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Three-dimensional
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Dose Area Product
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Instructions For Use
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Thoracic EndoVascular Aortic Repair

Virtual Reality
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General introduction and thesis outline

This chapter is based on the following article:

Training with simulation versus operative room attendance.
L. Desender’

. Van Herzeele'

R. Aggarwal®

F. Vermassen'

N. Cheshire®

On behalf of EVEREST

J Cardiovasc Surg 2011;52:17-37.

Department of Thoracic and Vascular Surgery, Ghent University Hospital, Ghent, Belgium

2Depan‘ment of Biosurgery and Surgical Technology, Imperial College Healthcare NHS Trust, London, UK
3Depan‘ment of Surgery, Imperial College London, London, UK
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General introduction and thesis outline

General introduction

The endovascular approach of infrarenal aortic aneurysms (EVAR) and thoracic
aortic disease such as aneurysms, dissections, and acute traumatic injury (TEVAR)
has revolutionised the treatment of aortic pathology. Both EVAR and TEVAR
procedures have become widely established treatments with excellent results."
Patient outcomes are related to individual anatomic patient considerations, operator
and team experience, and hospital volume,*® but current thinking emphasises the

role of wider aspects of the surgical system in patient safety.’

Vascular procedures pose several complex safety risks, are associated with
substantially higher adverse event rates than major nonvascular procedures and
have one of the highest incidences of avoidable adverse events (8.1%)."° Failure in
aortic procedures is frequently caused by issues with team-working and equipment
and is associated with patient harm. Additionally, there is evidence that endovascular
procedures are consistently associated with more failures than open surgical
operations.'™ 2 This may be explained by the rapidly evolving nature of the
endovascular field and the different tool kit and skills required to perform
endovascular procedures, resulting in an extensive and changing learning curve.
Trainees as well as experienced physicians have to learn how to work in a three-
dimensional (3D) environment while viewing a two-dimensional image, how to deal
with reduced tactile feedback and how to handle the increased need for hand-eye-
foot coordination. Furthermore, endovascular aortic procedures are often performed
in a complex high-tech environment, staffed by teams of clinicians and technicians
with various medical backgrounds, requiring precise communication and
collaboration from all team members. To optimise patient outcomes in endovascular
aortic procedures, we need to minimise avoidable errors. This may be achieved by
enhancing non-technical skills (such as communication, team-working, leadership)
and system factors (equipment planning, provision and maintenance, pressures on
the operating team and their environment, provision of training), while continuing to
improve the patient's preoperative condition and technical expertise among

surgeons.

Patient safety may be addressed and enhanced by accurate preoperative planning
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Chapter 1

and preparation.”™ Preoperative planning not only includes technical components,
but also extends to the preparation of the entire endovascular team to optimise team
workflow, resource management and error prevention.'* The Institute of Medicine
2000 report ‘To Err is Human: Building a Safer Health System’ highlighted the
frequency of medical errors in modern healthcare and their subsequent impact on
patient safety, and recommended medical simulation as an efficient tool to improve
clinician training and shorten the learning curve without the risk of harming
patients."

Reduced training opportunities, a change in societal attitude to clinical training
whereby learning and practicing new surgical techniques on real patients is
considered unethical, increasing awareness of the importance of preventing errors
and increasing complexity of endovascular intervention have led to advances in
virtual reality (VR) simulation, and the emergence of patient-specific VR rehearsal
(PsR).

VR simulation

VR simulation refers to the process of imitating a course of events using computer-
generated images that allow sensory interaction, and may range from patient
encounters and plastic modules to VR simulators. Contemporary, high-fidelity
simulation is based on feedback systems that combine concepts of mechanical,
electrical, computer, and control systems engineering to reproduce an interactive
case.

VR simulation has the potential to enhance technical skills training outside the
operating room without the ethical concerns associated with practice on animals or
cadavers.'®'® Most of the current VR systems offer a wide range of clinical scenarios
at varying levels of difficulty and allow for repeated practice using the same
simulator, simulated tools and devices, without any risk to patients. Finally, the VR
simulated modules can be used for formative and summative assessment since
automatic assessment measures are being registered.'® These objective metrics
may monitor progress while learning and practicing technical skills, and can be used
to define the proficiency criteria that need to be reached prior to train on real

patients.
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General introduction and thesis outline

One of the first computerised surgical simulators was described in 1993 for
laparoscopic surgery with a 3D reconstruction of the human abdomen.?® VR
simulation training has been shown to improve technical proficiency and shorten
learning curves in other minimal invasive fields requiring fine dexterity and hand-eye
coordination, such as laparoscopic surgery and endoscopy.?" 2> By transferring
these skills to the operating room (OR) or bedside, simulation-based education has

been shown to improve patient outcomes.?" 2%

Endovascular VR simulation

Since Dawson described the initial developments leading to an endovascular VR
device in 2000, VR simulation for endovascular surgery has evolved considerably.?®
VR simulation software is now available for almost every vascular bed: cerebral,
carotid, coronary, renal, aortic, iliofemoral, and below the knee procedures.
Endovascular simulators usually consist of one or two haptic devices (“legs”)
connected to LED monitors, displaying tools and a simulated fluoroscopy screen,
and a laptop computer, from which a facilitator may select tools as instructed and
manipulate physiological parameters, according to the scenario. Guide wires,
catheters, balloons, stents, and stent grafts may be inserted and deployed as in real-
life endovascular procedures, and both static and dynamic fluoroscopic imaging may
be undertaken, while physicians can use a foot pedal, a virtual C-arm, and zoom
toggles to control simulated radiological exposure and table movement. Currently, a
number of systems are available on the commercial market, including the VIST
(Vascular Intervention Simulation Trainer; Mentice, Gothenburg, Sweden),
ANGIOMentor (3D Systems formerly Simbionix, Cleveland, Ohio, USA), SimSuite
(Medical Simulation Corporation, Denver, Colorado, USA), and CathLab VR Surgical
Simulator (CAE Healthcare, Montreal, Quebec, Canada) (Figure 1).%°
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Chapter 1

Mentice VIST-C 3D systems ANGIOMentor Flex
|~

—_—
© 2013 Mentice AB © 2016 3D Systems
MSC Simsuite Simantha CAE Healthcare Cath Lab VR

" Cath Led

© 2013 Medical Simulation Company © 2016 CAE Healtcare

Figure 1. Commercially available endovascular simulators: VIST-C; ANGIOMentor Flex;
SimSuite Simantha; and CathLab VR.

Several training studies have demonstrated improved performances of novices
following repetitive practice using endovascular VR simulators in femoral, iliac, renal
and carotid interventions.>*° Additionally, endovascular VR simulation has shown to
improve experienced interventionalists’ performances in carotid artery stenting (CAS)
on a VR simulator.” Several studies have reported transferability of endovascular
skills post-VR simulation training, with improvement of real-world performances

during endovascular treatment of lower extremity occlusive disease.***?

Assessment of endovascular procedures

Evaluation of the simulation

Simulation models are approximate imitations of real-world systems that are built for
a specific purpose or set of objectives, but never exactly imitate the real-world
system. Therefore, a model should be validated to check the accuracy of the model’s

representation of the real system and its validity should be determined for the
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General introduction and thesis outline

intended application of the model. The validity of simulations may be assessed

against a range of parameters (Table 1).*3

Face validity Extent to which the examination resembles real life situations

Content validity Extent to which the domain that is being measured is measured

by the assessment tool

Construct validity Extent to which a test measures the trait that it purports to
measure; the extent to which a test discriminates between

various levels of expertise

Concurrent validity Extent to which the results of the assessment tool correlate with

the gold standard for that domain

Predictive validity Ability of the examination to predict future performance

Table 1. Simulation validity.

Assessment of technical skills

The lack of agreed definitions of technical endovascular skills and valid tools for
objective measurement of these skills remains a challenge to assess technical
performances in real life. Surrogate measures of technical skill, such as time to
complete tasks, contrast use, fluoroscopy exposure time, and number of errors (e.g.
advancement of catheters without guidewires, number of contacts of stiff wire with
vessel wall), may not adequately reflect the quality of endovascular skill, and
certainly, there is little evidence that improved performance in these metrics
correlates with procedural experience or results in superior procedural outcomes.**
44.45 The gold standard to observe surgical performance is the validated Objective
Structured Assessment of Technical Skills (OSATS), consisting of a Global Rating
Scale (GRS) and a procedure-specific checklist.*® This OSATS is often modified to
ensure that it can be used to evaluate a specific surgical procedure, e.g. for
assessment of endovascular skills.*” Procedure-specific rating scales for various
endovascular procedures have also been developed, enabling evaluation of
procedure-specific technical endovascular skills using post hoc video-based analysis

of fluoroscopy screen images.

Assessment of non-technical skills

It has long been recognised that differentiation between novice and expert
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Chapter 1

performance of surgical procedures is based not solely on degrees of technical skill
but also, and perhaps more importantly, on non-technical or human factor skills
(Figure 2).

