished: integrated training sessions and focused training sessions. Integrated
training sessions focus on the teaching and training of both technical and nontechnical
skills concurrently within the same training session, in a simulated setting, or in the real-life
operating room. If trainees have no prior experience, a training module may typically start
with an integrated training session in which trainees purposefully observe and analyze
their teachers’ technical and nontechnical skills (e.g., based on observational assignments
and observational instruments) while their teachers are performing simple versions of the
procedure in the real-life operating room. The following integrated training sessions are
gradually organized, in accordance to each trainee’s individual level, progress, and needs,
from:

* Simple or simplified versions to complex versions of the procedure

Gradually moving from simple to complex ensures that trainees do not experience cogni-
tive overload and can start performing procedures or components of procedures them-
selves in an early stage.

* Highly controlled simulated to barely controlled real-life training environments

Gradually working from a highly controlled to a barely controlled environment ensures
there is sufficient room for teaching technical and nontechnical skills, especially in the
early stages of training. A highly controlled environment is characterized by simulation,
which enables pause and reflect procedures and learning from mistakes. A typical barely
controlled environment is the real-life operating room. As trainees start to perform skills
themselves, they start in a simple simulation setting (e.g., bench top models). Depending
on the trainee’s progress, simulated environments become gradually less controllable, in-
creasingly realistic and more and more replaced by training in the real-life operating until
the point of independent practice is reached.

e Teaching of high intensity to teaching of low intensity

The teaching intensity gradually fades from strict guidance and intensive teaching in train-
ees who are inexperienced to distant observation by the teacher with reflective feedback
only when trainees are experienced. The Zwisch model can help teachers to determine the
necessary teaching intensity.

o Low trainee contribution to high trainee contribution

Trainee contribution gradually increases on the way to independent practice. Trainees
first train and apply only the simple components of the procedure, scattered throughout
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the integrated training sessions. The more complex components are still performed by the
teacher. Since full procedure training is important, trainees then purposefully observe and
analyze the technical and nontechnical skills still performed by their teacher or assist their
teacher during the complex components. As trainees progress, next to the already trained
components, increasingly more complex technical and nontechnical components of the pro-
cedure are added until trainees can perform the entire and complex versions of the proce-
dure independently. The Zwisch model can be helpful for teachers to gradually grant train-
ees more autonomy.

6.2.2. Focused training sessions

Although the integration of nontechnical next to technical skills training is key, there is also
room for focused training. When surgical procedures require skills that need to be automated
(e.g., suturing) or require deeper understanding (e.g., models for closed loop communica-
tion), supplementary focused training sessions are installed with the specific goal to solely
focus on, train, and acquire specific skills. If skills like suturing or closed loop communication
are concurrently trained next to other technical and nontechnical skills, it may cause cognitive
overload. Then, teaching and training best occurs separately until the skills are partly or fully
automated. As soon as these skills are acquired, trainees apply them in the integrated train-
ing sessions. By then, trainees are experienced on that part of the procedure and have more
cognitive resources available to focus on other important technical and nontechnical skills.
Focused training sessions typically occur in a simulated setting, with or without a teacher
being present, depending on the possibility for perceptual feedback. With some skills, after
the teacher explained the skill by the Peyton four step approach, for example, the trainee can
independently practice to automation with at-home training kits, simulators, etc. Figure 4
provides examples of training in simulated settings, both for focused training (A and B) and
integrated training (C).

6.2.3. Individualized modules

When applying the aforementioned training and teaching principles, it is important to real-
ize that there is no one size fits all approach. In close and continuous consultation, surgical
teachers and trainees individualize each training module and the training sessions within
each training module, according to each individual trainee’s experience, progress, needs,
or interests. Skills and abilities that are already obtained move to the background to enable
focus on other skills and abilities. The length of each training module is flexible and differ-
ent per individual trainee depending on the trainee’s speed of progress. Different training
modules do not necessarily succeed each other but rather run parallel or partly parallel if
similarities in difficulty, techniques, and trainee requirements allow. The basic principle is
and remains the training of entire surgical procedures in which both technical and nontech-
nical skills have to be applied, starting simple and gradually move on to a highly complex
endpoint. Along this process, ideally, trainees are guided by two or maximum three teach-
ers within a module; that way, teachers get to know their trainees’ strengths and weak-
nesses, which helps the teacher to tailor the teaching, but also offers trainees feedback from
different perspectives.
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Figure 4. Three simulated training settings, ranked from least realistic and most controlled (A) to most realistic (B)
and least controlled (C). (A) A focused training session regarding technical laparoscopic skills using a virtual reality
simulator. Basic laparoscopic skills are automated before trainees apply them in the operating room. (B) A focused
training session regarding nontechnical communication and team skills using a human patient simulator with video
recordings for debriefing (view from control room). Additional training may occur next to training in the real-life
operating room. (C) An integrated training session using an animal model. Such training is scheduled best if trainees
have gained sufficient experience regarding the necessary technical and nontechnical skills.

6.3. Within training sessions

Good teaching during training sessions is important to develop trainees. Teaching best
occurs supportive and in a safe environment. This requires teachers to take time and be calm,
approachable, and respectful. Good teaching contains instructions, explanations, demonstra-
tions, and honest feedback with suggestions for improvement tailored to each individual
trainee’s needs and level. Effective feedback is constructive, nonoffensive, and neutrally for-
mulated. The trainee’s strong points and weaknesses are addressed based on and illustrated
with first-hand observations. The goal of feedback is to improve or maintain the trainee’s level
of performance in the future.
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The BID model can be helpful to structure the teaching within training sessions. During the
briefing, the teacher and trainees briefly discuss and agree on personal learning goals for the
upcoming training session, the guidance expectations, and the training activities. Guidance
can range from strict and continuously to distant and minimal. Training activities can vary
from observing to performing the entire procedure. In integrated training sessions, the teacher
and trainee work on one technical and one personal nontechnical learning goal. In focused
training sessions, the teacher and trainee work on either one or two technical or one or two
nontechnical personal learning goals.

During the hands-on training phase, the actual teaching and training take place. How the
teacher teaches depends on the nature of the training session (integrated or focused) and
the trainees’” experience. Observational learning, a high level of teaching intensity, and a
low level of trainee contribution are typical for inexperienced trainees. Distant monitoring,
alow level of teaching intensity, and a high level of trainee contribution are typical for expe-
rienced trainees. The Zwisch model can help teachers to grant autonomy and determine the
teaching intensity.

During technically focused training sessions, trainees are preferably only taught how to per-
form skills technically (by the Peyton four step approach, for example). Teaching is predomi-
nantly directive and instructive and trainees’ mistakes are corrected immediately. During
nontechnically focused training sessions, teaching may occur more reflective, in debriefings
or pause and reflect procedures. If, for example, a communication model is new to trainees,
they may first receive short instructions, then observe good and wrong examples, and then
immediately apply the skill in a simulated setting. The trainees learn by the feedback pro-
vided and reflective questions asked by the teacher. Central questions may be: Why did it go
the way it went (addressing both positive and corrective aspects)? Why did you act the way
you acted? What are the (possible) consequences? What are the solutions for future practice?
Video-recordings of the trainees” performance may be helpful.

In integrated training sessions, teaching focuses on both technical and nontechnical skills
concurrently. However, if some technical or nontechnical skills are not yet sufficiently
understood or trained, also within integrated training sessions, there can be episodes
of pure technical and nontechnical skills teaching. More focused training sessions may
be required and can be installed according to the teacher’s insight or on the trainee’s
request.

Each training session closes with a debriefing. A debriefing can typically start with the teacher
asking the trainee what he or she thinks went well and needs to be improved, with a spe-
cial focus on the trainee’s personal technical and nontechnical learning goals. The teacher
has observed and analyzed the trainee’s performance, preferably by using OTAS or NOTSS
(nontechnical skills) and OSATS (technical skills). Observations may focus on a few points,
adjusted to the trainees’ personal learning goals. The teacher provides feedback in a dialog
with the trainee and tries to get thoughts, beliefs, and reasoning processes clear. The teacher
supports the trainee in his or her development by adding knowledge and expertise to the
discussion. The briefing finishes with the trainee formulating future personal learning goals
or intentions for the next training.
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Abstract

This chapter aims to examine the indirect effect of clinical learning environment in
the relationship between supervisory styles (participative and abusive supervisions)
and talent development in the healthcare setting. A questionnaire-based survey was
implemented to collect the data. The data was collected from 355 junior doctors in six
Malaysian public hospitals. The partial least squares based structural equation modeling
(PLS-SEM) was used to test the hypotheses. The main findings are: (1) clinical learning
environment has a strong positive indirect effect on the participative supervision-talent
development link. This reveals that a conducive clinical learning environment that allows
empowerment leads to talent development and (2) clinical learning environment has a
strong negative indirect effect on the abusive supervision-talent development link. This
implies that junior doctors who feel abused have reduced capacity to work and partici-
pate in the learning environment which consequently affects their talent development.
The result of this study is consistent with theoretical propositions that clinical learning
environment indirectly affects the relationship between participative supervision-talent
development and abusive supervision-talent development. This study contributes to the
clinical learning environment literature by providing empirical support towards identi-
fying clinical learning environment as the underlying mechanism that accounts for the
participative supervision-talent development and abusive supervision-talent develop-
ment relationships.

Keywords: participative supervision, abusive supervision, clinical learning
environment, talent development, public hospitals
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1. Introduction

Human capital is an organization’s greatest asset. Attracting and retaining the right talents
are critical to the success of an organization. An organizations’ main priority is in human
resource development (HRD) to ensure high productivity and performance [1]. Thus, there
is a need to tap into the pool of capable young individuals who can be developed further
for performance enhancements in the workforce. Attracting talents and developing them for
higher positions are highly challenging for organizational management [2]. Majority of the
literature, in the context of management positions, indicates that talent is “conceptualized
as a code for the most effective leaders and managers at all levels, who can help a company
fulfil its aspirations and drive its performance” [3]. Talent can also be viewed as referring to a
limited pool of workplace individuals who possess unique competencies [4]. An employee’s
manifestation of skill can be used as a platform for judging whether one has a talent or just an
ordinary competence in a given activity [5].

According to Rubino, healthcare is being viewed by numerous individuals as a very special
type of work setting toward helping people [6]. In the case of Malaysia, healthcare organiza-
tions have a complete span of health services and they are divided into private and public
organizations. Healthcare in Malaysia is primarily under the responsibility of Ministry of
Health, which ensures quality healthcare through extensive range of countrywide networks
of clinics and hospitals [7]. In Malaysia, upon completion of undergraduate studies, gradu-
ate medical officers need to undergo housemanship (supervised training) at identified gov-
ernment hospitals for 2 years [8]. In several countries, undergraduate medical education
completes with housemanship. However, in Malaysia, housemanship is imposed only upon
graduation in accordance with Medical Act 1971.

The term houseman refers to an advanced student or graduate in medicine obtaining super-
vised medical practice. In Malaysia, it is essential for doctors to undergo housemanship for
2 years after graduating with a medical degree. During the housemanship, junior doctors
undergo mandatory training for 4 months in each department: emergency, medical, ortho-
pedic, pediatrics, general surgery, anesthesia and intensive care, as well as obstetrics and
gynecology [9]. The purpose of housemanship is to transform these junior doctors into medi-
cal practitioners, who are fully conversant with the treatment, types of medicines to be admin-
istered, daily necessities, workload and the complexities of the doctors’ tasks. It is regarded
as an essential stage in the journey of medical practitioners [10]. There is a raising concern
pertaining to the disparity in the quality of junior doctors joining the medical workforce [11].
For instance, the curriculum, training and clinical exposure in various medical universities are
different; the junior doctors” values and respect for a multi-ethnic, multi-cultural and multi-
religious population [11] can vary with individuals. These circumstances may affect patient
safety and the future of medical practice [11]. Thus, there is a need to address the issue of tal-
ent development in healthcare organizations.

Professional and medical competencies are important for junior doctors as they aid in produc-
ing competent professionals who have acquired the requisite skills, knowledge and expertise
that are essential for medical practice [12]. As reported by prior researcher [13], effective talent
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development approach requires the existence of strong supervision and as well as talented
supervisees. Specifically, it was identified that supervisory styles (participative and abusive
supervisions) influence junior doctors’ talent development [14]. Competence in medicine can
be regarded as a latent talent that can be aroused and developed in a clinical learning environ-
ment that allows the nurturing of such innate talents [12]. Furthermore, a good clinical super-
vision is important toward developing an effective learning environment [15]. This implies
that the junior doctors’ development of professional and medical competencies (talent devel-
opment) is highly dependent on the existence of strong supervision and effective repetitive
experiences through exposure to a high volume of cases in clinical learning environment [15].

For a junior doctor who is undergoing housemanship, his/her accomplishment of talent
development is dependent on effective supervision and through the provision of a conducive
clinical learning environment [16]. A conducive clinical learning environment is termed as the
atmosphere that offers social, organizational and instructional support to junior doctors in
gaining knowledge from actual patients, curriculum, situation, and during individual interac-
tions [17]. With regards to effective supervision, it has been argued that junior doctors prefer
supervisors who allow participation in decision-making that promotes reciprocal and helpful
work processes [18]. For instance, participative supervision stimulates a conducive clinical
learning environment which leads toward developing the skills needed to be active lifelong
learners throughout junior doctors” medical careers [15]. Supervisees being belittled or expe-
riencing unfair supervisory conduct such as hostility, public criticism, and loud and angry
tantrums performed by their superiors (abusive supervision) exhibit negative reactions [19].
A review of literature reveals the gap that exists in analyzing the roles of supervisory styles
and clinical learning environment on the talent development of young medical professionals.
This study contributes by investigating the indirect effect of clinical learning environment in
the relationship between supervisory styles (participative and abusive supervisions) and tal-
ent development in the healthcare setting.

2. Theoretical and hypotheses development

A majority of the researchers pertaining to medical arena have examined the learning envi-
ronment (or the immediate context of learning) based on the perspectives of experiential
learning theory [15]. The experiential learning includes experiencing, observing, conceptual-
izing and retrying activities [20]. Experiential learning is very important for the learning pro-
cess that is associated to medical arena. Prior scholar [20] posits that thoughts are not fixed,
but are formed and modified throughout the acquired and prior experiences of junior doctors.
These notions support the existing notions in medical field and the shift from apprentice to
specialist positions [20]. Furthermore, studies pertaining to the management of expertise sup-
port the premise that supervisors play an important role in learning, particularly in provid-
ing exposure to expertise [15]. The model in this study incorporates the constructs derived
from experiential learning theory which describes the supervisory styles (i.e., participative
and abusive supervisions) and explains learning at work (clinical learning environment) and
the development of expertise (talent development).
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2.1. Indirect effect of clinical learning environment

With regards to adequate supervision for junior doctors, the contemporary learning theory
stresses the “participation metaphor” (collective learning) which is termed as participative
supervision [11]. Participation metaphor regards learning as a progression through partici-
pation in a collective way compared to an internal way of learning among individuals [21].
Through this approach, the individual learner becomes a member of the subject community
in a gradual manner through participation in several activities in their learning arena [21].

Pertaining to healthcare environment, junior doctors recognize and value supervision
approaches that support participation and engagement which are interrelated to knowledge
sharing and identity formation [15]. This suggests that junior doctors can be more productive
if supervisors consult junior doctors and request for opinions and recommendations to assist
decision-making [6]. The perceptions within junior doctors that they are being respected and
valued by their supervisors can affect junior doctors’ talent development [18]. Nevertheless,
as mentioned earlier, talent development among junior doctors is supported by adequate
supervision and the provision of a conducive clinical learning environment [16].

A conducive clinical learning environment is an essential requirement for competent supervis-
ees to respond to the challenges of everyday clinical practice. This is in contrast to traditional
classroom approach that generates continuous development based on abstract conceptual
understanding [22]. As such, it is not possible to predict or reproduce the uniqueness of real
cases or the context of the clinical environment in academic environments. The junior doctors
learn regularly by managing and solving the real problems of patients [23].

Talent is an individual’s possession that can be enhanced through an enabling environ-
ment [5]. This reveals that supervisees feel empowered and are able to learn in an envi-
ronmental and organizational system that affects their learning ability and competency
management. This can be viewed according to communities of practice (COP) theory that
stresses on learning compared to teaching and supported participation in practice as the
central condition for junior doctors’ learning [24]. The above arguments suggest that par-
ticipative supervision enhances junior doctors’ talent development through a conducive
clinical learning environment. Thus, it could be hypothesized that:

H1: Participative style of supervision will have a positive and significant indirect effect on junior
doctors’ talent development through their clinical learning environment.

Prior scholars have stated that the impact of supervisor aggression is significant in under-
standing how workplace can reduce destructive behavior and generate an effective and
productive environment for employees [25]. Supervisor aggression can be regarded as
similar to abusive supervision [26]. Abusive supervision includes behaviors such as, belit-
tling supervisees, emphasizing their shortcomings through negative evaluations, lying to
supervisees, threatening, and behaving rudely to supervisees [19].

Abusive supervision has an emotional impact on supervisees at both mental and physical lev-
els [27]. As depicted by social learning theory, supervisees impersonate the destructive behav-
ior of their supervisor in the form of workplace [28], which depicts the relationship between
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destructive supervisory style (e.g., abusive supervision) and negative consequences on the
supervisees. For instance, abusive supervision has been found to be associated with poor
work performance and it is not likely to nurture future talent [14]. In addition, social integra-
tionists have the view that abusive supervision may lead to supervisees being exhausted and
becoming incompetent. This is because the supervisees rate their environmental quality (for
instance, challenge, work control and workload) as poor compared to those who did not wit-
ness abuses in their workplace [29]. When abusive supervision takes place, the clinical learn-
ing environment becomes negative for supervisees and leads to reporting of serious medical
errors by supervisees [27]. Thus, it could be hypothesized that:

H2: Abusive style of supervision will have a negative and significant indirect effect on junior doctors’
talent development through their clinical learning environment.

3. Materials and methods

3.1. Data source

The study was conducted in Malaysia, one of the fastest-developing countries in South-East
Asia. Junior doctors from six Malaysian public hospitals participated in this study. The hos-
pitals are located in Klang Valley, a heavily industrialized urban area in Malaysia. Permission
to carry out research in these six public hospitals was obtained from the Ethics and Research
Committee of Ministry of Health Malaysia. The permission helped in gaining access to the
junior doctors in these hospitals.

For this study, the sample size was computed by using the Sample Size Calculator [30]. The
calculator suggested a minimum sample size of 302. A minimum required sample of 302 junior
doctors from a total population of 1388 junior doctors was specifically selected from hospi-
tals in and around the capital city of Kuala Lumpur. The sampling procedure performed was
systematic sampling. Every 5th person starting from a random number of 1 to 5 was sampled
(1388/302 = 4.60). In this case, since the random number is 5, the junior doctors numbered in the
sequence of 5, 10, 15, 20, and so on, were sampled till reaching the required number of samples.

The questionnaires were distributed to junior doctors with the assistance of the Human Resource
(HR) Training Unit at each hospital and the person in charge of the junior doctors in respective
hospitals. The junior doctors were requested to send back the completed questionnaire directly
to the HR Training Unit within 2 weeks from the date of distribution. Then, the completed
questionnaires were personally collected from the hospitals. From the total of 450 distributed
questionnaires, 355 (response rate = 79%) were completed and had tangible responses.

3.2. Measures

Measures and scales used in this study were adopted from prior literatures, which were
applied and empirically tested before. The scales that were applied for each of the constructs
are elaborated briefly in the following paragraphs.
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3.2.1. Participative supervision

Participative supervision was measured using a 6-item scale [31]. Sample items for partici-
pative supervision include: “Encourages us to express ideas/suggestions” and “Uses our
suggestions to make decisions that affect us,” The perception of junior doctors toward the
immediate supervisor’s behavior in relation to participative supervision was measured using
a 5-point Likert scale ranging from 1 (Do not facilitate) to 5 (Highly facilitate).

3.2.2. Abusive supervision

Abusive supervision scale [32] measured the non-physical aspect of abusive supervision
through 15 items. Sample items for abusive supervision include: “Reminds us of our past
mistakes and failures” and “Expresses anger at us when he/she is mad for another reason.”
In order to measure the perceptions of the junior doctors toward their immediate supervisor
on abusive supervision, a 5-point rating scale that ranges from 1 (Do not facilitate) to 5 (Highly
facilitate) was used.

3.2.3. Clinical learning environment

Clinical learning environment was measured using 10 items that were adapted from Emilia
et al.'s study pertaining to the survey on junior doctors, which is based on the original ver-
sion by Rotem et al. [33, 34]. This measure was applied on the aspects of environment that
could facilitate talent development among junior doctors. The measurement scale for clinical
learning environment was segregated into three dimensions: (1) conditions for learning (6
items), (2) general learning activities and resources (2 items) and (3) opportunities to perform
rotation-specific clinical skills and assessment (2 items). Sample items for conditions for learn-
ing subscale include: “Extent to which we are given an appropriate level of responsibility and
to carry out learning activities independently.” Sample items for general learning activities and
resources subscale include: “Extent to which learning resources and facilities were provided.”
Sample items for opportunities to perform rotation-specific clinical skills and assessment subscale
include: “Extent to which we had the opportunity to practice a variety of clinical skills.” The
agreement of the junior doctors with the aspects of clinical learning environment was mea-
sured on a 5-point Likert scale ranging from 1 (Do not facilitate) to 5 (Highly facilitate).

3.2.4. Talent development

The measurement scale for talent development comprises of 13 items [35], which includes a
number of competency related items representing different types of constructs of clinical and
professional performances. Each item was in relation to both professional and medical com-
petencies and computed several different aspects of an overarching competency needed by
junior doctors for independent practice [30]. The main construct of professional and medical
competencies was segregated into four dimensions, which include: (1) clinical competence
(5 items), (2) communication competence (2 items), (3) personal competence and profes-
sional competence (6 items). Sample items for clinical competence subscale include: “Adequate
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knowledge of basic and clinical sciences and application of this knowledge.” Sample items
for communication competence subscale include: “Ability to communicate effectively and sensi-
tively with patients and their families.” Sample items for personal and professional competence
subscale include: “Shows respect for patient autonomy and quality information sharing.”
Each of the items related to competencies were rated on a 5-point rating scale, ranging from 1
(Not competent at all) to 5 (Highly competent).

3.3. Pilot study

As part of the procedure to validate the questionnaire and to ensure the clarity of the items in
the questionnaire, a pilot study was carried out to pre-test the questionnaire. For the purpose
of this research, the questionnaire was administered randomly to a group of 30 junior doctors.
These doctors were undertaking housemanship at various public hospitals in Malaysia.

3.4. Ethical considerations of the study

Toward ensuring compliance with the ethical principles, three areas were explained in the let-
ter addressed to the hospital authorities: (1) the purpose of the study, (2) its potential benefits
and (3) what is required from the junior doctors. The explanations were conveyed by provid-
ing a letter of explanation and consent form attached together with the questionnaire. The
junior doctors agreed to participate by signing the attached consent form before completing
the questionnaire. In order to ensure confidentiality and anonymity throughout the execu-
tion of the study, the junior doctors were not required to disclose personal information in the
questionnaire.

