A multicentre trial of patient-specific rehearsal prior to EVAR: impact on procedural planning and team performance.  
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What this paper adds
Increasing awareness of the importance of avoiding error to enhance patient safety in combination with increasing complexity of endovascular interventions have led to advances in virtual reality simulation and the emergence of patient-specific rehearsal. This technology enables the practitioner and team to practice ‘real’ cases on a virtual patient prior to performing the procedure on the actual patient. This randomised controlled trial demonstrated that patient-specific rehearsal prior to endovascular aneurysm repair has a significant influence on the treatment plan and is a useful tool for optimal planning and team preparation. 

Abstract 

Objectives
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Patient-specific rehearsal (PsR) prior to endovascular aneurysm repair (EVAR) enables the endovascular team to practice and evaluate the procedure prior to treating the real patient. This multicentre trial aims to evaluate the utility of PsR prior to EVAR as a preoperative planning and briefing tool.

Material and methods
Patients with an aneurysm suitable for EVAR were randomised to preoperative or postoperative PsR. Before and after the PsR, the lead implanter completed a questionnaire to identify a deviation from the initial treatment plan. All team members completed a questionnaire evaluating realism, technical issues, and human factor aspects pertinent to PsR. Technical and human factor skills, and technical and clinical success rates were compared between both randomisation groups.

Results
100 patients were enrolled between September 2012 and June 2014. The plan to visualise proximal and distal landing zones was adapted in 27/50 (54%) and 38/50 (76%) cases respectively. The choice of the main body, contralateral limb, or iliac extensions was adjusted in 8/50 (16%), 17/50 (34%), and 14/50 (28%) cases, respectively. At least one of the above-mentioned parameters was changed in 44/50 (88%) cases. 
199 subjective questionnaires post-PsR were completed for 100 EVAR cases. PsR was considered as useful for selecting the optimal C-arm angulation (median 4, IQR 4-5) and recognised as a helpful tool for team preparation (median 4, IQR 4-4), to improve communication (median 4, IQR 3-4) and encourage confidence (median 4, IQR 3-4).
Technical and human factor skills, and technical and initial clinical success rates were similar between the randomisation groups.

Conclusion
PsR prior to EVAR has a significant impact on the treatment plan and may be useful as a preoperative planning and briefing tool. Subjective ratings indicate that this technology may facilitate planning of optimal C-arm angulation and improve non-technical skills.

Trial registration
URL://www.clinicaltrials.gov. Unique identifier: NCT01632631
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Introduction

Endovascular aneurysm repair (EVAR) is an established treatment for infrarenal aortic aneurysms, often performed in a complex high-tech environment staffed by teams of clinicians and technicians with various medical backgrounds. Patient outcomes are influenced by individual anatomic patient considerations, operator experience and skill, necessitating accurate preoperative planning and preparation.1-4 Preoperative planning of EVAR procedures not only includes technical components, but also extends to the preparation of the entire interventional team to optimize team workflow, resource management and error prevention.5 Increasing awareness of the importance of preventing errors, in combination with increasing complexity of endovascular intervention, have led to advances in virtual reality (VR) simulation, and the emergence of patient-specific rehearsal (PsR). This technology enables the practitioner and team to practice ‘real’ cases on a virtual patient prior to performing the procedure on the actual patient. Several reports only including small numbers have described patient-specific simulation of medical procedures in the field of laparoscopy, orthopaedics, neurosurgery, and plastic surgery.6-9 Face validity was most commonly reported, but several authors also acknowledged the potential of patient-specific simulation as a preprocedural planning and rehearsal tool.10 
Our group conducted a multicentre, randomised controlled trial (PAVLOV study: Patient-specific Virtual reality simulation of EVAR), to evaluate the effect of PsR prior to EVAR on patient safety and procedural efficiency. The primary outcome results of the PAVLOV study have been published previously and showed that PsR prior to EVAR reduces perioperative errors as well as the number of angiograms to deploy the stent graft, thereby reducing delays.11
The present publication from the PAVLOV trial aimed to evaluate the utility of PsR as a preoperative planning and briefing tool, and to evaluate the influence on technical and non-technical performance and on technical and clinical success rates. 