Competency t Expert

Novice 1/time

Figure 2. The contributions of knowledge and technical and non-technical skills in the
development from novice to expert performance.*®

Generic non-technical skills relate to how individuals interact within their team
members and comprise both interpersonal (e.g. communication, teamwork, and
leadership) and cognitive skills (e.g. decision-making, situational awareness, and
mental readiness). Most intraoperative errors during endovascular procedures arise
from failures in situation awareness, teamwork, and communication skills.'" *° Non-
technical rating scales, such as the Oxford Non-Technical Skills Scale,*® the Mayo
High Performance Teamwork Scale,® and the Observational Teamwork Assessment
for Surgery (OTAS),°> may be used to evaluate non-technical skills and whole team
performance. Recently, a novel teamwork assessment tool specifically designed to
evaluate the quality of teamwork during endovascular procedures (Endo-OTAS) was
developed, but further validation is required before it can be implemented in clinical

practice.>®
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General introduction and thesis outline

Assessment of error

A valid, reliable and clinically applicable error assessment tool is a prerequisite for
error identification and analysis. Mason et al. described a structured error
assessment tool for use in vascular and endovascular surgery, the Imperial College
Error CAPture (ICECAP) record.>® This tool has been developed from observational
data and expert opinion and validated for capturing and categorising errors occurring
in (endo)vascular procedures.®® Primary failure categories are: equipment,
communication, procedure-independent pressures (distractions, team member
absence, external pressures), technical, safety awareness and patient-related. Each
of the primary categories has a number of secondary fields. A failure was defined as
any event that prevented the procedure from progressing in an ideal manner. The
term failure encompasses different types: failures in the surgical system (system
factors), human errors and sources of inefficiency. Major and minor failures were
defined by their immediate consequences during surgery. Failures that caused
intraoperative delay of more than 15 minutes, caused harm, or placed the patient at
significant risk of harm were referred to as major failures. Harm was defined as injury
to the patient evidenced by a physiological response to the injury (such as

cardiovascular instability), or by the need for further invasive intervention.

The assessment tools used in this thesis are discussed in the respective chapters,

and included in Chapter 8.

Patient-specific simulation in surgery

The next step in the evolution of endovascular simulation was the ability to
incorporate real patient-specific data in the VR simulations. The principles and utility
of the so-called procedure rehearsal, or mission rehearsal, are already well
recognised in the fields of sports and music and other high-stakes industries.*®
Briefly, computed tomography angiography (CTA) or magnetic resonance images
(MRI) are used to generate patient-specific 3D reconstructions using proprietary
software. These 3D volume rendered images have various applications. The imagery
can facilitate the comprehensive review of two-dimensional data that can otherwise
be difficult to interpret.®® The 3D reconstructions can also be used to provide

‘augmented reality’, by superposition of the 3D rendered imagery on the real
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Chapter 1

intraoperative view to provide ‘a transparent view' and facilitate navigation.*” The 3D
information can also be incorporated into different VR simulator platforms for the
purpose of simulated rehearsal and enable the practitioner and team to practice and
treat ‘real’ cases on a virtual patient prior to performing the procedure on the actual
patient (Figure 3). As such, patient-specific VR rehearsal (PsR) not only facilitates
procedure planning (cognitive rehearsal) and technical hands-on practice

(psychomotor rehearsal), but also enables team rehearsal.

Figure 3. Stepwise process of the set-up of a patient-specific procedure rehearsal.

Several reports only including small numbers have described the use of patient-
specific simulation in the field of laparoscopy, orthopaedics, neurosurgery, and
plastic surgery.®®®" Face validity was most commonly investigated, but several
authors also acknowledged the potential of patient-specific simulation as a

preprocedural planning and rehearsal tool.®

PsR has mostly been used and evaluated in the endovascular field. The first mission
rehearsal was conducted using a Procedicus Vascular Interventional System Trainer
(Mentice AB, Gothenburg, Sweden) at EuroPCR prior to a live CAS procedure in
2005.%% A high degree of similarity and a good correlation of endovascular device
movement were noted between the simulated and actual patient case. However, the
pre-processing of patient imagery required technological support from the company,
and made it time-consuming, expensive and unpractical in the clinical setting.

In 2006 the commercially available PROcedure rehearsal studio software for the
ANGIOMentor endovascular simulators (3D systems formerly Simbionix USA Corp.,
Cleveland, Ohio, USA) was launched, allowing a straightforward generation of

simulations by physicians. This software enables an automated and manual
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General introduction and thesis outline

segmentation of MRI or CTA DICOM data of the vascular tree using a friendly user
interface. The resulting simulated case contains a model of the patient’s anatomy
and replicates the visual and tactile aspects of the planned procedure for that
particular patient. The simulator also records various objective assessment
parameters (e.g. total procedure time, fluoroscopy time, contrast use) and tool
selection, and enables the user to save procedural steps to create a preoperative

strategic plan.

Scientific research performed by EVEREST (European Virtual reality Endovascular
RESearch Team) initially focussed on the use of PsR prior to CAS using distal
embolic protection systems, a complex and high-risk endovascular procedure. It was
demonstrated that it is feasible to create patient-specific simulations using standard
patient CTA or MRI imagery in different hospital settings.®* This case-specific
rehearsal prior to CAS influenced tool selection and fluoroscopy preferences of both
experienced and inexperienced interventionalists,®® and improved performances of
novice interventionalists during a virtual CAS procedure compared to any generic
simulation-based warm-up. ®® Part-task rehearsal (e.g. repeated cannulation of the
common carotid artery) was shown to be equally effective as full-task rehearsal to
enhance endovascular performance in a simulated CAS intervention as long as the
most challenging part was identified, making the rehearsal less time-consuming and
easier to implement in daily practice.®” Finally, procedure rehearsal may also
optimise patient selection, providing information on procedure complexity, specific
hazards, and risk stratification.®® In the actual operating room, a strong similarity
between the simulated and real CAS procedures was noted.®® % 7° Willaert et al.
demonstrated that preoperative PsR performed by the endovascular team less then
24 hours before the real CAS procedure was rated highly because it provided
valuable information about access strategy, selection of endovascular tools and
choice of optimal C-arm angulation, although certain biomechanical vessel
properties do need further improvement. The authors concluded that patient-specific
CAS rehearsal has the potential to optimise preoperative preparation of the

endovascular therapist and his team.”’

In 2011, software became available to create patient-specific simulations of TEVAR

and EVAR procedures, enabling the endovascular therapist to deploy different types
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Chapter 1

and sizes of stent grafts in patient-specific anatomy, to identify the optimal C-arm
angulation — perpendicular to the aorta - to visualise the target landing zones and
obtain maximal stent coverage (Figure 4), to identify potential hazards (e.g. errors in
stent graft sizing, endoleaks) prior to implantation of the device in the real patient,

and to optimise the team readiness.

Figure 4. Optimal C-arm angulation to visualise the proximal landing zone and obtain
maximal stent coverage.

Kendrick et al. demonstrated that patient-specific TEVAR rehearsal can improve
performances of trainees during a virtual TEVAR case, with less experienced
practitioners showing the greatest reduction in procedure and fluoroscopy time.”
Kim et al. showed that PsR of an EVAR procedure can be used as a training tool for
novice and experienced operators, as an instrument for evaluation by assessing
performance measures such as procedure time, fluoroscopy time, and proximal stent
coverage, and has potential as a planning tool.”® However, these studies did not
investigate whether the skills learned on the simulator transfer to real-world TEVAR

and EVAR procedures.
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Thesis outline

To allow a comprehensive evaluation of PsR for aortic disease, the following
research questions were explored in consecutive studies that form the basis of this

thesis.

1. Is it feasible to create realistic patient-specific TEVAR simulations and to conduct
PsR prior to TEVAR in clinical daily practice? (Chapter 2)

2. s it feasible to create realistic patient-specific EVAR simulations and to perform
PsR prior to EVAR in clinical daily practice? (Chapter 3)
What are the potential benefits of conducting PsR prior to EVAR? (Chapter 3)
Does the use of PsR prior to EVAR increase patient safety? (Chapter 4)
Which practitioners and what type of infrarenal abdominal aneurysm may benefit
from PsR prior to EVAR? (Chapter 4)

6. Is PsR prior to EVAR useful as a preoperative planning and briefing tool?
(Chapter 5)

7. Does the use of PsR prior to EVAR lead to an increase in technical and non-

technical performance? (Chapter 5)

Chapter 2 seeks to explore the feasibility of implementing patient-specific TEVAR
rehearsal by evaluating the ease of generating a 3D reconstruction of the patient’s
relevant anatomy based on CTA data and performing subsequent patient-specific
simulations on the VR simulator in two hospitals. The utility and practicality of
conducting PsR with the endovascular team prior to performing the actual TEVAR
procedure was evaluated by applying this technology in clinical practice. A
secondary aim was to evaluate the face validity (realism) of the obtained patient-

specific simulations.

Similarly, Chapter 3 describes the prospective, multicentre pilot study conducted to
evaluate the feasibility of creating realistic patient-specific EVAR simulations and
performing the rehearsals with an experienced endovascular team prior to the real
EVAR procedure. To evaluate if the process is consistent and reproducible, the set-
up was replicated at three independent hospital institutions. The study evaluated the

correlation between the virtual and real case with respect to realism, endovascular
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materials used and fluoroscopy preferences, and enabled us to gain insight into the
potential benefits of PsR prior to the actual procedure and the subjective advantages

as rated by the team members involved.

Based on the promising results of the pilot study, a randomised controlled trial (RCT)
was initiated in 6 centres across Europe to study the effect of PsR prior to elective
EVAR on patient safety and procedural efficiency.

Hundred patients were randomised to preoperative patient-specific EVAR rehearsal
or to the control group. Preoperative rehearsals were routinely performed by the
endovascular team, consisting of the lead implanter, the assisting implanter and the

scrub nurse.

The impact of PsR prior to EVAR on patient safety was studied by registering the
number of errors that occurred during the real EVAR procedure and by assessment
of technical performances, measured by operative metrics such as endovascular
procedure time, fluoroscopy time, contrast volume, number of angiograms, and
radiation dose. Additionally, we studied if the influence of PsR prior to EVAR is
dependent on the complexity of the aneurysm repair or on the experience of the

endovascular team. This research is described in Chapter 4.