3.5. Data analysis technique

In order to analyze the preliminary data, SPSS 22.0 was utilized. The data were then ana-
lyzed and interpreted using the SmartPLS 3 software [36], using partial least squares struc-
tural equation modeling (PLS-SEM). PLS-SEM was utilized as it is an ideal approach when
the research objective is theory development and prediction oriented [37]. Furthermore,
PLS is known as the family of alternating least squares algorithms that extends principal
component and canonical correlation analysis [38]. Likewise SEM, in comparison with con-
firmatory factor analysis (CFA), extends the possibility of associations among the latent con-
structs and contains two elements: (1) a measurement model (essentially the CFA); and (2)
a structural model [39]. A bootstrapping procedure (500 resamples) was utilized to test the
significance of the hypothesized indirect effects which includes a 2-step procedure: (1) first, the
significance of direct effect is ensured (if the significance of direct effect cannot be deter-
mined, there is no mediating effect) by utilizing bootstrapping without the presence of the
mediator in the model; and (2) second, path coefficient (), path significance (t-value) and
significance of indirect effect (p-value) are examined when the mediator is integrated in the
model [35]. If the significance of indirect effect cannot be determined, there is no mediat-
ing effect. Encompassing a significant indirect effect is the root to ascertain the mediator’s
magnitude [40].
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3.6. Common method variance

Common method variance is required to be tested when data collection is carried out through
self-reported questionnaires when the predictor and criterion constructs are answered by the
same person [41]. As posited by prior researchers, “Invariably, when self-reported measures
obtained from the same sample are utilized in research, concerns over same-source bias or
general method variance arise” [42]. One of the procedures utilized to identify this issue is the
Harman's single factor test, which is carried out by inserting all the principal constructs into
a principal component factor analysis [43]. Proof of the appearance of method bias is when
a general factor accounts for most of the covariance among the measures [41]. The findings
returned an 11-factor solution with 72.7% total variance explained. The first factor accounted
for only 33.93% (lower than 50%) which indicates that common method bias is not a major
problem in this study.

4. Results

4.1. Assessment of measurement model

The assessment of the measurement model has the following elements: internal consistency
reliability, indicator reliability, convergent validity and discriminant validity, as follows:

* Internal consistency reliability: Cronbach’s alpha and composite reliability (CR) of each
construct should be higher than 0.70 [44].

¢ Indicator reliability: Outer loadings should be higher than 0.70 [44].

* Convergent validity: The average variance extracted (AVE) should be higher than 0.50
[45, 46].

* Discriminant validity: The square root of AVE is greater than the correlations between the
latent constructs [47].

Based on the assessment, the measures used within this study falls within the acceptable
levels, consequently supporting the internal consistency reliability, indicator reliability, con-
vergent validity and discriminant validity of the constructs (see Table 1). In addition, all of the
correlations between latent constructs were below the cut-off value of 0.8, which confirms the
absence of multicollinearity problems [48].

4.2, Structural model results

Upon validating the measurement model, the next stage is to examine the structural model.
Multiple indicators were used to assess the quality of the structural model, [49] including the
collinearity, the R? for exogenous-endogenous relationships, effect sizes and predictive rel-
evance of the model [44]. To assess collinearity, variance inflation factor (VIF) values for each
set of predictor constructs were calculated. As shown in Table 2, the VIF of all constructs was
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Variable Mean SD Outer Cronbach’s CR AVE 1 2 3 4
loadings alpha

1 3.78 0.85 085t00.92 093 0.95 0.78 (0.88)

2 2.25 1.15 0.78 to 0.92 0.98 0.98 0.77 -0.17 (0.88)

3 3.85 0.73 0.79 to 0.88 0.96 0.96 0.71 0.56 -0.29 (0.85)

4 3.85 0.58 071t00.84  0.92 0.94 0.62 0.30 -0.20 0.43 (0.79)

Italic denotes square-roots of average variance extracted (AVE) (provided within parentheses).

Legend: 1—participative supervision, 2—abusive supervision, 3—clinical learning environment, 4 —talent development,
SD—standard deviation, CR—composite reliability, and AVE—average variance extracted.

Table 1. Measurement model results.

Predictor variables Dependent variables
3 4
VIF VIF
1 1.03 147
2 1.03 1.09
3 1.55

Legend: (1) participative supervision, (2) abusive supervision, (3) clinical learning environment, (4) talent development,
VIF —variance inflation factor.

Table 2. Collinearity assessment.

below 5.0, which indicates that the level of collinearity is low [44]. To evaluate the structural
models’ predictive power, R* was calculated. R*> denotes the total of variance explained by
the exogenous constructs [50]. All three constructs together explained 20.1% of the variance,
which demonstrates moderate predictive power [51].

The effect size f* assesses an exogenous construct’s contribution to an endogenous latent con-
struct’s R? value. The f* values of 0.02, 0.15, and 0.35 reveal an exogenous construct’s small,
medium, or large effect, respectively [44]. In this path model, the exogenous constructs par-
ticipative supervision, abusive supervision, clinical learning environment for explaining the
endogenous latent construct talent development has effect size of 0.106, which reflects the
small to medium effect of these factors on talent development. Finally, the predictive accu-
racy, Q% of the model was assessed using the blindfolding procedure. The resulting Q? value
of talent development is 0.12. The (O* value is larger than 0, which reveals that the model is
within the acceptable fit for predictive relevance [44].

4.3. Assessing the indirect effect of clinical learning environment

In order to test the indirect effect of clinical learning environment, the respective construct
(clinical learning environment) was removed from the model. The direct path coefficients
from (1) participative supervision to talent development (f = 0.28, t = 4.68, p = 0.000) and (2)
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abusive supervision to talent development (8 = —0.16, t = 3.01, p = 0.000) in the absence of
a clinical learning environment were significant. Bootstrapping procedure [52] was utilized
to test the indirect paths from participative supervision to talent development and abusive
supervision to talent development. The indirect effects of (1) participative supervision on tal-
ent development (§ = 0.19, f = 4.28, p = 0.000) and (2) abusive supervision on talent develop-
ment (8 =-0.07, t =3.16, p = 0.002) mediated by clinical learning environment were significant.
Thus, this indicates that hypotheses H1 and H2 were supported. The summary of findings is
illustrated in Figure 1.

After confirming the significance of indirect effects by bootstrapping, variance accounted for
(VAF) was computed [44]. The VAF determines the size of the indirect effect in relation to the
total effect (i.e., direct effect + indirect effect). VAF is calculated as a proportion of total effect
(VAF = indirect effect/total effect). The VAF values of 0.69 (68.81%; greater than 20% and less
than 80%) and 0.46 (45.81%; greater than 20% and less than 80%) indicate that clinical learn-
ing environment partially mediates the relationship between (1) participative supervision

Participative
Supervision

Abusive
Supervision

(la) f=0.28%***

Talent
Development

(1b) = -0.16%**

Participative
Supervision

HI:f=0.19%*+

Clinical
Learning
Environment

Talent
Development

H2: = -0.07**%

Abusive
Supervision

Figure 1. Direct and indirect model. Legend: (1a) and (1b) = Value without the intervening construct; **significant at
level p =0.001.
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and talent development and (2) abusive supervision and talent development. In other words,
the influence of participative and abusive supervision on talent development partially affects
clinical learning environment and then, in turn, affects talent development.

5. Discussion

The findings demonstrate a significant indirect effect of clinical learning environment on the
participative supervision-talent development and abusive supervision-talent development
links. In general, the result of this study is consistent with prior scholars who asserted that
clinical learning environment indirectly affects the relationship between participative super-
vision and talent development [15, 53, 54]. Participative supervision through a conducive
clinical learning environment plays an important role in enhancing junior doctors’ develop-
ment of professional and medical competencies [15]. This finding suggests that junior doc-
tors should be provided opportunities to establish their competencies by allowing them to
participate in on-the-job decisions in the clinical environment. A conducive clinical learning
environment that allows empowerment can lead to development of competencies such as
clinical, communication, professional and medical. The junior doctors should be allowed to
learn from errors committed by them and the errors made by others. The supervisors of junior
doctors should infuse confidence among their supervisees’ so that the junior doctors can carry
out their work and generate appropriate method to formulate decisions on the job when the
supervisor is not present in the department. As the junior doctors are closest to the details, the
decisions made by them can be better than decisions made by their supervisors.

This result is in line with previous studies to predict abusive supervision is a determinant of clini-
cal environment in influencing junior doctors’ talent development (development of professional
and medical competencies). According to Carl Rogers who pioneered theories on counseling,
believes in an environment in which individuals are able to express themselves in an open man-
ner [55]. Consequently, such an uncritical environment encourages confidence in the supervisee
as they feel free to explore new knowledge without fear of reproach [55]. Thus, a good learning
environment is one in which the junior will not be frightened to ask questions for fear of being
criticized and reprimanded [56]. In contrast, an under-resourced clinical environment with
inadequate infrastructure or personnel (1) impedes junior doctors’ accomplishment of clinical
tasks [57], (2) impacts patient safety [27], and (3) is associated with serious medical errors [58,
59]. It is clear that abusive supervision influences junior doctors’ turnover intention through an
unconducive clinical learning environment. Thus, junior doctors who feel abused have reduced
capacity to work and participate in the learning environment, which consequently affect the
junior doctors’ talent development (development of professional and medical competencies).

5.1. Theoretical implications

The empirical evidence on the indirect effect of clinical learning environment on the rela-
tionship between supervisory styles (participative and abusive supervisions) and junior
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doctors’ talent development is an essential theoretical contribution of this study. In other
words, this study enhances our understanding about potential underlying mechanisms that
are responsible for the relationship between the supervisory styles (participative and abusive
supervisions) and talent development among junior doctors. The findings herein confirm that
participative supervision through a conducive clinical learning environment plays an impor-
tant role in enhancing junior doctors’ talent development. Thus, a conducive clinical learning
environment that allows empowerment leads to talent development. The abusive supervision
is a determinant of clinical environment in influencing junior doctors’ talent development.
The junior doctors who feel abused have reduced capacity to work and participate in the
learning environment which consequently affects their talent development.

5.2. Practical implications

This study also offers practical implications. The finding of this study indicates that partici-
pative supervision influences talent development of public hospital junior doctors through
a conducive clinical learning environment. Thus, public hospital administrators should pro-
vide opportunities for junior doctors to develop real-time professional experiences, including
applying their skills and enhancing their professional and medical competencies in a clini-
cal environment. For instance, administrators can build up junior doctors” professional and
medical skills through participative supervision and problem solving activities.

The findings of this study also indicate that abusive supervision indirectly affects talent
development in the presence of clinical learning environment. It shows the need to provide
a conducive environment to junior doctors at public hospitals to nurture and enhance their
ability to professional and medical competencies. Public hospital administrators should exe-
cute training programs that can support junior doctors in developing their professional and
medical competencies. For instance, junior doctors could be trained to challenge the situation
and become confident in facing the negative consequences in their learning environment.
Furthermore, public hospital administrators should provide a grievance system [60] to pre-
vent supervisors” abusive behavior that may occur during the housemanship training.

The administrators of public hospitals can develop programs to train immediate senior medi-
cal officers and specialists (supervisors) to be aware of their interactions with the junior doc-
tors (supervisees). Immediate senior medical officers and specialists should be warned that
abusive supervision will have harmful effects on junior doctors. Additionally, by providing
a conducive clinical learning environment which involves increasing junior doctors’ associa-
tions with patients and colleagues, the workplace will be able to increase the competencies of
supervisees.

Overall, the result of this study demonstrates that conducive clinical learning environment is
critically important for junior doctors to have effective housemanship learning and training
processes. These findings have identified some interesting views on the supervisors’ role that
may be possible to apply to hospital settings. For instance, supervisors have the responsibility
of designing the learning conditions that provide sufficient structure and support to optimize
junior doctors’ learning. The amount of structure and assistance offered should vary based on
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the developmental level of the junior doctors [61]. The supervisor’s assessment of the devel-
opmental level of the junior doctors will aid in identifying the type of learning environment
that is optimal for training. Furthermore, public hospital administrators can develop training
modules relative to the needs of junior doctors and generate an environment that will encour-
age the junior doctors to manage their professional and medical competencies.

6. Limitations and directions for future research

This study has a few limitations. The first limitation is the cross-sectional character of this
study. As such, a longitudinal model can be carried out to further explore the links among
participative supervision, abusive supervision, clinical learning environment and talent
development. The second limitation is the small percentage of explained variances on the
talent development of junior doctors. As mentioned before, the model explained 20.1% of the
variance in talent development. The small percentage of explained variances of junior doctors’
talent development could be related to other constructs apart from the studied ones. Again,
this particular gap can be further explored. Third, the study samples herein are restricted to
public hospital junior doctors only. Therefore, caution must be taken in applying the results
outside of this spectrum. For example, precautions need to be taken in generalizing the find-
ings of this study to the private hospitals as well. Thus, future research can consider junior
doctors from the private hospitals to generalize and harmonize the present findings. A com-
parison study involving both public and private hospital junior doctors can be undertaken to
confirm the associations between the constructs and justify the dissimilarities, if any.

7. Conclusion

In particular, the result of this study is consistent with theoretical propositions that clinical
learning environment indirectly affects the relationship between participative supervision-tal-
ent development and abusive supervision-talent development. This study contributes to the
clinical learning environment literature by providing empirical support toward identifying
clinical learning environment as the underlying mechanism that accounts for the participative
supervision-talent development and abusive supervision-talent development relationships.
Finally, it is hoped that this study will induce and trigger more research interests in this field
for future researches.
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Abstract

Curriculum change is inevitably a part of postgraduate medical education (PGME) due
to a necessity to rapidly adapt to changes in societal needs, educational philosophy and
technological advances. Initiating, adopting as well as sustaining successful change can
be very challenging especially in complex and time-constrained environments such
as healthcare and PGME. Indeed, research has shown that educational changes do
not always lead to the desired adjustments in practice. Surprisingly, implementation
processes in healthcare and, more particularly, those in medical education are rarely
supported by change management principles despite the scale and implications of cur-
riculum reforms that justify guidance of such implementation processes. Insights from
a change management perspective could help to smoothen the transition from theory to
practice by guiding implementation processes and provide support in routinizing inno-
vations in standard practice. A thorough description about change from an educational
as well as a change management perspective is made, followed by the experiences with
introducing change management principles into PGME. Lastly, the potential of change
management principles for future changes in medical education, and their practical
implications, is presented.

Keywords: change management, postgraduate medical education, curriculum change,
readiness for change, innovation

1. Introduction

Change and learning happen throughout our lives as we need to adapt to the world around us
[1]. Change and innovation imply progress and improvement from our current state of practice
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to a desired state of practice. Change creates new opportunities as well as new demands on our
way of behaving and the goals we need to achieve. This implies that we need to learn to change.
Learning in itself brings about change as well when you acquire new capabilities and skills
which create new opportunities and choices leading to further growth, and inevitably change
[1]. However, change can be challenging as it disturbs an equilibrium before reaching a new,
and presumably improved, one [2]. Change is a continuous process, and it is only a matter of
time before a new equilibrium is sought.

1.1. Change management in postgraduate medical education

As mentioned above, change or innovation implies progress and improvement. This presump-
tion is clearly reflected in healthcare policy in which innovation is used among others to increase
efficiency, reduce costs, raise patient satisfaction, reduce practice variation and improve qual-
ity [3, 4]. And of course, with time, innovations become outdated themselves and need to be
replaced or adapted [3]. The same trend is seen in education. Medical education needs to adapt
to among others technological advances, societal demands and legislation. As a result, new
methods of teaching and learning are introduced or current methods are adapted [5-8].

Despite the fact that implementing change is notoriously challenging, support from a change
management perspective to support implementation processes in postgraduate medical educa-
tion (PGME) is still rarely sought [9]. This might be the result of a strong disciplinary divide
between management sciences and health or educational sciences. Indeed, when looking at
the literature, authors of studies with primary relevance to implementation science typically
publish almost exclusively in management literature [10]. This slows the spread of innovation
because it stifles the extent to which research evidence for change purposes is sought, exchanged
and applied [11, 12]. Attention to change management principles in healthcare and educational
settings is also important to avoid the use of inappropriate, ineffective strategies for imple-
mentation and hence save time and money [13]. Too little guidance from appropriate change
models and implementation strategies could slow down the implementation process, mainly
because opportunities for advanced assessment and planning are missed [14-16]. Additionally,
change management principles can provide methods to perform formative evaluations of the
implementation process; so, change efforts can be optimized, and sustainability of the innova-
tion can be prolonged and potentially promote dissemination of findings to other contexts [17].

1.2. Reading guide

In this chapter, a thorough description about change from an educational as well as a change
management perspective is made. Insights from, among others, the diffusion of innovation
theory by Rogers [18] as well as the three-stage model of change by Lewin [2] are used to
discuss the challenges of change implementation in general. This is followed by an exten-
sive explanation of the factors involved in implementing change in medical education such as
complex systems, diverse educational contexts, culture as well as the influence of the medical
profession itself. The potential of change management in PGME is discussed based on empiri-
cal research [9, 16, 19]. Lastly, practical implications are presented.
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2. The challenge of implementing change

For decades, the study of change has been one of the important research topics in the social sci-
ences because implementing change has proven to be difficult and success rates are disappoint-
ing [4, 20, 21]. Organizational change is particularly challenging as it requires multiple, usually
simultaneous, adjustments in workflow, communication, decision-making and so on. In other
words, it requires collective and coordinated behavioral change [4]. Not surprisingly, it is said
that more than 50% of organizational change attempts eventually or prematurely fail [4, 21,
22]. There is no reason to believe the numbers are any better for change processes in healthcare
organizations [4]. For instance, when looking at the implementation of new treatment methods
and guidelines into routine practice, indeed this proves to be a slow and unpredictable process
[3, 23]. Many interventions found to be effective in research settings fail to translate into the
expected patient care outcomes in real practice [17]. Furthermore, medical innovations tend
to be added to the already existing repertoire of diagnostic or therapeutic options rather than
replacing them. The latter makes the life cycles of medical innovations relatively long [24].

2.1. Adopting change

In his diffusion of innovation theory, Rogers argues people tend to adopt changes at vary-
ing rates. Adoption of an innovation is an individual process detailing the series of stages
one undergoes from first hearing about a change to finally adopting it. Rogers identifies five
adopter categories, or classification of members of a social system, on the basis of their inno-
vativeness. Innovativeness is the extent to which an individual is relatively early in adopt-
ing new ideas. Their relative speeds can be plotted as a normal distribution, showing the
incidence of people adopting an innovation at various points in time [18]. The normal curve
(Figure 1) is used to delineate five different categories of adopters according to where they
fall under the curve: innovators (2.5%), early adopters (13.5%), early majority (34%), late
majority (34%) and laggards (16%) [18]. These five categories of adopters have the following
characteristics [18]:

¢ Innovators are the first to adopt an innovation. They are eager to try new ideas and willing to
accept a setback when an idea proves unsuccessful. Others might consider the innovator to
be daring, and it is the hazardous risk-taking that is of salient value to this type of individual.

* Early adopters seem to have the greatest degree of opinion leadership. They provide advice
and information sought by other adopters. The early adopter is usually respected by his or
her peers and has a reputation for successful and discrete use of new ideas.

* Early majority adopt new ideas just before the average member of a social system. They de-
liberate some time before completely adopting a new idea. Seldom leading, early majority
adopters willingly follow in adopting innovations.

* Late majority are skeptical. Their adoption may be borne out of economic necessity and in
response to increasing social pressure. They are cautious about innovations and are reluc-
tant to adopt until most others in their social system do so first.
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Percentage

Figure 1. Diffusion of innovation. The figure shows the normal curve (black line) representing the different adopter
types identified by Rogers and the S-curve (dashed line) showing the cumulative percentage, or prevalence, of people
adopting an innovation at various points in time. Adopter categories: (A) innovators, (B) early adopters, (C) early
majority, (D) late majority and (E) laggards.

* Laggards are traditionalists and possess almost no opinion leadership. Innovation finally
adopted by a laggard may already be rendered obsolete by more recent ideas already in
use by innovators.

In addition to the characteristics of the adopters, the perceived characteristics of an innovation
are also considered to affect its adoption and diffusion. Whereas adoption refers to an individ-
ual process, diffusion signifies a group phenomenon. Diffusion suggests how an innovation
spreads and can be plotted as an S-curve showing the cumulative percentage, or prevalence,
of people adopting an innovation at various points in time (Figure 1). Rogers identifies five
innovation attributes as being important for rapid diffusion [18]:

1. Relative advantage, that is, the degree to which the innovation is perceived to have signifi-
cant advantages over current practice such as higher productivity, efficiency and lower costs.

2. Compatibility, that is, the degree to which the innovation is perceived as being consistent
with past practices, current values and existing needs of potential adopters.

3. Complexity, that is, the degree to which the innovation can be readily understood and easily
implemented.

4. Trialability, that is, the degree to which the innovation may be experimented with or tried
out, within certain limits, before actually adopting the innovation.

5. Observability, that is, the degree to which the use and benefits of the innovation are visible
to others and as a consequence can act as a stimulus for uptake by others.
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However, it is important to realize that adoption of an innovation does not mean exact rep-
lication. In the process of adoption and implementation of an innovation, it can be adapted
or reinvented. Reinvention is defined as the degree to which an innovation is changed or
modified in the process of its adoption and implementation. Reinvention is a key principle
in Diffusion of Innovation. The success of an innovation depends on how well it evolves to
meet the needs of more and more risk-averse individuals. For instance, reinvention is likely
to occur in the case of complex innovations or when an innovation has multiple applications.
Alternatively, reinvention can also occur when adopters lack sufficient knowledge about the
innovation or when the innovation is an abstract concept leading to uncertainties. The concept
of reinvention is important because it tells us that continuous improvement of an innovation
is the key to its diffusion [18].

3. Implementation of change in medical education

In the last decade, the most prominent change PGME faced was the introduction of compe-
tency based medical education (CBME). This innovation is driven by, among others, changes
in healthcare needs and expectations of the public [25, 26] as well as a need to show a greater
accountability to society [27]. Increasingly, medicine is being asked to be receptive as well as
reactive to societal needs and be conscious about the outcomes of their educational programs
[26, 27]. Not surprisingly, competency-based frameworks are designed to be outcome-oriented:
they focus on competencies needed by trainees at the end of their training in order to meet
the healthcare needs of society [26]. To reach this goal, CBME introduced a broader definition
of competencies [26] as well as requirements for teaching and assessment strategies [25]. For
instance, in the case of CanMEDS, this means trainees also need to become a competent ‘leader,’
‘collaborator’ and ‘scholar.’

The introduction of an outcome-based framework led to a cascade of changes such as the
development of so-called entrustable professional activities (EPAs [28]) and increased use of
portfolios. For the purpose of constructing competency-based PGME, activities that constitute
elements of professional work may be specified to a limited number of EPAs. EPAs are ‘those
activities that together constitute the mass of critical elements that operationally define a pro-
fession.” EPAs should be considered as units of work that have been specified with a number
of conditions to be met in order to receive a statement of awarded responsibility (STAR) [28].
For instance, obstetric EPAs include technical activities such as preforming a cesarean section
as well as more generic ones such as delivering bad news. A STAR for a specific EPA marks
to what extend a trainee is entrusted to carry out this activity independently [28]. CBME and
EPAs emphasized the role of assessment and created a need to properly organize assessment
information. To support competency development in PGME, the use of portfolios is increased
to manage the large volume of assessment data collected. The uptake of portfolios was further
driven by their potential to promote a trainee’s active engagement in and responsibility for
learning as well as endorsement of regulatory bodies [29].

Altogether, these changes in PGME ask for a paradigm shift [25, 26] from a focus solely on
reaching medical expertise to a focus on becoming a medical expert as well as acquiring other
competencies for trainees to successfully address the roles they have in meeting societal needs.
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In other words, the theoretical changes require behavioral changes of individuals, in this case
medical specialists and trainees. In practice, this means purposeful deliberate activity from
supervising medical specialists to ensure proper use of feedback and reflection on learning [29].

However, implementing change is easier said than done especially in time-constrained envi-
ronments such as healthcare and PGME. Challenges in the implementation process of CBME
lead back to generic models for CBME that are not always specifically outlined. This results in
a lack of clarity about its content, meaning and relevance [5, 30, 31]. Furthermore, the imple-
mentation of CBME frameworks is further complicated by a lack of support from education-
alists who can help with understanding the educational concepts and relating them to the
clinical work place [14, 25]. From an educationalist’s point of view, learning objectives must
be specified and there is a tendency to split each of these objectives in more detail. Indeed,
this has been done in the Accreditation Council of Graduate Medical Education (ACGME)
and CanMEDS frameworks. In practice, however, medical specialists have no problem stat-
ing which professional activities need to be carried out adequately by their trainees at which
moment in time but they have trouble valuing these activities as competencies [28].