Methods 

The PAVLOV study is a prospective, multicentre, parallel-group trial that randomised patients with a non-ruptured infrarenal aortic aneurysm suitable for endovascular repair (EVAR) to either preoperative PsR (intervention group) or postoperative PsR (control group). The study was conducted in six vascular centres across Europe (three academic and three district hospitals). 
Study methodology has been reported in detail.11 In brief, patients with an infrarenal or iliac aneurysm were screened according to defined selection criteria (Table 1). 
Based on preoperatively acquired Computed Tomography Angiography (CTA) data, a virtual three dimensional (3D) model of the patient’s relevant anatomy was created, using the Simbionix PROcedure™ rehearsal studio software (Simbionix USA Corp., Cleveland, OH, USA). A virtual reality simulator (ANGIO Mentor™ Express Dual Access Simulation System, Simbionix USA Corp., Cleveland, OH, USA) was used to conduct the PsR. Three members of the endovascular team (lead implanter, assistant, and scrub nurse) performed the preoperative rehearsal less than 24 hours before the actual EVAR procedure. In the control group, only the lead interventionalist carried out the postoperative rehearsal. 
An experienced endovascular team was defined as a team consisting of at least two (out of three) team members who have performed (lead interventionalist) or assisted (assistant, scrub nurse) at least 50 EVAR cases. 
Randomisation took place after obtaining informed consent and creating the 3D model. The random allocation sequence (two arms: A = PsR, B = control; 1:1 ratio; block size of 4) was generated using a computer-generated list. The allocation sequence was concealed from the researcher enrolling and assessing patients by using sequentially numbered, opaque, sealed envelopes. Outcome assessors and data analysts were blinded to the allocation.
The trial protocol was approved by the institutional review boards or ethics committees at each trial site. All patients gave written informed consent before enrolment. All theatre staff were informed about the research and provided verbal consent.

The primary study outcome parameters, i.e. the number of errors occurring during the actual EVAR procedure and the technical performance measured by operative metrics, such as endovascular procedure time, fluoroscopy time, contrast medium use, number of angiograms, and patient radiation dose have been published previously.11 The study showed that PsR prior to EVAR significantly reduces the number of errors occurring during the actual EVAR procedure as well as the number of angiograms needed to deploy the stent graft. For the other operative metrics, no significant differences were observed between the randomisation groups. The main findings of the trial are summarized in box 1.

Box 1  Summary of the primary outcome results of the PAVLOV trial.
	· PsR prior to EVAR significantly reduces the number of minor errors (-26%, 95% confidence interval (CI)-40 to -9%, p=0.004), the number of major errors (-76%, 95% CI -92 to -30%, p=0.009) and the number of errors causing procedural delay (-27%, 95% CI -42 to -8.2%, p=0.007) during the real life procedure.
· PsR prior to EVAR significantly reduces the number of angiograms performed to visualise the proximal (-23%, 95% CI -8 to -36%; p=0.005) and distal landing zone (-21%, 95% CI -7% to -32%; p=0.004). 
· The total number of angiograms, the total endovascular procedure time, fluoroscopy time, contrast medium use, and radiation dose were not significantly lower in the group with preoperative PsR.



The secondary outcomes, reported in this publication, include deviation from the initial treatment plan, the subjective sense of realism and usefulness of the rehearsal reported by the team members, and technical and human factor skill assessment. Primary, assisted primary, and secondary technical and initial clinical success rates as previously defined by Chaikof et al.,12 in-hospital and 30-day mortality were reported. Evaluation of the radiographic criteria was based on the report of the postoperative CTA, performed by an independent radiologist. 
Since recent literature does not provide any data regarding the primary or secondary outcomes of this trial, a power analysis could not be performed. A number of 50 patients per group was chosen as a sufficient and achievable target. 

