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Radiation exposure in an endovascular aortic aneurysm

repair program after introduction of a hybrid

operating theater
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Marjolein Brusse-Keizer, PhD,d Robbert Meerwaldt, MD, PhD,a and Robert H. Geelkerken, MD, PhD,a,b

Enschede, The Netherlands
ABSTRACT
Background: A hybrid operating theater (HOT) enables optimal image quality, improved ergonomics, and excellent
sterility for complex endovascular and hybrid procedures. We hypothesize that the commissioning of a new HOT involves
a learning curve. It is unclear how steep the learning curve of these advanced HOTs is. The main purpose of this research
was to evaluate radiation exposure parameters in a new HOT for a team of vascular surgeons experienced with infrarenal
endovascular aneurysm repair (EVAR) procedures in a conventional operating room with a mobile C-arm. In addition, a
comparison of the dose-area product (DAP) achieved in this study and in the literature was made.

Methods: Before commissioning of the HOT, four vascular surgeons completed a comprehensive HOT training program.
From the commissioning of the HOT, clinical and procedural data for all consecutive acute and elective patients treated
with EVAR were retrospectively collected for a period of 18 months (January 2016-June 2017). A literature review was
conducted of the dose-area product in EVAR procedures performed with a dedicated fixed system or mobile C-arm to
analyze how this study performed compared with the literature.

Results: In the 18-month study period, 77 patients were treated with EVAR (59 electively and 18 acutely), from whom the
data were obtained. There was no significant change in radiation exposure parameters over time. From the commis-
sioning of the HOT, EVAR procedures were performed with radiation exposure parameters similar to those of studies
found in experienced vascular centers using fixed systems.

Conclusions: Concerning radiation exposure parameters, the commissioning of a new HOT was not accompanied by a
learning curve. Radiation exposure parameters achieved in this study were similar to those of studies from experienced
and dedicated vascular centers. (J Vasc Surg 2019;70:1927-34.)
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In the last two decades, endovascular aneurysm repair
(EVAR) procedures have increased in number and
complexity. This increase is driven by improved short-
term and midterm outcome parameters1 and an evolu-
tion in device technology2 and imaging systems.3,4 The
hybrid operating theater (HOT) is an optimal surgical
operating room (OR) equipped with a dedicated fixed
C-arm. A HOT offers optimal image quality, improved
ergonomics, and excellent sterility for complex endovas-
cular and hybrid procedures. Image quality has recently
improved greatly, and at the same time a reduction in
he Department of Vascular Surgery,a Medical Technology,c and Medical

ol Twente,d Medical Spectrum Twente; and the TechMed Centre, Faculty

ience and Technology, University of Twente.b

conflict of interest: none.

nal material for this article may be found online at www.jvascsurg.org.

ondence: Bryan Wermelink, MSc, Medisch Spectrum Twente, PO Box

0, 7500 KA Enschede, The Netherlands (e-mail: b.wermelink@

nte.nl).

tors and reviewers of this article have no relevant financial relationships to

se per the JVS policy that requires reviewers to decline review of any

script for which they may have a conflict of interest.

14

ht � 2019 by the Society for Vascular Surgery. Published by Elsevier Inc.

doi.org/10.1016/j.jvs.2019.01.071
radiation exposure has been claimed compared with
early HOTs,5 with old hardware and software. State-of-
the art HOTs have advanced applications, including
image fusion of preoperative computed tomography
angiography (CTA). These advanced applications
improve the endovascular navigation and endograft
placement, combined with the decrease in radiation
exposure for patients and the medical staff.3,6,7 Because
of these properties, the HOT has replaced the conven-
tional OR with mobile C-arm and the conventional
angiography room as the workplace for the vascular
surgeon in the last decade.
In January 2016, Medisch Spectrum Twente (MST) hos-

pital (Enschede, The Netherlands) put a state-of-the-art
HOT into use. Previously, a mobile C-arm was used in a
conventional OR, which was controlled by the radiology
technician on instructions from the vascular surgeon.
Standard lead shielding, three-dimensional (3D) fusion,
and other specific software applications were not
available. Since commissioning of the HOT, the vascular
surgeon has been in full control of radiation exposure,
movement of the C-arm and operating table, 3D fusion,
collimation, and image magnification without the
support of a radiology technician.
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ARTICLE HIGHLIGHTS
d Type of Research: Retrospective single-center study
d Key Findings: This study of 77 patients who under-
went endovascular aneurysm repair in a new hybrid
operating theater by an experienced team of
vascular surgeons found no significant difference in
radiation exposure parameters during an 18-month
period. These parameters were similar to studies
found in experienced vascular centers.