The secondary outcomes of the RCT focussing on the utility of PsR prior to EVAR as
a preoperative planning and briefing tool are described in Chapter 5. The influence
of PsR on the treatment plan and the non-technical skills has been evaluated. The
RCT also provided insight into the subjective sense of usefulness of this technology

as rated by the team members involved.

26



General introduction and thesis outline

References

1. Greenhalgh RM, Brown LC, Kwong GP, Powell JT, Thompson SG, participants Et.
Comparison of endovascular aneurysm repair with open repair in patients with abdominal
aortic aneurysm (EVAR trial 1), 30-day operative mortality results: randomised controlled
trial. Lancet 2004;364(9437):843-8.

2. Walsh SR, Tang TY, Sadat U, Naik J, Gaunt ME, Boyle JR, et al. Endovascular
stenting versus open surgery for thoracic aortic disease: systematic review and meta-
analysis of perioperative results. J Vasc Surg 2008;47(5):1094-8.

3. Desai ND, Burtch K, Moser W, Moeller P, Szeto WY, Pochettino A, et al. Long-term
comparison of thoracic endovascular aortic repair (TEVAR) to open surgery for the treatment
of thoracic aortic aneurysms. J Thorac Cardiovasc Surg 2012;144(3):604-9; discussion 9-11.
4, Holt PJ, Poloniecki JD, Khalid U, Hinchliffe RJ, Loftus IM, Thompson MM. Effect of
endovascular aneurysm repair on the volume-outcome relationship in aneurysm repair. Circ
Cardiovasc Qual Outcomes 2009;2(6):624-32.

5. Egorova N, Giacovelli JK, Gelijns A, Greco G, Moskowitz A, McKinsey J, et al.
Defining high-risk patients for endovascular aneurysm repair. J Vasc Surg 2009;50(6):1271-
9e1.

6. Klompenhouwer EG, Helleman JN, Geenen GP, Ho GH, Vos LD, Van Der Laan L.
Reinterventions following endovascular abdominal aortic aneurysm repair: the learning curve
of time. J Cardiovasc Surg (Torino) 2013;54(3):367-72.

7. Buth J, Laheij RJ. Early complications and endoleaks after endovascular abdominal
aortic aneurysm repair: report of a multicenter study. J Vasc Surg 2000;31(1 Pt 1):134-46.

8. Forbes TL, Chu MW, Lawlor DK, DeRose G, Harris KA. Learning curve analysis of
thoracic endovascular aortic repair in relation to credentialing guidelines. J Vasc Surg
2007;46(2):218-22.

9. Vincent C. Understanding and responding to adverse events. N Engl J Med
2003;348(11):1051-6.
10. Gawande AA, Thomas EJ, Zinner MJ, Brennan TA. The incidence and nature of

surgical adverse events in Colorado and Utah in 1992. Surgery 1999;126(1):66-75.

11. Albayati MA, Gohel MS, Patel SR, Riga CV, Cheshire NJ, Bicknell CD. Identification
of patient safety improvement targets in successful vascular and endovascular procedures:
analysis of 251 hours of complex arterial surgery. Eur J Vasc Endovasc Surg
2011;41(6):795-802.

12. Lear R, Riga C, Godfrey AD, Falaschetti E, Cheshire NJ, Van Herzeele |, et al.
Multicentre observational study of surgical system failures in aortic procedures and their
effect on patient outcomes. Br J Surg 2016;103(11):1467-75.

27



Chapter 1

13. Sobocinski J, Chenorhokian H, Maurel B, Midulla M, Hertault A, Le Roux M, et al.
The benefits of EVAR planning using a 3D workstation. Eur J Vasc Endovasc Surg
2013;46(4):418-23.

14. Rolls AE, Riga CV, Rudarakanchana N, Lee SL, Albayati M, Hamady M, et al.
Planning for EVAR: the role of modern software. J Cardiovasc Surg (Torino) 2014;55(1):1-7.
15. To err is human: building a safer health system. Kohn L, Corrigan J, Donaldson M,
editors: Washington, DC: National Academy Press (US); 2000.

16. Bashir G. Technology and medicine: the evolution of virtual reality simulation in
laparoscopic training. Med Teach 2010;32(7):558-61.

17. Neequaye SK, Aggarwal R, Van Herzeele |, Darzi A, Cheshire NJ. Endovascular
skills training and assessment. J Vasc Surg 2007;46(5):1055-64.

18. Van Herzeele |, Aggarwal R, Neequaye S, Hamady M, Cleveland T, Darzi A, et al.
Experienced endovascular interventionalists objectively improve their skills by attending
carotid artery stent training courses. Eur J Vasc Endovasc Surg 2008;35(5):541-50.

19. Schout BM, Hendrikx AJ, Scheele F, Bemelmans BL, Scherpbier AJ. Validation and
implementation of surgical simulators: a critical review of present, past, and future. Surg
Endosc 2010;24(3):536-46.

20. Satava RM. Virtual reality surgical simulator. The first steps. Surg Endosc
1993;7(3):203-5.

21. Seymour NE, Gallagher AG, Roman SA, O'Brien MK, Bansal VK, Andersen DK, et al.
Virtual reality training improves operating room performance: results of a randomized,
double-blinded study. Ann Surg 2002;236(4):458-63; discussion 63-4.

22. Walsh CM, Sherlock ME, Ling SC, Carnahan H. Virtual reality simulation training for
health professions trainees in gastrointestinal endoscopy. Cochrane Database Syst Rev
2012(6):CD008237.

23. Grantcharov TP, Kristiansen VB, Bendix J, Bardram L, Rosenberg J, Funch-Jensen
P. Randomized clinical trial of virtual reality simulation for laparoscopic skills training. Br J
Surg 2004;91(2):146-50.

24. Ahlberg G, Enochsson L, Gallagher AG, Hedman L, Hogman C, McClusky DA, 3rd,
et al. Proficiency-based virtual reality training significantly reduces the error rate for residents
during their first 10 laparoscopic cholecystectomies. Am J Surg 2007;193(6):797-804.

25. Cox T, Seymour N, Stefanidis D. Moving the Needle: Simulation's Impact on Patient
Outcomes. Surg Clin North Am 2015;95(4):827-38.

26. Larsen CR, Soerensen JL, Grantcharov TP, Dalsgaard T, Schouenborg L, Ottosen
C, et al. Effect of virtual reality training on laparoscopic surgery: randomised controlled trial.
BMJ 2009;338:b1802.

28



General introduction and thesis outline

27. Barsuk JH, McGaghie WC, Cohen ER, O'Leary KJ, Wayne DB. Simulation-based
mastery learning reduces complications during central venous catheter insertion in a medical
intensive care unit. Crit Care Med 2009;37(10):2697-701.

28. Dawson SL, Cotin S, Meglan D, Shaffer DW, Ferrell MA. Designing a computer-
based simulator for interventional cardiology training. Catheter Cardiovasc Interv
2000;51(4):522-7.

29. Eslahpazir BA, Goldstone J, Allemang MT, Wang JC, Kashyap VS. Principal
considerations for the contemporary high-fidelity endovascular simulator design used in
training and evaluation. J Vasc Surg 2014;59(4):1154-62.

30. Dayal R, Faries PL, Lin SC, Bernheim J, Hollenbeck S, DeRubertis B, et al.
Computer simulation as a component of catheter-based training. J Vasc Surg
2004;40(6):1112-7.

31. Hsu JH, Younan D, Pandalai S, Gillespie BT, Jain RA, Schippert DW, et al. Use of
computer simulation for determining endovascular skill levels in a carotid stenting model. J
Vasc Surg 2004;40(6):1118-25.

32. Aggarwal R, Black SA, Hance JR, Darzi A, Cheshire NJ. Virtual reality simulation
training can improve inexperienced surgeons' endovascular skills. Eur J Vasc Endovasc
Surg 2006;31(6):588-93.

33. Patel AD, Gallagher AG, Nicholson WJ, Cates CU. Learning curves and reliability
measures for virtual reality simulation in the performance assessment of carotid
angiography. J Am Coll Cardiol 2006;47(9):1796-802.

34. Passman MA, Fleser PS, Dattilo JB, Guzman RJ, Naslund TC. Should simulator-
based endovascular training be integrated into general surgery residency programs? Am J
Surg 2007;194(2):212-9.

35. Dawson DL, Meyer J, Lee ES, Pevec WC. Training with simulation improves
residents' endovascular procedure sKkills. J Vasc Surg 2007;45(1):149-54.

36. Berry M, Lystig T, Beard J, Klingestierna H, Reznick R, Lonn L. Porcine transfer
study: virtual reality simulator training compared with porcine training in endovascular
novices. Cardiovascular Interventional Radiology 2007;30:455-61.

37. Neequaye SK, Aggarwal R, Brightwell R, Van Herzeele |, Darzi A, Cheshire NJ.
Identification of skills common to renal and iliac endovascular procedures performed on a
virtual reality simulator. Eur J Vasc Endovasc Surg 2007;33(5):525-32.

38. Klass D, Tam MD, Cockburn J, Williams S, Toms AP. Training on a vascular
interventional simulator: an observational study. Eur Radiol 2008;18(12):2874-8.

39. Van Herzeele |, O'Donoghue KG, Aggarwal R, Vermassen F, Darzi A, Cheshire NJ.
Visuospatial and psychomotor aptitude predicts endovascular performance of inexperienced
individuals on a virtual reality simulator. J Vasc Surg 2010;51(4):1035-42.