Deviation from initial treatment plan
All teams used dedicated 3D workstations for sizing and evaluation of the case. Before and after rehearsal of the cases randomised to the intervention group, the lead implanter completed a questionnaire focusing on his choice of brand, diameter, length and number of stent grafts, the C-arm angulation to visualise the target landing zones, the introduction site for the main body, and the positioning of the contralateral limb with respect to the ipsilateral limb (anterior, anterolateral, posterior, or ballerina).  To assess the deviation from the initial treatment plan, data of both questionnaires were compared. The subsequent implementation of these changes in the clinical setting was evaluated by comparing the data of the post-rehearsal questionnaire with the C-arm angles, characteristics and positioning of the stent grafts used during the real EVAR procedure. Changes of at least 10° in either cranio-caudal or oblique fluoroscopy angle were considered to be clinically significant. For the implanted devices (main body, contralateral limb, iliac extensions), a change of brand, diameter, or length was considered as a deviation from the initial treatment plan. 

Subjective questionnaire
All team members participating in the pre- or postoperative PsR completed a questionnaire that addressed realism (e.g. images and endovascular tool manipulation), technical issues (e.g. choice of optimal fluoroscopy angle to visualise the target landing zones, influence on procedure time, etc.) and human factor aspects (coordination, confidence, communication skills, patient safety) pertinent to the PsR (online supplement 1). Responses were rated on a Likert scale from 1 (not at all) to 5 (very much). 

Technical and human factor skills
Hand movements and fluoroscopy screens were videotaped and post-hoc evaluated by an independent experienced vascular surgeon who was blinded for the randomisation group. The previously validated OSATS-derived Global Rating Scale (GRS) for generic endovascular skills,13 and a procedure-specific rating scale including a pass rating were used to assess the technical performance.
An overview camera videotaped the endovascular team, including the nurses. Two independent physicians blinded to the randomisation group and previously trained in using the Observational Teamwork and Assessment for Surgery (OTAS) tool scored post-hoc the human factor skills of the endovascular and nursing teams. This previously validated tool assesses five facets of teamwork: communication, leadership, cooperation, coordination, and team monitoring/situation awareness on a Likert scale from 0 to 6, with clearly defined anchors and demonstrative scenarios to guide ratings.14, 15

Statistical analysis
All analyses were performed using SAS® 9.4 (SAS Institute Inc., NC, USA). Technical skills were compared using Mann-Whitney U tests or Fisher’s exact tests (depending on the variable type) and non-technical skills were compared using t tests. Fisher’s exact tests were used to compare technical success, clinical success and change of treatment plan between intervention and control group. All analyses were considered significant at the 5% level.


Results

Between September 2012 and June 2014, 100 patients were enrolled across the six trial centres and randomly assigned to the two study groups. 61 patients (61%) were treated in an academic hospital, and 68 of the EVAR procedures (68%) were performed by an experienced team. In 63 cases (63%), the aneurysm repair was within instructions for use, as described by the manufacturer of the stent graft. Baseline characteristics have been described previously and were not different between the treatment groups.11 The median time needed by the lead researcher to create the simulations was 33 minutes (IQR 21-44 min). The median time to perform the PsR was 25 minutes (IQR 20–30 min). 
Analysis of the outcomes was on an intention-to-treat basis. Two patients in the intervention group and five patients in the control group were excluded from analysis of technical skill assessment due to incomplete recording of the fluoroscopy screen.  Similarly, one patient in the control group was excluded from analysis of the human factor skills. Figure 1 shows the flow of patients through the trial.

Deviation from initial treatment plan
After the preoperative PsR, the interventionalist changed his plan to visualise the proximal and distal landing zones in 27/50 (54%) and 38/50 (76%) of the cases respectively. The diameter or length of the main body of the stent graft, the contralateral limb, or the iliac extensions was adjusted in 8/50 (16%), 17/50 (34%), and 14/50 (28%) respectively. The orientation of the contralateral limb was altered in 8/50 (16%) and the introduction site of the main body in 1/50 (2%) cases. In 44/50 (88%), at least one of the above-mentioned parameters was changed. Of the 191 observed changes, 176 (92%) were implemented in the real EVAR procedure. Additional data are provided in table 2. There was no statistically significant difference in change of treatment plan between experienced (> 50 EVAR cases) and inexperienced lead interventionalists (27/29 (93%) vs. 17/21 (81%); p = 0.19).