d Take Home Message: Comprehensive training of
experienced vascular surgeons, before starting endo-
vascular aneurysm repair procedures in a new hybrid
operating theater, likely contributed to no significant
changes during the study period in radiation expo-
sure parameters that were similar to studies found
in experienced vascular centers.
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We hypothesize that the commissioning of a new state-
of-the-art HOT, especially with the allocation of operation
tasks of the fluoroscopy equipment to the vascular sur-
geon combined with the large number of new features
and functions of the new HOT system, involves a learning
curve and influences radiation parameters, especially in
the first period after introduction of the system. The
learning curve is defined as the rate of progress in gain-
ing experience and new skills for working with the
advanced HOT. The rate of progress is scored by
analyzing radiation exposure parameters from EVAR pro-
cedures over defined time periods. It is unclear, in the
literature and clinical practice, how steep the learning
curve of these advanced HOTs is for experienced vascular
surgeons. In addition, a comparison of the dose-area
product (DAP) achieved in this study and in the literature
was made. This comparison to the literature could be
used as a support for our trajectory of commissioning
of the HOT or as an instructive feedback that could
be used to reduce radiation exposure parameters
even more.
In the current literature, radiation exposure parameters

are studied, but not for differences over time from the
commissioning of a HOT. The purpose of this research
was to evaluate the progress of the radiation exposure
parameters from the commissioning of a state-of-the-
art HOT by a team of EVAR-experienced vascular sur-
geons without any experience of working in a HOT.
METHODS
During a period of 18 months (January 2016-June 2017),

clinical and procedural data were prospectively collected
for all consecutive acute and elective patients treated
with EVAR for an infrarenal abdominal aortic aneurysm
(AAA) in the MST HOT. EVAR procedures in combination
with fenestrations (branched or chimneys) were
excluded. According to the standard clinical AAA proto-
col, patients were treated with EVAR after identification
of relevant physical and anatomic risk factors, after multi-
disciplinary consultation, and after shared decision-mak-
ing.8 The Medical Ethical Review Committee Twente
judged that this study did not meet the definitions of
the Dutch law on medical research involving human
subjects. Therefore, individual patient informed consent
and approval were not required for this study. To eval-
uate a possible learning curve, the total study period
was divided into three equal parts; period one consisted
of EVAR procedures performed from the commissioning
of the HOT in January 2016 until June 2016, period two
was from July 2016 until December 2016, and period
three was from January 2017 until June 2017. Patients’
data were obtained from the HOT database, where all
procedures performed in the HOT were stored. Patients’
data were retrospectively analyzed after encoding of the
data. Demographics and general health status (Table I)
including the Society for Vascular Surgery/International
Society for Cardiovascular Surgery risk scores, American
Society of Anesthesiologists (ASA) classification, and
body mass index (BMI) as well as AAA anatomic charac-
teristics (Supplementary Table I, online only) and clinical
outcome (Table II) were collected.
The HOT at MST Enschede is an 83 m2 OR equipped

with a Discovery IGS 740 angiography system (GE Health-
care, Buc, France) including a 41- � 41-cm flat panel
detector and an integrated free-floating vascular oper-
ating table with lead shields and ceiling-mounted (mo-
bile) lead shielding. The system was completed with an
advanced workstation containing software applications
(eg, 3D fusion and segmentation applications). Preopera-
tive planning was performed on the Advantage Worksta-
tion using aorta length, aorta diameter, and centerline
measurements. A computed tomography 3D model of
the AAA trajectory was fused with live fluoroscopy, using
two orthogonal X-ray recordings. The 3D fusion was used
in both the acute and the elective setting. Registration of
the 3D models over the live fluoroscopy image could be
adjusted during the entire procedure. To keep the radia-
tion dose to a minimum, default settings were set to a
low-dose abdominal setting. To evaluate radiation expo-
sure, the following parameters for each procedure were
recorded; air kerma (Kair), DAP, contrast medium volume
(Visipaque 320 mg I/mL; GE Healthcare, Chicago, Ill), fluo-
roscopy time, and surgeon’s dose (measured using the
RaySafe i2 system; Unfors RaySafe AB, Billdal, Sweden).

