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ORIGINAL ARTICLE

Influence of patient-specific rehearsal on operative metrics and technical
success for endovascular aneurysm repair

Cecilie Våpenstada,b,c , Siv Marit Lamøyd, Frode Aasgaarde, Frode Manstad-Hulaasa,c,d , Petter
Aadahla,f, Edmund Søvikd,f and Knut Haakon Stensætha,d

aDepartment of Circulation and Medical Imaging, Faculty of Medicine and Health Sciences, Norwegian University of Science and
Technology (NTNU), Trondheim, Norway; bDepartment of Health Research, SINTEF AS, Trondheim, Norway; cThe Norwegian National
Advisory Unit for Ultrasound and Image-Guided Therapy, Trondheim University Hospital, Trondheim, Norway; dDepartment of
Radiology and Nuclear Medicine, Trondheim University Hospital, Trondheim, Norway; eDepartment of Vascular Surgery, Trondheim
University Hospital, Trondheim, Norway; fMedical Simulation Centre, Trondheim, Norway

ABSTRACT
Introduction: Patient-specific rehearsal (PsR) is a recent technology within virtual reality (VR)
simulation that lets the operators train on patient-specific data in a simulated environment prior
to the procedure. Endovascular aneurysm repair (EVAR) is a complex procedure where operative
metrics and technical success might improve after PsR.
Material and methods: We compared technical success and operative metrics (endovascular
procedure time, contralateral gate cannulation time, fluoroscopy time, total radiation dose, num-
ber of angiograms and contrast medium use) between 30 patients, where the operators per-
formed PsR (the PsR group), and 30 patients without PsR (the control group).
Results: The endovascular procedure time was significantly shorter in the PsR group than in the
control group (median 44 versus 55min, p ¼ .017). The other operative metrics were similar.
Technical success rates were higher in the PsR group, 96.7% primary and assisted primary out-
come versus 90.0% in the control group. The differences were not significant (p ¼ .076).
Conclusions: PsR before EVAR reduced endovascular procedure time, and our results indicate
that it might improve technical success, but further studies are needed to confirm those results.
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Introduction

Endovascular aneurysm repair (EVAR) is a common
treatment for infrarenal aortic aneurysms [1,2]. EVAR
represents a complex procedure where the outcome
depends on multiple factors, among those the expert-
ise and preparation of the operators performing the
procedure [3–8]. A successful EVAR is the result of
successful pre-operative planning, technical compo-
nents, good team workflow, operators’ technical skills,
efficient logistics and error prevention [9]. Recent
advancements in simulation technology, such as
patient-specific rehearsal (PsR) on virtual reality (VR)
simulators, open up new possibilities for pre-operative
planning and operators’ preparation [10–12]. PsR lets
the operators rehearse the procedure on the simulator
with patient-specific image data [10,11], and may
enhance individual preparedness and team workflow,
and ultimately improve operative metrics
and outcomes.

With increased focus on patient safety, PsR raises
questions related to expectations towards operator
preparedness before performing complex procedures
[13]. Although common in other high-stake industries
or within sports and music performances, practical
rehearsal is rare within the surgical and interventional
radiology domain [11]. Before PsR, vascular surgeons
and interventional radiologists (IR) had limited tools
to do practical rehearsal on patient-specific cases, and
were in performance mode most of their time [11].
Vascular surgeons and IRs often do a mental
rehearsal prior to complex procedures, where the
operators either separately or together, go through the
CT images, visualize potential challenges, and plan
how to overcome them during the actual procedure.
PsR on a VR simulator, compared to a mental
rehearsal, offers a more complete experience, adding
haptic sensations and practical aspects like instrument
handling and stent graft deployment.
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PsR can also be used to improve the performance
of inexperienced operators in an educational perspec-
tive. Being a risk-free environment, training on simu-
lators has been proven useful both for acquiring basic
and procedural endovascular skills [14–18].
Compared to traditional VR-simulated training, PsR
adds relevance to the training and a stronger sensa-
tion of high stakes. It is believed that training that is
perceived as more relevant, more high-stake, is better
retained [19].