29



Chapter 1

40. Chaer RA, Derubertis BG, Lin SC, Bush HL, Karwowski JK, Birk D, et al. Simulation
improves resident performance in catheter-based intervention: results of a randomized,
controlled study. Ann Surg 2006;244(3):343-52.

41. Hseino H, Nugent E, Lee MJ, Hill AD, Neary P, Tierney S, et al. Skills transfer after
proficiency-based simulation training in superficial femoral artery angioplasty. Simul Healthc
2012;7(5):274-81.

42. Maertens H, Aggarwal R, Moreels N, Vermassen F, Van Herzeele |I. An endovascular
curriculum enhances operative performance in real life. A randomized controlled trial. .
Submitted to Br J surg 2016.

43. Aggarwal R, Grantcharov T, Moorthy K, Milland T, Papasavas P, Dosis A, et al. An
evaluation of the feasibility, validity, and reliability of laparoscopic skills assessment in the
operating room. Ann Surg 2007;245(6):992-9.

44, Berry M, Reznick R, Lystig T, Lonn L. The use of virtual reality for training in carotid
artery stenting: a construct validation study. Acta Radiol 2008;49(7):801-5.

45. Van Herzeele |, Aggarwal R, Choong A, Brightwell R, Vermassen FE, Cheshire NJ.
Virtual reality simulation objectively differentiates level of carotid stent experience in
experienced interventionalists. J Vasc Surg 2007;46(5):855-63.

46. Martin JA, Regehr G, Reznick R, MacRae H, Murnaghan J, Hutchison C, et al.
Objective structured assessment of technical skill (OSATS) for surgical residents. Br J Surg
1997;84(2):273-8.

47. Van Herzeele |, Aggarwal R, Malik |, Gaines P, Hamady M, Darzi A, et al. Validation
of video-based skill assessment in carotid artery stenting. Eur J Vasc Endovasc Surg
2009;38(1):1-9.

48. Rudarakanchana N, Van Herzeele |, Desender L, Cheshire N. Virtual reality
simulation for the optimization of endovascular procedures: current perspectives. Vasc
Health Risk Manag 2015;11:195-202.

49. Morbi AH, Hamady MS, Riga CV, Kashef E, Pearch BJ, Vincent C, et al. Reducing
error and improving efficiency during vascular interventional radiology: implementation of a
preprocedural team rehearsal. Radiology 2012;264(2):473-83.

50. Mishra A, Catchpole K, McCulloch P. The Oxford NOTECHS System: reliability and
validity of a tool for measuring teamwork behaviour in the operating theatre. Qual Saf Health
Care 2009;18(2):104-8.

51. Malec JF, Torsher LC, Dunn WF, Wiegmann DA, Arnold JJ, Brown DA, et al. The
mayo high performance teamwork scale: reliability and validity for evaluating key crew

resource management skills. Simul Healthc 2007;2(1):4-10.

30



General introduction and thesis outline

52. Hull L, Arora S, Kassab E, Kneebone R, Sevdalis N. Observational teamwork
assessment for surgery: content validation and tool refinement. J Am Coll Surg
2011;212(2):234-43 e1-5.

53. Hull L, Bicknell C, Patel K, Vyas R, Van Herzeele |, Sevdalis N, et al. Content
Validation and Evaluation of an Endovascular Teamwork Assessment Tool. Eur J Vasc
Endovasc Surg 2016;52(1):11-20.

54. Mason SL, Kuruvilla S, Riga CV, Gohel MS, Hamady M, Cheshire NJ, et al. Design
and validation of an error capture tool for quality evaluation in the vascular and endovascular
surgical theatre. Eur J Vasc Endovasc Surg 2013;45(3):248-54.

55. Krebs WK, McCarley JS, Bryant EV. Effects of mission rehearsal simulation on air-to-
ground target acquisition. Hum Factors 1999;41(4):553-8.

56. Dillavou ED, Buck DG, Muluk SC, Makaroun MS. Two-dimensional versus three-
dimensional CT scan for aortic measurement. J Endovasc Ther 2003;10(3):531-8.

57. Marescaux J, Rubino F, Arenas M, Mutter D, Soler L. Augmented-reality-assisted
laparoscopic adrenalectomy. JAMA 2004;292(18):2214-5.

58. Suzuki S, Eto K, Hattori A, Yanaga K, Suzuki N. Surgery simulation using patient-
specific models for laparoscopic colectomy. Stud Health Technol Inform 2007;125:464-6.
59. Vaughan N, Dubey VN, Wainwright TW, Middleton RG. A review of virtual reality
based training simulators for orthopaedic surgery. Med Eng Phys 2016;38(2):59-71.

60. Clarke DB, D'Arcy RC, Delorme S, Laroche D, Godin G, Hajra SG, et al. Virtual
reality simulator: demonstrated use in neurosurgical oncology. Surg Innov 2013;20(2):190-7.
61. Schendel S, Montgomery K, Sorokin A, Lionetti G. A surgical simulator for planning
and performing repair of cleft lips. J Craniomaxillofac Surg 2005;33(4):223-8.

62. Willaert WI, Aggarwal R, Van Herzeele |, Cheshire NJ, Vermassen FE. Recent
advancements in medical simulation: patient-specific virtual reality simulation. World journal
of surgery 2012;36(7):1703-12.

63. Cates CU, Patel AD, Nicholson WJ. Use of virtual reality simulation for mission
rehearsal for carotid stenting. JAMA 2007;297(3):265-6.

64. Willaert WI, Aggarwal R, Nestel DF, Gaines PA, Vermassen FE, Darzi AW, et al.
Patient-specific simulation for endovascular procedures: qualitative evaluation of the
development process. Int J Med Robot 2010;6(2):202-10.

65. Willaert WI, Aggarwal R, Van Herzeele |, O'Donoghue K, Gaines PA, Darzi AW, et al.
Patient-specific endovascular simulation influences interventionalists performing carotid
artery stenting procedures. Eur J Vasc Endovasc Surg 2011;41(4):492-500.

66. Willaert WI, Aggarwal R, Daruwalla F, Van Herzeele |, Darzi AW, Vermassen FE, et
al. Simulated procedure rehearsal is more effective than a preoperative generic warm-up for
endovascular procedures. Ann Surg 2012;255(6):1184-9.

31



Chapter 1

67. Willaert W, Aggarwal R, Harvey K, Cochennec F, Nestel D, Darzi A, et al. Efficient
implementation of patient-specific simulated rehearsal for the carotid artery stenting
procedure: part-task rehearsal. Eur J Vasc Endovasc Surg 2011;42(2):158-66.

68. Willaert WI, Cheshire NJ, Aggarwal R, Van Herzeele |, Stansby G, Macdonald S, et
al. Improving results for carotid artery stenting by validation of the anatomic scoring system
for carotid artery stenting with patient-specific simulated rehearsal. J Vasc Surg
2012;56(6):1763-70.

69. Roguin A, Beyar R. Real case virtual reality training prior to carotid artery stenting.
Catheter Cardiovasc Interv 2010;75(2):279-82.

70. Hislop SJ, Hedrick JH, Singh MJ, Rhodes JM, Gillespie DL, Johansson M, et al.
Simulation case rehearsals for carotid artery stenting. Eur J Vasc Endovasc Surg
2009;38(6):750-4.

71. Willaert WI, Aggarwal R, Van Herzeele |, Plessers M, Stroobant N, Nestel D, et al.
Role of patient-specific virtual reality rehearsal in carotid artery stenting. Br J Surg
2012;99(9):1304-13.

72. Kendrick DE, Gosling AF, Nagavalli A, Kashyap VS, Wang JC. Endovascular
Simulation Leads to Efficiency and Competence in Thoracic Endovascular Aortic Repair
Procedures. J Surg Educ 2015;72(6):1158-64.

73. Kim AH, Kendrick DE, Moorehead PA, Nagavalli A, Miller CP, Liu NT, et al.
Endovascular aneurysm repair simulation can lead to decreased fluoroscopy time and

accurately delineate the proximal seal zone. J Vasc Surg 2016;64(1):251-8.

32









Patient-specific simulation of endovascular thoracic aortic

repair: initial experience.

L. Desender’

. Van Herzeele'
Z. Rancic?

C. Bicknell®

|. Zairis*

F. Vermassen'
J. Rundback®

Ann Thorac Surg 2017. In press.

1Depan‘ment of Thoracic and Vascular Surgery, Ghent University Hospital, Ghent, Belgium
2Depan‘ment of Vascular Surgery, Zurich University Hospital, Zurich, Switzerland
3Depan‘ment of Surgery and Cancer, St. Mary’s Hospital, Imperial College, London, UK
4Department of Cardiothoracic Surgery, Holy Name Medical Center, Teaneck, NJ, USA

®Interventional Institute, Holy Name Medical Center, Teaneck, NJ, USA






Patient-specific TEVAR rehearsal

Abstract

Purpose

Endovascular thoracic aortic repair (TEVAR) has become the treatment modality of
diverse aortic pathology. We report the use of patient-specific simulation using a
dedicated PROcedure™ Rehearsal Studio platform (Simbionix USA Corp.,
Cleveland, Ohio, USA) prior to TEVAR and evaluate the feasibility and realism of this

technology.

Description

Virtual three-dimensional models of the patient's relevant anatomy were
reconstructed from computed tomography data. In two patients PRS was used prior
to TEVAR. In a multicentre retrospective observational study, we evaluated how
PRS compares to real TEVAR.