Subjective questionnaire
For the 100 performed EVAR procedures, a total of 199 subjective questionnaires post-PsR were completed by 99 lead interventionalists, 57 assistants, and 43 scrub nurses. The majority of the team members (63%) were highly experienced in EVAR, having performed over 50 EVAR procedures. The realism of PsR was rated highly (median 4, IQR 3-4), especially that of the simulated angiographies of the aorta (median 4, IQR 4-5) and iliac vessels (median 4, IQR 4-5). The lead interventionalist found the rehearsal useful for selecting the optimal C-arm angulation (median 4, IQR 4-5). PsR was recognised as a helpful tool to prepare individual team members (median 4, IQR 3-5) and the entire team (median 4, IQR 4-4), improve communication (median 4, IQR 3-4) and encourage confidence (median 4, IQR 3-4) prior to the actual intervention.  There were no significant differences in ratings between inexperienced and experienced team members. Additional data are provided in table 3. 

Technical and human factor skills
The post-hoc assessment of technical and human factor skills were similar between the randomised groups (table 4).

Primary, assisted primary, and secondary technical and initial clinical success rates were similar between both groups (table 5). In-hospital mortality was 1/50 (2%) in the control group and 0/50 (0%) in the intervention group (p=1.000). 30-day mortality was 1/50 (2%) in the control group and 2/50 (4%) in the intervention group, of which one was aneurysm related. 


Discussion
The results of this multicentre trial showed that patient-specific rehearsal with the endovascular team prior to EVAR influences the preoperative treatment plan and is regarded as a useful tool for preoperative planning and preparation by all team members, experienced as well as inexperienced.  
Preoperative planning of EVAR procedures using dedicated 3D planning and sizing software has become common practice.5 Clinical evidence suggests that accurate planning directly influences EVAR-related outcomes. A recent study involving 295 patients demonstrated that the routine use of dedicated 3D sizing software for EVAR is associated with a significant reduction in the incidence of type 1 endoleaks and their related secondary interventions.4 According to Velazquez et al., the employ of modern sizing software significantly reduces the use of unplanned iliac extensions in EVAR procedures.16 
Similar to dedicated 3D software, PsR allows the interventionalist to evaluate the anatomy of the patient, determine the required number and sizes of stent grafts, define the optimal angles for visualisation of the landing zones, and assess the suitability for endovascular repair before performing the actual procedure.17 A retrospective study showed that the Simbionix PROcedure™ rehearsal studio software adequately replicates EVAR procedures and sizing using this software was similar to peroperative findings.18 Additionally, previously published results of this randomised controlled trial showed that PsR prior to EVAR significantly reduces the number of angiograms performed to visualise the target landing zones.11 Although all participating centres in this trial used dedicated sizing software, considerable alterations to the initial treatment plan were made in the majority of cases (88%) in the intervention group. 92% of these alterations were subsequently implemented in real life. A possible explanation is that the interventionalists had more confidence in the results and observations made during PsR, as suggested by the subjective ratings of realism and usefulness of PsR prior to EVAR. The implementation of changes of the diameter of the stent grafts may be improved by performing the rehearsal more in advance, enabling the lead implanter to order the required stent graft in time for the scheduled procedure. 
It is evident that the scope of preoperative preparation of EVAR procedures does not only involve the technicalities of endograft planning and implantation, but can be extended to the preparation of the whole interventional team.5 Although operator experience and skill have been shown to have a direct influence on outcome following EVAR,3, 19 increasing awareness of preventable technical and non-technical errors has highlighted the importance of team planning and training in order to target and reduce errors whilst improving efficiency overall.17, 20, 21 Previously, our group has demonstrated that for EVAR procedures, the majority of errors (31%) are related to technical issues, e.g. unfamiliarity with the procedure, the equipment or techniques used during the procedure.11 According to Albayati et al., the most common intraoperative errors in endovascular procedures arise from failures in situation awareness, teamwork and communication skills.20 Evidence exists that improving teamwork in the operating theatre is associated with a reduction in morbidity and mortality.22, 23 Several authors have demonstrated that preprocedural team rehearsal can significantly reduce errors made during vascular procedures. 24, 25 In addition, our group has confirmed that preoperative patient-specific rehearsal significantly reduces the number of major and minor errors occurring during EVAR procedures.11 This may be explained by the fact that PsR not only facilitates procedure planning (cognitive rehearsal), but also permits technical hands-on practice of the actual procedure (psychomotor rehearsal), familiarisation of the physician and team with the behaviour of a chosen stent graft in a particular anatomy, identification of potential hazards (e.g. endoleaks), and team rehearsal.
Although there was a change in the treatment plan in the majority of cases and subjective ratings indicate that PsR prior to EVAR is helpful to improve the technique and non-technical skills, no effect was observed on technical and human factors performances, nor on technical and clinical success rates. As all team members agreed to participate in the trial, subjective ratings may however be biased. Furthermore, these outcome measures are a reflection of the experience and composition of the team, which were similar in both groups. Additionally, technical skills in both groups were scored highly using the GRS which may, although proven construct-valid, not be able to discriminate increasing levels of clinical experience26, 27
Furthermore, this study describes the secondary outcome parameters of the PAVLOV randomised controlled trial and the number of patients may have been too small to detect a difference in these outcome measures. 
Another limitation is that only the interventionalist, assistant and scrub nurse were involved during rehearsals. Accordingly, only the non-technical skills between the interventional and nursing team were evaluated and not the interaction with e.g. anaesthesiologists. Additionally, the non-technical skills were rated post-hoc based on video recordings, and subtle interactions between team members may have been missed.  
Finally, patient outcome parameters were only recorded until one month postoperatively. Long-term follow-up is required to evaluate if PsR with subsequent alterations of the treatment plan may decrease the number of secondary interventions or improve long-term outcomes. 
The current generation of commercially available endovascular PsR software has several limitations, including time, expertise and costs to generate the 3D reconstructions and perform the simulations, and inadequate modelling of vessel biomechanical properties, such as straightening of the iliac arteries by stiff wires and stent grafts.17 Simulator costs can be distributed since these can also be used to train individuals or whole endovascular teams, across a range of experience levels, in almost any endovascular procedure. Staffing costs may be addressed by performing rehearsals with the endovascular team during anaesthetic preparation time. Additionally, the use of this technology as a preoperative planning tool to adjust treatment plans and reconfirm stent graft measurements may be a potentially cost-saving measure given the high costs of current stent graft devices. 
Further research is needed to explore the role of PsR as an advanced training and debriefing tool, to evaluate how PsR prior to EVAR may be implemented in daily clinical practice and if these rehearsals may be cost-effective. 