We investigated how PsR on a VR simulator influ-
enced operative metrics and outcome by comparing
EVAR procedures without PsR (the control group)
with a group with PsR prior to the procedure (the PsR
group). Patient-specific EVAR rehearsal on the Angio
MentorTM (3D Systems Healthcare, Littleton, CO) has
been found to aid in the pre-operative planning of
component selection and of optimal C-arm angula-
tions, and to reduce errors during EVAR [5,12,20,21].
To our knowledge, this is the first study that investi-
gates PsR on the VIST-LAB simulator (Mentice AB,
Gothenburg, Sweden), and the second that investigates
actual improvements on operative metrics and out-
come in the operating room after PsR [12,21].

Material and methods

Patients undergoing an elective EVAR procedure were
allocated to a PsR group or a control group based on
availability of operators and simulator. In the PsR
group (30 patients), the operators (one vascular surgeon
and one IR) performed the PsR 1day before or the
same day as they performed the EVAR. In the control
group (30 patients), no prior PsR was performed. The
following operative metrics were collected: endovascular
procedure time (measured from first angiogram till the
last one), contralateral gate cannulation time, fluoros-
copy time, total radiation dose (mGy=m2Þ, number of
angiograms and contrast medium use (ml), and were
compared between the two groups. Operative outcome
was evaluated based on procedure-related responses

and final angiograms using technical success from
Chaikof et al.’s reporting standards for EVAR [22]
(Table 1), and were judged by two experienced IRs
blinded to group status. The study was approved by the
Norwegian data inspectorate.

Preparation of patient-specific data

A dedicated radiographer used the TeraRecon medical
image visualization software (Aquarius Intuition,
Version 4.4.12, Foster City, CA) to segment patient-
specific CT images of the abdominal aorta, from the
renal arteries to the iliac bifurcation, and to export
them to STereoLithography (STL) files [23], before
importing them into the simulator.

The PsR and the EVAR procedure

The VIST-LAB simulator with VIST-CTM and Bolton
TreoVR deployment system using the Bolton Case-it
EVAR module was used (version 8.3). Haptic feed-
back was simulated by two haptic feedback devices
allowing access from both sides. A table-side user
interface allowed for control of table movements and
C-arm positioning.

The radiographer who created the STL file was
present during the PsR, and occasionally joined the
EVAR. The EVAR was performed in a hybrid suite.
The PsRs were freely organized and the operators
were free to discuss and to redo steps if they wanted.
The operators were encouraged to perform the tasks
during the PsR as they planned to do them during
the real procedure, i.e. the same operator would can-
nulate the contralateral limb during the PsR and the
real case. The patient-specific EVAR rehearsal started
after endovascular access and ended with the deploy-
ment and verification of the Bolton stent graft system
(main body, contra- and ipsilateral legs).

Statistical analysis

Statistical differences in the distribution’s central ten-
dencies (p< .05) between the operative metrics and
technical success rates for the PsR group and the con-
trol group were investigated using the Mann–Whitney
U test using SPSS 25 (IBM Corporation, Armonk,
NY). Patient characteristics were tested using
Shapiro–Wilk test for normality and appropriate tests
for differences in distributions using t-test for equality
of means, Mann–Whitney U-test and Fischer’s
exact test.