Additionally, innovation in medical education must compete with other goals of healthcare such
as efficiency and coverage. When translating this to the introduction of outcome-based learning,
this raises questions such as ‘how can we ensure more direct observation of the trainee during
busy consultation hours?’; ‘how do we deal with uncertain timings of transitions?’ and ‘how do
we ensure faculty development?’ [32]. In the complex dynamics of a teaching hospital, clinical
service and medical education are interrelated. This means that changes in medical education
change the context of clinical service and vice versa [33].

3.1. Complex organizations

Due to this intricate balance between the different goals of a teaching hospital, complexity the-
ory has recently gained attention in educational research. Complexity theory approaches an
organization as a set of subsystems. These subsystems are connected to each other and have to
be analyzed in the context of, and in relation to, other systems rather than in isolation [33-35].
In teaching hospitals, PGME and clinical service are so tightly embedded that changes to one
of these systsems immediately have an effect on the other. This frequently leads to friction
between systems [33-35]. For instance, CBME has led to the introduction of flexible training
programs that can no longer be modeled around clinical service [34]. The early departure of a
highly talented trainee competent enough to speed up his/her progression through the train-
ing program, may have workforce implications and impact on healthcare as trainee schedules
are disrupted [32].

Complex systems also have fuzzy boundaries, meaning that these systems are not always
clearly defined [33, 34]. People working in these systems might have several roles in multiple
systems as well. For example, a gynecologist performing a cesarean section delivers patient
care, educates a trainee and acts as a manager in the operating room. Additionally, complex
systems often behave in a nonlinear way. This means that change in one system can lead to
unintentional, unpredicted and disproportional effects and outcomes in another system. This
makes complex systems sensitive to small changes [3, 33, 34]. As a result, the implementation
process cannot be completely preprogrammed [3] and needs to be adaptable.
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3.2. Implementation in different educational contexts

Competency-based frameworks are introduced in many areas of the world [5-8, 25]. As a
result, these theoretical frameworks need to be translated to many different contexts. Starting
of small, even within one country, implementing the same innovation at different teaching
sites can be challenging. For instance, program objectives are usually centrally set but must
be achieved at local teaching sites. As a result, these individual teaching sites must adapt to
meet these objectives [29], which might not always be possible due to their local context such
as the lack of certain treatment facilities. Diversity in curriculum structures across teaching
sites such as longitudinal programs versus rotation-based programs could also bring forward
other needs when implementing the same change [29].

Organizational characteristics of the teaching site itself, such as their size, might influence the
implementation process as well. For instance, in the Netherlands, larger academic medical teach-
ing centers tend to be less receptive for change compared to the smaller nonacademic teaching
hospital [16]. Departments are usually smaller in nonacademic teaching hospitals, which might
lead to more efficient communication and decision-making processes [14]. Possibly, it might also
cause team members to feel a stronger sense of a shared responsibility for educational change
[14], thus promoting teamwork when implementing change [16]. Additionally, the primary
focus in academic medical teaching hospitals tends to be more on pursuing an active career
in research rather than an active career in medical education [36-39]. Potentially, this could
impede gaining sufficient support and shared efforts to implement educational change [16].

Innovation can also be translated to another educational context. Initially, competency frame-
works were developed for postgraduate medical education, but they are increasingly trans-
lated to undergraduate medical education as well. This requires the competencies to be related
to the another professional environment in which they must be achieved [28].

In the case of competency-based frameworks, they are developed in different countries [40, 41]
and are being used to guide the design of medical curricula all over the world [5, 25, 27, 30]. Due
to the differences in health and educational systems, some elements of these frameworks might
be variously executable in different countries. As a result, minor adjustments to the framework
might be necessary in order for it to fit into other contexts [42]. In this case, every country has
the freedom to make these adjustments. However, it becomes more complex when you intend to
implement a curriculum that is intended to be applied across borders, such as a pan-European
curriculum in PGME [42]. In that case, you set a certain standard that needs to be met by all coun-
tries involved. As a consequence, such a curriculum must respect local practice variation while
providing a standard set of outcomes, duration and subjects of training. One way of achieving
that would be to create a mandatory core for all trainees as well as complementary electives. The
latter allows variation between both personal and local needs and infrastructure [42].

3.3. The influence of organizational culture on curriculum change

Not surprisingly, within these different educational settings, the influence of culture is widely
acknowledged to be important for innovation [43-47]. Organizational culture is defined as a
set of beliefs, values and assumptions that are shared by members of an organization [48].
Organizational members rely on these values and beliefs to guide their decisions and behaviors
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[44, 48]. Organizational culture can differ between countries and between organizations within
countries, and it can even vary between departments within the same organization. Therefore,
being aware of or even assessing the culture of these individual departments is essential for the
successful implementation of change [44].

The competing values framework developed by Quinn et al. [49] explores competing demands
within an organization on two axes. Organizations are classified according to whether they
value flexibility or control in organizational structuring and whether they adopt an internal
or external focus toward the environment. This leads to the four possible culture types, that
is, ‘human relations,” “‘open systems,” “internal process’ and ‘rational goal’ (Table 1) [43, 49]:

* Human relations emphasizes flexibility and internal focus and stresses cohesion, human
resource development and morale.

* Open relations emphasizes flexibility and external focus and stresses innovation, readiness
and development.

¢ Internal process emphasizes control and internal focus and stresses stability, communica-
tion and control.

* Rational goal emphasizes control and external focus and stresses efficiency, goal setting
and productivity.

All four culture types can be presented in a single organization, although some values are
likely to be dominant [49]. However, emphasis on one organizational culture type can lead to
narrowness and an inability to adapt to a changing environment [49]. When translating this to
medical education, flexible medical schools (culture-type “human relations” and/or ‘open sys-
tems’) tend to respond more positively to change than those featuring control-driven policies
(culture-type ‘rational goal’ and/or ‘internal process’) [45]. A certain level of risk-taking, flex-
ible policies, strong leadership, teamwork and strict hierarchy are some of the positive effects
of organizational culture on curriculum change [45]. More specifically, risk-taking and flex-
ible policies stimulated the introduction of innovative ideas and transdisciplinary teamwork
is thought to be advantageous for integrated curricula, whereas strict hierarchy is believed to
have a positive impact on the coordination of complex change [45].

3.4. Changing the behavior of medical doctors: a challenge in itself

So far, we have discussed the current use of change management in medical education, imple-
menting change in complex systems and different contexts as well as the influence of culture on
change. But what do we know about the adopters, that is, the trainees and medical specialists

Internal External
Flexibility Human relations Open systems
Control Internal process Rational goal

The competing values framework developed by Quinn et al. [49] explores competing demands within an organization
on two axes. This leads to the four possible culture types, that is, "human relations,” ‘open systems,” ‘internal process’ and
‘rational goal,” represented in this 2 x 2 table.

Table 1. Adapted from the competing values framework developed by Quinn et al. [49].
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confronted with curriculum change? Generally speaking, you could state that all organiza-
tional change starts with individual behavior change. Many theories of individual change have
been published, but little research has been done to gain understanding of the dynamic inter-
play between individuals and the organization within which they work, and how the interplay
influences individual or organizational behavior change [17]. Behavioral change is difficult,
not only because it involves learning and implementing new knowledge but also, maybe even
more important, it involves unlearning of old habits [50].

Lewin [2] states that behavior of individuals is the result of a balance between change drivers
and restraining forces, leading to a quasi-stationary equilibrium (Figure 2) [2, 22]. Examples
of change drivers are strong leadership, social demands or political forces, whereas exam-
ples of restraining forces are poor leadership, change fatigue or lack of time [2]. Lewin
developed a linear three-stage model of change, starting with unfreezing of the status quo,
followed by a change or transition leading to refreezing, that is, a new equilibrium. In the
unfreezing phase, you need to create a state of ‘readiness to change” in order to successfully
start implementing the proposed change in the moving or transition phase. In the refreez-
ing phase, the change must be adapted as the new way of practice and needs to sustain in
order to create a new equilibrium [2]. In this model, change is seen as an isolated step in
the process of transitioning from one stable equilibrium to the next. During this transition,
efficiency or performance can decline due to, for instance, unfamiliarity with the new way of
working or frustration as a result of that. Werther [51] calls this the learning curve of change
(Figure 2). Figure 2 combines the three-stage model of change of Lewin with the learning
curve of Werther [22, 51].

Unfreezing Moving : Refreezing

Efficiency

Time

Figure 2. Three-stage model of change of Lewin. Three-stage model of change by Lewin [2], i.e. unfreezing, moving and
refreezing. Thick black arrows facing upwards: change drivers. Thin black arrows facing downwards: restraining forces.
The black line represents the learning curve of change by Werther and Davis [51].
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However, the linear approach of Lewin seems not completely transferable to behavioral change
in medical practice. Research has shown that medical doctors find it difficult to adopt new
practices and have problems completely unlearning their old routines [50]. First, this might
be due to the fact the many of the behaviors shown by medical doctors are deeply rooted
habitual reflexes [52]. During their many years of training, starting at medical school, they
have been exposed to countless guidelines or norms of practice behavior in both formal and
informal ways. Moreover, repetitive assessment of these values, attitudes and skills by means
of observation or drills are an integral part of their training. Together, this explains the strong
anchoring of habits in medical doctors [52]. Second, medical doctors are generally highly
ethical and professional and motivated by multiple interests such as their own interest, the
patient’s interest, and the interest of society. They must balance these with a professional ethos
that demands, among other things, accountability and competence. As a result, the impact of
change on clinical outcomes is important in the adoption of innovation [52]. Furthermore, the
medical profession has a very prominent professional autonomy, and research in this field has
shown that the profession tends to resist external pressures that either try to increase the con-
trol of medical practice [53] or try to influence the implementation processes [9, 19].

When confronted with practice change, medical doctors go through a process of trail-and-
error while unlearning, developing their own method of implementation and building com-
fort with the new practice. Usually, they also develop personalized contingency theories based
on patient characteristics that help them to decide in which case they should rely on the new
practice rather than the old and vice versa [50]. For instance, medical doctors find it difficult
to solely base their practice change on literature and rely on discussion with their colleagues
on how to incorporate new guidelines into daily practice [50]. Additionally, the quality of evi-
dence behind the new guidelines is an important factor in determining whether medical doc-
tors will use this evidence to support their unlearning. So, in practice, the unlearning process
of medical doctors is less fluent as might be suggested by the linear model of Lewin. Already
mentioned earlier, medical innovations tend to be added to the already existing repertoire of
diagnostic or therapeutic options rather than replacing them [24]. Additionally, the adaption
of new practice introduces further change as medical doctors are discussing, self-reflecting
and evaluating the new practice with their colleagues. You could say that the medical profes-
sion is in a continuous stage of change [6, 50].

4. Readiness for change

In such a dynamic and constantly changing environment, it is important to know whether the
people involved are psychologically and behaviorally prepared to implement the proposed
change [54]. Therefore, one of the potentially beneficial change management strategies for
PGME could be the assessment of organizational readiness for change (ORC) [9]. Organizational
readiness for change reflects the degree to which members of an organization are collectively
primed, motivated and capable to adopt and execute a particular change initiative to purpose-
fully alter the status quo [55]. It is believed that organizational readiness for change is a critical
precursor for successful implementation of complex change initiatives in healthcare settings



Change Management Support in Postgraduate Medical Education: A Change for the Better
http://dx.doi.org/10.5772/intechopen.72113

[21, 54]. When change leaders establish insufficient readiness, a range of predictable and unde-
sirable outcomes could occur: change efforts make a false start from which it might or might not
recover, change efforts stall as resistance grows, or the change fails altogether [54].

Change readiness is a comprehensive, multifaceted construct as it comprises both psycho-
logical and structural factors that together determine the degree of readiness present [54, 55].
Psychological factors reflect the extent to which the members of the organization are cogni-
tively and emotionally inclined to implement the proposed change [55]. For instance, ‘collec-
tive efficacy’ reflects the shared belief in a team’s conjoint capabilities to organize and execute
the right actions to successfully implement change, whereas ‘appropriateness’ reflects the
belief a change is correct for the situation being addressed [55]. These beliefs relate to the
amount of effort that team members are willing to put into a change process, that is, when
change seems unreachable, possible obstacles seem harder to encounter and change efforts
are low [4, 56]. Structural factors reflect the extent to which the circumstances under which
the change is occurring enhance or inhibit the implementation of the proposed change [55].
Examples are whether or not a team’s skills and abilities align with the actions that need to be
taken and the presence of both a tangible environment (e.g., funding) and an intangible envi-
ronment (e.g., culture) to support change [55]. When looking at organizational readiness, it is
important to stress the collective nature of this construct. Implementing complex change ini-
tiatives in healthcare settings requires collective action of those involved, each of whom con-
tributes their share to the implementation process [54]. When ORC is high, the staff involved
are more dedicated to contribute to the proposed change process and more persistent in the
event of setbacks. Conversely, when ORC is low, the staff involved are more likely to consider
change as undesirable and may avoid or even resist participation [4, 54, 55, 57, 58]. Team mem-
bers will commit to a change because they either want to, have to or ought to. Regardless of its
reason, this form of commitment will lead to behavioral compliance. Some, however, might
show resistance, either active or passive, and fail to comply [59]. Actions to create readiness
include among others establishing a sense of urgency, empowering your team members and
creating an appealing vision for the future as well as fostering a sense of confidence that this
can be realized [9, 21, 54]. Change readiness can be assessed at several stages of the change
process, that is, before or during change, as a way to diagnose any possible or current hurdles
in the implementation process in order to facilitate any corrective interventions. Additionally,
readiness can be assessed repeatedly to explore the effects of these interventions [9].

4.1. Readiness for change in postgraduate medical education

In the last decade, the attention for ORC increased, leading to the development of multi-
ple instruments to assess ORC in healthcare. Generally, these instruments tend to focus on
the implementation of new guidelines or new practices [57, 60]. In undergraduate medical
education, several instruments were developed as well [9, 61, 62]. However, in postgradu-
ate medical education, only one instrument to assess ORC exists, that is, Specialty Training’s
Organizational Readiness for curriculum Change (STORC) [9]. STORC was designed to mea-
sure readiness for change in clinical teaching teams, that is, a hospital-based educational team
within one department, such as radiology or gynecology, consisting of a program director,
clinical staff members and trainees. STORC was developed specifically for this setting as it was
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expected that the use of the former instruments would not take into account the unique prop-
erties of PGME [9]. In teaching hospitals, PGME is completely integrated into clinical service,
that is, patient care, teaching and learning are interconnected to each other and cannot be seen
separately [63]. Therefore, any adjustments made to the educational system will influence clin-
ical service and could have consequences for, e.g., working schedules, funding and learning
experiences [9, 63]. Furthermore, instruments developed for undergraduate medical education
focus on medical faculties, to the neglect of students, with long-lasting hierarchical structures,
leading to a more diverse set of pressures to change [9, 61]. Additionally, trainees have a far
more active role in implementing curricula than medical students [14, 64] and work in smaller
clinical teaching teams that tend to have a more volatile composition than medical faculties [9].

Through an international Delphi procedure, the applicability of a questionnaire to assess ORC
in PGME was determined. The preliminary questionnaire was based on existing instruments
derived from business and healthcare settings [9]. In two Delphi rounds, the 41 expert pan-
elists (trainees and medical specialists from four different countries) determined the most
important and applicable items and subscales to assess ORC in PGME. This Delphi procedure
was followed by confirmatory factor analysis validating the clustering of items within the 10
subscales (Table 2) [19].

The final subscale consists out of 43 items divided into 10 subscales [19]. Together, they repre-
sent both psychological and structural factors as well as most of the core components of ORC

Subscales STORC [9, 19] Topic(s) covered

Pressure to change Which sources exert pressure to implement a particular change in residency
training and to what extent?

Appropriateness Is the innovation in residency training appropriate for the situation being
addressed?
Necessity to change Is there a significant difference between the current state and the desired

state of residency training?

Management support and leadership Is the educational board (hospital level) committed to and support the
change initiative?

Staff culture Do clinical staff members cooperate and share responsibilities and are they
willing to innovate?

The formal leader Does the program director accept responsibility and have the authority to
lead the implementation of a particular change?

Involvement How is the quality of change communication?

Project resources Which recourses are available to implement a particular change in residency
training and to what extent?

Clarity of mission and goals Are team members aware of the mission and goals of the change?

The implementation plan Is there an implementation plan that among others describes tasks, timelines
and an evaluation plan?

Subscales and topics covered by the questionnaire specialty training’s organizational readiness for curriculum change
(STORC). The questionnaire covers all core components of organizational readiness for change described in literature
[9, 19].

Table 2. Subscales and topics covered by the questionnaire STORC (adapted from Bank [16]).
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described in literature (Table 2) [9, 19]. Since ORC is measured on various subscales and pre-
sented as such, its strength lies in analyzing these subscales. The latter makes it possible for
educational leaders to identify and anticipate on hurdles in the implementation process at an
early stage, or more ideally, prior to change. Subsequently, change efforts could be optimized
by targeted interventions aimed at facilitating successful curriculum change. The effect of
these interventions could be measured by repeated administration of STORC [9].

During the development of STORC [9, 19], it became apparent that external pressures, such
as hospital boards accreditation bodies and the ministry of health were not represented in the
final version of STORC despite the fact that CBME is top-down driven [9, 19]. Possibly, exter-
nal pressures are not experienced on a daily basis, explaining the exclusion of these pressures
in STORC. Alternatively, hospitals are not organized according to the habitual management
practices, leading to a different set of (recognized) pressures [19, 65]. Alternatively, as men-
tioned earlier, medical doctors have a very prominent professional autonomy which might
make them less receptive to external pressure [19].

After its development, STORC was used to assess ORC in PGME in the Netherlands, in order
to understand how clinical teaching teams deal with curriculum change such as the introduc-
tion of CBME. The level of ORC is measured at the individual level but aggregated to team
levels in the analysis. By looking at the team’s ‘state’ of readiness for change, insights were
gathered regarding leadership roles, teamwork, shared commitment, perceived support and
behavioral reactions to change [16].

When comparing the different subscales of STORC, one important trend can be seen (Table 3).
The subscale ‘formal leader,” consisting of items regarding whether the program director has
the authority to lead and accepts responsibility for the success of the change process, scored
higher than the other scales. High scores were also given on the subscale ‘staff culture,” which
includes items about teamwork and clinical staff’s receptiveness to changes, as well as on the
subscale ‘appropriateness.” At the other end, the subscales ‘management support and leader-
ship,” “project recourses” and ‘implementation plan” had the lowest scores [16].

These results clearly designate the program director as the leader of educational change. This
is in line with change literature that shows implementation is accelerated in the presence of
leaders that function as role models and entrepreneurs [14]. Strong leadership will also help
clinical team members to adjust habits and routines [15]. High scores on the subscale ‘staff
culture’ show that clinical staff members do feel and share a sense of responsibility for the

Highest scoring subscales of STORC Lowest scoring subscales of STORC
Formal leader Management support and leadership
Staff culture Implementation plan
Appropriateness Project resources

Results of the assessment of readiness for change in clinical teaching teams in the Netherlands. The table shows the
subscales of STORC that had the highest and lowest scores throughout the sample of respondents, that is, program
directors, clinical staff members and trainees.

Table 3. Subscales of questionnaire STORC showing the highest and lowest scores [16].
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improvement of training which is in line with the philosophy of CBME [40]. High scores on
the subscale ‘appropriateness’ suggest CBME indeed seems to meet the needs in PGME and
is therefore accepted as an appropriate innovation [16].

The lowest scores were seen on the subscales ‘management support and leadership,” “proj-
ect recourses’ and ‘implementation plan,” all representing components related to change
management. In the light of the limited attention to change management principles in medi-
cal education, this was not surprising and puts emphasis on the absence of descriptions of
tasks and timelines, and the shortage of evaluation cycles, training facilities and financial
resources [16].

In sum, clinical teaching teams appear to comply with the implementation of curriculum
change if the proposed change is seen as a correct innovation. In that case, program direc-
tors receive and take the responsibility for the job that needs to be done, but they lack a fully
equipped toolbox of change management principles to actually implement change as effi-
ciently as possible [16].

5. Practical implications

To come back to the adopter categories of Rogers [18], many would expect that you should
focus on targeting the late majority and laggards to speed up diffusion of innovation.
However, they are also the hardest to convince and will probably not even consider chang-
ing until the idea has become well accepted by a solid majority of the target audience. It is
much easier to reach and convince innovators or early adopters. Rogers calls them the “critical
mass.” Once 15% of the population has adopted a new idea, it has the critical mass to spread
on its own momentum. This is named the tipping point. Furthermore, people in these catego-
ries are considered to be leaders and are well respected, so their peers will be more likely to
pick up the new behavior [18].

Looking at the literature on how medical doctors deal with practice change gives valuable
insights on how to introduce educational change as well. Medical doctors tend to discuss the
information presented to them among each other and subsequently translate this into their
own practice. Furthermore, they weigh the evidence and consequences for patient outcomes
[50]. This particular process of translating theory into practice by solely the profession itself
underscores the professional autonomy a medical doctor has. When correlating this to the
diffusion of innovation theory of Rogers [18] and the five innovation attributes he describes,
the trialability of an educational innovation is particularly important to consider. Trialability
implies a certain degree of freedom to experiment with the innovation when implementing it,
which clearly relates to the professional autonomy medical doctors experience when imple-
menting clinical practice change. That said, trialability might also lead to a certain degree
of reinvention if allowed without a purposeful amount of structure. Reinvention could be
valuable to simplify a complex innovation to a local context. However, it could also result in
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suboptimal implementation of change such as we have seen with the implementation of the
seven roles of CanMEDS. The abstract description of these roles led to a lack of clarity about
their content, meaning and relevance in clinical practice [5, 30, 31, 66]. Subsequently, adequate
implementation was hampered [14, 25].

There is no single solution which will trigger or ensure adequate educational innovation,
as the interaction between the innovation and the context of its introduction is necessarily
complex and variable [3]. Achieving a sufficient level of ORC in itself does not guarantee the
implementation of a complex change will result in the anticipated success [54]. Therefore, a
multifaceted approach is essential such as combining the assessment of ORC prior to change
[9, 19], with ensuring adequate innovation attributes [18] and being receptive to the specific
characteristics of behavioral change by medical doctors [9, 19, 50].

6. Conclusion

Attention to change management support in postgraduate medical education is a change
for the better. It could help guide implementation processes, optimize change efforts, avoid
the use of ineffective strategies, save time and money, prolong sustainability of change and
potentially promote the dissemination of findings in other contexts. However, a ‘one size
fits all’ approach probably does not work as the interaction between the innovation and the
organizational context, including the influence of culture, can vary. Therefore, a multifaceted
approach is advised combining multiple change management principles as well as insight
from behavioral change in medical practice. As educational objectives continue to change and
curriculum standards continue to evolve, change is a continuous process that requires the
people involved to learn to change and to change to learn.

Abbreviations
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Abstract

A protected block curriculum for surgical resident training began at the Medical College
of Wisconsin in 2005. The curriculum has evolved with time as educational emphasis
has changed. However, the concept of having resident learners relieved of clinical duty
to focus on learning has not changed. Separate protected block curriculums are held for
PGY1 and PGY 2 during which residents have no clinical responsibilities. These periods
are defined at the beginning of each academic year and are distributed to all faculties.
The systematic design, implementation, and evaluation of the protected block curricu-
lum (PBC) Model provides an educationally grounded model for training surgical resi-
dents consistent with accreditation council for graduate medical education (ACGME)
competency mandates. Resident evaluations consistently support the use of our PBC as a
method to attain and practice skill sets in a nonthreatening environment. Faculty benefits
are able to evaluate residents’ knowledge, skills, and attitudes in a nonclinical setting and
engage residents as individuals. The format extended into the PGY3-5 years of training
as it evolved. Over more than a decade of using PBC, we have performed a number of
analyses on the program and even determined a cost for the program. The program con-
tinues to be adjusted to new technology and curriculum initiatives.

