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CHAPTER

1

General introduction
and thesis outline

INTRODUCTION

The clinical perspective
The aortic aneurysm: a ticking time bomb

The aorta is the artery with the largest diameter in the human body. It originates from the left

ventricle of the heart and extends all the way down to the abdomen until the aortic bifurcation.
When a part of the aortic wall is weakened, a balloon-like bulge can develop. An aorta dilation

of greater than 3 cm or an increase in the aorta diameter larger than 50% is referred to as an
aortic aneurysm.1 An aortic aneurysm can appear anywhere along the aorta, although almost

80% of the aortic aneurysms appear distal to the renal arteries and proximal of the aortic
bifurcation. These aneurysms are referred to as an abdominal aortic aneurysm (AAA).2 When
an aortic aneurysm appears in the ascending aorta, aortic arch, or descending aorta, the
aneurysm is referred to as a thoracic aortic aneurysm (TAA).3,4

The location of aortic aneurysms may not be limited only to the thoracic or abdominal region of

the aorta. Thoraco-abdominal aortic aneurysms (TAAAs) have features of both TAAs and AAAs

and include one or more vital visceral aortic branches, including the celiac artery, the superior
mesenteric artery, and one or both renal arteries.5

Risk factors for the development of an aortic aneurysm include older age, male sex, Caucasian

race, family history of an aortic aneurysm, smoking, and systemic artery disease.6,7 Aortic
aneurysms are frequently asymptomatic and do not cause any noticeable symptoms in most

patients. However, untreated aneurysms are likely to increase in size and may eventually rupture.

Aortic aneurysms are also referred to as “ticking time bombs”: the life expectancy is very short

if a rupture occurs, and a patient who does not receive immediate treatment may die within a
few hours.8,9 The risk of rupture is related to the size and location of the aneurysm in the aorta.

The risk of rupture per year for AAAs, for example, is 0.5% to 5% for aneurysms sized between
4 and 5 cm and 30% to 50% with a size exceeding 8 cm.10,11

Most aortic aneurysms are asymptomatic and are detected as an incidental finding during a
physical examination, surveillance program, or diagnostic imaging, such as computed tomography
(CT), magnetic resonance imaging (MRI), and ultrasonography, acquired for other purposes.12

Elective aortic surgery can be considered when the benefits of the operation outweigh the risks.
The current standard to consider (elective) treatment for AAA is an aneurysm diameter exceeding

5.5 cm in men (or 5.0 cm in women), an aneurysm that is saccular shaped, or an aneurysm that

is symptomatic.1,13 Open surgical repair (OSR) has been practiced since the early 1950s and
was the primary treatment of choice for elective repairs and also for ruptured AAA.14 OSR requires

a midline abdominal or retroperitoneal incision, and the dilated aorta is repaired using a tube or
bifurcated prosthetic graft.15 The conventional open surgical repair is associated with a high

mortality rate and a significant risk of major complications, especially within the first 30 days after
the operation.16 Moreover, a number of patients are ineligible for OSR because of medical and
anatomical contraindications.
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Endovascular aortic repair

Volodos and colleges first reported the concept of endovascular AAA repair (EVAR) in 1987.17 A
few years later in 1991, Juan Parodi and colleges developed the first catheter-based arterial
approach to an AAA intervention.18,19 They approached the aortic aneurysm through a femoral

cutdown, thereby excluding the need for opening the abdominal cavity and cross-clamping the

aorta. However, it was not until 1999 that the first two endovascular stent grafts for AAA repair
were approved for widespread use by the United States Food and Drug Administration. The first

randomized controlled trial of OSR vs EVAR for infrarenal AAA was presented in 2004 and
showed a significant difference in 30-day mortality in favor of EVAR.20

EVAR has now become the standard of care in many hospitals for patients with suitable anatomy

for elective aneurysm repair. Since the introduction of the first stent grafts, stent graft design,

navigation techniques, and stent configurations have further evolved.15 Nowadays, the stent graft

design chosen for the endovascular approach depends on the aneurysm location and diameter,
aortic angulation, and size and calcification of the iliac arteries. Most infrarenal aortic aneurysms

are eligible for a standard bifurcated EVAR prosthesis (Figure 1).21 When the access arteries are
too small or calcified, an aorto-uni-iliac (AUI) stent graft can be considered, which can be

combined with a femoral-femoral vessel cross-over bypass surgery.22,23 A thoracic EVAR (TEVAR)
can be considered when the aneurysm appeared in the thoracic part of the descending aorta.10,24-26

All of these stent graft interventions are systematically classified as “non-complex” EVARS in
this thesis.

Adequate proximal stent graft sealing, which is required to exclude the aortic aneurysm from
receiving blood flow after the endovascular repair, cannot be achieved in thoraco-abdominal

aortic aneurysm with regular graft devices. Regular endovascular grafts would obstruct the
primary aortic visceral side branches, with the result of inadequate flow to vital abdominal organs
and multi-organ failure after stent deployment.

Initially, a significant number of patients with these thoraco-abdominal aortic aneurysms were

not suitable for standard EVAR but deemed unfit for OSR as well because of the requirement of
suprarenal aortic clamping and high blood loss during most of these operations. To provide these

patients with an alternative treatment option, alternative endovascular surgical strategies were

explored and new stent grafts were developed. Such a stent graft or stent graft configuration
needs to meet the requirement of preserving the renal and/or mesenteric perfusion and needs
to be able to exclude the aneurysm to prevent further growth.

Surgeons began experimenting with new stent configurations and combinations by the off-label

use of the approved stent grafts. An example of such an off-label graft use is the chimney graft
configuration (ChEVAR).27,28 ChEVAR involves placement of single or multiple uncovered and

covered parallel stents in combination with the main body aortic stent graft with the result that

side branch patency is maintained while extending the proximal landing zone of the main
bifurcated EVAR or AUI graft.29 On the other hand, the custom-made fenestrated or branched
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stent grafts were the vendor’s reply to enable an endovascular approach for these aneurysms

as well.30 The fenestrations and branches in these grafts are custom-made according to the
patient’s aortic diameters and visceral vessel orientation as measured on CT angiography (CTA).31
Endovascular repair with fenestrated (FEVAR) and branched (BrEVAR) stent grafts, see Figure
1, appears safe and effective in high-risk patients when performed in high-volume centers.32

The modular stent configuration of fenestrated and branched stent grafts preserves organ
perfusion while the aneurysm is excluded. These complex cases are accompanied by an

increased number of procedural steps because the cannulation and deployment steps must be

repeated for every branch.33,34 Therefore, all FEVARs, BEVARs, and ChEVARs are classified as
“complex EVARs” in this thesis, independent from the number of target vessels that were used,
because these interventions are accompanied with relatively high radiation doses and increased
procedures times.

The technical perspective
X-ray imaging and radiation

X-ray radiation is the primary source of the imaging to facilitate intraoperative stent graft
navigation and deployment, independent of the type of stent graft that is used.35,36 X-ray radiation
is electromagnetic radiation of an extremely short wavelength, carrying high-energy packages.37

The use of X-ray radiation for medical diagnosis and treatment is fully established. Initially for
simple radiography, X-ray imaging was limited to a single planar X-ray view to detect, for example,

bone fractures or lung infections.38 A more advanced technique—but accompanied with higher
radiation doses—is the use of X-rays to acquire a CT scan.39 When X-ray imaging is used in a
2-dimensional continuous mode, the real-time acquisition of X-ray images is also referred to as

“fluoroscopy.40,41 Interventional X-ray procedures, using fluoroscopy, require the attendance of

Figure 1. Left an abdominal aortic aneurysm repaired with a bifurcated EVAR, while right a juxtarenal aneurysm is
illustrated, which is repaired with a fenestrated stent graft inculding two target vessels for the left and the right renal
artery.
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one or more staff members in the room.42 Therefore, the exposed radiation dose in all

interventional X-ray procedures is not only a patient-specific problem but also requires a staff
perspective management protocol.43

The “as low as reasonably achievable” (ALARA) concept represents a practice mandate adhering
to the principle of keeping patient and staff doses to a minimum.44 Therefore, one needs to have

the basic knowledge to understand the behavior of X-ray radiation. Understanding this behavior
is complicated because the physics of X-ray behavior cannot be modeled linearly. For example,
the intensity of the radiation dose is inversely proportional to the square of the distance when

X-ray particles move through air. Secondly, radiation dose levels are not constant but fluctuate

during interventional X-ray procedures. However, which C-arm configurations (or a combination
of configurations), which X-ray equipment and which procedural steps accord for increased
radiation dose rates and which interventional steps or acquisitions accord for low-radiation dose

rates is still unknown. This is primarily because most of the radiation studies that are published,
which included radiation dose exposure during EVAR, are limited to reporting cumulative radiation

outcomes only. While experimental studies, focusing on the effect of the different radiation
predictors, for example, C-arm angulation or field size, are limited to a phantom or cadaveric
studies only.

3D imaging and navigation

Despite the radiation hazard of interventional X-ray imaging, X-ray imaging has two other
disadvantages. First, standard X-ray imaging is limited to two-dimensional (2D) imaging, whereas

the anatomic vasculature of the aorta and its side branches is in 3D. The cannulation of target
vessels in complex EVARs is complicated when the image views are limited to a 2D view.

A second major disadvantage of real-time X-ray imaging is the lack of soft tissue visualization
during standard fluoroscopy acquisition. To identify the anatomy and origin of the aortic side

branches or aortic bifurcation, which are essential landmarks during most stent graft deployments,
a radiographic iodine contrast, (which is also nephrotoxic) needs to be injected inside the aorta.

Such images are referred to as digital subtraction images (DSA).45 During an EVAR procedure,
fluoroscopy runs are frequently alternated with short DSA runs.

The growing advancements in the field of hybrid cardiovascular surgery created the need for the

advanced angiographic imaging to be integrated into the operating room. The evolving design

and techniques in endovascular stent grafts called for more advanced X-ray equipment. This

X-ray equipment, which was already on the market, was primarily found in low-sterile environments
such as in interventional radiology or cardiology suites. These rooms, however, did not meet the
sterile safety criteria for performing the femoral cutdown required in EVARs. The low-output

mobile C-arm in the traditional operating room was the only available option when a procedure

required X-ray imaging. This resulted in the development of a new type of operating room that
includes a high intraoperative sterile environment combined with advanced X-ray equipment:
the hybrid operating theater or “the hybrid OR.” 46
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One of the major benefits of the transition from the previously used mobile C-arms toward the

advanced equipment and the coming of hybrid ORs is that these systems support additional 3D
imaging “roadmap” techniques.33,47 3D imaging techniques may improve the stent graft

procedures, but the efficiency and effect of these techniques on the intraoperative dose outcomes
are still unknown. The effects of the transition to these hybrid ORs on other (radiation dose)

outcomes to both the patient and staff are also still unclear, and the use of these additional 3D
road mapping tools for EVAR needs to be further evaluated.

The radiation dose dilemma as described in this thesis consists of the paradox to use the minimal

amount of radiation dose required to reach maximum patient outcomes. However, the amount

of radiation exposure is also correlated with both image quality and the required volumes (and

concentration of iodine) of contrast agents. Increased X-ray dose rates may improve image

quality, and required lower amounts of contrast agents. But higher dose rates also puts
(supporting) patients and supporting staff at risk for short-term and long-term deterministic and
stochastic radiation hazards (Figure 2).

X-ray Radiation
Exposure

Iodinated Contrast
agents

Image Quality

Figure 2. The radiation dose dilemma, where X-ray radiation dose is associated with image quality and the required
volumes of iodinated contrast agents during DSA imaging.

Objectives of this thesis
The primary objective of this thesis is to evaluate the current X-ray radiation exposure to the

patient and the clinical staff during EVAR in the hybrid OR. Secondly, we want to identify which

radiation techniques decrease the patient’s and operators’ effective dose and which radiation
factors accord for an increase in radiation dose exposure. Finally, we will develop and evaluate
new imaging and navigation techniques, with the primary goal to improve intraoperative guidance
and decrease radiation doses to the patient and the staff.
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Outline of the thesis
This thesis is divided into two parts. Part 1 consists of all aspects and studies with the primary

aim of measuring and evaluating the radiation dose. Part 2 identifies new research areas and

evolving strategies for intraoperative imaging and navigation. Figure 3 illustrates a blueprint on
how Chapters 3 untill 8 are related to each other.

Part I Radiation
This thesis starts in Chapter 2 with a comprehensive overview of the frequently used radiation

equipment for EVAR: mobile C-arms and dedicated fixed C-arms installed in hybrid ORs. In
addition, we define the primary radiation exposure metrics that are used in fluoroscopically guided

X-ray imaging: fluoroscopy time, dose area product (DAP), and cumulative air kerma (CAK) and

their effective doses. These dose parameters are commonly used as the outcome variables for
the radiation studies discussed in the following chapters. We introduce the differences between
Gray (Gy) and milliSieverts (mSv) as well as an overview of the radiation dose thresholds

currently used for patients and staff. When we have defined these dose quantities and varying
dose units, we can study how these radiation outcomes are affected by new radiation equipment
or dose-reduction strategies:
Research question 1

What is the effect of exchanging a mobile C-arm for a fixed C-arm on the intraoperative
radiation dose during EVAR? (Chapters 3 and 4)

- Subq1.1: Is the use of 3D image fusion an efficient method to reduce the intraoperative
radiation dose when using a fixed C-arm in noncomplex as well as in complex EVAR?
(Chapter 3)

- Subq2.1: Is the use of a new dose-reduction technology, “AlluraClarity,” an efficient method
to reduce the intraoperative radiation dose for fluoroscopy imaging as well as during DSA?
(Chapter 4)

Chapters 3 and 4 focus on the differences between mobile and fixed C-arms, the effectiveness

of additional dose reduction technologies for fixed C-arms, and the effect of the use of other 3D
image fusion techniques available for EVAR. In Chapter 3, we conducted a meta-analysis and

systematic review of all published literature on EVAR that has reported the patient radiation dose
and the radiation time. For this meta-analysis, we first identified noncomplex and complex EVAR.

We next analyzed the effect of the radiation dose and radiation time for each EVAR group and
compared the effect between using a mobile C-arm versus a fixed C-arm combined with 3D

image fusion. In Chapter 4 we present our single-center outcomes as we transitioned from using

a mobile C-arm in the standard operation room (OR) to using a dedicated fixed C-arm in the

hybrid OR. Secondly, we analyzed the efficiency of a new dose reduction algorithm (ClarityIQ
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technology) upgrade for fixed C-arm on the cumulative radiation doses outcomes for each
complexity group.

Having defined the general radiation levels per intervention, we continue to analyze the
differences in radiation dose hazards to both the patient and the clinical staff among the varying
interventional steps:
Research question 2
How much radiation dose is exposed to all (clinical) staff during an EVAR intervention performed
in a hybrid OR? (Chapter 5)
-S
 ubq 2.1: What are the cumulative effective radiation doses for each staff member for the
varying EVAR interventions, including AUI, EVAR, TEVAR, and F/BrEVAR?
- Subq 2.2: During which procedural steps are the patient and staff at risk for receiving a higher
radiation dose in bifurcated and F/BrEVAR?
In Chapter 5, we present the cumulative occupational radiation doses that result from the different
endovascular procedures. A real-time dose monitoring system was used to track radiation doses
received by the first and second operator, the sterile and nonsterile nurse, and the anesthesiologist
was tracked in more than 60 endovascular aortic procedures (including 90 stent graft
implementations). After analyzing radiation doses at the procedural level, we continue to analyze
the radiation dose fluctuations at the deepest level: radiation dose rates fluctuations per X-ray run.
Research question 3
Can we predict the patient and staff radiation exposure dose rates during EVAR in the hybrid
OR and translate these models to an instant risk chart to provide insight into radiation dose
exposure for the patient and operator? (Chapters 6 and 7)
-S
 ubq 3.1: How long can we use the X-ray imaging in the hybrid OR until we reach the 2 Gy
skin dose threshold for the patient? (Chapter 6)
-S
 ubq 3.2: How long can we use each X-ray imaging technique in the hybrid OR until the 500
Gycm2 follow-up dose threshold for the patient is reached? (Chapter 6)
-S
 ubq 3.3: How long can the operator work in the hybrid OR until the annual yearly dose limit
of 20 mSv will be reached? (Chapter 7)
In Chapters 6 and 7, we present the radiation dose-rate prediction model, to predict radiation
dose rate fluctuation in EVAR. In Chapter 6, the patient perspective is chosen, while in Chapter
7, the operator’s radiation risks are analyzed. The varying patient conditions that we introduce
are the effect of body mass index, C-arm rotation and angulation, field size, air gap, and the use
additional fluoroscopy DSA protocols that can be applied to increase image contrast. In addition,
the effects of the varying radiation predictors for fluoroscopic and DSA images are divided and
studied separately. This classification was chosen because the primary goal of DSA imaging
differs from fluoroscopy imaging and includes different X-ray baseline settings.
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 igure 3. An overview of the radiation studies presented in this thesis: Level 1 radiation studies present the cumulative
F
radiation dose per intervention (such as EVAR or FEVAR). One level down involves all radiation studies that summarize
the radiation dose outcomes per interventional step (e.g., cannulation and stenting of a specific target vessel, or stent
graft deployment of the main graft). The final levels involve the radiation dose studies that present the radiation rates
at the level of each X-ray run.

For the operator radiation chart, the vessel access (femoral vs brachial) site was included into the

prediction model. Besides estimating the effect size of each radiation predictor, the model was
translated to RISK charts. This chart illustrates the variations in predicted radiation time of X-ray

minutes that can be used for each combination of radiation predictors until radiation dose thresholds
will be reached for the patient or until staff may have reached their yearly radiation doses.
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Part II Navigation and imaging
The primary research questions in Part 2 focus on advances in intraoperative radiation and
navigation techniques.
Research question 4

Can we use contrast-enhanced cone-beam computed tomography (ce-CBCT) for accurate 3D

image guidance to facilitate target vessel cannulation and stenting in complex abdominal EVAR?
(Chapter 8)

Subq 4.1: What are the optimal contrast volumes settings that balance out the minimum

required contrast to achieve the maximum image output and visualize the sharpest aortic and
branch vessel outlines?

Subq 4.2: Is the ce-CBCT roadmap technique feasible for complex EVARs?
In Chapter 8, we describe the use of the ce-CBCT as the primary for advanced roadmapping

during complex EVARs procedures. In addition, we study the optimal contrast protocol and
compare the radiation dose outcomes with comparable complex EVAR cases without 3D
roadmapping.

Research question 5

What is the current status in the development of robotic and tracking navigation systems for the
use in EVAR? (Chapter 9)

In Chapter 9 we focus on additional methods to overcome the radiation and visualization issue.
We identify the current navigation and tracking systems that are under development for application

in EVAR and to facilitate aortic vessel cannulation in complex EVAR. In a systematic review, we
extracted the current systems that are under development and analyzed the reports presenting
results using one of these systems. Reports were divided into preclinical phantom studies,
preclinical animal studies, and clinical studies.

We conclude this thesis by taking bird’s eye view to discuss the consequences and effects of
our radiation and imaging studies for the patient, staff, hospital board, and vendors. We finish
this thesis by looking forward towards new developments in radiation, imaging, and navigation

techniques that are currently under development for use inside the hybrid OR. We propose
guidelines in the Appendix on how to make DSA imaging acquisition more efficient without

compromising patient care in a 10- step based framework, developed based on our clinical
experience and research in radiation imaging.
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An introduction to radiation dose metrics
and radiation awareness
in the Hybrid operating room

Abstract
The transition from a standard operating room towards a hybrid operating room (OR) is
complicated by the high intraoperative radiation doses from fixed C-arms when compared to the

radiation dose exposure according to mobile C-arms. In the first months after this transition to
the Hybrid OR, an additional focus should be on dose awareness and set thresholds on dose

limits because working in a hybrid OR requires a different attitude. Additional training on

collimation, minimizing the air gap, optimal operation position, active shielding with lead screens
and disposable lead drapes has proven effective to reduce intraoperative radiation dose for the
operator. Integrated dose-reduction technology is an effective method to reduce intraoperative

doses of the equipment that maintains the image quality. Image fusion is a technique to reduce
intraoperative radiation the contrast volumes within complex EVAR and has the potential also to
reduce the intraoperative occupational radiation dose.
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The Hybrid OR

Endovascular aneurysm repair (EVAR) is a minimally invasive fluoroscopically guided intervention

(FGI) that has been proven safe and efficient in the management of aortic aneurysms.1 An
appropriate facility to perform EVAR is essential. The facility must meet two main requirements:

First, a high level of intraoperative sterility is required, because a surgical cutdown is required

along with the possible need to convert to an open repair. Second, X-ray equipment of high

quality is essential for accurate positioning and deployment of the stent graft. These requirements,

however, appear to be mutually exclusive of the two main types of EVAR facilities that are mostly
available. On the one hand, standard operating theaters enable high intraoperative sterility, but

image quality is suboptimal because the primary source of imaging available is the low-output
mobile C-arm. On the other hand, high imaging quality can be acquired with ceiling-mounted or
floor-mounted fixed C-arms, but these systems are primarily available in the low-sterile

interventional radiology room. A major shift has been observed in the field of vascular surgery

in the emergence of a new type of EVAR facility in which the fixed C-arm has been integrated

into an operating room (OR) that is optimized for using X-ray imaging: the hybrid OR (Figure 1).2

The hybrid OR meets both criteria in a single room and allows the operator during EVAR to
combine the best of both surgical and radiological worlds: high operative sterility combined with

optimal image quality and the extensive opportunities for integration of 3-dimensional (3D)
rotational imaging techniques.3,4

Figure 1. The hybrid operating theatre of the university medical center Utrecht, including radiation shielding of
university medical center Utrecht, including 2 ceiling-mounted lead screens, lead absorbing blanket (blue, on the
operating table), two table curtains and with the detector positioned towards the operating table (to decrease the Air
gap between the detector and the patient)
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The Radiation Dilemma: higher image quality is correlated with increased radiation
doses rates

One of the major concerns with the transition to the hybrid OR is the increased intraoperative

X-ray load per intervention as a result of using fixed C-arms with high image quality.5-7 Although
the hybrid OR has shown that the use of radiation may be more efficient and safe8, the expanded

radiation dose is a consequence of the increased dose rate and larger detector size of the fixed

C-arms.9 Accordingly, while working in the hybrid OR with a similar amount of radiation minutes

and an equal number of digital subtraction (DSA) runs, the overall cumulative dose for the patient
is most likely to increase compared with procedures performed using a mobile C-arm. The second

concern is that the higher intraoperative X-ray load results in an increased amount of radiation
(back) scatter; thus, not only the patients but also the operators and co-workers are at risk for

receiving a significantly higher absorbed radiation dose per radiation minute or DSA run when
working in a hybrid OR with fixed C-arms.10

Biological radiation risks

The biological risks resulting from radiation exposure can be categorized into two different types

of injury risks: deterministic and stochastic risks. Deterministic effects are associated with a doserelated response and follow a linear threshold line: when the dose threshold has been reached,

the severity of the injury increases with the increased delivered dose.11,12 The most common
deterministic risks of FGIs are radiation-induced skin injury for the patients and radiation-induced

eye injury for the operator.13,14 The deterministic radiation dose threshold for the skin is 2 Gray
(Figure 2). Unless there has been prior irradiation to the skin, no harmful effects are expected

when doses are restricted skin dose up to this dose level. Transient erythema (comparable with
a sunburn) may appear after a skin dose exceeding 2 Gy.

Stochastic effects (malignant disease and heritable effects), however, do not follow a linear
threshold line. The probability of occurrence of stochastic radiation effect increases with an

increased dose, but the severity of the effect is independent of the total dose. Stochastic injuries
can occur at any level of exposure, but not every exposure will cause injury.11 To determine the

stochastic and deterministic risks to the patient of EVAR in the hybrid OR, it is essential to monitor
radiation doses and correctly interpret each dose metric. However, understanding these
parameters and finding the optimal settings for the EVARs may be challenging because many
different types of quantities can be recorded and various metric names are used to report similar
dose quantities.

Radiation Dose Metrics

Four main patient radiation dose metrics can be distinguished within FGIs. Three of these metrics

are directly recorded by most fixed C-arms during the intervention: fluoroscopic time (FT), kerma

area product (KAP), and cumulative air kerma (CAK) at the reference point (Table 1). These
three are indirect estimators of the patients risk because they do not measure the actual dose
absorbed by the patient.11,17 A fourth metric, the peak skin dose (PSD), is a direct estimator for

the substantial patient dose but requires additional measurements and calculations to determine9.
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Figure 2. The relation of severity of deterministic radiation related skin disease (coloring) as a response to increased
radiation skin dose and time after the exposure. (adapted from 24)

The fluoroscopy time (FT)

The fluoroscopy time (FT), also known as exposure time, radiation time, or screening time, is
the most commonly reported metric for EVAR interventions. FT includes the cumulative time that

fluoroscopy is used during an imaging or interventional procedure and is measured from the
start of the first pulse until the end of the last X-ray pulse. A standard bifurcated infrarenal EVAR
intervention requires an average of 15 to 20 minutes of FT, independent of the type of C-arm
that is used.18-21 Complicated EVAR cases, such as juxtarenal or thoracoabdominal aneurysms,

require additional steps and are correlated with longer radiation times.22 The average FT for

multiple branched or fenestrated EVARs, which are usually referred to as long and complex
EVARs, varies between 60 and 80 minutes. 3,16,23 However, outliers up to a mean of 140 minutes
and maximum FTs of more than 200 minutes have been reported for type II and III

thoracoabdominal EVAR. 15 FT generally does not include the time accorded to DSA imaging or

distinguish between low-dose versus high-dose X-ray modes. Focusing on a recording dose that

is limited to only monitoring FT can be used as an overview because it is the easiest outcome
metric to be interpreted; however, the actual estimation of a patient’s risks requires a focus on
actual dose metrics, dose rates, and the absorbed doses.
Dose rates

The absorbed radiation dose is measured in Gray (1 Gy is the absorption of 1 Joule/kg matter
absorbed dose). For FGIs, the absorbed dose depends on the total time X-ray imaging is used
and on the dose output per timeframe: dose rate (DR; Gy/min or mGy/sec). The DR depends
on the tube voltage (or peak kilovolts [kVp], ranging between 50 and 125 kVp), the tube current

(or milliampères [mA]), and the effective filtration (e.g., 1 mm of copper) of the C-arm. The DR
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Table 1. Overview of dose parameters used in FGI Interventions. 15,16
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is constantly changing, based on patient factors (anatomic location and the amount of tissue that
must be penetrated), manually by the operator’s preferences (use of fluoroscopy vs. DSA, or

based on additional fluoroscopy and DSA settings), and automatic by C-arm equipment by the

automatic dose rate control (ADRC) or automatic brightness control. This ADRC modulates the
output of the X-ray tube during fluoroscopic imaging to maintain a constant output signal or image

quality by the detector.9 For example, when the C-arm is angulated from an anteroposterior to

a lateral projection, a larger amount of tissue must be penetrated. Without dose adaption of the
signal-to-noise ratio, image quality decreases. However, the ADRC increases the dose rate to

maintain the signal-to-noise ratio and thus image quality. Furthermore, reducing the air gap

between the patient and the detector and reducing the amount of collimation that is used to

decreases the irradiated surface is a trigger for the ADRC to reduce the DR because a lower DR
is required to maintain the image quality.
Air Kerma (AK)

An indirect dose metric to estimate the patient determinist skin risk, which is determined by the

C-arm equipment is the cumulative air kerma, (AK), in Gy. AK is also known as the reference

dose, cumulative dose, or cumulative dose at a reference point, cumulative air kerma, or
reference air kerma (Ka,r / RAK / Ka,r / AK / CAK). It represents the exposed radiation dose
power at the patient Skin at the international Reference point (IRP). The IRP is located along
the central line between the beam source and the detector, 15 cm from the isocenter toward the

focal spot (Figure 3). Thus, this measurement point is fixed independently of the C-arm angulation
or rotation, operating table height, or table movements. AK is an indirect deterministic parameter

because it refers to the cumulative radiation dose at the skin of the patient; however, CAK does
not include dose according to scatter nor is it corrected for the dose distribution resulting from
C-arm or table movements.
Peak Skin Dose (PSD)

During EVAR, the cumulative Air Kerma is spread over procedure time, as well as from the
abdominal to thoracic side and from anterior-posterior to lateral imaging. Therefore, AK almost
always overestimates the actual skin dose. A better predictor of the actual deterministic risks of

FGIs is the peak skin dose (PSD) metric (Gy), which is a direct risk estimator of radiation-induced
skin disease. However, the PSD measurement requires additional equipment, such as Gafchromic

or radiochromic films that must be positioned under the patient and analysed with specialized

software and trained people. Thus, although the dose-limiting threshold for deterministic risk for
radiation-induced skin disease is 2 Gy, a sentinel dose threshold for the threshold is set at 3 Gy

for PSD and 5 Gy for CAK. Patients who have received an intervention in which the C-arm reports
a CAK of more than 5 Gy are eligible for follow-up on radiation-induced skin injury.11 This is a
substantial radiation dose level (SRDL) according to the National Council on Radiation Protection
and Measurements threshold for detection and management of skin injuries.25
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Figure 3. The Dose Area Product (DAP) or Kerma Area Product (KAP) is measured when the X-ray radiation dose
leaves the X-ray source using a DAP meter, while AK is measured 15 cm of the isocenter between the detector and
X-ray source.

Patients undergoing complex EVAR procedures during which a fixed C-arm is used to have the

highest risk of exceeding a PSD of 3 Gy or CAK of 5 Gy.15,16 Follow-up assessments for radiationinduced skin disease are indicated in these patients and in patients receiving a dose above this

threshold. During the follow-up, the additional focus should be on the central part of the patient’s

back, which is the location of the highest skin dose because it is located closest to the focal spot.
Panuccio and colleges confirmed this location in thoracic abdominal aneurysm interventions that
measured the PSD for most patients, and this location was also related to the anterior-posterior

imaging required for the renal branches or was located at the lateral back in case of challenging
anatomy of the superior mesenteric artery or celiac artery.15

Kirkwood and colleges monitored 61 patients in whom the 5 Gy CAK level was exceeded, of
which 50 involved a fenestrated or branched EVAR, and examined the actual deterministic skin
injuries.

26

They showed that a radiation injury occurs less frequently than expected within this

group and is not increased within procedures exceeding 5 Gy. However, minor injuries may have

been missed or remained unrecognized because the patient did not know the procedure involved
radiation exposure.
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Dose Area Product (DAP)

Integrating the dose rate over time and field size is referred to as the dose area product/ kerma
area product (DAP/KAP, Gy*cm2 [or Gycm2]). DAP is the product of the irradiated area surface

and the radiation dose and is a stochastic parameter predictor and is similar to the FT and AK
provides by the C-arm. However, the DAP is not calculated but measured using a DAP meter,

which is localized in the X-ray beam source and is mainly calibrated without radiation scatter
(Figure 3). In addition, DAP cannot differentiate that a high dose is given on a small field size or

a low dose on a large field area. DAP is the most-reported dose metric within FGIs and is
correlated with the radiation dose of the patients and the operator, thus making it a useful

estimator of the biological radiation hazards of the procedure. The reference threshold for the
amount of DAP dose, after which the patient is initiated for follow-up at the trigger-level of 500
Gycm2.11,25

Effective Dose (E)

When assessing the direct biological cancerous effect, KAP can be used to calculate the effective
dose (E, mSv). The Sievert and Gray are both parameters in J/kg, but the Sievert is used to

show that the absorbed dose is corrected by a tissue-weighting factor for correcting the
radiosensitivity of each irradiated organ that has absorbed part of the dose.25

Blaszak et al 27. performed a risk assessment of organ radiation doses and cancer risks in patients

undergoing an EVAR procedure. Organs at highest risks within EVAR are the skin, gallbladder,
and colon walls. Patients aged younger than 60 years had the highest risk of cancer.

Other patient or interventional specific factors that affect radiation dose

Besides the complexity of the EVAR procedures or type of equipment, which are probably the

most important predictors for classifying the patient group at risk for high operative doses, other
factors may have an influence in differentiating the patients who receive a higher dose (Table
2). The body mass index (BMI) is a large predictor for higher intraoperative doses within similar

interventions. Obese patients with a high BMI have been found to have a PSD up to three times
higher compared with patients with a normal BMI.
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In obese patients, more tissue must be

penetrated to reach the image detector, and a higher dose rate is required to retain the signalto-noise ratio and thus quality.6,22 A BMI ≥2522 and ≥3022,29 has been seen as an independent
factor for higher intraoperative radiation doses.

Other secondary anatomical predictors of increased radiation dose compared with the standard
mean radiation dose of the entire group within EVAR are challenging aortic neck (≥60º)22, a short
aneurysm neck, large iliac tortuosity30, or an anatomic severity grading (ASG) score ≥7.31 Stent

graft-related predictors are the total number of stent graft parts included in the procedures22, a
necessarily post deployment procedure32, or the number of included side vessels within a

fenestrated EVAR33, which affect the cumulated dose because these procedures require a larger

number of intraoperative steps. However, preloaded fenestrated stent grafts that include
integrated wires for each side vessel may reduce the intraoperative radiation dose.23
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Table 2. Overview of radiation dose predictors during divided by factors which accord for an increase of radiation
dose and factors which decrease radiation dose hazards.
Absorbed Dose

Factors increasing dose and dose risks

Factors decreasing dose and dose risks

For the patient

Lateral imaging
Overlapping fields
Magnification
Increased BMI, obesity
Age < 60 years
Post deployment procedure32
Anatomical Severity Grading (ASG)31
Multiple visceral vessels cannulation
Aortic neck angulation >60º
Number of stent graft parts22
Multiple FGI interventions

Preloaded fenestrated stent grafts 23
Last image hold
Active use of collimation and wedges
Dose spread between angles
Lower Frame rate in DSA (2 fps vs 3 fps)
Minimizing frame rate in fluoroscopy
Dose-reduction technology (for example
AlluraClarity) 34
3D imaging (for complex EVAR)

For the operator

Working on both sides of the table
Lateral imaging
DSA imaging
Brachial access site

Operator-controlled imaging
Ceiling-mounted lead shielding
Sterile lead absorbing drapes18,35
Real-time Dose tracking system
Table Lead flaps
Maximizing distance from the beam source
(minimizing air gap)
Lead-apron, thyroid shielding, lead glasses/
goggles
Increase distance during DSA imaging
Operator education / experience36
Operator Awareness

DSA = digital subtraction angiography, fps = frames per second, BMI = body mass index

3D cone beam computed tomography and image fusion in EVAR

A major advantage of the hybrid OR is the availability of intraoperative C-arm cone beam

computed tomography (CBCT) scans (Table 3). A CBCT is a C-arm rotation around the patient

that results in a 3D volumetric imaging CT, and is available in the latest fixed C-arm equipment

releases.37 The main disadvantage of the CBCT is the lower image quality and small field of

view compared with multidetector CT (MDCT), and thus CBCT cannot replace the current MDCT
for EVAR planning and postoperative surveillance.38 However, the CBCT can be used to set up
an image fusion to enable a 3D CT angiography “roadmap” projection of the aorta and side

vessels onto the 2D live fluoroscopic images. The application of the 3D roadmap is primarily

suited for complex EVARs, such as fenestrated or branched aortic interventions, because the
fluoroscopic minutes and KAP doses are relatively high in this group. 3D image views provide

continuous visualization of the origin of the side vessels for catheterizations, thus reducing the

number of DSA images required for soft tissue visualization or renal origin.39 Recent studies

showed that use of 3D roadmap techniques during complex procedures could significantly

decrease intraoperative contrast volumes.3,4,33,39 Reduction of radiation minutes and/or doses
was not found in one study3, and significant reduction of radiation doses was observed within
only two of four studies.7,33 Within the other studies, the additional dose of the CBCT was limited
in achieving an overall significant dose reduction.
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Table 3. The primary acquisitions (settings) and 2d or 3D options for interventional X-ray of the Philips Allura
Angiographic Fixed C-arm use for imaging in EVAR.
X-ray imaging

Explanation

Type

2D or
3D

Fluoroscopy

Low dose, continuously used

3 dose flavors

2D

Single shot

High dose, single image

Single high-dos X-ray image

2D

DSA, digital
subtraction
images

Run of high doses soft tissue
imaging shots

Settings Dose depends on equipment
and protocols additional contrast
injection is required

2D

(2D) Road map

Low dose subtraction image
(comparable to DSA, but using
fluoroscopy settings)

Increase radio noise, thus only
valid for small aortic vessels

2D

SmartMask

When a single DSA frame chosen
and is used as a 2D roadmap for
during fluoroscopy

2D overlay technique

2D

Cone Beam CT
(CBCT)

Cone Beam CT,
3D rotational angiography

without contrast (unenhanced or
(CBCT) with contrast unenhanced
CBCT (ceCBCT)

3D

3D roadmap

Overlay of pre-operative CT with
intraoperative X-ray imaging

Additional XperCT is required (for
3D-3D registration) or 2 X-ray shot
(for 2D-3D registration)

3D

Dose-reduction technology

Fixed C-arm companies are currently focusing on dose-reduction technology, with the main goal
to maintain or improve the image quality while reducing the intraoperative dose. An example is
new the dose-reduction program, Clarity, recently launched by Philips Healthcare (Best, the

Netherlands).34 This technology optimizes all radiation and software parameters over the entire
pipeline of X-ray imaging, from X-ray beam source to the on-screen image, to enable minimizing
or lowering the dose rate while maintaining or improving the image quality. Within

electrophysiological (EP) cardiac procedures, the median DAP and CAK were 43% and 40%

lower in when this reduction program was installed, as well as that a 50% operator dose reduction
was achieved.34

Occupational radiation in the Hybrid OR

By working in the hybrid OR risks, the operator is now also exposed to high radiation doses and
may reach more easily these dose thresholds, especially when there is minimal awareness of

the personal operator dose and dose shielding. In 2011, the International Commission on
Radiological Protection (IRCP) lowered the dose limits to the lens of the eyes for workers. The
deterministic threshold is now considered 0.5 Gy, and the equivalent dose limit is 20 mSv/year,

averaged over 5 years, with no single year exceeding 50 mSv (instead of 150 mSv per year as
was previously reported the eye dose limit).

The transition from the mobile C-arm to a hybrid OR with fixed C-arm can be challenging. First,
the standard default settings are mostly focused on acquiring the most optimal image quality.
Because image quality and radiation dose are competing, these default settings may not be
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optimal in obtaining radiation hygiene and reducing the radiation output received per patient.
Secondly, the operator needs to adapt to the new type of available shielding and dose parameters,
such as, for example, ceiling-mounted lead screens.

Learning to work in the hybrid OR should be focused on the continuous use of the ceiling-mounted
lead screens. When a procedure requires the operator to work on both sides of the table, two

lead screens should be installed and should be actively used by the operator. However, actively
using these screens requires a learning curve: the screens must be kept sterile during C-arm

changes and the screens can easily get in the way during an EVAR in which many changes are
required.40 In addition, disposable lead drapes are also effective during EVAR in reducing the

operators dose.18,41 The yearly eye lens dose of the interventionist was reduced by 55% when

the lead drape was used during EVAR 18. Although this was measured using a mobile C-arm,
within the hybrid OR and in long-lasting procedures they may be even more efficient. Other

factors that can influence the operator dose are the use of real-time dosimeters that directly show

the staff radiation dose within the hybrid OR.42 Or by training physicians on adequate radiation
awareness 36, for example, on how and when to use collimation and magnification (Figure 4).

Figure 4. Difference between collimation and Magnification on the field size, exposed radiation dose, Dose Area
Product and Cumulative Air kerma between the detector and the patient during X-ray imaging
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Conclusion
The transition from an interventional radiology room, or from a standard OR with a mobile C-arm,
to a hybrid OR requires an additional focus on dose awareness and reaching thresholds of

patients during follow-up imaging. Especially complex EVAR procedures with a number of
fenestrated or branches are predominantly performed in the hybrid OR with fixed C-arms due

to the advantage of using 3D imaging. However, these are also related to longer radiation times
and much higher intraoperative radiation doses.
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Mobile, Fixed, or Fixed/3D Fusion C-Arms

Abstract
Purpose

To investigate the total fluoroscopy time and radiation exposure dose during endovascular aortic
repairs using mobile, fixed, or fixed C-arms with 3-dimensional image fusion (3D-IF).
Methods

A systematic search was performed to identify original articles on reporting fluoroscopy time (FT)

and the Dose area product (DAP) during endovascular aortic repairs. Data were grouped by

noncomplex or complex (fenestrated, branched, or chimney) repairs and stratified by type of
C-arm. The search identified 27 articles containing 51 study groups (35 noncomplex and 16

complex) that included 3444 patients. Random effects meta-analysis and meta-regression models

were used to calculate the pooled mean estimates of DAP and FT, as well as any effect of
equipment or type of intervention. Results are presented with the 95% confidence interval and
the statistical heterogeneity (I2).
Results

Within the noncomplex procedure studies, a significant (p<0.001) increase was found in the
pooled mean DAP estimate in the fixed C-arm group (181 Gycm2, 95% CI 129 to 233; I2 =99.7)

compared to the mobile C-arm (78 Gycm2, 95% CI 59.6 to 97.3; I2 =99.6). For complex cases,
use of 3D-IF showed a significantly (p<0.001) lower mean DAP (139 Gycm2, 95% CI 85 to 191;

I2 =94%) compared to using fixed C-arms without 3D-IF (487 Gycm2, 95% CI 331 to 643; I2 =94%).
Conclusion

For equivalent fluoroscopy times, the use of a fixed C-arm in noncomplex procedures leads to
higher patient radiation doses compared to a mobile C-arm. Complex procedures, which are

predominantly performed using fixed C-arms, are associated with the highest radiation dose per
intervention. Using fixed C-arms combined with 3D-IF techniques during complex cases might

seem an adequate method to compensate for the higher radiation doses measured when a fixed
C-arm is used.
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Introduction
Endovascular aneurysm repairs (EVARs) and thoracic endovascular aortic repairs (TEVAR) are
fluoroscopically-guided interventions that are accompanied by intraoperative radiation dose levels

that are equipment, intervention, and complexity specific.1 Most of the currently available C-arms
used in (T)EVAR are the mobile (or portable) or fixed (angiosuite) versions. The mobile models

are flexible C-arms that can easily be integrated into every operating room (OR), but they have

limited image quality.2 Fixed ceiling- or floor-mounted C-arms, on the other hand, are entirely
integrated into the OR. Today’s hybrid ORs facilitate high-risk interventions with advanced

radiographic imaging, such as 3-dimensional (3D) image fusion (3D-IF) of preoperative computed
tomography (CT) images with intraoperative fluoroscopy images.3,4 Intraoperative 3D image

overlay fused with 2D fluoroscopy images enables soft tissue visualization of the aortic wall,
aortic calcifications, and origin of the aortic branches. However, the effect of 3D overlay imaging

on radiation dose has been investigated in only small cohort studies primarily focused on
interventions in which advanced stent-grafts were used.

Dose metrics in various studies can be used to compare the intraoperative dose between different

types of equipment and analyze the efficiency of advanced 3D imaging techniques. The dose

metrics most commonly reported in fluoroscopically-guided interventions are fluoroscopy time

(FT) and Dose area product (DAP),5 the latter being the product of X-ray dose and the irradiated

surface dose. FT and DAP are both automatically assessed and reported independent of the
type and model of C-arm that is used.6 Unfortunately, the recording and reporting of these
radiation parameters vary extensively, complicating comparisons of the radiation dose between
imaging equipment and intervention types.7

This review meta-analyzed the radiation dose and time during (T)EVAR procedures involving
mobile vs fixed C-arms ± 3D imaging overlay. To facilitate the analysis, (T)EVAR procedures
were dichotomized by degree of difficulty into noncomplex and complex (fenestrated, branched,

or chimney) repairs because the latter typically involve more fluoroscopic radiation minutes and

digital subtraction angiographies (DSAs), resulting in higher radiation doses, larger volumes of
nephrotoxic contrast, and longer procedure times.8,9

Methods
The conduct of this systematic review and meta-analysis was guided by the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.10
Search Strategy

Medline was searched on June 10, 2015, using the medical subject headings “aorta” and
“vascular surgical procedures” or “surgical procedures, operative” and “radiation” or “radiation

monitoring” and “radiography, abdominal” or “radiography, interventional” or “fluoroscopy.”
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A similar query was used for searching the EMBASE (via Ovid) database. No restrictions on
language or publication date were applied. The reference lists of all included articles were

evaluated to identify any further potential studies. The full texts of all potentially relevant
publications on EVAR and measurement of radiation doses were retrieved.
Inclusion/Exclusion Criteria and Definitions

All observational (retrospective and prospective) and randomized interventional clinical studies

that reported FT and DAP (or an equivalent measure) during EVAR or TEVAR were eligible for

the analysis. FT referred to the total time that fluoroscopy was used during an EVAR procedure
measured in minutes. The DAP, a stochastic effect determiner that includes the integral of air

kerma across the entire X-ray beam, is a surrogate for the entire amount of energy delivered to

the patient by the X-ray beam. It is measured by a DAP meter that is integrated into the C-arm’s
focal spot or beam source. The DAP, measured in Gycm2 or a derivative of this unit, usually does
not include radiation scatter. DAP equivalents, such as Kerma area product (KAP), air kerma

area product, and even sometimes “radiation dose” or “radiation exposure,” were also included

provided that the reported measurement unit was a variant of the product of dose and field size.
Two independent, qualified observers screened the title and abstract of each potentially relevant

article, eliminating letters to the editor, animal studies, reviews, commentaries, editorials, abstracts
without a corresponding article, and articles for which the full text was not available. Articles were

also excluded in case of overlapping patient data, if only cumulative doses per patient in a time

period were reported without specification of intraoperative dose, or if reports were limited to the

measurement of other radiation dose parameters, such as peak skin dose, effective dose, or
cumulative air kerma without reporting both DAP (or an equivalent) and FT.
Data Extraction

The following data were extracted from included articles: year of publication, type of study,
inclusion term, experience of operators, and frame rate of the C-arm in continuous (cine)

fluoroscopy mode and DSA mode. If dose parameter outcomes were specified by (T)EVAR type,
study group, or equipment type, each group was included as an individual study group. For each

study, data were extracted for the specific type of intervention, type of C-arm (manufacturer and
model type), number of patients, body mass index (BMI), age, amount of injected contrast, DAP,
and FT.

Group Assignment

The type of stent-graft categorized each study group. Studies using aorto-uni-iliac, bifurcated,

or thoracic stent-grafts without aortic side branch salvage procedures were deemed noncomplex
(T)EVAR interventions. Studies using fenestrated (FEVAR), branched (BrEVAR), or chimney

(ChEVAR) stent-grafts targeting side branches were identified as complex cases. Noncomplex

and complex studies were further grouped by the type of C-arm that was used: mobile or fixed.
If the type of C-arm equipment was unknown, data were analyzed separately. For the fixed C-arm,
cases were further separated into those with and without 3D overlay guidance.
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The grouping of studies with any type of noncomplex stent-graft procedure (eg, EVAR, TEVAR)

was necessary because some studies specified individual dose outcomes per type of noncomplex
intervention while others did not. Similarly, some studies defined the additional radiation dose

outcomes including additional pre- or post-procedure adjunctive procedures (for example, coil
embolization), or made other subgroup comparisons, while others presented only cumulative

radiation doses. Assuming that within-study differences in both groups were comparable, both
groups were included, but no distinction was made between these individual interventions in the
general equipment meta-analysis.
Statistical Analyses

The extracted DAP values were converted to Gycm2, and extracted FT values were converted
to minutes. In the absence of means and standard deviations (SD), one or both values were

calculated using the approach described by Hozo et al.11 When only the interquartile range was

provided, the SD was estimated by dividing the interquartile range by 1.35. If no SD or range
values were reported, a weighted SD was calculated from the weighted mean SD values of the
specific meta-analysis study group in which it was categorized.

Statistical heterogeneity among studies for DAP and FT values was evaluated using the Q test
and I2 statistics. Significance was set at p<0.05. A random effects analysis (DerSimonian-Laird

method) was performed in case of statistical heterogeneity (I2 >50%). Forest plots are presented
with pooled means and 95% confidence intervals (CI), the I2 percentage, and the prediction
interval (PI), which shows the likely range of values for the outcome measure of interest that
could be expected if a new and large study were performed comparable to those included in the
review.12

All analyses were separately performed for noncomplex and complex procedures with DAP and

FT as the primary outcome variables. Meta-analyses were performed only when a subgroup
contained 3 or more studies. Random effects meta-analyses consisted of 3 different steps. First,

conventional random effects meta-analysis was performed to calculate the pooled mean FT and
DAP estimates in the noncomplex and in the complex procedures study groups independent of

the equipment used. Second, a separate random effects meta-analysis was performed for each
complexity group to estimate the pooled mean FT and DAP for the mobile C-arm group, the fixed
C-arm group, and the fixed C-arm + 3D overlay group. Third, in noncomplex (T)EVAR, the

between-study variation was tested between mobile and fixed C-arms (not involving 3D imaging)
and between EVAR and TEVAR (only relevant for fixed C-arms; for studies combining EVAR

and TEVAR data, the study was grouped as EVAR). In complex cases, between-study variations
were tested between fixed C-arm without and with 3D overlay. The meta-analyses and meta-

regression to explore the relationship of DAP and FT were performed using R software (version
3.1; The R Foundation for Statistical Computing, http://www.r-project.org/foundation/) with the
“meta” package (version 3.7-1).
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Results
Study Characteristics

Of 52 full-text publications examined (Figure 1), 22 articles1,13-33 were excluded based on exclusion
criteria and an additional 3 articles34-36 that could not be assigned to an equipment group because 2

articles34,35 failed to report the type of C-arm (mobile or fixed) and 1 article36 reported only the primary
outcomes for a mixed group use of mobile and fixed C-arm. These latter 3 studies were excluded
from the meta-analysis but were included in the overall correlation plot between FT and DAP

The 27 2-4,8,9,37-58 articles included in the analysis contained 51 study groups (35 noncomplex and

16 complex) with 3444 patients (Table 1). The articles were predominately observational

retrospective or prospective studies except a single randomized controlled trial.45 In 2 articles,47,53
the procedures were performed by a single operator. Variations between the types of operators

performing the EVAR were also found: the intervention in 11 articles2,3,9,35,42,44,45,47,48,50,58 was
performed by a vascular (interventional) surgeon, in 3 articles46,51,52 by an interventional radiologist

only, and in 9 articles8,9,37,39,40,49,54,55,57 jointly by a vascular surgeon and an interventional radiologist.

The overall level of experience of the operators could not be retrieved, although 3 articles44,50,51
reported that experienced operators as well as trainees under consultant supervision performed

the interventions. General fluoroscopy frame rates varied between 7.5 and 15 frames per second
(fps). Frames rates for DSA imaging varied between 2 and 4 fps, with 2 exceptions (8 fps39 and
12 fps51). Study characteristics are summarized in Table 1.
Studies in Noncomplex (T)EVAR

Outcomes of noncomplex (T)EVAR were reported in 35 studies from 21 articles2-4,8,38-46,50-53,55-58
totaling 2906 patients. A mobile C-arm was used in 19 studies (n=1370) from 12

articles2,4,39,40,42-45,51,55,57,58 and a fixed C-arm in 16 studies (n=1536) from 11 articles.3,4,8,38,39,41,46,50,52,53,56

There was only a single TEVAR study2 in the mobile C-arm group vs 5 studies8,41,46,50,53 in the
fixed C-arm group. One article from a single center3 included 2 studies (one for EVAR and one
for TEVAR, n=63) using both fixed and 3D-IF for noncomplex (T)EVAR.
Meta-analysis of Noncomplex (T)EVAR

The overall pooled mean DAP for the noncomplex (T)EVAR group was 120 Gycm2 (95% CI 101
to 140; I2 =99.6): 78 Gycm2 (95% CI 59.6 to 97.3; I2=99.6) when a mobile C-arm was used vs

181 Gycm2 (95% CI 129 to 233; I2 =99.7) with a fixed C-arm (p<0.001; Figure 2). The overall
mean FT for noncomplex (T)EVAR was 17.0 minutes (95% CI 14.6 to 19.4; I2=98.7%): 18.5

minutes (95% CI 15.5 to 21.6; I2=99) when a mobile C-arm was used vs 15.0 minutes (95% CI
12.7 to 17.3; I2 =91) for a fixed C-arm (p=0.07).

For the fixed C-arm, further subanalysis between EVAR (9 studies from 8 articles4,38,39,41,50,52,53,56)
and TEVAR (4 studies8,41,50,53) (both without IF) found a mean DAP for bifurcated EVAR of 198

Gycm2 (95% CI 155 to 240) vs only 204 Gycm2 (95% CI 123 to 285) for TEVAR. FT for bifurcated
EVAR was a mean 18 minutes (95% CI 16 to 20) vs 12 minutes (95% CI 11 to 13) for TEVAR.
There were only 2 noncomplex (T)EVAR studies (both for EVAR and for TEVAR) incorporating
3D imaging performed at a single center.3
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Records identified through
database search
2583 Citation(s)

Additional records identified
through other sources
9 Citation(s)

2557 Non-Duplicate
Citations Screened

Inclusion/Exclusion
Criteria Applied

2505 Articles Excluded
AAfter Title/Abstract Screen

52 Articles Retrieved

Inclusion/Exclusion
Criteria Applied

22 Articles Excluded
After Full Text Screen + 3
articles Excluded for the
final meta-analysis

27 Articles included
(corresponding with
n = 51 studies)

Studies indcluded in the
noncomplex EVAR
meta-analysis (n = 35)

Studies indcluded in the
complex EVAR
meta-analysis (n = 16)

Figure 1. The flow diagram shows the selection of studies for the meta-analysis. EVAR, endovascular aneurysm repair.

