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Surgical Education

Surgical training has evolved enormously in the
last decades. Traditionally, it involved an
apprentice-like model outlined by Halstead in the
beginning of twentieth century [1]. It was based
on a high-volume, hands-on training with a grad-
ually decaying level of supervision, until the
trainee was judged by the mentor competent
enough to operate on their own. With time, the
structure and the content of the educational mate-
rial have become more defined, and detailed cur-
ricula have been developed. Regardless of the
educational model, the aim of surgical training
has always been focused on producing a highly
skilled operator capable of performing indepen-
dently at the safest possible level.
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Due to the reduction in working hours and a
substantial increase in knowledge and patient
safety requirements, the traditional model of sur-
gical education is no longer sustainable. The
development of digital technologies has allowed
an introduction of new methods of learning sur-
gery, with an aim to utilize the reduced time more
efficiently and effectively. A significant propor-
tion of the surgical training have now moved out-
side of the traditional setting of the operating
theatre into the skill and simulation labs. The
question regarding the simulation training has
shifted from “Is it effective?” to “How can it be
best embedded, supported and funded?” [2].

Gaining core surgical skills on animals or
cadavers is expensive and raises ethical concerns,
thus restricting their use in everyday training [3].
Using inexpensive, low-fidelity task physical
trainers can provide effective training of the key
elements of the procedure, but this paradigm
lacks (in most instances) the real-life effect of
surgery. Moreover, animals and cadavers, as well
as foam, silicon or plastic parts used in task train-
ers, lack the physiological behaviour and differ-
ent biomechanical properties, compared to living
human tissue. Hence, these methods do not pro-
vide sufficient realism. Finally, they require feed-
back from a tutor.

The rapid increase in computer power and
emergence of haptic technology [4] resulted in
an alternative approach — a computer-based sim-
ulation system enabling training on a virtual
patient [5]. Such systems, often referred to as
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virtual reality (VR) simulators, typically consist
of a 2D or 3D display, a computer running the
simulation software and a physical human-com-
puter interface device mimicking the surgical
instruments.

The device tracks the manipulation of the
instruments and often can recreate the sense of
touch by providing force feedback to the user (a
haptic device). The software is responsible for
taking input from the input device, simulating the
interactions between the instruments and the vir-
tual anatomy, rendering the 3D image of the sur-
gical site and, if supported, calculating the forces
sent to the user via the haptic device. Additionally,
the software can record, analyze and store user
performance.

The advances in 3D technologies have added
new advantages to the already established appli-
cation of simulation technology. They have led to
the development of environments and scenarios
which are more complex and thus able to more
closely resemble real operations. 3D modeling
has a central, paramount role in this evolution — it
produces models that can be used independently
as a sophisticated depiction of the anatomy or
form the basis for the 3D simulation tools. 3D
printing, or additive printing technology, has
broadened the surgical horizons even further. The
physical 3D models are manufactured through
layering of printing materials based on digital 3D
models.

Hybrid simulation, which combines the
advantages of a physical 3D printed model (hap-
tic feedback, deformability) with advantages of
a VR simulator (building complex interfaces
and environments), is an especially exciting
joint application of both technologies [6]. The
inclusion of haptic feedback seems to be an
important factor in the training on VR, and the
lack of haptic feedback might prove the applica-
tion of VR less successful than a standard black
box simulator [7].

Since the 1990s, virtual reality (VR) simula-
tors have been expected to become as important
for surgery as flight simulators are for aviation
[8]. In 2001, Satava stated that “The greatest
power of virtual reality is the ability to try and
fail without consequence to animal or patient. It

is only through failure — and learning the cause
of failure — that the true pathway to success
lies” [9].

High-fidelity virtual reality simulators have
several advantages over the traditional methods
of surgical training. They offer a safe, controlla-
ble and configurable training environment free
from ethical issues in which clinicians can repeti-
tively practice their skills.

VR simulators improve patient safety — not
only because patients are not at risk during actual
training but also because surgeons trained on VR
simulators show higher competencies [10, 11].

VR simulators improve the educational expe-
rience by providing a wide selection of training
scenarios diversified in terms of virtual patient’s
anatomy and pathologies. This overcomes the
problem of waiting for a suitable real-life case
and allows for controlled clinical exposure,
where trainees start with basic cases moving
gradually to more complex ones when they feel
confident to do so.