[bookmark: _GoBack]In conclusion, patient-specific rehearsal prior to EVAR can be useful as a preoperative planning and briefing tool, even for experienced interventionalists. Preoperative PsR has a significant impact on the treatment plan, with subjective ratings indicating that this technology may facilitate planning of optimal C-arm angulation and improve non-technical skills such as team preparedness. Although patient-specific rehearsal prior to EVAR significantly reduces the number of errors occurring during the real EVAR intervention and the number of angiograms needed to deploy the stent grafts, we were not able to demonstrate an improvement of technical and human factors performances, or technical and clinical success rates. 
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Tables


Table 1. Eligibility criteria 
	Inclusion criteria
	Exclusion criteria

	Age 18 years or over
	Adult patients who do not have capacity to consent

	Non-ruptured infrarenal aortic aneurysm
OR 
Non-ruptured iliac aneurysm
	Previous stent-graft implanted in the abdominal aorta


	Aneurysm suitable for endovascular exclusion with the
· Gore® Excluder® AAA endoprosthesis 
(W.L. Gore & Assoc., Sunnyvale, California, USA) 
OR
· Endurant® stent graft
(Medtronic Vascular, Santa Rosa, California, USA)
	

	AAA within AND outside instructions for use (as described by the manufacturer)
	





Table 2  Change of initial treatment plan and implementation in real life
CC = cranio-caudal C-arm angulation; OB = oblique C-arm angulation

	Parameter
	Change of
treatment plan
	Changes implemented in clinical setting
	Rehearsal followed in clinical setting

	C-arm angulation
· Proximal landing zone (CC+OB)
· Distal landing zones
(Left CC + OB; Right CC + OB)
	
27/50 (54%)

38/50 (76%)
	
32/34 (94%)

77/95 (81%)
	
97/100 (97%)

171/200 (86%)