Evaluation

PRS prior to TEVAR was feasible and demonstrated good correlation with the actual
procedure. In the retrospective study, 16 cases were reconstructed (median duration
26 mins; IQR 21-36). The realism of the simulated angiographies was rated highly
(median 4; IQR 3-4). Final angiography revealed type 1 endoleak in two simulated

cases and one real case.

Conclusions
Patient-specific rehearsal prior to TEVAR is feasible and permits the creation of
realistic case studies, but software updates are required to improve face validity and

to foster implementation in clinical practice.
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Introduction

Endovascular thoracic aortic repair (TEVAR) has revolutionised the treatment of
aneurysms, dissections, and penetrating atherosclerotic ulcers with reduced
procedural morbidity and mortality compared to open surgery.’™ Due to the anatomic
complexity of the aortic arch and supra-aortic branches, optimal preparation using
cross-sectional images and dedicated three-dimensional (3D) planning software is
essential to choose the appropriate access site, endograft, and landing zones.
Preoperative planning may also enhance team workflow, resource management and
prevent errors.*

Planning has become routine but chances to “practice” endovascular thoracic
procedures prior to treat the real case are limited. Recent advancements in medical
simulation, i.e. patient-specific VR rehearsal (PsR), enable the endovascular team to
practice and treat the aortic pathology on a virtual platform prior to treat the actual
patient. These rehearsals may increase the procedural comfort, influence the
selection of landing zones and devices, and optimise device deployment, resulting in
improved technical success.

We describe two cases in which PsR was performed prior to TEVAR, and the results
of a multicentre retrospective observational study evaluating the feasibility and

realism of patient-specific TEVAR simulations.

Technology and technique

The PROcedure™ Rehearsal Studio software (Simbionix USA Corp., Cleveland,
Ohio, USA) was used to generate 3D reconstructions of the patient's relevant
anatomy (aorta, supra-aortic branches, celiac trunk, superior mesenteric artery, renal
and iliac arteries) from patient-specific uploaded Computed Tomography
Angiography (CTA) data. The 3D reconstruction of this data is achieved by the level
set method of segmentation and is a partially automated step. Manual enhancement
of aortic side branches, e.g. carotid artery may be required. Next, bony landmarks
are assigned to the arterial reconstruction as fiducial references to indicate the
correct location of the vasculature with respect to the virtual fluoroscopy imagery of
the spine and pelvis. Calculation of the vessel centreline is done automatically for the

aorta and iliac arteries, but for the supra-aortic branches it has to be performed
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manually. The end result is a 3D reconstruction with a centreline that can be
uploaded to form the scaffold for the VR simulation (Figure 1). The ANGIO Mentor™
Express Dual Access Simulation System (Simbionix USA Corp., Cleveland, Ohio,
USA) was used to conduct the patient-specific simulations. Technical details have

previously been described.®

cedure c : ¥

Model Landmarks

&

Figure 1. Construction of a virtual three-dimensional model with the Simbionix PROcedure™
rehearsal software.

Clinical experience

Case 1 (Figure 2)

A 71-year-old gentleman with a chronic type B aortic dissection extending from the
left subclavian artery (LSA) to the celiac trunk, initially managed medically, presented
with aneurysmal dilatation of the distal aortic arch and proximal descending thoracic
aorta to a maximal diameter of 60 mm. The treatment plan was to cover the origin of
the LSA with a stent graft to obtain a good proximal landing zone and to successfully
exclude the aneurysm. Pre-emptive revascularization of the LSA was performed by a
transposition to the left common carotid artery. Based on the CTA data, a 3D

reconstruction of the patient’s relevant anatomy was created. Immediately before the
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TEVAR, the endovascular team (lead implanter, assistant and scrub nurse)
performed the PsR. The simulation was completed in 16 minutes. Based upon the
rehearsal, a 55° left anterior oblique was identified as the optimal C-arm angulation
for visualization of the proximal and distal landing zone, which was confirmed by
angiographic images in real life. In the simulated and actual TEVAR, the thoracic
aneurysm was successfully excluded using two Valiant® Thoracic stent grafts
(Medtronic Vascular, Santa Rosa, CA, USA) introduced via a left femoral access. No
complications occurred and the patient was discharged after four days. Follow-up
CTA at two months showed complete thrombosis of the false lumen in the treated

segment.

40



Patient-specific TEVAR rehearsal

Figure 2. Patient with chronic type B dissection and aneurysmal dilatation of the distal aortic

arch and proximal descending thoracic aorta. (A) Computed Tomography Angiography
shows an aneurysm with maximal diameter of 60 mm. (B) Surface rendered three-
dimensional (3D) reconstruction. (C) Virtual 3D model reconstructed with the Simbionix
PROcedure™ rehearsal studio software. Based upon simulation, a 55° left anterior oblique
was identified as the optimal C-arm angulation to visualise proximal (D) and distal (E-F)
landing zone. Angiographic images of the real TEVAR with identical projections for the
proximal (G) and distal (H) landing zone show excellent correlation. (I) Surface rendered 3D
reconstruction at 2 months follow-up.
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Case 2 (Figure 3)
A 79-year-old male with a past medical history of chronic obstructive pulmonary

disease, hypertension and dyslipidaemia presented with an enlarging thoracic arch
aneurysm (maximum diameter of 74 mm), extending to the LSA (< 5 mm) and less
than two centimetres from the left common carotid origin. Due to the short proximal
neck endograft implantation between the left carotid and LSA (zone 2) with
subsequent open carotid subclavian bypass was planned. Procedural simulation was
performed by the endovascular team the day before the actual procedure, and was
critical in identifying the optimal oblique fluoroscopic projection (75° left anterior
oblique) for graft deployment within zone 2 to preserve the ostium of the left carotid
artery. Endograft selection using a single 42 mm diameter x 15 cm Gore cTAG®
(W.L. Gore & Associates, Inc., Sunnyvale, California, USA) was verified during PsR.
During rehearsal, the graft was initially deployed distal to the LSA but subsequently
repositioned on the virtual platform so that the proximal end abutted the left carotid
artery. The actual procedure was performed via percutaneous right femoral
approach. There was excellent correlation with the PsR anatomy, graft selection, and
C-arm angulations resulting in exclusion of the thoracic aneurysm. Subsequently, the
planned left carotid subclavian bypass was carried out and the LSA was ligated. The

patient recovered uneventfully and was discharged home four days post TEVAR.
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Figure 3. 79-year-old patient with thoracic arch aneurysm in close proximity to the left
subclavian artery. The aneurysm is well seen on the axial CT images (A) as well as on
surface rendered (B) and maximum intensity pixel (C) reconstructions. Simbionix
PROcedure™ rehearsal studio software images during simulation show graft positioning in
subtracted and contrast overlay modes (D-E) and after deployment (F). Based upon the
simulation, a 75° left anterior oblique was identified as the optimal projection for identifying
the aortic branch origins for graft deployment. Angiographic images from the actual TEVAR
procedure (G-I) show excellent correlation with the simulation images and successful

implantation preserving the left carotid artery.
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Retrospective study

We conducted a multicentre retrospective study to evaluate how patient-specific
simulated TEVAR compares to real TEVAR. Patients with a thoracic aortic aneurysm
(TAA), a traumatic aortic injury (ATAI), or a penetrating aortic ulcer (PAU) suitable for
endovascular repair using the Gore cTAG® or Medtronic Valiant® thoracic stent
grafts were included in three vascular centres. The 3D model of the patient's
anatomy was generated. Pre-, intra- and postoperative imaging were evaluated. Two
independent vascular surgeons completed a questionnaire addressing the realism of
the angiographic images and stent graft deployment. Responses were rated on a
Likert scale from 1 (not at all) to 5 (very much).

28 patients (12 TAA, 13 ATAI, 3 PAU) were screened but only 16 patients (8 TAA, 5
ATAI, 3 PAU) were included. Nine patients were excluded because of incomplete
imaging (e.g. images of iliac arteries unavailable), making 3D case creation
impossible. An additional three cases were excluded because the device selection in
the real procedure could not be reproduced during simulation (the stent graft used in
real life was considered undersized by the simulator software and disappeared after
deployment; the selected stent graft could not be deployed at the level of the aortic
arch because the simulated introducer sheath was too short; and the order of
deployment of different stent grafts (large to small diameter) could not be replicated)
(Figure 4).

3D reconstruction of the cases took a median of 26 (interquartile range (IQR) 21 to
36) mins, and largely depended on the quality of the CTA scan and the underlying
aortic pathology. The simulations were performed by the lead researcher and
focused on the most important steps of the procedure (e.g. angiographies to
visualise the landing zones, device deployment). The median time needed to
complete the simulations was 5 mins (IQR 4 to 6 mins). Additional data are provided
in Table 1.
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Real TEVAR
(n=28)
TAA (12) — ATAI (13) - PAU (3)

Screening

— > 9 cases excluded
(incomplete imaging)

A 4

3D case reconstruction
(n=19)
TAA (11) — ATAI (5) — PAU (3)

>
x
S
o
w

| 3 cases excluded
(device selection real

TEVAR not reproducible)

\ 4
Real vs. simulated TEVAR
(n=16)
TAA (8) — ATAI (5) — PAU (3)

Figure 4. Flow diagram of the retrospective multicentre trial evaluating the realism of
patient-specific rehearsal of thoracic endovascular aortic repairs (TEVAR).
TAA: thoracic aortic aneurysm; ATAI: acute traumatic aortic injury; PAU: penetrating aortic

ulcer.