Keywords: surgical education, protected block curriculum

1. Introduction

The general surgery residency educational mission at the Medical College of Wisconsin
(MCW) was under scrutiny in the beginning of the year 2002. Many key stakeholders voiced
concerns that residents were not receiving the optimal educational experience preparing
them for the continuum of residency and future clinical practice. A number of options to
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address perceived educational shortcomings were presented to the department, but given
interim leadership in the office of Chairman, no decision endorsing significant change was
considered until 2004. In late 2004, department leadership stabilized and agreed that many
of our PGY1 residents were struggling with the challenges in their first year of training, espe-
cially in the early months of their PGY1 year. Numerous reasons were offered and debated for
this problem, but an obvious solution was the restructuring of the initial PGY 1 year of resi-
dent training. At the time, very little structured curriculum existed specifically for the PGY1
residents outside service or department wide major conferences such as weekly grand rounds
and morbidity and mortality (M&M) conference. A weekly lecture series for residents existed,
but topics were targeted to the upper-level residents. Each service had defined objectives that
were specific for the service based on the patient populations served, but there was a lack
of standardization of how those specific objectives were taught and assessed. The ACGME
competencies had been recently introduced and numerous domains of the program were not
specifically addressed by the current residency curriculum.

In response to this realization, the Program Director and the Chair of Surgery agreed to evalu-
ate the current curriculum and plan a new curriculum for the next academic year. A scholarly
approach to the change was taken by following Kotter’s eight-step process of change as a
scaffolding for improving the educational program [1]. The process started with a planning
committee composed of a small group of key faculty and residents who met and discussed
the strengths and weaknesses of our current curriculum. These meetings were facilitated by
a PhD educator from the Division of Educational Services in the Office of Academic Affairs at
MCW. The matrix for these sessions used six domains of the ACGME Competency Program:
medical knowledge, patient care, professionalism, interpersonal and communication skills,
practice-based learning and improvement (PBL&I), and systems-based practice (SBP). A list of
topics in each area was developed based on the current literature and our existing curricular
objectives, since there was no available guidance on topics from surgical associations or orga-
nizations [2-5]. Additionally, a number of models were developed for the implementation of a
new curriculum. The assumptions used to create these models are outlined in Table 1.

Two meetings were planned as retreats for the faculty including faculty from affiliate teach-
ing sites and resident representatives. The first meeting highlighted the changes occurring

1. Compliant with the 80h work.
2. Encourage an environment that is conducive to learning.

3. Continue to expect residents to attend our major teaching conferences during this learning period (Grand rounds
and M&M).

4. Core services will have at least three residents.

5. Proposed curriculum identified 240 h contact time for the first 3 years of residency. PGY1 time was 52 didactic
hours, 48 case scenario discussions, 92 h of simulation, 24 h of the literature review, and 24 h of communication
skills.

6. The learning day could be 6 or 8 h long.

Table 1. Assumptions used to construct models.
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in surgical education and the direction that the ACGME and Residency Review Committees
(RRC) were taking. The urgency to respond to these changes was clearly delineated. The
next step involved a presentation of the topics and the planning committee felt that it was
necessary to cover in each of the ACGME competency domains. It was clear that the list was
very long, and one of the tasks of this first retreat was to prioritize the topics for the PGY1
residents. This task was accomplished by splitting the faculty attendees into three groups
and asking for their review. The final step of this first meeting was to present four models
proposed by the planning committee. A small amount of discussion occurred to explain the
rationale for the models. The action item for the participants was to review the material from
the retreat and come prepared for the next meeting to make decisions about the curriculum
model, we would implement.

Two weeks later, the second meeting was held. Two objectives were planned: (1) a review of
curriculum topics and (2) decision on the model that we would use for the curriculum. A small
number of changes were made in the topic list. Some specific additions included items for
professionalism and communication especially with allied healthcare professionals. The major
discussion was on the model that would be used as the chosen model since it would have the
greatest impact on all stakeholders. A principle that was adopted, though with some hesita-
tion, was that time for the curriculum must be free of clinical duties including overnight call
responsibilities starting around noon on Saturday, the weekend prior to the curriculum. This
item was the major change debated. A significant concern was the ability to support operative
cases whether the PGY1 residents were not on clinical duty. Facilitators continued to keep the
educational mission at the forefront and a final decision supporting the need to have protected
time for educational activities won the discussion. The four models discussed are briefly out-
lined in Table 2.

A model E was brought forward from the participants. This model had a concentrated time
period before the PGY1 residents actually started on clinical service followed by intermittent
regular sessions. After considering the logistics of this model, it was also declined.

The final decision was to use model B. The PGY1 residents were informed of the curriculum
the last week of June as their orientation sessions were held. This end-of-June session would
extend a few days into July as an introduction to the overall curriculum. The actual “first
semester” would be a week in August, September, and October. We would take a winter break
in November and December. The “second semester” would be a week in January, February,
March, and April. Graduation week in May would only be a couple of days.

Model A 2 days/week (with day off preceding to stay compliant Declined
with duty hours)

Model B 1 week-5.5 days/month Accepted

Model C 2 weeks quarterly Declined

Model D Entire block of time 1 month Declined

Table 2. The various types of curriculum models discussed during the faculty retreats.
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The entire faculty agreed that our new protected block curriculum (PBC) would be free from
service and on-call responsibilities, a week in duration, and continuous throughout the year.
The schedule called for sessions Monday through Friday morning, with time used on Sunday
for the completion of required materials including homework.

2. Maturation of the protected block curriculum

2.1. First year

Planning for the first year of our PBC began immediately. Faculty volunteers (champions) for
the various aspects of the curriculum were recruited, and assignments were made for the entire
year. Each session was planned to cover essentials for our PGY1 curriculum (Table 3 attached).
The faculty were divided into teams based on their topic assignments. An example of the com-
petency domains and team leaders for our first week of the PBC are shown in Table 4.

Each month’s curriculum was developed and teaching sessions were assigned to instructors.
The majority of teaching was assigned to the surgical faculty, although we benefited from the
expertise of several other departments when relevant. Sessions covering imaging were given
by our colleagues from the Department of Radiology.

Cardiac complications were covered by cardiologists. Educators from our Department of
Education helped with communication topics. Novel approaches to education such as vid-
eotaping resident presentations were used to help residents to review their communication
skills. Medical knowledge was assessed at the conclusion of each block by using preexams
and postexams covering material taught in each session. Skills assessments were performed
for skill stations by using defined objectives for performance. Each session was evaluated by
our residents and their comments were used to make changes in topics covered, presenters
within or outside the Department, time spent on each topic, and decisions on future topics for
upcoming months as well as future years [6].

A unique aspect of the PBC was the addition of the surgical learning and instructional portfo-
lio (SLIP). [7]. This educational resource was developed based on recommendations from the
ACGME toolbox. The residents were asked to identify a case that they encountered each month.
They were required to describe a case history, review the diagnostic studies used, and present
the differential diagnosis. A list of ICD9 codes and CPT codes was also required. Finally, a dis-
cussion of the case and lessons learned was required. These cases were reviewed by a faculty
member and feedback provided. This activity was transitioned to all residents in 2010.

To administratively support the new PBC, a Division of Education within the Department of
Surgery was established with a Chief, administrator, and administrative assistant that were
important for the organizational success of the curriculum. This occurred in 2005. A Director
of the PGY1 curriculum was designated.

The entire program was a resounding success. Feedback from our PGY1 residents was excellent.
Feedback from our faculty was positive and surprising, as many faculty stated that they felt the
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current PGY1 residents were better at handling their roles on clinical services. We were encour-
aged with our results and a decision was made to continue the PBC and expand it into the PGY2.
Based on the feedback from the residents and services, the PGY1 curriculum was shortened to
end on Thursday evening so that the PGY 1 residents could return to their services on Thursday
rather than on Friday afternoon. Thus, the structure that continues to this day is Monday through
Thursday as full days, with Sunday used to support preparation time.

2.2. Subsequent rollout and evaluation

On the basis of evaluations and feedback, the second year of implementation of the PGY1 PBC
was formatted similar to the first year in regard to time commitment over the course of the year.
Some topics were changed based on the evaluation feedback from residents and faculty. Since
inception, each year the curriculum is reassessed and changed based on internal and external
requests and feedback.

After the first year of the PBC roll out, the PGY2 curriculum was designed, and a Director was
designated. This design used a similar model although shortened to full-day sessions Monday
through Wednesday, with Sunday used for preparation and homework. The topics addressed
came from our Curriculum blueprint. Changes included making appropriate accommoda-
tions for a different set of surgical procedures and increased responsibilities and expectations
for our PGY2 residents. Each of the blocks in the PGY 2 year had a primary focus: trauma,
critical care, vascular surgery, breast diseases, colorectal cancer, and diverticular disease. The
sessions were focused on these broad areas within each block, though some topics covered
spanned many diseases, such as professionalism, communication skills, among others. Again,
feedback from residents and faculty has been positive despite the removal of residents from
clinical service.

A curriculum was also designed for rollout the following year for the senior residents (PGY 3-5
curriculum) following the principles of protected time away from clinical duties and exams,
but using a different structure and capturing many elements already in place such as skills
labs for upper-level residents. Monthly half-day sessions were designed to cover multiple top-
ics guided by surgical content in textbooks, skills sessions including open and laparoscopic
surgery on pigs, simulator exercises, ethics sessions, and various topics to prepare residents
for practice after graduation.

A Resident Curriculum Committee was formed and served to oversee the implementation and
management of the curriculums, allowing a forum for discussing of outcomes, faculty recruit-
ment for teaching opportunities, ideas for content, and challenges to overcome since the curricu-
lums evolved. Eventually, the committee was no longer needed when the curriculums matured.

Our robust evaluation process for the PBC identified multiple expected and somewhat unantici-
pated benefits of this format. The residents improved in their medical knowledge. Comparison of
preexams and postexams provided evidence of learning that was reproducible. A representative
example is provided in Figure 1. American Board of Surgery In-Training Exam (ABSITE) scores
of our PBC residents improved compared to our historical controls in our program. We found a
statistically significant correlation of post-test curriculum exam scores early in the academic year
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Team Area/competency Topics
Team C Patient care Order writing, pre-op assessments, use of consultants,
perioperative management
Team D Patient care/operative skills Skills lab, instrument recognition, surgical technique
Team E Medical knowledge/post-op Fluid management, fever work up, Pain management, tubes
management and catheters, mental status change, cardiopulmonary care,
wound management, GI function, complications
Team F Practice-based learning and EBM, guidelines, time management, Personal Logs (SLIPS),
improvement adult learning, teaching skills, E-learning
Team G Interpersonal and patient communication, professionalism communication,
communication skills informed consent, medical writing, documentation, medical
error
Team H Professionalism I-HEAARD, professional and unprofessional behavior,
medical license
Team 1 Systems-based practice Societal issues and medicine, teamwork, advocacy, medical

liability, safety

Table 4. Each area/competency was assigned specific topics. A faculty facilitator led a team of faculty to cover the
material during sessions within the curriculum.

and yearly ABSITE scores, allowing the identification of resident exam performance concerns
early in the year and providing time for improved ABSITE preparation [8]. The communication
sessions with videotaping improved resident presentations at grand rounds and in our morbid-
ity and mortality conferences [9]. Surgical skills based on PGY1 OSATS scores for suturing and
knot tying were also significantly improved [10]. All these benefits were felt to be attributable to

(A) 2008 PGY 1 Week 1 Test Results (B) 2009 PGY 1 Week 1 Test Results
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,
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Figure 1. PGY 1 residents took the same written exam prior to the start of the curriculum session and again at the end of
the session. Y-axis represents % correct. Depicted in (A) is a representative example of the highly variable knowledge set
at the start of the curriculum week and the marked improvement at the end of the sessions. Depicted in (B) is the same
results in the following year. Note that more residents from other surgical departments participated in the curriculum in
the following year as depicted in B. The exams from year to year changed minimally and only to improve the clarity of
questions based on analyses of the entire test and individual questions performed by MCW education services.
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our curriculum presented in the PBC. Finally, importantly for physician wellness, the PBC format
promoted a much closer collegiality among our PGY1 residents that, to this day, serves as a social
support mechanism for each resident class throughout their training.

We also began to further analyze our results related to the infrastructure required to conduct
the PBC [11]. Despite widespread support among department faculty, many faculty felt that
the time and effort may not be worthwhile. This concern drove the Division of Education to
complete a fiscal analysis of our PBC. We performed an assessment of the “costs” in hours and
dollars for the protected block curriculum (PBC) for our PGY1 and PGY?2 residents. Resources
expended during the 2006-2007 academic year were evaluated in terms of the number, divi-
sion, department, and rank of faculty involved in curriculum teaching. The hours of learner
contact time and the monetary cost for consumable resources were calculated. The total num-
ber of faculty involved in the PGY1 curriculum was 49 compared to 29 for the PGY2 curricu-
lum. Total faculty time spent teaching was 242.75 h (PGY1) and 156.5 h (PGY2) for 399.25 h.
For both years of curriculum, total teaching hours by faculty rank within the Department of
Surgery was 137.75 h for 12 assistant professors, 84.5 h for eight associate professors, 1259 h
for 15 professors, and 51.25 h for all others. Average time commitment for assistant profes-
sors was 11.5 h, for associate professors 10.7 h, and for professors 8.6 h (p = 0.85). Average
time commitment for faculty in the Division of Education was 20.2 h, compared to 4.7 h for
Departmental faculty in other divisions (p = 0.0002). The total monetary cost for consumable
educational materials and space rental was $76,186. A dedicated educational curriculum in
a surgical residency has substantial and real associated costs; however, we also felt that the
benefits are well worth this effort.

A question of sustainable was also asked. We assessed results from our PGY1 and PGY2 PBC
from 2005 to 2014. A total of 126 PGY 1 and 2 residents completed the PBC. The average num-
ber of contact hours for PGY1 residents was 175 and for PGY2 was 120. The total faculty time
consumed was 508 h/year. The pre/post improvement averaged 15%. Our resident ratings
continued to be greater than 4.5 over the 9 years, while the average faculty ratings were 4.6 on
the five-point scale. Our first time ABS pass rates for the qualifying exam (QE) improved after
the entire resident cohort was enrolled in the PBC: 80% for pre-PBC-2005-2009 compared to
88% post-PBC-2010-2014. The most recent first time ABS QE pass rate from 2012 to 2016 has
risen to 97%. These impressive pass rates support continued faculty and resident interest and
commitment to sustain and evolve the curriculum.

2.3. Curriculum evolution

Over the past 12 years, our PBC for PGY1 and PGY?2 residents has evolved. Since its initia-
tion, resources on preparation for residency [12] recommended curriculum content [13], and
basic and advanced surgery resident skills and procedures [14] have been made available.
These resources, in addition to the new Surgical Council on Resident Education (SCORE)
curriculum for General Surgery [15], serve to validate our own content and skills. Selected
content from these resources has been incorporated into our curriculums, as appropriate.
New graduation and American Board of Surgery requirements have led to the incorporation
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of the fundamentals of laparoscopic (FLS) and fundamentals of endoscopic (FES) curriculums
as longitudinal elements of our curriculum content. Examples of the evolution of our PGY1
curriculum is shown in Figure 2 with a representative sample of a typical day from 2006 com-
pared to a typical week in 2016.

Our PBC remains highly rated by junior residents and faculty. It continues to evolve in con-
tent and duration as the department has expanded and health care delivery has changed. The
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program is now 4.5 days (Monday through Thursday, Sunday afternoon for final prepara-
tion) for PGY1 and 3.5 days (Monday through Wednesday, Sunday afternoon for final prepa-
ration) for PGY2 residents. Whether the reduction in time is related to an improvement in
preparation of medical students for residency or our concern over clinical exposure is an
unanswered question. We do believe that the presence of the PBC has had a positive impact
on resident recruitment as it demonstrates our emphasis and dedication to surgical education.
Anecdotally, some residents have expressed their interest in our PBC and opportunities for
educational research as reasons for choosing our residency training programs.

The success of the program for the PGY1 residents has some local external validity of impor-
tance. We were asked by the Departments of Plastic and Urologic Surgery to include their
residents in the program. These program directors recognized the potential positive impact
on their junior residents as well. This inclusion helps bonding among residents who will be
closely working together throughout their training program.

We have also continued to improve the separate educational sessions for our PGY3-5 curricu-
lum. This curriculum was started in 2007 and replaced a straight didactic lecture series. It is
held on one Wednesday morning, which is currently transitioning to Friday mornings, each
month for 4 h providing 32 h of contact time. Again, the residents are relieved from clinical
duty. A faculty facilitator leads discussion topics. These sessions are case based and the for-
mat is very similar to oral board questioning. These changes were requested by our residents
as they became familiar with the PGY1 and PGY2 curriculums. The topics cycle every 3 years.
Sessions on ethics are included.

Another addition added to our PGY1 and 2 PBC was surgical jeopardy. This has become a favor-
ite for a few faculty facilitators as well as for our residents. This type of interactive game-based
instruction has been utilized to teach and provide a casual, fun environment for residents to com-
pete and socialize [16]. We participate in the American College of Surgeons (ACS) resident jeop-
ardy session at the annual ACS Clinical Congress meeting. While we have never taken the top
prize at the ACS Clinical Congress Jeopardy competition, we have been competitive many times.

Finally, the PBC has been a venue for scholarship for faculty interested in surgical education.
A number of PBC-related manuscripts and presentations regarding our PBC curriculum have
been published in peer-reviewed journals and in the AAMC MedEdPORTAL, respectively.
Having a robust, sustainable, evolving, and faculty-supported curriculum has allowed many
faculty, and selected residents, to pursue surgical education as a component of their careers
interests. The current PGY1 curriculum director is enrolled in a Masters of Education in the
Health Professions program and the PGY 2 curriculum director is enrolled in the Association
for Surgical Education (ASE) Surgical Education Research Fellowship.

3. Conclusions

Surgical education requires constant attention and new methods of teaching and assessment
must be considered. The PBC was initially met with a significant amount of skepticism from
some faculty and senior residents resistant to change. However, as residents experienced the
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new model, it was uniformly accepted and ultimately highly valued by the department. We
believe that maintaining a positive focus on the educational mission allowed us to accomplish
such a change to the traditional delivery of resident education. As the skills needed by health
care providers continue to change, so must our educational objectives and how we deliver
them. Our PBC has allowed us to focus on these new skills and competencies and provided a
venue for continued evolution as we look to the future. Faculty interested in careers in surgi-
cal education makes the curriculum sustainable and ensures future scholarly products study-
ing educational outcomes of our curriculums and surgical training programs.

3.1. Future of the PBC

We will continue to look for ways to improve our PBC. We are convinced that the learning envi-
ronment we have established for our trainees is more conducive to the educational needs of our
residents. Being away from clinical service allows their focus to be on learning and more recep-
tive to learning without the distractions of clinical care. How we balance educational time and
clinical service will need continuous evaluation and adjustment to meet the needs of our trainees.

Potential areas of future change that need ongoing evaluation relate to educational objectives
and the needs of our trainees. Educational objectives will need to address the multitude of
changes in medicine that continue to occur. These include the application of advanced medi-
cal devices, use of alternative interventions to surgery, medical care organizational changes,
and quality and safety initiatives. While newer topics must be addressed, we also must not let
them displace critical basic medical knowledge, patient care principles and basic skills com-
mon to surgical practice.

As our trainees transition from millennials to generation Zs, our educational techniques will
need to change. A generation of learners raised with Internet access, social media, and mobile
access will force us to consider how we deliver our material. Classroom time may decrease as
mobile active learning opportunities increase. Manipulating the PBC into this type of learning
should not be difficult, but it will require thoughtful planning.

Regardless of the changes required, we believe the infrastructure that we have designed will
be flexible and sturdy enough to meet these challenges.
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Abstract

Virtual reality (VR) and augmented reality (AR) are two contemporary simulation mod-
els that are currently upgrading medical education. VR provides a 3D and dynamic view
of structures and the ability of the user to interact with them. The recent technological
advances in haptics, display systems, and motion detection allow the user to have a
realistic and interactive experience, enabling VR to be ideal for training in hands-on pro-
cedures. Consequently, surgical and other interventional procedures are the main fields
of application of VR. AR provides the ability of projecting virtual information and struc-
tures over physical objects, thus enhancing or altering the real environment. The integra-
tion of AR applications in the understanding of anatomical structures and physiological
mechanisms seems to be beneficial. Studies have tried to demonstrate the validity and
educational effect of many VR and AR applications, in many different areas, employed
via various hardware platforms. Some of them even propose a curriculum that integrates
these methods. This chapter provides a brief history of VR and AR in medicine, as well
as the principles and standards of their function. Finally, the studies that show the effect
of the implementation of these methods in different fields of medical training are sum-
marized and presented.

Keywords: virtual reality, augmented reality, medical education, simulation, advanced
learning

1. Introduction

Virtual reality (VR) and augmented reality (AR) are the current trends in medical education.
VR is the virtual construction of an artificial world. The key element of VR is the high level of
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user’s immersion over the virtual environment, namely, the high level of structures’ fidelity,
as well as the interaction of the user with them in a realistic manner. This has become recently
available, as it requires high standards of certain technologies, including advanced haptic
devices with force-feedback capabilities (bidirectional stimuli), high-resolution audio-visual
effects, motion detection technology, and high-performance processing power to transmit,
and processes all this information with near-zero latency.

The first virtual system in medicine was introduced in 1965 by Robert Mann, in order to
facilitate a new training environment for orthopedic. In the late 1980s, the head-mounted
display (HMD) was introduced as a wearable device for VR visualizations in medicine [1].
The first pioneering applications in medical education were some on hands-on procedures
that appeared over a decade later [2, 3]. In the 1990s, many adverse effects from the use of
VR were reported. Nausea, dizziness, temporarily impaired vision, and lack in the sense of
presence, even after 20 min of use, were some of them. The adverse effects were attributed
to technical defects, such as the lag time and the inability of the human eye to fixate in-
depth to “artificially distant” 3D objects [4, 5]. Although these effects are minor and subside
quickly nowadays, the risk of learning inappropriate handling moves, when low-fidelity
or badly simulated models are used and particularly under unsupervised teaching, still
remains [6].

Although AR and VR share many technical aspects, AR differs from VR as its target is not
to construct a fully artificial environment but to overlay computer-generated images onto
images of the real world [7]. Therefore, it uses machines that allow physical view of the
surrounding environment to be visible but enhanced with virtual images. Tablets, mobile
phones, AR glasses, and other optimized devices can be employed as hardware for running
AR applications. Historically, the development of AR starts in the 1960s, but the term “aug-
mented reality” was established in 1990. The increase in the use of AR came along with the
technological advances that made it available and useful. Nowadays, AR is used widely in the
clinical setting, providing extra information for the clinician during interventional procedures
(CT/MRI guidance, visualization of paths), but it is also applied in the educational world.
Anatomy, with the 3D visualization of hardly comprehensible structures, and physiology,
with the representation of mechanisms in 4D (in space and time dimensions), are the main
areas of interest [8].

2. Technical aspects

VR and AR come with certain hardware requirements in order to retain high standards of simu-
lation. The computerized 3D pictures and audio have to be realistic and simulate both real and
abstract structures. The motion of the user should be detected with high precision so that the
visual field (size, shape, angle of objects) and auditory stimuli (volume, sound balance) can
change accordingly. The user must be able to affect the virtual environment but also to be affected
via haptic feedback stimuli. Haptic devices, such as joysticks, gloves, and other specialized tools,
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serve these haptic interaction needs. High-performance computer power is needed to process
the huge amount of information produced, with low, unnoticeable latency. All these contribute
to the key element of VR and AR: immersion of the user over the environment. Moreover, fast
and reliable Internet connection is needed to support the latest trend in VR field, namely, the
establishment of VR fora where users meet and interact with each other online, in a common
virtual environment [1, 3, 9].