	Main body
· Proximal diameter
· limb diameter
· length
	
3/50 (6%)
1/50 (2%)
6/50 (12%)
	
2/3 (67%)
1/1 (100%)
6/6 (100%)
	
46/50 (92%)
48/50 (96%)
50/50 (100%)

	Contralateral limb
· diameter
· length
	
3/50 (6%)
16/50 (32%)
	
2/3 (67%)
13/16 (81%)
	
47/50 (94%)
44/50 (88%)

	Iliac extension
· diameter
· length
	
10/50 (20%)
14/50 (28%)
	
5/10 (50%)
11/14 (79%)
	
39/50 (78%)
44/50 (88%)

	Orientation contralateral limb
	8/50 (16%)
	8/8 (100%)
	47/50 (94%)

	Introduction site main body
	1/50 (2%)
	1/1 (100%)
	50/50 (100%)

	Any of the above 
	44/50 (88%)
	176/191 (92%)
	683/750 (91%)




Table 3  Subjective sense of realism and usefulness of the rehearsal reported by the team members
Values are median (IQR) 

	
	Lead Implanter 
(n=99)
	Assistant 
(n=57)
	Scrub nurse 
(n=43)

	
	Intervention group
	Control group
	Intervention group
	Control group
	Intervention group
	Control group

	N of completed questionnaires
	50
	49
	35
	22
	41
	2

	N of different operators
	21
	24
	18

	Realism of the
· procedure
· angiographic images of the aorta
· angiographic images of the iliac vessels
	
4 (3-4)

4 (4-5)

4 (4-5)
	
4 (3-4)

4 (4-5)

4 (4-5)
	
4 (4-4)

4 (4-4)

4 (4-5)

	Overall usefulness of rehearsal
Useful for C-arm angulation 
· proximal landing zone
· distal landing zone
	4 (4-5)
4 (4-5)
4 (3-5)
4 (3-5)
	4 (4-5)
4 (4-5)
4 (4-5)
4 (3-5)
	4 (3-4)
4 (3-4)
4 (4-4)
4 (4-4)

	Helpful to 
· prepare individual team members
· prepare entire team
· improve communication
· encourage confidence
	
4 (4-5)

4 (4-5)
4 (3-4)
4 (3-4)
	
4 (4-5)

4 (3-4)
3 (3-4)
4 (3-4)
	
4 (3-4)

4 (4-4)
4 (3-4)
4 (3-4)




Table 4  Secondary outcomes - post-hoc video-based assessment of technical and human factor skills randomised by group.
Values are median (IQR) unless stated otherwise
GRS = global rating scale
PRS = procedure-specific rating scale
OTAS = Observational Teamwork Assessment for Surgery tool.
* Mann-Whitney U test
‡ Fisher’s exact test

	Variable
	Intervention group
	Control group
	p-value

	Technical skills
	(n=48)
	(n=45)
	

	GRS 
(total score, maximum 35)
	29 (26-31)
	28 (25-31)
	0.79*

	PRS (pass rating): yes
	37 (77%)
	35 (78%)
	1.00‡

	PRS
(total score, maximum 35)
	27 (24-30)

	26 (23-29)

	0.40*


	Human factor skills
	(n=50)
	(n=49)
	

	OTAS surgical team
	19 (16-24)
	17 (12-22)
	0.20*

	OTAS nursing team
	18 (14-22)
	18 (15-22)
	0.85*





Table 5  Primary, assisted primary, and secondary technical and initial clinical success rates
Values are number (%)
* Fisher’s exact test

	Variable
	Intervention group (n=50)
	Control group
(n=50)
	p-value*

	Technical success
	
	
	

	Primary
	41 (82%)
	39 (78%)
	0.8031

	Assisted primary
	47 (94%)
	43 (86%)
	0.3178

	Secondary
	47 (94%)

	46 (92%)

	1


	Initial clinical success
	
	
	

	Primary
	45 (90%)
	49 (98%)
	0.2044

	Assisted primary
	47 (94%)
	49 (98%)
	0.6173

	Secondary
	48 (96%)
	49 (98%)
	1



Legends for illustrations

Fig 1: Diagram showing flow of patients through the trial
PsR=patient-specific rehearsal