Total time Segmentation | Landmarks | Centreline | Time to complete
3D reconstruction simulation
(mins) (mins) (mins) (mins) (mins:secs)
All cases (n=16) 26 (21-36) 17 (12-25) 2 (2-3) 7 (6-8) 5:13 (4:06-5:57)
TAA (n=8) 28 (20-32) 19 (12-25) 2 (2-3) 7 (5-8) 5:24 (4:19-7:23)
ATAI (n=5) 38 (24-38) 21 (16-29) 2(2-2) 7 (6-8) 5:20 (4:10-5:52)
PAU (n=3) 23 (21-24) 11 (10-12) 2 (2-3) 10 (8-10) 4:08 (3:31-5:34)

Table 1. Time needed for 3D reconstruction of the CTA data and for performing the

simulation.
Values are median (interquartile range). TAA: thoracic aortic aneurysm; ATAI: acute

traumatic aortic injury; PAU: penetrating aortic ulcer.
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The realism of the simulated angiographic images of the proximal (median 4; IQR 3-
4) and distal (median 4; IQR 4-5) landing zone, and the deployment of the stent graft
(median 4; IQR 3-4) was rated highly.

Endoleaks occurred in ten simulated and five real cases. Final angiography revealed
an endoleak in two simulated cases and in one real case. However, there was a poor
correlation between the simulated and real cases: the same type of endoleak was
observed in only one case, while none of the final angiographies revealed the same

type of endoleak in the simulated and real procedure (Table 2).

Similar endoleak
Endoleak | Patient-specific simulation Real TEVAR
simulated & real TEVAR
During Final During Final During Final
case angiography case angiography | case angiography
TAA (n=8) 5/8 1/8 4/8 1/8 1/8 0/8
(4x1a, 3x1b) (1a) (3x1a, 4x1b) (1b)
ATAI (n=5) 2/5 115 0/5 0/5 0/5 0/5
(1x1a, 1x1b) (1a)
PAU (n=3) 3/3 0/3 113 0/3 0/3 0/3
(2x1a, 1x1b) (1b)

Table 2. Endoleaks occurring during the patient-specific simulation and during the real
thoracic endovascular aortic repair (TEVAR).

TAA: thoracic aortic aneurysm; ATAI: acute traumatic aortic injury; PAU: penetrating aortic
ulcer; 1a: endoleak type 1a; 1b: endoleak type 1b.

Comment

To our knowledge, this is the first report on the use of PsR prior to TEVAR. Similar to
previous research on case-specific rehearsal of endovascular infrarenal aneurysm
repair,® this report demonstrates that patient-specific TEVAR rehearsal can be
created and implemented in the clinical setting, with realistic imaging of the proximal

and distal landing zone. PsR may help to identify optimal imaging projections for
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device deployment, reconfirm device selection and implantation, detect potential
endoleaks or vascular compromise, and optimise team preparation and confidence.
However, the software has its limitations. The time required to reconstruct the 3D
model largely depends on the quality of the CT scan. The ideal scan ranges from
lower neck till pubis with 1 mm slices in the arterial phase. In hemodynamically
unstable patients (e.g. patients with ATAI) the reconstruction may be more
challenging and time consuming. Importation of segmentations created with
dedicated 3D sizing software or predefined templates may offer a solution in the near
future. Secondly, the biomechanical properties are not accurately replicated in the
simulated cases, e.g. crossing stenotic or heavily calcified lesions and deployment of
the stent graft. Thirdly, the occurrence of type 1 and 3 endoleaks in the simulated
setting is based upon instructions for use provided by the manufacturer, and does
not always reflect real life. The use of finite element analysis to evaluate the
mechanical interaction between endovascular equipment and the vasculature, could
lead to a significant improvement.® Finally, the time, expertise, and equipment
(software and hardware) needed to generate 3D reconstructions and to practice the
simulated cases add considerable costs. On the other hand, simulator costs
(acquisition and maintenance) can be diminished, since these can be used for
training various endovascular procedures at different training levels, while staffing
costs can be addressed by performing rehearsals with the endovascular team in
between cases or during the preoperative preparation of the actual patient.

In conclusion, setting up PsR prior to TEVAR is feasible in clinical practice. It permits
creation of realistic case studies, which may be useful to evaluate and optimally
prepare the case prior to treat the actual patient. However, software updates are
crucial to improve face validity and enable implementation of this technology in

clinical practice.

Funding

The ANGIO Mentor™ Express Dual Access Simulation System and Simbionix
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Patient-specific EVAR rehearsal: pilot study

Abstract

Objectives
To evaluate feasibility, face validity, influence on technical factors and subjective
sense of utility of patient-specific rehearsal (PsR) prior to endovascular aortic

aneurysm repair (EVAR).

Design

A prospective multicentre observational pilot study.

Methods

Patients suitable for EVAR were enrolled and a three-dimensional (3D) model of the
patient's anatomy was generated. Less than 24 hours prior to the real case,
rehearsals were conducted in the laboratory or clinical angiosuite. Technical metrics
were recorded during both procedures. A subjective questionnaire was used to

evaluate realism, technical and human factors aspects (scale 1 to 5).

Results

Ten patients were enrolled. In one case, the treatment plan was altered based on
PsR. In 7/9 patients, the rehearsal significantly altered the optimal C-arm position for
the proximal landing zone and an identical fluoroscopy angle was chosen in the real
procedure. All team members found the rehearsal useful for selecting the optimal
fluoroscopy angle (median 4, IQR 4-5). The realism of the EVAR procedure
simulation was rated highly (median 4, IQR 3-4). All team members found the PsR
useful to prepare the individual team members and the entire team (median 4, IQR
4-5).

Conclusions

PsR for EVAR permits creation of realistic case studies. Subjective evaluation
indicates that it may influence optimal C-arm angles and be valuable to prepare the
entire team. A RCT is planned to evaluate how this technology may influence

technical and team performance, ultimately leading to improved patient safety.
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Introduction

Various drivers are currently pushing the use of VR simulation in healthcare, e.g.
growth in medical knowledge, changes in medical education, the European Working
Time Directive, patient availability and patient safety. Much of the stimulus behind
the focus on the patient safety dates to the Institute of Medicine 2000 report ‘To Err
is Human: Building a Safer Health System’." This report increased the level of public
and institutional awareness of the high prevalence of medical errors in modern
healthcare and proposed medical simulation as an efficient tool to enhance physician
training, by allowing skills acquisition and training of procedures in a safe and
controlled environment where patients cannot be harmed.

Subsequently, extensive research by EVEREST (European Virtual reality
Endovascular RESearch Team) and others was conducted to establish the role of
VR simulation as a training and assessment tool for teaching and practicing
endovascular techniques to physicians at various levels of experience.?”’

In accordance with the developments in other high-stake industries, such as
military,® aerospace and in the domains of music and sports the next step in medical
simulation science was the development of patient-specific VR rehearsal (PsR). This
technology allows a patient-tailored approach in various domains of surgery,
enabling the practitioner and his/her team to perform and practice ‘real’ cases on a
virtual patient prior to performing the procedure on the actual patient. It has also
been referred to as ‘mission’ or ‘procedure’ rehearsal.

In the endovascular field, PsR prior to carotid artery stenting (CAS) procedures is
feasible in various hospital settings.® The rehearsals, including endovascular tool
selection and angiographies, are regarded as realistic."®"® Furthermore, it is
suggested that case-specific rehearsal for CAS may have the potential to tailor
endovascular tool choice, enhance non-technical skills, and improve patient safety.*
> Recently, this novel technology has been developed to practice endovascular
infrarenal aortic aneurysm repairs (EVAR).

The objectives of this research project are firstly to evaluate if creating PsR for EVAR
is feasible, secondly how it may influence technical factors, thirdly to evaluate face

validity and finally the subjective sense of utility rated by endovascular teams.
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Materials and Methods

Patient inclusion

All patients with an infrarenal abdominal aortic (AAA) or iliac aneurysm suitable for
endovascular exclusion with the Gore® Excluder® AAA endoprosthesis using the
Gore® C3 Delivery System (W.L. Gore & Associates, Inc., Sunnyvale, California,
USA) were eligible for inclusion in the study. Prior to inclusion, patients at two
academic and one district hospital provided informed consent to use their computed
tomography (CT) imagery and to record (anonymous) video’s of the EVAR

procedure.

Relevant items of the anatomic severity grading (ASG) scale (Table 1), developed by
the ad hoc Committee for Standardized Reporting Practices in Vascular
Surgery/American Association for Vascular Surgery, were used to describe the
anatomic diversity and complexity of the aneurysm.'® The ASG score can be
calculated from CT images with the aid of three-dimensional (3D) image-rendering

software and correlates with the technical difficulty of EVAR."”

Three-dimensional model reconstruction

The Simbionix PROcedure™ rehearsal studio software (Simbionix USA Corp.,
Cleveland, Ohio, USA) was used to generate 3D reconstructions of the patient’s
relevant anatomy. They were created by the lead researcher (L.D.). CT data in
DICOM (Digital Imaging and Communications in Medicine) format were uploaded by
means of a CD-ROM, on which the imaging from a local Picture Archiving and
Communication System (PACS) client was saved.

The 3D data reconstruction of the anatomy of interest (e.g. aorta and iliac arteries) is
achieved by the level set method of segmentation. It is a partially automated step
although manual enhancement of the 3D model is usually required. Calcification of
the vessel wall is also automatically reconstructed. The celiac trunk, superior
mesenteric artery and renal arteries need manual augmentation.