EVAR procedure. Elective infrarenal EVAR procedures
were performed under general anesthesia, whereas
acute procedures were preferentially performed under
local anesthesia. Access approach and choice of endog-
raft were determined according to the patient’s anat-
omy. Different stent graft systems were used in this
study, namely, Anaconda stent graft system (Terumo



Table I. Characteristics of 77 consecutive abdominal
aortic aneurysm (AAA) patients treated with endovascular
aneurysm repair (EVAR) in a hybrid operating theater
(HOT)

Demographic No. (%) or mean 6 SD

Sex

Male 64 (83.1)

Female 13 (16.9)

Age, years 72.8 6 7.3

ASA class

1 0

2 43 (55.8)

3 18 (23.4)

4 8 (10.4)

5 8 (10.4)

Diabetes mellitus

No 58 (75.3)

Only diet controlled 3 (3.9)

Diet and drug controlled 16 (20.8)

Smoking

No 53 (68.8)

Yes 24 (31.2)

Hypertension

No 15 (19.5)

1 or 2 drugs 43 (55.8)

3þ drugs or uncontrolled 19 (24.7)

Hyperlipidemia

No 19 (24.7)

Diet or drugs 58 (75.3)

Cardiac disease

No 37 (48.1)

Asymptomatic, MI

Unstable angina 40 (51.9)

Carotid disease

No 75 (97.4)

Yes 2 (2.6)

Renal disease

No 66 (85.7)

Yes 11 (14.3)

Pulmonary disease

No 49 (63.6)

Mild 27 (35.1)

Severe 1 (1.3)

BMI, kg/m2 27.4 6 3.9

ASA, American Society of Anesthesiologists; BMI, body mass index; MI,
myocardial infarction; SD, standard deviation.

Table II. Clinical outcome

Clinical outcome
Outcome at

30 days (N ¼ 77)
Clavien-Dindo
classification

Uncomplicated 67

Limb occlusion 1 Grade I

Wound infection 4 Grade IIa

Ileus 1 Grade I

Renal function
impairment

2 Grade I and IIIab

Delirium 1 Grade I

Superficial femoral
artery occlusion

1 Grade I

Mortality 0
aAll four patients with wound infection were classified with grade II.
bTwo patients suffered from temporary renal function impairment.
One patient (grade IIIa) needed percutaneous transluminal renal
angioplasty.
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Aortic Ltd, Renfrewshire, Scotland), Endurant II stent
graft system (Medtronic, Santa Rosa, Calif), and Gore
Excluder stent graft system (W. L. Gore & Associates, Flag-
staff, Ariz). The operating team consisted of one vascular
surgeon, two dedicated vascular scrub nurses, and one
anesthetist. The operating team used lead aprons and
a thyroid collar for personal protection. Sizing of the pros-
thesis was preoperatively performed by the vascular sur-
geon. Before the start of every operation, a timeout
procedure with the operating team was performed.9

Not all EVAR procedures were performed within
instructions for use (IFU). Outside of the IFU, EVAR was
chosen over open repair after a thorough risk consider-
ation between open and endovascular repair. In elective
cases, the consideration was made in a multidisciplinary
consultation and after shared decision-making with the
patient. All of the vascular surgeons have long-standing
experience in treating complex10 and ruptured AAA11

with EVAR. During the inclusion period of this study,
open access to the femoral artery was routine. Cathe-
terization of the aorta-iliac track was performed under
fluoroscopy, and a first angiography study was per-
formed after CTA/3D fusion and insertion of the main
device. The 3D fusion was optimized on the basis of the
first angiography study. Placement of the main device
was followed by placement of the legs. Leg lengths were
measured preoperatively as described before.12 A final
angiography study for EVAR placement, vessel patency,
and detection of endoleaks was performed before
closure of the access wounds.