Studies in Complex Cases

A total of 16 studies from 10 centers2,3,9,37,41,47-49,53,54 reported complex stent-graft procedures in

538 patients; 2 studies from 1 group2 (n=74) used a mobile C-arm, 8 studies (n=217) from 7
articles9,37,41,47,48,53,54 used a fixed C-arm, and 6 studies from 4 articles3,47,49,54 articles (n=247) used
fixed/3D-IF C-arms. Additional heterogeneity existed for the number of target vessels. Four

authors2,3,41,53 did not specify the number, 4 authors9,37,47-49 reported an average of 3 to 4 target
vessels,9,37,47-49 and 1 author54 reported an average of 4 to 5 target vessels.
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Table 1. Overview of Included Articles and Study Characteristics
Author, Year

Study Type: Dates

Equipment Model, Manufacturer

C-arm Type

N

Weerakkody 2008 57

P: Jun 2005 – Jul 2007

Siremobile Compact, Siemens

M

91

Geijer 200540

Weiss 200858

Kalef-Ezra 200944
Jones 201042

NR

P: May 2007 – Aug 2007

P: May 2006 – Dec 2007
R: Oct 1998 – Oct 2008

BV 300, Philips
OEC 9800, GE

BV Libra, Philips
NR

M
M
M
M
M

24
12
62

320
64

Kuhelj 201046

P/R: Oct 2002 – Jul 2008

Multistar, Siemens

Panuccio 20119

P: May 2009 – Dec 2009

Artis Zeego/Artis TA, Siemens

Kalef-Ezra 201143

P: Dec 2007 – Aug 2009

BV Pulsera, Philips

Howels 201241

P/R: 2003 – 2010

NR

Majewska 20128

R: Jan 2006 – Mar 2011

Allura, Philips

F

100

Walsh 201256

R: NR

Multistar, Siemens

F

111

Peach 201251

R: Jan 2011 – Dec 2011

OEC 9800 /OEC 9900 MD Elite, GE

M
M

57
65

Fossaceca 201239

Thakor 201155

Maurel 20122

Pitton 201252

R: Jul 2007 – Mar 2011

R: 2002 – 2011

P: Jan 2009 – Apr 2011

R: NR

BV 300, Philips
BV Pulsera, Philips
Integris V5000, Philips

Siremobile Compact, Siemens

OEC 9800/9900 elite, GE

Integris V3000, Philips

F

M
M
F

175
77
24
46

F
F

18
29

M
M

61
62

M

F
F
F

M
M
M
M
M
F

91

232
630
53
28
54
20
11
188
44

Patel 201350

P: Dec 2011 – Apr 2012

Axiom Artis, Siemens

Mohapatra 201348

P: Oct 2011 – Feb 2012

Artis Zeego, Siemens

Kloeze 201445

RCT: Jun 2012 – Oct 2012

Axiom Artis U, Siemens

Bruschi 20154

R: May 2011 – Mar 2013

Arcadis Avantic, Siemens
Artis Zee dTA Siemens

Hertault 20143

P: Dec 2012 – Jul 2013

Discovery IGS 730, GE

McNally 201547

R: Sep 2012 – Sep 2013
R: Sep 2013 – Mar 2014

Infinix VC-I, Toshiba
Artis zee system, Siemens

F
F+3D-IFc

Albayati 201537

P: Oct 2013 – Jul 2014

Allura Xper FD20, Philips

F

17

Pannucio 201549

P: Jan 2010 – May 2014

Axiom Artis FA, Siemens

F+3D-IFc

150

Tacher 201354

Sailer 201553

Foerth 201538

R: Mar 2009 – Jan 2011

P: Sep 2013 – Jan 2014

P: Jul 2010 – Sep 2012

Allura Xper FD20, Philips

Allura Xper with ClarityIQ, Philips

Axiom Artis DSA, Siemens)

F
F
F

F
F+ 3D-IFb
F+ 3D-IFc

26
10
39
9
14
14

M
M

18
18

F+3D-IFd

43
20
18
20

M
F
F (3DRA +
aortic protocol)

F
F
F
F

97
10
39

41
31
22
11
11
17

Abbreviations: BMI, body mass index; BrEVAR, branched endovascular aneurysm repair; 2D, 2-dimensional fusion method; 3D-IF,
3-dimensional image fusion; 3DRA, 3D rotational imaging (intraoperative); eEVAR, emergency EVAR; F, fixed; fEVAR, fenestrated
EVAR; IF, image fusion; M, mobile; NR, not reported; oci, operator controlled imaging; p, preloaded fenestrated stent-grafts; TEVAR,
thoracic endovascular aortic repair. aData are presented as the means ± standard deviation or (range). bImage fusion using 3DRA.
c
Image fusion using 3D-3D registration method. dImage fusion using 2D-3D registration method.
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Intervention

BMI, kg/m2a

Age, ya

Contrast, mLa

EVAR

NR

73

NR

EVAR
EVAR
EVAR

EVAR
eEVAR

EVAR /TEVAR
EVAR
EVAR
EVAR

26.6

28.4±4.4

28.9 (21–40)
NR
NR
NR

71.8±7.2
69±9.9
74

75.3±7.5
75.3±7.5
NR

NR
NR
NR

164±68
187±98
NR

26.8±4.7
25.6±3.2
23.9±3.9

75.2±8.7
79.3±6.8
76.5

FEVAR
FEVAR

NR

74.7±7.6

137

EVAR

EVAR (trial 1)
EVAR (no criteria)

29 (22–40)

68.6

NR

TEVAR
EVAR
FEVAR/ BrEVAR

NR
NR
NR
NR
NR

71
76
76

140 (15–450)
105 (10–450)
180

74±0.8
74.8±0.4

NR
NR
NR

NR
NR

TEVAR

NR

60.6±14.2
NR
NR
NR
NR
NR

100 (24–304)
138 (25–225)
226 (80–446)
85 (20–200)
80 (20–260)

EVAR

NR

NR

NR

EVAR
EVAR, oci

26.5±3.8
27.4±4.7

NR
76.6±8.3

100 (60–300)
90 (50–180)

73.7

NR

TEVAR
FEVAR
BrEVAR
EVAR (AUI)
EVAR (bif)
EVAR

EVAR
TEVAR
FEVAR

F/BrEVAR/Chimney
F/BrEVAR
F/BrEVAR /Chimney

NR
NR
NR
NR
NR
NR

26.2 (23.9–28.9)
26.2 (23.9–28.9)
30.1
NR
NR
NR

NR

67
67

69±20
74±11
70±8

NR

NR

NR
NR

235±145
225±119
65±28

EVAR
EVAR (drape group)

NR
NR

NR
NR

NR
NR

EVAR
TEVAR
FEVAR
BrEVAR

27.7 (24.2–29.9)
24.7 (22.0–8.7) 2
28.4 (25.9–33.3)
24.5 (21.7–29.8)

NR
NR
NR
NR

59 (50–75)
80 (50–100)
105 (70–136)
120 (100–170)

EVAR
TEVAR
FEVAR

NR

NR

84±32
89±49
116±36

EVAR
EVAR
EVAR

BrEVAR/ FEVAR
BrEVAR/ FEVAR

26±4
27±2
27±2

30±6
26±4

NR
NR
NR

71±7
72±11

NR
NR
NR

86±25
34±15

BrEVAR/ FEVAR

28 (25–32)

76 (71–81)

NR

FEVAR/
BrEVAR

26.5±4.2

70±8

191±54

EVAR

NR

NR

NR
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Non Complex EVAR
Mobile C-arm
Author

3D

Type

Geijer, 2005
Weerakody, 2008
Weiss, 2008
Kalef−Ezra, 2009
Jones, 2010
Jones, 2010
Fossaceca, 2012
Fossaceca, 2012
Kalef−Ezra, 2011
Thakor, 2011
Thakor, 2011
Maurel, 2012
Maurel, 2012
Maurel, 2012
Peach, 2012
Peach, 2012
Kloeze, 2014
Kloeze, 2014
Bruschi, 2014

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

EVAR
24
EVAR
91
EVAR
12
EVAR
62
EVAR
320
EVAR-emerg 64
77
EVAR
24
EVAR
91
EVAR
62
EVAR
61
EVAR-trial1
188
EVAR
11
EVAR-aui
28
TEVAR
57
EVAR
65
EVAR-oci
18
EVAR
EVAR -drape 18
97
EVAR

n

Random effects pooled estimate

FT (min)
mean

DAP (Gycm2)

95%CI random mean

4.3%
5.4%
5.0%
5.2%
5.4%
5.0%
5.4%
5.3%
5.3%
5.6%
5.6%
5.5%
4.4%
5.5%
5.3%
5.3%
5.4%
5.3%
5.5%

28
21
21
23
29
23
15
16
22
29
22
9
12
8
20
16
14
11
13

[21; 35]
[19; 23]
[16; 25]
[19; 26]
[27; 32]
[18; 27]
[13; 17]
[13; 19]
[19; 25]
[28; 29]
[22; 23]
[ 8; 11]
[ 6; 19]
[ 6; 9]
[17; 23]
[13; 19]
[12; 16]
[ 8; 14]
[12; 14]

18

[16; 21] 100%
[ 7; 30]

prediction interval

72
150
152
42
47
54
34
362
30
135
91
30
38
20
69
49
95
86
49

95%CI random

[ 54; 90]
[130; 170]
[107; 196]
[ 36; 49]
[ 44; 50]
[ 45; 62]
[ 30; 38]
[304; 420]
[ 25; 35]
[132; 137]
[ 89; 92]
[ 23; 37]
[ 19; 58]
[ 13; 27]
[ 9; 129]
[ 42; 56]
[ 77; 112]
[ 63; 110]
[ 42; 56]

5.4%
5.3%
4.3%
5.6%
5.6%
5.6%
5.6%
3.6%
5.6%
5.6%
5.7%
5.6%
5.3%
5.6%
3.6%
5.6%
5.4%
5.2%
5.6%

78 [ 60; 97] 100%
[ 7; 150]

Fluoroscopic Time mobIle : I−squared=99%, tau−squared=44, Q=1674, =18, p<0.0001
DoseArea Product mobile : I−squared=99.6%, tau−squared=1609, Q=4501, df=18, p<0.0001

Fixed C-arm
Author

3D

Type

Kuhelj, 2010
Fossaceca, 2012
Howels, 2012
Howels, 2012
Majewska, 2012
Walsh, 2012
Pitton, 2012
Patel, 2013
Patel, 2013
Bruschi, 2014
Bruschi, 2014*
Sailer, 2015*
Sailer, 2015*
Foerth, 2015

no
no
no
no
no
no
no
no
no
no
CBCT
no
no
no

(T)EVAR
EVAR
EVAR
TEVAR
TEVAR
EVAR
EVAR
EVAR
TEVAR
EVAR
EVAR
EVAR
TEVAR
EVAR

n
175
46
630
232
100
111
44
26
10
10
39
22
11
17

Random effects pooled estimate
Prediction interval

FT (min)
mean

[19; 23]
[16; 22]
[16; 20]
[ 6; 14]
[11; 14]
[13; 24]
[16; 23]
[15; 24]
[ 4; 20]
[ 5; 15]
[10; 16]
[16; 23]
[ 5; 14]
[13; 40]

3D

Type

Hertault, 2014
Hertault, 2014

IF (2D) EVAR
IF (2D) TEVAR

Random effects pooled estimate

n

16

[14; 18] 100%
[ 9; 23]

43
20

FT (min)
mean

20

30

40

50 0

100

200

300

400

500

DAP (Gycm2)

95%CI random

8.7% 153 [137; 169] 8.0%
7.9% 464 [385; 543] 5.9%
8.9% 173 [131; 215] 7.3%
7.3% 194 [189; 200] 8.1%
9.2% 361 [318; 404] 7.3%
6.3%
86 [ 61; 110] 7.8%
7.9% 420 [342; 499] 5.9%
6.7%
97 [ 86; 108] 8.1%
4.6% 205 [175; 235] 7.7%
6.6% 221 [108; 334] 4.6%
8.6% 140 [120; 160] 7.9%
7.9% 116 [ 65; 167] 7.0%
7.2%
62 [ 35; 89] 7.8%
2.2% 250 [185; 315] 6.5%
200 [163; 237] 100%
[ 78; 323]
0

Fluoroscopic Time fixed: I−squared=84.2%, tau−squared=14.11, Q=82.4, df=13, p<0.000
Dose Area Product fixed: I−squared=97.7%, tau−squared=4364, Q=563, df=13, p<0.0001

Author

10

FT (min)

DAP (Gycm2)

95%CI random mean

21
19
18
10
13
18
19
20
12
10
13
20
10
26

Fixed C-arm + 3D overlay

0

10

20

30

40

50 0

10
20
FT (min)

30

40

50 0

FT (min)

100

200

300

400

500

100

200

300

400

500

DAP (Gycm2)

DAP (Gycm2)

95%CI random mean

95%CI random

11
9

[ 9; 12]
[ 7; 10]

52%
48%

12
25

[11; 13] 54.5%
[17; 32] 45.5%

10

[ 8; 12] 100%

18

[ 6; 30] 100%
0

DAP (Gycm2)

Figure 2. Forest plot of kerma area product (DAP) and fluoroscopy time (FT) for noncomplex endovascular aneurysm
repair (EVAR) stratified by studies using the mobile C-arm, a fixed C-arm, or fixed C-arm with 3D image fusion (IF).
AUI, aortouni-iliac; CBCT, cone beam computed tomography; CI, confidence interval; df, degrees of freedom; drape,
incorporating radiation absorbing drape; FT, fluoroscopy time; DAP, kerma area product; oci, operator controlled
imaging; PI, prediction interval; TEVAR, thoracic endovascular aortic repair.
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Complex EVAR
Mobile C-arm
Author

3D

Type

Maurel, 2012
Maurel, 2012

no
no

BrEVAR
FEVAR

n
20
54

FT (min)
mean

[36; 56] 46.9%
[23; 32] 53.1%

46
27

36 [18; 54]

Random effects pooled estimate

DAP (Gycm2)

95%CI random mean

95%CI random

281 [200; 363]
73 [ 60; 85]

48%
52%

173 [−31; 377] 100%
0

50

100

150

200

FT (min)

FixedC-arm
Author

3D

Panuccio, 2011 no
Panuccio, 2011 no
no
Howels, 2012
Mohapatra, 2013 no
Tacher, 2013
no
McNally, 2014 no
no
Sailer, 2015*
Albayati, 2014 no

Type
FEVAR II & III
FEVAR IV
F/BrEVAR
FEVAR
F/BrEVAR/chim
F/BrEVAR
F/BrEVAR
F/BrEVAR

n

FT (min)
mean

400

800

1200

DAP (Gycm2)

DAP (Gycm2)

95%CI random mean

95%CI random

18 141[111; 170] 9.2% 1005 [715; 1295] 9.9%
29 82 [ 65; 99] 12.9% 642 [529; 756] 14.0%
53 58 [ 44; 72] 13.7% 321 [233; 409] 14.5%
39 71 [ 61; 81] 14.6% 541 [438; 643] 14.2%
9 82 [ 52; 112] 9.2% 1188 [491; 1885] 3.8%
41 84 [ 73; 95] 14.4% 500 [414; 586] 14.5%
11 49 [ 36; 62] 13.9% 217 [123; 311] 14.4%
17 89 [ 69; 109] 12.1% 172 [105; 239] 14.7%
79 [ 65; 93] 100%
[ 41; 117]

Random effects pooled estimate
Prediction interval

487 [331; 643] 100%
[ 61; 912]

0

FLuoroscopic Time fixed: I−squared=84.6%, tau−squared=323.7, Q=45.5, df=7, p<0.0001
Dose Area Product fixed: I−squared=93.6%, tau−squared=4.164e+04, Q=110, df=7, p<0.0001

Fixed C-arm +3D overlay
Author

3D

Type

Tacher, 2013
Tacher, 2013
Hertault, 2014
Hertault, 2014
McNally, 2014
Pannucoi, 2015

IF (3D)
IF (RA)
IF (2D)
IF (2D)
IF (3D)
IF (3D)

F/BrEVAR
14
F/BrEVAR/chim 14
FEVAR
18
BrEVAR
20
F/BrEVAR
31
F/BrEVAR
150

Random effects pooled estimate
Prediction interval

0

n

FT (min)
mean

80
42
31
41
55
89

99] 15.2%
54] 16.5%
37] 17.0%
47] 17.1%
62] 17.0%
94] 17.1%

56 [35; 77] 100%
[−4; 116]

100

150

200 0

400

800

1200

DAP (Gycm2)

DAP (Gycm2)

95%CI random mean

[61;
[30;
[24;
[36;
[48;
[84;

50
FT (min)

95%CI random

656 [417; 895]
984 [680; 1288]
42 [ 31; 54]
60 [ 37; 83]
220 [174; 266]
61 [ 47; 74]

4.1%
2.7%
24.4%
23.6%
20.9%
24.3%

139 [ 86; 192] 100%
[ 9; 269]

Fluoroscopic Time fixed 3D: I−squared=97.9%, tau−squared=669.9, Q=240.6, df=5, p<0.0001
Dose Area Product fixed 3D: I−squared=95.7%, tau−squared=2978, Q=115.2, df=5, p<0.0001

0

50
FT (min)

100

150

200 0

400

800

1200

DAP (Gycm2)

Figure 3. Forest plot of kerma area product (DAP) and fluoroscopy time (FT) for complex endovascular aneurysm
repair (EVAR) stratified by studies using the mobile C-arm, a fixed C-arm, or fixed C-arm with 3D image fusion (IF).
BrEVAR, branched EVAR; CI, confidence interval; df, degrees of freedom; 3DRA, 3-dimensional rotational (3D)
angiography; FEVAR, fenestrated EVAR; PI, prediction interval. Image fusion [IF(2D)] refers to use of a 2-dimensional
fusion method, while IF(3D) used a 3D rotational method.

Meta-analysis of Complex Cases

Data of complex cases using a mobile C-arm, which included 2 separate studies (FEVAR and

BrEVAR) from a single article,2 were not appropriate for an individual subgroup meta-analysis (Figure
3). Meta-analysis of DAP for complex procedures using a fixed C-arm estimated a pooled mean

DAP of 355 Gycm2 (95% CI 269 to 402; I2 =97%). The separate meta-analysis for fixed C-arm without
3D-IF resulted in an estimated pooled mean DAP of 487 Gycm2 (95% CI 331 to 643; I2 =94%) vs
139 Gycm2 (95% CI 85 to 191; I2 =94%) for studies incorporated 3D imaging guidance (p<0.001).

The meta-analysis for FT returned an overall estimated pooled mean FT for the complex fixed

C-arm group of 69.2 minutes (95% CI 16 to 83; I2 =96%). For the 3D imaging studies only, the
estimated pooled mean FT was 79 minutes (95% CI 65 to 93; I2 =85%), which was not significantly
different (p=0.074) from studies incorporating 3D-IF overlay (56 minutes, 95% CI 35 to 77; I2 =97%).
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Relationship Between DAP and FT

Regression analysis for all studies revealed a nonsignificant association between DAP and FT
(β=3.9 Gycm2, r2=0.11, p=0.076) for the mobile C-arm studies but a significant association
between FT and DAP (β=5.9 Gycm2, r2=0.53, p<0.001) for the fixed C-arm studies (Figure 4).

This means that generally, for every radiation minute acquired with a mobile C-arm, DAP is
increased 3.9 Gycm2, while for every additional radiation minute with a fixed C-arm, the DAP is
increased 5.9 Gycm2.

1250

Dose Area Product (Gycm2)
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C−arm
Mobile
Fixed
unknown

500

N

200
400
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250
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EVAR
non−complex
complex

25
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75

Fluoroscopy time (min)

100

125

Figure 4. Correlation plot between kerma area product (DAP) vs fluoroscopy time (FT) for different subgroups. All
studies performed on a mobile C-arm are in red and studies performed on a fixed C-arm are in black. Endovascular
aneurysm repair (EVAR) procedures are depicted by circles, thoracic endovascular aortic repair (TEVAR) by squares,
and complex repairs by triangles. Noncomplex procedures performed on a mobile C-arm are located at the bottom
left; they have low FT ranges with low DAP ranges not exceeding a 500-Gycm2 limit. The noncomplex procedures
performed on fixed equipment are observed on the top left; they have low FT accompanied by much higher DAP
doses compared with the mobile C-arm. All complex repairs are located at the right half of the plot. The minimal
radiation time starts at 30 minutes, increasing to >100 minutes. The largest radiation doses occurred when fixed
imaging equipment was used during a complex procedure, and several studies had a mean or median DAP dose
>500 Gycm2. The 3 articles not assigned to an equipment group were also included in this figure.
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Discussion
The significantly higher radiation exposure when the mobile C-arm is replaced by a fixed C-arm
should not be underestimated. Our meta-analyses demonstrated that patients undergoing a

noncomplex (T)EVAR are exposed to higher intraoperative cumulative radiation doses when the
procedure is conducted using a fixed C-arm, but that the radiation time (FT) is independent of
the equipment that is used.

Of even more concern are the reported radiation doses for complex cases, which are
predominantly performed with a fixed C-arm. The estimated pooled mean FT was almost fourfold

greater than for noncomplex (T)EVAR. In the complex subgroup without 3D-IF, the 487 Gycm2
mean DAP estimate was near the threshold of 500 Gycm2 recently proposed by Stecker et al5
and further adapted by the International Commission on Radiological Protection (ICRP)59 in their
guidelines on radiologic protection for cardiology as a trigger for selecting patients in need of

clinical follow-up for early detection and management of skin injuries. Although only 18% of the
total elective EVAR population received a complex repair in this meta-analysis, this is still a
significant number of patients who cannot be ignored.

A major increase in studies that incorporated 3D-IF in complex procedures was observed over

the past 2 to 3 years, whereas the number of studies of noncomplex (T)EVAR using 3D-IF

remained low. In this meta-analysis, radiation doses in complex cases that had incorporated
3D-IF techniques were lower, suggesting that the use of 3D-IF techniques might compensate

for the high radiation doses caused by using a fixed C-arm. However, major heterogeneity was

found in these 3D-IF studies as regards equipment models, fusion software, and other dosereduction technologies or strategies. Additionally, the chosen fusion method (using a 2D-3D vs

3D-3D IF) differed, although for complex procedures, mainly a 3D-3D IF technique was used vs
a 2D-3F for noncomplex (T)EVAR. Very low radiation doses were also found in noncomplex (T)

EVARs when using 3D-IF overlay, although these outcomes were limited to a single center.3
employing a fixed C-arm that had a smaller detector (30x30 cm) combined with a lower pulse

rate of 7.5 fps, which may not be representative in comparison to the entire group. Further
research on 3D imaging in noncomplex (T)EVAR is necessary to quantify whether using 3D-IF
guidance is also feasible and efficient in noncomplex cases. For interpretation of the outcome

data in the 3D-IF group, discrimination between the additional fusion techniques is mandatory.

The 2D-3D IF method saves the radiation dose of an entire rotational angiography, but image
registration using 2D-3D registration may not achieve the same registration accuracy as image
fusion based on target vessel calcification from a rotational angiography.60
Heterogeneity Analysis

All study groups had considerable statistical heterogeneity, as measured with the I2 statistic. In
the random effects meta-analyses, the estimated pooled means of DAP were statistically more

heterogenic than the FT, and heterogeneity of DAP estimates within the mobile C-arm were
generally smaller compared with the heterogeneity statistics for the fixed C-arm meta-analysis.
In the mobile C-arm noncomplex (T)EVAR group, study heterogeneity can be explained by how
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the different study groups segregated their cases. For example, Jones et al. 42 used elective vs
emergency outcomes, whereas Thakor et al.
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differentiated between EVARs eligible for the

Dutch Randomized Endovascular Aneurysm Management (DREAM) or Endovascular Versus
Open Abdominal Aortic Aneurysm Repair (EVAR-1) trials vs EVAR patients ineligible for these
trials. Heterogeneity can also be explained by differences in the operator’s preferences on how
the radiation imaging is used, as was proposed by Peach et al.51 They found a difference
depending on whether or not the operator controlled the imaging. Within this noncomplex mobile

study group, a single outlier with an unexplainably high DAP value was documented.39 Excluding
this single measurement did not affect the overall analysis because the weighting of this value
in the random effects meta-analysis was minimal.

Interpretation of the current meta-analysis and subgroup analysis should be done with care.

Trends in radiation dose outcomes were observed over the years between different types of

grafts, equipment, and the recently introduced 3D-IF techniques. Although the fixed C-arms are

responsible for an overall higher radiation dose, there is also more focus on technical innovations
that enable dose reduction for fixed C-arms. For example, Sailer et al
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performed their

measurements on a fixed C-arm with integrated dose reduction technology (AlluraClarity), which

is an effective method of reducing the radiation exposure in the high-dose DSAs for Philips
systems. Bruschi et al.4 proposed a specific aorta dose reduction protocol for GE systems, also
introducing study heterogeneity.

The overall dose differences varied widely for complex cases, with the largest variation at higher
mean DAP doses. Most groups combined outcomes for FEVAR and BrEVAR, which prevented

distinguishing the outcomes between these procedures and comparing between the mean

numbers of target vessels. McNally et al.47 reported a major difference using 2 vs 3/4 target
vessels, while 3 studies3,41,53 did not even report the average number of target vessels.

All included studies except 145 were longitudinal, with a retrospective or a prospective study

design. Although prospective studies have a more optimized research design, the operators
within these prospective studies may also be more aware of dose radiation outcomes. Thus,

there is a risk that their measured outcomes are underestimating the radiation dose outcomes
that are representative for the whole group.

The results of the retrospective study design may, however, better reflect the overall outcomes
for the entire population in which there is an inadequate focus on intraoperative radiation doses.

Also, a selection bias may exist because institutions that have a hybrid OR with fixed C-arms

may perform more anatomically challenging cases for both noncomplex and complex procedures.
There is also the interplay of learning curves in both noncomplex and complex cases, a variable
that was not examined.
DAP Interpretation

The major differences in radiation doses between the mobile and the fixed C-arms can be
explained by a number of factors. As DAP is the product of radiation dose and field size over
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time, any increase in one of these factors will increase DAP dose per minute. Fixed C-arms

generally have larger detectors corresponding to larger irradiated field, and larger field sizes is

one factor that can cause higher DAP dose rates. Secondly, most fixed C-arms can generate
higher maximum (generator) output compared to the mobile C-arms (although the specific output

depends on the vendor) and have improved heat dispersion, both properties in favor for longer
fluoroscopic runs during complex procedures in which improved image contrast and reduced
image noise, for example during wire navigation or stent-graft deployment, are mandatory.

Although much higher radiation doses are seen mostly with DSA in fixed C-arms, higher dose
levels during fixed C-arm fluoroscopy is not uncommon.61 These advantages of the fixed C-arm,

combined with the availability of rotational angiography and remote table or C-arm movement,

make the fixed C-arm better for most (T)EVAR cases, even if radiation dose rates are much

higher compared to the mobile C-arm.62,63 The DAP dose metric is an indirect predictor of the

stochastic radiation dose risks for the patient. A stochastic radiation predictor does not follow a
linear threshold. The probability of occurrence depends on the absorbed dose, but the severity

of the effect is independent of the cumulative absorbed dose. Stochastic injuries occur at any

level of exposure, although not every exposure level will cause injury.24 However, DAP reflects
only the output dose exposure of the C-arm and remains limited to the indirect dose risk for the

patient. To calculate the direct stochastic risks using DAP outcomes, DAP must be corrected for
the tissue radiosensitivity of each irradiated organ and adjusted for the radiation backscatter

factor. The DAP, as computed by the C-arm, can have a deviation of ~20% compared with DAP
measured on radiochromic films.2

Despite the disadvantages as a direct predictor, DAP outcome is still a more appropriate predictor
of the patient’s radiation dose than reporting the FT. DAP is also automatically measured by

integrated DAP meters for all X-ray platforms and reported in the postoperatively generated
radiation dose reports of the C-arm. This enables operators to use the DAP metric to make a
general comparison between the dose effects of different types of intervention equipment or

observe the effectiveness of additional dose-reduction technologies, new interventional
procedures, or other tasks with the primary objective of reducing the intraoperative dose load.

The operator can monitor radiation doses without the need for additional techniques or equipment
that measure dose. Therefore, DAP is a simple and accurate parameter that provides the operator
with a fast estimate of the patient’s relative risk for stochastic effects.17 Although radiation dose

surveillance is mandatory, especially within complex cases, comprehensive analysis of the actual
radiation dose output per equipment is lacking because study authors provided limited data on

radiation time instead of radiation time and dose.13,19,22,63 Even recent publications focus only on
procedure time and FT.33,64
Risk of Radiation

The skin closest to the beam source has the highest risk of radiation injury after fluoroscopically
guided interventions.65 For (T)EVAR, this is often the patient’s back, but radiation skin injury is
easily missed during follow-up. The previous advice was that patients who received a sufficiently

large radiation dose (60 minutes of FT or 500 Gycm2 DAP5,66) should be examined at 10 to 14
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days and at 1 month after the procedure.67 Based on the complexity and type of imaging
equipment, it was possible in this study to extract a single group that had the highest probability

for radiation-induced risk effects: complex procedures performed using a fixed C-arm.
These patients should receive more detailed information about the risks of radiation exposure
and more intensive follow-up.

Interventionists who are using fixed C-arms are also at risk for absorbing larger year-doses
compared to those using mobile C-arms.48,67 Generally, the measured DAP dose positively
correlates with the intraoperative operator’s absorbed radiation doses, although each individual’s

real-time absorbed radiation dose depends on the operator’s personal shielding and the degree

of awareness of radiation dose reduction maneuvers, such as minimizing air gap, maximizing
collimation, and reducing the general exposure time. Most hybrid ORs with fixed C-arms are
designed to protect the operator (who is most at risk) from radiation compared to standard ORs,

potentially resulting in lower radiation risk for operators performing these procedures with a fixed
C-arm, but only if protective shielding is used correctly.

The use of mobile C-arms over fixed C-arms is not being advocated here due to the major
advantages of fixed C-arms. However, this meta-analysis shows one of the current major
concerns of using fixed C-arms, which is that the improved image contrast is at the cost of higher

radiation doses. Thus, working in a hybrid OR is not discouraged, but it requires a different
working approach, attitude, and focus on radiation dose than used for similar interventions
performed using a mobile C-arm.

Summarizing, working with fixed C-arms requires sufficient radiation protection and constant
adherence by each operator to the “as low as reasonably achievable” principle. Awareness of
dose reduction strategies during each X-ray run, combined with regularly monitoring radiation

dose exposure to both the patient and the operation room workers, is mandatory in a hybrid OR
with fixed C-arms; otherwise, operator dose during complex procedures with a fixed C-am could
be worrisomely high.
Future Guidelines

The results of this meta-analysis can be employed as a reference model for the average doses
during complex and noncomplex (T)EVARs performed with mobile vs fixed C-arms. This reference

model can be used during daily activities to guide the operator in interpreting the DAP in contrast
with FT while differentiating between the type of imaging equipment used and the complexity of
the intervention. A uniform manner of reporting radiation doses in future EVAR studies is

recommended. To enable optimal interpretation of the outcomes and compare studies, articles

should report FT (in minutes) and DAP (preferably in Gycm2) and should specify the C-arm

equipment that was used. It is preferable to present not only the cumulative DAP, but also define
the DAP owing to fluoroscopy as well as the DAP from DSA imaging, as these may vary between
studies, procedure complexities, and the equipment used.
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Limitations

The various vendors use different methods to display the radiation dose, which resulted in a
variety of different names for DAP, and the authors of each study used different units to report
their DAP results (eg, cGycm2, uGym2, and mGym2). In this review, all DAP values were converted
to Gycm2 to enable data comparison.

Unfortunately, most radiation data were highly skewed toward greater overall radiation exposure;

there were several outliers in which a very high dose was reported. All values for the pooled

analysis were recalculated to a mean ± SD because these were the most commonly reported
measures and enabled estimated mean meta-analysis. This skewed distribution implies that the

mean is not the best measure of tendency and may be higher than the typical value in most
patients.

Because the focus was on DAP and FT outcomes, (T)EVAR radiation studies were excluded if

either of these parameters was not reported. In addition, articles not specifying the individual
patient’s mean doses were not eligible.

The differences in radiation dose according to equipment manufacturers were not specifically

analyzed. A variance within either the mobile or fixed imaging group may represent a different
dose output specifically owing to the manufacturer or type of machine. However, the study did
show that these higher doses in the analyzed articles were independent of the equipment that

was used and thus are widely applicable. Absent from the current meta-analysis are high-quality
randomized controlled trials because the main sources were retrospective or prospective cohort
studies.

Finally, DAP and FT are just two aspects of all (T)EVAR outcomes. Technical success, the number
of endoleaks, reintervention rates, iodinated contrast volume, and overall procedure time are
other important variables that were not included in the current analysis. Higher patient radiation
dose associated with the use of fixed C-arms might be acceptable if these outcomes were

favorable compared to mobile C-arms. Additionally, incorporating 3D-3F into fixed C-arm protocols
may be attractive if the lower radiation dose achieved does not negatively impact other (T)EVAR
outcomes.

Conclusion
This meta-analysis provides an overview of the currently available studies on all types of (T)

EVAR that have reported radiation dose and times. The results show that the radiologic equipment
can have a significant impact in the accumulated radiation doses during (T)EVAR. While the
cumulative radiation times for noncomplex (T)EVAR were similar between mobile and fixed

C-arms, a major increase was observed in the radiation doses during noncomplex (T)EVAR
performed on fixed C-arms. Also, complex procedures typically carried out using fixed C-arms
sustain the highest cumulative radiation doses. Introducing 3D-IF techniques for complex cases
can be an effective method to reduce high intraoperative radiation exposure.
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Supplementary
Supplementary Table S1. Excluded Articles
Author, Year

Measured

Reason

Lipstiz 200016

FT, ESD, ED

No DAP, operating team and patient skin dose

Ho 2007

FT, absorbed dose (surgeon), ESD

No DAP, only operating team dose

Bannazadeh 200925

FT, ESD, ED

DAP not specified for the intervention, only the
sum of the effective dose of pre-, intra-, and
postoperative interventions

Bisdas32

FT, DAP

Overlapping data

Blaszak 200917

DAP, FT

Overlapping data

Badger 201015

DAP, FT

Overlapping data

O’Callaghan 2010

ED

Overlapping data

Tawfick 201021

—

Abstract only

White 201018

ED only

DAP and FT are missing

23

26

Dijkstra 2011

FT

FT and radiation dose, but not DAP

Ketteler 201328

—

Not original study

Haqqani 201314

ED

Primarily phantom study

Kirkwood 2013

22

RAK, ED

Operator education

Varu 201320

FT

Only FT

Blaszak 201424

DAP, ESAK

FT data missing

Kirkwoord 201430

RAK

Operator dose

Ullery 2013

27

ED

Operator dose only

Sailer 201413

FT

Only FT

Fukuda 201319

Only contrast measurement

Evaluation of 2D-3D image overlay

Silingardi 2015

FT

Only FT measurements

Brambilla 20151

DAP, FT, ED

No individual report of DAP

Arii 201529

FT, ED

Only FT and ED

31

33

Articles excluded from meta-analysis because they could not be group into mobile or fixed C-arm group
Zoli 2012 36

FT, DAP

Mixed equipment groups; outcome for mobile
and fixed C-arms

Kristmundsson 201335 FT, DAP

Source of equipment not reported

Butler 201234

Source of equipment not reported

FT, DAP

Abbreviations: DAP, dose area product; ED, effective dose; ESAK, entrance surface air kerma; ESD, estimated
skin dose; FT, fluoroscopy time; PSD, peak skin dose; RAK, reference air kerma.
a
All articles have measured endovascular aneurysm repair and radiation parameters.
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Efficiency of AlluraClarity radiation
dose-reduction technology in
the hybrid OR during
Endovascular Aneurysm Repair

Abstract
Purpose

To evaluate the effect of radiation dose reduction with the Allura ClarityIQ image processing
technology for fixed C-arms in comparison with a mobile C-arm and an Allura fixed C-arm without
ClarityIQ technology during endovascular aneurysm repair (EVAR) procedures.
Methods

Radiation dose data from 85 patients (mean age 74.2±7.8 years; 68 men) undergoing EVAR
with mobile and fixed C-arm fluoroscopy were retrospectively analyzed. The radiation dose

parameters included the kerma area product (DAP), fluoroscopic time (FT), and number of digital
subtraction angiography (DSA) frames (FrDSA). DAPtotal consisted of DAPfluoro (DAP for fluoroscopic

imaging) and DAPDSA (DAP for DSA and single shots). Linear regression analysis was used to

explore differences in the association of DAP with the FT, FrDSA, and body mass index (BMI)
among the 3 C-arms.
Results

The mean DAPtotal values for mobile, Allura C-arm, and AlluraClarity C-arm for noncomplex EVARs
were 56±39, 245±142, and 157±120 Gycm2 (P<0.001); for complex EVARs, the values were

110±43, 874±653, and 598±319 Gycm2 (P<0.001), respectively. On average, DAPfluoro tripled
when the mobile C-arm was replaced by the fixed C-arm. There were no significant differences
in the DAPfluoro adjusted for the FT between Allura and AlluraClarity (P=0.69). However, there

was a major 61% reduction in DAPDSA from 1.36 Gycm2 per DSA frame for Allura to 0.54 Gycm2
per DSA frame with AlluraClarity (P=0.03). For the mobile C-arm, BMI was not associated with

DAP (P=0.13). The associations of BMI with DAPfluoro and DAPDSA were significant for both fixed
C-arms but were more robust for Allura compared to AlluraClarity (P=0.02 for DAPfluoro and
P<0.001 for DAPDSA).
Conclusion

Changing a mobile C-arm for a fixed C-arm in a hybrid operating suite increased the average

intraoperative dose during EVAR. Upgrading the Allura fixed C-arm with ClarityIQ technology
resulted in a 61% reduction in the radiation per DSA frame.
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Introduction
The popularity of hybrid operating rooms (ORs) for performing aortic endovascular procedures
is increasing worldwide.1 These hybrid ORs enable high-level environment sterility combined

with advanced image equipment,2 both assets when performing endovascular aneurysm repair

(EVAR). One of the primary concerns of transiting from a standard OR with a mobile C-arm to
a hybrid OR with a fixed C-arm is the increased radiation doses to staff and patients.3,4

In comparison to normal ORs with a mobile C-arm, the hybrid ORs better facilitate endovascular
repairs calling for more complex stent-grafts (eg, fenestrated or branched). The hybrid OR is
optimized for executing these complex EVAR interventions due to the availability of intraoperative

3-dimensional (3D) rotational imaging.5 Complex EVARs are associated with longer procedure
times and increased radiation doses compared to noncomplex bifurcated EVARs.6,7 An increased
intraoperative radiation dose does not affect only the accumulated patient radiation dose, but

the operators and operating team are also at risk for absorbing a higher amount of radiation

dose per intervention.8 Therefore, methods are being sought to reduce the intraoperative
radiation dose.

Recently, a new type of image-processing technology for the Allura fixed C-arm (Philips
Healthcare, Best, the Netherlands) has been launched, which claims to reduce radiation dose
while maintaining or improving image quality. This new radiography technology, ClarityIQ (Philips

Healthcare), is an image noise-reduction system integrated into the Allura fixed C-arm and does
not require any additional radiographic operating steps to reduce the radiation dose while

retaining of the image quality. An upgrade of the Allura fixed C-arm with AlluraClarity can be an

effective method of reducing the intraoperative radiation dose for both the patient and the
operator, without the requirement of changing any working habits.9-11

While previous research on this dose-reduction technology focused on cardiac electrophysiology,

neuroangiography, and pediatric catheterization,9-11 the current study retrospectively reviewed

the intraoperative radiation dose during EVAR using the Allura fixed C-arm system before and
after the upgrade with the dose-reduction technology. The findings were then compared with

those from the previous radiation source, a mobile C-arm, which was the standard of care before
the transition to the hybrid OR. Furthermore, the association of body mass index (BMI) with
radiation dose was examined among the different C-arms.
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Methods
Study Design and Population

This study evaluated all 99 consecutive patients who underwent an EVAR procedure in our facility
between December 2012 and October 2014. The suitability for EVAR, endograft sizing, and optimal
C-arm angulation planning were performed using a dedicated 3D workstation (3mensio Medical

Imaging B.V., Bilthoven, the Netherlands). Fourteen patients were excluded owing to EVARs with
iliac branched devices and thoracic repairs because they were not focused on the abdominal
region, leaving 85 patients (mean age 74.2±7.8 years; 68 men) for analysis (Table 1).

The EVAR interventions were categorized by complexity of the procedure. Noncomplex EVARs
included infrarenal interventions in which an adequate sealing zone could be achieved using a
standard bifurcated stent-graft (mostly Endurant; Medtronic Vascular, Santa Rosa, CA, USA),

combined with ipsilateral or contralateral leg extensions or both. In complex EVAR, the aneurysm
was located in the juxtarenal or thoracoabdominal aorta, and at least one visceral branch vessel
was at risk for overstenting when a standard endograft was used. Complex EVAR included all

interventions in which a chimney, fenestrated, or branched stent-graft was used. All procedures

were jointly performed by a minimum of two surgeons, with at least one vascular surgeon
specialized in aortic endovascular procedures and the other usually a vascular surgery fellow.

The patient characteristics collected from chart review consisted of age, gender, BMI, type and
complexity of the intervention, the radiography equipment used, and the radiation dose
parameters described below.

Table 1. Patient Characteristics.a
Total
(n=85)

Mobile C-Arm
(n=18)

Fixed C-Arm/
Allura (n=22)

Fixed C-Arm /
AlluraClarity (n=45)

pb

BMI (kg/m2)

26.5±4.5

25.1±4.6

27.2±5.6

26.6±3.9

0.37

Age (years)

74.2±7.8

73.4±6.2

70.7±8.0

76.2±7.7

0.02

Men (n (%))

68 (80)

16 (9)

19 (86)

33 (73)

0.26

EVAR

46

13

7

26

Chimney

12

3

6

3

FEVAR

23

1

7

15

BrEVAR

4

1

2

1

Complex

39

5

15

19

Intervention (n)

Abbreviations: BMI, body mass index; BrEVAR, branched EVAR; EVAR, endovascular aneurysm repair; FEVAR,
fenestrated EVAR.
a
Continuous data are presented as the means ± standard deviation; categorical data are given as the counts
(percentage).
b
ANOVA comparing the 3 C-arms.
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Radiographic Equipment

From December 2012 through May 2013, 18 EVAR procedures were performed in a standard

OR combined with a mobile C-arm (Veradius; Philips Healthcare). In July 2013, the hybrid OR
was introduced in our facility, and the 67 subsequent EVAR procedures were performed in this
hybrid OR with the dedicated, advanced Allura FD20 fixed C-arm (Philips Healthcare) and

optimized radiation shielding. In November 2013, the fixed angiographic C-arm was upgraded

with ClarityIQ technology, which includes advanced real-time image noise-reduction algorithms
and an optimized acquisition chain for exposure imaging. In all, 22 patients had EVAR performed

with the Allura fixed C-arm and 45 with the AlluraClarity upgrade. The mobile C-arm standard

settings were 4, 8, or 16 pulses per second (pps). The standard pulse rate for non- complex EVAR
was 8 or 16 pps; for complex EVAR procedures, the pulse rate was 4 or 8 pps. The X-ray tube

had a range between 40 and 120 kV and was controlled by a nonsterile operating nurse. The

fixed C-arm (independent of the Clarity upgrade) had a standard rate of 15 pulses for fluoroscopy
images in the abdomen, and the digital sub- traction angiography (DSA) protocol could be manually
modified between 1 and 3 frames per second (fps). Our protocol included a standard 2 fps for
most DSA runs and a 3-fps protocol for the completion DSA after endograft deployment. The X-ray
tube of the fixed C-arm had a range between 60 and 125 kV.
Intraoperative Radiation Dose

Table 2 summarizes the definitions of the radiation dose parameters used in this study. The

collected radiation dose parameters per intervention were the Dose area product (DAP) and
the cumulative air kerma (AK). DAP is the total energy output of the C-arm during a single

procedure as measured with a dosimeter integrated in the machine. The cumulative DAP of

each procedure (DAPtotal) consists of the DAP in the fluoroscopy mode (DAPfluoro) plus the DAP
dose resulting from DSA mode (DAPDSA). As single shot images were acquired at a similar
dose per frame as the DSA frames, the cumulative dose of these images was included in the
cumulative DAPDSA.

Additionally, the fluoroscopic times (FT) were collected to calculate the average amount of
DAPfluoro per fluoroscopy minute (Gycm2/min) among the 3 C-arms. For exposure imaging, the
number of DSA frames, FrDSA, was collected instead of the total DSA radiation time, as the number

of frames is more representative and enables adjustment for the different DSA protocols (2 fps

or 3 fps) and the use of single shots. For DSA imaging, the mean DAPDSA dose per frame was
calculated (Gycm2/frame). The number of frames could be evaluated only for the fixed C-arms,
as the number of frames for DSA and single shots were not available for the mobile C-arm.
Statistical Analysis

Continuous variables are presented as means ± standard deviations or median (interquartile range).

Categorical variables are presented as counts and percentages and were compared with a chisquare test. The Mann-Whitney U test was used to compare 2 groups of continuous nonparametric

variables [ie, mobile vs both fixed C-arms and for Allura vs AlluraClarity]. The Kruskal-Wallis test

was used to assess differences in nonparametric continuous values among the 3 types of C-arms.

67

PART I RADIATION

The association between FT and DAPfluoro for each type of C-arm was initially evaluated in a

univariate linear regression model, with BMI added as a covariate in the multivariate linear
regression analysis. The association of BMI with DAPfluoro (corrected for FT) was tested to

determine if it differed among the 3 C-arms and for only the Allura vs AlluraClarity C-arms. This

method was repeated for exposure imaging as well, using FrDSA instead of FT and DAPDSA as the
outcome measure. Results of the linear regression models are presented as the coefficient of
determination (r2).The level of significance for all analyses was set at P<0.05. Computations
were performed using R software (version 3.1.1; The R Foundation for Statistical Computing,
Vienna, Austria; http://www.r-project.org).

Table 2. Definitions of the Radiation Dose Parameters for Interventional Radiography.
Kerma area product
DAPtotal (Gycm2)

Cumulative radiation dose integrated over irradiated surface and time; it is
an indirect stochastic predictor of radiation dose risks for the patient and is
correlated with the absorbed operator dose.

DAPfluoro (Gycm2)

Cumulative DAP dose from using the fluoroscopic imaging modes.

DAPDSA Gycm2)

Cumulative DAP dose using the exposure imaging modes [single shots and
digital subtraction imaging (DSA)]

Fluoroscopy time (FT), (min)

Total time that fluoroscopic imaging is used.

Frames (FrDSA)

Number of frames used for DSA and single shots imaging.

Air kerma (AK), (Gy)

Calculated cumulative radiation dose 15 cm from isocenter between source
and detector in the direction of the source; it is an indirect deterministic
predictor that refers to the short-term radiation risk effects on patients’ skin.

Frame dose rate
(DAPDSA/FrDSA), (Gycm2/min)

Amount of radiation dose per DSA or single shot frame.

Fluoroscopy dose rate
(DAPfluoro/FT), (Gycm2/frame)

Amount of radiation dose per fluoroscopy minute.

Abbreviations: AK, air kerma; DSA, digital subtraction angiography; fluoro, fluoroscopy; FT, fluoroscopy time; Gy,
gray; DAP, kerma area product.
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Results
There were no differences in age, sex, or BMI among patients in the 3 C-arm groups (Table 1).
The EVAR procedures were considered complex in 5 of 18 of the mobile C-arm cases, 15 of the
22 Allura cases, and 19 of the 45 AlluraClarity procedures.
Noncomplex EVAR

For noncomplex EVAR, mean FT was 31.5±12.3 minutes in the mobile group, 21.9±7.6 minutes

in the Allura group, and 23.4±18.6 minutes in the AlluraClarity group. There were no significant
differences among the 3 groups (P=0.12) or between Allura and AlluraClarity (P=0.55). Mean

DAPtotal was 55.5±38.9 Gycm2 in the mobile group, 244.5±142.2 Gycm2 in the Allura group, and

157.0±120.4 Gycm2 in the AlluraClarity group (Figure 1). The difference in DAPtotal was significant
among the 3 groups (P<0.01) but not between the Allura and AlluraClarity groups (P=0.11).

The DAPDSA for the 3 groups was 0.4±0.5 Gycm2 for the mobile C-arm, 146.5±101.0 Gycm2 for
the Allura group, and 57.4±47.0 Gycm2 for the AlluraClarity group (P<0.01 for overall difference).

The DAPDSA was significantly lower in the AlluraClarity group than in Allura group (P=0.03). FrDSA
was not significantly different between Allura (137.1±70.5) and AlluraClarity (134.4±87.8; P=0.63).
Table 3 presents the dose characteristics for noncomplex EVAR.
Complex EVAR

The FT in the complex EVAR group for all C-arms was 82.2±28.8 minutes for the mobile C-arm,

103.2±63.7 minutes for Allura, and 98.7±42.8 minutes for AlluraClarity (P=0.83). These were
also accompanied with higher mean DAPtotal values: 109.5±43.4 Gycm2 for the mobile C-arm,

873.8±652.5 Gycm2 for Allura, and 598.2±318.5 Gycm2 for AlluraClarity (P<0.001). The main
difference in radiation dose was observed within DAPDSA, with 1.2±0.7 Gycm2 in the mobile group,
437.7±281.2 Gycm2 in the Allura group, and 178.6±93.3 Gycm2 in the AlluraClarity group
(P<0.001). FrDSA was not significantly different between the Allura and AlluraClarity groups:

298.6±185.6 DSA frames vs 302.3±115.9 DSA frames (P=0.94). Table 4 summarizes the dose
characteristics for complex EVAR.
Fluoroscopic Rates

There was a significant association in the univariate linear regression analysis between DAPfluoro

and FT for all C-arms. For the mobile C-arm, the βFT was 1.44 Gycm2 (r2=0.88, P<0.001), for
Allura the βFT was 4.36 Gycm2 (r2=0.79, P<0.001), and for AlluraClarity the βFT was 4.26 Gycm2
(r2=0.89, P<0.001). This indicated that with every 1-unit increase in FT, the DAPfluoro increases
by 1.44 for the mobile C-arm, 4.36 for the Allura, and 4.26 for the AlluraClarity. While there was

a difference between mobile and fixed C-arms (P=0.01), there was no significant difference
between Allura and AlluraClarity (P=0.69). Based on these βFT estimates from the two linear

models, the DAPfluoro per fluoroscopy minute for the fixed C-arms was triple that of the mobile
C-arm (Figure 2).
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Figure 1. Overview of median radiation doses, among the three C-arms, specified for non-complex EVAR and
complex EVAR.