Many VR settings involve HMD. HMD is a wearable device that offers visualization of the
constructed virtual reality in wide angle and does not permit the disturbance of the virtual
experience by external visual stimuli. Although the first HMDs had a restricted resolution of
800 x 600 pixels and a narrow vision angle of 30°, the current HMDs display fully high-defini-
tion images, with angles that can reach 360°. Some of them are wireless and may incorporate
position and motion detection systems for the eye and head movements. Although HMDs
play a significant role in many VR settings, they are not mandatory for all medical applica-
tions. The simulation of many procedures, such as laparoscopic or endoscopic, requires the
display of the virtual images on a computer screen [10]. Sound quality is also important for
a complete VR experience. Volume and balance adjustments according to the moves of the
users are significant elements of the VR environment [1].

Input devices consist of all the devices that transmit the user’s stimuli to the VR system.
Gloves, joysticks, or other specialized tools (laparoscopic or endoscopic instruments) are usu-
ally employed. A special subcategory of necessary input devices for VR is sensors and track-
ers. Sensors and trackers identify the position and the direction of the user in space as an input
stimulus, allowing interaction. They employ various technologies such as lasers, infrared
radiation, and mechanical detectors and can detect the properties of the whole body, the head,
or even the subtle gestures and moves of the hands, ability that is extremely useful in medical
procedures’ simulation. The recent technological improvement of these devices, which made
the VR setting suitable for medical training, is the tactile-feedback ability. Adjusted force is
exerted via the handling instruments, depending on the hand moves. Thus, the operator has
a more realistic, bidirectional haptic experience when performing a virtual surgical process or
other interventional processes [10].

Most AR hardware use glasses that project virtual 3D images onto the real environment.
While Google Glass and Epson Smart Glasses were the pioneering devices, newer devices, such
as Hololens (Microsoft), combine AR glasses with a system of tracking cameras and sensors.
Tablets are an alternative platform suitable for AR applications. While the camera captures
the physical world, virtual structures are added in the screen [10].

3. Quality control and educational impact

VR and AR simulators must possess quality standards so as to be suitable for medical educa-
tion purposes. However, even if these standards are met, the educational benefit is still not
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guaranteed a priori. There are many published studies that try to test VR and AR simulators
in specific educational settings (concerning different medical fields and stages of training)
in order to examine their validity, the transferability of the taught skills to the real world,
the acceleration of the learning curve, and the retention period of the skills. Following the
determination of these parameters, establishing a curriculum that integrates this evidence in
a productive and cost-efficient manner is an essential consequence.

High-resolution images, quality in sound, haptic input and feedback devices, and high pro-
cessing power are the parameters that are required to create realistic VR/AR environment.
Moreover, the structures of the organs and tissues must be of high fidelity, and the change
in their shape, size, and angle of view must correspond completely to the user’s moves and
handlings. Otherwise, there is a risk that the moves and skills learnt will be inappropriate in
real situations [6]. ISO criteria have also been established. They include initial assessment of
the educational needs and establishment of a technical solution. This requires the in-depth
knowledge of the procedures or mechanisms that will be simulated. After the concept genera-
tion, the setting must be validated, in order to examine if it meets the educational expecta-
tions. Moreover, technical experts, medical experts, representatives from end-user groups,
human factor experts, and designers should collaborate and form an interdisciplinary team
that will design, evaluate, and upgrade the VR/AR products [11, 12].

Furthermore, VR and AR systems meeting these standards have to undergo post-market vali-
dation studies, in order to examine if they provide the educational effect they are expected
to. In terms of medical education, the studies examine the following types of validity: (1) face
validity —usually the end users make subjective comments as feedback for the quality and
realism of the setting. (2) Content validity: once again, it is subjectively defined by the users’
comments but with emphasis to the content of the simulation (procedures, fidelity of organs,
etc.). (3) Construct validity: this employs objective statistical methods that aim to correlate
the actual skill level of the participants with their performance in the VR setting. Usually,
there are two or more groups that differ only to the level of skills. Their performance in the
VR/AR setting is evaluated, either by external human evaluators or, if it is feasible, by the VR
system itself. If there is a correlation, that means that the VR setting can effectively discrimi-
nate between novices and experienced users. This is extremely useful when using VR/AR set-
tings as assessment tools for the progress of trainees, as they provide an objective evaluation
that may not require the need of human evaluators. (4) Concurrent validity: another objective
validity control that aims to correlate the performance in the VR/AR setting with other exist-
ing evaluation tools. This practically checks whether the VR/AR evaluation results point to the
same direction with other evaluation tools that are considered as gold standards. (5) Predictive
validity: the last but probably most useful objective validity control. Two homogenous cohorts
of trainees are formed. After that, only one receives a specific VR/AR training, with predefined
parameters (such as the simulator model, the procedure/topic learnt, the time, the frequency
and the difficulty level of the procedure, and the presence of a supervisor). On the contrary,
the other cohort receives training with differently optimized parameters (perhaps another VR/
AR simulator or even a completely different simulation method) or does not receive training
at all and is used as a control group. Subsequently, the skills of both cohorts are evaluated in
real patients or other simulation settings that are considered as gold standards with proven
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discriminating ability. If a correlation exists, the VR setting can have an educational effect that
can be indeed transferred to real patients. Some studies evaluate the effect of the training after
a long time period to examine the retention period of the skills [8, 13].

If there is confirmed predictive validity of a VR/AR simulator for acquiring a specific skill
set, then the next step is to wonder: “How much does the VR/AR training contribute to the
acceleration of the acquired skills?” This is a more complex question that can be approached
with learning curves. A learning curve is a graph that correlates the level of acquired skills
with the amount of effort exerted (measured in time, number of trials or procedures per-
formed). In general, it is desired that the learning curve has a high plateau, meaning that
the final level of skills acquired with this method will be high, but also is steep, meaning
that there is an early high acceleration of skills with little effort. If a trainee that has com-
pleted the training in the VR setting (namely, he/she has reached the plateau of the VR/AR
learning curve) and then is able to receive training in other settings (e.g., other simulation
settings or real patients) from a higher than the basic level, then we assume that the VR/
AR training offers transferable skills and has “accelerated” the learning curve. The com-
mon characteristics of the learning curves on most VR/AR simulators are the low plateau,
the transferability of the skills, and the steep shape. Low plateau means that the total level
of skills that can be acquired is lower than the one with other education methods; thus,
the VR/AR is usually appropriate for novices, but is not of any significant benefit for more
experienced users. Fortunately, it usually has a steep shape and transferability properties,
meaning that these skills are acquired quickly and then can be transferred to other educa-
tion settings. In other words, VR/AR training compensates for some training period in the
initial steps of other educational settings.

After these VR/AR setting-specific properties are evaluated, the next step is to define a cur-
riculum that incorporates VR/AR methods in education. This curriculum must also take into
account the cost of both VR/AR and alternative ways of training, as well as the patient risk
for both settings. For example, if there is a high risk in training with real patients or high cost
with animal-simulation models, a VR/AR simulator (with low plateau and steep learning
curve) can compensate quickly for the initial steps, offering a safe, relatively inexpensive, and
reproducible alternative choice that may provide transferrable skills.

As there are many validation and evaluating studies in literature, an overall profile of VR/AR
applications can be formed. In general, it seems that VR offers an appropriate environment for
training in hands-on procedures. As Table 1 shows, laparoscopic surgery, neurosurgery, cath-
eterization techniques, and endoscopic procedures seem to be the main fields of VR applica-
tions. Novices are the most benefited trainees, while there is not a significant learning effect in
experienced users. VR offers great diversity with only one setting. The educational setting can
be reproducible with a variety of different optimization details, not restricted by the physical
world [1]. Although VR simulators are expensive to purchase, they can be used recurrently
with low cost, require less staff than other methods (animal models or real patients), and
guarantee no risk for the patient [8, 12]. However, there are certain disadvantages in their use.
In the common case of crashing, the virtual experience is destroyed. From a technical point
of view, they are still not ready to present a virtual environment with absolute fidelity, as if
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Fields of educational training VR and AR simulator examples

Physiology and anatomy Visible Human Project, Visible Korean Human, The Virtual Body,
The Virtual Human Embryo, The Visible Human Server, AR
glasses, mobile phone and tablet based AR applications

Open surgery Virtual Reality Educational Surgical Tools

Laparoscopic surgery MIST-VR, Laparoscopy VR™, LapMentor™, LapSim™,
SINERGIA, Xitact LS500%, ProMIS®

Robotic surgery RoSS™, DV-Trainer®, SEP Robot, da Vinci Skills Simulator
(dVSs) ™

Oesophagogastroduodenoscopy, colonoscopy, GI Mentor™, EndoVR™, Olympus Endo TS-1

ERCP

Neurosurgery NeuroVR (NeuroTouch, NeuroTouch Cranio)™,
ImmersiveTouch® RoboSim, Vascular Intervention Simulation
Trainer®, EasyGuide Neuro, ANGIO Mentor™, VIVENDI,
Dextroscope®, Anatomical Simulator for Pediatric Neurosurgery

Interventional cardiology and cardiothoracic ANGIO Mentor™, Vascular Intervention Simulation Trainer

surgery (VIST)®, Vimedix (equipped with Hololens) ™, Nakao Cardiac
Model, Minimally Invasive Cardiac Surgery Simulator, dVSS™,
EchoCom

Urology URO Mentor™, University of Washington TURP Trainer,
UROSIim™, PelvicVisionTURP simulator, GreenLight laser
simulator, Kansai HoLEP, ProMIS®

Orthopedics ImmersiveTouch®, Phantom haptics interface®, Gaumard HAL
$2001® and S3000® Mannequins, Novint Falcon®, Medtronic
model, Arthro-VR®, Arthro MENTOR™, ArthroSIM, ArthroS™

Endovascular surgery ANGIO Mentor™, Vascular Intervention Simulation Trainer
(VIST)®, Cardio CT, SimSuite, Compass 2™

Obstetrics and gynecology HystSim™, EssureSim™, AccuTouch (and newly version from
CAE Healthcare), MIST-VR, LapSim™

ENT OtoSim™, VOXEL-MAN (supports Phantom haptics), Ohio
State University surgical simulator, Stanford Surgical Simulator,
Mediseus, ImmersiveTouch, Endoscopic Sinus Surgery Simulator
(supports Phantom haptics), Dextroscope®, dVSS ™

Ophthalmology EyeSi®, MicrovisTouch™, PhacoVision®

Intubation and bronchoscopy

EndoVR Simulator™, BRONCH Mentor™, ORSIM®

Table 1. VR and AR simulator examples with respect to each educational field.

it was real. Last but not least, wrong handling can be learnt, particularly under unsupervised
learning. The VR simulators can reconstruct a whole virtual surgery, specific procedural
tasks, or even more abstract procedures [2].

Moreover, many of the simulators have incorporated assessment tools of the user’s perfor-
mance. They evaluate parameters like path distance, operation time, moves, and errors and
then deliver quantified, timely, and objective metrics. If these simulators meet construct
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validity criteria, they can be used to objectively assess the trainee’s performance. However, if
this ability is not supported, human experts can also play the role of the evaluator, and stud-
ies have also shown acceptable metrics [8].

Although AR finds many clinical applications in medicine, its implementation in medical edu-
cation is not so extensive (see Table 1). However, tablets and mobile phones have AR applica-
tions that enrich traditional reading with pop-up videos, links, and interactive material [14].
Moreover, in medical training there are AR applications that project traumas and other lesions
onto healthy humans, aiming at training students and residents in the management of these
situations. However, interventional procedures are not performed, and the AR applications are
restricted in teaching the theoretical context of these subjects in an increased reality setting [15].

4. Applications in educational fields

4.1. Preclinical teaching

Anatomy and physiology are the classic paradigms that have the majority of VR/AR applica-
tions [6]. A checkpoint in the development of VR/AR applications that study human struc-
tures and mechanisms is the construction of massive online databases that contain human
images and information, mostly obtained with CT/MRI scanning. The first relevant project,
called the Visible Human Project, was created by the University of Colorado in 1991. The male
and female versions of the project contain over 7000 digital anatomical images and occupy
over 50 gigabytes of space. The National Library of Medicine made this platform free and
accessible [6, 16]. Other similar models followed, such as the Korean model Visible Korean
Human, The Virtual Body, The Virtual Human Embryo, and The Visible Human Server. Anatomy
teaching was enhanced with VR applications that obtained data from these databases. Similar
effort was put to reconstruct intracellular organelles in physiology [2, 10]. Structures and
mechanisms are digitally simulated and presented in four dimensions (space and time). This
contemporary visualization can be called “in silico” biology. Examples include the dynamic
simulation of neurons, membranes, and cardiovascular system parameters including heart
rate, blood pressure, contractility, and vascular resistance [16]. Anatomy also uses tablet-/
smartphone-based AR applications that project extensive information, visual 3D structures,
and links onto the traditional pages of anatomy textbooks. Recently, other hardware plat-
forms, such as the Hololens glasses by Microsoft, started to support relevant applications [19].
An application allows the interactive, 3D exploration of the human brain, reconstructed with
MRI data. Hand gestures allow the deformation, fly-by view, and other interactions with the
3D model to reveal hidden organs [10].

4.2. Surgery

VR and AR find most of their applications in surgery and particularly in laparoscopic surgery
training. Endoscopic procedures and neurosurgery are also popular. Fidelity and realism are
extremely important factors in these fields, not only for the comfort of the user but also for
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guaranteeing that no improper handling will be learnt and that the actual stressful conditions
will be recreated. VR/AR simulators demonstrate certain advantages, such the minimal cost
per use, the absence of ethical issues, and the safety compared to training on actual patients.
Moreover, greater diversity and complexity in the procedures can be achieved. However, the
cost of purchasing and maintaining is high, and also despite the rapid advances in VR/AR tech-
nologies, the realism still fails in representing the operating room settings with high fidelity [17].

4.2.1. Laparoscopic surgery

The current VR laparoscopic simulators are characterized as “hybrid” as they have real
instruments and a virtual operating field, projected on a screen or other display devices. They
provide haptic feedback to users according to their handlings, and most of them have assess-
ment systems that measure parameters such as the time to complete a task, the errors made
during surgery, and the surgeon’s economy of movements. They can have both “task trainer”
modules, for training in more simple and abstract handlings, and also “complete operation”
modules that simulate the whole operating procedure [18]. They seem to benefit the novices,
especially when intensive feedback by the instructor is applied [19]. The following simulators
are among the most popular:

Minimally Invasive Surgical Trainer-Virtual Reality (MIST-VR, Wolfson Centre and VR Solutions):
it provides a 3D environment for practicing abstract tasks and moves with a cylinder and a
ball. It can be adjusted to six difficulty levels, and it can teach basic laparoscopic skills like
suturing and knot tying. It is a low-fidelity simulator that does not support force-feedback
function [18, 20]. It has demonstrated construct validity but controversial transferability of
skills [21, 22].

LaparoscopyVR™ (LapVR™, Immersion): this simulator supports haptic hardware for force-
feedback function. Studies show that inexperienced surgeons acquire skills that can be
transferred in real procedures. LapVR™ system allows both individual and team train-
ing and offers training in six basic handlings with adjustable levels of difficulty: camera
navigation, using the hook electrode, cutting, clipping, suturing, and knot tying. It also
has a module for laparoscopic cholecystectomy with 18 alternative cases and 3 levels of
difficulty. It also contains a module for ectopic pregnancy, tubal occlusion, and adnexa’s
pathology [2, 20].

LapMentor™ (3D Systems, formerly Simbionix): it targets both novices and experienced sur-
geons, teaching from basic laparoscopic skills to complete laparoscopic operations. It also
has an incorporated assessment system for providing metrics to the user. It is characterized
by high fidelity and the ability to provide haptic feedback. The modules include basic lapa-
roscopic skills, suturing, laparoscopic cholecystectomy, ventral hernia, gastric bypass, and
gynecology cases. Information on handling tissue, handling tools, time, and movement effi-
ciency are obtained during the simulation and are processed to produce metrics [2, 20]. It
has demonstrated construct validity, predictive validity, and transferability of technical skills,
especially when combined with supervision by the instructors [21, 23].

LapSim™ (Surgical Science): this system includes basic skill modules, anastomosis and suture
scenarios, and laparoscopic cholecystectomy scenarios, and one case is dedicated to gynecology.
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It is a high-fidelity simulator with the ability of transferring functions between instructors and
institutions. It has shown good construct and predictive validity and transferability of some
skills [2, 18, 20, 21].

The sustainability of the skills obtained with VR simulators is supported by few studies with
small samples and a short follow-up period [24]. Other VR/AR models are SINERGIA, Xitact
LS500° (Xitact), and ProMIS® (Haptica) [13, 20, 21].

The main application of AR in laparoscopic surgical training is telementoring: the supervisor
can teach the trainee by indicating the proper surgical moves, paths, and handlings on the AR
screen. These pieces of information are displayed to the trainee and guide them [25]. However,
research has shown that this might also distract the user. A study proposes displaying this
information on an additional sub-monitor, rather than on a single head-up display [26].

4.2.2. Robotic surgery

RoSS™ (Simulated Surgical Systems) and DV-Trainer® (Mimic Technologies) are robotic surgery
VR trainers that have shown face and content validity. DV-Trainer®, along with SEP Robot
(SimSurgery) and da Vinci Skills Simulator™ (dVSS™, Intuitive Surgical), provides metrics about
the trainees” performance with construct validity. RoSS™ is the only one that incorporates
whole procedural tasks [27].

As the current robotic surgery systems do not rely on tactile feedback, their simulators are also
freed from this need. However, for educational purposes an alteration in color in the surgical
field exists, depending on the force that the users apply. Training in robotic surgery with VR
simulators seems to provide better and transferable surgical skills, as shown by some studies
[28, 29]. Novices are found to be particularly benefited from training in robotic simulators [30].

4.2.3. Open surgery

There is a limited variety in open surgery VR simulators and a lack of validation studies, prob-
ably because the complexity and the hands-on nature (without the involvement of machine
systems) of open surgery operations do not provide an easily simulated environment. Virtual
Reality Educational Surgical Tools (VREST) has developed an open surgery simulator for train-
ing and assessment. It consists of two haptic devices with haptic feedback enabled and a
system that represents 3D images. The software allows the optimization of the scenarios from
the teacher. The trainees decide what instruments to use and are assessed by the machine.
The first module built on the VREST platform was an inguinal hernia repair according to
Lichtenstein. Another similar simulator was developed by the Imperial College London,
which has shown construct validity [31].

4.3. Endoscopic procedures
4.3.1. Oesophagogastroduodenoscopy (OGD)

GI Mentor™ (3D Systems, formerly Simbionix) is the only validated VR simulator for upper
endoscopy training. Although beneficial for novices, it is of limited benefit for the experienced
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users. Procedure time, time to reach specific landmarks, intubation time, movement tech-
niques, procedural success rates, and other patient-related outcomes are evaluated in metrics.
Studies show that trainees have a significantly lower overall procedure time and a signifi-
cantly improved technical accuracy, compared to controls [32].

4.3.2. Colonoscopy

More VR simulators are available for colonoscopy training. The evidence that supports the use
of VR trainers in the early stages of training is well established. The repetitions required to reach
the plateau of VR training are 7-10, depending on the study. After this checkpoint there must
be a switch to traditional endoscopy training. The combination of these two methods has been
found more beneficial than either of the two alone. The skills acquired with VR training were
maintained for at least 9 months [33]. GI Mentor™, EndoVR™ (CAE Healthcare, the old AccuTouch®,
Immersion) and Olympus Endo TS-1 (Olympus) are among the simulators that have been studied
and have showed construct and predictive validity [21, 33]. GI Mentor™ has been chosen by
SAGES as the platform for the Fundamentals of Endoscopic Surgery™ (FES™) examination [34].

4.3.3. Endoscopic retrograde cholangiopancreatography (ERCP)

GI Mentor™ (3D Systems, formerly Simbionix) is the only validated simulator for ERCP among
six devices in total. It has been found to be beneficial in acquiring transferable skills and to
have the potential to be included in training programs, although it lacks in terms of realism,
usefulness, and performance compared to bench model trainers [32, 35]. EndoVR™ is another
popular simulator with ERCP modules available.

4.4. Neurosurgery

Neurosurgery training is a field where VR and AR simulators are usually found. Such simula-
tors must be comfortable enough to wear for many hours; extremely realistic, so that they rep-
resent effectively the detailed neurosurgery structures; and affordable [36]. They demonstrate
several advantages when compared to physical models (animal or bench models): they have
a lower cost in use, there is no limit in the repetitions, and they offer a great sense of variety
and diversity in the simulated cases. However, the resolution and realism of the constructed
world are still issues to be resolved [37].

NeuroVR™ (CAE Healthcare): a neurosurgical training platform that simulates microdissec-
tions, tumor aspiration, and hemostasis. It was first introduced as NeuroTouch, a platform
designed from over 50 experts from the National Research Council Canada [18]. It provides
complex computer-generated metrics in 13 categories; thus it is suitable for use as assess-
ment tool. As there seems to be a plateau in acquired skills, the educational benefit may be
limited to early learners. Other specialized variations of the simulator also exist, such as the
NeuroTouch Cranio, a simulator for brain tumor resection. The trainer provides haptic feed-
back and measures the trainee’s performance [37].

ImmersiveTouch® (ImmersiveTouch) is an AR simulator used for training in many surgical
disciplines, including spine surgery, neurosurgery, ENT surgery, and ophthalmology [13].
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It consists of two physical instruments, which can simulate various surgical instruments, and
a system that projects the virtual surgical field onto the hands and the instruments of the
user in an interactive way. It was found a valid training method for thoracic pedicle screw
placement (face and predictive validity) and clipping aneurysms (face validity) but also for
percutaneous trigeminal rhizotomy (construct validity) [13, 38]. Moreover, it had positive
learning effect and can accelerate the learning curve in many neurosurgical procedures, such
as ventriculostomy, vertebroplasty, and finding the anatomical landmarks for various inter-
ventional techniques [39, 40].

Various other VR/AR simulators exist. RoboSim, Vascular Intervention Simulation Trainer®
(VIST®, Mentice), EasyGuide Neuro (Philips Medical Systems), ANGIO Mentor™ (3D Systems, for-
merly Simbionix), VIVENDI (University of Tiibingen, Germany), Dextroscope® (Bracco AMT), and
Anatomical Simulator for Pediatric Neurosurgery (ASPN, Pro Delphus) are commercially or aca-
demically developed systems that simulate solely neurosurgical procedures or incorporate
also other additional modules [38, 41, 42].

4.5. Interventional cardiology and cardiothoracic surgery

ANGIO Mentor™ (3D Systems, formerly Simbionix): it provides a virtual field created from CT/
MRI images of real patients and data from cardiac intervention procedures (balloon angio-
plasty, coronary stenting). Standard guidewires, catheters, balloons, stents, and similar
devices are used with the system. Monitoring the patient’s vital signs and electrocardio-
graphic changes is available. ANGIO Mentor™ is a robust simulator used in many endovascu-
lar procedures, such as carotid stenting and renal, iliac, and other vascular interventions [43].

Vascular Intervention Simulation Trainer® (VIST®, Mentice): it is similar to the ANGIO Mentor™
containing a library of virtual patients, tools, and procedures. These support tactile feedback
and generate fluoroscopic images. It also supports a variety of other endovascular procedures,
along with an electrophysiology module for training in pacemaker lead placement [43].

Vimedix™ (CAE Healthcare): it is an AR system for training in echocardiography. It consists
of a mannequin and a transducer transthoracic or transesophageal echocardiogram. It has
displayed face validity. Recently, CAE Healthcare has equipped it with Hololens in order to
provide the ability to view the images with glasses, unrestricted from the dimensions of the
screen [13]. EchoCom is another echocardiography AR trainer but for neonates. It has shown
face, content, and construct validity [13].