Dedicated training and support. The endovascular
team consists of four vascular surgeons, all with
>10 years of EVAR experience in a conventional OR facil-
ity with mobile C-arm X-ray equipment, and six dedi-
cated vascular scrub nurses. Before commissioning of
the HOT, comprehensive training for 2 weeks was pro-
vided to all staff working in the HOT. This training
(Supplementary Table II, online only) included an
extensive hands-on training for operating the system and
all important applications (eg, 3D image fusion). Since
commissioning of the HOT, a clinical education HOT
specialist was available during all elective procedures for
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a period of 1 year. After this first year, the clinical educa-
tion specialist was available on call. There were no
vascular surgical trainees during this study period. Dedi-
cated radiology technicians were not available during
the cases.

Literature. An important parameter representing radia-
tion exposure is the DAP, which is linked to the stochas-
tic effects of radiation.3 We conducted a literature review
of studies reporting the DAP in EVAR procedures per-
formed with a dedicated fixed system (HOT or dedicated
angiography suite or angiography room) or a mobile
C-arm. Relevant literature was retrieved from PubMed by
using the following search terms: “endovascular aneu-
rysm repair” AND “DAP”; “endovascular aneurysm repair”
AND “radiation exposure.” Articles were excluded on the
basis of the following criteria: the main procedure was
thoracic endovascular aortic repair, chimney EVAR,
fenestrated EVAR, or complex EVAR, and the study did
not perform DAP analysis. Only studies published in the
last 10 years were included, thereby excluding studies
evaluating systems that are not used in clinical practice
anymore (eg, fixed systems with an image intensifier).

Statistical analysis. Continuous variables were
expressed, when normally distributed, as mean com-
bined with the standard deviation or as median with
interquartile range for nonparametric variables. Categor-
ical variables were displayed as number with the corre-
sponding percentage.
Radiation exposure data between different study

periods (the patient populations per half-year) were
analyzed using the Kruskal-Wallis test. All statistical ana-
lyses were performed using SPSS Statistics for Windows
(version 24.0; IBM Corp, Armonk, NY). The literature3,13,14

indicates a higher DAP for patients with a high BMI. Sta-
tistical analyses were performed to test for a difference in
DAP for patients with different BMIs. Statistical analysis
was also performed to ascertain for differences in proce-
dural DAP outcomes between the four vascular
surgeons.

RESULTS
In the 18-month study period, 77 AAA patients were

included, 59 patients for elective EVAR and 18 patients
for acute EVAR for symptomatic nonruptured or
ruptured AAA. One elective case (neck length of 11 mm)
and all ruptured cases were treated outside IFU. Demo-
graphics and general health status (Table I) as well as
AAA anatomic characteristics (Supplementary Table I,
online only) and 30-day outcome (Table II) were demon-
strated. Demographics, general health status, and AAA
anatomic characteristics were equally distributed over
the three periods of 6 months (data not shown). The
30-day outcome showed that the total number of rele-
vant complications (Clavien-Dindo grade $III)15 was low
(Table II). The outcome of the Kruskal-Wallis test showed
no significant changes in all obtained radiation exposure
parameters between the three half-year periods after
introduction of EVAR in the HOT (Table III). A median
DAP of 43.3 Gy∙cm2 with an interquartile range of 28.4
to 63.3 Gy∙cm2 was found combined with a median fluo-
roscopy time of 15.4 minutes with an interquartile range
of 12.3 to 21.8 minutes.
The possible influence of the type of stent graft system

on radiation exposure parameters was examined. Statis-
tical analysis did not show a significant difference in radi-
ation exposure parameters between the three different
types of stent graft systems used in this study.
Supplementary Table III (online only) compared data
for 59 elective and 18 acute EVAR patients, either symp-
tomatic nonruptured or ruptured.