Training on VR simulators does not require
the presence of a supervising expert. By analyz-
ing user performance in real-time, simulators can
give immediate feedback during the procedure,
which is crucial for efficient training [12]. The
formative and summative assessment at the end
of each training session helps to track user’s
learning progress that may be used in the future
for credentialing and certification [13].

VR simulators have low maintenance costs
and, except for calibration, practically require no
preparation before or during the training session.
Students and delegate surgeons can train on their
own, whenever the equipment is available. They
are reusable allowing for repetitive training of the
same procedure countless times without incur-
ring additional costs.

Experts can also benefit from simulation by
practicing rare/complex cases, to maintain and
improve their skills or even to “warm up” before
performing real surgery [14]. VR simulators can
be used to explore new ways of performing a pro-
cedure or to become familiar with new surgical
techniques or new surgical devices [15].

Some VR simulators can assist during preop-
erative planning or intraoperative navigation
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[16]. By reading patient-specific data obtained
from medical imaging (CT or MRI), VR simula-
tors can help to plan a surgery in order to avoid
potential complications and to assure a safe
outcome.

High development costs and corresponding
final high price are usually mentioned as key dis-
advantages of VR simulators. However, when
considering the wider economic benefits of
better-trained surgeons, error reduction, faster
completion times and savings on instructor time,
VR simulators can, in fact, be cost-effective [10,
17, 18].

Lastly, there is an increasing body of evidence,
which supports the transferability of surgical
skills acquired through the virtual training [19].
The novel technologies have been utilized to
address all aspects of modern surgical training —
from learning anatomy, through development of
clinical judgement and surgical planning, to
acquisition of operative skills.

Anatomy

Meticulous knowledge of anatomy underpins any
successful surgical training. Traditionally, anat-
omy has been taught through a combination of
prosection, didactic lectures and self-directed
textbook study. The role of cadavers has signifi-
cantly decreased over the last decade, partly due
to their reduced availability and the ethical issues
surrounding their use [20, 21].

Various anatomical models have always been
used to depict the complexities of human anat-
omy. The introduction of different adjuncts
facilitates the creation of a mental image of a
complex structure; such adjuncts also improve
the efficiency of the process of memorizing and
the reliability of recall. The development and
advances in 3D modeling and printing, as well
as simulation, have allowed for creation of new
generation of high-fidelity models, which can
be based on patient-specific anatomy, allowing
for rehearsal of patient-tailored surgery. They
can be freely moved, rotated and dissected and
allow for assessment of the organ from different
points of view.

Virtual models can be accessed remotely on
PCs or mobile phones. Complete Anatomy by
3D4Medical and 3D Atlas by Anatomy Learning
are examples of free smartphone apps that pres-
ent virtual three-dimensional models. Visual
Human Projects by National Library of
Medicine, a free database of 3D anatomy, pro-
vides virtual models based on volumetric recon-
struction of transverse CT, MRI and cryosectional
photographs of the entire male and female body
[22, 23].

Virtual reality platforms like Anatomage,
Biodigital, Netter3DAnatomy, Visible Body,
Primal Pictures and Electronic Anatomy Atlas
are other examples of modern anatomy resources.
3D models can be dissected, and students can
easily transfer between the microscopic and mac-
roscopic views. This technology is also multi-
user-friendly, thus facilitating a group study
approach [20].

The 3D models are especially useful for com-
plex anatomy, such as the liver, brain, vascular,
pelvic or craniofacial anatomy. Organ-specific
resources, such as VIRTUAL LIVER, often
depict the 3D virtual models along the relevant
2D radiological studies (CT, MRI, cholangio-
gram) and textual information [24].

Pelvic colorectal anatomy with its complex
intricacies presents significant challenges to both
students and colorectal trainees. The virtual dis-
play of a 3D pelvis and its compartments [25], as
well as depiction of a rectal tumour [26], or
benign pathologies, such as fistula-in-ano [27],
allows the learner to manipulate the image, to
inspect it in detail from different perspectives
and, with different transparencies of each layer,
to form a comprehensive mental image of this
complex anatomical region (Fig. 29.1).