The next step consists of assigning three bony landmarks to the arterial
reconstruction, which serve as anchors that indicate the correct location of the
vasculature with respect to the rest of the anatomy in the simulator (virtual

fluoroscopy imagery of the thoracic and lumbar spine, and the pelvis).
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Calculation of the vessel centreline is done automatically for the aorta and iliac
arteries, but for the celiac trunk, superior mesenteric artery and both renal arteries it
should be performed manually. The end result is a 3D reconstruction with a
centreline that can be uploaded into the VR simulations to form the scaffold for the
VR simulation (Figure 1).

During the creation phase of the 3D model reconstructions, findings (e.g. time to
create an adequate 3D model, difficulties with vessel segmentation, centreline
calculation or simulation software) were recorded in field notes by the lead

researcher (L.D.) and document analysis was performed.'®

Figure 1. 3D segmentation with the Simbionix PROcedure™ Rehearsal software.

Simulator device

The ANGIO Mentor™ Express Dual Access Simulation System (Simbionix USA
Corp., Cleveland, Ohio, USA) was used to conduct the patient-specific simulations.
The simulator is a part-task VR device and consists of two haptic devices, a laptop
and two LCD screens. The two haptic hardware devices allow the user to perform
endovascular procedures that require simultaneous access from two sites, insert and
manipulate guidewires, deploy balloons, stents and stent grafts. Table movement, C-

arm positioning and use of an aortic pump are available.
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Interventional team and simulation environment

In two hospitals the interventional team consisted of a lead interventionalist, an
assistant, a scrub nurse, a circulating nurse and an anaesthetist. In the other unit,
the latter was not included since all EVAR procedures were performed under local
anaesthesia. The circulating nurse was only included in three rehearsals.
Subsequently, the anaesthetist and circulating nurse were both excluded from further
analysis. The remaining team members completed a questionnaire to assess their
endovascular and EVAR experience and exposure to VR simulators.

Preoperative rehearsals were carried out in the laboratory, the operating room (OR)
or the real angiosuite (‘in-situ’ simulation) and were chosen upon availability.” The
operating table, fluoroscopy screens and the simulator were placed identically to the
real life setting (Figure 2).

Figure 2. Patient-specific rehearsal with the interventional team: ‘in-situ simulation (top) and
corresponding real intervention in the angiosuite (bottom).
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Study design

A 3D reconstruction and VR simulation was created for every case. Rehearsals were
carried out within 24 hours of the actual EVAR intervention. The same team
performed the real EVAR intervention at Ghent and Zurich University Hospital in the
angiosuite (hybrid operating room), at St. Maarten Hospital the patient was treated in
the OR.

Technical factors

Before and after the rehearsal, the lead interventionalist completed a questionnaire
with his selection of C-arm angulation to adequately visualise the target landing
zones based on dedicated 3D workstations and case-specific rehearsal. C-arm
positioning was recorded during both the simulated and real EVAR procedure. A
change of at least ten degrees in either cranio-caudal or oblique fluoroscopy angle
was considered to be clinically significant. Similarly, an ‘identical’ C-arm positioning
was defined as a change of less than ten degrees of fluoroscopy angulation for both
cranio-caudal and oblique views between the simulated and real procedure.
Automatically recorded simulator metrics and the corresponding values in real life
were used to evaluate technical performances. These included total procedure time,
fluoroscopy time, contrast volume and number of angiographies taken, starting from

the introduction of the first guidewire to removal of the last guidewire.

Subjective questionnaire

A questionnaire was put forward to each team member after the real EVAR
procedure. This questionnaire was created by three vascular surgeons with
experience in EVAR and endovascular VR simulation. Questions addressed
simulation realism (e.g. images, endovascular tool manipulation), effectiveness on
technical issues, communication and teamwork. Responses were rated on a Likert
scale from 1 (not at all) to 5 (very much). Participants also had the possibility to write

down any suggestions or comments (Appendix 1, Chapter 8).

Data analysis
Data were entered in the Statistical Package for the Social Sciences version 20.0
(SPSS, Chicago, lllinois, USA). Non-parametric tests were applied for data analysis.

The Mann-Whitney U test was used to compare groups (simulation versus real
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operation) for continuous variables; the Chi-Square test was used for categorical
variables. A level of p<0.05 was considered to be statistically significant. All data are
presented as median values unless otherwise indicated. Interquartile ranges are

noted in parentheses.

Results

Patient demographics

Between March and June 2012, ten consecutive patients were enrolled. Nine had an
infrarenal aortic aneurysm with a maximum outer diameter of at least 55 mm; one
patient had a small aortic aneurysm (42 mm) and a left common iliac aneurysm of 50
mm.

One patient presented with a pseudoaneurysm at the level of the proximal
anastomosis after previous open abdominal aortic aneurysm repair with an
aortobifurcated graft. During the preoperative rehearsal of this case a type 1a
endoleak occurred (Figure 3). Based on a case review instigated by this practice run,
the physician altered his treatment plan. The intervention was postponed and the
aneurysm was successfully excluded using a stent graft with suprarenal fixation. This
case was excluded from further analysis.

Figure 3. Type 1a endoleak observed during patient-specific EVAR rehearsal.
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Patient demographics and anatomical aneurysm characteristics are summarised in
Table 1.
The nine patient-specific rehearsals and nine real EVARs were carried out

successfully. No major adverse events occurred.

Age (y) 74 (64-89)

Gender M/F 9/0

Maximal outer diameter AAA (mm) 58 (42-65)

Aortic neck: length (mm) 21 (12-49)

Aortic neck: diameter (mm) 21 (19-24)

Absent Mild Moderate Severe

Aortic neck: calcification/thrombus 8/9 1/9 0/9 0/9
Suprarenal angle 6/9 2/9 0/9 1/9
Infrarenal angle 2/9 1/9 4/9 2/9
lliac artery: calcification 0/9 7/9 1/9 1/9
lliac artery: angle 0/9 1/9 6/9 2/9
lliac artery: tortuosity index 0/9 3/9 4/9 2/9

Table 1. Patient demographics (medians (range)).
M/F: male/female. Categorical Scores (Absent, Mild, Moderate and Severe) according to the
anatomic severity grading (ASG) scale.®

3D model reconstruction

The degree of automated segmentation is heavily dependent on the quality of the
initial DICOM dataset. Multiple factors such as patient motion and streaking
artefacts, overriding bone, adjacent vascular structures, insufficient contrast
enhancement or inappropriate slice thickness may lead to an inadequate automated
segmentation, requiring manual enhancement of the 3D model. Furthermore, both
common iliac arteries should be accessible. Otherwise, centreline calculation is
defective and a simulation cannot be started. Ideally, the entire aorta should be
scanned to increase the realism of the rehearsal. Centreline calculation of the aorta
and its side branches was uncomplicated. This process only failed if touching
vessels were present in the original segmentation. It occurred predominately

between the common iliac and hypogastric arteries, and was easily manually
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corrected by returning to the initial segmentation. Assignment of bony landmarks to
the arterial reconstruction was uncomplicated and not time-consuming.

Of the initial 10 CT angiographies, all could be reconstructed. Overall, a
reconstruction took between 60 and 180 minutes, mainly influenced by the quality of

the CT scan images.

Interventional team and simulation environment

One rehearsal was performed in the angiosuite, two in the OR and six in the
laboratory environment. Seven different teams, consisting in total of 24 team
members, performed the simulated and real EVAR procedures. Each team differed
from another by at least one team member. A preceding training session
accustomed all team members to the simulator setup. The lead interventionalists
were consultants and experienced practitioners who had performed more than 500
endovascular procedures and the majority (7/9) had performed at least 50 EVAR
procedures as the primary operator. Five of them were vascular surgeons, four were
interventional radiologists. However, in three rehearsals the assistant (N=3) and/or
scrub nurse (N=2) was inexperienced in EVAR (<10 EVAR). In three cases, the

scrub nurse was not present during the case rehearsal.

Technical factors

Patient specific VR rehearsals were performed more rapidly than the corresponding
life EVAR cases (total procedure time, median 32 (IQR 24-41) vs. 43 (IQR 39-60)
mins, p=0.015) (Figure 4). Fluoroscopy time (13 mins (IQR 11-16) vs. 10 mins (IQR
8-18), p=0.35), the amount of contrast used (80 mls (IQR 75-97) vs. 80 mls (IQR 61-
92), p=0.42) and the number of angiographies taken to complete the endovascular
exclusion of the aneurysm (5 (IQR 4-8.5) vs. 6 (IQR 4.5-7), p=0.79) were similar

between simulated and real cases.
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Figure 4. Total time and fluoroscopy time for the virtual and real cases.

In 7/9 patients, the C-arm angulation to visualise the infrarenal aneurysm neck and
the optimal proximal landing zone was modified significantly after the rehearsal. In
six patients, the cranio-caudal or oblique fluoroscopy preferences changed and in
one patient, both angles were altered following the rehearsal. In real life, identical

fluoroscopy angles were chosen in 6/9 patients. In the remaining three cases,

identical oblique or cranio-caudal angulations were selected.

To visualise the distal contralateral landing zone C-arm angulations were altered

significantly in 6/9 patients, and identical angulation was used in 4/9 of the real

T
REAL CASE

cases. In another two cases, identical cranio-caudal or oblique view was chosen.

In one case, a type 1b endoleak was observed during the simulation. An additional

angiography of the contralateral limb could identify this endoleak in the real case,

and supplementary moulding of the endoprosthesis was required (Figure 5).
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Figure 5. Type 1b endoleak observed during simulation (left) and real procedure (right).