Nakao Cardiac Model is a VR simulator for training in surgical palpitation of the beating heart.
It supports haptic interaction. It does not include metrics tools and does not offer variabil-
ity. The Minimally Invasive Cardiac Surgery Simulator by Berlage and colleagues is another VR
simulator that virtually projects beating heart, ribs, and chest surface based on the patient’s
unique CT images. It is not interactive but supports variability of the simulated environments.
A VR Lobectomy Simulator was developed by Solomon and colleagues. It includes video-
assisted thoracoscopic surgery resection, lobectomys; it is controlled with haptic stimuli, and
it has incorporated metrics tools that track performance, measure surgical times and errors,
and ask questions [44].
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dVSS™: cardiothoracic surgery also employs VR robotic training. A study found that the
group previously trained in dVSS™ performed better in robotic internal thoracic artery har-
vest and mitral valve annuloplasty than the control group [45].

4.6. Urology

URO Mentor™ (3D Systems, formerly Simbionix): a VR simulator for training in many urologic
fields. It has shown educational benefit in cystoscopy and ureteroscopy [46]. It also supports
several other modules, including essential skills, stone extraction, stone lithotripsy, cutting
strictures, and taking biopsy modules. Face and content validity have been confirmed, and it
is considered as a realistic and useful training model for endourological procedures.

University of Washington TURP Trainer (University of Washington): this VR trainer was designed
for training in transurethral resection of the prostate (TURP). It has been extensively validated
and shown face and construct validity. This is the only model to have shown concurrent
validity with other assessment tools in studies with large numbers of participants [47, 48].

UROSim™ (VirtaMed): a commercial TURP VR simulator that has recurrently shown face,
content, and construct validity. It simulates endoscopic movement and allows users to per-
form resection, coagulation, and also complete TURP operations. It can be adjusted to differ-
ent levels of difficulty and has advanced metrics tools [47, 48].

Other TURP simulators using VR are the PelvicVisionTURP simulator, the GreenLight laser sim-
ulator (GreenLight SIM, American Medical Systems Inc.), and the Kansai HOLEP simulator. All
these demonstrate face and construct validity [47, 48].

A module employing Phantom® haptics interface (Geomagic) was developed for digital rectal
examination. However further research is required. The University of Grenoble developed
in 2013 a VR simulator for transrectal ultrasound-guided prostate biopsy. Since then, sev-
eral systems have been constructed [10]. Moreover, the ProMIS® laparoscopic VR trainer has
displayed construct validity in urologic procedures [49]. Studies have compared the educa-
tional effect of VR trainers with that of bench models and found no difference in the early
steps. However, VR trainers are far more expensive than bench models but also offer greater
diversity [50]. AR has limited applications in urology training, as it is only used to teach
theoretically the procedural steps. A relevant application based on Google Glass trains urology
residents in how to place an inflatable penile prosthesis [51].

4.7. Orthopedics

The ImmersiveTouch® simulator is used in a variety of spine surgery procedures, includ-
ing thoracic pedicle screw placement and percutaneous spinal needle placement. Phantom®
haptics interface is used for spinal needle insertion. Gaumard HAL S2001® and HAL S3000°
Mannequins and Novint Falcon® (Novint Technologies) are systems for vertebroplasty simula-
tion training. A model from Medtronic has also been used in pedicle screw placement and
placement of lateral mass screws [52].

Three VR models are validated and commercially available for training in arthroscopy. Both
Arthro MENTOR™ (3D Systems, formerly Simbionix) which was the evolution of ARTHRO-VR®
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(GMV) and ArthroSIM have displayed face, content, and construct validity [53-56]. ArthroS™
(Virtamed) has demonstrated greater face validity than Arthro MENTOR™ and ArthroSIM in a
head-to-head comparison study [54].

4.8. Endovascular surgery

Usually, endovascular VR trainers have metric tools that evaluate the procedural time, the
volume of the contrast used, and the time for fluoroscopy. They provide plenty of modules
including angioplasty and stenting of coronary, renal, iliac, and femoral vessels. They also
seem to benefit the inexperienced users, and the skills acquired seem to be transferable [57].

ANGIO Mentor™ (3D Systems, formerly Simbionix): it contains 23 different endovascular pro-
cedures and over 150 patient scenarios. It simulates the environment of endovascular proce-
dures performed under fluoroscopy in the cath lab, interventional suite, or operating room. It
supports haptic feedback, and it can benefit trainees of different disciplines, including inter-
ventional cardiology, interventional radiology, vascular surgery, electrophysiology, neuro
surgery, and interventional neuroradiology and trauma. It has shown better procedure time,
fluoroscopy time, and contrast volume in many procedures, such as carotid artery stenting,
renal artery stenting, and cerebral artery angioplasty [42, 58].

Vascular Intervention Simulation Trainer® (VIST®, Mentice): as already mentioned it contains
many training modules. It also supports haptic feedback and has many difficulty levels.
Studies have shown improvement of users” performance in many endovascular procedures,
including carotid artery, cerebral artery, renal artery, iliofemoral artery, aorta, and superficial
femoral artery procedures [42, 58].

Cardio CT (Shina System), SimSuite (Medical Simulation Corporation), and the newer Compass™
2 (Medical Simulation Corporation) are other VR simulators that have not been so extensively
studied [58].

4.9. Obstetrics and gynecology

HystSim™ and the newer EssureSim™ (both by VirtaMed) are VR simulators for training in
hysteroscopic procedures. Studies have attributed face, construct, and predictive validity to
them and have also shown that the skills taught are retained for at least 2 weeks [59, 60]. A
model from CAE Healthcare (the old AccuTouch, Immersion) has been used in hysteroscopy
training and has shown construct validity and the ability to improve performance equally
with box trainers [59].

MIST-VR might be suitable for training in gynecology training, as it has shown positive
results in other fields [22]. LapSim™ has also been used in salpingectomy training and shown
construct validity [61]. AR has nonsignificant applications in gynecology training.

4.10. ENT

OtoSim™ (OtoSim Inc.): it is used in otoscopy training, offering a wide range of realistic images
of the tympanic membrane and of various middle ear lesions. It was found to have good face
validity [62].
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VOXEL-MAN surgical simulator (Hamburg, Germany): it is a computer-based interface that can
be used for temporal bone drilling and mastoidectomy. It supports Phantom® haptic devices
for tactile feedback and 3D visual interfaces. It has demonstrated face, content, and construct
validity [62-64]. Other similar simulators that display validity are the Ohio State University
surgical simulator, the Stanford Surgical Simulator (Stanford BioRobotics lab), and the Mediseus
surgical simulator (CSIRO/University of Melbourne Temporal Bone Simulator) [62—64].

Endoscopic Sinus Surgery Simulator (ES3, Lockheed Martin): it is used in sinus surgery, enabling
haptic feedback with Phantom®. It collects and analyzes performance data providing perfor-
mance metrics. It consists of three components: a workstation simulation platform (Silicon
Graphics Inc.), a haptic controller, and an electromechanical human interaction platform with
replica of an endoscope, surgical tools, and a mannequin. It is among the most widely vali-
dated sinus simulators, demonstrating content, concurrent, construct, and predictive validity
and a significant retention of the acquired skills [62, 64]. Dextroscope® is also used in sinus
surgery and has shown predictive validity [64].

dVSS™ is also used in robotic ENT surgery training. Tonsillectomy, fine-needle biopsy of
the thyroid, myringotomy, nasal endoscopy, and cricothyroidotomy VR simulators have also
been developed [62, 65].

4.11. Ophthalmology

Cataract and vitreoretinal surgery is the main field of VR training in ophthalmology. EyeSi®
simulator (VRmagic) is the most commonly used system. It includes two pedals (one for the
microscope and one for phacoemulsification/vitrectomy/infusion and aspiration modes), a
physical head and eye, and a microscope, all connected to a computer. It does not support
tactile feedback. However, it demonstrates construct and predictive validity. The educational
effect is restricted to novices [66-68]. MicrovisTouch™ (ImmersiveTouch) and PhacoVision®
(Melerit Medical) are additional models with only the MicrovisTouch™ supporting haptic feed-
back [66]. AR is still of limited use, although a study finds educational benefit when AR is
applied in ophthalmoscopy teaching [69].

4.12. Other fields

Pediatrics and emergency medicine are promising fields for integration of VR training.
Rigorous work is being done to create realistic virtual humans and virtual pediatric models.
Moreover, highly realistic virtual environments that recreate massive destruction situations
are being developed for use in emergency medicine [70, 71].

AR has been used in intubation training. More modern systems, such as BRONCH Mentor™
(3D Systems, formerly Simbionix) and EndoVR Simulator™, include intubation modules and
have shown positive educational effect [72].

Ultrasonography simulators have been used for assessing trainees. ScanTrainer® (MedaPhor).
It consists of a haptic force-feedback-enabled device and a computer with a touchscreen that
visualizes ultrasonography images according to the user’s movements [73].
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EndoVR Simulator™, BRONCH Mentor™, and ORSIM® (Airway Simulation Limited) are some of
the systems used for training in bronchoscopy [62]. Most of them have shown positive learn-
ing effects. BRONCH Mentor™ offers a bigger variety of pathologies and clinical situations
and a more realistic environment. ORSIM® is a small, portable simulator with a physical
bronchoscope and an interface based on regular laptops [74].

Some AR applications that indicate the landmarks for central venous catheterization have
been developed. An ultrasound probe locates the vein and a microprojector projects it onto the
skin. A study has found positive learning effect, when used in landmark finding training [75].

5. Conclusion and future perspectives

Most of the educational applications of VR and AR seem to have construct and predictive
validity, with the acquired skills to be transferable to real situations. However, the credibility
of several of these studied might be questionable. First of all, many of them are not randomized
studies, with cohorts of different characteristics and inadequate number of participants (less
than 30 in most studies). Moreover, there are few studies for each simulator, and there are no
similar standards in their design, so that they could be summarized and directly compared.
In addition, many of the studies referring to specific simulators become quickly outdated as
they do not take into account the simulators’ continuous upgrades. More randomized control
trials, comparing the effect of VR training against no training, other simulation-based train-
ing, or different VR training systems, are needed. The samples must be larger to strengthen
the results and the designs of different studies similar [5, 7, 8, 21]. Moreover, the extent of the
decay of the skills over time must be elucidated. When these properties, along with the cost
factors, are clarified, then we can examine the way that VR and AR can be officially incorpo-
rated in medical education curricula.

However, the published literature suggests a positive educational impact. VR/AR training dis-
plays certain advantages toward other simulation techniques. Although expensive to buy, VR/
AR simulators provide a relatively costless opportunity for reproducible training under vari-
ous environments and difficulty levels. Moreover, they do not raise ethical issues, compared
with other animal and living tissue simulation models. They provide immersion for the user
and the ability to perform complete procedures, in contrast with partial task trainers. Multiple
studies have shown a favorable impact of VR/AR trainers on inexperienced trainees, and we
can intuitively assume that they are technically evolving in high pace as the technology pro-
gresses. Future improvements could include the integration of olfactory stimuli. Odors can be
used as diagnostic tools or even to recreate stressful conditions (e.g., in a combat or in the oper-
ating room) with greater realism [1, 8]. Medical informatics is also an evolving field. Medical
data will be visualized more clearly and impressively with VR/AR technology. Users will be
able to dive into statistical plots and reports, watch them in 4D (in 3D space and time), manip-
ulate them, and “wander” around them. Although significant progress has been made, there
is still a need for more processing power, higher resolution, better design of the scenarios, and
more advanced haptic devices in order to achieve highly realistic environments [31, 76].
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Abstract

In order to develop surgical skills required for cardiac surgeries, such as with surgeries of
all types, years of practice and experience is required. Young cardiac surgeons need to
improve technical proficiency in order to enrich the quality of care provided and to ensure
patient safety. Realistic synthetic platforms and models are common resources for teach-
ing and enhancing practical skills for both inexperienced as well as senior medical stu-
dents, however are found particularly useful for young surgeons in training. Appropriate
and available educational platforms can play an increasingly vital role in the training
progression for young trainees in the area of cardiothoracic surgery. For example, the
Coronary Artery Bypass Graft (CABG) surgery encompasses an extensive range of path-
ologic anatomies and surgical performances. In this chapter, we present original, syn-
thetic, biomimetic models that allows for the accurate practice of surgeries such as the
CABG surgery and aortic valve implantation. The prototype uses a polyvinyl alcohol
(PVA) cryogel specifically designed to mimic the geometric properties of vasculature and
the tissue of heart valve leaflets. The proposed models both visually resemble and feel like
human tissue in addition to possessing relatively consistent mechanical properties. The
technology and platform proposed have the potential for application in all cardiovascular-
related reconstructive surgeries.

Keywords: hydrogel biomaterials, surgical tools, cardiac training, aortic valves,
reconstructive surgery, bypass surgery, CABG

1. Introduction

The number of incidents of severe aortic stenosis in adults is remarkably high [1]. However,
suitable timing of aortic valve replacement has the potential to avoid both early and late fatal
events as well as result in improved functional status of the valve. Early diagnosis and
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treatment will lead to increased preservation of regular ventricular function in addition to the
possibility of regaining regular ventricular function from previously irregularly functioning
valves. As the basis for the decision to proceed with surgical interventions is how the regular
function and structure of the left ventricle, aortic valve and ascending aorta can be affected by
appropriately timed and performed valve replacements, it is crucial to understand the impli-
cations of these factors.

Aortic stenosis is typically a progressive disease and with increasing stenosis severity there is an
increased resistance during left ventricular outflow. In order for the left ventricle to compensate
this high resistance while still maintaining normal systemic pressure and cardiac output, a
higher left ventricular pressure is generated. This elevated pressure is achieved by concentric
ventricular hypertrophy, an increase of mass and thickness in the wall of the left ventricle.
Although this might be an effective temporary solution, the left ventricle will eventually exceed
the limit of concentric hypertrophy and begin to dilate in order to maintain left ventricular pump
function. This dilation leads to a change in the shape of the left ventricle which may induce
significant and negative affects to the valves function. Factors such as ejection fraction and fiber
shortening suggest that velocity may eventually be reduced, leading to congestive heart failure.

Both phases, that is, cardiac hypertrophy and ventricular wall dilation, could have possible
effects on both the hemodynamic and metabolic alternations. As the ventricular wall experiences
progressive dilation and increased hypertrophy, the end-diastolic and pulmonary venous pres-
sure increase may lead to an increase in shortness of breath. In addition, as the myocardial wall
tension increases due to hypertrophy, more oxygen is required and because the supply of oxygen
remains unchanged, myocardial ischemia and the symptom of angina pectoris may occur.
Further, the alteration in ventricular shape and dynamics caused from excessive dilation of the
left ventricle may create a vicious cycle, inducing chronic congestive heart failure.

Aortic valve replacement will provide a significant reduction of these symptoms and enhanced
function for patients with ventricular dysfunction. Even in cases of congestive heart failure and
noticeable ineffectiveness of ventricular function, aortic valve replacement may lead to
improvement in symptoms and ventricular function, resulting in the reversibility of ventricu-
lar dysfunction and improved survival. Hemodynamic assessment of the valve stenosis
involves the determination of the valvular gradient and an estimation of both the aortic valve
area and the aortic valve area index. If the ejection fraction and cardiac output are normal,
severe aortic stenosis is detected by a pressure gradient across the valve with a value equal to
or greater than 50 mmHg or by an aortic valve area index that is less than 0.75 cm?/m? [1]. If the
cardiac output is lower than normal, opposed to the pressure gradient the valve area index
must be considered as the pressure gradient across the valve can be minimal for decreased
cardiac outflow. Aortic valve replacement is recommended even in the presence of a left
ventricular ejection fraction that is less than 25% as well as for symptomatic patients with
moderate aortic stenosis in which the aortic valve area is in the range of 0.7-1.2 cm? [1].

An artificial platform which can be used to simulate aortic heart valve replacement or coronary
artery bypass surgery does not exist. Current possible options are based on synthetic models
that lack adequate realism or animal models which are not available for repetitive practice. It
should also be noted that there are multiple limitations in using animal models which do not
occur with our proposed synthetic models.
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In this study we design and develop synthetic models of ascending aorta which have similar
mechanical properties and geometry to those of porcine tissue. The aortic valve, root and other
sections, which are made all in one piece, bear physical resemblance to their counterparts of
the porcine ascending aorta tissue. In addition to appearing similar to porcine tissue, our
proposed models also feel like the tissue so that when sutures are performed it resembles a
realistic platform as is experienced in an actual surgical operation. Additionally, we propose
synthetic phantoms of coronary artery vascular grafts with objectively analogous geometrical
properties. These phantoms also have reliable mechanical properties to that of the native
tissue. The proposed platform is an outstanding tool which may be utilized for the simulation
of anastomosis as implemented in coronary artery bypass surgery.

2. Method

2.1. Part A: aortic valve replacement surgery

In this study, the human ascending aorta made of cryogel-based biomaterials is proposed. To
develop the geometry of the root, an innovative surfacing method related to the de Casteljau
technique which is used for developing Bezier surfaces is implemented. The 3D geometry of
this model is developed using 2D images attained from the axial dissection of a young adult
porcine aortic root. The biomaterial implemented for the aortic valve is a blood-compatible
cryogel made of polyvinyl alcohol (PVA-c) which is strengthened by bacterial cellulose (BC)
natural nanofibers in a mixture of 15% PVA-c and 0.5% BC by weight fraction and the
biomaterial implemented for the root is 10% PVA-c. The tensile properties of the fabricated
PVA-BC were measured and are similar to those of the porcine aortic valve leaflet tissue in the
two radial and circumferential directions. We also attained a near match of the stress-strain
curves for the aorta in the circumferential and axial directions by applying 10% PVA-c with
75% initial strain after cycle 3 [2]. A cavity mold was designed and manufactured and the
proposed polymeric valve was then fabricated. An extensive finite element analysis was
performed in order to optimize the final product (please see the appendix). The proposed
model may be further used for animal trials.

2.1.1. Preparation of the hydrogel biomaterial

Hydrolyzed PVA, 99+% (Sigma-Aldrich) with a molecular weight of 146,000-186,000 is used as
the main ingredient for the solution preparation. A suspension of 0.877 wt% BC in distilled
water is then added to the PVA solution. The BC solution is produced in shake flasks by a
fermentation process using the Acetobacter xylinum bacterium. The BC suspension was pre-
pared and added to the PVA solution. The new solution contains 15% PVA and 0.5% BC by
weight fraction while the rest is distilled water as shown in Figure 1 [3].

The final solution was dispensed into three metallic molds and placed in a heated/refrigerated
circulator (15L Heating Bath Circulator Model SD15H170-A11B). The molds were cycled once
between 20 and —20°C at 0.1°C/min for the solution to solidify and gain a deterministic shape
(cycle 1). In order to impose anisotropy to the samples, a 75% strain was applied to all three
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Figure 1. The proposed platform as to the PVA-BC nanocomposite preparation for the newly designed ascending aorta.

samples while they were placed back into the mold to reach the maximum anisotropy [3, 4].
The direction of stretch was selected to be in the direction with the higher stiffness, however
one of the samples was kept non-stretched as a control. The molds were cycled using the
freeze-thaw procedure for six cycles where one of the molds was removed at the end of each
cycle. The above procedure and PVA-BC were applied for the preparation of the hydrogel
implementation in the leaflet structure and a similar procedure was applied for the aortic wall,
however as less stiffness is required for the aortic wall, BC fibers were not used and only 10%
PVA was implemented.

2.1.2. Tensile testing

The results of the experimental tensile tests are reported in the form of load versus extension.
These values are converted into stress-strain values by using the dimensions of the samples
and the initial gauge length after preconditioning. Given that the samples undergo large
deformation, the stress-strain curves obtained for all samples are nonlinear and hyperelastic.
To fit the data obtained, an appropriate constitutive model is applied such that [2],
0 =y, + Aexp (Be), where o is true stress, ¢ is true strain and y,, A, and B are constants.

The tensile properties are measured by a servohydraulic testing machine (INSTRON 8872)
with a precise load cell that has a maximum capacity of 1 kg. In order to remain consistent
with the realistic bio-environment of the samples, all measurements are carried out inside a
container filled with distilled water at body temperature. The strain rate for the performed
tensile tests is set to 40 mm/s with a maximum of 60% strain. The preconditioning test was
achieved for all samples in 10 cycles with an amplitude of 5 cm and a frequency of 2 cycles/s [5,
6]. The mechanical properties obtained for the aortic valve and the ascending aorta are shown
in Figure 2a—d. A close match in mechanical properties for the applied PVA-c samples and the
porcine aorta was obtained. Figure 2e shows the stress-strain curves of the aorta in both
principal directions and the anisotropic PVA-c sample after cycle 3 at 75% initial strain.

2.1.3. The design and fabrication of the ascending aorta

For the design of the geometry of both the ascending aorta and the aortic valve, an advanced
and novel surfacing technique based on the de Casteljau method is applied on the Bezier-based
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Figure 2. (a) The utilized anisotropy after cycle 2 at 75% initial strain, (b) the utilized anisotropy after cycle 6 at 75% initial
strain, (c) the stress-strain curves in the longitudinal direction in cycle 2, 4 and 6 at 75% initial strain, (d) the tensile
properties of the developed hydrogel [C4 is cycle 4, LONG stands for longitudinal, PERP stands for perpendicular, LEAF
RAD stands for porcine aortic leaflet in the radial direction, LEAF CIRC stands for porcine aortic leaflet in the circumfer-
ential direction and the physiological domain represents the physiological loading condition of the valve] and (e) the
closest match of the tensile stress-strain curves of aorta in both directions obtained from the anisotropic PVA at 75% initial

strain after cycle 3 [6].

surfaces. The 3D geometry was developed by stacking 2D images obtained by the axial
dissection of an adult human aortic root and aortic valve. It should be mentioned that the
valve used for this purpose was a Mitroflow bioprosthetic valve. The 2D images are digitized
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and converted into a finite number of control points. This is determined by mapping the 2D
geometry of each section using a coordinate measuring machine (CMM) with a laser scanning
system such as 3D Digital Corp, 3D scanner cyberware.

The control points are then applied to construct the corresponding Bezier curves to complete
the digitization of the 2D images which are used as the bases for the production of the final
Bezier surfaces. The main advantage of this technique is that the final surface obtained is easily
and quickly tunable. In order to increase the surface quality and apply any desired changes,
Bezier curves are accustomed through a trial and error procedure by removing, relocating or
interpolating the initial control points. The final surfaces are then brought to a CAD software
environment by using a command as known as shell, for example, command Shell of I-Deas.
As we are developing 3D and physical models, the thicknesses of the valve leaflets and
ascending aortic wall and their respective variation is of particular importance. For this pur-
pose, two surfaces are independently designed to form the top surfaces of both the male and
female parts of the mold for each model. Even though the produced shells of the Bezier
surfaces possess uniform thicknesses individually, the final products are 3D and have proper
variable thicknesses as intended [6-8].

The thickness of the model is developed by the gap in the final design of the mold which is
created due to the distance between these two surfaces. We used Mechanical Desktop V2013i
CAD software for the perfection of the models throughout testing. As mentioned earlier, the
geometry of the proposed aortic valve is inspired by a design modification on the Mitroflow
bioprosthetic valve.

A major advantage of this new design is that the variable thickness of the leaflets is consid-
ered (0.7 mm on the free edge and 1.2 mm on the attachment with the stent) which is defined
by applying a comprehensive finite element structural analysis and using the related opti-
mized computational methods for further enhancement. The final model of the proposed
valve consists of three identical cusps for which the leaflets are symmetrical about their own
midlines. The fabricated model and the final prototype for the proposed aortic valve prosthe-
sis composed of PBS thermoplastic material are shown in Figure 3. The valve is then added to
the ascending aortic wall model to develop a complete synthetic model (made of PBS ther-
moplastic material) including the sinuses, two outlets for the right and left coronary arteries
and the valve in only one component. The final model of the ascending aorta is shown in
Figure 4.

2.1.4. Final models made of the proposed hydrogel

The developed material which possesses similar mechanical properties to those of the ascend-
ing aortic wall and the porcine heart valve leaflet tissue is implemented in the final models.
The designed and fabricated molds were filled with the proposed hydrogels (PVA-BC for the
valve leaflet and PVA only for the aortic wall) and the final models were manufactured. These
models are similar in geometry and mechanical properties to that of the native tissues and can
be an excellent tool for the simulation of aortic heart valve surgery (Figure 5).