Anatomical concepts can be equally difficult
to comprehend, yet their full appreciation and
recognition is crucial for the safety of surgical
procedures. An inguinal hernia, and the distinc-
tion between the direct and indirect sacs, is one
such example, where students and junior trainees
commonly struggle to form the mental image.
The use of 3D virtual reconstruction appears to
significantly improve the understanding and is
highly valued as an addition to traditional
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Fig. 29.1 3D models of five healthy male volunteers illustrating anatomical variation (orange) and organ distension
(green)

methods. Students find preoperative review of 3D
anatomy very useful for comprehension of com-
plex intraoperative anatomy such as encountered
during laparoscopic transabdominal preperito-
neal repair (TAPP) [28]. Along with the virtual
models, 3D printed physical models are used.
These add a benefit of haptic feedback which fur-
ther enhances recognition and learning [29].

Surgical Planning

Accurate operative planning is integral to the
process of becoming an independent, mature sur-
geon. This often relies on the ability to mentally
reconstruct complex two-dimensional radiologi-
cal scans into three-dimensional images and then
being able to interpret such reconstructions dur-
ing live surgery. While there is broad evidence
that 3D technology aids in surgical planning in
general, it is still not widely included in surgical
curricula; students report that they are not taught
surgical planning enough in their training [30].
Trainees value 3D visualization highly as a
useful adjunct for surgical planning. Lyn et al.
found that surgical trainees assess the resectabil-
ity and staging of pancreatic tumours more accu-
rately using 3D visualization when compared

with 2D staging images. It appears that 3D mod-
eling facilitates the anatomy-image-surgery
translation [31].

The same improvement in the accuracy of sur-
gical planning and decrease in time required for
that was found when virtual 3D models were
used in liver surgery. Trainees saw a difference
between using the 2D radiological images and
3D virtual models and reported increased confi-
dence when forming surgical strategy with the
use of 3D technology [32].

A question exists as to whether 3D virtual or
3D physical models are more efficacious. For
some purposes, virtual 3D models displayed on
screens offer enough information to enhance
learning. However, in more complex cases, 3D
printed models might be superior since they can
provide the benefit of haptic feedback.

No conclusive answer exists at present; how-
ever, Zheng et al. compared the accuracy of sur-
gical operative planning amongst students using
either 3D computer or 3D printed models of
patient-specific pancreatic anatomy in patients
with three different types of pancreatic cancer
which  would require different surgical
approaches. Students using the 3D printed mod-
els were able to formulate a higher-quality and
more accurate operative plans [33]. This might be
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due to the incorporation of haptic feedback to the
assessment. The authors believe that a physical
model also has a more significant impact on the
development of hand-eye coordination skill.

3D printed models can significantly improve
inaccuracies in surgical operative planning and
reduce time required for decision-making.
Craniofacial surgery involves complex decision-
making based on difficult anatomy that trainees
are not closely familiar with. 3D printed models
of craniofacial anatomy have been validated to
improve these skills based on four anomalies
included in the curriculum [34].

Surgical Operative Skills

One of the first medical VR simulators was devel-
oped in 1987 at Stanford University to practice
Achilles tendon repair [35]. The simulator could
also be used for preoperative planning. It allowed
students and trainees to “walk the leg” and visual-
ize the effect of the procedure on gait. A few years
later, Lanier and Satava [8] developed a first simu-
lator for simplified intra-abdominal surgery.

The first commercially successful VR surgical
simulator was the Minimally Invasive Surgery
Trainer-VR or MIST-VR [36], by Mentice AB,
Sweden (www.mentice.com). It was based on
abstract graphics and consisted of fundamental
laparoscopic tasks emphasizing motor skills
acquisition. Seymour et al. [10] demonstrated its
validity and estimated a 29% reduction in operat-
ing time and an 85% decrease in number of errors
during gallbladder dissection in a laparoscopic
cholecystectomy procedure.

Currently, there are simulators for many sub-
specialties, such as laparoscopic surgery (e.g.,
LAP Mentor, Fig. 29.2, www.simbionix.com),
endovascular surgery (e.g., Vist-Lab, www.men-
tice.com), endoscopy (e.g., EndoSim), etc. [37].