Table 1. Definition of technical success for the intention of
this study, based on Chaikof et al.’s [22] reporting standards
for EVAR.
Technical success: Based on periprocedural events and the first 24-h

postoperatively
Primary technical success: “successful introduction and deployment of

the device in the absence of surgical conversion or mortality, type I or
III endoleaks, or graft limb obstruction.” [22, p. 1049]

Assisted primary technical success: Successful according to primary
technical success but with the use of unplanned
endovascular procedure(s)

Technical failure: Not successful according to primary and assisted
primary technical success
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Results

Patient data were similar in both groups (Table 2) as
well as stent grafts used. In the control group, nine
stent grafts from Cook Zenith and 21 from Medtronic
Endurant II were used, and in the PsR group one
Bolton Treo, 8 Cook Zenith and 21 Medtronic
Endurant II. Nine vascular surgeons and seven IRs
performed the PsRs and the following procedures,
where level of operator experience was equally distrib-
uted between both groups. Five vascular surgeons had
less than 2 years’ experience, the others above 2 years.
There was at least one experienced operator present
at each procedure.

Operative metrics and outcome were compared
between the PsR group (n¼ 30) and the control
group (n¼ 30). The operative metrics are presented
in Figure 1. Figure 1(a) illustrates endovascular pro-
cedure time measured from first angiogram till the
last one. Figure 1(b) shows contralateral gate cannula-
tion time, where the time was measured from the
moment the operator started manipulating the contra-
lateral catheter in the distal part of the aorta with the
intention to cannulate the contralateral limb, and was
ended when the operator rotated the catheter at the
proximal end of the stent graft thereby verifying that
the catheter was within the proximal end of the stent
graft; Figure 1(c) shows total fluoroscopy time, Figure
1(d) the number of angiograms, Figure 1(e) the total
radiation dose/dose area product and Figure 1(f) illus-
trates contrast medium use. The endovascular proced-
ure time in the PsR group was significantly shorter,
median 44min versus 55min for the control group (p
¼ .017) (Figure 1(a)). The operative metrics: contra-
lateral gate cannulation time, total fluoroscopy time,
number of angiograms, total radiation dose and con-
trast medium use, were similar in both groups and
did not show any significant difference (Figure
1(b–f)). Operative outcome measured as technical
success rates were improved in the PsR group, with
28 primary successes, 1 assisted primary success and
1 technical failure versus 23 primary successes, 4

assisted primary successes and 3 technical failures in
the control group (p ¼ .076) (Table 3). In both
groups none converted, zero 24 h mortality. Figure 2
shows final angiograms of the simulation and the real
procedure for two patients: one that ended with pri-
mary success and the one that ended with assisted
primary success.

Discussion

PsR using VR simulators is a new tool to train and
prepare before treating patients, potentially improving
operator preparedness and operative metrics and out-
comes. Through comparison of operative metrics and
technical success from the two groups of 30 patients,
with and without PsR, we found that endovascular
procedure time was significantly shorter in the PsR
group, and that technical success was improved in the
PsR group, but without significant difference. The
other operative metrics were similar in both groups.

Regarding radiation dose, in both groups, during
the pre-planning, the operators used dedicated visual-
ization software to evaluate patient anatomy and to
define optimal C-arm angles to minimize it.
Furthermore, the radiation dose largely depends on
patient weight (body mass index), which was equally
distributed in both groups. All operators would strive
to keep the radiation dose and the number of angio-
grams low, and use clues from the patient anatomy,
found when using the visualization software. They
would, for example preposition the neck of the stent
graft using the relative position of the renal ostium to
the patient’s vertebral outlining, visible during plain
fluoroscopy, before taking the first angiogram.
Further, the amount of contrast used correlates with
the number of angiograms. It seems that the PsR did
not give added value compared to the traditional
planning, concerning radiation dose, number of
angiograms, and amount of contrast used. One might
argue that the flow between the steps went smoother
in the PsR group, reducing the procedure time, but
that all steps had to be done in both groups, resulting

Table 2. Patient data and operator’s level of experience for all patients.
Characteristics All patients (n¼ 60) PsR group (n¼ 30) Control group (n¼ 30) p-value

Age 75.6 ± 7.2 (59–88) 75.3 ± 7.8 (59–88) 75.9 ± 6.8 (65–87) .74a

Body mass index 26.4; 5.3 (18.7–42.0) 27.2; 6.1 (19.6–42.0) 25.7; 4.7 (18.7–34.1) .38b