BMI had no significant association with DAPfluoro in the mobile C-arm model (P=0.13) but was
significantly associated with DAPfluoro for both Allura (βBMI 30.8; r2=0.83, P<0.001) and AlluraClarity

(βBMI 15.2; r2=0.83, P<0.001). In the multivariate regression model of DAPfluoro, there was a
significant difference between the mobile and fixed C-arms (P<0.005) in the association of BMI

with DAPfluoro. In addition, there was a significantly steeper DAPDSA curve in the presence of BMI
for Allura compared to AlluraClarity (P=0.02).
Exposure Rates

The DAPDSA portion of DAPtotal was 0.8% for the mobile C-arm, 54% for Allura, and 37% for
AlluraClarity (Table 5). Linear regression of DAPDSA for the mobile C-arm was infeasible due to
missing numbers of angiography frames in the radiation reports. In univariate linear regression

models for the fixed C-arms, DAPDSA was significantly associated with FrDSA for both Allura (β for
FrDSA 1.37 Gycm2; r2=0.83, P<0.001) and AlluraClarity (β for FrDSA 0.54 Gycm2; r2=0.86, P<0.001),

indicating that with every 1-unit increase in FrDSA, DAPDSA increased by 1.37 for Allura and 0.54
for AlluraClarity.
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Table 3. Dose Characteristics for 46 Noncomplex EVAR Cases by C-Arm Type.a
Mobile C-Arm

Fixed C-Arm

Veradius (n=13)

Allura (n=7)

AlluraClarity (n=26)

p, pFb

31.5±12.3 (16.0-60.0);

29.0 [26.0, 39.0]

21.9±7.6 (13.7-34.6);
20.2 [16.4, 26.0]

23.4±18.6 (8.8-98.5);
17.6 [14.2, 22.6]

0.03,
0.55

55.5±38.9 (17.0-152.0);
37.0 [29.4, 64.8]

244.5±142.2 (47.4-409.5);
287.6 [132.6, 351.0]

157.0±120.4 (25.9-418.0);
110.9 [60.1, 214.9]

<0.01,
0.11

DAPfluoro (Gycm2)

55.1±38.5 (17.5150.0);
36.9 [29.4, 64.6]

96.4±56.3 (31.6-175.9);
73.2 [54.3, 142.6]

99.5±91.7 (11.8-352.6);
70.5 [30.4, 135.0]

0.24,
0.51

DAPDSA (Gycm2)

0.4±0.5 (0.0-1.7);
0.1 [0.1, 0.6]

146.5±101.0 (15.7-275.7);
111.7 [78.3, 233.0]

57.4±47.0 (12.5-224.2);
44.6 [23.7, 82.8]

<0.01,
0.03

AK (Gy)

0.3±0.2 (0.1-0.6);
0.3 [0.2, 0.4]

0.82±0.54 (0.1-1.6);
0.7 [0.5, 1.1]

0.6±0.4 (0.1-1.6);
0.3 [0.2, 0.8]

0.13,
0.26

-

137.1±70.5 (76.0-292.0);
122.0 [109.5, 125.5]

134.4±87.8 (41.0-380.0);
113.0 [81.0, 140.8]

-,
0.63

FT (min)
DAPtotal (Gycm2)

Frames (n)

Abbreviations: AK, air kerma; DSA, digital subtraction angiography; fluoro, fluoroscopy; FT, fluoroscopy time; Gy,
gray; DAP, kerma area product.
a
Data are presented as the means ± standard deviation (minimum-maximum); median [interquartile range].
b
p, among the 3 groups; pF, between Allura and AlluraClarity fixed C-arms.
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Figure 2. Scatterplot of DAPfluor vs. Fluoroscopy time (FT). While there is a significant difference between the
regressions of mobile versus fixed C-arm, there is no significant difference between Allura-non-Clarity vs. AlluraClarity.
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Table 4. Dose Characteristics for Complex EVAR by C-Arm Type.a
Mobile C-Arm

Fixed C-Arm

Veradius (n=5)
FT (min)

Allura (n=15)

AlluraClarity (n=19)

p, pFb

82.2±28.8 (47-120);
77.0 [66.0, 101.0]

103.2±63.7 (14-216);
106.0 [47.0, 132.4]

98.7±42.8 (41.2-187);
82.0 [69.1, 135.5]

0.83,
0.81

109.5±43.4 (45.4-159.0);
102.0 [102.0, 139.0]

873.8±652.5 (129.7-2590);
743.9 [500.7, 1148.0]

598.2±318.5 (128.6-1362);
494.2 [408.4, 873.0]

<0.001,
0.12

DAPfluoro (Gycm2) 108.1±43.3 (44.5-158.0);
101.0 [100.0, 137.0]

434.3±411.2 (8.2-1652);
334.8 [180.5, 602.4]

419.6±247.0 (71.8-927);
324.0 [245.0, 589.7]

0.03,
0.9

DAPtotal (Gycm2)

DAPDSA (Gycm2)

1.2±0.7 (0.1-2.0);
1.4 [0.9, 1.5]

437.7±281.2 (33-938);
429.3 [217.3, 631.0]

178.6±93.3 (56.8-435);
176.5 [125.3, 212.2]

<0.001,
0.001

AK (Gy)

0.7±0.3 (0.3-1.1);
0.9 [0.4, 0.9]

6.0±4.7 (0.8-18);
5.8 [2.6, 7.9]

3.7±2.5 (1.0-10);
2.5 [2.0, 5.3]

<0.001,
0.08

—

298.6±185.6 (54-739);
266.0 [177.8, 427.5]

302.3±115.9 (123-516);
277.0 [221.5, 382.5]

—,
0.94

Frames (n)

Abbreviations: AK, air kerma; DSA, digital subtraction angiography; fluoro, fluoroscopy; FT, fluoroscopy time; Gy,
gray; DAP, kerma area product.
a
Data are presented as the means ± standard deviation (minimum-maximum); median [interquartile range].
b
p, among the 3 groups; pF, between Allura and AlluraClarity fixed C-arms

2

DAP per DSA frame (Gycm /frame)

5

4

3

2

1

0
15

20

25

30

35

40

2

45

50

Body Mass Index (kg / m )
Allura

AlluraClarity

Figure 3. Linear regression plot of Dose Area Product dose per Digital substraction frame (DAPdsa/Frn) vs. Body
Mass Index (BMI). Frame dose increases more steeply with increasing BMI in Allura-non-Clarity than in AlluraClarity.

72

ALLURACLAIRTY RADIATION REDUCTION TECHNOLOGY CHAPTER 4

Adding BMI to each model showed a significant effect of BMI on DAPDSA for Allura (βBMI 7.03,

P=0.001) and AlluraClarity (βBMI 28.7, P<0.001). In the multivariate regression model, the
association between DAPDSA and FrDSA significantly differed between Allura and AlluraClarity in
favor of the latter (P=0.003 for interaction of FrDSA and equipment). There was a significantly

stronger association of BMI with DAPDSA for Allura than for AlluraClarity (P=0.001 for interaction

of BMI and equipment). Based on these βDSA estimates of the 2 linear models, the DAPDSA/

FrDSA for Allura (1.36 Gycm2) was reduced by 61% compared with the DAPDSA/FrDSA for AlluraClarity
(0.54 Gycm2) during EVAR procedures (P=0.03; Figure 3).

Table 5. Calculated Dose Characteristics.a
Mobile C-Arm

Fixed C-Arm

Veradius

Allura

AlluraClarity

(n=18 )

(n=22)

(n=45)

DAPDSA/DAPtotal (%)

0.80±0.67

53.6±14.6

36.98±12.62

DAPfluoro/DAPtotal (%)

99.16±0.72

44.96±17.25

63.04±12.61

DAPtotal >500 Gycm2 - complex (%)

0

11/15 (73)

9/19 (47)

AK >5 Gycm - complex (%)

0

8/15 (53)

5/19 (26)

2

Abbreviations: AK, air kerma; DSA, digital subtraction angiography; fluoro, fluoroscopy; Gy, gray; DAP, kerma area
product. aContinuous data are presented as the means ± standard deviation; categorical data are given as the
counts (percentage).

Discussion
The addition of the AlluraClarity dose-reduction technology to an Allura fixed C-arm can efficiently

reduce the intraoperative radiation doses for complex and noncomplex EVARs by 62% and 34%,

respectively. The reduction in the radiation dose with AlluraClarity mainly manifests in the
exposure images during single shots and DSA, producing a 61% radiation dose reduction per
exposure frame within the abdominal region. The only difference found between Allura and

AlluraClarity in the fluoroscopy mode was a significant reduction in the steepness of the DAPDSA/
Fr curve based on BMI.

The results of the dose-reduction technology are in line with previous studies comparing AlluraClarity

with Allura in other applications (Table 6). Dekker et al. 9 found a 43% DAP dose reduction in
complex electrophysiology interventions in a randomized clinical trial involving 136 patients.

In this study, the dose reduction was not divided into DAPDSA and DAPfluoro. In addition, a 50%

operator dose reduction was achieved in the AlluraClarity group.9 Soderman et al10 also found
a 60% reduction in radiation dose among 614 patients undergoing neuroangiography and

interventional neuroradiology procedures. This reduction was mainly due to DAPDSA, as the
DAPfluoro amount for these procedures was negligible by comparison. Haas et al.

11

reported a

substantial 56% dose reduction for pediatric cardiac catheterization in patients with congenital

heart disease. Nakamura et al. 12 have recently shown 66% DAP reduction coronary angiography
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Electrophysiological
interventions

Dekker et al., 2013 9

Iliac artery angiography

Percutaneous coronary
intervention

Coronary angiography

Prospective, noninferiority
study

Retrospective

181 vs. 127

359 vs. 307

-

63%

66%

56%

71%

57%

75%

65%

62%

43%,

DAPtotal

-

-

-

-

77%

-

-

-

80,3% / (83.3
per frame)

-

-

-

-

PA: 83%
LCA: 79%
RCA: 72%

73%

69%

-

DAPcine
DAPdsa
cineangio
graphy

-

-

-

-

30%
(not sign.)

33%

-

-

DAPfluor

% Reduction DAP

-

-

-

-

-

-

-

50%,
p < 0·0001

Operator
dose

Abbreviations: cine, cineangiography; DSA, digital subtraction angiography; EVAR, endovascular aneurysm repair; fluoro, fluoroscopy; DAP, kerma area product; LCA, left
coronary angiography; NS, not significant; PA, posterior anterior; PCI, percutaneous coronary intervention; RCA, coronary angiography; RCT, randomized controlled trial.

van Strijen et al, 2015 20

Nakamura et al., 2015 12

226
(109 vs 117)

189
(100 vs 89)

Congenital heart disease
> 40 kg

Longitudinal - / two recording
periods

70
(35 vs 35)

138

174

136
(68 vs6)

n

234
(119 vs 115)

Congenital heart disease,
Below 10 kg

Haas et al., 2015 11

Randomized trial

Longitudinal / two recording
periods

Randomized, unblinded
parallel controlled

Study type

Congenital heart disease,
10-40 kg

Coronary angiography

Eloot et al., 2015 21

Interventional
neuroprocedures

Söderman et al., 2013 10 Diagnostic neuroangiography

Intervention

author

Table 6. Overview of Clinical Studies on AlluraClarity.
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and 63% reduction for coronary interventions. (author: I added reference 12 here to keep the
numbering sequential)

Our study has shown it is feasible to significantly reduce DSA radiation dose for interventions in
the abdominal region. AlluraClarity mainly reduced exposure frame dose (DAPDSA/FrDSA) more
than fluoroscopy dose per minute; therefore, procedures in which a significant number of
exposure runs are required will benefit most from an AlluraClarity upgrade.

Although the efficient reduction of DAPDSA by AlluraClarity was expected, we were surprised by

the increment between the fixed and the mobile C-arms: ³ 40% of the DAPtotal dose for the fixed
C-arms was attributable to DAPDSA, whereas DAPDSA for the mobile C-arm was negligible: only

0.5% for noncomplex EVAR and 2% for complex EVAR. The effect of exposure imaging should

not be underestimated when the fixed C-arm is used, regardless of whether or not the AlluraClarity
technology is available. For fixed C-arms, Mohapatra et al.13 showed that these exposure images

were 37% (range 31%-43%) of the DAPtotal dose, whereas Pitton et al.14 reported that exposure
imaging accounted for >70% of the total dose.

The effect of BMI on the total dose can vary significantly between the types of C-arms and

between the additional modes of acquisition. Previous research has shown that BMI is significantly

associated with radiation dose.4 A BMI >30 kg/m2 significantly increased the overall dose
compared with a BMI <25 kg/m2. Patients with a higher BMI have been found with a 3 times

higher peak skin dose compared with a lower BMI.15 In the current study, BMI was significantly

associated with the accumulated radiation dose when a fixed C-arm was used, whereas for the
mobile C-arm, BMI did not show an association with the total dose. The overall association of
BMI was strongest for the DSA frame dose with Allura. Thus, patients with a high BMI will benefit

more from a ClarityIQ upgrade than patients with a lower BMI, as higher dose reductions are
achieved at higher BMIs.

Working in the hybrid OR requires a strict focus on radiation dose reduction using the ALARA
principle (as low as reasonably achievable), starting with adequate shielding, for example, with
ceiling-mounted lead screens, increasing the distance during longer exposure shots, and

minimizing the radiation time.16 These all require a continuously active focus on radiation
protection by the operator during the intervention.

The most important advantage of AlluraClarity is that radiation doses can be reduced in all cases
without affecting the working habits of the physician. The current dose for patient follow-up is

500 Gycm2, as initiated by Stecker et al.17 and endorsed by the International Commission on

Radiological Protection.18 Before the ClarityIQ integration in our hybrid OR, 11 (73%) of 15

complex EVAR cases reached 500 Gycm2, whereas only 9 (47%) of 19 complex EVARs reached
this level after the update, a reduction of 25%. A fixed C-arm with AlluraClarity technology can
make a difference in the number of patients who require follow-up for radiation-induced skin
disease in lengthy, complex EVAR procedures.
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AlluraClarity can reduce the dose per DSA or single shot frame; however, these high dose

exposure frames account for a large amount of the overall radiation dose, whereas the DSA time
is limited in comparison to the fluoroscopy time. A consecutive number of DSAs are required

during the entire EVAR procedure.19 Thus, adequate focus on dose awareness is most easily

achieved by optimizing the DSA protocol based on the 3 ALARA principles: time, distance, and

shielding. To optimize dose parameters specifically for DSA imaging on fixed C-arms, first start

by choosing the optimal DSA protocol (eg, 2 fps vs 3 fps will affect the dose, but 3 fps is
sometimes required) then reducing the overall DSA time. The operator should be aware of the

goal of each DSA run and when this goal is reached, the imaging must be stopped immediately.
We standardized our procedure so that when an operator is planning to perform shorter 2-fps
DSA, the focus is on repositioning the ceiling-mounted lead screens in the optimal position,

minimizing the distance between the detector and the patient, and reducing the air gap, which
also benefits the image quality besides reducing the scattered dose. However, when the surgeon

is planning a longer DSA run with 3 fps (as for the final angiogram), all personnel should move
away an adequate distance from the X-ray source.

Changing to equipment upgraded with AlluraClarity can have different consequences depending

on the previous equipment and the operators performing the EVAR. For those operators still
working with a mobile C-arm and who might consider changing to a hybrid OR with a fixed C-arm,

the DSA radiation dose is most likely to increase sharply after the transition, even when the
AlluraClarity upgrade is directly available after the transition. Thus, for this group, the focus should

be on methods to reduce DSA dose and the use of additional radiation shielding during the
transition period.

Operators who will benefit from this upgrade are those who are already working in a hybrid OR
with a fixed C-arm without AlluraClarity. For this group, an upgrade with AlluraClarity will result

in a decrease in the patient DSA dose per run compared to similar DSA runs before the upgrade,
resulting in an overall reduction in the cumulative DSA radiation dose exposure in the hybrid OR.
Limitations

The retrospective design and the inability to match patients were restrictions in this study. Further,

there may have been bias in the overall learning curve between the Allura and AlluraClarity
groups. The transition from the mobile C-arm to the fixed C-arm could also have influenced the

overall doses. However, we adjusted for the number of frames in the exposure dose models and
for radiation minutes in the fluoroscopic models to ensure an optimal comparison of the dose

per minute and dose per frame. We did not directly compare the quality of each image between

Allura and AlluraClarity, although previous research has shown that the image quality of the DSA
frames is comparable between modalities.10,20,21
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Conclusion
A fixed C-arm generates higher radiation doses than a mobile C-arm. The dose-reduction

technology of AlluraClarity is an effective method to reduce these intraoperative radiation doses.
After the upgrade with ClarityIQ technology, the DSA frame radiation dose during EVAR was

reduced by 61%, while the cumulative fluoroscopic dose, as well as the fluoroscopic dose rates,

remained similar. Patients with a higher BMI and patients who undergo interventions that require
a relatively large number of DSA runs benefit most from an AlluraClarity upgrade.
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Abstract
Objectives

This study measured the cumulative occupational X-ray radiation dose received by support staff
during endovascular aortic procedures and during additional intraoperative steps in the hybrid
operating room (OR).
Methods

Radiation dose measurements were performed during interventions on 65 patients receiving 90
stent grafts during endovascular aortic repair (EVAR), bifurcated EVAR, thoracic EVAR, iliac

branched device (IBD), aorto-uni-iliac (AUI), and fenestrated/branched EVAR (F/BrEVAR). X-ray

imaging was acquired using the Philips Allura FD 20 Clarity System, and the personal dosimeters
of the Dose Aware Xtend system were used to measure the occupational radiation dose for the

primary staff, which consisted of a virtual maximum operator (MO) dose, the first operator (FO),

second operator (SO), and supporting staff, including the sterile nurse (SN), nonsterile nurse

(SNS), anaesthesiologist (AN), and radiation technician (RT). The primary outcome was the

median (estimated) effective (E) dose (mSv) per staff member analyzed as the cumulative dose
per intervention, per interventional step for EVAR, and per target vessel (TV) for FEVAR. The
second outcome was the percentage of the absorbed E by a supporting staff member in relation

to the E measured by the reference badge attached on the C-arm (Eref). All outcomes are
presented as median with interquartile range (IQR), unless stated differently
Results

The occupational effective dose in mSv of the MO (EMO) was 0.055 [0.029-0.082] for AUI (n= 6),

0.084 [0.054-0.141] during thoracic EVAR (n = 14), 0.036 [0.026-0.068] during bifurcated EVAR
(n= 38), 0.054 [0.035-0.126] during IBD (n = 8), and 0.345 [0.235-0.757] during F/BrEVAR (n =

24). The median EMO in mSv was 0.025 [0.012-0.062] per renal TV and 0.146 [0.07-0.315] for a
nonrenal visceral TV. During all noncomplex interventions, the EMO% was 4.4% [2.7%-7.3%], with

the lowest median rate at 3.5% [2.5%-5%] for EVAR. The highest median rate EMO% was found
for F/BrEVAR procedures: 8.2% [5.0%-14.4%]. The median EMO% was 3.6% [2.7% -27.7%] during
renal TV by femoral access, 7.7% [6.9%-37.7%] during renal TV by brachial access, 9.9% [6.8%

-29.5%] superior mesenteric artery/celiac artery (SMA/CA) TV by renal access, and 25% [10.2%54.5] SMA /CA renal TV by brachial access.
Conclusions

With the maximum operator shielding during femoral access, relative occupational radiation risk

can be minimized. However, DSA acquisition, recanalization of TVs through brachial access and

recanalization of SMA/CA are predictors for increased occupational radiation dose risks, caused
by increased patient radiation doses and reduced options for operator shielding.
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Introduction
The transition from mobile C-arms to fixed C-arms dedicated to endovascular aortic repair (EVAR)
in hybrid operating rooms (ORs) has raised concerns about the increased radiation dose exposure

to both patients and staff.1,2 Although hybrid ORs are better equipped with radiation shielding
protection gear compared with standard ORs with mobile C-arms, all staff members that work
in the hybrid OR are at risk for absorbing higher radiation doses resulting from higher exposure
rates of the dedicated fixed C-arms when not used adequately.3 The effective cumulative radiation
dose absorbed by the staff per intervention is multivariable: it depends on the exposed radiation

dose by the system, the amount of scattered dose from the patient, the dose settings of the X-ray
system, total radiation time, personal shielding, and distance from the X-ray source. 4 Therefore,
the distributed radiation risks for staff members across the interventions is not constant but
depends on the varying cannulation or deployment steps and the acquisitions that are chosen.5,6
Although all staff members’ exposure to radiation should be minimized at all times, understanding

which steps account for higher radiation doses and which steps are “relatively” safe to perform
creates more awareness across the variety of procedures or during complex interventions such

as fenestrated or branched (F/BrEVAR).7,8 However, recent studies have primarily focused on
measuring the cumulative radiation doses when presenting clinical results or have been limited
to phantom experiments for identifying radiation risks of specific radiation settings on staff

exposure dose.6,9 Here, we report the results of our analysis of patient radiation doses to estimate

the cumulative effective occupational radiation doses for a variety of aortic interventions and for
fluoroscopy and digital subtraction angiography (DSA) image acquisition. In addition, we studied

the variation of radiation doses for specific interventional steps for bifurcated and complex
F/BrEVAR to assess whether there are differences in dose distribution during procedural steps
for specific target vessels (TV) or between transfemoral vs transbrachial cannulated TVs.

Methods
Patient and staff doses of all elective EVAR procedures performed between February 2015 and

March 2016 were prospectively analysed. All interventions were performed by using a Philips Allura
Xper FD20 Flexmove system with ClarityIQ technology (Philips Medical Systems, Best, the

Netherlands). The Allura system is combined with a Maquet Magnus surgical tabletop with carbon

fiber (MAQUET Medical Systems, Rastatt Germany). The X-ray system is installed in a hybrid OR
with imaging screens on both sides of the table and with the C-arm on the right site of the patient.
Our standard team for these types of interventions consists of the first operator (FO) and second

operator (SO), who work on both the left and right side of the patient. The sterile scrub nurse
(SN) works on the left side of the patient, and the radiation technician (RT) works on the right

side of the patient. Figure 1 shows the standard location of all supporting staff, including the
nonsterile nurse (NSN) and anesthesiologists (assistant).
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The doses collected from FO and SO were used to calculate a new “virtual” operator dose, which

was called the maximum operator (MO) dose. The MO dose refers to the maximum dose
measured per X-ray run, independent from the SO or FO. We chose this method because the
FO and SO frequently change operating position during FEVAR.

Standard radiation protection was used during all procedures, including a lead apron and thyroid

collar. Two ceiling-mounted lead shields, coming from the right and the left sight of the patient
were used during transfemoral access. We also used two lead-free radiation-absorbing sterile

disposable surgical drapes containing bismuth and barium (Radpad; Worldwide Innovations &
Technologies, Inc., Kansas City, Kansas), which were positioned at the femoral access sites as

suggested by Kloeze et al.6, (Figure 1). During transbrachial access, a single lead screen was
used, without an additional transbrachial lead-absorbing drape. Finally, two table-mounted lead

skirts were attached on both sides at the table. A movable radiation “wall shield” was available
for the anesthesiology staff, for which the height of the screens can be manually changed.
Staff dose

The occupational radiation dose was measured by using real-time Dose Aware personal

dosimeters (PDM) combined with the Dose Aware Xtend system (DAX; Philips Medical Systems).
The PDMS are calibrated for personal dose equivalent Hp (10) (ISO 4037). The PDM badges
were used to estimate the staff effective dose (E) and were attached to the outer edge of the left

breast pocket of the protective apron of the staff. Other supporting staff members attached the
badge on the surface of the lead apron in the middle. The Dose Aware Xtend is connected to
the hybrid OR video routing system to visualize the occupational dose in real-time on each video

screen in the room. In addition, a reference PDM (REF) is positioned on the C-arm at a similar
height as the X-ray source glass screen, as advised by the Dose Aware Xtend manual.

C-arm
RT

Lead-absorbing
blanktet

FO/SO

(ceilin-mounted)
Lead screen
AN

NSN
SN

FO/SO

Sterile operating
Table(s)
C-arm moving panel
TV screen

Figure 1. Overview of the Hybrid Operation room set-up during femoral vascular Access
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Interventions and Step definitions

Patient interventions were grouped into (noncomplex) EVAR, including aortouniiliac (AUI),

bifurcated EVAR, thoracic EVAR (TEVAR), branched iliac device (IBD), and compared with
(complex) F/BrEVAR. Only F/BrEVAR with more than three TVs were included. F/BrEVAR
procedures were performed by two highly experienced vascular surgeons (minimum 3 years of

experience in F/BrEVAR), who temporarily alternated the task of primary operator per cannulation
and stenting of each TV as well as changing position side at the table.

In addition, F/BrEVARs can be extended proximally with a TEVAR or distally extended with a

bifurcated EVAR or AUI graft. When the F/BrFEVAR is extended with an EVAR or AUI, two
overlapping steps can be identified that do not need to be repeated: step 1, starting with the wire

insertion, at the beginning of the procedure, and step 5, the ballooning and final angiogram at
the end of the procedures (see Table 1). When multiple stents were deployed in a single

intervention (eg, FEVAR with EVAR), the radiation dose data were extracted and presented for

each separate graft. The overlapping stent graft steps, step 1 and step 5, were multiplied and
added to each both stents. Table 1 explains the content of each (overlapping) step.

Table 1. Classification of the endovascular aortic repair (EVAR) and fenestrated/branched (F/Br) EVAR steps.
These steps are required for both EVAR and FEVAR, and are multiplied for each group. EVAR consist of step 1,
5 (general steps) combined with steps 2E, 3E, 4E. While FEVAR/BrEVAR consist of step 0 and steps 5 (general
steps), combined with 2F/Br-mainbody, 3F/Br and 4F/Br. The Step 3F/Br. was further divided as doses were tracked
per Target Vessel (TV).
Steps

FEVAR /BrEVAR

0E of 0F/Br

Pre-(F/Br)EVAR steps (embolization,
coiling etc.)

1E of 1F/Br

Lateral and contralateral wire (pigtail)
into the abdominal/thoracic aorta

EVAR

2 F/Br – main body Stent graft navigation and deployment
(optional 3D rotational angiography)
3F/Br - TV

Cannulation/Stenting of TV
(separated per LN, RN, SMA and CA)

2E

main body tent graft navigation and
deployment

3E

Cannulation contralateral leg

4E

Stenting (lateral and) contralateral leg
extension(s)

5E or 5F/Br

Completion DSA (3 fps)

0

Post (F/Br) EVAR steps

Radiation Dose settings

The standard (Clarity) fluoroscopy abdomen protocols were used acquired at 15 frames per
second (fps). We focused on reduction of the air gap between the detector and the patient and
used collimation when possible. In addition, a standard “2 fps” protocol was used for all standard

DSA runs, and the operator did not leave the table during these runs. For the final angiogram,
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a 25 to 30 mL and 15 mL/s protocol was used on the power injector [ref of the vendor], combined
with a 3fps DSA protocol long-radiation run. During these runs, the staff moved an additional

distance from the radiation source. Finally, “roadmap” runs (low-dose DSA with but at higher
noise level), were used during the study period to confirm catheterization of the correct TV.
Patient radiation dose.

Patient radiation dose was collected including Procedure time, Dose Area Product (DAP) in

Gycm2, air kerma (AK) in Gy, fluoroscopy time (FT) in minutes, acquisition type (fluoroscopy,

DSA, or navigate/roadmap run), and procedure time. We also manually annotated the contrast
volumes used per complete intervention and the timestamps for each procedure step.
Data extraction

All patient and operator was collected through structured DICOM dose reports (one file including
patient and C-arm information and one file including staff dose information). Radiation dose

information was extracted using Matlab 2016a software (Mathworks, Natick, Mass, USA) and
anonymized (from both patient and staff names). Timestamps of each X-ray run, which were

included in the dose reports, was matched with the procedural timestamps of each interventions
step. Finally, the cumulative patient and Effective dose (E) for staff, separated per stent graft,
and per procedural graft could be calculated. The primary end point was the cumulative effective

radiation dose received per staff member (ESTAFF) and specified per intervention. The secondary
end point was the percentage of received dose per supporting staff member with respect to the
references dose badge attached on the C-arm, ESTAFF% = ESTAFF /(EREF/100), for each X-ray run.
Statistical analysis

Radiation parameters are reported as median with the interquartile range (IQR), and other

continuous data are reported as mean ± standard deviation. Two-factor tests were performed
with the Mann-Whitney U test, and a multiple factor test was performed using the Kruskal-Wallis
test, with the Mann-Whitney U test for post hoc testing to analyse dose variations between stent

grafts. For TV analysis, a univariate linear mixed model was used to analyse (1) the difference
in Estaff and Estaff% between renal artery TV vs superior mesenteric artery (SMA)/celiac artery (CA)
trunk TVs, (2) the effect of transbrachial vs femoral access, and (3) the difference between

fenestrated vs branched TVs. All statistical analysis was performed using R (R Core Team (2016).

R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria.)
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Results
Patient characteristics

The study comprised 65 patients, in whom 90 main grafts were deployed, including AUI in 6
(6.7%), EVAR in 38, TEVAR in 14 (15. 6%), F/BrEVAR in 24 (26.7%), or IBD in 8(8.9%), of which

12 were reinterventions. Body mass index (BMI) was 26.38 ± 3.4 kg/m2, and age was 72.5 ± 8.5
years. Patient and interventional characteristics are listed in Table 2.

AUI stenting was mostly combined with a F/BrEVAR (1 for AUI only vs 5 for AUI+F/BrEAVR).
Similarly, only 2 individual IBDs were deployed without an additional graft, while 6 IBDs were

combined with an EVAR graft. From the 24 F/BrEVARs, 14 grafts were combined with at least
1 other graft (EVAR, TEVAR, or AUI) to reach proximal and/or distal sealing. The median (SD)
contrast volume measured was 73 ± 27 mL for all independent EVARs, 106 ± 36 mL for EVARs

combined with IBD, 85.91 ± 31.69 mL for TEVARs, and 172 ± 39 mL for F/BrEVAR. Table 3
describes the additional patient radiation dose outcomes per stent graft.

Table 2. Patient Baseline Characteristics. Ce-CBCT, = contrast-enhanced Cone Beam CT (used for 3D roadmap
guidance)
AUI
(n = 6)

TEVAR
(n = 14)

EVAR
(n = 38)

IBD
(n = 8)

F/BrEVAR
(n = 24)

P

Age (years)

73.8 ± 4.8

67.0 ± 9.4

74.2 ± 8.6

69.1 ± 5.8

74.6 ± 7.1

.03

BMI (kg/m2)

26.0 ± 3.1

27.0 ± 3.8

26.2 ± 3.3

28.1 ± 5.8

26.3 ± 2.8

.66
.16

Re-interventions (n, %)
NETTO procedure
time (min)
ce-CBCT (n)

0

3 (21.4%)

3 (7.9%)

2 (25.0%)

7 (29.2%)

25.6
[19.0, 43.4]

60
[49.5, 84.6]

56.2
[44.5, 68.9]

69.4
[43.4, 103.5]

176.4
[144, 239.5]

0

0

0

0

22

EVAR/TEVAR

EVAR with FEVAR/IBD vs EVAR without F/BrEVAR (n = 20 EVAR only, n = 12 for EVAR with
F/BrEVAR, and n = 6 EVAR with IBD), showed no difference in median cumulative AK (0.38

[0.26-0.58] Gy vs 0.34 [ 0.27-0.68] Gy; P =.71), the EREF (1.119 [0.707-1.49] mSv vs 0.98 [0.7651.624] mSv; P > .99) or EMO dose (0.036 [0.02-0.077] mSv vs 0.036 [0.028-0.053] mSv; P =.78).

No significant differences were found in the median EMO between individual TEVAR (n = 11; 0.089

[0.051-0.172] mSv) and TEVAR including FEVARs (n= 3); 0.084 [0.054-0.141] mSv) as well.
Therefore, we further combined EVARS and TEVARS into one group, and presented al F/BrEVARS

outcomes excluding any proximal or distal extension radiaiotn dose. Figure 2 shows the
distribution of intraprocedural radiation exposure per EVAR step for both the patient and
(supporting staff).
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0.1 [0.1-0.2]

31.6 [18.3-41.4]

DSA Dose Area Product (Gycm2)

DSA Air Kerma (Gy)

43.1 [31.3-50.4]

5.5 [3.5-8.2]

DSA time (sec)

DSA (n)

Patient Doses Digital Subtraction Angiography (DSA)

0.2 [0.2-0.3]

65.5 [49.4-77.9]

Dose Area Product (Gycm2)

Air Kerma (Gy)

11.5 [8.4-12.3]

101.5 [73.5-110]

AUI
(n=6)

Fluoroscopy Time (minutes)

X-ray runs (n)

Patient Outcome (Cumulatieve )

Table 3. Cumulative and DSA radiation dose outcome per stent graft

0.2 [0.1-0.3]

49.1 [40.2-82.9]

37.3 [28.1-48.7]

7.5 [5.2-10]

0.3 [0.2-0.8]

87 [69.8-261.6]

12.4 [9.7-22.8]

122 [82.2-177]

TEVAR
(n=14)

0.2 [0.1-0.2]

40.7 [25.1-60.1]

43.5 [36.9-54.6]

9 [6-11]

0.4 [0.3-0.7]

93.1 [63.5-132.5]

17.3 [15.4-23.6]

144.5 [114.5-170.2]

EVAR
(n= 38)

0.1 [0.1-0.5]

45.2 [22.8-77.9]

34.2 [25.6-82.1]

10 [7-15.5]

0.4 [0.2-1.2]

100.7 [65.9-220.6]

25.2 [16.7-27.8]

163 [121.5-207]

IBD
(n=8)

0.7 [0.6-0.9]

94.9 [71.6-126.4]

87.3 [63.7-105.6]

23.5 [18.8-29]

2.9 [2-3.7]

384.8 [265.2-522.3]

82.5 [72.7-112.6]

443 [412.2-544]

F/BrEVAR
(n=24)
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FT (min)

Proc Time (min)

13

35

63

79

110

136

160

12
5

44
36.

64

81

120

GroupCount(n)

DAP (Gycm2)

0.0013
0.0010

0.0027
0.0024

0.0053
0.0048

0.009

0.05
0.03

0.16

0.21

0.33

0.39

0.54

ERT (mSv)

AK (Gy)

0.0007
0.0006

0.0009

0.0013

0.0015

0.0017

0.0023

0.060

0.166

0.424

0.540

0.807

1.005

1.449

ESN (mSv)

EREF (mSv)

0e+00

1e−04

2e−04

0.002

0.006

0.016

0.020

0.029

0.033

0.043

ENSN (mSv)

EMO (mSv)

0.0085
0.0081
0.0077
0.0075

0.003
0.0007

0.009

0.011

0.016

0.018

0.028

EAN (mSv)

EFO (mSv)

ESO (mSv)

6 Post EVAR tasks

5 Ballooning/Final Angiogram MG (stent)

4 Leg(s) extension (stent)

3 Contra Lateral Leg cannulation (cann)

2 Main Stent Graft deployment (Stent)

1 Wire insertion (cann)

0 pre-EVAR tasks

Bifurcated EVAR

0.003

0.005

0.011
0.010

0.014

0.015

0.016

Figure 2. Distribution of the patients and staff radiation dose parameters during 5 standard steps, combined with steps before and after cannulation and stenting, in bifurcated
EVAR, DAP = Dose Area Product, AK = Air Kerma, FT = Fluoroscopy Time, GRP = number of X-ray runs, REF = reference Dose (attached on the C-arm), MO = Maximum
Operator, FO = First Operator, SO = Second Operator, RT = Radiation technologist, SN = Sterile Nurse, NSN = Non Sterile Nurse, AN = Anaesthesiologist (technician)
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Noncomplex interventions

The median EMO was 0.055 [0.029-0.082] mSv for AUI, 0.084 [0.054-0.141] mSv for TEVAR,
0.036 [0.026-0.068] mSv for EVAR, and 0.054 [0.035-0.126] mSv for IBD. The EMO was <0.1

mSv in 50 of 66 procedures, between 0.1 and 0.2 mSV during 10 interventions, and the maximum
EMO measured from all procedures was 0.386 mSv (for a reintervention IBD with transbrachial
access) (Table 4).

There were no differences in radiation dose received per intervention among EVAR, AUI, TEVAR,
and IBD for supporting staff NSN, SN, and RT, or in the percentage of the reference doses among
these interventions. Figure 3 illustrates the spread of the cumulative radiation dose between
fluoroscopy and DSA between noncomplex and complex interventions.
The median percentage of E in the received reference dose for all noncomplex grafts was 4.4%
[2.7%-7.3%] for MO, 3% [1.7%-5.6%] for FO, and 1.9% [0.7%-3.4%] for SO. Generally, SN
received 0.15% [0.06%-0.34%], NSN received 0.11% [0.04%-0.21%], and the anesthesiologist
received 0.13% [0.04%-0.32%] of the reference E during these procedures. The maximum dose
measured for a single noncomplex procedure was 0.040 mSv for SN, 0.017 mSv for NSN, and
0.023 mSv for the anesthesiologist (Table 4).
F/BrEVAR
A median EMO of 0.345 [0.235-0.757] mSv was found for all F/BrEVAR interventions (thus not
including E responsible for any proximal or distal extension). Notably, EMO yielded >1 mSv for n
= 4, and >2 mSv for n =1 but EMO was <0.1 mSv for n = 2.
Of the 84 individual TVs for F/BrEVAR, there were 45 (53.6%) renal arteries, 23 (27.4%) SMA,
and 16 (19.0%) CA. 70 (83%) TVs were fenestrations, and 14 (17%) TVs were branched.
Transbrachial access was used, besides all 15 branches, in an additional of 12 TV’s through a
fenestration opening. The median fluoroscopy time per TV was 15.2 [9.8-28.4] minutes, DAP
was 58.7 [35.4-106.1] Gycm2, and cumulative AK was 0.6 [0.4-0.9] Gy per TV. Median operator
dose per TV, EMO, was 0.062 (0.025-0.161) mSv.
Although nonrenal TVs used fewer (but not significantly) fluoroscopy minutes for renal arteries
(16.5 [10.6-31.2] minutes) and SMA/CA (12.6 [8.5-20.3] minutes; P =.15), they accounted for
significantly higher median DAP doses of 41.4 [25.6-78.7] Gycm2 for renal arteries vs 85.5 [52.6117.8] Gycm2 for SMA/CA (P >.001). Figure 4 depicts the spread of radiation dose per staff
member between the varying type of anatomical orientated TV dose outcomes for all Staff.
The median EMO for cannulating a single renal related TV was 0.017 [0.006-0.037] mSv. This
was significantly lower when compared with the cannulating and stenting of a SMA/CA TV, which
was an EMO of 0.104 [0.049-0.186] mSv (P >.001). The EMO was 0.033 [0.014-0.076] mSv for a
fenestrated TV cannulated by transfemoral access, 0.150 [0.093-0.486] mSv for a fenestrated
TV by brachial access, and 0.164 [0.104-0.342] mSv for a branched TV, which was always
stented by transbrachial access. Figure 5 summarizes the variance in operators EMO% for the
varying Access sites and TV groups.

90

0.041 [0.022-0.073]

0.026 [0.013-0.031]

0.006 [0.006-0.006]

0.005 [0.005-0.006]

FO(mSv)

SO (mSv)

RT (mSv)

SN (mSv)

0 [0-0.001]

7.11 [4.3-10.3]

5.27 [2.77-9.05]

3.33 [2.34-3.79]
0.62 [.62-0.62]
0.62 [0.6-0.73]

0.18 [0.06-0.19]

0.05 [0.03-0.16]

MO( % ref)

FO( % ref)

SO (% ref)

RT (% ref)

SN (% ref)

NSN (% ref)

AN (% ref)

TEVAR
(n=14)

0.003 [0.003-0.008]

0.002 [0-0.003]

0.004 [0.002-0.005]

0.014 [0.011-0.02]

0.04 [0.015-0.053]

0.065 [0.047-0.104]

0.084 [0.054-0.141]

0.916 [0.657-2.192]

0.32 [0.23-0.57]

0.17 [0.08-0.40]

0.26 [0.15-0.34]

1.58 [1.1-2.83]

2.69 [2.18-4.40]

5.35 [3.19-7.62]

7.53 [4.75-9.37]

Percentage of Staff dose compared to the reference dose (ESTAFF %)

AN (mSv)

0.001 [0-0.002]

0.055 [0.029-0.082]

MO(mSv)

NSN (mSv)

0.771 [0.694-0.889]

REF (mSv)

Effective Dose Staff (ESTAFF)

AUI
(n=6)

0.08 [0.04-0.22]

0.07 [0.03-0.15]

0.08 [0.03-0.16]

0.46 [0.28-0.70]

1.51 [0.68-2.74]

2.22 [1.49-3.65]

3.47 [2.51-5]

0.001 [0-0.003]

0.001[0-0.002]

0.001 [0-0.003]

0.008[.004-0.010]

0.017 [.008-.030]

0.028 [0.017-0.046]

0.036 [0.026-0.068]

1.068 [0.743-1.57]

EVAR
(n= 38)

-0.003]

0.03 [0.02-0.2]

0.12 [0.08-0.16]

0.48 [0.18-0.69]

0.13 [0.12-0.24]

0.77 [0.4-1.12]

2.56 [1.34-6.94]

4 [2.22-6.94]

0.001 [0

0.002 [0.001-0.003]

0.003 [0.002-.024]

0.006 [0.001-0.013]

0.018 [0.017-0.027]

0.044 [0.023-0.186]

0.062 [0.03-0.189]

1.162 [0.763-2.922]

IBD
(n=8)

0.15 [0.08-0.26]

0.14 [0.11-0.3]

0.21 [0.11-0.46]

0.65 [0.5-0.69]

3.9 [2.9-5.24]

6.48 [3.37-9.94]

8.22 [5.07-14.39]

0.007 [0.003-0.018]

0.008 [0.005-0.012]

0.013 [0.003-0.022]

0.029 [0.015-0.038]

0.171 [0.092-0.345]

0.297 [0.161-0.541]

0.345 [0.235-0.757]

5.153 [3.316-6.56]

F/BrEVAR
(n=24)

Table 4 Cumulative Radiation Outcome, REF = reference Dose (attached on the C-arm), MO = Maximum Operator, FO = First Operator, SO = Second Operator, RT = Radiation
technologist, SN = Sterile Nurse, NSN = Non Sterile Nurse, AN = Anesthesiologist (technician),
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Figure 3. distribution of the radiation dose between noncomplex(NC) EVAR (AUI, TEVAR, EVAR, or IBD) and complex (C) EVAR (F/BrEVAR), specified between effective
cumulative dose per intervention according to fluoroscopy versus DSA. DAP = Dose Area Product, AK = Air Kerma, FT = Fluoroscopy Time, GRP = number of X-ray runs, REF
= reference Dose (attached on the C-arm), MO = Maximum Operator, FO = First Operator, SO = Second Operator, RT = Radiation technologist, SN = Sterile Nurse, NSN = Non
Sterile Nurse, AN = Anaesthesiologist (technician), CA = Celiac Artery, SMA = Superior Mesenteric artery, LN = Left renal artery, RN = Right Renal artery, MG = Main body.
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Figure 4. Distribution of the patients and staff radiation dose during fenestared/branched EVAR between the amount of radiation dose required
DAP = Dose Area Product, AK = Air Kerma, FT = Fluoroscopy Time, GRP = number of X-ray runs, REF = reference Dose (attached on the C-arm), MO = Maximum Operator,
FO = First Operator, SO = Second Operator, RT = Radiation technologist, SN = Sterile Nurse, NSN = Non Sterile Nurse, AN = Anaesthesiologist (technician), CA = Celiac Artery,
SMA = Superior Mesenteric artery, LN = Left renal artery, RN = Right Renal artery, MG = Main body.
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Figure 5. The percentage of radiation dose received by the MO compared with the reference dose, during cannulation
of renal artery TV (white) and nonrenal artery TV (oranges), in the case of transfemoral and transbrachial access.

Discussion
Working in hybrid ORs with fixed C-arms requires a constant awareness of strategies to reduce
the patient’s radiation dose as well as the staff radiation dose, which frequently focuses on
personal shielding and increasing the distance from the source during high-dose image
acquisition. We have shown that during bifurcated EVAR, a very low effective radiation dose of
0.036 mSv can be achieved by the MO when adequate shielding is used (including a double
lead-absorbing blanket combined with 2 ceiling-mounted lead screens) and by increasing the
distance from the radiation source during DSA acquisition. In addition, supporting staff is (if
adequately protected, as described) is exposed to very low radiation dose levels during
transfemoral access. Our EMO measurements during EVAR were much lower compared with
the EVAR as recently presented by Sailer et al.10 and van der Haak et al,11 although both used
similar equipment (Philips Allura, including Clarity). The first study found a mean EFO of 0.11 ±
0.21 mSv, and the second reported a median of 0.070 mSv before Clarity and 0.059 mSv
including Clarity. Neither study described the use of lead-absorbing blankets, and Sailer et al
did not make use of additional ceiling-mounted radiation lead screens. The use of lead-absorbing
blankets in EVAR when a mobile C-arm was used was studied by Kloeze et al.6 They showed
that the FO received EVAR a mean EFO per of 0.168 mSv without a lead-absorbing drape vs
0.073 mSv including the drape.
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More concerning are the radiation dose levels during FEVAR, which were higher by a factor of

10 compared with EVAR, at a median E of 0.345 mSv, but also ranged between 0.079 and 2.03
mSv; therefore, a procedural step-wise analysis was performed to analyze which radiation steps

were correlated with the highest radiation dose and which steps were relatively safe. We found

that during FEVAR, the primary radiation exposure occurred with imaging for SMA and CA TVs,
which is primarily conducted by lateral projection of the C-arm.

Effective radiation doses for F/BrEVAR were the highest among all interventions, which was

caused by three major factors: (1) longer procedures times, (2) more C-arm angulation, and

(3) higher frequency of brachial access. Attigah et al7 studied the eye and lens radiation doses
in FEVAR procedures and found a lens dose of 0.69 ± 0.46 mSv for FEVAR and 0.47 ± 0.34
mSv for EVAR. In addition, Albayati et al 3 recently measured operator dose during TVs and

showed a major increase in the head dose during lateral projections; however, they used the

Philips Allura system, without the Clarity technology, in 22 F/BrEVAR cases. Their median
radiation times per procedure (89.1 minutes), total DSA time, and 76.1-second TV time was
~15 minutes.

In our study, the electrical personal dosimeter badges were combined with the DA Xtend

system, which provided direct real-time staff feedback to improve personal protection. The DA
Xtend version has benefits over the standard DA system because real-time dose feedback is
integrated into the OR routing system. This means that the personal dose feedback was not
fixed to a single screen but was sent to multiple screens in and outside the room, and also

automatically collected the exposed radiation dose absorption that both patient and staff
received per X-ray run.

We used our current in-house developed software to read all radiation dose information for the

Allura and the dose aware XTEND from each X-ray run, and merged these values with the patient
dose and C-arm characteristics. However, this setup is not feasible for standard clinical practice
because it is not useful for the personal retrospective analysis for the operators after each
procedure.

In the current study setup, the PDMs were not personally assigned to a staff member but were
assigned to a staff function as the FO or SO. Online software that automatically reads the
personal staff dose and combines it with patient dose and C-arm characteristics, and without the

need for additional manual data readout, while having personalized PDMs, may improve the
total awareness of the staff members.

The Dose Aware PDM badges have an accuracy of <0.001 mSv. During the stepwise analysis,
most steps corresponded to a cumulative dose <0.001 for supporting staff members. Secondly,
supporting staff members were regularly standing with their back to the C-arm, limiting this study,
by potential under- or overestimating their personal dose.
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We were not able to measure radiation doses during emergency procedures. In an emergency
EVAR procedure, and when a patient may not be under general anesthesia, sterilizing lead shields
and anesthesia lead screens might be used less efficiently compared with elective procedures.

Furthermore, this study was a follow-up study of a cohort for which patient radiation doses only
were measured, and there was additional focus on radiation awareness since the start of the

study presented here. The currently presented outcomes, therefore, may not be reliable for
surgeons in training, surgeons changing their practice to work on new hybrid systems, or when
the surgeon’s education on radiation dose is suboptimal.

Conclusions
F/BrEVARs remain a concern because they were correlated with longer radiation times and the

occupational radiation dose was highly unpredictable. Specifically, catheterization of SMA/CA
vessels and transbrachial access are associated with higher E for the operators and, therefore,
require better attention of radiation-absorbing shielding. In our hybrid OR setup, radiation doses

during noncomplex EVAR were negligible for supporting staff members and <10 uSv per
intervention when adequate shielding and distance was taken.
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Radiation awareness for endovascular
abdominal aortic aneurysm repair in
the hybrid operating room part I:
An instant patient risk chart
for daily practice

Abstract
Introduction

Abdominal endovascular procedures are correlated with higher radiation dose rates (DRs)

compared with endovascular procedures in other regions. We analyzed which patient and C-arm
characteristics are the strongest predictors of the intraoperative patient DRs and present these
outcomes in an instant patient risk chart.
Methods

A retrospective analysis was performed of 74 EVAR procedures, including 16,889 X-ray runs,
using a fixed C-arm. Four multivariable log-linear mixed models (with patient as a random effect)

were constructed. Mean air kerma DR (DRAK, mGy/s) and the mean dose area product DR (DRDAP,
mGycm2/s) were the outcome variables, and we distinguished between fluoroscopy and digital
subtraction angiography (DSA). These models were used to predict the maximum radiation

duration allowed before a 2-Gy skin (for DRAK) or for 500 Gycm2 (for DRDAP) thresholds are
reached.
Results

The strongest predictor of DRAK and DRDAP for fluoroscopy imaging was the radiation protocol,

with an increase of 200% when changing from “low” to “medium” and 410% from “low” to “normal.”
The strongest predictors of DRAK and DRDAP for DSA were C-arm angulation, with an increase

of 47% per 30° of angulation, and body mass index (BMI), 58% with an increase of per 5 points
of BMI. Based on these models, it can be predicted that a patient with a BMI of 30 kg/m 2,
combined 45 degrees of Rotation, field size of 800 cm2 in the Fluor Medium protocol has a

predicted DRAK of 0.39 mGy/s (corresponding with 85.5 minutes until 2Gy skin is threshold is
reached). While using comparable settings, but switching the acquisition to a DSA X-ray run with

a “2 frames per sec” protocol, the predicted DRAK will be 6.6 mGy/s (or 5.0 minutes until 2 Gy
thresholds is reached).
Conclusions

X-ray Radiation dose rates are constantly fluctuating during and between patients based on BMI,

the protocols, C-arm position and image acquisitions that are used. An instant patient risk chart

visualizes these radiation dose fluctuations, and provides an overview of the expected time of

X-ray radiation, which can be used to predict when follow-up dose thresholds are reached during
abdominal endovascular procedures.
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Introduction
Dedicated angiographic fixed C-arms in the interventional radiology room and hybrid operating
rooms (ORs) allow for optimal care of endovascular aortic repair (EVAR), due to advanced 3D
imaging techniques, high image quality, improved safety and efficiency, and the availability of

high-contrast images.1,2 Unfortunately, because improved image quality, with low-signal-to-noise

ratio, correlates with radiation dose levels, these X-ray contrast images from the fixed C-arms
coincide with increased X-ray radiation dose rates (DRs).3

Research on radiation exposure during EVARs primarily focuses on anthropomorphic phantoms,
using standardized protocols; however, variation in the patient’s anthropometrics or the variation

in clinical settings is excluded.4 Moreover, clinical studies usually only present the cumulative

radiation dose per intervention.5 Although, these cumulative doses outcomes are interesting for

comparing the mean doses between interventions or treatments or calculating the overall patient

risk, they do not correct for the C-arm or patient characteristics. A gap in current research exists

describing which factors are the strongest predictors in determining the actual DRs in the actual
clinical setting.

Taking into consideration that the final DR is multifactorial, and analyzing these DR predictors
should encompass a variety of patients and incorporate various DR predictors such as the

radiation protocol, body mass index (BMI), C-arm rotation and angulation, the air gap (AG), and
field size. A multifactorial approach leads to a better understanding of the actual clinical DRs of

each specific C-arm configuration and protocol, increases the operator’s insight in the real-time

DRs, improves radiation awareness, and can steer decision making for DR reduction during the
intervention.

In this report we evaluate in four multivariable log-linear mixed models the strength of each of

the predictors on two DR outcome measures: air kerma (DRAK) and dose area product (DRDAP),
for fluoroscopic as well as DSA. The results from these models were used to predict the maximum

radiation duration that is allowed until the 2 Gy (reference) skin threshold (for AK) or the 500
Gycm2 (for DAP) is reached.

Materials and Methods
Study design

Since December 2013, the patient’s (cumulative) X-ray outcomes and C-arm settings of each

intervention and of each X-ray run acquired during the intervention in our hybrid OR have been
systematically reported in a Digital Imaging and Communications in Medicine structured reporting

(DICOM SR) format and filed in the hospital patient information system. These DICOM dose
reports include C-arm characteristics and sum of the DR outcome for each X-ray run acquired
during the intervention.
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DICOM SR reports of 74 consecutive patients undergoing an elective EVAR between December

2013 and January 2015 were available for retrospective analysis, with a total of 18,811 X-ray

runs. Individual patient data, including age, sex, BMI, and intervention details, were recorded in

a separate database. Additionally, a transactional pre-operative CTA slice at the level of the renal
arteries was used, to measure the anterior-posterior and left-right body thickness.

A team of dedicated endovascular surgeons (minimum of 3 years of experience in endovascular
aortic repair), performed the interventions. All X-ray runs were performed using a single-plane

Allura FD20 angiographic interventional radiologic C-arm system (Philips Healthcare, Best, The
Netherlands), updated with AlluraClarity, with ClarityIQ radiation-reduction technology, and
combined with a radiopaque Maquet Magnus table top with carbon fiber (MAQUET Medical
Systems, Wayne, USA).

Recorded C-arm characteristics

Dose characteristics of each dose event were extracted from DICOM SR reports using Matlab

2015a software (Mathworks, Natick, MA, USA). The extracted C-arm characteristics per X-ray
run included:

• The cumulative RDs parameters: DAP (Gycm2) per run (DAPrun, mGycm2), air kerma (AK, Gy)
per run (AKrun mGy), the cumulative number of frames per run (Frrun, n), and the total radiation
duration per run (Trun, seconds)

• The fixed imaging acquisition parameters per run: X-ray tube peak kilo voltage (kVp), in
kilovolts (kV), X-ray tube current in milliAmpère, (mA), and X-ray cupper (Cu) spectral filter
thickness (mm).

• The type of radiation event: corresponding to the type of X-ray runs: fluoroscopy, stationary
acquisition (exposure images using DSA or single shots

• C-arm characteristics: fluoroscopy protocol, DSA protocol, the primary angle (rotation),
secondary angle (angulation), source-to-detector distance (SID) (to calculate the Air gap (AG),
and shutter locations from which field size can be calculated.
Dose metrics

The AK reflects the strength of the beam exposure at 15 cm from the isocenter of the X-ray beam

between the detector and the X-ray source. AK reflects the patient’s skin dose and is also an
indirect metric of the actual deterministic patient risk and is calculated by the C-arm equipment.

AK is not corrected for dose distribution across the skin as a result of table movements, C-arm
rotation, or angulation.