Literature review. The review on EVAR studies using a
fixed system and reporting the DAP is depicted in
Table IV. Eleven studies, including this study, of 1452 pa-
tients treated with EVAR on a dedicated fixed system
were included.3,4,16-23 Moreover, besides this study,
two other studies used 3D fusion: Hertault et al3 and
Sailer et al.19 DAP results in these three studies are low,
especially in the study presented by Hertault et al.3 DAP
results achieved in this study were in line with the lowest
DAP outcomes for standard EVAR procedures in a HOT
in the literature (Table IV).
The results of the review on EVAR studies using a mo-

bile C-arm and reporting the DAP are presented in
Table V. In total, 12 studies representing 1264 patients
were included.22,24-34 Of the 10 studies with a fixed
system, 12 mean and 13 median values of the DAP were
present. Of the 12 studies using a mobile system, 9
mean and 10 median values of the DAP were present.
A mean of the available means was determined; simi-
larly, the mean of the available medians was determined.
For the fixed systems, the mean of all means resulted in a
DAP of 155.7 Gy∙cm2, and the mean of all medians
resulted in a DAP of 122.4 Gy∙cm2. For the mobile sys-
tems, the mean of all means resulted in a DAP of
64.03 Gy∙cm2, and the mean of all medians resulted in
a DAP of 76.52 Gy∙cm2. Comparing Tables IV and V and
the determined mean values, an overall higher DAP
value is observed in studies using a fixed system
compared with studies using the mobile C-arm X-ray
equipment.

BMI. This study confirms other observations3,13,14

demonstrating a higher DAP for patients with a higher
BMI. Supplementary Table IV (online only) shows a
significantly higher DAP (P ¼ .002) and a significantly
higher Kair (P ¼ .02) for patients with a BMI $30 kg/m2

compared with patients with a BMI <30 kg/m2.

Mutual surgeon results. Patients’ characteristics, radia-
tion exposure parameters, and contrast medium volume
were analyzed per surgeon and are reported in Table VI.



Table III. Radiation exposure parameters per half-year hybrid operating theater (HOT) period

0-6 months 7-12 months 13-18 months P value (Kruskal-Wallis test)

Blood loss, mL 200 (100-400) 200 (175-500) 200 (100-250) .403

Contrast medium volume, mL 52.5 (40.0-76.3) 50.2 (39.5-65) 45 (33-60) .259

Fluoroscopy time, minutes 15.2 (12.2-26.8) 15.5 (12.6-18.2) 15.7 (12.0-22.3) .643

DAP (Gy∙cm2) 41.7 (24.6-61.66) 40.1 (29.2-62.4) 56.4 (32.9-79.5) .330

Kair, Gy 190.6 (97.4-321.1) 230.4 (169-370.3) 257.9 (114.9-550) .245

OR time, minutes 118 (100-156.8) 123.5 (107.8-140.5) 104 (84.8-128) .098

Surgeon’s dose, mSv 0.18 (0.004-0.028) 0.025 (0.013-0.049) 0.022 (0.005-0.01) .292

DAP, Dose-area product; Kair, air kerma; OR, operating room.
Values are presented as median (first quartile-third quartile).

Table IV. Review of studies reporting dose-area product (DAP) values during endovascular aneurysm repair (EVAR) using a
dedicated fixed fluoroscopy system

Author Patients

DAP, Gy∙cm2

Fluoroscopy
time,a minutes

Published
yearMean 6 SD Median (first-third quartile)

Hertault et al3 44 x 12.2 (8.7-19.9) 10.6 (9.1-14.7) 2014

Walsh et al16 111 85.8 x 18.5 2012

Patel et al17 26 x 97.3 (55.4-167.9) 19.5 (14.4-31.5) 2013

Tuthill et al18 2017

Site A 18 43.42 6 9.93 31.57 13.6 6 1.53

Site B 21 181.99 6 21.41 184.16 15.83 6 2.5

Site C 35 114.23 6 13.9 80.2 11.8 6 1.16

Site D 74 77.96 6 7.04 60.83 16.19 6 1.02

van den Haak et al4 2015

Allura Xper 18 x 224.4 13.56 6 8.55

Clarity IQ 19 x 95.8 13.10 6 6.09

Sailer et al19 116 6 122 x 19.77 6 8.35 2015

Bruschi et al20 2015

Standard 10 221 165 (94-289) 9 (7-10)

Adjusted 39 80 68 (45-102) 11 (9-16)