Patient safety is one of the main concerns in
surgical training. It is especially important in the
field of neurosurgery. The Immersive Touch tech-
nology has been used to develop a realistic VR
platform which allows surgical trainees to per-
form placement of a ventriculostomy catheter. It
employs 3D modeling based on a patient’s CT

Fig. 29.2 Simbionix LAP Mentor laparoscopic training
simulator from 3D Systems. (Courtesy of Healthcare 3D
Systems, Israel)

images, combined with VR, dynamic 3D stereo-
scopic vision and haptic feedback. It realistically
simulates the changing resistance during the pas-
sage through the brain parenchyma while the 3D
visual perspective changes with the user’s head
movement [38].

Mental preparation is an important step in
improving practice in high-performance disci-
plines such as extreme sports or combat aviation.
Its role is being also explored in surgical educa-
tion; however, unequivocal conclusions have yet
to be drawn. Yiasemidou et al. argue that mental
preparation in surgical trainees can be enhanced
by the use of interactive models of task-relevant
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anatomy. This study showed that students who
used interactive 3D visual models while prepar-
ing for laparoscopic cholecystectomy completed
the procedure in shorter time with a smaller num-
ber of movements. It showed a promising role of
3D visualization during mental preparation for
minimally invasive surgery [39].

This novel technology can be utilized to
increase the objectivity of assessment of surgical
skill. When the assessment is conducted on a
patient, frequently, trainees are not able to per-
form the entire procedure and therefore only
parts of it are assessed. Often, it is delivered in a
descriptive way, assigning levels of competency
according to a predetermined scale. Simulation,
however, allows for an assessment, where the
outcomes can be measured objectively. The 3D
model can be easily scrutinized following the
completion of the procedure which enhances the
delivery of feedback as well.

Choi et al. introduced a 3D printed model of
prostate, which serves both as a training and an
assessment tool for surgeons. A 3D physical
model has been moulded to depict with high-
fidelity two distinctive zones of the prostate — it
is crucial to distinguish reliably between these
to perform safe transurethral resection of the
prostate gland. Through applying different
materials to construct these, a real-life scenario
is created where a surgeon relies on haptic feed-
back during this minimally invasive procedure.
Different sonographic contrast is applied to
each zone which then allows for an objective
assessment of the safety and completion of the
resection [40].

Transfer of skills remains an important area
specific to the development of surgeons in resi-
dency and fellowship training, which justifies
the funding applied towards the use of the new
technologies in surgical and medical educa-
tion. It is not fully understood whether the
transfer of skills is more efficient based on the
similarity of the learning context [41] or the
similarity of the learning process required for
completion of the task [42]. Both components
should be addressed in the design of simulation
technologies.

VR has been employed by some groups to test
educational theories. Yang et al. assessed the skill
and knowledge transfer between two common
types of general laparoscopic operations in surgi-
cal novices — appendectomy and cholecystec-
tomy. It showed that previous exposure to
laparoscopic appendectomy does not necessarily
translate into reduction of operative time or over-
all safety of the procedure in laparoscopic chole-
cystectomy. However, it positively affected the
ergonomy of surgeon movements. This study
leads to the conclusion that procedure-specific
learning curricula are necessary to develop skills
relevant to each procedure [43]. More research in
this area is required.

Adjunctively, video games — which are keenly
dependent on the honing of hand-eye coordina-
tion — are being explored as tools for surgical
training as well. There is some evidence that that
the acquisition and practice of video gaming
skills translate into surgical skills. In fact, laparo-
scopic surgeons who played video games regu-
larly made fewer surgical errors [44] and were
observed to be faster [45, 46] than those who did
not play, suggesting a correlation with achieving
adeptness at the technical aspects of operating.
Similar correlations were found for endoscopic
or gastroscopic skills [47, 48]. Perhaps not sur-
prisingly, students, including those who do not
play video games, support their application of
video gaming as an adjunct to surgical training
and, specifically, towards the acquisition of
technique-based advanced surgical skill pertain-
ing to minimally invasive surgery.