DAP, however, is an indirect stochastic parameter, because it represents the total cumulative

dose exposure as a product of beam strength (Gy or mGy) and field size (cm2), mGy × cm2. DAP
is measured with a build-in DAP meter in the beam source of the equipment. Whereas AK is
independent of field size, DAP takes the radiation field size into account. The mean AK DR per

X-ray run is referred to as DRAK and is measured in mGy/s. The mean DAP DR per X-ray run is
referred to as DRDAP and is calculated in mGycm2/s.
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Independent variables

On the basis of the C-arm settings, each X-ray run was categorized as a fluoroscopy run or a

DSA X-ray run. When the AlluraClarity C-arm is used in the fluoroscopic imaging mode, three
fluoroscopy protocols are available, corresponding with different dose levels, image contrast,

and image density. These three fluoroscopic protocols are referred to by the system as “low,”

“medium,” and “normal” and correspond with three levels of increasing image quality. With DSA,
two main protocols are used: the 2 fps protocol and the 3 fps protocol. In our center, the 2 fps

protocol is the standard protocol for vessel landmarking, and the 3 fps protocol is used for the
final angiogram to check for stent(graft) patency, existence of endoleaks and outflow. Table 1

and Figure 1 summarizes the baseline setup characteristics, which were predefined by the
manufacturer, including kV and mA settings and maximum dose thresholds.

The correlation between BMI and sagittal (posterior to anterior) and lateral body thickness
(manfully measured on the pre-operative CT, at the level of the renal arteries) was checked, as
BMI is a more clinical relevant parameter compared to body thickness, but body thickness may
be a better predictor of radiation doses increases. In case of a significant linear correlation, body
thickness was replaced with BMI, within further analyses.
Statistical analyses

All statistical analyses were performed using R 2.15.1 software (R Core Team, 2012), using lme4
packages (version 1.1-8; Bates, Maechler & Bolker, 2012). As part of the exploratory data
analysis, each independent variable was individually studied in a univariable analysis. The

association among C-arm characteristics, BMI, and the DR was examined with four multivariable
log-linear mixed-effects regression models. Separate models were constructed for fluoroscopy

and DSA, and we differentiated between DRAK and DRDAP as outcome variables, resulting in four
prediction models.

As fixed effects, we entered the BMI, all available C-arm characteristics, protocol, rotation,

angulation, field size, air gap. A random intercept was added for the patient to account for patientlevel clustering. The models, with and without random intercept, were compared by the goodness

of fit, likelihood ratio, or Akaike information criterion (AIC). Visual inspection of the residual plots
was checked on obvious deviations from homoscedasticity or normality. Multicolinearity was

assessed by evaluating the variance inflation factor; outliers in each model were checked on
finding a pattern. P values were obtained by likelihood ratio tests of the full model with the predictor
in question against the model without the predictor in question. R2, Intraclass correlation(ICC) and
variance parameters for the random effects σ2) were obtained for each final model.

Beta estimates and bootstrapped 95% confidence intervals (CI), were extracted from both

univariable and multivariable models, and back transformed to a non-logarithmic scale, and

presented as ODDs ratios. An ODDs ratio of 1 does not influence the radiation dose, while an
ODDs ratio of >1, for example 1.5, increases the radiation dose with 50% per step increased

value. Additionally, for larger continuous variables, step sizes were increased (for Angulation and

103

PART I RADIATION

rotation, 1 step consisted of 30 degrees C-arm angulation or rotation, for field size, 1 step consists

of 300 cm2 decrease in field size and finally for Air gap, 1 step consists of 5 cm of decrease in
the Air gap) (see S1 for specific calculations).
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Figure 1. Scatter plot of all fluororopscy and DSA X-ray runs, plotted by the peak kV, mA, and DRAK in (mGy/s)
Additional the maximum dose per protocol was added (a), DRAK for fluoroscopy protocols “Low” and “Medium”, both
corresponding with a Cupper filter of 0.4 mm. (b) DRAK for fluoroscopy protocol “Normal” , corresponding with a
Cupper filter of 0.1 mm (c) DRAK for DSA using a 2 fps protocol and (d) a 3 fps protocol. (both using a Cupper filter
of 0.1 mm). Gray colors correpsond with lower doses, in comparison to the coloring for the Risk Chart. Grey colors
corresponding with a 0.03-0.06 mGy/s
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Table 1. Primary setting of each fluoroscopic and exposure protocol
Fluoroscopy protocol
“Low”
Frames per Second (n)

“Medium”

DSA protocol
“Normal”

“2 fps”

“3 fps”
3 (>2-3)

15

15

15

2 (>1-2)

kV (min-max)

62-120

72-120

62-120

80-125

80-125

mA (min-max)

21-95

86-160

12-160

131-511

158-449

Pulse width (ms)

45-220

4-4.2

4-5.8

4-7.6

45-220

EDL (R/min)

1.2

3

7

-

-

Filter (mm Cupper)

0.4

0.4

0.1

0.1

0.1

Prediction model

The effect estimates derived from regression of the predicted outcomes of DRAK for each
combination of a predictor’s analysis and demonstrated were used to create an instant risk chart

showing the maximum allowed radiation duration until the cumulative threshold of 2 Gy would
be reached. Additionally, the colors of the Risk chart correspond with the X-ray Dose rates under

the varying radiation predictor levels, where dark green color represents the lowest dose rate
output, while black correspond with the highest radiation dose rates.

Results
We identified 18,811 X-ray runs from 74 patients. Patients were a mean age of 75.8 ± 8.7 years.

Patient characteristics are presented in Table 2. We excluded 1922 runs (786 runs acquired in

a non-abdomen protocol setting, 386 single-shots runs, 3 DSA runs acquired at a 1 fps protocol,

731 fluoroscopy runs that were <0.5 seconds’ duration, and 16 runs could not be identified to
one of the protocols by the mA/kV pattern). The final analysis was performed on 16,889 X-ray
runs, consisting of 16,031 fluoroscopy runs

(94.9%) with a mean DRAK of 0.35 ±0.31 mGy/s

and DRDAP of 74 ± 67 mGycm2/s. The second
dataset consisted of 858 DSA X-ray runs
(5.1%), corresponding with an overall mean

DRAK of 6.8± 5.5 mGy/s and DRDAP of 1392 ±
1071 mGycm2/s.

Radiation protocol

The numbers of X-ray runs acquired in the low,

medium, and normal fluoroscopy protocols

were, respectively, 8763 (51.9%), 4523
(26.8%), and 2745 (16.3%). The numbers of
X-ray runs acquired in the DSA 2 fps and 3 fps
protocol were 599 (3.5%) and 259 (1.5%).

Table 2. Patient characteristics
N

74

Ages (years)

75.8 (8.7)

BMI (Kg/m2)

26.3 (3.7)

Male sex (n, %)

55 (74.3)

Intervention, No. (%)
Aortouniiliac graft

3 (4.1)

EVAR+ chimney

5 (6.8)

EVAR
EVAR+ IBD
FEVAR

41 (55.4)
8 (10.8)
17 (23.0)
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Figure 1 shows the distribution of the calculated DRAK per protocol in perspective of the kV and
mA resulting from fluoroscopy and DSA X-ray runs. Table 3 presents the mean DRs stratified

per protocol. The low, normal, and medium fluoroscopy protocols corresponded with a mean of
218 minutes, 79 minutes, and 40 minutes until the 2-Gy threshold was reached. For DSA imaging,

the 2 fps and 3 fps protocols corresponded with a mean of 5.8 minutes and 3.6 minutes until this
threshold was reached. Table 3 presents the mean DRs per protocol.

When mean DR for fluoroscopy was compared with the mean DR for DSA, DRAK overall increased
19 times. However, when we compared these outcomes per protocol, changing from FT low to
DSA 2 fps, FT medium to DSA 2 fps, and FT normal to DSA 2 fps increases the DRAK approximately

36 ± 11 times, 15 ± 4, times, and 7 ± 2 times. Changing from FT low to DSA 3 fps, medium to 3
fps, and normal to DSA 3fps increases the dose 59 ± 23 times, 24 ± 8 times, and 12 ± 3 times.
C-arm Rotation

For the X-ray runs that were acquired between –15° and 15° of rotation (65.5% of total number

of X-ray runs), the mean DRAK for fluoroscopy was 0.25 ± 0.2 mGy/s and the mean for DSA was
4.2 ± 3.0 mGy/s. The mean DRs increased approximately 3 to 4 times when the C-arm was
Table 3. N = number of runs, mean Air Kerma (AK) and DAP (Dose area Product) radiation doses per Exposure
and Fluoroscopy protocol
N (%)

DRAK (mGy/s)
Mean
(SD) Max

Minutes until 2
Gy skin
threshold is
reached
Mean
( min – max)

Mean DRDAP
(mGycm2/s)
Mean
(SD) Max

Minutes until
500 Gycm2 FU
threshold is
reached
Mean
( min – max)

% Runs
reaching
120 KV
at max
mAs

Fluoroscopy
Total

16,031 (94.9%)

0.35 (0.31)

95.9 (106)

74 (67)

112 (124)

“Low”

8763 (51.9%)

0.15 (0.06)
(max: 0.33)

217.6
(2015.9 – 98.5)

41 (17)
(max: 109)

206 (2973 – 76)

2.3%

“Medium”

4523 (26.8%)

0.42 (0.18)
(max: 0.88

78.8
(403.1 – 39.7)

76 (43)
(max: 269)

109 (966 – 31)

5.8%

“Normal”

2745 (16.3%)

0.84 (0.36)
(max: 2.0)

39.5
(450.9 – 17.3)

178 (90)
(max: 629)

47 (436 – 13)

6.0%

DSA
Total

858 (5.1%)

6.79 (5.5)

4.9 (6.0)

1392 (1071)

6.0 (7.8)

“2 fps”

599 (3.5%)

5.71 (4.23)
(max 21.4)

5.8
(51.2 – 1.6)

1157 (809)
(max: 6405)

7.2 (40 – 1.3)

0.23%

“3 fps”

259 (1.5%)

9.3 (7.07)
(max 31.2)

3.6 28.5 – 1.1)

1935 (1367)
(max: 6840)

4.3 ( 49 –1.2)

0.12%

106

PATIENT RADIATION RISK CHART CHAPTER 6

rotated over 75° to 90°, which was the case in 1073 X-ray runs (6.3 %). In this lateral projection,
the mean DRAK was 0.75 ± 0.4 mGy/s for fluoroscopy and was 14.6 ± 5.6 mGy/s for DSA. (S3,

S4 and S5 summary of DRAK and S2, S4, S5 summary of DRDAP both stratified per protocol and
secondary covariate; S4 and S5, summary for each covariate group only).
BMI

The mean BMI was 26.3 ± 3.7 kg/m2, The mean AP body thickness was 27.2 ± 2.7 cm, and mean
LAT body thickness was 34.2 ±2.9. Correlation between BMI and AP body thickness, was 0.83
(r2 = 0.36, P < 0.01) and BMI with Lateral body thickness was 0.66 (r2 = 0.24, P < 0.01), as
measured at the level or the renal arteries.

The mean DRAK increased an average of 9 times for the fluoroscopic imaging and the DSA
imaging when the lowest BMI group (<20 kg/m2) was compared with the highest BMI group (>35
kg/m2). The mean DRs in the two outermost BMI groups, (BMI <20 vs >35 kg/m2) showed that
DRAK increased from 0.09 ± 0.05 to 0.83 ± 0.5 mGy/s, whereas DRAK for DSA increased from
1.34 ± 0.5 to 12.5 ± 5.5 mGy/s.
Field size

The mean DRAK for the maximum field size (without any collimation or magnification) was 0.13

± 0.12 mGy/s for fluoroscopy and 1.5 ± 0.8mGy/s for DSA imaging. Reducing the field size from
<1200 cm2 to >200 cm2 increased the fluoroscopy DRAK to a mean of 0.63 ± 0.38 mGy/s and
increased DSA DRAK to an average of 12.4 ± 5.6 mGy/s. Field size showed in general an opposite

effect on DRAK compared with DRDAP. Where DRDAP decreases with decreased field size, the DRAK
increases when the field size is decreased (Figure 2).
SID

Reducing the Air gap by decreasing the SID decreased the mean DRAK for DSA imaging from 11.6
5 ± 5.1 mGy/s for 115 ± 120 cm SID to a mean DRAK 3.6 ± 3 mGy/s for a SID of 90 to 100 cm
Univariabele model

All radiation predictors were significant in both the Fluoroscopy and DSA as well as the DAP and
AK Dose simple linear regression models, which can be found in Supplemental table S2 and are

plotted in Figure 2. Largest r2 was for fluoroscopy was found for radiation protocol r2 = 0.81 for

DRAK. While for DSA, C-arm rotation was correlated with highest r, resulting in r2 = 0.75 for DRAK.
Multivariable model
Fluoroscopy

Significant positive predictors of higher DR in the fluoroscopy DRAK multivariable mixed model
were fluoroscopy protocol, C-arm angulation, C-arm rotation, and BMI. Field size was a significant

negative predictor. For fluoroscopy, the chosen protocol was the most substantial predictor of

DR. For instance, changing from “low” to “medium” increased DRAK by 200%, and changing from
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Figure 2. Odds ratio (OR) of multivariate models for DRAK and DRDAP for fluoroscopy and DSA imaging. An OR of 4 corresponds with an 400% increase in DR compared with
the reference. An OR of less than 1 accords for a negative effect in DR.
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“low” to “normal” increases DRAK by 413%. Secondary but also significant predictors of increased

DRAK were BMI, C-arm rotation, and C-arm angulation and field size. A 5-point BMI increase
resulted in a DRAK increase of 27%, C-arm rotation increased with 31% for every 30°, and C-arm

angulation increased 47% for every 30°. With every 300 cm2 decrease in field size, DRAK

increased by 18%. Comparable outcomes were found for DRDAP, except for field size. DRDAP
decreased by 30% with every decrease of 300 cm2 in field size.
Digital subtraction angiography

In the mixed multivariable DSA DR models, the protocol, rotation, angulation, BMI, and field size
were significant predictors of higher DRAK, whereas SID was a significant negative predictor
DRAK. Changing the DSA protocol from 2 fps or 3 fps corresponded with 60% increase of DRAK,

a 5-point increase in BMI corresponded with a 58% increase in DRAK, an additional 30° of rotation
towards 90° with a 47% increase of DRAK, and every 30° of angulation toward 35° with an 49%

increase in DRAK. (Figure 2). Primary discrepancy between ODDs ratios between DRAK and DRDAP
were found for Field size. With every 200 cm2 decrease in field size toward 0 cm2, DRAK will
increase with 34%, while the DRDAP will decrease with 22%.

Instant patient risk charts

The predicted AK and DAP Dose rates are shown in Figure 3 in a risk chart under a variety
combination or radiation predictors. The numbers on the chart correspond to the intensity of the
X-ray radiation dose exposure and the colors correspond with the amount of radiation time can
be used until dose thresholds are reached. For example, a BMI of 30 kg/m2, combined 45 degrees

of Rotation, field size of 800 cm2 in the Fluor Medium protocol predicts DRAK of 0.39 mGy/s (or

85.5 minutes until 2 Gy skin is threshold is reached), and a DRDAP of 0.11 Gycm2/s (or 75.8
minutes until the 500 Gycm2 threshold is reached). While having the same settings, acquisition

is switched to a DSA run with a “2 fps” protocol, this corresponds with a DRAK of 6.6 mGy/s (or

5.0 minutes until 2 Gy) and a DRDAP of 2.1 Gycm2/s (which equals 4.0 minutes of DSA using
these settings until the 500 Gycm2 threshold is reached).
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Air Kerma DOSE RATE RISK CHART

Dose A

Numbers: Predicted DRak (in mGy/s)
Colors: Number of X-ray Radiation Minutes until 2 Gy deterministic skin threshold is reached

BMI: 30

BM

0.16

0.24

0.17

0.26

0.34

800

0.08

0.12

0.18

0.13

0.2

0.3

0.21

0.32

0.34

400

0.1

0.15

0.23

0.16

0.25

0.34

0.26

0.34

0.34

1200

0.13

0.2

0.3

0.21

0.32

0.48

0.34

0.51

0.77

800

0.16

0.24

0.37

0.26

0.39

0.59

0.42

0.63

0.84

400

0.2

0.3

0.46

0.33

0.49

0.74

0.52

0.79

0.84

1200

0.27

0.41

0.61

0.44

0.66

0.99

0.7

1.05

1.59

800

0.34

0.51

0.76

0.54

0.81

1.23

0.87

1.31

1.92

400

0.42

0.63

0.95

0.67

1.01

1.53

1.08

1.63

1.92

1200

1

1.8

3.1

2.5

4.4

7.9

6.3

11.2

19.8

800

1.5

2.6

4.6

3.7

6.6

11.6

9.3

16.5

21.4

400

2.2

3.9

6.8

5.5

9.7

17.2

13.7

21.4

21.4

1200

1.6

2.8

5

4

7.1

12.6

10

17.8

31.2

800

2.4

4.2

7.4

5.9

10.5

18.6

14.8

26.3

31.2

400

3.5

6.2

10.9

8.7

15.5

27.4

21.9

31.2

31.2

0

45

90

0

45

90

0

45

90

C−arm Rotation (degrees)

DSA: 3fps

0.11

DSA: 2fps

0.15

Fluor: Normal

0.1

Fluor: Medium

0.07

Fluor: Low

1200

Irradiated Field size (cm2)

Colors: Numb

BMI: 40

Irradiated Field size (cm2)

BMI: 20

Number
of X-ray
Figure
3. Risk charts
for DRAK and DRDAP for fluoroscopy and DSA imaging. The color coding represents the predicted
amount
of radiation
minutes that can be acquired until the 2 Gy skin threshold (for DRAK) is reached or the 500 Gycm2
minutes
until
follow-up
threshold is reached for DRDAP. Each risk chart starts with differentiation between BMI of the patient (20,
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540 400
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is to asses 200
which
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For fluoroscopy
imaging, three protocols can be chosen (“low,” “medium,” “normal”), and for DSA imaging, “2 fps” and “3 fps” can be
chosen. Third, on the left side (y-axis) is the chosen field size (1200 vs 800 vs 400 cm2) and on the x-axis is the
C-arm rotation. For all images, the C-arm angulation was set at 0°, and for DSA charts, the SID was set at 100 cm.
The reduced field size reduces DRDAP but increases DRAK. The main reason for this effect is the use of magnification.
However, the exact effect of magnification vs collimation could not be assessed. In case of overreaching the protocols
maximum, the model was corrected, to prevent that predicted values overestimating the protocols maximum values.
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Numbers: Predicted DRdap (in Gycm2/s)
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Discussion
The measured C-arm and patient characteristics of 16,889 X-ray events acquired in 74 patients
undergoing an EVAR procedure with a fixed C-arm were used to construct four DR prediction

models. These models were used to predict the total X-ray acquisitions that were represented

in an instant radiation risk chart, which is ready for use in daily practice. Our risk chart facilitates
instant estimation of radiation risks during the intervention, visualizing the short-term determinant
risks and the long-term indirect stochastic radiation risks.

The proposed instant patient risk charts demonstrate that intraoperative DRs highly depend on

the combination of the X-ray mode—fluoroscopy or DSA—with the chosen protocol, the C-arm

rotation or angulation, patient BMI, field size, and the SID, and not on a single factor. Besides,
the effects size differs between the radiation prediction factors, and the sizes of the effects differ
between DSA and fluoroscopy acquisition.

The influence of the X-ray protocol setting of the equipment, mostly predefined by the C-arm
manufacturers, plays a key role in determining the C-arm exposed DR. Each protocol has a

predefined X-ray radiation maximum, identified by a maximum amount of mA (protocol dependent)

and a predefined filter thickness of between 0.4 and 0.1 mm. In addition, the kV is allowed to

vary between 80 kV and a maximum of 120 kV, which is protocol independent and also depends
on the mA.

The protocol maximums (at maximum kV and mA) are much more often reached in fluoroscopy
(20% of all the runs) than in DSA imaging (0.3% of the total runs), where reaching the maximum

threshold is quite rare. Therefore, the fluoroscopy image quality might not always be optimal
when the protocol’s maximum is reached, whereas the DRs with DSA imaging can vary more
freely, and the optimum image quality is nearly always achieved. Fluoroscopy maximum doses

are limited by the protocols, but can be manually changed by the operator’s preferences. During
DSA acquisition, however, the image quality is not always ideal because the maximum DR is
mostly not reached; consequently, the DRs during DSA imaging are also much harder to control
by the operator and with the main risk that DRs elevate to extremely high DRs.

Unfortunately, these protocol maximum settings are also the main limitation of the current risk

charts, because the exact maximums per protocol could not be taken into account in the risk
charts. Upgrading to a higher fluoroscopy protocol highly affects the intraoperative dose during
fluoroscopy and should be kept only for those cases in which the image quality is not sufficient
for the opposed task.

Previous studies have mostly focused on measurement of the cumulative total exposed radiation

dose per intervention to identify predictors of higher DRs.6,7 That DSA runs in fixed C-arms are

correlated with higher radiation doses compared with fluoroscopy imaging, especially in fixed
C-arms, has been studied.6 In addition, there are concerns about the higher radiation dose
exposure during lateral C-arm angulation.8 BMI has also been identified as a predictor for higher
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cumulative radiation doses. A previous study showed that a BMI >25 kg/m2 relates to higher
cumulative radiation doses. However, these studies focused on a single outcome parameter by

analyzing the cumulative DRs per intervention and did not account for the multifactorial effect of
all of the radiation predictors or correct for the chosen protocols, field size, or AG for DAP and

AK.9 Because these predictors vary within and between procedures, DRs are also constantly
adapted to each status, resulting in varying cumulative radiation doses. Additional DR-specific

studies were performed to calculate the effect of rotation using a phantom4,10 or cadaveric setup11,
where outcomes limits to a single phantom model are in an experimental setting and are not the
output of varying body thickness or field size, as in the current study.

We have included both the AK and DAP models to show the reliability of the model as well as

the differences between both radiation parameters. In addition, we assumed that the fluoroscopy
radiation protocol 2 (medium), should double the DR, the second upgrade from protocol 2 to

protocol 3 (normal), should match for a second doubling of the dose rate. In the multivariate

model, the fluoroscopy ODDs ratios of 2.0 for the low to medium and 4.13 from the low to normal
fluoroscopy protocol match with these dose settings. We can therefore assume that our outcomes
represent a reliable model for the current predictors with the current protocol settings.

The main limitations of the current models are the missing outcome values for SID within the

fluoroscopically runs, and the exact magnification factors within all runs. Although DRDAP reduces

with reduced field size, the DRAK increases with increased field size, causing different effects
resulting from magnification vs collimation. Magnification and collimation both influence the field

size but affect the DR changes differently. The field size reduces during collimation, but the
exposed dose per cm2 remains similar; thus, DRDAP will be reduced during collimation, whereas
DRAK, remains similar. During magnification, however, the field size and the DRs are both

changed. While field size is reduced, the DR is increased, and thus, magnification affects both

DRDAP and DRAK.12 The exact effect of magnification vs collimation could not be included in the

models because these values were not available. However, the effect of magnification was shown
mostly in the DRAK model, where it was shown that measurement of AK is independent of field

size and that the DRAK increases with reduced field size, which can only be explained as a result
of performing several magnification levels.

In addition, we included both DRAK and DRDAP, because DAP and AK represent different effects

of radiation (deterministic vs stochastic). As well, although the DRAK is the most reliable and is

independent of the collimation for DR analysis, DAP better correlates with the operator DRs and
the total absorbed DRs by the patients.13

The data used in the current models were acquired using a state-of-the-art fixed imaging machine,
updated with AlluraClarity, the latest generation of dose-reduction technology. An update with

Clarity has shown to be an effective method or reducing the DSA exposure doses14 and in EVAR.15
However, the current DSA still is a factor 19 larger compared with fluoroscopy, and in extreme

cases, up to a factor of 60 when low-dose fluoroscopy is compared with 3 fps high-dose DSA.

Overall, the DSA doses using fixed C-arms (independent of this update) are much higher when
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fixed X-ray equipment is used compared with mobile equipment

16

. Thus, although we have

evaluated the latest technologies, focus on radiation awareness and additional strategies to
minimize exposure and occupational risk are relevant.16

In our study, only the X-ray runs acquired in the abdomen protocol were included, exclusively
for EVAR interventions. The abdominal region in most patients is an area with large amount of
tissue that must be penetrated by X-ray to acquire an image, and the thickness of the tissue
influences the amount of X-ray required to achieve the optimal image resolution. Most of the

X-ray runs required for (complex) EVAR interventions are acquired in the abdominal region.
Because complex EVAR interventions performed using fixed C-arms are associated with high
DRs, a mean DRDAP above 500 Gycm2 or with a FT of >80 minutes are not uncommon.17

Finally, all of our fluoroscopy runs were acquired at a 15 fps per setting. For EVAR interventions,
the frame rate for fluoroscopy can vary between 7.5 and 15 fps.18 Although a 7.5 fps will reduce
the intraoperative doses, it may also influence device smoothness. A lower fps rate interferes

with the smoothness of a moving object, such as a guidewire, and a fps rate that is too low can
hinder the radiologist’s eye-hand coordination.19

Our outcome represents the direct DRs as measured by the equipment, without recalculating
doses to direct stochastic risks in Sieverts (for DRDAP) or the actual peak skin doses rates (for

DRAK). Thus the current DRs were not corrected for tissue radiosensitivity, age, or sex and do
not represent the actual stochastic parameter Sieverts, and both DAP and AK are direct outputs

and do not include the backscatter factor.13 But understanding the multifactorial effect of different
radiation predictors on the direct measured DR can provide an insight on how the final cumulative
radiation dose for each patient and C-arm configuration is created.

Analyzing the Dose rates in the future will provide us a better insight of the parameters responsible

for the intraoperative exposed radiation doses. Being aware of the major differences between
these two dose modes is the first step in dose awareness and management, pre-procedural

planning, procedure simulation, monitoring of the real-time radiation dose the by operators 20 ,
education in radiation management and familiarization with the imaging protocols and operating

modes.21 We are all aware of the burden of radiation exposure but good imaging remains a

cornerstone for safe and successful endovascular procedures. It remains the responsibility of
the primary operator to balance out the minimum exposed radiation dose to obtain maximum

output, without taking risks of reduction X-ray dose or replacing X-ray runs if this is accompanied
by additional patients risks.

Optional one can consider using 3DCT image fusion, to reduce the number of DSA runs,
especially in complex Fenestrated and branched EVAR.22,23 Although, not described in this study,

intraoperative staff dose rates depends on of the patient radiation exposure, as well as the
personal shielding and distance from the X-ray source.24,25 However, discrepancies may exists

between the patient’s radiation dose ODDs and the operators ODDs for each predictor. To
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understand differences in ODDs ratios of the patient and surgeon during EVAR, we first need to
understand the previous described effects on the X-ray radiation dose as described in this study.

Therefore, the next step is to combine the patient’s radiation dose with the operators shielding
techniques and staff measurements, to extract an operator’s dose rate prediction model as well.

Conclusion
For fluoroscopy imaging, the protocol used, BMI, and C-arm rotation were associated with higher

radiation doses. In DSA imaging, C-arm rotation, field size, AG, and BMI were related to higher
radiation doses. The protocol was less important in DSA imaging. From regression modeling we
constructed risk charts that can help operators to understand intraoperative DRs and consequently

reduce radiation exposure during EVAR procedures in the hybrid OR. One can and should reduce

the number DSA runs, as well as the amount of time and total frames per second during DSA
runs decrease to a necessary minimum.

115

PART I RADIATION

References
1.

McNally MM, Scali ST, Feezor RJ, et al. Threedimensional fusion computed tomography
decreases radiation exposure, procedure time, and
contrast use during fenestrated endovascular aortic
repair. J Vasc Surg. 2015;61(2):309-316.

2.

Varu VN, Greenberg JI, Lee JT. Improved efficiency
and safety for EVAR with utilization of a hybrid room.
Eur J Vasc Endovasc Surg. 2013;46(6):675-679.

3.

de Ruiter QM, Moll FL, Gijsberts CM, et al. AlluraClarity
Radiation Dose-Reduction Technology in the Hybrid
Operating Room During Endovascular Aneurysm
Repair. J Endovasc Ther. 2016;23(1):130-138.

4.

Haqqani OP, Agarwal PK, Halin NM, et al. Defining
the radiation “scatter cloud” in the interventional
suite. J Vasc Surg. 2013;58(5):1339-1345.

5.

Monastiriotis S, Comito M, Labropoulos N. Radiation
exposure in endovascular repair of abdominal and
thoracic aortic aneurysms. J Vasc Surg.
2015;62(3):753-761.

6.

Patel AP, Gallacher D, Dourado R, et al. Occupational
radiation exposure during endovascular aortic
procedures. Eur J Vasc Endovasc Surg.
2013;46(4):424-430.

7.

Agarwal S, Parashar A, Bajaj NS, et al. Relationship
of beam angulation and radiation exposure in the
cardiac catheterization laboratory. JACC Cardiovasc
Interv. 2014;7(5):558-566.

8.

Albayati MA, Kelly S, Gallagher D, et al. Editor’s
choice--Angulation of the C-arm during complex
endovascular aortic procedures increases radiation
exposure to the head. Eur J Vasc Endovasc Surg.
2015;49(4):396-402.

9.

Majewska N, Stanisic MG, Klos MA, et al. Patients’
radiation doses during thoracic stent-graft
implantation: the problem of long-lasting procedures.
Ann Thorac Surg. 2012;93(2):465-472.

10. Lee K, Lee KM, Park MS, et al. Measurements of
surgeons’ exposure to ionizing radiation dose during
intraoperative use of C-arm fluoroscopy. Spine
(Phila Pa 1976). 2012;37(14):1240-1244.
11. Haqqani OP, Agarwal PK, Halin NM, et al. Minimizing
radiation exposure to the vascular surgeon. J Vasc
Surg. 2012;55(3):799-805.
12. Weinberg BD, Guild JB, Arbique GM, et al.
Understanding and Using Fluoroscopic Dose
Display Information. Curr Probl Diagn Radiol.
2015;44(1):38-46.
13. Sailer AM, Schurink GW, Bol ME, et al. Occupational
Radiation Exposure During Endovascular Aortic
Repair. Cardiovasc Intervent Radiol. 2015;38(4):827832.

116

14. van Strijen MJ, Grunhagen T, Mauti M, et al.
Evaluation of a noise reduction imaging technology
in iliac digital subtraction angiography: noninferior
clinical image quality with lower patient and scatter
dose. J Vasc Interv Radiol. 2015;26(5):642-650
e641.
15. van den Haak RF, Hamans BC, Zuurmond K, et al.
Significant Radiation Dose Reduction in the Hybrid
Operating Room Using a Novel X-ray Imaging
Technology. Eur J Vasc Endovasc Surg.
2015;50(4):480-486.
16. Kendrick DE, Miller CP, Moorehead PA, et al.
Comparative occupational radiation exposure
between fixed and mobile imaging systems. J Vasc
Surg. 2016;63(1):190-197.
17. Tacher V, Lin M, Desgranges P, et al. Image
guidance for endovascular repair of complex aortic
aneurysms: comparison of two-dimensional and
three-dimensional angiography and image fusion. J
Vasc Interv Radiol. 2013;24(11):1698-1706.
18. Akkus NI, Mina GS, Abdulbaki A, et al. Using 7.5
frames per second reduces radiation exposure in
lower extremity peripheral vascular interventions.
Vascular. 2015;23(3):240-244.
19. Balter S. Fluoroscopic frame rates: not only dose.
AJR Am J Roentgenol. 2014;203(3):W234-236.
20. Baumann F, Katzen BT, Carelsen B, et al. The Effect
of Realtime Monitoring on Dose Exposure to Staff
Within an Interventional Radiology Setting.
Cardiovasc Intervent Radiol. 2015;38(5):1105-1111.
21. Bartal G, Vano E, Paulo G, et al. Management of
patient and staff radiation dose in interventional
radiology: current concepts. Cardiovasc Intervent
Radiol. 2014;37(2):289-298.
22. Dias NV, Billberg H, Sonesson B, et al. The effects
of combining fusion imaging, low-frequency pulsed
fluoroscopy, and low-concentration contrast agent
during endovascular aneurysm repair. J Vasc Surg.
2016;63(5):1147-1155.
23. Sailer AM, de Haan MW, Peppelenbosch AG, et al.
CTA with fluoroscopy image fusion guidance in
endovascular complex aortic aneurysm repair. Eur
J Vasc Endovasc Surg. 2014;47(4):349-356.
24. Attigah N, Oikonomou K, Hinz U, et al. Radiation
exposure to eye lens and operator hands during
endovascular procedures in hybrid operating rooms.
J Vasc Surg. 2016;63(1):198-203.
25. Mohapatra A, Greenberg RK, Mastracci TM, et al.
Radiation exposure to operating room personnel
and patients during endovascular procedures. J
Vasc Surg. 2013;58(3):702-709.

Low, Medium, Normal

2FPS, 3FPS

-90 to 0 to +90 degrees

-35 to 0 to +35 degrees

-

top shutter – left shutter

SID ranges between 90
and 120 cm

Protocols
(fluoroscopy)

Protocols (DSA)

Rotation

Angulation

BMI

Field size

Air gap

Raw data

Air gap = 120-(SID)

Detector field size = 1450
– (field size)

-

Absolute Angulation: 0-40
degrees

Absolute Rotation: 0-90
degrees

For “2 fps protocol:
DR = (FTrun / Doserun) *2
For “3 fps protocol”
DR = (FTrun / Doserun) *3

DR = FTrun / Doserun

Calculation

120 cm (max SID)

1450 cm2 ( no collimation
or magnification and max
SID)

18 kg/m2

0 degrees (AnteriorPosterior)

0 degrees (AnteriorPosterior)

2 FPS

Low

Baseline

90 cm (min SID)

0 cm2 (max collimation or
magnification)

42 kg/m2

90 Degrees (Cranio or
Caudual)

90 degrees (LAO or RAO)

3 FPS

Normal

Max

Supplemental table 1. Methodological supplemental table of correcting the patient radiation dose rates for the prediction models

-5 cm towards 90 cm
(minimum air gap)

-300 cm2 towards 0 cm2

5 points of BMI

30 degrees of Angulation

30 degrees of LAO or
RAO Rotation

1 step

1 step

Stepsize in the models
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Supplemental table 2. Univariabele analysis of patient radiaion dose predictors. (Upper, Fluoroscopy, Lower, Digital
Subtraction angiography)
Fluoroscopy – univariable

Dose rate modelAir kerma
Odds

CI

Protocol: “Low” to “Medium”

2.48

[ 2.45 - 2.52 ]

Protocol: “Low” to “Normal”

4.89

[ 4.81 - 4.99 ]

Rotation (+ 30 o)

1.59

[ 1.57 - 1.61 ]

Angulation (+ 30 )

2.12

BMI (+ 5 points)

1.58

Irradiated Field (-200 cm2)

1.39

o

DSA – univariable

R

Dose rate Dose modelArea product
P Odds

2

P

1.78

[ 1.75 - 1.81 ]



<0.001

0.81

<0.001

3.7

[ 3.61 - 3.79 ]

0.65

<0.001

0.56

<0.001

1.3

[ 1.29 - 1.32 ]

0.41

<0.001

[ 2.04 - 2.21 ]

0.43

<0.001

1.9

[ 1.83 - 1.98 ]

0.39

<0.001

[ 1.36 - 1.83 ]

0.39

<0.001

1.5

[ 1.33 - 1.72 ]

0.35

<0.001

[ 1.37 - 1.4 ]

0.53

<0.001

0.82

[ 0.81 - 0.83 ]

0.41

<0.001

Dose rate model Air kerma
R

Dose rate model Dose Area product

CI

Protocol: “2 fps” to “3 fps”

1.77

[ 1.6 - 1.97 ]

0.56

<0.001

Rotation (+ 30 o)

1.75

[ 1.68 - 1.82 ]

0.75

Angulation (+ 30 )

2.06

[ 1.76 - 2.44 ]

BMI (+ 5 points)

1.68

[ 1.42 - 1.96 ]

Irradiated Field (-200 cm2)

1.50

Air Gap ( -5 cm )

CI

R2

1.78

[ 1.61 - 1.97 ]

0.51

<0.001

<0.001

1.52

[ 1.46 - 1.58 ]

0.63

<0.001

0.55

<0.001

2.01

[ 1.72 - 2.32 ]

0.50

<0.001

0.49

<0.001

1.58

[ 1.38 - 1.78 ]

0.43

<0.001

[ 1.45 - 1.56 ]

0.70

<0.001

0.88

[ 0.85 - 0.92 ]

0.46

<0.001

0.72

[ 0.7 - 0.74 ]

0.71

<0.001

0.76

[ 0.74 - 0.78 ]

0.63

<0.001

2

P Odds

FPS = frames per second, BMI = Body mass Index, CI = confidence interval
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<0.001

Odds

o

CI
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Supplemental table 3. Overall Mean radiation doses specified for DRAK DRDAP for both fluoroscopy and DSA,
without correcting for the chosen protocol for Rotation, angulation, BMI, field size and SID.
Protocol Fluoroscopy
DRAK
No. (%)

Protocol DSA
DRDAP

Mean (SD) Mean (SD)

DRAK

DRDAP

No. (%)

Mean (SD)

Mean (SD)
1001 (726)

Rotation (o)
PA (0-15)

10623 (62.9%)

0.25 (0.2)

62 (51)

441 (2.6%)

4.2 (3)

Oblique 15-30

2895 (17.1%)

0.45 (0.35)

89 (84)

242 (1.4%)

7.3 (5.4)

1390 (896)

Oblique 30-45

997 (5.9%)

0.44 (0.27)

91 (84)

73 (0.4%)

9.2 (4.4)

1944 (1128)

Oblique 45-60

193 (1.1%)

0.88 (0.56)

130 (105)

15 (0.1%)

18.6 (5.1)

3895 (1933)

Oblique 60-75

326 (1.9%)

0.85 (0.39)

138 (88)

20 (0.1%)

14.4 (2.3)

2764 (1163)

LAT (75-90)

997 (5.9%)

0.75 (0.42)

114 (81)

67 (0.4%)

14.6 (5.6)

2403 (1218)

13553 (80.2%)

0.34 (0.32)

6.8 (5.8)

13553 (80.2%)

69 (60)

1244 (946)

Oblique 15-30

2367 (14%)

0.37 (0.29)

6.4 (4.4)

2367 (14%)

101 (89)

1668 (1149)

Oblique 30-45

111 (0.7%)

0.61 (0.46)

11.6 (5.1)

111 (0.7%)

153 (130)

3005 (1997)

245 (1.5%)

0.1 (0.05)

1.5 (0.4)

245 (1.5%)

23 (12)

343 (102)

20-25

6543 (38.7%)

0.28 (0.25)

5.3 (4.4)

6543 (38.7%)

58 (48)

1133 (891)

25-30

6319 (37.4%)

0.36 (0.31)

7.1 (5.3)

6319 (37.4%)

76 (71)

1414 (1052)

30-35

2518 (14.9%)

0.46 (0.35)

10.2 (6.8)

2518 (14.9%)

109 (81)

2161 (1289)

406 (2.4%)

0.83 (0.48)

13.6 (5.9)

406 (2.4%)

125 (87)

2044 (729)

1200-1400

679 (4%)

0.13 (0.12)

1.9 (1.1)

679 (4%)

67 (63)

933 (562)

1000-1200

1816 (10.8%)

0.18 (0.15)

3 (2.2)

1816 (10.8%)

81 (64)

1278 (778)

800-1000

2262 (13.4%)

0.27 (0.25)

4.7 (4)

2262 (13.4%)

99 (92)

1628 (1399)

600-800

3247 (19.2%)

0.31 (0.27)

6 (4.5)

3247 (19.2%)

88 (73)

1656 (1120)

400-600

3195 (18.9%)

0.34 (0.3)

7.4 (5.6)

3195 (18.9%)

72 (64)

1562 (1216)

200-400

3514 (20.8%)

0.46 (0.35)

9.1 (5.4)

3514 (20.8%)

59 (45)

1126 (655)

1318 (7.8%)

0.63 (0.38)

13.4 (6.3)

1318 (7.8%)

38 (27)

734 (453)

115 - 120

245 (1.5%)

23 (12)

343 (102)

110 - 115

6543 (38.7%)

58 (48)

1133 (891)

105 -110

6319 (37.4%)

76 (71)

1414 (1052)

100 -105

2518 (14.9%)

109 (81)

2161 (1289)

406 (2.4%)

125 (87)

2044 (729)

Angulation ( )
o

PA (0-15)

BMI (kg/m2)
<20

>35
Field size (cm2)

0-200
SID (cm)

90-100

119

PART I RADIATION

Supplemental table 4. Overall Mean radaitaion doses specified for Dose rateAir Kerma DRAK(mGy/s) per protocol
fluoroscopy and DSA, including the correction for the chosen protocol for Rotation, angulation, BMI, field size and
SID.
Dose Rate Air
Kerma
DRAK(mGy/s)

Protocol Fluoroscopy
“Low”

“Medium”

No. (%)

Mean (SD)

No. (%)

Mean (SD)

6649 (39.4%)

0.13 (0.05)

2464 (14.6%)

0.32 (0.1)

Oblique 15-30

1259 (7.5%)

0.19 (0.06)

885 (5.2%)

0.41 (0.12)

Oblique 30-45

484 (2.9%)

0.23 (0.05)

381 (2.3%)

0.52 (0.12)

Oblique 45-60

52 (0.3%)

0.27 (0.05)

79 (0.5%)

0.68 (0.07)

Oblique 60-75

42 (0.2%)

0.28 (0.02)

201 (1.2%)

0.72 (0.06)

277 (1.6%)

0.28 (0.03)

513 (3%)

0.73 (0.07)

7312 (43.3%)

0.14 (0.06)

4024 (23.8%)

0.42 (0.19)

Rotation (o)
PA (0-15)

LAT (75-90)
Angulation ( )
o

PA (0-15)
Oblique 15-30

1405 (8.3%)

0.2 (0.06)

454 (2.7%)

0.4 (0.14)

Oblique 30-45

46 (0.3%)

0.24 (0.04)

45 (0.3%)

0.61 (0.11)

217 (1.3%)

0.09 (0.02)

28 (0.2%)

0.23 (0)

20-25

4139 (24.5%)

0.15 (0.06)

1787 (10.6%)

0.41 (0.2)

25-30

3282 (19.4%)

0.15 (0.06)

1931 (11.4%)

0.42 (0.17)

30-35

1040 (6.2%)

0.18 (0.06)

655 (3.9%)

0.44 (0.16)

85 (0.5%)

0.2 (0.04)

122 (0.7%)

0.59 (0.14)

1200-1400

556 (3.3%)

0.09 (0.03)

79 (0.5%)

0.16 (0.04)

1000-1200

1335 (7.9%)

0.11 (0.03)

292 (1.7%)

0.25 (0.08)

800-1000

1365 (8.1%)

0.13 (0.05)

498 (2.9%)

0.33 (0.12)

600-800

1951 (11.6%)

0.16 (0.06)

645 (3.8%)

0.35 (0.17)

400-600

1712 (10.1%)

0.17 (0.06)

937 (5.5%)

0.36 (0.16)

200-400

1592 (9.4%)

0.2 (0.06)

1299 (7.7%)

0.52 (0.17)

252 (1.5%)

0.21 (0.04)

773 (4.6%)

0.54 (0.12)

BMI (kg/m2)
<20

>35
Field size (cm2)

0-200
SID (cm)
115-120
110-115
105-110
100 - 105
90-100

120
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Supplemental table 4. Continued
Overall Mean radaitaion doses specified for Dose rateAir Kerma DRAK(mGy/s) per protocol fluoroscopy and DSA,
including the correction for the chosen protocol for Rotation, angulation, BMI, field size and SID.
Dose Rate Air
Kerma
DRAK(mGy/s)

Protocol Fluoroscopy
“Normal”

Protocol DSA
“2 fps”

“3 fps”

No. (%)

Mean (SD)

No. (%)

Mean (SD)

No. (%)

Mean (SD)

1510 (8.9%)

0.63 (0.19)

320 (1.9%)

3.6 (2.4)

121 (0.7%)

5.7 (3.9)

Rotation (o)
PA (0-15)
Oblique 15-30

751 (4.4%)

0.95 (0.3)

153 (0.9%)

6 (3.8)

89 (0.5%)

9.7 (6.8)

Oblique 30-45

132 (0.8%)

0.98 (0.24)

56 (0.3%)

8.4 (3.5)

17 (0.1%)

11.6 (5.9)

Oblique 45-60

62 (0.4%)

1.64 (0.09)

5 (0%)

14.2 (4.2)

10 (0.1%)

20.8 (4)

Oblique 60-75

83 (0.5%)

1.44 (0.2)

15 (0.1%)

13.2 (1)

5 (0%)

17.9 (1.1)

207 (1.2%)

1.45 (0.2)

50 (0.3%)

12.2 (3.8)

17 (0.1%)

21.5 (4.5)

2217 (13.1%)

0.84 (0.38)

440 (2.6%)

5.8 (4.4)

169 (1%)

9.6 (7.8)

Oblique 15-30

508 (3%)

0.82 (0.26)

149 (0.9%)

5.2 (3.3)

84 (0.5%)

8.5 (5.3)

Oblique 30-45

20 (0.1%)

1.47 (0.29)

10 (0.1%)

10.4 (4.7)

6 (0%)

13.7 (5.4)

10 (0.1%)

1.4 (0.4)

4 (0%)

1.6 (0.4)

5.1 (4.3)

111 (0.7%)

5.6 (4.6)

LAT (75-90)
Angulation ( )
o

PA (0-15)

BMI (kg/m2)
<20
20-25

617 (3.7%)

0.73 (0.36)

243 (1.4%)

25-30

1106 (6.5%)

0.84 (0.34)

279 (1.7%)

6 (4)

80 (0.5%)

10.7 (7.3)

30-35

823 (4.9%)

0.84 (0.34)

50 (0.3%)

5.4 (3.3)

61 (0.4%)

14 (6.4)

>35

199 (1.2%)

1.26 (0.27)

17 (0.1%)

11.9 (4.4)

3 (0%)

22.7 (5.4)

1200-1400

44 (0.3%)

0.55 (0.13)

33 (0.2%)

1.9 (1.2)

6 (0%)

2 (0.8)

1000-1200

189 (1.1%)

0.53 (0.17)

62 (0.4%)

2.5 (1.7)

14 (0.1%)

5 (3.1)

800-1000

399 (2.4%)

0.69 (0.29)

83 (0.5%)

3.4 (2.4)

50 (0.3%)

6.7 (5.2)

600-800

651 (3.9%)

0.74 (0.29)

118 (0.7%)

5.1 (3.5)

84 (0.5%)

7.4 (5.4)

400-600

546 (3.2%)

0.84 (0.35)

115 (0.7%)

5.7 (4)

57 (0.3%)

10.8 (6.7)

200-400

623 (3.7%)

0.99 (0.38)

142 (0.8%)

8.3 (4.3)

31 (0.2%)

12.8 (8.1)

0-200

293 (1.7%)

1.23 (0.25)

46 (0.3%)

10.6 (3.5)

17 (0.1%)

20.9 (5.9)

115-120

72 (0.4%)

10.9 (4.4)

27 (0.2%)

17.9 (6.2)

110-115

85 (0.5%)

7.7 (4.4)

31 (0.2%)

14.9 (7.4)

Field size (cm2)

SID (cm)

105-110

89 (0.5%)

5.6 (3.6)

42 (0.2%)

8.9 (4.8)

100 - 105

213 (1.3%)

4.5 (3.2)

92 (0.5%)

8.5 (6.5)

90-100

140 (0.8%)

3.7 (2.9)

67 (0.4%)

4.6 (3.6)
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Supplemental table 5. Overall Mean radaitaion doses specified for Dose Rate DAP (mGycm2/s) per protocol
fluoroscopy and DSA, including the correction for the chosen protocol for Rotation, angulation, BMI, field size and
SID.
Dose rate for
Dose Area
Product,
DRDAP (mGycm2/s)

Protocol Fluoroscopy
“Low”

“Medium”

No. (%)

Mean (SD)

No. (%)

Mean (SD)

6649 (39.4%)

38 (15)

2464 (14.6%)

67 (31)

Oblique 15-30

1259 (7.5%)

42 (17)

885 (5.2%)

71 (40)

Oblique 30-45

484 (2.9%)

55 (22)

381 (2.3%)

82 (57)

Oblique 45-60

52 (0.3%)

62 (19)

79 (0.5%)

123 (79)

Oblique 60-75

42 (0.2%)

39 (16)

201 (1.2%)

112 (47)

277 (1.6%)

54 (27)

513 (3%)

103 (50)

7312 (43.3%)

39 (17)

4024 (23.8%)

71 (38)

Oblique 15-30

1405 (8.3%)

50 (17)

454 (2.7%)

119 (50)

Oblique 30-45

46 (0.3%)

52 (19)

45 (0.3%)

148 (39)

Rotation (o)
PA (0-15)

LAT (75-90)
Angulation ( )
o

PA (0-15)

BMI (kg/m2)
<20

217 (1.3%)

20 (8)

28 (0.2%)

48 (1)

20-25

4139 (24.5%)

38 (16)

1787 (10.6%)

72 (42)

25-30

3282 (19.4%)

41 (17)

1931 (11.4%)

75 (42)

30-35

1040 (6.2%)

52 (16)

655 (3.9%)

92 (43)

85 (0.5%)

40 (22)

122 (0.7%)

86 (42)

1200-1400

556 (3.3%)

47 (14)

79 (0.5%)

84 (20)

1000-1200

1335 (7.9%)

53 (13)

292 (1.7%)

111 (29)

800-1000

1365 (8.1%)

47 (19)

498 (2.9%)

118 (46)

600-800

1951 (11.6%)

46 (15)

645 (3.8%)

101 (48)

400-600

1712 (10.1%)

35 (12)

937 (5.5%)

76 (36)

200-400

1592 (9.4%)

26 (9)

1299 (7.7%)

66 (24)

252 (1.5%)

14 (5)

773 (4.6%)

32 (15)

>35
Field size (cm2)

0-200
SID (cm)
115-120
110-115
105-110
100 - 105
90-
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Supplemental table 5. Continued
Overall Mean radaitaion doses specified for Dose Rate DAP (mGycm2/s) per protocol fluoroscopy and
DSA, including the correction for the chosen protocol for Rotation, angulation, BMI, field size and SID.
Dose rate for
Dose Area
Product,
DRDAP
(mGycm2/s)

Protocol Fluoroscopy
“Normal”
No. (%)

Protocol DSA
“2 fps”

Mean (SD)

No. (%)

“3 fps”
Mean (SD)

No. (%)

Mean (SD)

Rotation (o)
PA (0-15)

1510 (8.9%)

156 (67)

320 (1.9%)

827 (469)

121 (0.7%)

Oblique 15-30

751 (4.4%)

188 (104)

153 (0.9%)

1241 (912)

89 (0.5%)

1645 (813)

Oblique 30-45

132 (0.8%)

248 (114)

56 (0.3%)

1730 (934)

17 (0.1%)

2647 (1430)

Oblique 45-60

62 (0.4%)

195 (135)

5 (0%)

2295 (774)

10 (0.1%)

4694 (1847)

Oblique 60-75

83 (0.5%)

252 (75)

15 (0.1%)

2217 (640)

5 (0%)

4406 (704)

207 (1.2%)

222 (90)

50 (0.3%)

1939 (788)

17 (0.1%)

3768 (1250)

2217 (13.1%)

165 (80)

440 (2.6%)

1056 (733)

169 (1%)

1734 (1224)

Oblique 15-30

508 (3%)

225 (104)

149 (0.9%)

1386 (888)

84 (0.5%)

2168 (1374)

Oblique 30-45

20 (0.1%)

396 (78)

10 (0.1%)

2222 (1291)

6 (0%)

4310 (2386)

10 (0.1%)

344 (83)

4 (0%)

340 (155)

20-25

617 (3.7%)

153 (72)

243 (1.4%)

962 (689)

111 (0.7%)

1507 (1140)

25-30

1106 (6.5%)

179 (103)

279 (1.7%)

1244 (851)

80 (0.5%)

2008 (1416)

30-35

823 (4.9%)

194 (81)

50 (0.3%)

1509 (818)

61 (0.4%)

2695 (1361)

>35

199 (1.2%)

186 (79)

17 (0.1%)

1967 (657)

3 (0%)

2479 (1119)

1200-1400

44 (0.3%)

285 (69)

33 (0.2%)

947 (608)

6 (0%)

855 (171)

1000-1200

189 (1.1%)

232 (81)

62 (0.4%)

1105 (716)

14 (0.1%)

2046 (557)

800-1000

399 (2.4%)

256 (100)

83 (0.5%)

1243 (917)

50 (0.3%)

2267 (1789)

600-800

651 (3.9%)

202 (71)

118 (0.7%)

1465 (990)

84 (0.5%)

1925 (1236)

400-600

546 (3.2%)

178 (78)

115 (0.7%)

1226 (855)

57 (0.3%)

2240 (1526)

200-400

623 (3.7%)

129 (44)

142 (0.8%)

1054 (574)

31 (0.2%)

1453 (882)

0-200

293 (1.7%)

72 (32)

46 (0.3%)

580 (287)

17 (0.1%)

1151 (556)

LAT (75-90)

1460 (1026)

Angulation ( )
o

PA (0-15)

BMI (kg/m )
2

<20

Field size (cm2)

SID (cm)
115-120

72 (0.4%)

1841 (804)

27 (0.2%)

3468 (1277)

110-115

85 (0.5%)

1657 (1070)

31 (0.2%)

3172 (1934)

105-110

89 (0.5%)

1183 (740)

42 (0.2%)

1763 (689)

100 - 105

213 (1.3%)

910 (552)

92 (0.5%)

1722 (1119)

90-

140 (0.8%)

862 (636)

67 (0.4%)

1144 (739)
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Supplemental table 6. (optioneel) Overview of how many times the DR is increased when taking the mean radiation
dose of fluororopscy (corrected for each categorical group) is increased when a DSA runs is acquired. For example,
the DRak increased with 59±23(min 18 to max 116) times when the operator is making a DSA run at a “3 fps”
protocol, after fluoroscopy imaging at the “Low” fluororopscy level.
DRAK

Mean
(sd)

min

from Fluoroscopy to DSA

19 ±2

14

22 from Fluoroscopy to DSA

from “Low” to “2fps”

36±11

16

61 from “Low” to “3fps”

from “Medium” to “2fps”

15±4

6

21 from “Medium” to “3fps”

from “Normal” to “2fps”

7±2

3

9 from “Normal” to “3fps”

Mean
(sd)

min

DRDAP
from Fluoroscopy to DSA

max DRAK

max DRDAP

Mean
(sd)

min

max

59±23

18

116

24±8

7

39

12±3

4

18

Mean
(sd)

min

max

19±3

14

30 from Fluoroscopy to DSA

32±10

17

57 from “Low” to “3fps”

53±22

22

113

from “Medium” to “2fps”

15±4

7

23 from “Medium” to “3fps”

25±9

9

39

from “Normal” to “2fps”

7±2

3

3 from “Normal” to “3fps”

12±4

4

24

from “Low” to “2fps”
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Radiation awareness for endovascular
abdominal aortic aneurysm repair
in the hybrid operating room Part II:
an instant Operator risk chart for daily
practice

Abstract
Introduction

We propose an instant operator RISK to quantify the effect of each radiation predictor on the

exposed dose rates for the operator during endovascular aortic repair (EVAR) in the operating
room (OR) and compare these with patient-exposed dose risks.
Methods

The patient and operator radiation Dose Rates (DR) from 12,865 abdomen X-ray runs (or 53
patients) runs were selected out of a prospective radiation dose database, performed between

February 2015 and April 2016. The radiation dose rates (or DRoperator for the operator and DRpatient
for the patient) were analyzed using a log-linear multivariable mixed model (with the patient as
the random effect), and incorporated varying (patient and C-arm) radiation predictors. The

operator models were used to predict the amount of radiation duration for an operator until a 20

mSv year dose thresholds might be reached and these predictions were translated to an instant
operator radiation RISK chart.
Results

For fluoroscopy, al included parameters (Except Field size) were significant positive predictors

for increasing radiation dose. While for DSA, using DSA roadmap and air gap were significant

negative radiation predictors. The OR differed most between operator and patient dose model,
in disadvantage of the operator, for C-arm rotation and vascular access site. The effect size for
the DRoperator per 30 degrees of rotation was 1.67 [1.65-1.73] for fluoroscopy and 1.85 [1.53-2.22]
for DSA acquisition. While the effect size for the DRpatient was 1.23 [1.23-1.25] for fluoroscopy and

1.37 [1.3-1.44] for DSA. Working with a patient with a BMI of 30, with field size of 800cm2, from

femoral access site, using the medium fluoroscopy protocol, with C-arm in 45 degrees, the
predicted DRoperator corresponds with 0.28 [0.07 - 1.11] mSv/h (comparable to 4297 [16 889 -

1 077] minutes until 20mSv year dose is reached), while working from the brachial access
predicted DRoperator is 0.7 [0.18 - 2.72] mSv/h (or 1724 [6657 - 441] minutes).
Conclusion

Discrepancies were found between the dose rates patient are exposed to and the dose rates

received by the operator. Understanding these discrepancies helps us to become aware of
radiation dose rates during EVAR to both the patients and the operators.
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Introduction
Endovascular aortic repairs (EVARs) are now primarily performed in hybrid operation rooms

(ORs) because of the high level of intraoperative sterility, three-dimensional (3D) facilities, and
improved image quality, but at the cost of higher patient and staff radiation dose hazards.1,2 These

radiation hazards are the highest for the first and second operators, who are standing closest to
the X-ray source. They are exposed to both ionizing radiation scattered from the patient and
radiation leakage from the X-ray tube3. Recent epidemiologic studies on radiation-induced

cataract formation have shown that the eye lens may be a more radiosensitive tissue than
previously considered.4 The International Commission of Radiological Protection (IRCP) has

used this evidence to propose a new occupational dose limit for the eye lens of 20 mSv (vs 150
mSv previously), averaged over a defined period of 5 years, with no single year exceeding 50

mSv.5 These new dose limits are also affecting operators performing EVAR and primarily those
who perform fenestrated and branched EVARs as well, because without appropriate radiation

protection and training in effective and practical use of the protective devices, they now are at
risk for reaching these yearly dose thresholds if not adequately protected.6

The occupational radiation dose rates fluctuate during and between EVAR procedures in the

hybrid OR and depend on a variety of radiation predictors, including patient dose fluctuation, the
operating position, and what type, how, and where the available shielding is applied. Current
developments in radiation dose software and hardware provide measurements of the specific

radiation dose received by the patient and staff during each image or X-ray run. These strategies
enable us to gain a more thorough analysis to identify effect sizes of each radiation predictor

instead of being limited to the cumulative radiation dose outcomes or phantom studies. In this

study, we analyze the estimated effective radiation dose hazard as measured for each X-ray run
and determine the size of the effects for a variety of radiation predictors for the operator measured
during EVAR procedures. The outcome of the prediction model is used to propose an instant

operator RISK chart to visualize the predictors of the exposed radiation dose rates that can be
expected during EVAR in the hybrid OR.