Female/male 7/53 4/26 3/27 1.0c

Aneurysm max diameter (mm) 59.5; 9 (33–80) 62.0; 12 (33–80) 59.0; 7 (50–74) .25b

Operator’s level of experience:
inexperienced/experienced
(n¼ 120 or 60)

32/88 16/44 16/44 1.0c

PsR and control groups are presented as either mean ± standard deviation (range) or median; interquartile range (range). Sex is presented as
total number.
at-test for equality of means, equal variances, bMann–Whitney U test, cFischer’s exact test, two-sided.
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Figure 1. Boxplots presenting operative metrics for both groups (median (range)). (a) endovascular procedure time (minutes)
measured from first angiogram till the last one, p ¼ .017, (b) contralateral gate cannulation time (minutes), p ¼ .785. The time
was measured from the moment the operator started manipulating the contralateral catheter in the distal part of the aorta with
the intention to cannulate the contralateral limb, and was ended when the operator rotated the catheter at the proximal end of
the stent graft thereby verifying that the catheter was within the proximal end of the stent graft, (c) total fluoroscopy time
(minutes), p ¼ .255, (d) number of angiograms, p ¼ .392, (e) total radiation dose/dose area product (mGy=m2Þ, p ¼ .605, (f) con-
trast medium use (ml), p ¼ .328. The middle band shows the median value, the bottom and the top of the boxes show the 25th
and the 75th percentiles, and the ends of the whiskers show the 5th and the 95th percentiles. Outliers are plotted as circles and
extreme outliers as stars.
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in similar amount of contrast used, number of angio-
grams and radiation dose.

PsR is still a recent technology, and to our know-
ledge, Desender et al. is the only group that have, in
addition to this study, investigated actual improve-
ments on operative metrics and outcomes in the
operating room after PsR on EVAR [12,21]. Desender
et al. investigated technical and nontechnical opera-
tive performance [21], and impact on procedural
planning and team performance [12] after PsR on a
different simulator. They registered errors manually
during the EVAR procedures after prior PsR (the PsR
group) or no PsR (the control group), and showed a
reduction in both minor and major errors in the PsR
group [21]. In addition, they found significantly fewer
angiograms before deployment of the main body in
the PsR group, and no significant difference between
endovascular time, fluoroscopy time, contrast medium
use, radiation dose, and the total number of angio-
grams [21]. No significant differences between fluor-
oscopy time, contrast medium use, radiation dose,
and total number of angiograms are in accordance
with our findings. However, we did find a significant
difference in endovascular procedure time. We meas-
ured endovascular procedure time slightly different
than Desender et al. [21], but we believe that did not

influence the results. Also, in accordance with our
findings, Desender et al. did not find significant dif-
ferences in technical success between the PsR and the
control group [12]. In the same study, they found
that the interventionalist changed the diameter or
length of the main body, the contralateral limb or the
iliac extension of the stent graft in 16, 34 or 28% of
the cases, respectively [12]. The simulator from
Mentice, which we used in our study, however, did
not offer the possibility of stent graft measurements,
and the length of the different stent graft components
was not part of the evaluation. Nevertheless, in one
patient, where the contralateral limb occluded the iliac
internal artery during the PsR, it was found that the
ordered limb was too long. A shorter limb was chosen
for the real procedure, which ended with primary
technical success. The PsR served as an additional
quality check of the planned components.

Today the operators prepare themselves using dedi-
cated visualization software [9] and a mental rehearsal
envisaging potential difficulties and how to overcome
them. New technologies that might increase operator
preparedness is PsR and 3D printing [24,25].
Rigorous use of a visualization software for accurate
planning has been found to positively influence
EVAR-related outcomes [26]. The PsR compared to
the use of a visualization software is a more complete
experience with practical training where the operators
can train together. Whether PsR improves operator
preparedness, and eventually EVAR-related outcomes,
might be influenced by the experience of the opera-
tors and/or limitations in realism of the PsR. For
example, the operators specifically trained on the
contralateral gate cannulation, but we did not find

Table 3. Primary and assisted primary technical success, and
technical failure rates.