Patient Engagement

The patient’s role, both in individual care and in
shaping healthcare systems in general, has
evolved enormously in recent years.
Increasingly more focus is being placed on
patient safety, measurable outcomes and over-
all satisfaction. Simultaneously, patients have
gained an important voice in shaping clinical
research and healthcare systems. A fruitful
communication is paramount in achieving these
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goals. It leads to better adherence to treatment
plans and reduced anxiety, and it achieves
greater satisfaction with an overall improved
patient experience.

3D modeling, simulation and VR have all
been explored and show promising potential for
patient engagement. The novel technologies have
been explored to achieve various aims — to
improve healthcare literacy, to engage the public
and promote healthy habits and to design health-
care systems and research programs, further sup-
porting the implementation of evidence-based
medicine.

Improving Patient Knowledge
and Health Literacy

Virtual or physical three-dimensional models of
organs affected by the disease can improve
patient’s understanding of pathology and facili-
tate a more informed consent process and a more
satisfactory formation of treatment plans. These
models can depict generic anatomy or patient-
specific pathology in a manner that laypersons,
including patients, can more easily comprehend.
Increasingly, more reports and clinical examples
are emerging for the modeling of common
pathologies, as well as complex and rare condi-
tions [49].

Bernhard et al. assessed the impact on a
patient’s understanding of pathology and treat-
ment using a 3D printed life-size, patient-specific
model of renal tumours during the consent pro-
cess for partial nephrectomy. They found an
improved knowledge of basic kidney anatomy
and physiology, as well as tumour characteristics
and proposed surgical procedure, when the 3D
printed models (based on patient-specific CT
scans) were used [50].

Zhuang et al. explored the effectiveness of 3D
virtual reconstructions and printed models of
individualized patient anatomy (specifically,
lumbar pathology) in increasing patient under-
standing of their condition and surgical plan. The
group found that patients’ knowledge and satis-
faction were significantly improved when 3D

printed models were used, compared to 3D vir-
tual reconstructions or traditional approach using
the CT and MRI images only [51].

Similarly, Kim et al. assessed the usefulness
of 3D printed patient-specific models of cerebral
aneurysms as an educational tool for those under-
going surgery for cerebral artery aneurysm clip-
ping. Again, they observed an improved
understanding and satisfaction of the explanation
compared to the wuse of traditional two-
dimensional CTA images [52].

Mobile applications can be used to facilitate
3D visualization of surgery leading to better
patient understanding. Pulijala et al. showed
that patients who used a mobile application
with 3D animations (related to orthognathic
surgery) retain more knowledge of the proposed
procedures and their complications than a
cohort of patients who receive verbal explana-
tion only [53].

Virtual reality platforms and immersive image
viewing experience have also been successfully
applied to improve patient education related to
specific medical conditions. Pandrangi et al.
introduced standardized 3D models of abdominal
aortic aneurysm (AAA) viewed in VR through
Google Cardboard VR headset in patients with
this condition. Despite mostly having no previ-
ous experience with use of VR, this technology
was positively received by the majority of patients
who felt that it significantly improved their
understanding of the condition and overall
engagement in their care. The overwhelming
majority of patients felt comfortable using this
technology and would like to see it used more
frequently in their care [54].

The application of VR technology can reduce
anxiety related to surgical procedures as well.
Yang et al. found that patients who were familiar-
ized with a 3D model of their own knee anatomy
watched through a VR headset experienced a
reduced level of anxiety prior to knee arthros-
copy, when compared to the patients who
received standard information regarding their
preoperative MRI [55].

3D models and 3D simulation play a signifi-
cant role in aesthetic surgery, where addressing
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and managing patient expectations might be
especially paramount. The novel technology has
been used as a tool for visualization of desired
outcomes in breast augmentation surgery or rhi-
noplasty. Interestingly, despite the lack of con-
crete evidence that this technology improves
measurable outcomes, patients had a favourable
view for application of VR for select types of cos-
metic surgery, such as breast augmentation [56].