Methods
Study design

The intraoperative patient and occupational radiation dose rates were prospective measured
between February 2015 and April 2016 during all consecutive EVARs acquired in our hybrid OR.

From this dataset, all patients undergoing thoracic EVAR, patients for whom measurements of
the first operator (FO) or the second operator (SO) were missing, and finally, patients in whom

X-ray runs acquired during femoral access and those acquired during brachial access could not
be distinguished were excluded. From all of the included patients, we excluded X-ray runs with
a run time of <1 second, X-runs acquired in a protocol other than the abdomen protocol, and
those X-ray runs with missing (or zero) values for both FO and SO for the same X-ray run.
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Dose measurements

All X-ray images and patient dose measurements were acquired with the Philips AlluraClarity

Xper FD20 Flexmove system (Philips Medical Systems, Best, the Netherlands) while the operator
dose was measured using the Dose Aware Xtend (DAX, Philips Medical Systems). The personal
dose meter (PDM) of the DAX were attached on top of the lead apron of the right breast of the
FO and SO. Because our hybrid OR facilitates working on both sides of the operating table, all

radiation protection equipment is present for both sides while working from the femoral access
side, including two ceiling-mounted lead screens, two radiation-absorption blankets (Radpad),

and two table skirts attached to the table. However, during brachial access only a single ceilingmounted lead screen could be used (exchanged from femoral access) during, without using a
lead-absorbing blanket. The study started 1.5 years after our transition to the hybrid OR, and

thus, all staff were familiar with the radiation equipment and using the radiation shielding
materials, focused on using active collimation, reduction of the air gap, and operators were aware
of the higher dose rates during DSA acquisitions (Figure 1).
Dosimetry

Patient radiation dose rates and C-arm characteristics and settings were extracted from the

structured dose (SR) DICOM reports as submitted by the C-arm. The operator dose rates were

extracted from the SR DICOM as created by the Dose Aware Xtend. All information was imported,
read, converted to tables using Matlab 2016a software (Mathworks, Natick, MA, USA). Patient

and operator radiation dose per runs were merged based on X-ray time timestamps of each
X-ray dose run. Additionally, Access site was manually noted during the procedures (including
change in access) site from femoral to brachial. The mean Dose Area product (DAP) per X-ray

run, was chosen as primary predictor for the Patient radiation dose rates, DRDAP, further referred

to as DRpatient in Gycm2/s. DAP is a stochastic metric that represents the cumulative dose given
to the patient.

C-arm

Lead-absorbing
blanktet

RT

(ceilin-mounted)
Lead screen
AN

NSN
FO/
SO

FO/
SO

SN

Figure1. Hybrid operating room set-up during brachial vascular access.
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In addition, the Operator (estimated) Effective (E) radiation doses rate (DRoperator) were established
by taking the highest dose rate as measured from the FO or the SO for each X-ray run. The
rationale for this method is that the FO and SO are not fixed to the left or right sight of the patient

but frequently change operating positions during and between patients, especially during longer
procedures such as fenestrated or branched EVAR, and because this method reduces the

number of missing outcomes and thus exclusion from the model. This outcome is also referred

to as the maximum operator (MO) dose but is further referred to as the operator (or surgeon)
dose. The effective dose is a tissue-weighted sum of the absorbed dose of the irradiated organs
and represents the stochastic radiation risks.
Radiation predictors

Radiation predictors were fluoroscopy protocol (“low”, “medium”, or “normal”), DSA protocol (2

fps (standard), 3 fps (completion angiography, and all staff take an additional distance), or
roadmap). Roadmaps are used during Fenestrated EVAR, to body mass index (BMI), the absolute
C-arm angulation and rotation (ranging from 0°-90° for rotation and 0°-40° for angulation), field
size (range, 100-1200 cm2), air gap (which is 120 cm minus the source-to image distance [SID]),

and finally, femoral or brachial access side (see Supplemental table 1, for more detail about
these radiation predictors).
Statistical analysis

Statistical analyses were performed using R 2.15.1 software (R Core Team, 2012), using lme4
packages (version 1.1-8; Bates, Maechler & Bolker, 2012). Radiation dose rates were non-

normally distributed and are presented as median with the interquartile range (IQR). Medians

were compared using the Mann-Whitney test, and significance levels were set at an α of <0.05.
For further analysis, data were stratified between fluoroscopy X-ray runs and DSA X-ray run.

First, the distribution of all the predictors was tested between all X-ray runs where operator (thus

SO and FO) values were 0 or missing vs X-ray runs without missing MO non-missing values, to
understand whether there was a trend in the amount of radiation runs where the operator dose
was missing.

Second, we conducted univariable and multivariable log-linear regression analysis, using a

(hierarchic) mixed-effects model, with the radiation predictors (BMI, AG, rotation, angulation,
access site, and protocol) as the fixed effect and patient as the random effect, similar to the

analysis described in Part I on patient radiation dose rates 7. This mixed model was chosen
because runs acquired in a similar patient are not independent and a mixed model accounts for
patient-level clustering. All predictors are incorporated in the multivariable model independent
of significance from the univariable model.

Visual inspection of the residual plots was done on obvious deviations from homoscedasticity

or normality. The variance inflation factor was assessed to identify any multicollinearity; outliers
in each model were checked on finding a pattern. P values were obtained by likelihood ratio tests

of the full model with the predictor in question against the model without the predictor in question.
Intraclass correlation coefficient and goodness of the fit (r2) were obtained for each model.
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β-Estimates and bootstrapped confidence intervals, obtained from univariable and multivariable

models, were back transformed to a nonlogarithmic scale and are presented as Odds ratios. An
Odds ratio of 1 does not influence the radiation dose, whereas an odds ratio of >1, for example,
1.5, increases the radiation dose with a 50% per increase step value. In addition, step sizes were

increased for larger continuous variables: for angulation and rotation, 1 step consisted of a 30°
C-arm angulation or rotation; for field size, 1 step consisted of a 200 cm2 decrease in field size
toward maximum collimation; and for air gap, 1 step consists of a 5 cm decrease in the air gap

towards detector is maximum extended. Odds of patient and operator’s prediction models were
visually compared to analyze discrepancies and similarities between effect size and effect
direction of each radiation predictor on dose rate.
Prediction model

The estimates of the multivariable DRoperator were used to predict the operator radiation dose
hazards under varying radiation predictors. Next the predicted operator dose rates were converted

to the amount of radiation minutes the operator can work under this configuration, until he will

be at risk for reaching the 20 mSv annual year effective radiation dose. These predicted values
were translated into an operator risk chart.

Results
In total, X-ray data of 52 out of 60 patients undergoing EVARS, Fenestrated EVARs or Branched

EVAR from the full database were included for the current analyses (n = 2 missing both FO and

SO, and n = 4 missing SO, n =2 for missing vascular access site were excluded). From the 19
317 X-ray runs acquired in these 52 patients, we excluded 6452 X-ray runs (n=3072 for X-ray
runs of <1 second, n = 73 non-abdomen protocol, n=158 missing access site, n= 871 acquired

in thoracic region, and n=2272 (15.7%) DRoperator was missing in fluoroscopy runs, and n=6 (1%)
missing DRoperator was missing in DSA runs).

When comparing the percentage of X-ray runs acquired in the fluoroscopy “Low” protocol
between the included database and the database where DRoperator was missing and thus were

excluded, we observed that in excluded runs, more X-ray runs were acquired in the lowest
fluoroscopy protocol: 73.1% (in missing DRoperator vs 52.3% not missing DRoperator outcome
(Supplemental table 2).
Protocols

The fluoroscopy mode was used to acquire 12 226 runs (95%), and the DSA X-ray mode was

used for 639 runs (5%). Median DRoperator was 0.119 [0.054-0.258] mSv/h for fluoroscopy, and
was 0.833 [0.281-2.469] mSv/h for all DSA runs (Table 1 and 2).
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Table 1. Fluoroscopie effective dose rates of the maximum operator.
No. (%) Effective dose rate (mSv/h)
Fluoroscopy

minutes reaching 20 mSv

12 226 (95%)

0.119 [0.054-0.258]

10 110 [4658-22369]

“Low”

6 395 (49.7%)

0.099 [0.043-0.189]

12 070 [6 347-2 7589]

“Medium”

4 869 (37.8%)

0.141 [0.066-0.359]

8 523 [3 340-1 8240]

9 62 (7.5%)

0.226 [0.088-0.642]

5 317 [1 870-1 3569]

PA (0-15)

7 197 (55.9%)

0.1 [0.046-0.185]

11 976 [6 501-26 339]

Oblique (15-30)

1 869 (14.5%)

0.102 [0.046-0.205]

11 820 [5 858-26191]

Oblique (30-45)

8 96 (7%)

0.115 [0.042-0.267]

1 0430 [4 489-28 386]

Oblique (45-60)

405 (3.1%)

0.209 [0.097-0.445]

5 742 [2 699-12 427]

Protocol

“Normal”
Rotation (°)

Oblique (60-75)
LAT 75-90

522 (4.1%)

0.221 [0.115-0.64]

5 428 [1 875-10 457]

1 337 (10.4%)

0.414 [0.178-1.04]

2 898 [1 153-6725]

1 1246 (87.4%)

0.118 [0.053-0.257]

10 154 [4 672-22 442]

Angulation (°)
PA (0-15)
Oblique (15-30)

936 (7.3%)

0.122 [0.054-0.252]

9 829 [4 764-22 275]

Oblique (30-45)

44 (0.3%)

0.414 [0.132-0.561]

2 902 [2 142-9 111]
1 2124 [5 527-30 618]

BMI (kg/m2)
20-25

3 391 (26.4%)

0.099 [0.039-0.217]

25-30

7 349 (57.1%)

0.129 [0.062-0.294]

9 302 [4 082-19 380]

30-35

1178 (9.2%)

0.1 [0.039-0.166]

1 2019 [7 237-30 873]

308 (2.4%)

0.205 [0.122-0.368]

5 854 [3265-9806]

1200-1400

239 (1.9%)

0.129 [0.06-0.224]

9 319 [5 352-20 083]

1000-1200

491 (3.8%)

0.177 [0.072-0.344]

6 768 [3 493-16 625]

800-1000

923 (7.2%)

0.15 [0.064-0.315]

7 994 [3 815-18 801]

600-800

1 745 (13.6%)

0.127 [0.057-0.266]

9 434 [4 517-21 164]

>35
Field size cm2

400-600

2 400 (18.7%)

0.126 [0.06-0.276]

9 530 [4 353-20 060]

200-400

3 822 (29.7%)

0.118 [0.057-0.272]

10 177 [4417-21 231]

0-200

2 606 (20.3%)

0.097 [0.041-0.182]

12 361 [6605-29 281]

Femoral

10 369 (80.6%)

0.106 [0.048-0.207]

11 357 [5 808-25 195]

Brachial

1 857 (14.4%)

0.34 [0.128-0.864]

3 528 [13 88-9 374]

Vascular Acces site
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Table 2. Digital Subtraction angiography (DSA) dose rates of the maximum operator
No. (%)

Effective dose rate
(mSv/h)

minutes reaching
20 mSV

639 (5%)

0.833 [0.281-2.469]

1 440 [486-4 274]

DSA: 2fps

548 (4.3%)

0.879 [0.314-2.673]

1 366 [449-3 826]

DSA: 3fps

51 (0.4%)

0.681 [0.153-1.558]

1 762 [771-7 870]

DSA: Roadmap

40 (0.3%)

0.48 [0.217-1.741]

2 506 [690-5 537]

PA (0-15)

303 (2.4%)

0.402 [0.194-1.242]

2 985 [967-6 192]

Oblique (15-30)

154 (1.2%)

0.674 [0.277-1.607]

1 781 [747-4 339]

Oblique (30-45)

53 (0.4%)

1.214 [0.591-3.654]

9 88 [ 328-2 030]

Oblique (45-60)

24 (0.2%)

3.706 [1.938-5.617]

3 26 [214-620]

Oblique (60-75)

28 (0.2%)

5.341 [2.33-12.754]

2 25 [94-533]

LAT 75-90

77 (0.6%)

3.466 [1.715-9.68]

3 46 [124-700]

PA (0-15)1

525 (4.1%)

0.767 [0.277-2.469]

1 565 [486-4 327]

Oblique (15-30)1

107 (0.8%)

0.914 [0.296-2.353]

1 312 [510-4 051]

Oblique (30-45)1

7 (0.1%)

1.251 [0.295-2.763]

960 [434-4 161]

20-25

189 (1.5%)

0.477 [0.206-1.661]

2 518 [723-5 839]

25-30

366 (2.8%)

0.974 [0.365-2.776]

1 232 [432-3 284]

30-35

60 (0.5%)

0.633 [0.279-1.92]

1 897 [625-4 297]

>35

24 (0.2%)

3.296 [1.517-5.057]

365 [240-804]

Stationary
Acquisition
Protocol

Rotation (°)

Angulation (°)

BMI (kg/m )
2

Field size cm2
1200-1400

11 (0.1%)

0.121 [0.05-0.689]

9 916 [1903-24 855]

1000-1200

35 (0.3%)

0.646 [0.281-1.505]

1 857 [801-4 278]

800-1000

54 (0.4%)

0.768 [0.358-1.5]

1 562 [801-3 362]

600-800

92 (0.7%)

0.56 [0.238-1.709]

2 145 [702-5 050]

400-600

129 (1%)

0.849 [0.265-2.468]

1 413 [486-4 523]

200-400

199 (1.5%)

1.23 [0.38-5.065]

9 76 [237-3 155]

0-200

119 (0.9%)

0.862 [0.268-2.501]

1 392 [480-4 479]

Vascular Acces site
Femoral

543 (4.2%)

0.637 [0.251-1.82]

1 884 [659-4 772]

Brachial

96 (0.7%)

3.818 [1.281-10.639]

317 [113-937]
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Figure 2. Scatter and density plot of DRpatient (in Gycm2) and DRoperator (in mSv/h) divided by fluoroscopy (left) and
DSA (right). Additionally, colors correspond with the varying fluoroscopy radiation protocols that can be chosen (“levels
1 or “low”, vs level 2 “Medium” vs Level 3 “Normal”) and for DSA (“2 fps” vs “3 fps” vs “Roadmap” ) Dashed lines in
de the density plots correspond with the median dose rate for these protocols for the patient (upper density plots)
and operator (right density plots).
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Fixed Parts

Fluoroscopy - Patient vs Operator Prediction Model

OR [ 95% CI ]

P

35.65 [ 24.77 − 51.93 ] <0.001
0.05 [ 0.02 − 0.15 ] <0.001

Intercept DR

Protocol: “Low” to “Medium”

2.06 [ 2.03 − 2.09 ] <0.001
1.41 [ 1.34 − 1.48 ] <0.001

Protocol: “Low ” to “Normal”

3.72 [ 3.63 − 3.81 ] <0.001
1.76 [ 1.62 − 1.91 ] <0.001

Rotation (+ 30 deg)

1.24 [ 1.23 − 1.25 ] <0.001
1.69 [ 1.65 − 1.73 ] <0.001

Angulation (+ 30 deg)

1.5 [ 1.46 − 1.54 ] <0.001
1.18 [ 1.06 − 1.31 ] 0.0033

BMI (+ 5 points)

1.25 [ 1.17 − 1.35 ] <0.001
1.27 [ 1.05 − 1.58 ] 0.031

Irradiated Field (−200 cm2)

0.64 [ 0.63 − 0.64 ] <0.001
0.68 [ 0.66 − 0.7 ] <0.001

Acces: femoral to brachial

1.05 [ 1.03 − 1.07 ] <0.001
2.5 [ 2.32 − 2.67 ] <0.001

Random Parts

DRpatient (mGycm2/s)

σ2 = 0.085
ICC = 0.236
σ = 1.141
ICC = 0.155

N = 12226

2

0

1

2

Odds ratio

r = 0.83
2

3

DR operator (mSv/h)

r = 0.3
2

4

5

Digital Subtraction Angiography- patietn vs Operator Prediction Model

Fixed Parts

OR [ 95% CI ]

P

177.2 [ 93.85 − 360.54 ] <0.001
0.12 [ 0.03 − 0.52 ] 0.0047

Intercept DR
Protocol: “2FPS to “Medium”

1.33 [ 1.19 − 1.47 ] <0.001
0.78 [ 0.5 − 1.2 ] 0.2122

Protocol: “2FPS” to “Roadmap”

0.53 [ 0.47 − 0.59 ] <0.001
0.45 [ 0.28 − 0.67 ] <0.001

Rotation (+ 30 deg)

1.37 [ 1.3 − 1.44 ] <0.001
1.85 [ 1.53 − 2.22 ] <0.001

Angulation (+ 30 deg)

1.41 [ 1.25 − 1.57 ] <0.001
1.05 [ 0.7 − 1.6 ] 0.8294

BMI (+ 5 points)

1.52 [ 1.36 − 1.7 ] <0.001
1.49 [ 1.18 − 1.86 ] 0.0017

Irradiated Field (−200 cm2)

0.8 [ 0.78 − 0.82 ] <0.001
0.94 [ 0.84 − 1.06 ] 0.2622

Acces: femoral to brachial

1.16 [ 1.07 − 1.28 ] 0.001
2.99 [ 2.1 − 4.21 ] <0.001
0.95 [ 0.91 − 0.98 ] 0.0015
0.82 [ 0.73 − 0.94 ] 0.002

Air gap (-5 cm)

Random Parts
DRpatient (mGycm2/s)

σ2 = 0.086
ICC = 0.418
σ2 = 1.481
ICC = 0.095

N = 639
0

1

2

Odds ratio
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r2 = 0.78

r2 = 0.48

3

4

DR operator (mSv/h)
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Figure 2a and b illustrates the correlation between patient and operator dose rates for the included
X-ray runs points, divided by fluoroscopic and DSA for the fluoroscopy and DSA varying protocols.
BMI

Median DRoperator was 0.104 [0.042-0.24] mSv/h for runs acquired in patients with a BMI between
20 and 25 kg/m2 and was 0.226 [0.129-0.454] mSv/h for patients with a BMI of >35 kg/m2.
C-arm Rotation/Angulation

Median DRoperator for PA (until 15°) was 0.104 [0.047-0.197] mSv/h compared with 0.443 (0.1861.207) mSv/h for lateral angulation (75°-90° left anterior oblique or right anterior oblique).
Field size

For maximum angulation, DRoperator was 0.423 [0.151-0.619] mSv/h. For field size, the highest

median dose rates were measured between 1000 and 1200 cm2, at 0.194 [0.077-0.389] mSv/h,
whereas the lowest dose rates were measured between 0 and 200 cm at 0.101 [0.043-0.206]
mSv/h.

Vascular Access Site:

The femoral access site corresponded with a median DRoperator of 0.111 [0.05-0.229] mSv/h vs

0.379 [0.134-0.987] mSv/h for the brachial site. Table 1 and 2 summarize all estimated effective
dose rates specific for fluoroscopy and DSA.
Multivariable Dose prediction model
Fluoroscopy

For fluoroscopy, all included radiation predictors were significant positive predictors affecting
DRoperator both in the univariable (Table S3) and multivariable models (Figure 3). Primary
discrepancies between patient and operator effect size were observed for Protocol (higher for
patient dose rates), C-arm Rotation and Vascular Access site (both higher for operator does
rates). DRoperator for C-arm rotation was 1.69 [1.65-1.73], (corresponding with a 69% increase per

30 increase in rotation towards 90 degrees). DRoperator increased with 250% (corresponding with
a OR [95% CI] of 2.5 [2.32-2.67], when changing vascular access site from femoral to brachial
access during fluoroscopy.

ttt Figure 3. Odds ratio (OR) of multivariate models for DRpatient in gray and DRDAP/operator in red for fluoroscopy
and DSA imaging. An Odds of 3 corresponds with an 300% increase in DR compared with the reference. An OR of
less than 1 accords for a negative effect in DR. ICC = infraclass correlation coefficient, OR = Operation risk, CI =
confidence interval
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DSA

In the multivariable DSA prediction model, only “2fps to roadmap”, C-arm rotation, BMI and
Access site and Air gap were significant predictors for DRoperator. Changing from “2fps to roadmap”,
corresponded with an OR [CI 95%], of 0.45 [0.28-0.67], which is comparable with a 55% reduction

in operator dose rate. Also for DSA, were C-arm rotation and Vascular access correlated with

larger effect size (85% increase in DRoperator per 30 degrees of C-arm rotation towards 90 degrees)

and vascular access site (300% increase in DRoperator when changing from femoral to brachial
access site)

Operator Risk chart

Figure 4 provides insight in how to use the radiation-prediction model as we calculated the

predicted ration doses. Green corresponds with very low radiation dose rates between 0-0.2
mSv/h, orange corresponds with 0.2-2 mSv/h and red corresponds with >2mSv/h). Our prediction

model shows that a patient with a BMI of 30 kg/m2, using the fluoroscopy “medium” protocol, at

800 cm2 and 45% C-arm rotation, corresponds with a predicted dose operator rate of 0.28 [0.07
- 1.11] mSv/h during femoral access site, corresponding with 4297 [16 889 – 1 077] minutes until
the 20 mSv operator dose limit is reached, whereas during brachial access in a similar setting,

this would be 0.7 [0.18 - 2.72] mSv/h corresponding with 1724 [6657 - 441] minutes until the 20
mSv is reached (S4 includes all predictions including Confidence intervals). Using similar settings,

but switching to a DSA run and 1000 cm field size with 2 fps through a femoral access site, the

predicted operator dose will be 1.28 [0.26 - 6.95] mSv/h (comparable with 941 [4622 - 173]
minutes) and through a brachial access, this would be 3.35 [0.71 - 16.73] mSv (or 358 [1691 - 72]
minutes of radiation) until 20 mSv/y is reached.

Discussion
In this study, we assessed the predictive value of patient BMI, C-arm settings, and vascular
access site on the intraoperative operator effective dose rates during EVAR in the hybrid OR.
We showed that C-arm rotation and vascular access sites have a much higher effect on the

surgeon’s effective dose, as would be expected based on the patient’s increase dose rate, for

both fluoroscopy and DSA acquisition. These results are consistent with previous research on
effect of C-arm rotations, showing that C-arm rotation increases radiation dose rates to the
operator’s head.8,9 We have shown that each 30° of additional C-arm rotation increases the

operator dose by 69% (for fluoroscopy) and 85% for DSA imaging, whereas only a 24% (for

fluoroscopy) or 37% (for DSA) increase would be expected when accounting for the increased
dose rate for the patient. Noticeable, but not significant, was the opposite effect that was observed

for the operator’s effective dose rate during the 3 fps DSA imaging. Compared with 2 fps DSA,

a reduction in exposed dose was established for the surgeon with the 3 fps DSA (although no
significant), whereas an increase in the patient-exposed dose rate is provided as the number of

frames increases. This effect can be explained by our radiation protection habit to leave the
operating table site during these long run protocols at a high dose, whereas during the 2 fps
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standard DSA, the surgeon remains at the table site. However, one can consider replacing the

2 fps DSA run with a roadmap run to effectively reduce both patient and operator radiation

hazards by 50%, but leaving the table site is not feasible. However, the “roadmap” is also
accompanied with a lower signal-to-noise contrast and thus may only be feasible for a limited
number of DSAs in smaller arteries. We primarily used the roadmap imaging during fenestrated
and branched EVAR to evaluate whether the correct target vessel is cannulated.

Notable was the reduction in field size (by collimation or magnification), which significantly
reduced the operator dose (as expected) for fluoroscopy, but this effect was not significant for
DSA. Two explanations for this may be that generally larger field sizes are used during DSA or
that DSA already accords for very high dose rates, and field size may become less important.

We previously also showed that for DSA acquisition, BMI and rotation are the most important
factors in defining the patient’s exposed dose.

Concerning are that the differences in brachial access sites exceed 2.5- to 3-times those of

femoral access, although 15% of the runs are acquired from this side. These are in line with the
randomized trials on cardiac catheterization access site, showing higher radiation doses for the

operator during transradial access.10 Although the access site during cardiac catheterization is

a “free choice,” this is mostly not the case in complex EVAR, where the access site is
predominately determined by the stent design, vascular anatomy, angulation, and occlusion.
Unexpected findings were the significant increase in patient dose rates when vascular access

sites were changed, which we cannot explain. One reason could be that the brachial access site
may also correlate with use of a higher magnification, a predictor we were not able to include in
our models because the magnification (and SID during fluoroscopy) is not reported in the SR

DICOM files. We reach the maximum amount of shielding during access through the femoral
site; however, our shielding may not be optimal during brachial access. Unfortunately, although

prediction of the patient-exposed radiation dose was very accurate (reaching r2 of .85% for DRDAP,
and even 0.93% for DRAK a previous patient dose study), while the operator’s dose rate models
accounted for an r2 of 0.38 for fluoroscopy and 0.48 for DSA only. Patient radiation dose is strictly

controlled by the system and the defined protocol settings, whereas the operator is not restricted
by any dose limits.

Although we did not particularly measure the operator eye lens dose, previous research shows
a 20% deviation in the lens dose from the measured dose on top of the lead apron may be

relevant. Therefore, the intercept of the models may change, but the expected effects size of an
incorporated radiation predictor may still be relevant to accord for radiation risk hazards of the
eye lens. That the occupational eye lens dose has been estimated as approximately 20% lower

than the average dose measured at chest level should be noted, but this factor depends on the
position of the over-apron dosimeter and other geometric factors during the procedures.11
Study limitations

The dose rate of the Dose Aware PDM ranges between 40 µSv/h and 500 mSv/h, and the badge
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response is angular and temperature dependent, meaning that an additional variation can be

expected between and accuracy of 5% ± 30% at 50° of angulation, until 180° of angulation of

the badge in accordance with the C-arm source. From our prediction model, dose rates below
40uSv/h can also be expected. In particular, operator dose outcomes in the in the lower dose

ranges were missing and were therefore excluded. These may also have affected the effect sizes
changing from a low to a high fluoroscopy protocol, and the effects size may underestimate the
exact effect size. Other inhomogeneity in our staff measurement doses rates may result from

the different surgeons and/or the different operation positions. For example, our two primary

operators differ in height, and therefore, badges are not at consistently similar heights. The
surgeons may also differ in their working habits and strategies, in the amount of the shielding,

or in how they stand in relation to the patient. We did not incorporate the exact position of the
operators or changes in positions of the ceiling-mounted lead screen.

Finally, a major limitation is the available operation feedback screens in the OR. An operator who
observes a very high radiation dose may change the shielding material without changing C-arm

characteristics such as, for example, using additional collimation. Although the current prediction
model provides an estimated mean dose, especially for doses in ORs without real-time operation
feedback, the proposed view may still underestimate those radiation doses in interventional

suites and hybrid ORs without a real-time dose monitoring system. Awareness of radiation doses
exposure rates is mandatory for all operators during EVARs in the hybrid OR.

The predicted surgeon radiation risk hazard, as presented in the RISK chart, is just one method
to improve the understanding of the models predictors. These predicted operator Dose rates
were presented without confidence intervals or the rough estimate of the median expected

radiation dose. However, using such a risk chart increases the awareness that dose rates are
not fixed but vary during and between a multivariable model of predictors.

During at least 80% of the fluoroscopy and 99% of the DSA runs is the operator exposed to a
measurable low-dose radiation; therefore, if we want to reduce the operator dose more efficiently,
one should consider reducing the fluoroscopy and DSA time, and includes the introduction of

new techniques that are efficient not only in reducing of these radiation doses, but also in
replacing these X-ray runs for imaging techniques that do not use X-ray runs, such as 3D image

fusion, intravascular ultrasound imaging, or robotic technologies. Unfortunately, these techniques
are not yet refined enough to incorporate them into daily practice, and replace all X-ray runs.
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Conclusions
The operators’ exposed radiation dose levels are correlated with the patient’s exposed radiation

dose rates. However, the effect of each radiation predictor does not have a similar effect on both
patient and operator dose rates. We have shown the discrepancies between the dose rates the

patient is exposed to and dose rates received by the surgeon, primarily for C-arm angulation
(higher risk compared with patient), and brachial access site, whereas air gap during DSA does

have more effect reducing on the surgeon’s radiation dose rates. Understanding these
discrepancies helps increase the awareness of radiation dose rates during EVAR to both the
patients and the operators and the need to adapt to these changes.
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“Low”, “Medium”,
“Normal”

“2fps”, “3fps”,
“Roadmap”

-90 to 0 to +90
degrees

-35 to 0 to +35
degrees

-

top shutter – left
shutter

SID ranges between
90 and 120 cm

-

Protocols
(fluoroscopy)

Protocols
(DSA)

Rotation

Angulation

BMI

Field size

Air gap

Vascular
Access site

Raw data

-

Air gap = 120-(SID)

Detector field size = 1450
– (field size)

-

Absolute Angulation: 0-40
degrees

Absolute Rotation: 0-90
degrees

Measured by PDM from
Dose Aware Xtend

Defined based on mAs and
Cu filter

Calculation

Femoral

120 cm (max SID)

1450 cm2 ( no collimation or
magnification and max SID)

18 kg/m2

0 degrees (Anterior-Posterior)

0 degrees (Anterior-Posterior)

2 FPS

Low

Baseline

Brachial

90 cm (min SID)

0 cm2 (max collimation or
magnification)

42 kg/m2

90 Degrees (Cranio or
Caudual)

90 degrees (LAO or
RAO)

3 FPS, Roadmap

Normal

Max

1 step

-5 cm towards 90 cm
(minimum air gap)

-300 cm2 towards 0 cm2

5 points of BMI

30 degrees of
Angulation

30 degrees of LAO or
RAO Rotation

1 step

1 step

Step size in the
models

Supplemental table 1. methodological supplemental table of correcting the patient radiation dose rates for the prediction models (similar to Part 17excep that we
included the Roadmap DSA and vascular access site
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Supplemental table 2. Comparison in distribution between included (fluoroscopy) X-ray runs in the model
(n=12226) vs. all excluded radiation runs (excluded because of missing Maximum Operator radiation dose
outcome). The primary causes for missing operator dose outcome can be caused by very low radiation dose
(outside dose ranges), by efficient shielding, or by inaccurate location of the PDM.
X-ray runs included in the
prediction model

X-ray runs excluded in the
prediction model

12226

2272

“Low”

6395 (52.3%)

1661 (73.1%)

“Medium”

4869 (39.8%)

531 (23.4%)

962 ( 7.9%)

80 ( 3.5%)

0-15

7197 (58.9%)

1585 (69.8%)

15-30

1846 (15.1%)

448 (19.7%)

30-45

915 ( 7.5%)

190 ( 8.4%)

45-60

409 ( 3.3%)

26 ( 1.1%)

60-75

522 ( 4.3%)

14 ( 0.6%)

75-90

1337 (10.9%)

9 ( 0.4%)

N
Fluoroscopy

“Normal”

<0.01

C-arm Rotation (o)

<0.01

C-arm Angulation (o)
0-15

P

0.12
11246 (92.0%)

2109 (92.8%)

15-30

936 ( 7.7%)

160 ( 7.0%)

30-45

44 ( 0.4%)

3 ( 0.1%)

380.70 [215.84, 635.04]

304.00 [157.43, 595.55]

<0.01*

26.30 [24.91, 28.73]

25.83 [24.68, 28.73]

<0.01*

1857 (15.2)

106 ( 4.7)

<0.01

63.30 [44.60, 129.30]

46.80 [41.00, 99.40]

<0.01*

113.24 [97.86, 120.00]

114.81 [94.78, 120.00]

0.53*

0.40 [0.40, 0.40]

0.40 [0.40, 0.40]

<0.01*

0.05 [0.03, 0.08]

0.03 [0.02, 0.05]

<0.01*

Field size (cm2)
BMI
Accessite (Brachial)
mAs
kV
Cu Filter (mm)
DRpatient (Gycm2/s)
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Supplemental table 3 Univariabele analysis of operator dose rates and radiation predictors. (Upper , fluoroscopy,
lower, Digital Subtraction angiography)
Fluoroscopy – univariable

Operator Effective Dose rate DRoperator (mSv/h)
Odds

CI

r2

P

Protocol: “Low” to “Medium”

1.52

[ 1.44-1.59 ]

0.21

<0.001

Protocol: “Low” to “Normal”

2.23

[ 2.03-2.44 ]

0.21

<0.001

Rotation (+ 30˚)

1.68

[ 1.65-1.72 ]

0.29

<0.001

Angulation (+ 30˚)

1.53

[ 1.34-1.75 ]

0.18

<0.001

BMI (+ 5 points)

1.35

[ 1.05-1.79 ]

0.18

0.0307

Irradiated Field (-200 cm2)

0.86

[ .83-.88 ]

0.19

<0.001

Access Site (from femoral Brachial )

3.11

[ 2.86-3.35 ]

0.24

<0.001

DSA – univariable

Operator Effective Dose rate DRoperator (mSv/h)
Odds

CI

r2

P

Protocol: “2 fps” to “3 fps”

0.54

[ 0.34-0.94 ]

0.21

0.0148

Protocol: “2 fps” to “Roadmap”

0.65

[ 0.36-1.09 ]

0.21

0.1066

Rotation (+ 30˚)

2.54

[ 2.26-2.83 ]

0.43

<0.001

Angulation (+ 30˚)

1.19

[ 0.73-1.95 ]

0.2

0.4706

BMI (+ 5 points)

1.60

[ 1.21-2.14 ]

0.19

0.0034

Irradiated Field (-200 cm2)

1.31

[ 1.14-1.51 ]

0.21

<0.001

Access Site (from femoral Brachial )

6.73

[ 4.71-9.8 ]

0.29

<0.001

Air Gap ( -5 cm )

0.57

[ 0.52-0.62 ]

0.37

<0.001

FPS = frames per second), BMI = Body mass Index, CI = confidence interval,
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Fluor: Low

Fluor: Low

Fluor: Low

Fluor: Medium

Fluor: Medium

Fluor: Medium

Fluor: Normal

Fluor: Normal

Fluor: Normal

Fluor: Low

Fluor: Low

Fluor: Low

1

2

3

4

5

6

7

8

9

10

11

12

Radiation Protocol

90

45

0

90

45

0

90

45

0

90

45

0

Rotation
(degrees)

30

30

30

20

20

20

20

20

20

20

20

20

BMI
(Kg/m2)

400

400

400

400

400

400

400

400

400

400

400

400

Field
surface

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Femoral

Vascular
access site

0.27 [0.07 - 1.06]

0.12 [0.03 - 0.48]

0.06 [0.01 - 0.22]

0.32 [0.08 - 1.26]

0.15 [0.04 - 0.59]

0.07 [0.02 - 0.27]

0.25 [0.06 - 1]

0.12 [0.03 - 0.46]

0.05 [0.01 - 0.21]

0.18 [0.05 - 0.72]

0.08 [0.02 - 0.33]

0.04 [0.01 - 0.15]

Operator Effective Dose rate
(mSv/h)

4469 [17226 - 1137]

9905 [38431 - 2515]

21557 [84665 - 5427]

3748 [14895 - 950]

8218 [33404 - 2045]

18052 [71793 - 4515]

4778 [19035 - 1198]

10317 [40417 - 2593]

22536 [89197 - 5835]

6506 [25571 - 1659]

14254 [57141 - 3637]

31524 [127422 - 7954]

Time until 20 mSv/year is
reached (minutes)

Supplemental table 4. Predicted (and Confidence intervals) for (1) operator dose rates (in mSv/h) for each configuration and (2) amount of radiation minutes until 20
mSv is reached for the first 12 datapoint of the Risk Chart
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Feasibility of intraoperative contrastenhanced cone-beam computed
tomography for 3D roadmapping in
fenestrated and branched endovascular
aneurysm repair

Abstract
Objective
To develop and validate a methodology for 3D image guidance technique for fenestrated and
branched abdominal endovascular aortic repair (F/BrEVAR), using contrast-enhanced cone-beam
computed tomography (ce-CBCT).
Design
Retrospective analysis of the use of Contrast-enhanced Cone beam Computed tomography for
image fusion guidance during fenestrated and branched endovascular aortic repair.
Materials
We respective analyzed the radiation outcomes of 44 patient undergoing fenestrated or branched
EVAR using AlluraClarity fixed C-arm. In 31 of the 44 patient, an intraoperative contrast-enhance
Cone Beam CT was acquired, to facilitate the 3D roadmapping. In the first 7 of the 31 cases,
varying contrast settings were used, while in final 24 of 31 cases, ceCBCt were acquired using a
fixed contrast protocol. A ceCBCT was considered in patients undergoing a F/BrEVAR intervention.
Contrast protocol (flow, volume, contrast dilution) and XperCT post-processing parameters were
optimized. Ce-CBCT image analysis was blinded performed using intraoperative imaging settings.
The primary endpoint in the development phase was the feasibility of the ceCBCT to assist during
Target vessel (TV) vessel cannulation. The primary end points in the validation phase were vessel
outline sharpness of the ceCBCT as the primary overlay on a 5-point scale (from very bad to very
good), and achievement of adequate visualization of all required TV origins.
Results
The first seven interventions were part of the development phase ceCBCT proved to be feasible
for image overlay but showed fluctuating results in vessel outline sharpness due to inadequate
contrast dilution. To acquire a sharp vessel outline during the intervention, the protocol was
standardized to the amount of 100 mL of diluted contrast at a flow of 8 mL/s. The dilution
composition was 45% contrast (300mg/I) for juxtarenal aneurysms and 50% contrast for suprarenal
aneurysms.
Conclusions
The use of ceCBCT for three-dimensional image guidance for fenestrated and branched EVAR
is feasible when the contrast and acquisition parameter settings are optimized. CeCBCT provides
a valuable alternative to image fusion with preoperative CT angiography.
What this paper adds
This manuscript demonstrated the feasibility of an alternative technique to acquire 3D image
guidance during fenestrated and branched EVAR, the use of contrast-enhanced cone beam CT
(ceCBCT). Compared to image fusion with a pre-operative CTA scan, the use of ceCBCT does
not require a co-registration step and includes the primary aortic deformation by stiff wires or the
stent graft. As the use of ceCBT requires a single contrast bolus injection, we optimized our
contrast injection protocol, which balances out the minimum required contrast volume to obtain
the maximum vessel outline sharpness.
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Introduction
Cannulation of the visceral aortic side branches as target vessels (TVs) in fenestrated and

branched endovascular aortic repairs (FEVAR/BrEVAR) can be a time consuming and challenging
step of the procedure.1 The lack of three-dimensional (3D) visualization of the angulated and

calcified TVs are the Achilles’ heel during these complex EVAR procedures when the intraoperative
imaging is restricted to the gold standard of two-dimensional (2D) fluoroscopic X-ray combined
with 2D digital subtraction acquisition (DSA).2,3

The hybrid operating room with fixed C-arm equipment is the preferred environment for these
complex EVARs because it provides high image quality combined with high intraoperative sterility

level, although at the cost of high radiation doses and large contrast volumes, especially when

using 2D DSA. 4,5,6 Meanwhile, most of the current fixed C-arm systems also include software
packages with 3D imaging fusion options, with the primary goal of providing a 3D visualization
of TVs and, thereby, reducing intraoperative radiation dose and contrast volumes.2,7,8

However, obtaining the 3D image fusion by using a preoperative computed tomography (CT)
angiography (CTA) requires a manual or semiautomatic coregistration, whereby a registration

mismatch may cause overlay inaccuracies.9 Besides, the preoperative CTA does not adapt to

intraoperative vessel deformation as a result of stretching of the vessels caused by the stiff wires
and deployment systems, leading to sources of error in the fusion roadmap.10

To overcome these issues, we incorporated an alternative technique, intraoperatively acquired
contrast-enhanced cone-beam CT (ceCBCT), to obtain a 3D volume roadmap of the aorta and

visceral TVs for stent graft deployment and navigation image guidance.11 Using the ceCBCT as
the primary overlay has the advantages of having an accurate 3D roadmap of the anatomy that

is inherently matched with the X-ray imaging and thereby avoids the manual registration step
required for the overlay of preoperative CTA.12,13

Materials and Methods
Study design

This is a retrospective study, to evaluate our experience with the use of 3D ceCBCT overlay for
3D image guidance, between October 2013 and April 2016. We started to use ceCBCT overlay

in our clinic during F/BrEVAR cases, as we were convinced that these complex EVAR interventions

very likely benefit from any source of 3D overlay imaging, but we were not satisfied with the

available method to provide 3D roadmapping using a pre-operative CTA registered with the
intra-operative unenhanced CBCT.

In the initial phase, a multidisciplinary team assessed whether the ceCBCT overlay had an
additional value, based primarily on the intervention complexity and previous experience.
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Initially, the minimum requirements when surgeons started to use ceCBCT overlay were
patients undergoing an FEVAR or BrEVAR, with a minimum of three TVs and adequate kidney
function. For every case, the contrast load required for the ceCBCT had to outweigh the
potential clinical benefit of having the 3D imaging overlay. After each case, the imaging expert

and the primary operators assessed the overlay quality. When images were suboptimal, the

main parameters of the protocol (contrast flow, volume, and dilution) were redefined, and the
available settings for post-processing were reassessed to find the optimal contrast settings.

(which correspond with constant image quality. Currently, the ceCBCT overlay technique is

our standard of care with a fixed contrast protocol, and together with X-ray imaging, it became
our image guidance of choice for each complex EVAR. For this analyses, we retrospectively

grouped our complex EVARs that were performed from October 2013 until April 2016, into

three subgroups (Figure 1): no ceCBCT overlay (October 2013 – until April 2016), ceCBCt with
suboptimal/varying protocols (May 2014 - January 2015) and ceCBCt with the optimal (fixed)
protocol (Januari 2014 until April 2016). Additionally, we analyze the efficacy of our fixed
protocol for ceCBCT overlay the overall image quality.
Equipment

The Philips Allura Xper FD20 Flexmove system (Philips Healthcare, Best, The Netherlands)
installed in our hybrid operating room, equipped with 3D Xpert CT options and updated with

AlluraClarity, with ClarityIQ technology, was used. The Allura system was combined with Maquet
Magnus surgical table top with carbon fiber (MAQUET Medical Systems, Wayne, USA) and

Imaxeon Avidia angiographic contrast injector (Imaxeon Pty Ltd, Rydalmere, Australia). The

software for performing the post-processing of the ceCBCT was Interventional Workspot, R1.0.1.
(Version 8.8.0.10120, Philips Healthcare, Best, The Netherlands).

The rotational scans for ceCBCTs were performed with the “Abdomen ROLL LowDose XperCT”

(LD) protocol, with a total rotation time of 10.5 seconds, 316 frames (30 frames/s), as acquired
during a 240° rotation, with 120 to 123 kV, and 290 to 320 mAs, 0.9-mm Cu filter, with the detector
in landscape position. All scans were acquired with a delay of 2 seconds, which was defined as
the interval between the start of the contrast injection and the start of the scan. Therefore, the total

acquisition time, which was defined as the sum of the scan time and delay time, was 12.5 seconds.14
Procedures

All procedures were performed by two experienced vascular surgeons (J.H., C.H.), and the image
acquisition and post-processing were acquired by a technical physician with imaging expertise
(Q.R.) retrospective analysis was performed by a second independent expert (M.J). A confirmation

DSA or confirmation “roadmap” (a low-dose DSA acquisition mode), was always acquired after
cannulation of the TV.

Contrast injection protocol optimization

In the suboptimal ceCBCT group, the ceCBCT was acquired with a variety of contrast dilution

ratios, total volumes, and flow levels. We started with very low contrast (Ultravist 300, Bayer
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October 2013 - April 2016
n = 44 F/Brevar
No ce-CBCT , n = 13

n = 31 F/Brevar
Suboptimal /varying CeCBCT protocol
n=7

n = 24 F/Brevar
ceCBCT use for
Image quality evaluation

Optimal
CeCBCT protocol
n = 24

- ceCBCT not yet availbale (n = 9)
- Kidney faiure (n = 1)
- No add. clinical value
during the procedure (n=1),
- Image fusion with pre-operative
CTA roadmap (n=2)
- total volume > 100ml (n = 7)
- flow > 8 ml/s (n = 7)
- contrast 30% (n=2)
- contrast 40 % (n= )
- Volume = 100 ml
- Delay = 2 sec
- Flow = 8 ml/s
- Contrast 45% forFEVAR
- Contrast 50% for FEVAR

Figure 1. Flowchart of patient groups

HealthCare Pharmaceuticals Inc., Wayne, Germany, 300 mgI/mL) dilution of 30% and increased

this toward 40%, with a maximum of 50%. We started with a total volume of 110 mL, combined
with a flow of 10 mL/s, and were able to reduce the total injection volume to 100 mL at 8 mL/s.

In the optimal ceCBCT group, all ceCBCTs were acquired with 100 ml of contrast volume, 45%
contrast, and a flow of 8 mL/sec. Only in thecase when the visceral target vessels were located
in the aneurysm (primarily for branched EVAR), a 50% iodine contrast dilution was used.
CeCBCT acquisition protocol

Workflow Step I: Preparation: The patient was positioned on the operating table with the left arm
out to facilitate brachial access for antegrade TV cannulation (also for FEVAR, for which the
brachial access was not required but was used as a bail-out in case of highly angulated arteries),

with the C-arm located on the right side of the patient. Initially, a short 7 mL contrast DSA was

acquired to identify the proximal TVs for finding the optimum pigtail position. Further on, we
replaced this DSA run by identifying from the preoperative CTA the proximal TV position in relation
to the T11 and T12 and L1 vertebrae in anterior-posterior and in the lateral view.

Workflow Step II: ceCBCT Acquisition: The ceCBCT was performed after stent graft navigation
of the main stent graft body but before stent graft deployment. This moment was chosen because

the ceCBCT would include potential aortic deformations resulting from the rigid delivery system
of the undeployed stent graft and the stiff wire. A 5F Pigtail (Cook Medical, Bloomington, Ind)
was advanced from the contralateral side into the suprarenal aorta for intra-arterial contrast

injection. The curl of this particular pigtail type was positioned at least 2 cm or 1 vertebra cranial
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of the most proximal TV. Before acquisition, three steps were checked: (1) selection of the field

of view in both anteroposterior and lateral positions included all the TVs in the acquisition, (2)

acquisition of a pre-Roll scan to ensure that the C-arm moved freely during the entire rotation

from the start position to the end position, and (3) maintenance of intraoperative sterility. Additional
care was taken by one of the staff members when prerotating the C-arm with respect to the left
arm on the arm plate.

During the ceCBCT acquisition, all staff members kept far away from the C-arm to diminish their

radiation dose. After the acquisition, the C-arm position was stored. From this moment, the C-arm

was not allowed to move transversally or laterally (table movements, C-arm rotation and
angulation, were allowed). In case the C-arm was moved, the stored C-arm position enabled a

recall of the C-arm position at any given time. Secondly, the button for C-arm transversal
movement was covered with a sterile colored sticker to prevent the radiation technologist from
using this button as long as the 3D overlay was used.