The anatomy of the aortic valve is shown in Figures 6 and 7. Figure 6 shows the valve from
above, with the orientation as is usually seen throughout a standard transverse aortotomy [9].
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(b)

Figure 3. (a) The mitroflow bioprosthetic valve of which the design of the proposed valve is inspired, (b) the final CAD
model of the proposed valve, (c) the designed and fabricated mold and its parts for the new design of the PVA-BC
polymeric trileaflet valve. A: casing, B: caps x2, C: main female part, D: main male part, E: the assembled mold, (d) and (e)
are the first prototypes of the valve made of PBC thermoplastic material.

2.1.5. Surgical procedure

A transverse aortotomy is made which is normally placed approximately 15 mm above the level
of the right coronary artery. This specific placement is to reduce the possibility of jeopardizing the
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Figure 4. (a) The 3D CAD model of the ascending aorta, (b) the fabricated mold and its part of the proposed final CAD
model, (c) the prototype of the ascending aorta made of PBC thermoplastic material including the left and right coronary
arteries, the sinuses and the aortic valve in a singular component.
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(b)

.

Figure 5. (a) The final aortic valve made of PVA-BC and (b) the final aortic root including the valve and sinuses with
similar mechanical properties and geometry to that of the native tissue.

right coronary artery (caused by low incision placement) which can lead to technical complica-
tions in valve seating and aortotomy closure. Avoiding higher incision placement has decreased
importance as the aortotomy can easily be angled downward and the anterior lip caused by a
high incision can be quickly pulled back. The aortotomy is suggested to be extended to about
10 mm above the commissure between the left and right coronary leaflets and to a similar
distance above the commissure between the left and the noncoronary leaflets [9].
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Figure 6. The anatomy of the human aortic valve including the right, left and noncoronary cusps (leaflets) as well as the
main branches of left and right coronary arteries—top view. The top image is a typical diagram of the ascending aorta and
the lower image is the synthetic ascending aorta proposed in this study which is one piece of the aortic root including the
valve and coronary outlets.

After retractors are located, the valve can be seen, and the approach for excision is identified
the calcified tissues are completely excised, ensuring to take care to not injure the bundle of His
or the aortic wall. In many severely calcified valves, leaflets are free of calcification at the site of
attachment prior to the annulus so the incision line can be positioned exactly on the calcium-
free ribbon near the annulus. If a calcium-free ribbon near the annulus does not exist, the
excision can be made on a hypothetical ribbon relatively close to the annulus. This is to prevent
inadvertent excision of a portion of the annulus as such severe calcification may cause damage
to the annulus and part of it may be inadvertently removed. A polymer aortic valve prosthesis
is designed and fabricated slightly smaller (normally 1-2 mm smaller) in diameter than the
diameter of the patient’s annulus. The sinuses are removed in a way that only a rim of aortic
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Figure 7. Demonstration of an opened out view of the aortic valve to illustrate the subvalvular anatomy. As the left ventricle
has a common inlet and outlet, the anatomy of the aortic valve and mitral valve is intimately related. The top image is a
typical diagram of the opened out ascending aorta including the aortic valve and the lower image is the synthetic ascending
aorta proposed in this study which is one piece of the aortic root including the valve and coronary outlets.

wall above the cusps remains. Three sutures are placed through the prosthesis and the
patient’s annulus (Figure 8A1, 2 and B1, 2) and the prosthesis is then lowered into the patient’s
annulus and inverted into the left ventricle (Figure 8B3). The sutures should then be run
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Anntlus

Annulus

Figure 8. Anastomosis procedure of the prosthetic aortic valve and the ascending aorta built in this study. (1) The sinuses
are removed in a way that only a rim of aortic wall above the cusps is left as shown in Al and B1, (2) the calcific leaflets are
removed as described above (B2), (3) three sutures are placed through the prosthesis and the patient annulus for guiding
the valve into the right position in annulus, (4) the valve is anchored to the annulus. As shown almost one commissure is
attached (A3, A4 and B4, showing the attachment from the aortic side, B5, showing the attachment from the ventricular
side) and sutures are carried around to complete the anastomosis (B6).

toward each commissure and firmly tied ensuring the suture line is kept slightly below the
patient’s annulus. In the case of bioprosthesis, special care must be taken to avoid the conduc-
tion tissue under the commissure between the right coronary and the noncoronary cusps,
however this is not required for the polymeric valve. Following this, the valve is then everted
and sutures are initiated at the low points of the sinuses and are brought up to the commis-
sures (Figure 8A3, 4 and B4-B6) [9].

2.1.6. Congenital aortic stenosis

The left and right cusps are fused together at the commissure which is considered as a relative
underdevelopment of the right coronary leaflet (cusp) and the orifice is typically a cut between
the left- and noncoronary cusps. The commissure between these two cusps is typically well-
developed, however the other commissure may be dissimilar in degree of development and
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may merely be a primitive raphe. A simple incision is typically made in one (or two) commis-
sure(s) of the right coronary leaflets (cusps). Incision of the other commissure may depend on
its degree of development as well as the extension and depth of the right coronary leaflet

(cusp).

2.1.7. Surgical procedure

In the first step, a transverse aortotomy is prepared and the valve is uncovered with small cusp
retractors. Forceps are used to hold the leaflets and an incision is made on the well-developed
commissure all the way to the annulus (Figure 9A1 and A2). The assessment is carefully made
on the depth of support and the degree of development of the right coronary leaflet. Due to the
fact that the right coronary leaflet develops a coaptation area with the other leaflets (and not
prolapse), the other commissure is carefully incised. In the last step, the subvalvular area is
carefully checked to ensure there is no subvalvular stenosis underneath. The procedure on the
proposed synthetic model is shown in Figure 9B1-B4.

2.2. Part B: coronary artery bypass surgery

The wall thicknesses of the coronary arteries possess a range from 0.42 to 1.35 mm [10]. The
thickness of the saphenous vein wall is approximately 0.79 4+ 20 um [11] and the outer
diameter of the lower bound coronary artery is 1.2 mm [12], whereas the diameter of the upper
bound harvested saphenous vein is 7 mm with a normal minimum diameter of 3.6 mm and a
normal maximum diameter of 4.84 mm within one vessel length [12].

Al

Incision Line

MR Cusps V4 ;ﬁh [ Incision *

Figure 9. The exposure of the valve and incision of the well-developed commissure all the way back to the annulus
(A1, A2)—top view. In the synthetic model, initially all three cusps are fused together. The practice is to make the main
incision as discussed in the manuscript. (1) The valve is exposed (B1), (2) the incision line is determined (B2), (3) the
incision is made all the way back to the annulus (B3) and (4) the incision is completed (B4).
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2.2.1. Cryogel preparation

Polyvinyl alcohol cryogel (PVA-c), 99+% (Sigma-Aldrich) hydrolyzed with a molecular weight
of 146,000-186,000 was implemented for the solution preparation which is outlined in more
detail in our previous studies [10, 11]. The proposed cryogel material requires a thermal
cycling procedure in order to physically crosslink the long molecules. Therefore, the design is
limited to molds that can be implemented with the anti-freeze cooling bath which takes place
within ethylene glycol solution with a temperature change of —20 to +20°C [12].

2.2.2. Mold design

Ten sizes of arteries, ranging from 1.5 to 7 mm are targeted in order to provide for all of the possible
sizes implemented in CABG, which also includes internal mammary artery (IMA), saphenous vein
(SVG) and radial artery (RA) grafting. The normal internal diameter for the human saphenous
vein is 1.75 mm (without distention) and 2.18 mm (with distension) [5]. The diameter of artery and
vein cores chosen for the design are from 1 to 2.5 mm. The length the vessels is simplified to a
10 cm long graft of continuous diameter and a wall thickness with no alterations.

In order to attain the precise dimensions, a flat plate design was implemented. This design
consists of two flat symmetrical plates with the dimensions of each artery size fixed into a
semicircular channel. When these compartments mate, a cylindrical graft is made (Figure 10a
and b).

Another main issue addressed by this design is the capability for the cores to always remain
concentric with the mold cavity. Our exclusive solution is to implement tension in the cores
through a conical centering system. This feature ensures the cores remain centered regardless
of orientation or disturbance imparted on the mold during the fabrication process. The conical
mechanism is designed with a 45° taper on each end of the cylinder (Figure 10c).

2.2.3. Mold fabrication

The 3D rendering of the mold was fabricated on SolidWorks R2016 software. Renderings were
printed using a Mojo (Proto 3000, Mississauga, Canada) 3D printer with a resolution between
layers of 100 pm.

2.2.4. PVA cryogel models

The proposed material has similar mechanical properties to those of the coronary artery tissue.
The molds were packed with 10% PVA-c and the final models were fabricated. These models
are close in geometry and have similar mechanical properties to that of native tissues and are
suitable to model vasculature for the simulation of bypass surgery (Figure 11). The circumfer-
ential strength of the proposed models reported here is 0.50 + 0.12 MPa which is comparable
to the native tissue (0.39 £ 0.07 MPa) [13, 14] with less than 5% discrepancy.

Using this procedure, vessels with a mean outer diameter of 1.30 mm and a mean luminal
diameter of 600 pm can be produced where the dimension of the vessel thickness is 350 pum.
These vessels have a normal vessel length of 60 mm and thus, vessels have efficaciously been
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Figure 10. (a) CAD design, (b) the prototype of the mold for the construction of synthetic grafts. Twelve grafts with
variations of sizes are developed in the same batch and (c) tensioning mechanism, the conic fixture holds the cord
constantly at the center and the spring behind it is for providing a minimal tension on the cord so it is continuously under
stretch [17].

fabricated in small scales. We have the capability of reliably creating vessels with a diameter
ranging from 1.5 to 7 mm, Figure 11 and Table 1.

Figure 11. The models of synthetic manufactured grafts made of 10% PVA-c [17].
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OD (outer diameter) (mm) Thickness
1.5 350 pm
2.1 500 um
2.9 670 um
34 820 um
42 940 pum
48 1.2 mm
55 1.4 mm
6.1 1.8 mm
7 2.0 mm

Table 1. Sizes of the proposed synthetic [17].

2.2.5. End to side anastomosis

We utilized a range of prolene (polypropylene) sutures (size: 2.0-6.0). The dull-witted marginal is
incised with scissors (Figure 12a). A suture is passed (1) through the arterial wall, (2) through the
vein and (3) through the arterial wall and (4) tagged. The other end is (1) brought through the
vein and (2) the vein is again lowered into place. (3) The suture line is brought up to the right
side. (4) The other suture is brought through the heel of the vein, (5) through the artery, (6) up the
left side and around the toe, thus, completing the suture line, Figure 12b. In the end (7) a
cannulation is utilized to ensure an excellent connection of the graft to the artery (Figure 12c-e).

it
P_ "
the'etonary o

Figure 12. Anastomosis of a graft to coronary artery on a pig heart. (a) Groundwork on the coronary artery and the
approximation of the location of anastomosis, (b) the suturing graft to the location of anastomosis, (c), (d) and (e)
represent the cannulation test. Blue water is perfused through graft by applying a suitable pressure and the location of
anastomosis is tested and observed for leaks [17].
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2.2.6. Side-to-side anastomosis

We utilized a range of prolene (polypropylene) suture of the same size. The grafts are organized,
Figure 13a. Both grafts A and B are notched longitudinally, Figure 13b. The incision must be
accurate as an unsuitable incision may cause narrowing on the graft at the location of anastomo-
sis. The suturing procedure follows the same routine (Figure 13c—f). (1) A suture is guided
inside-outside the artery on graft A and (2) labeled. (3) The suture line is brought up inside-
outside the vein on graft B and (4) outside-inside the artery on graft A (Figure 13g and h). (5) The
suture is brought up outside-inside the vein on graft B and (6) inside-outside the artery on graft A
and (7) around the end of arteriotomy to complete the anastomosis (Figure 13i) [15, 16].

There are other methods which can be implemented for the side-to-side or the end-to-end
anastomosis as shown in Figure 14a and b are not explained in detail.

In the final step, side-to-side anastomosis of a small-scale graft to the ascending aorta was simu-
lated, Figure 15. The ascending aorta implemented in this study is made of the cryogel biomaterials,

Figure 13. Presentation of side-to-side anastomosis. (a) Three synthetic grafts implemented in this study. (b) Presentation
of applying a longitudinal incision, (c) presentation of a side-to-side anastomosis ideally, (d)—(f) are the recommended
stages for the side-to-side anastomosis [12], (g) corresponding to stage (d) on the graft, (h) corresponding to stage (e) on
the graft and (i) achievement of the anastomosis on the graft [17].
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Figure 14. (a) Other methods implemented for the side-to-end anastomosis and (b) end-to-end anastomosis, both on the
synthetic platforms [17].

|

Adrtie
Sinuscges

Figure 15. (a) Simulation of the side-to-side anastomosis of a small-scale graft to the valve conduit and (b) top view of the
valve conduit and the small graft.

however possessed mechanical properties close to those of the leaflet tissue and the valve conduit.
This model contains the sinuses and the aortic valve placed in a singular piece. Then, side-to-side
anastomosis of a small graft to the valve conduit was attained using the proposed platform.

3. Conclusion

This chapter summarizes a novel emerging technology by which a complex surgery can be
accurately simulated. We proposed a novel model of the ascending aorta made of synthetic
material which maintains similar mechanical properties and geometry to that of native tissue
by which a complicated heart valve replacement surgery can be simulated step-by-step.

It is known that available surgical simulators lack fidelity or are not adequately lifelike, though
in this chapter a high fidelity platform was designed and fabricated. This platform may be
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used by young surgical residents or cardiac surgeons to develop expertise on the matter. More
platforms will be developed so that other valve and ascending aorta related surgeries such as
Yacob, David or Bentall procedures can be precisely simulated in a similar fashion.

Additionally to the best of the authors” knowledge, for the first time a platform for fabricating
artificial cryogel micro-vessels is demonstrated in order to address a lack of availability to
coronary artery bypass practice materials. Previously, small cryogel vessels did not exist simply
because of their complicated geometries. The vessels presented feature a biomaterial with
mechanical properties and geometries which are not statistically different from human vessels
and the models have been productively implemented to model a coronary artery bypass surgical
procedure. The penetration ability and resistance to rupture the sutures with the diverse range of
sizes from 2.0 to 6.0 was verified and deemed acceptable using prolene (polypropylene) suture.
The proposed material appears to be well-matched with polyglactin (vicryl) sutures as well [17].

For forthcoming work, the suture penetrating ability and resistance to rupture by associating
diverse sutures polyglactin (vicryl) versus prolene 5-0/6-0/7-0) by means of a semi-quantitative
scoring method will be modeled. Suture retention by utilizing pull test data compared to the
real tissues can be also considered. A short case study showing the appropriateness of the
cryogel vessels in a virtual model to educate operators and its outcomes (which is essentially
semi-quantitative scoring methods) will be implemented. The accessibility of practice tools for
surgeons will contribute to improve their adroitness and self-reliance in cardiothoracic surgery.
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Abstract

Surgeries are practiced in different areas, and specifically in the thorax described in this
chapter, the medical doctors must know in detail the biological structures in which they
perform such surgical procedures. Therefore, in this chapter, we refer to the descrip-
tive and topographical anatomy written by French doctors L. Testut and A. Latarjet. In
earlier times, for several reasons, the medical surgeon operated all body organs and
was involved in resolving the pathology of different areas. Currently and in the future,
medical knowledge in thoracic surgery will cover subspecialties specifically divided, for
example: assisted video surgery, interventional bronchoscopy, and mediastinoscopies to
take mediastinal biopsies using robotic surgery of pulmonary exeresis to shorten the hos-
pitalization period and even the days spent in the intensive care unit.

Keywords: surgery, thorax, education

1. Introduction

In the past, the assessment of surgical education started with the difficult acquisition of knowl-
edge, reading through a total of six anatomy volumes published by Testut and Jacob and
Testut and Latarjet. Besides, an unlimited number and type of general surgical procedures
had to be carried out. Currently, surgical practice is mainly obtained through experimen-
tal models. These methods of teaching and learning surgical skills have shown that “if stu-
dents outlive” the anatomical and functional steps, they will gain a greater understanding of
anatomy and physiology. Nonetheless, surgeons must get a specific surgical specialty. In the
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future, surgeons will become subspecialists with genetic and robotic multitraining. However,
it must be said that this issue may contain sensible medical ethical dilemmas, although this
discipline derived from philosophy has grown in a very important way and surely will con-
tinue growing every day, mainly because of the positive impact of technological development
on human well-being.

Regarding surgery, in the past, surgeons without any surgical specialty were capable of per-
forming incisions in all cavities; they could correctly perform surgeries in the central nervous
system, resolve cardiopathies, and dissect the abdomen. Currently, for instance in chest sur-
gery, there are many subspecialties such as video-assisted surgery or interventional bron-
choscopy performing surgeries such as pleural decortication, pulmonary resection, oncologic
surgery, endocavitary aspiration, and transbronchial punctures for therapeutic, diagnostic or
palliative purposes, and lately long-distance surgery and robotic surgery. The large number
of subspecialties that have currently been added to pneumology, such as thoracic oncology,
pulmonary pathophysiology, and intensive care of sleeping disorders, is worth noting. In
addition to technological changes, in the future, thoracic surgeons will have to have knowl-
edge/comprehend and support genomic medicine, molecular biology, epigenetics, computer
networks, telecommunications, bioelectronics, artificial intelligence, communication and
psychomedical techniques of treatment, geriatrics, preventive medicine, administration and
health economics as well as ethics. Currently, thoracic surgery in the future will be practiced
by groups of subspecialists that will need to be competent to select/have to choose from mil-
lions of data published daily in order to obtain and classify information.

2. From pulmonary collapse to video-assisted and robotic surgery

“Writing about general chest surgery practiced since 50 years ago to date, and its future trends
is to describe the medical-surgical fight against two important diseases: in the past, against
pulmonary tuberculosis, and currently, against lung cancer. In the future, the challenge will
be to unify video-assisted approach and robotics along with research and study of new drugs
against these two diseases” [1].

Pulmonary tuberculosis or “the great white plague” was a serious public health problem
worldwide since time immemorial, as confirmed by the forensic analysis of human remains
showing signs of tuberculosis.

If we remember and think about Thomas Mann’s classic book “The Magic Mountain,” which
began to be written in 1912 and was finished in 1924 and which describes the hospitals that
existed in the mountains of Switzerland, we may recognize that in those times it was sug-
gested that the air that could be breathed at those heights was a good treatment for the white
plague. The hospital most talked about is the Walls Sanatorium in Davos, where lung col-
lapse measures were used to treat tuberculosis patients. Nowadays, some of those homes
once inhabited by patients with Koch bacillus, became fashion great luxury hotels.

The National Institute of Respiratory Diseases in Mexico (NIRDM) was inaugurated in 1936
as the Huipulco Tuberculosis Sanatorium (Figure 1), a place where most patients suffered
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Figure 1. Huipulco tuberculosis sanatorium, Mexico City, 1936.

from pulmonary tuberculosis. The sanatorium was architecturally designed in such a way
that the rooms for patients had only three and a half walls to allow the free cycling of fresh
air. NIRDM was built approximately 15 km away from the urban area, on green fields full of
trees with temperatures ranging between 5 and 11°C [2].

Over the years, overpopulation and the consequent urban growth have caused environmental
changes along with different ways of thinking about the treatment of some diseases, includ-
ing tuberculosis. Because tuberculosis has been earmarked with lower income, less financial
resources are allotted to its treatment while much more money is allocated to chronic-degen-
erative diseases.

In the past, young students’ restlessness and an unreal desire to dress in the surgeon’s uni-
form made the work even harder. The process was relatively slow since during the period as
a medical student and specifically during the first 2 years, two tremendous subjects had to
be studied exhaustively: the first one was descriptive anatomy. This task implied using “The
Treatise on Descriptive Human Anatomy” by Testud and Jacob as a bedside book. The second
subject was topographic anatomy based on “The Compendium of Topographic Anatomy” by
Testut and Latarjet, a textbook that described human anatomy by regions.

Currently, much functional knowledge of the human body is mainly obtained in a practi-
cal way, either through experimental models or with dummies that had shown that “if stu-
dents outlive” the anatomical and functional study steps, they will indisputably gain a greater
understanding of anatomy and physiology knowledge.

When a medical student studies, learns clinical subjects such as pneumology, gastroenterol-
ogy, or cardiology among other subjects, he or she does it closely to his or her tutor. The
semiological study of the patient is performed on the analysis of the patient’s symptoms,
that is, if the patient presents clinical signs such as dyspnea or cough, lung anatomy will be
remembered, as well as the physiology of the lower airways regarding ventilation, perfusion,
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and diffusion; the surgical coil will especially be thought about when procuring the patient’s
benefit. I think that in the future, all surgical/medical decisions will have to be taken by a
group of experts, and a biologist-immunologist must be considered as one of them.

As for surgery, in the past, it was said that “the great surgeons made large incisions.” Further-
more, these great surgeons surgically intervened all the organs of the different cavities of the
human body, and, as I experienced while I was a medical student, I saw the same surgeon
from The General Hospital of Mexico practicing surgeries very dexterously in the central ner-
vous system, or to alleviate heart diseases as well as the most frequent procedures practiced
in the abdomen, such as colicystectomies and intestinal resections.

When I was in the fourth year of my Bachelor’s studies in medicine, I started studying the
respiratory apparatus. It was the time when several types of thoracoplasty and some pulmo-
nary resections were performed. After entering the surgery and seeing the surgical technique
of thoracoplasty and the type of anesthesia used, I was impressed by the incision at the skin
level, by the muscular separation, the entrance to the pleural cavity, and the desperiostization
of the first, second and third ribs. So I decided to learn the surgical method and the postop-
erative management of this irreversible pulmonary collapse. Likewise, observing pulmonary
resection was surprising too, due to the dissection of the pulmonary hilum and by the differ-
ent techniques used to close the lobular bronchus or the lung.

In Mexico, Koch'’s bacillus caused severe damage to the population, and around 1890s, health
authorities and the distinguished physician Eduardo Liceaga started an organization to fight
against the infection by Mycobacterium tuberculosis. Among their actions, they initiated a medi-
cal service called Observation and Treatment of Tuberculosis.

In 1905, The General Hospital of Mexico was inaugurated. There, two pavilions were assigned
for tuberculosis patients only, and after the Mexican Revolution (1910), this pathology inci-
dence increased because of the poverty increment after the armed conflict [1].

In those years, no specific treatment against M. fuberculosis was available and its therapeutic man-
agement was based on herbal medicine without any etiological basis, even though the causal agent
of this millennial suffering had been discovered since 1882 by the German doctor Roberto Koch.

In those previous years, “pulmonary resections” were performed by placing the pulmonary
hilum, either lobar or the whole lung, in a tourniquet, and a dissection was performed. True
cunning was required in order to apply a tourniquet to the entire pulmonary hilum to per-
form the pneumonectomy. This surgery caused significant bleeding and bronchopleural fis-
tulas with 25-30% of mortality rate. Indisputably, in order to practice a pneumonectomy, the
surgeon must dissect the veins, artery, and bronchus either from the segment, the lobe, or
the lung. Doctor Overholt, who intervened his patients in a face-down position on an opera-
tion table specially designed by him, insisted in the dissection of the pulmonary hilum. Leo
Eloesser also supported this surgical procedure.

In 1882, the same year in which Robert Koch (Figure 2) discovered the causal agent of pul-
monary tuberculosis, Carlo Forlanini devised intrapleural pneumothorax [3]. Since Koch’s
postulates have been valid for 135 years, it is worth remembering them:
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1. The bacterial pathogen is isolated from sick animals and never from healthy animals.
2. Bacteria can be isolated, cultivated, and purified from sick animals.