Subjective questionnaire

Subjective questionnaires were completed by all team members (N=24). Table 2
summarises the overall scores for the rating of the face validity and subjective
evaluation of the procedure rehearsal potential. The realism of the simulated EVAR
procedure, including the simulated angiographies of the aorta and iliac vessels were
rated highly by each team member. However, experienced team members rated the
realism of the simulated angiographies significantly higher than the inexperienced
team members (median 4 vs. 3, p=0.032). All team members found the rehearsal
especially useful for selecting the optimal C-arm angulation to adequately visualise
the target landing zones. Furthermore, it was considered to be valuable to optimally
prepare the entire team and to improve communication and teamwork. All team
members thought case-specific rehearsal may lead to increased patient safety.
Compared to the lead interventionalist, both the assistant and the scrub nurse
thought the rehearsal to be significantly more effective at increasing overall efficiency
of tool use (median 4 (assistant) and 4.5 (scrub nurse) vs. 3, p=0.001) and
communication with the circulating nurse (median 4 vs. 3, p=0.006). The scrub nurse
found the rehearsal significantly more effective than the lead interventionalist and
assistant for understanding their role during the intervention (median 4.5 vs. 4,
p=0.004). Furthermore, scrub nurses indicated that their preconceived thought of
how the procedure would be performed was altered more frequently (median 4 vs. 3,
p=0.007).
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No notable differences were seen between the experienced and inexperienced team
members for the various items described above.

Free text comments by all physicians (N=9) indicated that the biomechanical
properties of the simulation (e.g. catheterization contralateral limb, stent deployment,
stretching of the vessel by wire insertion) were not accurately replicated in the

preoperative simulation. This became more apparent in non-calcified, tortuous iliac

vessels.
Median IQR
Realism of
*  Procedure simulation 4 3-4
* Angiography aorta 4 3-5
*  Angiography iliac vessels 4 4-4
PsR is useful
*  For selecting the optimal C-arm angulation 4 4-5
* To practice the ‘real’ case prior to treat the actual patient
- For the individual team members 4 4-5
- For the entire team 4 4-5
* Toreview the case preoperatively 4 4-4
«  Toidentify potential difficulties 4 4-4
* Toincrease
- Coordination 4 4-4
- Communication 4 34
- Confidence 4 34
PsR may lead to increased patient safety 4 3-4
PsR influenced the choice of
*  Guidewire 2 2-3
*  Selective catheter 3 2-3
*  Diameter of the stent graft 2.5 2-3.75

Table 2. Face validity and subjective evaluation of patient-specific procedure rehearsal
potential. Scores are for all team members combined. Ratings are on a Likert scale from 1
(not at all) to 5 (very much). PsR: Patient-specific rehearsal.
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Discussion

This study presents the first scientific report on PsR prior to EVAR. Similar to

previous research on case-specific rehearsals for CAS interventions,® ' '

this pilot
study has shown that it is feasible to set up and use PsR for EVAR in the clinical
setting, with an excellent level of face validity. The most important finding is the
potential of this novel technique to influence decision-making of the interventionalist
and his/her team during the real procedure.

In the majority of cases, PsR was able to predict and alter fluoroscopy preferences
for optimal visualisation of the proximal and distal landing zones during the real
intervention. PsR not only facilitates procedure planning (cognitive rehearsal,
comparable to dedicated 3D planning workstations) but also permits a hands-on
rehearsal of the actual procedure (psychomotor rehearsal). Consequently, it may
enable the physician and team to familiarise with the behaviour of a chosen device in
a particular anatomy, identify potential hazards (e.g. endoleaks) and alter the
treatment plan (e.g. select a device with suprarenal instead of infrarenal fixation).
This is particularly valuable for complex procedures such as EVAR, as it is well
established that the technical difficulty and 30-day mortality of EVAR is dependent
on factors related to individual anatomic patient considerations, operator experience
and hospital volume."” 2> 2" These findings were supported by the subjective ratings
from the experts and team members regarding the usefulness of PsR prior to EVAR
for preoperative planning, practicing and preparation of the entire team.

The choice of tool kit, size of the device, and the number of iliac extensions were not
altered in this study, probably due to meticulous preoperative sizing on dedicated

workstations by experienced teams.

Besides its important role as a technical adjunct to the interventionalist, PsR may
also be applied to enhance non-technical skills."* '® This finding is supported by the
results from this study, as team members regarded PsR as a valuable tool to

increase coordination, communication and confidence during the real procedure.
Several limitations of the current generation of simulation rehearsal capabilities have
been described.® Similar to this report, the 3D reconstruction of the relevant

vasculature was identified as the most variable and time-consuming step in the
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whole process. Subsequently the quality of the CT DICOM data is of major influence
for both the set-up time and the quality of the simulated rehearsal.

Furthermore, biomechanical properties were often not accurately replicated in the
preoperative simulation, e.g. cannulation of the contralateral limb, absence of vessel
straightening by insertion of guidewires and deployment of the stent graft. Several
authors have noted this phenomenon for CAS rehearsals as well.' ' The
integration of additional biomechanical characteristics, using finite element analysis
to evaluate the mechanical interaction between endovascular equipment and the
vasculature, could lead to a significant improvement.?> However, increasing levels of
simulator fidelity do not automatically translate into higher quality performances and
improved transfer of skills.>>2°

Additionally, VR rehearsals depend on simulator availability and add a considerable
cost, potentially affecting the cost-effectiveness of the rehearsed procedures.
However, staffing costs can be addressed by performing rehearsals during the
preoperative preparation of the patient. Furthermore, simulator costs (acquisition and
maintenance) can be distributed, as they have a wide range of use, e.g. training,
familiarisation of OR personnel and assessment.

Potential limitations introduced in this study include a relatively small number of
cases.

Furthermore, the median length of the proximal aortic neck is quite long. It reflects
that the use of PROcedure™ rehearsal studio software is currently limited to the
rehearsal of cases with an anatomy suitable for endovascular exclusion using a
device with infrarenal fixation. Although this study demonstrated that PsR may be
useful to determine which cases are not suitable for exclusion using this device with
infrarenal fixation, this may have an impact on decision-making and subjective
evaluation of the interventionalist and his/her team. Additionally, the software only
allows the rehearsal of an entire EVAR procedure. ldeally, the physician should be
able to go back and forth, return to a particular step, deploy various devices, and
practice merely challenging parts of the intervention (part-task rehearsal).'?
Additionally, only experienced interventionalists and team members were evaluated
using this new technology. Although this allowed for an accurate comparison of the
virtual and corresponding real operation, it presumably underestimated the inherent

value of PsR. Less experienced operators and team members may benefit more
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from this technology as their tool choices, fluoroscopy preferences and team

interactions are less automated, especially for complex procedures.?®

In conclusion, the results from this pilot study indicate that setting up a PsR prior to
EVAR is feasible for various anatomies in different hospital settings. It permits
creation of realistic simulated case studies, rated highly by endovascular experts.
Although the impact on selecting endovascular tools seems limited, EVAR
rehearsals may influence fluoroscopy preferences and alter the treatment plan.
Furthermore, it may be useful to evaluate the real case, identify potential pitfalls and
increase confidence within the team.

Further research will evaluate the potential of PsR prior to EVAR to increase patient
safety by optimising patient and device selection, improving preoperative planning,
preventing complications and reducing radiation dose and identifying for which
patients (anatomy) and physicians (experience) preoperative rehearsal may be
useful. A randomised controlled trial has been initiated to investigate if this new
technology may enhance technical and non-technical performance, clinical safety
and efficiency, i.e. if patients actually benefit from physicians and team members

conducting PsR of EVAR interventions.
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Patient-specific EVAR rehearsal: primary outcomes RCT

Abstract

Objective
To assess the effect of patient-specific virtual reality rehearsal (PsR) prior to
endovascular infrarenal aneurysm repair (EVAR) on technical performance and

procedural errors.

Background data

Endovascular procedures, including EVAR, are executed in a complex
multidisciplinary environment, often treating high-risk patients. Consequently, this
may lead to patient harm and procedural inefficiency. PsR enables the endovascular
team to evaluate and practice the case in a virtual environment prior to treating the

real patient.

Methods

A multicentre, prospective randomised controlled trial recruited 100 patients with a
non-ruptured infrarenal aortic or iliac aneurysm between September 2012 and June
2014.

Cases were randomised to preoperative PsR or postoperative PsR. Primary
outcome measures were errors during the real procedure and technical operative
metrics (total and endovascular procedure time, fluoroscopy time, contrast volume,

number of angiograms, and radiation dose).

Results

There was a 26% (95% confidence interval (Cl): 9-40%; p=0.004) reduction in minor
errors, a 76% (95% CI: 30-92%; p=0.009) reduction in major errors and a 27% (95%
Cl: 8.2-42%, p=0.007) reduction in errors causing procedural delay in the PsR
group.

The number of angiograms performed to visualise proximal and distal landing zones
was respectively 23% (95% ClI: 8-36%; p=0.005) and 21% (95% CI: 7-32%; p=0.004)

lower in the PsR group.
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Chapter 4

Conclusions

PsR prior to EVAR can be used in different hospital settings by teams with various
EVAR experience. It reduces perioperative errors and the number of angiograms
required to deploy the stent graft. Ultimately, it may improve patient safety and

procedural efficiency.
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Patient-specific EVAR rehearsal: primary outcomes RCT

Introduction

Endovascular aneurysm repair (EVAR) is an established treatment for infrarenal
aortic aneurysms (AAA) with excellent results in patients with a suitable aorto-iliac
anatomy. It is increasingl