Workflow Step III: Post processing: Several post-processing steps were required for the ceCBCT

overlay (Figure 2). In step 1, a new ceCBCT reconstruction was acquired from the rotational
angiography. We used a 50% cube size for the reconstruction, which included all TVs, combined

with a 128-image resolution, and applied the standard “preset” reconstruction settings. The metal
artifact reduction was set “on” to discard potential stent graft artifacts. The body mass index

reduction parameter was set “off” because this setting negatively influenced the sharpness of
the vessel outline. In step 2, we manually removed all bones and surrounding soft tissue with

the “cut” tool. In step 3, we used the histogram settings to perform vessel segmentation on the

reconstructed ceCBCT to extract the contrast-enhanced vessels from the noncontrast-enhanced
surrounding soft tissue. Finally, in step 4, the overlay was set as “3D roadmap” and uses a

maximum “land marking” setting (for maximum X-ray view, set at maximum to the right), combined
with a minimum (0%-10%) “blending” setting (minimizing the overlay view). Using these settings

ensures that the X-ray images on the overlay remain similar to the coloring schedule of the
standard X-ray view and facilitates the image interpretation by the staff. During the intervention,

the overlay was manually fine-tuned for each TV, when necessary. A short DSA run, using 7 mL
of contrast with a flow of 30 mL/s, was acquired to identify the renal target vessel origin for the

main graft deployment and to visualize the overlay accuracies and vessel origin overlay. These
steps are summarized in Figure 2.
Data collection

Technical success of the procedure was defined as successful deployment of the stent graft with

stenting of all the TVs. Technical success of the ceCBCT was defined as successful imaging of
all the required target vessels.

We retrospectively analyzed the quality of the overlay image retrospectively to identify whether
all TVs achieved an sufficient volume of contrast to perform vessel segmentation. All ceCBCt
scans were re-reconstructed by a blinded expert who was not in charge of the first ceCBCT.
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Figure 2. A, Selection the volume of interest and selection of the correct reconstruction parameters. B, After clicking
“OK”, a reconstruction is computed, rendering the reconstructed contrast-enhanced cone beam computed tomography
(ceCBCT) image. C, all bones and soft tissue of no interest were cut off from the three-dimensional (3D) view. D,
Optimization of the histogram settings, to configure the optimal rendering of the 3D

Median post-processing time (reconstruction, cutting of irrelevant soft-tissue and segmentation
until all vessels are visible) was measured. The sharpness of the aortic and target vessel outline
on the ceCBCT overlay was assessed by a 4-point Likert scale: 0, Not assessable, 1, Poor (or
granular outline), 2, Moderate (minimum outline sharpness), Good (Sharp outline) and ,4 ,
Excellent (or very sharp outline). Secondly, image artifacts of the reconstructed scan were
assessed in three scales (No artifacts, Artifacts without influence on image overlay, and finally
artifacts with influence on image overlay).
Secondary end points were procedure time, contrast volume, and radiation dose parameters,
and technical success. Finally, the radiation dose of the total CBCT scan was compared with the
total radiation dose of the full procedure. Intervention characteristics were noted, including the
total number of runs, dose area product (DAP; Gycm2), (cumulative) air Kerma (AK; Gy), and
fluoroscopy time (FT; minutes), cumulative as well as defined for each DSA and XperCT scan.
Normally distributed outcomes are presented as mean with the standard deviation, and nonnormally distributed values are presented as median with the interquartile range (IQR). Radiation
dose outcome where compared with a small cohort of Fenestrated and branched EVARs

159

PART II IMAGING AND NAVIGATION

Results
The 44 patients were a mean age of 75 ±7 years. The mean body mass index was 26.60 ±3.82
kg/m2. There were no major significant differences between the three groups regarding age BMI,
type of graft, number of re-interventions (Table 1)
Table 1. Patient / interventional characteristics
No ceCBCT.

Subptopimal
ceCBCT.

Optimal ceCBCT.

13

7

24

Age (year)

76.62 (6.49)

74.43 (5.62)

74.29 (7.79)

0.63

BMI (Kg/m2)

26.81 (5.04)

26.40 (3.34)

26.55 (3.33)

0.97

4 (30.8)

4 ( 57.1)

5 (20.8)

0.18

3 TV

8 (61.5)

3 ( 42.9)

12 (50.0)

4 TV

5 (38.5)

4 ( 57.1)

11 (45.8)

n

ReIntervetions (%)
Nr of Target Vessels (%)

5 TV
Prox TEVAR extension (%)
Dist EVAR/AUI extension (%)

0.82

0 ( 0.0)

0 ( 0.0)

1 ( 4.2)

2 (15.4)

2 ( 28.6)

3 (12.5)

0.59

10 (76.9)

2 ( 28.6)

18 (75.0)

0.05

GraftsType (%)

0.28

BrEVAR

1 ( 7.7)

0 ( 0.0)

F/BrEVAR

0 ( 0.0)

0 ( 0.0)

4 (16.7)

12 (92.3)

7 (100.0)

17 (70.8)

0

0

2 (98)

FEVAR
TV Failed to cannulate

P

3 (12.5)

FEVAR = fenestrated EVAR, BrEVAR = Branched EVAR, TEVAR = Thoraric EVAR, AUI, Aortouniiliac, TV = Target
vessel,

Suboptimal ceCBCT Protocol

The first time a ceCBCT overlay (Figure 3) was used, a very low contrast dose was chosen of only
33 ml of contrast (30 % dilution, 110 mL volume and 10 mL/sec of volume), showed a feasible

overlay for 3/4 Target vessels: the CA target vessel origin was missing on this ceCBCT. From the
first seven cases, only one ceCBCT was not useful during the procedure as the TV could not be
identified due to very granular vessel outline (30%, 9ml/s and 105ml). Of the 26 planned TVs, 21

(81%) could be assessed. Vessel outline sharpness was assessed as very bad in 1 ceCBCT

acquisition (independent of the post processing, the outline remained granular), moderate in 4,
and good in 2. Median procedural used contrast volume was 200 mL (IQR: 170, 200 mL).
Optimal ceCBCT Protocol

After the development phase, 24 interventions were included in the validation phase to assess
the feasibility of the ceCBCT as acquired with the standardized protocol. The sharpness of the

vessel outline was rated as moderate in 2 Poor (8%), Moderate in 3 (12.5%), and good in 8

(33%) ceCBCTs and Excellent in 11(54%) ceCBCTs. By using the standardized contrast
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Figure 3. First, contrast-enhanced cone beam computed tomography (ceCBCT) using 33 mL of contrast, in anteriorposterior view (left) and lateral view (right), in a four-vessel fenestrated endovascular aortic repair (FEVAR)
intervention. Although a sharp, good vessel outline is achieved, a part of the celiac artery is missing.

protocol, origin vessel outlines could be segmented and intraoperatively visualized in 81 of 83

TVs (98%), with one failure because of incorrect pigtail placement, and one because of an
occluded TV.

Radiation outcome

The median contrast volume in 24 cases was 186.5 ±180 mL (IQR: 157, 192mL), median

fluoroscopy time was 90 minutes (IQR: 67, 122 minutes), median DAP was 448 Gycm2 (IQR:

[320, 614], 611 Gycm2) and median AK was 2.96 Gy (IQR: 2.24, 3.78). The mean DAP for a
single ceCBCT was 16.5 ± 3.1 Gycm2, which was 4.6% ± 2.5% of the cumulative DAP dose.

The mean DAP for a “2fps” DSA was 6.8 ± 2.2 Gycm2, and the mean AK for a “2fps DSA run”
was 0.045 ± 0.0158 Gy; 2.6 ± 0.8 of DSA runs (acquired with a 2 frames/s protocol) have a
comparable DAP compared with ceCBCT, whereas 1.00 ± 0.36 average AK was comparable

to a total of number of “2fps” DSA runs. All patient radiation dose outcomes can be found in
Tables 2 and 3.
Clinical cases

In at least two cases, the overlay was rated as essential. The first patient (Figure 4) was a
62-year-old woman with a thoraco-abdominal aneurysm (Crawford classification type II) starting
at the level of the subclavian artery, combined with a severe aortic angulation in both the thoracic

and suprarenal aorta, with a maximum diameter of 6 cm at the level of the celiac trunk. The

patient was indicated for BrEVAR. In this case, all aortic stent grafts were deployed, after which

we closed the femoral access site. Instead of the standard pigtail, a royal flush pigtail was
navigated from brachial access side to the level of the proximal TV to acquire the ceCBCT from

the brachial access. All target vessels could be revascularized when using the ceCBCT overlay.
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Table 2. Intervention radiation dose outcomes
Variable

No ceCBCT protocol

Suboptimal ceCBCT
protocol

Optimal CeCBCT
protocol

P

(n = 13)

(n = 7)

Median (IQR)

Median (IQR)

Median (IQR)

Surgical procedure time,
(min)

331 (253, 437)

389 (310, 465)

302 (235, 362)

.33

Total operation time, (min)

409 (333, 543)

474 (391, 517)

375 (319, 441)

.32

Contrast volume, (mL)

185 (100, 210)

200(140, 200)

186.5 (157, 192)

.95

100.28 [71.41, 145.42] 110.59 [85.70, 151.29]

90.09 [66.72, 121.76]

0.76

2.96 [2.24, 3.78]

0.31

739.87 [481.03, 888.24] 500.87 [385.60, 636.09] 447.51 [320.01, 614.37]

0.10

(non(n = 24) normal)

Cumulative
Fluoroscopy time, (min)
Air Kerma, (Gy)
Dose Area Product, (Gycm

4.20 [2.95, 5.82]
2)

3.49 [2.72, 4.04]

DSA outcomes
Number of DSA runs

31.00 [26.00, 36.50]

22.00 [19.25, 36.00]

28.00 [20.50, 33.50]

0.55

DSA time, (min)

2.33 [1.82, 2.91]

1.66 [1.52, 3.08]

1.57 [1.39, 2.22]

0.07

Air Kerma, (Gy)

1.09 [0.84, 1.48]

0.85 [0.53, 1.07]

0.80 [0.63, 1.03]

0.25

Dose Area Product, (Gycm2) 176.47 [148.95, 233.60] 135.72 [82.84, 190.94] 132.60 [82.51, 149.98]

0.02

CBCT
Air Kerma, (Gy)

0.04 [0.04, 0.05]

Dose Area Product, (Gycm2)

The second case was a 74-year-old man with
a history of spondylodesis at the level of TH11

to L5 (Figure 5) who had a saccular aneurysm
just distally of the renal arteries. Because the

screws were directly posterior of the distal
renal artery, a shadow hindered the view

around the renal artery in the anteroposterior

C-arm angulation and on the preoperative

CTA. Here, the ceCBCT overlay was used as

a replacement of the angiogram during stent
graft deployment because both renal arteries
were clearly visible on the ceCBCT and image
overlay.
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16.17 [14.21, 18.79]

Table 3. Percentage Digital subtraction angiography
(DSA) dose, or Cone Beam CT dose regarding the
total received Dose Area Product (DAP) and Air
Kerma regarding total DAP and AK to the patient.
Variable

Overall
mean ± SD

DAPfluoroscopy /DAPtotal (%)

68 ± 9.0

DAPCBCT / DAPtotal (%)

4.6 ± 2.5

DAPDSA / DAPtotal (%)

27.5 ± 8.2

AKfluoroscopy /AKtotal (%)

71.8 ± 9.2

AKDSA / AKtotal (%)

26.6

AKCBCT / AKtotal (%)

1.6 ± 0.9

± 8.9
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Figure 4. Three-dimensional image fusion using a
contrast-enhanced cone beam computed tomography
(ceCBCT) acquisition in a patient undergoing four-vessel
branched endovascular aortic repair (BrEVAR).

Figure 5. Three-dimensional (3D) image fusion using a
contrast-enhanced cone beam computed tomography
(ceCBCT) acquisition in a patient undergoing four-vessel
fenestrated endovascular aortic repair (FEVAR) using
the standardize protocol (undergoing FEVAR with a
history of spondylodesis at the level of TH11 until L5).

Discussion
In this study, we have shown that intraoperative 3D image guidance in FEVAR and BrEVAR can
be reached by only using an intraoperatively acquired ceCBCT. The primary advantages of using
this ceCBCT for image guidance are that it excludes the need for preoperative or intraoperative
(manual or semiautomatic) coregistration and that the presented 3D image views incorporate
aortic deformation by stiff wires and stent graft.9,15 In addition, the 3D ceCBCT is acquired
intraoperatively, without any time delay between acquisition and the operation. This minimizes
overlay inaccuracies caused by the coregistration of different imaging systems, change in patient
position, or time delay.10 Achieving this highly accurate 3D roadmap view comes at the expense
of a single high-volume bolus of radiographic contrast. We, therefore, investigated the optimal
image acquisition settings, combined with optimizing of the contrast injection settings, to acquire
the best TV origin visualization and sharpest aortic and visceral vessel outline segmentation that
outweighs this single bolus of contrast.
The minimum amount of contrast needed was leveled out at 45 mL of iodinated contrast for
FEVAR (where TVs are primarily located in a undilated aorta) and a minimum of 50 mL for
BrEVAR (where TVs are partly located at the dilated aorta) for the current 10 sec rotation protocol.
In our opinion, this configuration and contrast settings meets both the particular operator needs
but outweighs benefits of the 3D overlay regarding contrast injection and DSA images during
these interventions. When we started to introduce this method, the duration time from acquisition
up to live guidance with overlay took ~10 to 15 minutes. In the meantime, the operators continued
with their procedure in the standard way. With the protocol optimization and the current
experience, the whole process takes a few minutes up to a maximum of 5 minutes.
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Figure 6. 3D model (up) and 3D overlay (down) of ceCBCT of a fenestrated cuff after previous EVAR, with a very
sharp outline and all vessels in the 3D model.

So far, in EVAR procedures, CBCT has been used for registration of the 3D CTA to create the

overlay of CTA2,8,16 or for postoperative control as a replacement of (or in addition to) the
completion angiography.17,18,21,22

Although the use of ceCBCT as the primary overlay for endovascular image fusion is novel for

fenestrated aortic repair, the application of ceCBCT has been widely accepted in a wide number
of procedures in other anatomical regions and medical fields such as pediatrics, cardiology,

neurology, and interventional oncology.14 Kilani et al.19 reported the first use of 3D rotational
angiography for endovascular embolization management of visceral artery aneurysms in seven

patients, without the additional use of using 3D rotational angiography as a roadmap. Carrafiello
et al.20 studied the use of ceCBCT for an automatic vessel detection software for use in emergency

transarterial embolization, with various levels of flow rate (10-60 mL), various levels of contrast

volume (60 mL of contrast for the adnominal aorta), and a delay of 3 seconds. Carrafiello et al.

and Kilani et al. both used the ceCBCT for imaging of the visceral vasculature only, rather than
including the primary abdominal aorta and visceral vessels.

Sailer et al.21 studied the effective dose of a similar CBCT protocol. They showed that a single
CBCT corresponded to an effective dose of 4.3 mSv, depending on the body weight and
anatomical location. One CBCT corresponded to 7.7 minutes of fluoroscopy. We showed that
one ceCBCT is similar to 2.5 DSA runs and generally only accounts for 4.1% of the total DAP,
which makes the radiation dose of the CBCT negligible compared with the total radiation dose.
In addition, all staff leaves the interventional room during the ceCBCT acquisition, thereby
minimizing any additional dose for the staff.
A more recent study of Törnqvist et al.18 showed the use of ceCBCT to detect additional
intraoperative complications and identify potential endoleaks, kinks, or compressions of the stents
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in addition to the standard completion DSA. They demonstrated that the combination of 2D DSA
combined with ceCBCT could be used to identify all significant complications. In their case,
ceCBCT was acquired by using flows of 9 mL/s for total volumes of 72 mL, combined with a total
DAP of 71 Gycm2. The DAP values from their study were much higher than our mean DAP value
of 16.5 ± 3.1 Gycm2.
Dijkstra et al.22 described the use of unenhanced (without contrast injection) CBCT for complex
EVAR as a tool for the 3D-3D registration of preoperative CTA to X-ray. They also tested the
value of ceCBCT for ruling out postprocedural endoleaks as a final procedural control. In their
study, 19 patients underwent a ceCBCT for evaluation of postdeployment endoleaks. They used
55 mL of contrast for the ceCBCT, and the scans were acquired at an AK level of 0.55 Gy.
Although the contrast volume used in that study was slightly larger compared with our series,
the amount of radiation dose used for our ceCBCT was much lower, at .042 ± .006 Gy.
Although the current hardware and software have been approved, the acquisition times and the
post-processing software are not yet optimized for this technique or the described application.
First, we do see the additional value for a wider group of patients, if the total acquisition time
was decreased (for example, from 10.5 to 8 seconds or even 6 seconds). That would translate
into a reduction of procedural contrast volume (it may save another 10/20 ml of contrast, with a
contrast dilution of 45%). Second, during the postprocessing, the vessel segmentation is limited
to using histogram settings, and options, such as automatic vessel segmentation and automatic
bone removal, may facilitate this step.
We are aware of the disadvantages of using the ceCBCT overlay compared with fusion with
preoperative images 2D-3D or 3D-3D registration. First, these image techniques facilitate
coregistration of the preoperative CT with intraoperative X-ray images but do not require any
contrast bolus.23,24. Second, the 3D anatomical volume coverage yields a limited field of view
compared with the full view of a common preoperative CTA. Third, the technique with the ceCBCT
overlay requires some additional post-processing steps to be carried out intra procedurally to
obtain the optimal visualization of the acquired rotation angiography in the final overlay view per
target vessel. In addition, the settings of the viewing often need to be optimized during the
procedure because contrast volume is not always proportionally spread to all TVs and the
currently available software tools are limited to histogram changes instead of automatic vessel
segmentation.
A carefully chosen positioning of the pigtail in the aorta was essential for the optimal acquisition
ceCBCT. When the pigtail was placed too distally in relation to the proximal TV, the most proximal

TV often did not receive an adequate contrast flow, resulting in a poor visualization of the overlaid

ceCBCT. However, when the pigtail was placed too high, the most distal TVs did not receive an
adequate flow of contrast agent and were poorly visualized.

The retrospective design of the study and the limited number of cases were the major limitations
of the current study. In addition, there is a wide variation in complexity between the FEVAR and

BrEVAR cases. The variation was reflected in a variable number of TVs (3 to 5), in cases that
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were limited to a single complex fenestrated or branched stent graft deployment, and in cases
for which the graft was proximally or distally extended as a thoracic endovascular aortic repair,

EVAR, or aorto-uni-iliac repair. Moreover, within the development phase, the contrast volume
used was not yet adequately measured, and some adequate contrast measurements were
missing.

Conclusions
We have introduced the use of ceCBCT for primary image guidance in EVAR. Using ceCBCT is

feasible for TV cannulation and stenting, with a minimum of 45 mL of contrast in FEVAR and 50
mL for BrEVAR. This contrast volume bolus outweighs the benefits of having a highly accurate
image overlay, including aortic deformation. Furthermore, it excludes the need for any manual

or semiautomatic coregistration or repeating the registration. Therefore, use of an intraoperatively

acquired ceCBCT for image fusion is a feasible and valuable alternative to preoperative CTA
image fusion for complex EVAR.
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Current state in tracking and robotic
navigation systems for application in
endovascular aortic aneurysm repair

Abstract
Objective

This study reviewed the current developments in manual tracking and robotic navigation
technologies for application in endovascular aneurysm repair (EVAR).
Methods

EMBASE and Medline databases were searched for studies reporting manual tracking or robotic

navigation systems that are able to manipulate endovascular surgical tools during abdominal or
thoracic aortic aneurysm repair. Reports were grouped by the navigation systems and categorized

into phantom, animal, and clinical studies, and each system was compared on general
characteristics. Secondly, the tracking systems were compared based on accuracy, using target

registration error and deployment error. Third, all systems were reviewed on fluoroscopy time,
radiation dose, and contrast volumes if reported in both rigid and nonrigid studies. Fourth,
vascular cannulation performance of the systems was compared, studying cannulation time,
Imperial College Complex Cannulation Scoring Tool score, and number of wall hits and catheter
movements within rigid studies.

Results
Of 721 articles and references found, 18 studies of four different navigation systems were
included: the Aurora (Northern Digital, Waterloo, Ontario, Canada) tracking system, the
StealthStation (Medtronic Inc, Minneapolis, Minn) tracking system, an ultrasound localization
tracking system, and the Sensei (Hansen Medical, Mountain View, Calif) steerable remotecontrolled robotic navigation system. The mean tracking accuracy averaged 1 mm for all three
manual tracking systems measured in a rigid environment. An increase of target registration
error was reported reach >3 mm when measured in a nonrigid experimental environment or due
to external distortion factors. Except within small-animal studies or case studies, no evidence
was found on reduction of clinical outcome parameters, such as fluoroscopy time, radiation dose,
and contrast volumes, within clinical EVAR. Comparing the vascular cannulation performance
in rigid studies revealed that the Sensei robotic system might have an advantage during advanced
cannulation compared with standard cannulation within complex cannulations tasks.
Conclusions
This review summarizes the current studies on manual tracking and robotic navigation systems
for application in EVAR. The main focus of these systems is improving aortic vessel cannulation,
required in complex EVAR, in which the robotic system with the improved steerability is favored
over manual tracking systems or conventional can- nulation. All reviewed tracking systems still
require x-ray for anatomic imaging, stent graft deployment, and device registration. Although the
current reviewed ENS systems has shown their potential in phantom and animal studies, clinical
trials are too limited to conclude that these systems can improve EVAR outcomes or that they
can systematically reduce fluoroscopy times, radiation doses, and contrast volumes during
(complex) EVAR.
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Introduction
Endovascular aortic aneurysm repair (EVAR) is the first-line treatment for abdominal aortic

aneurysms (AAAs) because morbidity and mortality are consistently lower compared with open

surgery.1,2 Besides tube and bifurcated EVAR for infrarenal aneurysms, juxtarenal and suprarenal
AAAs can be treated with complex fenestrated or branched stent grafts.3,4 However, these

complex EVARs require that each overstented branch artery is cannulated and stented through
or besides the main graft. Compared with noncomplex EVAR, these additional cannulation tasks

increase intra-operative procedure time, fluoroscopy time, radiation doses, and volumes of
radiographic contrast.5

Catheters, wires, and sheaths are used for cannulation of the aortic arteries; however, these

endovascular devices are only available in standardized sizes with mostly pre- shaped tips, and

each device has a restricted ability to be tracked and steered. 6-8 In addition, the visualization of

these endovascular devices is restricted to two-dimensional (2D) x-ray projections only. Current

developments in fixed X-ray platforms enable advanced intraoperative imaging options as image
fusion and intraoperative three-dimensional (3D) rotational imaging, but these imaging
applications are exclusive for visualization of the neighbouring anatomic structures.9

To enable 3D visualization and improve manipulation of the endovascular devices, additional

focus has been on the development of endovascular navigation systems (ENS), also referred
to as image-guided surgery systems. An ENS provides 3D visualization of endovascular devices,

such as wires or catheters, without the use of additional radiographic X-ray imaging. There can
be two types of ENS systems: First, there are the navigation tracking systems for endovascular

devices provide real-time information about device orientation and location during manipulation.10
Second, there are the robotic, steerable, endovascular catheter systems provide that remotecontrolled catheter tip reflection and advancement, using an instinctive motion controller.11

Although a number of ENSs are currently under development, the potential and limitations of

each of these different systems for EVAR are still unclear. The objective of this report is to review

the current state of scientific proof for using robotic or tracking navigation systems for application
in EVAR. We report the accuracy of the tracking systems, analyze clinical evidence on operating
parameters, and explore the vessel cannulation performance of each system.

Methods
Data search

On November 20, 2013, a Medline, EMBASE database search was performed using the following
research subjects: “imaging, three-dimensional” or “surgery, computer-assisted” or “robotics” or
“ultrasonography, interventional” or “magnetic resonance imaging, interventional,” and

“endovascular procedures” or “vascular surgical procedures” and “aortic aneurysm, thoracic” or
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“aortic aneurysm, abdominal.” This search generated 412 results in EMBASE and 309 results
in Medline. After duplicates were removed, 691 articles remained (Figure 1).
Data collection

Titles and abstracts of the 691 articles were examined by two independent authors to select

articles describing a manual endovascular tracking system or robotic endovascular navigation
system used for EVAR in the abdominal aorta, thoracic aorta, or thoracic aortic arch. The full

EMBASE
n = 441

Medline
n = 331

n = 772
Removal of duplicates
(n = 81)
n = 691
Excluded after screening
title and abstract (n = 670)

n = 23
Included after reference
list search (n = 6)

Excluded after checking
full text (n = 11)
n = 18

Electromagnetic
navigation system (ENS)
- Aurora (n = 6)
- StealthStation (n = 2)

Ultrasound Localisation
system (ULSan = 2

Robotic System
Sensei (n = 9)

Phantom

n=5

n=1

n=4

Animal

n=2

n=1

n=2

Clinical

n=1

n = 3av

Figure 1. Flowchart of the systematic review. One article, on the Aurora tracking system, described a phantom study
as well as an animal study.
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texts were reviewed, and articles were excluded if they reported (1) imaging techniques covering
additional 2D or 3D anatomic imaging only, such as intravascular ultrasound imaging or hybrid

X-ray with magnetic resonance; (2) 2D or 3D image registration techniques without device
tracking, limited to virtual navigation only12-15; or (3) were outdated, covering previous versions
of a navigation system.16-18 Eighteen articles remained, with a focus on EVAR based on four

robotic or tracking systems when using the previous predefined inclusion and exclusion criteria
and cross-referencing.
Data extraction

The studies were grouped per ENS, for general comparison and system description, as well as
categorized into rigid (phantom studies) and nonrigid (animal and clinical) studies. Article
characteristics extracted from each selected study were type of study, type of tracking system, type
of imaging, type and thickness of the endovascular device, type of stent graft, and aortic region.

The accuracy of the manual tracking systems was compared using target registration error (TRE)
and deployment error (DE). TRE measures the difference between the location of the tracked
device calculated by the navigation system and its actual position. TRE can be calculated in a
rigid environment representing the basic systems at baseline and in a dynamic environment

representing a more clinically relevant error. DE is the distance between the planned location
and actual location of the stent graft.19

If reported, the cannulation times (time to cannulate a single or a group of aortic arteries),

procedure times (time of the overall procedure, inclusive set up times), fluoroscopy time (FT)
(actual minutes of fluoroscopy that was used during cannulation), radiation doses (actual radiation
doses used during cannulation), and contrast volumes were extracted.

In addition, an overview was provided on all rigid studies that reported the navigational aspects

of the endovascular tracking system on vascular cannulation performance. This included the
number and experience of the operators (no experience, <50 EVAR procedures, or >50
procedures performed), complexity of the task (easy, mild, or severe anatomy), the Imperial
College Complex Cannulation Scoring Tool (IC3ST) score, number of wall hits during a
cannulation task, and number of movements during a cannulation task.

The IC3ST is a procedure-specific rating scale that grades operators on catheter use, manipulation

skills, instrumentation, embolization/dissection risk, successful vessel cannulation, and overall
time, motion, and flow of the procedure. For each domain, a minimum score of 1 and maximum

score of 5 for excellent performance can be attained, resulting in a total score of 35.20 Because
operator experience influences outcomes, three studies with fewer than five operators were
excluded.12,21,22
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StealthStation TREON+

Sensei

Aurorac

Sensei

Sensei

ULS

Aurora

Sensei

ULS

Aurora

Sidhu, 2012

Riga, 2012

de Lambert, 2012

Riga, 2011

Riga, 2011

Mung, 2011

Manstad-Hulaas, 2011

Riga, 2010

Bond, 2009

Manstad-Hulaas, 2007

b

StealthStation TREON+a

Tracking / robotic
system

Cochennec, 2013

Phantom (rigid) studies

Author

wire / catheter

9F catheter

14F (Artisan) catheter

wire and catheter

9F catheter

14F (Artisan) catheter

14F (Artisan) catheter

Infrarenal

water tank / porcine tissue

Tho.bdominal

Rectangular box-shaped

Water tank / porcine tissue

Arch type I and III

Arch type I

Abdominal aortic + rigid
plastic AAA

Tho.abdominal

14F (Artisan) catheter
7Fr catheters

Arch type I
b

Arch

Phantom model /
number of animals/
Number of patients

wire

wire

Catheter/ wires /
stent graft

Side branch stent in LRA

-

CA, SMA, LRA, RRA

CA, SMA, LRA, RRA

-

LSA, LCCA, RSA, RCCA

LSA, LCCA, RSA, RCCA

LRA

LRA, RRA

LSA

LSA, LCCA,RCCA

Region

custom-made

commercially

4-vessel
fenestrated

-

nitinol-dacrond

-

-

-

4-vessel
fenestrated

-

4-vessel
fenestrated

Stentgraft

Table 1. Overview of studies included in the review CA, Celiac artery; LCCA, left common carotid artery; LRA, left renal artery; LSA, left subclavian artery; RCCA, right common
carotid artery; RRA, right renal artery; RSA, right subclavian artery; SMA, superior mesenteric artery; ULS, ultrasound location system. Endurantd
a
Medtronic, Minneapolis, Minn.bHansen Medical, Mountain View, Calif. cNorthern Digital, Waterloo, Ontario, Canada. dDuPont, Wilmington, Del.
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Aurora

Sensei

Aurora

Sensei

Manstad-Hulaas, 2011

Bismuth, 2011

Abi-Jaoudeh, 2010

Riga, 2009

Sensei Magellan

Aurora

Sensei

Sensei

Riga, 2013

Manstad-Hulaas, 2012

Carrel, 2012

Riga, 2009

Clinical studies

ULS

Mung, 2013

Animal (non-rigid) studies

14F (Artisan) catheter

14F (Artisan) catheter

7-F double lumen balloon
catheters

North star catheter

14F (Artisan) catheter

Guidewires/ stent grafts

14F (Artisan) catheter

wire / catheter

9F catheter

Case report

Case report

7 patients

Case report

Case report

3 swine’s

3 pigs

6 swine’s

2 Yorkshire pigs

Advanta V12covered

Bare metal

thoracic aortic

-

-

aortic

Contralateral limb of
infrarenal stent graft

Kinked renal bridging
stents

Endurantd

self-expandable

Placement of a guidewire in a stent graft within 15min

LRA, RRA

LRA, RRA

Thor. aorta

RRA, LRA, SMA

CA, SMA, LRA, RRA

Abd. aorta
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Results
Included were 18 articles dealing with one endovascular robotic system, two electromagnetic
(EM) ENSs, and one ultrasound ENS (Table 1).
EM system

Seven articles on two ENSs were included: two articles reported the StealthStation TREON Plus

(Medtronic Inc, Minneapolis, Minn)23,24 tracking system and five articles reporting the Aurora

(Northern Digital, Waterloo, Ontario, Canada) tracking system.19,21,22,25,26 An ENS consists of (1)
a magnetic-field generator that generates an ultra-low EM field and must be located near the

surgical field, (2) EM position coils integrated at the tip of the manual endovascular device that
induce a characteristic in the coil determined by the specific location and distance of the coil in
the EM field, (3) a control box that converts the voltage in the EM coil into digital data for the
exact 3D position of the coil, and (4) navigation software for image guidance. These four

components provide the 3D position and orientation of the EM coils (and thus the endovascular

devices) and visualize the location of the coil in a preoperative computed tomography (CT) scan.
The reports of the StealthStation ENS are limited to a nonclinical wire, for which limited studies

have been done in a rigid model.23,24 In contrast, the Aurora ENS, with wires, catheters, and stent
grafts with integrated EM coils, has been studied in rigid and mobile environments. For example,

two articles on the Aurora ENS describe a wire manufactured with a 5 degree-of-freedom EM
coil near the tip of the device.19,26 Two more describe a stent graft deployment device with

integrated EM coils.19,22 Finally, three articles described a catheter with integrated EM coils: the
first uses a single-lumen catheter, without space for a wire,21 and the second uses a catheter

that includes two lumens.26 Because the EM coils require a single lumen, two lumens are required
when the EM coil is integrated in a catheter, and one lumen is left for integrating the wire. The

two-lumen catheter was also tested in a clinical study in which the sensor was positioned at the
tip, and by heating the catheter, the tip could be bent into different angles.25
Ultrasound-based localization system

Two studies report on an ultrasound-based localization system (ULS),10,27 which consists of an

(1) endovascular device with a 3.5-MHz piezoelectric ultrasound transmitter integrated in the tip
of a catheter to signal its location with ultrasound waves, (2) an external array of sensors attached

on the body surface that receives signal locations through the use of ultrasound gel, and (3)
navigation software to visualize the 3D device coordinates and enable registration with
preoperative 3D CT. The ULS can report 25 times per second and requires a minimum of three

sensors to perform triangulation.10 Currently, only one 9F ULS catheter is described for nonclinical
use.10 Although ultrasound waves are also frequently used for imaging, the ULS is only able to

visualize the location of the catheter. When the ULS is used during the endovascular procedure,

integrating this system with intraoperative X-ray images is essential because preoperative CT
registration imaging cannot visualize real-time anatomic deformation or damage to anatomic
structures.
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Robotic navigation system

Use of the Sensei System Robotic system (Hansen Medical, Mountain View, Calif) in the
abdominal or thoracic aortic tree20,28-34 is the subject of nine articles: four phantom studies,20,29,31,32
two animal studies,33,34 and three case reports.28,30,34 The main components of the robotic system

are the instinctive motion controller with the steerable catheter and a 3D hand-operated joystick
for 7 degree-of-freedom control. This system enables the operator to remain seated away from
the X-ray source during 2D X-ray imaging; however, an in-room assistant is still required for

changing the C-arm position or angle and during wire exchange. The operator’s screen shows

visualizations of a 2D X-ray view, a 3D shape view of the catheter shape and tip, and a forcesensing view. Two robotic catheters have been described for the abdominal vascular tree that

can be integrated with the Sensei control station: a 14F sheath (outer diameter) with a 8.5F
(outer diameter) Artisan catheter20,29-34 and a 9.5F sheath with a 6F leader Northstar catheter.28

This second catheter has an independent torque control and can retract conventional hydrophilic
wires with a robotic wire manipulator.28
Tracking accuracy

Reports on tracking accuracy are limited to the three manual tracking systems. Five studies
report a TRE in a rigid environment,21,23,24,26,27 and three studies report a TRE in a nonrigid

environment10,19,26 (Table 2). For the ULS, a TRE of 3.33 ± 0.06 mm was found when the catheter
was navigated through a stent graft placed in pork tissue vs 1.94 ± 0.06 mm when navigated in

water.4 This increase was explained by inhibition of ultrasound waves by metal in the stent graft.27

A TRE of 3.29 ± 1.24 mm was reported in the nonrigid ULS study. These measurements were

taken when the animal was immobilized in a patient immobilizer to obtain reproducible swine
positioning between the CT scan and surgery.

Table 2. Overview of the accuracy of the three manual navigation systems in rigid and non-rigid endovascular
repair studies studies presented in the included studies TRE = target registration error, DE = deployment error.
ULS, ultrasound localization system
Tracking system

TRE rigid (mm)

TRE non-rigid (mm)

DE (mm)

StealthStation

< 2.8
< 1mm 0.56 ± 0.91

-

-

ULS

1.94 ± 0.06 (water)
2.54 ± 0.31 (pork tissue)
3.33 ± 0.06 (stent graft)

Catheter: 3.29 ± 1.24, 98% < 6 mm

6.43

Aurorab

1.28 ±0.53, 90% ≤ 1.90
1.3 (1.08-1.65)

Wire: 4.3 ± 0.97
Stent graft/catheter: 2.6 ± 0.7
Catheter: 4.18 ± 1.76, 90% ≤ 5.7326

2.6 ± 3.0

a

a

Medtronic, Minneapolis, Minn. bNorthern Digital, Waterloo, Ontario, Canada.

For the Aurora system, the TRE in the rigid study averaged 1.3 mm.21,26 The most recent nonrigid
study of the Aurora system reported a TRE of 4.18 mm, which increased to 5.73 mm in 10% of

the cases. The accuracy of the Aurora system is influenced by the size of the EM field because
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accuracy decreases with increased distance between the sensor and the generator. The magnetic
field can also be distorted by nearby metallic objects, which can also decrease the accuracy.

The deployment error (DE) was largest in the ULS study compared with the Aurora studies,
although both studies used only three to four animals (Table 3).
Fluoroscopy time and radiation dose

Four studies reported the FT or radiation dose.22-25 The first two studies focused on the

StealthStation, in a rigid environment, while the operator performed cannulation tasks with
conventional catheters and with the StealthStation tracking catheters.23,24 When the 3D tracking

system was added, besides the conventional X-ray visualization, the FT was significantly reduced
from 87 to 27 seconds in the most recent study.23 Instead of FT, only actual radiation doses were
reported in the animal and clinical studies with the Aurora tracking system.22,25 In the animal study,
the total X-ray dose of 3.60 µGym2 decreased to 1.60 µGym2 when the Aurora tracking catheters

were combined with X-ray imaging. In the clinical study, however, the total dose significant

increased from 16.95 µGym2 with conventional catheters and X-ray imaging only to 27.37 µGym2
(P = 0.043) when using the Aurora tracking catheters combined with X-ray imaging.25
Contrast volumes

Contrast volume use is described in a single article that compares contrast volume between a

control group of 10 people and an intervention group of seven people in which the Aurora catheter
was used. In this study, a simple cannulation task was the topic of interest: inserting a catheter

inside the main aortic stent graft within a set maximum time. Before the start, a stent graft was
positioned and deployed with conventional endovascular devices. Three individuals, one in the

intervention group and two in the control group, were excluded because the operators were
unable to reach the target within 15 minutes.25 There was no difference between the volume of
contrast used in control group (243 ± 69 mL) and in the intervention group (232 ± 66 mL;
P = 0.95).25

Vessel cannulation performances

Six of the 12 phantom studies reported navigational phantom experiments with more than five

operators, all repeatedly performing an aortic catheterization with conventional catheter and with
tracking.20,23,24,29,31,32 Two of these studies grouped the operators by level of endovascular
experience.20,24 However, the level of experience recorded in the number of performed

endovascular procedures per operator was not congruent for each group among the studies.
The results are summarized in Table 3.
Cannulation time

A significant reduction in cannulation time for robotic cannulation with the Sensei system vs.
conventional canalization, independent of operator experience or complexity of the cannulation,

was reported for all aortic cannulation tasks.20,29,31,32 The largest decrease of cannulation time
was found for the case with the most severe iliac tortuosity, where the time decreased from 17.7

minutes for conventional navigation to 2.8 minutes for the robotic case (P = 0.005).15 During a
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second study with canalization of four visceral vessels, total cannulation time was reduced from
17.24 to 2.87 minutes with the robotic system (P = 0.001), regardless of the level of experience.20
In a third study, the largest reduction, from 6.2 to 1.8 minutes (P = 0.001), was found for the
cannulation of the right common carotid.32
IC3ST score

Six articles reported an IC3ST score.20,23,24,29,31,32 Four of these reported the Sensei system20,29,31,32

and two reported the StealthStation.23,24 Of these, with the exception of the most experienced
group in the first phantom study (where the experience level >300 procedures), only those
reporting the Sensei system indicated significant improvement in the IC3ST score.
Number of movements

The four Sensei articles studied the number of individual catheter movements required to insert
a catheter into the aortic side branch and showed that the number of movements was reduced
with the Sensei. The largest reductions were found for severe iliac tortuosity. 29 Here, cannulation

with the CGs showed an average of 569 movements compared with 45 movements when the
task was performed with the robotic system. An overview of all four type of systems as well as
the differences and evidence for each tracking system is presented in Table 3. Within Table 4
we have provided an overview of the advantages and limitations of each system.

179

PART II IMAGING AND NAVIGATION

Table 3. Overview of cannulations studies in rigid environment with ENS systems for endovascular aortic procedures

Cochennec
et al, 2013 23

Stealth
Stationa

2

LSA
LCCA
RCCA

9

100-300

N

Stealth station
vs conventional
Sidhu
et al, 2012 24

Riga
et al, 2012 29

Riga
et all, 2011 31

Stealthstation

Senseib

Sensei

2

Sensei

Wall hits

25
[24-27]

14
[11–16]

38/40
[33-40]

0.5
[ 0-2]

6

≤5

36/40
[19/40 - 38/40]

-

5

6-50

39/40
[31/40- 40/40]

-

5

>50

39/40
[38/40- 40/40]

-

10

>200

24
[19/40- 28/40]

-

2

27
[22- 30]

-

3

21
[15- 22]

-

20
[14- 22]

47
[32-107]

26
[19- 27]

29
[28-75]

26
[20- 30.8]

-

LSA

-

2
[1.5-13]

RSA

-

-

RCCA

-

4.5
[3.5-11.3]

LCCA

-

-

total

20.5
[16.5- 28.5]

-

LSA

-

13.8
[9.5-19]

RSA

-

-

1

LSA,
LCCARSA
RCCA

10

No experience

N

Y, 15
times

5 weeks
training
Riga
et all, 2011 32

14
[11–16]

0->50

LRA
RRA

N

25
[24-27]

16

1

LSA

IC3ST /35

tasks repeated
[Y/N]

Experience level
(nr. of procedures)

Nr. of operators

Cannulation
task

Task Complexity 1
= mild, 3 = Severre

Navigation system

Author

Conventional navigation

1

3

total

15
/17

varying level

N

CA, Celiac artery; IC3ST, Imperial College Complex Cannulation Scoring Tool; Left subclavian artery (LSA), Left common carotid
artery (LCCA), Right common carotid artery (RCCA), Left renal artery ( LRA), Right renal artery(RRA), Celiac artery (CA), Superior
mesenteric artery (SMA) a Medtronic, Minneapolis, Minn. bHansen Medical, Mountain View, Calif.
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Table 3. Continued

> .05

> .05

-

-

.40

>.05

-

.53

25 s
[16- 68]

.92

-

.53

39/40
[23/40- 39/40]

38 s
[9- 98]

.06

-

.17

12 s
[8- 23]

40/40

10 s
[7- 17]

.56

-

.06

184
[110-351]

7.6
[4.6-9.3]

30
[29/40- 31/40]

19
[14-27]

1.4
[1.1–1.9]

.03

-

.001

-

251
[207-395]

6.9
[4.2-11.4]

31
[30- 33]

46
[43-58]

3
[2.3–3.3]

.01

-

.005

-

569
[409-616]

17.7
[13.3-22.6]

33
[30- 35]

45
[40-66]

2.8
[1.5–3.9]

.007

.005

.005

205
[165-282]

64
[4.6-10.1]

29
[25- 31]

5
[4-7]

124
[81-137]

12.4
[10.1-13.1]

-

-

-

-

74
[59-89]

4.2
[3.1-6.1]

30
[29- 32]

7
[5-10]

33
[28-44]

5.3
[4.3-9.2]

-

-

-

-

.001

-

-

-

-

87s
[64–128]

19
[19 - 24]

22
[16–38]

-

232s
[185–362]

-

87s
[64–128]

31
[30- 31]

8.5
[16–38]

-

76 s
[68–101]

-

21s
[11- 32]

39/40

0.5
[0-1]

-

17s
[9- 53]

30 s
[20- 38]

39/40

-

19 s
[11- 30]

-

33
[31- 34]

IC3ST

-

Wall hits

-

IC3ST /35

Movements

Procedural time

P-value

Wall hits

Procedural time
(min)

movements

Procedural time
(min)

Movements

Navigation with navigation system

< .05

18
[14-31]

.76
[.34-.88]

-

0
[0-0l]

7
[6-10]

.25
[.18-.31]

-

.001

.001

.002

22
[15-48]

-

-

-

11
[8-15]

-

-

-

.005

-

48
[21-81]

1.70
[1.20-3.35]

-

2
[1.5-3.5]

9
[6-10]

.69
[.44-.99]

-

.001

.001

.001

61
[51-165]

2.70
[1.92-3.98]

-

-

9
[7-25]

.80
[.30-1.57]

-

-

.001

.001

-

-

26.5
[23.5- 28.8]

-

-

-

.001

-

-

-

24
[17-38]

-

-

0.5
[0.3-1.5]

7
[6-11]

-

-

.001

.001

-

69
[48-81]

-

-

31
[16-42]

-

-

-

.003

-
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Table 4. Comparison of robotic navigation system vs. manual tracking system, and amount of proof of using each
system for cannulation tasks in the aorta. 0 = no evidence
Manual tracking system

Robotic navigation system

Goal

Improved visualization
Minimize X-ray doses

No X-ray for operator
Improved stability and
maneuverability

Limitations

X-ray imaging still required
Registration of 3D CT with X-ray and
tracked sensors/transducers

X-ray imaging still required;
No haptic feedback
Higher Costs
No stent placement manual
exchange of the guidewire

System

Auroraa

StealthStationb

ULS

Senseic

Phantom - accuracy

+/–

0

++

0

Phantom - navigation 0

– Minimal
improvement

0

++ Systematic improved

Animal - accuracy

+/–

0

+

++ Less endothelial wall
damage

Clinical

0

0

–

–/+ Only case studies

Equipment

Wire/Catheters
Stent graft

Wires

Catheters/stent
graft

Steerable catheter

Distortion

Metal stent

Metal equipment Metal equipment

–

0, No evidence; 3D, three-dimensional; CT, computed tomography; ULS, ultrasound localization system. aNorthern
Digital, Waterloo, Ontario, Canada.bMedtronic, Minneapolis, Minn.cHansen Medical, Mountain View, Calif.

Discussion
Reviewing the literature of endovascular navigation systems that are currently under development

for application in EVAR has resulted in analyzing four different systems. Two of these systems

used EM principles: Aurora and StealthStation. Of these two systems, reports on the StealthStation
are limited to rigid navigation studies, and the tracking is limited to a single wire. Studies on the
Aurora system extend to the entire range of rigid and nonrigid studies as well as to the whole

range of endovascular devices such as wires, catheters, and stent grafts. Unfortunately, the
Aurora clinical study did not show an advantage of catheter use in procedure time or decrease
of radiation doses.25 A comparison of both EM tracking systems with recently developed ULS

shows the ULS has the potential to be integrated in all types of devices and is able to track with
high accuracy. However, clinical reports on application of this ULS in EVAR were missing.

Comparisons of the previous three navigation tracking systems with the robotic Sensei robotic

system are complicated because these systems originated on diverse characteristics; however,
some reports on the tracking systems and on one robotic system use similar scoring parameters—

cannulation time, IC3ST scores, and number of wall hits—to quantify the cannulation properties
of their devices. All systems focus on enhancing similar steps within the EVAR procedure, such

as cannulation of one or more aortic arteries, with the aim to reduce overall cannulation times,
radiation doses, and minimize vessel wall damage. Meanwhile, tracking systems use a different
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approach to accomplish these goals, such as the robotic system. The tracking systems use

similar endovascular devices that are now in commercial use and equip these with sensor or
transducers. Here, the main goal is to reduce cannulation time and X-ray imaging by improving

the visibility of the device in 3D. On the other hand, a robotic system proposes to reach similar
end points by replacing the manual control of the catheter and improving steerability.

Complex EVAR cases, such as fenestrated EVAR or branched EVARs, requiring a number of
intraprocedural cannulation tasks, may benefit most from using a tracking or robotic navigation

system. The supplemented value of all these systems for routine use in noncomplex EVAR with
fewer cannulation tasks is disputable. However, if setup times can be reduced and additional

costs of the disposable traceable wires and catheters do not largely exceed current prices, then
introduction in noncomplex EVAR can be attractive. In addition, the ability of catheter stability

and steerability of the Sensei robotic system with the Artisan catheter has an advantage in difficult
anatomies or in reinterventions. If conventional catheters are failing, robotic cannulation may be

an alternative; for example, in cases where maneuverability and stability of wire, catheters, and
sheaths are required but cannot be achieved by using the traditional manual endovascular
catheters or wires.30, 35

Robotic and tracking navigation systems are not able to perform an EVAR without the use of
X-ray imaging, which is required for device registration, 3D image fusion, angiographic subtraction
images to detect anatomical deformation, and for investigating endoleak after stent graft

deployment. Thus, the potential of each navigation system depends on the ability to integrate
with these fixed X-ray platforms. Current research on 3D image fusion in complex procedures

has already been shown to decrease radiographic contrast volumes.9,36 Further studies must be

performed to determine if using a tracking or robotic system will effectively reduce radiation doses
within EVAR.

Because similar parameters were used to evaluate the cannulation capacities of the systems,
large differences were found in type of reporting of these outcomes:

1. Within the rigid cannulation reporting on IC3ST scores, a discrepancy was found in using
these scores. Although the standard scores have a maximum of 35 points, one article reported

scores with a maximum of 40.24 In addition, the IC3ST was developed for evaluating operator
navigational skills but was not validated for evaluating properties of individual wires and
catheters properties independently.

2. Distinctive types of reporting were noted for cannulation times. Some studies reported

cannulation times for each individual cannulation, whereas other studies only reported the
total time for cannulating all four vessels. This complicates the comparison of results between
studies and systems.

3. Several articles mention only significant outcomes, while leaving out nonsignificant results,
resulting in gaps in the summarizing outcomes (Table 4), thus biasing the results.

4. Within cannulation times, the setup times of the equipment and the additional X-ray dose
required for registration or image fusion are not included. However, very limited data were found
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on the comprehensive procedure time and actual X-ray doses within these studies. Thus, for

all systems, main focus is on cannulation tasks, whereas stent graft deployment and stent graft
sealing are more important for the clinical focus. Only two studies reported the DE however,
stent graft sealing and endoleak, which are clinically more relevant for patient outcome.

Although within the reviewed article exact costs of these systems are not mentioned, and vary

per region, the perceived effect of the costs of the endovascular procedures using any of these

navigation systems may increase. Purchasing and maintenance costs of the base system must
both be included, and the price must also include the added costs of the new disposable catheters

and wires over standard nontraceable device. Consequently, the risk of having a limited range

of catheters and wires available for each specific system, which cannot be interchanged between
systems, may influence the total costs. On the other hand, if visualization and steerability of the
devices are improved, this may decrease the total number of devices per procedure and thus
costs per procedure. Overall, the purchasing costs of the robotic systems will be higher than the
start-up costs of a tracking navigation system.

Successful adaption of a tracking system into the clinical workflow for complex EVAR also
depends on factors such as (1) the availability of a wide range of different types of catheters,

wires, and stent grafts with these integrated sensors; (2) the ability to track wires, catheters, and
stent grafts simultaneously in one image view, without one affecting the other; (3) user-friendly
and short setup time of additional registration software; (4) ability to fast exchange catheters and
wires during the procedure; and finally, (5) the initial costs of the equipment and the costs of
each disposable endovascular device with integrated sensors.

Conclusion
This review summarizes the current studies on manual tracking and robotic navigation systems
for application in EVAR. All reviewed systems still require X-ray for anatomical imaging, stent

graft deployment and (for tracking systems) for device registration. The robotic system has shown

to improve vessel cannulation performances over conventional devices within the rigid
standardized case set up, but these results are not directly transferable to clinical outcomes for
EVAR. For now, the robotic system has the main advantage in extremely complex cannulation

tasks, which are not or nearly not applicable with the standard or manual tracked endovascular

devices. None of the manual tracking systems has shown yet to improve intra-operative
parameters or EVAR outcomes within a clinical environment. However, their potential relies within

the complex EVARs, with an additional number of cannulation tasks. Further research, on
improvement of all reviewed systems for clinical application and clinical trials using these systems
in accordance with stent graft navigation and deployment is required.
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PART III DISCUSSION & SUMMARY

In this thesis, we have described the results of the variety of aspects of intraoperative radiation,

imaging, and navigation during endovascular aortic repair (EVAR). We began by defining the
primary dose metrics for fluoroscopically guided interventions in Chapter 2, followed by evaluating

the cumulative radiation doses between mobile and fixed C-arms in Chapters 3 and 4. Next, in

Chapters 3 and 9, we studied the efficacy of three-dimensional (3D) roadmap techniques on
the intraoperative radiation dose outcomes. Besides the patient, also the staff are exposed to

radiation doses in the hybrid operating room (OR). We measured the cumulative staff dose during
a variety of different EVAR procedures and summarized these per group of EVAR interventions
in Chapter 5.

From the cumulative patient and staff radiation dose, we made the transition toward fluctuations

in the patient’s and operator’s radiation doses during and between procedures. To enable this,
we collected the radiation dose data of each from every individual X-ray run that was acquired.
These dose data per X-ray run were used to develop radiation dose-rate (DR) prediction models.

In Chapter 6, we presented the DR prediction model for the patient, and in Chapter 7, we
reported the outcomes of the DR prediction model for the operator.

We finished this thesis by exploring new techniques in imaging and radiation. First, we explored
the use of the 3D roadmap technique using contrast-enhanced cone-beam computed tomography

(ceCBCT) (Chapter 8). This chapter was followed by an overview of the literature to identify the
endovascular tracking and robotics systems that are now being developed, including their
evidence for safe application in clinical EVAR (Chapter 9).

Here, in this comprehensive discussion, we take a helicopter view to overlook the general

developments in radiation equipment and look beyond the results that we have presented in this
thesis. Secondly, we look into the future perspectives on exciting potential new developments

in the field of intraoperative radiation, imaging, and navigation, which may have the potential to
change our EVAR workflow in the future.
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The Hybrid Operating Room
All EVAR interventions require intraoperative real-time X-ray imaging. The chosen X-ray imaging
equipment varies between centers but can be divided into mobile or portable C-arms and fixed

angiographic C-arms. Mobile C-arms can do the job for simple (noncomplex) EVARs; however,
most noncomplex EVARs in most high-volume centers are now performed primarily on fixed

C-arms.1,2 Although complex fenestrated and branched EVARs (F/BrEVARs) can be done using
mobile C-arms, these complex EVARs should predominantly only be done on fixed C-arms
located in a hybrid operating room (OR).3-5

Working in a hybrid OR can be overwhelming because they cover a larger area, combined with

plenty of image screens and additional radiation protection equipment, than standard ORs.6

Compared with mobile C-arms, fixed C-arms can acquire high-resolution images, have a wider
field of view caused by larger detectors sizes, and do not have capacity constraints during long

procedures.7 A hybrid OR cannot be compared with the interventional radiology room, even
though similar equipment is used, not only because of the change in the sterility level but also

concerning the number of people that are working in the room during the procedure, the types

of procedure, the complexity of the interventions, and the general workflow. 8 Thus, replacing a
mobile C-arm with a fixed C-arm, or the transition from an interventional radiology room to a

hybrid OR, is not as simple as just changing the patient to the new room.9 Also required are new

working habits, a change in the workflow, educating everyone who will be working in the room,
and more focus on radiation hygiene.