3. If bacteria are inoculated into a healthy susceptible host, illness would occur.

In 1954, Dr. Miguel Jiménez Sanchez registered a book describing the doctrine of respiratory
trauma very well. His intention was to prevent it and give rise to the collapse therapy. It is
worth describing this concept in the words of Dr. Jiménez:

“By the action of the inspiratory muscles, the lung tissue is subjected to a centrifugal disten-
sion that increases during inspiration, but does not disappear in the expiratory phase, since,
during this phase, it occupies a space much bigger than the corresponding to its true complete
rest position, which is the total collapse of the viscera, in which its retraction force is annulled,
a circumstance that does not occur “in vivo” due to the existence of the pleural attraction
that keeps the lung in a state of constant distension in the vicinity of the costal wall. In other
words, the lung during expiration (physiological rest) is in a state of centrifugal hyperdisten-
tion that increases during each inspiration by the mechanisms already indicated.”

Figure 2. Robert Koch.
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Also in the words of Dr. Jimenez: “The lung has a very delicate anatomical constitution and is
formed of a tissue that is essentially elastic, uniform and eccentrically dilatable in the course
of inspiration. It can be considered as a small elastic balloon that cannot dilate or retract as
long as the inspiration does not allow the entrance of the air and the exhalation its exit. The
alveolus is subjected to two opposing forces; on the one hand, the inspiratory muscles tend
to dilate it, and on the other, the narrowing of the airways, by delaying the arrival of the air,
oppose this dilatation. It is notable that a tissue as weak as that of the alveolus, due exclusively
to its elastic expansion potential, can dampen the action of two opposing forces; and if its very
delicate wall is not injured, it is that its dilatability is superior to the inspiratory dilation of the
thorax” [4] (Figure 3).

These concepts described by Dr. Forlanini and established by Dr. Jimenez led to the idea that
normal function became abnormal because of lung disease.

It must be mentioned that inflammatory factors generated by pulmonary infection develop
pleuritis, since the pleural leaves are adhered, and because their function to impede lung col-
lapse gets compromised, Dr. Forlanini implemented a surgical technique called “section of
adhesions,” to section them and avoid the lung’s collapse. When this procedure was executed,
the urethroscope was used because there was no other equipment (as, for instance, a pleuros-
cope) available to section the parieto-visceral adhesions.

With Dr. Forlanini’s idea of causing pulmonary immobility, several physicians who treated
pulmonary tuberculosis performed irreversible pulmonary collapse using different surgical
techniques that comprised resection of the ribs in order to “letting the lung fall”, that is, induc-
ing pulmonary collapse and, consequently, improving mainly cavitary lesions.

Figure 3. Right pneumothorax X-ray image.
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Breathing is carried out through inspiration and expiration in a number of 12-18 breaths per
minute in diseased lungs, and this gave Dr. Carlo Forlanini the notion of the respiratory trauma
concept. He explained that in lungs infected with M. tuberculosis, the inspiration and expiration
“beat” the lung parenchyma, therefore increasing the pulmonary injury, and his idea was to
avoid the respiratory trauma through the intrapleural pneumothorax as far as possible.

The discovery of M. tuberculosis coincides with the concept that respiratory trauma caused
the persistence of the pathology. Dr. Carlo Forlanini claimed that inspiration and exhalation
hit the lung fundamentally on the thoracic area that he called “dominant lines” which he
described in the diaphragm and in the pulmonary hilum areas, and he concluded that an
injured lung suffered from respiratory trauma while the movement of inspiration and expi-
ration did not affect the parenchyma of healthy lungs. Based on this idea, it was concluded
that a measure for the treatment of pulmonary tuberculosis was to keep the patient at rest
since it was a patient with respiratory trauma. To achieve this goal, different methods were
conceived.

Subsequently, in Naples, Italy, Dr. Monaldi pursued the endocavitary aspiration to eliminate
caseum from the tuberculous cavern, because the greatest amount of bacilli concentrates in
that area [5].

Another surgical procedure practiced to avoid respiratory trauma was the phrenicectomy,
although it caused respiratory insufficiency, paralysis of the hemidiaphragm, and therefore
serious pulmonary ventilation problems.

In 1952, Waksman was awarded the Nobel Prize for his research in streptomycin discovery, a
drug that fortunately led to a significant reduction in surgical measures for the treatment of
pulmonary tuberculosis.

There are different procedure types of thoracoplasty as follows:

1. Total thoracoplasty.

2. Subtotal thoracoplasty.

3. Upper partial thoracoplasty.

4. Partial inferior thoracoplasty.

5. The widened thoracoplasty.

6. Iterative thoracoplasties.

7. Thoraco-apicolysis.

Frequently, pulmonary tuberculosis caused infection in the pleural cavity or empyema
tuberculosis. In most cases, this pathological situation required draining of pleural pus through
a water seal connected to suction. Furthermore, the pleura responded to the M. tuberculosis
invasion with inflammation and thickening of both visceral and parietal leaves of the pleura;
the lung remained “imprisoned” by the pleural response. Simultaneously, “pulmonary incar-

ceration” caused ventilation disorders, and it was necessary to practice surgery and resect the
“pleural shell,” removing the tuberculosis pleura and improving ventilatory mechanics.
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Figure 4. Eloesser’s window technique for pleural drainage.

In 1935, Dr. Leo Eloesser devised a surgical technique called Eloesser's Window to drain
the tuberculous empyema by opening the pleural cavity. This “window” was a 2 x 3 cm? cut
into the costal wall and thus allowing the cleaning of the cavity to perform the pulmonary
decortication (Figure 4).

3. Plumbing, gel, and lucite balls

Extrapleural pneumolysis. To collapse the pulmonary apex, extrapleural pneumolysis was
devised. It consists of lowering the “tip of the lung” via the extrapleural route to allow col-
lapsing of the cavernous lesions of the upper pulmonary segments. One of the problems
with this technique was to support the collapse of the vertex because the application of
air was difficult due to the presence of fibrous tissue. This led to the inclusion of different
materials as, for instance, lucite balls (similar to ping pong balls) into the extrapleural space
to maintain the pulmonary collapse and facilitate the application of air into the extrapleural
space.

Around 1933, Dr. Banyai, while trying to perform an intrapleural pneumothorax in a tuber-
culous patient, introduced air into the peritoneal cavity, causing a pneumoperitoneum
(Figure 5) that enhanced the evolution of tuberculosis lesions in the inferior lung lobes. This
gave rise to the fact that in certain topographic situations of the tuberculous lesions, the pneu-
moperitoneum will be used.

All surgical interventions, intrapleural pneumothorax, extrapleural pneumothorax (difficult
to maintain), plumbing (Figure 6), lucite balls (Figure 7), phrenicectomy, pneumoperitoneum,
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Figure 5. Pneumoperitoneum X-ray image.

and all types of thoracoplasty mentioned earlier are practiced to keep the lung at rest to avoid
respiratory trauma.

Although nowadays, efficient primary and secondary drugs for tuberculosis treatment exist,
the lack of education and low-economic income have contributed to bacillary resistance, and
occasionally thoracic surgery must be practiced to maintain the lung at rest.

Undoubtedly, as it has been stated by well-known tisiology specialists “tuberculosis has been
an excellent teacher and an important teaching and learning factor in the management and
treatment of different diseases of the chest.”

On the other hand, thoracoplasties consist of removing the posterior and lateral edges of the
ribs, which are the parietal pleural support. This excision induced the lung collapse, and the
surgical techniques are shown in Table 1 [6].

Plumbing, a technique that consisted of the application of oil to provoke lung collapse and
diminish the respiratory trauma, lowers the apex of the lung, and the introduction of lucite
balls into the pleural cavity was also used to avoid respiratory trauma. These methods occa-
sionally caused erosions of the bronchi; even though oil could be expulsed through air expul-
sion, the lucite balls had to be surgically removed.

Thoracoplasty was another surgical method used to reduce respiratory trauma. It consists of
the resection of the first five ribs in two surgical times, from the vertebral joint to the sternum
costal joint. All patients submitted to thoracoplasty had paradoxical breathing due to the lack
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Figure 6. Plumbing X-ray image.

of support offered by the ribs, to the development of pleural adhesion, and to consequent neg-
ative pressure. These disturbances on the pulmonary ventilation “mediastinal swing and loss
of costal support” invited the surgeon to practice a different type of thoracoplasty, that is, per-
forming a partial resection of the ribs. This type of surgery, called chondroflexion, decreased
the hemithorax space and no paradoxical breathing was produced (Figure 8).

In some patients, a post-thoracoplasty resection was prescribed in order to remove excavated
lesions through lobar or segmental resection.

In addition to thoracoplasties, to keep the lung at rest, the phrenic nerve was sectioned with
the purpose of paralyzing the corresponding hemidiaphragm and avoid trauma in the infe-
rior dominant line. This surgery was performed for many years but unfortunately caused
respiratory insufficiency because of diaphragmatic immobility and infections that were con-
sequence of poor secretion management. In the long term, hemodynamic disorders such as
pulmonary artery hypertension developed (Figure 9).

In Mexico City, the first lung resection was performed by Leo Eloesser at the Huipulco
Tuberculosis Sanatorium (NIRD), and he was assisted by William B. Neff, who took care of
the general anesthesia (Figure 10).

In the 1950s, staplers were developed in the Soviet Union to perform resections of pulmo-
nary pathology in “wedge,” that is, without dissecting the corresponding hilum. This surgical
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Figure 7. Lucite balls X-ray image.

method was used in the Soviet Union mainly due to the serious problem of pulmonary tubercu-
losis that they faced in addition to the lack of pleuropulmonary surgeons. Over time, these sta-
plers were used less frequently to perform wedge resection but more often mainly to perform
pulmonary resections stapling the bronchus only, to try to solve bronchial fistulas (Figure 11).

Pulmonary tuberculosis repeatedly causes pleural effusion due to infected pulmonary periph-
eral nodules. This situation causes tuberculous empyema and bronchopleural fistula. These
patients with tuberculous empyema were handled by Dr. Leo Eloesser through a drainage
of the pleural cavity to the outside, communicating the pleural cavity by means of a 2- or
3-cm opening to the outside. This technique facilitated the daily cleaning and healing of the
pleural cavity, and due to the symphysis of the pleural leafs, there was no total pulmonary
collapse. This surgical technique, called Eloesser, was generally followed by decortication
of the pleural cavity and closure, if any, of the air leakage of the lung parenchyma. In
the past, Eloesser’s surgery in addition to antituberculosis drugs provided good results, and
currently Eloesser’s method continues to be performed from time to time (Figures 12 and 13).

The discovery of streptomycin by Waskman in 1943 was worth the Nobel Prize for Medicine
and caused the surgical measures for the treatment of pulmonary tuberculosis to decrease
significantly. Streptomycin sulfate is an aminoglycoside that has activity against aerobic
gram-negative bacteria such as the tuberculosis bacillus. Streptomycin penetrates the cell
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1. Intrapleural pneumothorax

1882 Forlanini

1898 Murphy

1908 Saugman

1909 Brauer

1912 Jacobeus

2. Phrenic nerve palsy

1911 Stiiertz

1913 Sauerbruch

1920 Felix/Goetze

3. Thoracoplasty

1907 Friedrich

1911 Wilms

1913 Sauerbruch

1922 Brauer

1925 Alexander

1935 Semb

1954 Bjork

4. Extrapleural pneumolysis

1891 Tuffer

1913 Baer

1936 Graff

5. Pneumoperitoneum

1933 Banyai
Klopstoc
Vajda

1938 Bennet

Table 1. Surgery of pulmonary tuberculosis.

membrane of bacteria, fixes to the ribosome, and therefore does not stop the initiation of pro-
tein synthesis in bacteria. Unfortunately, in some cases, it causes renal failure and deafness,
and patients receiving this antibiotic must be closely monitored.

3.1. Trachea

Tuberculosis patient’s expectoration also affected the trachea producing ulcers and some-
times retraction by proliferation of connective tissue and stenosis. This, at least a 50-year-old
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Figure 8. Right thoracoplasty X-ray image.

problem, was a very serious complication without antituberculosis drugs, since morbidity
and mortality rates and low-economic income contributed to the failure of its surgical treat-
ment. Dr. Hermes Grillo started tracheal surgery and devised different surgical techniques
with good results. A very important contribution for the study of the trachea was made by
Dr. Chevalier Jackson (1865-1958) who is considered the father of bronchoscopy and laryn-
goscopy; he designed rigid bronchoscopes and used them for diagnosis and bronchodilation
(Figure 14).

Isoniazid was discovered in 1945; this drug inhibits the synthesis of mycolic acid on the wall of
the bacteria. On the other hand, parasinosalicylic acid (PAS) is a bacteriostatic of the tubercu-
lous bacillus, which is very useful in inhibiting or retarding bacterial resistance to streptomy-
cin and isoniazid. With isoniazid, streptomycin, PAS, and ethambutol (1961), thoracic surgery
decreased due to diminished indications in pulmonary tuberculosis therapies and new drug
treatments.

It is impossible to explain and describe the surgical techniques of the past without mention-
ing some words about pulmonary tuberculosis. Pulmonary tuberculosis was the pathological
condition that originated the art of its surgical management.

Currently, the prevalence of tuberculosis patients has decreased significantly, whereas dis-
eases such as cancer, pulmonary fibrosis, and asthma have increased in a high percentage.
In the future, chronic-degenerative diseases will dominate respiratory pathology, and so in
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Figure 9. Left thoracoplasty X-ray image.
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Figure 10. From right to left: Ismael Cosio Villegas, Leo Eloesser, William B. Neff, and Donato Alarcén at the National
Institute of respiratory diseases (NIRD), Mexico City.
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Figure 11. Russian stapler.

Figure 12. Pleural effusion X-ray image.

Figure 13. Drainage of the pleural cavity by communicating the pleural cavity to the outside through an incision.
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Figure 14. Tracheal surgery.

this section, we must indicate and contraindicate methods such as video-assisted and robotic
surgeries.

In addition, although drug administration is not a surgical procedure, the synergy of drugs
based on studies of molecular biology for the treatment of chronic-degenerative diseases will
be very important.

4. Contraindications of video-thoracoscopic surgery

4.1. Video-assisted surgery/robotic surgery

Currently, there are many surgical subspecialties and technological advances, that is, chest
surgery procedures such as pleural decortication, pulmonary resection, endocavitary aspi-
ration, and transbronchial punctures are performed in order to obtain lymph node tissue
through video-assisted surgery (Tables 2 and 3) [7].

As of today, the long-distance surgery along with robotic surgery will be preponderant in the
future. The large number of subspecialties currently underway should be noted, that is, surgi-
cal oncology, interventional bronchoscopy, or cochlear implants and surgeons must become
subspecialists with genetic and robotic multitraining.

The medicine of the future plus multiple technological changes will force a student who
chooses a medical degree to rely on genomics, molecular biology, epigenetics, computer
networks and telecommunications, bioelectronics, artificial intelligence, communication and
psycho-medical sciences, treatment techniques, geriatrics, preventive medicine, adminis-
tration, and health economics and ethics. Likewise, the health professional will need to be
competent in selecting worthy information from millions of data published daily. It is also
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Advantages Disadvantages

Lesser traumatic interventions Difficult access in deep lesions

Better postoperative recovery Increased possibility of leaving hidden disease

Faster functional recovery More postoperative follow-up due to increased chance of hidden disease
Better immune response Greater difficulty in the evaluation of surgical margins.

Quicker reincorporation to full activity

Lower economic cost

Table 2. Advantages and disadvantages of video-thoracoscopic surgery [7].

Absolute Relative

Dense pleural symphysis Significant hilar lymphadenopathy

Absence of pleural space Mayor emphysema

Inability of achieving ipsilateral pulmonary collapse Nodular lesions less than 1 cm deep
Inability of tolerating monopulmonary ventilation Tumor size greater than 5 cm
Decompensated cardiovascular disease Chest wall involvement

Thrombocytopenia of less than 60,000 or INR greater than 20 Serious deformity of the thoracic cage
Inadequate visualization and instrumentation Radiotherapy or neoadjuvant chemotherapy

Table 3. Contraindications of video-thoracoscopic surgery [7].

important to point out that the knowledge obtained will be added to information in the basic
subjects, and both will enable the medical student to prevent some diseases like diabetes. All
this accumulation of knowledge will mean that the medicine of the future will be practiced by
groups of specialists and subspecialists, as it is already being done in some countries; conceiv-
ably, individual practice is going to decrease significantly.

The book of the General Health Council entitled “Futures of the formation of human resources
for health in Mexico” by Dr. Enrique Ruelas Barajas, Dr. Antonio Alonso Concheiro, and
Guadalupe Alarcon Fuentes has been fundamental to integrate this topic. It includes refer-
ences from complementary medicine (herbal and acupuncture), which, in some European
countries, is already part of the medical profession. Some groups of professionals even
include specialists in administration and health economics [8].

Finally, some sensible words about medical ethics must be mentioned: this discipline derived
from philosophy has grown in a very important way and is surely going to increase every
day, mainly because of the positive complexity of technological development.

In accordance with Louie et al., which report an early experience with robotic lung resection,
it resulted in similar outcomes when compared with mature video-assisted thoracoscopic
surgery (VATS) cases. However, a potential benefit of robotics may relate to postoperative
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pain reduction (p = 0.039), and early return to usual activities (p = 0.001) was shorter in the
robotic group [9].

The Spanish Royal Academy defines a robot as a programmable electronic machine with the
capacity to manipulate objects and carry out operations that only the human being is capable of
doing. In this regard, it is also known that the word robot derives from the word robota, which
in Czechoslovakia designates “compulsive work.” These words appeared in the play Rossum’s
Universal Robots written in 1921 by Karem Kapeq, a story about the sudden inability for humans
to reproduce and a war between robots and humans [10]. On the other hand, the American
Institute of Robotics expresses the following idea of a robot: a machine of human form that
performs the tasks of a human being, but without sensitivity. Meanwhile, the University of
Nebraska in the United States was one of the earliest institutions to employ distance-assistance
methods in the 1950s. It was until 1986 that the first satellite program was launched by the
Mayo Clinic in Rochester, Minnesota, and the Scottsdale Clinic in Arizona. These facts gave rise
to the era of telemedicine that would later establish the foundation of remote surgery.

The concept of robotic surgery with telepresence was born by the effort and collaboration
of the Research Institute of Stanford University, NASA, and the United States Department
of Defense to treat wounded soldiers. This technology was initially assigned to the neu-
rosurgeons, and in 1985 the first surgical procedure with a robot was performed with the
Mitsubishi system to obtain a brain biopsy through stereotaxy.

In 1988, the PROBOT system was created in England to aid in a transurethral prostatic resection.
It consisted of the elaboration of a three-dimensional model of the prostate where the surgeon
delineated the limits of the resection and the robot calculated the trajectories of the incisions.
In 1992, IBM produced a robot called ROBODOC for orthopedic interventions; the number of
surgeries performed by this method increased with hip replacement surgery.

In Mexico City in 1996, two cholecystectomies were operated from a distance of 10 m by a
robotic arm with 6° of pronosupination.

In November 2001, a robotic arm was used to assist in a hysterectomy [11].

In 1997, Dr. Garcia Ruiz of Mexico and Dr. Falcone of the Cleveland Clinic performed the
first remote robotic surgery that consisted of a tubal reanastomosis. This performance dem-
onstrated the feasibility of making endoscopic sutures, which surgeons said were faster and
more accurate. In 1996, at the Mexican Institute of Social Security of Tijuana, doctors Carvajal
and Fogel performed a laparoscopic cholecystectomy in porcine models.

In 2001, the Zeus project (a system of robotic instruments) performed hiatus and gall-bladder
operations [12].

Unfortunately, the cost of a robot, which is around one million dollars, increases the costs of
surgeries. For example, the costs of the Da Vinci system are higher than of a laparoscopy, and
some doctors refer to the robot as “expensive toy.”

Hopefully, robot systems will be smaller in the future and, therefore, cheaper.
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Swanson et al. [13] compared hospital cost and clinical outcomes for lobectomies by video-
assisted thoracic surgery (VATS) and wedge resections versus robot-assisted (RATS) lobec-
tomies. Data from 15,502 surgeries were analyzed. The average cost of inpatient procedures
with RATS was $25,040.70 US Dls versus $20476.60 for VATS (p = 0.0001) for lobectomies
and $19,592.40 versus $16,600.10 (p = 0.0001) for wedge resections. Inpatient operating times
were longer for RATS lobectomy than for VATS lobectomy (4.49 vs. 4.23 h; p = 0.959) and
wedge resection (3.26 vs. 2.86 h; p =0.003). The length of stay was similar with no differences
in adverse events. They concluded that RATS lobectomy and wedge resection seem to have
higher hospital cost and longer operating times, without any differences in adverse events.

Resection with robot seems to be an appropriate alternative for VATS and with better results
than with an open surgery [14].

“Robotic lobectomy for cancer offers excellent results, with excellent lymph node removal with minimal
morbidity, mortality and pain. Despite its costs, it is cost-effective for the hospital system. Disadvan-
tages include capital costs, equipment learning curve, and lack of lung palpation. Robotic surgery is an
important tool in the arsenal for the thoracic surgeon, but its precise function continues to evolve” [15].

General thorax surgery was a series of maneuvers especially indicated in pulmonary tubercu-
losis, so it is not possible to describe a technique without describing the pathology indicated.
This treatment was carried out, as has been mentioned before, in the past, because today the
drug treatment is very useful in tuberculosis.

Currently, lung cancer, which is the main cause of hospitalization and the invasive methods
that apply to this disease, has advanced very importantly as video-assisted surgery and sur-
gery performed with a robot.

Histopathological diagnoses vary in lung cancer. These techniques are being applied for
diagnosis, and therefore the treatment is modified. Immunohistochemical techniques help
improve and personalize the patient’s treatment. For these histological studies, a sample
can be taken by video-assisted surgery, and in some pulmonary resections surgery with a
robot is practiced. Biopsies taken by VATS are possible in the topographic areas of the tho-
rax, and with robotic surgery it is possible to perform pulmonary excision and, if necessary,
pneumonectomy. There is no doubt that with VATS and RATS (robotic surgery), the advance
has been of great importance because the incisions are small, and the days of hospital stay
also and the costs in the VATS have decreased, but unfortunately this has not been so in the
RATS. Undoubtedly, this type of treatment in general chest surgery will change radically
because of the important advance that the technology has had. It is currently possible to
detect pathology that in previous years was not feasible to diagnose. The latest publications
on these topics of surgery describe them favorably and the results on VATS and RATS also;
new generations of human resources must be very attentive to technological changes and
should be mentally prepared to learn and perform this type of surgery. However, a very
important doctors” complaint is the impossibility of palpating some of the pathologies. There
is no doubt that this situation will be solved “with a new technology” that tells us the organs’
consistency or about hidden ganglia.
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According to different opinions from 2020 to 2030, there will be several disciplines that cur-
rently do not exist in the curriculum of students due to scientific and technological advances [8].

As I mentioned in the previous lines, surgery and armed interventions have been practiced
more in pulmonary tuberculosis in the past and currently in lung cancer and chronic-degen-
erative conditions.

There is no doubt that knowledge, technology, and the spirit of research have achieved this
progress in addition to the progress in basic matters such as molecular biology, epigenetics,
immunology, and so on. In brief, there will be further great progress. Many physical exami-
nations can be achieved in lung cancer patients using the mediastinoscope and fibrobroncho-
scopes. Fortunately, different types of antibodies that are tested for diagnostic purpose have
been found and will, surely, have very positive effects.

An example I find very illustrating can be found on page 241 of the book “The Shock of the
Future” by Alvin Toffler. The biochemist Marvin Johnson from the University of Wisconsin
wrote: “Recently, microorganisms have been domesticated because human did not know its
existence” [16]. Currently, human not just knows them but gets many benefits from them, that is,
large-scale production of vitamins, enzymes, antibiotics, citric acid, and other useful compounds.
In a few years, biologists will create microorganisms to feed animals and ultimately humans.
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The last century has witnessed tremendous changes in the education and training
system of medical students, as well as medical and surgical residents, in short, our
future physicians. This has been the result of the changes in the educational philosophy,
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learn more about the various systems in medical education throughout the world and
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importantly our patients) benefit from.
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