The transfer of knowledge between the doctor
and the patient is equally important following the
surgical procedure, as it is during the planning
phase. It is estimated that patients recall as little
as 50% of information provided by the healthcare
providers. Equally importantly, research has
demonstrated that in 66% of consultations, doc-
tors can unwillingly omit at least some of the cru-
cial information related to patient surgical care
delivery [57]. VR has been successfully tested in
overcoming these barriers by constructing virtual
environments, where patient-doctor interactions
take place. HealthVoyager is a platform designed
for children with gastrointestinal pathologies,
which utilizes customizable VR software com-
patible with smartphones or tablets (Fig. 29.3).
Through creation of an avatar, it allows a patient
and their parents to familiarize themselves with
the child’s individual anatomy, as well as relevant
clinical and procedural data. The personalized
information is presented in a visual, rather than
text-based way and applies an active (rather than
passive) learning method. Patients can also return
to and review the discussions at later time to be

Fig. 29.3 HealthVoyager
software application, with
an inlay of the patient VR
experience (top left) and a
sample report from the
physician’s notes (bottom
left). (From Palanica et al.
[58]. Copyright © 2019,
Springer Nature, Creative
Commons CC BY license)

able to apply the clinical instructions more accu-
rately [58]. This is important as at the time of
physician-patient encounter, a high level of stress
can prevent the patient and their family from
absorbing details of relevance.

Novel Technologies to Treat Pain

Pain is a leading complaint in majority of surgi-
cal presentations, and most patients experience
acute or chronic pain during the course of their
illness. Management of pain is therefore a cru-
cial part of surgical care. VR and video gaming
have proven to be successful in management of
both acute and chronic pain. Their mechanism
of action is based on providing distraction dur-
ing the occurrence of an unpleasant stimulus
and has been validated with the use of func-
tional MRI. Immersive VR technologies have a
better analgesic effect than non-immersive tech-
nology [59].

Virtual reality distraction (VRD) has been
shown to be effective in management of experi-
mentally induced thermal pain. Patterson et al.
tested the virtual reality hypnosis (VRH) by cre-
ating virtual environment where patients experi-
enced gliding through frozen landscapes and
throwing snowballs. While there might be a syn-
ergistic effect when combined with post-hypnotic
suggestion, VRD has been shown to be effective,
and this is independent of “hypnotizability” of
the subject [60].
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Hoffman et al. explored the use of VR in pain
management in children with severe burns >10%
of body surface cared for in the intensive care
unit. A significant reduction in the level of most
severe pain was observed when VR immersive
reality (involving playing the SnowWorld, a 3D
snowy canyon) was used during the wound care,
when compared to patients who did not utilize
VR [61].

VR technology shows promising potential as
an alternative or additional treatment of chronic
pain as well. Sato et al. applied virtual reality
mirror visual feedback in patients with complex
regional pain syndrome. A virtual environment
was developed using Autodesk 3DS Max (San
Rafael, USA), where the exercises are target-
oriented motor-controlled tasks via various
movements like reaching out, grasping, transfer-
ring and placing. In this study, 50% reduction in
pain was observed in 4 out of 5 patients; further-
more, 2 out of 5 patients were able to discontinue
pain clinic visits altogether [62].

Enhancing Patients’ Attitudes
and Promoting Healthy Lifestyle

Engaging the general public, as well as specific
subgroups of patients, is important in promot-
ing lifestyle changes. Serious video gaming has
been proven to be successful in management of
weight in young adults and in rehabilitation in
patients with stroke or following traumatic
brain injury [63-65]. It has also been used for
mood management in patients with metastatic
cancer.

Shaping the Future
of the Healthcare Systems

There has been an important shift in the recent
years from a “paternalistic” approach to health-
care, where the healthcare providers are the main
decision-makers, to a model of partnership —
where both patient and the care provider meet as
equals with different levels of expertise. Patient
and public involvement is paramount for shaping

the healthcare systems and for designing clinical
research.

Novel 3D technologies have been explored as
a potential means to facilitate this engagement.
One of the forms of obtaining patient views and
arriving at solutions is a focused group discus-
sion. Virtual worlds such as Second Life can
facilitate this process through creating virtual 3D
environments where meetings between patients,
care providers and researchers (represented by
their avatars) can take place. It can be especially
attractive for patients with mobility or other
restrictions, which often pose significant imped-
ance to partaking in face-to-face interactions and
dialogue. In essence, novel 3D technologies are
opening new avenues for peer-led support and
engagement [66].
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