When using a fixed C-arm, one can consider upgrading the system with the latest radiation-

reduction technologies that are CE marked or U.S. FDA approved. Unfortunately, most of the

radiation dose software and hardware upgrades are vendor-specific. Because we had a Philips

Allura system available, we were limited to the AlluraClarity (also from Philips) dose-reduction

technology upgrade for this system, which had received regulatory approval. A major advantage
of such a software-related dose-reduction technology is that it works on the backside of the

equipment. Therefore, this upgrade can, in theory, reduce the intraoperative radiation dose
without the need for changing the procedure’s workflow. The extent of such an update facilitates

the fast implementation of such a dose-reduction upgrade, but the efficiency of the upgrade
needs to be validated using real-world clinical outcomes. An adverse effect of such an upgrade
could be that physicians may use more imaging runs or that operators may upgrade faster to a
higher fluoroscopic level than before.

Although vascular surgery was one of the first surgical specialties to see the benefits of the hybrid

OR, other surgical specialists, such as neurosurgery, traumatology, and oncology, will find their
way into the hybrid ORs and will incorporate the use of advanced X-ray imaging and 3D

imaging.10,11 When these surgical specialties start to use advanced X-ray imaging, they will also

require new software, new learning curves, new use of specific imaging techniques, new radiation
risk assessment, new radiation-specific protocols, and training on radiation hygiene. All adapted
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for each surgical specialty. They will also need to adapt the configuration of the hybrid OR to
maximize the options for staff shielding during these new types of intervention.

Conclusively, all of the staff should realize that the improved image contrast of the X-ray images

of these C-arms is not “for free”, but is accompanied by higher radiation DRs.12,13 These higher

DRs affect patients and staff. Everybody, including operators, nurses, and anesthesiologist,
needs to adapt their working habits when transitioning to work in these hybrid ORs.7 Otherwise,
they are at risk of being unnecessarily exposed to high radiation doses.

Radiation Dose Studies in EVAR
In this thesis, we report a variety of patient radiation dose studies. Besides the meta-analysis in
which we compared the radiation doses between mobile and fixed C-arms (in Chapter 3), we
reported our single-center patient radiation dose outcomes between both types of C-arms – and
included the effect of dose reduction update for fixed C-arms (Chapter 4) and the use of 3D

roadmap imaging in complex F/BrEVARSs in Chapter 8. When interpreting these patient radiation
doses studies, in which patient radiation doses are compared between two or more groups

patients, we need to remain critical when interpreting these radiation dose outcomes. One should
consider a number of items which can affect the reported radiation dose outcomes.

Which interventions are grouped together or presented separately and how much heterogeneity
consists between and in these groups. For example, in our studies, we divided all the aortic

aneurysm interventions into noncomplex and complex EVAR. However, this is just a very rough

classification: also in these groups, there is heterogeneity among the interventions and the studies
performed. The amount of heterogeneity in noncomplex EVAR is small, which was also evident
from the confidence intervals from the overall group averages reported in our meta-analysis.

Moreover, much more heterogeneity consist in the complex EVARs patients, as in, for example,
between the numbers of target vessels that were included. In addition, most F/BrEVARs are

proximal (thoracic grafts) or distally extended, which increases the radiation doses and contrast
volumes of these procedures. Each additional target vessel or graft extension is accompanied

by an increase in procedure time, radiation dose, and in the volume of contrast, and can influence
the overall outcomes.

Which historical group is chosen for the comparisons

Most of the radiation studies reports focus on “new” radiation dose reduction techniques such
as AlluraClarity or the use of 3D roadmapping technology. The first technique, AlluraClarity, does

not require any change in the operator workflow, while incorporation of a 3D image techniques

does. Previous reports on the efficacy of AlluraClarity upgrade were focused on other vascular
interventions, such as neurology or peripheral cases, and they primary used historical cohorts

to compare the new radiation-dose outcomes.14-17 These historical cohorts consisted of reports

of interventions performed on the same fixed C-arm, but without the Clarity upgrade. However,
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we took a different approach for our Clarity study. In addition to the fixed C-arm historical control

group, we also included a second historical group of EVAR patients whose procedures were all
performed on the mobile C-arm. When the radiation-dose outcomes with the similar system were

compared with those of the first control group, AlluraClarity had reduced the radiation dose for
DSA imaging by 61% per image frame. However, when we compared the results with our mobile

C-arm control group, we observed that the cumulative radiation doses were much higher. These
results point out that it is just the perspective to which you compare the outcomes that enables
the radiation dose interpretations to be valuable.

Is the presented radiation dose also separated between the different acquisition types?

When we compared radiation doses between groups or reports, such as reported in our metaanalysis, we needed to differentiate between the different acquisitions of the C-arms: fluoroscopy

and DSA (and optional the Cone Beam Computed Tomography CBCT dose). Fluoroscopy and
DSA X-ray runs provide different images and both of acquisitions is acquired for different goals;
thus, besides reporting the cumulative radiation doses, it is important to report the percentage

of radiation dose accord to fluoroscopy and which percentage accords to DSA imaging.
Fluoroscopy generally corresponds with low radiation doses and long exposure times.

Fluoroscopy runs are frequently alternated with DSA runs, with the DSA run accompanied by a
radiographic contrast injection. DSA, in contrast to fluoroscopy, corresponds with a very high

radiation dose (primarily in fixed C-arms), but the total time that this acquisition is used is very
short.8,18 When presenting outcomes of dose-reduction strategies, one can compare the total
cumulative radiation outcomes and can also separate the efficacy of the DR technology by

separating per acquisition types. AlluraClarity, for example, is primarily efficient in reducing the

DSA dose per frame but was not significant in reducing the fluoroscopy exposure in EVAR in our
study (Chapter 4).

What were the baseline radiation settings?

When authors compare their radiation dose outcomes between groups, they primary do not

check if there is a difference in the use Angulation/rotation, collimation, magnification, air gap,

and protocol use between the groups, nor do they correct in case of a significant difference19, 20.
In Chapter 6, we showed that each of these factors affecting the radiation dose and thus are

relevant factors that needs to be checked if there are significant differences in between these
predictors. And if they are significant, radiation dose outcomes should be corrected for it.
Are the studies corrected for BMI?

If a radiation dose study did correct for a radiation dose covariate, then this covariate was
primarily the patient’s body mass index (BMI). We were not able to adjust for BMI in our metaanalysis, but we did analyze the effect of BMI on the efficiency of the Clarity radiation dose-

reduction technology. In our Clarity study, we observed that patients with a higher BMI had an

increased benefit from the Clarity update than patients with a very low BMI in Chapter 4. This
effect was most significant during the DSA acquisitions. We further analyzed the effect of BMI

in our patient radiation risk chart in Chapter 6. Here we observed that there are strict dose limits
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during fluoroscopy in contrast to DSA images. Thus, a patient with a higher BMI may reach the

protocol limits faster during fluoroscopy. The operator is very likely to manually change the
fluoroscopy protocol to a higher dose level to keep image quality at an interpretable level.

However, the opposite effect for the patient with a very low BMI (less than 20 kg/m2) was also

observed: X-ray runs at the highest fluoroscopy dose level did not occur for the low-BMI group.

Furthermore, radiation dose levels during DSA acquisitions are much harder to control because
the dose radiation power of these DSA images cannot be manually increased or decreased.
Dose limits during DSA acquisition are rarely reached; therefore, DRs for DSA are more
unpredictable and are thus harder to keep under control.

What is the experience of the staff with the system and working in the (Hybrid) operation room
and team’s levels of awareness on radiation exposure dose reduction during the procedure?

Radiation awareness of the clinical staff affects the patient radiation dose as well. For example,
in focusing on the use of collimation, reduction of the air gap, minimizing the exposure time, and

perform more efficient DSA runs. These experiences also affects the operator staff doses as
well, for example, learning to work with on how to use the ceiling-mounted lead screens. Both
screens need to be kept sterile during the procedure and also in the optimal position for the

optimal protection. Additionally, a risk of the current studies reported from clinical sites which

have a radiation research line is that there these sites are generally more awareness on radiation

dose reduction by all staff. This increased awareness in radiation dose was also observed in our
studies. After our first radiation study, in which we compared the radiation doses for the variety
of C-arms, we observed increased radiation awareness by our primary operators. For example,

in the additional focus on taking distance during DSA image acquisitions during the completion
angiogram. The additional awareness may have influenced the radiation dose results as
measured later on in our occupation dose study.

What was the experience of the staff with stent grafts and is the group of patients eligible for the
procedure change?

We observed that that on one site, the operator gained more experience with the (complex)
fenestrated and branched stent grafts. Additionally, the availability of advanced 3D imaging

facilitates, and the experience to use the 3D roadmapping efficiently, further improved the
procedures. On the other, patients with more complex anatomy also became eligible for F/

BrEVARs as well. Thus, the introduction of a new imaging technique may not necessary lead to

a radiation dose reduction, but may also effect that the generally complexity of case increases

(as we observed in Chapter 8), and therefore may not show a significant reduction in radiation
dose at all times.

Concluding, the operator’s experience in both the C-arm, the interventions, working with radiation,

all may have affected our and affects others radiation dose results. Therefore, radiation-dose

research presenting radiation-dose outcomes and the historical cohorts that are being examined
always require to place them in the correct perspective when these dose reports are interpreted.
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Patient Radiation Dose Metrics

The patient radiation dose studies are primarily limited to the dose metrics that are available

during clinical practice. The patient radiation dose metrics, primaryly used in this thesis are all

measured by the C-arm equipment: dose-area product (DAP), air kerma (AK), and fluoroscopy
time (FT). Although these three dose metrics are relevant, each presents limitations when we

want to compare relative radiation dose changes among groups. The DAP metric, for example,
cannot distinguish between a moment where a relatively small field surface is exposed to a high

radiation dose versus a moment where a relatively large field surface is exposed to a low radiation

dose. A second disadvantage of the DAP is that this metric has not yet been corrected for the

radiosensitivity of the organs exposed to the radiation. Conversion of the patient’s DAP to the
actual effective DRs requires information on which organs are exposed, the total time of these

exposures, and the radio sensitivity of the organs. This approach requires advanced software
that can perform Monte Carlo simulations.21-23

The AK metric, which is a short-term deterministic parameter and should correspond with the

patient skin entrance dose, also has disadvantages. The AK metric does not correct for the C-arm
angulation or operating table and C-arm movements. Therefore, the actual peak skin dose

(PSK)—the highest dose given to a single part of the patient’s skin—remains unclear.
Recalculation towards PSK requires advanced calculations, which include dose corrections for
the C-arm angulations and rotation, table and arm movements, and field sizes.

Despite their limitations, FT, DAP, and AK are the primary radiation dose outcomes currently
available and systematically reported and are thus are useful to compare radiation dose

outcomes. Our meta-analysis had to exclude a significant number of articles because they failed

to present the FT or the DAP dose. Radiation time is not a substitute for radiation dose. FT, for
example, does not provide any information about the exposed dose or the dose spread across
the body.24

Patient Long-Term and Short-Term Radiation Risks
F/BrEVAR patients are at risk for receiving the highest dose, followed by the lateral side skin,
especially when the stent graft includes 3 or 4 target vessels. Morbidly obese patients and
patients undergoing multiple re-interventions are also at risk for radiation-induced skin disease.25
Most of this skin damage was missed in the studies we investigated because these reactions
do not appear directly after the treatment. For the skin, the first effects normally become visible
after 30 days, when the patient has already left the hospital.26 And, later on, an overdose of
radiation may not be recognized as the cause of this skin reaction.27 A recent case report on
fluoroscopy-induced chronic radiation dermatitis documented a radiation-induced ulcer on the
patient’s back after repeating EVAR interventions. This was a morbidly obese patient, with a BMI
of 46 kg/m2,28 and the operative records reveal that this patient was exposed to at least 25 Gy
(!) that was dispersed over multiple interventions. Obese patients, as the patient described in
the report, require higher radiation output to penetrate the excess adipose tissue to achieve the
minimum image contrast necessary to deploy a stent graft safely. These patients are thus at risk
to reach a significantly higher peak skin dose.29
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An advantage of the average EVAR patient is that they are primary older than 65 years; therefore,
the lifelong carcinogenesis caused by radiation during the procedure is much smaller than it

would be for patients who are younger. However, associated radiation risks are modest, even

for the traditional abdominal aortic aneurysm surveillance protocol. The carcinogenetic radiation
risks of the EVAR intervention and lifetime surveillance are much smaller than the risks related
to the AAA.

What can patients do?

Most vascular patients are exposed to high radiation doses before EVAR (during diagnostic

imaging), during the procedure itself, and after the EVAR (during surveillance follow-up).30
Currently, a dose-tracking software has not been implemented into most hospital information

systems. Patients can keep a record of their imaging history, for example, by a personal dose
passport. Such a passport should include the type of imaging or interventions received and which

region of the body was exposed.31 A personal dose passport may create more awareness for
patients who are regularly exposed to radiation for different medical purposes.
Future development in patient dose measurement

The future of radiation exposure in the hybrid OR lies on one side in innovations focused on

dose-reduction software and hardware. Such innovations can accomplish further dose-reduction

software that optimizes the radiation dose parameters while maintaining the image quality, more
efficient detectors, or new guidance techniques for imaging that can exchange the X-ray images
for non–X-ray images.

Secondly, innovations should include more accurate systems and software to monitor the patient’s

dose. For example, an X-ray intervention’s specific, peak skin dose maps (for the short-term
radiation risk), and Monte Carlo simulations (for the long-term radiation hazards) should be
automatically calculated from each endovascular procedure and submitted by X-ray image to
the picture archiving and communication system and patient information system.

Endovascular Hybrid ORs: The Staff Perspective
Staff members who work in the hybrid OR receive long-term exposure to low-dose radiation.
In Chapters 5 and 7, we evaluated fluctuations in the radiation dose rate during EVAR and

the cumulative radiation dose to which the primary staff members are exposed. That C-arm
rotation and DSA imaging caused the specific dose increase for the staff was not surprising;

however, brachial access also resulted in much higher radiation doses compared with the
femoral access site.

When we compared the EVAR procedures among all other interventional radiology treatments,

EVAR operator doses accorded for one of the highest rates of staff dose exposure among the
variety of EVAR interventions.1,2
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The ultimate goal would be to achieve a zero radiation exposure for all staff for all EVARs. A
zero radiation dose would not only exclude the additional radiation risks for the staff but would
also relieve staff members from having to wear the heavy lead aprons, which are uncomfortable

and are associated with staff back problems.3 Unfortunately, an EVAR intervention with zero

radiation is still a long way off, and thus, we need to take action to do whatever is in our power

to reduce the occupational hazards caused by scattered radiation. We need to protect ourselves
and our staff to prevent them and us from having to pay the costs of performing these
procedures in the future.
Staff radiation risks

No short-term and long-term radiation risk-prediction outcomes are available specifically for
vascular surgeons, who began using image-guided interventions on a broad scale in the late
1990s. However, vascular surgeons can learn from the radiation hazards reported for other
specialists who have been working with X-ray radiation, such as interventional radiologists and
cardiologists.

In a recent report from the United States, the long-term mortality in 43 763 radiologists was

compared with 64 990 psychiatrists during a follow-up period from 1979 to 2008.4 Radiologists

who graduated before 1940 faced increased death rates from conditions that have been related
to occupational radiation exposure, including acute myeloid leukemia, myelodysplastic syndrome,
melanoma, and non-Hodgkin’s lymphoma. However, no evidence of excess mortality was found
in radiologists who graduated more recently. These outcomes have likely resulted from
developments and improvements in radiation protection and monitoring, according to the
researchers, along with improvements in equipment safety.

Another study evaluated cancer risks in the United States among radiologic technologists working
with fluoroscopically guided interventional procedures between 1994 and 20085 and they

observed elevated risks of brain cancer, breast cancer, and melanoma among these technologists.
However, this study did not measure the dose levels received by the radiation technologist
individually, and these elevated radiation risks may also have been the result of chance or

unmeasured confounding by nonradiation risk factors. Even so, this study should not be neglected
because it may also have implications for nurses and anesthesiologists who work in hybrid ORs.

Besides learning from the interventional radiologist, we can learn from the experience of research

performed by the interventional cardiologists.6 Interventional cardiologists, who work in a more
fixed position in the room, are exposed to higher levels of left-side cranial radiation.7 Vascular

surgeons may work at both sides of the table, thus a comparable study may not be expected.

However, higher dose rates for a vascular surgeon to the head were found during 90° of C-arm
angulation,8 a position that is frequently used in F/BrEVAR procedures.

In addition to these general risks for carcinogenesis, a point of debate in the literature is the
sensitivity of the eye lens to radiation exposure. Cataract was initially identified as a deterministic
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radiation effect, which indicated that there was a “safe dose.” Once this dose was reached, the
size of the radiation-induced cataract and opacity would increase with increased doses. Recent
research, however, suggests that radiation-induced cataract formation is a stochastic phenomenon.

These studies suggest that the lens of the eyes is one of the most radiosensitive tissues in the

body. This means that there is no safe dose for the eyes: any dose can do harm. Radiation-induced
cataracts typically develop in the subscapular region of the eye, which is a completely different
region from the area where age-induced opacities occur.9 This distinction may help in future

occupational follow-up protocols that can be developed to detect radiation-induced cataract at an
early stage in the occupational group whose eyes are exposed to radiation doses.

Given the new general perspective for reduced dose limits for the eye lens, the International

Commission on Radiological Protection (IRCP) reduction of the international dose limits for the
eye has now been widely accepted. The equivalent dose limit for the lens has changed from 150

to 20 mSv per year, averaged over a 5-year period, with no year’s dose exceeding 50 mSv.40,41
These new dose thresholds have consequences for the daily workflow in interventional image
guidance. For vascular surgeons who frequently perform F/BrEVAR, reaching this critical

threshold of 20 mSv/y to the eyes can be predicted, and thus this group can obtain an estimate
of a potentially harmful exposure to the eyes.42

Another concern is the long-lasting exposure to low-dose of radiation for all interventional workers.
Subclinical carotid atherosclerosis and early vascular aging from long-term low-dose ionizing

radiation were found in staff who frequently worked working in the cardiac catheterization
laboratory.43,44 This evidence suggests that long-term radiation exposure in a catheterization
laboratory might be associated with accelerated vascular aging and early atherosclerosis. Thus

study reveals the concern that chronic low-dose exposure to ionizing radiation on the physician

can also be harmful and reveals the importance of increased exposure monitoring and prevention.
Measurements have shown that chronic low-level exposure also results in decreasing hemoglobin,

mean corpuscular volume, and in micronuclei as blood markers of radiation workers who had
records for at least 10 years.43,45 These hematologic parameters of radiation workers can be

useful as a biological dosimeter for this cohort. One can think of surveillance programs, including
eye screening and monitoring a variety of blood markers, changes to which have been shown

to be caused by chronic low-dose exposure. However, more research is required to find the best
radiation biomarker and screening for this occupational cohort.46
What can vascular surgeons and interventional radiologists do?

All operators should be aware of the radiation exposure doses of the interventions they perform.
Staff should take responsibility for the dose exposed into the room, including the operators who

are in charge of the pedal that operates the X-ray equipment and therefore determines the
radiation time that is used.47 Surgeons are not only responsible for a good clinical outcome but

also need to understand the risks of radiation exposure and do everything that is in their power
to reduce doses to the patients, themselves, and the supporting staff.48
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For every staff member, this will include a learning curve in optimizing the radiation dose levels
for their specific treatments. They need to become efficient in making use of the DR techniques,

such as using lead shielding or recognizing those moments when distance during a longer DSA
runs is appropriate.49,50 The framework to improve the efficacy of a DSA run presented in the
appendix may help these surgeons to refine their DSA runs because these runs are correlated
with the highest radiation does during EVAR.

X-ray equipment comes with default radiation configurations, which were primarily developed to

gain optimal imaging quality but may not be optimized for the specific interventions being
performed. In Chapters 5 and 6 we showed that protocol settings of the equipment are described
in the dose rates gained by the equipment. However, these default protocols settings cannot be

manually changed or reduced but require a specific surgeon’s request towards the vendor. One

protocol adaption that can be considered is reducing the number of frames per second from 3
to 2 for DSA and from 15 to 7.5 for fluoroscopy.51 To optimize the radiation parameters for their

intervention, operators must work together with a radiation specialist from the hospital and a
radiation trainer from the equipment vendor specialized in the equipment when transitioning to
new equipment or starting to perform a new type of endovascular procedure.

In the end, it all comes back to practicing and keeping your clinical goal in mind during every

acquisition and, specifically, during DSA acquisitions. When considering a DSA run, define the

goal you want to reach, optimize all radiation C-arm and contrast settings to reach this goal,
acquire the X-ray run until the goal is reached and evaluate of the goal has been reached

accurately. Based on our experience in the OR and the presented studies in this thesis, we did

set up a framework on how to acquire the optimal DSA run using this approach. This framework
can be found in the Appendix.

Surgeons should be more aware that, besides DSA imaging, they are at risk for higher radiation
dose when treating patients with a high BMI, during C-arm angulation, and when working from
the brachial access site.52 Specific interventional steps that accord with substantially higher

radiation doses are cannulation and stenting of the target vessels, specifically in the celiac artery
and superior mesenteric artery. One should also be aware when working from the brachial access

site (Chapter 7) because we have shown that the brachial access site increased the dose to the
operator and all staff.

We observed a major difference in operator’s dose for F/BrEVAR, with a relatively safe procedure

where operators received less than 0.1 mSv, up to procedures where they are exposed to more
than 2 mSv (Chapter 5). Given the immense variability of eye lens dose per procedure, physicians

should monitor their exposure using an above-apron dosimeter combined with real-time dose

monitors.53,54 Displaying staff radiation dose real-time in the OR provides the opportunity for all
staff to track their personal dose and may allow staff to make behavioral changes that enable
dose reductions.55
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Lower-body shields,56 lead-free drapes attached to the detector,57 radiation-absorbing blankets,58

and ceiling-mounted lead screens are all helping to reduce the general scattered dose received
by the patient and the staff. A primary weakness of the shielding approach is that optimal shielding

cannot be used in all C-arm configurations or access sites. This weakness in shielding is primarily

the case for F/EVARs during C-arm angulation and instrumenting the brachial access site.
Personal goggles, a good-fitting lead apron (combined with thyroid shield), and even a protective

cap should be considered, primarily in F/BrEVARs where different angulations are more common
than during noncomplex EVARs.59

The effectiveness of lead goggles is also a topic of debate.60 Miller et al. advised that eye protection
should be used, usually for those operators frequently exposed to X-ray radiation. However, the

use of eye goggles and the effectiveness of these goggles is controversial. The efficacy of the
radiation protection glasses depends on the orientation of the operator’s head relative to the

irradiated volume. 61,62 On the other hand, as long as the goggles do not cause more harm than

good, one should consider wearing them. The external protection material cannot be used
efficiently in a number of steps, most of which are accompanied by C-arm configurations that also

accords with higher radiation doses rates; for example, during C-arm Rotations and angulations.
Especially for these cases, the goggles for operators are of great value and should be worn.
What can surgical residents in training do?

Surgical residents are exposed to radiation during the most common rotations.63 The risk of

radiation exposure during the vascular surgery rotation may be low. They may, however, be
exposed to appropriate levels of radiation dose during their training in other specialties, primarily

because they are not yet trained in efficiently using ceiling-mounted lead screens and do not yet
have the habit of taking distance or identifying risk moments caused by higher levels of radiation.
Nowadays, learning to deal with radiation dose exposure during EVAR is only important after

the procedure is understood. Although surgeons in the Netherlands are required to have a week

of theoretical training of the risk of radiation, they also need on-site practice in, for example, how
to combine the patient’s procedure while keeping a focus on personal shielding. They also need

to understand and be able to interpret the fluoroscopic dose display information.64 A surgeon’s
education on the appropriate use of technical factors during fluoroscopically guided interventions,

improved operating practice, and reduced patient radiation dose should not be underestimated.65

Taking at least two procedures where the trainee is asked to focus on all radiation aspects (under
the guidance of a surgeon experienced with radiation or a specialist with hospital radiation
experience), instead of learning the endovascular procedure, may help them to get hands-on

radiation training at an early stage. Surgical residents are performing EVAR procedures more

regularly are advised to read Hertault et al.66 which is an excellent overview article on basic
knowledge minimizing radiation doses during EVAR.
What can anesthesiologists do?

Anesthesiologists who regularly work in a radiologic environment need to be aware of how to

reduce their occupational exposure. The anesthesiologist (assistant) in most hybrid ORs during
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EVARs is positioned at the head of the patient, and their radiation doses are generally very low.
However, they are at risk for receiving higher radiation doses compared with the operators when

they are not using any protective shielding.67 Although our study found the average radiation
doses to the anesthesiologist (assistant) are relatively low, we observed four moments during
the interventions where they were at risk of receiving higher radiation doses.68

1. Incorrect placement of the movable lead screen or not using the screen can potentially

increase the radiation hazards. The screen needs to be placed close to the X-ray beam, and
thus preferably adjacent to the table. The screen should be optimally positioned so that

anesthesiologist still can perform all anesthesiology procedures without the need to move the
screen during the procedure. Our advice is that every OR equipped with a C-arm (neurology,

cardiology, or vascular) needs to have a movable lead screen specifically for the
anesthesiologist and that the anesthesiologist is trained to correctly position the screen to
obtain maximum radiation scatter reduction for his or her work spot.

2. Anesthesiologists have a dominant role in DSA imaging because they are in charge of pausing
the ventilation during this run. Understanding the difference between DSA and fluoroscopy

radiation dose is mandatory because the DSA radiation dose is generally 20-times higher.
Between starting and stopping the ventilation for these runs, the anesthesiologist should
consider taking additional distance from the source, while (of course) keeping an eye on the
signal machine.

3. We found that highest peak doses rate for the anesthesiologist during most EVAR procedures

took place at the beginning of the procedure. Most often, medical lines or catheters that were

being prepared at the start of these procedures were not optimally placed, which was observed
when the C-arm moved into the surgical field. This required one of the anesthesiologists to

restructure the catheters and lines by working very close to the C-arm under the table;
however, the primary operators were not aware of this. The anesthesiologist should always
communicate with the surgeon when replacing catheters or lines under or beside the table,

because the surgeon may not be aware due to his or her position, and ask for a temporary
stop of X-ray imaging during these proceedings.

4. Finally, the anesthesiologist is in charge of transesophageal echocardiography (TEE) during

TEVARs. TEE requires that the anesthesiologist stands close to the C-arm. Using TEE
combined with DSA during TEVAR (with mostly using higher frame doses of 3 per second)
can expose the anesthesiologist to even more than 0.1 mSv per procedure. The

anesthesiologist’s personal protection needs to be improved when he or she is performing

TEE during (T)EVAR interventions or in any other situation where the portable lead screen

cannot be used. Goggles should be considered when repeatedly performing these procedures.
What can radiation technicians do?

Radiation technicians (RTs), or anybody else in charge of the radiation control panel, should be
trained in the equipment-specific settings. They should also be able to differentiate between

which radiation parameters correspond with higher radiation doses and which settings decrease
these radiation doses. First, the RTs should focus on reducing the air gap by lowering the C-arm
detector in the direction of the X-ray source. Reduction of the air gap will improve the image
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contrast, the image will be magnified, and the scatter radiation from the patient to the surgeon

will be decreased. Second, the RT should be active and use field collimation when possible.
Collimation reduces the field size but does not change image contrast.69 Experienced RTs might

be able to be one-step ahead of each procedure, and thus may anticipate faster on the preferred
collimation settings compared with trainee RTs.

In addition, the operator may ask for increased magnification or dose radiation fluoroscopy dose

level (corresponds with a two-times or four-times increase of the dose). This primarily occurs
during stent graft deployment, which requires a higher accuracy compared with a wire or catheter
navigation. However, the operator may forget to ask to downgrade to the original magnification
or fluoroscopy level when these higher doses levels are no longer required. The RTs task is to
keep focused on the intervention, show initiative, and consult with the operator when dose

settings can go back to standard (low) levels. The RT should understand the cumulative dose

levels, and give the surgeon an indication when thresholds have been reached.70 RTs should
also keep focused on their personal shielding, including taking distance during DSA runs, taking

their position behind the first or second operator whenever this is appropriate, and wearing
goggles when working near the operating table.
What can nurses do?

We observed in our OR setup that the relative dose to the (sterile) nurses during femoral access
was negligible, under the condition that two ceiling-mounted lead screens and two lead-absorbing
blankets were used. We were able to identify moments when the nurses working during EVARs
where at risk for increased radiation doses:

First, higher dose levels are used during DSA acquisition, which also affects the nurse’s doses.

Understanding the difference between a DSA run and a fluoroscopy run should be basic

knowledge for this group as well. Second, C-arm angulation accords with higher dose levels.

Taking additional distance during C-arm angulation is advised. Finally, and specifically shown in
this thesis, is that all staff are exposure to much higher levels of radiation dose during brachial

access site instrumentation, including sterile and nonsterile nurses. In addition, for F/BrEVARs,

a brachial access site combined with C-arm angulation and a DSA run was related to the highest
peak dose measured.

An in-house real-time dose monitoring system specifically for this group provides better insight
into their personal radiation doses and their understanding of which locations in the room expose

them to higher radiation doses and which are “relatively safe.” The radiation researcher for this
thesis provided active guidance, and nurses were able to monitor their real-time doses during
the study period as well.

What can hospitals do to reduce radiation risks to patient and staff in the OR?

Hospitals are responsible for creating safe working environments for their personnel. A safe

working environment is a place where people should feel safe to appeal to everyone who has
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this responsibility. Hospital boards should be the scaffold driving a radiation protection culture

inside the organization. From this management perspective, they should open the debate on

how to manage radiation dose exposure inside ORs and keep the risks as low as possible.
Hospital boards are responsible for minimizing the risks and making every method available for
the hospital workers who are exposed to radiation in ORs to reduce these health risks.

Radiation exposure is invisible, acts exponentially, and for most health workers is not something
they can be focusing on all the time because they have other duties. One can consider to adding

a real-time dose monitor for each staff member because using these badges has shown that
they favor education, dose knowledge, and decrease the exposed rotation dose.
What can vendors do?

Vendors of X-ray radiation equipment should assume the responsibility of making every effort to

promote radiation awareness and provide training materials for the user on how to reduce the

risk of patient and operator exposure. Medical and X-ray equipment has a number of fixed settings
that are standardized for standard procedures but are not yet optimized and personalized for

institution-specific needs. Therefore, providing advice and guidance in using the X-ray equipment
when an old system is exchanged for a new system is part of the vendor’s responsibility.

Imaging Guidance in EVAR: ceCBCT vs. CTA Roadmapping
In Chapter 3 we studied the effect of one technique to create 3D roadmap guidance on the
reported radiation doses in the literature. The primary 3D roadmap method described in these
reports was a technique whereby a preoperative computed tomography angiography (CTA) is
applied for the main roadmap. To adapt the 3D CTA roadmap method, the 3D CTA must be

manually or semi-automatically coregistered by use of two X-ray images or a 3D (unenhanced)

CBCT scan. In Chapter 8 we present an alternative method to enhance 3D roadmap guidance
during EVAR: the ceCBCT roadmap. Both methods, ceCBCT and CTA roadmap, have their pros
and cons.

CTA Roadmap

Incorporating inaccurate overlay images is a risk when a preoperative CTA is used as the primary
overlay to enhance a 3D roadmap of the aorta.71,72 The CTA could have been acquired at different

times and on various imaging equipment, and these scans do not include aortic deformation
caused by stiffness of the endovascular devices in the aorta. 3D-CTA image fusion (IF) also

requires a registration step, which is primarily performed before the procedure starts. Second,
the roadmap needs a DSA image to confirm its position, followed by an intraoperative re-

registration.73 Starting to use 3D image fusion by using preoperative scans is not similar to using
a simple on-off button. A new set of skills is required for those in charge of the overlay registration
and of those using the 3D images to guide them during the procedure. Thus, an inaccurate image

overlay may do more harm than good, and the operator needs to be critical when using it. He or
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she always needs to be sharp and ask, “How accurate is this overlay? Can I trust it?” The current

restriction of the 3D image fusion CTA roadmap is that it requires manual quality control because
the current software does not provide any quantitative measurements on how good the overlay
is. The quality of the registrations and the overlay images depends on the extent of the software

that is available and comes with the X-ray vendor and the region of imaging that is chosen.71
Although some developments have occurred during the last 3 years, there is still room for
improvement.

In addition, 3D overlay in F/BrEVAR is matched on calcifications near the renal arteries and thus
may correspond well with this vascular visceral vessel region. Unfortunately, this accuracy at the

level of the renal arteries cannot be reached at the level of iliac artery region. And although having
the preoperative 3D roadmap can be of high value, inaccurate 3D roadmaps can cause more
frustration with the issue that operators will go back to their gold standard, or they may just have
the oppose effect and result in more DSA runs being used than the regular procedures.
ceCBCT Roadmap

Our ceCBCT method does not require the registration as a primary step because the scan is

acquired with similar X-ray equipment and with the patient in a similar position. This scan,
therefore, includes parts of the aortic deformation caused by the stiff stent grafts or wires without

a time delay (Chapter 8); however, this comes at the expense of an additional contrast bolus

and being limited to a small field of view of the aorta. The proposed protocol for the current image

quality in this thesis requires a minimum of 45 mL, but the 3D overlay with preoperative CT does
not need a ceCBCT. For complex cases, such as EVARs that are already accompanied by higher
radiation dose levels, the added contrast bolus outweighs the benefit of having an accurate

overlay. Also, having the availability of accurate roadmaps, and thus 3D imaging, may not

significantly have increased the procedure time but has significantly increased the confidence

to the operators who are providing complex EVAR interventions and results in more patients
being treated who might have previously been rejected for such a procedure. However, the
current settings for the ceCBCT roadmap do not outweigh the additional contrast and
interventional time for noncomplex EVAR.

Independently, if a preoperative CTA scan or the ceCBCT scans are used intraoperatively to
facilitate roadmap guidance, the initial success of successfully adapting a 3D roadmap technique

into the clinical workflow depends on the final 3D image views that are created by the software.
A roadmap is useless when the overlay is very accurate but “interferes” with the gold standard
of the primary X-ray images. Interference can include viable stent markers being overshadowed

by the overlay, causing issues for the operator to observe the real-time X-ray images. The primary
surgeon will then return to the original and “safe” real-time X-ray image. Therefore, a 3D
configuration from a CT scan can look great in the laboratory but may be useless in practice.

The success of our ceCBCT, at least in our clinic, was not only that the overlay was very accurate
but that it also came as part of the software settings, which had more options to fine-tune the
image view toward obtaining the optimal configuration for the intervention. We were, therefore,
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able to adapt the ceCBCT roadmap overlay viewing settings to the operator’s preferences: an
overlay that minimally interferes with the primary X-ray images and that provides a sharp vessel
outline with a highly accurate location of the target vessel origins.

During the design of registration software for the surgeon-customer, the software should be easy
to use and straightforward to facilitate a fast introduction and a short learning curve for the users.
However, the disadvantage of this setup is that the software is harder to tailor for the differences
between the interventions and the operator’s specific preferences. This thus includes a risk for
missing the primary goal when using the software, not for the straightforward cases, but for
complex cases where a reliable roadmap and real 3D image fusion is needed to catch the most
profit from it.
These “software issues” are also the main issue when we are going to introduce an image overlay
with preoperative magnetic resonance imaging or CTA onto our intraoperative X-ray views.
Developing 3D image views to assist during image-guided interventions is not about the
acquisition of the most beautiful 3D image overlay view including all the anatomical details and
nice colors. It is about creating the most functional view, one that maximizes the information that
is necessary for the primary operator while excluding all of the information that is interfering with
the gold standard. It is also a view that is accurate and reliable at all times, independent of the
procedural step.
The future of roadmap by ceCBCT or preoperative CT relies on the effort to improve both
methods. For ceCBCT, effort lies in how easy and fast we can register the images with high
accuracy, and the opportunity may be found in further improvements in hardware and softwarerelated CBCT. The ceCBCT roadmap may benefit from the current developments in the use of
ceCBCT for interventional oncology as dual-phase ceCBCT and concomitant software for
interventional cardiology, oncology, and neurology.
General improvements are needed in CBCT detectors and in faster rotation protocols with
improved algorithms such as iterative reconstruction, which has been successfully replaced now
by filtered back projection for CT scans, with a concomitant radiation dose reduction. Work needs
to be done to fine tune the reconstruction settings combined with good overlay views. If we can
acquire similar CBCT results, with half of the contrast dosage, use of CBCT may be considered
in more cases or may be easier to use for integrated cases. The future of CTA roadmapping
depends on the improvements in automatic registration and real-time updating of this information,
for example, by using image-based tracking instead of hardware-based tracking.73 For now,
ceCBCT and CTA roadmap techniques are primarily being explored for complex EVARs. Those
who perform complex EVARs benefit most from using these techniques, because of long
procedure and fluoroscopy times, high radiation doses, and complex anatomy. However, the
added benefits of 3D imaging for noncomplex EVAR (and especially ceCBCT) are less evident
with the current software tools. When automatic registration can be introduced, these procedures
may start to benefit from 3D imaging as well.
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Device Navigation in EVAR: Sensor Tracking vs. Robotics
We believe 3D-image guidance is the future of all X-ray-guided imaging interventions. If we can

combine 3D anatomic imaging and 3D navigation guidance of the endovascular guidewires,
catheters, and stents we will be able to the reduce radiation exposure by primarily reducing the
FTs and thus very likely also the patient and staff doses.

Unfortunately, the currently developed 3D tracking navigation systems are not yet useful and
valid enough to be used for clinical application in EVAR,74 as we concluded after a systematic

review of these systems in Chapter 9. The primary issue for the current navigation tracking

systems is that they are based on electromagnetic or ultrasounds tracking sensors. These
sensors are not able to visualize the entire shape of the guidewire or catheter. A guidewire and
catheter tracking navigation system that can track both the tip and the shape of the catheter in

real-time with a high accuracy and reliability may overcome these challenges faced by other
navigation systems, but only if these systems can be used in a highly sterile environment together
with X-ray equipment. And even if there are 3D device imaging technologies, a wide library of

different endovascular devices needs to be redeveloped to prevent operators from returning to

using the non-3D-guided devices. In addition, devices must be accurate, back loadable, and
feasible with all stent grafts and must be safe and valid in a clinical atmosphere. Such a system

can help decrease (or remove) the need for constant radiation exposure and also improve the
guidance of the manually-steerable devices.

Another development that we described in this review is the use of a robotic cannulate system.
Additional original articles after this review have extended the use of this system in more clinically

related studies.75-77 The main advantage of such a system is that the staff exposure dose will
dramatically be reduced and even become zero-radiation levels, with the main benefit of removing
the need to wear heavy lead aprons. But such a system is now restricted to a limited number of

centers. To enable the worldwide use of such a robotic system, it needs to be cost-effective,
which may not be possible because the application of the system is restricted to a specific number

of tasks. However, we do see the potential of this robotic system as a reliable alternative to

finishing the job and may prove especially useful in complex anatomy, including highly angulated
vessels or occluded vessels, whereas manual steerability is lacking.78 But this requires further
research on improvement of the variety of navigation tasks and interventions, for example, by
studying the contact forces and adding location sensors in the robotics to combine the best of

image guidance and robotic navigation.75,76 These robotic systems should be further optimized,
for example, by combining robotics with 3D imaging techniques.

All of the reports described in our review were limited to 2D X-ray imaging. Having the availability

of edictal 3D image overlay and fixed C-arm, combined with robotic cannulation, may further
enhance the use of these systems.

208

GENERAL DISCUSSION AND FUTURE DIRECTIONS CHAPTER 10

Future challenges in EVAR guidance
Besides advancement in intraoperative radiation, navigation, and imaging to improve
endovascular aortic repair guidance and deployment, other technical advancements may be

incorporated into how, when, and where we perform these procedures in the future. One of the
current upcoming fields in medical research is the collection and use of big data, the medical
internet of things, and deep learning algorithms.

Big data are changing health care and the way research will be conducted in the future. By

collecting big data straight from hospital databases or from medical equipment, as we used in
this thesis, opens up an entirely new area of research.79 Big data will also find its way into
endovascular surgery and interventional radiology. The reports presented in this thesis have

already started to use big data in radiation doses, not by looking at cumulative radiation doses

but by taking into account the parameters acquired of every individual dose run. Summing the
runs in Chapters 6 and 7, we had the availability of more than 40 000 X-ray runs acquired in

2.5 years, and this did not include peripheral imaging. A collection of big data needs to be
accompanied by improved data analytics and visualizations, where the primary challenge lies
not in the collection of big data but in the interpretation of the data to improve medical care.

Another exciting research area is the current exploration of the application of deep learning

algorithms for medical images. Deep learning, which is an unsupervised machine learning

technique, is a new area of machine learning that can learn to recognize patterns in digital
representations of images, sound, and other data. Current applications of using these deep
learning algorithms for medical data to analyze big data are now studied. Recent studies showed

the use of deep learning in the computer-aided classification of specific objects in medical images

such as CT; for example, recognition of lung nodules on CT or breast lessons on ultrasound
images, or recognizing early disease on chest X-ray images.80,81 Or it can be used to work with

big medical data, of which a recent publication showed the use of electronic health records
improved clinical prediction by using a deep learning approach. 82

It would be interesting to capture the real-time X-ray images, which are acquired in real time
from EVARs at 15 images per frame and analyze these data to identify imaging characteristics
using deep learning techniques. A lot of information in these images is still hidden in these X-ray
images, and deep learning techniques may help us to provide anatomical information moving
forwards in future prototypes of image-guidance software; for example, recognizing and obtaining
information about renal function before and after stenting or recognizing the specific EVAR steps
or specific stent grafts and their deployment protocols.
Keeping in mind that surgeons find it hard to change their working habits and integrate
technological tools, this means new challenges, but also additional risk and uncertainties.

However, as soon as they are feeling comfortable with it, and have seen the additional value,
and can overcome their learning curve, surgeons might not want to do the procedure without it
anymore.
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Conclusions
Radiation dose rates are equipment dependent, and all fixed angiographic C-arms generally
accord for much higher intraoperative radiation dose rates. During an intervention, dose rates
are not constant but fluctuate. The primary dose differences can be found when changing from

fluoroscopy to DSA imaging, where dose rates can increase more than 20 times. In addition,
during fluoroscopy, radiation doses are primarily the result of protocols and are secondly caused

by angulation and patient BMI. During DSA imaging, radiation can increase rapidly by C-arm
rotation or by a high BMI. Staff doses are related to the patient’s radiation dose, and all staff
working in hybrid ORs should receive training in proper dose awareness, dose control skills, and
in recording their radiation doses.

In recent years, major developments have taken place in the endovascular stent graft and the

development and improvement of new X-ray imaging techniques. The availability of advanced

imaging equipment that better image quality has further extended the options for endovascular
repair. Patients are eligible for an endovascular repair, and more complex aortic aneurysms are
now open for endovascular repair. However, also for the costs the increased radiation dose

exposure to the patient and the (supporting) staff has increased simultaneously with these
innovations.

On the other hand, we see a trend towards new dose reduction strategies with the primary goal
to decrease the radiation dose. For example, by developing new software upgrades that make

more efficiently use of the exposed dose, hence x-ray radiation images can be produced at a
lower dose level without compromising on the image quality. Secondly, new 3D imaging strategies

are becoming available, that have the potential to improve procedure guidance and reduce intraoperative radiation dose, especially in complex procedures. However, this thesis has shown that

radiation dose is not negligible. Nor for the patient, nor for the staff, even when there is additional
radiation awareness during these exposures. However, most of the personal radiation doses are

received in only a small amount of time. When we can distinguish between situations of low

radiation dose vs. situation of high radiation dose we are to adapt our habits and reduce radiation
doses.

It is the task of the entire multidisciplinary surgical team to minimize the radiation dose minutes
and power to be used for each procedure (without compromising on the patient outcome) and

to find a balance between radiation dose exposure, image quality and contrast volumes during
the procedure. One should work in a safe environment where he can approach each team

member when radiation protection devices are not at all or are not used optimally and thereby

may not only do harm to himself but also to his colleagues may expose you to unnecessary X-ray
dose.

Therefore, it is necessary to implement a radiation dose protection culture. We need to create
radiation awareness when using X-ray sources, to actively use the available radiation reduction
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devices wisely (such as lead screens, radiation-absorbing blankets, thyroid protectors and lead

glasses) at all time, to reduce the risk of developing any long-term effects as a result of exposure
to X-ray dose by decreasing activities in a hybrid operating room to the absolute minimum.

Every absorbed radiation dose adds up cumulative to a lifetime radiation dose. And with every

increase in absorbed radiation doses, also the risk of developing a stochastic carcinogenic
radiation dose effect at any moment later in time is increased.
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PART III DISCUSSION & SUMMARY

Background
Endovascular aortic repair (EVAR) procedures have become the preferred choice of treatment
for patients with anatomically suitable aortic aneurysms. EVAR is a fluoroscopically guided
intervention (FGI), which means that fluoroscopy is the primary source of imaging during the

procedures. Fluoroscopy is an X-ray–based imaging technique that can provide real-time

monitoring of medical devices moving internally through the body. For EVAR, fluoroscopy imaging
is used to guide manually steerable guidewires, catheters, sheets, and stent grafts from femoral

or brachial access sites through the aortic vascular tree to the location of the aneurysm and

further. Fluoroscopic X-ray guidance has the advantage of being fast (up to 15 or even 30 frames

per second) and can be controlled by the primary operator, thus providing direct feedback on
the operator’s manipulations of the device.

Traditional fluoroscopy during EVAR is alternated with short high-dose X-ray runs, referred to
digital subtraction angiography (DSA), which is combined with the simultaneous injection of a
nephrotoxic iodine-based contrast agent. These DSA images are required because classic

fluoroscopy is limited to high-density structures, such as bone and devices, but fails to the image
the soft-tissue vascular tree. A DSA is acquired to locate the origin of the aortic side vessels, of

which the renal arteries are the most prominent. Endovascular stent grafts can thus be safely

deployed using these X-ray images; however, at the cost of high X-ray exposure. Second,
fluoroscopy and DSA imaging are both restricted to a 2-dimensional (2D) imaging view, whereas

the vascular tree and medical devices have a 3D orientation, which complicates these vascular
interventions.

The EVAR procedure
The primary operator performing an EVAR procedure can be the vascular surgeon or an

interventional radiologist, or both working together. The different operators involved in EVAR

resulted in EVAR initially being conducted in two types of hospital interventional rooms. The two
most essential requirements to perform an EVAR are an X-ray source with high image quality,

which was at first only available in interventional radiology rooms, and a high level of sterility.
However, standard interventional radiology rooms are not designed to facilitate a high level of

intraoperative sterility. Interventional radiology procedures are primarily being performed using
a percutaneous access, and therefore, a low-level sterility is adequate in most of these

interventions. However, the stent grafts used in EVAR are loaded in sheets, with a larger radial

sheet size, which requires at least one, and optionally, two femoral-access cutdowns. A femoral
cutdown is an incision to expose the right and left femoral arteries to provide a femoral access

site for the stent graft. In contrast to a percutaneous access, this a femoral cutdown access
requires a high level of intraoperative sterility, which may only be feasible in a traditional operating
room.
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In addition, the initial X-ray source available in most of the standard surgical rooms has been
the mobile or portable C-arm. The mobile C-arm is very flexible and can be integrated with most
surgical rooms, but the image quality and detector size cannot compete with the advanced,

dedicated, fixed C-arms that can be found in the interventional radiology rooms. This type of

C-arm requires a nonsterile nurse or nonsterile radiation assistant and have a limited field of
view. Finally, the heat dispersion capacity for the mobile C-arm is inadequate, which limits its

use during prolonged FGI. Use of the portable C-arm with, for example, custom-made stent
grafts, such as those used in fenestrated or branched EVAR, may result in the procedure being

interrupted because the C-arm has overheated and must be cooled before the procedure can

be resumed. Equally important, the C-arm is limited to 2D images because the C-arm is not fixed
and thus cannot be combined with 3D rotational angiography and image fusion of preoperative
computed tomography angiography (CTA) with intraoperative images.

The Hybrid Operating Room
As experience in EVAR resulted in the evolving of new stent grafts, it also called for the need to

build operating rooms (ORs) dedicated for EVAR that did not compromise on the level of sterility
nor the level of image quality. The hybrid OR is a marriage between the vascular surgeon’s

devoted OR and the interventional radiologist’s suite, where fixed C-arms were already standard

for practice, and thus, with the major advantage that the installed C-arms have now evolved into

daily practice. In July 2013, we opened the hybrid OR at the University Medical Center Utrecht

and began performing all of our EVARs in this dedicated room. However, a major issue that we
observed was the severe increase in radiation exposure to both the patient and operator during

our procedures: our endovascular surgeon reached the 20 mSv target within the first year using
the hybrid OR.

Dosimetry and Radiation acquisition
To understand the radiation dose effect changes between the use of distinct equipment and
interventions and the exposed dose rates to staff, we need to identify the primary dose metrics
that are used in X-ray interventions such as EVAR. Most FGI radiation research is complicated

by the different terms used for similar dose metrics as well as by a varying number of differently

sized units that are used when radiation dose metrics outcomes are reported. In Chapter 2, we

described the three standard dose metrics that are most frequently reported for FGI interventions:
Fluoroscopic time (FT), Dose Area Product (DAP), and Air Kerma (AK).

These dose metric are measured during every FGI by the C-arm equipment. The FT corresponds
with the total X-ray irradiation time that is used during the procedure and is primarily reported

as the total amount of radiation minutes. Studies sometimes limit reporting to presenting the FT
only. However, the total radiation time is not equivalent to the exposed radiation dose.
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Therefore, we need to measure the exposed radiation dose as well. After FT, the DAP is the

most reported dose metric. DAP is the product of the exposed radiation dose (in Grays) and the
irradiated field. DAP is primarily presented in Gy × cm squared (Gycm2); however, Gym2, mGycm2,
and mGym2 may also be used. Here, Gy is the abbreviation for Gray, which represents the

absorption of 1 joule of energy by 1 kilogram of matter. DAP is measured with an integrated DAP
meter in the C-arm and represents the total radiation dose absorbed by the patient. DAP is thus

an indirect stochastic radiation predictor of the long-term carcinogenic radiation effect to the
patient.

A metric used to estimate the short-term (mostly skin) risks is the Air Kerma (AK) or cumulative

AK (CAK), measured in Grays only. The AK is calculated at 15 cm from the isocenter towards

the detector, where the isocenter is the middle between the X-ray source and the X-ray detector.

Generally, patient follow-up thresholds on radiation-induced side-effects that primarily used
throughout the literature for FGI are a DAP of 500 Gycm2, AK of 5 Gy, and FT of 70 minutes.

Complex EVARs, including fenestrated and branched EVARs, are more likely to reach these
thresholds because they are correlated with the increased number of cannulation and stenting
steps, increasing procedure time, and radiation doses.

Finally, the operators and clinical staff are also exposed to radiation during the al these FGI
interventions. The occupational radiation dose is primarily the effective dose and is measured

in milliSieverts (mSv). The main difference between Sieverts and Grays (both correspond with

joule/kg) is when Sieverts are used, the radiation dose is corrected for the radiosensitivity of the
exposed organs and the type of radiation source that is used.

Patient radiation dose during EVAR
The exposure radiation trends between mobile and fixed C-arms were studied in a systematic

review and meta-analysis as described Chapter 3. In this meta-analysis, we systematically

examined the literature to extract studies reporting the used radiation time (or FT) and the
cumulative median or mean radiation dose per procedure (DAP or KAP) per EVAR procedure,

from the last decade. We divided outcomes for the noncomplex EVAR group, which included all
thoracic EVARs (TEVAR), bifurcated EVARs, and aortic-uni-iliac (AUI) grafts, versus a complex
EVAR group that included fenestrated, branched, and chimney EVARs. For each complexity

group, we analyzed the difference between using a mobile C-arm and a fixed C-arm and the
effect of using a fixed C-arm combined with 3D roadmap techniques. We found that although
the average radiation time per noncomplex EVAR did not significantly change, a significant

increase in the radiation dose can be expected when the mobile C-arm is exchanged for a fixed

C-arm. But when we compared the radiation doses of noncomplex EVARs with those of complex
EVARs, we directly observed that complex EVARs acquired almost a fourfold increase in the
radiation time: approximately 17 minutes for a noncomplex EVAR, versus 79 minutes for a

Complex EVAR. These higher radiation doses are accompanied with a diversity in the radiation
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doses outcomes. These Complex EVARs are primarily performed on a fixed C-arm, and when

no additional 3D imaging is used, they correspond with a median DAP of 490 Gycm2. Thus almost

all complex EVARs performed on fixed C-arms reaches the 500 Gycm2, and thus require a
follow-up on radiation-induced skin deformations. However, there is light along the horizon for

these complex EVARs, because owing to the complexity of the cases, they benefit from
incorporating 3D imaging techniques, such as using a 3D roadmap overlay acquired from the
pre-operative Computed Tomography Angiography (CTA).