Howels et al21 630 x 173 (109-3343) 18 (2.4-161) 2012

de Ruiter et al22 2016

Allura 7 244.5 6 142.2 287.6 (132.6-351) 21.9 6 7.6
20.2 (16.4-26)

AlluraClarity 26 157 6 120.4 110.9 (60.1-214.9) 23.4 6 18.6
17.6 (14.2-22.6)

Blaszak et al23 2014

Male 266 271 (37-1760) x x

Female 31 276 (64-625) x x

Present study 77 60.8 6 61 43.3 (28.43-63.28) 18.49 6 10.72 2017

Total 1452 Mean of the mean: 155.7 Mean of the median: 122.4

SD, Standard deviation.
aValues are presented as median (first quartile-third quartile) or mean 6 standard deviation.
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Of the patients’ characteristics, only ASA class and elec-
tive or acute surgery differed between the surgeons (data
not shown) and were related to the outcome measures
with P < .15 (ASA class to contrast medium volume and
surgeon’s dose; elective or acute surgery to contrast
medium volume, surgeon’s dose, fluoroscopy time,
median DAP, and Kair). Therefore, ASA class and elective
or acute surgery were taken into account in comparing
procedural outcomes between surgeons using multi-
variate linear regression analyses. Because contrast
medium volume, surgeon’s dose, fluoroscopy time,
median DAP, and Kair were non-normally distributed, a



Table V. Review of studies reporting dose-area product (DAP) values during endovascular aneurysm repair (EVAR) using a
mobile C-arm

Author Patients

DAP, Gy∙cm2

Fluoroscopy
time,a minutes

Published
yearMean 6 SD Median (first-third quartile)

Maurel et al24 188 x 30 (4.3-280) 9.36 (1.76-67.1) 2012

de Ruiter et al22 13 55.5 6 38.9 37 (29.4-64.8) 31.5 6 12.3
29 (26-39)

2016

Kalef-Ezra et al25 62 42.5 6 25.6 37.4 (9-139) 22.6 6 14.3
18 (4.3-75)

2009

Jones et al26 2010

Elective 320 46.9 6 28.4 x 29.4 6 23.3

Emergency 64 53.8 6 34.6 x 22.9 6 18.2

Fossaceca et al27 2012

Fluoroscopic C-arm 77 32 6 20 x 15

Mechado et al28 127 48 6 3.2 x 21.8 6 11.4 2016

Peach et al29 2012

Group 1 57 x 69 (19.1-950) 20.0 (4.8-49.3)

Group 2 65 x 49 (12.3-133) 16.2 (3.1-51.1)

Geijer et al30 24 72.3 6 44.6 60.1 (16.6-195) 28.4 6 17.7
21.4 (7.4-78.9)

2005

Kloeze et al31 2014

Group 1 18 x 94.58 (14.97-165.10) 14.02 (3.47-18.15)

Group 2 18 x 86.38 (28.96-229.91) 11.15 (8.58-23.08)

Thakor et al32 2011

Group 1 61 90.7 6 5.5 x 22.4 6 1.3

Group 2 62 134.6 6 9.6 x 28.6 6 1.8

Weerakkody et al33 96 x 150 (90-659) x 2008

Weiss et al34 12 x 151.7 (52.1-245.4) 20.6 (12.6-34.2) 2008

Total 1264 Mean of the means: 64.03 Mean of the medians: 76.52

SD, Standard deviation.
aValues are presented as median (first quartile-third quartile) or mean 6 standard deviation.

Table VI. Comparison of radiation parameters between surgeons

Surgeon 1 (n ¼ 28) Surgeon 2 (n ¼ 17) Surgeon 3 (n ¼ 24) Surgeon 4 (n ¼ 8) P value

Blood loss, mL 200 (100-387.5) 200 (0-950) 200 (100-375) 50 (0-275) .168

Contrast medium volume, mL 43.5 (32-60.3) 65 (52.5-90.5) 45.0 (40-60) 55 (38.8-60) .008

Fluoroscopy time, seconds 14.2 (10.6-22.7) 17.4 (12.95-24.7) 16.3 (12.3-21.8) 12.9 (12.1-15.9) .199

DAP, Gy∙cm2 31.5 (20.4-43.7) 61.3 (39.9-98.7) 58.5 (35.5-90.4) 39.6 (26.7-62.9) .001