PsR group (n¼ 30) Control group (n¼ 30)

Primary 28 (93.3%) 23 (76.7%)
Assisted primary 1 (3.3%) 4 (13.3%)
Technical failure 1 (3.3%) 3 (10%)

p value Mann–Whitney U test .076.

Figure 2. Final angiograms of the PsR and the real procedure (RP) for two patients: one that ended with primary technical suc-
cess (patient I) and the one that ended with assisted primary technical success (patient II).
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any effect of this training in our results, as both
groups had similar results on contralateral gate can-
nulation time. A large proportion of the operators in
our study were experienced, which might have influ-
enced the result.

Limitations on physical resemblance are another
aspect that might limit the benefit of the PsR. The
users pointed out inadequate modelling of biomech-
anical properties, such as effects of rigidity (calcifica-
tion), stenosis (atherosclerosis), or the straightening
effect of stiff guide wires and introducers on tortuous
arteries. These are aspects that led to less realistic
simulation of subsequent cannulation, and that might
have influenced the results. The remarks on the simu-
lators’ physical resemblance (realism) are in accord-
ance with other simulators offering PsR [5,21]. The
Bolton case-it module on the simulator was set up
with modified Bolton TreoVR deployment devices. The
physical exploration of the patient’s anatomy was
judged more important than the actual deployment
system, but the use of other stent grafts than Bolton
TreoVR might have influenced the results.

Due to practical aspects, the patients were not
actively randomized into either group but were allo-
cated to the simulator group when operators and the
simulator were available, creating a potential bias.
Potential confounding factors such as patient charac-
teristics and operators’ levels of experience were
therefore carefully investigated after the study and
were found to be equally distributed between the
groups (Table 2). Level of experience is usually meas-
ured in terms of years of experience or number of
(EVAR) procedures. Differences in actual skills do
occur between operators with the same years of
experience and this was not accounted for. The PsR
did not alter the treatment negatively and was per-
formed for patients with varying aortic aneurysm
characteristics and the different stent grafts used in
this study. Technical and non-technical skills between
the vascular surgeon and the IR were rehearsed dur-
ing the PsR, but not the interaction with the rest of
the team. Including the rest of the team might have
given different results but would also have added add-
itional costs. Exact power calculations were not pos-
sible, as no similar studies were published at the
design of the study. Thirty patients in each group
were estimated as enough, based on comparable stud-
ies. Improved endovascular procedure time for the
PsR group was found significantly different; however,
a limited number of patients might explain the lack
of statistical significance for the other operative met-
rics and technical success.

As with the introduction of all technology, there
are several aspects that need to be accounted for
before implementing it into clinical practice, such as
time, expertise and cost needed to prepare and per-
form the PsR, in addition to initial cost of the simula-
tor and the PsR module. Initial cost of the simulator
can be distributed, as the simulator can be used to
train several endovascular procedures across a range
of operator experiences. Regarding the time and
expertise needed to prepare the PsR, a considerable
learning phase was needed, and a dedicated radiog-
rapher would spend between 30 and 180min to pre-
pare them. The endovascular procedure time was
significantly shorter in the PsR group, median 44 ver-
sus 55. In a socioeconomic perspective, the time saved
in the OR need to be weighed against the time spent
on the PsR, in addition to the cost of the VR simula-
tor and the case-it module.

In summary, PsR is a recent technology in EVAR
simulation that opens up new possibilities for the
operators to prepare themselves before complex pro-
cedures. A technology that can be beneficial to opera-
tors with different levels of experience. We found that
PsR shortened the endovascular procedure time.
Improving limited simulator realism on biomechan-
ical properties might improve other operative metrics
and outcomes.
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