In Chapter 4, we studied the efficiency of an alternative technique to reduce the intra-operative

radiation when using fixed C-arms: an acquisition and post processing software upgrade for the
Philips Allura fixed C-arm, which is referred to as “AlluraClarity”.

Going back to the mobile C-arm, the fixed C-arm, and the fixed C-arm including the Clarity

technology, we were able to make a certain conclusion in Chapter 4 regarding the radiation dose

the patient is exposed to during noncomplex and complex EVAR. First, a major increase occurs
in the fluoroscopy dose when going from a mobile C-arm to a fixed C-arm that is independent
of whether the fixed C-arm is updated with the Clarity technology or without Clarity. The second

conclusion from this Chapter was the significant difference in the DSA radiation dose compared
with fluoroscopy. Where the mobile C-arm DSA dose was only a few percentage points of the

total radiation dose and dose rate might be quite similar to fluoroscopy, this is not the case for

fixed C-arms. The radiation dose is considerably higher during DSA imaging with a fixed C-arm.
We observed that the Clarity upgrade was very efficient in reducing the DSA radiation dose when

we compared this with the fixed C-arm without the update; however, the DSA dose levels were
still much higher than with the mobile C-arm.

Thus, surgeons who exchange the standard OR with its mobile C-arm for the hybrid OR with the

fixed C-arm, including Clarity, may face a major dose increase. They need to change their radiation
protection culture. Surgeons who are already working in the hybrid OR and who are working with
the fixed C-arms will benefit from the Clarity update because the DSA dose rate will decrease

compared with their former situation. Also, a significant interaction was found between C-arm and

body mass index (BMI) on the DSA radiation dose. This indicates that patients with a higher BMI
will benefit more from the Clarity update than patients with a lower BMI.

Staff radiation dose
Besides the patient who is exposed to the radiation dose but who will benefit from the intervention,
the supporting staff working in the hybrid OR during an FGI is also exposed to the radiation dose.

After measuring the patient radiation dose exposure, we started to measure these occupational
radiation hazards in the hybrid OR during a variety of EVAR interventions by using active dose
meters. These Dose badges were attached on top of the lead aprons of the first and second
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operators (FO and SO), the sterile (SN) and nonsterile (NSN) nurses, the radiation technician, and
the anesthesiology assistant (AN). The radiation dose for these staff members accumulates over a
lifetime, including background radiation exposure, and exposure accumulates as it is received during

interventional procedures. The dose received by the varying staff members was further analyzed,
to facilitate to differentiate which interventions and procedural steps correspond to an increased

radiation dose exposure, and which procedure steps are “relatively” safe Chapter 5. Summarized,
we found that the all staff are exposed low radiation doses noncomplex EVARs but are at risk for
relatively increased radiation doses hazards during complex EVARs, and primarily during cannulation
and stenting of non-renal (as the celiac artery) and brachial vascular access site.

Instant patient and operators Risk charts
Cumulative radiation doses can be misleading because the radiation doses are not constant but

fluctuate during and between procedures. The amount of the doses varies, depending not only

on the imaging acquisition types, fluoroscopy, and DSA but also on the C-arm rotation and the

patient’s BMI. Field size, the air gap between the patient and the detector, and the protocols that
are chosen may all affect the real strength of the X-ray exposure. We know from the literature

that these factors influence the patient’s radiation dose; however, we do not know how much
each factor contributes to the final exposed dose rate. Therefore, we combined each X-ray run

as an individual measurement with the patient’s BMI and provided a radiation prediction model
to identify these effects. In Chapter 6, we initially focused on the exposed patient radiation dose

fluctuation only, by analyzing more than 20,000 X-ray runs acquired during EVARs. The DAP

dose rate and the AK dose rate was calculated for each X-ray series. Secondly, a log-linear
multivariable mixed model was set up to predict the AK and DAP dose rates and to assess the

odds ratio of each radiation predictor for both fluoroscopy and DSA imaging. The odds ratios
were used to identify which predictor radiation dose accorded with the highest radiation dose

increase. For fluoroscopy, we observed that the chosen protocol was an important predictor,
whereas, during DSA, the patient’s BMI and C-arm rotation were most prominent in predicting
the patient radiation doses.

In Chapter 7, we conducted a method similar to the one presented in Chapter 6; however, in
this chapter, we primarily focused on predicting the estimated maximum operator (MO) effective

radiation dose. The MO dose is a new outcome that is based on the effective dose as measured
by the FO or the SO. Again, we acquired a log-linear multivariable mixed model, with the patient

as a random effect, but replaced the patient dose rate by the operator exposed MO dose rate.
Besides the patient radiation predictors that were significant in the patient prediction model, we
also included the vascular access site (femoral vs. brachial) in this operator model.

We identified discrepancies between patient and operators effects for the primary protocol (in

favor for the operator) and patient BMI. However, an increased exposure risks for the operator
were observed by C-arm rotation and during brachial access. Primary brachial access, after
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correction of all the standard patient and C-arm radiation variables, we found a 2.5-times increase

in the radiation dose during fluoroscopy and a 3-times increase in the radiation dose rate during
DSA imaging when changing from femoral to brachial vascular access site. Additionally, replacing

a regular 2 frames/second DSA run for a radiation “roadmap” efficiently decreases both the
patient and the operator dose by almost 50%.

Multivariable models for the patient and the surgeon were used to calculate the predicted dose
under the most common and frequent situations in the OR. These predicted doses were translated

into an instant radiation risk chart. We presented two patient radiation risk charts: one for the AK

dose rates (representing the short-term radiation risks) and one for the DAP dose rates

(representing the long-term radiation risks). The predictions from the AK DR model were
translated into the amount of radiation minutes that can be used under the varying situations
until the 2 Gy skin threshold is reached. Whereas the DAP DR model was used to calculate the

number of radiation minutes that can be acquired until the 500 Gycm2 is reached, the follow-up
limit can be expected to be reached. For the operator DR model, we translated the effective dose

rates per hour toward the number of radiation images or radiation minutes that can be used until
the operator will expect to reach a personal (maximum allowed) year dose of 20 mSv.

Development of new intraoperative 3D Imaging strategies
A strategy to control for the high radiation doses, especially during fenestrated and branched

EVARs, is to implement up 3D imaging techniques into the procedure. In the meta-analysis in
Chapter 3, we showed that 3D imaging strategies might be an efficient way to reduce the
intraoperative radiation dose exposure. One of the major disadvantages of using image fusion is

that the overlay, the preoperative CT scan, must be registered with the intraoperative X-ray images.
This preoperative CT scan is primarily acquired using different imaging equipment and is obtained

with the patient in various positions at different times, and most of all, the vascular tree is not fixed

in the soft tissue and deforms when stiff wires and stent grafts are inserted into the vascular tree.

Although we prefer to have 3D image views during complex procedures, an inaccurate image

overlay may also cause difficulty during the operation or increase the risk of misinterpretation.
Therefore, we proposed in Chapter 8 an alternative strategy to acquire an accurate an intraoperative

3D roadmap: the use of contrast-enhanced cone beam CT (ceCBCT). CBCT is a feature primarily
available for fixed C-arms and was previously only used to facilitate image fusion accompanied by

a completion angiogram. We introduced the use of ceCBCT for 3D image fusion and reported our

experience obtaining the optimal protocol settings in a preliminary group of 7 patients. In the initial
seven patients, we used different protocol configuration until we standardized our ceCBCT protocol,
in which we reached a consistent image quality, with a sharp vessel outline, including the origins

of all related target vessels. The contrast volumes to reach balance was found at a volume of 100
mL per ceCBCT, in which 45% contrast (300 mg/I) and 55% NaCl are injected at a contrast injection

rate of 8 mL/sec. The use of this protocol in 23 fenestrated/branched EVAR interventions showed
a highly accurate overlay, which improved the operator’s guidance during target vessel cannulation
of the renal arteries, the celiac artery, and the superior mesenteric arteries.
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Endovascular Navigation systems
We finished this thesis with a systematic review to identify all research and focused on robotic
and navigation technologies that are currently under development which may have the potential

to reduce (or partially replace) the use of X-ray imaging in the future in Chapter 9. We provide

an overview of four different navigation or tracking systems, developed with the initial goal to be
integrated into EVAR or fenestrated EVAR procedure. Unfortunately, this review showed that the
primary research on these systems was limited to phantom and animal studies. Only one clinical

study of electromagnetic tracking was found, which showed no advantage of using this system
in radiation dose reduction or procedure times. Some case studies reported that the robotic
Hansen system was useful primarily for cases where other catheter steerability was required but

could not be achieved using manually steerable catheters. Summarizing, an efficient tracking

technique that improves the wire and catheter visualization in a 3D field, which may also reduce

the intraoperative X-ray dose, is not yet feasible for clinical studies and is thus not readily
available to be introduced into daily practice for EVAR.

Conclusions
Major changes have occurred during the last few years in stent graft design and imaging

equipment, at the cost of higher radiation doses. Therefore, we need to adapt to a variety of
strategies to reduce the intraoperative radiation dose and improve intraoperative imaging. We

have studied evolving radiation, aiming and navigation methods to increase radiation awareness,
and reduce the intraoperative radiation dose to both the patient and the clinical staff.
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Het aorta aneurysma
Wanneer de vaatwand van een bloedvat verzwakt raakt, kan er een plaatselijke verwijding

ontstaan. Wanneer dit bij de buikslagader gebeurt, dan wordt deze verwijding aangeduid als een
aorta aneurysma (verwijding van de primaire lichaamsslagader). Hoe wijder het aneurysma,

hoe groter de kans dat er op den duur een scheuring (ruptuur) kan ontstaan. In het geval van
een ruptuur is er sprake van een levensbedreigende situatie en vereist dit een directe ingreep.

Wanneer er in een vroeg stadium een dergelijke verwijding wordt ontdekt, meestal als
toevalsbevinding aangezien de meeste mensen geen last hebben van deze verwijding, kan er
een ingreep plaatsvinden om deze slagader te herstellen. Vroeger was het nodig om daarvoor

de hele buik open te leggen om deze aortaprothese in te hechten. Tegenwoordig kunnen we

veel van deze verwijdingen van de primaire buikslagader repareren via de bloedbaan. In de lies
worden twee incisies gemaakt, waardoorheen opvouwbare buisprotheses (voor de buislagader
is dit meestal een broekprothese) kunnen worden ingebracht. Deze minimaal invasieve
behandeling via de bloedbaan noemen we Endovasculaire aneurysma reparatie, ofwel EVAR.

Om de prothese naar de locatie van de slagaderverwijding te kunnen navigeren, wordt er gebruikt

gemaakt van röntgenstraling. Door continu korte röntgenfilmpjes te maken (doorlichting), kunnen

we de prothese volgen terwijl deze door de bloedbaan heen wordt genavigeerd. Daarnaast
moeten we gedurende de procedure ook enkele hoge stralingsdosis substractie filmpjes maken

(ofwel digital substractie angiografie, DSA). Deze hoge dosis substractie filmpjes gaan gepaard
met het injecteren van contrastmiddel. Met behulp van deze hoge dosis filmpjes kunnen we
naast de stent, de voerdraden en de katheters, ook het zachte weefsel en de vaatwand van de

aorta en zijtakken afbeelden. Nadat de prothese op de beoogde positie is uitgeklapt, kunnen we
met deze techniek ook direct onderzoeken of er geen lekkage is van het bloed naar het
oorspronkelijke aneurysma.

Het nadeel van het gebruik van röntgenstraling voor de röntgenfilmpjes is dat naast de patiënt,
ook de operateur en het operatieteam zullen worden blootgesteld aan röntgenstraling, hetgeen
op de langetermijnrisico’s kan gaan opleveren voor deze beroepsgroepen.

De EVAR-procedure
Een EVAR-procedure kan primair worden uitgevoerd door de interventieradioloog, de vaatchirurg

of een combinatie van beiden. Vroeger werd de EVAR-procedure uitgevoerd in een interventie

radiologiekamer (waar een vaste röntgenbuis is geïnstalleerd, ofwel de vaste C-arm), of in een

operatiekamer met een verrijdbare mobiele röntgenbuis, de mobiele C-arm. Echter voldoen beide
niet aan de eisen die nodig zijn om een EVAR-procedure veilig te kunnen voeren. Bij de

interventieradiologie heerst een lager niveau van steriliteit (omdat hier voornamelijk procedures
worden uitgevoerd waarvoor alleen een minieme toegang via de huid nodig is). Voor een EVAR
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moet er minimaal één chirurgische incisie worden gemaakt. Deze incisie is nodig om de
buisprothese door het primaire bloedvat in de lies in de bloedbaan te kunnen inbrengen.

Anderzijds voldoet het gebruik van de mobiele röntgenbuis (mobiele C-arm) in een standaard

operatiekamer (waar wel de juiste mate van steriliteit kan worden gegarandeerd) niet aan de
eisen van hoge beeldkwaliteit die nodig is voor het uitvoeren van een (complexe) EVAR-

procedure. Ondanks dat de mobiele C-arm zeer flexibel is, heeft deze namelijk een beperkte
output en genereert deze naast een lagere dosis ook een lagere beeldkwaliteit. Bij langere

procedures kan het gebeuren dat de procedure onderbroken moet worden, zodat de mobiele

C-arm gekoeld kan worden. Bovendien is de mobiele C-arm gelimiteerd in het gebruik van 3D
beeldvorming.

Standaard röntgendoorlichting is gebaseerd op 2D “platte” beelden, terwijl het vatenstelsel een
3Dimensionale structuur heeft. Daarnaast beweegt de prothese tijdens navigatie, alsmede de

voerdraden en katheters (materialen die nodig zijn om de prothese op zijn plaats te brengen), ook
in het 3D veld. Tot slot moet de mobiele C-arm handmatig door een niet-steriele operatieassistent
of laborant worden aangestuurd, hetgeen een limitatie kan zijn voor de primaire operateurs.

Hybride Operatiekamer
Doordat er steeds nieuwe en complexere buisprotheses worden ontwikkeld (zodat naast de
meest voorkomende vaatverwijding van de aorta in de buik ook bijvoorbeeld verwijdingen van
de slagader in de borst met deze techniek kunnen worden behandeld), worden er ook meer

nieuwe operatiekamers gebouwd waar deze procedures optimaal kunnen worden uitgevoerd.
Deze operatiekamers noemen we Hybride operatiekamers; een hybride operatiekamer

combineert het beste van twee werelden: de chirurgie en de radiologie. Enerzijds is het een

operatiekamer waarbij zeer hoge standaarden gelden voor steriliteit, anderzijds is de hybride
operatiekamer ingericht met een vaste röntgenbuis (vaste C-arm) welke de mogelijkheid biedt
van verbeterde beeldkwaliteit, de mogelijkheid biedt om de C-arm aan tafel te besturen, alsmede
geavanceerde opties biedt om tijdens de procedure gebruik te maken van verschillende 3D

beeldvormingstechnieken. In juli 2013 werd de eerste hybride operatiekamer in het Universitair
Medisch Centrum in Utrecht geopend. De hybride operatiekamer heeft daarnaast ook een nadeel.
Door de betere beeldkwaliteit van het apparaat werden alle medewerkers ook blootgesteld aan
hogere stralingsdosis levels dan wanneer eenzelfde procedures uitgevoerd wordt met behulp
van een mobiele C-arm.

Stralingsdosis parameters
Om de röntgenstralingsdosis van de oude situatie (mobiele C-arm) te vergelijken met de nieuwe
situatie, moeten we eerst gaan kijken welke parameters we daarvoor nodig hebben. Er worden
namelijk vele verschillende termen en maten gebruik om de stralingsdosis in kaart te brengen.
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Voor de patiëntdosis kunnen we gebruik maken van de stralingsmeetwaarden welke door de
röntgenapparatuur worden gemeten tijdens de procedure.

In hoofdstuk 2 beschrijven we deze verschillende stralingsdosisparameters. De meest gebruikte

parameter is de doorlichtingstijd. Echter, de doorlichtingstijd (of stralingstijd) is niet gelijk aan de

stralingsdosis welke wordt gegenereerd tijdens het maken van de doorlichtingsfilmpjes. De
stralingstijd is dus een zeer beperkte maat om de stralingsdosis te beschrijven. Twee parameters
die daarnaast ook vaak worden gebruikt om de totale straling per procedure te meten zijn de
Dose area product, ofwel DAP (het product van de gegeven dosis en de oppervlakte van het

stralingsveld), en de Air kerma (AK) (een indirecte parameter welke de hoeveelheid afgegeven
stralingsdosis ter hoogte van de huid van de patiënt weergeeft). De DAP is een parameter die

de totale dosis aan de patiënt weergeeft en is een voorspeller voor de langetermijneffecten
(stochastische effecten) van de ontvangen stralingsdosis (bijvoorbeeld het ontstaan van extreme

celdeling met kanker tot gevolg). Anderzijds is de AK een parameter die de kortetermijneffecten

(deterministische effecten) voor de patiënt beter in kaart brengt. Wanneer de huiddosis gedurende

een procedure boven een drempelwaarde uitkomt, kunnen er mogelijk schadelijke effecten
ontstaan. Terwijl de AK wordt gemeten in Grays (1 Gray is 1 joule per Kilogram), wordt de DAP
altijd gemeten in Gray*cm2 (of een variant hierop).

Wanneer we de stralingsdosis van de operateurs of de medewerkers in de operatiekamer willen

meten of beschrijven gebruiken we hiervoor de effectieve stralingsdosis (ED). Deze maat wordt
uitgedrukt in Millisieverts. Het verschil tussen Grays en Sieverts is miniem. Echter, wanneer we

praten in Sieverts (dan is de waarde gecorrigeerd voor het type straling dat is gebruikt en voor

het lichaamsdeel waarop de straling is ontvangen (sommige organen zijn sensitiever voor
stralingsdosiseffecten zoals bijvoorbeeld de ogen, terwijl andere organen beter bestand zijn

tegen de stralingsdosiseffecten). Een B-medewerker (laborant of operatieassistent) mag in
Nederland jaarlijks 6 milliSiverts (mSv) ontvangen. Daarentegen mag een A-medewerker (zoals

een vaatchirurg of interventieradioloog) jaarlijks maximaal 20 mSv aan stralingsdosis ontvangen.
Ter vergelijking, de achtergrondstraling in Nederland is 2.5 mSv per jaar.

Patiëntstralingsdosis gedurende EVAR-procedures
In hoofdstuk 3 en 4 onderzoeken we de verschillen tussen het gebruik van de mobiele C-arm
en de vaste C-arm met betrekking tot de stralingsdosis. In hoofdstuk 3 geven we hiervoor een
uitgebreide analyse van de literatuur in de vorm een meta-analyse. Een meta-analyse is een

statistische methode om de resultaten van meerdere (gepubliceerde) onderzoeken te kunnen
samenvoegen en hieruit nieuwe conclusies te kunnen trekken. Om een eerlijke vergelijking te
kunnen maken hebben we de studies gegroepeerd naar complexiteit van de EVAR-procedures.

Enerzijds hebben we de niet-complexe EVARs samengevoegd. Hieronder vallen de broekprothese

en de protheses geplaatst in het in de borstslagader. Dit zijn EVAR-procedures waarbij er een
(of meerdere) buisprotheses worden geplaatst in de aorta en eventuele iliacale vaten. Daarnaast
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hebben we ook alle studies gegroepeerd die de resultaten beschrijven voor complexe EVARs.

Bij een complexe EVAR wordt een (vaak op maat gemaakte) buisprothese in de aorta
gecombineerd met het stenten van enkele zijtakken van de aorta, zoals bijvoorbeeld de

nierarteriën. Dit is van belang bij een groep patiënten waarbij de buikslagaderverwijding rondom
de nieren is gelokaliseerd.

Het resultaat van de meta-analyse laat zien dat we voor een niet-complexe EVAR gemiddeld 17
minuten (onafhankelijk van het type C-arm) aan doorlichtingstijd gebruiken, terwijl dit voor een
complexe EVAR gemiddeld 79 minuten is (wanneer een vaste C-arm wordt gebruikt). Voor de

niet-complexe EVARs zagen we dat de stralingsdosis (DAP) toenam van 87 Gycm2 naar bijna
200 gycm2, wanneer de mobiele C-arm werd ingewisseld voor een vaste C-arm. En wanneer

een complexe EVAR werd uitgevoerd met een vaste C-arm kon dit zelfs oplopen tot bijna 500

gycm2. Daarnaast concludeerden we dat het gebruik van een vaste C-arm in combinatie met
intra-operatieve 3D beeldvormingstechnieken een mogelijke methode is om de stralingsdosis
juist te reduceren bij deze complexe procedures.

In hoofdstuk 4 doen we een studie in het UMCU waarbij we kijken naar de effectiviteit van een
nieuw stralingsdosisreductie upgrade, AlluraClarity met ClarityIQ technologie. Deze

technologische upgrade is bedoeld om de stralingsdosis van de Philips Allura vaste C-arm te
reduceren, zonder in te leveren op beeldkwaliteit. In dit hoofdstuk vergelijken we de stralingsdosis

ná de upgrade met de stralingsdosis van de vaste C-arm vóór de update en met de stralingsdosis

van het gebruik van de mobiele C-arm. Allereerst observeerden we dat voor normale doorlichting
de stralingsdosis enorm toenam bij de overgang van mobiele C-arm naar een vaste C-arm, maar

zagen we geen verschil in stralingsdosis tussen vaste C-arm met of zonder de Clarity upgrade.

Echter, voor de hoge dosis substractie afbeeldingen, de DSA-filmpjes, vonden we een reductie
van 61% per afbeelding gemaakt met de vaste C-arm met ClarityIQ versus de vaste C-arm
zonder ClarityIQ technologie. Daarentegen was de dosis tijdens deze substractiebeelden in

beide gevallen vele malen hoger dan bij het gebruik van de mobiele C-arm. Tevens werd er een
significante interactie gevonden tussen type C-arm (Clarity vs. niet-Clarity) en BMI. Hieruit kwam
naar voren dat voornamelijk patiënten met een hogere BMI het meest profijt zullen hebben van
het gebruik van een vaste C-arm met de Clarity upgrade.

Voor EVAR-operateurs die overgaan van een mobiele C-arm naar een hybride operatiekamer

met een vaste C-arm (onafhankelijk of hier Clarity is geïnstalleerd), moeten zich bewust zijn van
de vele malen hogere stralingsdosis bij het werken in de hybride operatiekamer. Aan de andere

kant zullen operateurs die werkzaam zijn in een interventieradiologiekamer of hybride OK met
een vaste C-arm zonder Clarity en die overgaan naar een operatiekamer met een vaste C-arm

met Clarity, zullen voordeel ondervinden van de lagere stralingsdosis tijdens deze procedures
(voornamelijk bij het gebruik van de substractiebeelden) en bij patiënten met een hoge BMI.
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Medewerkersstralingsdosis
Naast de patiënt zullen ook de operatiemedewerkers worden blootgesteld aan röntgenstraling

wanneer ze zich in de hybride operatiekamer bevinden gedurende het gebruik van röntgenstraling.
In hoofdstuk 5 onderzoeken we wat de stralingsbelasting is van de verschillende medewerkers
(1e en 2e operateur, de steriele en niet-steriele operatiemedewerkers, de anesthesiologie

medewerkers en de laborante) gedurende de verschillende typen EVAR-procedures. Alle
medewerkers droegen gedurende een jaar lang naast hun eigen stralingsbadge ook een real-time
stralingsdosismeter. Deze stralingsdosismeter werd boven op de loodschorten gedragen, ter

hoogte van de borst. Uit deze studie kwam naar voren dat de gemiddelde stralingsdosis gedurende
de niet-complexe procedures relatief laag is (ook voor de eerste en tweede operateurs). Mogelijk

komt dit door de optimale afscherming van twee plafondloodschermen en twee lood absorberende
stralingsdekens in de uitgangssituatie.

Er zijn momenten waarbij iedereen in de operatiekamer een risico heeft om een hogere
stralingsdosis te ontvangen. Een risicomoment is bijvoorbeeld wanneer er DSA (hoge –dosis)
röntgen filmpjes worden gemaakt. Ook het aanhaken en stenten van de arteria mesenterica

superior (AMS) of de Celiac arterie tijdens complexe EVARs (waarbij de C-arm vaak moet
uitgedraaid) gaan gepaard met hogere stralingsdosis. Tot slot observeerden wij dat wanneer niet
de lies maar de arm als de primaire toegangsweg tot het vaatstelsel werd gekozen, dit ook
gepaard ging met een toename in de stralingsdosis voor de operatiekamer medewerkers.

Stralingsdosisrisicokaart voor de patiënt en de operateur
In de eerste hoofdstukken bestudeerden we de totale stralingsdosis waaraan de patiënt of de
medewerker gemiddeld per EVAR-procedures aan wordt blootgesteld. Daarnaast is de

stralingsdosis tijdens een procedure niet constant, maar fluctueert deze onder de invloed van

zeer veel verschillende multivariabele factoren. Tot slot neemt de stralingsdosis niet lineair maar
exponentieel toe of af.

Om deze stralingsdosisfluctuaties in de operatiekamer beter te kunnen voorspellen (onafhankelijk
van een specifiek EVAR), moeten we een stap dieper kijken naar het niveau ofwel de
stralingsdosisbelasting van ieder individueel röntgenfilmpje. In hoofdstuk 6 en 7 gebruiken we
de uitkomsten van iedere individueel röntgenfilmpje om een stralingsdosisvoorspellersmodel te

ontwikkelen. In hoofdstuk 6 doen we dit voor de patiëntdosis en in hoofdstuk 7 doen we dit voor
de dosis van de eerste operateur. In beiden gevallen maken we gebruik van complexe statistiek,
we maken namelijk een logaritmisch-rechtlijnig multivariabel gemixt model. Als uitkomst van het

model gebruiken we de gemiddelde stralingsdosis per röntgen filmpje. Daarnaast voeren we

ook een aantal voorspellers in, welke mogelijk een aandeel kunnen hebben in het bepalen van
de uiteindelijke stralingsdosis. Voor het patiënten stralingsdosisvoorspellersmodel waren dit de

BMI, de stand van de C-arm (mate uitdraaien van de C-arm), de afmeting van het stralingsveld
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en de verschillende stralingsdosisprotocollen. Tevens voerden we voor het operateurstralingsdosis
voorspellingsmodel ook de vaattoegangslocatie toe (via de lies of via de arm).

Voor het patiëntenmodel concludeerden we dat voornamelijk het gekozen protocol een zeer

groot effect heeft tijdens de standaarddoorlichting. Observeerden we de uitkomsten van het
DSA-model, dan vonden we dat voornamelijk de BMI en de mate van C-arm draaiing van groot
belang waren in het voorspellen van de stralingsdosis.

Voor het operateursmodel hebben we bekeken wanneer de operateur minder, gelijk of meer

straling zal gaan ontvangen onder invloed van de verschillende stralingsvoorspellers in
vergelijking met de patiëntdosis. Hieruit kwam naar voren dat verschillende doorlichtingsprotocollen
juist een kleiner effect hebben op de operateursstraling. Daarentegen was C-arm draaiing juist
een grotere voorspeller die sneller toeneemt naarmate de C-arm wordt geroteerd t.o.v. van de

patiënt. Tevens zal de operateursdosis met een factor 2.5 tot 3 keer toenemen bij eenzelfde
röntgen filmpjes en waarbij alle overige parameters constant blijven, maar hij de arm als
vaattoegangslocatie gebruikt in plaats van de lies.

Beide modellen werden gebruikt om de stralingsdosis te voorspellen onder verschillende

stralingsvoorspellers. Deze uitkomsten werden vertaald naar een stralingsdosisrisicokaart. In
deze kaart komt groen overeen met een lage stralingsdosis. Wanneer het oranje gebied wordt

benaderd, dan zal de stralingsdosis substantieel en exponentieel toenemen en komen we in de
gevarenzone. Wanneer de stralingsdosis in de rode zone komt, dan zal de operateur actief een

aanpassing moeten doen om de patiënt of zichzelf beter te beschermen tegen de röntgenstraling.

Naast de standaardoutput worden de uitkomsten ook omgerekend naar hoeveel minuten of uren
er gestraald kan worden totdat de drempelwaarde bereikt zal gaan worden. Voor het patiënten
stralingsdosis risicomodel is er voor gekozen de dosis om te rekenen naar het aantal minuten

dat er gestraald kan worden totdat de 2 Gray (drempeldosis voor de huid) en de 500 Gycm2
(drempeldosiswaarde waarop geadviseerd wordt om de patiënt op te volgen voor mogelijke

stralingsdosis effecten) bereikt wordt. Het operateurs model wordt omgerekend naar het aantal
uren dat er gewerkt kan worden tot hij de 20 mSv (jaardosis) zal gaan bereiken.

Ontwikkeling van nieuwe intra-operatieve 3D beeldstrategieën
Naast te focussen op stralingsreductie door middel van het meten van stralingsdosis, kan de
straling mogelijk ook gereduceerd worden door het gebruik van intra-operatieve 3D beeldvorming.

In hoofdstuk 3 beschreven we al dat dit voornamelijk voor de complexe EVARs mogelijk een

voordeel kan opleveren. Een nadeel van deze veelgebruikte 3D beeldvormingsprocedure is dat
er gebruik wordt gemaakt van een fuseringstechniek. Hierbij worden de preoperatieve CT-scan
gefuseerd met de intra-operatieve doorlichtingsbeelden. Ondanks dat een 3D “roadmap” erg

functioneel kan zijn (ter vergelijking met Google Maps in combinatie met een Tomtom) kan er

een mismatch zijn tussen de werkelijk locatie van de vaten en de vaten op de 3D kaart. Dit komt
doordat de 3D kaart die gebruikt wordt, voorafgaand aan de procedure wordt gemaakt en deze
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kaart houdt geen rekening met de vervorming van de bloedvaten als gevolg van een starre
buisprothese. Daarnaast moet deze 3D kaart handmatig of semiautomatisch over de
röntgenbeelden worden gelegd (dit noemen we beeldregistratie van twee verschillende beelden).

Voor een goede beeldregistratie is ervaring nodig, alsmede dat dit tijdens de procedure aangepast
en gecheckt moet worden en onderhevig aan fouten. Dit maakt deze methode zeer foutgevoelig.
Om toch gebruik te kunnen maken van een 3D roadmap (routebeschrijving), maar niet de nadelen
te ondervinden van een mogelijke afwijking door vervorming of een beeldregistratie die niet goed
is uitgevoerd, hebben wij gekeken naar het gebruik van een alternatieve 3D beeldvormingstechniek.

Deze techniek maakt gebruik van de mogelijkheid van de C-arm om op de operatiekamer naast
de standaarddoorlichtingsfilmpjes ook een mini-CT te maken. Wanneer deze mini-CT, of wel
Cone Beam CT (CBCT), gecombineerd wordt met een contrastinjectie en wanneer deze scan

getimed wordt nadat de stent graft in de aorta is geplaatst (maar voordat deze is uitgeklapt),
komen de beelden van deze scan zeer accuraat overeen met de beelden van de 2D

röntgenfilmpjes. Gebruiken we deze scan, als de primaire 3D routekaart, dan kan de operateur
zeer nauwkeurig bepalen waar de vaten zich bevinden en kan hij de procedure mogelijk sneller
en beter uitvoeren. In hoofdstuk 8 beschrijven we deze techniek en vergelijken we de resultaten

met operaties waarbij geen 3D beeldvorming werd gebruikt met operaties waarbij deze methode
wel werd toegepast. Daarnaast hebben we gekeken wat het optimale contrastvolume is om een

balans te vinden tussen een stabiele en constante beeldkwaliteit, maar waarbij de hoeveelheid

contrastvloeistof zo laag mogelijk kan worden gehouden. Met het huidige protocol zijn we tot de
conclusie gekomen dat we met 45 ml contrastvloeistof (bij een snelheid van 8 ml/sec en

gecombineerd met 55 ml NaCl) deze balans het beste bereikt kan worden. In eerste instantie

werd deze techniek in het UMC alleen bij zeer complexe procedures gebruikt. Echter, door de
constante beeldkwaliteit is deze techniek aangeduid als zeer waardevol en hij is nu onderdeel
van de standaard workflow bij alle complexe procedures.

Endovasculaire tracking en robotische systemen
De hierboven beschreven 3D kaart van de route die moet worden afgelegd door de bloedvaten

richt zich voornamelijk op de omgeving van het bloedvat welke we niet op de 2D röntgenbeelden
kunnen zien zonder gebruik te maken van contrastvloeistof: het zachte weefsel, de botten en
de vaten.

Een volgende stap om de stralingsdosis verder te kunnen reduceren zal zich gaan richten op

het visualiseren van de buisprothese, de voerdraden en te gebruiken katheters met behulp van

een 3D visualisatie techniek (zonder daarbij röntgenstraling te hoeven gebruiken). Dit noemen

we ook wel endovasculaire navigatiesystemen. Anderzijds kan er ook gedacht worden aan een

robotisch systeem dat vanaf een afstand kan worden bestuurd. Hierdoor hoeft de operateur niet
meer naast de patiënt te staan om de voerdraad en katheters door de vaten te manoeuvreren.

In hoofdstuk 9 doen we een tweede systematisch literatuuronderzoek naar de verschillende
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systemen en technieken welke momenteel in ontwikkeling zijn. Ondanks dat we meerdere
technieken en systemen beschrijven voor 3D sturing (gebaseerd op elektromagnetische tracking

of ultrasound tracking) zijn er momenteel geen systemen beschikbaar voor klinische toepassing

of heeft geen enkel systeem een klinische meerwaarde kunnen aantonen. Daarnaast biedt de
toepassing van een robotisch endovasculair systeem zeer veel potentiele waarde, maar verder

onderzoek is nodig om dit systeem daadwerkelijk toepasbaar te kunnen maken voor het gebruik
tijdens EVAR-procedures.

Discussie en conclusie
De afgelopen jaren hebben enorme ontwikkelingen plaatsgevonden op het gebied van nieuwe
en complexe buisprothesen, alsmede de ontwikkeling en verbetering van nieuwe
röntgenbeeldvormingstechnieken. Enerzijds gebruiken we steeds meer stralingsdosisminuten

dan vroeger doordat we steeds complexere procedures uitvoeren en steeds meer patiënten in

aanmerking komen voor een EVAR-procedure. Daarnaast maken we gebruik van meer
geavanceerdere apparatuur, die wel beter beeldkwaliteit geeft maar waardoor ook de
stralingsdosis voor zowel de patiënt als de operateur is toegenomen. Anderzijds zien we een

trend om stralingsdosis te reduceren. Bijvoorbeeld door nieuwe software-upgrades, welke
efficiënter omgaan met de hoeveelheid stralingsdosis en daardoor op een lager niveau

röntgenstraling beelden kunnen produceren met gelijk beeldkwaliteit, alsmede het gebruik van
3D beeldvorming. Daarentegen blijft het van belang om ondanks deze ontwikkelingen constant
de focus te leggen op bewustwording en training in het gebruik van intra-operatieve stralingsdosis,
zowel voor de patiënt als de operateur.

Ondanks al deze ontwikkelingen blijft het van belang om actief de persoonlijke stralingsdosis te
meten en een bewustzijn te creëren in het gebruik van röntgenstraling alsmede actief gebruik
van de aanwezige stralingsreductiehulpmiddelen, zoals loodschermen, straling absorberende

dekens, schildklierbeschermers en loodbrillen. Dit om het risico op het ontwikkelen van enige
langetermijneffecten ten gevolge van blootstelling aan röntgenstralingsdosis door werkzaamheden
in een hybride operatiekamer te reduceren tot het absolute minimum.

Het is de taak van het hele multidisciplinaire operatieteam om de te gebruiken stralingsdosis
gedurende elke procedure zo laag mogelijk te houden, zonder in te leveren op kwaliteit, en een

balans te vinden tussen stralingsdosis, beeldkwaliteit en de te gebruiken contrastvolumes.
Alsmede elkaar erop aan te spreken wanneer stralingsdosisbeschermingshulpmiddelen niet of
niet optimaal worden ingezet en daarbij mogelijk niet alleen zichzelf maar ook een collega kan

blootstellen aan een onnodige dosis röntgenstraling. Dit vereist mogelijk een cultuurverandering
waarbij we een stralingsdosis protectiecultuur moeten implementeren en deze onszelf eigen

maken. Men moet zich ervan bewust zijn dat iedere opgelopen stralingsdosis levenslang

cumulatief wordt opgeteld en dat bij elke toename in ontvangen stralingsdosis ook het risico op
het ontwikkelen van enig carcinogeen effect op de lange termijn zal toenemen.
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A practical framework to replace,
refine, and reduce digital subtraction
angiography X-ray runs in endovascular
aneurysm repair in 10 steps

Abstract
Digital subtraction angiography (DSA) is an essential part of endovascular aneurysm repair

(EVAR). However, DSA is responsible for significant radiation dose levels. Optimal preoperative
and intraoperative planning of all aspects of DSA is essential to achieve more efficient DSA runs,
to decrease the number of runs, and to reduce the amount of contrast volume. In this article, we

discuss specific aspects of radiation exposure in the hybrid operating room during EVAR. We
focus on DSA image acquisition and present a framework in which all aspects of DSA images
are discussed. The framework focuses on how to acquire the optimum DSA X-ray image while
minimizing patient radiation dose, patient contrast volume, and staff effective dose.
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Introduction
Endovascular aneurysm repairs (EVARs) performed on angiographic fixed C-arms are correlated
with higher cumulative radiation doses compared with mobile C-arms. (Chapter 3-4). A significant
part of the cumulative radiation dose used during EVARs is often a result of multiple digital

subtraction angiography (DSA) runs. Although the total amount of DSA seconds during a
procedure, such as fenestrated EVAR (FEVAR) is only 1% to 2% of the total exposed radiation

time (next to fluoroscopy imaging), DSA accounts for 20% to 60% of the cumulative dose per
procedure (Chapter 4). The increased radiation dose rates during DSA involve the safety not

only of the patient but also of all staff (Chapter 5,7). Besides the high dose rate of a DSA run,

DSA runs require the simultaneous injection of nephrotoxic contrast medium. Although a single

DSA run might not influence the patient’s renal function, repeated injections of contrast medium

during the procedure and all preoperative and postoperative computed tomography angiographies
(CTAs) may significantly worsen renal function1.

DSA is the golden standard to visualize the vasculature and has been used for many years2.
However, balancing out the radiation dose and contrast volume to acquire optimal image quality

can be challenging. When the DSA image is suboptimal, the acquisition must be repeated with
a higher radiation dose and more contrast. Acquisition of the perfect DSA scan can be challenging

and comes with multiple factors that need to be adequately planned. The purpose of this article

is to create a framework that justifies each DSA, refines DSA dose runs for use in daily practice,
and decreases the incidence rate of suboptimal DSA images, without the need of overdosing to

increase the diagnostic yield. We present a 10-step framework in which we gradually go through
the full DSA set-up, acquisition, and evaluation to reduce the number of DSA and refine each
DSA X-ray.

Define your clinical DSA goal

Each DSA run should start by defining the clinical goal that must be accomplished. This goal
must be achievable, functional, and specific for the intervention, and preferably shared with the

clinical team. The following common goals can be identified for most EVAR (and FEVAR)
interventions:

a) Identifying the origin of the target vessel location or determining the origin of the renal arteries
before deployment of the main stent graft body or after partly deployment

b) Confirming the guidewire and catheter position in a target vessel (before deployment)
c) Verifying vessel graft patency or stent alignment (after deployment)
d) Confirming stent graft sealing (after deployment)

Each goal is associated with a different anatomical location and vessel size. Defining your goal

pushes you to redefine and customize all contrast and radiation dose settings to obtain the
maximum required image information with the minimum amount of contrast volumes and radiation

dose exposure. A DSA run is not restricted to a single goal. One can combine multiple goals into
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a single DSA run. For example, a single DSA frame can be used as a “Smartmask” to guide

further guidewire or catheter navigations. A “Smartmask” is a 2D vessel outline that can be used

to visualize these vessels during fluoroscopy imaging and guidance of a catheter or guidewire.
Secondly, a DSA run can be acquired to identify the origins of both renal target vessels and may

also be useful to analyze the accuracy of a 3D roadmap CTA. If one considers using a DSA run
for more than one goal, all dose settings need to be optimized for the goal that requires the most
optimal image quality.

Plan your contrast delivery

The iodinated contrast that is primarily used for the DSA run is nephrotoxic. Therefore, we need

to outweigh all contrast volumes injected during each DSA run. The parameters that need to be
optimized are contrast flow, volume, dilution, and delay. The type of catheter and catheter

location and the use of a power injector also needs to be recognized. The settings of these
parameters depend on the clinical goal of the run as well as on the location of the run and the

size of the vessel that needs to be visualized. For example, the contrast in larger aneurysms will
be diluted much faster, which requires increased concentrations of iodine per volume unit or an
increase in the amount of contrast volume with a simultaneous increase in contrast flow.

Specifically, flow and volumes are related, and if one changes, the other one needs to be adapted
as well. Table 1 summarizes our clinical DSA protocols for the specific DSA goals.

In addition to planning contrast flow and volume, one needs to reconsider the contrast delivery
pathway. A pigtail is the most commonly used catheter to deliver the contrast for an aortogram.

There are many different pigtail catheters that can be used. When working with a pigtail catheter,
identifying where the holes in the pigtail are located (in the curl or beneath the curl) is essential

during placement. Secondly, identifying the location of the catheter is essential for the
predefined goal. One trick we use to identify the optimal pigtail location during an aortogram is
to define the location of the renal arteries in relation to the vertebral column on the preoperative

CTA. This technique can be used to define the optimal level of the pigtail in which both renal
arteries are receiving adequate flow, while contrast flow to the upper superior mesenteric artery

(SMA) can be avoided. Finally, one can consider using a power injector or performing contrast
manual injections. The advantages of using a power injector are that flow and volume can be
controlled while staff can leave the operating table.

Chose the relevant radiation dose protocol settings

A number of different DSA protocols can be chosen, and choosing a protocol depends on the

anatomical location and the predefined goal. X-ray protocols are primarily referred to by the
anatomical location, such as “abdomen,” “thorax,” or “iliac.” The primary difference between these

protocols is the maximum dose that is allowed per DSA frame and the total number of frames
per second (fps). Using an abdomen protocol (which has high dose threshold) during a thoracic

angiogram might result in suboptimal image quality or overdosing the patient and clinical team.
Secondly, the frame rate needs to be considered. We have a standard amount of 2 fps for our
abdomen protocols, which is sufficient for 80% of the DSA runs. Goals that require a higher frame
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rate are the completion angiogram and DSA runs acquired in the thoracic arch.

A third method to reduce the radiation dose of the DSA run is to replace the DSA run for a
“roadmap” run. The roadmap corresponds with some much lower dose thresholds. Our research

has shown that using a roadmap is accompanied with 50% reduction in DSA dose to the patient
and the primary operator compared with a 2 fps radiation dose. However, the roadmap is
specifically feasible for smaller target vessels, such as confirmation of the guidewire position

during fenestrated and branched EVAR. Because the roadmap is also accompanied with

increased image noise and thus reduced image contrast, it may not always be valid. This roadmap

technique should not be confused with the “Smartmask” option. A roadmap is a “low-dose” DSA

run that can be used as a 2D overlay, whereas the “Smartmask” uses a single (high-dose) DSA
frame (chosen from the previously run DSA library) as a 2D overlay.
Table 1. Varying contrast and radiation settings for varying DSA goals
Goal

Location

Contrast

Power injector
(PI)

Protocol

Additional
comments

Defining vessel
origin

Aortic
(pre-/intra-op
deployment of
the main body)

7 mL of 30 mL/
sec undiluted
(300 mg/I)

PI, pigtail in
aorta

Abdomen ,
2 fps

Plan the C-arm
angulation and
optimal pigtail
location using
preoperative
CTA

Iliac artery (iliac
leg extension)

10 mL (manual
injection),
diluted (2:1
saline/contrast),
but increase to
10 mL in wide
aneurysm

Manual
injection,
blowback
angiogram,
pigtail in iliac
vessel

Abdomen
2 fps/roadmap

Plan the C-arm
using
pre-operative
CTA

Confirmation of Target vessel
the catheter or (renals, truncus
wire position in or SMA)
a target vessel

10 mL (manual
injection),
diluted (2:1
saline/contrast)

Manual
injection, no
specific catheter

“Roadmap”
(when C-arm is
in AP) or short 2
fps DSA run

Immediately
stop when
target organ is
stained

Graft patency,
stent graft
sealing of all
grafts

25 ml of 15 mL/
sec (undiluted)
(300 mg/I)

PI, pigtail, hand
panel (instead
of foot panel)

Abdomen 3 fps

All staff takes
distance from
the X-ray
source because
this run is
relative long

Completion
angiogram:
aorta

Other considerations in radiation dose during DSA are the vascular access site (working from
brachial access site), body mass index >35 kg/m2, and C-arm rotation. These three factors primarily
affect the radiation dose per DSA frame but are patient and intervention.

Optimize the C-arm and table locations

A DSA is a 2D angiogram with all of the concomitant limitations of 2D imaging. Therefore, it is
important that the correct angulation is chosen: the angulation that is perpendicular to the target

vessel. This C-arm angulation can be planned by using 3D planning software tools and importing

243

APPENDIX

the preoperative CTA scan. Planning the optimal C-arm position prevents needing to repeat the

DSA run, for example, because of overlapping vessels and suboptimal vessel outline. When
than 30° of rotation (and/or angulation) is used, one needs to be aware that the radiation dose

to the patient is increased by 37-47% and to the operator even toward 85% during these DSA
runs. If the goal can be reached using 0° of rotation or angulation, this should always be preferred.
After finding the optimal C-arm angulation, rotation, and location, the height of the detectors can

be reduced. Reducing the height of the detector reduces the source-to-image distance, and

thus, the air gap between the patient and the detector is decreased. This not only improves image
contrast but also magnifies the image, and the operator is exposed to less scattered radiation
dose.

After all of the C-arm settings are optimized, one can further refine the image view by changing

the location of the table. In the optimal field of view, the preferred target is centered in the field

of view. Consider removing all image magnifications, because of higher magnification accords
for increased dose rates and higher patient skin doses. Also be careful with the use of collimation
during the DSA. Although collimation is favorable for dose reduction to the patient and the clinical
team, using major collimation might cause vascular vessels or target vessels to be out of the
field of view, with the effect that the DSA run needs to be repeated.

Maximize all staff shielding

The pitfall when all of the patient radiation dose settings are defined and optimized is that the
personal shielding of staff requires the least attention. However, the DSA exposure to the clinical

team during DSA acquisition is much higher compared with the fluoroscopy radiation dose.

Keeping focused on personal shielding at the same time the focus is on the patient and the
screen may not be possible. Therefore, the DSA acquisition can be used as a small stop in the
procedure to check whether all the shielding material is still in place or is optimized. Think about

the use of ceiling-mounted lead screens and radiation-absorbing blankets, such as the

Radpad. When a lead-absorbing blanket is used, one should make sure that the blanket is not
in the field of view. Otherwise, the C-arm might increase the dose exposure, with the risk over
overdosing the DSA run.

Keep Communicating with the team (and maximizing distance)

To decrease the motion artifacts of the final DSA, a ventilation stop is required. Therefore,
communication with the anesthesiologist is essential. Secondly, the operator should communicate

with entire clinical staff that the acquisition of a high-dose DSA run is being planned. Take an

additional moment before the start of the run to provide all staff the opportunity to take further
distance, to move behind a movable lead screen, or to leave the operating room.

Minimize the DSA run-time: think about your goal

When all the contrast, radiation protocol, C-arm and table settings, shielding are optimized, and
everyone has taken adequate distance from the X-ray source, one is ready to start the acquisition
of the DSA run (when using the power injector, one should not forget to set the coupling on).
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During the DSA acquisition, it is important to have a complete focus on the image screen and

one needs to keep the DSA goal in mind. The DSA run should be stopped immediately (and
contrast injection stopped when manual contrast injection is performed) while looking at the

screen at all times during the acquisition. The staff member responsible for the manual contrast
injection during DSA should also be in charge of the foot pedal.

Systematically Evaluate the DSA Image

After the DSA acquisition, one should use a predefined protocol to systematically evaluate the
DSA run and should rerun the DSA movie. Although relevant for all DSA runs, this is specifically

relevant for the completion angiogram because the correct evaluation of this angiogram effects
whether further treatment is required, whether the graft sealing is adequate, and whether all
material can be removed, followed by closing the vascular access site. By following a structured

protocol, the risk of overlooking adverse effects is reduced. Once we have a complete angiogram
a)

Identify whether adequate contrast flow reached organs (kidney’s etc)

c)

Identify whether there are any endoleaks, starting by identifying a type Ia, followed by a

b)

d)

Identify prevalence of endograft sealing and aortic dissection

type Ib, followed by type 2. Especially communicate in this sequence whether the endoleak
is observed or is absence with the co-surgeons

In the case of failure of reaching the DSA goal: define the primary goal of failure. When the

goal is not reached, one should systematically go through the process to identify the cause
of the suboptimal image.

Use the DSA run for other purposes (Smartmask) or 3D CTA registration

When the DSA is acquired, one can reconsider using the DSA as a roadmap for DSA guidance.

Or, when 3D image road mapping is used, one can use the DSA run to confirm the correct position
of the roadmap and, if necessary, adapt the overlay using the DSA image.

Systematically identify the cause of the problem in the case of a suboptimal DSA
image
Regardless of the precautions taken, one can still face a suboptimal DSA image. A systematic
problem analysis should be followed to identify the cause of the suboptimal image quality,

including (1) suboptimal contrast flow, volume, or dilation, (2) suboptimal pigtail position, (3)
suboptimal C-arm angle, and (4) suboptimal field view. When repeating the DSA run, one should
again follow the full 10-steps approach.

Monitor the DSA dose

Finally, one should consider monitoring the patient’s radiation dose postoperatively. The preferred
metric is the Dose Area Product (DAP or KAP). Because this metric includes the total dose the
patient has received, the outcome is correlated with the operator’s radiation dose. When analyzing

the radiation exposure dose, one can include the total dose specific for fluoroscopy and DSA
acquisition as well as the number of total DSA runs acquired during the intervention This is
valuable information to analyze personal improvement in optimizing the DSA acquisition.
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Conclusion
We need to redefine our working habits and introduce a radiation protection culture. Changing
our habits starts by focusing on those runs that accord for the highest intraoperative radiation

dose levels: The DSA acquisition. It can be challenging (explicitly for starting endovascular
specialists) to permanently optimize all of the radiation parameters while learning the EVAR

procedure. Using the DSA run to think about and redefine all radiation dose parameters creates
radiation awareness. Secondly, the DSA run can also be used as a trigger to optimize all radiation
parameters and focus optimization of shielding and minimizing air gap to which later fluoroscopy
may also benefit.
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ADDENDUM LIST OF ABBREVIATIONS

List of Abbreviations
3D-IF
AAA
ADRC
AK
ALARA
AN
ASG
AUI
BMI
BrEVAR
CA
CAK
CBCT
ceCBCT
ChEVAR
CI
CTA
DAP
DAX
DE
DRAK
DRDAP / DRpatient
DRE / DRoperator
DSA
E
ENS
EP
EVAR
F
FEVAR
FO
fps
Frn
FT
Gy
Hybrid OR
IBD
IC3ST
IF
IRP
kV
LCCA
250

3 Dimensional Image Fusion
Abdominal aortic aneurysm
Automatic dose rate control
Air kerma
As low as reasonably achievable
Anesthesiologist
Anatomical Severity Grading
Aortic-uni-iliac
Body mass index
Branched EVAR
Celiac artery
Cumulative air kerma
Cone Beam Computed Tomography
Contrast enhanced Cone Beam Computed Tomography
Chimney EVAR
Confidence interval
Computed Tomography Angiography
Dose area product
Dose aware Xtend
Deployment error
Dose rate for air kerma (patient)
Dose rate for dose area product
Dose rate for operator effective dose
Digital subtraction imaging
Effective Dose
Endovascular navigation systems
Electrophysiological
Endovascular aneurysm repair
French
Fenestrated EVAR
First Operator
Frames per second
Frames per x-ray run
Fluoroscopy Time
Gray
Hybrid operating room
Iliac branched device
Imperial College Complex Cannulation Scoring Tool
Image Fusion
International reference point
Kilovoltage
Left common carotid artery
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LN

Left renal artery

mA

Milliampères

LSA
MDCT
MG
MO

MRI

mSv
NSN
OR

OSR
PI

PRISMA
PSD

RCCA
REF
RN
RT

SD

SMA
SN

SO

TAA

TEVAR
TLD
Tn

TRE
TV

ULS

Left subclavian artery
Multidetector CT
Main graft

Maximum operator

Magnetic Resonance Imaging
Millie Sieverts

Non-sterile Nurse
Operating room

Open surgical repair
Prediction interval

Preferred Reporting Items for Systematic Reviews and Meta-Analyses
Peak Skin Dose

Right common carotid artery
Reference dose

Right renal artery

Radiation technician
Standard deviations

Superior mesenteric artery
Sterile nurse

Second Operator

Thoracic aortic aneurysm
Thoracic EVAR

Thermoluminescent dosismeter
Cumulative time per run
Target registration error
Target vessel

Ultrasound-based localization system
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