Kair, Gy 195.7 (120.6-306.4) 248.7 (164.3-431.7) 247.2 (99.7-486.8) 199.7 (133.3-314.9) .447

OR time, minutes 131 (109-155) 129 (101-153) 109 (92.8-127.3) 102.5 (90.5-111.3) .034

Surgeon’s dose, mSv 0.013 (0.002-0.022) 0.024 (0.015-0.052) 0.0445 (0.031-0.077) 0.013 (0.003-0.024) <.001

DAP, Dose-area product; Kair, air kerma; OR, operating room.
Values are presented as median (interquartile range).
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natural logarithm transformation was performed to
normalize these variables before entering them into the
multivariate linear regression analyses. Because there
were no relations observed for the association between
surgeons with respect to blood loss and OR time,
multivariate analysis was not performed for these
outcome parameters. Because of the strong association,
as expected, between ASA class and elective or acute
surgery causing multicollinearity, only the confounder
with the best model fit, using R2, was included in the
multivariate linear regression analyses. Surgeon 1 was
used as reference; this surgeon used 3D fusion in all
procedures, whereas the other surgeons used 3D fusion
less frequently. The multivariate analyses showed that
correction for confounders was necessary only for
contrast medium volume, with elective or acute surgery
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as confounder. For fluoroscopy time, DAP, Kair, and sur-
geon’s dose, correction was no longer necessary on the
basis of backward regression analyses. After correction
for elective or acute surgery, contrast medium volume
differed significantly between surgeon 1 and surgeon 2
(P ¼ .02). For DAP and surgeon’s dose, univariate regres-
sion analyses solely showed a significant difference
between surgeon 1 and surgeon 2 (both P ¼ .001) and
surgeon 3 (both P ¼ .001; Table VI.)

DISCUSSION
Concerning radiation exposure parameters, commis-

sioning of a HOT was not accompanied by a learning
curve. EVAR procedures in this study could be performed
with radiation exposure parameters comparable to the
results reported by recognized experienced teams using
fixed systems. When a learning curve would have been
present, analysis and input for better commissioning of
a new state-of-the-art HOT would have been given (eg,
more intensive and thorough training, more support
from the manufacturer). The absence of a learning curve
in this study shows how a HOT could be introduced.
Analysis of difference between surgeons will be used as
a feedback tool to reduce radiation exposure in the
future. Ostensibly, the routine use of 3D fusion in elective
and acute AAA cases is a major reason for the differences
found.
The study of Hertault et al3 demonstrated that a HOT

has the potential to combine optimal radiation hygiene
without reducing image quality or procedural technical
outcome. These investigators performed all procedures
in a high-volume center for aortic repairs and presented
a “gold standard” or guideline for straightforward EVAR
procedures performed in a HOT.
This guideline to achieve low radiation parameters

includes the following3: the as low as reasonably achiev-
able (ALARA) principle, including low-dose settings by
default, combined with a frame rate of 7.5 frames/s,
patient-detector distanceminimization, collimation opti-
mization, and minimizing fluoroscopy time; 3D fusion in
all proceduresusing thepreoperativeCTA image toobtain
optimal angulation and positioning, using the 3D model,
without using fluoroscopy; full systemcontrol by the oper-
ator; replacement of digital subtraction angiography with
recorded fluoroscopy runs; big-screen monitors with
enhanced image quality, makingmagnification unneces-
sary; and use of a real-time displayed measuring system
for X-rays (radiation consciousness).
Radiation parameters obtained after commissioning of

the HOTwere compared only with the literature. No com-
parison could bemade to the settingwith amobile C-arm
in a conventional OR of MST because these data were not
available. However, the literature showed a higher DAP in
studies using a fixed system compared with studies using
a mobile C-arm in a conventional OR. What is the benefit
of aHOT that justifies this higherDAP? Themajor benefit is
the possibility of performing EVAR in patients who could
not be treated without a state-of-the-art HOT. The intro-
duction of fenestrated EVAR, branched EVAR, and chim-
ney EVAR is a good example of this. Furthermore, fixed
systems offer higher image quality. Combined with
advanced applications, EVAR procedures could be per-
formed with higher precision. Besides EVAR procedures,
a HOT enables combined endovascular procedures (eg,
percutaneous transluminal angioplasty) with open sur-
gery (eg, bypass, endarterectomy).
Patients with an increased BMI are exposed to a higher

DAP and Kair. Therefore, the BMI should be taken into
account when DAP is used as a parameter to compare
radiation exposure parameters of different HOT cohorts.
Although the results of our study are in line with the

results found in experienced vascular centers using fixed
systems, there is still room for improvement. By imple-
menting the advice of Hertault et al,3 our endovascular
team could reach an even lower DAP in the future.

CONCLUSIONS
During a period of 18 months, no learning curve was

found after commissioning of the HOT in a vascular
surgical team with an extensive EVAR experience in a
conventional OR with mobile C-arm. Directly after
commissioning of the HOT, the achieved radiation expo-
sure was in line with the best practices reported.
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Supplementary Table I (online only). Anatomic abdom-
inal aortic aneurysm (AAA) characteristics

Mean 6 SD, mm Mean

Infrarenal aortic neck diameter

Proximal 23.1 6 3.5 X

Mid 23.6 6 3.8 X

Distal 23.7 6 4.1 X

Right common iliac artery diameter 16.5 6 16.0 X

Left common iliac artery diameter 14.7 6 11.8 X

Right common femoral artery
diameter

9.9 6 1.9 X

Left common femoral artery
diameter

9.5 6 1.8 X

Mean aortic neck length 25.2 6 13.2 X

Maximal AAA diameter 63.6 6 13.8 X

Aneurysm severity gradinga X 11.24

SD, Standard deviation.
aGrading scale to define the severity of anatomic factors based on
preoperative computed tomography.

Supplementary Table II (online only). Discovery IGS 740 training schedule

Monday Tuesday Wednesday Thursday Friday

November 30-
December 6,
2015

Theoretical
training nurses 8
hours

Theoretical
training nurses 8
hours

Training other
specialism

Theoretical
training vascular
surgeons 4
hours

Theoretical
training vascular
surgeons 4
hours

January 11-January
17, 2016

Theoretical
training

2 vascular patients 3 vascular patients Normal planning Normal planning

January 18-
January 24, 2016

Training other
specialism

Training other
specialism

Training other
specialism

Training other
specialism

Training other
specialism

January 25-
January 31, 2016

Normal planning
with application
support

Normal planning
with application
support

Normal planning
with application
support

Normal planning
with application
support

Normal planning
with application
support

Key points for the application training were
d Maximal five users per training session
d Theoretical training during the first week lasts 8 hours for medical imagers/nurses and 4 hours for physicians

Supplementary Table III (online only). Radiation parameter outcome for elective and acute surgery

Elective (n ¼ 59) Acute (n ¼ 18) P value (Kruskal-Wallis test)

Blood loss, mL 200 (100-300) 250 (0-525) .937

Contrast medium volume, mL 45 (40-60) 62.5 (53.8-99.5) .001

Fluoroscopy time, minutes 14.1 (12.1-19.2) 20.8 (13.1-28.7) .043

DAP, Gy∙cm2 37.3 (24.7-62.80 53.9 (40.8-105.1) .022

Kair, Gy 200 (123.5-306.6) 316.5 (155.7-616.2) .040

OR time, minutes 113 (98-139) 132 (110.5-183.5) .109

Surgeon’s dose, mSv 0.017 (0.005-0.028) 0.035 (0.02-0.078) .004

DAP, Dose-area product; Kair, air kerma; OR, operating room.
Values are presented as median (first quartile-third quartile).
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Supplementary Table IV (online only). Rank determina-
tion and analysis between patients with a body mass in-
dex (BMI) $30 kg/m2 and BMI <30 kg/m2

BMI group,
kg/m2

No. of
patients

Mean
rank

P value
(Kruskal-
Wallis test

Fluoroscopy time <30 46 33.01 .726

$30 18 31.19

Total 64

DAP <30 47 28.44 .002

$30 18 44.92

Total 65

Kair <30 46 29.11 .020

$30 18 41.17

Total 64

DAP, Dose-area product; Kair, air kerma.
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